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ABSTRACT

We investigate the role of excitonic coupling between retinal chromophores of Krokinobacter eikastus rhodopsin 2 (KR2) in the circular
dichroism (CD) spectrum using an exciton model combined with the transition density fragment interaction (TDFI) method. Although
the multimer formation of retinal protein commonly induces biphasic negative and positive CD bands, the KR2 pentamer shows only a
single positive CD band. The TDFI calculation reveals the dominant contribution of the Coulomb interaction and negligible contributions
of exchange and charge-transfer interactions to the excitonic coupling energy. The exciton model with TDFI successfully reproduces the
main features of the experimental absorption and CD spectra of KR2, which allow us to investigate the mechanism of the CD spectral shape
observed in the KR2 pentamer. The results clearly show that the red shift of the CD band is attributed to the excitonic coupling between retinal
chromophores. Further analysis reveals that the weak excitonic coupling plays a crucial role in the shape of the CD spectrum. The present
approach provides a basis for understanding the origin of the KR2 CD spectrum and is useful for analyzing the mechanism of chromophore–
chromophore interactions in biological systems.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0013642., s

I. INTRODUCTION
Circular dichroism (CD) is defined as the difference between
the absorptions of left and right circularly polarized light, which
is widely used in determining the absolute configuration of a
molecule.1 CD measurements have also been used as a sensitive
tool for analyzing chromophore–chromophore and chromophore–
protein interactions.2–7
Excitonic coupling (or electronic coupling), which is an intermolecular interaction between different electronic states, is known
to affect the shape of the CD spectrum, and this phenomenon is
called exciton-coupled CD (ECCD).1,8 ECCD is characterized by
two large CD bands with opposite signs (Cotton effect), which
strongly reflects the intermolecular conformation between two or
more chromophores.
Several theoretical methods have been proposed for calculating the ECCD spectrum.9–11 Among them, the matrix method12–16
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(exciton model) based on the coupled oscillator method17,18 and the
Frenkel exciton model19 is commonly used for the CD calculations
because of its simplicity. In this method, excitonic coupling corresponds to the off-diagonal elements of the Hamiltonian matrix, so
that an accurate description of excitonic coupling plays a vital role
in the CD calculation.
To accurately calculate the excitonic coupling, many theoretical methods have been developed.20–34 One of the authors developed a transition density fragment interaction (TDFI) method.35–37
The TDFI method can describe not only excitonic Coulomb coupling but also exchange coupling.36 Furthermore, in combination
with the transfer-integral method (TDFI-TI),36 the TDFI method
can calculate the contribution of the charge-transfer (CT) interaction to the excitonic coupling. These advantages of the TDFI method
allow for a more accurate description and detailed analysis of
excitonic coupling, compared to other methods.38 In our previous
studies, the exciton model combined with TDFI was applied to
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photochemical and photobiological systems, such as a retinal
dimer,38 xanthorhodopsin (XR),39 and tetracene crystal,40 and successfully reproduced the characteristic absorption and CD spectra
observed in the experiments.
This study focuses on the role of excitonic coupling in spectral properties of Krokinobacter eikastus rhodopsin 2 (KR2),41–43
a retinal-based light-driven outward sodium pump. KR2 is the
first non-protonic cation pumping rhodopsin, and its transport mechanism is completely different from proton pumping
rhodopsins.42,44,45 It has also received much attention in the field of
neuroscience because of its potential as an optogenetic tool.42,46,47
In general, a retinal protein shows a single positive CD band in
the retinal absorption wavelength when it is a monomer, but the
formation of a multimer brings about a significant change in the
CD spectral shape.3,7,48 In the case of bacteriorhodopsin, trimer formation induces biphasic negative and positive CD bands, which
is considered ECCD.3,7 KR2 also forms a pentamer in the membrane environment, so that the emergence of the biphasic CD was
expected. However, the measured KR2 CD spectrum exhibited only
a single positive band.49 This may suggest that, unlike other retinal proteins, excitonic coupling does not affect the CD spectral
shape of the KR2 pentamer. On the other hand, the CD spectrum
of KR2 showed a spectral red shift in the positive band compared to
the absorption band, suggesting that multimeric interactions may
contribute to the CD spectrum. These facts raise the question of
whether the unexpected CD spectrum of the KR2 pentamer is due
to excitonic coupling. However, since no detailed analysis of the
KR2 CD spectrum has been performed, the exact origin remains
unclear.
The purpose of this study is to clarify how excitonic coupling
affects the CD spectrum of the KR2 pentamer. To this end, we
perform the CD spectral calculations using the exciton model with
TDFI. The calculated spectrum is compared to the experimental one.
Based on the successful reproduction of the KR2 CD spectrum, the
underlying molecular mechanism is explored.

scitation.org/journal/jcp

Using Eq. (3), the 2 × 2 Hamiltonian matrix is described as
EV
H = ( i ij ).
Vji Ej

Here, the diagonal element Ei represents the electronic excitation
energy of molecule i. The off-diagonal element V ij is the excitonic coupling between molecules i and j. In the TDFI method, the
excitonic coupling is described as36
1
j
i
Vij = ∑ ∑ Pνμ
Pλσ [(μν∣σλ) − (μλ∣σν)]
2
ν,μ∈i λ,σ∈j
≡ VCoul + VExch ,

(5)

i
where Pνμ
is a one-electron transition density matrix for molecule
i, and (μν|σλ) is an atomic orbital two-electron integral. The first
and second terms of Eq. (5) correspond to excitonic coupling of
the Coulomb (V Coul ) and exchange (V Exch ) interactions between two
molecules, respectively.
The Kth exciton state (i.e., the excited state for the total system)
is represented by a linear combination of Eq. (3),

∣ΨK ⟩ = ∑ ClK ∣Φl ⟩.

(6)

l

To determine the expansion coefficients ClK , the Hamiltonian
matrix H [Eq. (4)] is numerically diagonalized with the Löwdin symmetric orthogonalization method.50 Following this procedure, the
energies of the exciton states EK are also obtained. EK directly corresponds to the excitation energy of the Kth exciton state because
the ground state energy is set to be zero (i.e., E0 = 0) in the present
scheme.
Using the expansion coefficients ClK [Eq. (6)], velocity transition dipole moments and magnetic transition dipole moments
for the non-interacting system are transformed to the ones for the
interacting system,38
∇′K = ∑ ClK ∇l ,

II. THEORY

(4)

(7a)

l

We briefly explain the CD calculation based on the exciton
model combined with TDFI. The details of the TDFI method are
described in Refs. 36, 37, and 40.
The total Hamiltonian for N molecules is given by
N

N

N

Ĥ = ∑ Ĥi + ∑ ∑ V̂ij ,
i

i

(1)

j>i

g

∣Φei ⟩ = ∣φ1 ⋅ ⋅ ⋅ φei ⋅ ⋅ ⋅ φN ⟩,

(2)

where φai denotes the state a [a = ground state (g) or excited state
(e)] for molecule i. For simplicity, let us consider only two electronic
states for molecules i and j (i.e., N = 2). Then, the basis becomes

g

∣Φ2 ⟩ = ∣φi ⋅ φej ⟩.
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Using these moments, the rotational strength of the Kth exciton state
is obtained as
Im(∇′K ⋅ m′K )
.
EK

(8)

Finally, the CD spectrum is calculated as
(E − EK )2
RK EK
],
Δε(E) ∝ ∑ √
exp[−
2σ 2
2πσ
K

(9)

where σ denotes the standard deviation of the Gaussian distribution.

III. COMPUTATIONAL DETAILS

g

∣Φ1 ⟩ = ∣φei ⋅ φj ⟩,

(7b)

l

RK =

where Ĥ is the local Hamiltonian for molecule i, and V̂ is the excitonic interaction between different molecules i and j. In the exciton
model, we consider the basis represented by the direct product of the
electronic states for N molecules,
g

m′K = ∑ ClK ml .

(3)

The atomic coordinates of KR2 were taken from the crystal structure (PDB: 4XTO).43 This structure was optimized with
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the hybrid quantum mechanics/molecular mechanics (QM/MM)
method,51 in which density functional theory (DFT)52 with the
B3LYP functional53 and the AMBER99 force field54 were employed
for the QM and MM atoms, respectively. The excitation energies and the transition densities were obtained with the density
fragment interaction (DFI) method,55 in which the symmetryadapted cluster-configuration interaction (SAC-CI) method56 and
time-dependent DFT57 with the CAM-B3LYP functional58 (TDCAM-B3LYP) were employed for the QM atoms. The protein electrostatic effect was described with the MM atoms represented by
the AMBER99 force field.54 A frozen core approximation to 1s
core orbitals was employed in the SAC-CI and TD-CAM-B3LYP
calculations. The split valence double-ζ plus polarization basis set
(6-31G∗ ) was used for all QM atoms. The retinal chromophore
with the side chain of Lys255 and its counterion Asp116 were
described as the QM atoms. The Cβ –Cγ bond of Lys255 and the
Cα –Cβ bond of Asp116 were cut as the QM/MM boundary, and
those were capped with hydrogen.59 The excitonic coupling values were obtained with the TDFI method. A standard deviation of
0.18 eV was used in the spectral calculations [Eq. (9)]. The QM/MM
geometry optimization and the DFI/TDFI computations were carried out with TINKER4.260 interfaced with the Gaussian09 program
package61

IV. RESULTS
We first performed excited state calculations for the KR2
monomer. The structures used for the calculations are shown
in Fig. 1(a). Table I summarizes the excitation energies, oscillator strength, and rotational strength obtained with the SAC-CI
and TD-CAM-B3LYP methods. In both SAC-CI and TD-CAMB3LYP calculations, the first excited states had large oscillator
strength and were characterized as π–π∗ excitation from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
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molecular orbital (LUMO). The excitation energies obtained with
the SAC-CI and TD-CAM-B3LYP methods were 2.33 eV and
2.82 eV, respectively. It is noted that there is no experimental value
for the excitation energy of the KR2 monomer. However, considering the experimental result for the KR2 pentamer (2.37 eV41 ), the
SAC-CI excitation energy seemed to be close to the experimental
value. Using the SAC-CI values, we also calculated absorption and
CD spectra for the KR2 monomer. As shown in Fig. 2(a), the calculated absorption spectrum showed a band at 532 nm (2.33 eV),
while the calculated CD spectrum [Fig. 2(b)] also showed a positive band at 532 nm (2.33 eV). Therefore, the peak position of the
CD band [Fig. 2(b)] was the same as that of the absorption band
for the KR2 monomer [Fig. 2(a)]. These results showed that the
monomer calculation does not reproduce the red-shifted CD band
observed in the experiment [Fig. 2(d)].49 The positive CD band
came from positive rotational strength (139 × 10−40 cgs), which
was consistent with the retinal CD spectra obtained in our previous
studies.38,39
Next, the TDFI calculations were applied to the retinal chromophores for calculating the excitonic coupling values. Here, we
considered the retinal electronic transition between the ground and
the first excited states. Table I also summarizes the calculated excitonic coupling values. The SAC-CI and TD-CAM-B3LYP calculations gave excitonic coupling values of 25.1 cm−1 and 35.8 cm−1 ,
respectively. The magnitudes of these excitonic coupling values were
much smaller than that of XR (227 cm−1 ),39 indicating weaker interchromophore interactions for KR2. This can be understood from the
protein structure of KR2. As shown in Fig. 1(b), the intermolecular Nζ –Nζ distance between retinal chromophores was ∼25 Å. This
intermolecular distance was much larger than the carotenoid–retinal
distance in XR (∼13 Å),35 which resulted in the smaller excitonic
coupling than that of XR. This result indicates that excitation energy
transfer (EET) between the retinal chromophores in KR2 is less
likely to occur than the EET between the carotenoid and retinal
in XR.62–64

FIG. 1. Optimized structure of KR2. (a)
Monomer and (b) pentamer. In (b), the
intermolecular distance of 25 Å is shown.
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TABLE I. Excitation energies, excitonic coupling energies, oscillator strength, and rotational strength of KR2.

V (cm−1 )b
Eex a (eV)

Coulomb

Exchange

CT

f c (a.u.)

Rd (10−40 cgs)

SAC-CI

2.33

0.0

0.0

0.94

139

TD-CAM-B3LYP

2.82

25.1
(25.0)e
35.8
(37.9)e

0.0

0.0

1.97

148

a

Excitation energy for the KR2 monomer.
Excitonic coupling energy obtained with the TDFI method.
c
Oscillator strength for the KR2 monomer.
d
Rotational strength for the KR2 monomer.
e
Data calculated with the TrESP method.
b

FIG. 2. Theoretical and experimental spectra of KR2. (a) Theoretical absorption, (b) theoretical CD, (c) experimental absorption of the KR2 pentamer (from Ref. 41), and (d)
experimental CD of the KR2 pentamer (from Ref. 49). In (a) and (b), the values in the pentamer spectra are given per monomer.
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We also examined each contribution to excitonic coupling in
terms of Coulomb, exchange, and CT interactions. The CT interactions (i.e., indirect coupling65 ) were calculated with the TDFITI method,36,37 where the contributions from retinal HOMO −
1, HOMO, LUMO, and LUMO + 1 were considered. As also
listed in Table I, the Coulomb interaction was calculated to be
25.1 cm−1 , while exchange and CT interactions were 0.0 cm−1 .
Therefore, the main contribution to excitonic coupling was found
to be the Coulomb interaction. This result was also understood
from the protein structure of KR2. The large inter-chromophore
distance reduced the orbital overlap between chromophores, resulting in negligible exchange and CT interactions. We also calculated excitonic coupling with a transition charge from the electrostatic potential (TrESP) method.26,38 It is noted that the TrESP
method can calculate only the Coulomb interaction. As also
listed in Table I, the excitonic coupling value obtained with the
TrESP method was 25.0 cm−1 , which was almost the same as the
TDFI value (25.1 cm−1 ). Therefore, it was found that the TrESP
method is also applicable to the excitonic coupling calculation
for KR2.
Subsequently, we performed the absorption and CD spectral
calculations of the KR2 pentamer using the exciton model. As mentioned above, the SAC-CI excitation energy for the KR2 monomer
(2.33 eV) was closer to the experimental value for the KR2 pentamer (2.37 eV41 ) than the TD-CAM-B3LYP value (2.82 eV). Therefore, the SAC-CI values were used to construct the Hamiltonian
matrix. Figure 1(b) shows the pentamer structures used for the calculations. The intensities of the calculated spectra were given per
monomer. As shown in Fig. 2(a), the calculated absorption spectrum of the KR2 pentamer exhibited a large positive band at 532 nm
(2.33 eV). This peak position well reproduced the experimental
values (524 nm, 2.37 eV) shown in Fig. 2(c). These results also
showed that the peak position of the KR2 pentamer is almost the
same as that of the monomer [Fig. 1(a)], while the intensity was
higher than that of the monomer. Thus, we found that multimeric
interactions had little effect on the peak position of the absorption
spectrum.
The calculated CD spectrum of the pentamer is shown in
Fig. 2(b), where a positive CD band is confirmed at 558 nm (2.22 eV).
This peak position was in good agreement with the experimental
value (544 nm, 2.28 eV) shown in Fig. 2(d). Although the calculated
CD spectrum showed a slight negative band at 471 nm, the exciton model with TDFI could almost reproduce the shape and peak
position of the experimental CD spectrum for the KR2 pentamer. It
should be noted that the peak position for the pentamer (558 nm,
2.22 eV) was red-shifted by 26 nm (0.11 eV), compared with that
for the monomer (532 nm, 2.33 eV). This result strongly suggested
an effect of the multimeric interaction on the shape of the CD
spectrum.
To investigate the dependence of the CD spectrum on the
number of proteins, we also calculated the CD spectra of dimer,
trimer, and tetramer of KR2 using the exciton model. It is noted
that the CD spectrum of KR2 measured in the experiment is
only for the pentamer. As shown in Fig. 3, all CD spectra of
the dimer to the pentamer showed large positive bands, but different peak positions. This band was gradually red-shifted from
534 nm (the dimer) to 558 nm (the pentamer) with an increase
in the number of proteins. Therefore, the multimerization of KR2
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FIG. 3. Theoretical CD spectra of the KR2 monomer to pentamer. The values are
given per monomer.

was found to affect the shape of the CD spectrum. Such a multimerization effect has not been experimentally observed in KR2,
but the red shift of the CD spectrum due to the multimeric
effect has been experimentally confirmed in Gloeobacter rhodopsin
(GR).66
We further analyzed the CD components. Figure 4 shows the
CD components of the KR2 dimer and the pentamer. All the spectra of the dimer to the pentamer were composed of positive and
negative CD components. In the dimer spectrum, both one positive component and one negative component had high intensities,
while in the pentamer spectra, two positive components and one
negative component had higher intensities. In these spectra, the positive component appeared at longer wavelength than the negative
component. These components canceled each other, resulting in a
large positive CD band. As mentioned above, the pentamer CD band
obtained with the exciton model was red-shifted by 26 nm, compared with the monomer band. This can be explained as follows. In
the pentamer spectrum, the two positive CD components showed
peaks (347 M−1 cm−1 and 231 M−1 cm−1 ) at longer wavelength
(532 nm) than the negative component (−555 M−1 cm−1 at 529 nm).
Furthermore, the sum of the two positive CD components had a
larger magnitude than the negative component. Thus, the cancellation of these components resulted in a spectral red shift in the overall
CD spectrum (558 nm), compared to the original peak positions
of the components (532 nm and 529 nm). From these analyses, we
understood how the red shift of the CD spectrum occurs in the KR2
pentamer.
We also analyzed the reason why the positive CD component
appears at a longer wavelength than the negative CD component.
According to the exciton chirality method,8,11 the sign of the dihedral angle when bringing the front transition dipole to the back
transition dipole corresponds to the sign of the CD component at

153, 045101-5

The Journal
of Chemical Physics

ARTICLE

scitation.org/journal/jcp

FIG. 4. Theoretical CD components of KR2: (a) dimer and (b) pentamer. The values are given per monomer.

a longer wavelength. Figure 5 shows two retinal chromophores in
the KR2 pentamer. The red arrows represent the transition dipole
moment of each retinal chromophore. This system clearly shows the
clockwise rotation from the transition dipole of retinal A (front)
to that of retinal B (back). Therefore, it was found that the positive rotational angle (the clockwise rotation) between the transition dipoles contributes significantly to the positive CD spectrum
of KR2.
To investigate the effect of excitonic coupling, we also performed another type of spectral calculation, in which off-diagonal
element values (i.e., excitonic coupling) were excluded from the
Hamiltonian matrix. Hereinafter, this calculation is called a nocoupling model.39 The absorption spectrum obtained with the nocoupling model exhibited a positive band at 532 nm (data not
shown). This peak position did not shift from the result of the
exciton model (532 nm). These results showed that the excitonic
coupling hardly affected the absorption spectrum of the KR2 pentamer. In contrast, the CD spectrum obtained with the no-coupling
model showed a different shape from that with the exciton model.
The no-coupling model gave a CD band at 532 nm (data not
shown), which did not show the red shift of the CD band as
obtained with the exciton model (558 nm). Furthermore, the CD
intensity was lower in the no-coupling model than in the exciton model. It is noted that the no-coupling model corresponds
to the isolated chromophore calculation. Thus, the results clearly
showed that the convolution of the separately calculated CD spectra for the individual chromophores failed to reproduce the experimental CD spectrum of the KR2 pentamer. From these results,
we found that the excitonic coupling values in the Hamiltonian
matrix significantly contribute to the CD spectral shape of the KR2
pentamer.
We further examined the dependence of the CD spectrum on
the value of excitonic coupling. The excitonic coupling values of

J. Chem. Phys. 153, 045101 (2020); doi: 10.1063/5.0013642
Published under license by AIP Publishing

10 cm−1 , 20 cm−1 , 30 cm−1 , 50 cm−1 , and 100 cm−1 were considered
in the CD calculations. It is noted that these calculations used the
same values as in Fig. 2(b), except for the excitonic coupling. The
calculated CD spectrum is shown in Fig. 6. The intensities of the
calculated spectra were given per monomer. For 10 cm−1 , the CD
spectrum showed only a single positive band, while the spectrum
gradually formed a negative band in addition to the positive band
with an increase in the excitonic coupling values. The appearance
of a distinct biphasic CD spectrum was confirmed above 30 cm−1 .
These results clearly showed that the magnitude of the excitonic
coupling has a significant effect on the shape of the CD spectrum.
From these results, we could confirm that the weak excitonic coupling of about 20 cm−1 is important for the spectral red shift and the
single positive band in the experimentally observed CD spectrum
of KR2.

FIG. 5. Intermolecular conformation of two retinal chromophores (retinal A and
retinal B) in KR2. The red arrows represent the transition dipole moment of each
retinal chromophore.
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calculation based on the SAC-CI method. Furthermore, the present
approach can be combined with other electronic structure methods. The high accuracy and broad applicability of the exciton model
combined with TDFI are useful for analyzing the molecular mechanisms underlying the chromophore–chromophore interactions in
biological molecular aggregates.
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