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Electronic Structure and Energetics of a Heterodimeric 
BChl g’/Chl a’ Special Pair Generated by Exposure 
of Heliomicrobium modesticaldum to Dioxygen. 

Divya Kaura,*, Bryan Ferlezb,c, Patrick Landryd, Till Biskupe,f Stefan Webere, John H. Golbeckb,g*, K.V. 
Lakshmid,* Art van der Esta,* 

Heliobacteria are anoxygenic phototrophs that have a Type I homodimeric reaction center containing bacteriochlorophyll g 

(BChl g). Previous experimental studies have shown that in the presence of light and dioxygen, BChl g is converted into 81-

OH-chlorophyll aF (hereafter Chl aF), with an accompanying loss of light-driven charge separation. These studies suggest that 

the reaction center only loses the ability to transfer electrons once both BChl g’ molecules of the P800 special pair have been 

converted to Chl aF’. The present work confirms that the partially converted BChl g’/Chl aF’ special pair remains functional 

in samples exposed to dioxygen by demonstrating its presence using hyperfine couplings obtained from Q-band 1H ENDOR, 

2D 14N HYSCORE and DFT methods. The DFT calculations of the BChl g’/BChl g’ homodimeric primary donor, which are based 

on the recently published X-ray crystal structure, predict that the unpaired electron spin is equally delocalized over both 

BChl g’ molecules and provide an excellent match to the experimental hyperfine couplings of the anaerobic samples. 

Exposure to dioxygen leads to substantial changes in the hyperfine interactions, indicative of greater localization of the 

unpaired electron spin. The measured hyperfine couplings are reproduced in the DFT calculations by replacing one of the 

BChl g’ molecules of the primary donor with a Chl aF’ molecule. The calculations reveal that the spin density becomes 

localized on BChl g’ in the heterodimeric primary donor. Time-dependent DFT calculations demonstrate that conversion of 

either or both of the accessory BChl g molecules and/or one of the BChl g’ molecules of P800 to Chl aF’ results in minor effects 

on the energy of the charge-separated states. In contrast, if both of the BChl g’ molecules of P800 are converted a large 

increase in the energy of the charge-separated state occurs.  This suggests that the reaction center remains functional when 

only one half of the dimer is converted, however, conversion of both halves of the P800 dimer leads to loss of function.. 

Introduction 

Heliobacteria are anoxygenic phototrophic bacteria in the 

phylum Bacillota (formerly Firmicutes)1 that live in soil and 

microbial mats under low levels of visible light and fix nitrogen 

but not carbon. To survive in these environments, they employ 

bacteriochlorophyll g (BChl g) pigments, which absorb near IR 

wavelengths.  They have a Type I reaction center (RC) comprised 

of two pairs of protein subunits (PshA/PshX)2 arranged with C2 

symmetry.2 The heliobacterial reaction center (HbRC) is the 

simplest of the known RCs and is thought to be an evolutionary 

precursor of the highly evolved heterodimeric Photosystem I 

RC. There is significant interest in understanding how and why 

the RCs evolved from homodimeric to heterodimeric upon the 

advent of oxygenic photosynthesis.  One possible approach to 

addressing this question is to selectively alter one half of a 

primitive homodimeric RC to study the effects on electron 

transfer function. However, this cannot be achieved by site-

directed mutagenesis, as the PshA polypeptides of 

homodimeric RCs are encoded by a single gene. As an 

alternative approach, a recent study has suggested that it may 

be possible to introduce asymmetry in the chlorophyll pigments 

in the primary donor of HbRCs by controlled exposure to 

dioxygen.3 

Fig. 1 shows the X-ray crystal structure of the electron transfer 

cofactors of the HbRC.2 The special pair, P800, is a BChl g’ (the 

132 epimer of BChl g) dimer located near the P (outer) side of 

the cytoplasmic membrane. Two branches of symmetric 

electron acceptors extend from P800 across the membrane 

toward the N (inner) side. Each branch consists of an accessory 

(Acc) BChl g and an 81-OH chlorophyll aF  (the subscript F refers 

to a farnesyl tail; hereafter Chl aF) pair, referred to as the A0 

acceptor.2 The two branches converge at the [4Fe-4S] cluster FX 

on the cytoplasmic side of the membrane. Because the HbRC 

has exact C2 symmetry, the two branches of electron transfer 
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cofactors are indistinguishable. This means it is not possible to 

probe their relative use, but the symmetry dictates that 

electron transfer is equally probably in each of them.  

 

 
Fig. 1. Structure of the electron transfer cofactors of HbRC from the high 
resolution 2.2 Å resolution X-ray structure (PDB: 5V8K).2 The electron transfer 
cofactors are denoted using the commonly accepted spectroscopic labels and the 
red arrows indicate the direction of electron transfer along the two branches. 
Shown in green, blue and red are the primary donor (P800) BChl g’/BChl g’, the 
accessory (Acc) BChl g and the acceptor (A0) 81-OH Chl aF, respectively The 
terminal acceptor [4Fe-4S] cluster FX is shown in yellow and orange 

As illustrated in Fig. 2, in the presence of dioxygen BChl g4,5  

undergoes isomerization of the exocyclic double bond between 

the carbon atoms at position 8 and 81, with the addition of a 

hydroxyl group to carbon 81 resulting in its conversion to 81-OH-

Chl aF. In the HbRC, this leads to characteristic changes in the 

optical absorption spectrum and the loss of electron transfer 

activity.  However, we have previously demonstrated that the 

loss of activity is non-linear as a function of percent conversion 

and complete loss of activity is observed only when all of the 

BChl g pigments have been converted to Chl aF.3 We were able 

to reproduce the shape of the activity versus conversion curve 

by assuming that (i) all BChl g pigments have an equal 

probability of being oxidized, (ii) the RC is inactive when both 

BChl g’ molecules of the primary donor P800 are oxidized, and 

(iii) the RC containing a partially converted primary donor with 

a BChl g’/Chl aF’ pair is active. This proposal was supported by 

the observation of altered back-reaction kinetics and changes in 

the transient electron paramagnetic resonance (EPR) spectra of 

partially oxidized samples3 and changes in the photo-CIDNP 

NMR spectra.6 However, the electronic properties of the 

proposed heterodimeric form of the primary donor, P800, and 

the effect of pigment conversion on the energetics of electron 

transfer are yet to be studied in detail. Here, we use Q-dand 1H 

electron nuclear double resonance (ENDOR), Q-band 14N 

hyperfine sublevel correlation (HYSCORE) spectroscopy, and 

density functional theory (DFT) methods to probe the electronic 

structure of the primary donor radical cation P800
•+ in HbRC 

samples exposed to dioxygen. The energies of the charge-

separated states are calculated using time-dependent DFT (TD-

DFT) for RCs containing different combinations of BChl g and 81-

OH-Chl aF molecules in the primary donor P800.  

We find unequivocal support for the proposal of an active 

heterodimeric form of the primary donor P800 in the partially 

oxidized HbRC.  

 

Fig. 2.  Top: Isomerization of BChl g’ to 81-OH-Chl aF’ (the subscript F refers to a 
farnesyl tail) in the presence of dioxygen. The numbering scheme for the atoms 
and pyrrole rings is in accordance with the IUPAC nomenclature.7 Bottom: Optical 
absorbance  spectra of HbRCs as BChl g’ is converted to 81-OH-Chl aF’. black: 
anaerobic, blue: 19% converted, yellow 34 % converted, orange 61% converted, 
green 72% converted. 

2. Experimental Section  

2.1 Growth and Isolation of HbRC 

Preparation and purification of heliobacterial reaction centers 

(HbRC) were performed as previously described.8 All 

manipulations were carried out under strict anaerobic 

conditions in dim green light. The final [BChl g] concentration of 

the HbRC sample was 2 mM BChl g in buffer containing 50 mM 

MOPS, pH 7.0, and 0.02% dodecyl maltoside. The sample was 

oxidized by first diluting anaerobic HbRCs 1.6-fold with oxic 

buffer (50 mM MOPS pH 7.0, and 0.02% dodecyl maltoside) at 

room temperature to a final concentration of 2 mM BChl g. The 

HbRCs were then exposed to atmospheric dioxygen in the dark 

while gently stirring until the amount of BChl g remaining was 

28% of the amount present in the initial anaerobic sample (i.e. 

72% BChl g was oxidized). The BChl g oxidation was monitored 

by periodically quantifying the decrease in intensity of the Qy 

absorption band of BChl g at 788 nm of 10 µl aliquots of the 

BChl g’BChl g’
P800

81-OH Chl aF (A0) 81-OH Chl aF (A0)

BChl g (Acc) BChl g (Acc) 

FX

e- e-
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HbRC solution after 40-fold dilution in buffer (50 mM MOPS pH 

7.0, and 0.02% dodecyl maltoside). After the conversion of 72% 

of the BChl g, the samples were degassed with Ar for 15 min at 

4 psi pressure and moved to an anaerobic chamber (98% N2/2% 

H2) where they were transferred to quartz EPR tubes and rapidly 

frozen at 77 K in the dark.  

 

2.2 Pulsed Q-Band ENDOR and HYSCORE Spectroscopy 

The 1H ENDOR and 14N HYSCORE experiments were performed 

using a Bruker Elexsys E580 pulsed EPR spectrometer equipped 

with a Bruker Q-FT EN 5107D2 Q-band-ENDOR resonator, 

Amplifier Research 250A250 RF amplifier and, a Tektronix TDS 

684A oscilloscope. The temperature was controlled with an 

Oxford Instruments CF-935 cryostat and ITC 503 temperature 

controller.  

The Davies ENDOR spectra were recorded at 25 K. The echo 

amplitude was measured at the maximum of the field-swept 

echo spectrum using the pulse sequence (π–RF–π/2–τ– π–

echo). The π/2 microwave pulse length was 40 ns with a pulse 

spacing of  = 200 ns defined as the difference in the starting 

point of the pulses. The delay between the second and third 

microwave pulses was 13 μs during which a 10 μs rf pulse was 

applied starting 1 μs after the first microwave pulse. Typically, 

800 scans of the Davies ENDOR spectrum were collected. 

Numerical simulation of the 1H ENDOR spectra was performed 

using the “salt” function of the EasySpin software package 

version 5.2.35.9,10 The ENDOR spectra of the groups of 

equivalent nuclei were calculated separately and summed to 

give the total spectrum. The intensities of the individual 

components were weighted by the number of equivalent nuclei 

and the Davies ENDOR intensity function:  

𝑉(η𝑠) = 𝑉𝑚𝑎𝑥 (
√2η𝑆

η𝑆
2 + 1/2

) 

where η𝑆 = 𝐴𝑒𝑓𝑓τπ/2 and 𝐴𝑒𝑓𝑓  is the effective hyperfine 

couplings and tp is the length of the microwave p-pulse.11 The 

calculated spectrum was fitted to the experimental spectrum 

using the “esfit” function of EasySpin by varying the hyperfine 

coupling constants and linewidths of each group of equivalent 

nuclei.  

The 2D 14N HYSCORE spectra were also acquired at 25 K. The 

echo amplitude was measured using the 4-pulse sequence 

(π/2–τ–π/2–t1–π–t2–π/2–τ–echo) 12 with a  delay of 200 ns. 

The pulse lengths of the π/2- and π-pulses were 16 ns and 32 

ns, respectively. The echo intensity was measured as a function 

of t1 and t2, where t1 and t2 were incremented in steps of 16 ns 

from an initial value of 300 ns. A total of 128 steps were used 

for each dimension. The unwanted echoes were eliminated by 

applying a 4-step phase cycling procedure. Typically, between 1 

and 10 scans of the 14N HYSCORE spectrum were collected with 

10 averages for each value of . The signals were acquired at a 

magnetic field position corresponding to the peak of the field-

sweep echo-detected EPR spectra in Fig. 3 to ensure maximum 

signal-to-noise and resolution of the HYSCORE spectra. To 

assign the four hyperfine coupled 14N atoms to specific sites in 

P800
•+, we performed numerical simulations of the experimental 

Q-band 14N HYSCORE spectra using the “saffron” function of the 

EasySpin software package, version 5.2.35,9,10 to obtain their 

quadrupolar and hyperfine parameters for comparison with 

quantum chemical calculations. The observation of pronounced 

cross-peaks in the spectrum permits these parameters to be 

determined through numerical simulations of the experimental 

spectrum. Each set of cross-peaks in the spectrum is uniquely 

defined by the principal components of the hyperfine tensor, 

AX, Ay and AZ, in combination with the quadrupolar coupling 

constant, K, and asymmetry parameter  The parameter K 

describes the strength of the interaction between the nuclear 

quadrupole moment Q and the electric field gradient, q, and is 

given by: 𝐾 = 𝑒2 𝑞𝑄 4⁄ ℏ.13,14 The asymmetry parameter 

describes the deviation of the quadrupole coupling tensor from 

axial symmetry. The simulations provide an accurate 

determination of hyperfine components and the value of 

𝐾2(3 + 𝜂2). We obtained the best fit of the simulated and 

experimental spectra with the hyperfine parameters presented 

below in Table 3. 

2.3 DFT Calculations  

Geometry optimization of native P800
•+ The atomic coordinates 

for the native P800 with the axial His537 ligands were obtained 

from the X-ray crystal structure of the intact HbRC from wild-

type Heliobmicrobium (formerly Heliobacterium) 

modesticaldum (PDB ID: 5V8K).2 Geometry optimization was 

performed at the density functional level of theory (DFT) using 

the ORCA 5.0.1 package.15 Two sets of calculations were 

performed for the geometry optimization. In the initial 

calculation, the long isoprenoid chains of the P800 chlorophylls 

were truncated to 4 carbon atoms terminating in a methyl 

group and optimization of the radical cation P800
•+ state was 

carried out without constraints. The axial histidine ligands were 

not included in this model and a CPCM solvent model with a 

dielectric constant () of 4 was used to mimic the surrounding 

protein environment. The calculations were optimized with 

different combinations of functionals and basis sets, which 

included the B97-3c16, B3LYP and PBE functionals17 with the 

EPR-III basis set for the lighter elements and the 6-31G(d)18,19 

basis set for the central Mg2+ ion. The final calculations were 

carried out with the PBE functional and EPR-III basis set for 

lighter elements and 6-31G(d) for the Mg2+ ion. The atom-wise 

dispersion correction D3(BJ)20,21 was also included in the 

calculations. The speed of the Coulomb integral calculations 

was enhanced using the resolution of identity (RI) 

approximation22,23 in combination with Weigend’s universal 

Def2/J auxiliary basis set.24 The tighter convergence criteria (for 

both geometry and SCF) with default grid settings (defgrid2) 

were utilized in the calculation. 

The initial P800
•+ model was further optimized by including the 

axial ligand His537 coordinated to the central Mg2+ ion of each 

(B)Chl molecule of the dimer. Geometry optimization was 

performed by constraining the His537 residues to a fixed 

conformation corresponding to the X-ray crystal structure and 

using a protocol similar to the naked dimer model described 

above. 

Calculation of the EPR Parameters The geometry-optimized 

coordinates of the larger computational model including the 

axial ligands were used for single point calculations of hyperfine 

tensors of both protons and nitrogen-14 atoms of the dimeric 
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radical cation P800
•+. The calculations were done using the ORCA 

suite of programs (version 5.0.1)15 with the same parameters, 

basis sets for atoms, and approximations described above for 

the geometry optimization calculation. A cube file of the 

electron spin density distribution was calculated from the ORCA 

output using the program orca_plot and visualized using the 

program VMD. 

Geometry Optimization and Calculations of EPR Parameters 

for the Heterodimer BChl g’/Chl aF’ Radical Cation The initial 

model of the heterodimeric form of P800 was generated from 

the atomic coordinates of the X-ray crystal structure by 

converting one BChl g’ molecule to 81-OH-Chl aF
’ using the 

program Avogadro25 to add an OH group at the 81 position and 

deleting the hydrogen atom at position 7 while keeping all other 

atoms the same. The geometry was then optimized and the EPR 

parameters were calculated using the same protocol as 

employed for P800
•+.  

2.4 TD-DFT Calculations  

The atomic coordinates of BChl g’ 1001, the accessory BChl g 

1002, His537, Gln 458 and H2O 1276 for one half of the RC were 

obtained from the X-ray crystal structure of RCs from wild-type 

H. modesticaldum (PDB ID: 5V8K).2 Missing hydrogen atoms 

were added to the structure, the backbone atoms of the amino 

acids were removed and replaced by a hydrogen atom and the 

isoprenoid side chains of the chlorophyll molecules were 

truncated to four atoms terminating in a methyl group. The 

coordinates of the second half of the RC were then generated 

by applying a 180º rotation about the symmetry axis to the 

coordinates of the first half, thus generating a symmetric dimer. 

DFT optimization of the model proved to be prohibitively 

expensive and therefore the geometry was optimized in 

Avogadro25 using the UFF force field. To generate coordinates 

for the partially oxidized RCs, individual BChl g molecules were 

modified to Chl aF using Avogadro and the structure was re-

optimized. 

TD-DFT calculations of the UFF optimized structures were 

performed in the ORCA 5.0.1 software package.15 The B97X-

D3 range-separated hybrid functional26 was used with the def2-

SVP basis set.27 The RIJCOSX approximation28 was used with the 

Def2-SVP/C and Def2/J auxiliary basis sets.29,30 The Tamm-

Dancoff approximation was not used in the TD-DFT part of the 

computations. 

2.5 Modeling of RC activity 

The populations of the specific pigment combinations were 

calculated as a function of total BChl g content by multiplying 

the fractional bulk pigment abundance of BChl g and Chl a for 

each position of a 4 (bacterio)chlorophyll model (i.e. two donor 

and two acceptor pigments). For example, the population of RCs 

with two oxidized accessory pigments (Chl a, Chl a) and a 

heterodimeric special pair (Chl a, BChl g) at the point when 30% 

of all BChl g is converted to Chl a (i.e. 70% BChl g remaining and 

30% Chl a formed) is calculated by multiplying (0.3)Donor1 Chl 

a*(0.7) Donor2 BChl g *(0.3)Acc.1 Chl a*(0.3) Acc.2 Chl a, to give 

a fractional population of RCs with this arrangement of 0.0189. 

However, because in this case there two equivalent 

arrangements with a heterodimeric special pair (i.e. Donor2 

could be oxidized instead of Donor1 as written in the example), 

this product is multiplied by two, resulting in 0.0378, or 3.78%. 

Using these percentages, the activity of the RC can be calculated 

for different possible assumptions for the activity of the specific 

pigment combinations.   

Fig. 3.  Field-swept electron-spin echo Q-band spectra of P800
•+ in HbRCs at 25 K. 

The P800
•+ spectrum of the intact anaerobic HbRC is shown in black and the P800

•+ 
spectrum of the dioxygen exposed HbRC with 72% conversion of BChl g to Chl aF 
by exposure to dioxygen in the dark is shown in red. The spectra are normalized 
to the same maximum amplitude and a microwave frequency of 33.759 GHz.  

3. Results  

3.1 Q-band field-swept echo-detected EPR spectroscopy 

Fig. 3 shows the Q-band field-swept echo-detected EPR 

spectrum of the primary donor cation, P800
•+, of the HbRC 

measured under continuous illumination. The spectrum from an 

anaerobic HbRC sample is shown in black, while that of RCs 

exposed to dioxygen for 8 hours (referred to as the ‘dioxygen-

exposed’ sample) is shown in red. Consistent with previously 

reported X-band transient EPR spectroscopy studies3, there is 

distinct broadening of the P800
•+ EPR spectrum of the dioxygen-

exposed HbRC sample. Because the line width of the spectrum 

is governed largely by unresolved hyperfine couplings, the 

broadening suggests that these couplings increase upon 

dioxygen exposure, possibly as a result of greater localization of 

the unpaired electron. In a previous study,3 we proposed that if 

one of the BChl g’ molecules of P800 was converted to Chl aF’, 

the asymmetry of the resulting heterodimer would lead to 

greater localization of the unpaired electron spin on one of the 

two chlorophyll molecules.  In such a scenario, the line widths 

of the X- (9.6 GHz) and Q-band (35.5 GHz) spectra are predicted 

to increase by a factor of √2.31  Consistent with this prediction, 

the line width of the previously reported X- and Q-band 

transient EPR spectra3 increases from 0.435 mT in anaerobic 

samples to 0.60 mT upon dioxygen exposure, which is close to 

the expected factor of √2.  However, the change in line width is 

not conclusive evidence for a change in the hyperfine couplings 

due to localization of the unpaired electron spin on one of the 

chlorophylls because there are other phenomena that may 
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contribute to line broadening in EPR spectra. Thus, direct 

experimental measurement of the hyperfine couplings by 

ENDOR and HYSCORE spectroscopy and quantitative 

predictions using quantum chemical calculations are needed to 

determine the extent the delocalization of the unpaired 

electron spin. 

Fig. 4 Experimental and simulated Q-band ENDOR spectra of P800
•+ in intact 

anaerobic HbRCs. (a) Experimental (black) and simulated (red) spectra. (b) Spectral 
contributions of the individual hyperfine coupled protons or groups of equivalent 
protons to the simulated spectrum shown in part (a). The hyperfine couplings of 
components a-f are given in Table 1. Details of the simulation are provided in the 
text. Microwave frequency: 33.744 GHz, Magnetic field: 1.2039 T.  

Table 1. Experimental and calculated isotropic hyperfine couplings of P800
•+ in intact 

anaerobic HbRCs.  The uncertainty in the experimental Aiso values is ± 0.1 MHz. The sign 

of the Aiso couplings have been chosen by comparison with the DFT values calculated 

using the PBE functional with the EPR-III basis set for the C, H, N and O atoms and 6-

31G(d) for the Mg atom. The label refers to the components shown in Fig. 4b. 

 

3.2 Q-band pulsed 1H ENDOR spectroscopy  

 Shown in Fig. 4(a, b) are the experimental (black) and simulated 

(red) Q-band 1H ENDOR spectrum of P800
•+ of intact anaerobic 

HbRC and the simulated contributions of individual hyperfine 

coupled protons, respectively. The anisotropy of the hyperfine 

couplings is not resolved in the spectrum and each coupling has 

been modeled by a single isotropic coupling (Aiso) value. The 

spectrum can be reproduced using two CH protons and two CH3 

groups with moderately strong couplings (> 3 MHz). The weak 

coupling at ~ 2 MHz has been modeled as a single proton. 

However, because of the suppression of weak couplings by the 

Davies ENDOR pulse sequence the number of protons may be 

underestimated. A feature at the proton Larmor frequency is 

also included.  

Table 1 presents the proton hyperfine coupling constants 

obtained from the numerical fit of the spectrum along with 

previously reported values32,33 and the predicted couplings 

obtained from the DFT calculations. Using the calculated proton 

hyperfine coupling values obtained by DFT as a guide, we assign 

the two largest CH couplings to the protons at the C-7 and C-81 

positions and the two largest CH3 couplings to the methyl 

groups at the C-81 and C-12 positions of BChl g (see Fig. 2 for the 

numbering scheme). The coupling at ~2 MHz is assigned to a 

combination of the C-2 methyl protons and the  protons at C-

17 and C-18. The calculations show that the hyperfine couplings 

of the C-81 methyl protons is larger than those of the C-12 

methyl group, which is in contrast to the assignment in the 

literature.32 They also reveal that the C-7 CH proton is the only 

one of the -protons with a large coupling. The DFT calculations 

show that the couplings to all other protons are small and 

contribute to the matrix line at the center of the ENDOR 

spectrum. By comparing different basis sets and different 

possible models for the surrounding protein, we estimate the 

uncertainty in the DFT values to be approximately ±1.5 MHz. 

With the exception of the C-7 -proton all of the experimental 

couplings are well within these error limits 

 

Fig. 5 (a) Experimental (black) and simulated (red) Q-band 1H ENDOR spectrum of 
P800

•+ in dioxygen exposed HbRCs. (b) Contributions of individual hyperfine 
coupled protons or groups of equivalent protons to the simulated spectrum of  
P800

•+ in dioxygen exposed HbRCs. The hyperfine couplings of components a-i are 
given in Table 2. Details of the simulations are provided in the text. Microwave 
frequency 33.775 GHz, Magnetic field: 1.2052 T.  

Fig. 5 shows the corresponding Q-band pulsed 1H ENDOR 

spectrum of P800
•+ in HbRCs exposed to dioxygen, in which 72% 

of the BChl g has been converted to Chl aF. As is immediately 
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apparent, the 1H ENDOR spectrum of P800
•+ is different from that 

of the anaerobic sample (Fig. 4 (a)). The most obvious difference 

is the presence of the peaks on the outer edges of the spectrum 

that correspond to a proton hyperfine coupling that is 

significantly larger than the largest coupling in the anaerobic 

sample. This implies that the unpaired electron is more localized 

and clearly supports the idea of an altered form of P800 in the 

dioxygen-exposed sample. Initial attempts to fit the spectrum 

using isotropic hyperfine couplings did not give acceptable 

agreement. We postulated that this was because the increase 

in the hyperfine couplings that is apparent in the spectrum also 

leads to partial resolution of the anisotropy of the hyperfine 

tensors. Therefore, the three principal values of each hyperfine 

tensor were included. The choice of starting values of the 

hyperfine components for the fit was guided by DFT calculations 

in which one of the two BChl g’ molecules of P800 was converted 

to Chl aF’.  The fitted hyperfine couplings and the corresponding 

DFT values are presented in Table 2. An important consideration 

in assigning the proton hyperfine couplings is the fact that the 

dioxygen-exposed sample contains a mixture of the three 

possible different forms of P800: BChl g’/ BChl g’, BChl g’/Chl aF’, 

and Chl aF’/Chl aF’. Complete conversion of BChl g to Chl aF 

renders the RC inactive, thus the Chl aF’ homodimer should not 

contribute to the P800
•+ ENDOR spectrum.  Based on the analysis 

of the activity as a function of percent BChl g conversion curve 

reported in Ferlez et al.3, we estimate that when 72% of the BChl 

g is converted, 84% of the active P800 is the heterodimeric BChl 

g’/Chl aF’ form and the remaining 16% is the BChl g’/BChl g’ 

form.  Thus, we assign all of the stronger ENDOR peaks 

corresponding to couplings larger than 4 MHz to the 

heterodimer, while the assignment of the weaker couplings is 

uncertain. As can be seen in Table 2, there is good agreement 

between the measured hyperfine couplings and those obtained 

from the DFT calculations using a heterodimeric BChl g’/Chl aF’  

model.   

Table 2. Experimental and calculated isotropic hyperfine couplings, A iso, of P800
•+ in 

dioxygen exposed HbRCs.  The experimental values were obtained from the numerical 

simulations shown in Fig. 5. The labels refer to the components shown in Fig. 5b. The 

uncertainty in the ENDOR values is ± 0.1 MHz. 

3.3 Q-band 14N HYSCORE Spectroscopy 

Shown in Fig. 6 (a, b) are the experimental (blue) and simulated 

(pink) Q-band 14N HYSCORE spectra of P800
•+ under intact 

anaerobic and dioxygen exposed conditions, respectively. The 

cross-peaks in both the experimental and simulated 14N 

spectrum arise from the electron-nuclear hyperfine interactions 

of the unpaired electron spin (S = ½) with the nuclear spin (I = 1) 

of the nitrogen (14N) atoms of P800
•+. 

Intact anaerobic HbRCs The spectrum in Fig. 6 (a) displays cross-

peaks from four types of 14N atoms that are hyperfine-coupled 

to the unpaired electron spin of P800
•+ in intact anaerobic HbRCs. 

Typically, the spectral features arising from 14N atoms that are 

weakly to moderately hyperfine coupled to the unpaired 

electron spin (when A < 2N, where N is the Larmor frequency 

of the 14N nucleus) lead to cross-peaks in the (+,+) quadrant, 

while any strong hyperfine couplings (when A > 2N) manifest 

as cross-peaks in the (-,+) quadrant of a HYSCORE spectrum.12–

14  

The four distinct pairs of cross-peaks observed in the (+,+) 

quadrant of the spectrum in Fig. 6 (a)  are symmetric about the 

diagonal. These cross-peaks are assigned to the weakly 

hyperfine coupled 14N atoms interacting with the unpaired 

electron spin of P800
•+. The first well-pronounced, intense cross 

peak in the (+,+) quadrant is located at a frequency ~2.7 MHz, 

which is close to the 14N Zeeman frequency (~ 3.69 MHz and is 

assigned to the single quantum (SQ) transition of a weakly 

hyperfine coupled (A < 2N) 14N atom. Additionally, there are 

three pairs of cross peaks of much weaker intensity that are also 

symmetric with respect to the diagonal. These are assigned to 

the single- and double-quantum transitions of three weakly 

coupled 14N atoms. The separation of all of the peaks along the 

diagonal is due to hyperfine interactions of the nucleus with the 

unpaired electron spin of P800
•+. 

Fig. 6 Experimental (blue) and simulated (pink) Q-band 2D 14N HYSCORE spectra 
of P800

•+ in (a) intact anaerobic and (b) dioxygen-exposed HbRCs. Microwave 
frequency 33.775 GHz, Magnetic field: 1.2052 T. 

As shown in Table 3, the values of the quadrupolar coupling 

constants obtained from the numerical simulations (see 

Methods section) are ~0.7 MHz for the four hyperfine coupled 
14N atoms. The coupling constants obtained from the 

simulations are similar to those reported for other related 

systems. 34–38 This is consistent with the assignment of the 

couplings to the four pairs of symmetry related nitrogen atoms 

of the two BChl g’ molecules of P800
•+.  Also shown in Table 3 

are 14N hyperfine couplings obtained from DFT calculations of 

Label Assignment  Axx / MHz Ayy/ MHz Azz / MHz Aiso / MHz 

a 7 CH ENDOR 14.0 14.0 14.0 14.0 

  DFT 14.15 15.27 16.48 15.30 

       
b 81 CH3 ENDOR 9.5 10.0 11.2 10.2 

  DFT 11.81 12.22 14.37 12.80 

       
c 12 CH3 ENDOR 8.1 8.7 9.6 8.8 

  DFT 7.61 7.99 9.85 8.48 

       
d 17 CH ENDOR 4.7 7.6 7.8 6.7 

  DFT 5.26 5.81 7.43 6.17 

       
e 18 CH ENDOR 3.3 5.0 6.5 5.0 

  DFT 4.04 4.52 5.92 4.83 

       
f - ENDOR 1.5 2.3 4.1 2.6 

       
g - ENDOR 0.8 2.9 2.9 2.2 

       
h - ENDOR 0.8 0.8 0.8 0.8 

i matrix  0 0 0 0 

(a) (b)
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P800
•+ and [BChl g’]•+.  The experimental and calculated 

couplings of P800
•+ are in good agreement, which allows the 

experimental couplings to be assigned to specific 14N atoms 

labeled I – IV in reference to the four pyrrole rings as shown in 

Fig. 2. As can be seen in Table 3, the P800
•+ hyperfine couplings 

are roughly a factor of two smaller than those of monomeric 

[BChl g’]•+ indicating that the spin density is symmetrically 

delocalized over the two BChl g’ rings in P800
•+. The sign of the 

hyperfine couplings cannot be obtained from HYSCORE data, 

but negative experimental values are reported in Table 3 based 

on the signs obtained from the DFT calculations.  

Table 3. Experimental and calculated isotropic 14N hyperfine couplings in MHz of P800
•+ 

in intact anaerobic HbRCs. The experimental hyperfine couplings were determined by 

spectral simulations of the Q-band 2D 14N HYSCORE spectrum shown in Fig. 6 (a). The 

respective signs and assignments of the experimental couplings were deduced by 

comparison with the computed couplings, which were obtained from DFT computations 

using the PBE functional and the EPRIII / 6-31G(d) basis set. 

Dioxygen Exposed HbRCs The 2D 14N HYSCORE spectrum of 

dioxygen exposed HbRCs shown in Fig. 6 (b) displays cross-peaks 

that arise from multiple 14N atoms that are hyperfine-coupled 

to the unpaired electron spin of the donor radical cation. Once 

again, the presence of cross-peaks in the (+,+) quadrant in Fig. 

6b suggests that the spectral features are due to 14N atoms 

which are weakly to moderately hyperfine-coupled to the 

unpaired electron spin (when A < 2N).12 Based on the ENDOR 

results and the dependence of the activity of the RCs versus the 

percent conversion, we expect that the cross-peaks arise 

primarily from the (BChl g’/Chl aF’) •+ heterodimeric form of the 

donor with a possible weak contribution from intact P800
•+.  

 Given the broadening in this spectrum, which likely arises 

from the heterogeneity of the sample, the hyperfine 

parameters calculated using DFT methods were used as a 

starting point to guide the 14N HYSCORE simulations. To 

adequately match the spectral features observed in the 

experimental spectrum without introducing unnecessary 

parameters, we used the eight hyperfine coupled 14N atoms 

that are expected for a chlorophyll heterodimer.  

The value of the quadrupolar coupling constant, K, was 

determined to be ~0.7 MHz for the hyperfine-coupled 14N 

atoms in keeping with their assignment to the nitrogen atoms 

in the (B)Chl ring(s).34–36  The values of isotropic hyperfine 

couplings, Aiso, obtained from the fit are shown in Table 4 along 

with the corresponding values obtained from the DFT 

calculations. The fit to the experimental spectrum yields four 

larger couplings of magnitudes between 1.6 and 2.4 MHz and 

four smaller couplings  0.2 MHz, the values of which are not 

easily determined. The values of the four larger couplings are 

greater than those observed for the anaerobic sample (Table 3) 

and are similar to the calculated values for [BChl g’]•+ 

suggesting that the unpaired electron spin is predominantly 

localized on one of the (B)Chl molecules in the heterodimer. 

This is borne out by the DFT calculations of the heterodimer, 

which show that spin density is localized to a large extent on the 

BChl g’ half of the heterodimer (Fig. 7). Based on the 

comparison between the experiment and couplings, we assign 

the former values to specific nitrogen atoms and adopt the 

predicted sign. The assignments are not certain for the four 

small couplings arising from the Chl aF’ half of the dimer. 

Table 4. Experimental and calculated isotropic 14N isotropic hyperfine couplings, Aiso, 

from dioxygen exposed HbRCs. The experimental hyperfine couplings were determined 

by spectral simulations of the Q-band 14N HYSCORE spectrum in Fig. 6b. The signs of the 

experimental couplings and their assignment to specific nitrogen atoms is based on the 

computed couplings, which were obtained using the PBE functional and the EPRIII and 

6-31G(d) basis set. The superscripts I-IV refer to the pyrrole ring as shown in Fig. 2. The 

subscripts g or a refer to BChl g’ and Chl aF’ respectively. 

The difference between the isotropic 14N hyperfine couplings 

obtained from the anaerobic and dioxygen-exposed HbRCs is 

consistent with those of the primary donor cations of 

homodimeric and heterodimeric RCs.39 Previous 14N HYSCORE 

and DFT studies of the P840
•+ donor in the homodimeric RCs of 

C. thermophilum and Chlorobium limicola showed four 14N 

couplings of ~1 MHz. 38,40 In contrast, for P700
•+ and P865

•+ in 

heterodimeric Photosystem I and RCs of purple bacteria two 

sets of hyperfine couplings were observed at ~2 MHz and 0.5 

MHz, respectively.41,42 For anaerobic HbRCs, the electron spin 

density is distributed equally over the two BChl g’ molecules 

and the hyperfine couplings are similar to those of the primary 

donor radical cation of other homodimeric RCs. In contrast, in 

the dioxygen-exposed sample the spin density is localized on 

the BChl g’ half of the heterodimer and the hyperfine couplings 

are similar to the calculated values of monomeric [BChl g’] •+ 

radical cation (Table 3) and are comparable to those of P700
•+ in 

PS I.39,43–45 In the latter, the ratio of electron spin density across 

the Chl a/Chl a’ dimer is 5:1 or 6:1 in favor of Chl a on the B-

branch side of the RC. 

3.3 Spin Density Calculations 

We performed DFT calculations to further understand the 

electronic structure of the homodimeric BChl g and 

heterodimeric (BChl g’/Chl aF’) P800•+ of the intact anaerobic 

and dioxygen exposed HbRC, respectively (Fig. 7 (a, b)). The 

initial computational models contained only the BChl g’/BChl g’ 

and BChl g’/Chl aF’ molecules as described above in the 

Experimental section. These models were then extended to 

include protein-cofactor interactions by adding the histidine 

Nitrogen 
Experiment  

Aiso / MHz 

DFT P800
•+ 

Aiso / MHz 

DFT [BChl g’] •+ 

Aiso / MHz 

NI  –1.0 ± 0.1 –0.82 –1.56 

NII –1.5 ± 0.1 –1.23 –2.48 

NIII –0.9 ± 0.1 –0.80 –1.69 

NIV –1.2 ± 0.1 –0.98 –2.12 

Nitrogen 
Experiment  

Aiso / MHz 

DFT P800
•+ 

Aiso / MHz 

Ng
I –1.6±0.1 –1.40 

Ng
II –2.5±0.1 –2.04 

Ng
III –1.8±0.1 –1.45 

Ng
IV –2.0±0.1 –1.68 

Na
I 0.2±0.1 0.73 

Na
II 0.04±0.1 –0.20 

Na
III 0.02±0.1 0.20 

Na
IV 0.1±0.1 0.52 
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residues that are directly coordinated to the central Mg2+ ion of 

the chlorophyll molecules. 

 

 
Fig. 7 Spin density distribution of (a) homodimeric (BChl g’/BChl g) and (b) 
heterodimeric (BChl g’/Chl a’) primary donor cation radical P800

•+. The positive and 
negative electron spin densities are rendered in green and red, respectively 

Our results demonstrate that the electron spin density is 

uniformly distributed across both of the BChl g’ molecules in the 

intact anaerobic homodimeric HbRC (Fig. 7a). However, in the 

dioxygen exposed heterodimeric state, the electron spin 

density is asymmetrically distributed with higher density on 

BChl g’ than on Chl aF’ (Fig. 7b). As discussed above, the 

respective models reproduce the experimental hyperfine 

couplings observed in the 1H ENDOR and 2D 14N HYSCORE 

experiments (Tables 3 and 4). 

 

3.4 TD-DFT calculations 

Time-dependent density functional theory (TD-DFT) 

calculations can be applied to study the charge-separated states 

of the HbRC.46,47 Such calculations provide vertical excitation 

energies but does not take the reorganization energy into 

account. They are also computationally expensive and can only 

be performed on somewhat restricted models of the RC.  

Despite these shortcomings, TD-DFT calculations provide a 

qualitative picture of the relative energies of possible charge-

separated states and the localization of the electron and hole. 

This makes such calculations ideal for investigating the effect of 

the BChl g to Chl aF conversion on the energetics of charge 

separation. Therefore we carried out TD-DFT calculations on a 

four-chlorophyll model46 consisting of the P800 dimer and the 

two accessory chlorophylls to compare possible combinations 

of the BChl g and Chl aF pigments in the four sites.  The model 

also includes the axial histidine ligands to P800 (His537), the 

water molecule coordinated to the accessory BChl g, and 

Gln458 residue H-bonded to the water molecule. In preparing 

the atomic coordinates of the model, we found that the energy 

of the charge-separated states depends on the position of the 

hydrogen atom in the H-bond between Gln458 and the water 

molecule coordinated to the accessory chlorophyll. We have 

chosen to use a structure in which a proton is transferred from 

water to Gln458 because it lowers the energy of the charge-

separated states by an amount that is comparable to that 

expected for the reorganization energy. Importantly, however, 

we do not draw any quantitative conclusions from the 

computations, meaning that this choice is not critical. The 

details of the procedures used for the TD-DFT computations are 

described in the Experimental section.  

 

Fig. 8 TD-DFT electron density difference surfaces and energy of the charge-
separated states in HbRCs with different chlorophyll compositions. (a): intact 
anaerobic HbRCs; (b) conversion of one BChl g’ of P800 to Chl aF’; (c) conversion of 
one of the accessory BChl g cofactors to Chl aF (d) conversion of all BChl g and BChl 
g’ cofactors to Chl aF and Chl aF’. Electron density loss is plotted in red and 
indicates the location of the hole in the charge-separated state. Electron density 
gain is plotted in green and shows the location of the transferred electron. The 
surfaces were plotted in Avogadro 25 with an iso value of 0.0001 and rendered 
using POV-Ray. 

Shown in Fig. 8 are the density difference surfaces and 

corresponding energy of the lowest of the charge separated 

states. The red surfaces represent a loss of electron density 

between the ground state and charge-separated state and show 

the distribution of the electron hole produced by the charge 

separation. The green surfaces are positive density difference 

and represent the transferred electron. The intact HbRC is 

shown in Fig. 8a and as can be seen, two states with identical 

energy corresponding to electron transfer in the two branches 

BChl g’

BChl g’

(a)

81-OH Chl aF

BChl g’ (b)
(a)

BChl g BChl g

BChl g ’ BChl g ’

E = 1.373 eV

BChl g BChl g

BChl g ’ BChl g ’

E = 1.373 eV

(b)
BChl g BChl g

BChl g ’ Chl a F’

E = 1.212 eV

BChl g BChl g

BChl g ’ Chl a F ’

E = 1.221 eV

(c)
Chl a F BChl g

BChl g ’ BChl g ’

E = 1.377 eV

Chl a F BChl g

BChl g ’ BChl g ’

E = 1.403 eV

(d)
Chl a F Chl a F

Chl a F’ Chl a F’

Chl a F Chl a F

Chl a F’ Chl a F ’

E = 2.652 eV E = 2.652 eV
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are obtained. As expected for a homodimer, and consistent with 

the 1H ENDOR and 14N HYSCORE data, the electron hole is 

distributed evenly over the two BChl g’ of the donor. In Fig. 8b 

the chlorophyll on the right side of the P800 dimer has been 

converted to Chl aF’. In agreement with the spin density 

calculations, this leads to localization of the electron hole on the 

BChl g’ half of the dimer. The energy of the two charge 

separated states is now slightly different and the state in which 

the acceptor is in the same branch as BChl g’ is lower in energy.  

Note that in the perspective shown in Fig. 8 the electron and 

hole appear on opposite sides of the complex when they are in 

the same branch. Both charge-separated states are slightly 

lower in energy than in the intact RC (Fig. 8a). In Fig. 8c one of 

the accessory chlorophylls has been converted to Chl aF and the 

donor is the native BChl g’ dimer. Again, this leads to a 

difference in energy between the two charge separated states 

and the state in which the electron is transferred to Chl aF is 

predicted to be 26 meV higher in energy.  In Fig. 8d all of the 

chlorophylls have been converted to Chl aF.  This results in a 

dramatic increase of 1.3 eV in the predicted energies of the 

charge separated states compared to the intact RC. The 

energies of the charge separated states in RCs with other 

combinations of BChl g (BChl g’) and Chl aF (Chl aF’) are shown 

in Table 5.  

Table 5. Calculated energies of the charge separated states in a four-chlorophyll model 

of HbRCs with different possible arrangements of BChl g, BChl g’, Chl aF and Chl aF’. The 

energies have been obtained from TDDFT calculations. 

Overall, we can draw the following main conclusions from the 

TDDFT calculations: i) The electron hole is delocalized evenly 

over the two BChl g’ of P800 in intact HbRCs; ii) conversion of one 

of the BChl g’ of P800 leads to localization of the electron hole on 

the BChl g’ half of the heterodimer and a slight stabilization of 

the charge separated state energies; iii) conversion of either or 

both of the accessory chlorophylls has only a minor destabilizing 

effect on the charge separated state energies; and iv) 

conversion of both BChl g’ of P800 results in a large increase in 

the charge separated state energies.  All of these results 

indicate that the reduction midpoint potentials of BChl g and 

Chl aF are similar but that the oxidation potential of Chl aF’ is 

much higher than that of BChl g’. As a result, conversion of the 

acceptor chlorophylls should not greatly affect function but 

conversion of both of the BChl g’ of P800 can be expected to 

make electron transfer energetically unfavorable.  

 

 

4. Discussion 

 The ENDOR and HYSCORE data both show that the electron 

spin density distribution in the primary donor radical cation 

P800
•+ changes on exposure of HbRCs to dioxygen. In intact 

anaerobic HbRC samples, the electron spin density is distributed 

equally over the two BChl g’ molecules of P800
•+, while in the 

dioxygen exposed sample, there is an increase in the measured 

hyperfine couplings indicating that unpaired electron spin 

density is more localized. The DFT and TD-DFT calculations show 

that it is the BChl g’ half of the heterodimer that carries the 

unpaired electron and its associated spin density.  The TD-DFT 

calculations of the four-chlorophyll model of the RC suggest 

that the loss of function that accompanies conversion of the 

chlorophylls is a result of a higher oxidation potential of Chl aF 

compared to BChl g. This also explains why the spin density 

becomes localized on the BChl g’ half of the heterodimer. The 

results indicate that electron transfer probably becomes 

energetically unfeasible when both BChl g’ molecules of the 

donor have been converted but that conversion of the 

accessory chlorophylls does not have a substantial effect on 

their ability to function as electron acceptors. It is important to 

note that this model does not include the A0 chlorophylls, and 

recent experimental and theoretical studies suggest that the 

initial charge separation may occur between the accessory 

BChl g and A0
47–50. Hence, we need to consider whether or not 

our findings are consistent with this model. If we assume that 

conversion of any of the BChl g or BChl g’ molecules in the 

electron transfer chain prevents it from acting as an electron 

donor as suggested by the TD-DFT calculations, the question is 

then which of the of the BChl g or BChl g’ molecules must act as 

an electron donor if long-lived charge separation is to occur. If 

the initial charge separation takes place between the accessory 

BChl g and A0 it would have to be stabilized by hole transfer to 

P800, which would only become energetically unfeasible when 

both of the BChl g’ of P800 were converted. Function would be 

lost when both accessory chlorophylls or both BChl g’ of P800 

were converted. In contrast, if the initial charge separation were 

between P800 and the accessory BChl g, then conversion of the 

accessory chlorophylls probably would not lead to loss of 

function.  However, it is also possible that the site of initial 

charge separation is different in intact anaerobic RCs and 

oxygen exposed RCs in which the accessory BChl g has been 

converted to Chl aF.  Thus, the initial charge separation might be 

between the accessory BChl g and A0 in intact RCs but between 

P800 and the accessory Chl aF in oxygen exposed RCs. 

We have considered several possible scenarios and plotted the 

predicted activity versus percent conversion of BChl g to 

determine which of the possible models can be distinguished 

from one another.  As shown in Fig. 9 we obtain three distinctly 

different activity curves. The orange curve is obtained if we 

assume that activity is lost if both chlorophylls of P800 are 

converted or both of the accessory BChl g are converted. The 

black curve is obtained if we assume that activity is lost only 

when both BChl g’ of P800 are converted and the gray curve all 

when four chlorophyll molecules must be converted to abolish 

activity. The red and green circles are the experimental activity 

Chlorophyll  

Arrangement 

Charge Separated State Energy (eV) 

gg'g'g [(BChl g’) 2] 
+[BChl g]–   1.373 

ag'g'g [(BChl g’) 2] 
+[BChl g]– 

[(BChl g’) 2] 
+[Chl aF]–   

1.377 

1.403 

ga'g'g [BChl g’/Chl aF’] 
+[BChl g]–   1.212, 1.221 

aa'g'g [BChl g’/Chl aF’] 
+[BChl g]–   

[BChl g’/Chl aF’] 
+[Chl aF]–   

1.213 

1.250 

aa'g'a [BChl g’/Chl aF’] 
+[Chl aF]–   1.175, 1.187 

ga'a'g [(Chl aF’) 2] 
+[BChl g]–   2.692 

aa'a'a [(Chl aF’) 2] 
+[Chl aF]–   2.652 
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measured by steady state flavodoxin reduction and P800 

photobleaching, respectively, as reported in Ferlez et al..3 As 

can be seen, the black curve agrees best with the experimental 

activity curve and the models in which the conversion of the 

accessory chlorophyll abolishes the activity (gray and orange 

curves)  do not describe the data well. It should be noted that 

the implied, but unstated, premise of the curves in Figs. 4A and 

4B of Ferlez et al.3 was that the conversion of BChl g to Chl aF in 

the accessory site would not affect charge separation. The 

present experimental and theoretical study supports this 

assumption. However, because the site of the initial charge 

separation could be different in intact and partially converted 

RC’s we cannot distinguish between the two possible 

mechanisms of the initial charge separation.  

 

Fig. 9 Experimental activity3 versus percent BChl g conversion compared to 
different possible models. Red circles: steady state flavodoxin reduction rate. 
Green circles: light induced P800 photobleaching. Orange: model in which activity 
requires at least one BChl g in P800 and in the accessory sites. Black: model in which 
activity requires at least one BChl g in P800. Gray:  model in which activity requires 
at least one BChl g in either P800 or the accessory sites. 

Studies on photoaccumulated A0
– could be useful in this regard. 

HYSCORE measurements of A0
– in Photosystem I show that the 

acceptors Chl2A/Chl3A and Chl3A/Chl3B act as dimers in which the 

spin density is delocalized over both chlorophyll molecules.37 In 

HbRCs the corresponding chlorophylls BChl g and Chl aF have a 

very similar structural arrangement to Chl2A/B and Chl3A/B in 

Photosystem I. Thus, it is likely that the spin density is also 

distributed over both chlorophylls in HbRCs and conversion of 

BChl g to Chl aF would likely result in a change in the spin density 

distribution in A0
–. If such a change could be observed in 

dioxygen exposed samples, it would provide further evidence 

that conversion of the accessory BChl g does not prevent charge 

separation. This would also support the hypothesis that the 

initial charge separation is between P800 and the accessory 

chlorophyll in oxygen exposed RCs because electron transfer 

between the Chl aF in the accessory chlorophyll site and Chl aF 

in the A0 site is probably not energetically viable.  We are 

currently carrying out quantum chemical calculations of 

acceptor chlorophylls in HbRCs to test this idea. 
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