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Abstract

Several biological systems have evolved structures that can interact with light and
exploit the photons energy for their biological functions. In fact, thanks to specialized
organic molecules spread across all life kingdoms, life forms use light to trigger and
regulate an incredible variety of different activities, including vision, photosynthesis,
circadian rhythm, bioluminescence and in general a wide spectrum of biochemical
processes. The common thread to all these activities is that they are invariably initiated
by a photochemical reaction. Among these specialized structures, rhodopsins,
membrane proteins harbouring a covalently bound retinal chromophore, play a
preeminent role. In fact, while the first member of the rhodopsin family identified in the
1930s was the visual pigment of the animal retina, it was then found that this class of
light-triggered proteins populates the whole spectrum of living organisms, where it
promotes an astounding variety of biochemical processes, ranging from vision to
cellular metabolism and sensorial function. More recently, rhodopsin became
especially important in Optogenetics, a collection of neurobiology techniques where
photo-sensitive proteins are used to control and visualize neural activity. The imaging
of networks of interacting neurons is a particularly challenging task, since common
fluorescence microscopy techniques require bright fluorescent probes localized in the
neuron membrane. Ideally, such probes would also display a red-shifted maximum
absorption wavelength (A3,.4), allowing to use excitation lasers with higher tissue
penetration and reduced phototoxicity.

Since rhodopsins are light-responsive membrane proteins, they are ideal candidates
to report on action potentials. Archaerhodopsin-3 (Arch3) a microbial rhodopsin from
Halorubrum Sodomense, was the first proposed rhodopsin-based fluorescent reporter.
However, Arch3 has a fluorescence quantum yield (FQY) of ca. ~1-10"#, which impairs
the possibility to efficiently visualize the activity of neuronal populations. Throughout
the years, several experiments of random and site-directed mutagenesis on Arch3
culminated in the discovery of variants with increased FQY, such as the Archers, the
Archons, ArchS and Arch7. These variants feature a brighter fluorescence enabling
applications in imaging of acute brain slices, but also in living mammals and
invertebrates. However, the FQY value are still in the range 10-3-10-2 and therefore not
yet as bright as desirable.



Therefore, it would be highly beneficial to develop computational tools for the high-
throughput rational-design of rhodopsins with desired photochemical and/or
photophysical properties.

In my thesis, we provide the necessary theoretical foundations to envision the
development of such tools. By constructing multiconfigurational quantum chemistry
(MCQC) model of Arch3 and six of is variants, we establish a theory connecting the
amino acid sequence to the increase of fluorescent brightness. We show that the
observed experimental FQY trend correlates with the decrease in energy difference
between the planar fluorescent emitting state and a newly characterized exotic
diradical intermediate intercepted by a nearby photoisomerization channel.
Investigating the molecular-level factors modulating this critical quantity, we show that
the electronic structure of the retinal chromophore at the two minima is substantially
different and that this is reflected by their different charge distributions. This is
important because it indicates that a variation in the protein electrostatic potential that
simultaneously stabilize the fluorescent state and destabilize the region of the decay
channel would dramatically increase the FQY, suggesting an ideal target for microbial

rhodopsins fluorescence engineering.

Since all the reported Arch3 variants with increased FQY display also red-shifted
absorption maximum (13%,.4), another appealing feature in Optogenetics, we used
Arch3 as template to develop a new computational tool which allowed us to identify
the critical opsin electrostatic variations that contribute to the spectral tuning. By
designing an optimization procedure based on a variational protocol, we show that the
“effective delocalization” of the counterion is the critical determinant of Arch3 A%,...
This theoretical framework agrees with the experimental findings, which heuristically
identified in the counterion complex the most sensible replacements necessary to shift
to the red the absorption of Arch3. Finally, using the same tool, we show that, in this

family of rhodopsins, there is indeed a first-order relationship between 23, and FQY.
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Chapter 1

Introduction

1.1 Applications of Natural and Engineered Rhodopsins: Optogenetics

The main topic of the present dissertation is the investigation of the photophysical and
photochemical properties of rhodopsins which are currently used in the rapidly
expanding field of Optogenetics'3. Optogenetics is a collection of techniques based
on the optical control of genetically encodable proteins, which may be used to target
and monitor the electrical activity in living tissues, such as neural systems*S. The
conceptual basis for this technique were established in 1979 by Francis Crick, who
speculated about the possibilty to use light to control the activity of a specific cellular
population®. Before then, Bacteriorhodopsin (BR) was already found to be a visible
light-induced proton pump’, but it has not been until several years later that the use of
microbial opsin based gene expression has started to be routinely used to target
neurons and control their activity (alternatively turn on and off their action potentials)®-
9. Nowadays, the optogenetical control has grown to such an extent that in
neuroscience it is possible to deliver spatially and temporally resolved brain cells

control in behaving mammals™-13.

Optogenetics expresses its greatest capabilities by combining the potential of two
classes of molecules, namely actuators and sensors. The actuators are optically
controllable molecules which can influence the transmembrane voltage acting as ion-
channels or ion pumps' 1415 In other words, action potentials may be triggered or
suppressed by using light of a specific wavelength. On the other hand, sensors are
typically fluorescent molecules which senses the action potentials by modulating the
light output (in terms of wavelength or brightness), depending on the electrical field
experienced’®'’. At least four of the molecules investigated for this dissertation,
namely, Arch3, QuasAr1, QuasAr2 and Archon2, are currently used in Optogenetics
as genetically encoded voltage indicators (GEVIs). In order to visualize neural
dynamics and at the same time being able to deliver spatially and temporally resolved



stimuli, it is highly desirable to identify actuators and sensors which are
spectroscopically orthogonal (Figure 1.1.1)'8-20 |t is indeed important that the
actuators are not triggered at the excitation wavelength used to provoke the
fluorescence emission of the sensor?’. The ideal sensor should then display high
fluorescence quantum yield (FQY), fast kinetics (the fluorescence response time to
voltage changes), high fluorescence sensibility to voltage changes, and excitation
wavelength compatible with the actuators used. To this aim, scientists have recently
started to look for rhodopsins variants showing red-shifted absorption/emission
wavelength and high FQY. Indeed, when used to excite the GEVIs, light with longer
wavelength is less phototoxic and penetrates more easily the tissues?'?2. Among the
rhodopsin based GEVIs reported thus far, the family of microbial rhodopsins is
prominent; in particular, the wild type microbial rhodopsins Arch3 and, more recently,
several of its artificially engineered variants discussed later in this chapter, have
successfully been employed to visualize neural activity in brain slices and even in

behaving mammals?®24,

CheRiff (A?,2x = 460 nm) QuasAr2 (A% ax =590 nm)

Figure 1.1.1 Pictorial representation of rhodopsins used as actuator (left) and sensor (right).
Actuators may promote or suppress a neuronal action potential upon illumination with light of
a specific wavelength. On the other hand, Sensors are usually fluorescent proteins whose
fluorescent is highly sensitive in response to membrane voltage.



1.2 Rhodopsins, a versatile protein family

In order to exploit the energy of light, life forms to be provided with tools that are able
to sense it and trigger responses to it. The proteins of the Rhodopsin family are exactly
one of these instruments and their widespread diffusion in all of the different life
kingdoms testifies their unique efficiency and versatility?®. For instance, in vertebrates
and invertebrates animals, rhodopsins are found as visual pigments, at the heart of
the vision process. In prokaryotes, the light sensitivity of rhodopsins is exploited for an
astounding variety of biological functions, which however, may be summarized in two
major classes; (i) photoenergy transducers create electrochemical gradients across a
membrane to store energy for their metabolism (e.g., light-driven proton pumps [H+],
inward chloride transporters [CI-]?, and outward sodium transporter [Na+]) and (ii)
photosensory receptors may use photons for phototaxis, or photoadaptation, where

light regulates gene expression or protein function?’-28,

Although the amino acid composition of rhodopsins can greatly vary among different
organisms, the general architecture is conserved and is made of two fundamental
building blocks; (i) a retinal chromophore covalently linked to a lysine residue and (ii)
the opsin, organized in seven transmembrane a-helices with a cavity binding pocket
to host the chromophore?®. The retinal is the portion of the photoreceptor which is able
to interact with photons of light and its binding to the opsin is realized via a Schiff base
(rSB), usually protonated (rPSB), with the amino group of the Lysine side chain (see
Figure 1.2.1). Interestingly, the reaction of double-bond isomerization of the retinal
fragment is a necessary condition for all the functions displayed by rhodopsins in
nature. The main contributor to this process is the chromophore’s 1 framework,
constituted by six conjugated double bonds and deeply affected by the local protein
environment. It is not by chance, for instance, that the configuration of the retinal and
the products of the light-induced photoisomerization are distinct in microbial and
animal rhodopsins (see Figure 1.2.1). Hence, to get further insight into the origin of
the different functions related with these structural differences, it is imperative to
analyze the actual structure of the retinal in the rhodopsin protein, before and after the
process of photoisomerization. In this regard, several efforts have made recently to
develop experimental techniques that allow the elucidation of the crystallographic
structure of rhodopsins in the unphotolyzed dark-adapted (DA) state and light-adapted



(LA) states (photo intermediates). As a result, in the Protein Data Bank (PDB)* a
considerable number of X-ray structures for rhodopsins from different organisms is
available, with microbial rhodopsins generally being more represented than the animal
counterpart. However, crystallization of membrane proteins poses several important
challenges with respect to soluble proteins®'. For this reason, while a very well-
resolved structure of wild-type Arch3 (PDB ID: 6GUX) has been reported recently
Moraes and coworkers®?, none of the Arch3 variants investigated in this dissertation
and currently applied in optogenetics are available. To generate resolved structures
of rhodopsins that are still not attainable with the current experimental technologies, it
is mandatory take advantage of computational methods that allow their in-silico design
via comparative modelling, using as template rhodopsins similar in sequence and
having available an X-ray structure. To this aim, in Section 3.3, we discuss the
comparative modelling protocol which allowed us to simulate the proteins of the Arch
set at the atomistic level, considering the possible limitations of employing comparative

models rather than X-ray structures.
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Figure 1.2.1 (A) Photoisomerization all-trans to 13-cis in microbial rhodopsins and (B) from
11-cis to all-frans in animal rhodopsins. Atom labels are given for the isomerizing double
bonds.

Studying experimental or computer-modelled rhodopsin structures is imperative to
provide insights into the mechanisms behind the tuning of reactivity, maximum
absorption wavelength (A3,.x), fluorescence quantum yield (FQY) occurring in natural
or engineered rhodopsin. Indeed, a better understanding of these processes at the
molecular level is the first step towards the prediction, enhancement or inhibition of

specific functions (such as ion pumping for optogenetic actuators or fluorescence



emission for GEVIs) useful for several technological applications of rhodopsins. In
general, the scientific community is showing increasing interest in the development
and implementation of computational tools in photochemistry and computational
photobiology and their application in the rhodopsin field. Indeed, being able to provide
theoretical insights into specific chemical and photochemical features is the basis for
building more sophisticated methods with predictive capabilities (at least in a statistical
sense), such as the a-ARM protocol®®34 discussed in Section 2.7.

1.3 Microbial rhodopsins

As mentioned above, microorganisms have proven to be able to use light energy with
incredible creativity. The first reported microbial rhodopsins were archeal rhodopsins,
found in Halobacterium salinarum. Among them, halorhodopsin (HR) and
bacteriorhodopsin (BR) have been widely studied since both of them exhibit vectorial
ion pumping function, albeit with different specificity3®; whereas HR acts as an inward
chloride pump, BR acts as an outward proton pump?®. In addition, a large number of
microbial rhodopsins coming from other organisms have been discovered and
characterized during the last few decades (see Figure 1.3.1)%". Meaningful examples
are the Channelrhodopsins (ChRs)238, which work as light- gated ion channels (i.e.
ChR1 is selectively permeable to protons); the sensory rhodopsin | (SRI) and Il
(SRIN?, where the phototaxis is regulated by visible light wavelength; or the
eubacterial Anabaena sensory rhodopsin (ASR), reported to be a photosensory
receptor that transmits the signal through a soluble transducer®. Most of the functions
inherent to microbial rhodopsins can be translated into technological and medical
applications, motivating an increase on both the in vivo and in silico studies of wild-
type and mutants, generated by the substitution of one or more amino acids in the
protein sequence.

In my thesis, | have mainly investigated a set of seven microbial rhodopsins, most of
whom are either already used as GEVIs in Optogenetics or have shown great potential
for future applications, one of them, Arch3, being also used to suppress neuronal
action potentials or more recently to promote phototriggered apoptotic cell death in
human HelLa cells*’. These seven proteins, namely the wild types Archaerodopsin-2
(Arch2), Archaerhodopsin-3 (Arch3) and five artificially engineered Arch3 mutants,
QuasAr1, QuasAr2, Archon2, Arch7 and Arch5, will be from now on referred to as the



“Arch set”. In the following (Section 1.4), | will provide an overlook of the Arch set,
discussing how the photochemical and photophysical properties of Arch3 were

manipulated to obtain protein variants with useful applications in optogenetics.
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Figure 1.3.1 Adapted from *'. Pictorial representation of known microbial rhodopsins
phylogenetic tree.

1.4 The Arch family; journey towards enhanced fluorescence

Arch3 (PDB ID: 6GUX), as its name implies, is an archeal rhodopsin phylogenetically
related to BR and found in the archaebacterium Halorubrum Sodomense. Although its
sequence similarity with BR is not particularly high (~74%), the residues in the
hydrophobic core are conserved, and the outward proton pumping function is
preserved*?. The event driving the proton pumping mechanism, shared among all the

archaeal rhodopsins (including BR and Arch3), is the light-induced isomerization of



the retinal C13=C14 double bond .This event is the origin of a chain process, a
photocycle initiated by light of a specific wavelength and followed by a number of
chemical reactions that finally result in the net translocation of a proton across the

membrane*2.

Although the proton pumping mechanism of Arch3 can be exploited in optogenetics to
enable individual neurons to be silenced or triggered*?, a lot of effort has been put by
scientists into identifying Arch3-mutants to be used as GEVIs. Indeed, Arch3 has been
found to be fluorescent and exhibiting a significant voltage-sensitive fluorescence and
fast kinetics?343. However, the FQY of the DA state of Arch3 is estimated to be as low
as ~0.0001. It was proposed that a higher FQY in Arch3 is reached through a three-
photon process, where the first photon initiates a photocycle (typical of microbial
rhodopsins), and the second photon absorbed by the N-state ultimately brings the
molecule to the fluorescent Q-state, which upon absorption of a third photon may
finally emit fluorescence**45. Despite this increase of FQY, which in BR is estimated
to be 0.007 in the Q state, the 3-photon process is a non-desirable technological
feature, which hampers the use of Arch3 as a GEVI due to the limited response time
of the fluorescence to voltage changes and the high intensity laser required to excite

the molecules?°,

Among the first experiments to increase the DA FQY of Arch3 were performed by
Hochbaum and coworkers?°. Here, a hierarchical screening approach combined with
random mutagenesis has allowed to identify two Arch3 variants with increased FQY
named QuasAr1 (FQY ca. 0.080) and QuasAr2 (FQY ca. 0.065). On the other hand,
Flytzanis et al. identified two new mutants, namely Archer1 and Archer2, using the
site-saturation mutagenesis library of GR rhodopsin, which was originally designed to
evolve GR for spectral shifts*64”. Here, they used the same library transferring the
mutations to the homologue positions in Arch3 and screening the mutants for
fluorescence intensity rather than A%,,... Archer1 features an FQY of 0.033, while the
FQY of Archer2 was not measured. Later, Arnold and coworkers used a similar
approach to identify Arch3 variants; whilst still transferring mutations from GR to
Arch3, they resorted to multiple rounds of random and targeted site-saturation
mutagenesis to accumulate mutations improving fluorescence over multiple

generations*®, With this approach, they found that several Arch3 mutants were
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showing increased FQY, the most remarkable being Arch5 (five point mutations to the
wild-type Arch3 and Arch7 (seven mutations), with measured FQYs of, respectively,
0.087 and 1.2. More recently, Boyden and coworkers designed a directed evolution
strategy to screen hundreds of thousands of proteins and evaluate each one for
specific properties, culminated in the identification of multiple opsin-based fluorescent
reporters, such as Archon2 (FQY ~1.2)*. Importantly, these increase in FQY are
accompanied, for all the Arch3 variants, by a red shift in A%,,,.. Red-shifted absorption
is a desired property in optogenetics, allowing for spectral orthogonality with actuators,
low tissue penetration of the light excitation wavelength and reduced trigger of tissues

auto-fluorescence.

A summary of the most relevant fluorescent Arch variants is reported in Table 1.4.1.

Table 1.4.1 Summary of relevant available spectral data for Arch2, Arch3 and the
engineered Arch3 variants studied in this thesis.

Protein  AESRS  AR®  AEGTE, AR FQY
(kcal mol") (nm) (kcal mol") (nm)

Arch2 51.5 555 NR@ NR@ NR@
Arch3 514 556 41.6° 687° 1-9 - 104
QuasAr1 49.3 580 40.0 715 6.5:1073
Archon2 48.8 586 38.9 735 1.1-107?
QuasAr2 48.5 590 40.0 715 4.0-1073
Arch7 46.4 616 39.3 727 1.2-1072
Arch5 46.0 622 39.1 731 8.7-1073

#Not Reported
®The N'max reported is likely coming from the Q-intermediate rather than from the DA state
(see ref. 49)

Interestingly, two different studies seem to support the hypothesis that in these Arch3-
mutants with increased FQY, the fluorescence is a one-photon process (i.e.,
originating directly from the DA state) as opposed to the parent three-photons
process*350-52,

Although there are many biological and technological features that a rhodopsin based

GEVI should ideally display to enable its in-vivo application in optogenetics, it is
mandatory that the rhodopsin candidate should display a significant fluorescence in
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its DA state. For this reason, a large part of my dissertation and of my research,
discussed in Chapter 3, provides a mechanistic picture which should answer to two
questions; (i) whether the fluorescence in Arch3 variants is a one or three-photon
process, as speculated for the wild-type and (ii) how limited modifications in Arch3
gene sequence reflect in new interactions between the opsin and the retinal
chromophore in order to enhance fluorescence. In the next paragraph, | will provide to
the reader the basis for understanding the main results of my research. | will discuss
(i) how chromophore-protein interactions modify photophysical and photochemical
properties and (ii) the currently available theoretical framework to explain spectral shift
and fluorescence tuning from the standpoint of electronic structure theory.

1.5 The photochemistry of microbial rhodopsins

1.5.1 Opsin shift and spectral tuning

It is clear, at this point, that microbial rhodopsins are light-responsive proteins evolved
to capture photons of light and exploit their energy to exert all sorts of different
biological functions. The way this conversion is carried out is via a photochemical
reaction, which, in microbial rhodopsins, consists in the stereo-selective isomerization
of the all-frans isoform of the rPSB chromophore to yield the 13-cis isoform (see
Figure 1.2.1). For different natural rhodopsins, which have adjusted the absorption
spectra of the rPSB chromophore to adjust to different photic environments, the
maximum likelihood of initiating the photoisomerization reaction will occur if the
wavelength of the incoming photon will correspond to the A%, of that rhodopsin.
Obviously, this property has extreme biological importance and contributes to the
regulation of fundamental processes such as the human vision; here, in the retina, rod
cells are sensible to light with A%, = ~500 nm, allowing for vision in dim conditions,
whereas bright color vision relies on cones containing three different rhodopsins with
Abax @t 440 nm, 530 nm and 580 nm, that make up for the perception of blue, green

and red color respectively®354,
Spectral tuning plays a fundamental role also in microorganisms. Different organisms

expressing different rhodopsin variants occupy a variety of different niches in earth’s

ecosystems. For instance, halo-archaea express rhodopsin chloride-pumps (Ugalde
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et al. 2011°%) with A%, in the yellow, the optimum to capture the photons of light which
can get through the surface of salt ponds where they are found. Similarly, sensory
rhodopsin 1l (SRII) and proteorhodopsin (PR)% inhabit shallow-water photic zones
where peak spectral irradiance is attenuated by water transmissivity and feature blue-
shifted A2,,,°°. In general, however, rhodopsins feature a strongly red-shifted A%, with
respect to the rPSB in solution (A%,,,=440 nm in methanol), resulting from differential
interactions between the protein and the chromophore. This phenomenon goes under
the name of “opsin shift” and depends on how steric and more importantly
electrostatics interaction between the rPSB chromophore and the protein environment
modulate the energy difference between Sp and S+ (AES,_g,). The most important
electrostatic interaction is summarized in Figure 1.5.1. In general, the following factor
regulate the S1-So energy gap and affect the spectral shift: (i) chromophore planarity
and distortion, (ii) the electrostatic interaction induced by the charged, polar, and
polarizable amino acids in the retinal binding pocket®’. It should be noted, however,
that it has been found on several occasions that also residues far from the

chromophore can modify AEE, _g, 8.

1.5.2 The Nakanishi two-point charges model

As discussed in the previous section, the determinants of A%,,, modulation can be
mapped to the macro-categories of (i) steric and (ii) electrostatic interactions of the
opsin environment with the rPSB chromophore. However, another way to look at the
phenomenon, is identifying to which specific residues in the proteins the A%, value is
more sensible to. With this regard, it is clear that a major role is played by the main
counterion complex, as reported in several contributions®®-%2. Indeed, a key
mechanism for rhodopsins to achieve sensitivity to light in the visible spectrum (the
“opsin shift” discussed in the introduction of the paragraph), is the protonation of retinal
Schiff base (rSB). Since a positive iminium cation would not be stable in the highly
hydrophobic environment of the retinal binding pocket, in most rhodopsins, evolution
selected a negatively charged amino acid residue (i.e., an aspartic or glutamic acid)
near the rPSB (hence the name “counterion”), to stabilize it®3. The most relevant
theoretical framework to discuss the interaction of the counterion with the rPSB
chromophore is the external two-point charges models proposed in the 1980 by
Nakanishi and coworkers for Rh and BR%45. According to this model, the interaction
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of the retinal with the counterion can be modeled as follows: In the electronic ground
state (So), the positive charge of the retinal chromophore is mostly located on the PSB
moiety. Upon photon absorption, the chromophore is promoted to its first electronically
excited state (S1), which features a strong charge transfer (CT) character,
characterized by an inversion of the single and double bond character (bond length
alternation or BLA), with the positive charge being displaced towards to the -ionone
ring end of the chromophore (Figure 1.5.1A). Within this framework, the interaction of
negatively charged counterion(s) positioned in proximity of the rPSB determines a
strong energy stabilization of So, which leads to an increased S+4-Sp energy gap
resulting in a blue-shifted A3, (Figure 1.5.1D). On the contrary, if a negative charge
where to be located closer to the B-ionone moiety, S1 would benefit from a larger
stabilization with respect to So, ultimately diminishing AE§;_g, and red-shifting A3 .«
(Figure 1.5.1C and Figure 1.5.1D). A more complex spectral tuning picture, outlined
by Borhan et. al. consists in a rhodopsin model not featuring a charged counterion
(Figure 1.5.1B); in this situation, AEE;_s, has been shown to become more sensitive

to subtle changes in rPSB neighboring residues dipoles®.
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Figure 1.5.1 Spectral tuning exemplified in rhodopsins featuring rPSBAT. (A) Vertical
excitation energy response to a negatively charged counterion located in proximity of RPSB
positive charge. (B) Vertical excitation energy in the absence of a negatively charged
counterion. (C) Vertical excitation energy when the chromophore counterion is re-located far
from the PSB and closer to the -ionone moiety. (D) Effect of electrostatic interactions on the

vertical excitation energy may result in a spectral blue-shift [A], red-shift [C] with respect to the
reference [B].

1.5.3 The Arch case: role of the main counterion

This model, although intuitive, is rather simplistic. In fact, in most rhodopsins, included
the Arch set, which is the main topic of this dissertation, the electrostatics is extremely
complex, with a varying and possibly large number of charged residues, multiple
counterions, complex hydrogen bond networks (HBN), dipoles and polarization effects
which most of the times are not accounted for both in theoretical and experimental

studies.
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An example of this complexity is outlined indeed by the Arch set itself. The Arch3
mutants generated throughout years of mutagenesis experiments aimed at both tuning
the A3,.x to the red and increasing the FQY. Interestingly, all the Arch variants with
red-shifted A%,,x and increased FQY selected by both site-directed and random
mutagenesis experiments feature modifications to residues located in proximity of the
RPSB moiety, and at least one of the point mutations is directed to a residue of the

counterion complex.

In wild-type Arch3, the counterion complex consists of two aspartic acid residues
located at the two sides of RPSB, namely D222 and D95. In QuasAr1, D95 is
substituted by a histidine (H95), as opposed to QuasAr2 featuring the Q95
replacement. The D95H substitution is also included in the 13 point mutations that
distinguish Archon2 from the wild type. Arch7 and ArchS both share the D95
replacement by a glutamic acid (E95), however, Arch7 also features the D222 to S222

substitution2046,

It is clear, at this point, that mutating one or more charged residues in proximity of
rPSB can have massive effects on the photophysical and photochemical properties of
a rhodopsin. Interestingly, in the Arch family, experiments seem to outline a general
correlation between 2A3,,, and FQY, whose investigation would be crucial to foresee
the rational design of red-shifted Arch-based GEVIs. Since a point charges based
theoretical model appears unsatisfactory to describe the spectral tuning of the retinal
chromophore within the extremely complicated electrostatics of the cavity binding
pocket, a large part (Chapter 4) of the present dissertation will be dedicated to
proposing a computational model to overcome this limitation. As the focus of my
research work was dedicated to investigating the photochemistry of Arch variants,
which offer the perfect example of the importance of the counterion and its
electrostatics interaction with the chromophore electron density, | developed a
theoretical investigation tool that allows to model said interactions as hypothetic

delocalization of the main counterion negative charge and document its effect on A%, ...
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1.5.4 The photoisomerization reaction

Thus far, we have delivered the message that rhodopsins can exploit photons of light
to initiate their biological function, and how optimizing the efficiency towards
absorption of photons with specific wavelength, has deep implications both in nature
and in technological applications. Now, we will proceed on discussing what happens
upon photoexcitation of the rPSB, and how the photon energy can trigger different
photochemical or photophysical processes. In natural rhodopsins, to initiate biological
function, the very photochemical reaction is invariably an ultrafast isomerization of a
double bond, generally the cis to trans isomerization of the C11=C12 bond for animal
rhodopsins and trans to cis C13=C14 isomerization for microbial rhodopsins (Figure
1.5.2A and Figure 1.5.2B). The efficiency of photoisomerization is summarized by the
ratio of photons leading up to a successful isomerization to photon absorbed, or
photoisomerization quantum yield (QY, as opposed to the FQY described before). For
instance, in Rh, where photoisomerization triggers the events required by vision, the
QY is exceptionally high, (0.66 + 0.03), and the excited state lifetime (ESL) is extremely
low (<100 fs), meaning that the photochemical reaction is ultrafast. If a photon is
exploited for ultrafast photoisomerization, the very short timescale will not allow for the
photon to be emitted as fluorescence, meaning that generally QY « 1/FQY. For the
QY to be very high, (or FQY to very be low), the S1 PES should feature a barrierless
or almost barrierless isomerization path leading with the S electronic gradient driving
the rPSB chromophore to a decay funnel (Coln) and stereo-selectively to the So PES
of the isomer photoproduct (Figure 1.5.2). On the other hand, if S1 features a sizeable
barrier, the decay through Coln is slowed down, and the molecule may remain in the
excited state long enough to emit fluorescence (more details regarding the rPSBAT
case are provided in Section 3.7). Microbial rhodopsins, including the main target of
this dissertation, the Arch set, generally feature longer ESLs than animal rhodopsins,
suggesting that their S1 PES along the all-frans -> 13-cis isomerization path is
generally less steep than the main isomerization channel in animal rhodopsins (11-cis

-> all-trans).
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Figure 1.5.2 Schematic representation of the rPSB photoisomerization reaction in (A) animal
and (B) microbial rhodopsins. In many natural animal rhodopsins (as Rh) the isomerization
takes place in an ultrafast timescale through barrier less profiles, as opposite to microbial
rhodopsins, where longer ESLs suggest the presence of an isomerization barrier on Ss.
Vertical arrows represent the photon absorption initiating photoisomerization. Conical
intersections (Coln) are intersection points of So and S1 electronic PES. Here, we are
interested in intersections along the torsional coordinate. (C-D) Scheme of barrier genesis
mechanisms along the S1 isomerization path of a fluorescent rhodopsin. (C) A shallow surface
or a barrier may be generated via S»/S1 mixing (see ref. %). (D) Two-state mechanism
proposed for the Arch set is generated via coupling of the diabatic S1 and S states. The dotted
curves represent diabatic energies associated with the different electronic characters.
Resonance formulas are also given.

1.5.5 Fluorescence mechanisms in microbial rhodopsins

The mechanism at the origin of the S1 photoisomerization barrier (E's1) genesis in

rhodopsin is still largely unexplored. A large part of the present dissertation,
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summarized in Chapter 3 and in PAPER |, will be dedicated to justifying the origin of
increasing Efss values in the Arch-set, and relate such values to the observed
experimental trend in FQY. To investigate such mechanism at the atomistic level,
multiconfigurational quantum chemistry (MCQC, see Chapter 2), is the only viable
option. In the following, | will briefly introduce the most relevant theoretical findings
regarding the fluorescence mechanism in these systems.

The first three electronic singlet states (So, S1, and Sz) of an all-trans polyene as
rPSBAT in its So equilibrium can be mapped to 1Ay, 1By and 2Ag symmetries (see ref.
67). The 1Aq character is related to Sp and has a closed-shell-like covalent electronic
structure. The 1By state corresponds to S1 and is dominated by a singly excited
electronic configuration leading to a charge-transfer character, while the 2Aq state,
corresponding to Sy, is dominated by double excitations and has a diradical character.
According to the selection rules for electronic transitions, 1Ag -> 1By and 1By -> 2Aq

transitions have non-zero oscillator strength®8.

To this date, the only theoretical study providing mechanistic insights into the genesis
of an S1 barrier at the electronic structure level was conducted on ASR and 2 of its
mutants by Marin et al.®%, summarized in Figure 1.5.2C. According to this mechanism,
a barrier on S1 may be generated by the mixing of the reactive S state with the partially
bound, diradical, S> state. Such mixing creates small S1 energy barriers or, possibly,
“shallow” regions of the PES due to the increase of 2Aq diradical character associated
to the Sz wave function. In fact, the diradical character is associated to a partially
locked C13=C14 bond (Figure 1.5.2C), as opposed to an elongated C13=C14 bond
characterizing the S state with 1By, character. In synthesis, a shallow S1 path can be
attained via multiple crossing along the isomerization coordinate of the 2Ag4 and 1B,
diabatic states along a degenerate or nearly degenerate S1/Sz region of the adiabatic
PES. Consequently, a shallow S1 PES will slow down the evolution of the excited
chromophore reactive torsion toward the Coln, allowing the molecule to re-emit a
photon of fluorescence.

This mechanism has also been proposed for BR, which, however, displays extremely
low FQY in its DA state (Section 1.4).
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One of the main findings in this thesis, discussed in Chapter 3 and PAPER I and Il, is
a proposal of a new, previously unreported mechanism for the fluorescence in the Arch
set.

| will show that in this family, the fluorescence can be explained based on a two
diabatic-states model (Figure 1.5.2D). Here, the coupling between the reactive S+
state with the covalent So state leads to a destabilization of the Coln structure with
respect to the planar emitting S+ minimum (FS). It is important to emphasize that, as
opposed to the S»/S1 mixing, which is most likely in the FC/FS region, where S4 and
S2 might happen to be degenerate, the So/S1 coupling mechanism proposed for the
Arch set depends on the evolution of the isomerization coordinate, or double bond
twisting motion/deformation. Consequently, as discussed in Section 3.8 the
isomerization barrier is located along a distorted geometry of the chromophore, as the
reactive C13=C14 progresses towards Coln. In fact, as soon as the isomerization
coordinate increases, the S electronic character shifts from the mixed 1Ag/1By
character of the FS region to the pure covalent/diradical character of the 1Aq4 diabatic
state of Figure 1.5.2D in the Coln region®%79, The 1A4 character has the C13=C14
bound, impairing the isomerization. Therefore, according to this mechanism, we
hypothesize that the diabatic states crossing between 1Ag and 1By corresponds to the
S1 transition state (TSs1), or energy maxima, where the 1Ag/1Bu coupling is

maximum®®.
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Chapter 2

Methods

As discussed in Error! Reference source not found., notwithstanding the growing
demand for rhodopsins with specific photochemical and photophysical properties, a
fast and efficient rational approach for their design is still missing. Experimental
approaches can be very expensive, complex and time consuming, but more
importantly they cannot provide direct, atomic-level evidence of the mechanism of
complex phenomena as spectral shift or fluorescence enhancement in rhodopsins. To
this aim, computer-based simulations represent both a valuable alternative and a
complement to experiments. In this Dissertation, | generated computer-based models
of the proteins of the Arch set, which represent an invaluable opportunity to explore
how limited modifications in the gene sequence can affect deeply the property of the
first electronic excited state. In the following, | will provide a brief review of the
theoretical models required to investigate the evolution of an electronically excited
chromophore, such as the retinal chromophore, using modern computers. As it will be
explained below, due to the large size of the photoreceptor proteins, such as
rhodopsin, the hybrid quantum mechanics/molecular mechanics (QM/MM) embedding
has been the main tool used to model them. In the chapter, we will revise the
fundamental steps to build up from basic electronic structure methods to the
construction of rhodopsin using standardized protocol such as the a-ARM protocol,
used to generate the Arch set models. Such models represent the milestone to discuss
the main findings of this dissertation, summarized in Chapter 3 and Chapter 4.

2.1 The Hamiltonian Operator

According to the first fundamental postulate of quantum mechanics, any physical
system can be specified by a wavefunction (|y)). Acting with the proper operators on
such a system (wavefunction), will yield a precise value for the corresponding

observable (i.e., momentum, position or energy)’". For example:

d
5= ih— 2.1.1
p=ih— ( )
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is the momentum operator, that acting on a wavefunction will return the momentum of

the system for that particular state.

Ay dl)
ply) = th

Since most of the problems in computational chemistry revolves around the calculation

(2.1.2)

of the energy associated to a specific chemical structure, it is straightforward to notice
how the most important operator will be the energy operator, also known as the
Hamiltonian operator:

H=T+7V (2.1.3)
As shown in Equation 2.1.3, the energy of any chemical system will depend on kinetic
and potential energy terms. These can as well be represented with their respective
mathematical operators. Considering the system as constituted by nuclei and
electrons, these latter being treated explicitly in quantum mechanics, it is useful to

express the molecular Hamiltonian as:

Hot =To + To + Ve + Vi + Ve (2.1.4)
2.2 The Schrodinger Equation
As discussed in Section 2.1, the state of any system in quantum mechanics can be
specified by mean of a wavefunction. In computational chemistry, the most appropriate
tool to describe a many electrons system is the Schrodinger equation (SE), a
differential equation whose solution yields indeed the wavefunction as a function of

time’";

l;—rfi V2 + V(7 t)l Y, t) = ih%d;(?, t) (2.2.1)
Above, is shown the time-dependent non-relativistic Schrodinger equation (TDSE).
Notice that the terms in square brackets of the left-hand side correspond to the
Hamiltonian operator, introduced in Section 2.1. Thus Equation 2.2.1 can be re-
written, after separation of variables, as the well-known time independent Schrodinger
equation (TISE)"2:

HOEOWY (@ = E@OYE@ (2.2.2)
This has the mathematical form of a secular equation (or eigenvalue equation), and
its solutions are quantum states called stationary states. A huge effort in computational

chemistry goes into solving the above equation and finding the energy of the stationary
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states. However, for systems of more than 2 particles it is not possible to find analytical
solutions”'. In fact, while it is relatively simple to write down an expression for the
Hamiltonian operator, it is extremely challenging to do the same for |y). Nevertheless,
approximated solutions can still be achieved by mean of several ab initio methods,

some of which will be illustrated later in this chapter.

In this sense, a common simplification in quantum chemistry known as Born-
Oppenheimer (BO) approximation consists in considering the electrons as particles
moving in the electrostatic field of fixed nuclei, given the large ratio of nuclear particles
masses to electron masses. Under this assumption, the TISE can be broke down in a
nuclear and electronic part, where R and r denote the nuclear and electronic

coordinates, respectively.

[V R) + Eq(R)]Y = Etorth (2.2.3)

Where V,,,,(R), the electrostatic repulsion of the nuclei is a constant which is easily
derived from static Coulombic interactions. In other word, we have now that E,,; can
be computed by solving the electronic part of the TISE for a specific geometrical

arrangement of the nuclei.

2.3 The Hartree-Fock Method

Until know, we didn’t discuss in detail how to construct the electronic Hamiltonian
discussed at the beginning of this chapter. Since we are looking for solutions to the
electronic TISE, we represent electrons for a molecule of a given geometry (assuming
BO approximation), using molecular orbitals (MO) functions. As shown in Equation
2.3.1, we introduce the variable x to represent a single MO as product of a spin function
w(s) and a space function ¢(r).

¢ = d(Dw(s) (2.3.1)
According to the Pauli exclusion principle, the wavefunction for a polyelectronic system
should be antisymmetric, thus a convenient mathematical construct to represent such

a wavefunction is a Slater determinant:

LG o )
l/J(Xl,XZ,...,XN) = — : . .

; . ; (2.3.2)
N g Gxa) (i)
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Using this idea, one of the most effective and simple methods to solve the non-
relativistic electronic TISE, is using the Hartree-Fock (HF) approximation to construct
a single Slater determinantal wavefunction’®. HF relies indeed on the variational
principle to find the best set of molecular orbitals minimizing the energy of a
polyelectronic wavefunction. To deal with electron-electron repulsion, HF takes
advantage of the Fock operator (f), a one electron operator where the simultaneous
electrostatic interaction of one electron with the N-1 remaining electrons is formulated
as a mean field (i.e., averaged over the N-1 remaining electrons positions). However,
the formulation of f turns the electronic TISE in a pseudo-eigenvalue equation,
depending on its own eigenfunctions (i.e., the molecular orbitals). For this reason, the
HF equations must be solved iteratively, until the ground state (So) energy converges

to a minimum. This procedure goes under the name of self-consistent field (SCF)"3.

2.4 The CASSCF Method

The mean-field approximation introduced by the Fock operator allows to provide the
best approximate single-determinant wavefunctions to solve the non-relativistic TISE.
However, the HF wavefunction has several limitations. Indeed, it cannot model
correctly some quantum mechanical phenomenon, such as the Coulomb hole and the
homolytic bond breaking, due to the lack of the so-called static and dynamic electron
correlation. Furthermore, since HF is limited to closed-shell systems, it cannot deal
with excited states in general, making impossible to investigate the photochemistry of

molecules such as the rhodopsins discussed in this dissertation.

To overcome these limitations, it is possible to include in the construction of the
electronic wavefunction all the possible Slater determinants for a given nuclear
arrangement. This technique goes under the name of Full Configuration Interaction
(FCI).

N
Ype1 = z Civ; Yo = Yyr (2-4-1)
i=1

The FCI method provides an exact solution to the electronic Schrodinger equation in
the space spanned by the basis set by accounting for all the possible electronic
excitations (i.e., all the possible electronic configurations). However, in a biological
molecule such as rPSB this number the number of configurations to consider is
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impractical, and calculations are carried out using a truncated version of Equation
2.3.1. The approach employed in the presented research takes advantage of a specific
truncated FCI variants called ‘complete active space self-consistent field (CASSCF)’
method’ 75, The CASSCF method offers indeed the possibility to include in the FCI
expansion only the MOs which are relevant for the chemical reactivity or photo-
chemical reactivity of the molecule. Furthermore, in contrast with other truncated ClI
methods such as configuration interaction single double (CISD), in CASSCF, as the
name implies, also the reference MO basis are optimized via SCF in the new space of
configurations generated. This is important, because in CASSCF optimizing MOs for
a single state or multiple states allows to study reaction paths and excited state
dynamics, which is a crucial component of the calculation carried out in this thesis.

To describe the photon-absorption and more generally the rPSB photoisomerization
process described in this dissertation, we included in the CAS space the 6 mand 6 1T*
orbitals of the retinal chromophore. Since we are including 12 active electrons in 12
orbitals, the corresponding wavefunction will be called CASSCF(12,12). Figure 2.4.1

offers a schematization of these concepts.
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Figure 2.4.1 Schematic representation of a (12,12) CASSCF wavefunction. The active
orbitals are framed in green boxes, active electrons are shown as black arrows and inactive
orbitals/electrons are shaded in gray. (B)The active orbitals correspond to the 6 conjugated
double bonds of the retinal chromophore.

2.5 The CASPT2 method

Throughout the discussion of the results of this Dissertation, the CASSCF method will
be employed to for calculating geometries and reaction paths for the rPSBAT
chromophore of the rhodopsins of the Arch set. However, the CASSCF method is still
lacking, at least in part, a good description of dynamic electron correlation. Indeed,
while dynamic correlation is somewhat accounted for in the space spanned by the
active space orbitals, its global description is still unsatisfactory. Among the
approaches available to recover the missing dynamic electron correlation, we briefly
discuss the perturbative methods CASPTZ2 and its extended multi-state (XMS) variant,
XMS-CASPT2, employed in this dissertation due to their relatively cheap computation
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time’®-7°. According to the CASPT2 theory, we express the energy as the zeroth order
term plus some higher order correction:
(Hoy + W) = &ilihy) (2.5.1)
If the solution to the zeroth order term is known, it is possible to solve the Equation
above by Taylor expanding the H, eigenvalues and eigenvectors.
g = E) + AE} + N2E? +...+ \"ET (2.5.2)
and

W) = [W7) + i) + M2[P7) + .. +A Y7 (2.5.3)

Substituting these expansion in the TISE it is possible to arrange n perturbation
equations which can be solved for A. In the CASPT2 variants, the correction to energy
and wavefunction are respectively of the second order and first order. This is a
reasonable compromise between accuracy and efficiency and it is particularly suitable
when the perturbation is applied to a CASSCF zeroth order reference. In general,
CASPT2 vyields 0-0 excitation energies which are in better agreement with
experimental data with respect to CASSCF. One of the shortcomings of the CASPT2
method is the inability to provide smooth PESs around near degeneracy points, such
as conical intersections (Coln), which are critical elements in the description of the
photochemical processes characterizing the systems under investigation in this
dissertation’’. For this reason, on several occasions, we employed the XMS-CASPT2
variant of the CASPT2 method. Briefly, in the XMS formalism, the wave functions are
invariant with respect to unitary rotations of the reference functions, which in turn

provides improved potentials in the near crossing regions and so-called Cls"’.
2.6 QM/MM methods

The capabilities and accuracy of ab-initio QM calculations of the electronic structure
of molecules presented thus far makes them particularly appealing, but the required
CPU time makes their usage impractical to calculate energies, geometries and
properties of systems of more than a few tens of atoms. Accordingly, to describe large
systems such as the photoactive microbial rhodopsins discussed in this dissertation,
we took advantage of a hybrid quantum mechanics/molecular mechanics (QM/MM)
scheme®®81, To do this, we conceptually map the systems into two domains; (i) the
chemically or photochemically relevant site, the rPSBAT chromophore, is treated at
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the QM level while (ii) the opsin, is treated at the much cheaper molecular mechanics
(MM) level using classical forcefields.

In general, the QM/MM Hamiltonian operator can be expressed as:

ﬁtot = FIQM + ﬁMM + HQM/MM (2.6.1)

The distinction of the existing QM/MM methodologies implementations arise from the
selected formalism to describe the QM/MM interaction term (HQM/MM) in Equation
2.6.1, encapsulating the mutual electrostatic interactions of the QM electron density
with the MM point charges as well as the criteria to describe the frontier between these
two. This scheme should not break the uniqueness of the QM/MM PES. For all the
models generated in this dissertation, we consistently employed the standard QM/MM
treatment at the core of the a-ARM protocol (discussed in the following). The Link Atom
(LA) scheme is used to describe the QM/MM. This consists in placing a hydrogen atom
(HLA) along the covalent bond connecting the QM and MM fragments, in order to
saturate the valence of the QM part®2. The degrees of freedom of the HLA are
restrained by using the Morokuma scheme and in our models, it will be located along
the C&-Ce retinal-linked lysine bond, as reported in previous contributions333457,
Concerning the electrostatic interactions between the two subsystems, the
wavefunction of our QM fragment experiences the electric field of fixed MM point
charges, while polarization of the MM fragment by the QM subsystem is presently not
accounted for.

2.7 The a-ARM protocol

The theoretical background provided in this chapter, intends to provide the key
conceptual points needed to discuss the workflow of the Automatic Rhodopsin
Modelling Protocol (ARM)34. Indeed, all the results discussed in the present
dissertation depend on rhodopsin QM/MM models generated with this technology.
This protocol allows for a substantially automatic, fast and standardized construction
of basic monomeric 'gas phase’ hybrid quantum mechanical/molecular mechanical
(QM/MM) models of wild-type rhodopsin systems and their mutants. Recently, an

updated version of ARM featuring an increased level of automation has been proposed
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as an high-throughput tool for computational photobiology. This version, from now on

called simply a-ARM, has been benchmarked by calculating the absorption vertical

excitation energy (AES,_g,) for a set of more than 30 phylogenetically distant

rhodopsins, showing a mean absolute error (MAE) of c.a. 3.0 kcal mol blue-shifted

with respect to experimental data3®. The a-ARM pipeline consists in a collection of

bash scripts controlled by a python-based driver directing calls to different programs

(see Figure 2.7.1) that finally generate a gas-phase uncharged monomer of rhodopsin

system. The QM/MM treatment of rhodopsins in a-ARM (at the core of the protocol)

requires to identify three fundamental fragments (see Figure 2.7.1) in the three-

dimensional input structures, which may be crystal structures or homology models:

QM atoms: comprise the retinal chromophore atoms, the linker lysine side chain
atoms from the N-terminal to Cd and the link atom. These atoms will be treated
at the QM level.

MD atoms: consists in those atoms that are free to relax during a-ARM
molecular dynamics. These include the QM atoms and the side chains of the
residues surrounding the chromophore (cavity residues).

MM frozen atoms: represented by those atoms whose coordinates are always
kept fixed. Therefore, they include all atoms except MD atoms. They are treated
at the MM level.

a-ARM takes as input a plain PDB file, which can correspond to a crystal structure

retrieved from the PDB®® or to a comparative model such as MODELLER® or
SCWLR484, The initial setup is as follows:

1.

The retinal protonated Schiff base (rPSB), chromophore bounded lysine , main
and second counterion are identified automatically without calls to external

programs.

. PROPKA3® is invoked to predict the protonation state of the ionizable side

chains. The global charge of the protein is neutralized, where necessary, by

automatic placement of CI™ and Na™ ions at the intracellular (IS) or extracellular
(OS) side.
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3. The residues forming the chromophore cavity are identified by Fpocket. In case
the main and second counterion are not detected, they will be automatically
included by a -ARM.

Once the initial setup is done, hydrogen atoms are added to the model by DOWSER®®
and GROMACS?" in different steps. At this point, the system is equilibrated by mean
of an MM energy minimization followed by multiple MM molecular dynamics (N=10
repetitions with different initial velocities) of 1 picosecond on the automatically included
MD atoms. The 10 independent models obtained are then prepared for the QM/MM
calculations (performed by MOLCAS?® and TINKER®®) . The hydrogen link atom (HLA)
is added at the proper position (QM/MM frontier) and the QM atoms and MM atoms
are readily identified. The 10 models are optimized in parallel through different steps
featuring an increasing level of theory: from HF/3-21G/MM to single-root
CASSCF(12,12)/6-31G*/MM to obtain the final geometries. These geometries are
finally used to calculate 10 vertical excitation energies (AES,_g,) using a 3-roots
CASPT2/6-31G*/MM calculation to correct a 3-roots state average CASSCF(12,12)/6-
31G* reference wavefunction34. The MM force-field which is used both in the MDs and
subsequent QM/MM calculation is the AMBER94 force field®°.
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Figure 2.7.1 The a-ARM protocol QM/MM scheme. Schematic representation of an in silico
designed QM/MM model generated with a-ARM. The a-ARM protocol partitions the rhodopsin
rhodopsins structures in 3 subsystems which are treated with different approximation along
the program workflow. These are the MM frozen atoms (in gray), MM relaxed atoms (in red)
and QM atoms (in red). A frontier is defined along the Cé and Ce carbons of the chromophore
linker-Lysine. The QM valence is saturated by a dummy atom called hydrogen link atom (HLA).
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Chapter 3

Fluorescence Enhancement in the Arch Family

In this chapter, based on the findings of PAPER I, addresses important issues
regarding the visualization of neuronal activity using microbial rhodopsins. However,
the significance of the presented results goes well beyond the development of novel
tools for imaging. In fact, it shows how exactly a microbial rhodopsin, whose natural
function is to use photon energy for catalyzing an isomerization reaction, can be re-
engineered to become highly fluorescent. That has led to uncover a mechanistic
theory connecting, at the molecular level, variations in protein sequence and changes
in the quantum efficiency of light emission. | will show how the implementation of such
theory reproduces the fluorescent intensities observed for a series of known
Archaerhodopsin-based optogenetics reporters. The research, entirely carried out
using multi-state and multi-configurational quantum mechanical computations, is
connected to an experimental study recently published in Science by Romei et. al,
which however is applied to Green Fluorescent Protein (GFP) variants. Our
computations not only show that the empirically derived GFP fluorescence mechanism
is also present in Archaerhodopsins (i.e., in a dramatically different class of proteins),
but exposes the original intimate electronic and nuclear clockwork making such
mechanism possible and thus paving the way to the engineering of highly fluorescent

proteins in general.

3.1 Abstract

Investigating the dynamics of neuronal networks communication requires bright
fluorescent probes which can localize in the neuron membrane. Although rhodopsins
have already been exploited to control and visualize neural activity, their fluorescence
is very dim, impairing the development of novel optogenetic tools. Here, we
investigated the excited state of a set of mutants of the wild-type microbial rhodopsin
Arch3, using quantum mechanics (QM), molecular mechanism (MM), hybrid QM/MM
modelling to develop a theory relating amino acid sequences to fluorescence
brightness. We document that the experimentally observed fluorescence quantum

yield is directly proportional to an isomerization barrier which is regulated by the
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relative energy difference of two minima on the first excited state potential energy
surfaces. Furthermore, we propose that in this class of microbial rhodopsins the
electrostatic interaction between the protein environment and a peculiar chromophore
excited state electronic structure is key to enhance fluorescence. These findings allow
to lay out a set of rules which will lead to the rational design and engineering of
rhodopsin probes with brighter and brighter fluorescence emission.

3.2 Introduction

As discussed in Section 1.1, Optogenetics relies on synthetic biology for the
development of devices which can at the same time modulate and report the electrical
activity of extended neural networks, both in vitro and in vivo. Depending on their
characteristics, microbial rhodopsins may be used for triggering or reading out action
potentials (APs). The progenitor of this second class of so-called genetically encoded
voltage indicators (GEVIs), is Archaerhodopsin-3 (Arch3), a wild-type archaeal
rhodopsin from Halorubrum Sodomense. Arch3 emits weak fluorescence in the near-
infrared (NIR) after red-light absorption, which is sensitive to the membrane voltage.
However, the fluorescence is dim and its on-set is slow because it does not come
directly from the dark-adapted (DA) state but from a later photointermediate. Moving
from single cell to population wide-field imaging, requires improved spatial and
temporal resolution, which scientists have been trying to achieve via directed
evolutionary approaches and random mutagenesis experiments. These attempts
culminated in the discovery of a number of Arch3-variants with improved photophysical
and biochemical properties, such as the Archers, the QuasArs, the Archons, ArchS
and Arch7, among others. All of these rhodopsins are spontaneously fluorescent and
feature improved fluorescence quantum yield (FQY), kinetics and voltage sensitivity,
which enabled their applications in imaging of acute brain slices, but also living
mammals and invertebrates. Furthermore, their red-shifted absorption and emission
makes them particularly suitable to be coexpressed with optogenetic actuators, as part
of devices called optopatch, which can be used for all-optical electrophysiology'32°.

It is unquestionable how random and site-directed mutagenesis, as well as, in principle

machine learning (ML) based techniques, are prosecutable brute force solutions to
address the problem of fluorescence enhancement in GEVIs of this class. However, a
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deeper understanding of the main mechanistic ideas behind the fluorescence
properties tuning, could speed up the future design of neuronal reporters, redirecting
the experimental efforts with a more efficient rational design approach. Furthermore,
the insights gained might be applicable to other families of fluorescent
chromophores/dyes and even suggest how to modulate properties which are different

from fluorescence.

In the present contribution, we provide a theory for fluorescence enhancement for the
Arch set (see Section 1.4), a diversified set composed of seven microbial rhodopsins.
These are the two wild types Arch2 (PDB ID: 3WQJ) and Arch3 (PDB ID: 6GUX), and
five of the most natively fluorescent Arch3-mutants, namely QuasAr1, Archon2,
QuasAr2, Arch5 and Arch7. Remarkably, the wild types have not reported to be
fluorescent in their DA state*®. On the contrary, the mutants have significant
experimental FQY , ranging from ca. 0.004 (QuasAr2) to 0.01 (Arch7), which make
them amongst the most fluorescent membrane integral proteins ever reportede.

Interestingly, these variants have also extremely red-shifted maximum absorption and

emission wavelengths (A%,,,and )\j;ax), which appears to be correlated to their
increased brightness. Below, by constructing QM/MM models of the target proteins
and using a multiconfigurational quantum chemistry (MCQC) based approach, we
suggest how the observed difference in FQY are modulated by the relative differences
in shape of the S+ potential energy surfaces of the rhodopsins in the set, particularly,
by the height of the torsional barriers®°. Differently from what previously postulated for
another class of microbial rhodopsins (i.e. ASR and its mutants)®®, we propose a model
for fluorescence in the Arch family which does not involve interactions between S4 and
higher excited states but is modulated by the evolution along the isomerization
coordinate of the electronic character of the S; state itself. In addition, we show how
the trend in A%, is related to trending differences in topographical properties of the S+
PES, which are encapsulated by the relative energy differences of two minima on the
first excited state. We found, as foreseen by the Hammond postulate, that the gap
between these two minima controls the magnitude of the barriers and therefore the
FQY, thus spontaneously manifesting a potential target for fluorescence engineering
in the Arch family.
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3.3 From amino acid sequences to 3D structures

While Arch2 and Arch3 crystallographic structures are available (PDB IDS: 3WQJ and
6GUX), none of the other Arch set structures has yet been reported. Therefore, to be
able to perform in silico QM/MM modelling of the Arch3 mutants, we first generated
their three-dimensional structures via a comparative modelling approach designed to
exploit the high sequence similarity of the mutants with Arch3. In fact, QuasAr1 and
QuasAr2 differ from their progenitor for only 5 mutations. The P60S, T80S, D106H
and F161V mutations are shared by QuasAr1 and QuasAr2, whereas at position 95
the aspartic acid of Arch3 is substituted by a histidine (D95H) in QuasAr1 and by a
glutamine in QuasAr2 (D95Q). Arch5 also differs for 5 mutations from Arch3, namely
D95E, T99C, V59A, P60L and P196S. Finally, Arch7 features all the ArchS mutations
plus the replacements D222S and A225C, yielding for a total of 7 substitutions with
respect to Arch3. Finally, Archon2 differs from Arch3 for the substitutions T56P, P60S,
T80P, D95H, T99S, T116l, F161V, T183l, L1971, A225C. All mutations are collected
in Figure 3.3.1.

Comparative modeling was performed with the software MODELLER?®3. The structures
of the targets (QuasAr1, QuasAr2, Archon2, Arch7 and Arch5) were generated by
simply copying the coordinates of all the conserved amino acids from the template to
the new structures and relaxing the atom coordinates of the mutated side chains. The
crystallographic water molecules were also transferred from the template. The relaxed
cartesian coordinates of the mutated side-chains are randomized and then refined by
MODELLER via cycles of molecular dynamics (MD) and conjugate gradient (CG)
optimizations to minimize an objective function derived from spatial restraints. These
operations are repeated 200 times using the different seeds produced by the
randomization step to yield 200 potential target structures differing in mutated side-
chain conformation. The structures are then scored with the discrete optimized protein
energy (DOPE) statistical potential. The final representative variant model is selected
as the one featuring the lowest DOPE score.
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Figure 3.3.1 Pictorial representation of the mutations localization in the Arch3 mutants
discussed in this chapter with respect to the parent wild-type rhodopsin Arch3. Mutated amino
acids are shown in sticks and the corresponding label is also given. For each model, the retinal
chromophore and linker-lysine are displayed using green and blue ball and sticks,
respectively.

3.4 Generating the QVMI/MM models with the a-ARM protocol

As discussed in Sections 2.6 and 2.7, although QM/MM models are particularly

suitable to study the photoreactivity of a system where one or more excited states are



necessarily involved, their construction may require many parameters, ranging from
the selection of the protonation states, the number of atoms included in the QM region,
the QM theory, polarization of the MM embedding etc. Since we are not interested in
elucidating the properties of a single protein but rather in capturing the different
physics in the Arch set rhodopsins and evaluate how it reflects on their
photochemistry, it was necessary to use a congruous and standardized approach to
generate the corresponding QM/MM models. To this aim, we generated all the QM/MM

Arch rhodopsins model using the a-ARM protocol discussed in Section 2.7.

3.5 Validation of the QM/MM models

Before the discovery of NeoR, the mutants of Arch where considered the most red-
shifted and most fluorescent rhodopsins ever investigated’?°-93, As a first step toward
the investigation of the excited state properties of this family, we focus indeed on
evaluating whether the QM/MM models generated with a-ARM are indeed able to
reproduce the experimental observed differences in A% ,, across the set. Notice that
by focusing on trends rather than absolute values, we avoid systematic errors. For
instance, those related to the elementary structure of a-ARM models and the one
relative to measured AE2, ¢, and AEL, ., obtained by converting the wavelength of
spectral band maxima (A2, and Af .. respectively) into photon energies. Figure
3.5.1A demonstrates that the computed and measured AES,_g, correlate linearly
within the Arch set. Overall, the computed models feature a mean absolute error
(MAE) of ca. 3.0 kcal mol! and a trend mean absolute error (TMAE) of 0.7 kcal mol’,
which is within the documented error bars of the a-ARM protocol. Figure 3.5.1B
displays the corresponding AEL, ¢, for the members of the set featuring a stable S+
planar fluorescent state (FS). The presence of such an intermediate is assessed by
locating a minimum on the St PES. The computed AEL, ¢, MAE is 4.0 kcal mol ' and
0.6 kcal mol”', respectively, although, in contrast with AE2, ¢,, AEL, ¢, values are

underestimated (i.e., red-shifted) with respect to the experimental quantities.
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Figure 3.5.1 (A) Comparison between observed and computed values of vertical excitation
energies (AE%1.so) in kcal mol™ for the wild type rhodopsins Arch2 and Arch3 and the Arch3-
based mutants, QuasAr1, QuasAr2, Archon2, Arch5 and Arch7. Standard deviations are given
as black vertical segments. Least square regression is also shown. (B) Comparison between
experimental and computed fluorescence emission (AE's1.s0) kcal mol™ for the proteins of the
set with reported fluorescence in the DA state.

3.6 On the correlation between FQY and photoisomerization barriers

As anticipated in Section 3.2, we will now proceed and demonstrate a correlation
between quantities computed using the QM/MM models and the observed
fluorescence quantum yield (FQY) of the Arch set. The FQY expresses how efficiently

a molecule converts an absorbed photon into an emitted photon:

No. of emitted photons (3.6.1)

T = No. of absorbed photons

and is a function of the relative rate of radiative and non-radiative de-activation
processes:

KP — kS (3.6.2)
kd + k3,

where k? is the rate constant for radiative deactivation (t5=1/k} is called radiative
lifetime) and k3, accounts for all the possible non-radiative decays of excited state
molecules from S1 to So. In the present research, we assume that: (i) k is similar in
all closely related Archaearhodopsin homologues and (i) that k3. is determined by the

S1 double-bond isomerization barrier (E's1) of the chromophore. If i-ii hold, it is then
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possible to hypothesize the existence of a direct proportionality between Efs1 and FQY.
More specifically, FQY is modulated by controlling the access to the S1 double-bond
isomerization path leading to the conical intersection (Coln) region responsible for S+
decay. This assumption is supported by the 15 value of virtually all rhodopsins being
estimated in 1-10 ns range by the Strickler-Berg equation. This is several order of
magnitude larger than measured t5 even for highly fluorescent rhodopsins, indicating
that k¥ << k3. and, as a working hypothesis, a k3, corresponding to an ultrafast
chemical reaction. Under the assumptions i-ii, an Arrhenius model would predict Es1
and FQY to be linked by a logarithmic relationship. However, an Arrhenius model
cannot be applied in a non-equilibrium situation such as that of barrierless (or nearly
barrierless) isomerization reactions. Accordingly, we do not attempt to fit the Efss and
FQY proportionality relation based on an Arrhenius model but only demonstrate that
the FQY and E's; are directly proportional.

3.7 Photoisomerization mechanism

The results from Section 3.5 above indicate that a-ARM models may be used for
investigating the mechanism allowing for different levels of fluorescence in
Archaerhodopsin variants. They also indicate that the members of the pairs
Arch2/Arch3, QuasAr1/QuasAr2 and Arch5/Arch7 are similar. Accordingly, when
appropriate, we have limited the analysis to the representative variants Arch3,
QuasAr2 and Arch7. Itis useful to recall that rhodopsin function is generally triggered
by photon absorption and consequent photoisomerization (Figure 1.2.1). As
discussed in Section 3.6, we assume that Coln-mediated internal conversion and S«
fluorescence emissions are the two possible competitive process. This assumption,
backed up by experimental findings, allows to establish the S1 photoisomerization
barrier (E's1) as the critical quantity determining FQY. In general, the relevant changes
occurring in the S¢ PES along the all-frans -> 13-cis isomerization coordinate of
microbial rhodopsins, can be described by two critical geometrical normal modes;
upon photoexcitation to S1, the BLA mode drives the initial chromophore relaxation
from the FC point (i), while the reactive torsion associated to the trans C13=C+4 bond

(from here on called a), drives the chromophore to the 13-cis photoproduct (ii).
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Figure 3.7.1 Photoisomerization mechanism of Archaerhodopsins. (A). Lewis formula
representing the initial S1 chromophore structure. (B). Representation of the chromophore
isomerization path. FS corresponds to the fluorescent state. TIDIR represents the
photoisomerization channel located near Coln. FS and TIDIR are represented by Lewis
formulas displaying distinct degrees of double bond twisting and charge transfer. (C). Main
components of the reaction coordinate. BLA is numerically defined as the difference between
the average single-bond length minus the average double-bond length along the C5 to N
conjugated chain (for convenience, below we consider the BLA of the framed moiety
exclusively). a is defined by the dihedral angle C12-C13-C14-C15.
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As shown in (Figure 3.7.1), we found that in the Arch set, the BLA initially intercepts
a planar, potentially emissive FS minima, while the progressive twisting of a, drives
the evolution from FS to a second, twisted, S1 minima, with diradical electronic
character (TIDIR), located in proximity of the decay channel. As detailed below, this
exotic intermediate, not documented before in computational studies, offers the
possibility to describe the fluorescence enhancement mechanism in the Arch family in
terms of the Hammond postulate from organic chemistry®.

Looking at the S1 PES reported in Figure 3.7.2, it is evident that our MCQC models
can reproduce the correct progression of experimental FQY in the Arch set. By
comparing Arch7, one of the most fluorescent models, with the wild-type Arch3, we
observe an increased slope along the S isomerization coordinate connecting FS to
TIDIR. Such increase is evident both at the zeroth-order level ((Figure 3.7.2A and B,
left panels), left panels) and after the geometrical perturbative correction at the XMS-
CASPT2/CASSCF(12,12)/MM level (Figure 3.7.2A and B, central panels), named, in
short, XMS-CASPT2/MM. In Figure 3.7.2A and B we also display the evolution of the
positive charge on the C14-C15-N moiety for the two models (right panels).
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Figure 3.7.2 (A-B) Energy data and charge evolution on the C14-C15-N moiety from the S
QM/MM relaxed scans along a (C12-C13-C14-C15 dihedral) for Arch3 (A) and Arch7 (B). Left
columns show the reaction paths calculated at the SA2-CASSCF/MM level, central column
shows the same calculation at the XMS-CASPT2/MM level and the right column displays the
XMS-CASPT2/MM charges evolution. (C) Schematic decomposition of adiabatic energies in
diabatic contribution associated to the Lewis Formula of the CH2=NH2(+) iminium cation. (D)
Arch7 Coln representation in the branching space showing the position of TIDIR.

This is important because tracking the evolution of the iminium positive charge at
different a values allows to relate changes in the chromophore S+ electronic structure

to a diabatic states representation recently proposed for a set of variants of the GFP
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protein family named DRONPA2%. The Arch set calculated S1 PES in our models can
indeed be described in simplistic valence bond terms as mixing of two pure diabatic
states, namely a covalent configuration (1Ag) and a charge-transfer configuration
(1Bu). As discussed in other contributions regarding different rhodopsin models, the
1Ag configuration features a C13=C14 double-bond and the positive charge mostly
localized on the C14-C15-N fragment, while the 1By configuration is characterized by
a C13-C14 single-bond with the positive charge spread on the 1r-system resulting in a
neutral C14-C15-N moiety (Figure 3.7.2C).

When we apply this representation to the S+ reaction paths of the Arch set QM/MM
models, we consistently observe for all the paths (see ref. %) that at low values of a
(e.g., in the FC/FS region), S1is dominated by 1By character as generally found in
other rhodopsins models. However, in opposition to previous theoretical findings on
different rhodopsins, as soon as a increases, we found that the 1Ag configuration
becomes progressively more dominant, leading to a completely pure 1Aq character at
the TIDIR geometry. In synthesis, as summarized in Figure 3.7.2C at a=0°, we have
a mixture of 1Ag and 1By, with a predominance of 1By, while at a=90° or TIDIR
geometry, 1Aqis dominant, meaning that due to orthogonality of the Tr-orbitals, the
C13=C14 double bond features two distinct non-interacting radical centers and the
positive charge confined on the C14-C15-N moiety. Furthermore, the oscillator
strength (fs1-so0), at the TIDIR, is close to 0 (forbidden transition), as expected from a
stationary point located close to a Coln (Figure 3.7.2D). Such characterization of the
electronic character offers the possibility to rationalize the genesis of E's1 in terms of
diabatic states picture. We hypothesize that along the S4 isomerization path, as soon
as the chromophore relaxes from FC, the 1A4/1By coupling increases because of the
diminishing S1-So gap. However, as a becomes progressively more twisted, the
coupling diminishes and vanishes as soon as a approaches 90°. As it will be discussed
later using a more quantitative approach, we propose that the trending differences in
Efs1 across the Arch set, can be mapped to a simple diabatic scheme where Efs1 is a
function of a and two parameters: (i) the energy difference of 1Ag and 1By and (ii) the

associated coupling.

We should now emphasize that the TIDIR is a stationary point which may exist on the
S1 PES solely because of the topography of the Coln. As schematized in Figure
3.7.2D, lifting the Coln degeneracy along the BLA-dominated branching vector can
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intercept a stationary point on S1 only if the Coln is sloped. On the contrary, both a
peaked and a sloped Coln topography give rise to a twisted intramolecular charge
transfer (TICT) transition state on the So PES, as it has been shown to characterize

the thermal isomerization process of bovine rhodopsin.

3.8 Fluorescence mechanism

After having validated the accuracy of our QM/MM models in Section 3.5 we show
that, as anticipated, a direct proportionality between our calculated Efss and FQY
indeed exists in Figure 3.8.1. More importantly we notice that the same proportionality
holds when E's1 is replaced by the relative energy difference of FS and TIDIR (AETipir-
rs). This finding can be rationalized assuming the Hammond-Leffler postulate from
organic chemistry can be applied to the S4 photoisomerization reaction in our set. In
other words, if FS is the reactant and TIDIR is the product, E's1 magnitude and position
(Xs1) of the transition state (TSs+1) depends on the endothermicity of the FS to TIDIR
transformation. If the product (TIDIR) is higher in energy than FS, the transition state
(TSs1), will resemble the product rather than the reagent (FS). The more TIDIR is
destabilized, the more X's1 will be closer to TIDIR and E's1 will be higher in energy.
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Figure 3.8.1 (A) Linear relationship between E's; and FQY and between S isomerization
energy (AETpr-rs) and FQY (B). Linear fits are given as orange lines. (C) Linear relationship
between E'ss and AEmiprrs and between Sy photoisomerization transition state position (X's1)
and isomerization energy (D).

To support this finding, recalling the diabatic representation from Section 3.7, we build
a simple 2 by 2 Hamiltonian to fit the Sp and S1 energy profiles of the Arch models as
function of a. The diagonal terms of the Hamiltonian are the pure diabatic states (1A,
1Bu) and the off-diagonal terms represent their coupling, which is expressed as a
simple harmonic function of a that maxes out at 45°. The fundamental assumption of
our diabatic scheme is a simple valence-bond fashion description of the adiabatic PES
based on two pure resonance formulas, where 1Aq represent the covalent formula and
1By the charge-transfer formula, and the respective characters are tracked by

following the evolution of the positive charge at different a values. As shown in Figure
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3.8.2, the analytical PESs generated using our elementary Hamiltonian model can
correctly describe the main features of the QM/MM adiabatic PESs, namely the linear
relationship between Efss and FQY and the position Xfss of TSs1.

A deeper look into the features of the adiabatic S1 PES of our models offers a further
rationalization of the reciprocal differences between Arch mutants. In Figure 3.8.1 we
observe that the modulation of AErpir-rs obviously depends on the relative
stabilization/destabilization of both FS and TIDIR with respect to the reference So
energy at the FC point. Our analysis suggests that the modulation of the FS energy
plays the dominant role in Arch2, Arch3, QuasAr1 and Quasar2. As the 0-0 excitation
encounters its minimum at Arch5, the TIDIR destabilization becomes the prevalent
factor in regulating the AETipir-Fs gap, and it is maximum for Arch7 and Archon2. These
data indicates that in the most fluorescent mutants, where FS is already close in
energy to S1FC, the destabilization of TIDIR and of the corresponding Coln is the main
contributor to the FQY regulation.

To ensure that the observed topological differences across the Arch set, mirrored in
the AETipir-Fs value, are providing valuable information on the excited state dynamics
of these systems, we propagated 450 fs semiclassical QM/MM S+ dynamics with no
kinetic energy for a representative subsample of the set, namely Arch3, QuasAr1 and
Arch7. In agreement with the calculated QM/MM PESs and by extension with the
experiments, only the wild-type non-fluorescent Arch3 reacts within the simulation time
(Figure 3.8.3).
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Figure 3.8.2 Diabatic representation of the Arch set PESs.Change in the S1 and Sy PESs
topography, computed using a 2-state 2-mode model Hamiltonian In the first column we plot
the PESs along the a and BLA modes. The color depicts the percentage of diabatic character:
brown and green encode the 1B, and 1Ag character respectively. Left column: position of the
five critical S4 PES points FC, FS in black, TIDIR in green, Coln in blue and TSs; in red plotted
as a function of the parameter n. Right column: diabatic and adiabatic energy profiles along
the S1 MEP connecting FS to TIDIR and comprising TSs,. The energies of adiabatic states
correspond to full lines. The energies of diabatic states are represented with dashed lines.
The off-diagonal element, Hcp, representing the electronic coupling is shown with a dashed
grey line. Here, the diabatic states corresponds to either 1B, (brown) or 1A4 (green) electronic
characters. The E'ssand AETipirrs values for each term of the series are given and, due to the
model parametrization, reproduce the trend computed for the Arch series.
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Figure 3.8.3 FC trajectories of the Arch models. Overview of the results extracted from the
FC trajectories propagated on the S1 PES for Arch3 (left column), QuasAr1 (center column)
and Arch7 (right column). The energy profiles (top row) are given at the SA2-CASSCF/MM
level. The second row displays the evolution of the corresponding fractional Mulliken charge
associated to the depicted C14-C15-N moiety for the corresponding wavefunction. The third
row shows the time evolution of the main torsional coordinates of the chromophore 1-system
and include a (the C12-C13-C14-C15 dihedral). A significant deviation from planarity is
observed only in correspondence of an isomerization event, as in the case of Arch3 which
undergoes all-trans -> 13-cis isomerization. The bottom row shows the evolution of the BLA
associated to the same C14-C15-N moiety.
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3.9 Molecular determinants of the isomerization barrier

Thus far it was demonstrated that in our MCQM the isomerization energy, or AETipir-Fs,
correlates with the experimental FQY's for the entire Arch-set. In order to explore how
variations in the protein sequence are affect the relation between AEtipirrs and FQY,
we take Arch3 and Arch7 has the limit case of lowest and highest FQY®°.

Since, as discussed in Section 3.8 and documented in Figure 3.7.2A-B, FS and
TIDIR are distinct stationary points on the Si1 PES featuring distinct electronic
character (1Ag/1By at FS and 1Ag at TIDIR) mirrored in completely different positive
charge distributions, we must conclude that AEtpirrs can be modified by the opsin
electrostatics. Furthermore, from our calculations, it appears that the S electronic
character and its evolution along the isomerization coordinate are similar across the Arch
set, emphasizing the role of the opsin electrostatic potential (ESPopsin) in the regulation
of the AEtibir-rs quantity. To increase AEripir-rs and consequently FQY, ESPopsin should
ideally stabilize FS and destabilize TIDIR.

By looking at the S1 PES represented Figure 3.9.1A, it is evident that in the absence
of the protein electrostatics, both Arch3 and Arch7 display a sizable isomerization
barrier, imposed by the opsins geometries on the geometrical distortion associated to
all-trans to 13-cis isomerization®. However, in the same Figure, it is evident that Arch3
opsin charges acts on this “steric barrier” by stabilizing TIDIR with respect to FS and
decreasing AETpir-rs, Which, as discussed in Section 3.7, is related to low Efss. On the
contrary, in Arch7, the opsin charges destabilize TIDIR. It is important to notice that
the so-called “steric barrier”, is the results of the combined effect of steric and
electrostatic effects on the chromophore photoisomerization coordinate, both in Arch3
and Arch7 as well as in the other members of the Arch-set (see ref. ).
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Figure 3.9.1 (A) Effect of the opsin charges on the isomerization energy profile for Arch3 (left)
and Arch 7 (right). (B) Two-dimensional plots showing the Arch3-Arch7 electrostatic potential
difference at FS (left) and TIDIR (right). The total charge of the framed Schiff-base moiety is
also given.

The opposed electrostatics effects on AErprrs documented above, must result from
the different side-chain mutations in the two proteins Arch3 and Arch7. After having
observed the effect of these mutations from an energetic decomposition standpoint,

we propose a further rationalization based on mapping ESPopsin on the chromophore
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solvent accessible surface. This map provides limited information on the Arch3-Arch7
differences, but rather suggest a complex ESPqpsin With a prevalent negative value in
the region closer to the PSB. However, by plotting the difference (AESPopsin), between
the Arch3 and Arch7 electrostatics and mapping it along a cross-section roughly
parallel to the chromophore 1-skeleton (see Figure 3.9.1B), we notice that Arch3
preferentially stabilize the positive charge fully confined on the SB moiety of TIDIR
while the opsin of Arch7 better stabilizes the delocalized charge spread towards the
B-ionone of FS®. These effects can be also interpreted using the Hamiltonian model
discussed in Section 3.8, focusing in particular on the electronic character of the
TIDIR structure. As the positive charge fully confined on the C14-C15=N moiety is
typically associated to the 1Aq diabatic character, Arch3 more negative electrostatics
projected in this region must stabilize TIDIR, as opposed to the Arch7 electrostatics,
which is less negative in this region and destabilizes it consistently with the diabatic
picture of Figure 3.8.2.

3.10 Conclusions

Generating more and more efficient rhodopsin-based GEVIs, is a challenge that
nowadays is mostly addressed via experimental brute force approaches, where tuning
the protein fluorescence is performed via round of random and/or directed
mutagenesis. In this work, we have investigated the increase in fluorescence quantum
yield in the Arch set by constructing MCQC. The most significant findings can be
summarized as follows: (i) in Arch3 and its variants, the FQY is primarily determined
by the competition between S4 emission and isomerization extending the mechanism
reported for DRONPAZ2% to retinal proteins®®, (ii) the rate of isomerization depends by
AETpr-rs quantity, and in particular by the destabilization with respect to FS of the
newly reported TIDIR intermediate and (iii) the TIDIR stabilization/destabilization is
modulated by the protein electrostatics, rather than geometry.

The atomistic mechanism for the TIDIR stabilization appears to be a consequence of
the cavity electrostatics on the distinct charge distributions of the FS and TIDIR
chromophores. As schematically (top schemes) and computationally (bottom plots)
displayed in Figure 4E the chromophore positive charge is largely delocalized in FS
but confined on the C14-C15-N fragment in TIDIR. In this situation the described change

51



in electrostatics from Arch3 to Arch7 leads to a reduced stabilization of the Schiff base
confined with respect to the delocalized charge. In simple terms, the effect of the amino
acid (and atomic point charges) replacement resulting in the Arch3 to Arch7
progressive TIDIR destabilizing along the Arch-set, can be interpreted as the gradual
relocation of a negative charge from the Schiff base region to a region closer to the 3-

ionone ring.

The presented mechanism has both methodological and biological implications. The
first is related to the fact that TIDIR and FS, being energy minima on the S1 potential
energy surface, are computationally fast to locate. It is thus possible to envision the
development of a tool for the in silico selection of highly fluorescent Arch3 variants.
Such tool would be based on the automated?? construction of MCQC models and the
calculation of the corresponding AEtpir-rs value to be maximized via in silico
mutational experiments. The biological implication is instead related to the hypothesis
that the changes in sequence, and thus electrostatics, leading to a negligible Arch3
fluorescence could have occurred also in nature through a natural selection process
aimed at increasing the protein photoisomerization rate and improve the protein
function. We cannot exclude that the same mechanism plays a role in other microbial
rhodopsin evolution. On the other hand, an inverse natural selection process leading
to the suppression of the photoisomerization, and maximization of the fluorescence
output may have generated the recently discovered Neorhodopsin from
Rhizoclosmatium globosum®® that displays an intense fluorescence with a ca. 0.2 FQY
and therefore much closer to that of DRONPAZ2 and other optimized green fluorescent

protein variants.
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Chapter 4

Rhodopsin color-tuning via counterion
migration-delocalization

In the previous chapter, | discussed the computational tools allowing to investigate the
excite state property of a rhodopsin and provided a theoretical justification to the
increased FQY exhibited by Arch3 variants with respect to the wild type. Although
enhancing fluorescence of microbial rhodopsins is a highly desirable technological
feature in optogenetics, scientists are looking for variants which are at the same
fluorescent and feature absorb light in the red or near-infrared (NIR). As discussed in
Section 1.4, GEVIs absorbing light in the red of the visible spectra are well-suited to
work in parallel with actuators and pose less challenges to fluorescence microscopy.
Since most of the protein of the Arch family already exhibits increased FQY and red-
shifted 23,.x, | extended the analysis discussed in Chapter 3 to understanding the
rules of spectral tuning in the same sub-family of rhodopsins. Interestingly, in the
following, | demonstrate that instead the modulation of spectral tuning and
fluorescence appear to be correlated, as it is speculated in recent experimental

literature*s.

4.1 Abstract

The understanding of the electrostatic rules controlling the spectral tuning of the retinal
chromophore of rhodopsins is still unsatisfactory. This issue originates from the
overwhelming structural complexity of the opsin cavity hosting the chromophore. The
fact that the cavity may incorporate the chromophore counterion in different positions
and that the remaining polar residues may have different orientations in response to
both electrostatic and steric factors leads to a large number of patterns whose
electrostatic effect is not obvious. In this work we use a computational model of a
selected rhodopsin to study the effect of the hypothetic "delocalization” of the
chromophore counterion on both the chromophore geometry and excitation energies.
By applying a variational optimization protocol to the model, we demonstrate that both
the counterion position and its "effective delocalization” are primary factors in
controlling the chromophore vertical excitation energy and that an extended
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delocalization is necessary to achieve a low excitation energy We conclude our
analysis by showing that the same model can be used to derive a first-order
relationship between 1%,,,, and chromophore isomerization barrier that correctly reflect

the observed trends relative to a set of Arch3-based optogenetic tools.

4.2 Introduction

After the discovery of Archaerhodopsin-3 (Arch3) from Halorubrum Sodomense®?#?,
microbial rhodopsins have gained popularity as potential optogenetic fluorescent
reporters for the visualization of neuronal action potentials*!. However, Arch3
maximally absorbs 556 nm light and therefore relatively far from the desired red-light
absorption. In fact, the use of red-light to promote fluorescence is a desired
technological feature due to the low phototoxicity and higher tissue penetration of this
wavelengths. For this reason, scientists have been looking for natural and artificial
rhodopsins with redder and redder maximum absorption wavelength (A3 ,,)*¢:%9-52. On
the other hand, the attempts to engineer rhodopsins with a red-shifted A3,,, it has only
been partially successful as the understanding of the, so called, color tuning
mechanism is still incomplete.

The color tuning mechanism of rhodopsins has been studied for a long time and
several coupled factors have been found to play a role in its regulation. Here we focus
on the complex interaction of the charges carried by opsin amino acidic matrix with the
retinal-protonated Schiff base (rPSB) chromophore. Such electrostatic tuning has
been extensively investigated experimentally by using retinal analogs®’-%, via site-
directed mutagenesis'%-'% and more generally via structural analysis'®”1°. Nakanishi
and coworkers were the first to propose a general external point charge model to
explain the experimental observations'%®. According to this model, a negative charge
in proximity of the B-ionone ring of the retinal'®®1"0js key to achieve red A2, (See also
Section 1.5.2). More recently, in order to get a deeper understanding of electrostatic
tuning, Borhan, Geiger and coworkers used, as a lab model, a set of synthetic
rhodopsin mimics based on human cellular retinol-binding protein Il (hCRBPII)'"0.111,
The preparation and analysis of a set of mimics displaying A3,,x values from 425 to
644 nm indicates that the reddest A3, can be obtained by projecting an evenly
distributed negative electrostatic potential (ESP) on the rPSB®119.11 The authors

stress the fact that a delocalized and negative cavity ESP would stabilize an iminium
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positive charge maximally delocalized along the chromophore backbone (i.e. one
would constitute a negative replica of the other).

A computational approach should, in principle, provide a deep understanding of the
molecular level factors determining the specific A3, of rhodopsins. However, even if
the range of such studies is wide when compared to their experimental counterpart,
these are focused on determining specific steric and electrostatics contributions to the
A3,.x in specific rhodopsins or rhodopsin variants. These analyses, although well suited
to capture specific A3, effects, do not capture the general relationship between the
ESPs structure and large bathochromic shifts as the one found in the recently reported
wild-type Neorhodopsin, featuring a near infrared absorption of 690 nm?®.
Furthermore, no reported computational study has addressed the qualitative
conclusions that a negative charge delocalization, not only a change in the charge
position, is an important color-tuning mechanism. In this work, we attempt to fill this
void.

The present investigation is based on an unusual quantum mechanics / molecular
mechanics (QM/MM) model of Arch3 where (i) the charges on all chromophore cavity
residues has been zeroed and (ii) a unit negative charge is not only free to migrate
from one residue to the next, but it can fragment and distribute on different cavity
residues. We will show that, when used together with a specific conjugated-gradient
optimization protocol, the model is able to simultaneously describe the A3, effect of
charge migration and delocalization defining the Nakanishi and Borhan-Geiger
models. More specifically, the model is used to carry out a set of computational
investigations based on the assumption that the total counterion charge is always
represented by a unit negative charge free to transit from localized to largely
delocalized configurations. It is found that the preferred counterion configuration for
red-light absorbing models as well as for models maximizing the excited state lifetime
is always highly delocalized.

The contribution is organized as follows:

(i) Details of the Arch3 QM/MM model construction.

(i) The aim of optimizing the distribution of the negative main counterion charge in
Arch3 cavity binding pocket is discussed, together with the technical details of the

optimization algorithm.
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(iif) Theoretical justification of the methodology employed. It is shown, with a simple
model system of a rhodopsins cavity, how the main counterion electrostatic potential
diffusion operated by dipoles can be qualitatively mimicked by a system of fractional
negative charges.

(iv) The proposed theoretical framework outlined by our computational model is
compared to the existing electrostatics tuning theories by Borhan-Geiger and
Nakanishi.

(v) A correlation between 213,,x and photoisomerization barrier is pointed out, and a
mechanistic explanation for the recent experimental finding of red-shifted absorbing
fluorescent microbial rhodopsins is provided.

4.3 Arch3 model structure

Due to its applications in optogenetics, Arch3 has been extensively studied
experimentally. In the last decade scientists have put considerable effort in the
optimization of Arch3’s spectral properties, particularly in identifying variants
displaying both red-shifted 13,,x and increased fluorescence quantum yield (FQY), in
order to develop improved genetically encoded voltage indicators (GEVIs), or
molecules which are able, via fluorescence emission, to mark the passage of action
potential (AP) across the neuronal membrane3?4%112.113 Tuning A3 ,, represents a
technologically appealing feature, as it allows to use trigger fluorescence with light
which is less likely to interact with cell tissues. Since these efforts culminated in the
discovery of several Arch3’'s variants with red-shifted A3,,, and in most cases
increased FQY, we deem that Arch3 represents the best platform to explore

electrostatic tuning of A3 ..

In general, to study rhodopsins spectral properties in-silico, a quantum-mechanical
multiconfigurational approach is mandatory (see Chapter 2). However,
multiconfigurational studies of systems of a few dozens of atoms are already
challenging, such that hybrid quantum-mechanics (QM) molecular-mechanics (MM)
schemes are generally preferred due to the reduced computational load. For this
reason, we started our electrostatic tuning study of Arch3, by generating its
corresponding QM/MM model. For our simulations to be as realistic as possible, we
constructed Arch3’'s QM/MM model using the well resolved dark-adapted (DA)
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crystallographic structure reported by Bada-Juarez et al. (PDB ID: 6GUX)2. Starting
from 6GUX, a QM/MM model was automatically constructed using the previously
reported advanced automatic rhodopsin modelling (a-ARM) protocol, a software which
has been indicated to build fast and congruous and reproducible QM/MM models of
rhodopsins. The a-ARM QM/MM model of Arch3, or reference for all the successive
calculations, is a gas-phase globally uncharged monomer optimized on the ground
state (So) at the single-state CASSCF(12,12)/6-31G*/MM (in short SA2-CASSCF/MM)

level of theory.

4.4 General aims and optimization algorithm

Starting from this QM/MM model of Arch3, we propose to study the electrostatic
modulation of A%, from a totally new perspective from what has been previously
reported in the literature. Instead of looking at differential molecular contributions to
variation in A%, among different models, we reverse engineered the charge
distribution (and consequently the ESP) of the Arch3 retinal binding pocket to
reproduce specific A3, values. To preserve a realistic electrostatics environment, only
the MC charge (in our QM/MM model the aspartic acid residue D222) was allowed to
fraction or displace to other cavity residues to modulate the opsin ESP in order to fit
different 13,4 values. We show that, in agreement with the experiments on hCRBPII,
and in contrast to the external point charge models, the negative charge features a

homogeneously increased spreading and fractioning going to redder and redder 23, «-

Briefly, the algorithm works as follows; we start from the Sp optimized structure of
Arch3, select a target vertical excitation energy value (AEg: o, ) and optimize the
electrostatics of the cavity such that the difference between the absolute values of
AES, _go and AEg;_q, is minimized. In other terms, we define AEE, _g, as a function of
the cavity charge distribution, or AEZ; _¢,(q) (Figure 4.4.1A). To achieve this goal, the
cavity residues charges of the Arch3 QM/MM model cavity are represented by the sum
of their MM force field partial charges (q;), which is 0 for neutral residues and +1 or -1
for charged residues. Since the cavity binding pocket defined by the a-ARM protocol
(Figure 4.4.1B) does not include charged residues except for MC, we can
conveniently represent the model virtual MC charge distribution by a vector (q = qo,
di1, ---, gn, Where N is the number of residues in the chromophore binding pocket),
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whose elements are bound to host a negative charge comprised between 0 and -1.
Thus, at the initial step of the optimization process, q will always be represented by a
vector which has N-1 elements equal to 0 and one entry corresponding to the original
main counterion, equal to -1. Furthermore, we impose that the global charge of the
cavity (q) must always equal -1 (as in the starting QM/MM model), to make sure that

the final optimized model is as realistic as possible.
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Figure 4.4.1 (A) lllustration of the methodology discussed in this work. The theoretical minimum in A®max
can be explored by optimizing the environment charge/electrostatics to reproduce a target A°max. (B)
Cavity of Arch3. The corresponding residues constitute the screen subsystem of following panel C.
Adapted from ref. 46 (C) Depiction of the systems employed in the optimization procedure. (D) Diagram
showing vertical excitation energies obtained via optimization of different distributions of negative
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charge in black circles, and after geometrical relaxation on So at the same charge distribution in green
circles.

As summarized in Figure 4.4.1C, the QM/MM model is therefore partitioned in 3
subsystems; the atoms treated at the multiconfigurational QM level, or the retinal
chromophore and linker lysine sidechain, a ‘screen subsystem’, represented by the
cavity binding pocket residues, or the entries of vector q, and the MM opsin atoms
which are frozen at their crystallographic position as electrostatic and geometrical
constraints to enforce the conservative design of the simulation. Given this set of rules,
the problem of finding the AEg;_¢, value, can be formulated as a simple constrained

optimization problem as follows:

min ((AE§1—50(Q) - AEST—So(Q))Z) (4.4.1)

Sub]eCt to qu = _1; qli qu "'!qN S O
i

When a residue hosts a fraction of negative charge different from 0 such fraction is
equally distributed amongst the atom of the residues. Since AES,_g, is calculated at
the SA2-CASSCF/MM level and no gradient of the CASSCF wavefunction is available
with respect to the charges, the minimization is performed by computing the gradient

numerically, with the following two-point formula:

(AES1—so(q) - 51 SO(Q)) (AEgl—SO(q+Aq) — Sl SO( )) (442)

Aq

where Aq is set to 0.001. The optimization of q regards only the ‘screen subsystem’
and is carried out at fixed geometry with AES; _s,(q) evaluation carried out via single
point energy calculations. In practice, this approach relies on an interface built by the
author and exploiting the SciPy built-in trust region algorithm driver''* to minimize
AEE, _¢,(q) and find optimal (q) provided with the gradients calculated as in Equation
4.4.2 by [Open]Molcas'’® via QM/MM single point calculations at the SA2-
CASSCF/MM level.
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4.5 Mathematical framework

Although the computational setup is designed to preserve the structure of Arch3’s
cavity and generate configurations with realistic electrostatics, it could be objected that
residues hosting fractional charge may not represent correctly a system of dipoles
(neutral cavity residues) interacting with a negatively charged main counterion. For
this reason, we propose a simple mathematical justification of our methodology based
on a minimal example. As shown in Figure 4.5.1A, the cavity of Arch3 may be
schematized as follow; (i) the MC is represented by a negative point charge at the
origin of the system, (ii) the cavity residues are represented by two identical dipoles
symmetrically positioned to left and right to the central charge (iii) and finally the retinal
is exemplified by a horizontal line 5A far from the dipoles plus charge system. This
setup, where the dipoles mimic the solvation effects of amino acidic residues side
chain on the main counterion, is called the biological model, as it is representative of
a generic realistic biological rhodopsin cavity. By elongating and shortening the bond
of the dipoles, it is evident from Figure 4.5.1A how the dipoles have the effect of
diffusing the electrostatic potential generated by the unperturbed negative charge. In
Figure 4.5.1B, using the same minimal setup, is it shown that it is indeed possible to
find a fractional distribution of the negative charge that allows to replicate, with
qualitative accuracy, the diffusion effect operated by the cavity dipoles on the
electrostatic potential projected on the retinal chromophore. Since the scheme is
symmetric, also the fractioning necessary to reproduce the electrostatic potential is
symmetric. As explained above, this model, which we call the chemical model, has the
desirable feature of being easily manipulated through an optimization approach
allowing to simply diffuse or relocate a negative charge to optimize a target property,
which would imply a more complex and involved setup for the “biological model”.
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Figure 4.5.1 (A) Effect of dipoles on the ESP projected by a negative point charge (orange
line). The two dipoles are horizontally aligned to the left and right of the central negative charge
and their parameters (charge and bond length) are taken from the carbonyl group of acetone
after an HF/6-31G* calculation. The ESP projected by the negative charge plus dipole system
is represented by the red line. By shortening and elongating the dipole bond, the negative
charge ESP is diffused (blue lines). (B). The negative charge plus dipoles system is substituted
by three negative fractional charges summing up to -1. Different fractioning patterns can
qualitatively reproduce the diffusion effect on the negative charge ESP by the dipoles (green
lines).

4.6 Algorithm application and results

To test our algorithm, we selected a range of 10 AEg; ¢, values, spanning from 76.5
kcal mol' to 51.2 kcal mol! (e.g., a range of 25 kcal mol" with spacing of ca. 2.5 kcal
mol") and for each one of the AEg;_,, optimized a charge distribution q. As shown in
Figure 4.4.1D, for all the 10 cases, the optimization converged successfully with 10
different solutions q which will from now on be labeled as q; to qq9. However,
identifying a distribution of the MC negative charge yielding the target AES;, ¢, values
at fixed geometry is not sufficient to demonstrate that the new electrostatics
corresponds to an hypothetical DA structure with that particular AES;_g,, as the
CASSCF wavefunction has been optimized only with respect to the charges and not
with respect to the nuclear coordinates. To ensure that our distributions (q; to q19)
generate ground state (So) minima spanning the originally designed 25 kcal mol’
AEg;_g, range, for each of the 10 QM/MM models with q distribution, we geometrically
relaxed the atoms of the screen and QM subsystems on Sp to obtain 10 new structures
which now differ in q and geometry (r). We introduce for these new models a new

notation which accounts both for the virtual MC charge distribution and geometry as
Q4 t0 Qqo-
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Figure 4.4.1D shows that, for a specific q, AEZ;_¢,(Q) shows a generally red-shifted
behavior with respect to AEZ; _¢,(q) until AEZ, _¢,(qg) = 56.2 kcal mol!, whereas the
difference is the opposite for q9 and q4o with AES; _5,(Qg) and AES; _,(Q10) Which are
blue-shifted with respect to the non-geometrically relaxed counterpart. As shown in
Figure 4.6.1 a close inspection of models Qg9 and Q;, suggests that at extremely red-
shifted AES,_g, values, the electrostatics imposed is so strong that the retinal
protonated Schiff base nitrogen atoms undergoes a complete pyramidalization,
justifying the inversion of the trend observed in Figure 4.4.1D. For this reason, models
corresponding to Q9 and Q4,4 will not be discussed in subsequent analysis. We also
notice that the final AE2,_¢,(Q) range, going from 74.0 kcal mol"' to 51.8 kcal mol,
has a similar span (23.2 kcal mol") to the originally proposed AEZ;_ ¢, range, and we
shall from now on discuss, without loss of generality, the properties of the Q models,
which are more realistic in terms of mimicking potentially existing DA states of
rhodopsin systems.
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Figure 4.6.1 (A) and (B) show how the cavity negative charge is fractioned among the cavity
residues (blue circles) and the localization of chromophore Sq positive charge (red circles) for
the structures corresponding to AE?s1.s0(Q1) = 74.0 kcal mol™ and AE?s1.s0(Qs) = 51.8 kcal mol”
', (C) Histogram plot showing the charge distributions (g1 to q10) at the end of the optimization
procedure targeting the 10 AE* s1.so values from 76.5 (q+) to 51.2 kcal mol™ (g10) (D) Norm of
the same charge distributions as indicator of the diffusion of the MC charge.

In Figure 4.6.1A and Figure 4.6.1B we compare the virtual MC charge distribution
and chromophore SA2-CASSCF/MM S, charge associated to the larger and smaller
AEZ, _50(Q), or the models with the most blue and red-shifted absorption among the
optimized Q, which are, namely, AE2, _¢,(Q;) = 74.0 kcal mol' and AEZ, ¢,(Qg) = 51.8
kcal mol.

The virtual MC charge for the blue-shifted model is largely localized on the PSB side,
and, although partially fractioned, largely resemblant of the parent model Arch3, where
the cavity negative charge is hosted exclusively by D222. On the other hand, the red-
shifted model features a complete spread of the negative charge which has fractioned

and relocated to all the cavity residues, with the barycenter is slightly closer to the [3-
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ionone half of the chromophore. Associated to the differences in cavity electrostatics,
the So chromophore positive charge is more localized on the PSB side of in the blue-
shifted model while it is largely more delocalized on the 1r-system in the red-shifted

model.

Figure 4.6.1C and Figure 4.6.1A D shows that the fragmentation is somehow limited
for vertical excitation energies up to AEZ; _¢,(Q3) = 69.2 kcal mol-!, where the dominant
fraction of virtual MC charge is still located at D222, while it is global for all the other
distributions (Q4 to Qg). As shown in Figure 4.6.1D, the spread of the negative charge
can be conveniently quantified by taking the norm of the Q vectors representing the
different virtual MC charge distribution. As already pointed out, the fragmentation
(rather than relocation) of negative charge, occurring spontaneously from our
optimization procedure, becomes more and more dominant as target AEZ, ¢,
becomes smaller, except for Qg, where we assist to a partial re-localization of the

negative charge on residues located to the B-ionone side of the retinal.

4.7 A novel theoretical framework for color tuning

The congruous increase of spread or fractioning of negative charge following almost
perfectly the trend in blue to red-shifted A%,,, absorptions (i.e., from large to small
AEE, g, values) is reminiscent of the mechanisms of wavelength regulation discussed
by Borhan and coworkers''® for mutants of human cellular retinol binding protein I
(hCRBPII). It was suggested that to achieve a maximally red-shifted A3, in this
protein, the solution is three-fold: (i) removing the MC, (ii) creating an isolated
environment encapsulating the retinal and (iii) project a uniformly neutral electrostatics
potential (ESP) across the polyene chain to allow the maximal delocalization of retinal-
PSB positive charge. These findings are in contrast with the previously reported
external point charge model, which suggests that a red-shifted absorption may be
achieved by introducing a negative charge in the vicinity of the retinal 3-ionone side or
a positive charge closer the PSB side®*.

Our simulations do not perfectly mimic the conditions of hCRBPII experiment;
however, contrarily to hCRBPII, Arch3 is a membrane protein condition (ii) is
automatically enforced. Furthermore, our results hint at similar conclusions as those

suggested at points (i) and (iii). Looking at the progression from AES,_¢,(Qq) to

64



AEE, _,(Qg) and the corresponding solutions Q4 to Qg, we assist, in general, to an
increasing pattern of MC charge fractioning and homogeneous distribution and
relocation to all the Arch3 cavity residues.

Although in our model we do not replace the MC with another non charged residue,
the fraction of negative charge on D222 in models from Q4 to Qg is so small (Figure
4.6.1C) that in practice, point (i) above is enforced. Furthermore, if we compare the
ESP projected by the opsin on a retinal cross-section, the virtual charge distributions
associated to Q4(a blue-shifted model, Figure 4.7.1A) and Qg (a red-shifted model,
Figure 4.7.1B), we observe that the latter features a much more uniform ESP across
the retinal conjugated Tr-system. Although the ESP in model Qg is not neutral as
required by point iii above, but rather uniformly negative, we believe, as outlined in
Figure 4.7.1A and Figure 4.7.1B already discussed, that the delocalization effect

exerted on the rPSB positive charge is the same.
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8-6-4-20 2 4 6 8 10 4 -8-6-4-20 2 4 6 8 10
X(A) X(A) X(A)

Figure 4.7.1 Electrostatic potential projected on a retinal cross section by the protein
environment for the QM/MM models corresponding to AE?s1.so(Q1) = 74.0 kcal mol™ (A) and
AE?s1.50(Qs) = 51.8 kcal mol™” (B). respectively. (C) centroid of virtual MC negative charge for
the models Q1 to Qs.

Careful examination of the centroid of negative virtual MC charge for models Q; to Qg
(Figure 4.7.1C), however, suggests that the mechanism of wavelength modulation in
rhodopsins toward red-shifted value may be regulated by both the principles unveiled
in hCRBPII and from the simple external point-charges scheme. We found indeed that
progressing towards red-shifted 23,4, the centroid of the complex diffused patterns of
negative charge moves progressively towards the [3-ionone moiety, reminiscent of the

external two point-charge model of Nakanishi and coworkers.
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In Figure 4.7.2A and Figure 4.7.2B we show that the changes in ESP from Q to Qg
not only determine a difference in Sp positive charge delocalization, but also a
completely different change in electron density (Opabs) associated to the So — S
transition at the Franck-Condon (FC) point. At AE2, ¢,(Q;) = 74.0 kcal mol', the
transition involves the canonical redistribution of positive charge from the iminium
position, where it is mostly localized in the So state, to the (-ionone moiety after
excitation In contrast, at AE2,_,(Qg) = 51.8 kcal mol, the positive charge of the
chromophore is already highly delocalized in Sp and the excitation to S+ is associated

to a Opabs Which is not directed to either ends of the chromophore.
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Figure 4.7.2 Electron density difference (dpans) associated to the vertical So — S1 transition
at the FC point for structure AE?s1.s0(Q1) = 74.0 kcal mol™" (A) and AE®s1.0(Qs) = 51.8 kcal mol
', (B). The blue and red areas correspond to the zones of electron density increases and
decreases respectively. Isovalues set to 0.002 a.u. The retinal charges > 0.05 of the states
involved in the transition are also shown as blue circles (negative charge) and red circles
(positive charge).
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Figure 4.7.3. Properties of Q1 to Qs models excited state. (A) Stokes Shift (B) BLA and (C)
reactive torsion.

This is consistent with the analysis discussed in Figure 4.7.3, where we show the
results of the S1 geometry optimization starting from the So optimized structures
corresponding to Q4 to Qg. For all the structures a planar minimum, or fluorescent state
(FS) on the excited state potential energy surfaces was identified. Shifting the vertical
excitation energy from blue to red has the effect of progressively diminishing the
magnitude of Opabs associated to the So-S1 transition, which in tum results in a
progressively smaller Stokes Shift (Figure 4.7.3A). This is perfectly reflected by the
evolution of the bond length alternation (BLA) along the series. Figure 4.7.3B shows
indeed that the differences between the BLA of the Sp optimized structure and S+
optimized structures progressively diminishes going from blue to red shifted models,
in a perfectly regular fashion modellable by a parabola. Interestingly, the BLA
difference between the FC and FS geometries of the most red-shifted model, was the
closest one, and both the BLAs of the FC and the BLA of FS for this model are close
to zero and lie on the minimum of the fitted curve. Such property appears to
demonstrate that at AE2, ¢,(Qg) = 51.8 kcal mol’' represent the lowest vertical

excitation energy possibly achievable by tuning of the electrostatics environment.

4.8 The relationship between red shift and excited state lifetime and
observed FQY

In microbial rhodopsins, all-frans retinal is typically isomerized into the 13-cis form,
even if the reverse reaction is possible in several rhodopsins. However, since Arch3
is phylogenetically closely related to bacteriorhodopsin (BR), a widely studied

microbial rhodopsins showing 100% selective all-trans to 13-cis isomerization, we
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investigate the S¢ PES along the C13=C14 torsional coordinate for our set of
configurations, via a relaxed scan. We define the S+ isomerization barrier (EL,), as the
highest point in S1 energy along the approximated minimum energy path (MEP). As
shown in Figure 4.8.1, we observe a that a decrease in AE%,_g, is associated to a
linearly increasing Ef, along the photoisomerization coordinate. This conclusion
seems to agree with recent experimental findings, discussed in Chapter 3, where
engineered mutants of Arch3 (such as the Archers, the Archons, Arch7, Arch5 and so
on) with red-shifted A3,,, were found to display increased fluorescence quantum yield
(FQY). Similarly, one could explain the extreme photo physics and unusually high FQY
observed in NeoR, which is also the most red-shifted rhodopsin and in general
transmembrane protein reported to date’®°'-%3, Interestingly, our electrostatics model
suggests that to minimize AES, _g, we select a configuration featuring a highly diffused
main counterion negative charge, which may explain why microbial rhodopsins with
extremely red-shifted absorption, generally display mutations at the level of the main

counterion complex (see Section 1.5.3).

Furthermore, we observe that such increase in EL; magnitude is accompanied by a
similar increase in other two quantities shaping the S1 PES; these are (i) the height,
with respect to FS, of an S+4/So conical intersection (Coln) associated to the
isomerization coordinate, or AEcoinrs, and (ii) the energy difference between a twisted
S+ minima located in the vicinity of Coln with diradicaloid character, a twisted
intramolecular diradical intermediate (TIDIR), and FS, or AEmpir-rs. Moving to red-
shifted absorption, the distance in energy between Coln and TIDIR increases

progressively, suggesting a progressively more sloped topology of Coln.
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Figure 4.8.1 Linear relationship between S FC energy and (i) isomerization energy (AETipir-
rs), (ii) Coln energy with respect to the planar fluorescent minimum (FS) and (iii) isomerization
barrier E£,in red, blue and green dots, respectively.

4.9 Conclusions

In the past, the investigation of the key factors determining how to push the A3 ., of
different rhodopsins closer and closer to the near-infrared (NIR) range, has aimed at
explaining the behavior observed in a number of specific cases and generated
conclusions not extensible to other rhodopsins. The only attempt to provide a general
theoretical framework for the “a priori” description of the color-tuning effects of the ESP
is the external two-point charges model by Nakanishi and coworkers. Here, we
developed a simple computational tool to evaluate the effect of counterion charge
fractioning and diffusion on the chromophore vertical excitation energy. We found that
the “effective delocalization” of the negative counterion charge is the main determinant
of the vertical excitation energy in Arch3. Within the theoretical framework of our
model, we observe that an extended delocalization of the counterion is necessary to
achieve a low excitation energy (and thus red-shifted absorption). This conclusion
provides a reasonable explanation for the outcome of several mutagenesis
experiments performed on Arch3 and aimed at shifting its A3,,4 to the red. In fact, all
the engineered Arch3 variants with a longer A3, with respect to the progenitor
invariantly feature one or multiple mutations to counterions located in the vicinity of
RPSB. Since our delocalized models indicate how the electrostatics projected by the
opsin should be in order to achieve pre-determined values of A2 ,,, in future studies
we will use this knowledge to propose novel Arch3 mutants absorbing in the red or
NIR. Furthermore, we have used the same artificial models to show the existence of
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a linear relationship between A2 .. and chromophore isomerization barrier. This
relationship agrees with experimental observation documenting that Arch3 variants

with red-shifted A3, consistently display an increased FQY with respect to the wild

type.
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Chapter 5

Conclusions and outlook

The present dissertation is focused on the investigation of the photochemistry and
photophysics of the microbial rhodopsin Arch3 and a set of its variants. In particular,
we focused on disentangling the mechanism regulating the fluorescence emission and
the spectral shift of this class of rhodopsins.

Mechanism of Fluorescence Enhancement

In Chapter 3, we have investigated the excited state properties of seven proteins: the
wild types Arch2 and Arch3, and the Arch3-based mutants QuasAr1, QuasAr2,
Archon2, Arch7 and Arch5. These microbial proteins have large potential applications
in Optogenetics, and in some cases they have already been used as genetically
encodable voltage indicators (GEVIs), to study networks of interacting neurons in vitro
and in vivo. The in-silico modelling of these systems represents an invaluable resource
for the understanding of fluorescence enhancement mechanisms, which, in turn, is
needed to help and drive the design of highly efficient GEVIs. For this reason, we
focused our research on emphasizing the differences in the excited states properties
of the with respect to the wild types Arch2 and Arch3. To study excited states,
however, a multiconfigurational approach is required, and we used to this scope a set
of techniques based on hybrid QM/MM methods.

The findings discussed in Chapter 3 can be divided in three parts.

e In the first part we demonstrated the existence of a proportionality between
observed FQY values and computed EL, by constructing and validating a set of
multi-configurational quantum chemical (MCQC) models corresponding to
seven different Arch3 variants (the Arch set). The models were then employed
to map the corresponding S1 isomerization paths. The calculated S+ potential
energy profiles shows that all paths feature the same general topography,
connecting the planar emitting minimum (FS) to a diradical twisted minimum
(TIDIR) located in the vicinity of a conical intersection (Coln), where decay to

the ground state (So) occurs. The computed E£; values are found to be in the
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order Arch2 = Arch3 < QuasAr1 < QuasAr2 < Arch5 < Archon2 = Arch7, which

is the experimentally observed order of FQY.

In the second part of the research we showed that the FQY variation is
modulated by a modification of the protein electrostatics. We started by showing
that the S1energy profiles follow the Hammond postulate which relates position
and magnitude of Ef, with the energy difference between the FS "reactant" and
the TIDIR "product" (AErs-tipir). Indeed, the energy profiles are exergonic and
thus a decrease in AErsTipir Values causes an increase in E'ss that, in turn,
enhances FQY. As a result, a linear relationship between the easily computed
AErs.Tipir and the observed FQY values also exists. This indicates that higher
fluorescent variants can be obtained by looking for mutants simultaneously
stabilizing and destabilizing the FS and TIDIR respectively.

In the third part we looked for the molecular-level factors modulating the critical
AErs.Tpir quantity. We found that the electronic structure of the retinal
chromophore at FS and TIDIR are very different and that this is reflected by
their different charge densities. This is important because a variation in the
protein electrostatic potential (ESPopsin) that simultaneously stabilize and
destabilize the FS and TIDIR charge densities, respectively would decrease
AErstpr and therefore increase EL,. This is particularly evident after
comparing the two limit cases of Arch3 (FQY ~0.0001) and Arch7 (FQY
~0.012), where similar Si electronic charges distribution along the

isomerization coordinate benefit from different stabilization by ESPopsin.

In conclusion, the research discussed in Chapter 3 of my dissertation unveils a

previously unknown rational route to fluorescence enhancement in a set of Arch3

variants whose FQY values increase of two order of magnitude from 10 to 10-2. The

enhancement is due to specific ESPopsin changes induced by the change in the protein

amino acid sequence and acting all along the excited state isomerization path. It is

important to emphasize that this link has been found through a study of the AErs-tipir

variation indicating that and exquisite theoretical mechanistic entities such as conical

intersections reveal their importance for the design and comprehension of

optogenetics tools. Overall, our results show how our MCQC approach is providing an
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accurate frame for both spectral (trends in 23, and Afl.,) and
photochemical/photophysical properties (i.e., trends in FQY)) in an extremely important
sub-family of microbial rhodopsins. Our conclusions are solely based on electronic
structure theory and basic biological-chemical arguments related to simple
electrostatics and structural factor which we mapped to atomic differences in the gene

sequences.

These findings open-up the possibility to envision a computational-driven, rational
approach to the high-throughput design of neuronal reporters with enhanced
fluorescence, based on the analytical tuning of factors which we have demonstrated

to be fundamental to this aim.

To this aim, in my dissertation we identified a new, previously not reported exotic
diradical intermediate (TIDIR), located in proximity of a decay funnel, controlling the
isomerization energy and finally the FQY, which represents a perfect target for
fluorescence engineering. In fact, the investigation of S1 PES electronic structure
allowed us to propose a general scheme for the ideal opsin electrostatic potential to
be projected on the rPSBAT chromophore in order to optimize FQY. In fact, a
promising application of the hereby proposed fluorescence design rule for the Arch
family would be the large-scale in-silico rational screening of new Arch variants
displaying enhanced FQY. The screening process could be designed to propose
amino acid substitutions under the constraint that the newly generated structure
ESPopsin is optimized to stabilize FS and destabilize TIDIR.

Mechanism of Spectral Tuning

While in Chapter 3 | have mostly elucidated the mechanism of fluorescence
enhancement in Arch proteins, Chapter 4 is almost exclusively dedicated to proposing
an alternative to the external two-point charges model as theoretical framework to
explain color tuning in rhodopsins. Since there is a high demand in neurobiology
applications for rhodopsins exhibiting both bright fluorescence and red-shifted 23,4, |
selected Arch3 as the reference study system also for this scenario. In fact, most of
Arch3 variants featuring increased FQY are also absorbing in the red side of the visible

spectrum.
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The findings of this part of my dissertation can be summarized as follows:

We proposed a new computational method based on a variational optimization
protocol to study the effect of complex electrostatic interactions in terms of
hypothetic delocalization of the chromophore main counterion on the geometry
and vertical excitation energy of the chromophore. We demonstrate that by
allowing the counterion negative charge to both fraction and diffuse to cavity
amino acids, we can qualitatively mimic the diffusion effect typically exerted by
interacting systems of dipoles on the counterion charge.

Using this optimization protocol, we demonstrated that the counterion position
and its effective delocalization are the most important electrostatic
determinants to the chromophore vertical excitation energy in microbial
rhodopsins.

As previously documented by Borhan and coworkers on a completely different
system, the human cellular retinol binding protein Il (hCRBPII)®3, we conclude
that also in the Arch family, the key to obtain a maximally red-shifted A3, is
projecting a uniformly negative ESP on the chromophore atoms. Such ESP
would provoke a complete delocalization of the retinal iminium positive charge
on the Tt-backbone. Consequently, the BLA and Stokes Shift of the
chromophore vanish, as observed recently in NeoR"%-91-93,

We observe a linear relationship between A%, and the S+ barrier along the all-
trans to 13-cis isomerization path, justifying the observed properties of recently
discovered Arch3 variants (such as those investigated in Chapter 3 and
PAPER I) or NeoR and its variants (see also PAPER II).

The development of this optimization tool and the rationalization discussed above,

offer several exciting future perspectives. In fact, we envision the application of the

optimization protocol as a tool to propose mutants with the desired A3,,. Since we can

now identify the general cavity electrostatics (ESP cavity) Which determines the optimal

interaction with the retinal chromophore to produce a specific value of A3,,,, we are

working on a high-throughput mutation strategy which is able to select those mutations

which project on the chromophore an electrostatic potential (ESPcavity) which
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minimizes the difference ESPcavity - ESP cavity. Furthermore, the optimization protocol
architecture allows to easily modify the optimization target, such as Af .., Efs1, So
isomerization barriers and so on, eventually imposing multiple constraints. To this aim,
we could take advantage of our expertise on the FQY enhancement mechanism in the
Arch family, to construct a new protocol which optimize the protein electrostatics to
modulate the AErs.Tipir quantity discussed above and extensively in Chapter 3 and
PAPERI.
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Chapter 6

Articles

The larger part of my research work as a PhD student was dedicated to investigating
the molecular determinants of fluorescence enhancement in Arch3 and its mutants, as
summarized in Chapter 3. These efforts culminated in the publication of a scientific
paper on Nature Communications (Barneschi, L. et al. Nat. Comm. 2022, 13, 1-9),
listed below as PAPER |, in extended format. In 2020, Broser et. al., reported on the
discovery of a new natural rhodopsin, Neorhodopsin (NeoR) expressed in
Rhizoclosmatium globosum, a fungus from the phylum Chytridiomycota. The
discovery of NeoR represents an unprecedented breakthrough in both the theoretical
and experimental rhodopsin community. In fact, NeoR exhibits a FQY of ca. 0.2, more
than two order of magnitudes larger than Arch7, which was previously thought to be
the most fluorescent integral membrane protein ever reported. By relying on our
findings on the mechanism of fluorescent enhancement in the Arch family, we
constructed an MCQC model of NeoR and extensively investigated the property of its
first electronically excited state (S1). We found that NeoR fits almost perfectly in the
general theory proposed to justify the increased FQY in the most fluorescent Arch3
variants. More specifically, we propose that NeoR represent an extreme case of such
theory. In fact, the extreme photophysics of NeoR can be described in terms of the
same 1Ay/1B, diabatization scheme proposed for the Arch set. However, in NeoR the
larger isomerization barrier is determined by an emphasized delocalization-
confinement mechanism of the chromophore positive charge with respect to the Arch
set. These findings, which are not discussed in the present dissertation, are available
below (PAPER II).

In Chapter 4, we discussed a novel computational strategy to study the effect of the
counterion charge effective delocalization (see Section 4.5) on the maximum
absorption wavelength (A3,,4) of the reference rhodopsin Arch3. A paper reporting on
these results is currently in preparation. However, in a previous contribution focusing
on a set of mutants of Krokinobackter Eikastus (KR2) a bacterial light-driven sodium
pump, we have developed computation tools to study color tuning. In this case, since
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amino acid replacements were targeting a neutral amino acid position, we focused on
energy decomposition schemes to disentangle steric and electrostatic contributions to
the vertical excitation energy (AEE,_g,) and consequently 23,.x. Our conclusions, not
discussed in this thesis, were reported in a scientific publication on Communications
Biology (Nakajima et. al, Comm. Bio., 2021, 4, 1-15), available below as PAPER IIl.
The mechanistic findings and the code developed inspired the research on the novel
technology discussed in Chapter 4.

PAPER | On the fluorescence enhancement of Arch
neuronal optogenetic reporters

Publication: Barneschi, L., Marsili, E., Pedraza-Gonzalez, L., Padula, D.,
De Vico, L., Kaliakin, D., Blanco-Gonzalez, A., Ferré, N., Huix-Rotllant,
M., Filatov, M. and Olivucci, M., 2022. On the fluorescence enhancement
of arch neuronal optogenetic reporters. Nature communications, 13(1),

pp.1-9.

Contribution: Conceptualization of the research, theoretical calculations,
writing of the manuscript and revision, data analysis, graphics generation.

Current Status: Published, October 28, 2022.

Copyright: Reprinted with permission from Nature Communications.
Copyright 2022. Springer Nature Publishing AG.
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The lack of a theory capable of connecting the amino acid sequence of a light-
absorbing protein with its fluorescence brightness is hampering the devel-
opment of tools for understanding neuronal communications. Here we

demonstrate that a

theory can be established by constructing quantum che-

mical models of a set of Archaerhodopsin reporters in their electronically
excited state. We found that the experimentally observed increase in fluores-
cence quantum yield is proportional to the computed decrease in energy

difference between

the fluorescent state and a nearby photoisomerization

channel leading to an exotic diradical of the protein chromophore. This find-
ing will ultimately support the development of technologies for searching
novel fluorescent rhodopsin variants and unveil electrostatic changes that
make light emission brighter and brighter.

The imaging of neural activity requires bright fluorescent probes
localized in the neuron membrane. Rhodopsins are membrane pro-
teins that can be expressed in neurons and used for triggering, silen-
cing and reporting on neuronal action potentials*”. The prototypical
fluorescent reporter is Archaerhodopsin-3 (Arch3), an archaeal rho-
dopsin from Halorubrum sodomense*>. However, the fluorescence of
Arch3 is extremely dim; its quantum yield (FQY) of ca. 1.1:10™ is almost
four orders of magnitude lower than that of the green fluorescent
protein (GFP)*"'. Furthermore, the fluorescence does not come from
the dark-adapted state but rather from a photochemically produced
photocycle intermediate that cannot deliver a prompt emission
signal. These facts not only make single neuron studies impossible
with common microscopy techniques, but impair the investigation of
neural activity at the population level as wide-field imaging techniques
require improved spatial and temporal resolution. In order to achieve
better reporters, Arch3 has been engineered via directed evolutionary
approaches and random mutagenesis, ultimately discovering variants

such as the Archers®, the QuasArs?, the Archons', ArchS and Arch7".
Recently, Hegemann and coworkers have investigated new Archonl
variants to elucidate the mechanism of fluorescence voltage
sensitivity”. These variants feature a higher 10°-1072 FQYs enabling,
among other applications, the imaging of neuronal activity in living
mammals and invertebrates'®™®, It has also been suggested that such
enhanced fluorescence originates, in contrast to Arch3, from a one-
photon electronic excitation and, therefore, must come from the
protein dark-adapted state''*">. Here we report on a (mechanistic)
theory that explains how one-photon FQY is enhanced in Arch3 var-
iants. We demonstrate that, to be predictive, such theory requires the
mapping of an isomerization path producing a twisted intramolecular
diradical intermediate (TIDIR) located in proximity of a conical inter-
section (Coln). The energy difference between TIDIR and the emissive
planar fluorescent state (FS), or AEypjr-gs, controls the magnitude and
positions of the S; photoisomerization barrier (E's;) that, in turn,
determines the FQY.
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Based on the above result, we show that the increased FQY dis-
played by certain Arch3 variants is determined by inhibiting an elec-
trostatic barrier suppression mechanism operating in the naturally
occurring progenitor.

Results and discussion

Arch photoisomerization mechanism and S; PES topography
The function of rhodopsins is triggered by the photoisomerization of
their retinal chromophores (Fig. 1A) that also operate as
fluorophores®. Consistently with previous studies on fluorescent
proteins®, we hypothesize that the competition between isomeriza-
tion and light emission determines the FQY value (see Supplementary
Methods 3). This can be understood by examining a schematic
representation of the chromophore excited state isomerization path
(Fig. 1B) leading to a Coln between the excited (S;) and the ground (Sp)
states where excited state decay occurs. From the scheme it is evident
that the isomerization barrier (E's;) located along the potential energy
surface of the spectroscopically allowed S; state is a critical quantity.
The higher F'; is, the slower the isomerization is. Consequently, paths
with high E's; will feature an approximately planar fluorescent state FS
with long S, lifetimes and, thus, high FQY. Below, we demonstrate a
proportionality between computed E's; and observed FQY by con-
structing multi-configurational quantum-chemical based models
(MCQC) of the dark-adapted state of a set of Arch3 variants called the
Arch-set (Supplementary Methods 1-3 and Supplementary Figs. 1-3).
We will also show that the proportionality between computed E's; and
observed FQY remains valid when E's; is replaced by the isomerization
energy AErprrs. Our MCQC models employ the well-established
CASSCF” zeroth-order wavefunction defined by the selection of a
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Fig. 1| Ph ization of Archaert A Lewis formula
representing the initial S; chromophore structure. B Representation of the chro-
mophore isomerization path. FS corresponds to the fluorescent state. TIDIR
represents the photoisomerization channel located near Coln. FS and TIDIR are
represented by Lewis formulas displaying distinct degrees of double bond twisting
and charge transfer. C Main components of the reaction coordinate. BLA is
numerically defined as the difference between the average single-bond length
minus the average double-bond length along the C5 to N conjugated chain (for
convenience, below we consider the BLA of the framed moiety exclusively). o is
defined by the dihedral angle C12-C13-C14-C15.

(12,12) active space including all the m-electrons and orbitals of the
retinal chromophore. Although the trends in spectral properties dis-
cussed throughout the text are well reproduced at this level, we dis-
cuss the results obtained after multi-state (XMS-CASPT2)**** energy
and geometrical corrections to the CASSCF geometries.

Before focusing on the relationship between E's; and FQY, it is
useful to describe the changes of the all-trans retinal chromophore of
Archaearhodopsins® along the isomerization path computed using
the constructed Arch3 model. It is established that at least two geo-
metrical coordinates are implicated in rhodopsin S; isomerization
coordinates (Fig. 1C)*?. The first describes the chromophore initial
relaxation from the Franck-Condon (FC) point and corresponds to a
bond length alternation (BLA) stretch. The second is the twisting (x) of
the reactive trans Cy3=Cy4 bond ultimately leading to the 13-cis con-
figuration. As shown in Fig. 2A and consistently with the scheme of
Fig. 1B, such relaxation leads to the potentially emissive FS inter-
mediate. This process is followed by progression along a flat potential
energy region characterized by a monotonic decrease in a and con-
necting FS to a TIDIR intermediate located close to a sloped®® Coln. As
it will be explained below, this previously unreported intermediate
differs, in terms of electronic structure and topography, from the
locally excited (LE) intermediate identified in a ring-locked derivative
of bovine rhodopsin by Laricheva et al.”.

Electronic character of the S; PES

In Fig. 2B we show that such a progression is replicated by the MCQC
model of the top fluorescent variant Arch7. However, the comparison
between the Arch3 and Arch7 S, energy profiles shows a significantly
increased Efs; in the latter. Such an increase is seen in both the zeroth-
order wavefunction calculation and in the more quantitative profiles
obtained after applying geometrical and multi-state second-order
perturbative correction (Supplementary Methods 4 and 5, Supple-
mentary Figs. 4-7). Due to the high computational cost of QM/MM
analytical Hessians, the TSs discussed throughout the text are
approximated by the energy maxima along the relaxed scan con-
necting FS and TIDIR. These TSs must be considered approximate as it
has not been possible to carry out a geometry optimization starting
from a computed Hessian matrix as well as to compute a Hessian
matrix at the end of the TS search. Furthermore, despite the increased
FQY of the investigated Arch variants, recent measurements of the
excited state lifetime (ESL) of some of the variants were found to be in
the time range of picoseconds*’*. For this reason, we don’t account in
our calculation for Ty/S; intersystem crossing (ISC) as a viable com-
petitive process to S; emission also considering that T is a T-Tt* state
with orbitals parallel (non-orthogonal) to those characterizing the S;
state. Therefore, the singlet to triplet transition would be “forbidden”
by the El-Sayed rule.

The progression along a is documented in Fig. 2C, D where we
report the values of the relevant geometrical parameters of FS and
TIDIR as well as the charge residing on the Schiff base moiety Cy4-C;5-N.
In fact, the geometrical changes are accompanied by variations of the
chromophore electronic character. These can be conveniently fol-
lowed by computing the fraction of positive charge and free valence
(NUE)* residing on Cy4-C;s'N (Supplementary Methods 6 and Supple-
mentary Figs. 4, 7, 9 and 10). Following a recent report on the variants
of DRONPA2%, a soluble GFP-like protein, we interpret the results in
Fig. 2A, B in terms of mixing of two diabatic states describing the
covalent (1Ag) and charge-transfer (1B,) characters of polyenes™. The
computed Cy4-Ci5-N charge and NUE progression point to an S; state
initially dominated by the 1B, charge transfer character as already
reported for other rhodopsins. However, such character decreases
when relaxing to an FS that features a larger 1A; weight, then con-
stantly increasing all along the isomerization path. In summary, the
electronic character evolves from mixed charge-transfer/covalent
1A¢/1B,, characters at FC and FS, to a substantially pure 1Ag character at
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Fig. 2 | Comparison between computed Arch3 and Arch7 S, isomerization
paths. A Variations in potential energy (relative to the S, equilibrium structure),
charge distribution, free valence and oscillator strength along the Arch3 path. The
energy profile in color is given after MS correction. Red arrows indicate progression
along the isomerization coordinate. B Same data for Arch7. C Main geometrical
chromophore parameters for the FS fluorescent intermediates of Arch3 and Arch7
(values in square brackets). The S, positive charge fraction on the C-C-N moiety are
also given. D Same data for the photoisomerization channel TIDIR. E Schematic

“decomposition” of the Arch3 adiabatic energy profile of panel B in terms of dia-
batic states associated to Lewis formulas of the CH, = NH,(+) minimal model. The
progression of the electronic and geometrical structure of the relevant moiety of
the full chromophore is given at the top. F Schematic representation of the Coln
region of Arch3 including the twisted diradical TIDIR along the relevant compo-
nents of the reaction coordinate. The same coordinate also spans the Coln
branching plane. The potential energy scale is relative to the Coln.

TIDIR that features an o value of ca. —90°, two spin-paired, but non-
interacting, radical centers located on two orthogonal Ti-systems and a
positive charge fully confined on Cy4-C;5-N. This process is accom-
panied by a change in the S;-So oscillator strength (fs;.so) along a, from
values typical of allowed electronic transitions to a forbidden transi-
tion at TIDIR.

The evolution going from a mixed 1A4/1B, character at FS to a
1A covalent/diradical character at TIDIR, provides information on
the origin of the E's; barrier. As illustrated in Fig. 2E the electronic
coupling between the 1A and 1B, diabatic states (represented, for
simplicity, by the Lewis formula of a methylimine cation model)
would initially increase due to the decrease in their energy gap.
However, when o approaches orthogonality, the coupling decreases
rapidly and becomes negligible at TIDIR. The negligible coupling at
TIDIR is related to the vicinity of a Coln (see Fig. 2F) where the 1A,/1B,
coupling is zero. A Coln deformation along the negative BLA direc-
tion lifts the degeneracy and intercepts TIDIR (see Supplementary
Methods 7 and Supplementary Figs. 11 and 12). Notice that the same
deformation along the So potential energy surface achieves the

twisted intramolecular charge transfer TICT structure® corre-
sponding to the transition state driving the chromophore thermal
isomerization also documented for bovine rhodopsin®. In conclu-
sion, we associate the variation in the magnitude and position of E's;
(i.e., of TSg; in Fig. 1B) with the variation along a of the 1A and 1B,
diabatic energies and their 1A4/1B, coupling.

S, isomerization barrier determines an increased FQY in the
Arch variants

We now show that the isomerization mechanism above provides the
basis for understanding the FQY variations along the Arch-set. To do
so, we first demonstrate the existence of a correlation between
computed Es; and observed FQY values and then rationalize it based
on FS and TIDIR charge distributions (or 1A4 and 1B, character) cal-
culated by constructing the MCQM models of all variants and using
them to map the progression along «. The model accuracy is docu-
mented in Fig. 3A where we compare, after multi-state perturbative
correction, the computed and observed trends of absorption
(AE%;.50, top) and emission (AE's.so, bottom) vertical excitation
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Fig. 3 | Relat hip between d S, isomerization properties and (bottom). Linear fits are given as orange lines. C Relationship between S, iso-

observed FQY along the Arch-set. A Comparison between computed and observed
excitation energies associated with light absorption at the ground state equilibrium
structure (top) and light emission from the fluorescent state (bottom). Vertical
excitation energy associated to emission features a correction of 4.5 kcal mol™ to
account for kinetic energy derived from ref. 24. Gray and colored squares represent
the emissions before and after correction, respectively. B Relationship between S;
isomerization barrier and FQY (top) and between S; isomerization energy and FQY

merization barrier and isomerization energy (top) and between S, isomerization
transition state position and isomerization energy for three Arch3 variants. Linear fits
are given as orange lines. D One-dimensional model for the relationship between
barrier and isomerization energy. E Non-linear relationship between the FS and TIDIR
S; excitation energies with respect to So FC and the isomerization energy. Source data
are provided in the Source Data file (d).

energies. The analysis of the results demonstrates that, in all variants,
FS and TIDIR feature the same distinct charge distributions (Sup-
plementary Figs. 4 and 7).

The bottom panel of Fig. 3B shows that computed E's; and
observed FQY variations are directly proportional. If one assumes that
the Hammond-Leffler postulate®>* is valid for an S; isomerization, E's;
and AErpirrs (i.e., the reaction endothermicity or, simply, isomeriza-
tion energy in Fig. 1B) must also correlate. This leads to the conjecture
that AErpirrs is proportional to FQY. The bottom panel of Fig. 3B
demonstrates that such proportionality exists. In other words, a pro-
gressive stabilization of the “reactant” FS and/or destabilization of the
“product” TIDIR, must lead to higher FQYs. The relationship between
the computed E's; and AErpg s for the entire Arch-set can be modeled
by using a basic two-state one-mode Hamiltonian that fits the com-
puted S; and S, energy profiles along mode o in terms of 1A, and 1B,
diabatic energies and a harmonic 1A4/1B, coupling function (Supple-
mentary Methods 8 and Supplementary Fig. 12). The maximum along
the resulting S; energy profile represents TSs; and, as demonstrated in
Fig. 3D for Arch3, QuasArl and Arch?7, replicates the computed MCQC
S; energy profiles. As shown in Fig. 3C the model Hamiltonian supports
the existence of a proportionality between E; (top panel) and the TSg;
position X's; (bottom panel) and AErpgrrs. We stress that this

mechanistic model assumes no “a priori” relationship between dia-
batics energy difference and diabatic coupling, but is a simple valence-
bond type description of our adiabatic S; PES, assuming two pure
resonance formulas (1Ag and 1B,,), whose weights are associated to the
documented variation in positive charge distribution along the
reaction path.

The AErprFs increases along the Arch-set may originate from
either FS stabilization or a TIDIR destabilization effects (or from both
effects). In Fig. 3E we show that the first effect (i.e., substantially the 0-O
excitation energy) shows a decrease until Arch5 that has the lowest
excitation energy and then increase up to Archon2. In contrast, the
TIDIR destabilization with respect to the same reference (i.e., the
destabilization of the photoisomerization channel) increases almost
monotonically indicating a higher sensitivity of FQY to mutations
changing AErpirrs rather than the difference in energy between FC
and FS. The described AEtipir-rs changes are confirmed by probing the
light-induced dynamics of the Arch-set. To do so we employed the
variants MCQC models to propagate a quantum-classical trajectory
released from the FC point with zero initial nuclear velocities (Sup-
plementary Methods 9 and Supplementary Figs. 14 and 15). As dis-
cussed in the literature, these trajectories mimic the evolution of the
center of the S; population and are useful to detect barrierless or
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Fig. 4| Origin of the S, isomerization barrier in Arch3 and Arch?7. A Effect of the
opsin charges on the isomerization energy profile for Arch3 (left) and Arch 7 (right).
B Top. Arch3 opsin electrostatic potential projected on the chromophore solvent
accessible surface. Bottom. The cavity amino acids distinguishing Arch3 from
Arch7. The * symbol indicates the Arch3 (D222) and Arch7 (E95) chromophore
counterions. C Two-dimensional plots showing the Arch3-Arch7 electrostatic
potential difference at FS (left) and TIDIR (right). The total charge of the framed
Schiff-base moiety is also given. D Variation in the Arch3 (left) and Arch7 (right)
isomerization energy value after zeroing the residue charge of the cavity residues in
panel B bottom. Reference values are shown as gray bars. Negative and positive
isomerization energies are shown in orange and green, respectively. Finally, the

effect of zeroing the charges of all residues simultaneously is also given as an open
bar. E Point charge model for the delocalization-confinement mechanism. The
Arch3-Arch7 ESP difference of C can be modeled in terms of a re-locating effective
negative charge from the Schiff base region to a cavity region displaced towards the
B-ionone ring of the chromophore. The increase in distance between the effective
charge and the confined positive charge of TIDIR explains its electrostatic desta-
bilization in Arch7 with respect to Arch3. The computed chromophore electrostatic
potential projected on the chromophore solvent accessible surface is given at the
left and right of the figure to support the schematic representation of a delocalized
and confined charge given at the center. Source data are provided in the Source
Data file (a, c, d).

nearly barrierless isomerization paths and validate the accuracy of
computed torsional scans®”’.

Consistently with the trend in E's; values, the Arch3 trajectory
reaches the Coln region and decays to So on a sub-500 fs timescale via
a Cy3 = Cy4 isomerization pointing to species that do not display sig-
nificant fluorescence. In contrast, the QuasArl and Arch7 trajectories
representing the remaining variants, orbit in the FS region for the
entire 450 fs simulation time.

Molecular determinants of the isomerization barrier

Above we have demonstrated that our MCQM models produce a
AETipirrs trend proportional to the observed FQYs for the entire Arch-
set. We now focus on the limiting cases of Arch3 and Arch7 to show
that the proportionality between AEqpirrs and FQY is linked to the
variations in the protein (opsin) sequence. This is possible because, as
seen in Fig. 2C, D, the FS and TIDIR retinal chromophores have distinct
charge distributions and, therefore, AEripir-rs must be sensitive to the
protein electrostatics. In other words, an opsin electrostatic potential
(ESPopsin) stabilizing FS or/and destabilizing TIDIR would produce a

larger AE1ipir-£s Value and, in turn, enhance FQY. Such effect has been
investigated by recomputing the S; energy profiles along « after set-
ting to zero the opsin charges of the MCQC models (Supplementary
Methods 10 and Supplementary Figs. 15-17). It is apparent from
inspection of the energy profiles in Fig. 4A, B that, in the absence of the
protein electrostatics, both Arch3 and Arch7 display a sizable energy
barrier along a. However, the left panel of Fig. 4A demonstrates
(compare the full model with the charges-off energy profiles) that, in
Arch3, the opsin charges stabilize TIDIR with respect to FS yielding a
low AEqipir £s Value and, consequently, a negligible E's,. In contrast, the
right panel of Fig. 4A shows that, in Arch7, the opsin charges have the
opposite effect. We can conclude that in the absence of the protein
electrostatics, the geometrical deformation imposed by the opsin
cavity on the chromophore backbone leads to a sizable E's; value.
Notice that the geometrical deformation is the result of both cavity
steric and electrostatic effects on the chromophore isomerization
coordinate and that these effects are common to Arch3 and Arch7, as
well as to all members of the Arch-set (Supplementary Methods 10).
This has been confirmed by recomputing the same energy profile in
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Fig. 5 | Predicted change of counterion charge distribution of Arch3 QM/MM
model to yield the Arch7 AEyipr.gs Value. A AEtpir-rs (SA2-CASSCF/AMBER level)
change along the optimization steps leading from the Arch3 to the Arch7 value. The
optimization is driven by the target AEypjr-rs values (AE*ripir-rs, indicated by a thin
horizontal line) and corresponds to the minimization of the square of the scalar
function AEripir-£s(qQ) — AE*ripir-rs (i.e., AAETipir-rs(q)) as a function of the cavity
residue charge vector q. Each iteration of the algorithm (two full iterations are
reported in the panel) is divided in two parts; (i) first q is optimized at fixed FS and
TIDIR geometries via conjugated-gradient optimization such that AEripr-rs(q) =
AE*pir-rs and then (i) the FS and TIDIR QM/MM model geometries are relaxed, and

AEqipir-rs is recomputed. If the difference between the AErpir-rs calculated after
part ii and AE*rpir-fs is above a selected threshold, i-ii are repeated. The circles
indicate the steps of part i, and the crosses indicate the results of geometrical
relaxation of part ii. B Final charge distribution obtained after convergence of the
optimization above. Two-dimensional representation of the fraction of negative
charges residing in the cavity residues is proportional to the radius of the blue
circles (the main counterion D222 final charge is indicated). The barycenter of the
corresponding negative charge is shown as a red circle. The original localized Arch3
negative charge is indicated by the large open circle centered at the original
counterion position Source data are provided in the Source Data file (a, b).

vacuo (i.e., in absence of the VAW interaction between protein cavity
and chromophore) that still show a barrier in all cases.

The described electrostatic stabilization of TIDIR relative to FS in
Arch3, and the consequent disappearance of the barrier, has been
rationalized by mapping the ESP,, on the chromophore solvent
accessible surface (Fig. 4B, top). The map shows a prevalent negative
ESP,psin Value in the area surrounding the Schiff base moiety whose
effect along the isomerization coordinate is described by plotting the
difference (AESPpsin) between the Arch3 and Arch7 electrostatics. In
fact, the AESP,,sin mapped along a cross-section roughly parallel to the
FS (Fig. 4C, left) and TIDIR (Fig. 4C, right) chromophore backbones,
demonstrates that the opsin of Arch3 preferentially stabilizes the
positive charge fully confined on the Schiff base moiety of TIDIR while
the opsin of Arch7 better stabilizes the delocalized charge spread
towards the B-ionone of FS. These effects can be also discussed using
the model Hamiltonian presented above where the 1B, diabatic dom-
inates the FS while the 1A, diabatic dominates the TIDIR. Since a Schiff
base confined charge is a characteristic of 1A, the Arch3 electrostatics
must stabilize the covalent/diradical 1A, character at TIDIR while the
Arch7 electrostatics destabilizes it consistently with the diabatic model
of Fig. 3D. It is possible to demonstrate that this effect remains valid
when one uses a more realistic two-state two-mode Hamiltonian model
generating two-dimensional adiabatic energy surfaces function along
both BLA and a (Supplementary Methods 8).

Role of the main counterion in the barrier generation or
suppression

At this point we propose an atomistic mechanism for the Arch3 barrier
suppression. The differences in the ESPqgin of Arch3 and Arch7 is a
product of the protein sequence variation and, more specifically, from
the seven residue replacements displayed at the bottom of Fig. 4B. In
our MCQC models, the ESPyp, is produced by the point charges
centered on the atoms of each protein residue (Supplementary
Methods 2). Therefore, the AESP i Of Fig. 4C must reflect the dif-
ference in point charges before and after the residue replacements.
The effect of such difference has been investigated by recomputing
AETipirrs after setting the point charges of residues 59, 60, 95, 99, 196,
222, 225 as a group or individually. The results in Fig. 4D show that
when setting to zero the charges of all residues, the AEripjr.rs Of Arch3

and Arch7 become similar. More specifically and consistently with the
results in Fig. 4A, B, the Arch3 point charges must cause a ca. 9 kcal mol
" decrease in AEripir.rs While the corresponding Arch7 residues do not
seem to affect the original ca. 6 kcal mol™ AEqprrs value. From the
analysis of the individual residues, it is apparent that the counterion at
position 222 dominates the Arch3 electrostatics. Indeed, during the
Arch3 to Arch7 transition the counterion is moved from position 222 to
position 95 while the position 222 is taken by an uncharged cysteine. In
conclusion, the counterion relocation appears to be the main
mechanism for the AErprrs modulation. This is not a general
mechanism. In fact, other members of the Arch-set all have the coun-
terion in position 222 (Supplementary Methods 1) but display a reg-
ularly increasing AErprrs Vvalue. In these cases, the effect of the
residue replacements must cause a ESPopsin change that partially
screen the counterion effect found in Arch3, which may be interpreted
in terms of a “virtual relocation” of the counterion as explained below.

We propose that this relocation and “diffusion” of the negatively
charged counterion (a virtual counterion), coupled with a delocaliza-
tion-then-confinement mechanism of the positive charge of the chro-
mophore, explains the regular change in isomerization barriers. In
brighter Arch-3 variants (Arch-5 and Arch-7) the virtual counterion is
increasingly distant and more diffuse from the Schiff base moiety. In
these variants, at a=0° the chromophore positive charge is deloca-
lized, and its centroid is close to the counterion, leading to a stabili-
zation of FS. As soon as a progresses and approaches a 90° twist, the
confinement of the chromophore charge on the Schiff base moiety
gradually increases, causing its centroid to drift away from the virtual
counterion, inevitably determining a de-stabilization of TIDIR.

To support this conclusion, we developed a basic model that
allows to compute (i.e., optimize) the protein charge distribution
inducing a specific AErpir-rs Value. This is done by allowing the relo-
cation and fragmentation (i.e., diffusion) of the negative charge of the
main counterion to other cavity residue positions, to mimic what
observed in Fig. 4E. This can be achieved by defining a scalar function
of the cavity residue charge vector (q) which returns AEripgfs.
Such AEtipir£s(q) function is differentiated numerically to study how
AETipir-Fs responds to q. As detailed in Supplementary Methods 11, the
problem of determining q can be formulated as a constrained opti-
mization. In Fig. 5, we show how the optimization modifies the charge
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distribution of Arch3 to reproduce the AEyprrs Value computed for
Arch? at the zeroth-order level. The resulting q shows that, for Arch3 to
reproduce Arch7 excited state properties, a relocation of ca. 50% of
D222 negative charge to other cavity residues is necessary, thus sup-
porting the conclusion that a relocation and diffusion of the coun-
terion is indeed a determinant of the TIDIR destabilization in the
Arch-set.

Conclusions

The engineering of efficient, rhodopsin-based action-potential repor-
ters (also called Genetically Encodable Voltage Indicators or GEVIs in
the literature) is a challenge currently addressed by experimentally
investigating the fluorescence and voltage sensitivity mechanisms®”
and by tuning the protein fluorescence via several rounds of random
mutagenesis and/or directed evolution. Above we have investigated
the increase in fluorescence intensity in a set of Arch3 variants using
MCQC models with second order perturbative corrections. The key
results are: (i) the FQY is primarily determined by the competition
between S; emission and isomerization extending the mechanism
reported for DRONPA2?° to retinal proteins, (ii) the isomerization rate
is governed by the stability of the rather exotic TIDIR intermediate with
respect to the fluorescent state, (iii) the TIDIR stability is modulated by
the electrostatics of the protein that increasingly offset the S; iso-
merization energy barrier when going from Arch7 to Arch3.

The atomistic mechanism for the TIDIR stabilization appears to be
a consequence of the cavity electrostatics on the distinct charge dis-
tributions of the FS and TIDIR chromophores. As schematically (top
schemes) and computationally (bottom plots) displayed in Fig. 4E, the
chromophore positive charge is largely delocalized in the FS but
confined on the Ci4-Ci5-N fragment in the TIDIR. In this situation the
described change in electrostatics from Arch3 to Arch7 leads to a
reduced stabilization of the Schiff base confined with respect to the
delocalized charge. In simple terms, the effect of the amino acid (and
atomic point charges) replacement resulting in the Arch3 to Arch7
progressive TIDIR destabilizing along the Arch-set, can be interpreted
as the gradual relocation of a negative charge from the Schiff base
region to a region closer to the B-ionone ring.

The presented mechanism has both methodological and biologi-
cal implications. The first is related to the fact that TIDIR and FS, being
energy minima on the S; potential energy surface, are computationally
fast to locate. It is thus possible to envision the development of a tool
for the in silico selection of highly fluorescent Arch3 variants. Such tool
would be based on the automated™ construction of MCQC models and
the calculation of the corresponding AErpr-fs value to be maximized
via in silico mutational experiments. The biological implication is
instead related to the hypothesis that the changes in sequence, and
thus electrostatics, leading to a negligible Arch3 fluorescence could
have occurred also in nature through a natural selection process aimed
at increasing the protein photoisomerization rate and improve the
protein function. We cannot exclude that the same mechanism plays a
role in other microbial rhodopsin evolution. On the other hand, an
inverse natural selection process leading to the suppression of the
photoisomerization, and maximization of the fluorescence output may
have generated the recently discovered Neorhodopsin from Rhizo-
closmatium globosum’ that displays an intense fluorescence with a ca.
0.2 FQY and therefore much closer to that of DRONPA2 and other
optimized green fluorescent protein variants.

Methods

The three-dimensional structures of the Arch-set proteins were
obtained either from the corresponding crystallographic structures
deposited in the Protein Data Bank (Arch2 and Arch3 with PDB ID:3WQ)
and 6GUX, respectively) or via the comparative model (the Arch3
variants) approach described in Supplementary Methods 1. The cor-
responding QM/MM models were constructed from the obtained

three-dimensional structures according to the a-ARM based protocol®®
discussed in Supplementary Methods 2 with the QM and MM sub-
systems interacting via an electrostatic embedding scheme. The retinal
chromophore atoms, the chromophore-bound lysine side chain atoms
starting from the N-terminal to the Ce and the hydrogen link atom
(HLA) are included in the QM subsystem and treated at the multi-
configurational (CASSCF) level, while the rest of the atoms of the
model are treated at the MM level using the AMBER94 force field*’.
The ground state optimized geometries are obtained via geo-
metry optimization at the single-state CASSCF(12,12)/6-31G*/AMBER
level of theory. Further refinement was performed introducing a per-
turbative geometrical correction to produce XMS-CASPT2/SA3-
CASSCF(12,12)/ANO-L-vDZP/AMBER  geometries  (Supplementary
Methods 4 and 5). Both the CASSCF and XMS-CASPT2 models were
then used to compute reaction paths along the isomerization coordi-
nate via a relaxed scan taking, as the reacting coordinate, the twisting
of the reactive double bond. The CASSCF geometries were also
employed to probe the excited state dynamics of three models via non
adiabatic deterministic surface-hop trajectories propagated from the
Franck-Condon (FC) point on S; with zero initial velocities (FC trajec-
tories) at the SA2-CASSCF(12,12)/6-31G*/AMBER level using the Tully
algorithm®. All the QM/MM calculations were performed using the
[Open]Molcas v19.11/TINKER and MOLCAS v8.1/TINKER packages****.

Data availability

Cartesian coordinates of the FC, FS, Coln and TIDIR geometries of the
QM/MM models calculated at the SA2-CASSCF(12,12)/6-31 G*/AMBER
level of theory for the models of the Arch set are provided as Sup-
plementary Data 1.

Cartesian coordinates of the FC, FS and TIDIR geometries of the
QM/MM models calculated at the XMS-CASPT2/SA3-CASSCF(12,12)/
ANO-L-vDZP/AMBER level of theory for the models of the Arch set are
provided as Supplementary Data 2. Source data is provided with this
paper. Source data are provided with this paper.

Code availability
All the calculations discussed in this work are based on the MOLCAS/
TINKER interface.
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The understanding of how the rhodopsin sequence can be modified to exactly
modulate the spectroscopic properties of its retinal chromophore, is a pre-
requisite for the rational design of more effective optogenetic tools. One key
problem is that of establishing the rules to be satisfied for achieving highly
fluorescent rhodopsins with a near infrared absorption. In the present paper
we use multi-configurational quantum chemistry to construct a computer
model of a recently discovered natural rhodopsin, Neorhodopsin, displaying
exactly such properties. We show that the model, that successfully replicates
the relevant experimental observables, unveils a geometrical and electronic
structure of the chromophore featuring a highly diffuse charge distribution
along its conjugated chain. The same model reveals that a charge confinement
process occurring along the chromophore excited state isomerization coor-

dinate, is the primary cause of the observed fluorescence enhancement.

Modern neuroscience requires membrane-localized signaling tools"?
that could emit intense fluorescence upon irradiation with red light.
However, until recently, the available tools, based on engineered
microbial rhodopsins, could only generate weak fluorescence
signals that impair their performance. At the molecular level, the
optical properties of microbial rhodopsins owe to the presence of a
covalently bounded all-trans retinal protonated Schiff base (rPSB)
chromophore and its interaction with the surrounding protein
environment. Therefore, a deep molecular comprehension of the
factors dictating such properties is highly desirable. In this regard,
few studies’™ have formulated rules for tailoring the absorption
and emission properties of the retinal chromophore based on
the effects of homogeneous electrostatic fields acting on isolated
chromophores or via chromophore chemical modifications. How-
ever, it is expected that a simple electrostatic picture could not be
sufficient to explain the origin of these properties in the complex
environment offered by the protein cavity since other factors like
non-homogeneous electrostatic fields or chromophore-cavity steric
effects could play an important role.

In 2020 the discovery of Neorhodopsin (NeoR) offered an
unprecedent case study that could potentially expand our compre-
hension of red-shifted and highly fluorescent rhodopsins. NeoR is a
rhodopsin guanylyn-cyclase (RGC) expressed in the Rhizoclosmatium
globosum from Chytridiomycota, the only phylium of fungi producing
motile and flagellated spores (zoospores)®’. It heterodimerizes with
other two RGCs, called RGC1 and RGC2, that have sensitivity in the
blue-green spectrum with 550 and 480 nm absorption maxima (A*nax),
respectively. In contrast, NeoR displays the strongest bathocromic
shift among all known microbial rhodopsins, yielding an extremely
red-shited (1*ax = 690 nm) absorption band. Such a band is mirrored
by anintense emission band with amaximum (A",,,) at 707 nmyielding
Stokes shift of only 17 nm (350 cm™). The emission brightness is
quantified by a fluorescence quantum yield (FQY) of 20% and by an
extinction coefficient (€) of 129,000 M cm™. In addition, the excited
state lifetime (ESL) of 1.1 ns points to a slow excited state deactivation.
The FQY of NeoR, only ca. four times weaker than that of the green
fluorescent protein® (GFP), represents an anomaly in the rhodopsin
superfamily and suggests an evolution-driven origin. More specifically,
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Fig. 1| Geometrical and electronic structure changes in NeoR. a Schematic
representation of the hypothetic Sp and S; energy changes occurring along the S;
relaxation that involves the bond length alternation (BLA, quantified by the dif-
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energy minima corresponding to the Dark Adapted State (DA) and Fluorescent
State (FS), respectively. The symbol “5+“ gives a qualitative measure of the amount
of positive charge located along the rPSB-conjugated chain. b Representation of
the bond length alternation (BLA) mode and the torsion mode (a) along the
C13=C14 double bond. BLApsg is the -C14-C15 and C15-N bond lengths difference.

since the emission competes with the photoisomerization of its rPSB
chromophore, a presently unknown adaptation process must have
decreased the efficiency of the protein function. This hypothesis is in
line with the fact that wild-type (WT) rhodopsins commonly exhibit
FQYs spanning the 0.0001%-0.01%"" range while engineering efforts
yielded variants with only modest increases up to a 1.2% value™ ™.

Deciphering how natural evolution in NeoR has tuned these
extreme spectroscopic properties of the rPSB chromophore could
expand our ability to design optogenetic tools with augmented func-
tionality. Therefore, the modeling of NeoR represents a new promising
learning opportunity that can be also used to assess the transferability
of the rules mentioned above. In particular, NeoR offers the oppor-
tunity to disclose the molecular-level mechanism controlling the
branching between fluorescence emission and photoisomerization.
Such branching, which is schematically illustrated in Fig. 1a for all-trans
rPSB, has been shown to dominate the fluorescence modulation in a
set of GFP-like protein variants®". More specifically, in these systems,
the FQY appears to be directly proportional to the energy barrier (E's;)
controlling both access to a conical intersection (Coln) located along
the first singlet excited state (S;) isomerization coordinate and the
decay to the ground state (Sp). Here we assume that the same
mechanism operates in NeoR is then used as a “laboratory” model for
proposing a mechanism capable to connect sequence variation and
rPSB emission. To do so, we also assume, in line with the evidence
coming from a set of Arch3 variants displaying enhanced
fluorescence'®”, that the NeoR emission is a one-photon process and
that, therefore, originates directly from its dark adapted state (DA).

In order to pursue the objectives above, we construct a quantum-
mechanics/molecular mechanics (QM/MM) model of NeoR based on
multiconfigurational quantum chemistry. Since a crystallographic
structure is not available, we employ, for the model construction, a
previously reported comparative model’. While this may limit, in
principle, the fidelity of the environment description with respect to
that found in nature, our target here is to achieve an atomistic model
capable to replicate all relevant spectroscopic and photochemical
observables and use it to explain the high FQY of NeoR in terms of
geometrical, electrostatic and steric effects.

Accordingly, here we firstly use the QM/MM model to investigate
the electronic structures of the NeoR DA and fluorescent state (FS)
and, secondly, we use it to investigate the NeoR photoisomerization
with the target of documenting the magnitude and origin of E's;. We
show that the confinement of the delocalized positive charge on the
Schiff base moiety of the rPSB backbone can explain the existence of
large Efs; values and, in turn, the high FQY of NeoR.

Results and discussion

Model construction and validation

An initial QM/MM model of NeoR was constructed using the Automatic
Rhodopsin Modeling (a-ARM) technology**** starting from the com-
parative model mentioned above. a-ARM models have been shown to
yield congruous (i.e., built by employing exactly the same protocol)
animal and microbial rhodopsin models that correctly reproduce
trends in A%y values®?*?*7_ The model showed that the NeoR all-
trans rPSB is embedded in a cavity featuring a peculiar amino acid
composition with two glutamic (E136 and E262) and one aspartic
(D140) acid residues located in the vicinity of its Schiff base moiety.
However, due to the lack of experimental information on the residue
protonation state, the chromophore counterion assignment remains
ambiguous®. For this reason, a set of customized a-ARM models fea-
turing different protonation states for the E136, E262, D140 plus E141, a
residue located halfway along the rPSB conjugated chain (see Fig. 2a),
were built and ranked by computing the absorption (4°,x) and emis-
sion (A'may) maxima as well as the relaxation energy (£') defined by the
basic mechanism of Fig. 1a. The 2.y and A’ values were computed
in terms of vertical excitation energies (AEso-s;) between S and S; at
the DA and FS equilibrium geometries, respectively. £ was instead
computed as the energy difference between the Franck-Condon (FC)
point and FS state and, therefore, quantifies the energy decrease
associated with S; relaxation. The results collected in Fig. 2b that dis-
play the 240 A'max and E values for models where the “counterion
tetrad” defined above have total charges of 0, -1, -2, -3. For com-
pleteness, we have also reported the scenario with a total charge -3
even if the two transitions displayed by these models are not allowed,
being the oscillator strengths (fso_s;) close to zero.
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Fig. 2 | Choice of the NeoR chromophore counterion and model assessment.
a Overview of the structure of the all-trans rPSB chromophore (orange) and its four
potential residue counterions (in green). The lysine residue (in green) bounded to
the rPSB chromophore is also displayed. b Computed (CASPT2 level) maximum
absorption wavelength (1°,,,), maximum emission wavelength (';,,,) and relaxa-
tion energy (F") of NeoR with varying counterion choices. ¢ Correlation between

experimental (Obs. AEsq-s;) and computed (Comp. AEsq-s;) values of vertical
excitation energies defining A"max in the wild type (indicated as WT) and a set of
NeoR mutants. d Superimposition of experimental and computed (dotted line)
absorption band of wild type NeoR. The experimental band has been digitalized
from the corresponding ref. 7.

Figure 2b shows that the model with a deprotonated E141 and
neutral E136, D140, and E262 (from now on a-ARMgyy4;) is the most
accurate. In fact, &-ARMg4; yields A*ax and A'ax values only 46 and
14 nm blue-shifted with respect to the experimental value as well as
the smallest difference (49 nm) between those values consistent with
the tiny Stokes shift experimentally observed for NeoR. All other
assessed protonation states yielded a poor comparison with the
observed quantities. For instance, although the model with all
four residues protonated (i.e., with no counterion) produces a A°pax
close to the experimental one, it lacks a stable FS structure since no
energy barrier could be located preventing access to the Coln along
a. Also, consistently with the high intensity of the observed absorp-
tion and emission bands’, the a-ARMgy; computed oscillator
strengths are found to be very high (see Supplementary Tables 1 and
2): 1.71 and 1.90, respectively. Such values were confirmed via mul-
tistate XMCQDPT2 calculations that yielded values close to 1.66
and 1.80.

In order to further assess the quality of a-ARMg,4;, we constructed
the models of a set of NeoR variants whose A%« values have been
experimentally measured (see Supplementary Table 3). As shown in
Fig. 2c the models reproduce the observed trend indicating that
a-ARMg u141 describes, qualitatively, the effect of cavity residue
replacements. Notice that the trend is reproduced with a systematic
blue shift, which is typical of a-ARM models****%*727?° We also used

a-ARMgy4; to simulate the WT NeoR absorption band at room tem-
perature by computing the AEsg_s; and So~S; transition probability
values for 200 snapshots representing the Boltzmann distribution (see
Supplementary Section 3). Comparison between the simulated and
observed data in Fig. 2d shows that the center of the computed band
(703 nm) is only 13 nm red-shifted with respect to the experimental
Amax Value and the computed band half-width is close to that seen
experimentally. a-ARMg a1 only appears to miss a shoulder at
640 nm that is, likely, of vibronic origin’ and therefore not captured by
a simulation based on the Condon approximation.

Electronic character of the DA and FS vertical transitions

The agreement between experimental and computed data allows to
use a-ARMgyy; to investigate the large bathochromic shift, negligible
Stokes shift, and intense fluorescence of NeoR. The aim of Fig. 3b, c is
to document the variation in electronic character upon light absorp-
tion and emission by looking at the Mayer bond order analysis (see
Supplementary Table 6) and vertical electron density changes at DA
and FS (6paps and 6penm;, respectively). The results support the
hypothesis that both the S; and Sy electronic characters are combi-
nations of putative covalent (COV) and charge transfer (CT) diabatic
states loosely associated with the limiting resonance structures of
Fig. 3a. In particular, the results reveal that, the DA structure displays
an unusually large CT weight in S yielding a positive charge spread
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The understanding of how the rhodopsin sequence can be modified to exactly
modulate the spectroscopic properties of its retinal chromophore, is a pre-
requisite for the rational design of more effective optogenetic tools. One key
problem is that of establishing the rules to be satisfied for achieving highly
fluorescent rhodopsins with a near infrared absorption. In the present paper
we use multi-configurational quantum chemistry to construct a computer
model of a recently discovered natural rhodopsin, Neorhodopsin, displaying
exactly such properties. We show that the model, that successfully replicates
the relevant experimental observables, unveils a geometrical and electronic
structure of the chromophore featuring a highly diffuse charge distribution
along its conjugated chain. The same model reveals that a charge confinement
process occurring along the chromophore excited state isomerization coor-

dinate, is the primary cause of the observed fluorescence enhancement.

Modern neuroscience requires membrane-localized signaling tools"?
that could emit intense fluorescence upon irradiation with red light.
However, until recently, the available tools, based on engineered
microbial rhodopsins, could only generate weak fluorescence
signals that impair their performance. At the molecular level, the
optical properties of microbial rhodopsins owe to the presence of a
covalently bounded all-trans retinal protonated Schiff base (rPSB)
chromophore and its interaction with the surrounding protein
environment. Therefore, a deep molecular comprehension of the
factors dictating such properties is highly desirable. In this regard,
few studies’™ have formulated rules for tailoring the absorption
and emission properties of the retinal chromophore based on
the effects of homogeneous electrostatic fields acting on isolated
chromophores or via chromophore chemical modifications. How-
ever, it is expected that a simple electrostatic picture could not be
sufficient to explain the origin of these properties in the complex
environment offered by the protein cavity since other factors like
non-homogeneous electrostatic fields or chromophore-cavity steric
effects could play an important role.

In 2020 the discovery of Neorhodopsin (NeoR) offered an
unprecedent case study that could potentially expand our compre-
hension of red-shifted and highly fluorescent rhodopsins. NeoR is a
rhodopsin guanylyn-cyclase (RGC) expressed in the Rhizoclosmatium
globosum from Chytridiomycota, the only phylium of fungi producing
motile and flagellated spores (zoospores)®’. It heterodimerizes with
other two RGCs, called RGC1 and RGC2, that have sensitivity in the
blue-green spectrum with 550 and 480 nm absorption maxima (A*nax),
respectively. In contrast, NeoR displays the strongest bathocromic
shift among all known microbial rhodopsins, yielding an extremely
red-shited (1*ax = 690 nm) absorption band. Such a band is mirrored
by anintense emission band with amaximum (A",,,) at 707 nmyielding
Stokes shift of only 17 nm (350 cm™). The emission brightness is
quantified by a fluorescence quantum yield (FQY) of 20% and by an
extinction coefficient (€) of 129,000 M cm™. In addition, the excited
state lifetime (ESL) of 1.1 ns points to a slow excited state deactivation.
The FQY of NeoR, only ca. four times weaker than that of the green
fluorescent protein® (GFP), represents an anomaly in the rhodopsin
superfamily and suggests an evolution-driven origin. More specifically,
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highly disfavored. Hence, alternative photoisomerization pathways
might originate as recently observed by Sugiura et al.** in the NeoR
from Obelidium mucronatum (OmNeoR) that shares 78% of sequence
identity with the NeoR studied in this work. This result appears con-
sistent to what was found in the past by Cembran et al.’ aimed at
investigating the relationship between the position of an acetate
counterion and the photoisomerization of a nearly isolated protonated
polyene chain. They found that placing the counterion above the
polyene favors the isomerization of the double bonds closest to the
counterion; this result can be loosely associated with the favored
Cl1=C12, C9=C10 and C7=C8 isomerization in our a-ARMg;4; model.
However, we need to stress that the obtained E's; values possibly
represent upper limits as a sloped Coln features, in its close vicinity, a
slightly lower energy region with the same 90° twisted conformation
(see Supplementary Fig. 13).

In order to check the existence of alternative and lower energy
photoisomerization channels, we computed the C8-C9, C10-C11, and
C12-C13 single bond MEPs and found that in all cases E'; is >20 kcal/
mol™ (see Supplementary Figs. 9 and 10). This supports the high sta-
bility of the FS displayed by our a-ARMgy4; model.

The evolution of the Chargepsg along the C13=C14 isomerization
coordinate (see the orange curve in the corresponding panel of Fig. 4)
reveals that the S; weight of the COV diabatic state increases mono-
tonically along the S; MEP until it dominates the region approaching
the Coln. This corresponds to confinement (or localization) of the
charge in the small Schiff base moiety that, along the terminal part of
the MEP (i.e., near the 90° twisted conformation), hosts a T-system
orthogonal to the one residing along the rest of the rPSB conjugated
chain. This is not a general behavior that depends on the isomerizing
double bond. In fact, the C7=C8 MEP in Fig. 4 appears to feature, along
the entire S; profile, a steady mixed COV/CT character. These results
point to a change in the origin of the critical E's; barrier along different
isomerization coordinates. More specifically, it is expected that the
electrostatic effect imposed by the NeoR cavity may have different
effects along different MEPs with a maximal effect on the canonical
C13=C14 energy profile and a minimal effect on the C7=C8 energy
profile. It is thus necessary to also evaluate steric effects.

In our ARMg,4; model the electrostatic effect is due to the protein
point charges including those describing the negatively charged E141
counterion. In order to assess the impact of such an effect on the iso-
merization energy profiles, these have been re-evaluated after setting to
zero all protein point charges while keeping the geometrical progres-
sion unchanged (see gold energy profiles). Consistently, with a domi-
nant role played by the protein electrostatics, the slope in the S; profile
associated with the C13=C14 coordinate is strongly decreased and even
inverts from positive to negative in its last part. This effect is gradually
reduced along the C11=C12 and C9=Cl0 coordinates (compare the
vertical double arrows) and disappears along the C7=C8 coordinate of
Fig. 4d. The energy profiles were also re-computed after the removal of
the E141 counterion charge exclusively (see gray energy profiles). When
compared to the energy progression seen in absence of the protein
electrostatics, the effect is reduced but maintained, indicating that the
leading electrostatic contribution is due to the negative charge in the
E141 position. This behavior is consistent with the lack of a stable FS (i.e.,
due to the absence of an S; energy barrier controlling access to the
Coln) displayed by the model with no counterions (see Fig. 2b). In fact,
switching off the charge of the E141 counterion roughly replicates the
electrostatic embedding imposed by that model.

The models featuring a counterion configuration different from
that of a-ARMgy4;, display flat, and substantially barrierless, S; iso-
merization energy profiles (see Supplementary Fig. 11). As stated
above, thisis not consistent with the ESL of NeoR estimated to be 1.1 ns.
Therefore, our data indicate that an E141 counterion appears not only
critical for tuning the extreme spectroscopy of NeoR (see Fig. 2b) but
also for the generation of a barrier.

To disentangle the electrostatic and steric contributions to the
computed E's; value, the same energy profiles have been re-evaluated
in the absence of a whole protein environment (see the energy profiles
marked with empty squares). The results demonstrate that while in
C11=C12 and C9=C10 MEPs the S; profile becomes completely flat, in
C7=C8 MEP the S; energy barrier is only reduced but persists, indi-
cating a destabilization that originates from the rPSB geometrical
progression. Notice that such progression is due, in all cases, to
indirect electrostatic and steric effects determining the DA, FS, and
Coln geometries (i.e., determining the isomerization coordinate) and
include the effect of the polarization of the rPSB m-electron density
due to the counterion.

Our conclusion is that a small barrier increasing along the
C13=C14 to C7=C8 series, is an intrinsic feature of the isomerization
coordinate computed using a-ARMgyy;. While such an increase is
clearly enhanced when switching on the direct steric interactions (i.e.,
due to the Lennard-Jones potentials between QM and MM atoms) are
considered, the E's; value along the C13=C14 and C11=CI2 paths remain
flat, and inconsistent with bright emission. To enhance these barriers
and restore consistency, a direct electrostatic contribution (i.e., due to
the interaction between QM electron density and MM point charges) is
critical. In the next section, we look at the mechanism driving such a
critical electrostatic effect.

Fluorescence enhancement mechanism

In microbial rhodopsins the canonical S; isomerization produces the
13-cis rPSB chromophore. In general, this is an ultrafast (sub-picose-
cond) reaction only allowing a negligible fluorescence emission from
the DA state. We now use the results above to formulate a mechanistic
theory for the fluorescence enhancement explaining how the NeoR
electrostatics generates the high C13=C14 isomerization barrier of
Fig. 4. Such theory takes the progressive confinement of the initially
delocalized rPSB charge described above as the key event blocking the
C13=C14 isomerization.

We start by employing the Chargepsg and BLApsg quantities
defined above to follow the chromophore geometrical and electronic
changes along the S; isomerization coordinate. The first index displays
a monotonic charge increase from 0.27 to 0.90 e (at FS and Coln
respectively), consistently with a monotonic increase of the positive
charge on the Schiff based chromophore moiety. The second index
points to a 0.03 to 0.20 A change consistently with the reconstitution
of a C=N double bond along the path and full localization of the charge
on such a bond. Such progressive charge confinement is directly
proportional to the increase in the electrostatic effect along the MEP of
C13=C14 of Fig. 4 (i.e., the one indicated by the double-headed vertical
arrow) and, therefore, to the energy increase leading to the large
computed E's; value. We now propose that the molecular mechanism
driving the energy increase is the progressive increase in distance
between the negative E141 counterion charge and the centroid of the
confining charge. As illustrated in Fig. 5a the progressive positive
charge confinement shifts the centroid of the positive charge away
from the E141 residue, unavoidably leading to destabilization. This
mechanism is supported by the computed decrease in electrostatic
effect (i.e., again, the destabilization indicated by the vertical arrow)
along the C13=C14, C11=C12 and C7=C8 MEPs of Fig. 4. As an example,
in Fig. 5a we also show that the C9=C10 isomerization could not lead to
the same electrostatic effect as, in this case, the charge does not get
confined far from E141 but remains delocalized along the extended
C10-Cl11-C12-C13-C14-C15-N moiety. This causes only a limited change
in the counterion-chromophore interaction consistently with the
computed decrease in electrostatic stabilization. The charge confine-
ment on the Schiff base moiety is thus critical.

The mechanism described above can be reinterpreted in terms
of changes in the energy of the COV diabatic state (see Hcoy in
Fig. 5b) featuring a positive charge permanently located on the Schiff
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Fig. 5 | Origin of the Es; barrier in NeoR. a Representation of the increase in the
distance between the negative and positive charge centroids due to the positive
charge confinement along the C13=C14 and C9=C10 photoisomerization paths.
Comparison between electrostatic potential (ESP) maps indicates that along the
C9=C10 coordinate the extent of the confinement is less pronounced being the
charge at the Coln spread on a longer rPSB chromophore moiety (i.e., C10-C11-C12-
C13-C14-C15-N). b Proposed origin of the isomerization barrier in terms of COV
energy (Hcov, dashed line) destabilization due to the charge confinement resulting
from the mixed [CT] - ¢[COV] to the pure [COV] electronic structure change along

the S, adiabatic energy profile (in orange). We hypothesize that the diabatic energy
curves cross halfway along the isomerization coordinate a, which therefore cor-
responds to the point with the highest diabatic coupling. The such diabatic cou-
pling will then vanish at the Coln. The left and right panels display the shape of the
S; and So adiabatic potential energy curves along the BLApsg coordinate (see defi-
nition in the caption of Fig. 4) at FS (left) and Coln (right) and are in line with the
presented FC>FS and Coln computations. The BLApsg and a coordinates are sub-
stantially orthogonal.

base moiety (see the resonance formula in Fig. 3a). The highly delo-
calized electronic structure of the FS points to close Hcoy and Hcr
values consistent with the small Chargepsg value of S;. On the other
hand, the large S; Chargepsg computed in the Coln region points to an
adiabatic state dominated by the COV diabatic. Thus, the charge
confinement effect described above is translated into an increase in
the weight of the COV diabatic state along the isomerization coor-
dinate. This justifies the steep S, energy increase in the Coln region
that would originate from the simultaneous increase in the COV
weight and COV destabilization due to the offset in the electrostatic
interaction with E141.

Such a delocalization-confinement mechanism (i.e., without an
initially delocalized charge there is no progressive confinement) also
suggests a lesser sensitivity of the Sy state to the progression along the
isomerization coordinate. In fact, while So becomes progressively
dominated by the CT diabatic state, in CT the rPSB charge remains
relatively unconfined along a long segment (-C7-C8-C9-C10-Cl11-C12-
C13-) of the rPSB backbone even in the Coln region.

Above we have shown that, the conventional C13=Cl4 iso-
merization preventing microbial rhodopsin to be highly fluorescent,
can be blocked or slowed down by a suitable change in the electro-
static environment of the all-trans rPSB chromophore. More speci-
fically, the presented a-ARMg14; model, indicates that NeoR is the
product of an evolutionary process driven by the translocation of a
negatively charged residue from the chromophore Schiff base region

to aregion located halfway along the chromophore conjugated chain
(E141). The main local effect of this process is the generation of a DA
state featuring a delocalized rPSB-positive charge. The rest of the
described properties, including spectral properties such as the large
bathochromic shift, small Stokes shift, and sizable S, isomerization
energy barrier along the canonical C13=C14 torsional coordinate, are
a consequence of such a change. This behavior was recently docu-
mented by El-Tahawy et al. in isolated rPSB chromophores subject to
homogeneous, strongly negative red-shifting electric fields and,
therefore, the “two electron-two orbital model” theory that is shown
in there to account for the electrostatic origin of the C13=C14 pho-
toisomerization energy barrier appears also operative in the here
presented NeoR? Notice that the described E141 counterion location
is presently a theoretical result that remains to be experimentally
demonstrated.

The effect associated with the repositioning of the rPSB coun-
terion was previously proposed to explain the A"nax changes observed
in a set of rhodopsin mimics based on the human cellular retinol-
binding protein I (hCRBPII)*. Similar to our NeoR model, the mem-
bers of the set displaying a large red shift were found to be associated
with a counterion located far from the Schiff base moiety. This con-
clusion was reached through X-ray crystallographic analysis support-
ing the hypothesis that a red-shifted A°y,,x must be associated with an
even distribution of the iminium charge along the chromophore -
conjugated chain. Such delocalization can be associated with the rPSB
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delocalized charge seen in the a-ARMg;4; calculation and interpreted as
a COV<«—CT resonance hybrid (see Fig. 3a) or, in a different language,
to a near cyanine limit situation*’.

a-ARMgy,; leads to a possible general principle for the engi-
neering of other highly fluorescent rhodopsins that we call
“delocalization-confinement”. Such principle establishes that the
electrostatic field generated by the cavity, for instance via a specific
counterion localization, must yield a vastly delocalized geometrical
and electronic structure of the rPSB conjugated chain in both the DA
and the FS state of the protein. In this condition, an electrostatically
induced high reaction barrier can be generated via a rPSB charge
confinement process occurring, unavoidably, along the canonical
C13=C14 isomerization path in the region entering the corresponding
Coln channel.

Finally, the reported results provide evidence that the spectro-
scopy of retinal proteins is regulated by the same principles regulating
GFP-like fluorescence. More specifically, it was proposed that the GFP
variants achieving maximal m-electron delocalization (called the cya-
nine limit) are the ones where a COV and CT configurations of the
protein chromophore have exactly the same weight, thus pushing the
A’max Value to the extreme red and culminating in a null Stokes shift.

Methods

The employed hybrid QM/MM modeling of NeoR was performed using
the a-ARM protocol*’*? and based on the comparative model structure
built and validated by S. Adam et al.’. Further details about the a-ARM
protocol are given as Supplementary Informations (Supplementary
Section 1). After initially producing, automatically, default a-ARM
models for WT and mutant NeoR, the equilibrium geometries of the
DA were obtained via re-assignment of the counterion before carrying
out ground state geometrical relaxation with energy gradients calcu-
lated at the 2 root state average CASSCF(12,12)/6-31 G*/AMBER94 level
of theory**° using the Molcas/Tinker"*® interface (Supplementary
section 2). The relevant energies were instead computed, again
employing the Mocas/Tinker interface, at the single-state and, in spe-
cified cases, multistate multiconfigurational levels. These correspond
to the 3-root state average CASPT2(12,12)/6-31 G*/AMBER94 and 3-root
state average XMCQDPT2/CASSCF(12,12)/6-31 G*/AMBER94 levels,
respectively. The XMCQDPT2 calculation was based on Firefly v8.2*°.
The collection of geometries connecting the FS to the different Coln’s
and defining the MEPs discussed above, were obtained via constrained
geometry optimization at the 2 root state average CASSCF(12,12)/6-
31 G*/AMBER%4 level of theory. As shown in Supplementary Section 5,
for each MEP the S; isomerization barrier F; is estimated after reval-
uating the S; energy profiles at the above CASPT2 and XMCQDPT2
levels via single point energy calculations and measuring the energy
difference between the highest S, energy value (i.e., corresponds to the
Coln) and the S; energy value of the FS.

Data availability
The cartesian coordinates of the DA and the FS of the QM/MM model
of NeoR generated in this study are provided, respectively, in Sup-
plementary Data 1 and Supplementary Data 2. Source data are pro-
vided with this paper.

Code availability

As stated in the Method section, all the calculations carried out in this
work were performed using a combination of the quantum chemical
program MOLCAS and molecular mechanics program TINKER except
for XMCQDPT2 calculations which were performed using the com-
putational chemistry program Firefly.
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State (DA). Blue and red clouds correspond to electron density decrease and
increase respectively. Isovalue set to 0.002 a.u. The associated resonance formulas
correspond to resonance hybrids also anticipated in Fig. 1a. Blue bubbles represent
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indicated by the red box, the total charge residing in the -C14-C15-N-Ce- rPSB
fragment is also given. ¢ Same data for the S;>So emission from the Fluorescent
State (FS). d Geometrical comparison between DA and FS rPSB structures. The
arrows indicate the dominant geometrical change corresponding, clearly, to a
variation in the bond length alternation (BLA, see definition in the caption of Fig. 1)
in aregion of the conjugated chain distant from the Schiff base moiety. The relevant
bond lengths are given in A.

along the carbon atoms of the chromophore (see the bubble repre-
sentation from Mulliken charges) with a limited +0.29 e charge resid-
ing in the C14-C15-N-Ce moiety (from now on, the charge residing on
such moiety will be called Chargepsg). The vertical transition to S; only
slightly modifies such charge distribution. For instance, when taking
the mid C13=Cl4 as a reference one can see only a small 0.03 e
translocation towards the B-ionone ring. The same behavior is seen at
the FS when looking at the vertical emissive transition for which one
finds Chargepsg values of +0.27 e and +0.24 e for S; and Sy, respectively.
In conclusion, as illustrated in Fig. 3b, c, the DA and FS transitions can
be both qualitatively interpreted as transitions between adiabatic
states (i.e., So and S;) corresponding to in-phase and out-of-phase
mixing of two diabatics (or resonance formulas) close in energy. Such
an interpretation appears to be related to the one proposed for
explaining the observed absorption and emission trends of GFP-like
proteins”.

The description above is not in line with the consensus electronic
structure of the rPSB chromophore®**! of rhodopsins. In fact, the DA
So~S; transition, is usually described as a transition starting from a
COV-dominated state featuring a positive charge localized on the
-C15=N- moiety and not a delocalized charge spread on the -C9=C10-
C11=C12-C13=C14-C15=N- chain as seen in Fig. 3b. Starting from such a

state, an at least three times larger charge translocation has been
computed upon Sg>S; excitation®*,

Notice that the chromophore charge delocalization seen in the
selected a-ARMg;4; model is modulated by the position of the coun-
terion. In fact, the charge distribution of the model featuring E262 as
the only charged residue of the tetrad (see Fig. 2b) features, in the DA
state, a blue-shifted Ao« and a reduced charge delocalization. These
values are accompanied by a much larger +0.68 e to +0.27 e change in
Chargepsp value upon vertical excitation (see Supplementary Fig. 2)
and are, therefore, more in line with the consensus rPSB charge dis-
tribution mentioned above.

FC-FS geometrical and electronic relaxation

Consistently with the computed negligible (0.01 e) difference in
Chargepsp value between the FC point and the FS state, the S; elec-
tronic relaxation of a-ARMgy4; can be interpreted as a relatively minor
change in the weights of the COV and CT diabatic states. The geo-
metrical variation accompanying such a process is documented in
Fig. 3d and corresponds to a minor progression along the BLA coor-
dinate (this is defined as the difference between the average single-
bond length and the average double-bond length of a conjugated
chain, see Fig. 1b) of the chromophore, leading to an F = 3.5 kcal mol™
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light-driven sodium pump KR2
3

Yuta Nakajimam, Laura Pedraza-GonzéIezz'6, Leonardo Barneschi?, Keiichi Inoue® 3,
Massimo Olivucci® %4 & Hideki Kandori® >

Color tuning in animal and microbial rhodopsins has attracted the interest of many
researchers, as the color of their common retinal chromophores is modulated by the amino
acid residues forming the chromophore cavity. Critical cavity amino acid residues are often
called “color switches”, as the rhodopsin color is effectively tuned through their substitution.
Well-known color switches are the L/Q and A/TS switches located in the C and G helices of
the microbial rhodopsin structure respectively. Recently, we reported on a third G/P switch
located in the F helix of the light-driven sodium pumps of KR2 and JsNaR causing substantial
spectral red-shifts in the latter with respect to the former. In order to investigate the
molecular-level mechanism driving such switching function, here we present an exhaustive
mutation, spectroscopic and computational investigation of the P219X mutant set of KR2. To
do so, we study the changes in the absorption band of the 19 possible mutants and construct,
semi-automatically, the corresponding hybrid quantum mechanics/molecular mechanics
models. We found that the P219X feature a red-shifted light absorption with the only
exception of P219R. The analysis of the corresponding models indicate that the G/P switch
induces red-shifting variations via electrostatic interactions, while replacement-induced
chromophore geometrical (steric) distortions play a minor role. However, the same analysis
indicates that the P219R blue-shifted variant has a more complex origin involving both
electrostatic and steric changes accompanied by protonation state and hydrogen bond net-
works modifications. These results make it difficult to extract simple rules or formulate
theories for predicting how a switch operates without considering the atomistic details and

environmental consequences of the side chain replacement.
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icrobial or animal rhodopsins contain either an all-
M trans or 1l-cis retinal chromophore respectively!. In

both cases the chromophore is located inside the seven-
helix (TM1 to TM7) transmembrane structure of diverse opsins
where it binds, covalently, a lysine residue to form a Schiff base
linkage?. In such an environment the chromophore spectroscopic
and reactivity properties are modulated by its molecular envir-
onment as demonstrated by the variety of displayed colors and,
therefore, variations in the wavelength (A.x) of the maximum of
the absorption bands®~°. The mechanism allowing such “color
tuning” effect is an important topic in rhodopsin research since
the Apax value of the light captured by a specific rhodopsin
represents a biological functions!®-14. While the color tuning
mechanism’~? is still not fully understood, it is apparent that it
must be determined by the interactions between the chromo-
phore and the surrounding amino acid residues featuring side-
chains which may be charged, dipolar, aromatic and capable of
hydrogen-bonding and steric contact effects. Accordingly, learn-
ing the precise “rules” for controlling such interaction appears to
be of basic importance for the understanding of different facets of
rhodopsin biology including their evolution, ecology, biophysics
and the laboratory engineering required for optogenetic
applications!-17.

In most cases, the all-trans retinal chromophore of microbial
rhodopsins features a protonated, Schiff base linkage (rPSBAT)
and such -CH=NH(+)- state is stabilized by a negatively
charged -COO( — ) counterion, a glutamate or aspartate, placed
in its vicinity. While the electrostatic interaction between chro-
mophore and counter-ion is prominent in color tuning, other
specific color determining residues have been reported, which are
sometimes called “color switches”. In the case of microbial rho-
dopsin, a famous color switch is the “L/Q switch” in
proteorhodopsin!®!8. In fact, green-absorbing (GPR) and blue-
absorbing (BPR) proteorhodopsins contain Leu and Gln at
position 105 of C-helix (TM3), respectively. It has been proposed
that the L/Q selection provides a mechanism for optimizing light
absorption with respect to specific environmental light
conditions!®1%. In other words, the color regulation would enable
bacteria living in shallow and deep ocean waters to use green and
blue light respectively which is abundant in these respective
habitats. Although Leu is hydrophobic and Gln is hydrophilic,
comprehensive mutation study of L105 in GPR indicated that
molecular volume (i.e., steric interactions), not hydrophobicity, is
correlated with the A,y value2.

Another color switch is the “A/T switch™3. The alanine residue
at position of 215 in bacteriorhodopsin (BR) is known to partly
contribute to the spectral difference between the BR and Natro-
nomonas pharaonis sensory rhodopsin II (NpSRII, also pharaonis
phoborhodopsin) as it is replaced with Thr in NpSRII®. This is
considered to be related to the evolution from BR to NpSRII?L. A
previous study indicates that the S254 of a bacterial light-driven
sodium pump from Krokinobacter eikastus (KR2) also plays a role
similar to NpSRII and BR?2. Hence, here we refer to it as the “A/
TS switch”, as it appears to represent an additional example of
naturally occurring color determining residue. This switch satis-
fies the general principle of color tuning, where introduction of a
polar residue in the vicinity of the -ionone ring or the Schiff base
moiety of the chromophore causes spectral red and blue shift,
respectively!$23-25_ This observation is in line with the present
theoretical understanding of color tuning based on the electronic
structure and, therefore, opposite positive charge distribution, of
the ground (S,) and first excited (S;) states of rPSBAT. In short,
while in S, the positive charge is mainly localized in the -CH =
NH- moiety of the chromophore, in the S; the positive charge is
delocalized towards the B-ionone ring. Accordingly, negatively
charge atoms located in the vicinity of the Schiff base moiety

would stabilize Sy with respect to S; leading to a blue-shift of the
Amax Vvalue. In contrast, if the negative atoms are located in the
vicinity of the p-ionone ring they would stabilize S; with respect
to Sy leading to a red-shift. Of course, positively charged atoms
will have an opposite effect”.

Recently, a combined experimental and computational study
carried out by some of the authors revealed that certain mutations
at P219 in KR2 led to a spectral red-shift with no loss of its
sodium pump function??. As far as color tuning is concerned, Pro
is an unusual residue. In fact, this residue is highly conserved in
most microbial rhodopsins, but two light-driven sodium pump-
ing rhodopsins (NaRs) that do not conserve it were identified
from Parvularcula oceani?6 (PoNaR) and Jannaschia seosinensis?”
(JsNaR). These rhodopsins display a Thr and Gly residue at the
P219 position of KR2, respectively (see Fig. 1). Although the
former was reported in the mention previous study, it was not
expressed in E. coli cells?8. In contrast, it was possible to express
JsNaR, and a mutation study showed that it represents a third
color switch that was named “G/P switch”?2. This role of residue
219 is supported by the fact that the A,y value of KR2 (525 nm)
is red-shifted to 535 nm in its P219G mutant and the fact that the
JsNaR A, value (550 nm) is blue-shifted to 523 nm in its G216P
mutant. However, the exact mechanism that is at the basis of such
color tuning effect is unknown.

We find that KR2 represents a suitable laboratory model for an
in-depth investigation of the G/P switching mechanism. At the
same time a molecular-level understanding of such a phenom-
enon must necessarily be based on the construction of a light-
responsive computational model of the protein. Such a model has
to incorporate a description of the electronic structure of
rPSBAT. Accordingly, in this work we present an exhaustive
investigation of the color tuning induced by point mutation at the
P219 position of KR2. We prepare all possible P219X mutants
where X stands for all alternative 19 natural amino acids. The
resulting color variations, spanning a red-to-blue range going
from 545 nm to 515 nm, provides a unique basis for molecular-
level mechanistic studies performed using hybrid quantum
mechanics/molecular mechanics (QM/MM) models generated
with the Automatic Rhodopsin Modeling (a-ARM) protocol®,
equipped with multiconfigurational second order perturbation
theory (see “Materials and Methods” section). By systematically

y

Fig. 1 Color switches of microbial rhodopsins, shown in the structure of a
light-driven sodium pump KR2. KR2 has L120, S254, and P219 in the L/Q
switch, A/TS switch, and G/P switch, respectively.
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Fig. 2 Light-induced difference absorption spectra of the WT-KR2 (black curves) and 19 P219X mutants (colored curves) of KR2 in the presence of
500 mM hydroxylamine. Positive and negative signals show the spectra before and after illumination corresponding to those of the rhodopsin and retinal
oxime, respectively. Red and blue curves represent red- and blue-shifted mutants, respectively. Mutant and WT-KR2 spectra were normalized by use of a

negative peak at 3617 nm.

building and analyzing congruously built QM/MM models of the
wild-type and mutants (20 models in total), we support the
hypothesis that the 219 position induces color changes through,
essentially, electrostatic effects while steric effects contribute to a
single, blue-shifting P219R mutant. Thus, the putative P/X color
switch would be, mostly, electrostatically driven when causing a
red-shift but uses a more complex mechanism for a blue-shift. To
the best of our knowledge, this manuscript represents the first
study of site-saturation mutagenesis for a color switch that has
been carried out both experimentally and computationally on the
same mutant set.

Results and discussion
Absorption spectra of P219X mutants of KR2. We attempted to
express the 19 different P219X mutants of KR2 in E. coli where
all-trans retinal was added at the induction period to produce the
rPSBAT chromophore. Supplementary Note 1 shows pictures of
WT and 19 P219 mutants (see Supplementary Fig. 1). As is seen
from the color, expression was much lower for basic amino acids
such as His, Lys and Arg. The expression levels are quantitatively
compared in Supplementary Fig. 2, where all the P219X mutants
are enough expressed to test their absorption maxima.

To quantify the absorption properties of each mutant, the
sample was illuminated in the presence of hydroxylamine. This

process converts protein-bound retinal chromophore into retinal
oxime by light, so that one can easily obtain the A, of each
protein without purification. Figure 2 shows the change in
absorption (before-minus-after illumination) representing the
photobleaching of WT-KR2 and 19 mutants in the presence of
500 mM hydroxylamine. In WT-KR2 (black curve), positive and
negative peaks appeared at 525 and 361 nm, corresponding to the
unphotolyzed protein and retinal oxime, respectively. The mutant
spectra were normalized to the WT-KR2 spectrum by use of a
negative peak at 361 nm.

Blue and red curves in Fig. 2 show light-induced difference
absorption spectra (before-minus-after illumination) of mutants,
which exhibit spectral blue and red shifts, respectively. While
negative peaks due to retinal oxime were identical for WT-KR2
and mutants, all mutants showed spectral red-shifts, correspond-
ing to Apax in the 535-541 nm range. The only exception was
P219R, whose Ay is located at 515 nm. It is likely that Arg is
positively charged even in the hydrophobic environment
surrounding position 219. Consistently with the color tuning
theory mentioned above, such positive charge, placed near the p-
ionone ring of rPSBAT, would cause a spectral blue shift. On the
other hand, in Fig. 3 we report the observed spectral shift in
energy (in wavenumber) versus volume (Fig. 3a) and hydropathy
(Fig. 3b) of amino acids. The figure shows that for 18 mutants the
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Fig. 3 Experimental Data. Correlation between the absorption light energy and (a) the volume or (b) hydropathy index of the amino acid residue at

position 219 in KR2. The y-axis represents the difference in wavenumber from that of the wild type (reciprocal Amay cm™1), where positive and negative
values correspond to the spectral blue- and red-shifts, respectively. (€) Quantitative comparison of pump activities of the WT-KR2 and mutant KR2. The
numbers of protons taken in or released from the cells by the pump activity of KR2 and each mutant per one protein molecule in one second are shown.
The values were estimated from the initial slope of light induced pH changes and the expression levels of the proteins. E. coli cells suspensions expressing
KR2 mutants are illuminated at >520 nm light, and quantified proton release and uptake are measured in the solution containing 100 mM NaCl (blue bars)
and CsCl (orange bars). Positive values indicate the numbers of protons which are taken into cells by one protein molecule per second, which originates
from outward Na™ pump. Negative values indicate the numbers of protons which are released from cells by one protein molecule per second, which

originates from outward proton pump.

Amax correlate with neither volume nor hydropathy, whereas the
blue-shifted Arg is unique as it has both higher volume and lower
hydropathy than Pro. The higher volume of Arg would suggest
that the observed blue-shift is related to a steric effect. Below we
show that, according to our computational analysis, this effect
alone would not explain the observed P219R spectral change.

Figure 3¢ compares ion-transport activity using a pH electrode.
The sodium and proton pump activities of the WT-KR2 is
maintained except for P219R. This fact suggests that the addition
of a positive charge at that specific position is responsible for the
lack of ion transport. Both absorption spectra (Fig. 2) and
transport activity (Fig. 3c) suggest that other amino acid
replacements lead to neutral side-chain. In fact, it is reasonable
for Asp, Glu, and His to be neutral in the hydrophobic
environment. In addition, Lys may also be neutral in the
P219K mutant. All these assigned protonation states are
consistent with those of the constructed a-ARM QM/MM
models, as described in next section.

Construction of the WT model. The QM/MM models (see
Fig. 4a) were generated by using the a-ARM protocol, whose

4

workflow is illustrated in Fig. 4b, ¢ and described in the “Mate-
rials and Methods” section (see Supplementary Note 2 and
Supplementary Note 3). The a- ARM gefyie model for the WT-KR2
was automatically generated taking, as the only input, the X-ray
crystallographic of the pentameric form resolved at 2.2 A (PDB
ID 6REW?). The following parameters were automatically
selected by the Input file generator: Chain A of the X-ray crys-
tallographic structure; rotamer N84 with occupancy number of
0.50 (step 1 in Fig. 4b); 24 chromophore cavity residues defined
based on Voronoi tessellation and alpha spheres theory, and
including the K255 residue covalently linked to the chromophore,
plus the D116 main (MC), D251 secondary (SC) counter-ion
residues and 3 molecules of water (step 2 in Fig. 4b); protonation
states predicted at pH 5.2, as: neutral E160 (step 4 in Fig. 4b); and
the inclusion of 8 Cl~ inner (IS) 7 Nat outer (OS) external
counter-ions, with positions optimized with respect to an elec-
trostatic potential grid constructed around each charged target
residue. The Na* ion present in the X-ray structure was kept, for
a total of 8 Na® ions in the model (step 5 in Fig. 4b). Such
parameters ultimately led to an a-ARMgegue model producing a
Amax (in terms of the average vertical excitation energy of 10
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Fig. 4 Structure of a-ARM protocol. (a) General scheme of a monomeric, gas-phase and globally uncharged QM/MM model for the WT-KR2 rhodopsin,
generated by the a-ARM rhodopsin model building protocol. This is composed of: (1) environment subsystem (silver cartoon), (2) retinal chromophore
(green tubes), (3) Lys side-chain covalently linked to the retinal chromophore (blue tubes), (4) main counter-ion MC (cyan tubes), (5) protonated

residues, (6) residues of the chromophore cavity subsystem (red tubes), (7) water molecules, and external (8) CI

(green balls) and (9) Na* (blue balls)

counterions. Parts 2 and 3 form the Lys-QM subsystem which includes the H-link atom located along the only bond connecting blue and green atoms. Parts
4 and 6 form the cavity subsystem. The water molecules (Part 7) may be part of the environment or cavity subsystems. The external OS and IS charged
residues are shown in frame representation. The residue P219 is presented as orange tubes. (right) General workflow of the a-ARM rhodopsin model
building protocol for the generation of QM/MM models of wild-type and mutant rhodopsins. The a-ARM protocol comprises two phases: (b) input file
generator phase and (€) QM/MM model generator phase. The different software used in each step are also specified.

replicas, see the “Materials and Methods” section) of about
127 nm (0.75 eV in terms of AEg;_g) blue-shifted with respect to
the experimental data. In fact, as documented elsewhere®0, the
default models do not always replicate the correct electrostatics of
the chromophore counterion complex in ion-pumping
rhodopsins®30. For this reason, a customized model was pro-
duced (see Supplementary Fig. 3 and Supplementary Table 1).
The model customization employs the a-ARM_ystomized approach
of ref. °. (see also Supplementary Note 2) that guarantees
reproducibility. While the default model predicts that both
aspartic acid residues forming the counterion complex of the
rPSBAT, namely D116 and D2513!, are negatively charged, we
have observed that the presence of two negative charges in
the counterion complex would outbalance the positive charge of
the rPSBAT, generating a large, blue-shifting effect’ in the Ay
value. The a-ARMygomized approach allows to reassign the pro-
tonation states (step 4 of the input file generator in Fig. 4b) of
D116 and D251. More specifically, as illustrated in Supplemen-
tary Fig. 3 and Supplementary Table 2, these protonation states
are systematically scanned. It was found that a model featuring a
protonated (i.e., neutral) secondary counterion (SC) D251
counterbalanced the charge in the vicinity of the rPSBAT by
mitigating the overstabilization of the S, positive charge of the
chromophore Schiff base region yielding a smaller, blue-shifted
error of about 14 nm (0.07 eV). Notice that in QM/MM model-
ing, it is a common practice to evaluate the protonation states of
the rPSB counterion complex by looking, as a guidance, at the
reproducibility of the experimental A, (see for instance
refs. 133233).

Construction of the P219X mutant models. The customized
protonation states of the WT-KR2 a-ARMystomized model were
employed for the construction of the “default” P219X mutant

models. Notice that, as in the WT-KR2 case, the initial structure
provided to the Input file generator phase for each mutant was
the X-ray structure. As a result,16 out of 19 models featured
AEg; g0 values with an error, with respect to the observed value
and therefore lower than 3.0 kcal mol~! (0.13 eV) threshold. Only
3 models, P219R, P219K, and P219H, were further customized.
The default P219R model features a 67 nm (0.36 eV) blue-shifted
AEg; g0 with respect to the observed value. This indicates that the
positively charged arginine side-chain, located near the p-ionone
ring of rPSBAT, leads to a too strong S; destabilization (a posi-
tively charge B-ionone region is typical of the S; state of the
chromophore). In order to moderate such an effect, (i) the D116
was protonated (i.e., neutral) and the D251 was modeled as
negatively charged, accordingly with the customization protocol
reported in Supplementary Note 2, and (ii) the E160 residue in
the R219 region, assigned to be neutral by step 4 of the default
approach, was deprotonated assuming that the positive charge in
position 219 increases the group pKa (see Supplementary
Table 2). Such customization yields a model just 14 nm (0.07 eV)
blue shifted. In the case of P219K, the lysine residue had to be
assigned as neutral since the protonated lysine selected by the
default protocol yielded a strongly blue-shifted AEg, g value with
respect to the experiment. Finally, for P219H, the histidine resi-
due had to be modeled with the neutral tautomer having the &
nitrogen unprotonated (contrary to the default selection).

The final protonation states of the twenty QM/MM models are:
neutral D251, E160 for WT-KR2 and P219X with X=A, C, F, G,
LL MN,QS T, V,W,Y; neutral D116 for P219R; neutral
D251, E160, H219 (with hydrogen in the & nitrogen) for P219H;
neutral D251, E160, K219 for P219K; neutral D251, E160, E219
for P219E; and neutral D251, E160, D219 for P219D. Notice that,
when appropriate, the external counter-ions were automatically
updated in step 5 (see Fig. 4b), where an additional Na™ was
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Table 1a-ARM QM/MM models for the wild-type KR2 (WT-KR2) rhodopsin and 19 of its mutants (P219X, with X = A, C, D, E, F,
G HLKLMN,QR,S,T,V,W, Y). First vertical excitation energy (AEs; so), maximum absorption wavelength (1?,.,),
transition oscillator strength (fos.), and difference between calculated and experimental data (AAE:’,‘E;; ARM), for the
representative QM/MM model.
Variant Experimental a-ARM (N = 1)2 Experimental vs a-ARM
2B Do Ba™™ fow  MAEGRGA™
(kcal mol-T) (eV) (nm)  (kcal mol-") (eV)  (nm) (kcal mol-T) (eV) (nm)

WT 54.5 236 525 56.0 243 51 115 15 0.07 —14
P219A 53.4 231 536 55.8 242 512 116 2.4 on —-23
P219C 53.2 231 537 55.4 2.40 516 1.20 22 0.09 =21
P219D 531 230 539 55.0 2.39 520 122 2.0 0.09 -19
P219E 52.8 229 541 54.8 237 522 1.24 19 0.08 -19
P219F 531 230 538 549 238 521 122 1.8 0.08 —18
P219G 53.4 232 535 55.8 242 513 117 2.4 0.10 -23
P219H 525 2.28 545 545 2.36 525 122 2.0 0.09 -20
P2191 52.8 229 541 55.4 240 516 1.22 26 (ORI —25
P219K 533 231 536 54.8 2.38 521 122 1.5 0.07 -15
P219L 52.8 229 541 55.1 239 519 1.20 23 0.10 —22
P219M 531 230 538 54.8 237 522 1.21 17 0.07 -16
P219N 52.8 229 541 545 236 524 1.21 1.7 0.07 =17
P219Q 53.4 232 535 54.9 2.38 521 123 1.5 0.06 -4
P219R 555 2.4 515 57.0 247 501 112 1.5 0.06 -13
P219S 53.2 230 538 54.7 237 523 124 1.5 0.07 -15
P219T 52.8 229 541 55.5 240 516 119 26 0.1 —26
P219V 53.0 230 540 54.6 237 523 131 1.6 0.07 -6
P219W 53.0 230 539 55.1 2.39 519 1.22 21 0.09 —-20
P219Y 533 231 537 55.2 2.39 518 119 1.9 0.08 —18

MAE 1.9

ADmax 26

MAD 0.3
aReplica with AEZARM closest to the average.
MAE: Mean absolute error, ADa.: Maximum absolute error, MAD: Mean absolute deviation. See definitions in Supplementary Note 6.

included in the OS. The other parameters for the customized
inputs (i.e., chain, rotamers, cavity) remain the same as the
described for the customized WT-KR2 model in Supplementary
Table 1.

Simulation of the A,,,, variation. As mentioned above, the a-
ARM ustomized model of WT-KR2 has been selected as a suitable
template for mutant modeling as it reproduces the observed Aax
(525 nm) equivalent to a vertical excitation energy AE?TESO =
54.5kcal mol—122 (2.36eV). The discrepancy falls within the
3.0 kcal mol~1 (0.13eV) error bar established for the a-ARM
protocol®?435, This result is reported in Table 1, together with
both the computed (AE%AEM) and observed (AE5Y,) vertical
excitation energies, the corresponding oscillator strengths (fosc),
and their difference AAEEPS ™ for the representative model
(ie., replica with AEZ ARM closest to the average). This is calcu-
lated as AAEEYE ™M = ABZARM _ AEE®  The WT-KR2
AESARM value is 56.0 +0.1kcal mol~! (2.42eV, 511 nm) and
differs from the experimental data of just 1.5 kcal mol~! (0.07 eV,
—14 nm). However, as discussed below, such accuracy limit does
not necessarily impact A,y trends that are not affected by sys-
tematic errors. Detailed information of the row data is provided
in Supplementary Note 4 (see Supplementary Table 3).

The achieved WT-KR2 model shows that P219 is a suitable
position for color tuning. Indeed, as displayed in Fig. 5a, it is
close to the B-ionone ring of rPSBAT, so it is expected that the
replacement of Pro by residues with different steric hindrance
and/or polarity can affect the vertical excitation energy by
stabilizing or destabilizing S; with respect to S, as has been
previously observed by some of the authors when modeling the

6

mutants P219G and P219T using the original version of the ARM
protocol?2. Although the conclusions derived from the study of
Inoue et. al. can be qualitatively compared with the results
presented in this work (see Supplementary Fig. 4 and Supple-
mentary Table 4), notice that they cannot be quantitatively
compared since (i) the QM/MM models were constructed from a
different X-ray structure (i.e., 3X3C), using the original ARM®
that featured (ii) manual input file generation (i.e., handmade and
not reproducible counterion placement, different chromophore
cavity, etc.) and (iii) a different methodological approach for the
generation of the mutant side-chain, as described in Supplemen-
tary Note 5.

We begin the analysis of the experimental data by comparing
the AE?TE o trend with the corresponding computed values (see
Supplementary Table 4), in the hope to learn how the P219X
mutants shift their colors with respect to WT-KR2 (see blue
down-triangles in Fig. 5¢). As shown in Fig. 5b and reported in
Table 1, the observed values vary from 545nm to 515nm.
Remarkably, as reported in Supplementary Table 4, the P219R is
the only variant that exhibit a blue-shifted effect with respect to
the WT-KR2 of ca. 1.1 kcal mol~!, whereas the other 18 mutants
exhibit a red-shifting effect raging from —1.0 to —2.0 kcal mol~!
suggesting that an electrostatic destabilization of the chromo-
phore positive charge near its B-ionone is a key factor in the
observed color tuning.

It is apparent that the WT-KR2 and P219R define a correlation
line which is parallel to the perfect correlation line between
observed and computed values, thus indicating a general
systematic blue shifted error of ca. 15nm (see Fig. 5d). On the
other hand, the <1.0kcalmol~! observed AELY, variations
among the 18 red-shifted mutants are, in most cases, far too small
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Fig. 5 Computed vs experimental trend in maximum absorption wavelength. (a) Scheme of the retinal proton Schiff base of WT- KR2. The residue P219
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rhodopsin and 19 of its mutants (P219X, with X=A, C,D, E, F, G, H, |, K, L, M,N, Q,R, S, T, V, W, Y). The red circle indicates the red-shifted mutant cluster
whose weighted average value is marked with a black circle. The blue circle indicates the only blue-shifted mutant of the set. (¢) Maximum absorption
wavelength (A2, nm) and (AEa=ARM, ¢, eV) for wild-type KR2 and 19 of its P219X variants. The experimental values (blue down triangles) are
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so closest to the average (red squares). The values for the retinal chromophore (gray circles) calculated in vacuum (AERET, <), outside the protein
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cluster. S and S; energy calculations were performed at the CASPT2(12,12)//CASSCF(12,12)/AMBER level of theory using the 6-31G(d) basis set.

for their trend to be reproduced by a a-ARM QM/MM model.
These mutants form a cluster whose weighted average (the black
circle in Fig. 5b which represents the average of the measured and
computed values weighted according to the more frequent
deviation from the wild-type value, see Supplementary Note 6
and Supplementary Note 7) aligns with WT-KR2 and P219R
supporting the general validity of the constructed models and
confirming the presence of a systematic error (the row data
reported in Table Ishows a systematic blue-shifted error of ca.
2.0 kcal mol~1). Notice that for these models the mean absolute
error (MAE) and the mean absolute deviation (MAD), calculated
as indicated in Supplementary Note 6, are 1.9 and 0.3 kcal mol~!
respectively, consistently with those established for the a-ARM
protocol®3%-35-37_ For this reason, in the present work we avoid a
detailed analysis of the members of the red-shifted cluster and
focus on their weighted average features. In other words, we
primarily focus on the effects that make: i) the P219R and ii) the
center of the red-shifted cluster different from WT-KR2 in terms
of AEZARM.

The observed AEL®) and calculated AESARM values are
reported in Fig. 5c, while their difference relative to WT-KR2
are given in Fig. 5d (see also Supplementary Table 5). These
quantities were computed as the difference between observed
AEE®  for each P219X mutant with respect to the observed value
of the WT-KR2 (Apaxx"¥ EXP), as well as the difference between
computed AEZAXM of each of the P219X mutants with respect to
the corresponding WT-KR2 (Amax.x " 12" ARM) values. Notice that
in this figure the average values (see dashed horizontal lines) for
the red-shifted cluster are also provided. In all the cases, blue or
red direction of the shift is reproduced. More interestingly, in
Fig. 5d it is evident that, in line with the observations (blue bars),
the computed data (green and red bars) show that P219R is the
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only mutant presenting a blue-shifted effect and P219H is the
most red-shifted mutant.

In order to quantify the parallelism between the computed and
experimental trends in excitation energy (see Supplementary
Note 7), we have calculated the trend deviation (|| Trend Dev.|| =
[Apaxx " B — A VTAARM)) a5 0.4+ 0.3 keal mol ! (0.02 +
0.01 eV), using the data reported in Supplementary Table 3. Such
value is close to the value reported for the a-ARM protocol in
ref. %. (see “Materials and methods” section), further supporting
the general validity of our QM/MM models.

The results above indicate that the 20 generated QM/MM muodels
may be employed to investigate the color tuning mechanism
operating in KR2. This is done by analyzing the differences between
the P219R model and the center of the red-shifted cluster (18 red-
shifted models) with respect to the WT-KR2 model. A first question
to be answered is: why R is the only residue, out of the three
canonical positively charged residue (K, H and R), causing a blue-
shift in spite of its not dramatically larger volume?

Color tuning analysis in terms of steric and electrostatic
effects. In order to gain insight into the color tuning mechanism
inducing AEZ “8Mred- and blue-shifting, we looked at the steric
and/or electrostatic effects that modulate the energy of either the
So or the S, states and, consequently, the excitation energy. As
mentioned above, such analyses are primarily focused on the red-
shifted (18 mutants) cluster center and P219R mutant (see
Fig. 5b). In Fig. 6, we give a visual representation of three fun-
damental quantities (AAETOTg, ¢, AAESTRg; oo and AAEX219-
OFF, ¢,) whose values are a function of either the structural (both
at the chromophore and protein cavity levels) or electrostatic
changes of each mutant with respect to WT-KR2. AAETOT ) ¢ is
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the “Total” excitation energy change (see Fig. 6a). It is directly
computed as the difference between the QM/MM computed
vertical excitation energies (see red squares in Fig. 5c) of the
mutant and WT-KR2 protein models. AAESTRg, ¢, is the “Steric
component” of AAETOT,, ¢, (see Fig. 6b). It is directly computed
as the difference between the QM/MM vertical excitation energies
of the isolated retinal chromophores, taken with their protein
environment geometries, (see gray circles in Fig. 5¢) of the mutant
and WT-KR2. As we will see in the following, using these quan-
tities we can compute three additional components. AAEELE(g, ¢
is the “Total electrostatic component” that is indirectly computed
as the difference between the Total and the Steric components
above (AAEELEMg, o — AAETOTg, oo — AAESTRy, o) for each
mutant. As specified below, AAEELEW), i can be decomposed
into two parts. AAEELEG), ¢ is the “Indirect electrostatic com-
ponent” that is indirectly computed in two steps by first com-
puting the differences between the vertical excitation energy of the
mutant and WT-KR2 obtained after having switched off (turned
to zero) the charges of residue 219 (see Fig. 6¢), component
AAEOFFg, o) and then by subtracting from such difference the
steric effect AAES[ R, defined above. Finally, AAEELE@)g, o, is the

“Direct electrostatic component” that is indirectly computed as
AAEELE@) oo — AAEELE(g, oo — AAEELEG)g, o Further details
are provided in Supplementary Note 8 (see Supplementary Table 6
and Supplementary Table 7).

Steric effects. We begin the discussion on steric effects (here by
“steric effects” we mean “indirect” or “geometrical” effects, i.e.,
the change in excitation energy of a chromophore due to a change
in the minimum geometry. The change in geometry could be
induced by both steric and electrostatic factors) by investigating
how the retinal chromophore is structurally modified by the
mutations (i) near the p-ionone ring and (ii) near the Schiff base
linkage (see Fig. 5a). As discussed below, such structural rear-
rangements of rPSBAT rather than being a simple effect induced
by the side-chain replacement, could be also attributed to a dif-
ferent charge distribution due to changes in protonation states for
ionizable residues as well as water addition/removal. Notice that
we evaluated steric effect through an “atomistic” approach
focused on the changes in rPSBAT geometrical and electronic
structure and therefore not directly related to steric effects eval-
uated on the basis of the changes in residue volume addressed
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Fig. 7 Heatmap representation of the variation of structural parameters of P219X (X= A, C,D,E,F, G, H,|, K, L, M, N, Q, R, S, T, V, W, Y) mutants

with respect to the wild-type KR2 (WT-KR2). Difference between WT-KR2

and mutant (a) dihedral angles, ATorsionVTMUT and (b) bond lengths,

ABondLengthWT'Mw. Counterclockwise (CCW) and clockwise (CW) orientation of the rPSBAT.

above. To do so, we select a representative QM/MM structure for
each mutant model (i.e., the replica with AEZ;A5M closest to the
average, see red squares in Fig. 5¢) and compute the difference
between the magnitude of its most relevant structural parameters
(e.g., torsional dihedral angles and bond lengths) with respect to
those corresponding to the representative structure of the WT-
KR2 model. A visual structural comparation between each
mutant and WT-KR2 is provided in Supplementary Figure 5. In
Fig. 7 we report a heatmap visualization of such differences in
terms of skeletal dihedral angles (ATorsion""UT, Fig. 7a) and
carbon-carbon bond lengths (ABondLength""MUT, Fig. 7b).
Based on the range in which the latest quantities change, we
establish an arbitrary threshold of 2.0 degrees and 0.01 A,
respectively, as meaningful variations. The dihedrals with the
largest variation are C5 = C6 and C6-C7 that, as shown in Fig. 5a,
belong to the rPSBAT framework geometrically closer to the 219
residue. In addition, for specific cases the “reactive” C13 = C14
dihedral as well as the C14-C15 and C15=N dihedrals show
variability. We start the analysis discussing the variants belonging
to the red-shifted cluster. These are almost constantly accom-
panied by structural effect near the B-ionone ring (among them,
P2191, P219L, P219M, P219V, P219F, P219Y featuring hydro-
phobic side-chain, and P219Q featuring large polar uncharged
side-chain present the largest structural effects) making such a
structural deformation a characteristic of the cluster center. On

COMMUNICATIONS BIOLOGY | (2021)4:1185 | https://doi.org/10.1038/542003-021-02684-z | www.nature.com/commsbio

the other hand, P219G, P219H and P219W show a limited
change in the C15=N region and P219D (in its neutral form),
P219S and P219T (ie., polar uncharged side-chains) present
changes in both regions. As expected, the blue-shifted P219R
mutant featuring a positively charged side-chain, induces a sig-
nificant, more than 2.0 degrees, change of its dihedral angles near
the B-ionone ring. More interestingly, this mutant exhibits a
particular large variation of the “reactive” C13 = C14 dihedral as
well as the C14-C15 and C15 =N dihedrals (see Fig. 7a).
Although at a first glance none of the bond lengths are
significantly altered with respect to the WT-KR2 reference (see
Fig. 7b), it is well-known that the excitation energy of a
conjugated chromophore in its protein environment is sensitive
to the delocalization of the m-electron and, consequently, to bond
length alternation (BLA)8. The latter is computed as the
difference between the average single bond length and the
average double bond length of the m-conjugated
chromophore3%40, Therefore, we computed the BLA for each of
the P219X variants as well as their difference with respect to the
WT-KR2. The results, reported in Supplementary Table 9
and Supplementary Note 11, show that the 18 variants of the
red-shifted cluster present values of BLA lower than the WT-
KR2, indicating that this is a common feature shared by the red-
shifted cluster and its center. In contrast, the only blue-shifted
variant presents a larger BLA value. Such results are consistent
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with a previous study reported for some of the authors, where it is
discussed that more conjugation of the double bonds implies less
BLA and red-shift?2.

We now look at the impact of the described geometrical
changes on the A%, value. To this aim, we compare the

computed AESTMYT values with the corresponding wild-type
AESTMT for the isolated chromophore (in kcal mol~1), as

reported in Supplementary Table 7. This analysis consists in
extracting, for WT-KR2 and for each variant, the rPSBAT
structure from the protein and computing its vertical excitation
energy without relaxing the chromophore structure (see Fig. 6b).
A small AAESTR,) = AESTMUT _ ABSFTVT value indicates that
the geometrical distortion of the retinal due to the point mutation
has only a limited effect on the excitation energy change. As
mentioned above, we analyze the AAEZE(SO contribution for the
red-shifted cluster center and P219R. To this aim, we computed
the weighted average of the AAESR( contribution for the
members of the red-shifted cluster (see gray dashed line in
Fig. 8a) and compare this value with the AAEST®  contribution of

the blue-shifted one. Consistently with the small variations in

10

AESTMT reported in Fig. 5¢ (see gray circles) for the red-shifted
cluster, the weighted AAESIR average of about 0.07 kcal mol~!
reported in Fig. 8a and Supplementary Table 6, show that the
impact of the rPSBAT geometrical deformation on the change in
their excitation energy is very limited. On the other hand, as
also confirmed by the geometrical data discussed above, the
blue-shifted P219R variant features a considerable AAES[R¢
contribution of —0.8 kcal mol~1. These results, also reported in
Supplementary Table 7, give a first indication about the different
behavior on the color tuning mechanism exhibited for the red-
shifted clusters and P219R mutant.

Electrostatic effects. The QM/MM models also allow to inves-
tigate electrostatic effects. As anticipated above, the total elec-
trostatic effect (AAEELE(g, <) can be decomposed in two parts:
(i) the first can be considered as a direct component (AAEELE(D)
s1-s0) due to the variation in number, magnitude, and position of
the point charges of residue 219 caused by the P to X replacement
and (ii) a more indirect component (AAEELE()) o) produced
from the reorganization of the local environment and hydrogen
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bond network induced by the same replacement and due to the
fact that conserved residues and water molecules change in
position or orientation. Moreover, as discussed below, possible
changes in protonation states of conserved residues, induced by P
to X replacement, have a major contribution to the indirect
component.

Figure 8a presents the relative vertical excitation energy for
each mutant with respect to WT-KR2 value (AAE{CK)), and its
steric (AAES|Rg,) and total electrostatic (AAE];E(S‘(;) contributions
(see Supplementary Note 8). Again, it is apparent that steric
effects due to the variation in geometry of the retinal
chromophore (see gray bars in Fig. 8a), are limited and do not
compete with the electrostatic effect, except for the case of the
blue-shifted P219R. In general, it can be claimed that, on the basis
of the a-ARM QM/MM models the electrostatic effect is the one
driving the changes in the computed and, therefore, observed
Amax values. Accordingly, in each case AAE;ILE(S% (see gold bars in
Fig. 8a) follows the trend of AAEICY | being a positive value for
the cases that present a red-shifting effect, and a negative value in
the only blue-shifted case.

We now discuss the role of the two components of the
electrostatic effects that are calculated using the definitions given
above (see Fig. 8b and Supplementary Note 8). A comparison of
the contribution of both direct and indirect electrostatic
components is plotted in Fig. 8b and the values are reported in
Supplementary Table 7. Again, we performed the analyses for
both AEE{“E(S%) and AEg‘E% components in terms of weighted
average value for the red-shifted cluster and value of the blue-
shifted P219R. As observed, the direct AESILE%) component of the
red-shifted cluster is of about —0.48 kcal mol~1, while the blue-
shifted P219R mutant displays a large value of 7.8 kcal mol~—1.
The latter value is attributed to the disappearance of a §;
destabilizing Arg positive charge at position 219. The differences
in both sign and magnitude of the AEg‘E(S%) in both clusters, show
how they operate in a different fashion. Furthermore, the analysis
of the indirect AEE‘E(S% component shows that the weighted
average of the red-shifted cluster of about —0.40 kcal mol~! is
only comparable in sign but not in magnitude with the value of
the blue-shifted variant, computed as —6.0kcal mol~!. Such
effect is expected since the blue-shifted P219R is the only variant
that exhibits a considerable change in the factors defined above as
the cause of the indirect electrostatic component. More
specifically, the QM/MM model of P219R suggests that when
full positive charge is introduced, the general structure gets
naturally counterbalance by the deprotonation of the Glu residue
in position 160 even if this residue is located ca. 11 A away from
the B-ionone ring (see Fig. 9a). This change, that justifies the large
value of the indirect electrostatic component, is also accompanied
by a substantial rearrangement of the molecules of water near the
chromophore protonated Schiff base group and therefore a
variation of the hydrogen bond network. Furthermore, the same
model indicates that, in contrast to WT-KR2 and the red-shifted
cluster, the P219R model can only reproduce the observed A
value after changing the protonation states of the rPSBAT
counterion complex making D116 neutral and D251 negatively
charged (see Fig. 9a). We hypothesize that this reorganization of
the protonation states is connected to the observed lack of sodium
pumping activity in this mutant. This relatively important
alterations appear reasonable when considering, as also stressed
above, that a full localized charge is introduced in the KR2 cavity
upon mutation. In fact, such large changes, including the changes
in protonation states, are found to be not necessary in the mutant
models P219K and P219H (see Fig. 9d) as the residues Lys and
His are in their deprotonated (i.e., neutral) forms and, thus, the

general arrangement of the charges in the cavity is not altered
with respect to WT-KR2 (see Fig. 9b) or P219G (see Fig. 9¢).

Conclusions

Above we have presented a combined experimental and com-
putational investigation of the P219X mutants of KR2 supporting
the existence of a G/P switch in microbial rhodopsins. We have
also reported on a computational analysis of the mutant vertical
excitation energy indicating that G/P is, essentially, an electro-
static switch capable of a ca. 30 nm modulation (going from R to
H). More specifically, the decomposition of the simulated exci-
tation energy changes using multiconfigurational quantum
chemistry-based QM/MM models, suggests that the switch
operates by inducing variations in the electrostatic interaction of
the chromophore with its environment while replacement-
induced geometrical distortions only contribute to the P219R
blue-shifted variant.

The reported QM/MM modeling studies provide a mechanistic
interpretation of the G/P switch color tuning mechanism. In fact,
it is found that P219R features an increased planarity of the p-
ionone and Schiff base moieties leading to a red-shifting steric
(AEIR,) contribution of ca. —0.8 kcalmol~!. Such steric red-
shifting effect, which is the result not only of the P/R replacement
side-chain but also of a change in the HBN pattern, is counter-
balanced by a larger blue-shifting electrostatic contribution
(AE:ILE(;[)]). The decomposition of AEg @ into direct (AESEILE(;(I)))
and indirect (AEE}E(S%) components in P219R, reveals that: (i)
AEE{E(Q%) is significantly larger than in the other variants, inducing
a large blue-shifting effect (ca. 7.8 kcal mol=1); (ii) AE?ILE(S'()) is
almost of the same magnitude of AEE{‘E(S%) (ca. —6.0 kcal mol—1)
but induces a red-shifting effect. These large and contrasting
effects including structure, counterion and HBN pattern reorga-
nization, are justified by the introduction of a positively charged
arginine side-chain necessary to reproduce the observed P219R
blue-shifting. No change in structure and counterion and only
limited changes in HBN are instead seen in the members of the
red-shifted cluster (i.e., when we represent it with a weighted
average) or in the specific P219G and P219H variants repre-
senting the cluster minimum and maximum values. Indeed, all
red-shifted variants conserve the main features of WT-KR2 and
display a color tuning mechanism mainly controlled by the direct
electrostatic changes associated with the replaced side-chain.
These conclusions agree with those reported in Inoue et. al. the
red-shifting mechanism of P219G and P219T was investigated.

The fact that in the investigated set of KR2 mutants both direct
(the change in the electrostatic field due to the residue replace-
ment) and indirect (the changes due to all other cavity reorga-
nization induced by the replacement and including chromophore
reorientation, side-chain and water relocations and the mod-
ification of the hydrogen bond network) electrostatic effects and
specific changes in the chromophore structure contribute to
determine the color variability, cast doubts on the possibility to
extract simple rules for predicting how a switch operates without
understanding the molecular-level details of the side chain
replacement. In other words, the analysis indicates that the color
tuning mechanism seen in KR2 has a complex origin.

The possibility to carry out, for the first-time, a systematic
modeling of mutants (i.e., comprising all 19 possible replace-
ments) underscores the importance of automated (or semi-
automated) computational tools for the fast building of
congruous (i.e. comparable) QM/MM models thus allowing
comparative (i.e. trend) studies. More specifically, the employed
a-ARM building protocol avoid errors and biases likely to impact
the congruity of a generated QM/MM model set and, therefore,
allows well defined comparative studies and mechanistic
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Fig. 9 a-ARM QM/MM-optimized models for P219R, WT-KR2, P219G and P219H. Differences between Hydrogen Bond Network (HBN) presented for
(a) the only blue-shifted variant (P219R), (b) the wild-type (WT-KR2), (c) the least red-shifted variant (P219G) and (d) the most red-shifted variant
(P219H). Hydrogen bonds are represented as dashed lines. The red arrows indicate the protonation state of the relevant residues.

interpretations within the limits imposed by the model structure.
Future work will be devoted to the study of other potential color
switches present in the microbial rhodopsins with the hope to
support the conclusions of the present work or document distinct
types of color tuning mechanisms.

Materials and methods

Mutagenesis and protein expression. The synthesized genes of KR2 (GenBank
Accession number: BAN14808.1) codon-optimized for E. coli were incorporated
into the pET21a(+) vector (Novagen, Merck KGaA, Germany). The site-directed
mutation was conducted using a QuikChange site-directed mutagenesis kit (Agi-
lent, CA). The plasmids carrying the genes of the wild type of KR2 (WT-KR2), and
mutants were transformed into the E. coli C43(DE3) strain (Lucigen, WT). The
protein expression was induced with 1 mM isopropyl p-D-1-thiogalactopyranoside
(IPTG) in the presence of 10 uM all-trans retinal for 4 h. See Supplementary Note 9
and Supplementary Table 8.

Measurement of A,,,, by hydroxylamine bleach. The 1., of WT-KR2 and
mutants was determined by bleaching the protein with hydroxylamine according to
the previously reported method?2. The E. coli cells expressing the rhodopsins were
washed with a solution containing 100 mM NaCl, 50 mM Na,HPO, (pH 7) for
three times. The washed cells were treated with 1 mM lysozyme for 1h at room
temperature, and then disrupted by sonication. To solubilize the rhodopsins, 3%
DDM was added, and the samples were stirred for overnight at 4 °C. The rho-
dopsins were bleached with 500 mM hydroxylamine and subjected to illumination
of yellow light (A > 500 nm) from the output of 1 kW tungsten—halogen projector
lamp (Master HILUX-HR, Rikagaku) through a glass filter (Y-52, AGC Techno
Glass, Japan). The absorption change upon the bleaching was measured by UV-
visible spectrometer (V-730, JASCO, Japan).

lon-transport assay. The ion transport activity assay in E. coli cells was conducted
according to the previously reported method*!. The E. coli cells carrying the
expressed rhodopsin were washed for three times and resuspended in unbuffered
100 mM NaCl or CsCl to assay the Na™ or H* pump activity, respectively. The
sample was illuminated after adjusting the pH to ~7 by the addition of a small
amount of HCI or NaOH. The pH change upon light illumination was monitored
with a pH electrode (9618S-10D, HORIBA, Japan). The wavelength of the illu-
minating light was changed by placing different color filters (Y-52, Y-54, O-55 and
0-56, AGC Techno Glass, Japan) with a heat absorbing filter (HAF-50S-50H,
SIGMAKOKTI, Japan) in front of the light source (1 kW tungsten—halogen pro-
jector lamp, Master HILUX-HR, Rikagaku) for KR2 WT (A > 500 nm), and P219X
(A> 520 nm) to correct for the change in the degrees of light absorption by their
spectral shift.

QM/MM modeling. Congruous and reproducible computational models for WT-
KR2 and its P219X (X=A,C,D,E,F, G H, LK, L, M\, N, Q, R, S, T, V, W, Y)
mutants were generated using the a-ARM version® of the Automatic Rhodopsin
Modeling protocol?, a specialized user-friendly command-line oriented compu-
tational tool (i.e., Python3-based software package) for either the fully-automated
(default) or semi-automated (i.e., customized) construction of basic hybrid QM/
MM models of rhodopsins3%35-37:42, called a-ARM models. The produced a-ARM
models illustrated in Fig. 4a are monomeric, “gas-phase”, and globally uncharged,
based on electrostatic embedding and the hydrogen link-atom frontier between the
QM and MM subsystems. The term “gas-phase” refers to the fact that the protein
membrane and solvation effects are not explicitly modeled during the calculations.
Nevertheless, the electrostatic effect of the protein external environment is effec-
tively accounted for by an asymmetric distribution of external ions (i.e., CI~ or
Na*) whose charge and position are determined, automatically, by a specific
algorithm, near the most positively and/or negatively charged surface amino acids
in both the intracellular (IS) and extracellular (OS) protein surfaces. Moreover, to
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account the water-mediated hydrogen-bond network (HBN) in the protein cavity,
the internal crystallographic waters are retained in the model, while the waters that
are not experimentally detected are assumed to be extremely mobile or just absent
in the chromophore hydrophobic protein cavity. Considering these approxima-
tions, during the construction of the a-ARM model the rhodopsin structure is
subdivided into three sub-systems requiring layers of increasing level of accuracy
for their description. The first MM-based sub-system, called protein environment,
features residues (backbone and side-chain atoms) fixed at the crystallographic or
comparative (homology) structure and incorporates external Cl~ and/or Na*
counterions fixed at preoptimized positions as well as some crystallographic/
comparative waters (see below). The second sub-system, namely the chromophore
cavity, constitutes the second MM layer of the model and contains amino acid
residues with fixed backbone and relaxed side-chains, including the covalently
linked lysine residue atoms (excluding the terminal NH,-C, moiety), as well as
flexible crystallographic/comparative waters in the vicinity (<4 A) of the rPSB. The
third sub-system, called Lys-QM, contains the MM atoms of the covalently linked
lysine side-chain in contact (through C.) with the QM/MM frontier (i.e., 9 atoms)
and the entire QM sub-system which corresponds to a N-methylated retinal
chromophore (i.e., 53 atoms). As illustrated in Fig. 4b, ¢, to obtain the QM/MM
model automatically the only required input is either the PDB ID or a template
PDB file (X-ray structure or comparative model) of the rhodopsin, that is processed
by two subsequent phases called input file generator (Phase I, Fig. 4b) and QM/
MM model generator (Phase II, Fig. 4c) correspondingly, previously reported in
refs. 2303435 and summarized in Supplementary Note 2 and Supplementary
Note 3, respectively. Briefly, Phase II produces 10 model replicas of the a-ARM
model via S, geometry optimization of the input generated through Phase I starting
from distinct molecular dynamics (MD) runs (see Supplementary Note 3). Such
optimization relies on the use of the multi-configurational complete active space
self-consistent field (CASSCF) at the 2-roots single-state, for modeling the QM
sub-system while the MM subsystem is treated using the AMBER force field
(CASSCF(12,12)/6-31 G(d)/AMBER level). The AMBER force field is not polar-
izable and only includes polarizability effect in a mean-field fashion possibly
contributing the method systematic error.

The CASSCF(12,12) level of theory is followed by an energy correction at the
multi-configurational second-order perturbation level (CASPT2) to recover the
missing dynamical electron correlation. Thus, a 3-roots state-average CASPT2 that
uses the three-root stage-average CASSCF(12,12)/6-31 G(d)/AMBER as the zero-
order reference wavefunction, is computed (CASTP2(12,12)/6-31 G(d)/AMBER).
Ultimately, each of the 10 model replicas correspond to an equilibrated gas-phase
and globally uncharged monomer QM/MM model and it is associated with a
AEg)_go calculated between Sy — S,. Finally, the average AEg, g, is reported along
with the corresponding standard deviation (see Section Supplementary Note 3).

Validation, capabilities, and potential applications of a-ARM. The a-ARM
protocol, in its current version, does not represent a predictive tool but rather is
designed to produce models useful for investigating the origin of trends in spec-
troscopic/photochemical properties (e.g., between sequence variability and func-
tion) emerging from different sets of experimental data. Furthermore, the models
are used assuming that single amino acid replacements will change the protein
conformation at the level of the chromophore cavity. Accordingly, after demon-
strating that the models reproduce, within the protocol error bar (see below), the
trend in observed vertical excitation energy AEg,_go (equivalent to the A%, value),
the QM/MM models are employed to study the factors (i.e., steric and electrostatic
contributions to AEs;_go) determining the AEs;_go change of each mutant with
respect to the WT-KR2. This is only possible because the level of protocol auto-
mation guarantees, regardless of the user ability or computational facility, repro-
ducible a-ARM QM/MM models when the same parameters are employed in
Phases I and II of Fig. 4b, c. Indeed, the production of the default a-ARM model
(see a-ARM gegauie approach in Supplementary Note 2) is fully automated and does
not require human intervention thus preventing the generation of biased models.
Furthermore, the absence of parameters required at the input stage, prevents
overfitting. On the other hand, in specific cases, mostly related to the difficulties in
predicting the correct ionization state of ionizable groups surrounding the chro-
mophore it is necessary to customize the default model by following a well-defined
protocol (see a-ARM ystomizea approach in Supplementary Note 2). Such a sys-
tematic (non-arbitrary) protocol, documented in refs. 930, and summarized in
Supplementary Note 2, involves three steps which only concern the ionization
states of the ionizable residues that, as reported in refs. >-*. and anticipated above,
is the most frequent cause of inconsistencies between the computed and observed
excitation energies. The customization procedure does not represent an overfitting
of the model but a systematic ionization state scan also used by other groups
working on rhodopsin simulations (see for instance refs. 13:3233).

The a-ARM models described above (see Supplementary Note 10 and
Supplementary Fig. 6) have been successfully benchmarked by reproducing the
trends in AE, of a set of 44 rhodopsins (25 of wild type and 19
mutants)®3035-37:42_ More specifically, the a-ARM gy approach proved to be
capable of reproducing the observed AEg, _g, values for 79% (35/44) of the models,
whereas the other 21% were successfully obtained with the a-ARMystomized
approach (i.e., customizing the protonation states pattern). The estimated trend
deviation, relative to the probed set using as a reference bovine rhodopsin (Rh), has

been reported as 0.7 0.5 kcal mol~! (0.03 + 0.02 eV) and the mean absolute error
(MAE) (see definition in Supplementary Note 6) as 1.0 kcal mol~! (0.04 eV)?. Both
computed and observed trends in AEg;_go for the benchmark set, that comprises
microbial and animal rhodopsins whose structures were obtained from either X-ray
crystallography or comparative modeling, is presented in Supplementary Figure 7.

Considering that in this study we are interested in trends in vertical excitation
energies, and more specifically red- or blue-shifts of these values, the results are
presented and discussed in terms of mutation-induced shifts with respect to WT-
KR2 rather than differences between observed and calculated values. On the other
hand, the observed AEg, g, displays a remarkable experimental “asymmetry” with
18 over 19 single site variants featuring a red-shifted AEg,_g, values compressed in
a 1.0 kcal mol—! (0.04 eV or ca. 10 nm) wide range. Such relatively small difference
has prevented a robust individual quantitative analysis of the color variation of
these mutants. For these reasons the red-shifted mutants have been collected in a
single cluster and the analysis is mainly performed by focusing on the origin of the
AEg, _so change when going from WT-KR2 to the center of the cluster. Still, the less
and most red-shifted mutants falling parallel to the correlation line (P219G and
P219H respectively) are individually discussed. The limitations and pitfalls of the
protocol are summarized in Supplementary Note 12.

Automation of the mutant rotamer selection. The QM/MM modeling of the
mutants required a second step of experimentally-driven customization dealing
with the residue side-chain conformation (i.e., rotamer selection). That procedure
consisted in evaluating the model performance for a set of automatically chosen
rotamers and select the one that better reproduces the observed AEg, g, value (we
assume AEg" ) = he/A%EP and use AEGT ¢, and 235 interchangeably in the
following). To this aim, an update version of the mutation routine of the input
generator (see step 3 in Fig. 4b), that uses Modeller*? instead of the default rotamer
library SCWRL4*, is proposed as part of the present work. A detailed description
of the new approach is provided in Supplementary Note 13. Briefly, in order to
explore the performance of different rotamers of the mutated side-chain, three a-
ARM QM/MM models featuring the three highest scored mutated side-chain
rotamers selected by Modeller®3, are produced and their AEs, s, evaluated (see
Supplementary Fig. 7). Then, the model that better reproduces the observed

AEg) g is selected (see Supplementary Fig. 8). To perform such selection, we use, as
a baseline, the difference between the computed and observed AEg, g, of the WT-
KR?2, hereafter referred to as AAEEXPWTg, .. The equivalent quantity calculated
for each rotamer (AAEEXPTOtXg, o with X=1, 2, 3) is then contrasted with the
AAEEPWIG ) via the equation rotX = (AAEEXPrOXg o — AAEEPWT o) (see
Supplementary Fig. 9). The rotamer that features the lower rotX value (preferring
blue-shifted values) is chosen as the representative a-ARM model (see Supple-
mentary Fig. 10). Although this approach relies on experimental information and
does not represent a predictive tool, it automates the side-chain conformation
selection during the construction of mutant models aimed at the reproduction of
experimental trends in properties. Some limitations and pitfalls of the proposed
approach are provided in Supplementary Note 13.

Statistics and reproducibility. As further described in “QM/MM Modeling”
section and Supplementary Note 3, each a-ARM QM/MM model is composed of
n = 10 independent replicas that correspond to an equilibrated gas-phase and
globally uncharged monomer, and it is associated with a AEg, g, calculated
between Sy — S;. As shown in Fig. 5¢, for each model the average AEg; g, is
reported (see green triangles) along with the corresponding standard deviation (see
green error bars). Finally, the replica with AEg;_go closest to the average (see red
squares) is selected as a representative model for the color tuning analyses. The
production of the models, as well as the computation of the average and standard
deviation, and the posterior selection of the representative replica is performed
automatically by the a-ARM protocol illustrated in Fig. 4. Therefore, the repro-
ducibility of the data is guaranteed when selecting the same initial seeds for the
n = 10 MD runs. On the other hand, the statistical parameters employed for the
different computational analyses, i.e., mean absolute error (MAE), mean absolute
deviation (MAD), and weighted average () are described in Supplementary Note 6
and the equations are provided. Furthermore, the methodology employed for the
calculation of the weighted average is provided in Supplementary Note 6, along
with an illustrative example.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All experimental data shown in main figures were deposited in Supplementary Data 1.
XYZ Coordinates for the optimized Sy a-ARM QM/MM models are provided as
Supplementary Data 2-21 as follows: P219A (Supplementary Data 2.xyz), P219C
(Supplementary Data 3.xyz), P219D (Supplementary Data 4.xyz), P219E (Supplementary
Data 5.xyz), P219F (Supplementary Data 6.xyz), P219G (Supplementary Data 7.xyz),
P219H (Supplementary Data 8.xyz), P2191I (Supplementary Data 9.xyz), P219K
(Supplementary Data 10.xyz), P219L (Supplementary Data 11.xyz), P219M
(Supplementary Data 12.xyz), P219N (Supplementary Data 13.xyz), P219Q
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(Supplementary Data 14.xyz), P219R (Supplementary Data 15.xyz), P219S
(Supplementary Data 16.xyz), P219T (Supplementary Data 17.xyz), P219V
(Supplementary Data 18.xyz), P219W (Supplementary Data 19.xyz), P219Y
(Supplementary Data 20.xyz), and WT-KR2 (Supplementary Data 21.xyz). Any
remaining information can be obtained from the corresponding author upon reasonable
request.

Code availability

Code for the a-ARM protocol used in the computational experiments for the QM/MM
modeling and color tuning analysis of P219X mutants of KR2 is currently only installed
in our cluster facilities but can be distributed via GitLab repository under user request.
The manuscript concerning the publication of the computational package that
implements all the a-ARM protocol/features is work in progress.
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