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Abstract

Various photosynthetic organisms have evolved to absorb light in different regions of the visible 

light spectrum, thus adapting to the various lighting conditions available on Earth. While most of 

these autotrophic organisms absorb wavelengths around the 700–800 nm region, some are capable 

of red-shifted absorptions above this range, but none as remarkably as Blastochloris viridis whose 

main absorption is observed at 1015 nm, approximately 220 nm (0.34 eV) lower in energy than 

their main constituent pigments, BChl-b, whose main absorption is observed at 795 nm. The 

structure of its light harvesting 1-reaction center was recently elucidated by cryo-EM; however, the 

electronic structure details behind this red-shifted absorption remain unattended. We used hybrid 

quantum mechanics/molecular mechanics (QM/MM) calculations to optimize one of the active 

centers and performed classical molecular dynamics (MD) simulations to sample conformations 
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beyond the optimized structure. We did excited state calculations with the time-dependent density 

functional theory method at the CAM-B3LYP/cc-pVDZ level of theory. We reproduced the near 

IR absorption by sequentially modifying the number of components involved in our systems 

using representative structures from the calculated MD ensemble. Natural transition orbital 

analysis reveals the participation of the BChl-b fragments to the main transition in the native 

structure and the structures obtained from the QM/MM and MD simulations. H-bonding pigment–

protein interactions play a role on the conformation stabilization and orientation; however, the 

bacteriochlorin ring conformations and the exciton delocalization are the most relevant factors to 

explain the red-shifting phenomenon.

Graphical Abstract

INTRODUCTION

Photosynthesis is the cardinal photophysical process that sustains life on Earth and possibly 

the one most related to its origin and early evolution,1 specifically when it comes to 

oxygenic photosynthesis.2,3 Overall, photosynthesis is a thermodynamically unfavorable 

process (ΔG > 0) in which the capture of light by a light harvesting complex (LHC) 

promotes the enzymatic synthesis of complex products from simple molecules for the 

sustenance of the photosynthetic organism;1,4 however, even when most of the enzymatic 

and redox processes involved in the synthesis part have been mapped out, the mechanism 

of energy transfer upon photon capture remains an open avenue for research. Unveiling 

the electronic mechanisms of how it works could lead to a better understanding of the 

evolution of autotroph organisms,5,6 as well as to the potential improvement of sustainable 

solar energy capture and storage devices.7,8

Among modern photosynthetic organisms, bacteria have structurally simple LHCs compared 

to the structure of chloroplasts from higher organisms such as plants; this low level of 

complexity poses an advantage for the computational study of electronic structure effects 

related to the energy absorption and transfer mechanisms involved in their life cycles. 
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LHCs are composed of pigments embedded in proteins in specific arrangements; these 

photosynthetic pigments, such as chlorophylls (Chl), bacteriochlorophylls (BChl), and 

carotenoids, have their main absorptions in the UV–visible range of the electromagnetic 

spectra, with bacteriochlorophylls being the most abundant of them.9 These tetrapyrrolic, 

Mg2+ coordinating pigments show their main absorption bands on the red region of 

visible light ranging from 760 to 800 nm in solution;9 however, in their solvated natural 

configurations, they show a slightly red-shifted absorption of about 50 to 100 nm.10,11 

Some organisms, such as certain species of cyanobacteria, have even evolved to adapt to 

low intensity light conditions rearranging their LHC structures to absorb infrared light by 

a well-established phenomenon known as far red light photoacclimation (FarLiP) in which 

paralagous subunits of PS-I and PS-II are expressed for the purpose of harvesting longer 

wavelengths in environments with low levels of white light, but even in these conditions, the 

maximum absorption is observed around 810 nm.12,13

In the field of agrotechnology, far-red absorbing photosynthetic pigments from 

cyanobacteria, such as BChl-d, have been successfully included into the LHC of plants 

(LHC-II), without altering their overall architecture, as a crop-boosting strategy; however, 

the far-red absorption only shifts the maximum absorption from 672 to 699 nm (∼27 nm).14 

A few naturally occurring photosystems show a noticeable red-shift with respect to the 

isolated pigments in solution15,16 but none as extreme as the observed on the light harvesting 

1-reaction center (LH1-RC) of Blastochloris viridis,17 whose main absorption is located at 

1015 nm, more than 200 nm upward from that of bacteriochlorophyll-b (BChl-b), the main 

pigment present in this LH complex, which shows an absorption maximum at 795 nm in 

solution (MeOH).9 This remarkably low energy absorption for a photosynthetic organism 

remains the most dramatic example to date; the reasons behind the electronic mechanism 

with which B. viridis is able to absorb near-IR radiation with pigments that absorb in the 

visible region of the spectra have not been addressed so far.

The LH1-RC of B. viridis is composed of 17 protein subunits surrounding the so called 

photosynthetic pigments special pair. Each of these subunits—except for subunit—17 is 

made up of three α-helix structures surrounding two BChl-b and one dihydroneurosporene 

(DHN) molecule for a total of 34 of these photosynthetic pigments inside the LHC 

and 17 DHN molecules interacting between the protein structures and the main BChl-b 
pigments. BChl-b pigments and the DHN secondary pigments are kept into place through 

various interactions with the surrounding proteins, from which H-bonds between tryptophan 

residues and the keto groups of the pigments are the most prominent; additionally, a 

histidine residue coordinates the Mg2+ ion located at the center of each BChl-b molecule 

placing it slightly above the plane as observed in various other systems.18,19 The structural 

elucidation by Qian et al.17 via cryo-electron microscopy allows for the computational 

studies of the electronic structure influence into the red shifted absorption of interest and 

other photophysical phenomena; however, the 2.9 Å resolution with which it was obtained 

makes the structure of the pigments challenging for electronic structure calculations. 

Nevertheless, MD simulations can help improve the atomistic details.20

When the structure of 6ET5 was first described, five structural factors were suggested as the 

potential causes for this remarkably low energy absorption: (1) A short Mg2+–Mg2+ distance 
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of 8.5 Å; (2) unusually strong protein–pigment interactions; (3) the slightly more extended 

π-conjugated system of BChl-b with respect to that of BChl-a, which is more abundant in 

other organisms; (4) strong pigment–pigment coupling; and finally, (5) the structural rigidity 

of the LH1-RC structure, as discussed in previous works.21–25 However, no account for the 

electronic reasons behind this rare low energy absorption were addressed in this or any other 

report. Other LHCs showing short Mg2+–Mg2+ distances are chlorosomes, none of which 

show a red-shifted absorption as remarkable as this, even when these distances are even 

shorter (∼6.4 Å).10,26 The aim of this work is to explore the electronic structure effects 

and the electronic transitions calculated with time-dependent density functional theory (TD-

DFT) methods to assess the origin of this low energy absorption in terms of the pigment–

pigment and pigment–protein interactions, exciton delocalization effects, exciton coupling 

effects, and dynamic effects on the molecular structures of the asymmetric section of the 

LH1 ring from B. viridis.

COMPUTATIONAL DETAILS

The LH1—RC structure in the 6ET5 PDB file shows a circular translational symmetry 

whose repeating units were described above. Atomic coordinates for the pigments embedded 

in one of these repeating units were taken therefrom, amounting to four BChl-b and two 

DHN molecules; additionally, the surrounding amino acid residues were also included to get 

a more detailed picture of the electronic interactions involving the pigments taking 3.0 Å as 

a distance criterion to choose the closest amino acid residues (see Figure 1). These residues 

were selected first by invoking a distance criterion. The pigment–protein interactions, such 

as H-bonds between pigments and their embedding surroundings, have been previously 

shown to be important for correctly describing the electronic spectra of photosynthetic 

systems, but specifically, the fifth coordination of Mg2+ ions by a histidine residue has an 

important impact in the correct calculation of their UV–vis spectra, and thus those specific 

residues were kept to maintain the correct geometry of Mg2+ ions.19,27,28

To reproduce the near-IR absorption, the previous arrangement shown in Figure 1 was 

dissected into various pigment systems of increasing complexity. In total, seven systems 

were built and divided into three kinds: (A) single BChl-b pigment systems; (B) two 

pigments (BChl-b–DHN) systems; (C) and three pigments systems comprised of two 

neighboring BChl-b and the surrounding DHN molecules. The first two systems from group 

A consist of one symmetry-independent BChl-b molecule along with their interacting amino 

acids (see Figure 2); these are labeled as B1 and B3 systems. The next two models from 

group B, consisting of one BChl-b and one DHN molecule with surrounding amino acids, 

were labeled B2 and B4 (see Figure 3). Finally, three models for group C, each including 

three pigments, were built with two BChl-b and one DHN molecules and were labeled B5, 

B6, and B7 (see Figure 4). The surrounding amino acids of all models were all valence 

completed by adding an OH fragment on the acid group, and a hydrogen atom was added to 

complete the primary amine on the amino group. On these seven systems, a partial geometry 

optimization of hydrogen atoms and sidechain amino acids (i.e., excluding those atoms 

from the peptidic chain) at the PM6 semiempirical level of theory was carried out and later 

refined by means of a second optimization with density functional theory (DFT) calculations 

at the PBE0/6–31G(d) level of theory. Electronic transitions and absorption spectra were 
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calculated with TD-DFT at the CAM-B3LYP/cc-pVDZ level of theory, which allows a 

good description of the electron transitions and photophysical behavior of photosynthetic 

pigments.27,29,30 Fifteen singlet excited states were requested for the B1 to B4 systems (one 

and two pigments systems) and 50 singlet excited states for the B5 to B7 three-pigments 

systems, using in all cases the SMD31 implicit continuum dielectric model with methanol as 

a solvent. A control calculation was constructed from the BChl-b pigment in the B1 model 

with an explicit methanol molecule coordinated to the Mg2+ central ion fully optimized 

as a reference for comparing its behavior in solution with the same implicit continuum 

solvation model, SMD. For the semiempirical and DFT optimizations and TD-DFT UV–

vis calculations, the Gaussian 09 rev. E.01 package was used.32 A Gaussian broadening 

was used for plotting the UV–vis spectra, using a bandwidth of 0.2, which was obtained 

by comparing the experimental bandwidth using the equation reported by Gouterman33 

and taking the reported coefficient extinction values from Namsaraev,34 being a close 

value to accurately reproduce the absorption spectra with our calculated systems. The 

surrounding aminoacids from the α and β chains were included in the calculations to 

expand the intermolecular interactions beyond the pigment–pigment ones: histidine residues 

coordinating the Mg ions and triptophan and tyrosine residues interacting by H-bonds to the 

BChl-b pigments, according to Kimura et al.35 the tryptophan residues play an important 

role on the BChl-b structure stabilization and conformation in the LH1 ring of the 6ET5 
complex. An electron–hole Löwdin population analysis was performed on the excited state 

to analyze the exciton diffusion effect into the red-shift phenomenon, using the TheoDORE 

2.0.2 version program package.36

Additional classical molecular dynamics (MD) and quantum mechanics/molecular 

mechanics (QM/MM) optimizations were performed for the B7 system. The first step was 

to obtain parameters for the BChl-b and DHN molecules for the amber99sb force field 

using the VALENCE program in TinkerTools to estimate vdW and bonded parameters and 

Mulliken charges to model the electrostatic contribution.37 Mulliken and ESP charges show 

similar values on average after QM/MM optimization (see Table S1). In all subsequent 

calculations, Mulliken charges were used based on a closer agreement for the pigments 

after optimization to the crystal structure. In our model, we have included four peptides 

surrounding two molecules of BChl-b and one of DHN. We used PROPKA to determine the 

protonation states of ionizable residues and Packmol to build the simulation unit cell.38,39 

We placed the protein–pigment complex in the center of a box of 10 × 10 × 10 nm and 

added 33,000 TIP3P water molecules. In addition, we added five chloride ions to neutralize 

the charges. We performed an NPT MD simulation at 298 K and 1 atm using the Tinker 8 

code to allow the water molecules to relax to equilibrate the system.37 Protein and pigments 

were held fixed throughout the simulation. We used the Bussi–Parinello thermostat and the 

Monte-Carlo barostat to control temperature and pressure, respectively.40 The simulations 

were carried out with the RESPA algorithm and a time step of 1 fs.41,42

The equilibrated structure was optimized using LICHEM by means of ab initio QM/

MM.43,44 The QM region is composed of the atoms of the pigments, side chains of the 

histidine residues coordinating Mg2+ ions, and tryptophan residues interacting by H-bonds 

with the BChls-b from the α chains surrounding all pigments (see Figure 5a). The rest of 
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the protein atoms as well as the water molecules and chloride atoms were treated in the 

MM region. To complete the residues in the QM region, we have used the pseudobond 

approach. Our QM/MM system in total has 434 QM atoms, 4 pseudoatoms, 12 boundary 

atoms, and 102,206 MM atoms. The QM region was calculated at the PBE0/6–31G(d) basis 

set implemented in Gaussian16,45 and the MM region was represented with the ff99SB force 

field using Tinker8 with the parameters for the pigments corresponding to the procedure 

described above. An iterative QM/MM optimization, as implemented in LICHEM, was 

performed for all atoms within a sphere with a radius of 30 Å centered on the center of mass 

of the protein–pigment complex (see Figure 5b). Atoms outside this sphere remained fixed 

during the optimization. The convergence criteria of the QM region were as follows: RMS 

deviation, 0.002 Å; RMS force, 0.005 Hartree Bohr−2; and Max force, 0.01 Hartree Bohr−2. 

Meanwhile, the convergence criteria of the MM region were as follows: RMS deviation, 0.1 

Å; RMS force, 0.1 kcal mol−1 Å−2.

To see the effect that geometry has on excitations, we also did an MD simulation to allow 

the relaxation of the protein and pigments. Our simulation started with an additional 2 

ns equilibration step. The simulation conditions were performed with the same protocol 

as described above, with all restraints removed except for an added harmonic potential 

to maintain the distance of the histidines with Mg ions in the BChl-b molecules as in 

the experimental structure. MD simulations were carried out for 45 ns under standard 

conditions, with snapshots recorded every 25 ps, giving a total of 1800 structures. From 

these structures, we selected 10 representative structures of the main changes in RMSD and 

total potential energy based on a k-means clustering analysis over three observed regions of 

the resulting ensemble (see Figure 8).

RESULTS AND DISCUSSION

For the reference control system, the excited states for an isolated BChl-b optimized in 

methanol with an explicit MeOH molecule coordinated to Mg2+ (BChl-b—MeOH) were 

calculated; it is observed that the main Qy absorption appears at 756 nm, in which the 

experimental spectra for BChl-b in methanol appears at 795 nm (Δλ = 38 nm, ΔE = 0.08 

eV),9 far from the near-IR region. An RMSD value of 4.604 Å was obtained between B1 
BChl-b and the corresponding native structure from 6ET5 as the reference, which means that 

significant structural changes not only on the phytyl chain but also on bond distances and 

angles of the tetrapyrrolic section are observed for the optimized structure (see molecular 

coordinates and structure comparison on SI Figure S8 and Tables S2 and S3). Also, a 

difference of 165 nm (0.3 eV) is shown between the Qy absorptions of the BChl-b–MeOH 

and the one in B1, as a consequence of these geometry changes when the BChl-b is fully 

optimized.

As a reference for analyzing the accuracy of our results, the maximum absorption from 

the experimental UV–vis spectrum of 6ET5 was used (see Table 1). Only for group C, the 

three pigments systems, B5 and B7, was the Qy band with a wavelength larger than 1000 

nm observed (see Table 1 and Figure 6). The photosynthetic pigment arrangement looks 

similar between B5 and B7 systems in the sense that the DHN molecule lies between the 

two BChl-b pigments, whereas in B6, it is located on one side. Since B6 does not show a Qy 
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band above 1000 nm (943 nm), we can presume that the pigment arrangement from B5 and 

B7 are mostly responsible for the low energy absorption under study.

It is noteworthy that in their native conformations and with the selected intermolecular 

interactions, most systems show a low energy Qy band in the range between 900 and 

1050 nm. Systems in group A (single pigment systems), namely, B1 and B3, have similar 

displacements with respect to the experimental Qy band and 93 (0.12 eV) and 96 nm (0.13 

eV) higher in energy with respect to the sought after 1015 nm band, respectively. Similarly, 

group B (two pigments systems), namely, B2 and B4, shows a similar behavior with a 

slightly closer agreement to the experimentally observed band, 78 and 79 nm (0.10 eV 

in both cases), respectively. Comparing the results for these two groups, we can observe 

that the presence of the carotenoid DHN molecule shifts the Qy band slightly to longer 

wavelengths; nevertheless, care must be observed when jumping to conclusions about their 

involvement: a Löwdin population analysis of the group B shows how the involvement of the 

secondary pigment, DHN, is negligible next to that of the main BChl-b pigment (see Table 

2), so despite being slightly closer to the experimental absorption compared to group A, the 

presence of DHN seems to have little to do with this fact.

The closest agreement is observed for two systems within group C (three pigments systems), 

B5 and B7 with |Δλ| = 30 and 11 nm (0.03 and 0.01 eV), rendering B7 as the one with the 

best agreement and the better chance to explain the origin of the red-shifted absorption of B. 
viridis.

From the previous control calculations, which lacked the amino acid residues, we decided 

to assess the influence of the pigment–residue interactions on the main absorption; these 

neighboring tryptophan and tyrosine residues were removed from the B7 system. The 

resulting absorption of interest shows only a small blue-shift from the B7 system, which 

includes the amino acids (see Table 3), while at the same time shows an increase in 

the oscillator strength, pointing toward the idea that the π – π stacking between BChl-b 
pigments, and not the protein–pigment interactions, is the main cause behind the red-shifting 

of the Qy band of 6ET5; although, the effects due to the surrounding proteins are not 

negligible.

It has to be noted that for the B2, B4, B5, and B7 systems, a spurious band at 770 nm, 

absent in the experimental spectra, is observed with a large absorption; the same occurs at 

540 nm for B6. By analyzing the NTOs for these bands, it is shown that in all of these states, 

the DHN molecules play an important role in a charge transfer state (see Figure 7), the 

same holds true for the transition from the 540 nm band of B6. This phenomenon is already 

reported on plants and bacteria.46–48 However, it is also known that the energy transfer from 

the BChl Soret band to carotenoids has an extremely low efficiency;49 in fact, when the 

DHN molecule is deleted, the 770 nm band is lost (e.g., see the case of system B7 in Figure 

S12 of the SI).

Our B7 system model, built with the native cryo-EM structure, reproduces the red-shifted 

band observed experimentally for the LH1-RC of B. viridis. However, by the very nature of 

the cryo-EM technique, the pigments are fitted on the protein structure by taking a molecular 
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sampling from other LH1-RC structures and using force field densities into protein cavities; 

in the particular case of 6ET5, the resolution is 2.9 Å, which means that the atomic 

coordinates for the pigments may not be entirely accurate for a detailed quantum description 

of their photophysics.17,50 Beyond the structural reliability of these fitted structures, for a 

complete ligand–pigment description of a biological system, the structural parameters must 

be refined for the study of these quantum mechanics effect at an atomistic level. Taking the 

B7 system as our starting point, we include the surrounding proteins to make a QM/MM 

description of the protein effect on the red-shift phenomenon (see Figure 5). The calculated 

UV–vis spectra based on the QM/MM optimized structure does not show the previously 

obtained spurious 770 nm band explaining the DHN electronic transitions, appearing now at 

489 nm (2.53 eV) and resulting on an energy difference of 0.29 eV from the experimental 

DHN band in methanol (439 nm, 2.82 eV)51 and on an energy difference of 0.42 eV from 

the maximum absorption attributed to the DHN residues on the 6ET5 structure (420 nm, 

2.95 eV).17 Nevertheless, the maximum absorption peak is observed at 828 nm (1.49 eV), 

not consistent with the expected electronic structure effects on the red-shifting absorption. 

The RMSD value of the pigment with respect to the initial coordinates is 0.393 Å, indicating 

that a slight geometrical change on the pigments affects its photophysical properties, and we 

realize that this minimum cannot reproduce the red-shifting effect. Based on these results, 

we decided to investigate the spectroscopic effects of structures at room temperature based 

on a thermalized ensemble from an MD simulation.

After a 45 ns MD simulation, 10 structures based on a k-means clustering were randomly 

selected and their first 10 excited states were calculated (see Figure 8). The red-shifted 

absorption appears in all these systems (see Table 4) with oscillator strength values related to 

a strong absorption.

Exciton population analyses were performed on each one of the sampled structures from 

the MD simulations, and the results are collected in Table 5. Therein, we observe that 

electron–hole populations vary for each system, reflecting the different processes of exciton 

oscillation and diffusion between the two pigments. These results suggest that there is a 

direct relationship between the oscillator strength and the exciton diffusion, e.g., system 

2 exhibits a significant hole population localized over the DHN fragment, which relates 

to an oscillator strength value larger than unity. This is a typical signature of the main 

energy absorption of carotenoid systems when their photophysical properties are studied 

with quantum mechanical methods.52–54 It is noteworthy that the more delocalized the 

exciton between the BChl-b fragments is, the larger their corresponding oscillator strength 

value, as it is noted for systems 4, 6, 7, 9, and 10.

These sampled structures accurately reproduce the main absorption in the near IR region. 

Taking system 7 as a representative example whose calculated UV–vis spectrum can be 

observed to match the experimental one (see Figure 9a), a spurious band at 835 nm (1.48 

eV) is observed yet once again as in the case of B7, but as in the previous case, removing the 

DHN molecule yields a matching spectra free from that carotene signature band (see Figure 

9b).
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Data from Table 5 are consistent with the NTO description of the main transitions. 

Using system 7 as a representative example, the main transitions are explained by two 

simultaneous electronic excitations (see Figure 10), with each transition localized on each 

BChl-b pigment. The coexistence of both electronic transitions is equivalent to the exciton 

delocalization, such as the ones described by the electronic transitions in sampled system 9 
(see Figure 12); also, the sampled system 6 NTOs correspond to a charge transfer process 

between both BChl-b pigments on one of the two electronic transitions (see Figure 11), 

with this process being involved on the red-shifting effects, like the one present on the 

photosystem-II oxygenic photosynthetic structure.13 The rest of the NTOs associated to the 

electronic transitions on the sampled structures are reported in the SI (Figures S2–S11).

The obtained data suggests that slight structural changes in the bacteriochlorin rings directly 

impact the red-shifting effect: we report RMSD values of each BChl-b fragment of the 

representative MD structures using the B7 optimized structure with the QM/MM method as 

the reference on Table 4 together with the exciton energy couplings. In general, it can be 

observed that small fluctuations on the bacteriochlorin rings drives to a lower absorption 

energy compared to the optimized B7 energy minimum. Also, the absorption energy seems 

to increase for those structures with an RMSD value greater than 1 Å as it is the case for 

structure 2, the one with the most important structural deviations from the original cryo-EM 

determination, in comparison to the other structures from the MD sampling and the higher 

excitation energy of all structures. The calculated exciton coupling energy between the 

BChl-b pigments on each structure from the MD sampling show no correlation between the 

red-shifting effect and the exciton coupling energies between these pigments. Therefore, we 

can conclude that a structural effect on the BChl-b rings is important to explain the ∼1000 

nm absorption band on Blastochloris viridis’ LH1-RC structure.

CONCLUSIONS

We reproduced the red-shifted absorption of the Blastochloris viridis LH1-RC and explored 

the structural effects behind them using its cryo-EM structure (PDB ID: 6ET5) by taking 

the structure system B7 from 7 systems divided on A, B, and C groups, and by performing 

TD-DFT, QM/MM calculations, and MD simulations, we explored the structural quantum 

and dynamic effects behind this red-shifting absorption phenomenon. We discussed and 

concluded that the dynamic effect is determinant to understand this low energy absorption 

since the RMSD values of the bacteriochlorin rings obtained from the MD simulation 

realize that the minimal conformation changes due to dynamic effects are determinant on the 

explanation of the red-shifted absorption of the LH1-RC Blastochloris viridis structure. The 

exciton delocalization and oscillation between BChl-b photosynthetic pigments are also a 

consequence of the dynamic effects as the NTO analysis shows on the 10 representative 

structures from the MD simulation. The protein effect on pigment stabilization are 

important for the π – π-stacking pigment–pigment interaction; however, the bacteriochlorin 

conformation changes are enough to red-shift the Qy absorption and probably explain it 

to other LH1-RC complexes like the one on Halorhodospira halochloris, also containing 

a BChl-b pigment and whose structure has not been determined. Our results underscore 

the role of subtle structural differences in electronic transitions in these systems and the 

importance of sampling multiple structures.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Pigments present in the asymmetric section of 6ET5 LH1-RC. BChl-b (green), DHN (red), 

amino acids (blue).
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Figure 2. 
Studied A group systems. BChl-b (green), amino acids (blue).
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Figure 3. 
Studied B group systems. BChl-b (green), DHN (red), amino acids (blue).
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Figure 4. 
Studied C group systems. BChl-b (green), DHN (red), amino acids (blue).
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Figure 5. 
Structures used in QM/MM calculations. (a) Close up of the pigments and residues included 

in the QM region (represented as lines). Pink and yellow spheres represent pseudobond and 

boundary atoms, respectively. (b) A 30 Å sphere centered on the center of mass used to 

separate active/inactive atoms during QM/MM optimization.
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Figure 6. 
UV–vis spectra of B1 to B7 models and the experimental spectrum. Arbitrary units were set 

by taking the experimental 1015 nm absorption band as the maximum amplitude reference 

for the other absorptions. (a) Full UV–vis spectra of B1 to B7 models vs experimental 

spectrum. (b) Zoom in on the ∼1000 nm region of the UV–vis spectra.
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Figure 7. 
Corresponding NTOs for ∼770 nm for the B7 system.
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Figure 8. 
Structure sampling of the MD structures based on k-means clustering analysis.
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Figure 9. 
Calculated spectra of representative structure 7 vs the experimental spectrum. (a) Calculated 

spectrum (on green) including the DHN molecule fragment. (b) Calculated spectrum (blue) 

excluding the DHN molecule fragment.
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Figure 10. 
NTOs for the 1.21 eV absorption for representative structure 7.
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Figure 11. 
Charge transfer NTOs for the 1.20 eV absorption for representative structure 6.
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Figure 12. 
NTOs for the 1.25 eV absorption for representative structure 9.
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Table 1.

Red-Shifted Absorptions of Studied Systemsa

system λ (nm) f |Δλ| (nm) E (eV) |ΔE| (eV)

B1 922 0.41 93 1.34 0.12

B2 937 0.48 78 1.32 0.10

B3 919 0.40 96 1.35 0.13

B4 936 0.50 79 1.32 0.10

B5 1045 0.83 30 1.19 0.03

B6 943 0.92 72 1.31 0.09

B7 1026 0.82 11 1.21 0.01

experimental 1015 1.22

a|Δλ| was calculated with experimental absorption as the reference, and |ΔE| was calculated converting λ into E and taking the experimental 

absorption as reference.
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Table 2.

Electron–Hole Populations by Molecular Fragment for the Qy Absorption Bands on B2 and B4 Systemsa

system molecule fragment hole electron

B2 BChl-b 1.020 1.019

DHN 0.004 0.004

B4 BChl-b 1.018 1.017

DHN 0.007 0.007

a
Amino acid populations are negligible, (<10−4). These data were obtained with TheoDORE 2.0.2.
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Table 3.

B7 Red-Shifted Absorption with and without Tyrosine and Tryptophan Amino Acids

system λ (nm) E (eV) f

with amino acids 1026 1.21 0.83

without amino acids 1016 1.22 0.87
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Table 5.

Electron–Hole Populations of the 10 Calculated Systems from the B7 Structurea

representative structure molecule fragment hole electron

1 BChl-b 1 0.03 0.09

BChl-b 2 0.993 0.93

DHN 0.05 0.005

2 BChl-b 1 0.6 0.79

BChl-b 2 0.005 0.03

DHN 0.4 0.19

3 BChl-b 1 0.008 0.01

BChl-b 2 1.01 1.00

DHN 0.008 0.006

4 BChl-b 1 0.54 0.52

BChl-b 2 0.48 0.49

DHN 0.0009 0.002

5 BChl-b 1 1.01 1.01

BChl-b 2 0.01 0.01

DHN 0.006 0.007

6 BChl-b 1 0.58 0.58

BChl-b 2 0.43 0.44

DHN 0.006 0.005

7 BChl-b 1 0.55 0.55

BChl-b 2 0.47 0.47

DHN 0.002 0.002

8 BChl-b 1 0.02 0.02

BChl-b 2 0.99 1.01

DHN 0.001 0.001

9 BChl-b 1 0.75 0.75

BChl-b 2 0.27 0.27

DHN 0.003 0.003

10 BChl-b 1 0.17 0.17

BChl-b 2 0.85 0.83

DHN 0.001 0.002

a
These data were obtained with TheoDORE 2.0.2.
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