
maxima.8−10 In fact, as also mentioned above, such
spectroscopic quantity is determined by the ΔES1−S0 value
(see Figure 6B, green ΔES1−S0 gap). In turn, such a value
depends on both steric and electrostatic interaction between
retinal chromophore and protein environment. Using the
models produced by Web-ARM, researchers can learn about
the effect controlling the ΔES1−S0 variations based on the
amino acid side-chain replacement (e.g., of a polar with an
apolar residues) and the specific position where the
substitution occurs, close to the proton Schiff base (see Figure
6A, bottom, orange circle) or close to the β-ionone ring (see
Figure 6A, top, violet circle).
For example, in the case of ASRAT-L83N mutation (TDR

set), the amino acid substitution occurs in the proton Schiff
base region (Figure 7A, orange circle). This replacement
involved the substitution of leucine (L) (apolar residue) by an
asparagine (N) (a polar residue carrying a (−)O−CR

NH2(+) dipole). As a consequence, the energy of S0 was
stabilized by the negative pole (the (−)O−CR) which is
located closer to the proton Schiff base than the positive pole
(the CR−NH2(+)), causing an increase of the energy gap,
translating in a blue-shift effect on the ΔES1−S0 with respect the
WT model (see Figure 6B, blue ΔES1−S0 gap). On the other
hand, and always in the same set, ASRAT-C137S mutation
presented the opposite effect. The substitution of cysteine (C)
by a serine (S) (both polar residues) in the region close to the
β-ionone ring (Figure 7C, violet circle) is showing a
stabilization of the S1 energy. Thus, the trainee notices how
the stabilization is due to shorter distance between the
electronegative atom (O(−)) in the mutated residue and the
retinal chromophore (Figure 7, left) with respect to the same
electronegative atom (S(−)) in the wild type (Figure 7B), and
therefore, a red-shift effect with respect the WT model is
observed (see Figure 6B, red ΔES1−S0 gap).

Figure 8. 3D printed sculptures of the ASRAT-WT model (a and b, front and back view, respectively), as well as the ASRAT-C203V model (c and d,
front and back view, respectively), highlighting the mutated residue. The 3D sculptures were produced at facilities at BGSU starting from the pdb
files of the closest to the average among the N = 10 obtained structures, as provided by Web-ARM. Photos courtesy of T.D.R.
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The exercise described above shows that trainees are able to
perform scientifically significant calculations using Web-ARM.
The two undergraduates were able to search for variants of
ASR with different ΔES1−S0 and make a meaningful suggestion
as to what to choose for further experimental testing. In order
to substantiate their findings, ANJ and TDR produced 3D
models of the WT and most significant mutants of ASR, as
obtained from their work. The 3D printed sculptures in Figure
8 were produced starting from the pdb files produced by Web-
ARM as those which computed excitation energy is closest to
the N = 10 average.

4. CONCLUSIONS
Web-ARM represents a new and effective tool for the
automated production of QM/MM models of rhodopsins. As
detailed above, its most remarkable features are

(i) A promptly accessible and user-friendly interface to the
a-ARM protocol for the automated building of sizable
sets of a-ARM models. It is therefore likely that Web-
ARM will be used in studies aimed to predict or
rationalize trends in spectroscopic properties of different
rhodopsins and, most importantly rhodopsin mutants.

(ii) Web-ARM represents, to the best of our knowledge, the
first web-based tools for producing congruous (i.e.,
standardized) QM/MM models of proteins employing a
link-atom frontier strategy. In fact, the a-ARM code11

ensure consistency of the generated a-ARM-models. It
must be stressed that such models are suitable for the
study of both ground and excited state properties.

(iii) The Web-ARM generated models can be employed as
rapidly building “guess models” of documented quality
for the generation of more realistic and complex QM/
MM models including, for instance, other monomers
(e.g., in the modeling of multimeric rhodopsins), the
solvent/membrane environment, an higher level of QM
theory or a different force-field (e.g., a polarizable force-
fields).

Features i−iii can be exploited in research projects requiring
the generation and study of entire sets of a-ARM-models. In
fact, the underlying a-ARM protocol is exclusively geared
toward speed of input preparation, with the extra option of
performing such task with completely standardized choices,
while the execution of the calculations necessary to build the
models is left to the user, which leads to difficulties when many
models have to be built and characterized, possibly
simultaneously (e.g., for phylogenetically related rhodopsins
and for rhodopsin mutants). We have shown how the Web-
ARM interface facilitates the executions of such tasks, also by
removing the waiting times between completion of each stage
of an a-ARM-model calculation and submission of the next,
and actually speeding up the whole process. Accordingly, even
a less experienced user can use the Web-ARM interface to
prepare a-ARM inputs in batches and submit the correspond-
ing a-ARM calculations on our server, without any further
concern. Also experienced users looking for a more detailed
description of a rhodopsin and not interested in large sets of
rhodopsins can use Web-ARM to obtain, in a standardized
manner, a starting QM/MM model, which can be later refined
using their preferred methods, or simply used as guess
structures for specific calculations, such as pH-constant
dynamics (see ref 33) or for the construction of fully relaxed
QM/MM models embedded in a biological membrane.

Above we have also shown how Web-ARM can be used in
training activities at the border between chemistry and biology.
High-quality ground or excited state QM/MM calculations of
spectroscopic and photochemical properties of rhodopsins are
not widely accessible. With Web-ARM, researchers and even
students nonexpert in computational chemistry can perform
QM/MM calculations without the need to install specialized
software. Both junior researchers and trainees will thus be able
to perform meaningful calculations focusing on the underling
research targets, methodological concepts, and data analysis,
while remaining confident that the calculations are internally
consistent.
One further appealing feature of Web-ARM is that its

standardized output allows a quick retrieval of different data
(e.g., detailed protein structure, average excitation energy,
standard deviation of the computed results, etc.), which are
then ready to be used in any kind of analysis. The tutorial
incorporated in the Supporting Information, which is also
accessible from the web page, provides a further detailed
example on the possible interface uses.
It is our hope that, Web-ARM will allow scientists from

different backgrounds to efficiently study rhodopsins and their
characteristics. Although our current computational resources
allow 10 replicas only for registered users, it is our hope that,
through future development, we will be able to extend our
resources pool or develop technologies allowing users to use
their own resources. For example, we envision the possibility of
incorporating a collaborator resources into those available for
Web-ARM, as well as acquiring ad hoc cloud-based resources.
As an outlook, future versions of Web-ARM will include the

possibility of employing the QM/MM model obtained with
the current implementation, for a subsequent complete
population analysis and absorption spectrum simulation.51

Finally, current efforts toward the improvement of the
mutations routine are directed to replace the SCWRL4 (i.e.,
a rotamer library) by a software based on comparative
modeling. Future versions of the protocol will include this
feature.
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Gagliardi, L.; Garavelli, M.; Giussani, A.; Hoyer, C. E.; Li Manni, G.;
Lischka, H.; Ma, D.; Malmqvist, P. Å.; Müller, T.; Nenov, A.;

Olivucci, M.; Bondo Pedersen, T.; Peng, D.; Plasser, F.; Pritchard, B.;
Reiher, M.; Rivalta, I.; Schapiro, I.; Segarra-Martí, J.; Stenrup, M.;
Truhlar, D. G.; Ungur, L.; Valentini, A.; Vancoillie, S.; Veryazov, V.;
Vysotskiy, V. P.; Weingart, O.; Zapata, F.; Lindh, R. Molcas 8: New
Capabilities for Multiconfigurational Quantum Chemical Calculations
Across the Periodic Table. J. Comput. Chem. 2016, 37, 506−541.
(42) Coutinho, K.; Georg, H. C.; Fonseca, T. L.; Ludwig, V.;
Canuto, S. An Efficient Statistically Converged Average Configuration
for Solvent Effects. Chem. Phys. Lett. 2007, 437, 148−152.
(43) Nogly, P.; Weinert, T.; James, D.; Carbajo, S.; Ozerov, D.;
Furrer, A.; Gashi, D.; Borin, V.; Skopintsev, P.; Jaeger, K.; Nass, K.;
Bath, P.; Bosman, R.; Koglin, J.; Seaberg, M.; Lane, T.; Kekilli, D.;
Brünle, S.; Tanaka, T.; Wu, W.; Milne, C.; White, T.; Barty, A.;
Weierstall, U.; Panneels, V.; Nango, E.; Iwata, S.; Hunter, M.;
Schapiro, I.; Schertler, G.; Neutze, R.; Standfuss, J. Retinal
Isomerization in Bacteriorhodopsin Captured by a Femtosecond X-
ray Laser. Science 2018, 361, eaat0094.
(44) Vogeley, L.; Sineshchekov, O. A.; Trivedi, V. D.; Sasaki, J.;
Spudich, J. L.; Luecke, H. Anabaena Sensory Rhodopsin: A
Photochromic Color Sensor at 2.0 Å. Science 2004, 306, 1390−1393.
(45) Richter, H.-T.; Needleman, R.; Lanyi, J. K. Perturbed
Interaction Between Residues 85 and 204 in Tyr-185-Phe and Asp-
85-Glu Bacteriorhodopsins. Biophys. J. 1996, 71, 3392−3398.
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On the Automatic Construction of
QM/MM Models for Biological
Photoreceptors: Rhodopsins as Model
Systems

Laura Pedraza-González, María del Carmen Marín, Luca De Vico,
Xuchun Yang, and Massimo Olivucci

Abstract The automatic building of quantum mechanical/molecular mechanical
models (QM/MM) of rhodopsins has been recently proposed. This is a prototype of
an approach that will be expanded to make possible the systematic computational
investigation of biological photoreceptors. QM/MM models represent useful tools
for biophysical studies and for protein engineering, but have the disadvantage of
being time-consuming to construct, error prone and, also, of not being consistently
constructed by researchers operating in different laboratories. These basic issues
impair the possibility to comparatively study hundreds of photoreceptors of the same
family, as typically required in biological or biotechnological studies. Thus, in order
to carry out systematic studies of photoreceptors or, more generally, light-responsive
proteins, some of the authors have recently developed the Automatic Rhodopsin
Modeling (ARM) protocol for the fast generation of combined QM/MM models
of photoreceptors formed by a single protein incorporating in its cavity a single
chromophore. In this chapter, we review the results of such research effort by revising
the building protocol and benchmark studies and by discussing selected applications.
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2 L. Pedraza-González et al.

1 Introduction: Automatic QM/MM Model Generation for
Biological Photoreceptors is Needed in the Genomics age

Presently, genomics is increasingly applied in fields as diverse as drug design [114,
123], agricultural and food production [16], as well as in environmental and biotech-
nological research [13, 49]. These applications all involve accessing functional infor-
mation for proteins such as receptors or enzymes, starting from the corresponding
amino acid sequences. For this reason, faster and cheaper molecular biology tools for
gene sequencing, protein expression and analysis have been continuously developed
and applied to systematic studies [24, 69]. As a consequence, a growing number
of protein sequences are becoming available that, however, usually requires high-
throughput functional characterization to be converted into useful information. Com-
putational and theoretical studies provide, in principle, a highly effective strategy for
accomplishing such a task. Typically, such studies start with the building of the three-
dimensional protein structure associated with the retrieved sequence. This is usually
carried out via comparative modeling methods [74] where unknown structures are
built starting from a template corresponding to a set of atomic coordinates obtained
experimentally via X-ray crystallographic techniques.

In order to get information on the protein dynamics and functions, such as con-
formational flexibility and chemical reactivity, the output of comparative modeling
is often used as a guess to construct more complex models capable of providing
information on properties going, for instance, from chemical catalysis to electronic
spectroscopy to photochemistry. More specifically, when information on properties
involving an electronic reorganization must be simulated or predicted (e.g., a bond
breaking or an electronic transition), the model shall deal with both nuclear and
electronic motions. In this case, and when not considering the GPU-based full quan-
tum mechanical models of biological molecules still under development (see, for
instance, Ref. [129]), quantum mechanics (QM) is used to treat the reactive part of
the protein while its remaining part is treated classically using amolecular mechanics
(MM) force field. This leads to the so-called hybrid quantum mechanics / molecular
mechanics (QM/MM) models that are the subject of the present book.

In order to exploit the abundance of genomics data (i.e., protein sequences), a
researcher must carry out comparative studies on large sets of homologous proteins.
It is apparent that the rapid conversion of a set of homologous sequences into three-
dimensional structures would lead to new knowledge on the functionally important
protein parts that must be present (i.e., conserved) in all members of the set. The
construction of the corresponding QM/MM models would, additionally, provides
information on the conservation and variability of functional parts of the protein,
depending on both their electronic and geometrical structures and also, within a
certain time-scale, on their dynamical behavior. However, in order to perform a
meaningful comparative investigation at theQM/MMlevel, it is necessary: (i) to build
congruous QM/MMmodels according to a well- defined protocol with a known error
bar and (ii) to employ a building procedure allowing the construction of hundreds if
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not thousands QM/MMmodels. It is apparent that, in order to satisfy points i–ii, the
construction of QM/MM models needs to be automated.

In the present book chapter, we focus on the construction and application of a type
of QM/MM models that, due to their basic architecture, can be automatically built
and used for relatively fast screening studies. In particular, we will discuss how such
an automation has been designed, implemented, and benchmarked for a specific but
ecologically widespread and functionally diverse group of natural light-responsive
proteins: rhodopsins [28].Wewill see how suchmodels have not been designed to be
the most accurate model possible (see, for instance, the models of references [14, 48,
137, 138] that are designed for spectroscopic studies), but as partially constrained,
gas-phase models aimed at the prediction of the relationship between variations in
amino acid sequence and variations in spectroscopic and photochemical properties
that, in principle, do not require the modification of the protein backbone (e.g.,
light absorption or ultrafast photochemical transformations). We will also see that
they are specialized QM/MM models, in the sense that the building protocol is
specifically designed and parametrized for the study of rhodopsin proteins, focused
on the description of their prosthetic group (i.e., the chromophore), the protonated
Schiff base of retinal (rPSB), and its interactions with the surrounding amino acids
forming the chromophore cavity. For this reason, the building protocol has been
called Automatic Rhodopsin Modeling (ARM) protocol.

While focusing on QM/MM models for a single protein family may appear to be
of limited interest, rhodopsins form a vast family of biological photoreceptors capa-
ble of carrying out different biological functions. In fact, members of the rhodopsin
family are found in many diverse organisms and, thus, constitute widespread light-
responsive proteins driving a variety of fundamental functions in vertebrates and
invertebrates, as well as in microorganisms [28]. The recent discovery of a new fam-
ily of light-sensing microbial rhodopsins called heliorhodopsins [112] indicates that
we do not still fully comprehend the vast ecological distribution and functional diver-
sity of these light exploiting chemical systems, which appear to harness, globally,
an amount of sun-light energy as large as that harnessed by photosynthesis [42]. In
spite of their functional diversity, rhodopsins display a remarkably constant architec-
ture featuring, as detailed below, a cavity hosting the rPSB chromophore [28]. The
different protein functions are invariably initiated by a highly stereoselective pho-
toisomerization of the chromophore triggered by the absorption of light of specific
wavelengths [44, 46, 62, 80, 128].

There is an additional and more practical reason for constructing rhodopsin
QM/MMmodels automatically: the search for novel and more accurate optogenetics
tools [20, 61]. Optogenetics uses, mainly, genetically encoded and often specifically
engineered rhodopsins to control physiological processes. Nowadays, optogenetics
tools are mainly used in the investigation of the nervous system at the cellular and tis-
sue level. They are employed as light-driven actuators (i.e., action potential triggers),
light-driven silencers (i.e., action potential quenchers), and as fluorescent reporters
(i.e., action potential probes) [61]. Actuators are capable of starting, at a chosen point
in time and space, an action potential. Silencers can stop a moving action potential
and reporters are instead able to signal the passage of the action potential in a specific
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cell body. One target in the development of optogenetic tools is that of increasing the
variety of absorption wavelengths thus enabling simultaneous optical control by dif-
ferent colors of light. As such, various rhodopsin genes have been screened in order
to find additional colors [9, 70]. In particular, while many blue-absorbing rhodopsin
at λa

max < 500 nm have been reported [8] and even applied to optogenetics [70], the
longer absorption maxima are limited in λa

max < 600 nm. Random point mutations
identify the types of amino acid mutation that are effective for color tuning [27, 68].
Although numerousmutations causing bathochromic shift without disrupting protein
function were identified in this way, the degree of redshifts achieved so far have been
insufficient for application, and comprehensive experimental screening is difficult
because of the large number of possible mutations. Thus, rhodopsin models capable
to simulate light absorption and emission such as the proposed QM/MMmodels are
expected to help to rapidly estimate the absorption energy [90], mainly allowing the
screening of large sets of mutants.

Finally, there is a further motivation for focusing on the research endeavor out-
lined above. The general structure of rhodopsins, which is substantially made by a
protein hosting a single chromophore molecule, is representative of both natural and
artificial photoresponsive proteins. These would comprise, for instance, Xanthopsin
(PYP), light-oxygen-voltage-sensing domains, cryptochromes, and phytochromes.
An example of artificial systems is given by rhodopsin mimics constituted by soluble
proteins hosting covalently bounded natural or synthetic retinal-like chromophores
[18, 104]. It is thus clear that the automated construction of QM/MM models of
rhodopsins and the kind of applications revised in the following sections could, in
the future, be extended to other natural or artificial protein families.

This chapter is organized as follows. In Sect. 2, essentially a technical section, we
introduce the concept of QM/MMmodels of photoresponsive proteins with emphasis
on rhodopsin structure and on the possibility of automating the building of rhodopsin
models. Accordingly, in Sect. 2.1 we revise the general structure of a QM/MMmodel
(see Fig. 1a) and briefly describe the set of choices that stands at the basis of the
different type ofmodels found in the literature, while in Sect. 2.2 wemotivate the cur-
rently proposed protocol for constructing rhodopsin models and for approaching the
problem of automating such construction. In Sect. 3, we revise/discuss the develop-
ment and features of an ARMmodel, focusing on the current and latest workflow for
its automated construction called “a-ARM rhodopsin model building” and “original
ARM rhodopsin model building" protocols (see Fig. 1b). In Sect. 3.1 we describe the
a-ARM input file generator that automatically produces the input necessary for the
QM/MM model generator performed by the ARM protocol. This section explains
how, within a-ARM, it is possible to construct a less biased input with respect to the
one provided by a user. In Sect. 3.2, we, instead, revise the workflow for the auto-
mated assembly of the QM/MM model. This process is performed automatically by
the ARM protocol. In Sect. 3.3, we focus on the benchmarking of different ARM
models, focusing on the comparison with experimental λa

max values. Accordingly, we
discuss the different performance of ARM models generated using the ARM pro-
tocol and a manual input (ARMmanual) and by the more automated a-ARM default
and customized models (a-ARMdefault and a-ARMcustomized, respectively). Finally,
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Fig. 1 ARM model structure. a Left. Relationship between the ARM model’s three subsystems
and two multi-scale layers. Right. Detailed description of the components of the three subsystems
(for a microbial rhodopsin from the DA state of bacteriorhodopsin). (1) main protein chain (cyan
cartoon), (2) rPSB chromophore (green ball-and-sticks), (3) Lysine side-chain covalently linked to
the retinal chromophore (blue ball-and-sticks), (4) main chromophore counterion (cyan tubes), (5)
residueswith non-standard protonation states (violet tubes), (6) IS andOS external Cl− (green balls)
counterions, (7) crystallographic water molecules (red/white tubes), and the (8) amino acid residues
forming the chromophore cavity subsystem (red frames and surface). The externalOSand IS charged
residues are shown in frame representation. The environment subsystem is formed by parts 1 and
6. The Lys-chromophore subsystem, which includes the H-link-atom located along the only bond
connecting blue and green atoms, is formed by parts 2 and 3. The cavity subsystem is composed
of parts 4 and 8. Part 7 corresponding to water molecules may be part of either the environment
or cavity subsystems. b Relationship between the currently developed ARM protocols and ARM
models. Adapted with permission from [106]. Copyright 2019 American Chemical Society

in Sect. 3.4 we summarize the present assets and limitations of the ARM models
and in Sect. 3.5 we discuss the possibility of building such models via a web-based
interface called Web-ARM. In Sect. 4, we focus on the applications of ARMmodels
to the study of different aspects of rhodopsin functions, emphasizing their possible
use for the development of optogenetics tools. Thus, in Sect. 4.1 we deal with the
engineering of fluorescent mutants, in Sect. 4.2 with the engineering of microbial
rhodopsins absorbing in the red, in Sect. 4.3 with infrared light absorbing rhodopsins
via two-photon absorption, in Sect. 4.4 with the use of ARM models in modeling
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some aspects of rhodopsin photoisomerization and photocycle in Sect. 4.5 we focus
on the sensitivity to the pH. Finally, in Sect. 5 we summarize the chapter materials
and provide a perspective on the development of the field.

2 Automatic Generation of QM/MM Models for
Rhodopsins

Above, we have explained that the development of a fast and standardized QM/MM
modeling technology would be critical for a systematic understanding of rhodopsin
functions, as well as for the rational design of rhodopsin variants useful in basic
research and optogenetics [28, 145]. Such models have to be accurate enough to pro-
vide information in line with experimental observations. In fact, the ARM models
revised in this chapter have been developed with the target of reproducing/predicting
trends in spectroscopic, photophysical and photochemical properties and, therefore,
to provide an atomic-level interpretation (i.e., mechanism) for phenomena such as
spectral tuning and fluorescence, [41, 59, 85, 91, 106] as well as to design rhodopsin
variants to enhance/inhibit specific properties. Indeed, there is presently an interest
in the computational screening of rhodopsin variants exhibiting a longer maximum
absorption wavelength (λa

max) and/or enhanced fluorescence, achieved through the
effects of single and/or multiple amino acid mutations of a template wild-type struc-
ture [1, 59, 63, 85]. This would allow to select candidates for posterior experimental
expression and characterization.Actually, the computation of accurate trends in spec-
tral properties as derived from the screening of arrays of homologue wild-type (WT)
and/or mutant rhodopsins, is more valuable than the computation of absolute values
when the target is the rational design of rhodopsin variants [59, 85, 91, 106]. Recent
studies pursuing these targets will be reported in Sect. 4.

The above foreseen computational research and applications require a standard-
ized methodology, with a known error bar, allowing the study of hundreds, if not
thousands, of wild-type and/or mutant rhodopsins in a comparative fashion. In order
to design an effective screening methodology, it is fundamental to identify: (i) the
main parts of the systems to bemodeled (i.e., of the rhodopsin protein family) and (ii)
the spectroscopic and/or photochemical properties whose trends have to be computed
(i.e., light emission and photoisomerization of the retinal chromophore).

With respect to point (i), rhodopsins share a common architecture constituted by
seven transmembrane helices, which form a cavity hosting the rPSB chromophore.
rPSB is covalently linked via a specific lysine residue (located in the middle of helix
VII and helix G for animal and microbial rhodopsins respectively), via an imine
(–C=N–) linkage.However, in spite of such similarity, there are presently three known
rhodopsin families with large differences in sequence (i.e. they are not considered
homologues) as well as in certain structural features: animal (type II) rhodopsins,
microbial (type I) rhodopsins [28], and heliorhodopsins [112]. For instance, the
difference between animal rhodopsins and the other families, is the fact that the

Appendix B
B.3. Paper [III]: Chapter 1: On the Automatic Construction of QM/MM Models for

Biological Photoreceptors: Rhodopsins as Model Systems

221



On the Automatic Construction of QM/MM Models for Biological … 7

photoisomerization of the retinal chromophore involves the transformation of the
11-cis rPSB chromophore dominating their equilibrium dark adapted (DA) state
to its all-trans configuration, while in microbial and heliorhodopsin families the
DA state is dominated by an all-trans rPSB chromophore, which is usually trans-
formed into the 13-cis configuration upon light absorption. On the other hand, the
animal and microbial rhodopsin families differ from the heliorhodopsin family in
terms of the orientation of the N-terminal and C-terminal residues with respect to
the orientation of the biological membrane. In the first two families, the N-terminal
amino acid is exposed to the inner (intracellular) part of the cell membrane, while in
heliorhodopsins the same residue is exposed to the extracellular matrix. With respect
to point (ii), it is well-known that the process driving the diverse functions carried
out by rhodopsins is the photoisomerization of the rPSB chromophore occurring
immediately after the absorption of a photon of appropriate wavelength. It is also
known that the, usually weak, fluorescence is exploited in optogenetics. Therefore,
important properties that the chosen QM/MMmodel shall reproduce/predict are the
rhodopsin color (or absorption wavelength), fluorescence and photochemical reac-
tivity. This last property includes the simulation of the excited state dynamics, decay
to the ground state, and primary photoproduct formation on a total time-scale of few
picoseconds [28, 44, 62]. This last process is ultimately accompanied by geomet-
rical perturbation of the residues (i.e., amino acids, water molecules) belonging to
the chromophore cavity, and mediated by the electrostatic/steric interactions of the
rPSB chromophore with the residue side-chains. However, the residues located far
away from the chromophore cavity are, in general, less prone to influence or being
influenced by the chromophore isomerization.

When taking into account the structural features revised in point (i) and limiting
our interest on the properties mentioned in point (ii), it is possible to subdivide the
rhodopsin structure in three parts or subsystems, requiring an increasing level of
accuracy for their description. These subsystems are: the (protein) environment, the
chromophore cavity, and the Lys-chromophore (see Fig. 1a). These subsystems also
define amulti-scale computational approach, which uses different levels of theory for
treating different layers. Aswewill discuss below, the proposedARMmodel features
three subsystems and two layers. In such a basic QM/MMmodel, an MMmethod is
used for treating the environment, cavity, and the Lys part of the Lys-chromophore
subsystem. As it will be detailed in the following, the rPSB chromophore is instead
treated at the multi-configurational QM level [2, 3, 91, 103, 106, 145].

In the present section, we introduce a protocol for the fast and congruous produc-
tion of ARMmodels for wild-type andmutant rhodopsin variants. Themodel general
structure and choice of specific QM and MM method is described in Sect. 2.1. The
following Sect. 2.1 describes how to employ such QM/MM tools for the effective
description of rhodopsins, and how to assemble them into an efficient algorithm.
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2.1 QM/MM Partitioning

The total potential energy of a QM/MM model is calculated by (see Eq. 1)

ETotal = EQM + EMM + EQM/MM (1)

where EQM is the energy of the QM subsystem, EMM is the energy of the MM sub-
system, and EQM/MM is the energy contribution coming from the interaction between
them.

A general, first level, classification of QM/MM methods is based on the way the
electrostatic interactions between the QM and MM subsystems is treated:

• Mechanical Embedding: the QM calculation is performed without the MM sur-
rounding charges and the interaction between the QM and MM subsystems is
treated at the MM level for both the electrostatics and the van der Waals interac-
tions.

• Electrostatic Embedding: the QM calculation is performed in the presence of MM
surrounding charges and the electrostatic interactions between the subsystems
enter theQMHamiltonian,while bonded and van derWaals interactions are treated
at the MM level. This is the most common level of QM/MM theory used.

• Polarizable Embedding: the QM calculation is performed in the presence of sur-
rounding polarizable MM charges and the electrostatic interactions between the
subsystems enter, again, the QM Hamiltonian, while bonded and van der Waals
interactions are treated at the MM level. This is a technology still under bench-
marking even if a number of polarizable force fields and applications are available
[60].

The selection of the best QM/MM approach relies on the characteristics of the
problem under study and/or the success achieved by a method for the investiga-
tion of similar problems. In the QM/MM approach described in Sect. 3.2, the QM
region is treated at the well-studied CASPT2//CASSCF level of theory [4, 31] (i.e.,
energy//geometry), with the 6-31G(d) basis set and an active space including the
full π-system (12 electrons in 12 orbitals) of the retinal chromophore bound to the
lysine via protonated Schiff base linkage. By default, in ARM, the excitation energies
are computed using three-root state-averaged singlet wave functions thus providing
the energies of the first three singlet electronic states (S0, S1, and S2). For the MM
region, the Amber94 force field [17] is used. The interaction between the QM and
MM regions is based on an electrostatic embedding scheme involving an uncon-
ventional treatment called Electrostatic Potential Fitted (ESPF) [29]. In ESPF, the
electrostatic interaction energy between a QM derived charge distribution and an
arbitrary external potential is approximated using the expectation value of the dis-
tributed multipole operator fitted to the electrostatic potential grid derived from the
electronic wave function computed in the presence of the MM charges. This opera-
tor, by construction, yields the best possible representation of the interaction energy
in the framework of a limited multi-centered multipole expansion of the interacting
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charge distributions. The use of this operator is advantageous in QM/MM calcula-
tions, because it ensures a smooth transition between QM and MM modeling of the
electrostatic interaction between the corresponding multi-scale layers.

2.1.1 Selection of QM Method

The selection of a suitable QM method for a QM/MM approach follows the same
criteria as in pure QM models (accuracy versus computational cost). With this in
mind, semi-empirical QM methods have been one of the most popular choices (see
for instanceRefs. [139] and [14]), and remain important for the study of large systems
(i.e., proteins) where the computational costs is high. In this regard, Density Func-
tional Theory (DFT) is the workhorse in many contemporary QM/MM studies, and
correlated ab initio DFT methods are increasingly used in electronically demanding
cases or in the quest for high accuracy. Here we mention the State-interaction State-
average Spin-restricted Ensemble Kohn-Sham (SI-SA-REKS) [33, 34] method and
the Multi-reference Spin-flip Time-dependent DFT (MR-SP-TDDFT) method [51]
that have been tested for minimal rPSB chromophores in the gas-phase [55].

A multi-configurational quantum chemical method called Multi-Configurational
Self-Consistent Field (MCSCF) is useful for systems where more than one electron
configuration has to be taken into account to describe electron unpairing (i.e., ground
and excited states, bond breaking, open-shell species). One of the most popular and
benchmarked MCSCF methods is the Complete Active Space Self-Consistent Field
(CASSCF) [118]. CASSCF is equivalent to the full configuration Interaction (FCI)
method applied to a selected subset of electrons and orbitals called the Active Space,
while the remaining electrons and orbitals are treated at the Hartree-Fock (HF) level,
although they are optimized together with the active orbitals. CASSCF has a rea-
sonable accuracy in the description of the excited states of any kind, performing
qualitatively well even in the presence of charge transfer (CT) states (it is better for
diradical (DIR) states) and it was used successfully for an extensive number of mech-
anistic photochemical studies. CASSCF has a major drawback: dynamic electron
correlation, which is most important for CT states, is not properly described, leading
to poor agreement with experimental measurements such as those from absorption
and emission spectroscopies. Applying a multi-reference perturbative correction to
the energy can fix this problem.

Indeed, the CASPT2 method (Complete Active Space Second-order Perturba-
tion Theory) [4] is commonly used in order to include dynamic electron correla-
tion effects on top of CASSCF. This is usually done according to the widely tested
CASPT2//CASSCF protocol [45] where the geometrical structure of the model is
determined at the CASSCF level while the potential energy of the electronic states
of interest is determined at the CASPT2 level. CASPT2 can be viewed as a con-
ventional perturbative method where the zeroth-order electronic wave function is a
CASSCF function designed to include the electronic states of interest. Computing
CASPT2 energies evaluated onCASSCF optimized geometries has shown to provide
an acceptable agreement with experimental measurable quantities such as excitation
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energies and reaction barriers and, thus, provide a description of the spectroscopy
and reactivity of the system. It has also been shown that such an agreement (usually
within few kcalmol−1 or tenths of eV in the blue-shifted direction) is due, when using
a limited basis set such as a double-zeta Gaussian basis with polarization functions
(most frequently 6-31G(d)), to a cancelation of errors [32].Herewe shallmention that
MS-CASPT2 [35], XMS-CASPT2 [7] and the substantially equivalent XMCQDPT2
[47] are significant improvements of CASPT2 as they allow for state interaction (not
exclusively energy corrections) providing a smoother and more correct PES map-
ping. Furthermore, XMS-CASPT2 gradients [105] have been recently made avail-
able allowing for geometry optimization at that level of theory. CASPT2//CASSCF
as well as XMS-CASPT2//CASSCF protocols are expensive from the computational
point of view and cannot be applied to large chromophores. Fortunately, the rPSB
chromophore of rhodopsins is small enough and can be described at these levels of
theory (still using CASSCF gradients and therefore CASSCF optimized geometries).
XMS-CASPT2 gradients are still far too expensive for systematic studies of systems
featuring the entire rPSB chromophore. Some evidence on the suitability of CASSCF
gradients for dynamics studies have been reported [83] with an acceptable compu-
tational costs on, for instance, a modern computer cluster. On the other hand, more
complex chromophores such as, for instance, the tetrapyrrole chromophore of phy-
tochromes or the carotenoid of the orange carotenoid protein can only be treated with
active spaces that are reduced with respect to the ones comprising the full π-system
[42]. We shall mention that attempts to treat a larger portion of a rhodopsin at the
QM level have been reported using technologies exploiting GPUs rather than CPUs
[150]. However, these have not used CASSCF. In fact, a special version of density
functional theory such as the SI-SA-REKS method [33, 34] have been employed.
In this case [150] for instance for the case of bacteriorhodopsin, a QM region con-
sisting in the full rPSB chromophore, the CεH2 unit from the Lys216 side-chain,
and the counterion cluster to the Schiff base, which includes three water molecules
(Wat401,Wat402, andWat406) and the side-chains ofAsp-85 andAsp-212 (74 atoms
in total) have been used. The calculations comprised two active electrons and two
active orbitals and were run on GPUs. We shall also mention that methods suitable
for treating larger active spaces and automatically selecting them have been recently
reported [130]. These methods can describe π-systems larger than that required by
the only retinal chromophore and can be employed to study if and how aromatic
residues could significantly interact with the chromophore at the electronic wave
function level [96, 136].

2.1.2 Selection of MM Method

Established MM force fields are available for biomolecular applications (e.g.,
CHARMM, AMBER, GROMOS, and OPLS) and for explicit solvent studies (e.g., TIP3P
or SPC for water). However, it is often necessary to derive some additional force
field parameters whenever the QM/MM calculations target situations in the active-
site region that are not covered by the standard force field parameters (e.g., the
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frontier between covalently bounded QM and MM layers) which are, in the case of
proteins, with the protein backbone and natural amino acid side-chains. The classical
biomolecular force fields contain bonded terms as well as non-bonded electrostatic
and van der Waals interactions. Electrostatics is normally treated using fixed point
charges at the MM atoms. The charge distribution in the MM region is thus unpolar-
izable, which may limit the accuracy of the QM/MM results. The logical next step
toward enhanced accuracy should thus be the use of polarizable force fields that are
currently developed by several groups using various classical models (e.g., induced
dipoles, fluctuating charges, or charge-on-spring models). The QM/MM formalism
has been adapted to handle polarizable force fields [40, 125], but one may expect
corresponding large-scale QM/MM applications only after these new force fields are
firmly established. In the meantime, essential polarization effects in the active-site
environment may be taken into account in QM/MM studies by a suitable extension of
the QM region (at increased computational cost, of course). This has not extensively
explored/done for rhodopsins due to the significant increase of the QM subsystem
and, consequently, computational cost.When the additional cavity residues also con-
tain electrons that need to be correlated with the one of the chromophore then an
expansion of the active space is requested, which will make the cost even higher
[136].

2.1.3 Boundary Treatment

The treatment of the frontier between the covalently bounded QM and MM sub-
systems provides a second level of classification of the QM/MM methodology. In
certain QM/MM applications where there is no covalent bonding between the two
subsystems, no boundary system is necessary as the embedding schemes revised
above will take care of it. However, in many QM/MM studies, it is unavoidable that
the QM/MM boundary cuts through a covalent bond. The frontier of the QM/MM
system is set across the lysine Cε-Cδ bond (see Fig. 2). The resulting dangling bond
must be capped to satisfy the valency of the QM atom at the frontier, and in the
case of electrostatic or polarized embedding, one must prevent over-polarization of
the QM density by the MM charges close to the cut [30]. Link-atom (LA) schemes
(see Fig. 2) introduce an additional atomic center (usually a hydrogen atom) that is
not part of the real system and is covalently bonded to the QM frontier atom. Each
link-atom generates three artificial nuclear degrees of freedom that are handled dif-
ferently by different authors. Themost common procedure is to fix the position of the
link-atom such that it lies in the bond being cut, at some well-defined distance from
the QM frontier atom, and to redistribute the forces acting on it to the two atoms of
the bond being cut. This effectively removes the artificial degrees of freedom since
the link-atom coordinates are fully determined by the positioning rule rather than
being propagated according to the forces acting on them. Concerning the possible
over-polarization in link-atom schemes, several protocols have been proposed tomit-
igate this effect which involves, for example, deleting or redistributing or smearing
certain MM charges in the link region. The bonded interactions along the QM/MM
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Fig. 2 Structure of the cavity and Lys-chromophore subsystems of a bovine rhodopsin
QM/MM model constructed with a-ARM. The cavity subsystem, which contains the negatively
charged counterion (GLU113) of the cationic rPSB moiety, and the LYS296 side-chain up to the Cδ

atom, belong to theMM layer and are treated using the AMBER force field. The rPSB chromophore
moiety and the remaining part of the of the LYS296 side-chain comprising theCεH2 group and imine
N atoms is treated at the QM level of theory. The dashed lines in the Lewis substructures represent
dangling bonds connected to QM or MM atoms indicated by dark spheres. MC and SC correspond
to the assigned primary and secondary chromophore (i.e., internal) counterions, respectively

boundary are treated with the corresponding standard MM potential, except for the
re-parametrized C15-N-Cε-Cδ torsional parameter [32]. The non-bonded interac-
tions use the standard or re-parametrized van der Waals parameters to obtain the
QM/MM van der Waals energy. The specific choices taken by the ARM model will
be summarized in Sect. 3.2.

2.2 On the Development of a Standardized QM/MM Protocol

QM/MM models of rhodopsins have been widely employed to tackle problems in
computational photochemistry and photobiology [145]. A well-documented case is
that of bovine rhodopsin (Rh), which is considered a reference system for assessing
the quality of QM/MMmodels, since it was the first wild-type animal rhodopsin (Rh-
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WT) for which an X-ray crystallographic structure became available. Presently, Rh-
WT represents an experimentally well-documented system in terms of spectroscopic
and photochemical properties and their variation in different photocycle intermedi-
ates and mutants. Accordingly, different construction protocols for QM/MMmodels
of Rh-WTaimed at reproducing its observedλa

max value (498 nm) have been reported.
The result of these efforts illustrate how the differences in the adopted construction
protocol affect the properties of QM/MM models and, in turn, the calculated λa

max
which result in variations up to a 36 nm [2, 3, 5, 12, 39, 133, 137]. These results
demonstrate the importance of a standardized protocol for QM/MM model genera-
tion. Such protocol should not strictly aim at the prediction of the absolute values of
observable properties such as theλa

max and excited state lifetime, but to the description
of their changes along sets of different rhodopsins and rhodopsin mutants.

Table 1 reports theλa
max obtained fromnine differentQM/MMmodels. Themodels

listed in the table differ from each other for: the level of theory used for the QM
calculation of theQM layer including the type of atomic basis set employed, the force
field used to compute the MM layer and the approach used to describe the frontier
connecting the QM and MM layers and, finally, the type of interaction between the
QM and MM layers. These characteristics of the QM/MM model are not the only
factors influencing the λa

max value. Indeed, the specific model construction protocol
(i.e., including the different steps necessary to build the input for the final QM/MM
calculation), is a factor impacting the model quality. Such choices are, for instance,
the extension of the described protein environment (i.e., inside an explicit membrane
or in the gas-phase (i.e., in isolated conditions) with electrostatics simulated with
external counterions), the assignment of the protonation state for the ionizable protein
residues (i.e., Asp → Ash, Glu → Glh, His → Hid or Hie, and Lys → Lyd), the
selection of the side-chain conformation of specific residues (i.e., amino acids with
different rotamers), the choice of the residues forming the chromophore cavity (i.e.,
the definition of such cavity), the constraints imposed on the initial structure (i.e.,
relaxed or fixed backbone) and the treatment of the internal water molecules (i.e.,
retention of the only crystallographic water molecules or the inclusion of possible
missing ones).

From the description above, it is evident that a standardized protocol for the
fast and automated production of congruous QM/MM models which can thus be
replicated in any laboratory, must be based on two well-defined phases that here
are called “generators”: (i) input file generator and (ii) the QM/MM model genera-
tor. In Sect. 3, we report the development, implementation, and benchmarking of a
construction protocol designed to deal automatically with phases (i) and (ii).
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Table 1 A non-exhaustive list of QM/MM model setups reported in the literature for bovine
rhodopsin (Rh). Calculated maximum absorption wavelength (λa,calc

max )
Reference Template QM/MM Force field QM/Basis set λa,calc

max �Expλa
max

(nm) (nm)g

Andruniow
et al.a [5]

1HZX [132] Gaussian 98/ AMBER94 CASPT2//CASSCF/ 479 19

TINKER 6-31G(d)

Altun et al.b

[2, 3]
1U19 [101] Gaussian 03/ AMBER94 TD-B3LYP//B3LYP/ 503 -5

AMBER 6-31G(d)

Tomasello et
al.c [133]

1U19 [101] Gaussian 03/ AMBER8 CASPT2//CASSCF/ 496 2

AMBER 6-31G(d)

Sekharan et
al.d [124]

1U19 [101] Gaussian 03 CHARMM CASPT2//ANO/ 502 -4

SCC-DFTB

Bravaya et
al.e [12]

1HZX [132] GAMESS/ AMBER99 aug-MCQDPT2//PBE0/ 515 -17

TINKER cc-pVDZ

Fujimoto et
al.e [39]

1L9H [100] Gaussian 03, AMBER99 SAC-CI//B3LYP/ 506 -8

GAMESS D95

Valsson et
al.f [137]

1U19 [101] MOLCAS AMBER96 CASPT2//BLYP/ 482 16

ANO-L-VDZP

Fujimoto et
al.e [38]

1U19 [101] Gaussian 03, AMBER94 SAC-CI//HF/D95(d) 486 12

Melaccio et
al.g [91]

1U19 [101] MOLCAS/ AMBER94 CASPT2//CASSCF/ 474 24

TINKER 6-31G(d)

Walczak et
al.f [144]

1U19 [101] MOLCAS/ AMBER94 CASPT2//B3LYP/ 513 24

TINKER 6-31G(d)

Pedraza-
González et
al.a [106]

1U19 [101] MOLCAS/ AMBER94 CASPT2//CASSCF/ 496 2

TINKER 6-31G(d)

a Chain A. Ash (83), Glh (122,181), Hid (211)
b Chain A. Ash (83), Glh (122,181,249), Hid (152,195,278), Hie (211)
c Chain A. Ash (83), Glh (122,181), Hid (152,195,211)
d Chain B. No details on protonation states.
e Chain A. No details on protonation states.
f Chains A and B. Ash (83), Glu (122), Hid (100,211), Hie (65,152,195,278).
f Methodology selected from benchmark of different QM/MM model setups.
g Chain A. Ash (83), Glh (122), Hid (211)
g �Expλa

max = λ
a,expc
max − λa,calc

max ; (λa,expc
max = 498 nm)
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3 Automatic Rhodopsin Modeling: ARM and a-ARM
Protocols

As mentioned above the original ARM rhodopsin model building protocol has
recently been introduced as a specialized tool for the automated generation of basic
but congruous QM/MMmodels (ARMmodels) of wild-type and mutant rhodopsins.
In ARM, rhodopsins are modeled as monomeric (single-chain), gas-phase, and glob-
ally uncharged proteins binding the rPSB chromophore. ARM employs a two-layer
QM/MM approach based on electrostatic embedding and the H-link-atom frontier
connecting the QM and MM layers [91, 106] (see Figs. 1 and 2). The term “gas
phase” refers to the fact that while rhodopsins are membrane proteins exposed to
the the transmembrane electrostatic field generated by an asymmetric distribution
of the surface ions, the membrane and surrounding solvent are not incorporated in
the model and such interaction is, therefore, not explicitly described. In fact, ARM
models mimic the environment electrostatics by adding Cl− and/or Na+ as external
counterions in the vicinity of the positively and/or negatively charged surface amino
acids (i.e., ionizable residues Asp, Glu, Arg, Lys, His), in both the intracellular (IS)
and extracellular (OS) protein surfaces (see Fig. 1a).

As stated in the caption of Fig. 1a, ARM models are composed of three subsys-
tems: environment, cavity, and Lys-chromophore. The environment subsystem is a
monomeric chain with the amino acid residues and few molecules of water, fixed
at the crystallographic or comparative model structure, and includes external Cl−
and/or Na+ counterions also fixed at pre-optimized positions. The cavity subsystem
contains amino acid residues which exhibit fixed backbone and relaxed side-chains,
and specific water molecules also free to relax. The Lys-chromophore subsystem
contains the atoms of the lysine side-chain covalently linked to the chromophore in
contact (through Cδ) with the QM/MM frontier and the entire QM subsystem (i.e.,
the N -methylated rPSB). All the Lys-chromophore atoms are free to relax during the
QM/MM calculation. (see Fig. 2).

From the above description, it is apparent that ARM models are “conserva-
tive” models, since the environment subsystem preserve the structural information
obtained from the X-ray crystallographic or comparative modeling. However, their
basic definition makes the models more exposed to potential pitfalls with respect
to more complex QM/MM models, as will be discussed in Sect. 3.4. On the other
hand, ARM is not designed to generate the most accurate QM/MMmodels possible
(see, for instance, [137]). Instead, its objective is to efficiently generate full arrays of
QM/MM models suitable for comparative studies and for the predictions of trends
of spectroscopic and photochemical properties.

ARM models feature: automation, so as to reduce building errors and avoid
biased QM/MM modeling; speed and parallelization, so as to deal with large sets
of rhodopsins wild-type and mutants simultaneously; transferability, so as to treat
rhodopsins with large differences in sequence (i.e., rhodopsins belonging to both
eubacterial, archaea, and eukarya domains); and documented accuracy and repro-
ducibility, so as to be able to translate results into hypotheses that can be experimen-
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Fig. 3 General workflow of the a-ARM protocol.The a-ARMprotocol comprehends two phases
corresponding to a the use of the input file generator (Sect. 3.1) and b the QM/MMmodel generator
(Sect. 3.2)

tally assessed. The features (see Fig. 1b) above have been introduced in the most
automated protocol for building ARM models: a-ARM rhodopsin model building
protocol. a-ARM yield the a-ARMdefault and a-ARMcustomized models mentioned in
Sect. 1, through the development of, so-called, generators. As illustrated in Figs. 1b
and 3, the a-ARM protocol requires two sequential phases (Phase I and Phase II)
each one corresponding to the use of one generator. These are the input file generator
(Fig. 3a) and the QM/MM model generator (Fig. 3b), respectively. The latest gen-
erator was introduced in 2016 and, when used with a manual input, corresponds to
the ARM protocol, [91]. Thus, when using the ARM protocol the input file requires
user decisions/operations (here referred to as “manual”) and, thus, is not based on
standardized and/or automated procedure. As a result, the input file for the same
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rhodopsin could display non negigible differences when prepared by different users.
The reproducibility in the final QM/MM models (called ARMmanual) is, therefore,
not guaranteed.

In the following, we will explain how, when using the original ARM rhodopsin
model building protocol (Sect. 3.1.1), the input is manually generated and how sub-
stantially full automation is achieved with the a-ARM protocol which features the
input file generator (Sect. 3.1.2). In Sect. 3.2, we instead describe theQM/MM model
generator that is employed by both protocols.

3.1 Input File Generator

(Most of the content of Sects. 3.1.1 and 3.1.2 is reproduced/adapted with permission
from J. Chem. Theory Comput. 2019, 15, 3134-3152. Copyright 2019 American
Chemical Society). The general ARM input is composed of two files: a file in PDB
format (PDBARM) containing the 3D structure of the rhodopsin under investigation,
and a file containing the list of amino acid residues forming its chromophore cavity
(see red residues in Fig. 2). More specifically, the PDBARM file contains information
on the selected monomeric chain structure including the chromophore and excluding
membrane lipids and ions; the protonation states for all the internal and surface
ionizable amino acid residues; suitable external counterions (Cl−/Na+) needed to
neutralize both IS and OS protein surfaces; and crystallographic/comparative waters
(see also Fig. 1).

3.1.1 ARM: Manual Input File Preparation

In the original ARM protocol [91], the input file preparation required a few hours
user’s manipulation of the template protein structure (i.e., a skilled user completes
the preparation of an ARM input for a new rhodopsin in not less than 3 hours and
after taking a series of decisions based on his/her chemical/physical knowledge and
intuition). In fact, the procedure employed to generate an ARM input comprises
four steps, each containing user decisions and/or manipulations:

• Step 1: Initial setup of the working PDB file. Selection of the protein chain and
residue rotamers.
The initial step for the manual generation of a ARM input (PDBARM) consists
in the modification of the PDB file that contains the original rhodopsin crystallo-
graphic/comparative structure, in order to delete irrelevant information concerning
to unwanted protein chains, membrane lipids, and nonfunctional ions. Moreover,
the identification of multiple side-chain rotamers for a single amino acid residue,
and their subsequent selection, is based on a qualitative user decision without
following a rigorous procedure.
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Furthermore, a related chemical manipulation that also requires the user decision
is the identification/selection of the residue number corresponding to the retinal
chromophore for the posterior definition of the Lys-QM subsystem illustrated in
Fig. 2.
Finally, the coordinates of the chosen protein chain (chain A is used by default),
crystallographic/comparative waters, selected side-chain rotamers and retinal
chromophore are written in the new PDBARM file, with the proper manual adjust-
ment of atoms and residues numbering.

• Step 2: Definition of the retinal chromophore cavity.
Although this step does not require user decisions, since the assignment of the
amino acid residues belonging to the retinal chromophore cavity is fully carried
out via the Web-based tool CASTp [25] the cavity file that contains the residue
number of these amino acids is manually created. In cases when the main (MC)
and second (SC) chromophore counterions (the SC is a second negatively charged
residue located in the chromophore cavity at a larger distance from the protonated
C=N group with respect to MC that may exist in certain rhodopsins) are not
identified by CASTp as part of the cavity, these are manually included.

• Step 3: Assignment of the protonation states of the ionizable residues.
The assignment of standard/nonstandard protonation states for the ionizable amino
acid residues (i.e., Asp, Glu, Lys, His, Arg) in the selected protein chain, is per-
formed by using the PROPKA3.1 [102] software. First, the PDBARM file is pro-
cessed by manually executing the PROPKA3.1 command-line. Then, the output
file that contains information on the calculated (pKCalc

a ) and model (pKModel
a ) pKa

values and burying percentage for each amino acid residue is manually analyzed.
For instance, the user has tomanually check if the difference between the calculated
and model pKa values of each residue is higher than a shift value established
in the range 1.5–2.0. Moreover, the burying percentage should be higher than
55%. Remarkably, there is no general consensus for the shift value and burying
percentage.
Then, the identified residues with nonstandard protonation states are manually
labeled in the PDBARM file as follows: Asp → ASH, Glu → GLH, His → {HID,
HIE, HIP}, Lys→ LYD

• Step 4: Neutralization of the protein with external counterions. Selection of the
initial location of the protein external counterions.
This step is the most time-demanding and it is subject to personal user choices,
since it requires visual inspection andmanualmanipulation of the protein structure.
Again, the final type and coordinates of the selected counterions are manually
added to the PDBARM file.

A detailed list of the tasks involved in each of the above described steps is provided
in Fig. 4. In this figure, the {M}mark symbolizesmanual decisionwithmanual action
and the N.A. mark represent action not applicable in ARM protocol since this action
was only introduced with the a-ARM protocol.
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Fig. 4 (Continued)
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� Fig. 4 Input file generator workflow. After the selection of the protein chain, a-ARM generates
either automatically (a-ARMdefault) or semiautomatically (a-ARMcustomized) the ARM input
files with complete information on the side-chain rotamers, water molecules, protonation states,
external counterion placement, and chromophore cavity. The parallelograms represent input or out-
put data, the continuous line squares refer to processes or actions, and the dashed line squares mean
software executions. For the a-ARM [106] protocol, the[A]mark symbolizes fully automation, the
[M]mark represent manual decision with automatic action and the [M/A]mark indicates situation
that may be either manual or automated. For the ARM [91] protocol, the {M} mark symbolizes
manual decision with manual action and the {N.A.} mark represents action not applicable in the
ARM protocol. The main difference between ARM and a-ARM protocols, relies in the fact that
whereas in the latest the input file generation can be performed in a fully automatic fashion, in
the former all the described actions are carried out via manual decisions/operations. Adapted with
permission from [106]. Copyright 2019 American Chemical Society

3.1.2 a-ARM: Automatic Input File Preparation

The development and implementation of the input file generator in the a-ARM
protocol, allows for the automation but also for the improvement of the procedure
described in Sect. 3.1.1 with a total execution time of only a few minutes.

A Step-by-Step description of the pipeline driving the input file generator phase in
the a-ARM protocol is presented in Fig. 4. In the following, we summarize the most
appealing features of the steps reported in Fig. 4, while a more detailed description
that includes illustrative examples is provided in Pedraza-González et al. [106]

As illustrated in Fig. 4, the only required input is either a crystallographic structure
(or a comparative model) file in standard PDB format, or the PDB ID to download
the file directly from the RCSB PDB. Therefore, user decisions such as the ones
described in Steps 1 and 4 in the previous subsection (e.g., residue rotamer and
in initial counterion placement), are not required here. In case that mutations are
requested, a third file which specifies the list of mutations must be also provided.
This PDB is then manipulated through the following steps:

• Step 1: Automatic Identification of Protein Chain, rPSB, Chromophore Bounded
Lys, MC, and SC.
In this initial setup, the program generates a cleaned file in PDB format (PDBARM

i ),
which contains information on the structure of the selected protein chain (a), amino
acid side-chain conformations (b), rPSB, MC and SC chromophore counterions
(c), and crystallographic/comparative water molecules (see Fig. 5).

• Step 2: Automatic Generation of the Chromophore Cavity.
Onecrucial step for the systematic and congruous constructionof suitableQM/MM
models for rhodopsins, is the automatic identification of the amino acid residues
forming the chromophore cavity. In a-ARM, the command-line Fpocket [76]
software recognizes the residues of the chromophore cavity based on the well-
known theory of tessellation and alpha spheres, that is built on top of the package
Qhull [76]. To this aim, a-ARM automatically executes the Fpocket software,
over the previously generated PDBARM

(i) , using the default options/parameters [77].
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Fig. 5 (Continued)

B.3. Paper [III]: Chapter 1: On the Automatic Construction of QM/MM Models for
Biological Photoreceptors: Rhodopsins as Model Systems Appendix B

236



22 L. Pedraza-González et al.

� Fig. 5 Step 1. Initial preparation of the input file. The process initiates with an input 3D
rhodopsin structure in PDB format and ends with a cleaned PDB structure in specific PDB ARM
format (PDBARM

(i) ). The parallelograms represent input or output data, the continuous line squares
refer to processes or actions, and the dashed lines mean software executions. For the a-ARM [106]
protocol, the [A] mark symbolizes fully automation, the [M] mark represent manual decision
with automatic action. The red filled boxes represent tasks in which the user may interact with the
program. Adapted with permission from [106]. Copyright 2019 American Chemical Society

As illustrated in Fig. 6, several protein pockets are obtained along with their scores
sorted from highest to lowest.
Then, the pocket selected as the chromophore cavity is identified based on two
criteria: the pocket i) contains the Lys covalently linked to the rPSB and ii) has
assigned the highest score. Subsequently, a new cavity file [A] is automatically
generated, containing the identifiers of those residues forming the cavity.

• Step 3: Automatic Assignment of Ionization States.
The assignment of standard/nonstandard protonation states for all the ionizable
amino acid residues in their particular protein environment, is performed through
the calculation of the pKa value (see Fig. 7) at a given pH (e.g., crystallographic
pH). In such a basic approach, for each amino acid residue with a titratable group
(i.e., Asp, Glu, Lys, Arg, His) a model pKa value (pKModel

a ) is computed, [147]
and interpreted as the pKa exhibited when the other protein amino acid side-chains
are in their neutral protonation state. This pKModel

a is affected by the interaction
between the residue and its actual environment, causing a variation from themodel
value to the real pKa value (see Eq. 2) called pKCalc

a . The magnitude of this
variation, known as shift value (�pKa), depends on different parameters (i.e.,
the presence of hydrogen bonds, desolvation effects and Coulomb interactions)
modulated through the degree to which the ionizable residue is “buried” within
the protein chain [19, 102].

pKCalc
a = pKModel

a + �pKa;�pKa = pKCalc
a − pKModel

a (2)

To start the procedure, a-ARM identifies the experimental pH (i.e., crystallization
conditions available in the initial PDB structure file) making the pH selection auto-
matic [A]. Alternatively, the user may type the pH value [M]. After the assignment
of the working pH a preliminary preparation of the PDBARM

(i) file is performed that
consists in adding the coordinates of the missing heavy atoms of chain residues,
as well as the hydrogen atoms. This is carried out by using the PDB2PQR [21,
22] software. Then, both the pKCalc

a and the burying percentage are computed via
the PROPKA software [102]. These information is then analyzed for the correct
assignment of the protonation states of the ionizable residues.
More specifically, the parameter used to identify the state of the ionizable residues
is the side-chain ionization equilibrium. Such equilibrium is estimated by insert-
ing both the pK Calc

a value and the established working pH in the Henderson–
Hasselbalch equation [109], which describes the relationship between the pH
and the pKa and the equilibrium concentrations of dissociated [A−] and non-
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Fig. 6 Step 2. Automatic
generation of chromophore
cavity. The process initiates
with the PDBARM

(i) structure
and ends with the cavity
file that contains the residues
forming the chromophore
cavity. The parallelograms
represent input or output
data, the continuous line
squares refer to processes or
actions, and the dashed lines
mean software executions.
For the a-ARM [106]
protocol, the [A] mark
symbolizes fully automation.
The code does not require
the user’s interaction during
its execution. Adapted with
permission from [106].
Copyright 2019 American
Chemical Society
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Create cavity file
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dissociated acid [HA], respectively [93, 109, 116]:

pH = pKCalc
a + log

[A−]
[H A] (3)

The charges of the positive and negatively ionizable residues are then deduced
from Eq. 3 using the following approximated rules [93]:

�Q−� = (−1)

1 + 10−(pH−pKCalc
a )

; [93] for Asp and Glu (4)

and
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� Fig. 7 Step 3. Automatic assignment of ionization states.The process initiates with the PDBARM
(i)

structure with standard protonation states and ends with a modified PDBARM
(i) that contains the

residues with nonstandard protonation states. The parallelograms represent input or output data, the
continuous line squares refer to processes or actions, and the dashed linesmean software executions.
For the a-ARM [106] protocol, the[A]mark symbolizes fully automation, the[M]mark represents
manual decision with automatic action. The red filled boxes represent tasks in which the user may
interactwith the program.Adaptedwith permission from [106].Copyright 2019AmericanChemical
Society

�Q+� = (+1)

1 + 10+(pH−pKCalc
a )

; [93] for Arg, Lys and His. (5)

where �Q+� and �Q−� are integers obtained by rounding the decimals using the
“round half to even” convention.

• Step 4. Automatic Counterion Placement.
a-ARM employs a novel procedure for the automatic, systematic, and congru-
ous generation and placement of the external counterions (i.e., Na+/Cl−), totally
removing the user manipulation described in Step 4 of Sect. 3.1.1 (see Fig. 8).
The main aim is to identify the type (i.e., Cl− and/or Na+) and number of coun-
terions needed to setup as neutral the protein environment charge, based on the
actual charges of the OS and IS surfaces. The OS and IS surfaces are automatically
[A] defined by orienting the protein along its z axis, as schematized in Fig. 9 for
the case of bovine rhodopsin (Rh) [101]. From now on, this figure will be used as
a reference to illustrate the procedure for the counterion placement. Technically,
the protein coordinates found in the PDBARM

(i i) file are first centered at the protein
center of mass (xyzcm). Subsequently, the obtained set of coordinates are rotated
through the main rotational axis that is aligned with the z-axis, via the Orient
utility of the VMD [56] software.
Then, the new set of coordinates is re-centered at the center of mass of the rPSB.
The above-described coordinates transformation is performed in order to select
the residues belonging to either the OS or IS surfaces. To this aim, an imaginary
plane orthogonal to the z-axis, that contains the z coordinate of the NZ protonated
Schiff base atom (z P SB) of the rPSB moiety, is defined based on the magnitude
of the z value to divide the protein environment into two halves (i.e., IS and OS
surfaces). Accordingly, the OS surface contains the residues with z value larger
than zr P SB , while the IS contains the residues with z lower or equal to zr P SB .
Once the IS and OS surfaces are defined, their respective charges (QIS, QOS)
are computed as the difference between the number of negatively charged (Asp,
Glu and crystallographic Cl− anions) and positively charged (Arg, Lys, His, and
crystallographicNa+ cations) residues.With this information, the type and number
of counterions required to neutralize the net charge of each surface independently
are automatically identified.
Finally, to obtain the coordinates of the counterions, the PUTION software opti-
mizes their positions on the basis of the Coulomb’s law [88], via the generation
of an electrostatic potential grid around all charged residues that excludes points
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� Fig. 8 Step 4. Automatic selection of external counterion placement. The process initiates with
the PDBARM

(i i) structure, that contains the residues with nonstandard protonation states, and ends with

the PDBARM
(i i i) file that contains the external counterions (Na+/Cl−) needed to neutralize both inner

(IS) and outer (OS) surfaces. The parallelograms represent input or output data, the continuous line
squares refer to processes or actions, and the dashed linesmean software executions. For the a-ARM
[106] protocol, the [A] mark symbolizes fully automation. The code does not require the user’s
interaction during its execution. Adapted with permission from [106]. Copyright 2019 American
Chemical Society

Fig. 9 External counterion placement for bovine rhodopsin. Schematic representation of the
procedure for the definition of the number and type of external counterions needed to neutralize the
IS (a) and OS (b) surfaces of bovine rhodopsin.We also illustrate the grid generated by the PUTION
code to calculate the coordinates of the Cl− counterions in the IS (c) and the Na+ in the OS (d).
The negatively and positively charged residues are illustrated as red and blue sticks, respectively,
and the Na+ and Cl− counterions as blue and green spheres, respectively. The net charge of the
IS surface is QIS = +6, resulting from 16 positively charged and 10 negatively charged residues,
whereas the net charge of the OS is QOS = −2, given by 7 positively charged and 9 negatively
charged residues. As a consequence, 6 Cl− and 2 Na+ must be added to compensate the positive
and negative charge of the IS and OS, respectively. “Adapted with permission from [106] Copyright
2019 American Chemical Society.”

with distance shorter than 2.0 Å and larger than 8.0 Å from the center of charge
of an ionized residue (see Fig. 9c, d).
Therefore, the first counterion is placed on the surface that possesses the highest
absolute net charge and the procedure continues alternately by placing the next
counterion on the other surface, until both are neutralized. Fig. 9c, d illustrates the
external counterions placed for bovine rhodopsin (Rh). The associated coordinates
are added to PDBARM

i i to produce the PDBARM file that is employed as actual input
for the second phase of the protocol to build the QM/MM model.
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Thegeneral driver that links the operations described inFig. 4, andbetter explained
in Figs. 5, 6, 7, and 8, is a Python3-based package, available as a command-line
tool, useful to operate either as a fully automated or as an interactive system for
the customized generation of the ARM input. Therefore, the input data required for
generating complete PDBARM and cavity files may be provided via either default
(i.e., automatically or [A]) choices or by answering specific questions (i.e., manually
[M]) in the command-line of the terminal window.

Based on the selected options, a-ARM is divided in a-ARMdefault and
a-ARMcustomized approaches. As apparent from the discussion below, the a-
ARMcustomized model is different from the ARMmanual model. In fact, the a-
ARMcustomized model variability is subject to well- defined constraints and features,
in all cases, a chromophore cavity determined by the Fpocket and not CASTp tool.
The a-ARMdefault is a fully automated approach resulting in the top input prepara-
tion speed for the systematic building ofARMmodels. This is achieved by employing
the default parameters described in Steps 1–4 above. More specifically, these models
feature: monomeric chain A; crystallographic/comparative water molecules; amino
acid side-chain rotamers with the highest occupancy factor; default chromophore
cavity obtained with Fpocket that includes Lys covalently linked to the rPSB, MC,
and SC; standard/nonstandard protonation states for all the ionizable residues com-
puted at crystallographic pH (or at physiological pH 7.4 in case of no experimental
information available), Hid tautomer of histidine; external counterions coordinates
(Na+ and/or Cl−) predicted via the PUTION code [91].

On the other hand, the a-ARMcustomized is a semiautomatic approach that,
although significantly slower than the above described a-ARMdefault, presents a
major degree of accuracy in terms of reproducing the experimental �ES0−S1 trends,
due to customization of certain parameters. In this regard, the user can customize the
a-ARM input by selecting in the command-line terminal specific parameters con-
cerning to Steps 1 and 3. For instance, it is possible to select the protein chain, decide
the protonation states of ionizable residues by typing their residue number identifica-
tion and select the tautomer of the histidine. The advantage of these two approaches
is that, regardless of the user degree of chemical expertise or computational facilities
employed, reproducible inputs, and consequently reproducible QM/MMmodels are
guaranteed when the same initial information (e.g. the PDB file) is selected. This
was not the case with the a-ARMmanual model.

3.2 QM/MMModel Generator

As illustrated in Fig. 3b, Phase II drives the automatic generation of the QM/MM
models. The corresponding procedure is the same for both the ARM and a-ARM
protocols. Accordingly, 10 independent QM/MM models are generated, either of
the ARMmanual, a-ARMdefault or a-ARMcustomized type according to the employed
specific input preparation scheme. These N = 10 independent models (replicas) are
employed to simulate and explore the possible relative conformational phase space of
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the cavity residue side-chains and retinal chromophore. Indeed, during theMolecular
Dynamics-based (MD) step (see later action 2), 10 parallel MD runs 1 ns long
each are performed, each starting with a different, randomly chosen seed to warrant
independent initial conditions. In each run, the frame closest to the average of the
simulation is then selected as the startinggeometry for constructing the corresponding
QM/MM model.

Although this is still an approximate solution, previous tests have shown that when
considering the limited portion of the flexible a-ARMmodel (i.e., cavity residues and
chromophore), 10 repetitions are an acceptable compromise between computational
time and stability of the result (i.e., stability of the computed side-chain conforma-
tions and hydrogen bond network). On this subject, [90] have shown that for a set of
3 phylogenetically diverse rhodopsins (Rh, SqRh, and ASR13C ), the sensitivity of the
computed average vertical excitation energy values as a function of the number of
replicas (N = 1, 5, 10, 15, and 20) become substantially stable, with variations lower
than 1.0kcal mol−1 beyond 10 replicas. The three steps shown in Fig. 3b correspond
to the following actions:

(1) optimization of crystallographic water molecules and addition of hydrogen
atoms to polar residues, using DOWSER [151];

(2)molecularmechanics energyminimization and simulated annealing/molecular
dynamics relaxation at 298K on all side-chains of the chromophore cavity; during
theMD computation also the retinal chromophore is allowed to move. This MD sim-
ulation is repeated N = 10 times with randomly chosen seeds, as previously exposed.
Notice that, during the molecular dynamics run, the chromophore is represented by
using an MM parametrization and partial charges computed as AMBER-like RESP
charges which are specific for each employed isomer of the chromophore (e.g., 11-
cis, all-trans, and 13-cis rPSB). The default heating, equilibration and production
times for the MD are of 50, 150, and 800 fs, respectively, for a total length of 1 ns.
The MD is performed employing GROMACS [111].
Finally, each of the previously generated replicas undergoes

(3) QM/MM geometry optimization and single-point energy calculation at the
3-state state-average CASPT2//CASSCF(12,12)/6-31G(d)/AMBER levels, respec-
tively [5]. The QM/MM step makes use of micro-iterations that provide quicker
convergence, lower energies, and a more realistic description of chromophore–
environment interactions. In addition, suitable level shiftings are employed during
the CASSCF and CASPT2 calculations, so as to minimize the possibility of con-
vergence failure via state mixing and intruder state problems. For further details
on the QM/MM approach see Sect. 2.1. This part is carried out by employing the
interface between [Open]Molcas [6] andTINKER [113]. TheCASPT2//CASSCF/6-
31G*/MM treatment has been extensively investigated for photobiological studies
and its limitations are well understood. As previously documented [90], the rather
limited ca. 3–4 kcal mol−1 error in excitation energy reported in several studies
for this level of theory is somewhat due to error cancellations associated with the
limited quality of CASSCF/6-31G* equilibrium geometries. Therefore, the differ-
ent properties computed by a-ARM are expected to be affected by systematic error
cancellations. However, we should stress that, according to the philosophy of the a-
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ARM protocol, the main focus of ARM is the ability to reproduce observed trends in
vertical excitation energies (i.e., the sign and magnitude of the individual differences
with respect to experimental data).

The final output consists of 10 replicas of equilibrated QM/MM models of the
type described in Sect. 2.1 and, for each replica, the vertical excitation energy values
between S0 and the first two singlet excited states S1 and S2 is provided. A detailed
explanation of Phase II of the a-ARM protocol is given in Melaccio et al. [91] and
Pedraza-González et al. [106] Finally, it is worth to mention some shortcomings of
our simplified model with respect to more sophisticated QM/MMmodels (see Table
1). For instance, (1) lack of the environment description (membrane + solvent), (2)
missing polarizable force field, (3) not flexible backbone and non-cavity side-chains,
and (4) approximated ionization states. Our current research is aimed, also, to over-
come these points, while maintaining reasonable computational costs, or estimating
the errors due to them.

3.3 Benchmark: ARM versus a-ARM

(Most of the content of Sect. 3.3 is adapted with permission from J. Chem. Theory
Comput. 2019, 15, 3134-3152. Copyright 2019 American Chemical Society). Above
we have described the general workflow of the ARM and a-ARMprotocols.We have
also revised the main features of the algorithms driving the a-ARM two phases, input
file generator (see Sect. 3.1) andQM/MM model generator (see Sect. 3.2). In order to
provide information on the accuracy of theARMmodels,we now review the results of
tests performed to evaluate the predictability of trends of vertical excitation energies
(�ES0−S1). To this aim, we collated in Fig. 10 computed ARMmanual (yellow circles),
a-ARMdefault (green triangles) and a-ARMcustomized (orange squares)�ES0−S1 values,
forming a set of 25 wild-type and 19 mutant rhodopsins, coming from the animal
(A) and microbial (M) families (Type II and Type I rhodopsins, respectively) [28],
for which experimental values (blue down triangles) are available.

For each rhodopsin, the�ES1-S0 values were obtained as the average of the energy
difference between the S0 and S1 states in the 10 replicas generated for each model
(see Sect. 3.2). Consistently with the ARM protocol, the �ES1-S0 values reported in
Fig. 10 are, for all entries, the average of the excitation energies of 10 equilibrium
model replicas (see Sect. 3.2). The full benchmark set features values ranging from
458 nm (62.4 kcalmol−1, 2.71 eV) to 575 nm (49.7 kcalmol−1, 2.15 eV). Such awide
range provides information on the method accuracy while the rhodopsin diversity
provides information on the transferability and general applicability of the generated
models.

In Fig. 10, the computed and observed values are compared after assuming that
the observed �ES0−S1 (down triangles) values can be derived from the experimental
λa
max via the equation �ES0−S1 =hc/λa

max. Figure 10 is divided into four different
regions: m-set, a-set, Rh−mutants set, and bR−mutants set (see caption of Fig. 10).
The m-set and Rh−mutants set are employed to compare the performance of ARM
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Fig. 10 Benchmarks. a Vertical excitation energies (�ES1-S0) computed with a-ARMdefault

(up triangles) and a-ARMcustomized (squares), [106] along with reported ARMmanual [91] (cir-
cles) and experimental data (down triangles). S0 and S1 energy calculations were performed at the
CASPT2(12,12)//CASSCF(12,12)/AMBER level of theory using the 6-31G(d) basis set. The calcu-
lated�ES1-S0 values are the averageof 10 replicas.bDifferences between calculated and experimen-
tal �ES1-S0 (��EExp

S1-S0). Values presented in kcal mol−1 (left vertical axis) and eV (right vertical
axis). Them-set corresponds toWTrhodopsins forming the original benchmark set for theARMpro-
tocol; a-set introduces new rhodopsins to the benchmark set of the a-ARMprotocol; Rh − mutants
set contains mutants of bovine Rhodopsin (Rh) belonging either to the benchmark set of the ARM
or a-ARM protocols; and bR − mutants set contains mutants of bR evaluated with the WebARM
interface [107] (see Sect. 3.5). ASR: Anabaena sensory rhodopsin [1XIO [141]], bRAT : Bacte-
riorhodopsin all-trans [6G7H [98]] and 13-cis [1X0S [97]], BPR: Blue proteorhodopsin [4JQ6
[115]], Rh: Bovine rhodopsin [1U19 [101]], ChRC1C2: Chimaera channelrhodopsin [3UG9 [64]],
SqRh: Squid rhodopsin [2Z73 [94]], hMeOp: Human melanopsin [template 2Z73 [94]], ASRAT -
D217E:Anabaena sensory rhodopsinD217E [4TL3 [23]], Arch1: Archaerhodopsin-1 [1UAZ [26]],
Arch2: Archaerhodopsin-2 [3WQJ [71]], ChR2: Channelrhodopsin-2 [6EID [142]], ChR2-C128T:
Channelrhodopsin-2 C128T [6EIG [142]], KR2: Krokinobacter eikastus rhodopsin 2 [3X3C [65]],
NM-R3: Nonlabensmarinus rhodopsin-3 [5B2N [52]], ClR:Nonlabensmarinus rhodopsin-3 [5G28
[67]], SRII: Sensory rhodopsin II [1JGJ [79]], SqbathoRh: Squid bathorhodopsin [3AYM [95]],
AARh: Ancestral archosaur rhodopsin [template 1U19 [101]], BCone: Human blue cone [tem-
plate 1U19 [101]], GCone: Human green cone [template 1U19 [101]], RCone: Human red cone
[template 1U19 [101]], mMeOp: Mouse melanopsin [template 2Z73 [94]], PoXeR: Parvularcula
oceani Xenorhodopsin [template 4TL3 [23]]. “Adapted with permission from [106]. Copyright
2019 American Chemical Society.”
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and a-ARM protocols, while the remaining sets focus on the performance of the
a-ARM protocol exclusively.

In the following, we compare the ARM and a-ARM protocols, both in terms of
trends (Fig. 10a), as well as in terms of individual errors (Fig. 10b) as the ��EExp

S0−S1
value. The established error bar for the a-ARM protocol in terms of �ES1-S0 is
reported as +3.0 kcal mol−1, where the calculated value is blue-shifted with respect
to the experimental one [91, 106]. We have, however, to warn the reader that the
comparison between the ARMmanual and a-ARMdefault models does not appear to be
informative since the manual ARM protocol does not have an input file preparation
phase (see Sect. 3.1.1), thus all the steps needed to generate the ARM input were
subject to human decisions and, thus, the reproducibility of ARMmanual models is not
guaranteed. In practice, the original ARM protocol has a larger level of flexibility
and a user may, in principle, take advantage of this by trying different construction
parameters tomatch the experimentally observed value. Instead, a partial comparison
between models ARMmanual and a-ARMcustomized is more fair (see m-set), consider-
ing that in both cases it is possible to take different decisions to customize the ARM
input. Here, as shown in Fig. 10, it is evident that evenwhen the ARMmanual models
produce values in good agreement with the experimental trend, a slight improvement
is obtained when the ARM input is constructed using the input file generator. This
is mainly attributed to a more proper placement of the external counterions (see Sect.
3.1.2) [106]. Notice, while a-ARMcustomized models are constructed semiautomati-
cally, they can, in contrast with the ARMmanual models, still be reproduced provided
the same parameters are selected by different users.

We now focus on analyzing the trends generated using the fully automated a-
ARMdefault approach, starting with the choice of rotamers from a given crystallo-
graphic structure. In Fig. 10, two default models are reported for Anabaena sensory
rhodopsin (ASR), both ASRAT (ASRAT -1 and ASRAT -2) and ASR13C (ASR13C -1
and ASR13C -2) conformations, as well as for KR2 (KR2-1 and KR2-2). In the case of

Fig. 11 a-ARM models for
KR2 [PDB ID 3X3C].
Conformational (the
occupancy factor of the
rotamers Asp-116 and
Gln-157 are presented in
parentheses) and ionization
state variability. “Adapted
with permission from [106]
Copyright 2019 American
Chemical Society.”
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ASR, the 1XIO [141] X-ray structure employed as a template to build the ASRAT and
ASR13C ARM models contains two possible rotamers for both residues RET-301
(all-trans and 13-cis rPSB) andLys-310 (ALys andBLys). These residues correspond
to the retinal chromophore and the Lys covalently linked, respectively. In the X-ray
structure, each rotamer in each pair (i.e., RET-301 or Lys-310) exhibit an occupancy
number of 0.5, that is interpreted as 50% of probability [131, 141]. For this reason,
it is not feasible to select the rotamer on the basis of its occupancy number and, as an
alternative, a-ARMdefault generates four QM/MMmodels: the all-trans configura-
tion using ALys (ASRAT -1) and BLys (ASRAT -2) and the 13-cis configuration with
ALys (ASR13C -1) and BLys (ASR13C -2). A similar approach was employed for the
generation of ARM manual models in previous studies [1, 91, 103, 131, 141]. As
observed in Fig. 10, for the same retinal configuration the performance of the models
generated with both Lys conformations is similar in terms of �ES0−S1. However, for
both all-trans and 13-cis configuration, the model that yields a �ES0−S1 value clos-
est to the experimental one was selected (i.e., ASRAT -2 and ASR13C -1). Figure 11
illustrates the fact that, in the case of KR2 generated from the template 3X3C [65],
two residues exhibit different rotamers. The most relevant case is the MC Asp-116,
that presents two conformations, namely, AAsp and BAsp, labeled with occupancy
numbers 0.65 and 0.35, respectively. In addition, the residue Gln-157 that is part
of the environment subsystem (i.e., fixed during the QM/MM calculations) exhibits
two conformations (AGln and BGln) both with occupancy number 0.5. Similar to the
case of ASR, according to the occupancy numbers a-ARMdefault chooses the rotamer
AAsp-116 and generates two models relative to Gln-157: KR2-1, which includes
AAsp-116 and AGln-157, and KR2-2, which includes AAsp-116 and BGln-157. As
further discussed in Ref. [106], after the analysis of the calculated and observed
�ES0−S1 values KR2-2 is chosen. Considering the method’s default error bar, and
the choice of models when more than one model is prepared, it is possible to analyze
the general trend of a-ARMdefault. Figure 10A (green triangles) shows that the exper-
imental trend is qualitatively reproduced for most of the models. More specifically,
a-ARMdefault performs well, showing values within the systematic error (i.e., 3.0 kcal
mol−1) in 38 out of 44 cases. Among the identified outliers, BPR and ChRC1C2 in
the m-set show deviations of 5.4kcal mol−1 and 14.5kcal mol−1, respectively. In
the a-set, ChR2, ChR2-C128T, KR2, and RCone are off the observed value, with
deviations between 9 and 21kcal mol−1. Since the ARM models generated using
a-ARMdefault for the identified outliers (BPR, ChRC1C2, ChR2, ChR2-C128T, and
KR2) are unable to provide values inside the experimental trend in�ES1-S0, wemade
use of the a-ARMcustomized approach to evaluate a different setup for the protonation
states, keeping the other default parameters (e.g., the default chain A, default chro-
mophore cavity, default rotamer choices, etc), as shown in Table 2. Considering that,
in certain cases, a-ARMdefault does not correctly assign the correct residue charge,
to do a more rational assignment of the protonation states with a-ARMcustomized, we
use as an example the fourmodels reported in Table 2. For instance, the default model
predicts that, for KR2, the charge of the rPSB is stabilized by a counterion complex
comprising two aspartic acid residues, Asp-116 and Asp-251. Based on the proto-
col outcome and on recent experimental evidence [65, 134], residues Asp-116 and
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Asp-251 are identified to be the chromophore MC and SC, respectively. As shown in
Table 2, at the crystallographic pH 8.0 the a-ARMdefault model suggests that both
residues are negatively charged, suggesting the presence of two negative charges
around the rPSB chromophore, that would outbalance the single positive charge of
the later. In the customized model, Asp-251 is, instead, protonated (i.e., neutral) to
counterbalance the charge in the vicinity of the rPSB. These results on KR2 point
out a drawback of the a-ARMdefault approach of the input file generator phase for
the assignment of protonation states for residues surrounding the rPSB. However,
they also present a case in which the a-ARMcustomized approach is useful to explore
alternative choices of protonation states based on either chemical reasoning or exper-
imental information. A similar analysis was performed also for the other outliers, and
the differences in protonation states are reported in Table 2. For instance, in RCone
the protonation states of Glh-83 and Glu-110 were exchanged, leading to a different
MC, similarly to bRAT with the protonation states of Asp-85 and Asp-212. In BPR,
a different protonation state for Glh-124 lead to a different stabilization of the elec-
tronic states. As expected, a certain degree of customization led to a considerable
improvement of the computed values. Indeed, the a-ARMcustomized models (orange
squares in Fig. 10) feature�ES0−S1 values in agreement with the experimental trend,
and ��ES0−S1 lower than 3.0kcal mol−1.

In order to quantify the parallelism between the calculated and observed trends in
�ES1-S0 and, in turn, contrast the performance of the a-ARMdefault and
a-ARMcustomized approaches, the trend deviation factor (||Trend Dev.||) is intro-
duced. Such factor characterizes the ability of the QM/MM ARM models to repro-
duce the changes in �ES1-S0 observed experimentally for a set of rhodopsins, taking
as a reference value the ��ES1-S0 of a reference rhodopsin (i.e., Rh). To obtain
the ||Trend Dev.|| value for both a-ARMdefault and a-ARMcustomized approaches,
the first step is to compute the variation in observed �ES1-S0 produced for each
of the x = 43 rhodopsins with respect to the reference Rh, by means of the for-
mula δ

Rh,Exp
x,Exp �ES1-S0. Next, a similar procedure is required but now considering the

computed �ES1-S0 of Rh as the reference to be contrasted with the computed value
of the remaining x = 43 rhodopsins, with the formula δRh,Calcx,Calc �ES1-S0. When both

δ
Rh,Exp
x,Exp �ES1-S0 and δRh,Calcx,Calc �ES1-S0 quantities are characterized for each rhodopsin
in the set, the difference between them is calculated and the ||Trend Dev.|| value
is reported in terms of their mean absolute error (MAE) and mean absolute devia-
tion (MAD). The ||Trend Dev.||, for the benchmark set comprising 43 rhodopsins,
expressed as MAE ± MAD are 2.5 ± 1.2 kcal mol−1 (0.11 ± 0.05 eV) for a-
ARMdefault, and 0.7 ± 0.5 kcal mol−1 (0.03 ± 0.02 eV) for a-ARMcustomized.
It is evident that a significant improvement is obtained when considering the a-
ARMcustomized values for KR2-2, ChRC1C2, ChR2, ChR2-C128T, BPR, RCone
and bRAT instead of the a-ARMdefault values.

We now analyze the effect of the source of the initial (input) rhodopsin structure.
Currently, there is only a relatively small number of X-ray crystallographic struc-
ture of rhodopsins. When such an experimental structure is not available, QM/MM
models must be generated by starting with a structure obtained via comparative
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modeling. This raises the issue of the actual quality of the comparative modeling
and which impact such quality might have on the predicted vertical excitation ener-
gies. Figure 12 shows how both a-ARMdefault and a-ARMcustomized models show
that the �ES1-S0 value has a limited dependence from the origin of the rhodopsin
structure. Moreover, out of the 6 outliers found with a-ARMdefault, only one was
based on a comparative model structure. These results are encouraging as it seems
that X-ray structures-based and comparative model-based a-ARM models exhibit
a quality similar to the experimental one. Of course, these conclusions are related
to the explored benchmark set of rhodopsins and cannot rigorously be generalized.
It is however likely that, if correctly executed, comparative models could provide a
sufficiently accurate input structure.

The performance of the a-ARM protocol revised above constitutes the first step
toward a fast and cheap computational tool, filling the gap between slow experimental
structure determination and fast protein expression and characterization achieved by
genetic engineering techniques.

Table 2 Setup of the protonation states for a-ARMdefault and a-ARMcustomized models. The residues
with different protonation states are highlighted. Figures adapted with permission from [106].
Copyright 2019 American Chemical Society

KR2 RCone BPR bRAT

R
h
o
d
o
p
si

n

Protonation states:

a
-A

R
M

d
e
fa

u
lt – Asp-251 – Ash-80,

– Glh-83,
– Glu-110,
– Hid-178

– Glh-90,
– Glh-124

– Ash-85,
– Ash-96,
– Ash-115,
– Glh-194,
– Asp-212

a
-A

R
M

c
u
st

o
m

iz
e
d

– Ash-251 – Ash-80,
– Glu-83,
– Glh-110,
– Hid-178

– Glh-90,
– Glu-124

– Asp-85,
– Ash-96,
– Ash-115,
– Glh-194,
– Ash-212

B.3. Paper [III]: Chapter 1: On the Automatic Construction of QM/MM Models for
Biological Photoreceptors: Rhodopsins as Model Systems Appendix B

250



36 L. Pedraza-González et al.

Fig. 12 Performance of a-ARM in the calculation of vertical excitation energies (�ES0−S1)
for both X-ray crystal structures and comparative models. Observed versus computed values
for �ES0−S1 of wild-type rhodopsins. The symbols refer to: QM/MM models obtained using the
a-ARMdefault approach (green triangles) and QM/MMmodels obtained using the a-ARMcustomized
approach (orange squares). Labels without boxes correspond to X-ray crystal structures, whereas
labels in gray boxes correspond to comparative models. S0 and S1 energy calculations were per-
formed at the CASPT2//CASSCF(12,12)/Amber level of theory using the 6-31G(d) basis set. The
calculated �ES0−S1 values are the average of 10 replicas

3.4 Advantages and Limitations

(Most of the content of Sect. 3.4 is reproduced/adaptedwith permission from J. Chem.
Theory Comput. 2019, 15, 3134-3152. Copyright 2019American Chemical Society).
As previously reported, in spite of the encouraging outcome of the benchmark studies
revised above, it is apparent that additional work has to be done for moving to a
systematic application of the ARM protocols to larger arrays of rhodopsins:

• Assignment of the protonation states: There are two aspects which limit the con-
fidence in the automation of the ionizable state assignment described above. The
first is that, due to the fact that the information provided by PROPKA [102] is
approximated, the computed pKCalc

a value may, in certain cases, be not sufficiently
realistic. The second aspect regards the assignment of the correct tautomer of his-
tidine. This amino acid has charge of +1 when both the δ-nitrogen and ε-nitrogen
of the imidazole ring are protonated (HIP), while it is neutral when either the δ-
nitrogen (HID) or the ε-nitrogen (HIE) are deprotonated. a-ARM uses as default
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the HID tautomer for the automatic assignment [A], or allow the user to choose
between the three tautomers for a not automated selection [M]. Therefore, when
possible, the user should collect the available experimental data and/or inspect
the chemical environment of the ionizable residues including the histidines, and
propose the appropriate tautomer [106].

• Automatic construction of comparative models: since rhodopsin structural data are
rarely available, it would be important to investigate the possibility of building,
automatically, the corresponding comparative models. With such an additional
tool one could achieve a protocol capable of producing QM/MM models start-
ing directly from the constantly growing repositories of rhodopsin amino acid
sequences. This target is currently pursued in our lab.

• Automatic generation of mutants: In order to achieve a successful technology for
systematically predicting mutant structures, a level of accuracy of the a-ARM
models superior to the one currently available is needed. To deal with that, current
efforts toward the improvement of the mutations routine are directed to replace
SCWRL4 (i.e., a backbone-dependent rotamer library) by a software-based on
comparative modeling.

3.5 Web-ARM Interface

The a-ARMprotocol described above has been recently implemented at theweb level
by developing the WebARM interface [107]. Web-ARM is a user-friendly interface
written using Python 3 that can be found at the following address: web-arm.org. In
this way, the potential user, can access the entire a-ARM protocol features by using
an up-to-date browser and, thus, without the need to install software and scripts on
his/her computer.

The features ofWeb-ARMare best described following the four phases intowhich
the interface is divided, as summarized in Fig. 13. During Phase 1, the user uploads
a rhodopsin structure, in pdb format, and is guided through all the steps necessary to
generate input and cavity files. This phase follows the a-ARM protocol as described
above (see Sect. 3.1.2) and gives to the user the ability of constructing a-ARMdefault

models, or modify the default choices generating a a-ARMcustomized model.
The input and cavity files generated during Phase 1 can be directly transferred to

Phase 3 for submission, or to Phase 2 to insert point mutations. In the latter phase,
the user can provide a list of required mutations, by choosing from drop-downmenus
which rhodopsin amino acidmutate to what. It is recommended tomutate only cavity
amino acids. The mutations are performed as described at the end of Sect. 3.4. For
each mutant, the user is subsequently asked to go through Phase 1, again, to prepare
the corresponding input files.

During Phase 3, a cron demon takes charge of creating a QM/MMmodel for each
generated input, by running the corresponding 10 repetitions. This follows what is
described in Sect. 3.2. The Web-ARM internal driver takes care of performing the
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Fig. 13 The four phases of the WebARM interface. The four phases of the Web-ARM protocol

necessary steps, as well as submitting the calculations to the dedicated computational
facilities.

Once a QM/MMmodel has been generated, the user is provided with a summary
of all the important data, along with a downloadable file (in compressed format)
containing the major output files. Further information and a complete walk-through
are provided in a Tutorial that can be accessed/downloaded from theWeb-ARMmain
web page.

Web-ARM is intended as both a research, as well as an teaching tool. In fact,
the interface can be employed to systematically screen rhodopsin variants, and thus
obtain a qualitative check prior to, e.g., an experimental study. The interface can also
be used in teaching and learning activities, e.g., to introduce students to the idea of
QM/MM models and corresponding computed data.

4 Applications

In this section, we review few studies based on ARM models of rhodopsins and
yielding results which are, in principle, relevant for the development of optogenetics
tools [20, 92]. The reader shall be aware of the fact that (unless differently stated)
the discussed applications employed the ARMmanual models produced using the
original ARM protocol. Thus, the preparation of the input to the QM/MM model
generator is performed manually according to the criteria already revised in the
previous sections. In other words, as explained in Sect. 3, the user must take a number
of decisions such as those related to the choice of residue ionization states and external
counterion placement. In fact, most of the applications of ARM models presently
reported in the literature were performed before the a-ARM protocol was ready. The
only exception is the calculation of the TPA spectrum of bovine rhodopsin and IR
vision (see Sect. 4.3), in which the a-ARMdefault model for Rh-WT is employed.

Natural or engineered microbial rhodopsins [28] represent, presently, success-
ful optogenetics tools [87]. For instance, a well-known fluorescent reporter is the
rhodopsinArchaerhodopsin-3 (Arch3) [73] from the archaeaHalorubrum sodomense
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found in the Dead Sea. Arch3 is employed to visualize the action potential of neu-
rons with spatial and temporal resolution. Indeed, the fluorescence intensity of Arch3
is sensitive to the cell membrane electrostatics and, more specifically, to the trans-
membrane electrostatic potential (i.e., voltage) variations associated with the action
potential dynamics [36, 43, 50, 53, 82]. However, the Arch3 fluorescence is very
dim (c.a. 0.001 quantum yield). In fact, three light photons must be absorbed before a
detectable photon is emitted. Such photon originates from a photocycle intermediate
rather than directly from the DA state (i.e., the thermal equilibrated form of Arch3).

To overcome such limitations, one can search for Arch3 variants [43, 50, 53]
or for variants of other microbial rhodopsins and look for [36, 72, 86] enhanced
fluorescence intensity resulting from photons emitted after a one-photon absorption
process. This requires, as discussed below and schematically illustrated in Fig. 14,
to engineer (i.e., through suitably designed mutations) rhodopsin variants featuring:
(i) an energy minimum I f located close to the Franck–Condon (FC) point on the
spectroscopic potential energy surface (e.g., usually the S1 potential energy surface)
and (ii) an energy barrier E‡

S1 preventing the species produced after S1 relaxation to

Fig. 14 Properties investigated using ARM models. Schematic diagram displaying the pho-
toiomerization path (including the relevant S0, S1, and S2 energy profiles of a generic rhodopsin.
ARM models have been employed to compute the vertical excitation energy for absorption
(�Ea(S1 − S0)), fluorescence (�E f (S1 − S0)) and two-photon absorption (�ETPA

a (S1 − S0)) as

well as the excited state reaction barrier (E‡
S1) associated with emission. In the inset (top center),

we schematically illustrate the calculations of an excited state isomerization path providing the
E‡

S1 value via a relaxed scan and of a semiclassical trajectory (this provides, in case of an ultrafast
reaction, an estimate of the excited state lifetime τS associated to the double-bond isomerization
barrier). ARM models have also been employed to investigate the structure and spectroscopy of
primary photocycle intermediates (batho and K intermediates) and of photocycle intermediates
corresponding to light-adapted states
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quickly isomerize and, therefore, decay in the conical intersection region. Features
i–ii would yield a fluorescent intermediate/signal, where the E‡

S1 value would be
one factor controlling the magnitude of the fluorescence quantum yield with λ

f
max

corresponding to the �E f (S1 − S0) energy of the energy minimum.
Another engineering issue is related to the possibility to engineer rhodopsin actua-

tors or reporters that absorb red light. In fact, rhodopsin variants capable to detect red
and infrared photons represent important assets for optogenetic applications as red
light has higher penetration depth and lower phototoxicity (i.e., is carrying a lower
level of energy) [110, 149]. This can be accomplished by engineering rhodopsin
variants with lower �Ea(S1 − S0) values (see Fig. 14), and therefore correspond-
ing to longer λa

max. The engineering of red-light excitation is also important for the
development of optogenetic tools based on bistable (or bichromic) rhodopsins [135].
In fact, bistability is an attractive feature as it provides the basis for engineering
photoswitchable fluorescent probes [20].

Bistable rhodopsins are rhodopsins featuring two stable isomeric forms (i.e.,
characterized by two chromophore isomers such as all-trans and 13-cis). Certain
bistable rhodopsins can be interconverted using light of different wavelengths (pho-
tochromism of type II/P) [10]. However, more frequently the light-adapted (LA)
state reverts back to the dark-adapted (DA) state thermally (photochromism of type
I/T) [10]. The applications of bistable rhodopsins are related to the possibility to use
light irradiation to change the rhodopsin isomeric composition passing from a DA
state dominated by one form to a LA state dominated by the alternative form, the
efficiency of such conversion being proportional to the difference between the two
λa
max values. It is thus apparent that achieving bistable rhodopsins featuring one form

with a λa
max value significantly shifted to the red may facilitate applications where it

is important to switch on-and-off the rhodopsin properties.
Similar to red light absorption, degenerate two-photon absorption (TPA) [140]

is important in optogenetics because it allows to provide a way to photoexcite a
rhodopsin with infrared (IR) light leading to an improved light penetration with
respect to one-photon absorption with visible light and, possibly, maximizing the
use of, for instance, bistable rhodopsin tools [135]. In fact, as also illustrated in Fig.
14, photoexcitation to the S1 state can be also achieved by simultaneous absorption
of two photons of the same energy�ETPA

a (S1 − S0) corresponding to half the energy
necessary for one-photon absorption (OPA).Wewill see that, aa-ARMdefaultmodel
has been successfully used to compute the TPA cross section (σT P A) of Rh-WT.

In conclusion, belowwe revise two combined experimental and theoretical studies
[85], in which the engineering of microbial rhodopsins with enhanced fluorescence
and λa

max value shifted to the red was the main target [59]. We also revise a study that
demonstrates that ARM models can be used to evaluate the TPA spectral band of
bovine rhodopsin as a model system for TPA studies [41]. We also show how ARM
models can be used to investigate photochemical properties. More specifically, we
report on computational studies of the primary photoproduct intermediates in an ani-
mal and a microbial rhodopsins including the structure and spectroscopy of both the
primary photocycle intermediate and the structure dominating the LA form. Finally,
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we revise the result of a study where ARMmodels have been used to investigate the
dependence of the absorption spectra of a microbial rhodopsin from the pH [108].

4.1 Search for an Eubacterial Fluorescent Rhodopsin

(Most of the content of Sect. 4.1 is reproduced/adapted with permission from J. Am.
Chem. Soc. 2019, 141, 1, 262-271. Copyright 2019 American Chemical Society). An
attempt to find novel optogenetics fluorescent probes using an eubacterial rhodopsin
has been recently reported [85]. Such study focuses on a sensory rhodopsin from
the freshwater eubacterium Anabaena (ASR) which show bistability and type II
photochromism [15, 66, 141] based on the all-trans rPSB containing form (ASRAT )
and the 13-cis rPSB containing form (ASR13C ). ASRAT is the only component of
the DA state while ASR13C is the main component of the LA state. It has been
demonstrated that ASRAT and ASR13C can be interconverted by irradiation with
light of different wavelengths. On the other hand, the unstable LA state converts
slowly back to the DA state with half-time above 1 h at 4 ◦C, presumably due to a
relatively large ground state isomerization barrier.

Similar to Arch3, ASR exhibits, in its DA state, a dim fluorescence (i.e., fluores-
cence quantum yield> 10−4) [80] but the emission appears instantly (within 200 f s)
since it is produced directly from the S1 electronic state of ASRAT (the main form
contributing to the DA state). It was observed (see Fig. 15) that certain mutations
cause opposite effects on ASRAT fluorescence intensity when compared with the
wild-type (WTAT ). In fact, the double mutation W76S/Y179F displays almost one
order of magnitude higher fluorescence, while L83Q displays a decreased, almost
negligible, fluorescence [85].

Fig. 15 Steady-state spectra and excited states dynamics of ASRAT . a Scaled absorption spectra
of the light-adapted W76S/Y179F mutant and dark-adapted (DA) WT, W76S/Y179F, and L83Q
mutants. Light adaptation was carried out with either an orange (OA) or green (GA)LED. b Steady-
state emission of DA WT ASR, DA L83Q ASR, DA,OA, and GA W76S/Y179F mutant of ASR.
c Comparison between simulated and observed λa

max (circles) and λ
f
max (squares) values for the

DA state. Deviation bars for the computed excitation energy values are shown as black segments.
Adapted with permission from [85]. Copyright 2019 American Chemical Society
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The molecular mechanisms explaining these observations were investigated by
assuming that the fluorescence quantum yield �F is proportional to the excited state
isomerization barrier E‡

S1. More rigorously, �F is given by the following equation:

�F = kS
r τS (6)

where kS
r is the rate constant for radiative deactivation (1/kS

r is called radiative lifetime
and becomes the fluorescence lifetime in case the only radiative decay channel is
fluorescence) of S1 to S0 with emission of fluorescence and τS is the first singlet S1
excited state lifetime whose expression is

τS = 1

kS
r + kS

nr

(7)

where kS
nr is the rate constant for non-radiative deactivation of S1 to S0. When

assuming that kS
r is similar in different but homologue rhodopsins (i.e., in different

rhodopsin variants),�F becomes inversely proportional to kS
nr . Finally, by assuming

that the kS
nr magnitude is a negative exponential function of the S1 energy barrier E

‡
S1

controlling access to the S1/S0 conical intersection associated with the chromophore
isomerization (see Fig. 14), one creates a direct link between such barrier and the
critical quantity �F .

The X-ray crystallographic structures of both ASRAT and ASR13C are available
[141], making possible the construction of ARMmanual models (see Fig. 16) without
the need to build a comparative model first. By computing, using such a model, the
S1 relaxed scan along the C13=C14 twisting of the chromophore, it was found [85]
that the observed fluorescence intensities can be related to the change in electronic
character along the isomerization.

More specifically, theARMmanual models of theWTAT , L83Q, andW76S/Y179F
of ASRAT were used to produce the S1 energy profiles along approximated C13=C14
isomerization coordinates. As shown in Figure 15C, the models were able to repro-
duce the observed trend in absorption and emissionλmax (λa

max andλ
f
max, respectively)

computed in terms of �Ea(S1 − S0).
It is apparent from inspection of Fig. 17a–c, that the steep S1 potential energy

profile of L83Q must lead to the conical intersection more effectively than the flat-
ter WTAT and W76S/Y179F surfaces. More specifically, WTAT and W76S/Y179F
display profiles (see Fig. 17b, c) featuring a ca. 3 and 6kcal mol−1 E‡

S1 values.
The experimental τS values were 0.48 ps, 0.86 ps, and 5.7 ps for L83Q, WTAT

and W76S/Y179F, respectively, and qualitatively in line with the computed barrier
heights. Thus, an approximate mechanism could be proposed based on the idea that
�F is a function of the S1 lifetime and, in turn, of the E‡

S1 value.
Since the paths of Fig. 17a–c do not consider kinetic energy effects, the above

conclusion was supported by using the ARMmodels to probe the reaction dynamics
with a 200 fs single semiclassical trajectory released from the FC region without
initial velocities. Such trajectories would approximate the motion of the center of the
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Fig. 16 Cavity residues of the ARM models of ASRAT and two of its mutants. The amino acids
of the chromophore cavity are represented by a thin framework representation. The variable cavity
residues 76, 83, and 179 are shown in tube representation. The rPSBAT chromophore and lysine
side-chain (K210) covalently linked to the chromophore are also shown in tube representation.
Reprinted with permission from [85]. Copyright 2019 American Chemical Society

Fig. 17 C13=C14 photoisomerization paths along S1. (a)–(c). CASPT2//CASSCF/AMBER
energy profiles along S1 (squares) isomerization paths. S0 (diamonds) and S2 (triangles) pro-
files along the S1 path are also given. The S1 is computed in terms of a relaxed scan along the
C12-C13=C14-C15 dihedral angle. Adapted with permission from [85]. Copyright 2019 American
Chemical Society

vibrational wave-packet [37]. The authors assumed that during such a short time, the
trajectories describe the average evolution of population on the lowest excited states
(S1 and S2) [83]. A barrier would slow down the isomerization on the excited state
causing an increase in τS and, in turn, an emission enhancement. The results given
in Fig. 18a–c indicates a behavior consistent with the observed fluorescence lifetime
and with the isomerization paths. For instance, L83Q reaches the relevant S1/S0
conical intersection decay channel in ca. 100 f s (see Fig. 18a). This is consistent
with the lack of barrier along the S1 potential energy profile of Fig. 17a.

The above results were discussed on the basis of a theoretical framework (see
more details in recent publications [46, 84]) based on the analysis of the electronic
structure of the first three electronic states of a gas-phase model of the rhodopsin
chromophore with five conjugating double bonds (PSB5) [80, 84]. The S0, S1, and
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Fig. 18 Trajectory computation on S1 for L83Q, WT and W76S/Y179F, respectively. a–
c QM/MM FC trajectories computed at two-root state-averaged-CASSCF/AMBER level of
theory and corrected at the CASPT2 level. S0 (diamons), S1 (squares) and S2 (triangles)
CASPT2//CASSCF/AMBER energy profiles along the FC trajectories. d–f Mulliken charge vari-
ations of the =CH-CH=CH-CH=NH2 moiety of the chromophore. g–i Evolution of the total BLA
(full line) and of the BLA of two specific moieties (dotted and dashed lines) for L83Q, WT, and
W76S/Y179F, respectively. Adapted with permission from [85]. Copyright 2019 American Chem-
ical Society

S2 electronic characters dominating a planar constrained PSB5 molecule are labeled
as 1Ag, 1Bu, and 2Ag (see the resonance formulas in the all-trans rPSB chromophore
representation in Fig. 19). These labels indicate the electronic terms of a homolo-
gous all-trans polyene with C2h symmetry. S1 has a 1Bu character characterized by
a positive charge spread toward the H2C=CH—end of the PSB5 framework (i.e.,
charge-transfer (CT) character). This is qualitatively different from the 1Ag closed-
shell character of S0 as 1Ag displays the positive charge localized on –C=NH2. In
contrast, the second singlet excited state (S2) has 2Ag character which is associated
to a diradical (DIR), rather than charge-transfer, structure. Thus, S2 features, similar
to S0, a positive charge mostly located on –C=NH2.

As illustrated by the resonance formulas in Fig. 19a, the mentioned 1Ag, 1Bu, and
2Ag charge distributions of PSB5 are assumed to reflect the electronic characters of
the less symmetric rPSB chromophore to follow how the electronic character changes
along the S1 PESs (e.g., along a reaction path or trajectory).
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Fig. 19 Schematic S0, S1, and S2 energy profiles along the S1 PES path driving the chro-
mophore excited state isomerization. a Resonance (Lewis) formulas corresponding to the elec-
tronic structure of the three relevant electronic states of the retinal chromophore. b An S1 PES
dominated by a 1Bu character is associated with a barrier-less path. c A mixed 1Bu/2Ag character
is associated with the presence of a barrier along the path. The dashed energy profiles represent the
energy of diabatic states corresponding to “pure” 1Bu and 2Ag electronic characters. Notice that the
transient excited state has been also been identified as a locally excited state in previous literature.
[57, 75] Adapted with permission from [85]. Copyright 2019 American Chemical Society

Figure 17a–c shows that the average S2-S1 energy gap along the S1 path decreases
in the order L83Q>WT>W76S/Y179F. In particular, inW76S/Y179F themolecular
population exiting from the FC point and carrying a 1Bu character (i.e., the S1
charge of =CH–CH=CH–CH=NH2 is less than in S0 and S2), relaxes through S1
PES regions with increased DIR character (MINW76S/Y179F in Figs. 17c and 19f)
indicating character mixing. The same population then reaches regions (ca. −120◦)
where the CT and DIR characters have close weights (i.e., similar charge distribution
in S1 and S2). This happens at a lesser extent in WTAT and L83Q. In fact the first
features a larger CT weight in S1 and in the second the charge becomes less than
+0.2.

The results above suggest that in W76S/Y179F the S1 barriers are generated via
avoided crossings between states with pure CT and DIR characters as illustrated in
Fig. 19 (right). The dynamic description of the same mixing process is provided
by the calculation of FC trajectories. Thus, in the L83Q case (Fig. 18a, e) the S2
energy profile only crosses the S1 energy profile in the 20–50 f s time segment and
then becomes destabilized leading to a fully reactive event. In fact, the molecule
remains dominated by a CT reactive character without being trapped in S1. On the
other hand, a trapping event is detected in WTAT (see Fig. 18b, e) and W76S/Y179F
(see Fig. 18c, f) as a consequence of the existence of a barrier, and therefore of a
fluorescent S1 intermediate (IF in Fig. 14). In Fig. 18g–i, it is demonstrated that
the CT or DIR character is also dynamically reflected in the bond-length alternation
(BLA) geometry. It is evident, and consistent with the resonance formulas of Fig. 19,
that the β-ionone containing fragment has a larger BLA value consistently with a
similar length for the initial formal single and double bonds. Such BLA value is
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instead lower (actually negative) when the CT character dominates and therefore the
lengths of the double and single bond invert.

4.2 Search for Red-Shifting Mutations in a Sodium Pumping
Eubacterial Rhodopsin

(Most of the content of Sect. 4.2 is adapted with permission from Nat Commun.
2019, 10, 1993. Open access under a CC BY license (Creative Commons Attribution
4.0 International License)). As schematically displayed in Fig. 14, the λa

max value
of a rhodopsin in its DA state is determined by the gap between S0 and S1. Such
�ES1−S0 value must depend on the steric and electrostatic interaction between the
chromophore and protein environment. The former modulates the geometry (e.g.,
planarity) of the chromophore so that, for instance, a mutation twisting the chro-
mophore backbone about a single bond effectively shortens theπ-conjugation leading
to a blue-shifting effect. In contrast, the protein electrostatics modulate the �ES1−S0

value by interacting with the distinct electronic structures of the S0 and S1 states
which, in turn, depend on their electronic characters. In fact, as shown in Fig. 19, the
S0 state the rPSB chromophore has a positive charge substantially localized on the
C15=N moiety while in a S1 state with CT character the charge is delocalized along
the chromophore chain toward the β-ionone ring. Thus, a negatively charged residue
placed near the positively charged C15=N moiety selectively stabilizes the S0 state,
whereas the energy of the S1 state is stabilized by a negatively charged residue placed
in the vicinity of the β-ionone ring.

The color-tuning effect caused by the polarity of amino acid residues located in the
vicinity of the retinal chromophore has been reported for channelrhodopsin (ChR2)
from Chlamydomonas reinhardtii which is the most popular optogenetic tool [143].
A highly red-shifted variant of ChR2 has been found in Volvox carteri (VChR1)
and in Chlamydomonas noctigama (Chrimson). Recently, the x-ray crystallographic
structure of Chrimson was solved, providing molecular insights into the mechanism
causing its red-shifted absorption [99]. It was concluded that the residues surrounding
the chromophore impact theλa

max of Chrimson bymodulating (i) the protonation state
of the counterion, (ii) the distribution of polar residues around the β-ionone ring and
(iii) the steric interaction with the highly rigid chromophore cavity. However, the
above electronic character discussion indicates that also the distribution of the polar
residues near C15=N should affect the λa

max value.
Below we review a combined computational and experimental study carried

out with ARMmanual models and focusing on polar residues located both near the
β-ionone ring and theC15=Nmoiety of the chromophore ofNa+ pumping rhodopsin.
Krokinobacter rhodopsin 2 (KR2) is the first identified outward (from the cytoplasm
to extracellular milieu) Na+ pumping rhodopsin [58]. In fact, KR2was reported to be
able to inhibit the neuronal action potential without the unnecessary intracellular Cl−
accumulation and pH change, sometimes demonstrated to cause unexpected cellular
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activity. However, since it has an absorption in the relatively short wavelength region
(λa

max = 525 nm), color tuning to a more red-shifted region is required for in vivo
applications.

By changing the polarity of the residues near the β-ionone ring and C15=N
moiety it was possible to construct a KR2 variant displaying a λa

max value 40nm
red-shifted with respect to the wild-type form (WTK R2). In order to investigate the
mechanism allowing such a result, ARMmanual models were built for WTK R2 and its
P219T, P219G, S254A, and P219T/S254Amutants constructed by taking theWTK R2

X-ray crystallographic structure (PDB code: 3X3C) as the template. The computed
�ES1−S0 values were compared with the corresponding observed λa

max (see Fig. 20a).
As reported for ASRAT in Fig. 15, the trend of energy shifts of the mutants relative
to WTK R2 were reproduced supporting the validity of the models.

The models allowed to disentangle the electrostatic and steric effects responsi-
ble for the observed decreasing �ES1−S0 values (i.e., red-shifting) along the mutant
series. To do so, the �ES1−S0 values for the corresponding chromophore in isolated
condition (i.e., removing the protein part from the model while keeping the chro-
mophore geometry fixed at its equilibrium geometry in the protein environment)
were computed. As shown in Fig. 20a, it was found that the gas-phase rPSB and full
rhodopsin trends are opposite. Since the gas-phase rPSB trend must be the result of
geometrical changes sterically induced by the rhodopsin cavity, it was concluded that
the electrostatic interaction is responsible for the observed trend. More specifically
(see Fig. 20b, c), while the blue-shifting changes in the chromophore geometry were
mainly located in the C9=C10–C11=C12–C13=C14–C15=N moiety for stretching
deformations and on the C13=C14–C15=N moiety for torsional deformations, the
red-shifting electrostatic contribution imposed by the environment and cavity sub-

Fig. 20 λ
f
max of KR2 and its mutants. a Comparison between simulated and observed λa

max values
for protein (full circles) and gas-phase (open circles) models for the DA state of WTK R2 and its
selected mutants dominated by the all-trans rPSB chromophore. The chromophore structure and
the WTK R2 mutation sites are displayed in tube representation. b Difference in bond lengths of the
mutants relative to WTK R2. The moiety undergoing the largest change is highlighted at the bottom.
c Difference in torsional angle of the mutants relative toWTK R2. The moiety undergoing the largest
change is highlighted at the bottom. Adapted with permission from [59] open access under a CC
BY license (Creative Commons Attribution 4.0 International License)
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Fig. 21 Comparison between the ARM structures of KR2 mutants. Retinal chromophore and
mutated side-chains S254 and P219 for WTK R2 and four selected mutants. The mutant structures
also show, in transparent representation, the WTK R2 side-chains. Adapted with permission from
[59] open access under a CC BY license (Creative Commons Attribution 4.0 International License)

systems dominated and quenched the geometrical effects resulting in a net red-shifted
change.

In Fig. 21, the above electrostatic effects are interpreted in terms of changes in
dipole moment at the 219 and 254 residues located close to the β-ionone ring and
–C=N-moieties, respectively. For instance, the P219T mutation creates a new dipole
moment having the partially negatively charged oxygen atom of the side-chain facing
the β-ionone ring, thereby selectively stabilizing the S1 state relative to S0 state. In
contrast, S254A removes the dipole moment stabilizing S0 relative to S1. Using the
same ARMmodels, it was also possible to investigate the role played by each protein
amino acid residues in decreasing the �ES1−S0 value relative to WTK R2. In fact, one
can computationally set the MM point charges of each residue to zero and then
recompute the vertical excitation energy now called �Eoff. The differences between
the �ES1−S0 and �Eoff values revealed an effect based on two components: (i) a
direct component due to a change in number, magnitude, and position of the point
charges in the mutated site and (ii) an indirect component which originates from the
reorganization of the local environment and hydrogen bond network induced by the
same mutation. The second effect is due to the fact that, in the mutants, conserved
residues and water molecules change in position or conformation thus displaying
different�ES1−S0 and�Eoff values with respect to theWTK R2. Such indirect effects
contribute to the total excitation energy changes significantly. For instance, when
comparing the P219T, P219G, and S254A mutants, double mutant (P219T/S254A),
and WTK R2, the data show that the amino acid substitutions at residues 219 and 254
result in a red-shift in absorption relative to WTK R2 and contribute to the strong red-
shifting observed in the double mutant. However, such changes are accompanied by
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variations in the effects of the conserved residues. In fact, the effect of the conserved
S254 residue in P219T and the conserved P219 residue in S254A are not close to the
one found in WTK R2.

4.3 Calculation of the TPA Spectrum of Bovine Rhodopsin
and IR Vision

(Most of the content of Sect. 4.3 is reproduced/adapted with permission from J. Phys.
Chem. Lett. 2019, 10, 20, 6293-6300. Copyright 2019 American Chemical Society).
ARM models can be employed to calculate the TPA spectra of rhodopsins. This has
been shown in the literature, where a calculation of the TPA electronic spectrum
of Rh (bovine rhodopsin) has been reported. To achieve the quality necessary for
such a computation, the Rh model (in this case produced with the automated a-
ARM protocol discussed in Sect. 3.1.2), was improved by using a multistate multi-
configurational second-order perturbation level of QM theory (XMCQDPT2) and
a correlation-consistent atomic basis set. This level is superior to the single-state
CASPT2 method used for ARM models. Also, notice that, to be able to carry out a
consistent comparison with the TPA spectrum, the standard OPA electronic spectrum
(e.g., the one providing the λa

max values discussed in the previous subsections) was
recomputed using an 8-root state-average (with equal weights as it is always the case
for all state-average calculations mentioned in this chapter) wave function while,
usually, the simulation of the OPA properties of ARM models are evaluated at the
3-root SA wave function level and 6-31G(d) level for the atomic basis.

After constructing the a-ARMdefault model starting from the RhX-ray crystallo-
graphic structure, the resulting OPA and TPA spectra (λa

max and transition intensities)
were computed and compared with the available experimental data. The reported
results are displayed in Fig. 22. The computed OPA λa

max = 475 nm for the first tran-
sition, which differs from the 498nm experimental value by less than 3.0kcal mol−1,

is displayed as a stick spectrum and, to allow comparison with the TPA spectrum,
placed at double the wavelength (950 nm) required for OPA excitation, namely, the
calculated wavelength of photons that would be absorbed in a degenerate TPA tran-
sition. Similarly, the λa

max predicted for the weaker OPA transition of λa
max = 339 nm

and placed at 678nm in the figure diagram, differs from the experimental data by
only 0.2kcal mol−1.

The TPA cross section (σT P A) is related to the imaginary part of the second
hyperpolarizability. The authors used a sum-over-state (SOS) approach based on
the mentioned approximation employing an 8-root state-average wave function, and
therefore 8 electronic states. As anticipated above, they assumed that the two simul-
taneously absorbed photons are degenerate, namely, of the same wavelength. The
SOS calculation predicts an average TPA σT P A of 472 GM at λa

max of 950 nm, for
the first band corresponding to the S0 → S1 transition. The calculated σT P A value is
comparable with the value reported for the standard ChR2 optogenetics tool, which
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Fig. 22 One- and two-photon absorption spectra of bovine rhodopsin. Computed λa
max corre-

sponding to photons with average half-energy value of the OPA λa
max (full vertical lines and bold

numbers with oscillator strength in parenthesis) and TPA spectral bands for the first three transition
of Rh obtained from the ten QM/MM models generated by the ARM protocol at the MS-MC-PT2
level of theory (XMCQDPT2/cc-pVTZ//CASSCF/6-31G(d)/AMBER models). The dashed verti-
cal lines refer to standard 3-root state-average CASPT2/6-31G(d) level of theory used with ARM
models to compute their S0 → S1 and S0 → S2 λa

max values. Adapted with permission from [41].
Copyright 2019 American Chemical Society.

is ∼260 GM at 920nm and, therefore, a vertical excitation energy of 30kcal mol−1.
This suggests that ARM models may be useful to assist the design of novel optoge-
netics tool with large σT P A values.

The documented first TPA transition corresponds to the OPA transition responsi-
ble for the ultrafast 11-cis to all-trans photoisomerization of the 11-cis rPSB chro-
mophore of Rh. Therefore, in agreement with the results by Palczewska et al., the
results support the perception of the IR light by Rh and the hypothesis that OPA and
TPA result in the same photoisomerization process, producing all-trans rPSB which,
in turn, activates the Rh photocycle and leads to visual perception. This appears to be
a straightforward conclusion when considering the computational and experimental
evidence in favor of a barrier-less nature of the S1 double-bond isomerization path
[37, 121].

OPA and TPA calculations of the a-ARMdefault model indicate that while the
second excitation (S0 → S2) is weak in theOPA spectrum (see the oscillator strengths
in Figure 22), it is, as expected, more intense in TPA (22). In fact, the calculated
average λa

max related to the S0 → S2 transition, is located at 678 (2 × λa
max, OPA =

339) nmwith the average cross section of 231 GM. The calculated average λa
max TPA

related to the S0 → S3 transition is located at 644 (2 × λa
max, OPA = 322) nm and

shows an average σT P A of 771 GM. Similar to the S0 → S2 transition, the S0 → S3
OPA transition is weak (i.e., it has a small oscillator strength) but it is predicted to be
strongly allowed in TPA. Furthermore, while both S0 → S2 and S0 → S3 transitions
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Fig. 23 Geometrical progression along the trajectories triggered via TPA absorption. aEnergy
profiles describing the excited state relaxation occurring after the population of the S1, S2, and S3
state. b Corresponding progression along three relevant torsional deformations. (C) Progression
along the corresponding collective stretching deformation called bond-length alternation (BLA)
and defined as the difference between the average single bond length and average double-bond
length). Adapted with permission from [41]. Copyright 2019 American Chemical Society

are predicted to have the same intensity in OPA (i.e., same oscillator strength), the
latter has a higher σT P A (771 GM vs. 231 GM).

The dynamics triggered by the TPA population of the S2, and S3 potential energy
surfaces were investigated by computing the corresponding FC trajectories and com-
paring them with that reported for the reactive S1 state (see Fig. 23). As discussed
above, FC trajectories provide an approximate description of the motion of the cen-
ter of the excited state population and, in the present context, are used to provide
qualitative information on the excited state reactivity. The top panel of Fig. 23a dis-
plays the S1 FC trajectory energy profiles of Rh computed at the 2-root state-average
CASSCF/6-31G(d)/AMBER level and corrected by 3-root state-average CASPT2
level via single-point calculations, starting at the FC point on S1 and reaching the
S1/S0 conical intersection on a ca. 100 fs time scale (CI1 and CI1-like points in
CASSCF and CASPT2 profiles, respectively) [80, 84]. In order to demonstrate that
the reactivity is maintained also when populating the S2 state, we look at the tra-
jectory obtained at the 3-root state-average level starting at the FC point on S2 as
displayed in the middle panel of Fig. 23a. The results indicate that the reactive state
S2 is populated after ∼15 fs (CI2 and CI2-like in CASSCF and CASPT2 profiles,
respectively) upon decay from S2 to S1. The now S1 population reaches the reac-
tive S1/S0 conical intersection on a ca. 100 fs time scale (CI1 and CI1-like points
in CASSCF and CASPT2 profiles, respectively). A similar analysis has been done
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for S3 which displays a large σTPA value. As shown in the bottom panel of Fig. 23a,
this state appears less reactive as no decay of the S3 state (computed using a 4-root
state-average CASSCF wave function) is detected within 200 fs.

The same trajectories provide information on the reaction coordinate spanned
during the excited state relaxation. Such progression is reported in Fig. 23b, c for the
relevant torsional and stretching (BLA) deformations respectively. It can be clearly
seen that the reaction coordinate is dominated by a bicycle-pedal motion [146] cen-
tered on the C11=C12 and C9=C10 torsions with no contribution along C15=N.
Such a reaction coordinate is clearly conserved for excitations to the S2 state via
TPA (see the central panel in Fig. 23b). Such motion does not seem to be activated
after the population of S3 (see bottom panel of Fig. 23b). It might be worth noting
here that internal conversion fromS3 to S2might be efficient simply through efficient
vibronic coupling. The initially unreactive nature of S3 can also be seen in the BLA
coordinate of Fig. 23c. In fact, the comparison of the central and bottom panels of
such figure clearly show how the BLA is not completely inverted in S3 which shows
oscillation around a zero BLA value (i.e., around similar single and double-bond
lengths) reflecting a limited reactive character.

4.4 Modeling Primary Photoproducts, Reaction Paths, and
Bistable States in an Animal and a Microbial Rhodopsin

In Fig. 23a, we have shown that a-ARMdefault models can be employed to inves-
tigate the excited state reactivity of an animal rhodopsin via FC trajectory compu-
tations. Such computations, when continued for a time long enough to reach the S0
valley, generates a model of the structure of the primary stable photocycle intermedi-
ate (see also Fig. 14). For Rh such intermediate is called bathorhodopsin (bathoRh)
and its model is displayed in Fig. 24. It can be seen that the FC trajectory provides
information useful for computing the structure of a S1/S0 (minimum energy coni-
cal intersection) MECI which is the critical structure driving the decay to S0 (the
photochemical funnel) and therefore the isomerization.

The comparative analysis of the Rh, MECI, and bathoRh structures provide infor-
mation on the reaction coordinate in terms of the main variations in the chromophore
and protein geometry. Such variations are, in part, displayed in Fig. 24. The same
structures also provide information on the electronic character changes occurring
along the same reaction coordinate and showing that the initial charge transfer char-
acter is lost immediately after decay to S0 (see the bottom of the figure where the S1
and S0 charges of a specific chromophore fragment are given and reflect the change
in electron distribution along the reaction path). Of course, the quality of the bathoRh
model can be evaluated by comparison of the observed and predicted λa

max values
and, if possible, by comparing the X-ray crystallographic structure with predicted
structure.
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Fig. 24 CASPT2//CASSCF/AMBER energy profiles along the S1 photoisomerization path
of Rh. Energy profiles along the S0 and S1 states along the FC trajectory describing the OPA
triggered progression along the S1 state (see top panel in Fig. 23a). The a-ARMdefault used for
this calculation is the same employed above for the discussed TPA computations. The geometrical
progression is illustrated in terms of the structure representative of the DA state featuring and 11-cis
rPSB chromophore, the conical intersection (MECI) controlling the decay from S1 to S0 and the
geometry of the primary photoproduct bathoRh. Both the MECI and the bathoRh are geometrically
optimized, and therefore do not correspond to trajectory snapshots. The energies of MECI and
bathoRh are relative to the ground state Rh. These are unpublished data from the authors but an
earlier version of this study was reported in Ref. [121]. The charges in S0 and S1 are given as
positive electron charge

The Rh calculation shows that ARM models can be used to track the S1 reaction
paths, predict the structure of the MECI and that of the first primary photoproduct
(photocycle intermediate).We nowdiscuss and additional study inwhich not only the
primary photoproduct K is modeled but, if suitable structural information is given,
the structure of the meta-stable LA form of a bistable microbial rhodopsin. Indeed,
we discuss the S1 reaction path computation of a light-driven ion-pumping rhodopsin
[58] from a deep-ocean marine bacterium, Parvularcula oceani [78] (PoXeR) as an
example of the application of an ARM models to the study of a rhodopsin with a
LA state with a lifetime of tens of seconds. The study has the target of inferring
the character of the K intermediate featuring a 13-cis rPSB chromophore. Such
intermediate eventually gets back to the DA state thermally (see Fig. 14) and shows
a τ = 91 s.

P. oceani is a α-proteobacterium found at a depth of 800m in the southeastern
Pacific ocean. Given the small amount of light available, PoXeRperforms its function
as inward light-driven H+ pump efficiently and using only one photon to complete
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Fig. 25 S0, S1 and S2 energy profiles along the S1 isomerization path of PoXeRAT . The
geometries corresponding to PoXeRAT , PoXeRAT -CI, PoXeRAT -K and PoXeR13C were obtained
through a ground state relaxed scan along the reactive C12-C13=C14-C15 dihedral angle (i.e., taking
the torsion about C13=C14 as the driving coordinate). All energies are reported relative to that of
the ground state of PoXeRAT . The computed and observed (italic in parenthesis) wavelength values
are shown for the full protein-retinal complex. In each state, the isomerizing bond is highlighted

one entire DA → LA → DA photocycle. As opposed to the ASR photocycle, which
features the long lived (hours) meta-stable form ASR13C , the 13-cis to all-trans
thermal back-conversion (PoXeR13C → PoXeRAT ) takes place in minutes rather
than hours. This is why a single photon is sufficient to achieve the full rotation in
the PoXeR photocycle which, in total, lasts minutes. In other words PoXeR exibits,
effectively, Type I photochromism. This is different from the Type II photochromism
of ASR which requires a second photon to quickly reconvert ASR13C to the DA
dominating ASRAT form.

PoXeR shares a 51% of its amino acid sequence with ASR. This allows to employ
the ASR x-ray crystallographic structure as a template for performing comparative
modeling and use the resulting structure to build an ARMmanual model of PoXeRAT

and of the meta-stable form PoXeR13C . The PoXeRAT model can be employed
to compute the S1 isomerization path leading to the production of K (in micro-
bial rhodopsins K has the same role of bathoRh in animal rhodopsins). PoXeRAT ,
PoXeR13C and the the primary photocycle intermediate PoXeRAT -K, feature dif-
ferent λa

max values. These values, provide a trend in experimental quantities that
acceptable ARMmanual models must reproduce.

The results of the above-mentioned study are reported in Fig. 25. From inspection
of the figure, it is evident that the trend in observed λa

max values is reproduced by
the three models which display a blue-shifted error in the case of PoXeRAT and

Appendix B
B.3. Paper [III]: Chapter 1: On the Automatic Construction of QM/MM Models for

Biological Photoreceptors: Rhodopsins as Model Systems

269



On the Automatic Construction of QM/MM Models for Biological … 55

PoXeRAT -K. The reaction path displays a limited barrier at ca. −140◦ which is
reminiscent of the barrier documented for ASR (see Fig. 17b above) and found at
ca. −120◦ twisting about C13=C14.

The results also provide information on the detailed structural changes occurring
during the isomerization reaction as well as on the distorted (i.e., nonplanar) con-
formation of PoXeRAT -K when compared to the PoXeRAT reactant. It must also
be noticed that the planarity is roughly recovered at PoXeR13C which features +10◦
and +9◦ twisted C13=C14 and C15=N double bonds. Notice that both PoXeRAT and
PoXeR13C are pre-twisted of ca. 10◦ in the same direction indicating unidirectional
isomerization motion.

4.5 Modeling the pH Sensitivity of the λa
max in ASR

(Most of the content of Sect. 4.5 is reproduced/adapted with permission from J.
Chem. Theory Comput. 2019, 15, 8, 4535-4546. Copyright 2019American Chemical
Society).

We end the application section by revising a study [108] of the sensitivity of
the vertical excitation energy �ES1−S0 value to pH in ASRAT carried out with
ARMmanual models. These models have been used to obtain the excitation ener-
gies on a selected subset of “protonation microstates” of this rhodopsin DA state. As
explained in Sect. 3.1.1, the ionization state of each ionizable protein residue has to
be provided during the building of the input for construction of an ARMmodel. One
usually employs approximate methodologies like the one provided by the PROPKA
software [102]. However, the software usually provides only one of the possible pro-
tonation microstates which are then assumed to be a largely dominating microstate.
However, it is then possible that the dominating microstate changes when changing
the pH or an even more complex situation may arise where more microstates in
equilibrium among them may contribute to the description of the protein ionization.

The authors of the mentioned study have tested a certain number of dominating
microstates with respect to a chosen reference microstate (REF) supposed to dom-
inate at pH 7. It is then possible to roughly mimic the effect of a change of pH by
modifying the dominating protonation microstate which will feature a different pro-
tonation in one ormore of several titratable residueswith respect to the reference. The
result of the comparison of the investigated microstates, each one represented by a
distinct ARMmanual model, is shown in Fig. 26. As expected, the largest shift (>120
nm) is due to the protonation of the retinal counterion, D75, keeping the retinal as
a protonated Schiff base. This shift is out of the range reported experimentally (the
maximal observed variation is 10 nm), thus D75 is always kept deprotonated. The
deprotonation of D217 (15.4 Å from the retinal) induces a blue-shift of 13nm and
it is in qualitative agreement with specific experimental observations [119]. Closer
to the retinal (14.2 Å), the deprotonation of D198 causes a much larger 41 nm λa

max
blue-shift. Simultaneous deprotonation of both D198 and D217 results in a blue-shift
which is 32nm with respect to the reference value, hence less than the one obtained
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Fig. 26 λa
max values of several ASRAT protonation microstates. The REF model corresponds

to the most likely protonation microstate at pH = 7. The 3-letter code for each amino acid has been
chosen to unambiguously denote each change of the protonation state on the y-axis, as follows: initial
protonation state–amino acid number–final protonation state. The structure on the right provides a
schematic representation of the ASR model, featuring 18 titratable residues between pH = 3 and
pH = 8: aspartic acids in red; glutamic acids in yellow, histidines in blue. Adapted with permission
from [108]. Copyright 2019 American Chemical Society

by the single deprotonation of D198. The smallest red-shift (2 nm) is due to pro-
tonation of H219. Accordingly, H219 could be a good candidate for explaining the
ASR red-shift at acidic pH. This tiny effect is probably related to the large distance
between H219 and the retinal, more than 19 Å. The smaller distance between H21
and the retinal (18 Å results in a slightly larger red-shift (8 nm) upon H21 protona-
tion. However, protonation of both H21 and H219 results in a 22nm red-shift, larger
than the ones resulting from each protonation taken separately. In this configuration,
H21 and H219 form an interacting pair in the ASR structure. Because of the large
electrostatic repulsion between two, close, positively charged moieties, this doubly
protonated situation has very little chance to occur in the considered pH range. In
other words, the corresponding protonation microstate is unlikely to be populated.
These ARMmanual models result in observable λa

max changes and can thus be used to
predict the changes themselves. However, the author stresses that such information
needs to be complemented with the probability of such a process to take place at a
given pH. For instance, it may occur that the large blue-shift caused by D198 depro-
tonation actually does not matter if this reaction is not likely to happen, because the
D198 pKa value could be significantly far from the pH range under study. Rephrased
in a probabilistic language, the analysis above do not take into account the relative
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populations of protonated and deprotonated residues at a given pH. This must be
evaluated with different technologies exploiting full MM parametrized models such
as CpHMD (Constant pH Molecular Dynamics) simulations [54].

5 Future Applications: Use a-ARM rhodopsin model
building and Forget original ARM protocol

Most of the applications presented in Sect. 4 were performed on the basis of QM/MM
models generated with the first version of the ARM protocol [90]. As further
described in Sect. 3.1.1, the main pitfalls of this version are related with the input file
preparation phase, that is manually achieved by following a procedure composed of
four different steps and yielding models whose construction was only partially auto-
mated. In fact, such a procedure requires researchers to make a series of decisions,
based on their chemical/physical knowledge and intuition. Doubtless, the great flex-
ibility to operate in each of the four steps may impair the reproducibility of the final
QM/MMmodels, making difficult, if not impossible, to get the samemodel from two
different researchers operating independently and without exchanging information.
In this regard, although the pool of results reported in Sects. 4.1, 4.2, 4.4, and 4.5
are reliable, in the sense that they were thoughtfully produced, their reproducibility
in other labs and without step-by-step instructions, cannot not be guaranteed.

As an alternative, it is expected that the use of QM/MMmodels constructed with
the updated version of the protocol (a-ARM [106, 107]) that implements a Python-
based module for the automatic input preparation (see Sect. 3.1.2) will give rise to
reproducible results. Indeed, a first step toward demonstrating that the performance
of automatic a-ARM models is consistent with that of manual ARM is to compare
their ability to reproduce trends in maximum absorption wavelength. As observed
in Fig. 10, this is achieved via benchmark calculations for a set of phylogenetically
diverse rhodopsins variants (i.e., wild-type and mutants). In this figure, it is evident
that, similar towhat observed formanualARM, the automatic a-ARMversion results
in excellent agreement with experimental data. Subsequently, we compared the λa

max
computed with both versions of the protocol for each of the studied rhodopsins (e.g.,
ASRAT and ASR13C in Sect. 4.1; KR2AT in Sect. 4.2; PoXeRAT and PoXeR13C in
Sect. 4.4) as an attempt to evaluate whether the automatic a-ARM QM/MMmodels
would be suitable for the applications previously summarized. In doing so, it is
noticeable that both versions produce consistent values, as shown in Table 3.

This is a positive indication that conclusions derived from each of the applications
reported in Sect. 4 can be transferred when using models produced with a-ARM.
Nevertheless, such a hypothesis must be verified by reproducing a complete photo-
chemical study beyond the simple calculation of λa

max. To this aim, we attempted to
recreate one of the studies of Sect. 4 by using the corresponding a-ARM models.
In this regard, we selected the “search for an eubacterial fluorescent rhodopsin” as a
case study (see Sect. 4.1) due to the relevant findings/conclusions derived from both
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Table 4 Overview of structural features and both experimental and computational data for a-ARM
QM/MM models of Anabaena sensory rhodopsin (ASR)
Anabaena sensory rhodopsin (ASR)

General Information

PDB ID: 1XIO[141] Chromophore: Retinal (RET)

RET Configuration: all-trans (AT) Lysine Linker: A-Lysine 210 (K210)

Proton acceptor: Aspartic 75 (D75) Proton Donor: —

Experimental Spectroscopic Information

Absorption:

WT: �ES1−S0: 52.0 kcal mol−1

(2.25 eV)
λa
max: 550 nm[1]

L83Q: �ES1−S0: 55.3 kcal mol−1

(2.40 eV)
λa
max: 517 nm[1]

W76S/Y179F: �ES1−S0: 58.6 kcal mol−1

(2.54 eV)
λa
max: 488 nm[1]

Emission:

WT: �ES1−S0: 42.4 kcal mol−1

(1.83 eV)
λ

f
max: 674 nm[85]

W76S/Y179F: �ES1−S0: 43.5 kcal mol−1

(1.88 eV)
λ

f
max: 658 nm[85]

pKa Analysis at crystallographic pH 5.6

Protonated residues: ASH 198 ASH 217 GLH 36
HID 8

Counterion Distribution: Inner surface: 7Cl- Outer surface: 1Na+

Cavity Residues: 11b , 43b ,47b ,73,75,76,79,80,83,86b ,109,112,113,116,119,131,132,134b ,

135,136,137b ,139,176,179,180,183,198,202,203b ,206b ,209,210,211b ,214b

Computational Results

Absorptiona :

WT: �ES1−S0: 52.3 kcal mol−1

(2.27 eV)
λa
max: 547 nm fOsc : 1.29

Error: +0.3 kcal mol−1

Standard Deviation
(DEV.ST):

0.16 kcal mol−1

L83Q: �ES1−S0: 55.7 kcal mol−1

(2.41 eV)
λa
max: 513 nm fOsc : 1.02

Error: +0.4 kcal mol−1

Standard Deviation
(DEV.ST):

0.42 kcal mol−1

W76S/Y179F: �ES1−S0: 56.8 kcal mol−1

(2.46 eV)
λa
max: 504 nm fOsc : 1.06

Error: −1.8 kcal mol−1

Standard Deviation
(DEV.ST):

1.98 kcal mol−1

(continued)
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Table 4 (continued)
Anabaena sensory rhodopsin (ASR)

Emission calculated from MINSc
1:

WT: �E f
S1−S0: 35.4 kcal mol−1

( 1.53 eV)
λ

f
max: 808 nm Error: −7.0 kcal mol−1

W76S/Y179F: �E f
S1−S0: 34.9 kcal mol−1

(1.51 eV)
λ

f
max: 820 nm Error: −8.6 kcal mol−1

Emission calculated from
FC Trajectoryd :

WT: �E f
S1−S0: 35.1 kcal mol−1

( 1.52 eV)
λ

f
max: 815 nm Error: −7.3 kcal mol−1

W76S/Y179F: �E f
S1−S0: 35.4 kcal mol−1

(1.53 eV)
λ

f
max: 809 nm Error: −8.1 kcal mol−1

a Average maximum absorption wavelength of the N -independent replicas (N = 10), calculated at
the single-state CASSCF/AMBER//CASPT2/6-31G(d) level
b Residues added to the customized cavity
c Maximumemissionwavelength computed from theMINS1 structure, of the replicawithλa

max clos-
est to the average value, obtained at the state-average 3-roots SA3-CASSCF/AMBER//CASPT2/6-
31G(d) level
d Maximum emission wavelength calculated as the average �E f

S1−S0 values along the FC tra-
jectories of Fig. 29b, c, starting 15 fs after the initial relaxation (state-average 2-roots SA2-
CASSCF/AMBER//CASPT2/6-31G(d) level)

experimental and computational photochemical studies. In the following, we report
the computational results obtained by using, as a reference test case, the a-ARM
models for ASRW T and its variants L83Q and W76S/Y179F.

We first assess the performance of automatic a-ARM QM/MM models for the
reproduction of experimental trends in spectroscopic data (e.g., absorption and emis-
sion wavelength). Furthermore, in order to fully discuss the reproducibility of the
set of reference results, we provide complete information on the features of these
models (i.e., retinal configuration; rotamer for linker lysine; residues forming the
chromophore cavity; protonation states of ionizable residues; and number/type of
external counterions in each protein surface) obtained with the input file genera-
tor (see Sect. 3.1.2). Table 4 summarizes information on both model features and
spectroscopic data for the a-ARMmodels. Themain discrepancies between the auto-
matic a-ARM models described in this table and the manual ARM models reported
in Sect. 4.1, are related to a different choice of the protonation states that, in the latter
case, were set up by visual inspection (i.e., ASH 217, HID 219, HIE 69, and HID 8;
see Ref. [85]). As expected, this choice has an impact also on the number of external
counter-ions (i.e., Inner surface: 5 Cl−, Outer surface: 3 Na+) that were manually
placed.

As observed in Table 4, for the a-ARMmodels the difference between calculated
and experimental λa

max for the three ASRAT variants is lower than 3.0kcal mol−1,
that is considered the expected error bar when using the a-ARM protocol [106].
The model with the largest deviation with respect to experimental λa

max is the double
mutant W76S/Y179F, however, it is noticeable that the standard deviation is higher
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Fig. 27 C13=C14 photoisomerization paths along S1, using the automatic a-ARM models
described in Table 4. Energy profiles along S1 (squares) isomerization paths. S0 (diamonds)
and S2 (triangles) profiles along the S1 path are also given. The S1 is computed in terms of a
relaxed scan along the C12-C13=C14-C15 dihedral angle, using the 3-roots State-Averaged SA3-
CASSCF/AMBER/6-31G(d) corrected at 3-roots CASPT2/6-31G(d) level of theory. Original data
produced for this work

than the other cases and the experimental value falls within this error bar. On the
other hand, the experimental order for the emission wavelength, λ

f
max, for the WT

andW76S/Y179F is not respected when these values are calculated from the MINS1
structure. However, when they are extracted from the FC trajectories (see Sect. 4.1)
the order is reproduced. These results are consistent with Ref. [85], where it is
explained that the values calculated from the MINS1 lack the kinetic energy of the
molecule, which is, instead, considered during the FC trajectories calculations.

We now turn our attention to the excited state reaction paths, from now on called
Relaxed Scan (RS). Ideally, the RS should be computed from the MINS1 geometry.
However, for systems in which a MINS1 is not located along the S1 PES (e.g., ASR
single mutant L83Q), an extrapolated path can be computed by using as input geom-
etry the FC point. Therefore, RS plotted in Fig. 27 were computed from the MINS1
geometry for both WT (Fig. 27, middle) and double mutant W76S/Y179F (Fig. 27,
right), whereas for the case of the single mutant L83Q (Fig. 27, left) the FC point was
used. These plots should be, in principle, compared with those reported in Fig. 17.
The discontinuity observed around −125◦ for the double mutant W76S/Y179F (Fig.
27c) is attributed to a change of conformation on the C15=N coordinate, which is not
constrained during the geometry optimization. As observed in Fig. 27, theWTprofile
seems to present a small energy barrier and the double mutantW76S/Y179F presents
a significant barrier, whereas the energy profile for the singlemutant L83Q is flat up to
the CI. These results are consistent with experimental observations reported in Ref.
[85], where L83Q is not fluorescent, WT has a dim fluorescence and W76S/Y179F
presents an enhanced fluorescence. The discrepancies observed in the behavior of
S1, S2, and S3 energy profiles when comparing both manual (Fig. 17) and automatic
a-ARM models (Fig. 27) could be attributed to the use of a different methodology,
which implies the setup of many variables such as the number of state-averaged roots
to compute the constrained optimizations and the type and number of constraints
imposed over the rPSB. Whereas the RS produced for the a-ARMmodels of Fig. 27
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were generated via constrained 3-roots SA-CASSCF/AMBER//CASPT2/6-31G(d)
geometry optimizations along the C12-C13=C14-C15 dihedral angle (constrained three
dihedral angles), in Ref. [85] the authors have, regrettably, specified neither the num-
ber of roots nor the type and number of constraints imposed over the rPSB for the
geometry optimizations. Therefore, with the aim of performing a fair comparison
between manual and automatic QM/MM models, we computed the RS for the WT
and W76S/Y179F manual ARM QM/MM model this time using exactly the same
methodology employed to compute the corresponding RS presented in Fig. 27b for
WT and Fig. 27c for W76S/Y179F automatic a-ARM models, as shown in Fig. 28.
It is evident that when using the same methodology, both manual and automatic
QM/MMmodels present a similar behavior in terms of energy profiles. Remarkably,
the discontinuity observed for the double mutant when using a-ARMmodels is also
present when using manual ARM models.

Finally, we analyze the FC trajectories computed by using as input the ground
state a-ARM QM/MM models described above for the three ASRAT variants. The
energy profiles produced for a simulation time of 500 fs, plotted in Fig. 29 and to be
compared with those shown in Fig. 18, are in good agreement with experimental data
on decay lifetime. As observed, for a-ARM-based FC trajectories the single mutant
L83Q exhibits a decay time of c.a. 120 fs, whereas the WT and the double mutant
W76S/Y179F are not reactive during the simulation time. These results are in agree-
ment with experimental time-resolved data, since the decay time is above around
270 fs for the former, while it is around 500 fs for the latter two [85]. However, it is
evident a discrepancy between the S1 and S2 profiles when comparing FC trajectories
for manual and automatic models. In this regard, we should mention that FC trajec-
tories reported in Fig. 18 of Sect. 4.1 were produced by using a slightly different
methodology with respect to that currently employed as a standard in a-ARM for
producing Fig. 29. Specifically, and again due to an "operator" choice, whereas in the
latter only the side-chain atoms of the residues forming the chromophore cavity were
allowed to relax during the calculations, to be consistent with the philosophy of the
ARMprotocol [91, 106], in the former further degrees of freedomwere considered to
account for the delicate nature of the system by allowing to relax both the backbone
and side-chain atoms of the residues forming the chromophore cavity during the cal-
culations. Such a difference in methodology could explain that in the case of a-ARM
based FC trajectories (Fig. 29), there is not an evident coupling between states S1
and S2. In order to test this hypothesis, and make a fair comparison between manual
and automatic QM/MMmodels, we computed the FC trajectory for the WT manual
ARM QM/MM model this time using exactly the same methodology employed to
compute the trajectory presented in Fig. 29b for WT a-ARM model, as shown in
Fig. 30. It is evident that when using the same methodology, both manual and auto-
matic QM/MM models present a similar behavior in terms of energy paths (Fig. 30
top), Mulliken charges (Fig. 30 middle) and BLA (Fig. 30 bottom). Nevertheless, a
further investigation (e.g., via benchmark calculations) is needed to justify whether
or not the backbone atoms should be relaxed during the FC trajectory computations.
Indeed, one of the current priorities on the development of a-ARM is the automation
of the whole pool of the analysis reported in this section (i.e., location of MINS1,
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Fig. 28 C13=C14 photoisomerization paths along S1, using the manual ARM models reported
in Ref. [85] (see Sect. 4.1) (left) and the automatic a-ARM models described in Table 4 (right).
Energy profiles along S1 (squares) isomerization paths. S0 (diamonds) and S2 (triangles) profiles
along the S1 path are also given. The S1 is computed in terms of a relaxed scan along the C12-
C13=C14-C15 dihedral angle, using the 3-roots State-Averaged SA3-CASSCF/AMBER/6-31G(d)
corrected at 3-roots CASPT2/6-31G(d) level of theory. Original data produced for this work

computation of FC trajectories and calculation of photoisomerization paths along
S1), as a unique pipeline for the High-Throughput Screening of Rhodopsin Variants
with Enhanced Fluorescence. In that work, current efforts are being performed to
establish a congruent and standard methodology to guarantee full reproducibility of
the obtained results.

From the computational analysis presented above, it is possible to confirm that
the data produced with the new version of the ARM protocol is consistent with that
reported when using the original version of the protocol. However, the discrepancies
found for the different analysis performed when using ARM or a-ARM methodolo-
gies, exhibit the importance of the development of an automatic and standardized
tool. Such a task is work in progress.
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Fig. 29 Trajectory computation on S1 for L83QAT , WTAT and W76S/Y179FAT , respectively,
using as initial structure the automatic a-ARM models described in Table 4. a–c a-ARM
QM/MM FC trajectories computed at two-root state-averaged-CASSCF/AMBER level of theory
and corrected at the 3-root CASPT2 level. The backbone of the protein is fixed whereas the side-
chain of the residues forming the chromophore cavity are allowed to relax during the computation.
S0 (diamons), S1 (squares), and S2 (triangles) energy profiles along the FC trajectories.d–f Mulliken
charge variations of the =CH-CH=CH-CH=NH2 moiety of the chromophore. g–i Evolution of the
total BLA (full line) and of the BLA of two specific moieties (dotted and dashed lines) for L83Q,
WT, and W76S/Y179F, respectively. Original data produced for this work
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Fig. 30 (Continued)
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� Fig. 30 Trajectory computation on S1 for WTAT , using as initial structure the manual
ARM models reported in Ref. [85] (see Sect. 4.1) (left) and the automatic a-ARM models
described in Table 4 (right). (top) QM/MM FC trajectories computed at two-root state-averaged-
CASSCF/AMBER level of theory and corrected at the 2-roots CASPT2 level; the backbone of the
protein is fixed whereas the side-chain of the residues forming the chromophore cavity are allowed
to relax during the computation. S0 (diamons), S1 (squares), and S2 (triangles) energy profiles along
the FC trajectories. (middle) Mulliken charge variations of the =CH–CH=CH–CH=NH2 moiety of
the chromophore. (bottom) Evolution of the total BLA (full line) and of the BLA of two specific
moieties (dotted and dashed lines). Original data produced for this work

6 Concluding Remarks and Perspectives

QM/MM models are by now established as powerful computational tools for treat-
ing chemical reactivity and other electronic processes in large molecules [11, 120,
126]. In their simplest form that corresponds, substantially, to the two-layer struc-
ture of the ARM models, they can be applied whenever one needs to simulate an
electronic event (for instance, photoexcitation and bond breaking) occurring in a
localized active-site under the influence of the interaction with a surrounding larger
molecular environment. This has lead to tools for helping to build QM/MM models
with different characteristics and according to the specific instructions provided by
the user [127, 148]. Accordingly, an increasing number of applications in several
branches of chemistry are being reported.

In spite of their obvious success, QM/MMmodels are not straightforward to build
consistently and are thus often not easy to be reproduced in different laboratories
due to different user choices during the building. In fact, as also discussed above,
the building is not usually driven by "black-box" protocols and a user must, not only
exercise great care during the selection of the appropriate QM and MM methods,
frontier definition, and type of interaction between the corresponding QM and MM
layers, but also understand the details of the structure preparation. For proteins, these
details may include type, number, and location of counterions and protonation states
of ionizable residues. Such complexity, which also expands the time necessary for
model building, impairs important applications in protein design and in comparative
protein studies.

With this chapter, we have tried to revise some recent work on the automation
of the building protocol of QM/MM models focusing on a single class of light-
responsive proteins. We argue that automation, in contrast to user manipulation,
opens up new perspectives for comparative protein function studies even in a field
as complex as photobiology where one has to describe the consequences of light
absorption at both the electronic and geometrical levels. In fact, automation appears
to be an unavoidable prerequisite for the production of sizable arrays (from hundreds
to thousands) of congruous rhodopsin models: namely, models that can be used for
investigating property trends, for designing novel optogenetic tools via in silico
screening of mutant rhodopsins [89, 106] or for following evolutionary steps along
the branches of a phylogenetic tree [81].
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The ARM approach reveals that the price that one has to pay for automation is
that of a lesser flexibility in the QM/MM model construction which, in principle,
shall be the result of a completely defined building protocols involving minimal user
choices. This translates in the production of specialized models valid within a single
protein family and providing only specific information and abovewe have shown that
a number of steps in such direction have been completed for rhodopsins. However,
we have also shown that most of the applications reported until now are based on
models whose input has still to bemanually prepared. It is therefore clear that the next
step along this research line would be the evaluation and application of rhodopsin
QM/MM models prepared with a fully automated protocol such as a-ARM. Notice
that the comparison between the experimentally observed and simulated quantities of
the QM/MMmodels generated with the ARM and a-ARMprotocol discussed above,
confers to the corresponding models a significance which goes beyond that of having
simply reproduced experimental trends or predicting new trends in, for instance,
λa
max. More specifically, after having made sure that the QM/MMmodels are able to

reproduce the trend in λa
max and λ

f
max values, the authors have used such models for

mechanistic studies and, ultimately, for extracting rules useful for engineering new
rhodopsins displaying novel properties.

Finally, we stress that the structure of the ARMprotocols discussed in this chapter
could, in principle, be replicated for other biologically or technologically important
photoresponsive proteins (e.g., the natural photoactive yellow proteins [117] or the
synthetic rhodopsin mimics [18] or the receptors that incorporate Light–Oxygen–
Voltage (LOV) motifs and tetrapyrrole-binding phytochromes) [122]. Therefore, our
research effort can also be considered the first step toward a more general photobi-
ology tool applicable outside the rhodopsin area.
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ABSTRACT: Recently, progress in IR sources has led to the discovery that humans can
detect infrared (IR) light. This is hypothesized to be due to the two-photon absorption
(TPA) events promoting the retina dim-light rod photoreceptor rhodopsin to the same
excited state populated via one-photon absorption (OPA). Here, we combine quantum
mechanics/molecular mechanics and extended multiconfiguration quasi-degenerate
perturbation theory calculations to simulate the TPA spectrum of bovine rhodopsin
(Rh) as a model for the human photoreceptor. The results show that the TPA spectrum
of Rh has an intense S0 → S1 band but shows also S0 → S2 and S0 → S3 transitions whose
intensities, relative to the S0 → S1 band, are significantly increased when compared to the
corresponding bands of the OPA spectrum. In conclusion, we show that IR light in the
950 nm region can be perceived by rod photoreceptors, thus supporting the two-photon
origin of the IR perception. We also found that the same photoreceptor can perceive red
(i.e., close to 680 nm) light provided that TPA induces population of S2.

The vertebrate dim-light (scotopic) photoreceptor rhodop-
sin belongs to a large group of proteins forming the so-

called G protein-coupled receptor (GPCR) family. More
specifically, rhodopsin features the common hollow α-helical
transmembrane structure of GCPR but hosts an 11-cis-retinal
chromophore (rPSB11) antagonist covalently connected to the
protein via a protonated Schiff base linkage.1,2 (see Scheme 1).

The light-induced (i.e., photochemical) isomerization of the
rPSB11 chromophore to its all-trans isomer (rPSBAT) is the
first step of the so-called rhodopsin photocycle ultimately
leading to the production of the protein biologically active
Meta-II state.3

For a long time, it has been thought that humans cannot
perceive infrared (IR) radiation. However, in the 1970s it was
discovered that the human retina perceives IR light in the

800−1355 nm range.4,5 Second harmonic generation6 in the
eye, fluorescence, and two-photon absorption (TPA)7 were
suggested as IR perception mechanisms. Several electro-
physiological studies with lower vertebrate photoreceptors
revealed nonlinear optical processes leading to rhodopsin
activation.8,9 Although these studies imply that human visual
perception might not be limited to the visible part of the
electromagnetic spectrum, they did not explain how IR
perception is allowed at the molecular level. Thus, their
implications for photoreceptor activation, including human
photoreceptors, has remained unidentified.
In 2014, Palczewska and co-workers10 provided evidence

that humans can detect IR light at wavelengths around 950−
1000 nm and that this is perceived as visible light. The study
indicates that IR irradiation causes the photoisomerization of
the rPSB11 chromophore, suggesting that IR laser beams could
be used to scan the retina and detect eye problems in their
early stages, before they become insurmountable, where the
using of visible-wavelength lasers might damage the retina.
The present paper is focused on the possibility of

computing, rather than measuring, the TPA spectra of
rhodopsins using quantum chemistry. To this aim, a theoretical
exploration of the TPA properties of Rh using a quantum
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Scheme 1. Chemical Structure of rPSB11
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mechanics/molecular mechanics (QM/MM) model based on
multistate multiconfigurational second-order perturbation
(MS-MC-PT2) level of QM theory, is carried out. To do so,
we focus on the structurally resolved bovine rhodopsin (Rh)1

dim-light photoreceptor whose amino acid sequence and
wavelength of absorption maximum (λmax) are very close to
those of human rhodopsin (93% identity and 49811,12 vs
49613,14 nm, respectively).
More specifically

(i) We construct ten isolated QM/MM models of Rh based
on the previously reported Automatic Rhodopsin
Modeling (ARM) protocol15,16 (see section S1 in the
Supporting Information, for computational details) and
the XMCQDPT2 (i.e., extended multiconfiguration
quasi-degenerate perturbation theory) implementation
of the MS-MC-PT2 theory and use it to determine the
λmax and intensity (oscillator strength) of the OPA
spectra. To assess the model accuracy, we compare the
computed and experimental OPA features of Rh.

(ii) By focusing on two previously investigated molecules,
trans-stilbene and a related stilbenoid,17−19 we evaluate
the reliability of XMCQDPT2 for the simulation of TPA
spectra.

(iii) Finally, by using the constructed QM/MM model we
compute the Rh TPA spectra and compare it with the
available experimental data. The possible photochemical
response of the TPA transition is then qualitatively
evaluated using semiclassical trajectories.

OPA Properties of the XMCQDPT2/cc-pVTZ//CASSCF/6-
31G(d)/AMBER QM/MM Model of Rh. The absorption
spectrum of Rh shows three peaks in the UV−vis region.20

The two principal peaks are located at 49811 and 28020,21 nm
(57.4 and 102.1 kcal/mol, respectively). The long-wavelength
peak is attributed to the S0 → S1 transition

22 and the short-
wavelength intense peak is attributed to aromatic amino
acids.20 However, the latter peak is also present in the spectra
of rPSB11 in 1,2-dichloroethane solvent21 with lower intensity.
The band at 498 nm corresponds to the lowest π−π*
transition of the chromophore. There is a weaker peak at
34012,20,23,24 nm (84.1 kcal/mol) assigned to the S0 → S2
transition,22 which is only seen in rPSB11.20

In Table 1 we report the calculated average vertical
excitation energies ⟨ΔES1−S0⟩, ⟨ΔES2−S0⟩, and ⟨ΔES3−S0⟩
computed using the constructed 8-root state average
XMCQDPT2/cc-pVTZ//CASSCF/6-31G(d)/AMBER Rh
models (the right side of the “//” indicates the level employed

for geometry optimization and the left side that used for the
energy and property calculations) and compare them to the
experimental values obtained by converting wavelengths into
vertical excitation energy values. Such excitations involve the
ground state (S0) and the first three singlet excited states (i.e.,
S1, S2, and S3).
The results show that the ⟨ΔES1−S0⟩ value is 60.1 ± 0.5 kcal/

mol (λmax = 475 ± 4 nm), which differs from the experimental
value by less than 3.0 kcal/mol. After looking at the
distribution of the positive charge along the chromophore
backbone (see Scheme S1 and Table S2 in the Supporting
Information) in S0 and S1, we see that the positive charge,
initially located on the −NC15− moiety, moves forward
toward the β-ionone ring and conclude that S1 has charge
transfer character in agreement with previous studies.22,25,26

The ⟨ΔES2−S0⟩ value is 84.3 ± 0.4 (λmax = 339 ± 2 nm) that
differs from the experimental data by only 0.2 kcal/mol. A
similarly low level of discrepancies is also displayed by the
corresponding values of the 10 uncorrelated QM/MM models
(see section S1 and Table S3 in the Supporting Information),
where the errors are in the range of 2.3−3.6 and 0.0−1.0 kcal/
mol, respectively. Notice that for ΔES1−S0 these errors are close
to the ca. 3.0 kcal/mol blue-shifted error previously
documented for ARM generated QM/MM rhodopsin
models.15 Further assessment of the accuracy of the
XMCQDPT2 method, the effect of basis set, and variation in
the number of contributing roots in the state averaging have
been documented in section S4 of the Supporting Information.
It is also worth to mention that a comprehensive investigation
on the S0 → S3 transition, and the effect of the protein
environment on the S0 → S2 and S0 → S3 transitions have been
reported in section S5 of the Supporting Information.
TPA Properties of trans-Stilbene and a D−π−A Stilbenoid. The

gas-phase trans-stilbene (see Scheme S2A in the Supporting
Information) and its acceptor−π−donor (A−π−D) derivative
4-(dimethylamino)-4′-nitrostilbene (hereafter referred to as
ACCD. See Scheme S2B in the Supporting Information)
chromophores were used as benchmarks to validate the
protocol for TPA spectra simulation. We selected ACCD
because it features a noncentrosymmetric π-conjugation similar
to rPSB11. The TPA cross section is related to the imaginary
part of the second hyperpolarizability. Hence, our protocol is
based on the sum-over-state (SOS) approach and accordingly,
the equations “F1” and “D2” in Fortrie et al.27 have been used
to calculate the TPA line-shape as a function of the frequency
ω, i.e., the excitation wavelength. Here, the SOS was
approximated using 11 intermediate electronic states (12-

Table 1. Computed OPA Spectroscopic Properties of Rh with Different Approachesa

vertical (i.e., Franck−Condon) excitation

⟨ΔES1−S0⟩ ⟨ΔES2−S0⟩ ⟨ΔES3−S0⟩ oscillator strength

method kcal/mol (nm) eV kcal/mol (nm) eV kcal/mol (nm) eV ⟨ΔES1−S0⟩ ⟨ΔES2−S0⟩ ⟨ΔES3−S0⟩

XMCQDPT2b 60.1 (475) 2.60 84.3 (339) 3.65 88.8 (32) 3.85 0.88 0.20 0.20
XMCQDPT2c 60.2 (475) 2.61 84.3 (339) 3.65 88.5 (323) 3.83 0.87 0.20 0.21
XMCQDPT2d 60.3 (474) 2.61 84.3 (339) 3.65 0.87 0.18
XMCQDPT2e 63.7 (449) 2.76 86.4 (331) 3.75 0.84 0.26
CASPT2 (IPEA = 0)f 57.5 (497) 2.49 83.6 (342) 3.62 0.60 0.38
expt 57.4 (498) 2.47 84.0 (340) 3.64

aTransition energies (vertical excitation energies) are given in kcal/mol (nm in parentheses) and eV. bAverage (10 models) 8-root SA with the cc-
pVTZ basis set. c8-root SA of the representative model (model-6) with the cc-pVTZ basis set. d3-root SA of the representative model (model-6)
with the cc-pVTZ basis set. e3-root SA of the representative model (model-6) with the 6-31G(d) basis set. f3-root SA with the 6-31G(d) basis set
calculated with MOLCAS.
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root single point calculation, based on previous computations
on conjugated chromophores of similar size,28 see section S1 in
the Supporting Information). In our protocol, two absorbed
photons in TPA are degenerate, and therefore, the calculated
λmax,TPA and σTPA values for trans-stilbene (see Figure S4A for
the simulated spectra) can be defined as the values
corresponding to the maximum of its TPA spectra as in the
previous studies17−19,29 (see Table 2). All calculated data
reveal that while the obtained gas-phase λmax,TPA values match
the experimental value measured in solution (toluene17 and
chloroform29) reasonably well, the σTPA calculated by different
methods displays substantial discrepancies (for more dis-
cussion see section S1 of the Supporting Informatin), which
possibly arise from inconsistent prediction of the transition
dipole moments by different computational methods. In fact,
comparing with experimental values, our computed TPA
properties (λmax,TPA = 480 nm and σTPA = 32 GM) are in better
agreement with the values reported by De Wergifosse et al.,29

(λmax,TPA = 486 nm and σTPA = 32 GM) rather than with those
reported by Bred́as et al.,17 (λmax,TPA = 514 nm, and σTPA = 12
GM). Furthermore, comparing to those computed with other
methods,18,19,29 XMCQDPT2 calculations show the best
agreement with the experimental data reported by Wergifosse
et al.29

The TPA spectra of trans-stilbene (see Figure S4A) show a
peak centered at the λmax,TPA = 480 nm that corresponds to the
S0 → S4 transition. According to our calculations, appreciable
transition dipole moments from S0 are found only for S0 → S1
(5.7 D) and S0 → S3 (5.0 D) pointing to the fact that the most
intense TPA transition of S0 → S4 could happen via the
intermediate states S1 or S3 (i.e., S0 → S1 → S4 or S0 → S3 →
S4, respectively). Inspection of the computed quantities and
comparison with the results of the Bred́as et al.17 corroborate
the dominant contribution of the S0 → S1 → S4 transition in
TPA spectra with the transition dipole moments of 5.7 D for S0
→ S1 and 2.5 D for S1 → S4, analogous to that reported in
Bred́as et al.17 (i.e., 7.1 and 3.1 D for S0 → S1 and S1 → S4,
respectively). In contrast, TDDFT prediction by Nayyar et.
al18 overestimates the S1 → S4 transition dipole moment by a

factor of ∼2.6 (8.2 D). This leads to an overestimation of the
σTPA by a factor of ∼5 (note that their reported σTPA values are
in the order of hundred). In conclusion, our gas-phase trans-
stilbene study indicates that XMCQDPT2 predicts σTPA in
good agreement with the experimental data due to the
reasonable values obtained for the transition energies and
transition dipole moments.
To understand the effect of molecular geometry on the TPA

properties of trans-stilbene, we also calculated the spectra at
the non-planar MP2/cc-pVTZ-optimized geometry28 (Figure
S5). The result shows a maximum at 486 nm with the σTPA of
29 GM and, hence, indicates a small effect of the geometry on
the transition energies, dipole moments and, consequently,
TPA properties of trans-stilbene. The geometry of ACCD was
then optimized at the MP2/ccpVTZ level and the gas-phase
TPA spectra of ACCD was calculated using the same
procedure used for trans-stilbene due to the complexity of
considering the solvent effects. The corresponding TPA
spectra are shown in Figure S4B. One of the distinctive
features of such D−π−A molecules is the absence of symmetry
rules governing optical absorption properties of centrosym-
metric molecules, and therefore, any excited state becomes
both one- and two-photon allowed. Furthermore, these D−π−
A molecules (also known as push−pull molecules) show, in
general, larger TPA cross section with respect to trans-stilbene.
The calculated OPA vertical excitation energy (λmax,OPA =

332 nm, see Table 2) of ACCD, corresponding to the S0 → S1
transition, is in good agreement with the OPA gas-phase
measurements (i.e., in a supersonic jet expansion;37 see Table
2, value in parentheses). This indicates the reliability of our
protocol in predicting the OPA properties of D−π−A
chromophores. However, this value is far from that of
experimental OPA spectra (λmax,OPA = 452 nm) in DMSO
solvent30,32 pointing to a solvatochromic effect whose
simulation would require an effort going beyond the scope
of the present work. Such an effect is expected to cause
substantial variations in structure and properties (such as
absorption spectra, hyperpolarizabilities, and TPA cross
sections). In fact, DFT-based QM/MM calculations31,33 have

Table 2. Calculated and Experimental OPA and TPA Data for trans-Stilbene, ACCD, and Rha

theoretical results experimental results

λmax,OPA (nm) λmax,TPA (nm) σTPA GM (aub) Γmn(eV) λmax,OPA (nm) λmax,TPA (nm) σTPA GM

trans-stilbene this work 292 480 32 (2033) 0.2 ref 17 297 514 12
ref 17c 278 466 27 0.1
ref 19d 267 469; 425 280; 54 0.25 ref 29 302 486 32
ref 18e 471 397−514 117−129 0.2
ref 29f 273 432 43 0.2

ACCD this work 332 664 141 (9106) 0.2 ref 30 452 (335)h 909 191
ref 31g 404−481 70−149 0.2−0.4

ref 32 451 930 114
ref 33g 451 149
ref 34 279 ∼550 ∼30 0.248

Rh this work 475 950 472 (30373) 0.2 ref 10 498i 950−1050j 260l

ref 10 1014 2.1 909k

aλOPA and λTPA (nm) are, respectively, the lowest one-photon absorption wavelength and the two-photon resonance wavelength. σTPA (GM; 10−50

(cm4 s)/photon-molecule) is the TPA cross section. For the choice of Γmn value see p 11 in the Supporting Information. bDamping factor, Γmn,
cannot be reported in au for literature data due to the different prefactor used to convert microscopic (in au) to macroscopic (in GM) cross
section. cTheoretical data from the INDO-MRD-CI method. dTheoretical data from the CI-CNDO/S method. eTheoretical data from the ATDA
formalism. fTheoretical data from the EOM-EE-CCSD method. gTheoretical data from the TDDFT method. hThe value in parentheses is
measured in the vacuum. iThe value is extracted from ref 11. jThe value is extracted from ref 10. kThe value is extracted from ref 35. lThe value is
extracted from ref 36 for ChR2.
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shown that, in contrast to the case of trans-stilbene in a
nonpolar solvent, a polar solvent (such as DMSO and water)
induces geometric distortions that are important to accurate
prediction of the OPA and TPA spectra of ACCD. Thus, in
principle, when comparing our calculated results to the
experiment, it would be important to consider the effects of
the medium.31,33 However, we noticed that the trends in the
experimental λmax,TPA and σTPA values when going from trans-
stilbene to ACCD (486 nm and 32 GM vs. 909 nm and 191
GM, respectively) are qualitatively reproduced with our
XMCQDPT2-based methodology (480 nm and 32 GM vs.
664 nm and 141 GM, respectively). We take this as supportive
for the protocol qualitative validity for TPA spectra simulation.
It is also worth mentioning that our calculated σTPA value for
ACCD is comparable with the value obtained by QM/MM
studies probing the solvatochromic effect (see Table 2).31,33

TPA Properties of Rh. The predicted σTPA and λmax,TPA values
from 10 uncorrelated XMCQDPT2/cc-pVTZ//CASSCF/6-
31G(d)/AMBER models of Rh, have allowed us to simulate
the TPA band presented in Figure 1. The simulated spectra

reflect the blue shift of the OPA spectra of Rh with respect to
the gas-phase chromophore38−40 (Figure S6). The data predict
an average TPA cross section of 472 GM at λmax,TPA = 950 nm,
for the TPA corresponding to the S0 → S1 transition. The
calculated σTPA value is comparable with the relatively high
value reported for the close system channelrhodopsin 2
(ChR2), which is ∼260 GM at 920 nm.36 The predicted
λmax,TPA value matches the value predicted in a previous
theoretical study, reporting an absorption between 950 and
1150 nm with a ∼1000 nm maximum10 and demonstrating the
consistency of such value with experimental electrophysiology
data on the sensitivity to IR light of rods and, possibly, cones
photoreceptor cells. However, our σTPA value is different from
that computed in the same study. A fact that may be attributed
to the use of TDDFT to compute the transition dipole
moments or to the choice of macroscopic conversion prefactor.
Additionally, analyzing the important orbitals involved in TPA
transitions (see section S8 in the Supporting Information for
details), consistent with the charge distribution on the rPSB11
chromophore (Table S2 in the Supporting Information),
corroborates the charge transfer character of the S0 → S1
transition induced by TPA. Accordingly, as far as incorrect
description of the charge-transfer excitations is one of the

hallmark failures of TDDFT41, our protocol is superior for the
purpose of reliable prediction of the TPA properties of Rh.
As mentioned above, the computed λmax,TPA (∼1000 nm)

corresponds to the energy gap of 60.2 kcal/mol results in
electronic excitation of the rPSB11 chromophore to its S1 state.
The S0 → S1 vertical excitation corresponds to a π → π*
transition, which is also responsible for the rapid 11-cis to all-
trans photoisomerization of rPSB11.42 Therefore, in agreement
with the results by Palczewska et al.,10 our calculations
corroborate efficient perception of the IR light by Rh and the
hypothesis that OPA and TPA result in the same photo-
isomerization process, producing rPSBAT and therefore
activating the Rh photocycle and, in turn, visual perception.10

This appears to be a straightforward conclusion when
considering the computational and experimental evidence in
favor of a barrierless nature of the S1 double-bond isomer-
ization path and the results of semiclassical trajectory
simulations as well as time-resolved absorption spectroscopy
experiments.22,43

OPA and TPA calculations of our Rh QM/MM model
demonstrate that while the second excitation (S0 → S2) of the
Rh is weak in the OPA spectra (see the oscillator strengths in
Table 1), it is somehow more intense in TPA (Figure 1). As is
also evident from Table 1, these observations match well with
the reported OPA12,20,23,24 experimental spectra, which show a
weak peak at the β band of the Rh corresponding to the S0 →
S2 transition. In our study, the calculated average λmax,TPA of the
Rh models, related to the S0 → S2 transition, is located at 678
(2 × λmax,OPA = 339) nm with the average cross section of 231
GM.
We compared our computed TPA spectra of Rh with the

corresponding experimental spectra reported by Birge et al.35

In that study, the S1 and S2 states appear close to each other
being ascribed to the ∼490 nm (as appeared in the OPA
experiment) and ∼440 nm (appeared in the TPA experiment)
values, respectively.35 On the basis of their experiment, the
λmax,TPA is 909 nm (11 000 cm−1), which is far from our
predictions for the λmax,TPA of S0 → S2 but matches well the
λmax,TPA of S0 → S1. Furthermore, previous experimental
studies showed a low-intensity band at 340 nm, which can be
assigned to the S0 → S2 transition.12,20 This assignment is
supported by gas-phase40,44 and our QM/MM calculations,
which report well-separated transitions to the S1 and S2 states,
challenging the S2 assignment by Birge et al.35

The calculated average λmax,TPA of our Rh models related to
the S0 → S3 transition is located at 644 (2 × λmax,OPA = 322)
nm and shows an average σTPA of 771 GM. Similar to the S0 →
S2 transition, the S0 → S3 OPA transition is weak (i.e., it has a
small oscillator strength) but, obviously, predicted to be
strongly allowed in TPA. Furthermore, while both S0 → S2 and
S0 → S3 transitions are predicted to have the same intensity in
OPA (i.e., same oscillator strength), the latter has a higher σTPA
(771 GM vs 231 GM). This could be explained in terms of
dipole and transition dipole moments used in the sum-over-
state (SOS) approach (see section S1, eq 2 in the Supporting
Information). After looking at the transition dipole moments
(see section S8, Supporting Information), it was found that the
most important contributions to the S0 → S2 and S0 → S3
transitions in the TPA spectrum of Rh are S0 → S1 → S2 and S0
→ S1 → S3, respectively. The related transition dipole
moments are 9.4, 5.0, and 7.5 D for S0 → S1, S1 → S2, and
S1 → S3 transitions, respectively. The higher transition dipole
moment of S1 → S3 by the factor of ∼1.5 with respect to the S1

Figure 1. TPA of Rh (rPSB11 embedded in the protein cavity)
obtained from 10 QM/MM models at the XMCQDPT2 level of
theory (XMCQDPT2/cc-pVTZ//CASSCF/6-31G(d)/AMBER
models). The color code matches that in Figure S3.
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→ S2 leads to the larger σTPA of S0 → S3. Looking at the
transition diploe moments provides the explanation for
different intensity of the S0 → S2 and S0 → S3 transitions in
OPA and TPA. In OPA, both the S0 → S2 and S0 → S3
transition dipole moments equal 3.8 D (so the oscillator
strengths are quite close too), but in TPA the relevant
transition dipole moments differ considerably (9.4, 5.0, and 7.5
D for S0 → S1, S1 → S2, and S1 → S3 transitions, respectively).
This also has been justified on the basis of the molecular
orbital excitations in section S8 of the Supporting Information.
The dynamics triggered by the population of the S1, S2, and

S3 potential energy surfaces has been investigated by
computing the corresponding FC trajectories at the
CASSCF/6-31G(d)/AMBER level of theory (see section S1
in the Supporting Information, for computational details)
which are surface-hop trajectories starting from the S0
equilibrium structure of our QM/MM representative model
(i.e., model-6) with zero initial velocities. The analysis of the
geometrical progression along the CASSCF-driven FC
trajectories is provided in the Supporting Information (see
Figure S8). In order to qualitatively account for the effect of
dynamic electron correlation and to be consistent with the
above spectral analysis, the energy profiles are also recomputed
using the CASPT2//CASSCF/6-31G(d)/AMBER level of
theory (Figure 2). As shown in the Figure 2, the shape of the
CASPT2 and CASSCF energy profiles for the excited state
progression of Rh are similar. However, as expected, the
CASPT2 energies are red-shifted due to the inclusion of
dynamic electron correlation. FC trajectories provide an
approximate description of the motion of the center of the
excited state population and, in the present context, are used to
provide qualitative evidence that the reactive S1 state gets
populated after TPA to the S2 and S3 states.

45 Accordingly, we
begin by showing that, with the constructed QM/MM model,
the FC trajectory of Rh computed at the two-root state-average
CASSCF/6-31G(d)/AMBER level and corrected by three-root
state-average CASPT2 level, starting on S1, reaches the reactive
S1/S0 conical intersection on a ca. 100 fs time scale (Figure
2A), CI1 and CI1-like points in CASSCF and CASPT2
profiles, respectively) as previously documented with other
models for the OPA process.26,46 This is taken as evidence that
the rPSB11 chromophore in the adopted Rh model undergoes
isomerization and that the primary photocycle intermediate
bathorhodopsin is produced upon decay and relaxation on the
S0 potential energy surface upon IR irradiation. In order to
demonstrate that the reactivity is maintained also when
populating the S2 state, we computed the FC trajectory at
the same level of theory but employing three-root state-average
orbitals in both CASSCF and CASPT2 calculations and
starting on S2 (see Figure 2B). The results indicate that S1 is
populated after ∼15 fs (CI2 and CI2-like in CASSCF and
CASPT2 profiles, respectively) upon decay from S2 to S1. To
provide evidence for a reactive populated region of S1, we stop
the trajectory 10 fs after S1 population and restart it from the
same geometry and velocities and level of theory but with the
more accurate two-root state average CASSCF wave function.
The S1 population reaches the reactive S1/S0 conical
intersection on a ca. 100 fs time scale (Figure 2B, CI1 and
CI1-like points in CASSCF and CASPT2 profiles, respec-
tively).
Finally, in order to assess the reactivity of the TPA excitation

to S3 we compute a FC trajectory at the three-root state-
average level (from the second to the fourth root) starting

from S3. We show that the S3 does not decay after ∼110 fs (see
Figure 2C). Accordingly, in contrast with TPA excitation to S2
and S1, we see that excitation to S3 does not yield a fast decay
to the S1 state and hence, a fast S1-like reactivity (the lack of
progress along the isomerization coordinate is documented in
the Supporting Information, Figure S8C). A much longer
dynamics would be required to establish if this state is
bounded (i.e., emissive) or if simply reacts on a much longer
time scale.
To summarize, we have simulated the TPA spectra of the

dim-light visual receptor Rh, using a set of QM/MM models
constructed via a semiautomatic protocol. Such models allow
us to use MS-MC-PT2 theory to consistently calculate OPA
and TPA spectral properties, ultimately leading to an effective
XMCQDPT2/cc-pVTZ//CASSCF/6-31G(d)/AMBER proto-
col, then validated by comparing computed and experimental
quantities for trans-stilbene in its C2 noncentrosymmetric
equilibrium geometry and its polar D−π−A derivative ACCD.
The comparison shows that the protocol yields transition
dipole moments and transition energies and, hence, σTPA values
comparable with experimental data.
The calculated energies and transition dipole moments of

the 10 Rh models allowed us to predict an average σTPA of 472
GM at λmax,TPA = 950 nm, for the S0 → S1 transition. This fully
supports the hypothesis that a cattle eye and, most likely, the

Figure 2. Relative CASSCF (dashed lines) and CASPT2 (solid line +
circles) semiclassical energy profiles. (A) Photoisomerization after
population of the S1 state. (B) Photoisomerization after population of
the S2 state. The large full circles and dashed vertical line indicate the
change in methodology from three-root to two-root state average in
CASSCF energy profiles. (C) Lack of short time scale photo-
isomerization after population of the S3 state. CI and CI-like points
referred to predicted conical intersection by CASSCF and CASPT2
level of theory, respectively. The stream of black arrows shows the
reactive path at each trajectory.
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human eye can detect IR light, which is then perceived as
visible light. However, the computed σTPA value appears to be
different from that reported in Palczewska et al.,10 a fact that
may be attributed to the use of TDDFT to calculate the
transition dipole moments or to the choice of the macroscopic
conversion prefactor.
While the S0 → S2 OPA transition of Rh is very weak, its

intensity is increased in the TPA spectrum. More specifically,
the computed average σTPA is 231 GM at λmax,TPA = 678 nm.
Such a S0 → S2 λmax,TPA value appears quite different from the
experimentally derived value reported by Birge et al. possibly
due to the wrong assignment of the S2 state as shown in this
paper and also pointed out by Andersen et al.40,44 in the study
of the gas-phase rPSB chromophore. However, while a possible
contribution to the assignment of the intermolecular charge
transfer states (e.g., between the retinal chromophore and a
conjugated cavity side chain) cannot be excluded, our QM/
MM model is unable to deal with such an event, which will
have to be investigated in future work by trying to extend the
model QM subsystem.
The capability of two-photon excitation microscopy (TPM)

to detect retinal disfunctions has been successfully confirmed
in vivo by Palczewska et al.,47,48 thus showing the potential of
two-photon imaging for monitoring early retinoid changes.
Due to the possibility of increasing the intrinsic fluorescence of
the retinal chromophore via suitable mutations or by using
microbial rhodopsins, large cross section values in our
calculations assert that rPSB11 could be turned into a
fluorescent probe49 for two-photon microscopy for in vivo
imaging and monitoring in the red and infrared light regime
with the least light-induced damage of living cells.
Furthermore, in agreement with the previous experimental
studies50,51 that approve the applicability of near-infrared
(NIR) laser (via TPA) to investigate the activation of
channelrhodopsin, our model and predicted TPA properties
are promising for the computational investigation of
rhodopsins (e.g., ChR2) useful in optogenetics.
In conclusion, our calculations show that ca. 950 nm light

can be perceived by the green-blue light absorbing Rh
photoreceptor at the TPA level, thus supporting the two-
photon origin of the IR perception. We also provide evidence,
by using semiclassical trajectory calculations, that via TPA Rh
can also perceive (see) red light (i.e., close to 678 nm), as the
population of S2 ultimately leads to chromophore isomer-
ization through a conventional S1 path. However, the TPA
population of S3 may not lead to chromophore isomerization
with the same speed as S2 and S1 population. Therefore, it is
likely that TPA-based perception of a wavelength of 643 nm
(ca. orange light) cannot be detected with the same type of
mechanism or occur through a significantly slower reaction
channel.
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ABSTRACT 29 
 30 

Color tuning in animal and microbial rhodopsins has attracted the interest of many 31 

researchers, as the color of their common retinal chromophores is modulated by the amino acid 32 

residues forming the chromophore cavity. Critical cavity amnino acid residues are often called 33 

"color switches", as the rhodopsin color is effectively tuned through their substitution. 34 

Well-known color switches are the L/Q and A/TS switches located in the C and G helices of the 35 

microbial rhodopsin structure respectively. Recently we reported on a third G/P switch located in 36 

the F helix of the light-driven sodium pumps of KR2 and JsNaR causing significant spectral 37 

red-shifts in the latter with respect to the former. In order to investigate the molecular-level 38 

mechanism driving such switching function we present an exhaustive mutation, spectroscopic 39 

and computational investigation of the P219X mutant set of KR2. To do so we study the changes 40 

in the absorption band of the 19 possible mutants and construct, automatically, the corresponding 41 

hybrid quantum mechanics/molecular mechanics models. We found that all P219X feature a 42 

red-shifted light absorption with the only exception of P219R. We also showed that the analysis 43 

of the corresponding models indicate that the G/P switch operates by inducing variations in the 44 

electrostatic interactions between chromophore and cavity, while the replacement-induced 45 

geometrical distortion of the chromophore plays a minor role. However, the same analysis 46 

indicates that such an electrostatic mechanism has a complex origin involving changes in 47 

protonation state and hydrogen bond networks that make it difficult to extract simple rules or 48 

formulate theories for predicting how a switch operates without considering the atomistic details 49 

of the side chain replacement. 50 

  51 
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INTRODUCTION 52 

Microbial or animal rhodopsins contain either an all-trans or 11-cis retinal chromophore 53 

respectively1. In both cases the chromophore is located inside the seven-helix (TM1 to TM7) 54 

transmembrane structure of diverse opsins where it binds, covalently, a lysine residue to form a 55 

Schiff base linkage2. In such an environment the chromophore spectroscopic and reactivity 56 

properties are modulated by its molecular environment as demonstrated by the variety of 57 

displayed colors and, therefore, variations in the wavelength (λmax) of the maximum of the 58 

absorption bands3-9. The mechanism allowing such "color tuning" effect is an important topic in 59 

rhodopsin research since the λmax value of the light captured by a specific rhodopsin represents a 60 

biological functions10-13. While the color tuning mechanism7-9 is still not fully understood, it is 61 

apparent that it must be determined by the interactions between the chromophore and the 62 

surrounding amino acid residues featuring side-chains which may be charged, dipolar, aromatic 63 

and capable of hydrogen-bonding and steric contact effects. Accordingly, learning the precise 64 

"rules" for controlling such interaction appears to be of basic importance for the understanding of 65 

different facets of rhodopsin biology including their evolution, ecology, biophysics and the 66 

laboratory engineering required for optogenetic applications14-16. 67 

In most cases, the all-trans retinal chromophore of microbial rhodopsins features a 68 

protonated, Schiff base linkage (rPSBAT) and such -CH=NH(+)- state is stabilized by a 69 

negatively charged -COO(−) counterion, a glutamate or aspartate, placed in its vicinity. While 70 

the electrostatic interaction between chromophore and counter-ion is prominent in color tuning, 71 

other specific color determining residues have been reported, which are sometimes called “color 72 

switches”. In the case of microbial rhodopsin, a famous color switch is the “L/Q switch” in 73 

proteorhodopsin10,17. In fact, green-absorbing (GPR) and blue-absorbing (BPR) proteorhodopsins 74 
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contain Leu and Gln at position 105 of C-helix (TM3), respectively. It has been proposed that the 75 

L/Q selection provides a mechanism for optimizing light absorption with respect to specific 76 

environmental light conditions10,18. In other words, the color regulation would enable bacteria 77 

living in shallow and deep ocean waters to use green and blue light respectively which is 78 

abundant in these respective habitats. Although Leu is hydrophobic and Gln is hydrophilic, 79 

comprehensive mutation study of L105 in GPR indicated that molecular volume (i.e. steric 80 

interactions), not hydrophobicity, is correlated with the λmax value19. 81 

Another color switch is the “A/T switch”3. The alanine residue at position of 215 in 82 

bacteriorhodopsin (BR) is known to partly contribute to the spectral difference between the BR 83 

and Natronomonas pharaonis sensory rhodopsin II (NpSRII, also pharaonis phoborhodopsin) as 84 

it is replaced with Thr in NpSRII.3 This is considered to be related to the evolution from BR to 85 

NpSRII20. A previous study indicates that the S254 of a bacterial light-driven sodium pump from 86 

Krokinobacter eikastus (KR2) also plays a role similar to NpSRII21. Hence, here we refer to it as 87 

the “A/TS switch”, as it appears to represent an additional example of naturally occurring color 88 

determining residue. This switch satisfies the general principle of color tuning, where 89 

introduction of a polar residue in the vicinity of the β-ionone ring or the Schiff base moiety of the 90 

chromophore causes spectral red and blue shift, respectively. This observation is in line with the 91 

present theoretical understanding of color tuning based on the electronic structure and, therefore, 92 

opposite positive charge distribution, of the ground (S0) and first excited (S1) states of rPSBAT. 93 

In short, while in S0 the positive charge is mainly localized in the -CH=NH- moiety of the 94 

chromophore, in the S1 the positive charge is delocalized towards the β-ionone ring. Accordingly, 95 

negatively charge atoms located in the vicinity of the Schiff base moiety would stabilize S0 with 96 

respect to S1 leading to a blue-shift of the λmax value. In contrast, if the negative atoms are 97 
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located in the vicinity of the β-ionone ring they would stabilize S1 with respect to S0 leading to a 98 

red-shift. Of course, positively charged atoms will have an opposite effect7. 99 

Recently, some of the authors found that certain mutations at P219 in KR2 led to a spectral 100 

red-shift with no loss of its sodium pump function21. As far as color tuning is concerned, Pro is 101 

an unusual residue. In fact, this residue is highly conserved in most microbial rhodopsins, but 102 

two light-driven sodium pumping rhodopsins (NaRs) that do not conserve it were identified from 103 

Parvularcula oceani22 (PoNaR) and Jannaschia seosinensis23 (JsNaR). These rhodopsins display 104 

a Thr and Gly residue at the P219 position of KR2, respectively (see Figure 1). Although the 105 

former was reported in our previous study, it was not expressed in E. coli cells24. In contrast, we 106 

were able to express JsNaR, and a mutation study showed that it represents a third color switch 107 

that was named "G/P switch"21. This role of residue 219 is supported by the fact that the λmax 108 

value of KR2 (525 nm) is red-shifted to 535 nm in its P219G mutant and the fact that the JsNaR 109 

λmax value (550 nm) is blue-shifted to 523 nm in its G216P mutant. However, the exact 110 

mechanism that is at the basis of such color tuning effect is presently unknown. 111 

 112 

Figure 1. Color switches of microbial rhodopsins, shown in the structure of a light-driven sodium pump 113 

KR2. KR2 has L120, S254, and P219 in the L/Q switch, A/TS switch, and G/P switch, respectively. 114 

 115 
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We find that KR2 represents a suitable laboratory model for an in-depth investigation of the 116 

G/P switching mechanism. At the same time a molecular-level understanding of such a 117 

phenomena must necessarily be based on the construction of a light-responsive computational 118 

model of the protein. Such model has to incorporate a description of the electronic structure of 119 

rPSBAT. Accordingly, in this work we present an exhaustive investigation of the color tuning 120 

induced by point mutation at the P219 position of KR2. We therefore prepare all possible P219X 121 

mutants where X stand for all alternative 19 natural amino acids. The resulting color variations, 122 

spanning a red-to-blue range going from 546 nm to 517 nm, provides a unique basis for 123 

molecular-level mechanistic studies performed using hybrid quantum mechanics/molecular 124 

mechanics (QM/MM) modeling, equipped with multiconfigurational second order perturbation 125 

theory. By systematically building and analyzing congruously built QM/MM models of the 126 

wild-type and mutants (20 models in total), we show that the 219 position induces color changes 127 

through, essentially, electrostatic effects while steric effect only partially contribute to a single, 128 

largely blue-shifting P219R mutant. The analysis of the model shows that the set fully support 129 

the qualitative color tuning theory briefly revised above and support the hypothesis of the 130 

existence of an electrostatically-driven P/X switch. 131 

 132 

MATERIALS AND METHODS 133 

Mutagenesis and Protein Expression. The synthesized genes of KR2 (GenBank Accession 134 

number: BAN14808.1) codon-optimized for E. coli were incorporated into the pET21a(+) vector 135 

(Novagen, Merck KGaA, Germany). The site-directed mutation was conducted using a 136 

QuikChange site-directed mutagenesis kit (Agilent, CA). The plasmids carrying the genes of the 137 

wild type of KR2 (WT-KR2), and mutants were transformed into the E. coli C43(DE3) strain 138 
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(Lucigen, WI). The protein expression was induced with 1 mM isopropyl 139 

β-D-1-thiogalactopyranoside (IPTG) in the presence of 10 μM all-trans retinal for 4 h. 140 

Measurement of λmax by Hydroxylamine Bleach. The λmax of WT-KR2, and mutants was 141 

determined by bleaching the protein with hydroxylamine according to the previously reported 142 

method21. The E. coli cells expressing the rhodopsins were washed with a solution containing 143 

100 mM NaCl, 50 mM Na2HPO4 (pH 7) for three times. The washed cells were treated with 1 144 

mM lysozyme for 1 h at room temperature, and then disrupted by sonication. To solubilize the 145 

rhodopsins, 3% DDM was added and the samples were stirred for overnight at 4 °C. The 146 

rhodopsins were bleached with 500 mM hydroxylamine and subjected to illumination of yellow 147 

light (λmax > 500 nm) from the output of 1 kW tungsten−halogen projector lamp (Master 148 

HILUX-HR, Rikagaku) through a glass filter (Y-52, AGC Techno Glass). The absorption change 149 

upon the bleaching was measured by UV-visible spectrometer (V-730, JASCO, Japan). 150 

Ion-transport Assay. The ion transport activity assay in E. coli cells was conducted according to 151 

the previously reported method25. The E. coli cells carrying the expressed rhodopsin were 152 

washed for three times and resuspended in unbuffered 100 mM NaCl or CsCl to assay the Na+ or 153 

H+ pump activity, respectively. The sample was illuminated after adjusting the pH to ~7 by the 154 

addition of a small amount of HCl or NaOH. The pH change upon light illumination was 155 

monitored with a pH electrode (9618S-10D, HORIBA, Japan). The wavelength of the 156 

illuminating light was changed by placing different colour filters (Y-52, Y-54, O-55 and O-56, 157 

AGC Techno Glass) with a heat absorbing filter (HAF-50S-50H, SIGMAKOKI, Japan) in front 158 

of the light source (1 kW tungsten−halogen projector lamp, Master HILUX-HR, Rikagaku) for 159 

KR2 WT (> 500 nm), and P219X (> 520 nm) to correct for the change in the degrees of light 160 

absorption by their spectral shift. 161 
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QM/MM model generation. Congruous QM/MM models (see 2A) for WT-KR2, and its point 162 

mutants (P219X, with X = A, C, D, E, F, G, H, I, K, L, M, N, Q, R, S, T, V, W, Y) were 163 

generated using the a-ARM version of the Automatic Rhodopsin Modeling protocol (from now 164 

on simply a-ARM)9,26-28. a-ARM comprises two phases that allow the construction of QM/MM 165 

models using, as primary input, the Protein Data Bank (PDB) code of the rhodopsin of interest or 166 

a suitable homology model. Briefly, Phase I (see Figure 2B), called input file generator, builds 167 

the a-ARM input including a file in PDB format (PDBARM) plus a file containing the list of 168 

residues defining the chromophore cavity. The mutations are produced during this phase (see 169 

step 3 in Figure 2B). PDBARM contains information on the protein structure, either WT or 170 

mutant, and rPSBAT but excludes membrane lipids and ions. It also contains the assigned 171 

protonation states of all ionizable residues and the positions of the Cl−/Na+ external counter-ions 172 

necessary to neutralize the inner and outer opsin surfaces. Phase II (see Figure 2C), called 173 

QM/MM model generator, produces the a-ARM output that consists of 10 molecular dynamics 174 

(MD) sampled replicas of the model started using 10 independent sets of initial velocities (i.e. 175 

technically, 10 different MD seeds) and sequentially processed through the following steps: i) 176 

optimization of crystallographic water molecules and ii) addition of hydrogens on polar residues 177 

(see diamond 1 in Figure 2C)29; molecular mechanics energy minimization and simulated 178 

annealing/MD relaxation for side-chain residues in the cavity and rPSBAT (see diamond 2 in 179 

Figure 2C))30; and geometry optimization at the 2-roots single-state 180 

CASSCF(12,12)/AMBER/6-31G(d) level, followed by energy corrections at the 3-roots 181 

state-average CASTP2(12,12)/6-31G(d) level residues (see diamond 3 in Figure 2C)28,31,32. 182 

Ultimately, each model replica corresponds to an equilibrated gas-phase and globally uncharged 183 

monomer QM/MM model and it is associated to a calculated between S0→S1vertical excitation 184 

B.5. Paper [V]: Role of Pro219 as an Electrostatic Color Determinant in the Light-driven
Sodium Pump KR2: Combined spectroscopic and QM/MM modelling studies Appendix B
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