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ABSTRACT: Genetically encoded voltage indicators (GEVIs)
have found wide applications as molecular tools for visualization of
changes in cell membrane potential. Among others, several classes
of archaerhodopsin-3-based GEVIs have been developed and have
proved themselves promising in various molecular imaging studies.
To expand the application range for this type of GEVIs, new
variants with absorption band maxima shifted toward the first
biological window and enhanced fluorescence signal are required.
Here, we integrate computational and experimental strategies to
reveal structural factors that distinguish far-red bright archaerho-
dopsin-3-based GEVIs, Archers, obtained by directed evolution in
a previous study (McIsaac et al., PNAS, 2014) and the wild-type
archaerhodopsin-3 with an extremely dim fluorescence signal,
aiming to use the obtained information in subsequent rational design. We found that the fluorescence can be enhanced by
stabilization of a certain conformation of the protein, which, in turn, can be achieved by tuning the pKa value of two titratable
residues. These findings were supported further by introducing mutations into wild-type archeorhodopsin-3 and detecting the
enhancement of the fluorescence signal. Finally, we came up with a rational design and proposed previously unknown Archers
variants with red-shifted absorption bands (λmax up to 640 nm) and potential-dependent bright fluorescence (quantum yield up to
0.97%).
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1. INTRODUCTION
Archaerhodopsin-3-based genetically encoded voltage indica-
tors (GEVIs) have recently found various applications in cell
voltage imaging.1−5 A number of advantageous properties of
the wild-type archaerhodopsin-3 from Halorubrum sodomense
(Arch), such as high expression level in eukaryotic cells,6

submillisecond response time,7 and high voltage sensitivity of
fluorescence signal,7 make this protein a promising candidate
as an effective GEVI. However, an extremely low fluorescence
quantum yield of the wild-type Arch (0.01%7), non-negligible
proton-pumping photocurrent, and the lack of significant
absorption in the biological optical window (650−900 nm7)
drastically limit its applications. Several research groups
applied directed evolution approaches to optimize Arch
properties and developed new bright variants. Three classes
of Arch-based GEVIs (QuasArs,8 Archers,9,10 and Archons11)
have been proposed. Table 1 provides related properties for
the most widely used representatives from each class.

Comparing with the wild-type Arch, all engineered variants
exhibit a considerable increase in the fluorescence quantum
yield (up to 1%) and a red shift of the UV−vis absorption band
with Archers being the most red-shifted.

Here, we applied rational design to perform further
optimization of GEVIs from the Archers class. In previous
studies, rational design approaches have not been applied
systematically for the engineering of Arch-based GEVIs due to
the lack of knowledge about the mechanisms that regulate
fluorescence enhancement in these proteins. At this stage, a
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heuristic role of directed evolution methodology can be
engaged. Specifically, directed evolution studies provided a
substantial number of primary structures that correspond to

either bright or dim Arch variants. These two sets can be used
as a base for a subsequent comparative investigation in order to
evaluate structure−property relationships required for a further
rational design step. Following this line, we performed such
comparative investigation of bright Arch mutants, Archers,
obtained by directed evolution in the previous study ref 10 and
the wild-type Arch. Resonance Raman, UV−vis, and
fluorescence spectroscopy, along with computational model-
ing, were employed. We found that the key structural
difference between bright Arch variants and the dim wild-
type protein is the protonation states of two coupled titratable
residues: the counterion D222 and the E214 residue of the
proton release group. These findings allowed us to employ the
rational design strategy and to propose new Arch-based GEVIs
with red-shifted absorption bands (λmax up to 640 nm) and
enhanced fluorescence (quantum yield up to 0.97%).

Table 1. Properties of Widely Applied Arch-Based GEVIsa

GEVI λmax, nm λem, nm

fluorescence
quantum
yield, %

voltage sensitivity
ΔF/F per 100 mV, %

QuasAr1 5908 7158 0.88 32%8

QuasAr2 5908 7158 0.48 90%8

Archon2 58612 73512 1.0512 20%11

NovArch 58413 72513 n/a 41%14

Archer1 62610 73110 0.3310 85%9

Arch-5 62210 73110 0.8710 n/a
Arch 5567 6877 0.0110 40%7

aλmax�absorption band maximum, λem�fluorescence band max-
imum, voltage sensitivity is measured as the relative change of
fluorescence intensity per 100 mV voltage step.

Figure 1. Resonance Raman spectra of the wild-type Arch and its bright variants. Purified samples were solubilized in 10 mM Tris, 200 mM NaCl,
0.15% DM, pH = 6.5. Raman spectra were recorded with excitation at 785 nm [dark-adapted spectrum, (a)] and 532 nm [light-adapted spectrum,
(b)]. The laser power was set to 100 mW. Arch-5 denotes Arch V59A/P60L/D95E/T99C/P196S.
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2. RESULTS AND DISCUSSION
In the first part of the “Results and Discussion” section, we
start with our comparative experimental and computational
investigation of the wild-type Arch and the set of bright
Archers obtained by directed evolution in ref 10, i.e., D95E/
T99C, P60L/D95E/T99C, V59A/D95E/T99C, D95E/T99C/
P196S, and Arch-5, which is an abbreviation for V59A/P60L/
D95E/T99C/P196S mutant. In the second part, we turn to the
rational design and investigation of the new Arch variants.
2.1. Comparative Investigation of Archers and the
Wild-type Arch

2.1.1. Resonance Raman Spectroscopy. Resonance
Raman spectroscopy is a useful tool to evaluate the structural
difference between rhodopsins. Resonance Raman spectrosco-
py can provide both direct information about intrinsic
properties of the chromophore, e.g., cis- or trans-isomerism
as well as indirect information about whole protein structure,
e.g., Raman spectra contain information about the electrostatic
field generated by the protein matrix in the chromophore
binding pocket region and about hydrogen bonds that the
surrounding amino acid or water molecule can form with the
NH part of the chromophore.

Recorded light-adapted (532 nm probe) and dark-adapted
(785 nm probe) Raman spectra of Arch and five investigated
mutants are given in Figure 1. For interpretation of these
spectra, we used previously reported15−19 assignments of
Raman spectral bands for the ground state and main
photocycle intermediates of bacteriorhodopsin and Arch.
These data are compiled in Table 2.

The bands with a maximum located in the 1508−1528 cm−1

region of Arch spectra can be assigned to the symmetric C�C
ethylenic stretch mode. In full agreement with the previously
reported data,20 we found that the maximum of the C�C
ethylenic stretch band (λC�C) of dark-adapted wild-type Arch
Raman spectrum is located at 1527 cm−1 (see Figure 1). This
value is just 1 cm−1 off of the corresponding bacteriorhodopsin
ground state peak.15 However, for all studied mutants,
corresponding λC�C bands for both dark- and light-adapted
samples exhibit considerable red shifts from the wild-type Arch
value. The observed red shift of the band maximum varies from
11 cm−1 for D95E/T99C to 19 cm−1 for Arch-5, making these
value closer to the 1508 cm−1 reported for the bacterio-
rhodopsin O photocycle intermediate (O-state)18 than to 1528
cm−1 of the ground state (G-state) conformation. In addition,
a more careful inspection of this region in the Raman spectra

of D95E/T99C/P196S revealed two peaks at −1529 and 1512
cm−1 that are close to the values of λC�C of the bR G-state and
the O-state, respectively.

The O-state is the last photocycle intermediate of many
microbial rhodopsins that thermally converts back to the
thermodynamically more stable ground state (G-state) on the
millisecond time scale (Figure 2a). O-states possess substan-
tially red-shifted absorption bands, e.g., λmax = 64024 and 556
nm20 values were reported for the Arch O-state and G-state,
respectively.

The ethylenic stretch vibrations frequencies for conjugated
π-systems correlate with the bond length alternation (BLA)
values25,26 defined as the average of the difference between
single and double bonds lengths along conjugated chain. Both
these properties are well-known to be very sensitive to the
electrostatic environment.27−29 This fact allows us to attribute
the observed red shift of the λC�C band to the change of
electrostatic field in the region of the retinal protonated Schiff
base (PSB) due to the protonation of the D222 counterion. To
get additional insights, we employed the results of our
quantum mechanics/molecular mechanics (QM/MM) calcu-
lations. We calculated the BLA values for the chromophore
geometries taken from the corresponding QM/MM G- or O-
state models and plotted them against experimental λC�C
values as shown in Figure 3 (upper panel). For proteins with a
single peak in the ethylenic stretch region, a clear linear
correlation can be seen between BLA and λC�C if one uses G-
state model BLA values for the wild-type Arch and O-state
model BLA values for the rest of the proteins. For D95E/
T99C/P196S, the data also fit to the correlation line, if we
attribute λC�C = 1529 cm−1 to the G-state model and λC�C =
1512 cm−1 to the O-state model.

Bands with maxima located in the 1633−1645 cm−1 region
can be assigned to the C�N Schiff base stretch mode. In the
Raman spectra of the considered Arch mutants, this band
exhibits a small 6−9 cm−1 red shift relative to its position in the
spectrum of the wild-type protein. This small shift can signify
the change of the hydrogen bond network in the vicinity of the
NH group of the chromophore that occurs when going from
the G-to O-state. Indeed, as we found from analysis of our
computational models for the G- and O-state of Arch (Figure
4), the hydrogen bond formed by the NH group and the
closest water molecule becomes longer in the O-state model.
This hydrogen bond elongation can provide a possible
explanation for the observed red shift of the corresponding
Raman band. To quantify this effect, we performed additional

Table 2. Light-Adapted and Dark-Adapted UV/Vis and Raman Spectral Bands’ Absorption Maxima for Bacteriorhodopsin
(bR) and Arch and Their Photocycle Intermediatesa

bR intermediate λmax, nm ethylenic stretch vibrations, cm−1 C�NH stretch vibrations, cm−1 fingerprint vibrations, cm−1

bR, light-adapted (G-state) 57015 (56520) 152815 (152720) 164015 (164120) 1168, 118515 (1167, 118420)
bR, dark-adapted 54816 (55721) 153616 163416 1168, 118216

K 61017 151717 162415 1170, 118815

L 55015 1539, 155115 164515 1169, 118815

M 41218 156618 162018 1180, 119618

N 56019 (55020) 1532, 154819 164319 1172, 118819

O 64018 150818 1166, 119818

Q (570−580)20

P 49022 44523 52523

aThe values for Arch are given in parentheses. K, L, M, N, O denote intermediates of the main bR photocycle shown in Figure 2a. Q is the
photocycle intermediate generated upon photoexcitation of the N intermediate.20,21 P is the photocycle intermediate generated upon
photoexcitation of the O intermediate.22.
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calculations of vibrational frequencies using the cluster model
approach as described in the “Materials and Methods” section.
Our computational models give the 5 cm−1 red shift of the C�
N Schiff base stretch band going from the G-to O-state model
in good agreement with the 6−9 cm−1 red shift observed for
Arch mutants in experiments.

The relative intensity of the bands located in the 1150−1300
cm−1 region, which is a structurally sensitive fingerprint region,
reflects the ratio of 13-cis and all-trans isomers of the retinal
chromophore.30,31 The Raman spectra of all considered
proteins suggest an equilibrium between these two isomers.
The all-trans isomer dominates in both dark-adapted and light-
adapted states of all proteins except for the dark-adapted state

Figure 2. (a) Photocycle of the wild-type Arch. (b) Structures of the counterion region and the proton release group region in the G- and O-states
of the wild-type Arch obtained from the corresponding QM/MM models. In the G-state, three water molecules are observed in the vicinity of D95
and D222 counterions. The D222 counterion is deprotontated, and it forms hydrogen bonds with Y67, Y195, W96, and two water molecules
(upper left panel). E214 from the proton release group is protonated and forms a hydrogen bond with E207. The positively charged R92 is oriented
toward T215 (lower left panel). In the O-state, only a single water molecule is observed in the vicinity of the counterions. D222 forms three
hydrogen bonds with Y195, W96, and one water molecule located outside the counterion region (upper right panel). E214 is deprotonated, and
E207 forms a hydrogen bond with Y93. The positively charged R92 is oriented toward negatively charged E214 and E207, giving space for the
formation of a water chain between E214 and D222 (lower right panel).
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of D95E/T99C mutant, in which an increased concentration of
the 13-cis isomer is observed.

2.1.2. UV−Vis Spectroscopy. Due to the charge-transfer
character of the S0 → S1 electronic transition in the PSB, UV−
vis absorption band maxima of rhodopsins are very sensitive to
the electrostatic field in the PSB region and can serve as a
useful indicator for the presence and location of charged and/
or polar residues in the protein structure. Therefore, a
comparative analysis of UV−vis spectra of Archers and the
wild-type Arch can support or, on the contrary, discard
assumptions that have been made above based on our analysis
of the Raman spectra.

Recorded UV−vis spectra for wild-type Arch and studied
mutants are shown in Figure 5. The absorption maxima of
these bands are also given in Table 3 along with the absorption
band maxima obtained from the QM/MM calculations. The
calculations were done both for G- and O-state models as
described in the “Materials and methods” section. All
experimental spectral bands can be perfectly fitted by a single
Gaussian function except the spectral band of the D95E/
T99C/P196S mutant, which clearly requires two Gaussian
functions to be represented (for details, see Figure S2 in the
Supporting Information).

Figure 3. Bond length alternation of the chromophore (QM/MM models) versus experimental ethylenic stretch band maxima (λC�C, upper
diagram) and absorption band maxima (λmax, lower diagram). Blue and red dots correspond to BLA values obtained from the G- and O-state QM/
MM models, respectively. The data were fitted by the least-squares method (the red lines). Arch-5 denotes Arch V59A/P60L/D95E/T99C/P196S.

Figure 4. Cluster models employed to calculate the C�N Schiff base
stretch mode vibration frequencies in the G- and O-states of the wild-
type Arch. (a) Model for the G-state included the chromophore with
K226 residue, D95, D222, and three water molecules. (b) Model for
the O-state included the chromophore with K226 residue, D95, D222,
and the single water molecule.
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The spectral bands for all mutants are considerably red-
shifted relative to the wild-type Arch and are closer to λmax =
640 nm reported for the O-states of bR18 and Arch24 than to
λmax = 565 nm of the wild-type Arch.20 Similar to the Raman
ethylenic stretch band discussed above, λmax values calculated
for the G-state models are in better agreement with
experimental λmax for Arch than the ones calculated for the
O-state models. Also, experimental λmax of D95E/T99C,
P60L/D95E/T99C, V59A/D95E/T99C, and V59A/P60L/
D95E/T99C/P196S mutants are better reproduced by the
O-state models than by the G-state models. For D95E/T99C/
P196S with two peaks observed experimentally, the G- and O-
state models reproduced blue-shifted and red-shifted λmax

values, respectively. In addition, we found a correlation
between experimental λmax and calculated BLA values (Figure
3, lower panel).

In Figure 6, we compiled Arch and Archers’ λC�C and λmax
values obtained in this study together with available literature
data for ground- and O-states of other microbial rhodopsins.
Two distinct clusters can be identified: a cluster that includes
wild-type microbial rhodopsins in their ground states and a
cluster that includes O-states of microbial rhodopsins and
studied bright Arch mutants.
2.1.3. Fluorescence Emission Spectroscopy and

Quantum Yields. We also recorded fluorescence excitation
and emission spectra and measured fluorescence quantum
yields for all of the studied mutants. For D95E/T99C and
D95E/T99C/P196S, the spectra are presented in Figure 7.
The spectra for the rest of the mutants are similar to the
D95E/T99C spectra and can be found in the Supporting
Information (Figure S1). Maxima of fluorescence excitation
bands, maxima of fluorescence emission bands, and fluo-
rescence quantum yields are given in Table 3. Measured
fluorescence emission maxima and quantum yields are in full
agreement with previously reported values.10 For Arch D95E/
T99C, we have measured the fluorescence quantum yield value
using the Quanta-ϕ integrating sphere of the Fluorolog-3
spectrofluorimeter. For other Arch variants, we used a
comparative method with Arch D95E/T99C serving as a
reference (see the Materials and Methods section). For the
wild-type protein, we could not obtain confident values due to
the extreme dimness of its fluorescence. The absorption
maxima values of all considered mutants, except D95E/T99C/
P196S, are almost identical to the corresponding fluorescence
excitation maxima values (see Table 3), implying that the
fluorescence arises from the absorbing form of the correspond-
ing protein, and no other photocycle intermediates are
involved. A similar observation has been previously reported

Figure 5. UV−vis absorption spectra of the wild-type Arch and its
bright variants. Purified samples were solubilized in 10 mM Tris, 200
mM NaCl, 0.15% DM, pH = 6.5. The result of decomposition of the
Arch D95E/T99C/P196S absorption band into two Gaussian
functions is depicted as dotted lines.

Table 3. Absorption Maxima (λmax abs), Fluorescence Excitation Maxima (λmax exc), Fluorescence Emission Maxima (λmax em),
Fluorescence Quantum Yield (QY), and Potential-Dependence of the Wild-type Arch and Arch Mutants Considered in This
Studya

experimental calculated

protein λmax abs, nm λmax exc, nm λmax em, nm QY, %
Pot.
dep λmax G-state, nm

λmax
O-state, nm

wild-type 556 (this study) 557,
DA20

565, LA20 6877 0.0110 568 (trans) 557
(cis)

634

D95E/T99C 626 627 729 0.33 (this study and
10)

yes 548 621

P60L/D95E/T99C 624 625 725 0.40 (this study and
10)

yes 548 621

D95E/T99C/P196S 628 (553/638) 639 733 0.56 (this study and
10)

yes 564 639

V59A/D95E/T99C 622 623 724 0.62 (this study and
10)

yes 542 625

Arch-5 622 627 745 0.87 (this study and
10)

yes 558 626

Y195F 543/643 638 730 0.23 no 545 638
W96F 537 550 623
W96F/T215A 553/625 639 732 0.25 no 552 622
D95E/T99C/P196S/T215A 638 639 734 0.97 yes 578 640
D95E/T99C/T215A/A225M 640 640 737 0.77 yes 580 643

aEmission spectra were recorded with excitation at λ = 630 nm. Arch-5 denotes the quintuple mutant of Arch (V59A, P60L, D95E, T99C, P196S).
For the wild-type Arch, we provide the λmax values measured for dark-adapted (DA) and light-adapted (LA) proteins in the study ref 20.
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for QuasAr1 and QuasAr2.8 Fluorescence in the wild-type
Arch, conversely, arises through sequential action of three
photons.24 The D95E/T99C/P196S fluorescence excitation
maximum was found to be 639 nm, which is in line with the
observation that UV−vis spectral band of this protein can be
fitted by two Gaussians (553 and 638 nm).

No evidence exists that the ground state of bR or Arch
exhibits substantial fluorescence under physiological pH. On
the contrary, the O-state of bR and other microbial rhodopsins
have been reported to exhibit significant fluorescence
emission.21,42,43 High fluorescence was also detected for bR

under low pH (blue form of bR).44 For proteorhodopsin and
bR, counterion protonation was shown to decrease the
efficiency of PSB photoisomerization.45,46 Apparently, neutral-
ization of a negative charge in the NH region is an important
condition that allowed the formation of bright fluorescent
Archers. It is also worth mentioning here that the available
experimental data, which are compiled and analyzed in our
very recent review on fluorescent properties of both microbial
and animal rhodopsins,47 suggest that this statement is much
more general and goes far beyond the Archers studied here.
2.1.4. pKa Values of the Key Titratable Residues and

PSB. One of the key factors that determine the nature of G-
and O-states of microbial rhodopsins is the protonation state
of the counterion (D212 in bR numbering) and the proton
release group residue (E204 in bR numbering).48,49 Specifi-
cally, D212 is deprotonated in the G-state and protonated in
the O-state, while E204 is protonated in the G-state and
deprotonated in the O-state. The proton transfer between
E204 and D212 through a water chain, which connects these
two residues, leads to transition from one state to another (see
refs 49 and 50 and the subsection “QM/MM Models.
Structural Analysis Of G- And O-States”). Another important
indicator, which determines potential-dependence of the
fluorescent signal and its sensitivity is the pKa value of the
chromophore (see ref 24 and the subsection “Prerequisites for
Rational Design of New Bright Arch GEVIs”). Keeping it in
mind, we applied spectrophotometric titrations to determine
pKa values of counterion D222, proton release group residue
E214, and PSB of the wild type Arch and studied fluorescent
mutants.

Measured pKa values are given in Table 4, and titration
curves can be found in the Supporting Information (Figures S4
and S5). While for D222 and PSB, transition from the
protonated to deprotonated form is easily detectable by
spectroscopy, the evaluation of such transition for E214 is
challenging due to insufficient sensitivity of UV−vis spectrum
to its protonation. Only for two proteins were we able to detect
a small spectral band shift that can be attributed to E214
protonation. This low λmax sensitivity to the change of E214
charge can be understood if the position of this residue relative
to the chromophore is taken into consideration. Although the
considered residue is situated relatively close (≈11 Å) to the
nearest PSB atom, the distance to both ends of the

Figure 6. Ethylenic stretch band maxima of Raman spectra (λC�C)
versus absorption band maxima of UV−vis spectra (λmax) for
microbial rhodopsins. Wild-type microbial rhodopsins are shown as
blue dots. O photocycle intermediates of microbial rhodopsins and
the blue form of bacteriorhodopsin are shown as red dots. Archers are
shown as green dots. Abbreviations: KR2, Krokinobacter rhodopsin
2;32 NR, Neurospora rhodopsin;33 PspR, Pseudomonas putida
rhodopsin;34 IaNaR, Indibacter alkaliphilus rhodopsin;35 GR,
Gloeobacter rhodopsin;36 LR, Leptosphaeria rhodopsin;37 Arch,
archaerhodopsin-3; XR, Xanthorhodopsin;38 bR, light-adapted
Halobacterium salinarum bacteriorhodopsin;39 BluebR, the blue form
of bR at pH = 2.6;39 OKR2, the O intermediate of KR2 photocycle;40

OHsHR, the O intermediate of Halobacterium salinarum halorhodopsin
photocycle;41 ObR, the O intermediate of bR photocycle;18 Arch-5,
Arch V59A/P60L/D95E/T99C/P196S.

Figure 7. Absorption, excitation, and fluorescence emission spectra of Arch D95E/T99C (a) and Arch D95E/T99C/P196S (b). Purified samples
were solubilized in 0.1% DM, 0.05 M Tris, 0.3 M NaCl, pH = 6.5. Excitation spectra were obtained with λem = 740 nm. Fluorescence emission
spectra were obtained with λexc = 630 nm.
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chromophore is similar. As demonstrated in previous computa-
tional studies (see, e.g.,51), a charged residue located in such
region does not significantly affect λmax. We also obtained these
small or even negligible spectral shifts with QM/MM
calculations (for details, see Table S2 in the Supporting
Information).

For the wild-type Arch, the measured value of counterion
D222 pKa (2.5) indicates deprotonated state of D222 at
physiological pH. Similar pKa(D222) values have been
reported previously.20,52 For the rest of the proteins considered
in this section (except D95E/T99C/P196S), pKa(D222)
values are around or above 9.0, indicating their protonation
under physiological pH. For D95E/T99C/V59A, pKa(E214) =
4.5 indicates the deprotonated state of this residue at pH = 7.
Protonation of the D222 counterion and deprotonation of
proton release group residue E214 are typical structural
features of the O-state.48,49 For D95E/T99C/P196S,
pKa(D222) = 7.8 and pKa(E214) = 7.0 suggest the equilibrium
between two states that differ in protonation of these two
residues. This assumption is in line with the fact that for this
protein we observed a double band in the UV−vis spectrum
and splitting of the λC�C band in the resonance Raman
spectrum. Obtained experimental data show that pKa(D222)
and pKa(E214) are coupled, and both residues cannot be
protonated or deprotonated simultaneously at physiological
pH. This observation is in line with previous findings that
demonstrated strong pKa coupling between a residue of
counterion complex and a proton release group residue E204
in bR.53,54 The measured pKa of PSB does not change
significantly among discussed fluorescent mutants varying from
7.4 to 7.9. For the wild-type Arch, pKa of PSB was found to be
> 11, in agreement with previously reported data.10

2.1.5. QM/MM Models. Structural Analysis of G- and
O-States. We used computational modeling (QM/MM and
Molecular Mechanics all-atom molecular dynamics simula-
tions) both to interpret experimental data as described above
and to get additional insights given below. We started from a
structural analysis of the G- and O-states for Arch and the
fluorescent mutants. As discussed above, the transition from
the O- to G-state is accompanied by proton transfer from
D222 to E214. In accordance, analysis of the reported X-ray
structure (PDB entry 6GUX55) and our QM/MM models

reveals that the key structural differences between O- and G-
states are observed in two regions: the vicinity of the NH
chromophore moiety and the vicinity of the so-called proton
release group (Figure 2b) that consists of E204, E214, R92,
Y93 surrounded by water molecules.48 The proton transfer is
accompanied by several important structural changes. The
pentagonal cluster formed by D222, D95, and three water
molecules, which is a typical structural feature of G-state of
Arch and bR,48 is disrupted in the O-state, and only a single
water molecule is left in this region. E204, which is connected
by a hydrogen bond with E214 in the G-state, reorients in the
O-state, making a hydrogen bond with Y93. During transition
from the G-to O-state, positively charged R92 reorients from
T215 toward E204 and E214, stabilizing a negative charge of
the proton release group cluster. The reorientation of R92 in
the O-state allows the formation of a continuous water chain
between D222 and E214. A similar structural reorganization
has been reported previously for bR.49,50,56,57

Analysis of Archers QM/MM models reveals that the most
prominent changes occur in the D222 region of the G-state
models after introducing D95E/T99C mutations (Figure 8).
Replacement of aspartic acid D95 by the bulkier glutamic acid
E95’s destroyed water cluster in the NH region of PSB and
only one of three water molecules remain in this region. The

Table 4. pKa Values of PSB, the D222 Counterion, E214
Residue of the Proton Release Group, and Potential
Dependence of the Fluorescent Signal (Pot. Dep.) of
Considered Arch Mutantsa

protein
pKa

(PSB)
pKa

(D222)
pKa

(E214)
Pot.
dep

wild type >11 2.5
D95E/T99C 7.5 8.9 yes
P60L/D95E/T99C 7.7 >9 yes
D95E/T99C/P196S 7.4 7.8 7.0 yes
V59A/D95E/T99C 7.9 >9 4.5 yes
Arch-5 7.6 9.1 yes
Y195F >10 3.7 no
W96F >10 2.5 no
W96F/T215A 9.4 9.5 no
D95E/T99C/P196S/T215A 7.4 7.9 yes
D95E/T99C/T215A/A225M 7.5 8.0 yes

aArch-5 denotes the quintuple mutant of Arch (V59A, P60L, D95E,
T99C, P196S).

Figure 8. Structures of the counterion region and the proton release
group region in the G- and O-states of the Arch D95E/T99C
obtained from the corresponding QM/MM models. In the G-state,
only a single water molecule is observed in the vicinity of E95 and
D222 counterions. The D222 counterion is deprotonated, and it
forms hydrogen bonds with Y67, Y195, and the water molecule from
the counterion region (upper left panel). E214 from the proton
release group is protonated and forms a hydrogen bond with E207.
The positively charged R92 is oriented toward T215 (lower left
panel). In the O-state, also only one water molecule is observed in the
vicinity of the counterions. D222 forms two hydrogen bonds with
Y195 and one water molecule located outside the counterion region
(upper right panel). E214 is deprotonated, and E207 forms a
hydrogen bond with Y93. The positively charged R92 is oriented
toward negatively charged E214 and E207, giving space for the
formation of a water chain between E214 and D222 (lower right
panel).
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number of H-bonds formed by D222 with surrounding polar
residues and water molecules decreased from 5 to 3, leading to
increase of pKa(D222) and, therefore, destabilization of the G-
state. Apparently, such a structural change is the main reason
for the observed alternation of the G- and O-state
thermodynamic stability in bright Arch variants. For additional
justification of this assumption, we developed Arch variants
with alternative mutations that caused a similar structural
reorganization. These new Arch variants are described in part 2
of the “Results and Discussion” section.
2.1.6. Molecular Dynamics Simulation of Structural

Reorganization after the Proton Transfers between
E214 and D222. We applied molecular dynamics simulations
to investigate protein structure reorganization after E214 →
D222 proton transfer for both the wild-type Arch and Archers.
The corresponding G-state QM/MM structures were inserted
into the lipid bilayer, and the obtained systems were hydrated,
neutralized by adding Na+ and Cl-ions, and equilibrated at T =
298 K and P = 1 atm as described in the “Materials and
Methods” section. After the equilibration step, the proton
located at the proton release group residue E214 was manually
transferred to the counterion D222 and MD simulation
continued until the system reached a new equilibrium. For all
Arch mutants, MD simulations converged to a stable
conformation within 8−15 ns, producing structures that are
very similar to the corresponding O-state structures obtained
with homology modeling [root-mean-square deviation
(RMSD) in the range 0.6−0.9 Å]. On the contrary, for the
wild type, Arch MD simulation did not converge to the O-state
structure even after 70 ns, suggesting a high energy barrier for
the G to O transition.

We also performed simulations starting from the O-state
models following the same protocol. We equilibrated our O-
state models in a membrane environment, manually transferred
the proton from the counterion D222 to the proton release
group residue E214, calculated a 70 ns MD trajectory, and
analyzed the final structures by visual inspection. For all
studied Arch mutants, after 70 ns, we did not detect any
structural changes, suggesting a transition to the G-state. On
the contrary, such a structural reorganization started to occur
for the wild-type Arch. Specifically, we observed the formation
of the hydrogen bond between proton release group residues
E204 and E214, disruption of the continuous water chain from
D222 to E214, and rotation of R92 residue from the proton
release group toward T215. All of these structural changes
were expected for the O-state → G-state transition. However,
apparently, the length of trajectory was not enough, and we did
not detect the final features that should indicate the formation
of G-state, such as water cluster formation in the vicinity of the
counterions.
2.2. Rational Design of New Arch Variants

2.2.1. Prerequisites for Rational Design of New Bright
Arch GEVIs. Based on the investigation described in the
previous section, we derived two prerequisites that allow us to
obtain Archer variants with enhanced fluorescence conserving
potential-dependence of the signal. Below, we describe these
prerequisites.
2.2.1.1. Neutralization of the Counterions. In the previous

part of the “Results and Discussion” section, we concluded that
a substantial increase of the fluorescent signal can be achieved
by an alteration of the G- and O-state stability. In Archers, such
alteration is achieved by introducing two mutations, D95E and

T99C. To test this statement further and to prove its
generality, we proposed mutations other than D95E/T99C
that can lead to the alteration of the G- and O-state stability
and studied their fluorescence properties.

Two strategies to achieve the desired G- and O-state
switching were applied: introducing substitutions to destabilize
the G-state and vice versa and substitutions to stabilize the O-
state. Two mutations, Y195F and W96F, were proposed to
increase pKa(D222) and, therefore, destabilize the G-state.
Both of the polar residues Y195 and W96 form a hydrogen
bond with D222 in the wild-type Arch, and their substitution
by nonpolar phenylalanine will break this bond, leading to the
pKa(D222) increase (Figure 2b). However, since the H-bond
Y195-D222 is noticeably stronger than that of W96-D222, the
increase in pKa(D222) was expected to be larger for the Y195F
mutant. Indeed, in full agreement with our assumptions,
measured resonance Raman, UV/vis, and fluorescence spectra
(see Figure 9, Table 3, and Figure S3 in the Supporting

Information) revealed a significant O-state mixture as well as
significant increase of fluorescence (QY = 0.23%) for Y195F
and only 1.5% O-state mixture and low fluorescent signal for
the W96F mutant. It also worth mentioning here that the non-
negligible ratio of the O-like state was also detected in previous
studies for the bR Y185F mutant (Y185 position in bR
corresponds to the Y195 position in archaerhodopsin-3).52,58,59

For the W96F mutant, only slight fluorescence and a 1.5% O-
state mixture were detected.

In all fluorescent Arch mutants discussed previously, relative
stability of G- and O-states was altered by destabilization of the
G-state. Similar results can also be achieved by the O-state
stabilization. To implement this strategy, we modified the
W96F mutant by adding a T215A substitution. T215A
mutation was selected based on the results of a previous
experimental study,60 in which introducing T215A mutation in
bR was shown to increase O-state lifetime by 100 times
compared to the wild-type protein. Indeed, analysis of
resonance Raman and UV/vis spectra of the W96F/T215A
mutant revealed a mixture of 30% O-state. W96F/T215A also
demonstrates enhanced fluorescence (QY = 0.25%) compared
to the wild-type Arch (Figure 10).
2.2.1.2. pKa Value of PSB Is Important to Preserve

Potential-Dependence of the Fluorescence. Our findings

Figure 9. Absorption, excitation, and fluorescence emission spectra of
Arch Y195F. The purified sample was solubilized in 10 mM Tris, 200
mM NaCl, 0.15% DM, pH = 6.5. An excitation spectrum was
obtained with λem = 740 nm. A fluorescence emission spectrum was
obtained with λexc = 630 nm.
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reported in the previous section support the assumption that
fluorescence enhancement in Arch-based sensors can be
obtained by increasing the O-state/G-state ratio. However,
we also found that fluorescence observed both in Y195F and
W96F/T215A mutants was not potential-dependent. We
evaluated pKa values of PSB for Y195F and W96F/T215A
by photometric titration and found them to be >10 and 9.4,
respectively (Table 4), which is much higher than physio-
logical pH and pKa(PSB) values measured for above-discussed
potential-dependent fluorescent Arch variants (≈7.5, Table 4).
Apparently, to preserve voltage-dependence of a fluorescent
signal, the pKa value of the PSB should be close to
physiological pH, and this statement should be considered as
another important factor to keep in mind during rational
design. This statement is in line with observations reported
previously.7,10 Moreover, a clear correlation between fluo-
rescence voltage sensitivity and pKa(PSB) is observed (see
Figure 11 and Table 5).

2.3. Rational Design of New Red-Shifted Bright Arch GEVIs
We used the principles formulated above to perform the
rational design of new red-shifted bright Arch GEVIs. We
chose to optimize red-shifting of λmax not only due to practical
importance of red-shifted variants for biomedical applications
but also because a clear trend between λabs and fluorescence
quantum yield was observed for microbial and animal

rhodopsins (see, e.g., a review47). According to the previous
studies on electrostatic spectral tuning in rhodopsins (see, e.g.,
refs 51, 62 and 63), a spectral shift can be achieved by
introducing, removing, or displacing/reorienting charged or
polar residues. Effect of a charged/polar residue can be
estimated based on the position of this residue relative to the
chromophore.51 Effect of polar residues is smaller, and non-
negligible spectral shift can be achieved only for residues of the
binding pocket. However, in the context of rational design,
substitutions of polar residues is more preferable than
substitutions of charged ones because introducing/removing
of a charged residue can lead to a substantial H-bond network
reorganization of a protein and subsequently to a substantial
change of its properties including absorption band max-
ima.62,63

According to the data in Figure 5 of ref 51, introducing of
polar residues in the vicinity of the six-membered ring of the
chromophore can be used to achieve a red shift of UV−vis
absorption band up to 15−20 nm. Such a substitution, namely,
P196S, has been already introduced into Arch D95E/T99C in
ref 10 and included in the set of bright Archers described
above. However, the observed spectral shift was only 2 nm
(Table 3).10 At first glance, this negligible spectral shift
contradicts the results of our QM/MM calculations that
predicted a much larger 18 nm red shift [λmax(O-state) values
were 639 and 621 nm for D95E/T99C/P196S and D95E/
T99C, respectively]. A more detailed analysis of the shape of
the Arch D95E/T99C/P196S UV−vis absorption band reveals
that it can be decomposed into two components with λmax
values of 553 and 638 nm (Figure 5), which are in good
agreement with calculated λmax values for G- and O-states of
the protein (Table 3). Apparently, introducing P196S
substitution into Arch D95E/T99C not only indeed red-
shifted the O-form absorption band maximum up to ≈638 nm

Figure 10. (a) Absorbance spectrum of purified Arch W96F/T215A solubilized in 10 mM Tris, 200 mM NaCl, 0.15% DM at pH = 6.5. The
absorbance spectrum is fitted by two Gaussian functions attributed to the G-form and O-form of the protein. (b) Absorbance, fluorescence
excitation, fluorescence emission spectral bands of Arch W96F/T215A recorded in 10 mM Tris, 200 mM NaCl, 0.15% DM at pH = 6.5.

Figure 11. Fluorescence voltage sensitivity of Arch-based GEVIs
measured as the relative change of fluorescence intensity on the 100
mV voltage change vs experimentally measured pKa(PSB).

Table 5. Relationship between the Values of the
Chromophore pKa and Voltage Sensitivity for Arch-Based
GEVIsa

GEVI pKa (PSB) voltage sensitivity ΔF/F per 100 mV (%)

Arch 10.17 407

Arch D95N 8.97 607

Archon1 ∼961 4011

Archer1 7.510 859

aVoltage sensitivity is measured as the relative change of fluorescence
intensity per 100 mV voltage step.
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but also caused a partial O-state destabilization. The
substantial admixture of the G state with λmax ≈ 553 nm
blue-shifts the overall spectrum to 628 nm. In line with the
complex nature of the observed UV/vis band, the shapes and
maxima of absorption and fluorescence excitation bands for
this mutant are also different (Figure 7). Therefore,
stabilization of O-form can lead not only to the red shift of
absorption band maximum but also to the increase of
fluorescence quantum yield at absorption band maximum
wavelength. We introduced a T215A substitution into Arch
D95E/T99C/P196S expecting stabilization of its O-state
because such substitution allowed us to increase the
thermodynamic stability of the O-state in the above-described
Arch W96F. Indeed, the obtained quadruple mutant exhibits a
UV/vis absorption band with λmax = 638 nm. The fluorescence
excitation spectrum of the D95E/T99C/P196S/T215A
mutant is almost identical to the corresponding absorption
band (Figure 12a). The fluorescence quantum yield at
absorption band maximum wavelength has also increased
from 0.56 to 0.97% after insertion of T215A substitution. It is
important to notice that the obtained mutant conserved
potential-dependence of the fluorescence signal, and we also
showed that its pKa(PSB) value (7.4) is located in the region
characteristic for high voltage sensitivity (see Figure 11).

For additional verification of our design strategy, we
considered another Archer mutant (Arch D95E/T99C/
A225M abbreviated as Archer2), which was originally reported
in ref 9 We synthesized this mutant and investigated its
spectral properties. The absorption band of this protein can be
decomposed into two Gaussian functions with λmax ≈ 573 and
649 nm, which can be attributed to the G- and O-states of the
protein, respectively. Our QM/MM model of the O-state of
this protein gives a similar λmax value, 643 nm. Apparently,
A225M substitution leads to a red shift of absorption band
maximum. We also analyzed the QM/MM model to
understand the spectral tuning mechanism provided by
substitution of alanine located above the C13-Me group of
the chromophore by bulkier methionine. We found that the
spectral tuning is indirect, i.e., the influence on λmax comes, at
least partially, due to reorganization of residues other than
substituted ones. Three effects were observed: 1) the distortion
of the chromophore (the C15−C14−C13−C12 dihedral angle
value changes from 172 to 165°); 2) the increase of distance
between D95 and D222 counterions and the NH-group of the
chromophore; 3) replacement of a water molecule, which is

located above the C13-Me group of the chromophore in
D95E/T99C by the side chain of M225.

Introducing the T215A mutation for O-state stabilization of
the O state in Archer2 shifted the UV/vis absorption band λmax
value to 640 nm (Figure 12b) and increased the ratio of O-
state. However, for this protein, O-state stabilization was not
complete and an observable admixture of the G-state still
persisted. Similar to Arch D95E/T99C/P196S/T215A, we
observed a moderate increase of fluorescence quantum yield at
absorption band maximum wavelength from 0.66 to 0.77%. We
also confirmed that the potential-dependence of the
fluorescence signal is conserved for the obtained mutant and
showed that its pKa(PSB) value (7.5) is located in the region
characteristic of high voltage sensitivity (see Figure 11). The
measured characteristics of proposed mutants can be found in
Tables 3 and 4 and the Supporting Information (Figures S6
and S7).

To perform additional evaluation of fluorescence voltage
sensitivity of new Arch mutants, we compared the Escherichia
coli killing-induced fluorescence changes of the new proteins
and Arch D95E/T99C, for which voltage sensitivity was
previously measured in eukaryotic cells.9 The relative change
of fluorescence intensity upon the 100 mV voltage change
(ΔF/F per 100 mV) reported in ref 9 is 85% (pH = 7.4). In
our experiments, the relative changes of fluorescence upon
killing E. coli cell (pH = 7.4) were found to be 1.2 and 1.6
times larger for Arch D95E/T99C/T215A/A225 M and Arch
D95E/T99C/P196S/T215A, respectively, than for Arch
D95E/T99C. Based on these values, we can suggest that
new mutants exhibit higher voltage sensitivity than D95E/
T99C, and their relative change of fluorescence intensity upon
the 100 mV voltage change may exceed 100%.

3. CONCLUSIONS
Enhancement of the fluorescent signal and red-shifting of the
absorption band maximum for rhodopsin-based genetically
encoded voltage indicators are important to increase the
applicability of these molecular instruments. Although recently
reported natural rhodopsin, NeoR,64,65 exhibits remarkable
quantum yield of 20% and a far-red absorption band maximum
at 690 nm, it can be considered only as a motivation for
development of new efficient rhodopsin-based GEVIs but, due
to the absence of potential dependence of its fluorescence
signal, it cannot complement the available GEVI toolkit

Figure 12. Absorption, excitation, and fluorescence emission spectra of Arch D95E/T99C/P196S/T215A (a) and Arch D95E/T99C/T215A/
A225 M (b). Purified samples were solubilized in 0.1% DM, 0.05 M Tris, 0.3 M NaCl, pH = 6.5. Excitation spectra were obtained with λem = 740
nm. Fluorescence emission spectra were obtained with λexc = 630 nm.
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without further modification.64 On other hand, designed
voltage-dependent rhodopsins that were designed to be
reported now exhibit much more modest fluorescence
quantum yields, up to 1% (Table 1). Moreover, absorption
band maxima of these proteins are still located far from the first
biological window. Namely, for representatives of two of the
three most widely used classes, QuasArs and Archons, λmax
values are situated in the 585−590 nm region (Table 1).
Absorption bands of Arch-based GEVIs from the third class,
Archers, are located in the far-red region (622−633 nm),
which is more optimal for biological applications but still leaves
room for improvement.

In this study, for GEVIs from the Archers class, we have
achieved an additional red shift of absorption band maxima up
to 640 nm (Table 3) and enhancement of the fluorescence
quantum yield up to 0.97%, retaining voltage-dependence of
the fluorescence signal at the same time. To our knowledge,
obtained Arch-based GEVIs with λmax = 640 nm are the most
red-shifted GEVIs reported up to now. The obtained
fluorescence quantum yield of 0.97% is the largest among
Archers and comparable to quantum yields reported for
Archons (1.05%, Table 1). We expect that both proposed new
GEVIs and formulated design principles can be used in further
studies: for voltage imaging research and for improvement of
existing rhodopsin-based GEVIs, respectively.

In addition, our study highlights the sometimes under-
estimated heuristic potential of directed evolution approaches.
If the goal is to optimize a certain property, for which defining
factors are unknown, application of the directed evolution
approach allows us not only to obtain proteins with desired
properties but also gives a set of objects for further
investigation that can help to elucidate these factors.

4. MATERIALS AND METHODS
A detailed description of the experimental and computational
methods is given in the Supporting Information. Below, we provide
a brief summary of applied protocols.
4.1. Sample Preparation and Spectroscopy
Wild-type Arch and its mutants were expressed in E. coli cells,
prepared according to the protocol described previously,8 and
solubilized in a buffer containing 0.1% n-Decyl-β-D-maltopyranoside
(DM), 0.5 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 0.3
M NaCl. Dark-adapted and light-adapted UV/vis spectra of purified
proteins solubilized in Tris buffer (10 mM Tris, 200 mM NaCl, 0.15%
DM, pH = 6.5) were recorded at room temperature on a NanoDrop
2000c spectrophotometer (Thermo Fisher Scientific).10 Dark-adapted
samples were prepared by incubation in the dark for 1 h prior to the
measurements. Light-adapted samples were obtained by illumination
with a 5 mW 532 nm laser for 10 min immediately before the
measurements.20 Sample size was 300 μL in all measurements.
Resonance Raman spectra of purified proteins solubilized in Tris
buffer (sample size 300 μL) were recorded at room temperature on
the express-Raman spectrometer SENTERRA (Bruker) equipped
with a 50× objective using 100 mW 785 nm and 40 mW 532 nm
excitations. Fluorescence excitation and emission spectra were
recorded using a Fluorolog-3 spectrofluorometer (Horiba Jobin
Yvon) on purified protein samples solubilized in the Tris buffer
(sample size 300 μL).
4.2. Fluorescence Quantum Yield and
Potential-Dependence of Fluorescence Measurement
For Arch D95E/T99C, a fluorescence quantum yield measurement
was performed using the Quanta-ϕ integrating sphere of Fluorolog-3.
The obtained fluorescence quantum yield (0.33%) is in full agreement
with the previously reported data.10 For the rest of studied proteins, a
comparative method with Arch D95E/T99C serving as a reference

was applied.8 Specifically, quantum yield measurements were
performed on a series of dilutions of each protein solution and the
reference with OD(λmax) values 0.15, 0.1, 0.07, 0.05, and 0.03. For
each dilution, the fluorescence emission spectrum was recorded with
excitation at the absorption band maximum wavelength, and the total
fluorescence intensities were obtained by integration. Fluorescence
spectra were obtained on a Chirascan-plus spectrofluorometer
(Applied Photophysics). For each measurement, the sample size
was 300 μL. Integrated fluorescence intensity as a function of
OD(λmax) was plotted for each protein and the reference and
approximated by a linear function. To derive fluorescence quantum
yield values from the obtained slopes (S), the following equation was
used: Φprotein = ΦD95E/T99C·(Sprotein/SD95E/T99C). To evaluate the
potential-dependence of fluorescence, the emission spectra were
recorded from alive E. coli cells expressing Arch mutants and from the
same cells after adding of kanamycin to the cell medium.66 The
observed raise of integrated fluorescence intensity after cell death was
attributed to the potential-dependence of fluorescence.61,67

4.3. QM/MM Model Construction
The QM/MM model of the wild-type Arch was constructed starting
from the corresponding X-ray structure (PDB entry 6GUX, 1.3 Å
resolution).55 To obtain G-state models of Arch mutants, O-state
models, and blue form models of all considered proteins, the
homology modeling approach was applied. The X-ray structures of
the wild-type Arch, the bacteriorhodopsin L93A O intermediate
(PDB entry 3VI0, 2.3 Å resolution, sequence identity to Arch 58%),68

and the acid blue form of bacteriorhodopsin (PDB entry 1X0I, 2.3 Å
resolution)69 were used as templates for the construction of G-state,
O-state, and blue form homology models, respectively. AlignMe 1.270

and I-TASSER 5.171 were employed for pairwise sequence alignments
and construction of three-dimensional structures, respectively.72 For
O-state and blue form models, I-TASSER generated only a single
model, which was used in subsequent calculations. For G-state
models, I-TASSER generated two models. The structure of model1
was closer to the O-state model of the wild-type Arch than to its G-
state; E204 residue from the proton release group was oriented
toward Y93; positively charged R92 was oriented toward E207 and
E214. On the other hand, the structure of model2 was closer to the G-
state model of the wild type Arch � E207 and E214 residues of the
proton release group formed the hydrogen bond; R92 was oriented
toward T215. For this reason, model2 was selected for subsequent
calculations.

At the next step, all models were complemented with the all-trans
retinal chromophore, and water molecules in protein cavities were
added with the Dowser++ program.73 The pKa values of titratable
residues were determined with PropKa 3.174 complemented with
parameters to take into account the electrostatics of the protonated
retinal Schiff base during calculations (parameters are sent upon
request). Hydrogen atoms were added to protein and water molecules
with pdbpqr version 2.1.0.75 Based on pKa evaluation, standard
protonation states at pH 7 (G-state and O-state models) and pH 2.6
(blue form models) were assigned to all residues. For QM/MM
calculations, the B3LYP/6-31g*/Amber99 ASEC-FEG protocol76−78

was employed as described in the Supporting Information Methods.
The QM region included 48 atoms of retinal and the NH-CεH2
moiety of K226, and the rest of protein atoms and water molecules
were described at the MM level. The hydrogen link atom approach
was employed for treating the interface between the QM and MM
subsystems placed at the Cε−Cδ bond of K226. QM/MM calculations
were carried out with Molcas 7.279 interfaced to Tinker 5.1.80

4.4. Calculation of Absorption Maxima and Vibrational
Frequencies
For calculation of the absorption maxima values, we used the above-
described QM/MM ASEC-FEG models. The SORCI+Q(6,6)/6-
31G* level of theory was employed to calculate energy of the S0 → S1
vertical transition of the chromophore in the environment of the
ASEC pseudoatoms’ point charges. The ORCA 3.0.381 program
package was used for these calculations.
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For calculation of vibrational frequencies of the C�N Schiff base
stretch mode vibration, we employed cluster models. The models
included the chromophore with K226, D95, and D222, three water
molecules and the chromophore with K226, D95, and D222, one
water molecule for the G-state and O-state models of the wild-type
Arch, respectively. The geometry of each cluster was optimized, and
vibrational frequencies in harmonic approximation were calculated at
the B3LYP/6-31g* level of theory. The Gaussian 09 program was
used for these calculations.82

4.5. MD for the Membrane-Embedded Models
To investigate protein structural changes that occur after a proton
transfer between E214 and D222 residues, all-atom MD simulations
for the corresponding proteins embedded in the membrane were
carried out. To obtain the membrane-embedded models, the
corresponding G-state or the O-state QM/MM model was inserted
in the equilibrated box of a 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) lipid bilayer. The system was hydrated
and neutralized by adding Na+ and Cl-ions using standard Gromacs
tools. For the obtained system, energy minimization (maximum force
threshold of 1000 kJ/mol/nm) was carried out followed by heating to
293 K and a 10 ns thermal equilibration in an NVT ensemble with
position restraints applied on all heavy atoms (force constant of 1000
kJ/mol/nm). Then, the system was equilibrated in the NPT ensemble
for 20 ns. At this stage, position restraints were applied only on
backbone atoms, and their magnitude was sequentially decreased from
1000 kJ/mol/nm during the first 3 ns up to zero during the last 5 ns.
To investigate protein structural changes that occur after a proton
transfer between E214 and D222 residues, the proton was transferred
from one position to another, and all-atom MD simulations were
carried out. The analysis of MD trajectory was performed to detect
structural reorganization as the change of the RMSD of protein heavy
atoms and by visual inspection.

MD simulations were performed with Gromacs 2019.183 using
Amber99sb force field84 complemented with parameters for lipids85

and all-trans retinal bound to lysine.86 The integration step of 1 fs, 12
Å cutoff for van der Waals interactions and short-range electrostatics,
and Particle Mesh Ewald summation87 for long-range electrostatics
were used in all simulations. The Nose−Hoover thermostat88 and
Parrinello−Rahman barostat89 were used for controlling temperature
and pressure, respectively. Visualization and analysis of molecular
dynamics trajectories and protein structures were performed with
VMD 1.9.4.90
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et al. MOLCAS 7: The Next Generation. J. Comput. Chem. 2010, 31,
224−247.
(80) Ponder, J. W.; et al. TINKER: Software Tools for Molecular
Design; Washington University School of Medicine: Saint Louis, MO,
2004; Vol. 3.
(81) Neese, F. The ORCA program system. Wiley Interdiscip. Rev.:
Comput. Mol. Sci. 2012, 2 (1), 73−78.
(82) Frisch, M. J.; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M.;

Cheeseman, J.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G.;
et al. Gaussian 09, Revision D. 01; Gaussian. Inc.: Wallingford, CT,
2009.
(83) Abraham, M. J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J. C.;

Hess, B.; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 2015, 1−2, 19−25.
(84) Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.;

Simmerling, C. Comparison of multiple Amber force fields and
development of improved protein backbone parameters. Proteins
2006, 65, 712−725.
(85) Jambeck, J. P.; Lyubartsev, A. P. Derivation and systematic

validation of a refined all-atom force field for phosphatidylcholine
lipids. J. Phys. Chem. B 2012, 116, 3164−3179.
(86) Hayashi, S.; Tajkhorshid, E.; Schulten, K. Structural changes

during the formation of early intermediates in the bacteriorhodopsin
photocycle. Biophys. J. 2002, 83, 1281−1297.

(87) Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An
Nlog (N) method for Ewald sums in large systems. J. Chem. Phys.
1993, 98, 10089−10092.
(88) Evans, D. J.; Holian, B. L. The nose−hoover thermostat. J.
Chem. Phys. 1985, 83, 4069−4074.
(89) Parrinello, M.; Rahman, A. Polymorphic transitions in single

crystals: A new molecular dynamics method. J. Appl. Phys. 1981, 52,
7182−7190.
(90) Humphrey, W.; Dalke, A.; Schulten, K. VMD: visual molecular

dynamics. J. Mol. Graph. 1996, 14, 33−38.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.3c00073
ACS Phys. Chem Au 2024, 4, 347−362

362

https://doi.org/10.1016/j.jmb.2005.06.026
https://doi.org/10.1016/j.jmb.2005.06.026
https://doi.org/10.1093/nar/gku291
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1021/acsomega.8b00721?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b00721?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/prot.25081
https://doi.org/10.1002/prot.25081
https://doi.org/10.1021/ct100578z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100578z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkm276
https://doi.org/10.1093/nar/gkm276
https://doi.org/10.1093/nar/gkm276
https://doi.org/10.1021/acs.jctc.1c00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00232-019-00095-0
https://doi.org/10.1007/s00232-019-00095-0
https://doi.org/10.1002/jcc.21318
https://doi.org/10.1002/wcms.81
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1002/prot.21123
https://doi.org/10.1002/prot.21123
https://doi.org/10.1021/jp212503e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp212503e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp212503e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0006-3495(02)73900-3
https://doi.org/10.1016/S0006-3495(02)73900-3
https://doi.org/10.1016/S0006-3495(02)73900-3
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.449071
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.328693
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

