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Abstract
There is a need to shift the absorbance of biomolecules to the optical transparency window of tissue for applications in 
optogenetics and photo-pharmacology. There are a few strategies to achieve the so-called red shift of the absorption maxima. 
Herein, a series of 11 merocyanine dyes were synthesized and employed as chromophores in place of retinal in bacterio- 
rhodopsin (bR) to achieve a bathochromic shift of the absorption maxima relative to bR’s �a

max
 of 568 nm. Assembly with 

the apoprotein bacterioopsin (bO) led to stable, covalently bound chromoproteins with strongly bathochromic absorbance 
bands, except for three compounds. Maximal red shifts were observed for molecules 9, 2, and 8 in bR where the �a

max
 was 

766, 755, and 736 nm, respectively. While these three merocyanines have different end groups, they share a similar structural 
feature, namely, a methyl group which is located at the retinal equivalent position 13 of the polyene chain. The absorption 
and fluorescence data are also presented for the retinal derivatives in their aldehyde, Schiff base (SB), and protonated SB 
(PSB) forms in solution. According to their hemicyanine character, the PSBs and their analogue bRs exhibited fluorescence 
quantum yields (Φf) several orders of magnitude greater than native bR (Φf 0.02 to 0.18 versus 1.5 ×  10–5 in bR) while also 
exhibiting much smaller Stokes shifts than bR (400 to 1000  cm−1 versus 4030  cm−1 in bR). The experimental results are 
complemented by quantum chemical calculations where excellent agreement between the experimental �a

max
 and the calcu-

lated �a
max

 was achieved with the second-order algebraic-diagrammatic construction [ADC(2)] method. In addition, quantum 
mechanics/molecular mechanics (QM/MM) calculations were employed to shed light on the origin of the bathochromic shift 
of merocyanine 2 in bR compared with native bR.
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Abbreviations
bO  Bacterioopsin
bR  Bacteriorhodopsin
DIBAH  Diisobutylaluminium hydride
mp  Melting point
OS  Opsin shift
(P)SB  (Protonated) Schiff base

1 Introduction

The embedding of ligands into proteins represents the trans-
fer from the homogeneous solvent into the strongly hetero-
geneous environment composed of amino acids. Such pro-
cess alters the chemical properties of the ligand to a large 
extent—even more so—in chromoproteins, where the incor-
poration of the chromophore may cause a strong alteration 
of the position ( �a

max
 ) and intensity (εmax) of the absorption 

band as well as the photochemical properties of the chromo-
phore. In the light-activated, retinal-containing membrane 
protein bacteriorhodopsin (bR) from the Archaeon Halo-
bacterium salinarum, the quantum yield, the selectivity 
of the photoisomerization of one particular double bond 
of the retinal chromophore, and also the spectral position 
of the absorption bands are efficiently tuned by the protein 
[1–4]. In particular, the latter property, i.e., the formation 
of a chromophoric system which absorbs light in the visible 

range, contrasts the absorption of the retinal chromophore 
in ethanol solution which peaks in the ultraviolet spectral 
range ( �a

max(EtOH) = 380 nm). This is an obvious consequence 
of specific chromophore–protein interactions. The strong red 
shift of the absorption band ( �a

max(bR) = 568 nm) upon bind-
ing of the retinal chromophore to the apoprotein bacterio-
opsin (bO), via the formation of a protonated Schiff base 
(PSB) to Lys216, is referred to as the opsin shift (OS) [5]. 
The OS was initially proposed by Honig and coworkers and 
is defined by the difference in the absorption of the pro-
tonated retinal-butylamine Schiff base in solution (mostly 
measured-as here-in EtOH and using HCl as acid) and the 
PSB in bR [5]

In general, based on studies of bR and visual opsins, the 
following factors contribute to the OS:

 (i) The first being the distribution of the positive charge 
of the PSB along the polyene chain of the chromo-
phore [6, 7].

 (ii) The influence of the protein environment on the 
chromophore plays an important role in the degree 
of the OS [5, 8–14]. For example, Kropf and Hub-
bard first suggested that charged amino acids near 
the chromophore could be key to the observed shifts 
between the λmax of retinal in solution versus the pro-

OS (cm−1) = �
a

max,PSB
(cm−1) − �

a

max,bR
(cm−1).
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tein environment [8]. Later, Honig, Nakanishi, and 
coworkers presented formative studies on the role of 
charged and polar residues near the PSB of retinal 
for bR and visual opsins [10, 11]. Their work also 
considered charged or polar amino acids in vicinity 
to the cyclohexenyl ring of the chromophore as mod-
ulating factor (‘external two point charge model’). 
Dispersion interactions also impact the OS and have 
been reported in several experimental and computa-
tional studies [13–17].

 (iii) The twist of the bonds can also impact the OS [13, 
14, 18–21]. There are two potential ways to achieve 
this. The first is a conformational change between 
6-s-cis and 6-s-trans which determines the twist 
between the cyclohexene ring and the retinal polyene. 
It induces a change in the conjugation of the ring’s 
double bond with the π-system of the polyene chain 
which has been shown to shift the absorption maxi-
mum by 80 nm in recent measurements of retinal 
analogues. Second, the twist of the polyene chain’s 
double or single bonds inducing a red shift or a blue 
shift, respectively.

Many of these interactions between the chromophore 
and selected amino acids of the protein are well understood, 
since highly resolved three-dimensional structures of bR 
[22] and of some of the photocycle intermediates are now 
available [23].

To validate specific interactions between chromophore 
and protein as well as to quantify their effect, site-directed 
mutagenesis has been used. In addition, chemically synthe-
sized, structurally modified chromophores have yielded valu-
able information not obtainable by mutagenesis [19, 24–28]. 
As the vertebrate rhodopsins carry the 11-cis isomer of the 
same chromophore, structurally and electronically modified 
retinal derivatives have been employed in several pigments, 
light-driven ion pumps, e.g., bR and halorhodopsin (hR), 
microbial rhodopsins, and also their animal counterparts [24, 
29–33]. Besides the introduction of sterically and electroni-
cally modified substituents into the retinal structure [19, 34], 
changes of the cyclohexenyl ring moiety have been accom-
plished. A cornerstone was the fixation of the ring structure 
in 6-s-cis (confirming the structure in animal rhodopsin) 
and alternatively in 6-s-trans (thereby demonstrating by 
the large bathochromically shifted absorption maximum 
that this structure is valid for bR) [19]. Further structural 
changes were placement of an aromatic ring system instead 
of the cyclohexenyl ring [34], an azulene or a merocyanine 
compound (which upon formation of a PSB converts into a 
hemicyanine structure) [35, 36]. Early attempts to extend the 
wavelength range of bO were based on the polarized double 
bond system of retinal in which position with odd numbers 
(13, 11, 9) carry a slightly positive charge, whereas even 

positions (14, 12, 10) are more negative [37]. Accordingly, 
this polarization became stronger by the introduction of hal-
ide substituents at positions 12, 13, or 14 of retinal yielding 
a noticeable red shift of the absorption band upon assembly 
with bO, and theoretical calculations revealed that the SB 
protonation causes a slight elongation of the 13–14 double 
bond and a constriction of the 14–15 single bond [32, 35, 
37, 38]. Much stronger bathochromic absorption maxima 
resulted, when push–pull systems were introduced such 
as, in the simplest case, by exchanging of the cyclohexenyl 
ring of retinal by a piperidine moiety [39]. These scholars 
synthesized a series of such push–pull compounds and dis-
cussed the resulting red-shifted absorption maxima of hemi-
cyanine dyes due to their extended conjugated electronic 
systems that allowed energy-reducing resonance formulas. 
This fundamental contribution was published back-to-back 
with another paper that added theoretical calculations to this 
phenomenon [40].

The replacement of the cyclohexenyl ring of retinal by 
p-amino substituted phenyl rings yielded, when assem-
bled with bO, a �a

max
 of 615 nm (either mono- or dimethyl 

amino substituents), and generated also  other microbial 
rhodopsins, strongly red-shifted pigments [36]. In some 
applications, these compounds were fine-tuned for fit-
ting into the binding site by addition of two ortho-placed 
methyl groups (thereby, the ring moiety is described as a 
2,6-dimethyl-4-methyl amino phenyl ring; these compounds 
were then coined as MMAR) [41, 42]. Not only yielded the 
MMARs red-shifted absorptions upon assembly with bO, 
but, more importantly, they showed a strong, extremely red-
shifted fluorescence (in contrast to bR that is nearly void of 
any fluorescence). A detailed study of MMAR-assembled 
proteorhodopsin documented the interesting properties of 
these MMAR-type chromophores [43]. In fact, the strong 
red shift in both absorption and fluorescence of an MMAR-
substituted proton pump from H. sodomense allows its use 
as a voltage sensor and makes these pigments promising 
tools in neuro-biological applications [44]. The concept of 
synthesizing push–pull systems was optimized by Liu and 
coworkers who replaced the cyclohexenyl ring of retinal by 
an azulenic ring system, and in addition, they replaced the 
methyl group at position 13 by a trifluoromethyl group [45]. 
These changes clearly revealed the diverse forces that the 
protein environment exerts on the chromophore properties 
[46].

Merocyanines carrying an electron-donating heter-
oatom on one end, e.g., a nitrogen atom, and an electron-
withdrawing heteroatom on the other (consider an alde-
hyde group) [47], are attractive model compounds to probe 
the impact of the protein environment on the spectral 
properties of the retinal chromophore in bR. With their 
hetero-aromatic nitrogen-containing ring and the carbonyl 
group at either end, the delocalization of the electronic 
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structure is much more pronounced than in the retinal. 
Such compounds would become hemicyanines upon con-
version of their electron-withdrawing carbonyl group into 
a protonated Schiff base (PSB), and already in solution 
would mimic the PSB formation taking place upon bind-
ing of such compounds to bO. Thereby, one can probe 
the composite effects of the protein on the absorption and 
photochemical properties upon chromophore incorpora-
tion. In addition, this study also aims to answer the chal-
lenging question, ‘to what extent does a fully conjugated 

polyene system still undergo the chromophore-character-
istic photochemistry?’.

Here, we continue a former study presented in a short 
communication [35] and report the complete information 
on the synthesis of a series of 11 merocyanine dyes (Fig. 1) 
and their interactions with the apoprotein bO which result 
in remarkably bathochromically shifted absorption max-
ima of the formed hemicyanines. Interestingly, the struc-
tural features of these merocyanines reported in above-
cited short note had stimulated research to employ this 

Fig. 1  Structural formulae 
of retinal derivatives 1–12 in 
the aldehyde form. Different 
terminal rings are highlighted 
in color. The position of the 
methyl group(s) along the 
polyene chain is shown in gray. 
The conventional numbering for 
retinal carbon atoms is shown 
for 1trans
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compound class for microbiological investigation. Herwig 
et al. [48] had incorporated merocyanine 2 (see Fig. 1) into 
Archaerhod o-psin-3 (Arch), a light-driven proton pump from  
H. sodomense (see above-cited work with MMAR retinal 
analogues). The novel Arch showed strong fluorescence 
(brightness 8.5-fold that one from the native Arch) and an 
emission maximum ca. 200 nm red-shifted to the native pig-
ment. The authors succeeded to incorporate this cyanine-
Arch into the membrane of living E. coli cells and dem-
onstrated the higher visibility in microscopic applications.

The retinal-like merocyanines depicted in Fig. 1 were 
designed with polyene chains in length of three or four 
double bonds and carry ring substituents of 2,3-dihy-
dro-1,3,3-trimethylindol-2-ylidene, 2,3-dihydro-3-ethyl-
benzothiazol-2-ylidene, 1-methyl-quinolin-2(1H)-ylidene, 
N-methyl-3-indolyl, and N-methyl-2-pyrrolyl groups with 
a terminal aldehyde end group to allow the formation of 
a PSB with the lysine of bO. The results from the pro-
tein–chromophore interactions are compared to the spec-
troscopic properties of these compounds after conversion 
into PSBs in organic solvents. The experimental results are 
complemented by quantum chemical simulations of the exci-
tation energies of the retinal analogues in the gas phase, 
solution, and in the protein environment. The spectral tun-
ing of the analogue bRs is revealed by combined quantum 
mechanics/molecular mechanics (QM/MM) simulations. 
The comparison of the changes in the electronic structure 
of the chromophore upon excitation and the electrostatic 
potentials imposed by the protein on the chromophore help 
to understand the spectral shifts.

2  Materials and methods

2.1  Chemical section

Triethylphosphite and chloroacetonitrile were purchased 
from Aldrich, and 3,3-dimethyl-acrylonitrile was purchased 
from Merck Schuchard. Fischer aldehyde 13 [2,3-dihy-
dro-1,3,3-trimethylindol-2-ylidene-acetaldehyde] and 
phosphoniumacetal 26 were generously provided by BASF 
AG Ludwigshafen. Fischer aldehyde 13 was recrystallized 
from Ligroin before use. Silicagel 60 for chromatography 
was from Merck Schuchard. Solvents were dried and puri-
fied according to the standard procedures. All other reagents 
were of analytical grade.

Compounds 2–12—out of which compounds 2–7 had 
been briefly described in the former publication [35]—were 
characterized by 1H-NMR, 13C-NMR, IR, UV/Vis, high-
resolution mass spectroscopy, or elementary analysis (see 
Supplementary Material; for an assignment of all compound 
numbers to chemical structures, see Figs. 1 and 2). The spec-
troscopic data were in full accordance with the expected 

structures. For compounds 2–7, the same starting material 
(“Fischer-Aldehyde”, 2,3-dihydro-1,3,3-trimethylindol-
2-ylidene-acetaldehyde, 13) was employed. Polyene chain 
extension followed the established Wittig–Horner route. 
Aldehydes were condensed with ylids from phosphonates 
of different chain lengths and substitution patterns that carry 
a nitrile end group. The nitrile end group of the new reac-
tion product was then reduced to new aldehyde groups by 
DIBAH. We describe here in all detail only the synthesis 
of compound 2 (for the synthesis of all other merocyanines 
and spectroscopic and analytical details, see Supplementary 
Material).

2.2  Synthesis of trimethylindolenine retinal 
derivatives 2–7

(a) 4-(2,3-Dihydro-1,3,3-trimethyl-indol-2-ylidene)-but-
2-enenitrile 14

To a suspension of 7.2 g (0.3 mol) sodium hydride (80% 
in paraffin) in 70 mL tetrahydrofurane (THF), a solution of 
39.6 g diethyl (cyanomethyl)phosphonate in 40 mL THF 
was added dropwise at 0 °C under nitrogen. For the forma-
tion of the ylide, the solution was refluxed for 30 min. After 
cooling to room temperature, 15.0 g (75 mmol) of Fischer 
aldehyde 13 dissolved in 70 mL THF were introduced drop-
wise under nitrogen. This solution was again refluxed for 
1 h. After cooling, 70 mL brine was added, followed by 
extraction with dichloromethane and drying of the combined 
organic phases. After evaporation and column chromatog-
raphy (silica gel, dichloromethane/diethyl ether 1:1) 12.9 g 
(58 mmol = 77%) of nitrile 14 was obtained (mp 90 °C). M 
(calculated): 224.1313, M (found): 224.1297 ± 0.0023.

(b) 4-(2,3-Dihydro-1,3,3-trimethyl-indol-2-ylidene)-
2-butenal 15

12.0 g (53 mmol) nitrile 14 dissolved in 50 mL dichlo-
romethane were allowed to react with 160  mL of 1  M 
DIBAH in dichloromethane for 2 h under nitrogen at room 
temperature. After hydrolysis with wet silica gel, extrac-
tion, drying, and solvent evaporation, column chromatog-
raphy (dichloromethane/diethylether 1:1) yielded 6.7  g 
(29 mmol = 55%) of aldehyde 15 (mp 131 °C).

(c) 8-(2,3-Dihydro-1,3,3-trimethyl-1H-indol-2-ylidene)-
3-methyl-2,4,6-octatrienal 2

To form the ylide of diethyl (3-cyano-2-methyl-2-prope-
nyl)phosphonate, 7.2 g (33 mmol) phosphonate in 30 mL 
THF were added dropwise to 1.1 g (45 mmol) of sodium 
hydride (80% in paraffin) in 30 mL THF at 0 °C under 
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Fig. 2  Schematic presentation of synthesis of novel merocyanines A) 2 and 3, B) 4 and 7, C) 5 and 6, D) 8 and 9, E) 10 and 11, and F) 12. Right 
hand panel lists reagents and molecules involved in the syntheses
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nitrogen. This solution was refluxed for 30 min. After 
cooling, 2.5 g (11 mmol) of aldehyde 15 in 30 mL THF 
were added. This solution was again refluxed for 15 min. 
After conventional work-up according to the procedure 
(1a) and column chromatography (dichloromethane/die-
thyl ether 1:1), 2.2 g (8 mmol = 69%) of nitrile 16 were 
obtained (mp 126 °C). Reduction of nitrile 16 with DIBAH 
was identical to procedure (1b). The reaction between 
2.0 g (7 mmol) of compound 16 and 20 mL DIBAH (1 M 
in dichloromethane) yielded 1.2 g (4 mmol = 57%) of 2 
(mp 99 °C).

2.3  Synthesis of protonated Schiff bases 
from aldehydes 1–12

To ethanolic solutions of aldehydes 1–12 (volumes of 
50 mL, adjusted absorption of 1.0 in a 1 cm path length 
cuvette), 200 μL n-butylamine were added in the dark and 
the resulting mixture was allowed to react for ca. 15 min. 
After this incubation, UV–Vis absorption spectra were 
recorded from aliquots of these solutions. Protonation of 
the Schiff base (SB) solutions generating the protonated 
Schiff bases (PSB) was performed by addition of 200 μL of 
concentrated hydrochloric acid. UV–Vis absorption spectra 
were immediately measured after the addition. The di-cation 
of the SB of compound 9 (protonation of the chinolin nitro-
gen atom) was obtained after further addition of 50 μL of 
concentrated hydrochloric acid (Fig. 3).

2.4  Microbiological and biochemical section

2.4.1  Formation of chromoproteins and pH‑dependence 
of fully reconstituted hemicyanine‑containing bRs

The apoprotein bO was prepared from the retinal-deficient 
H. salinarum strain JW5, following the standard proto-
cols [35]. Chromoproteins were reconstituted at ambient 
temperatures by incubating bO (10–15 μM in a volume 
of 3 mL) in the dark with the newly synthesized merocya-
nines. The aldehydes were added in highly concentrated 
form (vol. < 10 μL), dissolved in ethanol or isopropanol. 
In the case of compounds 5, 8, and 9 which showed only 
low solubility in alcohols, solutions in DMSO were applied. 
The final chromoprotein concentration was between 5 and 
10 μM. For experiments investigating the pH-dependence 
of the absorption spectra, sodium phosphate buffers with 
pH values of 9, 7.5, 6, and 4 were prepared. 50 μL of fully 
reconstituted chromoproteins were diluted into 700 μL of 
the buffer, such that absorbances of 0.1–0.2 at their maxi-
mum resulted. These solutions were directly measured in the 
UV–Vis photometer.

2.4.2  Irradiation protocol

Samples of reconstituted bRs were irradiated with light from 
a slide projector bulb (250 W), equipped with interference 
or cut-off filters, according to the required wavelengths. The 
samples were placed in front of the projector at a distance 
of ca. 25 cm.

2.4.3  Fluorescence measurements

Fluorescence measurements were performed with a Spex-
Fluorolog. The samples had an absorption of 0.05 at the 
excitation wavelength.

2.5  Computational methods

2.5.1  Solution models

The aldehyde, SB, and PSB structures of the retinal ana-
logues 1–12 were optimized in the gas phase and in solu-
tion using B3LYP/cc-pVDZ with Grimme’s D3 (GD3) 
dispersion corrections [49–52]. The calculations in solu-
tion employed a polarized continuum model (PCM) with 

Fig. 3  Absorption spectra of molecule 8 with the free aldehyde 
(dashed), SB (dotted), and PSB (solid line) forms (top panel). 
Absorption spectra of molecule 9 with the PSB form (dashed) and the 
di-protonated SB (solid line, bottom panel)
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ethanol as the solvent. The minimum structure was con-
firmed by a frequency calculation where no imaginary 
frequencies were present. The  C6–C7 single bond (Fig. 1) 
connecting the polyene moiety with the cyclohexenyl ring 
can assume two conformations. Therefore, we computed 
both the 6-s-cis and 6-s-trans conformations of retinal and 
these will be referred to as 1cis and 1trans (Fig. 1), respec-
tively. The aldehyde, SB, and PSB models of 1cis and 1trans 
are shown in the SI Fig. S1. Similar to retinal, the com-
pounds 10, 11, and 12 also had a single bond between 
the polyene chain and the ring. Hence, two models were 
generated to determine which would be lower in energy. 
The heterocycles were rotated by 180° around the polyene 
chain (Fig. S2) and the relative energetics of s-cis and 
s-trans compared (Table S1).

To reduce the computational cost, the n-butyl group was 
replaced as described below. For the SB models, either a 
hydrogen  (SBH) or a methyl group  (SBMe) was introduced 
at the SB nitrogen. Two substituents for the iminium nitro-
gen were considered for the PSB: (i) a hydrogen  (PSBH) 
and (ii) a methyl group  (PSBMe). In the case of the  PSBMe 
models, the effect of the  Cl− counterion was evaluated 
 (PSBMe+Cl−). The  Cl− ion was added in the plane of the 
polyene chain of the  PSBMe models with a distance of 
3.0 Å from the SB nitrogen and 3.0 Å from the carbon of 
the methyl substituent (Fig. S3). This procedure was sys-
tematically completed for each derivative. The aldehyde, 
SB, and  PSBMe+Cl- models were neutral, whereas  PSBH 

and  PSBMe had a positive charge. The geometry optimiza-
tions were completed in Gaussian 09 [53].

2.6  Hybrid QM/MM models

Retinal (1trans) and molecule 2 were described in the bR pro-
tein environment using the hybrid QM/MM method (Fig. 4). 
Compound 2 was selected, because it was among the most 
red-shifted derivatives and comparable to retinal in terms 
of the length of the polyene chain. Due to the high compu-
tational cost of studying all the analogues, we limited our 
QM/MM calculations to a comparison of 1 and 2 in bR. The 
bR models were generated from the high-resolution crystal 
structure of bR (PDB ID 7Z09) [22]. Hydrogens were added 
using the tleap program from the AMBER 16 package [54, 
55]. The counterions, Asp85 and Asp212, were not proto-
nated (Fig. 4), and the remaining titratable residues were 
set to the default value at pH 7. The parameters for retinal 
and 2 were determined via antechamber in AMBER 16 [54, 
55]. The waters present in the crystal structure were retained 
for the simulations. The system was pre-optimized via the 
steepest descent algorithm for 250 steps followed by 750 
steps with the conjugate gradient algorithm. Subsequently, 
the system was further minimized using the hybrid QM/
MM approach using the semi-empirical DFTB [56] method 
for the QM part. The QM region contained the retinal mol-
ecule and the side chain of Lys216 where the partitioning 
between the QM and MM regions was made between the 
Cα and Cβ. The cut between the Cα and Cβ was chosen 

Fig. 4  QM/MM optimized models generated from PDB ID: 7Z09 where the chromophore is A) 1trans and B) 2. The counterions, Asp85 and 
Asp212, are shown in purple
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based on our previous studies of retinal proteins [57–59]. 
The resulting structure was used for the QM/MM optimiza-
tion using the B3LYP functional with cc-pVDZ basis set as 
part of the QM region. In addition, dispersion correction 
[52] with Becke–Johnson damping (D3BJ) [60] was applied 
to B3LYP. The L-BFGS [61] optimizer was used for the 
optimization. In our setup, all residues within 5 Å of the 
chromophore were allowed to freely move throughout the 
optimization except for their backbone atoms. All protein 
residues and the backbone of Lys216 were included in the 
MM region and treated with the ff14sb force field [62]. The 
DFTB calculations were carried out in AMBER 16. The 
QM/MM optimizations of bR-1 and bR-2 were performed 
in Orca.

2.7  Calculation of vertical excitation energies

The vertical excitation energies for each of the retinal deriva-
tives were carried out in both the gas phase and solution for 
all models under consideration. The retinal derivatives were 
optimized in the ground state prior to the excited-state calcu-
lations. We used time-dependent density functional theory 
(TD-DFT) with the TD-CAM-B3LYP [63] functional with 
the cc-pVDZ [51] basis set. In addition, the algebraic-dia-
grammatic correction scheme to the second-order ADC(2) 
[64, 65] was applied with the same basis cc-pVDZ. For 
the TD-DFT calculations in ethanol, a PCM solvent model 
was used and for the ADC(2) calculations, a Conductor-
like Screening Model (COSMO) [66, 67] was used. Three 
excited states were calculated for each model and the cor-
responding oscillator strengths were used to determine the 

bright state. The root-mean-square error (RMSE) between 
the experimental and the calculated vertical excitation ener-
gies was computed and the equation is described in Fig. 
S6. The TD-CAM-B3LYP calculations were completed in 
Gaussian 09 and the ADC(2) calculations were completed 
in Turbomole version 7.3 [68, 69].

3  Results and discussion

A series of merocyanine dyes were synthesized and 
employed as chromophores in bR (Fig. 1). Instead of the 
cyclohexene ring that retinal possesses, the ring substituents 
of the derivatives were varied into N-methyl-3,3-dimethylin-
dolylidene (2–7), N-ethyl-benzthiazolylidene (8), N-methyl-
1,2-dihydro-chinolin-2-ylidene (9), N-methyl-3-indolyl 
(10, 11), and N-methyl-2-pyrrolyl groups (12) (Figs. 1, 2). 
Methyl substitution of the ring nitrogen atoms was required 
in all cases to prevent side reactions of the heteroatoms dur-
ing the synthesis. Due to the low reactivity of some of the 
starting materials, e.g., 13 (Fig. 2), the syntheses turned out 
to be difficult and demanded variation of the commonly used 
Wittig–Horner route (Fig. 2) [35].

3.1  Absorbances of retinal derivatives

As expected from their merocyanine structure [35], the 
absorbances of the new compounds in organic solvents are 
all red-shifted compared to that of retinal (Table 1). The 
most bathochromic absorption is found for compound 9 
( �a

max
 : 540 nm, cf. �a

max
 of retinal: 380 nm). The red-shifted 

Table 1  Spectral properties 
( �a

max
 and εmax) of free 

aldehydes, Schiff bases (SB), 
and protonated SB (PSB) all 
measured in ethanol

The bR values are reported from the incubation of bO with merocyanines 2–12. The OS is listed in the last 
column in  cm−1

a There are two isomers present with partially overlapping absorption bands
b No complete reconstitution between 5 and bO
c No covalent chromophore protein binding (for details, see “Results” section)

Aldehyde SB PSB bR OS  (cm−1)

�
a

max
 (nm) Log ε �

a

max
 (nm) �

a

max
 (nm) �

a

max
 (nm) Log ε

1 381 4.60 357 440 570 4.80 5183
2 487 4.63 448 666 755 5.43 1770
3 482 4.65 465 657 700 5.23 935
4 490 4.75 452 657 698 ~ 5.36a 894
5 491 4.61 453 665 711b –c 973
6 463 4.46 420 578 610 ~ 5.08 908
7 456 4.78 422 567 –c – –
8 511 4.58 465 701 736 5.09 678
9 540 4.68 479 730 766 5.19 644
10 441 4.55 411 533 –c – –
11 421 4.32 390 515 –c – –
12 420 4.42 391 504 –c – –
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absorption maxima can be explained from a strong con-
tribution of the aromatic π-system of the nitrogen-based 
ring system to the polyene chain absorption. The geom-
etry optimizations of the retinal analogues with DFT 
show that the ring component and the polyene chain of 
the retinal analogues are planar, which allows for excellent 
π-conjugation in these molecules.

While the cyanines studied here exhibit strongly 
bathochromic absorption maxima, there are a few anoma-
lies to point out. The red shift between the SBs and PSBs 
of 10–12 is not as dramatic as the other hemicyanines. 
This moderate red shift can be understood from the struc-
ture of these compounds that do not show cyanine-like 
properties per se but exhibit a more polyene-like char-
acter. This becomes obvious from a comparison of the 
absorption maxima upon extending the polyene chain by 
one double bond. The additional double bond (from 6 to 2 
or from 7 to 3) leads to a shift of the absorption maximum 
by ~ 90 nm (578 to 666 nm, Δ = 2286  cm−1 and 567 to 
657 nm, Δ = 2416  cm−1), respectively. On the other hand, 
the extension of the side chain by one double bond (as seen 
in 11 to 10) adds only 18 nm to the position of the absorp-
tion maximum (515–533 nm, Δ = 656  cm−1).

For further discussion, we wish to differentiate between 
a ‘polyene-like’ and a ‘cyanine-like’ electronic configura-
tion in this study, as neither retinal nor the merocyanines 
match exactly the definition of their compound class with 
respect to their electron distribution. Considering the 
crystal structure of retinal [70], one finds with respect to 
bond lengths a clear alternation of single and double bonds 
(C7–C8: 1.315 Å, C8–C9 Å: 1.467 Å, C13–C14: 1.344 Å, 
C14–C15: 1.455 Å. In contrast, the central bonds in a fully 
symmetric cyanine (Scheme 1) are indistinguishable in 
length, i.e., the single and double bonds have become 
equal in length [7].

In an early study, Tavan et al. calculated, based on the 
crystal structure of retinal, the SB of retinal and the effect of 
the retinal–SB protonation, aiming to understand the effect 
of a positive charge in the vicinity of the 13–14 bond [37]. 
This study demonstrates the effect of protonation: C7–C8: 
1.346 Å, C8–C9 Å: 1.471 Å, C13–C14: 1.408 Å, C14–C15: 
1.400 Å, i.e., C13–C14 and C14–C15 bonds become of 
equal length.

In contrast, the incorporation of the novel merocyanine 
compounds in the bO results in much smaller OS, compared 
to the native retinal chromophore. The top 3 most red-shifted 
PSBs in solution were 9, 8, and 2 where the absorption max-
ima were 730, 701, and 666 nm, respectively. In bR, the 
most bathochromically shifted merocyanines were: 9, 2, and 
8, where the absorption maxima were 766, 755, and 736 nm, 
respectively. The incorporation of merocyanines 9, 2, and 
8 into bR yielded absorption maxima which are even more 
red-shifted than a recently discovered neorhodopsin (NeoR, 
�
a

max
 = 690 nm) [59]. It is clearly an intrinsic effect of the 

altered chromophores, since NeoR carries a canonical retinal 
chromophore 1. These three derivatives share two common 
features, namely the position of the methyl sidechain at the 
retinal 13 position and the length of the polyene chain of 8 
carbons. Interestingly, the heterocycles for 9, 2, and 8 are 
distinct, perhaps indicating that the key to the red shift is 
not dependent on the type of ring system employed. The red 
shift clearly results from the ability to shift the charge from 
the iminium nitrogen farther across the polyene chain than 
in retinal which is provided by the additional nitrogen in the 
ring systems.

The effect of the methyl group position can be extracted 
from the series of derivatives 3, 4, and 5. They have the 
same heterocycle as in 2 and also an 8-carbon length polyene 
chain. The only difference between 2 and the structures of 3, 
4, and 5 is the position of the methyl group, yet 2 has a red 
shift of more than 40 nm compared to them. This indicates 
that the position of the methyl group is a strong contributor 
to the extent of the red shift—at least among this group of 
merocyanines. It can be explained using resonance structures 
where the positive charge is delocalized along the polyene 
chain (Scheme 2) [8]. The ground state electronic structure 
is described by resonance structure I, while the excited-state 
electronic structure is a combination of resonance structures 
I–VII. The resonance structures have the positive charge on 
the carbon atom with an uneven number. If a methyl group 
is introduced in such a position, it is lowering the excited-
state energy and therefore leading to a red shift. In bR-5, 
the methyl group is at position 11, and in 3, it is at position 
14 (referring to retinal numbering, Fig. 1). This indicates 
that the position of the methyl group is a strong contributor 
to the extent of the red shift—at least among this group of 
merocyanines.

3.2  Formation of protonated Schiff bases

The conversion of the aldehyde into a SB in organic sol-
vents upon addition of n-butylamine, followed by protona-
tion, could be accomplished with all compounds and led to 
a strong bathochromic shift of the absorption (Table 1). The 
hemicyanine character of the PSB, which formally allows 
the positive charge to move along the entire polyene chain 

Scheme 1  A symmetrical cyanine compound where the double and 
single bonds are nearly identical in length [71]
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into the hetero-aromatic end group, is evident from the very 
narrow absorption bands with half-bandwidths of 1000  cm−1 
(Fig. 3, top), except for compounds 10–12. For these latter 
three derivatives, broad absorption bands (half bandwidth 
around 4000–5000  cm−1) are obtained in the PSB form. The 
increased width indicates that a more polyene-like electronic 
structure is present. This is due to a structural feature of 
compounds 10–12 where the aromatic ring is connected to 
the polyene by a single bond, instead of a double bond. The 
single bond makes an involvement of the hetero-aromatic 
nitrogen atom in the conjugated system less efficient and 

thereby reduces the hemicyanine character for this com-
pound. The higher flexibility in the rotation of the single 
bond in comparison to the double bond leads to a greater 
range of twisted structures leading to a broader absorption 
band.

Even for the merocyanines with only three double 
bonds in the polyene chain (6, 7, 11, 12), the bathochro-
mic shift upon PSB formation is larger than that of reti-
nal (3520  cm−1). Except for 10, which exhibits a relatively 
moderate absorption shift upon PSB formation (3915  cm−1), 
the merocyanines with four double bonds all showed red 

Scheme 2  Resonance formulas for the PSBs of (left) 6-s-trans retinal 1 and of (right) molecule 2 
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shifts around 5000  cm−1. Ongoing acidification introduced 
a second positive charge on compound 9 by the protonation 
of the chinolin nitrogen, leading to a hypsochromic shift of 
the PSB absorption from �a

max
 730 to 360 nm (shown for the 

PSB of 9, Fig. 3, bottom). This conversion was found to be 
reversible after raising the pH, indicating that the change of 
absorbance is not due to decomposition of the compounds 
under the experimental conditions.

As can be seen from the example of compound 9 in Fig. 3, 
the PSB form of the merocyanines (compound 2–9) exhibits 
absorption bands quite similar in spectral position (Table 1) 
and shape to the form reconstituted in bR (see next para-
graph). Some of these compounds, already in the PSB form, 
present vibrational (progression) bands with a high-energy 
shoulder, typical for cyanines and hemicyanines [72–79]. 
This indicates that in this class of compounds, most of the 
electronic arrangement which retinal experiences upon cova-
lent binding to the protein is inherently present when the 
PSBs are formed in organic solvents [39, 40].

3.3  Reconstitution of analogue bRs

Analogue bRs could be formed with most of the merocya-
nines (2–6, 8, 9) and showed strongly red-shifted narrow 
absorption bands. A more complex assembly process was 
found for compound 10 that formed a pigment, however, 
with remarkably different spectral features than compounds 
2–6, 8, 9 (see below). The time period for full reconstitution 
(at ambient temperature) varied from a few minutes (e.g., 
8, Fig. 5a) up to several hours. The assembly of compound 
2, which requires several hours for completion, has already 
been shown [35]. Compound 6 (with only three double 
bonds in the polyene chain) led to the formation of a pigment 
absorbing at 610 nm. The “full-length” compounds (2–5, 8, 
9) reconstituted with bR had strongly red-shifted absorption 
maxima spanning the spectral range from 700 nm (3–5) up 
to 766 nm (9).

The most bathochromic absorption maxima are found 
for compounds bR-2 ( �a

max
 = 755 nm) and bR-9 ( �a

max
 = 

766 nm). These compounds have four double bonds and the 
methyl group at the same position, but there is a difference in 
the ring end group. The dimethyl group at carbon position 3 
of the indolenine ring of 2 may cause a steric hindrance, but 
also the extension of the conjugation to the additional double 
bond in the quinoline ring of 9 might be the reason of the 
slightly further red-shifted absorption maximum of bR-9 by 
11 nm. In bR-3, the absorption maximum is 700 nm which 
is strongly blue-shifted to that of bR-2 ( �a

max
 = 755 nm). The 

difference between bR-3 and bR-2 is in the placement of the 
methyl group along the polyene chain. As described above, 
this can be rationalized on the basis of resonance structures 
in Scheme 2. In bR-3, the side chain methyl is located at 
position 14, while for bR-2, the methyl side chain is located 
at the equivalent position of retinal, position 13 (for retinal 
numbering, see Fig. 1).

As expected for hemicyanines, the absorption bands of 
all merocyanine-reconstituted bRs exhibit very narrow half-
bandwidths and large extinction coefficients (Table 1). In the 
case of compound 4, two isomers (or two different confor-
mations) formed during the reconstitution, although, isomer-
ically pure material was initially used for the assembly [80]. 
This became obvious from a shoulder of the absorption 
band at its long-wavelength tail ( �a

max
 = 741 nm) [35]. Also, 

for compound 5, two conformers or isomers have appar-
ently formed, since a shoulder at the long-wavelength tail 
(maximal absorbance around 740 nm) can be observed [35, 
80]. For compound 5, no complete reconstitution could be 
accomplished, even when a large excess of aldehyde over 
apoprotein was applied. This became apparent when a ‘fully’ 
assembled bR-5 sample was incubated with all-trans retinal 
yielding the formation of native bR.

Here, it should be pointed out that there are examples 
of opsin-embedded cyanine analogues of retinal that are 
red-shifted but lack the characteristic narrowly shaped 

Fig. 5  Reconstitution of A) merocyanine 8 in bR and B) incubation of bO and merocyanine 10 
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absorption band. An interesting case is the aforementioned 
MMAR incorporated into proteorhodopsin that yields a 
strongly red-shifted absorption band (around 700 nm), and 
a strong fluorescence emission around 840 nm [42, 43].

Reconstitution failed with compounds 7, 11, and 12. 
These compounds have short polyene chains in common and 
this might cause a steric hindrance by the ring moiety pre-
venting the aldehyde group from penetrating deeply enough 
into the protein cleft to accomplish covalent bond formation 
with the lysine residue. Although incubation of bO with 11 
and 12 started with formation of a shallow absorption band 
around 600 nm, after 2 days, the band nearly vanished, and 
a slight tailing was found at the long-wavelength side of the 
absorption band of the aldehyde. The length of the polyene 
is not the only factor for covalent binding. Compound 6 has 
the same length as 7, but the methyl group is further away 
from the aldehyde in the former which seems to impact the 
incorporation in the protein-binding pocket.

Merocyanine 10 carries a polyene chain with the same 
length as retinal, and thus was expected to form a stable 
bR analogue. The reconstitution behavior of this compound 
indeed gave evidence for a specific interaction with the pro-
tein. Within 30 min of incubation with bO, a very broad 
absorption band around 530 nm formed, with an isosbestic 
point at ca. 485 nm (Fig. 5b). However, the relatively small 
shift of the absorption maximum in the protein as well as the 
small shift between the absorption of the free aldehyde and 
the PSB (3914  cm−1, see Table 1) point to a more polyene-
like electronic structure of this compound. This might also 
explain the different interaction with the protein compared 
to the other merocyanines. Note that 10 and also 11 carry 
an indolyl ring structure yielding an aromatic ring system, 
whereas compounds 2–7 carry 2,3-dihydro-indolyl rings 
that are linked in position 2 of the indolyl ring. The prox-
imity of the polyene chain to the indole-nitrogen for 2–7 
might improve the conjugation of the entire compound. It 
might also be kept in mind that only compounds 10 and 11 
carry their ring substituents ‘below’ the polyene chain plane, 
whereas all other compounds carry their ring substituents 
‘above’ the polyene chain. In addition, the ring moiety in 
compounds 10–12 is connected to the polyene chain by an 
additional single bond akin the bond structure in 1, whereas 
in all other compounds, the ring structure is part of the poly-
ene chain.

Considering the assembly experiments, note that com-
pounds 3, 4, and 7, and also 12 carry the methyl group sub-
stitution in the polyene chain at the ‘wrong’ position poten-
tially causing an additional barrier for SB formation with 
the protein. Compounds 3 and 4 carry their methyl group at 
retinal positions 12 and 14, respectively, still allowing bR 
formation upon assembly, whereas for 7, the shortened side 
chain together with the ‘wrong’ position of the methyl group 
now inhibits bR formation. The ‘misplaced’ methyl groups 

(3, 4) results in less red-shifted absorption maxima for their 
bRs compared with the correctly placed methyl group in 
2 ( �a

max
 bR-2: 755 nm, bR-3: 700 nm, and bR-4: 698 nm); 

note that positioning the methyl group at positions 12 or 14 
yields nearly the same reduction of the absorption maxi-
mum compared with 2. Clearly, the embedding of 3 and 4 
into the bO-binding site requires a conformational adapta-
tion of the amino acid side chains to allow additional space 
for the methyl groups. Proof is given by comparison of the 
CD-spectra. Previous work [35] demonstrated a very shal-
low negative lobe in the CD-spectrum of bR-3 in relation to 
those of native bR and bR-2. The latter two bRs both show 
very similar CD-spectra with a positive lobe in the region of 
the short-wavelength flank of the absorption band, an inflec-
tion point at the absorption maximum, and a negative lobe 
in the region of the long-wavelength flank.

3.4  Quantum chemical calculations

The remarkable absorption properties of the novel retinal-
like compounds in ethanol and even more so after assembly 
with bO called for quantum chemical calculations to provide 
a detailed understanding of the spectral properties. In the 
following, we describe the computational results in the gas 
phase, solution, and in the protein environment.

3.4.1  Simulations in the gas phase and in solution

The comparison of the calculated vertical excitation ener-
gies shows that ADC(2) (Fig. 6) performs better than TD-
CAM-B3LYP (Fig. S4–S6) with respect to the experimen-
tal results. This is consistent with the benchmark of a large 
set of organic molecules where ADC(2) was shown to give 
0.22 eV mean average error [65], while it was 0.30 eV for 
TD-CAM-B3LYP [81]. Therefore, in this section, we focus 
on the results obtained at ADC(2) level for methyl substi-
tuted retinal models.

In the comparison of different conformations of the single 
bonds connecting the polyene chain with the cyclohexenyl 
ring, the s-cis conformation was more stable than s-trans, as 
evidenced by the relative energetics listed in Table S1, for 10 
and 11. Therefore, the s-cis conformation was selected for 
the vertical excitation energies of 10 and 11. For 12, the s-cis 
and s-trans were within ~ 1 kcal·mol−1 of each other, and for 
the PSB models, the s-trans was more stable than the s-cis. 
Accordingly, the s-trans conformation was selected for the 
vertical excitation energies of 12.

The calculated vertical excitation energies for the alde-
hyde models are compared with their experimental coun-
terparts in Fig. 6a. The  S1 state had the highest oscillator 
strength among the three lowest excited states except for 
models 1cis, 1trans, 11, and 12, where the  S2 state had the 
highest oscillator strength. A similar result was reported 
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for the multireference (extended multistate CASPT2) cal-
culations for truncated retinal models in the gas phase 
[82]. However, the  S1 state became the bright state after 
adding solvent effects. The agreement between the cal-
culated vertical excitation energies and the experimental 
absorption maxima ( �a

max
 ) improves upon inclusion of the 

implicit solvent model for ethanol. This is confirmed by 
the root-mean-square error (RMSE) change from 0.48 eV 
in the gas phase to 0.10 eV in solution (Figure S6).

In case of the  SBMe models, the inclusion of the sol-
vent model also improves the calculated excitation ener-
gies (Fig. S7). The RMSE improves from 0.38 eV in the 
gas phase to 0.13 eV in ethanol solution. However, for 
the  PSBMe models, the RMSE is changing from 0.40 eV 
to 0.19 eV when going from gas phase to solvent model. 
It should be pointed out that the deviations between the 
computed and measured values for the models 1cis, 1trans, 
10, 11, and 12 without a counterion are not negligible and 
range from 0.15 to 0.45 eV (Fig. 6C, red). It seems that the 
implicit solvent is failing to describe the excitation ener-
gies in these cases. This could be due to the implicit nature 
of the solvent, where a dielectric constant is applied on 
the surface of the molecule. This is in contrast to explicit 
solvent models which contain ethanol molecules. These 
five models with larger errors have one structural feature in 
common, namely a single bond which connects the poly-
ene to their heterocycles. In all other models, except 10, 
there is a double bond instead.

In addition to the  PSBMe models, we considered the 
effect of including a counterion ion and called these mod-
els  PSBMe+Cl-. To saturate the positive charge of the PSB, 
we added a chloride counterion in the proximity to the SB 
hydrogen (Fig. S3). Recent studies in the gas phase have 
already shown a strong blue shift of the excitation energy 
upon addition of a counterion [83]. Indeed, this has improved 
agreement with experiment for the 5 aforementioned models 

and lowered the total RMSE from 0.19  eV  (PSBMe) to 
0.12 eV  (PSBMe+Cl-).

3.5  QM/MM simulations of bR

The excitation energies of bR-1 and bR-2 are reported in 
Table 2 for ADC(2) and Table S3 for TD-CAM-B3LYP. The 
deviation from the experimental �a

max
 for bR-1 is smaller for 

ADC(2) (0.12 eV) than for TD-CAM-B3LYP (0.83 eV). A 
similar trend is observed for the chromophore bR-2 where the 
ADC(2) excitation energy deviates by 0.24 eV, while for TD-
CAM-B3LYP results in a large error of 1.14 eV. Neverthe-
less, both methods reproduce the red shift of bR-2 relative to 
bR-1. The ΔE (the difference between the excitation energies 
of bR-1 and bR-2) was 0.54, 0.42, and 0.22 eV for experi-
ment, ADC(2), and TD-CAM-B3LYP, respectively. This is 
in line with the previous calculations of retinal in different 
opsin mutants [58]. Since ADC(2) performed better than TD-
CAM-B3LYP for the excitation energy calculations, we will 
focus our OS discussion on the ADC(2) calculations.

The values are computed for  bR-1and the solvated 
PSBMe 1cis and 1trans*, respectively. The results in the 

Fig. 6  Calculated excitation energies with ADC(2) in ethanol versus experimental �a
max

 values of PSB retinal models (1–12) including A) alde-
hyde, B)  SBMe, and C) PSB with and without the counterion  (PSBMe in red and  PSBMe+Cl- in blue, respectively)

Table 2  Vertical excitations energies, their corresponding oscillator 
strengths, and opsin shifts of bR-1 and bR-2 from the ADC(2) calcu-
lations; (Δ)E = [bR-1] - [] 

*, The values are computed for bR-1 and the solvated  PSBMe 1cis and 
1trans*, respectively
**, ΔE = [bR-1] − [bR-2]

Experiment ADC(2) OS  (cm−1)

�
a

max
 (eV) �

a

max
 (eV) f

bR-1 2.18 2.30 2.02 4436/2952*
bR-2 1.64 1.88 1.99 1264
ΔE** 0.54 0.42
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protein can also be used to compute the OS, which is defined 
as the difference between the absorption of retinal PSB in 
the protein environment and in solution. For the retinal PSB, 
the experimental value is 5183  cm−1. For ADC(2), the OS 
is 4436 and 2952  cm−1, if the solvated reference is based 
on 1cis or 1trans, respectively. In case of the derivative 2, the 
experimental shift is 1770  cm−1, while the computed value 
is 1264  cm−1. The experimental trend of the opsin shift is 
qualitatively reproduced, namely the significant larger shift 
of retinal compared to compound 2 when changing the envi-
ronment from solution to protein.

We also analyzed the protein–chromophore interactions 
of bR-2 relative to bR-1 by generating electrostatic potential 
maps (Fig. 7). In one case, we visualized the projection of 
the electrostatic potentials from the protein environment on 
the chromophores (top panels, Fig. 7). Here, the counterions 
Asp85 and Asp212 are the main source of negative charge 
imparted at the iminium nitrogen of both chromophores in 
bR-1 and bR-2. The negative charge (indicated by the red 
shading in Fig. 7, top panels) is distributed similarly on 1 
and 2, as expected. In the other case, the protein charges 
are disregarded and the electrostatic potentials associated 
with the chromophores are visualized (Fig. 7, lower panels). 
Here, 1 and 2 carried overall positive charges, due to the 
PSB. For 2, the positive charge is more delocalized across 
the chromophore in comparison to 1, where the positive 
charge is localized around the iminium nitrogen. The shift 
of the positive charge towards the heterocycle in 2 could 
contribute to a smaller OS relative to bR-1 (Table 2). This 
is also supported by the resonance structure VII (Scheme 2) 
which show the positive charge to be localized on the second 
nitrogen of 2, instead of carbon in 1. This leads to a stabi-
lization of the resonance structure which is contributing to 

the excited-state electronic structure and therefore lowering 
the excitation energy.

Interestingly, the electrostatic picture of bR-2 in the 
ground state resembles what is expected to occur in the 
excited state for retinal proteins, i.e., the positive charge 
shifts away from the PSB towards the cyclohexenyl ring. 
The shift of the positive charge towards the heterocycle in 2 
could contribute to a smaller OS relative to bR-1 (Table 2). 
This is mainly because the negative charge from the protein 
environment matches the positive charge of the chromophore 
itself in bR-1 which is apparent from the visualization in 
Fig. 7. Although the OS is greater for 1 than 2, bR-2 is still 
more red-shifted than bR-1 due to an intrinsic property of 2 
which seems to be independent of the protein environment.

3.6  Retinal exchange experiments

Since the �a
max

 values of the PSBs capable of forming bRs 
(2–6, 8, 9) are strongly red-shifted compared to that of ret-
inal, small OSs resulted for these compounds and retinal 
exchange experiments were performed to check whether a 
weak or non-covalent binding between the protein and the 
chromophores took place. Accordingly, the newly formed 
pigments were incubated with all-trans retinal allowing a 
simple adsorption to the membrane or unspecific attach-
ment to the protein in the formation of bR. However, bR 
formation was not observed in any case. Incubation with 
merocyanine 10 yielded bR-10 with a relatively blue-shifted, 
broad absorption band ( �a

max
 = 533 nm, Fig. 5b) and no bR 

formation could be observed upon addition of retinal. In 
the opposite case, however, when compound 10 was added 
to a bR suspension, an additional absorption band around 
540 nm, similar to those found from direct assembly, was 

Fig. 7  The electrostatic poten-
tials of bR-1 and bR-2 with 
the Asp counterions. The top 
panels show the charges of the 
protein on the chromophore, 
whereas the bottom panels show 
the charges of the chromophore 
alone. The APBS program was 
used to determine the electro-
static potentials and they were 
visualized in VMD [84, 85].
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observed. This nearly identical absorption maximum indi-
cates a specific interaction with bO, such that this compound 
only adsorbs to the protein, albeit in a way which apparently 
interferes with the binding of retinal.

The failure in reconstitution with compounds 7, 10–12 
demonstrates the steric constraints of the ring-binding site 
(compare 6 and 10, 11) of the protein, but also the demand 
of an exact fitting of the chromophore into the protein cavity 
around the polyene chain positions 13 and 14 (‘retinal num-
bering’, cf. 6 and 7, 12). It is worth noting that for merocya-
nines with four double bonds, a rearrangement of the sub-
stitution pattern in the polyene chain, placing methyl groups 
at positions 11, 12, or 14 (retinal numbering, compounds 
3, 4, 5), is tolerated to a large extent by the protein-binding 
cavity, except of compound 7, where assembly is inhibited, 
probably due to the cumulative effects of the presence of a 
methyl group at position 14 and a reduced polyene chain 
length (compare bRs-6 and -7).

This result is in contrast to retinal-type chromophores 
where a change of the methyl group substitution pattern is 
not accepted by the protein-binding site [35, 86]. Among 
compounds 2–5, which solely differ by the position of the 
methyl groups in the polyene chain, only merocyanine 2 is 
practically undisturbed in the protein-binding site. The direct 
comparison of bR-2 with bR-3, which carries a side chain 
with equal length and differs only by the position of the 
methyl group in the polyene chain (position 13 vs. 14), dem-
onstrates the constraints from the binding pocket (Fig. 8). 
Both bR-derivatives show absorption bands practically 
identical in shape (including the shoulder at the high-energy 
side of the band) but are shifted by 55 nm with respect to 
the position of their �a

max
 (700 vs. 755 nm, bR-3 vs. bR-2, 

respectively).

3.7  pH‑dependence of bRs

Titration of the reconstituted bRs to high pH values (pH 
9) led to deprotonation of the SB which becomes obvious 
from—depending on the pKa value of the investigated hemi-
cyanine chromophore—a reduction or disappearance of the 
bathochromic absorption band and a concomitant formation 
of a blue-shifted, broad absorption band of low intensity. 
This is shown for bR-2 (Fig. 9, top) and bR-8 (Fig. 9, bot-
tom, note that an increase of the pH value caused increased 
scattering in the absorption spectrum). Both bR-derivatives 
differ in their pKa values, but for both samples, the pKa value 
is clearly lower than that of native bR. Apparently, the pKa 
value of bR-2 is higher than that of bR-8, since the ampli-
tude and position of its absorption band remains unchanged, 
starting from pH 4 and going via pH 6 to 7.5. Only upon 
adjustment of the pH to 9.0, a strong reduction of the absorp-
tion band is seen together with the appearance of a new, 
broad absorption around 620 nm, but still, an absorption 
around 755 nm remains. For bR-8, the increase from pH 4 to 
pH 6 causes a reduction in intensity of the absorption band 
around 740 nm, an effect which is more pronounced at pH 
7.5. Adjustment of the pH to 9.0 in this pigment causes a 
complete conversion into the unprotonated SB with a broad 
absorption band around 630 nm.

Fig. 8  Absorption spectra of bR-2 and bR-3 Fig. 9  pH dependences of bR-2 (top) and bR-8 (bottom)
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3.8  Fluorescence spectroscopy

As expected for merocyanine compounds, aldehydes 2–12 
in organic solvents showed a much stronger fluorescence 
than retinal and exhibited relatively small Stokes shifts 
(retinal: 9649  cm−1, Table 3). The smallest value of those 
compounds carrying four double bonds in the polyene 
chain was determined for 9 (3769   cm−1), whereas the 
largest value was found for 10 (8491  cm−1). Clearly, the 
chain length has an influence on the Stokes shift (cf. 6, 
7), but also the electronic structure of the ring moiety and 
its connection to the polyene chain, as is evident from a 
comparison with the values of 11 and 12. Although both 
compounds carry a side chain of only three double bonds, 
the shifts are already larger than those of the “full-length” 
compounds (7572 and 6266  cm−1, respectively). For 11 
and 12, a single bond connects the ring end group with 
the polyene chain giving a higher flexibility of the retinal 
derivative and this might contribute to the large Stokes 
shifts.

When fluorescence spectra were recorded for the reconsti-
tuted bRs (carrying merocyanines 2–6, 8, 9), the difference 
between the Stokes shifts for bR and the hemicyanine-bRs is 
even larger than for the free compounds in organic solvents. 
Whereas bR exhibits a Stokes shift of 4030  cm−1, the cor-
responding values were in the order of 400  cm−1, with the 
exception of 4 and 6, for which shifts of 1099 and 645  cm−1, 
respectively, were determined (Table 3). The absorption and 

fluorescence emission spectra of compound 2 in EtOH and 
the bR-2 are shown in Fig. 10.

Besides the smaller Stokes shift, the retinal analogues 
have an increased fluorescence quantum yield, Φf. The 
largest increase was noted for bR-4 and -3, namely 0.18 
and 0.15, which is of similar magnitude as the naturally 
occurring NeoR which has a Φf of 0.2 [59, 87]. This 
is one order of magnitude larger than Φf obtained by 
site-directed mutagenesis. For example, Hegemann and  
coworkers reported variants of Archon1 that reached 
almost Φf of 0.01 [88]. Its mechanism was recently 
reported in a computational study by Barneschi et al. [89]

Table 3  Fluorescence properties of the aldehydes of compounds 1–12 and their assembly products with bO

a There are two isomers present with partially overlapping absorption bands
b No complete reconstitution between 5 and bO
c No covalent chromophore protein binding (for details, see results section)

Aldehyde bR

�
a

max
 (nm) �

f

em
 (nm) ΔStokes-shift 

 (cm−1)
�
a

max
 (nm) �

f

em
 (nm) Φf ΔStokes-Shift 

 (cm−1)

1 381 600 9649 570 740 1.5 ×  10–5 4030
2 487 678 5785 755 779 0.10 408
3 482 663 5664 700 719 0.15 378
4 490 660 5257 651a 695a ~ 0.18 1099

698a 698a ~ 0.05
5 491 675 5552 711b 735b 0.03 459
6 463 580 4357 610 635 N/A 645
7 456 561 4105 –c –c N/A –c

8 511 696 5202 736 757 0.07 377
9 540 678 3769 766 791 0.02 413
10 441 705 8491 –c –c 0.004 –
11 421 618 7572 –c –c 0.01 –
12 420 570 6266 –c –c 0.002 –

Fig. 10  Absorption and emission spectra of (insert) 2 (in EtOH) and 
of bR-2 
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3.9  Photochemical activity of reconstituted bR 
analogues

A literature survey revealed that out of the several merocya-
nine compounds that were incorporated into bO, only one 
case of photochemical activity has been reported [46]. These 
scholars incorporated 7-(1′-pyrrolidine)-2,4,6-heptatrienal 
into bO (λmax: 530 nm) and subjected this pigment to flash 
photolysis. A bathochromic, short-lived intermediate was 
detected (λmax: 570 nm) that directly reverted to the initial 
state.

As already described in a short communication, bRs 
formed from compounds 4 and 5 did not undergo a pho-
tocycle in a bR-like manner [35]. Also bRs containing the 
other pigment-forming compounds 2, 3, 6, 8, and 9 showed 
an entirely unknown photochemical reactivity. It has to be 
stated here that such light responses are without examples 
in the literature and, thus, any interpretation on the light-
induced and following thermally driven molecular changes 
of these pigments is partly speculative and has to be per-
formed with great care.

Laser flash experiments performed with all analogue 
bRs did not yield any identifiable absorption changes 
within the time resolution of the instrument (ca. 50 ns). 
Thus, further experiments were performed with continuous 
white light illumination for several minutes (5–10 min), or, 
in few cases, with interference filters aiming to selectively 
irradiate within the major absorption band. Three types 
of photochemical responses were observed: bRs carrying 
merocyanines 2, 3, and 6 did not show any absorption 
changes after white light illumination for 10 min. We note 
here that, if illumination of bR-2 is performed with an 
incompletely assembled protein, but in the presence of an 
excess of free chromophore, the absorption band increased 
strongly after switching off the light source, indicative that 
white light causes isomerization of the free chromophore 
yielding an isomeric form that can enter the chromophore 
pocket and bind to the protein. bR-2 shows a further unex-
pected behavior if illumination is performed with narrow 
band interference filter (see below). Upon white light illu-
mination, a reduction in absorption band intensity resulted 
for bRs containing 8 and 9, by 40% (8) and 20% (9). Inter-
estingly, if retinal was added to the pigments after illumi-
nation, native bR was formed (λmax: 568 nm). This result 
points to a hydrolysis of the bO-hemicyanine PSB and a 
preferred binding of retinal to the open binding site. The 
observable reduction of the absorption bands of these two 
pigments (8 and 9) without any shift of the absorption 
maximum and the ready assembly of the bO-binding site 
and retinal points to a photochemically induced destruc-
tion of the two chromophores after or concurrent with a 
hydrolysis of the PSB. With all careful speculation, one 
may state that these chromophores are bound in a distorted 

conformation with a certain probability of triplet forma-
tion in the excited state at one of the strongly twisted dou-
ble bonds that then can become target of triplet oxygen 
attack. Photochemical activity with observable intermedi-
ates was found only for bRs-4 and -5, as was already out-
lined in the short communication [35]. For both pigments, 
white light illumination (10 min) caused an only small 
reduction of the absorption band (around 2%) that is fol-
lowed by a very slow thermally driven process of further 
intensity reduction of the absorption band concomitant 
with the growth of a hypsochromically shifted new absorp-
tion band (referring to bR-4, λmax: 698 nm, intermediate-4, 
λmax: 654 nm). Further incubation in the dark shows a 
reversion of the intermediate-forming process back to the 
initial state. During both the thermal forward and the back-
ward reactions, the absorption bands show the same isos-
bestic point at ca. 660 nm. These changes in absorbance 
might be interpreted as a photoisomerization at one dou-
ble bond resulting in a strongly contorted conformation, 
yet with the same absorption maximum as the dark state. 
As, apparently, a direct thermal reformation of the dark 
state is impossible, the chromophore undergoes in the dark 
further conformational changes during which the short-
wavelength intermediate is formed. It may be speculated 
that a further double bond is isomerized, then allowing the 
chromophore to re-convert into the initial dark state. We 
may state here that we could not follow these conforma-
tional changes by any analytical or spectroscopic method. 
The photochemical activity under white light of bRs-4 and 
-5, and the above described generation of an isomer of 
chromophore 2 in solution capable to increase the absorp-
tion of bR-(λmax: 568 nm) point to a photoisomerization 
and asked for more defined illumination conditions. Irra-
diation with an interference filter (λexc = 731 ± 10 nm) for 
10 min yielded for bRs-4 and -5 very similar absorption 
changes as observed for white light illumination. Whereas 

Fig. 11  Light induced reactions of merocyanine bR-2 
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illumination of the pigment carrying compound 2 with 
white light did not change the absorption band (see above), 
the use of the narrow band filter revealed a photochemical 
reaction similar as those of bRs-4 and -5. Directly after 
finishing the 10 min illumination, a small decrease in the 
intensity of the absorption band was recorded (reduction 
by ca. 5%). Following an incubation in the dark showed, 
as for bRs-4 and -5, a very slow change of the absorption 
band. During a time course of 20 h, the maximum band 
at 755 nm lost intensity and a new, very broad absorp-
tion band around 620 nm were formed (Fig. 11), which 
remained stable over long periods of time. In contrast to 
the bR-4, the parent state of bR-2 was not reformed. Nota-
bly, those merocyanines that showed photochemical activ-
ity under white light (bRs-4 and -5) carry their side chain 
methyl groups at ‘wrong’ positions (position 12 or 11 in 
retinal numbering), whereas bR-2 with a methyl group at 
position 13 only under inference filter conditions under-
goes a photochemical reaction.

The absence of a photocycle akin to that of bR had 
already been observed in preliminary experiments, which 
also revealed a different type of photochemistry for this class 
of compounds [14]. The fluorescence quantum yields (Φf) 
collected in Table 3 underscore the distinct photochemical 
behavior of the analogue bRs compared to native bR. In bR, 
the Φf is 1.5·10–5, whereas the analogue bRs exhibit Φf’s up 
to several orders of magnitude greater than bR. For example, 
the Φf of the N-methyl-3,3-dimethylindolylidene contain-
ing merocyanines, bR-4, bR-3, and bR-2, was significantly 
greater than bR at 0.18, 0.15, and 0.10, respectively. For the 
bR analogues, there seems to be a stronger influence of fluo-
rescence in the competition with photoisomerization than in 
bR. A detailed analysis for all these merocyanine compounds 
in this work demonstrates two counteracting forces, namely, 
the attempt to maintain the fully conjugated character of 
these compounds, on the one hand, and the influence of the 
protein-binding site required for photoisomerization at a 
selected double bond, on the other hand. In consequence 
of this situation, for some of the merocyanines, the cova-
lent bond to the protein is disrupted upon illumination (see 
formation of bR upon addition of retinal to the irradiated 
bR analogues carrying compounds 8 and 9), and, without 
addition of retinal, it can be reformed during long time 
periods [35, 80]. It is worth noting that the initial confor-
mational changes of the excited chromophore are probably 
transduced to the protein environment, inducing structural 
changes that repel the chromophore from the binding pocket. 
This result might add to the discussion as to whether a non-
isomerizable chromophore can induce structural changes in 
the protein [18]. Overall, the merocyanine compounds may 
in general adopt a slightly different position or conforma-
tion in the protein cavity that upon illumination allows a 
facilitated hydrolysis of the SB. One could assume that the 

chromophore photoisomerizes, probably at a different posi-
tion than retinal, which causes a strong steric hindrance and 
facilitates hydrolysis of the SB. Such a proposal concurs 
with the observed lower pKa values of the bR-derivatives.

The photochemical activity, outlined here for compounds 
2, 4, and 5, is apparently very inefficient, requiring long irra-
diation periods, and is entirely different from that of native 
bR. Such slow processes impede quantitative time-resolved 
measurements. As an observable result, a blue-shifted 
absorption band appears as a thermally driven process over 
long periods of time (many minutes or even hours), which 
then, in some cases and in an even slower reaction, reforms 
the bathochromic hemicyanine-typical absorption. As no 
further structural information is available, an interpreta-
tion of the light-driven reactions remains speculative, as 
was posted already at the beginning of the photochemical 
description. The blue-shifted intermediates, seen for sev-
eral of these hemicyanine-bOs, apparently originate from 
a light-induced, modified structure or conformation of the 
chromophore, which cannot reform the parent state directly 
(probably also due to changes of the protein environment), 
but allows only the formation of the hypsochromic interme-
diate. Even from this somehow distorted intermediate, the 
formation of the original bathochromically absorbing form 
has to overcome a large activation energy barrier, as is seen 
from the hours-lasting recovery kinetics.

4  Conclusion

The synthesis of a series of merocyanines with hetero-aro-
matic ring end groups and their incorporation with bO adds 
novel insights into the chromophore–protein interactions in 
bR. The absorption maxima of the free aldehydes, SBs, and 
PSBs of compounds 2–12 exhibit absorption maxima which 
are bathochromically shifted compared to their respective 
forms in retinal. Quantum chemical calculations, performed 
in parallel, successfully concurred with the experimental 
trends in absorption maxima.

Notably, already the PSBs of these merocyanines in 
ethanol are red-shifted relative to retinal in bR ( �a

max
 = 

570 nm) except 7 and 10–12; these latter compounds did 
not assemble in a clear form with bO (note the discussion 
of 10 in the main text). The successfully assembled bRs 
showed strongly red-shifted absorption maxima, some of 
which reaching out into the near-IR range, yet with smaller 
values for their OS. This leads to the conclusion that the 
merocyanine structure itself is not fully responsible for the 
observed red shifts in the bRs, but and rather, there is some 
contribution from the protein, however, of lower intensity 
than in bR. This is well documented upon inspection of 
Fig. 7 which compares the electrostatic potentials of bR-1 
and bR-2 from QM/MM calculations. In comparison to 
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bR-1, the positive charge of the chromophore of bR-2 
is delocalized. The strongly bathochromic and narrow 
absorption bands, small Stokes’ shifts, and also the much 
larger fluorescence of the analogue bRs (compared to that 
of retinal or bR) identify their merocyanine and hemicya-
nine character (upon formation of SBs). The photochemi-
cal reactions were found to be entirely different from that 
of bR due to altered (more conjugated) electronic struc-
tures of these compounds resulting in a complete loss or 
an unprecedented response to irradiation, still calling for 
a characterization of the processes on a molecular level. 
Considering the unexpected photochemical activity, it 
appears unlikely that a proton pumping activity would 
be recorded; however, this remains to be tested in future 
experiments.

The interesting potential of these compounds lies in 
their extremely bathochromic absorption and their even 
further red-shifted fluorescence. This feature was already 
demonstrated in living cells when molecule 2 was used in 
Arch to shift the fluorescence to the NIR [48]. Following 
this, future applications in imaging and optogenetics can 
be imagined (Scheme 3).
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