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On the fluorescence enhancement of arch
neuronal optogenetic reporters

Leonardo Barneschi1, Emanuele Marsili 1,2,7, Laura Pedraza-González 1,8,

Daniele Padula 1, Luca De Vico 1, Danil Kaliakin 3,

Alejandro Blanco-González 3, Nicolas Ferré4, Miquel Huix-Rotllant 4,

Michael Filatov 5 & Massimo Olivucci 1,3,6

The lack of a theory capable of connecting the amino acid sequence of a light-

absorbing protein with its fluorescence brightness is hampering the devel-

opment of tools for understanding neuronal communications. Here we

demonstrate that a theory can be established by constructing quantum che-

mical models of a set of Archaerhodopsin reporters in their electronically

excited state. We found that the experimentally observed increase in fluores-

cence quantum yield is proportional to the computed decrease in energy

difference between the fluorescent state and a nearby photoisomerization

channel leading to an exotic diradical of the protein chromophore. This find-

ing will ultimately support the development of technologies for searching

novel fluorescent rhodopsin variants and unveil electrostatic changes that

make light emission brighter and brighter.

The imaging of neural activity requires bright fluorescent probes

localized in the neuron membrane. Rhodopsins are membrane pro-

teins that can be expressed in neurons and used for triggering, silen-

cing and reporting on neuronal action potentials1,2. The prototypical

fluorescent reporter is Archaerhodopsin-3 (Arch3), an archaeal rho-

dopsin from Halorubrum sodomense
3–5. However, the fluorescence of

Arch3 is extremely dim; its quantum yield (FQY) of ca. 1.1·10−4 is almost

four orders of magnitude lower than that of the green fluorescent

protein (GFP)6–11. Furthermore, the fluorescence does not come from

the dark-adapted state but rather from a photochemically produced

photocycle intermediate that cannot deliver a prompt emission

signal11. These facts not only make single neuron studies impossible

with common microscopy techniques, but impair the investigation of

neural activity at the population level as wide-field imaging techniques

require improved spatial and temporal resolution12. In order to achieve

better reporters, Arch3 has been engineered via directed evolutionary

approaches and random mutagenesis, ultimately discovering variants

such as the Archers13, the QuasArs12, the Archons14, Arch5 and Arch713.

Recently, Hegemann and coworkers have investigated new Archon1

variants to elucidate the mechanism of fluorescence voltage

sensitivity15. These variants feature a higher 10−3
−10−2 FQYs enabling,

among other applications, the imaging of neuronal activity in living

mammals and invertebrates16–18. It has also been suggested that such

enhanced fluorescence originates, in contrast to Arch3, from a one-

photon electronic excitation and, therefore, must come from the

protein dark-adapted state12,14,15. Here we report on a (mechanistic)

theory that explains how one-photon FQY is enhanced in Arch3 var-

iants. We demonstrate that, to be predictive, such theory requires the

mapping of an isomerization path producing a twisted intramolecular

diradical intermediate (TIDIR) located in proximity of a conical inter-

section (CoIn). The energy difference between TIDIR and the emissive

planar fluorescent state (FS), or ΔETIDIR-FS, controls the magnitude and

positions of the S1 photoisomerization barrier (Ef
S1) that, in turn,

determines the FQY.
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Based on the above result, we show that the increased FQY dis-

played by certain Arch3 variants is determined by inhibiting an elec-

trostatic barrier suppression mechanism operating in the naturally

occurring progenitor.

Results and discussion
Arch photoisomerization mechanism and S1 PES topography
The function of rhodopsins is triggered by the photoisomerization of

their retinal chromophores (Fig. 1A) that also operate as

fluorophores19. Consistently with previous studies on fluorescent

proteins20, we hypothesize that the competition between isomeriza-

tion and light emission determines the FQY value (see Supplementary

Methods 3). This can be understood by examining a schematic

representation of the chromophore excited state isomerization path

(Fig. 1B) leading to a CoIn between the excited (S1) and the ground (S0)

states where excited state decay occurs. From the scheme it is evident

that the isomerization barrier (Ef
S1) located along the potential energy

surface of the spectroscopically allowed S1 state is a critical quantity.

The higher Ef
S1 is, the slower the isomerization is. Consequently, paths

with high Ef
S1 will feature an approximately planar fluorescent state FS

with long S1 lifetimes and, thus, high FQY. Below, we demonstrate a

proportionality between computed Ef
S1 and observed FQY by con-

structing multi-configurational quantum-chemical based models

(MCQC) of the dark-adapted state of a set of Arch3 variants called the

Arch-set (Supplementary Methods 1–3 and Supplementary Figs. 1–3).

We will also show that the proportionality between computed Ef
S1 and

observed FQY remains valid when Ef
S1 is replaced by the isomerization

energy ΔETIDIR-FS. Our MCQC models employ the well-established

CASSCF21 zeroth-order wavefunction defined by the selection of a

(12,12) active space including all the π-electrons and orbitals of the

retinal chromophore. Although the trends in spectral properties dis-

cussed throughout the text are well reproduced at this level, we dis-

cuss the results obtained after multi-state (XMS-CASPT2)22,23 energy

and geometrical corrections to the CASSCF geometries.

Before focusing on the relationship between Ef
S1 and FQY, it is

useful to describe the changes of the all-trans retinal chromophore of

Archaearhodopsins24 along the isomerization path computed using

the constructed Arch3 model. It is established that at least two geo-

metrical coordinates are implicated in rhodopsin S1 isomerization

coordinates (Fig. 1C)25–27. The first describes the chromophore initial

relaxation from the Franck-Condon (FC) point and corresponds to a

bond length alternation (BLA) stretch. The second is the twisting (α) of

the reactive trans C13 =C14 bond ultimately leading to the 13-cis con-

figuration. As shown in Fig. 2A and consistently with the scheme of

Fig. 1B, such relaxation leads to the potentially emissive FS inter-

mediate. This process is followed by progression along a flat potential

energy region characterized by a monotonic decrease in α and con-

necting FS to a TIDIR intermediate located close to a sloped28 CoIn. As

it will be explained below, this previously unreported intermediate

differs, in terms of electronic structure and topography, from the

locally excited (LE) intermediate identified in a ring-locked derivative

of bovine rhodopsin by Laricheva et al.29.

Electronic character of the S1 PES
In Fig. 2B we show that such a progression is replicated by the MCQC

model of the top fluorescent variant Arch7. However, the comparison

between the Arch3 and Arch7 S1 energy profiles shows a significantly

increased Ef
S1 in the latter. Such an increase is seen in both the zeroth-

order wavefunction calculation and in the more quantitative profiles

obtained after applying geometrical and multi-state second-order

perturbative correction (Supplementary Methods 4 and 5, Supple-

mentary Figs. 4–7). Due to the high computational cost of QM/MM

analytical Hessians, the TSs discussed throughout the text are

approximated by the energy maxima along the relaxed scan con-

necting FS and TIDIR. These TSsmust be considered approximate as it

has not been possible to carry out a geometry optimization starting

from a computed Hessian matrix as well as to compute a Hessian

matrix at the end of the TS search. Furthermore, despite the increased

FQY of the investigated Arch variants, recent measurements of the

excited state lifetime (ESL) of some of the variants were found to be in

the time range of picoseconds30,31. For this reason, we don’t account in

our calculation for T1/S1 intersystem crossing (ISC) as a viable com-

petitive process to S1 emission also considering that T1 is a π-π* state

with orbitals parallel (non-orthogonal) to those characterizing the S1
state. Therefore, the singlet to triplet transition would be “forbidden”

by the El-Sayed rule.

The progression along α is documented in Fig. 2C, D where we

report the values of the relevant geometrical parameters of FS and

TIDIR aswell as the charge residing on the Schiff basemoiety C14-C15-N.

In fact, the geometrical changes are accompanied by variations of the

chromophore electronic character. These can be conveniently fol-

lowed by computing the fraction of positive charge and free valence

(NUE)32 residing on C14-C15-N (Supplementary Methods 6 and Supple-

mentary Figs. 4, 7, 9 and 10). Following a recent report on the variants

of DRONPA220, a soluble GFP-like protein, we interpret the results in

Fig. 2A, B in terms of mixing of two diabatic states describing the

covalent (1Ag) and charge-transfer (1Bu) characters of polyenes
33. The

computed C14-C15-N charge and NUE progression point to an S1 state

initially dominated by the 1Bu charge transfer character as already

reported for other rhodopsins. However, such character decreases

when relaxing to an FS that features a larger 1Ag weight, then con-

stantly increasing all along the isomerization path. In summary, the

electronic character evolves from mixed charge-transfer/covalent

1Ag/1Bu characters at FC and FS, to a substantially pure 1Ag character at
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Fig. 1 | Photoisomerization mechanism of Archaerhodopsins. A Lewis formula

representing the initial S1 chromophore structure. B Representation of the chro-
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and charge transfer. C Main components of the reaction coordinate. BLA is
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TIDIR that features an α value of ca. −90°, two spin-paired, but non-

interacting, radical centers located on twoorthogonalπ-systems and a

positive charge fully confined on C14-C15-N. This process is accom-

panied by a change in the S1-S0 oscillator strength (fS1-S0) along α, from

values typical of allowed electronic transitions to a forbidden transi-

tion at TIDIR.

The evolution going from a mixed 1Ag/1Bu character at FS to a

1Ag covalent/diradical character at TIDIR, provides information on

the origin of the Ef
S1 barrier. As illustrated in Fig. 2E the electronic

coupling between the 1Ag and 1Bu diabatic states (represented, for

simplicity, by the Lewis formula of a methylimine cation model)

would initially increase due to the decrease in their energy gap.

However, when α approaches orthogonality, the coupling decreases

rapidly and becomes negligible at TIDIR. The negligible coupling at

TIDIR is related to the vicinity of a CoIn (see Fig. 2F) where the 1Ag/1Bu

coupling is zero. A CoIn deformation along the negative BLA direc-

tion lifts the degeneracy and intercepts TIDIR (see Supplementary

Methods 7 and Supplementary Figs. 11 and 12). Notice that the same

deformation along the S0 potential energy surface achieves the

twisted intramolecular charge transfer TICT structure34 corre-

sponding to the transition state driving the chromophore thermal

isomerization also documented for bovine rhodopsin33. In conclu-

sion, we associate the variation in the magnitude and position of Ef
S1

(i.e., of TSS1 in Fig. 1B) with the variation along α of the 1Ag and 1Bu

diabatic energies and their 1Ag/1Bu coupling.

S1 isomerization barrier determines an increased FQY in the

Arch variants

We now show that the isomerization mechanism above provides the

basis for understanding the FQY variations along the Arch-set. To do

so, we first demonstrate the existence of a correlation between

computed Ef
S1 and observed FQY values and then rationalize it based

on FS and TIDIR charge distributions (or 1Ag and 1Bu character) cal-

culated by constructing the MCQM models of all variants and using

them to map the progression along α. The model accuracy is docu-

mented in Fig. 3A where we compare, after multi-state perturbative

correction, the computed and observed trends of absorption

(ΔEa
S1-S0, top) and emission (ΔEf

S1-S0, bottom) vertical excitation
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energies. The analysis of the results demonstrates that, in all variants,

FS and TIDIR feature the same distinct charge distributions (Sup-

plementary Figs. 4 and 7).

The bottom panel of Fig. 3B shows that computed Ef
S1 and

observed FQY variations are directly proportional. If one assumes that

the Hammond-Leffler postulate35,36 is valid for an S1 isomerization, Ef
S1

and ΔETIDIR-FS (i.e., the reaction endothermicity or, simply, isomeriza-

tion energy in Fig. 1B) must also correlate. This leads to the conjecture

that ΔETIDIR-FS is proportional to FQY. The bottom panel of Fig. 3B

demonstrates that such proportionality exists. In other words, a pro-

gressive stabilization of the “reactant” FS and/or destabilization of the

“product” TIDIR, must lead to higher FQYs. The relationship between

the computed Ef
S1 andΔETIDIR-FS for the entire Arch-set canbemodeled

by using a basic two-state one-mode Hamiltonian that fits the com-

puted S1 and S0 energy profiles along mode α in terms of 1Ag and 1Bu

diabatic energies and a harmonic 1Ag/1Bu coupling function (Supple-

mentary Methods 8 and Supplementary Fig. 12). The maximum along

the resulting S1 energy profile represents TSS1 and, as demonstrated in

Fig. 3D for Arch3, QuasAr1 and Arch7, replicates the computed MCQC

S1 energy profiles. As shown in Fig. 3C themodel Hamiltonian supports

the existence of a proportionality between Ef
S1 (top panel) and the TSS1

position Xf
S1 (bottom panel) and ΔETIDIR-FS. We stress that this

mechanistic model assumes no “a priori” relationship between dia-

batics energy difference and diabatic coupling, but is a simple valence-

bond type description of our adiabatic S1 PES, assuming two pure

resonance formulas (1Ag and 1Bu), whose weights are associated to the

documented variation in positive charge distribution along the

reaction path.

The ΔETIDIR-FS increases along the Arch-set may originate from

either FS stabilization or a TIDIR destabilization effects (or from both

effects). In Fig. 3Ewe show that thefirst effect (i.e., substantially the0-0

excitation energy) shows a decrease until Arch5 that has the lowest

excitation energy and then increase up to Archon2. In contrast, the

TIDIR destabilization with respect to the same reference (i.e., the

destabilization of the photoisomerization channel) increases almost

monotonically indicating a higher sensitivity of FQY to mutations

changing ΔETIDIR-FS rather than the difference in energy between FC

and FS. The described ΔETIDIR-FS changes are confirmed by probing the

light-induced dynamics of the Arch-set. To do so we employed the

variants MCQC models to propagate a quantum-classical trajectory

released from the FC point with zero initial nuclear velocities (Sup-

plementary Methods 9 and Supplementary Figs. 14 and 15). As dis-

cussed in the literature, these trajectories mimic the evolution of the

center of the S1 population and are useful to detect barrierless or
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nearly barrierless isomerization paths and validate the accuracy of

computed torsional scans27,37.

Consistently with the trend in Ef
S1 values, the Arch3 trajectory

reaches the CoIn region and decays to S0 on a sub-500 fs timescale via

a C13 =C14 isomerization pointing to species that do not display sig-

nificant fluorescence. In contrast, the QuasAr1 and Arch7 trajectories

representing the remaining variants, orbit in the FS region for the

entire 450 fs simulation time.

Molecular determinants of the isomerization barrier

Above we have demonstrated that our MCQM models produce a

ΔETIDIR-FS trend proportional to the observed FQYs for the entire Arch-

set. We now focus on the limiting cases of Arch3 and Arch7 to show

that the proportionality between ΔETIDIR-FS and FQY is linked to the

variations in the protein (opsin) sequence. This is possible because, as

seen in Fig. 2C, D, the FS and TIDIR retinal chromophores have distinct

charge distributions and, therefore, ΔETIDIR-FS must be sensitive to the

protein electrostatics. In other words, an opsin electrostatic potential

(ESPopsin) stabilizing FS or/and destabilizing TIDIR would produce a

larger ΔETIDIR-FS value and, in turn, enhance FQY. Such effect has been

investigated by recomputing the S1 energy profiles along α after set-

ting to zero the opsin charges of the MCQC models (Supplementary

Methods 10 and Supplementary Figs. 15–17). It is apparent from

inspectionof the energy profiles in Fig. 4A, B that, in the absenceof the

protein electrostatics, both Arch3 and Arch7 display a sizable energy

barrier along α. However, the left panel of Fig. 4A demonstrates

(compare the full model with the charges-off energy profiles) that, in

Arch3, the opsin charges stabilize TIDIR with respect to FS yielding a

lowΔETIDIR-FS value and, consequently, a negligible E
f
S1. In contrast, the

right panel of Fig. 4A shows that, in Arch7, the opsin charges have the

opposite effect. We can conclude that in the absence of the protein

electrostatics, the geometrical deformation imposed by the opsin

cavity on the chromophore backbone leads to a sizable Ef
S1 value.

Notice that the geometrical deformation is the result of both cavity

steric and electrostatic effects on the chromophore isomerization

coordinate and that these effects are common to Arch3 and Arch7, as

well as to all members of the Arch-set (Supplementary Methods 10).

This has been confirmed by recomputing the same energy profile in
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and confined charge given at the center. Source data are provided in the Source

Data file (a, c, d).
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vacuo (i.e., in absence of the VdW interaction between protein cavity

and chromophore) that still show a barrier in all cases.

The described electrostatic stabilization of TIDIR relative to FS in

Arch3, and the consequent disappearance of the barrier, has been

rationalized by mapping the ESPopsin on the chromophore solvent

accessible surface (Fig. 4B, top). The map shows a prevalent negative

ESPopsin value in the area surrounding the Schiff base moiety whose

effect along the isomerization coordinate is described by plotting the

difference (ΔESPopsin) between the Arch3 and Arch7 electrostatics. In

fact, theΔESPopsinmapped along a cross-section roughly parallel to the

FS (Fig. 4C, left) and TIDIR (Fig. 4C, right) chromophore backbones,

demonstrates that the opsin of Arch3 preferentially stabilizes the

positive charge fully confined on the Schiff basemoiety of TIDIR while

the opsin of Arch7 better stabilizes the delocalized charge spread

towards the β-ionone of FS. These effects can be also discussed using

the model Hamiltonian presented above where the 1Bu diabatic dom-

inates the FS while the 1Ag diabatic dominates the TIDIR. Since a Schiff

base confined charge is a characteristic of 1Ag, the Arch3 electrostatics

must stabilize the covalent/diradical 1Ag character at TIDIR while the

Arch7 electrostatics destabilizes it consistentlywith thediabaticmodel

of Fig. 3D. It is possible to demonstrate that this effect remains valid

whenoneuses amore realistic two-state two-modeHamiltonianmodel

generating two-dimensional adiabatic energy surfaces function along

both BLA and α (Supplementary Methods 8).

Role of the main counterion in the barrier generation or
suppression
At this point we propose an atomistic mechanism for the Arch3 barrier

suppression. The differences in the ESPopsin of Arch3 and Arch7 is a

product of the protein sequence variation and, more specifically, from

the seven residue replacements displayed at the bottom of Fig. 4B. In

our MCQC models, the ESPopsin is produced by the point charges

centered on the atoms of each protein residue (Supplementary

Methods 2). Therefore, the ΔESPopsin of Fig. 4C must reflect the dif-

ference in point charges before and after the residue replacements.

The effect of such difference has been investigated by recomputing

ΔETIDIR-FS after setting the point charges of residues 59, 60, 95, 99, 196,

222, 225 as a group or individually. The results in Fig. 4D show that

when setting to zero the charges of all residues, the ΔETIDIR-FS of Arch3

and Arch7 become similar. More specifically and consistently with the

results in Fig. 4A, B, theArch3point chargesmust cause a ca. 9 kcalmol
−1 decrease inΔETIDIR-FSwhile the corresponding Arch7 residues do not

seem to affect the original ca. 6 kcalmol−1 ΔETIDIR-FS value. From the

analysis of the individual residues, it is apparent that the counterion at

position 222 dominates the Arch3 electrostatics. Indeed, during the

Arch3 toArch7 transition the counterion ismoved fromposition 222 to

position 95while the position 222 is taken by anuncharged cysteine. In

conclusion, the counterion relocation appears to be the main

mechanism for the ΔETIDIR-FS modulation. This is not a general

mechanism. In fact, other members of the Arch-set all have the coun-

terion in position 222 (Supplementary Methods 1) but display a reg-

ularly increasing ΔETIDIR-FS value. In these cases, the effect of the

residue replacements must cause a ESPopsin change that partially

screen the counterion effect found in Arch3, whichmay be interpreted

in terms of a “virtual relocation” of the counterion as explained below.

We propose that this relocation and “diffusion” of the negatively

charged counterion (a virtual counterion), coupled with a delocaliza-

tion-then-confinement mechanism of the positive charge of the chro-

mophore, explains the regular change in isomerization barriers. In

brighter Arch-3 variants (Arch-5 and Arch-7) the virtual counterion is

increasingly distant and more diffuse from the Schiff base moiety. In

these variants, at α =0° the chromophore positive charge is deloca-

lized, and its centroid is close to the counterion, leading to a stabili-

zation of FS. As soon as α progresses and approaches a 90° twist, the

confinement of the chromophore charge on the Schiff base moiety

gradually increases, causing its centroid to drift away from the virtual

counterion, inevitably determining a de-stabilization of TIDIR.

To support this conclusion, we developed a basic model that

allows to compute (i.e., optimize) the protein charge distribution

inducing a specific ΔETIDIR-FS value. This is done by allowing the relo-

cation and fragmentation (i.e., diffusion) of the negative charge of the

main counterion to other cavity residue positions, to mimic what

observed in Fig. 4E. This can be achieved by defining a scalar function

of the cavity residue charge vector (q) which returns ΔETIDIR-FS.

Such ΔETIDIR-FS(q) function is differentiated numerically to study how

ΔETIDIR-FS responds to q. As detailed in SupplementaryMethods 11, the

problem of determining q can be formulated as a constrained opti-

mization. In Fig. 5, we show how the optimization modifies the charge
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Fig. 5 | Predicted change of counterion charge distribution of Arch3 QM/MM

model to yield the Arch7ΔETIDIR-FS value. A ΔETIDIR-FS (SA2-CASSCF/AMBER level)

change along the optimization steps leading from theArch3 to theArch7 value. The

optimization is driven by the targetΔETIDIR-FS values (ΔE*TIDIR-FS, indicated by a thin

horizontal line) and corresponds to the minimization of the square of the scalar

function ΔETIDIR-FS(q)−ΔE*TIDIR-FS (i.e., ΔΔETIDIR-FS(q)) as a function of the cavity

residue charge vector q. Each iteration of the algorithm (two full iterations are

reported in the panel) is divided in two parts; (i) first q is optimized at fixed FS and

TIDIR geometries via conjugated-gradient optimization such that ΔETIDIR-FS(q) =

ΔE*TIDIR-FS and then (ii) the FS andTIDIRQM/MMmodel geometries are relaxed, and

ΔETIDIR-FS is recomputed. If the difference between the ΔETIDIR-FS calculated after

part ii and ΔE*TIDIR-FS is above a selected threshold, i-ii are repeated. The circles

indicate the steps of part i, and the crosses indicate the results of geometrical

relaxation of part ii. B Final charge distribution obtained after convergence of the

optimization above. Two-dimensional representation of the fraction of negative

charges residing in the cavity residues is proportional to the radius of the blue

circles (the main counterion D222 final charge is indicated). The barycenter of the

corresponding negative charge is shownas a red circle. Theoriginal localizedArch3

negative charge is indicated by the large open circle centered at the original

counterion position Source data are provided in the Source Data file (a, b).
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distribution of Arch3 to reproduce the ΔETIDIR-FS value computed for

Arch7 at the zeroth-order level. The resulting q shows that, for Arch3 to

reproduce Arch7 excited state properties, a relocation of ca. 50% of

D222 negative charge to other cavity residues is necessary, thus sup-

porting the conclusion that a relocation and diffusion of the coun-

terion is indeed a determinant of the TIDIR destabilization in the

Arch-set.

Conclusions
The engineering of efficient, rhodopsin-based action-potential repor-

ters (also called Genetically Encodable Voltage Indicators or GEVIs in

the literature) is a challenge currently addressed by experimentally

investigating the fluorescence and voltage sensitivity mechanisms15

and by tuning the protein fluorescence via several rounds of random

mutagenesis and/or directed evolution. Above we have investigated

the increase in fluorescence intensity in a set of Arch3 variants using

MCQC models with second order perturbative corrections. The key

results are: (i) the FQY is primarily determined by the competition

between S1 emission and isomerization extending the mechanism

reported for DRONPA220 to retinal proteins, (ii) the isomerization rate

is governedby the stability of the rather exotic TIDIR intermediatewith

respect to the fluorescent state, (iii) the TIDIR stability ismodulated by

the electrostatics of the protein that increasingly offset the S1 iso-

merization energy barrier when going from Arch7 to Arch3.

The atomisticmechanism for the TIDIR stabilization appears to be

a consequence of the cavity electrostatics on the distinct charge dis-

tributions of the FS and TIDIR chromophores. As schematically (top

schemes) and computationally (bottom plots) displayed in Fig. 4E, the

chromophore positive charge is largely delocalized in the FS but

confined on the C14-C15-N fragment in the TIDIR. In this situation the

described change in electrostatics from Arch3 to Arch7 leads to a

reduced stabilization of the Schiff base confined with respect to the

delocalized charge. In simple terms, the effect of the amino acid (and

atomic point charges) replacement resulting in the Arch3 to Arch7

progressive TIDIR destabilizing along the Arch-set, can be interpreted

as the gradual relocation of a negative charge from the Schiff base

region to a region closer to the β-ionone ring.

The presented mechanism has both methodological and biologi-

cal implications. The first is related to the fact that TIDIR and FS, being

energyminima on the S1 potential energy surface, are computationally

fast to locate. It is thus possible to envision the development of a tool

for the in silico selection of highlyfluorescent Arch3 variants. Such tool

would bebasedon the automated38 construction ofMCQCmodels and

the calculation of the corresponding ΔETIDIR-FS value to be maximized

via in silico mutational experiments. The biological implication is

instead related to the hypothesis that the changes in sequence, and

thus electrostatics, leading to a negligible Arch3 fluorescence could

have occurred also in nature through a natural selection process aimed

at increasing the protein photoisomerization rate and improve the

protein function. We cannot exclude that the samemechanism plays a

role in other microbial rhodopsin evolution. On the other hand, an

inverse natural selection process leading to the suppression of the

photoisomerization, andmaximizationof thefluorescenceoutputmay

have generated the recently discovered Neorhodopsin from Rhizo-

closmatium globosum39 that displays an intense fluorescence with a ca.

0.2 FQY and therefore much closer to that of DRONPA2 and other

optimized green fluorescent protein variants.

Methods
The three-dimensional structures of the Arch-set proteins were

obtained either from the corresponding crystallographic structures

deposited in the ProteinDataBank (Arch2 andArch3with PDB ID:3WQJ

and 6GUX, respectively) or via the comparative model (the Arch3

variants) approach described in Supplementary Methods 1. The cor-

responding QM/MM models were constructed from the obtained

three-dimensional structures according to the a-ARMbased protocol38

discussed in Supplementary Methods 2 with the QM and MM sub-

systems interacting via anelectrostatic embedding scheme. The retinal

chromophore atoms, the chromophore-bound lysine side chain atoms

starting from the N-terminal to the Cε and the hydrogen link atom

(HLA) are included in the QM subsystem and treated at the multi-

configurational (CASSCF) level, while the rest of the atoms of the

model are treated at the MM level using the AMBER94 force field40.

The ground state optimized geometries are obtained via geo-

metry optimization at the single-state CASSCF(12,12)/6-31G*/AMBER

level of theory. Further refinement was performed introducing a per-

turbative geometrical correction to produce XMS-CASPT2/SA3-

CASSCF(12,12)/ANO-L-vDZP/AMBER geometries (Supplementary

Methods 4 and 5). Both the CASSCF and XMS-CASPT2 models were

then used to compute reaction paths along the isomerization coordi-

nate via a relaxed scan taking, as the reacting coordinate, the twisting

of the reactive double bond. The CASSCF geometries were also

employed to probe the excited state dynamics of threemodels via non

adiabatic deterministic surface-hop trajectories propagated from the

Franck-Condon (FC) point on S1 with zero initial velocities (FC trajec-

tories) at the SA2-CASSCF(12,12)/6-31G*/AMBER level using the Tully

algorithm41. All the QM/MM calculations were performed using the

[Open]Molcas v19.11/TINKER and MOLCAS v8.1/TINKER packages42–44.

Data availability
Cartesian coordinates of the FC, FS, CoIn and TIDIR geometries of the

QM/MM models calculated at the SA2-CASSCF(12,12)/6-31 G*/AMBER

level of theory for the models of the Arch set are provided as Sup-

plementary Data 1.

Cartesian coordinates of the FC, FS and TIDIR geometries of the

QM/MM models calculated at the XMS-CASPT2/SA3-CASSCF(12,12)/

ANO-L-vDZP/AMBER level of theory for the models of the Arch set are

provided as Supplementary Data 2. Source data is provided with this

paper. Source data are provided with this paper.

Code availability
All the calculations discussed in this work are based on the MOLCAS/

TINKER interface.
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Retinal chromophore charge delocalization
and confinement explain the extreme
photophysics of Neorhodopsin

Riccardo Palombo1,2, Leonardo Barneschi1, Laura Pedraza-González1,

Daniele Padula 1, Igor Schapiro 3 & Massimo Olivucci 1,2

The understanding of how the rhodopsin sequence can bemodified to exactly

modulate the spectroscopic properties of its retinal chromophore, is a pre-

requisite for the rational design of more effective optogenetic tools. One key

problem is that of establishing the rules to be satisfied for achieving highly

fluorescent rhodopsins with a near infrared absorption. In the present paper

we use multi-configurational quantum chemistry to construct a computer

model of a recently discovered natural rhodopsin, Neorhodopsin, displaying

exactly such properties. We show that the model, that successfully replicates

the relevant experimental observables, unveils a geometrical and electronic

structure of the chromophore featuring a highly diffuse charge distribution

along its conjugated chain. The samemodel reveals that a charge confinement

process occurring along the chromophore excited state isomerization coor-

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

Modern neuroscience requires membrane-localized signaling tools1,2

that could emit intense fluorescence upon irradiation with red light.

However, until recently, the available tools, based on engineered

microbial rhodopsins, could only generate weak fluorescence

signals that impair their performance. At the molecular level, the

optical properties of microbial rhodopsins owe to the presence of a

covalently bounded all-trans retinal protonated Schiff base (rPSB)

chromophore and its interaction with the surrounding protein

environment. Therefore, a deep molecular comprehension of the

factors dictating such properties is highly desirable. In this regard,

few studies3–5 have formulated rules for tailoring the absorption

and emission properties of the retinal chromophore based on

the effects of homogeneous electrostatic fields acting on isolated

chromophores or via chromophore chemical modifications. How-

ever, it is expected that a simple electrostatic picture could not be

sufficient to explain the origin of these properties in the complex

environment offered by the protein cavity since other factors like

non-homogeneous electrostatic fields or chromophore-cavity steric

effects could play an important role.

In 2020 the discovery of Neorhodopsin (NeoR) offered an

unprecedent case study that could potentially expand our compre-

hension of red-shifted and highly fluorescent rhodopsins. NeoR is a

rhodopsin guanylyn-cyclase (RGC) expressed in the Rhizoclosmatium

globosum from Chytridiomycota, the only phylium of fungi producing

motile and flagellated spores (zoospores)6,7. It heterodimerizes with

other two RGCs, called RGC1 and RGC2, that have sensitivity in the

blue-green spectrumwith 550 and 480nm absorptionmaxima (λamax),

respectively. In contrast, NeoR displays the strongest bathocromic

shift among all known microbial rhodopsins, yielding an extremely

red-shited (λamax = 690nm) absorption band. Such a band is mirrored

by an intense emissionbandwith amaximum(λfmax) at 707 nmyielding

Stokes shift of only 17 nm (350 cm−1). The emission brightness is

quantified by a fluorescence quantum yield (FQY) of 20% and by an

extinction coefficient (ϵ) of 129,000M−1 cm−1. In addition, the excited

state lifetime (ESL) of 1.1 ns points to a slow excited state deactivation.

The FQY of NeoR, only ca. four times weaker than that of the green

fluorescent protein8 (GFP), represents an anomaly in the rhodopsin

superfamily and suggests an evolution-driven origin.More specifically,
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since the emission competes with the photoisomerization of its rPSB

chromophore, a presently unknown adaptation process must have

decreased the efficiency of the protein function. This hypothesis is in

line with the fact that wild-type (WT) rhodopsins commonly exhibit

FQYs spanning the 0.0001%–0.01%9–12 range while engineering efforts

yielded variants with only modest increases up to a 1.2% value13–16.

Deciphering how natural evolution in NeoR has tuned these

extreme spectroscopic properties of the rPSB chromophore could

expand our ability to design optogenetic tools with augmented func-

tionality. Therefore, themodeling of NeoR represents a newpromising

learning opportunity that can be also used to assess the transferability

of the rules mentioned above. In particular, NeoR offers the oppor-

tunity to disclose the molecular-level mechanism controlling the

branching between fluorescence emission and photoisomerization.

Suchbranching, which is schematically illustrated in Fig. 1a for all-trans

rPSB, has been shown to dominate the fluorescence modulation in a

set of GFP-like protein variants8,17. More specifically, in these systems,

the FQY appears to be directly proportional to the energy barrier (Ef
S1)

controlling both access to a conical intersection (CoIn) located along

the first singlet excited state (S1) isomerization coordinate and the

decay to the ground state (S0). Here we assume that the same

mechanism operates in NeoR is then used as a “laboratory”model for

proposing a mechanism capable to connect sequence variation and

rPSB emission. To do so, we also assume, in line with the evidence

coming from a set of Arch3 variants displaying enhanced

fluorescence18,19, that the NeoR emission is a one-photon process and

that, therefore, originates directly from its dark adapted state (DA).

In order to pursue the objectives above, we construct a quantum-

mechanics/molecular mechanics (QM/MM) model of NeoR based on

multiconfigurational quantum chemistry. Since a crystallographic

structure is not available, we employ, for the model construction, a

previously reported comparative model7. While this may limit, in

principle, the fidelity of the environment description with respect to

that found in nature, our target here is to achieve an atomistic model

capable to replicate all relevant spectroscopic and photochemical

observables and use it to explain the high FQY of NeoR in terms of

geometrical, electrostatic and steric effects.

Accordingly, here we firstly use the QM/MMmodel to investigate

the electronic structures of the NeoR DA and fluorescent state (FS)

and, secondly, we use it to investigate the NeoR photoisomerization

with the target of documenting the magnitude and origin of Ef
S1. We

show that the confinement of the delocalized positive charge on the

Schiff base moiety of the rPSB backbone can explain the existence of

large Ef
S1 values and, in turn, the high FQY of NeoR.

Results and discussion
Model construction and validation

An initial QM/MMmodel ofNeoRwasconstructed using theAutomatic

Rhodopsin Modeling (a-ARM) technology20–22 starting from the com-

parative model mentioned above. a-ARM models have been shown to

yield congruous (i.e., built by employing exactly the same protocol)

animal and microbial rhodopsin models that correctly reproduce

trends in λ
a
max values9,20,21,23–27. The model showed that the NeoR all-

trans rPSB is embedded in a cavity featuring a peculiar amino acid

composition with two glutamic (E136 and E262) and one aspartic

(D140) acid residues located in the vicinity of its Schiff base moiety.

However, due to the lack of experimental information on the residue

protonation state, the chromophore counterion assignment remains

ambiguous28. For this reason, a set of customized a-ARM models fea-

turing different protonation states for the E136, E262,D140plus E141, a

residue located halfway along the rPSB conjugated chain (see Fig. 2a),

were built and ranked by computing the absorption (λamax) and emis-

sion (λfmax) maxima as well as the relaxation energy (Er) defined by the

basic mechanism of Fig. 1a. The λ
a
max and λ

f
max values were computed

in terms of vertical excitation energies (∆ES0−S1) between S0 and S1 at

the DA and FS equilibrium geometries, respectively. Er was instead

computed as the energy difference between the Franck–Condon (FC)

point and FS state and, therefore, quantifies the energy decrease

associated with S1 relaxation. The results collected in Fig. 2b that dis-

play the λ
a
max, λ

f
max, and Er values for models where the “counterion

tetrad” defined above have total charges of 0, −1, −2, −3. For com-

pleteness, we have also reported the scenario with a total charge −3

even if the two transitions displayed by these models are not allowed,

being the oscillator strengths (fS0–S1) close to zero.

Fig. 1 | Geometrical and electronic structure changes in NeoR. a Schematic

representation of the hypothetic S0 and S1 energy changes occurring along the S1

relaxation that involves the bond length alternation (BLA, quantified by the dif-

ference between the average of the double-bond lengths and the average of the

single-bond lengths of the conjugated chain) and isomerization (α) coordinates.

The rPSB resonance hybrids show a delocalized positive charge at the S0 and S1

energy minima corresponding to the Dark Adapted State (DA) and Fluorescent

State (FS), respectively. The symbol “δ+“ gives a qualitative measure of the amount

of positive charge located along the rPSB-conjugated chain. b Representation of

the bond length alternation (BLA) mode and the torsion mode (α) along the

C13=C14 double bond. BLAPSB is the -C14-C15 and C15-N bond lengths difference.
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Figure 2b shows that the model with a deprotonated E141 and

neutral E136, D140, and E262 (from now on a-ARME141) is the most

accurate. In fact, a-ARME141 yields λ
a
max and λfmax values only 46 and

14 nm blue-shifted with respect to the experimental value as well as

the smallest difference (49 nm) between those values consistent with

the tiny Stokes shift experimentally observed for NeoR. All other

assessed protonation states yielded a poor comparison with the

observed quantities. For instance, although the model with all

four residues protonated (i.e., with no counterion) produces a λamax

close to the experimental one, it lacks a stable FS structure since no

energy barrier could be located preventing access to the CoIn along

α. Also, consistently with the high intensity of the observed absorp-

tion and emission bands7, the a-ARME141 computed oscillator

strengths are found to be very high (see Supplementary Tables 1 and

2): 1.71 and 1.90, respectively. Such values were confirmed via mul-

tistate XMCQDPT2 calculations that yielded values close to 1.66

and 1.80.

In order to further assess the quality of a-ARME141, we constructed

the models of a set of NeoR variants whose λamax values have been

experimentally measured (see Supplementary Table 3). As shown in

Fig. 2c the models reproduce the observed trend indicating that

a-ARMGLU141 describes, qualitatively, the effect of cavity residue

replacements. Notice that the trend is reproduced with a systematic

blue shift, which is typical of a-ARM models20,21,23,25–27,29. We also used

a-ARME141 to simulate the WT NeoR absorption band at room tem-

perature by computing the ∆ES0−S1 and S0→S1 transition probability

values for 200 snapshots representing the Boltzmann distribution (see

Supplementary Section 3). Comparison between the simulated and

observed data in Fig. 2d shows that the center of the computed band

(703 nm) is only 13 nm red-shifted with respect to the experimental

λamax value and the computed band half-width is close to that seen

experimentally. a-ARMGLU141 only appears to miss a shoulder at

640nm that is, likely, of vibronic origin7 and therefore not captured by

a simulation based on the Condon approximation.

Electronic character of the DA and FS vertical transitions

The agreement between experimental and computed data allows to

use a-ARME141 to investigate the large bathochromic shift, negligible

Stokes shift, and intense fluorescence of NeoR. The aim of Fig. 3b, c is

to document the variation in electronic character upon light absorp-

tion and emission by looking at the Mayer bond order analysis (see

Supplementary Table 6) and vertical electron density changes at DA

and FS (δρabs and δρemi, respectively). The results support the

hypothesis that both the S1 and S0 electronic characters are combi-

nations of putative covalent (COV) and charge transfer (CT) diabatic

states loosely associated with the limiting resonance structures of

Fig. 3a. In particular, the results reveal that, the DA structure displays

an unusually large CT weight in S0 yielding a positive charge spread
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Fig. 2 | Choice of the NeoR chromophore counterion and model assessment.

aOverview of the structure of the all-trans rPSB chromophore (orange) and its four

potential residue counterions (in green). The lysine residue (in green) bounded to

the rPSB chromophore is also displayed. b Computed (CASPT2 level) maximum

absorption wavelength (λamax), maximum emission wavelength (λfmax) and relaxa-

tion energy (Er) of NeoR with varying counterion choices. c Correlation between

experimental (Obs. ∆ES0–S1) and computed (Comp. ∆ES0–S1) values of vertical

excitation energies defining λamax in the wild type (indicated as WT) and a set of

NeoR mutants. d Superimposition of experimental and computed (dotted line)

absorption band of wild type NeoR. The experimental band has been digitalized

from the corresponding ref. 7.
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The understanding of how the rhodopsin sequence can bemodified to exactly

modulate the spectroscopic properties of its retinal chromophore, is a pre-

requisite for the rational design of more effective optogenetic tools. One key

problem is that of establishing the rules to be satisfied for achieving highly

fluorescent rhodopsins with a near infrared absorption. In the present paper

we use multi-configurational quantum chemistry to construct a computer

model of a recently discovered natural rhodopsin, Neorhodopsin, displaying

exactly such properties. We show that the model, that successfully replicates

the relevant experimental observables, unveils a geometrical and electronic

structure of the chromophore featuring a highly diffuse charge distribution

along its conjugated chain. The samemodel reveals that a charge confinement

process occurring along the chromophore excited state isomerization coor-

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

Modern neuroscience requires membrane-localized signaling tools1,2

that could emit intense fluorescence upon irradiation with red light.

However, until recently, the available tools, based on engineered

microbial rhodopsins, could only generate weak fluorescence

signals that impair their performance. At the molecular level, the

optical properties of microbial rhodopsins owe to the presence of a

covalently bounded all-trans retinal protonated Schiff base (rPSB)

chromophore and its interaction with the surrounding protein

environment. Therefore, a deep molecular comprehension of the

factors dictating such properties is highly desirable. In this regard,

few studies3–5 have formulated rules for tailoring the absorption

and emission properties of the retinal chromophore based on

the effects of homogeneous electrostatic fields acting on isolated

chromophores or via chromophore chemical modifications. How-

ever, it is expected that a simple electrostatic picture could not be

sufficient to explain the origin of these properties in the complex

environment offered by the protein cavity since other factors like

non-homogeneous electrostatic fields or chromophore-cavity steric

effects could play an important role.

In 2020 the discovery of Neorhodopsin (NeoR) offered an

unprecedent case study that could potentially expand our compre-

hension of red-shifted and highly fluorescent rhodopsins. NeoR is a

rhodopsin guanylyn-cyclase (RGC) expressed in the Rhizoclosmatium

globosum from Chytridiomycota, the only phylium of fungi producing

motile and flagellated spores (zoospores)6,7. It heterodimerizes with

other two RGCs, called RGC1 and RGC2, that have sensitivity in the

blue-green spectrumwith 550 and 480nm absorptionmaxima (λamax),

respectively. In contrast, NeoR displays the strongest bathocromic

shift among all known microbial rhodopsins, yielding an extremely

red-shited (λamax = 690nm) absorption band. Such a band is mirrored

by an intense emissionbandwith amaximum(λfmax) at 707 nmyielding

Stokes shift of only 17 nm (350 cm−1). The emission brightness is

quantified by a fluorescence quantum yield (FQY) of 20% and by an

extinction coefficient (ϵ) of 129,000M−1 cm−1. In addition, the excited

state lifetime (ESL) of 1.1 ns points to a slow excited state deactivation.

The FQY of NeoR, only ca. four times weaker than that of the green

fluorescent protein8 (GFP), represents an anomaly in the rhodopsin

superfamily and suggests an evolution-driven origin.More specifically,
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highly disfavored. Hence, alternative photoisomerization pathways
might originate as recently observed by Sugiura et al.35 in the NeoR
from Obelidium mucronatum (OmNeoR) that shares 78% of sequence
identity with the NeoR studied in this work. This result appears con-
sistent to what was found in the past by Cembran et al.3 aimed at
investigating the relationship between the position of an acetate
counterion and thephotoisomerizationof a nearly isolatedprotonated
polyene chain. They found that placing the counterion above the
polyene favors the isomerization of the double bonds closest to the
counterion; this result can be loosely associated with the favored
C11=C12, C9=C10 and C7=C8 isomerization in our a-ARME141 model.
However, we need to stress that the obtained Ef

S1 values possibly
represent upper limits as a sloped CoIn features, in its close vicinity, a
slightly lower energy region with the same 90° twisted conformation
(see Supplementary Fig. 13).

In order to check the existence of alternative and lower energy
photoisomerization channels, we computed the C8-C9, C10-C11, and
C12-C13 single bond MEPs and found that in all cases Ef

S1 is >20 kcal/
mol−1 (see Supplementary Figs. 9 and 10). This supports the high sta-
bility of the FS displayed by our a-ARME141 model.

The evolution of the ChargePSB along the C13=C14 isomerization
coordinate (see the orange curve in the corresponding panel of Fig. 4)
reveals that the S1 weight of the COV diabatic state increases mono-
tonically along the S1 MEP until it dominates the region approaching
the CoIn. This corresponds to confinement (or localization) of the
charge in the small Schiff base moiety that, along the terminal part of
the MEP (i.e., near the 90° twisted conformation), hosts a π-system
orthogonal to the one residing along the rest of the rPSB conjugated
chain. This is not a general behavior that depends on the isomerizing
double bond. In fact, the C7=C8MEP in Fig. 4 appears to feature, along
the entire S1 profile, a steady mixed COV/CT character. These results
point to a change in the origin of the critical Ef

S1 barrier along different
isomerization coordinates. More specifically, it is expected that the
electrostatic effect imposed by the NeoR cavity may have different
effects along different MEPs with a maximal effect on the canonical
C13=C14 energy profile and a minimal effect on the C7=C8 energy
profile. It is thus necessary to also evaluate steric effects.

In our ARME141 model the electrostatic effect is due to the protein
point charges including those describing the negatively charged E141
counterion. In order to assess the impact of such an effect on the iso-
merization energy profiles, these have been re-evaluated after setting to
zero all protein point charges while keeping the geometrical progres-
sion unchanged (see gold energy profiles). Consistently, with a domi-
nant role played by the protein electrostatics, the slope in the S1 profile
associated with the C13=C14 coordinate is strongly decreased and even
inverts from positive to negative in its last part. This effect is gradually
reduced along the C11=C12 and C9=C10 coordinates (compare the
vertical double arrows) and disappears along the C7=C8 coordinate of
Fig. 4d. The energy profiles were also re-computed after the removal of
the E141 counterion charge exclusively (see gray energy profiles). When
compared to the energy progression seen in absence of the protein
electrostatics, the effect is reduced but maintained, indicating that the
leading electrostatic contribution is due to the negative charge in the
E141 position. This behavior is consistentwith the lack of a stable FS (i.e.,
due to the absence of an S1 energy barrier controlling access to the
CoIn) displayed by the model with no counterions (see Fig. 2b). In fact,
switching off the charge of the E141 counterion roughly replicates the
electrostatic embedding imposed by that model.

The models featuring a counterion configuration different from
that of a-ARME141, display flat, and substantially barrierless, S1 iso-
merization energy profiles (see Supplementary Fig. 11). As stated
above, this is not consistentwith the ESLofNeoRestimated tobe 1.1 ns.
Therefore, our data indicate that an E141 counterion appears not only
critical for tuning the extreme spectroscopy of NeoR (see Fig. 2b) but
also for the generation of a barrier.

To disentangle the electrostatic and steric contributions to the
computed Ef

S1 value, the same energy profiles have been re-evaluated
in the absence of a whole protein environment (see the energy profiles
marked with empty squares). The results demonstrate that while in
C11=C12 and C9=C10 MEPs the S1 profile becomes completely flat, in
C7=C8 MEP the S1 energy barrier is only reduced but persists, indi-
cating a destabilization that originates from the rPSB geometrical
progression. Notice that such progression is due, in all cases, to
indirect electrostatic and steric effects determining the DA, FS, and
CoIn geometries (i.e., determining the isomerization coordinate) and
include the effect of the polarization of the rPSB π-electron density
due to the counterion.

Our conclusion is that a small barrier increasing along the
C13=C14 to C7=C8 series, is an intrinsic feature of the isomerization
coordinate computed using a-ARME141. While such an increase is
clearly enhanced when switching on the direct steric interactions (i.e.,
due to the Lennard-Jones potentials between QM and MM atoms) are
considered, the Ef

S1 value along the C13=C14 andC11=C12 paths remain
flat, and inconsistent with bright emission. To enhance these barriers
and restore consistency, a direct electrostatic contribution (i.e., due to
the interaction betweenQMelectron density andMMpoint charges) is
critical. In the next section, we look at the mechanism driving such a
critical electrostatic effect.

Fluorescence enhancement mechanism

In microbial rhodopsins the canonical S1 isomerization produces the
13-cis rPSB chromophore. In general, this is an ultrafast (sub-picose-
cond) reaction only allowing a negligible fluorescence emission from
the DA state. We now use the results above to formulate amechanistic
theory for the fluorescence enhancement explaining how the NeoR
electrostatics generates the high C13=C14 isomerization barrier of
Fig. 4. Such theory takes the progressive confinement of the initially
delocalized rPSB charge described above as the key event blocking the
C13=C14 isomerization.

We start by employing the ChargePSB and BLAPSB quantities
defined above to follow the chromophore geometrical and electronic
changes along the S1 isomerization coordinate. The first index displays
a monotonic charge increase from 0.27 to 0.90 e (at FS and CoIn
respectively), consistently with a monotonic increase of the positive
charge on the Schiff based chromophore moiety. The second index
points to a 0.03 to 0.20 Å change consistently with the reconstitution
of a C=Ndouble bond along the path and full localization of the charge
on such a bond. Such progressive charge confinement is directly
proportional to the increase in the electrostatic effect along theMEPof
C13=C14 of Fig. 4 (i.e., the one indicated by the double-headed vertical
arrow) and, therefore, to the energy increase leading to the large
computed Ef

S1 value. We now propose that the molecular mechanism
driving the energy increase is the progressive increase in distance
between the negative E141 counterion charge and the centroid of the
confining charge. As illustrated in Fig. 5a the progressive positive
charge confinement shifts the centroid of the positive charge away
from the E141 residue, unavoidably leading to destabilization. This
mechanism is supported by the computed decrease in electrostatic
effect (i.e., again, the destabilization indicated by the vertical arrow)
along the C13=C14, C11=C12 and C7=C8 MEPs of Fig. 4. As an example,
in Fig. 5awe also show that the C9=C10 isomerization could not lead to
the same electrostatic effect as, in this case, the charge does not get
confined far from E141 but remains delocalized along the extended
C10-C11-C12-C13-C14-C15-N moiety. This causes only a limited change
in the counterion-chromophore interaction consistently with the
computed decrease in electrostatic stabilization. The charge confine-
ment on the Schiff base moiety is thus critical.

The mechanism described above can be reinterpreted in terms
of changes in the energy of the COV diabatic state (see HCOV in
Fig. 5b) featuring a positive charge permanently located on the Schiff
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base moiety (see the resonance formula in Fig. 3a). The highly delo-

calized electronic structure of the FS points to close HCOV and HCT

values consistent with the small ChargePSB value of S1. On the other

hand, the large S1ChargePSB computed in theCoIn region points to an

adiabatic state dominated by the COV diabatic. Thus, the charge

confinement effect described above is translated into an increase in

the weight of the COV diabatic state along the isomerization coor-

dinate. This justifies the steep S1 energy increase in the CoIn region

that would originate from the simultaneous increase in the COV

weight and COV destabilization due to the offset in the electrostatic

interaction with E141.

Such a delocalization-confinement mechanism (i.e., without an

initially delocalized charge there is no progressive confinement) also

suggests a lesser sensitivity of the S0 state to the progression along the

isomerization coordinate. In fact, while S0 becomes progressively

dominated by the CT diabatic state, in CT the rPSB charge remains

relatively unconfined along a long segment (-C7-C8-C9-C10-C11-C12-

C13-) of the rPSB backbone even in the CoIn region.

Above we have shown that, the conventional C13=C14 iso-

merization preventing microbial rhodopsin to be highly fluorescent,

can be blocked or slowed down by a suitable change in the electro-

static environment of the all-trans rPSB chromophore. More speci-

fically, the presented a-ARME141 model, indicates that NeoR is the

product of an evolutionary process driven by the translocation of a

negatively charged residue from the chromophore Schiff base region

to a region located halfway along the chromophore conjugated chain

(E141). The main local effect of this process is the generation of a DA

state featuring a delocalized rPSB-positive charge. The rest of the

described properties, including spectral properties such as the large

bathochromic shift, small Stokes shift, and sizable S1 isomerization

energy barrier along the canonical C13=C14 torsional coordinate, are

a consequence of such a change. This behavior was recently docu-

mented by El-Tahawy et al. in isolated rPSB chromophores subject to

homogeneous, strongly negative red-shifting electric fields and,

therefore, the “two electron-two orbital model” theory that is shown

in there to account for the electrostatic origin of the C13=C14 pho-

toisomerization energy barrier appears also operative in the here

presented NeoR2. Notice that the described E141 counterion location

is presently a theoretical result that remains to be experimentally

demonstrated.

The effect associated with the repositioning of the rPSB coun-

terion was previously proposed to explain the λ
a
max changes observed

in a set of rhodopsin mimics based on the human cellular retinol-

binding protein II (hCRBPII)42. Similar to our NeoR model, the mem-

bers of the set displaying a large red shift were found to be associated

with a counterion located far from the Schiff base moiety. This con-

clusion was reached through X-ray crystallographic analysis support-

ing the hypothesis that a red-shifted λ
a
max must be associated with an

even distribution of the iminium charge along the chromophore π-

conjugated chain. Such delocalization can be associated with the rPSB
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Fig. 5 | Origin of the E
f
S1 barrier in NeoR. a Representation of the increase in the

distance between the negative and positive charge centroids due to the positive

charge confinement along the C13=C14 and C9=C10 photoisomerization paths.

Comparison between electrostatic potential (ESP) maps indicates that along the

C9=C10 coordinate the extent of the confinement is less pronounced being the

charge at the CoIn spread on a longer rPSB chromophoremoiety (i.e., C10-C11-C12-

C13-C14-C15-N). b Proposed origin of the isomerization barrier in terms of COV

energy (HCOV, dashed line) destabilization due to the charge confinement resulting

from the mixed [CT] - c’[COV] to the pure [COV] electronic structure change along

the S1 adiabatic energy profile (in orange).We hypothesize that the diabatic energy

curves cross halfway along the isomerization coordinate α, which therefore cor-

responds to the point with the highest diabatic coupling. The such diabatic cou-

pling will then vanish at the CoIn. The left and right panels display the shape of the

S1 and S0 adiabatic potential energy curves along the BLAPSB coordinate (see defi-

nition in the caption of Fig. 4) at FS (left) and CoIn (right) and are in line with the

presented FC→FS and CoIn computations. The BLAPSB and α coordinates are sub-

stantially orthogonal.
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delocalized charge seen in thea-ARME141 calculation and interpreted as

a COV⟷CT resonance hybrid (see Fig. 3a) or, in a different language,

to a near cyanine limit situation43.

a-ARME141 leads to a possible general principle for the engi-

neering of other highly fluorescent rhodopsins that we call

“delocalization-confinement”. Such principle establishes that the

electrostatic field generated by the cavity, for instance via a specific

counterion localization, must yield a vastly delocalized geometrical

and electronic structure of the rPSB conjugated chain in both the DA

and the FS state of the protein. In this condition, an electrostatically

induced high reaction barrier can be generated via a rPSB charge

confinement process occurring, unavoidably, along the canonical

C13=C14 isomerization path in the region entering the corresponding

CoIn channel.

Finally, the reported results provide evidence that the spectro-

scopy of retinal proteins is regulated by the same principles regulating

GFP-like fluorescence. More specifically, it was proposed that the GFP

variants achieving maximal π-electron delocalization (called the cya-

nine limit) are the ones where a COV and CT configurations of the

protein chromophore have exactly the same weight, thus pushing the

λ
a
max value to the extreme red and culminating in a null Stokes shift.

Methods
The employed hybridQM/MMmodeling of NeoRwasperformedusing

thea-ARMprotocol20–22 andbasedon the comparativemodel structure

built and validated by S. Adam et al.7. Further details about the a-ARM

protocol are given as Supplementary Informations (Supplementary

Section 1). After initially producing, automatically, default a-ARM

models for WT and mutant NeoR, the equilibrium geometries of the

DA were obtained via re-assignment of the counterion before carrying

out ground state geometrical relaxation with energy gradients calcu-

lated at the 2 root state average CASSCF(12,12)/6-31G*/AMBER94 level

of theory44–46 using the Molcas/Tinker47,48 interface (Supplementary

section 2). The relevant energies were instead computed, again

employing the Mocas/Tinker interface, at the single-state and, in spe-

cified cases, multistate multiconfigurational levels. These correspond

to the 3-root state average CASPT2(12,12)/6-31 G*/AMBER94 and 3-root

state average XMCQDPT2/CASSCF(12,12)/6-31 G*/AMBER94 levels,

respectively. The XMCQDPT2 calculation was based on Firefly v8.249.

The collection of geometries connecting the FS to the different CoIn’s

and defining theMEPs discussed above, were obtained via constrained

geometry optimization at the 2 root state average CASSCF(12,12)/6-

31 G*/AMBER94 level of theory. As shown in Supplementary Section 5,

for each MEP the S1 isomerization barrier Ef
S1 is estimated after reval-

uating the S1 energy profiles at the above CASPT2 and XMCQDPT2

levels via single point energy calculations and measuring the energy

differencebetween the highest S1 energy value (i.e., corresponds to the

CoIn) and the S1 energy value of the FS.

Data availability
The cartesian coordinates of the DA and the FS of the QM/MMmodel

of NeoR generated in this study are provided, respectively, in Sup-

plementary Data 1 and Supplementary Data 2. Source data are pro-

vided with this paper.

Code availability
As stated in the Method section, all the calculations carried out in this

work were performed using a combination of the quantum chemical

program MOLCAS and molecular mechanics program TINKER except

for XMCQDPT2 calculations which were performed using the com-

putational chemistry program Firefly.
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along the carbon atoms of the chromophore (see the bubble repre-
sentation from Mulliken charges) with a limited +0.29 e charge resid-
ing in the C14-C15-N-Cε moiety (from now on, the charge residing on
suchmoiety will be called ChargePSB). The vertical transition to S1 only
slightly modifies such charge distribution. For instance, when taking
the mid C13=C14 as a reference one can see only a small 0.03 e
translocation towards the β-ionone ring. The same behavior is seen at
the FS when looking at the vertical emissive transition for which one
findsChargePSB valuesof+0.27 e and+0.24 e for S1 and S0, respectively.
In conclusion, as illustrated in Fig. 3b, c, the DA and FS transitions can
be both qualitatively interpreted as transitions between adiabatic
states (i.e., S0 and S1) corresponding to in-phase and out-of-phase
mixing of two diabatics (or resonance formulas) close in energy. Such
an interpretation appears to be related to the one proposed for
explaining the observed absorption and emission trends of GFP-like
proteins17.

The description above is not in line with the consensus electronic
structure of the rPSB chromophore30,31 of rhodopsins. In fact, the DA
S0→S1 transition, is usually described as a transition starting from a
COV-dominated state featuring a positive charge localized on the
-C15=N- moiety and not a delocalized charge spread on the -C9=C10-
C11=C12-C13=C14-C15=N- chain as seen in Fig. 3b. Starting from such a

state, an at least three times larger charge translocation has been
computed upon S0→S1 excitation

32,33.
Notice that the chromophore charge delocalization seen in the

selected a-ARME141 model is modulated by the position of the coun-
terion. In fact, the charge distribution of the model featuring E262 as
the only charged residue of the tetrad (see Fig. 2b) features, in the DA
state, a blue-shifted λamax and a reduced charge delocalization. These
values are accompanied by a much larger +0.68 e to +0.27 e change in
ChargePSB value upon vertical excitation (see Supplementary Fig. 2)
and are, therefore, more in line with the consensus rPSB charge dis-
tribution mentioned above.

FC→FS geometrical and electronic relaxation
Consistently with the computed negligible (0.01 e) difference in
ChargePSB value between the FC point and the FS state, the S1 elec-
tronic relaxation of a-ARME141 can be interpreted as a relatively minor
change in the weights of the COV and CT diabatic states. The geo-
metrical variation accompanying such a process is documented in
Fig. 3d and corresponds to a minor progression along the BLA coor-
dinate (this is defined as the difference between the average single-
bond length and the average double-bond length of a conjugated
chain, see Fig. 1b) of the chromophore, leading to an E

r
≈ 3.5 kcalmol−1

abs
emi+
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[COV] + c[CT]
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Fig. 3 | Electronic and geometrical character of S1 relaxation in NeoR chro-

mophore. a Representation of the two limiting resonance formulas adopted to
describe the electronic character of the rPSB chromophore. b Electron density
variation (δρabs) characterizing the vertical S0→S1 transition from the Dark Adapted
State (DA). Blue and red clouds correspond to electron density decrease and
increase respectively. Isovalue set to 0.002 a.u. The associated resonance formulas
correspond to resonance hybrids also anticipated in Fig. 1a. Blue bubbles represent
the QM positive charge (in e unites). Only absolute values > 0.05 e are reported. As

indicated by the red box, the total charge residing in the -C14-C15-N-Cε- rPSB
fragment is also given. c Same data for the S1→S0 emission from the Fluorescent
State (FS). d Geometrical comparison between DA and FS rPSB structures. The
arrows indicate the dominant geometrical change corresponding, clearly, to a
variation in the bond length alternation (BLA, see definition in the caption of Fig. 1)
in a regionof the conjugatedchaindistant from theSchiff basemoiety. The relevant
bond lengths are given in Å.
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ARTICLE

Pro219 is an electrostatic color determinant in the
light-driven sodium pump KR2
Yuta Nakajima1,6, Laura Pedraza-González2,6, Leonardo Barneschi2, Keiichi Inoue 3,

Massimo Olivucci 2,4✉ & Hideki Kandori 1,5✉

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

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

acid residues forming the chromophore cavity. Critical cavity amino acid residues are often

called “color switches”, as the rhodopsin color is effectively tuned through their substitution.

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

the microbial rhodopsin structure respectively. Recently, we reported on a third G/P switch

located in the F helix of the light-driven sodium pumps of KR2 and JsNaR causing substantial

spectral red-shifts in the latter with respect to the former. In order to investigate the

molecular-level mechanism driving such switching function, here we present an exhaustive

mutation, spectroscopic and computational investigation of the P219X mutant set of KR2. To

do so, we study the changes in the absorption band of the 19 possible mutants and construct,

semi-automatically, the corresponding hybrid quantum mechanics/molecular mechanics

models. We found that the P219X feature a red-shifted light absorption with the only

exception of P219R. The analysis of the corresponding models indicate that the G/P switch

induces red-shifting variations via electrostatic interactions, while replacement-induced

chromophore geometrical (steric) distortions play a minor role. However, the same analysis

indicates that the P219R blue-shifted variant has a more complex origin involving both

electrostatic and steric changes accompanied by protonation state and hydrogen bond net-

works modifications. These results make it difficult to extract simple rules or formulate

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

environmental consequences of the side chain replacement.
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M
icrobial or animal rhodopsins contain either an all-
trans or 11-cis retinal chromophore respectively1. In
both cases the chromophore is located inside the seven-

helix (TM1 to TM7) transmembrane structure of diverse opsins
where it binds, covalently, a lysine residue to form a Schiff base
linkage2. In such an environment the chromophore spectroscopic
and reactivity properties are modulated by its molecular envir-
onment as demonstrated by the variety of displayed colors and,
therefore, variations in the wavelength (λmax) of the maximum of
the absorption bands3–9. The mechanism allowing such “color
tuning” effect is an important topic in rhodopsin research since
the λmax value of the light captured by a specific rhodopsin
represents a biological functions10–14. While the color tuning
mechanism7–9 is still not fully understood, it is apparent that it
must be determined by the interactions between the chromo-
phore and the surrounding amino acid residues featuring side-
chains which may be charged, dipolar, aromatic and capable of
hydrogen-bonding and steric contact effects. Accordingly, learn-
ing the precise “rules” for controlling such interaction appears to
be of basic importance for the understanding of different facets of
rhodopsin biology including their evolution, ecology, biophysics
and the laboratory engineering required for optogenetic
applications15–17.

In most cases, the all-trans retinal chromophore of microbial
rhodopsins features a protonated, Schiff base linkage (rPSBAT)
and such -CH=NH(+ )- state is stabilized by a negatively
charged -COO(− ) counterion, a glutamate or aspartate, placed
in its vicinity. While the electrostatic interaction between chro-
mophore and counter-ion is prominent in color tuning, other
specific color determining residues have been reported, which are
sometimes called “color switches”. In the case of microbial rho-
dopsin, a famous color switch is the “L/Q switch” in
proteorhodopsin10,18. In fact, green-absorbing (GPR) and blue-
absorbing (BPR) proteorhodopsins contain Leu and Gln at
position 105 of C-helix (TM3), respectively. It has been proposed
that the L/Q selection provides a mechanism for optimizing light
absorption with respect to specific environmental light
conditions10,19. In other words, the color regulation would enable
bacteria living in shallow and deep ocean waters to use green and
blue light respectively which is abundant in these respective
habitats. Although Leu is hydrophobic and Gln is hydrophilic,
comprehensive mutation study of L105 in GPR indicated that
molecular volume (i.e., steric interactions), not hydrophobicity, is
correlated with the λmax value20.

Another color switch is the “A/T switch”3. The alanine residue
at position of 215 in bacteriorhodopsin (BR) is known to partly
contribute to the spectral difference between the BR and Natro-
nomonas pharaonis sensory rhodopsin II (NpSRII, also pharaonis
phoborhodopsin) as it is replaced with Thr in NpSRII3. This is
considered to be related to the evolution from BR to NpSRII21. A
previous study indicates that the S254 of a bacterial light-driven
sodium pump from Krokinobacter eikastus (KR2) also plays a role
similar to NpSRII and BR22. Hence, here we refer to it as the “A/
TS switch”, as it appears to represent an additional example of
naturally occurring color determining residue. This switch satis-
fies the general principle of color tuning, where introduction of a
polar residue in the vicinity of the β-ionone ring or the Schiff base
moiety of the chromophore causes spectral red and blue shift,
respectively14,23–25. This observation is in line with the present
theoretical understanding of color tuning based on the electronic
structure and, therefore, opposite positive charge distribution, of
the ground (S0) and first excited (S1) states of rPSBAT. In short,
while in S0 the positive charge is mainly localized in the -CH=
NH- moiety of the chromophore, in the S1 the positive charge is
delocalized towards the β-ionone ring. Accordingly, negatively
charge atoms located in the vicinity of the Schiff base moiety

would stabilize S0 with respect to S1 leading to a blue-shift of the
λmax value. In contrast, if the negative atoms are located in the
vicinity of the β-ionone ring they would stabilize S1 with respect
to S0 leading to a red-shift. Of course, positively charged atoms
will have an opposite effect7.

Recently, a combined experimental and computational study
carried out by some of the authors revealed that certain mutations
at P219 in KR2 led to a spectral red-shift with no loss of its
sodium pump function22. As far as color tuning is concerned, Pro
is an unusual residue. In fact, this residue is highly conserved in
most microbial rhodopsins, but two light-driven sodium pump-
ing rhodopsins (NaRs) that do not conserve it were identified
from Parvularcula oceani26 (PoNaR) and Jannaschia seosinensis27

(JsNaR). These rhodopsins display a Thr and Gly residue at the
P219 position of KR2, respectively (see Fig. 1). Although the
former was reported in the mention previous study, it was not
expressed in E. coli cells28. In contrast, it was possible to express
JsNaR, and a mutation study showed that it represents a third
color switch that was named “G/P switch”22. This role of residue
219 is supported by the fact that the λmax value of KR2 (525 nm)
is red-shifted to 535 nm in its P219G mutant and the fact that the
JsNaR λmax value (550 nm) is blue-shifted to 523 nm in its G216P
mutant. However, the exact mechanism that is at the basis of such
color tuning effect is unknown.

We find that KR2 represents a suitable laboratory model for an
in-depth investigation of the G/P switching mechanism. At the
same time a molecular-level understanding of such a phenom-
enon must necessarily be based on the construction of a light-
responsive computational model of the protein. Such a model has
to incorporate a description of the electronic structure of
rPSBAT. Accordingly, in this work we present an exhaustive
investigation of the color tuning induced by point mutation at the
P219 position of KR2. We prepare all possible P219X mutants
where X stands for all alternative 19 natural amino acids. The
resulting color variations, spanning a red-to-blue range going
from 545 nm to 515 nm, provides a unique basis for molecular-
level mechanistic studies performed using hybrid quantum
mechanics/molecular mechanics (QM/MM) models generated
with the Automatic Rhodopsin Modeling (a-ARM) protocol9,
equipped with multiconfigurational second order perturbation
theory (see “Materials and Methods” section). By systematically

Fig. 1 Color switches of microbial rhodopsins, shown in the structure of a

light-driven sodium pump KR2. KR2 has L120, S254, and P219 in the L/Q

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

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

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

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

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

Fig. 2 Light-induced difference absorption spectra of the WT-KR2 (black curves) and 19 P219X mutants (colored curves) of KR2 in the presence of

500mM hydroxylamine. Positive and negative signals show the spectra before and after illumination corresponding to those of the rhodopsin and retinal

oxime, respectively. Red and blue curves represent red- and blue-shifted mutants, respectively. Mutant and WT-KR2 spectra were normalized by use of a

negative peak at 361 nm.
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λmax correlate with neither volume nor hydropathy, whereas the
blue-shifted Arg is unique as it has both higher volume and lower
hydropathy than Pro. The higher volume of Arg would suggest
that the observed blue-shift is related to a steric effect. Below we
show that, according to our computational analysis, this effect
alone would not explain the observed P219R spectral change.

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

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

workflow is illustrated in Fig. 4b, c and described in the “Mate-
rials and Methods” section (see Supplementary Note 2 and
Supplementary Note 3). The a-ARMdefault model for the WT-KR2
was automatically generated taking, as the only input, the X-ray
crystallographic of the pentameric form resolved at 2.2 Å (PDB
ID 6REW29). The following parameters were automatically
selected by the Input file generator: Chain A of the X-ray crys-
tallographic structure; rotamer N84 with occupancy number of
0.50 (step 1 in Fig. 4b); 24 chromophore cavity residues defined
based on Voronoi tessellation and alpha spheres theory, and
including the K255 residue covalently linked to the chromophore,
plus the D116 main (MC), D251 secondary (SC) counter-ion
residues and 3 molecules of water (step 2 in Fig. 4b); protonation
states predicted at pH 5.2, as: neutral E160 (step 4 in Fig. 4b); and
the inclusion of 8 Cl− inner (IS) 7 Na+ outer (OS) external
counter-ions, with positions optimized with respect to an elec-
trostatic potential grid constructed around each charged target
residue. The Na+ ion present in the X-ray structure was kept, for
a total of 8 Na+ ions in the model (step 5 in Fig. 4b). Such
parameters ultimately led to an a-ARMdefault model producing a
λmax (in terms of the average vertical excitation energy of 10

Fig. 3 Experimental Data. Correlation between the absorption light energy and (a) the volume or (b) hydropathy index of the amino acid residue at

position 219 in KR2. The y-axis represents the difference in wavenumber from that of the wild type (reciprocal λmax; cm
−1), where positive and negative

values correspond to the spectral blue- and red-shifts, respectively. (c) Quantitative comparison of pump activities of the WT-KR2 and mutant KR2. The

numbers of protons taken in or released from the cells by the pump activity of KR2 and each mutant per one protein molecule in one second are shown.

The values were estimated from the initial slope of light induced pH changes and the expression levels of the proteins. E. coli cells suspensions expressing

KR2 mutants are illuminated at >520 nm light, and quantified proton release and uptake are measured in the solution containing 100mM NaCl (blue bars)

and CsCl (orange bars). Positive values indicate the numbers of protons which are taken into cells by one protein molecule per second, which originates

from outward Na+ pump. Negative values indicate the numbers of protons which are released from cells by one protein molecule per second, which

originates from outward proton pump.
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replicas, see the “Materials and Methods” section) of about
127 nm (0.75 eV in terms of ΔES1–S0) blue-shifted with respect to
the experimental data. In fact, as documented elsewhere9,30, the
default models do not always replicate the correct electrostatics of
the chromophore counterion complex in ion-pumping
rhodopsins9,30. For this reason, a customized model was pro-
duced (see Supplementary Fig. 3 and Supplementary Table 1).
The model customization employs the a-ARMcustomized approach
of ref. 9. (see also Supplementary Note 2) that guarantees
reproducibility. While the default model predicts that both
aspartic acid residues forming the counterion complex of the
rPSBAT, namely D116 and D25131, are negatively charged, we
have observed that the presence of two negative charges in
the counterion complex would outbalance the positive charge of
the rPSBAT, generating a large, blue-shifting effect9 in the λmax

value. The a-ARMcustomized approach allows to reassign the pro-
tonation states (step 4 of the input file generator in Fig. 4b) of
D116 and D251. More specifically, as illustrated in Supplemen-
tary Fig. 3 and Supplementary Table 2, these protonation states
are systematically scanned. It was found that a model featuring a
protonated (i.e., neutral) secondary counterion (SC) D251
counterbalanced the charge in the vicinity of the rPSBAT by
mitigating the overstabilization of the S0 positive charge of the
chromophore Schiff base region yielding a smaller, blue-shifted
error of about 14 nm (0.07 eV). Notice that in QM/MM model-
ing, it is a common practice to evaluate the protonation states of
the rPSB counterion complex by looking, as a guidance, at the
reproducibility of the experimental λmax (see for instance
refs. 13,32,33).

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

models. Notice that, as in the WT-KR2 case, the initial structure
provided to the Input file generator phase for each mutant was
the X-ray structure. As a result,16 out of 19 models featured
ΔES1–S0 values with an error, with respect to the observed value
and therefore lower than 3.0 kcal mol−1 (0.13 eV) threshold. Only
3 models, P219R, P219K, and P219H, were further customized.
The default P219R model features a 67 nm (0.36 eV) blue-shifted
ΔES1–S0 with respect to the observed value. This indicates that the
positively charged arginine side-chain, located near the β-ionone
ring of rPSBAT, leads to a too strong S1 destabilization (a posi-
tively charge β-ionone region is typical of the S1 state of the
chromophore). In order to moderate such an effect, (i) the D116
was protonated (i.e., neutral) and the D251 was modeled as
negatively charged, accordingly with the customization protocol
reported in Supplementary Note 2, and (ii) the E160 residue in
the R219 region, assigned to be neutral by step 4 of the default
approach, was deprotonated assuming that the positive charge in
position 219 increases the group pKa (see Supplementary
Table 2). Such customization yields a model just 14 nm (0.07 eV)
blue shifted. In the case of P219K, the lysine residue had to be
assigned as neutral since the protonated lysine selected by the
default protocol yielded a strongly blue-shifted ΔES1–S0 value with
respect to the experiment. Finally, for P219H, the histidine resi-
due had to be modeled with the neutral tautomer having the ε
nitrogen unprotonated (contrary to the default selection).

The final protonation states of the twenty QM/MM models are:
neutral D251, E160 for WT-KR2 and P219X with X=A, C, F, G,
I, L, M, N, Q, S, T, V, W, Y; neutral D116 for P219R; neutral
D251, E160, H219 (with hydrogen in the ε nitrogen) for P219H;
neutral D251, E160, K219 for P219K; neutral D251, E160, E219
for P219E; and neutral D251, E160, D219 for P219D. Notice that,
when appropriate, the external counter-ions were automatically
updated in step 5 (see Fig. 4b), where an additional Na+ was

Fig. 4 Structure of a-ARM protocol. (a) General scheme of a monomeric, gas-phase and globally uncharged QM/MM model for the WT-KR2 rhodopsin,

generated by the a-ARM rhodopsin model building protocol. This is composed of: (1) environment subsystem (silver cartoon), (2) retinal chromophore

(green tubes), (3) Lys side-chain covalently linked to the retinal chromophore (blue tubes), (4) main counter-ion MC (cyan tubes), (5) protonated

residues, (6) residues of the chromophore cavity subsystem (red tubes), (7) water molecules, and external (8) Cl− (green balls) and (9) Na+ (blue balls)

counterions. Parts 2 and 3 form the Lys-QM subsystem which includes the H-link atom located along the only bond connecting blue and green atoms. Parts

4 and 6 form the cavity subsystem. The water molecules (Part 7) may be part of the environment or cavity subsystems. The external OS and IS charged

residues are shown in frame representation. The residue P219 is presented as orange tubes. (right) General workflow of the a-ARM rhodopsin model

building protocol for the generation of QM/MM models of wild-type and mutant rhodopsins. The a-ARM protocol comprises two phases: (b) input file

generator phase and (c) QM/MM model generator phase. The different software used in each step are also specified.
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included in the OS. The other parameters for the customized
inputs (i.e., chain, rotamers, cavity) remain the same as the
described for the customized WT-KR2 model in Supplementary
Table 1.

Simulation of the λmax variation. As mentioned above, the a-
ARMcustomized model of WT-KR2 has been selected as a suitable
template for mutant modeling as it reproduces the observed λmax

(525 nm) equivalent to a vertical excitation energy ΔE
Exp
S1!S0 =

54.5 kcal mol−122 (2.36 eV). The discrepancy falls within the
3.0 kcal mol−1 (0.13 eV) error bar established for the a-ARM
protocol9,34,35. This result is reported in Table 1, together with

both the computed ðΔEa!ARM
S1!S0 Þ and observed ðΔE

Exp
S1!S0Þ vertical

excitation energies, the corresponding oscillator strengths (fOsc),

and their difference ΔΔE
Exp;a!ARM
S1!S0 for the representative model

(i.e., replica with ΔEa!ARM
S1!S0 closest to the average). This is calcu-

lated as ΔΔE
Exp;a!ARM
S1!S0 ¼ ΔEa!ARM

S1!S0 ! ΔE
Exp
S1!S0. The WT-KR2

ΔEa!ARM
S1!S0 value is 56.0 ± 0.1 kcal mol−1 (2.42 eV, 511 nm) and

differs from the experimental data of just 1.5 kcal mol−1 (0.07 eV,
−14 nm). However, as discussed below, such accuracy limit does
not necessarily impact λmax trends that are not affected by sys-
tematic errors. Detailed information of the row data is provided
in Supplementary Note 4 (see Supplementary Table 3).

The achieved WT-KR2 model shows that P219 is a suitable
position for color tuning. Indeed, as displayed in Fig. 5a, it is
close to the β-ionone ring of rPSBAT, so it is expected that the
replacement of Pro by residues with different steric hindrance
and/or polarity can affect the vertical excitation energy by
stabilizing or destabilizing S1 with respect to S0, as has been
previously observed by some of the authors when modeling the

mutants P219G and P219T using the original version of the ARM
protocol22. Although the conclusions derived from the study of
Inoue et. al. can be qualitatively compared with the results
presented in this work (see Supplementary Fig. 4 and Supple-
mentary Table 4), notice that they cannot be quantitatively
compared since (i) the QM/MM models were constructed from a
different X-ray structure (i.e., 3X3C), using the original ARM9

that featured (ii) manual input file generation (i.e., handmade and
not reproducible counterion placement, different chromophore
cavity, etc.) and (iii) a different methodological approach for the
generation of the mutant side-chain, as described in Supplemen-
tary Note 5.

We begin the analysis of the experimental data by comparing

the ΔE
Exp
S1!S0 trend with the corresponding computed values (see

Supplementary Table 4), in the hope to learn how the P219X
mutants shift their colors with respect to WT-KR2 (see blue
down-triangles in Fig. 5c). As shown in Fig. 5b and reported in
Table 1, the observed values vary from 545 nm to 515 nm.
Remarkably, as reported in Supplementary Table 4, the P219R is
the only variant that exhibit a blue-shifted effect with respect to
the WT-KR2 of ca. 1.1 kcal mol−1, whereas the other 18 mutants
exhibit a red-shifting effect raging from −1.0 to −2.0 kcal mol−1

suggesting that an electrostatic destabilization of the chromo-
phore positive charge near its β-ionone is a key factor in the
observed color tuning.

It is apparent that the WT-KR2 and P219R define a correlation
line which is parallel to the perfect correlation line between
observed and computed values, thus indicating a general
systematic blue shifted error of ca. 15 nm (see Fig. 5d). On the

other hand, the <1.0 kcal mol−1 observed ΔE
Exp
S1!S0 variations

among the 18 red-shifted mutants are, in most cases, far too small

Table 1 a-ARM QM/MMmodels for the wild-type KR2 (WT-KR2) rhodopsin and 19 of its mutants (P219X, with X = A, C, D, E, F,

G, H, I, K, L, M, N, Q, R, S, T, V, W, Y). First vertical excitation energy (∆ES1−S0), maximum absorption wavelength (λamax),

transition oscillator strength (fOsc), and difference between calculated and experimental data ðΔΔEExp;a!ARM
S1!S0 Þ, for the

representative QM/MM model.

Variant Experimental a-ARM (N = 1)a Experimental vs a-ARM

ΔE
Exp
S1!S0

λ
a;Exp
max ΔEa!ARM

S1!S0 λ
a;a!ARM
max fOsc ΔΔEExp;a!ARM

S1!S0

(kcal mol−1) (eV) (nm) (kcal mol−1) (eV) (nm) (kcal mol−1) (eV) (nm)

WT 54.5 2.36 525 56.0 2.43 511 1.15 1.5 0.07 −14

P219A 53.4 2.31 536 55.8 2.42 512 1.16 2.4 0.11 −23

P219C 53.2 2.31 537 55.4 2.40 516 1.20 2.2 0.09 −21

P219D 53.1 2.30 539 55.0 2.39 520 1.22 2.0 0.09 −19

P219E 52.8 2.29 541 54.8 2.37 522 1.24 1.9 0.08 −19

P219F 53.1 2.30 538 54.9 2.38 521 1.22 1.8 0.08 −18

P219G 53.4 2.32 535 55.8 2.42 513 1.17 2.4 0.10 −23

P219H 52.5 2.28 545 54.5 2.36 525 1.22 2.0 0.09 −20

P219I 52.8 2.29 541 55.4 2.40 516 1.22 2.6 0.11 −25

P219K 53.3 2.31 536 54.8 2.38 521 1.22 1.5 0.07 −15

P219L 52.8 2.29 541 55.1 2.39 519 1.20 2.3 0.10 −22

P219M 53.1 2.30 538 54.8 2.37 522 1.21 1.7 0.07 −16

P219N 52.8 2.29 541 54.5 2.36 524 1.21 1.7 0.07 −17

P219Q 53.4 2.32 535 54.9 2.38 521 1.23 1.5 0.06 −14

P219R 55.5 2.41 515 57.0 2.47 501 1.12 1.5 0.06 −13

P219S 53.2 2.30 538 54.7 2.37 523 1.24 1.5 0.07 −15

P219T 52.8 2.29 541 55.5 2.40 516 1.19 2.6 0.11 −26

P219V 53.0 2.30 540 54.6 2.37 523 1.31 1.6 0.07 −16

P219W 53.0 2.30 539 55.1 2.39 519 1.22 2.1 0.09 −20

P219Y 53.3 2.31 537 55.2 2.39 518 1.19 1.9 0.08 −18

MAE 1.9

ADmax 2.6

MAD 0.3

aReplica with ΔEa!ARM
S1!S0 closest to the average.

MAE: Mean absolute error, ADmax: Maximum absolute error, MAD: Mean absolute deviation. See definitions in Supplementary Note 6.
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for their trend to be reproduced by a a-ARM QM/MM model.
These mutants form a cluster whose weighted average (the black
circle in Fig. 5b which represents the average of the measured and
computed values weighted according to the more frequent
deviation from the wild-type value, see Supplementary Note 6
and Supplementary Note 7) aligns with WT-KR2 and P219R
supporting the general validity of the constructed models and
confirming the presence of a systematic error (the row data
reported in Table 1shows a systematic blue-shifted error of ca.
2.0 kcal mol−1). Notice that for these models the mean absolute
error (MAE) and the mean absolute deviation (MAD), calculated
as indicated in Supplementary Note 6, are 1.9 and 0.3 kcal mol−1

respectively, consistently with those established for the a-ARM
protocol9,30,35–37. For this reason, in the present work we avoid a
detailed analysis of the members of the red-shifted cluster and
focus on their weighted average features. In other words, we
primarily focus on the effects that make: i) the P219R and ii) the
center of the red-shifted cluster different from WT-KR2 in terms
of ΔEa!ARM

S1!S0 .
The observed ΔE

Exp
S1!S0 and calculated ΔEa!ARM

S1!S0 values are
reported in Fig. 5c, while their difference relative to WT-KR2
are given in Fig. 5d (see also Supplementary Table 5). These
quantities were computed as the difference between observed

ΔE
Exp
S1!S0for each P219X mutant with respect to the observed value

of the WT-KR2 (Δmax,X
WT,Exp), as well as the difference between

computed ΔEa!ARM
S1!S0 of each of the P219X mutants with respect to

the corresponding WT-KR2 (Δmax,X
WT,a-ARM) values. Notice that

in this figure the average values (see dashed horizontal lines) for
the red-shifted cluster are also provided. In all the cases, blue or
red direction of the shift is reproduced. More interestingly, in
Fig. 5d it is evident that, in line with the observations (blue bars),
the computed data (green and red bars) show that P219R is the

only mutant presenting a blue-shifted effect and P219H is the
most red-shifted mutant.

In order to quantify the parallelism between the computed and
experimental trends in excitation energy (see Supplementary
Note 7), we have calculated the trend deviation ðkTrendDev:k ¼

jΔmax;X
WT;Exp ! Δmax;X

WT;a!ARMjÞ as 0.4 ± 0.3 kcal mol−1 (0.02 ±

0.01 eV), using the data reported in Supplementary Table 3. Such
value is close to the value reported for the a-ARM protocol in
ref. 9. (see “Materials and methods” section), further supporting
the general validity of our QM/MM models.

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

Color tuning analysis in terms of steric and electrostatic
effects. In order to gain insight into the color tuning mechanism
inducing ΔEa!ARM

S1!S0 red- and blue-shifting, we looked at the steric
and/or electrostatic effects that modulate the energy of either the
S0 or the S1 states and, consequently, the excitation energy. As
mentioned above, such analyses are primarily focused on the red-
shifted (18 mutants) cluster center and P219R mutant (see
Fig. 5b). In Fig. 6, we give a visual representation of three fun-
damental quantities (ΔΔETOTS1–S0, ΔΔESTRS1–S0, and ΔΔEX219-

OFF
S1–S0) whose values are a function of either the structural (both

at the chromophore and protein cavity levels) or electrostatic
changes of each mutant with respect to WT-KR2. ΔΔETOTS1–S0 is

Fig. 5 Computed vs experimental trend in maximum absorption wavelength. (a) Scheme of the retinal proton Schiff base of WT- KR2. The residue P219

is located near the β-ionone ring. (b) Correlation plot between computed ðΔEa!ARM
S1!S0 Þ and measured ðΔE

Exp
S1!S0Þ vertical excitation energy for WT-KR2

rhodopsin and 19 of its mutants (P219X, with X = A, C, D, E, F, G, H, I, K, L, M, N, Q, R, S, T, V, W, Y). The red circle indicates the red-shifted mutant cluster

whose weighted average value is marked with a black circle. The blue circle indicates the only blue-shifted mutant of the set. (c) Maximum absorption

wavelength (λamax, nm) and (ΔEa−ARMS1-S0, eV) for wild-type KR2 and 19 of its P219X variants. The experimental values (blue down triangles) are

presented along with the a-ARM values predicted by using the average of n= 10 replicas (green triangles), and the representative replica with ΔEa-ARMS1-

S0 closest to the average (red squares). The values for the retinal chromophore (gray circles) calculated in vacuum (ΔERETS1-S0), outside the protein

environment, are also presented. Row data is provided in Supplementary Table 2. (d) Relative observed and computed ΔEa-ARMS1-S0 changes (Δ,X
WT) with

respect to WT. Row data is provided in Supplementary Table 3. The dashed lines show the values corresponding the weighted averages of the red-shifted

cluster. 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.
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the “Total” excitation energy change (see Fig. 6a). It is directly
computed as the difference between the QM/MM computed
vertical excitation energies (see red squares in Fig. 5c) of the
mutant and WT-KR2 protein models. ΔΔESTRS1–S0 is the “Steric
component” of ΔΔETOTS1–S0 (see Fig. 6b). It is directly computed
as the difference between the QM/MM vertical excitation energies
of the isolated retinal chromophores, taken with their protein
environment geometries, (see gray circles in Fig. 5c) of the mutant
and WT-KR2. As we will see in the following, using these quan-
tities we can compute three additional components. ΔΔEELE(t)S1–S0
is the “Total electrostatic component” that is indirectly computed
as the difference between the Total and the Steric components
above (ΔΔEELE(t)S1–S0= ΔΔETOTS1–S0 − ΔΔESTRS1–S0) for each
mutant. As specified below, ΔΔEELE(t)S1–S0 can be decomposed
into two parts. ΔΔEELE(i)S1–S0 is the “Indirect electrostatic com-
ponent” that is indirectly computed in two steps by first com-
puting the differences between the vertical excitation energy of the
mutant and WT-KR2 obtained after having switched off (turned
to zero) the charges of residue 219 (see Fig. 6c), component
ΔΔEOFFS1–S0) and then by subtracting from such difference the

steric effect ΔΔESTR
S1!S0 defined above. Finally, ΔΔEELE(d)S1–S0 is the

“Direct electrostatic component” that is indirectly computed as
ΔΔEELE(d)S1–S0= ΔΔEELE(t)S1–S0 − ΔΔEELE(i)S1–S0. Further details
are provided in Supplementary Note 8 (see Supplementary Table 6
and Supplementary Table 7).

Steric effects. We begin the discussion on steric effects (here by
“steric effects” we mean “indirect” or “geometrical” effects, i.e.,
the change in excitation energy of a chromophore due to a change
in the minimum geometry. The change in geometry could be
induced by both steric and electrostatic factors) by investigating
how the retinal chromophore is structurally modified by the
mutations (i) near the β-ionone ring and (ii) near the Schiff base
linkage (see Fig. 5a). As discussed below, such structural rear-
rangements of rPSBAT rather than being a simple effect induced
by the side-chain replacement, could be also attributed to a dif-
ferent charge distribution due to changes in protonation states for
ionizable residues as well as water addition/removal. Notice that
we evaluated steric effect through an “atomistic” approach
focused on the changes in rPSBAT geometrical and electronic
structure and therefore not directly related to steric effects eval-
uated on the basis of the changes in residue volume addressed

Fig. 6 Pictorial illustration of the corresponding excitation energy analysis terms. (a) Difference between the a-ARM models excitation energies (in

protein environment, ΔEPROTS1-S0 = ΔEa!ARM
S1!S0 ) of a P219X mutant with respect to the wild-type due to (i) structural deformation (see curly arrows) and (ii)

structural deformation of the cavity residues (see straight arrow and dotted lines indicating the hydrogen bond network) and (iii) rPSBAT reorientation (see

dashed line along the chromophore axis). (b) Difference between the excitation energies of the chromophores (in vacuum, ΔΔESTRS1-S0) of P219X mutant

and wild-type, isolated at their equilibrium structures from the protein environment. (c) Difference between the excitation energies (in protein

environment) of a P219X mutant with respect to the wild-type (i.e., same as in part (a)) but calculated after setting to zero the charges of residue X in the

mutant and the charges of residue P in the wild-type. Red ovals and yellow areas represent the protein environment and the chromophore cavity,

respectively.
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above. To do so, we select a representative QM/MM structure for
each mutant model (i.e., the replica with ΔEa!ARM

S1!S0 closest to the
average, see red squares in Fig. 5c) and compute the difference
between the magnitude of its most relevant structural parameters
(e.g., torsional dihedral angles and bond lengths) with respect to
those corresponding to the representative structure of the WT-
KR2 model. A visual structural comparation between each
mutant and WT-KR2 is provided in Supplementary Figure 5. In
Fig. 7 we report a heatmap visualization of such differences in
terms of skeletal dihedral angles (ΔTorsionWT;MUT , Fig. 7a) and
carbon-carbon bond lengths (ΔBondLengthWT;MUT , Fig. 7b).
Based on the range in which the latest quantities change, we
establish an arbitrary threshold of 2.0 degrees and 0.01 Å,
respectively, as meaningful variations. The dihedrals with the
largest variation are C5= C6 and C6-C7 that, as shown in Fig. 5a,
belong to the rPSBAT framework geometrically closer to the 219
residue. In addition, for specific cases the “reactive” C13= C14
dihedral as well as the C14-C15 and C15=N dihedrals show
variability. We start the analysis discussing the variants belonging
to the red-shifted cluster. These are almost constantly accom-
panied by structural effect near the β-ionone ring (among them,
P219I, P219L, P219M, P219V, P219F, P219Y featuring hydro-
phobic side-chain, and P219Q featuring large polar uncharged
side-chain present the largest structural effects) making such a
structural deformation a characteristic of the cluster center. On

the other hand, P219G, P219H and P219W show a limited
change in the C15=N region and P219D (in its neutral form),
P219S and P219T (i.e., polar uncharged side-chains) present
changes in both regions. As expected, the blue-shifted P219R
mutant featuring a positively charged side-chain, induces a sig-
nificant, more than 2.0 degrees, change of its dihedral angles near
the β-ionone ring. More interestingly, this mutant exhibits a
particular large variation of the “reactive” C13= C14 dihedral as
well as the C14-C15 and C15=N dihedrals (see Fig. 7a).

Although at a first glance none of the bond lengths are
significantly altered with respect to the WT-KR2 reference (see
Fig. 7b), it is well-known that the excitation energy of a
conjugated chromophore in its protein environment is sensitive
to the delocalization of the π-electron and, consequently, to bond
length alternation (BLA)38. The latter is computed as the
difference between the average single bond length and the
average double bond length of the π-conjugated
chromophore39,40. Therefore, we computed the BLA for each of
the P219X variants as well as their difference with respect to the
WT-KR2. The results, reported in Supplementary Table 9
and Supplementary Note 11, show that the 18 variants of the
red-shifted cluster present values of BLA lower than the WT-
KR2, indicating that this is a common feature shared by the red-
shifted cluster and its center. In contrast, the only blue-shifted
variant presents a larger BLA value. Such results are consistent

Fig. 7 Heatmap representation of the variation of structural parameters of P219X (X= A, C, D, E, F, G, H, I, K, L, M, N, Q, R, S, T, V, W, Y) mutants

with respect to the wild-type KR2 (WT-KR2). Difference between WT-KR2 and mutant (a) dihedral angles, ΔTorsionWT;MUT and (b) bond lengths,

ΔBondLengthWT;MUT . Counterclockwise (CCW) and clockwise (CW) orientation of the rPSBAT.
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with a previous study reported for some of the authors, where it is
discussed that more conjugation of the double bonds implies less
BLA and red-shift22.

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

computed ΔERET;MUT
S1!S0 values with the corresponding wild-type

ΔERET;WT
S1!S0 for the isolated chromophore (in kcal mol−1), as

reported in Supplementary Table 7. This analysis consists in
extracting, for WT-KR2 and for each variant, the rPSBAT
structure from the protein and computing its vertical excitation
energy without relaxing the chromophore structure (see Fig. 6b).

A small ΔΔESTR
S1!S0 ¼ ΔERET;MUT

S1!S0 ! ΔERET;WT
S1!S0 value indicates that

the geometrical distortion of the retinal due to the point mutation
has only a limited effect on the excitation energy change. As

mentioned above, we analyze the ΔΔESTR
S1!S0 contribution for the

red-shifted cluster center and P219R. To this aim, we computed

the weighted average of the ΔΔESTR
S1!S0 contribution for the

members of the red-shifted cluster (see gray dashed line in

Fig. 8a) and compare this value with the ΔΔESTRS1!S0 contribution of
the blue-shifted one. Consistently with the small variations in

ΔERET;WT
S1!S0 reported in Fig. 5c (see gray circles) for the red-shifted

cluster, the weighted ΔΔESTRS1!S0 average of about 0.07 kcal mol−1

reported in Fig. 8a and Supplementary Table 6, show that the
impact of the rPSBAT geometrical deformation on the change in
their excitation energy is very limited. On the other hand, as
also confirmed by the geometrical data discussed above, the

blue-shifted P219R variant features a considerable ΔΔESTR
S1!S0

contribution of −0.8 kcal mol−1. These results, also reported in
Supplementary Table 7, give a first indication about the different
behavior on the color tuning mechanism exhibited for the red-
shifted clusters and P219R mutant.

Electrostatic effects. The QM/MM models also allow to inves-
tigate electrostatic effects. As anticipated above, the total elec-
trostatic effect (ΔΔEELE(t)S1–S0) can be decomposed in two parts:
(i) the first can be considered as a direct component (ΔΔEELE(d)

S1–S0) due to the variation in number, magnitude, and position of
the point charges of residue 219 caused by the P to X replacement
and (ii) a more indirect component (ΔΔEELE(i)S1–S0) produced
from the reorganization of the local environment and hydrogen

Fig. 8 Steric and electrostatic contributions to the vertical excitation energy. (a) Total steric (STR) and electrostatic (ELE(t)) contributions of the

interaction of the retinal with the protein environment for the P219X (X = A, C, D, E, F, G, H, I, K, L, M, N, Q, R, S, T, V, W, Y). (b) Decomposition of the

total ELE(t) electrostatic effects on its indirect (ELE(i)) and direct (ELE(d)) components. Row data is provided in Supplementary Table 5. The dashed lines

and corresponding numerical values refer to the weighted average values ð!xÞ of the 18 residues of the red-shifted cluster exclusively, presented in square

parenthesis.
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bond network induced by the same replacement and due to the
fact that conserved residues and water molecules change in
position or orientation. Moreover, as discussed below, possible
changes in protonation states of conserved residues, induced by P
to X replacement, have a major contribution to the indirect

component.
Figure 8a presents the relative vertical excitation energy for

each mutant with respect to WT-KR2 value ðΔΔETOTS1"S0Þ, and its
steric ðΔΔESTR

S1"S0Þ and total electrostatic ðΔΔEELEðtÞ
S1"S0Þ contributions

(see Supplementary Note 8). Again, it is apparent that steric
effects due to the variation in geometry of the retinal
chromophore (see gray bars in Fig. 8a), are limited and do not
compete with the electrostatic effect, except for the case of the
blue-shifted P219R. In general, it can be claimed that, on the basis
of the a-ARM QM/MM models the electrostatic effect is the one
driving the changes in the computed and, therefore, observed
λmax values. Accordingly, in each case ΔΔEELEðtÞ

S1"S0 (see gold bars in
Fig. 8a) follows the trend of ΔΔETOT

S1"S0, being a positive value for
the cases that present a red-shifting effect, and a negative value in
the only blue-shifted case.

We now discuss the role of the two components of the
electrostatic effects that are calculated using the definitions given
above (see Fig. 8b and Supplementary Note 8). A comparison of
the contribution of both direct and indirect electrostatic
components is plotted in Fig. 8b and the values are reported in
Supplementary Table 7. Again, we performed the analyses for
both ΔEELEðdÞ

S1"S0 and ΔEELEðiÞ
S1"S0 components in terms of weighted

average value for the red-shifted cluster and value of the blue-
shifted P219R. As observed, the direct ΔEELEðdÞ

S1"S0 component of the
red-shifted cluster is of about −0.48 kcal mol−1, while the blue-
shifted P219R mutant displays a large value of 7.8 kcal mol−1.
The latter value is attributed to the disappearance of a S1
destabilizing Arg positive charge at position 219. The differences
in both sign and magnitude of the ΔEELEðdÞ

S1"S0 in both clusters, show
how they operate in a different fashion. Furthermore, the analysis
of the indirect ΔEELEðiÞ

S1"S0 component shows that the weighted
average of the red-shifted cluster of about −0.40 kcal mol−1 is
only comparable in sign but not in magnitude with the value of
the blue-shifted variant, computed as −6.0 kcal mol−1. Such
effect is expected since the blue-shifted P219R is the only variant
that exhibits a considerable change in the factors defined above as
the cause of the indirect electrostatic component. More
specifically, the QM/MM model of P219R suggests that when
full positive charge is introduced, the general structure gets
naturally counterbalance by the deprotonation of the Glu residue
in position 160 even if this residue is located ca. 11 Å away from
the β-ionone ring (see Fig. 9a). This change, that justifies the large
value of the indirect electrostatic component, is also accompanied
by a substantial rearrangement of the molecules of water near the
chromophore protonated Schiff base group and therefore a
variation of the hydrogen bond network. Furthermore, the same
model indicates that, in contrast to WT-KR2 and the red-shifted
cluster, the P219R model can only reproduce the observed λmax

value after changing the protonation states of the rPSBAT
counterion complex making D116 neutral and D251 negatively
charged (see Fig. 9a). We hypothesize that this reorganization of
the protonation states is connected to the observed lack of sodium
pumping activity in this mutant. This relatively important
alterations appear reasonable when considering, as also stressed
above, that a full localized charge is introduced in the KR2 cavity
upon mutation. In fact, such large changes, including the changes
in protonation states, are found to be not necessary in the mutant
models P219K and P219H (see Fig. 9d) as the residues Lys and
His are in their deprotonated (i.e., neutral) forms and, thus, the

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

Conclusions

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

The reported QM/MM modeling studies provide a mechanistic
interpretation of the G/P switch color tuning mechanism. In fact,
it is found that P219R features an increased planarity of the β-
ionone and Schiff base moieties leading to a red-shifting steric
ðΔESTR

S1"S0Þ contribution of ca. −0.8 kcal mol−1. Such steric red-
shifting effect, which is the result not only of the P/R replacement
side-chain but also of a change in the HBN pattern, is counter-
balanced by a larger blue-shifting electrostatic contribution
ðΔEELEðtÞ

S1"S0Þ. The decomposition of ΔEELEðtÞS1"S0 into direct ðΔEELEðdÞS1"S0 Þ

and indirect ðΔEELEðiÞ
S1"S0Þ components in P219R, reveals that: (i)

ΔEELEðdÞ
S1"S0 is significantly larger than in the other variants, inducing

a large blue-shifting effect (ca. 7.8 kcal mol−1); (ii) ΔEELEðiÞ
S1"S0 is

almost of the same magnitude of ΔEELEðdÞ
S1"S0 (ca. −6.0 kcal mol−1)

but induces a red-shifting effect. These large and contrasting
effects including structure, counterion and HBN pattern reorga-
nization, are justified by the introduction of a positively charged
arginine side-chain necessary to reproduce the observed P219R
blue-shifting. No change in structure and counterion and only
limited changes in HBN are instead seen in the members of the
red-shifted cluster (i.e., when we represent it with a weighted
average) or in the specific P219G and P219H variants repre-
senting the cluster minimum and maximum values. Indeed, all
red-shifted variants conserve the main features of WT-KR2 and
display a color tuning mechanism mainly controlled by the direct
electrostatic changes associated with the replaced side-chain.
These conclusions agree with those reported in Inoue et. al. the
red-shifting mechanism of P219G and P219T was investigated.

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

The possibility to carry out, for the first-time, a systematic
modeling of mutants (i.e., comprising all 19 possible replace-
ments) underscores the importance of automated (or semi-
automated) computational tools for the fast building of
congruous (i.e. comparable) QM/MM models thus allowing
comparative (i.e. trend) studies. More specifically, the employed
a-ARM building protocol avoid errors and biases likely to impact
the congruity of a generated QM/MM model set and, therefore,
allows well defined comparative studies and mechanistic
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interpretations within the limits imposed by the model structure.
Future work will be devoted to the study of other potential color
switches present in the microbial rhodopsins with the hope to
support the conclusions of the present work or document distinct
types of color tuning mechanisms.

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

Measurement of λmax by hydroxylamine bleach. The λmax of WT-KR2 and
mutants was determined by bleaching the protein with hydroxylamine according to
the previously reported method22. The E. coli cells expressing the rhodopsins were
washed with a solution containing 100 mM NaCl, 50 mM Na2HPO4 (pH 7) for
three times. The washed cells were treated with 1 mM lysozyme for 1 h at room
temperature, and then disrupted by sonication. To solubilize the rhodopsins, 3%
DDM was added, and the samples were stirred for overnight at 4 °C. The rho-
dopsins were bleached with 500 mM hydroxylamine and subjected to illumination
of yellow light (λ > 500 nm) from the output of 1 kW tungsten−halogen projector
lamp (Master HILUX-HR, Rikagaku) through a glass filter (Y-52, AGC Techno
Glass, Japan). The absorption change upon the bleaching was measured by UV-
visible spectrometer (V-730, JASCO, Japan).

Ion-transport assay. The ion transport activity assay in E. coli cells was conducted
according to the previously reported method41. The E. coli cells carrying the
expressed rhodopsin were washed for three times and resuspended in unbuffered
100 mM NaCl or CsCl to assay the Na+ or H+ pump activity, respectively. The
sample was illuminated after adjusting the pH to ~7 by the addition of a small
amount of HCl or NaOH. The pH change upon light illumination was monitored
with a pH electrode (9618S-10D, HORIBA, Japan). The wavelength of the illu-
minating light was changed by placing different color filters (Y-52, Y-54, O-55 and
O-56, AGC Techno Glass, Japan) with a heat absorbing filter (HAF-50S-50H,
SIGMAKOKI, Japan) in front of the light source (1 kW tungsten−halogen pro-
jector lamp, Master HILUX-HR, Rikagaku) for KR2 WT (λ > 500 nm), and P219X
(λ > 520 nm) to correct for the change in the degrees of light absorption by their
spectral shift.

QM/MM modeling. Congruous and reproducible computational models for WT-
KR2 and its P219X (X=A, C, D, E, F, G, H, I, K, L, M, N, Q, R, S, T, V, W, Y)
mutants were generated using the a-ARM version9 of the Automatic Rhodopsin
Modeling protocol34, a specialized user-friendly command-line oriented compu-
tational tool (i.e., Python3-based software package) for either the fully-automated
(default) or semi-automated (i.e., customized) construction of basic hybrid QM/
MM models of rhodopsins30,35–37,42, called a-ARM models. The produced a-ARM
models illustrated in Fig. 4a are monomeric, “gas-phase”, and globally uncharged,
based on electrostatic embedding and the hydrogen link-atom frontier between the
QM and MM subsystems. The term “gas-phase” refers to the fact that the protein
membrane and solvation effects are not explicitly modeled during the calculations.
Nevertheless, the electrostatic effect of the protein external environment is effec-
tively accounted for by an asymmetric distribution of external ions (i.e., Cl− or
Na+) whose charge and position are determined, automatically, by a specific
algorithm, near the most positively and/or negatively charged surface amino acids
in both the intracellular (IS) and extracellular (OS) protein surfaces. Moreover, to

Fig. 9 a-ARM QM/MM-optimized models for P219R, WT-KR2, P219G and P219H. Differences between Hydrogen Bond Network (HBN) presented for

(a) the only blue-shifted variant (P219R), (b) the wild-type (WT-KR2), (c) the least red-shifted variant (P219G) and (d) the most red-shifted variant

(P219H). Hydrogen bonds are represented as dashed lines. The red arrows indicate the protonation state of the relevant residues.
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account the water-mediated hydrogen-bond network (HBN) in the protein cavity,
the internal crystallographic waters are retained in the model, while the waters that
are not experimentally detected are assumed to be extremely mobile or just absent
in the chromophore hydrophobic protein cavity. Considering these approxima-
tions, during the construction of the a-ARM model the rhodopsin structure is
subdivided into three sub-systems requiring layers of increasing level of accuracy
for their description. The first MM-based sub-system, called protein environment,
features residues (backbone and side-chain atoms) fixed at the crystallographic or
comparative (homology) structure and incorporates external Cl− and/or Na+

counterions fixed at preoptimized positions as well as some crystallographic/
comparative waters (see below). The second sub-system, namely the chromophore
cavity, constitutes the second MM layer of the model and contains amino acid
residues with fixed backbone and relaxed side-chains, including the covalently
linked lysine residue atoms (excluding the terminal NH2-Cε moiety), as well as
flexible crystallographic/comparative waters in the vicinity (<4 Å) of the rPSB. The
third sub-system, called Lys-QM, contains the MM atoms of the covalently linked
lysine side-chain in contact (through Cε) with the QM/MM frontier (i.e., 9 atoms)
and the entire QM sub-system which corresponds to a N-methylated retinal
chromophore (i.e., 53 atoms). As illustrated in Fig. 4b, c, to obtain the QM/MM
model automatically the only required input is either the PDB ID or a template
PDB file (X-ray structure or comparative model) of the rhodopsin, that is processed
by two subsequent phases called input file generator (Phase I, Fig. 4b) and QM/
MM model generator (Phase II, Fig. 4c) correspondingly, previously reported in
refs. 9,30,34,35. and summarized in Supplementary Note 2 and Supplementary
Note 3, respectively. Briefly, Phase II produces 10 model replicas of the a-ARM
model via S0 geometry optimization of the input generated through Phase I starting
from distinct molecular dynamics (MD) runs (see Supplementary Note 3). Such
optimization relies on the use of the multi-configurational complete active space
self-consistent field (CASSCF) at the 2-roots single-state, for modeling the QM
sub-system while the MM subsystem is treated using the AMBER force field
(CASSCF(12,12)/6-31 G(d)/AMBER level). The AMBER force field is not polar-
izable and only includes polarizability effect in a mean-field fashion possibly
contributing the method systematic error.

The CASSCF(12,12) level of theory is followed by an energy correction at the
multi-configurational second-order perturbation level (CASPT2) to recover the
missing dynamical electron correlation. Thus, a 3-roots state-average CASPT2 that
uses the three-root stage-average CASSCF(12,12)/6-31 G(d)/AMBER as the zero-
order reference wavefunction, is computed (CASTP2(12,12)/6-31 G(d)/AMBER).
Ultimately, each of the 10 model replicas correspond to an equilibrated gas-phase
and globally uncharged monomer QM/MM model and it is associated with a
ΔES1–S0 calculated between S0→ S1. Finally, the average ΔES1–S0 is reported along
with the corresponding standard deviation (see Section Supplementary Note 3).

Validation, capabilities, and potential applications of a-ARM. The a-ARM
protocol, in its current version, does not represent a predictive tool but rather is
designed to produce models useful for investigating the origin of trends in spec-
troscopic/photochemical properties (e.g., between sequence variability and func-
tion) emerging from different sets of experimental data. Furthermore, the models
are used assuming that single amino acid replacements will change the protein
conformation at the level of the chromophore cavity. Accordingly, after demon-
strating that the models reproduce, within the protocol error bar (see below), the
trend in observed vertical excitation energy ΔES1–S0 (equivalent to the λamax value),
the QM/MM models are employed to study the factors (i.e., steric and electrostatic
contributions to ΔES1–S0) determining the ΔES1–S0 change of each mutant with
respect to the WT-KR2. This is only possible because the level of protocol auto-
mation guarantees, regardless of the user ability or computational facility, repro-
ducible a-ARM QM/MM models when the same parameters are employed in
Phases I and II of Fig. 4b, c. Indeed, the production of the default a-ARM model
(see a-ARMdefault approach in Supplementary Note 2) is fully automated and does
not require human intervention thus preventing the generation of biased models.
Furthermore, the absence of parameters required at the input stage, prevents
overfitting. On the other hand, in specific cases, mostly related to the difficulties in
predicting the correct ionization state of ionizable groups surrounding the chro-
mophore it is necessary to customize the default model by following a well-defined
protocol (see a-ARMcustomized approach in Supplementary Note 2). Such a sys-
tematic (non-arbitrary) protocol, documented in refs. 9,30. and summarized in
Supplementary Note 2, involves three steps which only concern the ionization
states of the ionizable residues that, as reported in refs. 9,30. and anticipated above,
is the most frequent cause of inconsistencies between the computed and observed
excitation energies. The customization procedure does not represent an overfitting
of the model but a systematic ionization state scan also used by other groups
working on rhodopsin simulations (see for instance refs. 13,32,33).

The a-ARM models described above (see Supplementary Note 10 and
Supplementary Fig. 6) have been successfully benchmarked by reproducing the
trends in ΔES1–S0 of a set of 44 rhodopsins (25 of wild type and 19
mutants)9,30,35–37,42. More specifically, the a-ARMdefault approach proved to be
capable of reproducing the observed ΔES1−S0 values for 79% (35/44) of the models,
whereas the other 21% were successfully obtained with the a-ARMcustomized

approach (i.e., customizing the protonation states pattern). The estimated trend
deviation, relative to the probed set using as a reference bovine rhodopsin (Rh), has

been reported as 0.7 ± 0.5 kcal mol−1 (0.03 ± 0.02 eV) and the mean absolute error
(MAE) (see definition in Supplementary Note 6) as 1.0 kcal mol−1 (0.04 eV)9. Both
computed and observed trends in ΔES1–S0 for the benchmark set, that comprises
microbial and animal rhodopsins whose structures were obtained from either X-ray
crystallography or comparative modeling, is presented in Supplementary Figure 7.

Considering that in this study we are interested in trends in vertical excitation
energies, and more specifically red- or blue-shifts of these values, the results are
presented and discussed in terms of mutation-induced shifts with respect to WT-
KR2 rather than differences between observed and calculated values. On the other
hand, the observed ΔES1–S0 displays a remarkable experimental “asymmetry” with
18 over 19 single site variants featuring a red-shifted ΔES1–S0 values compressed in
a 1.0 kcal mol−1 (0.04 eV or ca. 10 nm) wide range. Such relatively small difference
has prevented a robust individual quantitative analysis of the color variation of
these mutants. For these reasons the red-shifted mutants have been collected in a
single cluster and the analysis is mainly performed by focusing on the origin of the
ΔES1–S0 change when going from WT-KR2 to the center of the cluster. Still, the less
and most red-shifted mutants falling parallel to the correlation line (P219G and
P219H respectively) are individually discussed. The limitations and pitfalls of the
protocol are summarized in Supplementary Note 12.

Automation of the mutant rotamer selection. The QM/MM modeling of the
mutants required a second step of experimentally-driven customization dealing
with the residue side-chain conformation (i.e., rotamer selection). That procedure
consisted in evaluating the model performance for a set of automatically chosen
rotamers and select the one that better reproduces the observed ΔES1–S0 value (we
assume ΔEExpS1!S0 ¼ hc=λa;Expmax and use ΔEExpS1!S0 and λ

a;Exp
max interchangeably in the

following). To this aim, an update version of the mutation routine of the input
generator (see step 3 in Fig. 4b), that uses Modeller43 instead of the default rotamer
library SCWRL444, is proposed as part of the present work. A detailed description
of the new approach is provided in Supplementary Note 13. Briefly, in order to
explore the performance of different rotamers of the mutated side-chain, three a-
ARM QM/MM models featuring the three highest scored mutated side-chain
rotamers selected by Modeller43, are produced and their ΔES1–S0 evaluated (see
Supplementary Fig. 7). Then, the model that better reproduces the observed
ΔES1–S0 is selected (see Supplementary Fig. 8). To perform such selection, we use, as
a baseline, the difference between the computed and observed ΔES1–S0 of the WT-
KR2, hereafter referred to as ΔΔEExp,WT

S1–S0. The equivalent quantity calculated
for each rotamer (ΔΔEExp,rotXS1–S0, with X=1, 2, 3) is then contrasted with the
ΔΔEExp,WT

S1–S0 via the equation rotX = (ΔΔEExp,rotXS1–S0 − ΔΔEExp,WT
S1–S0) (see

Supplementary Fig. 9). The rotamer that features the lower rotX value (preferring
blue-shifted values) is chosen as the representative a-ARM model (see Supple-
mentary Fig. 10). Although this approach relies on experimental information and
does not represent a predictive tool, it automates the side-chain conformation
selection during the construction of mutant models aimed at the reproduction of
experimental trends in properties. Some limitations and pitfalls of the proposed
approach are provided in Supplementary Note 13.

Statistics and reproducibility. As further described in “QM/MM Modeling”
section and Supplementary Note 3, each a-ARM QM/MM model is composed of
n = 10 independent replicas that correspond to an equilibrated gas-phase and
globally uncharged monomer, and it is associated with a ΔES1–S0 calculated
between S0→ S1. As shown in Fig. 5c, for each model the average ΔES1–S0 is
reported (see green triangles) along with the corresponding standard deviation (see
green error bars). Finally, the replica with ΔES1–S0 closest to the average (see red
squares) is selected as a representative model for the color tuning analyses. The
production of the models, as well as the computation of the average and standard
deviation, and the posterior selection of the representative replica is performed
automatically by the a-ARM protocol illustrated in Fig. 4. Therefore, the repro-
ducibility of the data is guaranteed when selecting the same initial seeds for the
n = 10 MD runs. On the other hand, the statistical parameters employed for the
different computational analyses, i.e., mean absolute error (MAE), mean absolute
deviation (MAD), and weighted average ð!xÞ are described in Supplementary Note 6
and the equations are provided. Furthermore, the methodology employed for the
calculation of the weighted average is provided in Supplementary Note 6, along
with an illustrative example.

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

Data availability
All experimental data shown in main figures were deposited in Supplementary Data 1.
XYZ Coordinates for the optimized S0 a-ARM QM/MM models are provided as
Supplementary Data 2-21 as follows: P219A (Supplementary Data 2.xyz), P219C
(Supplementary Data 3.xyz), P219D (Supplementary Data 4.xyz), P219E (Supplementary
Data 5.xyz), P219F (Supplementary Data 6.xyz), P219G (Supplementary Data 7.xyz),
P219H (Supplementary Data 8.xyz), P219I (Supplementary Data 9.xyz), P219K
(Supplementary Data 10.xyz), P219L (Supplementary Data 11.xyz), P219M
(Supplementary Data 12.xyz), P219N (Supplementary Data 13.xyz), P219Q
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(Supplementary Data 14.xyz), P219R (Supplementary Data 15.xyz), P219S

(Supplementary Data 16.xyz), P219T (Supplementary Data 17.xyz), P219V

(Supplementary Data 18.xyz), P219W (Supplementary Data 19.xyz), P219Y

(Supplementary Data 20.xyz), and WT-KR2 (Supplementary Data 21.xyz). Any

remaining information can be obtained from the corresponding author upon reasonable

request.

Code availability
Code for the a-ARM protocol used in the computational experiments for the QM/MM

modeling and color tuning analysis of P219X mutants of KR2 is currently only installed

in our cluster facilities but can be distributed via GitLab repository under user request.

The manuscript concerning the publication of the computational package that

implements all the a-ARM protocol/features is work in progress.
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a-ARM: automatic rhodopsin modeling with chromophore cavity generation,
ionization state selection, and external counterion placement. J. Chem. Theory
Comput. 15, 3134–3152 (2019).

10. Béjà, O., Spudich, E. N., Spudich, J. L., Leclerc, M. & DeLong, E. F.
Proteorhodopsin phototrophy in the ocean. Nature 411, 786–789 (2001).

11. Katayama, K. & Sekharan, S. S. Y. Optogenetics (eds. Yawo, H., Kandori, H. &
Koizumi, A.) vol. 7, 89–107 (Springer, 2015).

12. Inoue, K., Tsukamoto, T. & Sudo, Y. Molecular and evolutionary aspects
of microbial sensory rhodopsins. Biochim. Biophys. Acta 1837, 562–577
(2013).

13. Broser, M. et al. Neor, a near-infrared absorbing rhodopsin. Nat. Commun.
11, 5682 (2020).

14. Gozem, S., Luk, H. L., Schapiro, I. & Olivucci, M. Theory and simulation of
the ultrafast double-bond isomerization of biological chromophores. Chem.
Rev. 117, 13502–13565 (2017).

15. Kato, H. E. et al. Atomistic design of microbial opsin-based blue-shifted
optogenetics tools. Nat. Commun. 6, 1–10 (2015).

16. Lin, J. Y., Knutsen, P. M., Muller, A., Kleinfeld, D. & Tsien, R. Y. Reachr: a
red-shifted variant of channelrhodopsin enables deep transcranial optogenetic
excitation. Nat. Neurosci. 16, 1499–1508 (2013).

17. Oda, K. E. A. Crystal structure of the red light-activated channelrhodopsin
Chrimson. Nat. Commun. 9, 3949 (2018).

18. Man, D. E. A. Diversification and spectral tuning in marine proteorhodopsins.
EMBO J. 22, 1725–1731 (2003).

19. Bielawski, J. P., Dunn, K. A., Sabehi, G. & Beja, O. Darwinian adaptation of
proteorhodopsin to different light intensities in the marine environment. Proc.
Natl. Acad. Sci. USA. 101, 14824–14829 (2004).

20. Ozaki, Y., Kawashima, T., Abe-Yoshizumi, R. & Kandori, H. A color-
determining amino acid residue of proteorhodopsin. Biochemistry 53,
6032–6040 (2014).

21. Sudo, Y. E. A. A microbial rhodopsin with a unique retinal composition shows
both sensory rhodopsin II and bacteriorhodopsin-like properties. J. Biol.
Chem. 286, 5967–5976 (2011).

22. Inoue, K. et al. Red-shifting mutation of light-driven sodium-pump
rhodopsin. Nat. Commun. 10, 1993 (2019).

23. Melaccio, F., Ferré, N. & Olivucci, M. Quantum chemical modeling of
rhodopsin mutants displaying switchable colors. Phys. Chem. Chem. Phys. 14,
12485–12495 (2012).

24. Huntress, M. E. A. Towards an understanding of the retinal chromophore in
rhodopsin mimics. J. Phys. Chem. B 117, 10053–10070 (2013).

25. Orozco-Gonzalez, Y., Kabir, M. P. & Gozem, S. Electrostatic spectral tuning
maps for biological chromophores. J. Phys. Chem. B 129, 4813–4824 (2019).

26. Tang, K., Lin, D. L. K. & Jiao, N. Draft genome sequence of Parvularcula
oceani JLT2013T, a rhodopsin-containing bacterium isolated from deep-sea
water of the southeastern Pacific. Mar. Genomics 24, 211–213 (2015).

27. Choi, D. H. Y. H., Chun, J. & Cho, B. C. Jannaschia seosinensis sp. Nov.,
isolated from hypersaline water of a solar saltern in Korea. Int J. Syst. Evol.
Microbiol. 56, 45–49 (2006).

28. Inoue, K. E. A. A natural light-driven inward proton pump. Nat. Commun. 7,
13415 (2016).

29. Kovalev, K. E. A. Structure and mechanisms of sodium-pumping KR2
rhodopsin. Sci. Adv. 5, eaav2671 (2019).

30. Pedraza-González, L. et al. On the automatic construction of QM/MM models
for biological photoreceptors: rhodopsins as model systems, In QM/MM
Studies of Light-responsive Biological Systems. vol 31 (Springer, Cham, 2021).

31. Skopintsev, P. E. A. et al. Femtosecond-to-millisecond structural changes in a
light-driven sodium pump. Nature 583, 314–318 (2020).

32. Adam, S., Wiebeler, C. & Schapiro, I. Structural factors determining the
absorption spectrum of channelrhodopsins: A Case study of the chimera
C1C2. J. Chem. Theory Comput. (2021).

33. Kaufmann, J. C. et al. Modulation of light energy transfer from chromophore
to protein in the channelrhodopsin ReaChR. Biophys. J. 119, 705–716 (2020).

34. Melaccio, F. et al. Toward automatic rhodopsin modeling as a tool for high-
throughput computational photobiology. J. Chem. Theory Comput. 12,
6020–6034 (2016).

35. Aquilante, F. et al. Modern quantum chemistry with [Open]Molcas. J. Chem.
Phys. 152, 214117 (2020).

36. Pedraza-González, L. et al. Web-ARM: a web-based interface for the
automatic construction of QM/MM models of rhodopsins. J. Chem. Inf.
Model. 60, 1481–1493 (2020).

37. Mroginski, M. A . et al. Frontiers in multiscale modeling of photoreceptor
proteins. Photochem. Photobiol. 97, 243–269 (2021).

38. Mao, J. et al. Structural basis of the green-blue color switching in
proteorhodopsin as determined by NMR spectroscopy. J. Am. Chem. Soc. 136,
17578–17590 (2014).

39. Gieseking, R. L., Risko, C. & Bredas, J. L. Distinguishing the effects of bond-length
alternation versus bond-order alternation on the nonlinear optical properties of π-
conjugated chromophores. J. Phys. Chem. Lett. 6, 2158–2162 (2015).

40. Ho Choi, C., Kertesz, M. & Karpfen, A. The effects of electron correlation on
the degree of bond alternation and electronic structure of oligomers of
polyacetylene. J. Chem. Phys. 107, 6712–6721 (1997).

41. Inoue, K. E. A. A light-driven sodium ion pump in marine bacteria. Nat.
Commun. 4, 1678 (2013).

42. Gholami, S. et al. Multistatemulti- configuration quantum chemical
computation of the two-photon absorption spectra of bovine rhodopsin. J.
Phys. Chem. Lett. 11, 6293–6300 (2019).

43. Web, B. & Sali, A. Comparative protein structure modeling using
MODELLER. Curr. Protoc. Bioinformatics 54, 5–6 (2016).

44. Krivov, G. G., Shapovalov, M. V. & Dunbrack, R. L. J. Improved prediction of
protein side-chain conformations with SCWRL4. Proteins Struct. Funct.
Bioinformatics 77, 778–795 (2009).

Acknowledgements
Dr. M.O. is grateful for partial support provided by grants NSF CHE-CLP-1710191, NIH

1R15GM126627 01, Banca D’Italia and MIUR, Dipartimento di Eccellenza, 2017–2022

(L.P-G.). We also thank the financial supports by JSPS KAKENHI grants 25104009,

15H02391, 18H03986 (H.K.), and 17H03007 (K.I.), and by JST PRESTO (JPMJPR15P2)

and CREST (JPMJCR1753 and JPMJCR17N5).

Author contributions
Y.N. constructed the P219X mutants of KR2, performed the expression of the protein with E.

coli, purified the protein, and performed measurement of λa;Expmax of the WT-KR2 and mutant

KR2. M.O. and L.P-G. designed the computational experiments for the QM/MM modeling

and color tuning analysis of P219X mutants of KR2. L.P-G. performed the methodological

development and code implementation of the employed QM/MM protocols, executed the

QM/MM calculations, and produced the computational data. L.P-G. and L.B. designed and

implemented the routine for the side-chain mutant generator. H.K., K.I., M.O. and L.P-G.

wrote the manuscript. All authors contributed to critical editing of the manuscript.

Competing interests
The authors declare no competing interests.

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02684-z

14 COMMUNICATIONS BIOLOGY | �������� �(2021)�4:1185� | https://doi.org/10.1038/s42003-021-02684-z | www.nature.com/commsbio



Additional information

Supplementary information The online version contains supplementary material

available at https://doi.org/10.1038/s42003-021-02684-z.

Correspondence and requests for materials should be addressed to Massimo Olivucci or

Hideki Kandori.

Peer review information Communications Biology thanks the anonymous reviewers for

their contribution to the peer review of this work. Primary Handling Editors:

Krishnananda Chattopadhyay and Anam Akhtar. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give

appropriate credit to the original author(s) and the source, provide a link to the Creative

Commons license, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not included in the

article’s Creative Commons license and your intended use is not permitted by statutory

regulation or exceeds the permitted use, you will need to obtain permission directly from

the copyright holder. To view a copy of this license, visit http://creativecommons.org/

licenses/by/4.0/.

© The Author(s) 2021

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02684-z ARTICLE

COMMUNICATIONS BIOLOGY | ���������(2021)�4:1185� | https://doi.org/10.1038/s42003-021-02684-z | www.nature.com/commsbio 15














		2023-03-01T10:01:58+0100
	Leonardo Barneschi




