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Computational screening of one- and two-photon
spectrally tuned channelrhodopsin mutants†

Kristian Sneskov,a Jógvan Magnus Haugaard Olsen,*b Tobias Schwabe,c

Christof Hättig,d Ove Christiansena and Jacob Kongstedb

Optogenetics is by now a well-established field within neuroscience where neuro-response is controlled

at the molecular level using the photochemical properties of channelrhodopsin (ChR). In this study the

recently published X-ray structure of retinal inside the ChR binding pocket serves as the basis for

conducting high-level polarizable embedding quantum mechanical/molecular mechanical (QM/MM)

mutation studies with the aim of providing insight into the tuning mechanisms of this remarkable

protein. The levels of theory applied are the recently developed PERI-CC2 and PE-DFT approaches. Their

computational efficiency makes it possible to rapidly carry out a large number of spectral calculations.

This is exploited to construct in silico mutated ChR variants which are characterized in terms of the

location of the relevant excitation energy and the magnitude of the two-photon absorption cross

section. In turn, this allows us to pinpoint the amino acids that have the largest electrostatic effect on

the studied excited state properties. We show that a single/double site mutation strategy in ChR does

not perturb the electronic properties of retinal to a degree that satisfies the experimental demand for a

significant red-shift. With respect to non-linear absorption we conjecture that the recently synthesized

ChETA variant possesses an even larger two-photon cross section than the C1C2 variant and it is thus

an ideal candidate for further studies on the two-photon activation of ChR.

1 Introduction

In 2005, K. Deisseroth and co-workers1,2 sparked a revolution
within neuroscience, called optogenetics3 (chosen as the
method of the year in 2010 by Nat. Methods4), by offering
scientists an unprecedented level of control of neuro-response
at the molecular level. The responsible molecular tool is the
non-selective cation-channel channelrhodopsin (ChR). It is a
member of a larger family of 7-trans-membrane proteins –
generally referred to as opsins – all sharing one important
property: the ability to be activated (opened) upon stimulation
by light. In ChR the photocycle is initiated by a light-absorbing

chromophore – all-trans retinal – bonded to the Lys296 residue
via a protonated Schiff-base. We shall throughout denote this
retinylidene Schiff base chromophore simply as the retinal
chromophore. In practice, a few different naturally occurring
ChR variants have been found, of which ChR1 and ChR2 from
Chlamydomonas reinhardtii are the most important for opto-
genetic experiments.5 Especially ChR2 has found widespread
applications because of its relative ease of expression in differ-
ent host organisms while still giving rise to detectable photo-
currents. However, for many biological applications ChR2
remains a relatively blunt tool and calls for red-shifted ChRs.6

For instance, at the activation wavelength of approximately
2.70 eV the absorption and scattering coefficients of biological
tissue are very high, naturally complicating its straightforward
use in brain tissue. Another appealing consequence of engi-
neering absorption shifted ChRs is the potential to ‘‘enable
control of two separate populations within the same physical
volume’’.7

With the aim of improving the photochemical properties of
ChR, many different strategies have been pursued including
site-directed mutagenesis as well as helix swapping to create
ChR chimeras.8–13 In turn, this has led to the design and
synthesis of a plethora of ChR variants each differing slightly
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in their physical properties. With the aim of understanding the
factors that determine the properties of ChR, a 2.3 Å resolved
crystal structure of a ChR1 and ChR2 chimera, called C1C2, was
recently reported14 yielding a very detailed picture of the
binding pocket of ChR2. As recognized by several authors3,5,6

this is an important first step towards a deeper understanding
of the factors governing the properties of ChR allowing for
more principled and accurate tuning (and understanding) of
ChR properties. Here, we take the next logical step by dissecting
the factors influencing the spectral properties of ChR. We use
a systematic approach to the study of spectral tuning: by
detailing the spectral effect of the amino acids constituting
the binding pocket we may use computational methods to
effectively screen a large set of mutants in order to elucidate
the possibilities of spectrally tuning ChR using point muta-
tions. We believe this is a vital tool in the continued quest for
engineering rationally designed photosensitive proteins.
Related studies already followed similar approaches and
showed promising results.15,16 Here, the general approach is
improved with a more detailed description of the protein
surrounding by a polarizable embedding potential and by also
considering two-photon absorption properties. A theoretical
investigation on its own does of course not guarantee that the
mutant is available for experiments. For instance, the given
amino acid substitution might cause the protein to fold differ-
ently. Another practical concern is whether the ChR variant is
still expressed in neurons. Still, the results illustrate the possi-
bilities offered by state-of-the-art quantum chemistry methods
for enhancing ChR as an optogenetic tool.

At the frontier of optogenetic experiments is the use of
two-photon techniques to activate the channel.17,18 Especially,
two-photon cross sections of remarkable size have been
reported.17 The appealing properties – especially for application
to biological tissues – include the use of IR wavelengths
thus paving a way for overcoming the scattering challenge
and allowing for much larger penetration depths. Additionally,
the non-linear nature of two-photon absorption results in
control of the size of the focal (excitation) volume and even
prospects of single neuron studies. It is thus clear that the
development of two-photon activation tools is another impor-
tant focus area needed to expand the optogenetic toolbox.7

In order to meet this challenge, we here also investigate the
potential for tuning the size of the two-photon cross section by
demonstrating how we may screen a set of mutants for two-
photon activity.

Both isolated retinal and retinal in different protein environ-
ments have been studied using numerous methods in dozens
of papers. A full listing is not relevant here and we only refer to
a few studies as an entry to this literature.19–30 It should be
emphasized that the reliability of the approximate coupled
cluster singles and doubles approach (CC2) for excitation
energies of the retinal chromophore as well as related studies
in which the influence of the protein is taken into account has
been demonstrated before.31–36 Here, we make use of the newly
developed polarizable embedding CC2 method including the
resolution of the identity approximation (PERI-CC2).37

The paper is organized as follows: in the second section we
start out with some basic considerations of modelling electronic
excitations in biological chromophores including some impor-
tant aspects of the polarizable embedding density functional
theory38 (PE-DFT) and PERI-CC2 methods. Thereafter, we
describe the technical details of the computations, including
the protocol used for performing the mutation studies. Then,
we present the results and discuss their significance for tuning
ChR for optogenetic experiments.

2 Polarizable embedding: the PERI-CC2 and
PE-DFT approaches

The combined quantum mechanics/molecular mechanics
(QM/MM) approach39 for treating large molecular systems
relies on the fundamental chemical principle that some regions
of the molecular system are chemically more important than
others. Explicitly, the system is partitioned into two interacting
regions treated either quantum mechanically or using more
computationally efficient classical mechanics methods. In ChR
this partitioning is quite naturally retinal (QM) and the amino
acids (MM) constituting the full protein. The interaction
between the subsystems is then accounted for in an effective
manner by introducing proper coupling terms in the quantum
chemistry equations describing the QM region. In the polarizable
embedding (PE) approach38,40,41 to QM/MM the ground state
total energy is given as

LPE ¼ Ĥ
QM

D E
þ Ĝ

es
D E

� 1

2

X
uv

FuðDÞRuvFvðDÞ þ EMM: (1)

Here hĤQMi is the standard vacuum-like Hamiltonian contri-
bution from the QM subsystem. The coupling operator Ĝes

includes the interaction of the classical multipoles in the
MM system with the QM electronic density. The third term
is the self-consistently induced dipole interaction with the
QM subsystem describing many-body induction (polarization)
effects. This term depends on the electronic density quadrati-
cally. Finally, the fourth term includes all those terms that
do not affect the electronic wave function calculations,
and thus they do not need to be discussed further here. We
refer to the previous works for the detailed definition.37,38,40,41

Importantly, the PE approach ensures that both the electro-
static interaction (second term) and the mutual polarization
of the QM and MM parts (third term) are incorporated not
only in the ground state wavefunction optimization but also in
the calculation of one- and two-photon excitation properties.
In the study of electronic transitions it is crucial to consider
the effects of a changing electronic structure upon excitation
for the interaction between the QM and MM subsystems.42

In the mathematical language of response theory the deriva-
tives of a suitably defined Lagrangian define the effective
eigenvalue equations that ultimately determine the excitation
energies and transition properties. These effective eigenvalue
equations thereby implicitly include effects accounting for the
changing density upon electron excitation. Such terms are
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included in PE theory through the derivatives of the third term
in eqn (1).

For the description of the QM subsystem (and hence the
excitation process itself) we use the coupled cluster (CC)
approach. More specifically, we employ the approximate singles
and doubles model CC2,43 defined by (in a vacuum)

LCC2 ¼ HFjĤe�T̂1�T̂2 jHF
D E

þ
X
m1

�tm1 m1jeT̂1þT̂2Ĥe�T̂1�T̂2 jHF
D E

þ
X
m2

�tm2 m2j½F̂ ; T̂2� þ eT̂1Ĥe�T̂1 jHF
D E

;

(2)

where T̂1 and T̂2 describe, respectively, single and double
excitations out of the Hartree–Fock wavefunction (HF), F̂ is
the Fock operator, and %tm1

and %tm2
are Lagrangian multipliers.

The factors on the Lagrangian multipliers are the standard
CC2 equations. Recently, CC2 in its efficient resolution-of-
the-identity (RI-CC2) variant44 was combined with the PE
approach to provide the PERI-CC237 method. A key factor in
this development was to include both the second and the
third term of eqn (1) such that (i) polarization effects are
accounted for in both ground and excited states; (ii) the
high computational efficiency of the RI-CC2 scheme for the
QM part is preserved. This is achieved by replacing hĤQMi in
eqn (1) with the CC2 Lagrangian of eqn (2) and introducing a
special density defined for this purpose in the third term. The
use of this special density is a slight modification of the general
PE-CC theory, but is suitable in the context of RI-CC2 to
preserve its efficiency and can be motivated by low-order
correlation analysis similar in spirit to that of the vacuum
CC2 model itself.37

In doing so, PERI-CC2 provides a particularly accurate and
cost-efficient procedure for calculating excitation energies of
complex systems. The use of PERI-CC2 in this work illustrates
the potential of modern black-box approaches for describing
excitation processes in biological systems.

In this work we calculate two-photon absorption transition
strengths and not the two-photon absorption cross sections
directly. However, since we only report relative quantities
calculated at comparable wavelengths, the observations and
conclusions regarding the transition strength will also apply
to the cross section. The two-photon absorption transition
strength is studied using the PE-DFT approach,38 where hĤQMi
and hĜesi as well as the term describing the polarization effects
are evaluated using the density functional theory. In the
absence of a two-photon absorption PERI-CC2 implementation
the PE-DFT response approach is the best first-principles
option, again using response theory for calculating excitation
energies and properties (also commonly denoted TD-DFT). We
use it in its CAM-B3LYP variant.45 Besides improving issues
related to charge-transfer excitations, CAM-B3LYP was found to
give very accurate two-photon cross sections in benchmark
calculations.46 Even for extended chromophores, they are
usually close to RI-CC2 results.47 To the best of our knowledge

this is the first time that two-photon properties are system-
atically investigated for retinal in a protein environment.

The actual calculations of the excitation energies are done
using either PERI-CC2 as implemented very recently in the
development version of the TURBOMOLE48 package or by
PE-DFT in the DALTON program.49

3 Computational details and preliminary
studies
3.1 Preliminary RI-CC2 and DFT study of the retinal
chromophore in isolation

In Table 1 we report RI-CC2 and DFT vertical excitation
energies, E(exc), and relative two-photon absorption transition
strengths, drel, for the retinal chromophore model in isolation,
i.e. no Lys chain is included and instead the retinylidene Schiff
base is capped with a methyl group. This vacuum structure was
obtained by performing a geometry optimization at B3LYP/
cc-pVDZ level of theory using Gaussian 09.50 For these studies
we employed polarized double- and triple-z basis sets with
diffuse functions developed by Pople and coworkers51,52 and
the correlation-consistent double-z basis sets53 cc-pVDZ and
aug-cc-pVDZ. For the RI-CC2 calculations we used the latter in
combination with optimized auxiliary basis sets.54 Based on
Table 1 it seems reasonable to assume that basis set effects are
small beyond 6-31+G* for the studied one-photon excitations
described by DFT. Reasonable RI-CC2 results seem to be
obtained using the cc-pVDZ basis set and have been used for
the remaining PERI-CC2 calculations in this study. Accurate
results for the two-photon transition strength (described by
DFT) required the use of the slightly larger 6-311+G* basis. For
further benchmarks of RI-CC2 for similar biological chromo-
phores, see Send et al.35

It has been found in experiments that retinal absorbs at
2.0 eV.55 In comparison, TD-DFT(CAM-B3LYP) predicts an
excitation energy of E2.4 eV while RI-CC2/aug-cc-pVDZ gives
an excitation energy slightly above 2.1 eV. These values are in
good agreement with previous studies of retinal in the gas
phase based on CC2.34,35 This accuracy is about what can be
expected in view of the inherent errors of these methods and

Table 1 Basis set investigation for the retinal chromophore model in a vacuum
using DFT(CAM-B3LYP) and RI-CC2. Given are the number of basis functions
(# b.f.), the excitation energy (E(exc)) and the relative two-photon transition
strength (drel)

Basis set # b.f. E(exc)/eV drel
a

DFT
6-31+G* 460 2.43 1.03
6-311+G* 580 2.43 1.00
6-311++G** 708 2.42 1.00
aug-cc-pVDZ 794 2.42 1.00

RI-CC2
SVP 468 2.16 —
cc-pVDZ 468 2.17 —
aug-cc-pVDZ 794 2.13 —

a drel = dbasis/d6-311+G*.
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the comparison of vertical excitation energies with experi-
mental band maxima. The trends of the errors are consistent
with the experience in the literature: a small blue shift (0.1 eV)
of the CC2 and a slightly larger blue shift (0.4 eV) of the
CAM-B3LYP results.

3.2 Molecular structures

It is the recent publication14 of a highly resolved geometry that
allows us to make the following predictions of spectral trends
of amino acids within the ChR binding pocket. Indeed, in an
atomic description of the surrounding as in the PE model, it is
essential that the underlying 3D structure is reliable in order to
draw conclusions on its predictive power.

Before it can be used for quantum chemical calculations the
experimental structure needs to be refined. We started from
the C1C2 structure as obtained from the PDB database56 with
access number 3UG9.14 The protein structure was prepared
using the protein preparation wizard in the Schrödinger
software graphical interface Maestro.57–61 Hydrogen atoms,
missing side chains and loops were added during the pre-
processing phase. The positions of the hydrogen atoms were
optimized using the OPLS2005 force field.62,63 Subsequently,
the hydrogen bond assignment using exhaustive sampling,
including water orientation, and optimization of hydrogen
bond lengths and angles of the altered species were performed.
The result of the protein preparation was that all residues have
standard protonation states except for E129 which was neutral
and H139 and H173 which were positive. The imidazole rings of
the H139, H311, H313 and H317 residues were flipped, together
with the side chain amides of N69, N92, Q112, N185, Q249 and
N327 residues. The protonation state of H311 was adjusted to
the epsilon nitrogen position. Finally, an additional optimiza-
tion of the hydrogen atom positions was performed using
MacroModel64 with the OPLS2005 force field, water solvation,
and a tighter convergence threshold on the root-mean-square
(RMS) gradient of the energy (0.001 kJ mol�1 Å�1). The PDB
crystal structure includes two flipped states of F133 (A and B).
We performed PE calculations on both the A and B forms
(not shown) and concluded that the flipping effect was minor
(o0.005 eV) on the relevant excitation energy. Therefore, we
only make use of the A form in the final calculations.

After the initial preparation we refined the retinal structure
using QM/MM optimization at the B3LYP/6-31+G* level of
theory combined with the OPLS2005 force field. During the
QM/MM optimization the protein environment was kept fixed

to ensure that the final structure was close to the experimen-
tally determined structure while still producing accurate
geometries of the retinal chromophore. For these QM/MM
geometry optimizations we have used the QSite program.65–67

The size of the QM region was justified by performing a series
of test calculations as detailed in the following section.

3.3 Size of the QM region

The size of the QM region is always a critical choice in PE
calculations (and QM/MM in general). We have investigated
five different model systems for the QM region. Note that the
first four model systems are positively charged while the final
(largest) is negatively charged due to the explicit inclusion of
the Glu162 and Asp292 counter ions into the QM region. There
are two different domains where the size of the QM region
needs to be determined: (1) the QM/MM geometry optimization
(if any) and (2) the subsequent PE-QM calculation. In Table 2
these two QM regions are referred to as QMopt and QMpe,
respectively. In model 1 we perform the PE-QM calculation
directly on the crystal structure, prepared as described in the
previous section, using the retinylidene Schiff base capped with
a methyl group as the QM system. In the different models we
subsequently incorporate the covalently bonded Lys residue as
well as the chemically more important amino acids into the QM
regions (both in the QM/MM optimization and the PE-QM
calculations). We observe that model 4 has a good compromise
between accuracy and cost and we thus proceed with this QM
region in all remaining calculations. An important geometrical
feature is the bond length alternation (BLA), i.e. the difference
between the mean single and double bond length in a conju-
gated alkene chain. See the ESI† for a detailed definition of BLA
for all-trans retinal. Note the decrease of BLA upon the QM/MM
geometry optimization suggesting that the planarity of retinal
is somewhat perturbed in the crystal structure generation.

3.4 The embedding potentials

In the PE calculations of the one- and two-photon absorption
properties, the effects from the protein surrounding are
modelled by embedding potentials that consist of localized atom-
centred multipole moments up to quadrupoles and anisotropic
dipole–dipole polarizabilities. The derivation of the parameters
involves three steps: first, the protein is fragmented into single
amino acid residues and the broken bonds are saturated with
acetyl and N-methyl capping groups.68,69 Second, the calcula-
tion of the localized atom-centred parameters of the different

Table 2 Investigation on the size dependence of the chosen QM region. We use five different setups to investigate bond length alternation (BLA), excitation energy
(E(exc)) and relative two-photon transition strengths (drel). See the text for further details

Model QMopt QMpe BLA/Å E(exc)/eV drel
a

1 — Ret + NHCH3 0.13 2.70 1.0
2 Ret + NHCH3 Ret + NHCH3 0.07 2.82 0.5
3 Ret + K296 + D292 + E162 + HOH + W163 Ret + NHCH3 0.08 2.85 0.6
4 Ret + K296 + D292 + E162 + HOH + W163 Ret + K296 0.08 2.91 0.4
5 Ret + K296 + D292 + E162 + HOH + W163 Ret + K296 + D292 + E162 + HOH + W163 0.08 2.89 0.5

a drel = dmodel i/dmodel 1.
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fragments is done using the LoProp70 approach implemented
in Molcas.71 These calculations were performed at B3LYP/
6-31+G* level of theory using a atomic natural orbital (ANO)
type recontraction of the 6-31+G* basis set which is required
by the LoProp method.70 Finally, in the third step the final
parameters are derived by recombining the protein and pro-
perly subtracting capping group effects. The accuracy of the
LoProp potentials for a series of solvent molecules and amino
acids has been thoroughly studied before and it was found that
the quantum mechanical electrostatic potential can be accu-
rately reproduced at the interaction distances of interest.38,72,73

Furthermore, the quality of protein potentials derived using the
fragmentation procedure as described above has been validated
recently.74

We have investigated the effect of different force field
descriptions on the excitation energy. The results are compiled
in Table 3 where we use a notation specifying the order of the
distributed multipoles (m = 0 for charges, m = 1 for charges +
dipoles, etc.) and the type of polarizability (p = 0 for none, p = 1
for isotropic, p = 2 for anisotropic). The LoProp force fields were
generated using the approach defined in ref. 69. We compared
them with force fields where the multipoles were replaced with
electrostatic potential fitted point charges derived using the
restrained electrostatic potential (RESP) fitting procedure.75,76

Both types of force fields emphasize the importance of including
explicit polarization effects in the environment description. The
LoProp m2p2 potential was used in the remaining PE excitation
energy calculations.

3.5 The mutation protocol

We shall in this work use a non-standard approach to rational
protein design by performing site-specific mutations on a
computer.

From the non-mutated structure we create a series of
different structures where one or two residues are mutated.
Each of these mutated structures perturbs the excited state
properties of retinal in a slightly different manner. For each of
these unique inputs we may then perform PE calculations
detailing the effects of the different amino acids for tuning
the absorption properties. Note that one could alternatively
choose only to include one amino acid at a time (instead of all
of them) in the surroundings description. However, such an
approach will not incorporate the mutual (many-body) inter-
action between the amino acids themselves and we thus refrain
from it here. Previously, similar mutation-type studies – referred

to as a perturbation analysis – have been carried out for other
rhodopsin proteins.28,77 Further, somewhat related to this
study are two very recent investigations15,16 of the credibility
of (non-polarizable) QM/MM methods for predicting colour
change in a rhodopsin training system.

To model a mutant, we start from the QM/MM optimized
structure which has been obtained as described in the previous
sections. Then, the amino acid(s) corresponding to the point
mutation(s) of choice is replaced accordingly in the MM region.
For all variants involving mutations to a glycine residue, which
corresponds to the removal of the side chain, the bond length
between the alpha carbon and the hydrogen atom replacing the
side chain was scaled to 1.09 Å while keeping the direction of
the bond intact. For all other mutations we performed a force
field geometry optimization keeping everything fixed except the
mutated residue. The optimizations were performed using
MacroModel64 with the OPLS2005 force field and an increased
convergence threshold of 0.001 kJ mol�1 Å�1 on the RMS
gradient of the energy. To complete the m2p2 potential, the
necessary computations are carried out for the new amino
acid(s) and the new parameters are fit into the remaining
protein potential which has already been obtained for the
non-mutated structure.

4 Results and discussion
4.1 Effects that influence the excitation energy and
two-photon transition strength in ChR

The unique properties of retinal are closely associated with its
ability to absorb light at different wavelengths depending on
its molecular surrounding. An important first step towards
understanding the absorption properties is the dissection of
the contributions into steric effects (i.e. the change in geometry
for retinal inside the protein compared to the isolated planar
structure of all-trans retinal) and the more direct electrostatic
effects stemming from the interaction with the charge distribu-
tion of the amino acids in the protein. To answer this consider
the change in geometry depicted in Fig. 1 obtained by super-
imposing the relaxed structure in isolation and the structure

Table 3 Investigation of the effect of different embedding potentials for
determining the relevant excitation energy (E(exc)) in C1C2 ChR based on various
levels of theory

Model E(exc)/eV

m0p0 B3LYP/6-31+G* 3.09
m2p0 B3LYP/6-31+G* 3.07
m2p1 B3LYP/6-31+G* 2.93
m2p2 B3LYP/6-31+G* 2.91
resp-p0 HF/6-31G* 3.09
resp-p1 B3LYP/cc-pVTZ 2.95

Fig. 1 Change in planarity going from the vacuum structure (red) to that found
within the protein (blue).
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observed inside the protein. Going from the vacuum to the
in-protein geometry the BLA increases approximately 0.05 Å
indicating only a small decrease in the amount of conjugation –
see also Table 2. A similar increase in BLA is also observed for
related rhodopsin proteins.27,28 For the vertical excitation
energy, the steric effects convey a small change (relative to
the isolated retinal) of approximately �0.05 eV (see Table 4).
In contrast, the charge distribution in the surrounding, i.e.
incorporating the amino acids, markedly influences the excita-
tion energy blue-shifting it by 0.84 eV compared to the vacuum.
This leads to the conclusion that – similar to related rhodopsin
studies15,16,19–30 – the environment provides the primary handle
for colour tuning. As an aside, note that polarization effects
have nonzero contributions to the shift, lowering the excitation
energy by 0.21 eV with respect to the non-polarizable embed-
ding (m2p0). This is in agreement with earlier studies78,79

demonstrating that quantitative agreement for shifts requires
the inclusion of polarization effects. It is noteworthy that
the geometry effects have a much larger influence on the
two-photon transition strength, d, where our calculations –
see Table 4 – predict that the large two-photon cross section
inside the protein results from a balance between geometry
effects (serving to increase the cross section) and that of the
environment.

4.2 Describing the absorption properties of known ChR
mutants

The hunt for optically tuned ChR is already well under way
resulting in a toolbox of ChR variants each absorbing at some-
what different wavelengths.8–13 In order to demonstrate the
reliability of the mutation protocol for yielding predictive
absorption results, we report in Table 5 the results of PERI-
CC2 calculations. First of all, we observe how the qualitative
trends reported in experiment8,10 are well reproduced by the
computational approach. Vertical excitation energies are com-
pared to experimental excitation energies at maximum absorp-
tion. For instance, we observe the favourable red-shift of the
T198C/E162T (ChETA) mutant which has earned it a high-
ranking place among the available ChR2 variants.7 We also
predict that this particular mutant possesses an even larger
two-photon cross section than observed in ChR thus making it
an ideal candidate for further studies of two-photon activated
optogenetics. Generally, it seems that PERI-CC2 consistently
overestimates the spectral shift. However, we emphasize that

the simple perturbational approach to mutation studies taken
here performs remarkably well in reproducing the experimental
reference data.

4.3 Perturbational effects of amino acids in the binding
pocket

The next step along the way of designing optically tuned ChR
variants is the mapping of the dominating electrostatic effects
of the amino acids in the protein; in particular those close to
retinal. Specifically, to which amino acids can we assign the
largest changes in the excitation energy? In Fig. 2 we illustrate
the importance of several amino acids (or rather their side
chains) for tuning purposes in terms of the shifts E(exc)mutant �
E(exc)C1C2 for the mutants obtained by replacing a given amino
acid with glycine. The mutants have been sorted by distance
from the substituted amino acid to the Schiff base N. As expected,
the close lying charged residues (Asp292 and Glu162) – also
constituting the counter ion complex – have the largest tuning
effect of approximately �0.3 eV each. Note that a negative
spectral shift suggests that the mutant with glycine absorbs at

Table 4 Overview of the factors influencing the channel-opening excitation
energy of C1C2 as well as the relative two-photon transition strength (linearly
polarized light)

Environment
PERI-CC2

PE-DFT

Effect Description E(exc)/eV E(exc)/eV drel
a

Vacuum vac. 2.16 2.42 1.0
Steric vac. 2.11 2.43 3.1
Electrostatics m2p0 3.21 3.07 0.6
Polarization m2p2 3.00 2.91 1.0

a drel = d/dvac.

Table 5 Mutations serving to validate the computational approach. All calcu-
lated excitation energy shifts (DE(exc)) are based on PERI-CC2; relative changes in
two-photon transition strengths (Dd) are computed using PE-DFT. The experi-
mental references are taken from the literature as indicated

Mutation

DE(exc)a/eV

Ddrel
b (%)Calc. Exp.

T198C �0.02 B0.00c +20
T198C/E162T �0.32 B�0.18c +150
H173R 0.04 B0.00c +0
E162A �0.30 B�0.11d +120
E162D �0.07 B�0.05d +30
E162Q �0.42 B�0.16d +160
E162T �0.27 B�0.16d +120

a DE(exc) = E(exc)mutant � E(exc)C1C2. b Ddrel = (dmutant � dC1C2)/dC1C2.
c Ref. 8. d Ref. 10.

Fig. 2 The spectral shift and two-photon transition strength change of the Gly
mutants relative to C1C2 sorted by distance to Schiff base N (closest first). All
excitation energies are calculated using PERI-CC2 while the transition strength is
calculated using PE-DFT.
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longer wavelengths than C1C2. This indicates that e.g. Asp292
has a blue-shifting effect (since D292G is red-shifted) on the
excitation energy. That being said, it is striking that all residues
give rise to relatively small shifts (in either direction). We have
also investigated the effects of three close-lying (to retinal)
water molecules by removing them from the calculation. In
all three cases we observe changes in the excitation energy
smaller than 0.05 eV. More insight is obtained in Fig. 3
where we have depicted the residues in the binding pocket
contributing at least 0.07 eV (10 nm) to the tuning of the
excitation energy. The residues found to give a significant
spectral shift are located at the Schiff base N-end of retinal.
Accumulation of charged residues in the Schiff base N region
leads to a smaller absorption wavelength, while replacement of
charged residues with neutral ones (D292G, say) red-shifts the
excitation energy.

In Fig. 2 we also report the enhancement ratios dmutant/dC1C2

for the two-photon transition strength relative to C1C2 using
the same set of artificially created mutants. Again, amino acids
constituting the complex counter ion have the largest effect,
by far. Indeed, it seems that the Asp292 and Glu162 residues
are the primary reason that the transition strength is decreased
so much compared to the retinal structure without a sur-
rounding embedding potential – see Table 4. Along this line,
the results indicate that the remaining amino acids play the
same quenching role as observed for the tuning of the excita-
tion energy.

4.4 Tuning the absorption properties

From Fig. 2 and 3 it is clear that the close-lying counter-ions
have the largest tuning potential for the excitation energy. In
fact, it seems that the only viable options to obtain measurable
red-shifts are Asp292 and Glu162. However, Asp292 is specu-
lated to be the primary proton acceptor in ChR214 most likely
leading to functional loss upon mutation. Glu162, on the
other hand, may be manipulated at will without a significant
decrease in the characteristic photo-current.10 Indeed, this has
also been found using a straightforward trial-and-error approach
to mutation and ultimately leads to the experimentally expressed

ChR2 variants listed in Table 5. Consequently, one approach that
suggests itself is to investigate the tuning potential of Glu162 by
scanning the full set of all possible amino acids. While tedious
and time-consuming to perform in the lab, such an exercise
readily lends itself to being investigated on a computer. In
Fig. 4 we systematically investigate the changes in the excitation
energy as well as in the two-photon transition strength. First,
for most of the mutants the shift is approximately identical, in
agreement with the fact that the different residues act very
similar to perturbations. Second, observe that the conservatory
mutation E162D yields similar absorption properties as the
wild type as expected given the similarity between glutamic and
aspartic acid. Evidently, the only mutations that introduce the
wanted red-shift are E162K and E162R. Lysine and arginine
share the features of being positively charged and relatively
large. Indeed, taken together these factors suggest that both
mutations most likely are unrealistic, essentially because the
substitutions may no longer be seen as simple perturbations
which was the assumption from the outset. To some extent
substitution to glutamine (basically amounting to changing an
OH to an NH2 group) also results in a favourable red-shift as
also seen experimentally.10

The conclusion from these observations is clear: it is doubt-
ful that few-site mutations can lead to shifts large enough to
make ChR2 applicable to in vivo applications that require shifts
of around 0.45 eV. Instead, techniques such as helix swapping
probably need to be followed. VChR1 is an excellent example of
this, demonstrating a red-shifted excitation energy of approxi-
mately 0.35 eV.9 Along this line it is also interesting to com-
ment on the potential of obtaining combinatory spectral
control in the same physical volume, i.e. is it possible to design
two ChR variants that have negligible overlap of their spectral
profiles allowing for completely novel optogenetic experi-
ments? To this end, one strategy9 is to rely on the VChR1
chimera as well as a blue-shifted variant of ChR2. Fig. 2 also
gives insight into the design of the latter since we observe that
the amino acids primarily responsible for the red-shift are
Trp163 and Lys132. However, in both cases their tuning effect
is rather limited and forces us to conclude the same as for

Fig. 3 Illustration of retinal (green) surrounded by the amino acids that affect
the spectral shift by at least 0.07 eV. Residues that have an overall red-shifting
effect (relative to glycine) are coloured red and those that have a blue-shifting
effect are coloured blue.

Fig. 4 The spectral shift and change in two-photon transition strength of the
E162X mutants. Ordered by the size of the spectral shift.
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designing red-shifted mutants: single-site mutations are prob-
ably not a feasible strategy if a significant blue-shift is needed.

5 Conclusions

The photo-activated channelrhodopsin (ChR) membrane pro-
tein is the cornerstone of the increasingly popular field of
optogenetics. Recently, Kato et al.14 reported an X-ray structure
of the ChR binding pocket. In this contribution we have
performed a high-level in silico mutagenesis screening study –
based on the aforementioned C1C2 crystal structure – using
polarizable embedding QM/MM theory in combination with
coupled cluster and density functional theory as QM methods.
In particular, this work is the first application of the recently
developed PERI-CC2 method.

The results provide us with a catalogue of the spectral effects
of individual amino acids in the protein. In turn we are able to
address two important points: (i) the potential for tuning the
excitation energy to different wavelengths (preferably higher)
and (ii) the potential for enhancing the two-photon absorption
cross section of retinal inside ChR. While point (i) may imme-
diately stimulate further research in the continued attempt of
molecular engineering of ChR variants, point (ii) touches on an
area that has only received scarce attention experimentally and
none at all computationally. Overall, one of our main conclu-
sions corroborates what has also been found using a more
trial-and-error approach to mutation studies:5 it is fundamen-
tally difficult – based on only single or double mutations – to
shift the photospectrum by more than 0.05–0.15 eV. Indeed,
based on the studied mutations we conjecture that it will prove
near to impossible to meet the experimental demand3 of
significantly red-shifted absorption spectra using single-site
mutation strategies. With regards to the use of two-photon
techniques for activating ChR we advocate the use of the ChETA
double mutant conjectured here to have an even larger two-
photon cross section than the ChR2 wildtype version.

Finally, this work illustrates how PERI-CC2 can be used for
quickly scanning possible candidates before further experi-
mental mutation studies are conducted. Indeed, with the
complementary information obtained from computations one
may limit the number of mutants that are actually synthesized
and characterized and thereby save a great deal of both time
and money in the long run.
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Malmqvist, P. Neogrády, T. B. Pedersen, M. Pitoňák,
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