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ABSTRACT
The color tuning mechanism of the
rhodopsin protein family has been in the focus of
research for decades. However, the structural basis
of the tuning mechanism in general and of the
absorption shift between rhodopsins in particular
remains under discussion. It is clear that a major
determinant for spectral shifts between different
rhodopsins are electrostatic interactions between
the chromophore retinal and the protein. Based on
the Poisson-Boltzmann equation, we computed and
compared the electrostatic potential at the retinal
of three archaeal rhodopsins: bacteriorhodopsin
(BR), halorhodopsin (HR), and sensory rhodopsin II
(SRII) for which high-resolution structures are available. These proteins are an excellent test case for
understanding the spectral tuning of retinal. The
absorption maxima of BR and HR are very similar,
whereas the spectrum of SRII is considerably blue
shifted— despite the structural similarity between
these three proteins. In agreement with their absorption maxima, we ﬁnd that the electrostatic potential
is similar in BR and HR, whereas signiﬁcant differences are seen for SRII. The decomposition of the
electrostatic potential into contributions of individual residues, allowed us to identify seven residues that are responsible for the differences in
electrostatic potential between the proteins. Three
of these residues are located in the retinal binding
pocket and have in fact been shown to account for
part of the absorption shift between BR and SRII by
mutational studies. One residue is located close to
the ␤-ionone ring of retinal and the remaining three
residues are more than 8 Å away from the retinal.
These residues have not been discussed before,
because they are, partly because of their location,
no obvious candidates for the spectral shift among
BR, HR, and SRII. However, their contribution to
the differences in electrostatic potential is evident.
The counterion of the Schiff base, which is frequently discussed to be involved in the spectral
tuning, does not contribute to the dissimilarities
between the electrostatic potentials. Proteins 2005;
61:953–965. © 2005 Wiley-Liss, Inc.
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INTRODUCTION
Light is one of the most important factors for life. The
conversion of light into chemical energy during photosynthesis constitutes the main source of energy for living
organisms. However, light is not only used as an energy
source but also as an external signal. In phototaxis, for
instance, single-cell organisms use light signals to escape
harmful and search for favorable light conditions. In
higher organisms, light receptors in complex signaling
systems provide the means for vision. Chromophorebinding proteins can tune the absorption of these chromophores by speciﬁc interactions to an exact maximum.
Color tuning of rhodopsins has been in the focus of
research for decades.1,2 This protein family is of particular
interest, in part because the visual pigments belong to this
class and the comprehension of the tuning mechanism will
further the understanding of color vision and, in part,
because of the extreme variation of absorption maxima in
this protein family—ranging from ultraviolet to the far
red.3,4 However, despite considerable theoretical5–15 and
experimental16 –22 effort, the molecular details of the tuning mechanism are still debated.
Rhodopsins are 7-helix-transmembrane proteins that
bind their chromophore retinal via a Schiff base linkage to
a lysinyl residue as shown in Figure 1(a).23 A protonated
retinal Schiff base absorbs at 440 nm in polar solutions.24
The absorption shift between a protonated retinal Schiff
base in solution and in the protein is termed opsin shift,16
derived from the term for the apoprotein: opsin.
The following study does, however, not focus on the
opsin shift itself, but on the absorption shift between
different rhodopsins. We call this shift inter-protein shift.
Abbreviations: BR, bacteriorhodopsin; HR, halorhodopsin; SRII,
sensory rhodopsin II; LPBE, linearized Poisson-Boltzmann equation;
QM, quantum mechanical; MM, molecular mechanical
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Fig. 1. (a) Archaeal rhodopsins bind all-trans retinal via a protonated
Schiff base linkage to a lysinyl residue. The proton on the Schiff base
nitrogen atom is depicted. The ␤-ionone ring is in 6-s-trans conformation.
(b) Experimental absorption spectra of BR,40 HR,41 and SRII.42 The
dotted vertical line indicates the absorption maximum of the protonated
retinal Schiff base in methanol solution at 440 nm.

Whereas the opsin shift is a measure for the inﬂuence of
the protein on the retinal absorption, the inter-protein
shift is a measure for the differences in inﬂuence the
various rhodopsins exert on the absorption of retinal.
Four different rhodopsins are described for halophilic
archaea: the proton pump bacteriorhodopsin (BR), the
chloride pump halorhodopsin (HR), and two signaling
proteins, sensory rhodopsin I and sensory rhodopsin II
(SRII).25–31 In their ground state, these four rhodopsins
bind a protonated retinal Schiff base in all-trans conformation. High-resolution structures of the ground state are
available for BR,32–36 HR,37 and SRII.38,39 These structures are very similar, particularly with regard to the
conformation of retinal and the near retinal environment
[cf. Fig. 2(a and b)]. Despite the structural similarity, the
spectral properties of the proteins differ signiﬁcantly.
Whereas the absorption maxima of BR and HR are at
about 570 nm, the absorption maximum of SRII is signiﬁcantly blue-shifted to about 500 nm [see Fig. 1(b)].40 – 42
The absorption spectra of BR, HR, and SRII are shown in
Figure 1b. Models describing the inter-protein shift have
to account both for the differences between these proteins
as well as their similarities. Thus, these archaeal rhodopsins provide an ideal test case for theoretical studies on
chromophore tuning.

For the accurate calculation of excitation energies, highlevel quantum chemical methods are required. However,
present-day limitations of computer resources allow only
small molecules to be treated with these methods. The
environment of the quantum-chemically treated part may
be included using a molecular mechanics force ﬁeld. The
investigation of the inﬂuence of this environment is,
however, limited by the accuracy of the force ﬁeld representation and the interaction between the quantum-chemically and the classically treated region. Moreover, molecular dynamics simulations often suffer from convergence
problems because of the restricted simulation time. Studies using quantum mechanics/molecular mechanics (QM/
MM) methods were able to account for major parts of the
observed inter-protein shift between BR and SRII.9,10
These studies each identiﬁed a single residue of the
counterion complex to cause the major part of the interprotein shift. However, they disagree on the nature of this
residue.9,10 Furthermore, mutational studies showed that
residues close to the retinal that do not belong to the
counterion contribute about 35% to the inter-protein shift
between BR and HR.21 This experimental ﬁnding was not
reproduced by QM/MM studies so far.9,10 The structural
elements responsible for the inter-protein shift thus remain highly debated and do vary depending on the precise
setup of these calculations. Apart from technical details
such as the size of the quantum region and its linkage to
the classical region, the treatment of environmental effects is crucial for exact calculations.7,43– 46 QM/MM methods have been developed that include polarization of the
protein environment and solvent effects.7,45 Nevertheless,
the treatment of the environment remains challenging.
Two major contributions to the inter-protein shift have
been discussed in the literature.6,18,19 The proteins can
differ either in their steric or in their electrostatic interaction with the chromophore. Steric interactions may alter
the geometry of the chromophore, whereas electrostatic
interactions inﬂuence its charge distribution. Several facts
point toward a minor role of steric interactions for the
inter-protein shift of archaeal rhodopsins: (i) It is known
that retinal adopts a 6-s-trans conformation in all archaeal
rhodopsins, in contrast to the 6-s-cis conformation favored
in solution.47– 49 Thus, the red shift of the absorption
spectra upon the 6-s-cis to 6-s-trans isomerization, which
is important for the opsin shift, does not contribute to the
inter-protein shift. (ii) The residues close to the retinal are
mostly conserved among the archaeal rhodopsins, particularly the aromatic residues which deﬁne the shape of the
binding pocket. Accordingly, the crystal structures revealed a similar chromophore geometry for BR, HR, and
SRII [cf. Fig. 2(a and b)]. In addition, the contribution of
induced dipoles to the inter-protein shift that predominantly originate from the -electrons of aromatic residues
is small,10 because these aromatic residues are conserved
among archaeal rhodopsins. This contribution is of importance for the opsin shift as shown by previous calculations.7,11 (iii) Fourier transform infrared spectroscopy50 as
well as theoretical calculations10 show that the chromophore geometry is nearly identical in BR and SRII.
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Fig. 2. (a) High-resolution X-ray structures of BR, HR, and SRII. The retinal, the lysinyl residue that binds
the retinal covalently, and the residues that contribute to the different potential along the retinal -system are
labeled. (b) Sequence alignment obtained from the structural alignment of BR, HR, and SRII. The numbering of
the residues corresponds to BR. The 24 residues that form the retinal binding pocket are highlighted by gray
boxes. The lysinyl residue that binds the retinal covalently to the protein is indicated by a black arrow. Residues
that are conserved in BR, HR, or SRII, respectively, are bold and marked by a star. Residues that are
conserved throughout the archaeal rhodopsins are bold. The information regarding the conservation is taken
from Ref. 29. The seven transmembrane helixes are indicated by black bars.

Therefore, it seems likely that the major contribution to
the inter-protein shift can be attributed to a changed
distribution of charges and permanent dipoles.9,10,50 This
electrostatic contribution to the inter-protein shift may be
separated into contributions due to the counterion complex
and due to other protein residues.
A valid representation of the electrostatics of membrane
proteins can be achieved by continuum electrostatic approaches solving the linearized Poisson-Boltzmann equation (LPBE).51,52 The present work aims to achieve a
better understanding of the electrostatic environment of

retinal by calculating the potentials created by the proteinmembrane system at the retinal.
In this article, we investigate the structural origin of the
differences in electrostatic potential among three archaeal
rhodopsins: BR, HR, and SRII. The electrostatic potential
of the proteins is calculated and compared along the
retinal -system. The differences in electrostatic potential
between the proteins can then be related to differences in
their absorption behavior. We decomposed the electrostatic potential into contribution of individual residues
which allowed us to identify all residues that differ in their
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electrostatic potential among BR, HR, and SRII. Mutation
studies on binding pocket residues identiﬁed several residues that are involved in the inter-protein shift.21,53 Our
calculations are in good agreement with these experimental data. HR, which absorbs at a similar maximum as BR,
was included in our calculation. Thus, all results could be
tested for similarities between BR and HR and differences
between BR and SRII. A model of a particle in a box with a
step potential allows us to relate the observed electrostatic
potential to the inter-protein shift between the archaeal
rhodopsins.

The electrostatic potential along the retinal -system
was calculated in two steps. First, populations of protonation states were calculated for all three proteins. In the
second step, the highest-populated protonation state was
used to calculate the electrostatic potential at the retinal.
The energy of a protonation state n, Gn, is given by:

冘
N

G ⫽
n

共共x in ⫺ x i0 兲RT ln 10共pH ⫺ pKiintr兲兲

i⫽1

⫹

METHODS
Structures
The calculations were performed on high-resolution
X-ray structures of the ground states of three archaeal
rhodopsins: BR33 (PDB-entry 1qhj; 1.9 Å resolution), HR37
(PDB-entry 1e12; 1.8 Å resolution), and SRII38 (PDB-entry
1jgj; 2.4 Å resolution). For all structures, hydrogen atoms
were generated using the HBUILD routine of CHARMM54
and their positions were optimized by 5,000 steps of
steepest descent and 5,000 steps of conjugate gradient
minimization. All non-hydrogen atom coordinates were
constraint during the minimization. The chloride ion found
in HR below the retinal Schiff base is included in all
calculations. HR binds a palmitate which is located approximately parallel to helix D. This palmitate has been included in the calculations. The hydrophobic core of the
membrane around the proteins was represented by a ring
of uncharged dummy atoms with a radius of 1.5 Å.55
Continuum Electrostatic Calculations

(1)

where 䌤 is the gradient operator with respect to the spatial
coordinates, ε(r) is the spatially varying dielectric constant, (r) is the electrostatic potential at position r,
prot(r) is the charge distribution of the protein, and the
square of the inverse Debye length 2 represents the
charge distribution due to ions in the solvent.
In the present calculations, partial atomic charges were
taken from the CHARMM22 parameter set.56 The charges
for the protonated retinal Schiff base were derived from a
density functional calculation as described previously.55
Atomic radii were set to 1.7 Å for carbon atoms, 1.0 Å for
hydrogen atoms, 1.5 Å for oxygen atoms, 1.55 Å for
nitrogen atoms, 1.8 Å for sulfur atoms, and 1.8 Å for the
chloride ion. The LPBE was numerically solved using the
ﬁnite difference method implemented in the MEAD suite.57
The dielectric boundary between the protein and the
solvent was derived using a probe sphere with a radius of
1.4 Å and the atomic radii as given above. The calculations
were performed using dielectric constants of 80.0 for the
solvent and 4.0 for the protein and the membrane environment. In all calculations, the temperature was set to 300 K
and the ionic strength to 0.1 M.

冘冘
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(2)

i⫽1 j⫽1

where N is the number of titratable sites, xin determines
the protonation state of site i in protonation state n, xin is 0
when site i is unprotonated and 1 when it is protonated, xi0
is 0 or 1 depending on the reference protonation state of
site i, R is the gas constant, T is the temperature, and zio is
the unitless formal charge of the deprotonated form of site
i, ⫺1 for acids and 0 for bases. The interaction energy Wij
between each pair of titratable sites and the intrinsic pK,
pKiintr, the pK-shift of site i upon transfer from solution to
the protein when all other titratable sites are in their
uncharged form, are calculated using the LPBE. The
protonation probability for each titratable residue 具xi典 as a
function of pH can be derived from:
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The electrostatic potential at any position can be accessed by solving the linearized Poisson-Boltzmann equation (LPBE):
䌤关ε共r兲䌤共r兲兴 ⫽ ⫺ 4prot共r兲 ⫹ 2共r兲

1
2

exp共 ⫺ Gn/RT兲

(3)

where xin is 1 or 0 depending on whether site i is protonated
in protonation state n or not. The method to determine
protonation patterns is described in detail in other publications.57– 60 The protonation states of BR, HR, and SRII
were calculated at pH ⫽ 7.0. Aspartates, arginines, cysteins, glutamates, histidines, lysines, tyrosines, the retinal Schiff base, and the palmitate were considered as
titratable residues. The ﬁnite-difference grids for solving
the Poisson-Boltzmann equation were focused in two
steps. A coarse grid with a spacing of 1 Å was used ﬁrst,
followed by a ﬁne grid with a spacing of 0.25 Å. Table I lists
the highest-populated protonation state at pH ⫽ 7.0 for
BR, HR, and SRII. These protonation states were used to
calculate the electrostatic potential along the retinal -system.
The electrostatic potential of the proteins experienced
by the retinal is calculated at the atomic centers of the
retinal -system. Accordingly, the charges of the retinal
atoms were set to zero in these calculations. Three levels of
focusing were used for the ﬁnite-difference lattices: ﬁrst, a
coarse grid with a spacing of 1 Å, followed by a ﬁner grid
with a spacing of 0.5 Å and last a grid with a spacing of
0.25 Å.
RESULTS AND DISCUSSION
In the present article, we calculate the classical electrostatic potentials of BR, HR, and SRII at the retinal. For

957

THREE ARCHAEAL RHODOPSINS

TABLE I. Highest-Populated Protonation States of BR, HR, and SRII at pH ⴝ 7.0
BR

HR
R24
E25

R7
E9
K30

D36
D38
K40
K41

E74

R82
D85
D96
D102
D104

D115

SRII

BR

1
0

1
0
1

0
0
1
1

0

1
0
1
0
0

1

R52

1

R55

1

R58
R60

1
1

E90
H95
E100

0
0
0

R103
R108

1
1

D128
D130

D141

0
0

R27
D28

E33
R34
R35

E65
R66
R72
D75

D94
R96
E97

HR

K129

1

R134

1

K159
E161

1
0

R164
E166

1
0

1
0

0
1
1

0
1
1
0

0
1
0

1

K172

1

R175
E194
E204
D212
R225
R227

1
0
1
0
1
1

E232

SRII

C145

1

R161
C169
D182

1
1
0

E194
D197

0
0

R200
E219

1
0

D238
R251

0
1

E257
R258

0
1

E122
R123

0
1

E147

0

R152

1

K157

1

R162
R164

1
1

D193
D201
D214

0
0
0

0

In the table, 0 indicates that the residue is deprotonated, 1 that the residue is protonated. Corresponding residues are aligned. The retinal Schiff
base was found to be protonated in all three proteins. The palmitate of HR was found to be protonated. The protonation states given above were
used to calculate the electrostatic potential at the retinal.

this calculation, the retinal charges are set to zero, allowing for a comparison between the different protein environments to which the retinal is exposed. The aim of this work
is to identify structural differences among the archaeal
rhodopsins that contribute to their different absorption
behaviors. We term the absorption shift between the
archaeal rhodopsins inter-protein shift, which is deﬁned as
the magnitude of the absorption shift between the archaeal rhodopsins. The inter-protein shift may in principle
originate from differences in either steric or electrostatic
interaction between the protein and the chromophore.
However, experimental data33,34,38,39,47–50 and theoretical
studies9,10 demonstrate that differences in chromophore
geometry are negligible for the inter-protein shift. Thus,
the environment of retinal, speciﬁcally the electrostatic
interaction of the protein with the retinal, has a dominant
role for the inter-protein shift.
A prerequisite for the calculation of the electrostatic
potential of a protein is the determination of its protonation state. We determined the highest-populated protonation state at pH ⫽ 7.0 by electrostatic calculations for BR,
HR, and SRII. The results are in excellent agreement with
experimental data37,61– 63 and previous calculations of
protonation states.64,65 The retinal Schiff base was found
to be protonated in all three proteins. Asp115 in BR is
protonated and also the corresponding Asp141 in HR
which is in agreement with its location in a highly apolar
region. Apart from Asp115, two other titratable sites are
not in their reference state at pH ⫽ 7.0: Asp96 and Glu204

were found to be protonated. Glu204 and another glutamate, Glu194, which are in close proximity and face each
other, are both part of the proton release complex. The
exact nature of this complex has been discussed for a long
time. In the ground state of BR, one proton is bound to the
proton release complex that is released to the extracellular
site during the photocycle. The exact location of this
proton, however, is still under debate. Spectroscopic measurements66,67 as well as calculations64 indicate that this
proton is localized within a network of internal water
molecules which are stabilized by Glu194 and Glu204.
However, because the distance between proton release
complex and retinal is large, the exact location of the
proton within the proton release complex has little inﬂuence on the electrostatic potential at the retinal Schiff
base. In HR, the protonation of all titratable residues, with
the exception of Asp141, corresponds to the reference
protonation form at pH ⫽ 7.0. For SRII, all titratable
residues were found to be in their reference protonation
form at pH ⫽ 7.0.
Protein Electrostatic Potential at the Retinal
Figure 3 shows the electrostatic potential of BR, HR, and
SRII at the van der Waals surface of the retinal. The
general features of the potential are similar for all three
proteins: the potential is close to neutral in the ␤-ionone
ring region and negative in the Schiff base region. The
difference between the potential in the ␤-ionone ring
region and the potential in the Schiff base region is,
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Fig. 3. Electrostatic potential of BR, HR, and SRII at the van der Waals surface of the retinal. The
magnitude of the potential is color coded.

Fig. 4. Electrostatic potential along the -system of retinal for BR, HR,
and SRII: (a) electrostatic potential of the whole protein; (b) electrostatic
potential of the counterion; (c) electrostatic potential of the binding pocket
for BR, HR, and SRII plus the potential of Arg82, Arg108, and Arg72,
respectively. These were included to allow a quantitative comparison
between graphs a– d. In (b) it is shown that this arginine does not
contribute to the difference among BR, HR, and SRII. In (d) the
electrostatic potential of the protein is shown omitting the residues that
were found to cause the difference among the electrostatic potential at the
retinal. Arrows indicate the magnitude of the difference in potential
between Schiff base and ␤-ionone ring. A polynomial regression was
used to display the potentials.

however, more pronounced in SRII than in BR and HR.
Thus, this representation indicates a greater similarity for
BR and HR compared with SRII, which is in agreement
with the small inter-protein shift between BR and HR
compared with the large inter-protein shift between BR
and SRII.
To quantify the difference between the electrostatic
potentials of the three archaeal rhodopsins, the electrostatic potentials were calculated at the atomic centers of
the -system of retinal. The resulting potentials are shown
in Figure 4(a). Two aspects of the electrostatic potential
will be discussed in this article: i) the variation of the
potential along the retinal -system in one protein, and ii)
the dissimilarity between the potentials of the archaeal
rhodopsins. In all three proteins, the electrostatic potential changes from close to neutral at the ␤-ionone ring to
negative at the Schiff base. The main dissimilarity be-

tween the archaeal rhodopsins is the magnitude of the
potential difference between the ␤-ionone ring and the
Schiff base. This difference is about 10 kcal mol⫺1 e⫺1
greater in SRII than in BR and HR, as indicated in Figure
4(a).
How is this variation of the electrostatic potential along
the retinal -system related to the observed inter-protein
shift? It is known from experiments that the dipole moment of a protonated retinal Schiff base changes upon
excitation. The -electrons move toward the Schiff base
and, thus, the positive charge of the Schiff base delocalizes
over the retinal.68 Interactions that stabilize the excited
state, i.e., the charge delocalized state, lower the excitation
energy and therefore shift the absorption maximum to the
red. In contrast, interactions that stabilize the charge on
the Schiff base lead to a blue shift of the absorption
maximum. Because of the more pronounced difference
between the electrostatic potential at the ␤-ionone ring
and the electrostatic potential at the Schiff base in SRII,
the positive charge on the Schiff base is more stabilized in
SRII compared with BR and HR. Thus, in SRII, the
transition energy between the ground state and the ﬁrst
excited state should be increased compared with BR and
HR. This implication is consistent with the measured
absorption spectra of the three archaeal rhodopsins shown
in Figure 1(b).
Decomposition of the Electrostatic Potential
To understand the structural basis of the differences
between BR, HR, and SRII, the electrostatic potential was
decomposed into individual components. In particular, we
analyzed the inﬂuence of the Schiff base counterion and
the residues of the near retinal environment (the retinal
binding pocket). Furthermore, we searched for all residues
that contribute signiﬁcantly to the difference in electrostatic potential between the archaeal rhodopsins.
The counterion complex
The counterion complexes of BR, HR, and SRII are
depicted in Figure 5. In all three proteins, the counterion
of the positively charged Schiff base consists of an arrangement of one positive and two negative charges. The
positive charge originates from an arginine in all three
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Fig. 5. The counterion of BR, HR, and SRII. Two negative charges are located beneath the retinal Schiff
base, these are in the case of BR and SRII two aspartates (Asp85 and Asp212; and Asp75 and Asp201,
respectively) and in the case of HR one aspartate (Asp238) and one chloride ion. A positively charged arginine
is located beneath the negative charges in all three proteins (Arg82 in BR, Arg108 in HR, and Arg72 in SRII).

proteins. The negative charges originate either from two
aspartates in BR and SRII, or from an aspartate and a
chloride ion in HR. The chloride ion in HR takes the
position of the missing aspartate carboxyl group. The
aspartate itself is substituted by a threonine.
It is known from model compounds that changes in the
distance between the Schiff base and the counterion
complex inﬂuence the absorption maximum.19,69 –71 A
shorter distance, i.e, a stronger interaction, causes a
blue-shift of the absorption spectrum. However, an analysis of the X-ray structures of the archaeal rhodopsins does
not reveal signiﬁcant differences between the proteins.
The distances between the counterion atoms and the Schiff
base are given in Table II. The main difference between
SRII and BR is the orientation of the arginine side-chain
(Fig. 5). In a QM/MM calculation, it was found that upon
structure optimization Asp201 of SRII moves toward the
retinal Schiff base.9 As shown in Hayashi et al.,9 such a
displacement would imply that Asp201 dominates the
inter-protein shift between SRII and BR. Similar calculations by Ren et al.10 showed that without this displacement Asp201 loses its dominant role. In contrast to
Hayashi et al.,9 Ren et al.10 suggested that the orientation
of Arg72 is the main cause for the inter-protein shift
between SRII and BR.
To quantify the interaction between the counterion
complex and the retinal, the electrostatic potential of the
counterion at the retinal was calculated for BR, HR, and
SRII. All backbone and side-chain atoms of the counterion
residues as well as the chloride ion were included in these
calculations. Figure 4(b) shows that the electrostatic potential due to the counterion is very similar in all three
proteins. A comparison between Figure 4(a and b) reveals
that the main contribution to the total electrostatic potential at the retinal originates from the counterion residues.
This observation is not surprising, because the only charged
residues close to the retinal are the counterion residues.
However, the counterion complex is not the origin of the
observed dissimilarity between the electrostatic potentials
of BR and HR on the one hand, and SRII on the other hand.
A comparison of the potentials of each individual counterion residue leads to the same conclusion. However, it

should be kept in mind that the calculations presented
here are based on the ground state (S0) charge distribution. A possible inﬂuence of the counterion on the interprotein shift may originate from polarization effects in the
ﬁrst excited state (S1). Nevertheless, the dominant role of a
single counterion residue found in QM/MM calculations9,10 cannot be conﬁrmed by our calculations of the
electrostatic potential resting on the known crystal structures.
The retinal binding pocket
In the next step, we analyzed the inﬂuence of the
residues in the near retinal environment on the retinal.
Residues located within 5.0 Å of the heavy atom centers of
the retinal Schiff base [atoms C1 to C20 and the Schiff
base nitrogen; see Fig. 1(a)] are considered to form the
retinal binding pocket [see highlighted residues in the
sequence alignment of Fig. 2(b)]. This deﬁnition of the
retinal binding pocket closely resembles those given in
previous publications.9,10,21
The residues of the binding pocket are highly conserved
among the archaeal rhodopsins [Fig. 2(b)]. Three differences between SRII and the other two proteins, BR and
HR, are, however, notable: 1) Thr204 of SRII which is
located close to the Schiff base is an alanine in BR (Ala215)
and in HR (Ala241); 2) Gly130 of SRII which is located
close to the ␤-ionone ring is a serine in BR (Ser141) and in
HR (Ser168); and 3) Ala131 of SRII which is also located
close to the ␤-ionone ring is a threonine in BR (Thr142) and
a cysteine in HR (Cys169). Thus, in SRII, the ␤-ionone ring
region is more apolar and the Schiff base region more polar
than in BR and HR. The increased polarity of the ring
region found for BR and HR might facilitate charge
dislocation upon excitation, thus lowering the excitation
energy compared with SRII.9,53
The electrostatic potential caused by the residues of the
binding pocket is shown in Figure 4(c). The potential of
Arg82, Arg108, and Arg72 is added to the potential of the
binding pocket residues of BR, HR, and SRII, respectively,
although this arginine is located more than 8 Å away from
the retinal (see Table II) and is thus not part of the binding
pocket. However, because this arginine contributes largely
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TABLE II. Distances Between the Retinal Schiff Base Nitrogen Atom and Selected Atoms of the Counterion Residues of
BR, HR, and SRII†
Asp85a
BR
HR
SRII

Asp212a

Arg82a

O␦1

O␦2

Average

O␦1

O␦2

Average

Nε

N1

N2

Average

3.7

4.2

4.0
3.8
4.1

4.0
3.5
3.8

5.2
4.3
4.9

4.6
3.9
4.4

10.8
9.1
9.3

8.5
7.2
10.9

10.7
9.4
11.2

10.0
8.6
10.5

3.8b
4.2

4.0

†

All distances are given in Angstrom.
The residue numbers correspond to BR. Asp85 is Thr111 and a chloride ion in HR and Asp75 in SRII. Asp212 is Asp238 in HR and Asp201 in
SRII. Arg82 is Arg108 in HR and Arg72 in SRII.
b
Distance between the chloride ion and the Schiff base nitrogen atom.
a

to the potential at the retinal but not to the differences
among BR, HR, and SRII (see section above), it is included
to allow a quantitative comparison between the graphs
shown in Figure 4. The difference between the electrostatic potential at the ␤-ionone ring and the Schiff base is
about 5 kcal mol⫺1 e⫺1 greater in SRII than in BR and HR.
If the full protein is considered, this difference is about 10
kcal mol⫺1 e⫺1 greater in SRII than in BR and HR. Thus,
the retinal binding pocket contributes about 50% to the
dissimilarity in electrostatic potential between the archaeal rhodopsins. Shimono et al.21 showed that the
mutation of the retinal binding pocket in SRII to the wild
type binding pocket of BR leads to a 25-nm red-shift of the
absorption maximum, thus accounting for about 35% of
the total inter-protein shift between BR and SRII. In
agreement with these experiments, our result suggests
that the residues of the binding pocket do have an important role for the differences between BR, HR, and SRII.
Furthermore, the experiments and our calculation indicate that residues outside the binding pocket signiﬁcantly
contribute to the different absorption behaviors of BR, HR,
and SRII.
The contribution of every binding pocket residue to the
electrostatic potential was investigated and compared for
the three archaeal rhodopsins, to identify those residues
that are responsible for the differences in electrostatic
potential. Two residues were found to contribute signiﬁcantly to the dissimilarity among the potentials of BR, HR,
and SRII. These two residues are Ser141 in BR (corresponding to Ser168 in HR and Gly130 in SRII) and Ala215 in BR
(corresponding to Ala241 in HR and Thr204 in SRII). A
smaller contribution was found for Thr142 in BR, which
corresponds to Cys169 in HR and Ala131 in SRII. All three
residues were discussed above to produce a different
polarity in the binding pockets of BR, HR, and SRII.
Thr204 in SRII generates a negative potential close to the
Schiff base, whereas Ala215 in BR and Ala241 in HR
generate a slightly positive potential close to the Schiff
base [Fig. 6(a)]. A minor contribution of Thr204 to the
inter-protein shift has also been found in QM/MM studies.9,10 Gly130 in SRII does not contribute signiﬁcantly to
the potential along the retinal -system, whereas Ser141
in BR and Ser168 in HR generate a negative potential
close to the ␤-ionone ring [Fig. 6(b)]. Ala131 in SRII and
Cys169 in HR do not contribute signiﬁcantly to the potential along the retinal -system, whereas Thr142 in BR

Fig. 6. Electrostatic potential of the residues that contribute to the
dissimilarity between BR, HR, and SRII along the -system of retinal. The
potentials of residues from BR, HR, and SRII are shown with a solid,
dashed, and dotted line, respectively: (a) potential of Ala215, Ala241, and
Thr204; (b) potential of Ser141, Ser168, and Gly130; (c) potential of
Thr142, Cys169, and Ala131; (d) potential of Asn76, Val102, and Arg66;
(e) sum of the potentials of Glu194 and Glu204, Glu219 and Thr230, and
Pro183 and Asp193; (f) potential of Thr121, T147, and Ala111. A
polynomial regression was used to display the potentials.

generates a negative potential close to the ␤-ionone ring
[Fig. 6(c)]. For the corresponding residues Thr142 (BR),
Cys169 (HR), and Ala131 (SRII), a different potential is
observed for BR and SRII whereas the potential of HR is
similar to the potential of SRII and not BR. However, the
contribution to the difference between the proteins is small
compared to Ser141 (BR) and Ala215 (BR) and the corresponding residues in HR and SRII. The order of the
discussed residues by magnitude of contribution to the
dissimilarities among BR, HR, and SRII is: 1. Ala215 (BR),
Ala241 (HR), and Thr204 (SRII); 2. Ser141 (BR), Ser168
(HR), and Gly130 (SRII); and 3. Thr142 (BR), Cys169
(HR), and Ala131 (SRII) [Fig. 6(a)]. None of the other
binding pocket residues did reveal signiﬁcant differences
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among the proteins. Shimono et al.21,53 measured the
absorption of several mutants of SRII, where single or
multiple binding pocket residues of SRII are mutated to
the corresponding residues of BR. The order of the SRII
single mutants by magnitude of observed red-shift is: 1.
Thr204Ala, 2. Gly130Thr, and 3. Ala131Thr.21 Thus, the
differences we observe among BR, HR, and SRII and the
order by magnitude of contribution is in excellent agreement with the mutational studies. Shimono et al.21 found
two other mutations that red-shift the spectrum of SRII by
as much as the Ala131Thr mutant: Ile43Val and
Val108Met. For these residues, we could not observe a
signiﬁcant difference in electrostatic potential among BR,
HR, and SRII. However, because isoleucin and methionine
have large side-chains, whereas valine does not, it cannot
be excluded that these mutations signiﬁcantly affect the
structure of SRII. Shimono et al.53 generated the double
mutant G130S/T204A of SRII. The absorption maximum
of the resulting SRII mutant is 512 nm, thus about 20% of
the inter-protein shift is observed.53 Our result strengthens the ﬁnding that Gly130 and Thr204 of SRII have an
important role in the inter-protein shift, whereas Ala131
in SRII seems less important. Other binding pocket residues did not show signiﬁcantly different contributions to
the electrostatic potential at the retinal for the three
proteins.
Identifying contributions from residues outside the
binding pocket
To ﬁnd all residues that contribute signiﬁcantly to the
dissimilarity among the electrostatic potentials of the
proteins, we determined the contribution of each residue
individually. The structures of BR, HR, and SRII were
superimposed to align corresponding residues [Fig. 2(b)].
The loop regions of the archaeal rhodopsins differ in
structure and number of residues and, thus, not all loop
residues could be aligned. The contribution of these residues to the electrostatic potential at the retinal is, however, negligible.
The electrostatic potential at the retinal was decomposed into the contribution of individual residues.
The potentials of corresponding residues were then compared for BR, HR, and SRII. First, those residues were
identiﬁed for which the potentials differ by more than
1.0 kcal mol⫺1 e⫺1 anywhere along the -system of retinal.
A group of eleven such residues was found. Ser141 in BR
(corresponding to Ser168 in HR and Gly130 in SRII) and
also Ala215 in BR (corresponding to Ala241 in HR and
Thr204 in SRII), discussed in the section above, belong to
this group [see Fig. 6(a and b)]. Three more residues that
contribute to the dissimilarity among the archaeal rhodopsins could be identiﬁed. These residues are Asn76 in
BR (corresponding to Val102 in HR and Arg66 in SRII) and
Glu194 and Glu204 in BR (corresponding to Glu219 and
Thr230 in HR and to Pro183 and Asp193 in SRII). These
three residues are more than 8 Å away from the retinal
[Fig. 2(a)]. The electrostatic potential of Arg66 in SRII is
positive along the -system of retinal with a maximum
close to the ␤-ionone ring, whereas the potential of the
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corresponding residues in BR and HR (Asn76 and Val102,
respectively) is neutral along the retinal -system
[Fig. 6(d)]. Glu194 and Glu204 in BR which are in close
proximity and face each other are part of the proton
release complex. We ﬁnd that the proton resides on Glu204
(Table I). Thus, Glu204 is neutral and Glu194 in BR is
negatively charged. Glu219 in HR, corresponding to Glu194
in BR is also charged, whereas SRII has a proline (Pro183)
at this position. However, Asp193 in SRII is negatively
charged, whereas the corresponding Glu204 in BR is
protonated, and Thr230 in HR is uncharged. Because all
three proteins carry one negative charge in the region of
the proton release complex of BR, we regard these two
residues as one group. Thus, we compared the sum of the
potentials of Glu194 and Glu204 in BR to the sum of the
potentials of Glu219 and Thr230 in HR and to the sum of
the potentials of Pro183 and Asp193 in SRII [Fig. 6(e)].
The potential caused by these two residues is more positive
along the whole retinal -system in HR compared with BR,
whereas the potential in SRII is similar to the potential in
BR in the Schiff base region, and signiﬁcantly more
positive at the ␤-ionone ring. None of the other residues in
this group of 11 residues revealed signiﬁcant differences
among the three proteins.
Next, residues that differ by more than 0.5 kcal mol⫺1 e⫺1
anywhere along the retinal -system were identiﬁed. Twentysix such residues were found, among them the eleven residues that differ by more than 1.0 kcal mol⫺1 e⫺1. The
analysis of the individual contributions of these residues
revealed one additional residue that contributes signiﬁcantly
to the dissimilarity between the electrostatic potentials of the
archaeal rhodopsins. The electrostatic potential of Ala111 in
SRII is nearly 1.0 kcal mol⫺1 e⫺1 more positive close to the
␤-ionone ring than the potential of the corresponding residues in BR (Thr121) and HR (Thr147) [Fig. 6(f)]. Ala111 is
located close to the ␤-ionone ring of retinal just outside the
retinal binding pocket [Fig. 2(a)].
We subtracted the potentials of the seven residues that
show signiﬁcant differences between BR, HR, and SRII
from the total potential of the proteins [Fig. 4(d)]. As
shown, nearly the whole dissimilarity between the potentials of the complete proteins is accounted for by these
residues. The differences between the electrostatic potential of BR, HR, and SRII is thus a combined effect of these
seven residues.
A Model for the Absorption Shift
It is far from trivial to derive the absorption spectra
of a molecule from its molecular structure and to
calculate consistently the effect of the environment on
the spectra. Much effort has been made to understand this
connection.43– 46, 72–74 For polyenes, however, the absorption maximum can be qualitatively understood from a
quantum mechanical model of a particle located in a
box.75,76 In the simple model of a particle in a box, the
allowed energy levels of a particle depend on the length of
the box representing the extension of the polyene -system. The excitation energy is given by the energy difference between the ﬁrst two energy levels. Thus, according
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Fig. 7. (a) Model of a box with potential step; b is the length of the box,
a the position of the step, and ⌬⌽ denotes the height of the potential step.
(b) Dependence of the excitation energy ⌬E on the position of the step a
and the potential difference ⌬⌽. The length of the box b is set to 14.5 Å.
The excitation energy ⌬E, given in kcal mol⫺1 e⫺1, is indicated by the
contour lines (z-direction). The dashed line marks the position of the step
in the archaeal rhodopsins. The crosses indicate the height of the
potential step ⌬Å for BR, HR, and SRII.

to this model, the excitation energy of a polyene depends
on the extension of the -system. In analogy, we use a
variant of the model of a particle in a box to qualitatively
relate differences in the electrostatic potential among the
archaeal rhodopsins to changes in their absorption behavior. In comparison to the standard model of a particle in a
box, the environment, here the protein, is felt by the
particle as an additional potential. The electrostatic contribution of the environment is included as a step potential. A
schematic picture of the resulting model is shown in
Figure 7(a). The box length b represents the extension of
the -system. The potential step is located at position a
and the height of the potential step is given by ⌬⌽. This
model provides a qualitative picture of the excitation
energy of a protonated retinal Schiff base in an external
electrostatic ﬁeld. A detailed description of this model is
given in the Appendix.
Figure 7(b) shows the excitation energy ⌬E for a positively charged particle. The positive charge can be thought
of as corresponding to the charge of the retinal Schiff base,
which delocalizes over the -system upon excitation. The

box length b was set to 14.5 Å, representing the extension
of the retinal -system in the archaeal rhodopsins. The
step position a and the height of the potential step ⌬⌽ are
varied.
The qualitative picture offered by this model reveals an
interesting aspect of spectral tuning. As can be seen,
spectral tuning is most effective, if the controlling potential changes close to the center of the polyene -system:
then, even small changes in the height of the potential step
⌬⌽ have a pronounced inﬂuence on the excitation energy
⌬E.
With these general results in mind, it is worthwhile to
look again at the electrostatic potential of the three
archaeal rhodopsins. Figure 4(a) reveals that two potential
plateaus can be distinguished: one in the ␤-ionone ring
region and another one in the Schiff base region. Indeed,
the separation between these two plateaus is located
approximately in the middle of the retinal -system. The
position of the step for the archaeal rhodopsins is indicated
by the dashed line in Figure 7(b). The height of the
potential step ⌬⌽ was deﬁned as the difference between
the potential at the ␤-ionone ring and the potential at the
Schiff base and is indicated by the crosses for BR, HR, and
SRII. The box length b was set to 14.5 Å, corresponding to
the extension of the retinal -system. For SRII, the
excitation energy ⌬E is signiﬁcantly higher than for BR
and HR, which have similar excitation energies ⌬E. Our
model thus reproduces the general trend of the measured
absorption maxima by grouping BR and HR together and
showing a signiﬁcantly higher excitation energy for SRII
(Fig. 1). This ﬁnding indicates that the observed differences in electrostatic potential in BR, HR, and SRII are
related to differences in the absorption maxima.
CONCLUSIONS
In this work, we discussed the electrostatic potentials at
the retinal -system of three archaeal rhodopsins: BR, HR,
and SRII. Electrostatic interactions of the retinal with the
protein are likely to be the main reason for the different
absorption behavior of these proteins.
The electrostatic potentials along the retinal -system
clearly differ between the archaeal rhodopsins. The potential of SRII shows a more pronounced difference between
the ␤-ionone ring and the Schiff base than the potentials of
BR and HR. The presented data show that the counterion
cannot explain this difference among the electrostatic
potential of BR, HR, and SRII. In agreement with mutational experiments, we could show that the retinal binding
pocket contributes signiﬁcantly to the difference among
the electrostatic potentials at the retinal of BR, HR, and
SRII. Altogether, we could identify seven residues that
account for the difference among the electrostatic potential
of the proteins. Three of these residues are located in the
retinal binding pocket. These residues are Ser141, Thr142
and Ala215 in BR (corresponding to Ser168, Cys169 and
Ala241 in HR and to Gly130, Ala131 and Thr204 in SRII).
This ﬁnding is in good agreement with experimental
absorption spectra of SRII single mutants. Another residue is located close to the ␤-ionone ring just outside the
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binding pocket. This residue is Thr121 in BR, which
corresponds to Thr147 and to Ala111 in HR and SRII,
respectively. Three residues are located more than 8 Å
away from the retinal: Asn76 in BR (corresponding to
Val102 in HR and Arg66 in SRII), and Glu194 and Glu204
in BR (corresponding to Glu219 and Thr230 in HR and
Pro183 and Asp193 in SRII). The electrostatic potential of
the three archaeal rhodopsins at the retinal omitting these
seven residues is virtually identical. The latter four residues have not been discussed before as contributing to the
spectral shift among BR, HR, and SRII. However, their
contribution to the difference in electrostatic potential
among the archaeal rhodopsins is evident. Because three
of the identiﬁed residues are located far from the retinal,
future QM/MM studies on the shift among BR, HR, and
SRII need to include a sufﬁciently large part of the protein.
From our results, we conclude that the difference among
the electrostatic potentials at the retinal is delocalized
over seven residues that are in part close and in part far
from the retinal. This delocalization may well be of evolutionary advantage, because single point mutations will not
erase the differences among the proteins.
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APPENDIX
Numerical Solution for a Particle in a Box With
Step Potential
The results from Figure 7b were obtained using a
variant of the quantum mechanical model of a particle in a
box. The standard model of a particle in a box describes the
allowed energy levels of a particle in dependence on the
extension of the box. For polyenes, the box extension
corresponds to the length of the -system. In our extended
model of a particle in a box, the environment, here the
protein, is felt by the particle as an additional potential.
This additional contribution was approximated by a step
potential and, thus, the allowed energy levels of a particle
depend on two additional parameters, the height of the
potential step and its position. A schematic picture of the
resulting model is shown in Figure 7a. The box length b
represents the extension of the -system. The potential
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step is located at position a and the height of the potential
step is given by ⌬⌽. For a particle of charge q located in
this potential, the stationary Schrödinger equation is
given by:
 
⌿共x兲 ⫹ V共x兲⌿共x兲
2m x 2
2

E⌿共x兲 ⫽ ⫺

再

ki ⫽

冑2m/ 2共E ⫺ q⌽ i兲

(7)

2

(4)

where E is the energy of the particle, ⌿ its wave function, 
denotes Planck’s constant divided by 2, m is the mass of
the particle, and V is the potential energy given by:
V共x兲 ⫽

Here, k1 and k2 are the wave vectors in region I and region
II, respectively, given by:

q⌽ I
q⌽ II
⬁

0⬍x⬍a
a⬍x⬍b
elsewhere

(5)

where ⌽I and ⌽II denote the potential of the environment
in region I and region II, respectively. The boundary
conditions ⌿(0) ⫽ ⌿(b) ⫽ 0 together with the continuity of
the wave function and its derivative at x ⫽ a lead to a
quantization condition for the allowed energy levels:
1 e ik 1a ⫺ e ⫺ik 1a
1 e ik 2共a⫺b兲 ⫺ e ⫺ik 2共a⫺b兲
ik 1 a
⫺ik 1 a ⫽
k1 e
⫹e
k 2 e ik 2共a⫺b兲 ⫹ e ⫺ik 2共a⫺b兲

(6)

The term (E ⫺ q⌽i) can be negative for one of the two regions,
I or II. In that case, the corresponding wave vector ki is a
complex number, k ⫽ i, with ⫽公2m/2|E⫺q⌽i|. The
corresponding solution decays exponentially, reﬂecting
the fact that the region is classically forbidden. Equation
(6) can be solved numerically leading to a discrete energy
spectrum of the system.
Two limiting cases can be distinguished: i) the step is
located near the potential walls, and ii) the potential step
becomes vanishingly small. When the step is close to one of
the potential walls of the box, i.e., a is close to 0 or b, the
model approaches the standard model of a particle in a
box. Consequently, the dependence of ⌬E on a and ⌬⌽ is
low in this limit. For the second limiting case, when the
height of the potential step ⌬⌽ approaches zero, a similar
effect is seen and the behavior resembles again the standard model of a particle in a box.

