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Abstract. 
Photosynthetic Reaction Centers (RCs) can be considered blueprints for highly efficient energy 

transfer. Embedded with an array of cofactors, including (bacterio)chlorophyll ((B)Chl) and 

(B)pheophytin ((B)Pheo) molecules, RCs function with a high quantum yield that spans a wide 

spectral range. Understanding the principles that underlie their function can influence the design 

of the next generation of artificial photosynthetic devices. We are particularly interested in the 

factors that influence the early stages of light-driven charge separation in RCs. With the recent 

publication of several highly anticipated RC structures and advanced computational methods 

available, it is possible to probe both the geometric and electronic structures of an array of RCs. 

In this chapter, we review the electronic and geometric structures of the (B)Chl and (B)Pheo 

primary electron acceptors from five RCs, comprising both Type I and Type II RCs and 

representing both heterodimeric and homodimeric systems. We showcase the dimeric A0
●– state 

of Type I RCs, whereby the unpaired electron is delocalized, to various extents, over two (B)Chl 

molecules, (B)Chl2 and (B)Chl3. This delocalization is controlled by several factors, including 

the structure of the (B)Chls, interactions with the surrounding protein matrix, and the orientation 

and distances of the cofactors themselves. In contrast, the primary acceptors of Type II RCs are 

entirely monomeric, with electron density residing solely on the (B)Pheo. We compare the 

natural design of the primary acceptors of the Type I and Type II RCs from both an evolutionary 

and application based perspective. 
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Introduction.	

Photosynthesis has powered the planet for the past 3.4 billion years through its ability to 

convert light energy into chemical energy.6 It is one of the most important processes in nature as 

these reactions ultimately drive CO2 fixation, which provides the energy rich compounds needed 

to support nearly all life on earth. The early stages of photosynthesis occur in three steps, 

namely, light capture, photoexcitation, and the generation of reducing equivalents through 

electron transfer; each occurring with unrivaled efficiency. The quantum efficiency of light 

capture, aided by photosensitive pigments, reaches 0.977 and the efficiency of photoexcitation 

and electron throughput approaches unity, across a wide region of wavelengths in the visible and 

near IR region of the electromagnetic spectrum.8 

The primary photosensitive pigment used in photosynthesis is chlorophyll (Chl), which 

consists of a tetrapyrrole macrocycle with an extended π-system that binds a central Mg2+ or Zn2+ 

ion.9-11 Chlorophyll molecules serve multiple functions in photosynthesis, ranging from light 

harvesting to electron transfer. The versatility of these pigments to perform a wide variety of 

functions stems largely from their stability within a protein matrix, long excited singlet state 

lifetimes, and the tunability of their optical and redox properties.12, 13 Apart from the Chls found 

in oxygenic photosynthetic organism, there are two other subsets of Chls: bacteriochlorophylls 

(BChl) and divinylchlorophylls (DVChl), which are also prevalent in photosynthesis. BChls are 

most often found in anoxygenic phototrophs and are differentiated by the extent of π-bond 

delocalization over the macrocycle,14 while DVChls are found in organisms that survive on blue 

light, which is available deeper in the water column.15-19 It is interesting that the modification of 

an ethyl group of a pyrrole ring on a Chl to a vinyl group in DVChls alters the characteristic 

wavelength of absorbance without altering other important functional properties.15 Both Chls and 

BChls occur in a variety of ‘flavors’ or types, as designated by the specific letter after the 

pigment identity (e.g. (B)Chl a, (B)Chl b and (B)Chl g), which arise from changes and 

substitutions within the tetrapyrrole macrocycle. Even small changes that impact the extended π-

system result in non-trivial changes of the absorbance characteristics, which allows certain 

organisms to better survive where different wavelengths of light are more plentiful.15, 18, 20, 21 

Another important (B)Chl derivative in photosynthesis is (bacterio)pheophytin, (B)Pheo, which 

lacks a central metal ion. For a detailed description of Chl molecules and their derivatives, please 

refer to (12, 22).12, 22 
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 The (B)Chl and (B)Pheo molecules involved in photosynthesis and are bound to a wide 

Figure 1. The structure of the three Type I RCs discussed in this study. The (A) three core subunits of PSI 
(PDB: 1jb0); PsaA (green), PsaB (red), and PsaC (green) and (B) electron transfer cofactors embedded 
within PSI.2 The (C) three core subunits of the GsbRC (PDB: 6m32); PscA/B (orange/green), and PscB 
(blue) and (D) electron transfer cofactors embedded within the GsbRC.4 The (E) core subunits of the 
homodimeric HbRC (PDB: 5v8k) and (F) bound electron transfer cofactors embedded within the HbRC.5 
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variety of light-harvesting proteins and in the reaction centers (RCs). The RCs are multi-subunit 

membrane protein complexes found in the photosynthetic membranes of the cell. Together with 

the light harvesting proteins, RCs harvest light energy via absorption and subsequent energy and 

electron transfer reactions, which result in the storage of reducing equivalents and creation of the 

proton gradient needed for the synthesis of ATP. In photoautotrophic organisms, these energy 

rich compounds are then used in CO2 fixation reactions. In addition to (B)Chls that are used for 

both light harvesting and electron transfer, RCs also contain inorganic cofactors, such as a non-

heme iron atom, four iron-four sulfur [4Fe–4S] clusters,2 and the unique tetranuclear manganese-

calcium-oxo (Mn4Ca-oxo) cluster that acts as a water-splitting catalyst.3 The overall structure of 

the various RCs is highly conserved across all photosynthetic organisms and is comprised of two 

major polypeptides at its core, with several smaller intrinsic or extrinsic subunits that are either 

tightly or loosely bound to the complex. Most of the redox-active cofactors that participate in 

electron transfer from the lumenal to the stromal side of the membrane are bound to the core 

polypeptide subunits, while light harvesting pigments that facilitate energy transfer are arranged 

around the redox cofactors and are bound to a variety of polypeptide subunits or separate light 

harvesting protein complexes.2, 3 

The electron transfer cofactors in all known RCs share a common structure motif of two 

branches and cofactors extending across the membrane in a roughly C2 symmetric arrangement. 

However, there are differences in the number and types of cofactors. There are two major classes 

of RCs, Type I and Type II, with several distinctive features. The most pronounced difference 

between the two types of RCs is the identity of the terminal electron acceptors. In Type I RCs, 

the terminal electron acceptor is always a [4Fe–4S] cluster that undergoes single electron 

reduction (Figure 1A-F).2, 4, 5 In contrast, the terminal acceptor in Type II RCs is a labile 

quinone (Figure 2A-D), which is a two-electron two-proton acceptor.1, 3 Moreover, Type I and 

Type II RCs also differ in the nature, identity, and orientation of the primary electron acceptor. 

Both types of RCs contain a combination of six (B)Chl and/or (B)Pheo molecules that are 

responsible for the initial charge separation reaction. Common to both types of RCs is a pair of 

strongly excitonically coupled (B)Chl molecules (Chl1A/1B), that are closely spaced and adopt a 

near parallel ring orientation (see 22 for a review). This dimer, or “special pair”, acts as an 

electron donor and is assigned the spectroscopic label, Pλ, where λ is the maximum wavelength 

of absorption of the cofactor. Here we will refer to the dimer as the primary donor although the 
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site of the initial charge separation is still under debate in some RCs. On either side of the 

primary donor are two so called accessory Chls (Chl2A/2B) that often (but not exclusively) of the 

same type as the (B)Chls in the primary donor. The next cofactor in each branch (Chl3A/3B) acts 

as an electron acceptor and differs between the two types of RCs. In Type I RCs, Chl3A/3B is a 

(B)Chl molecule (Figure 1A-F), while Type II RCs contain a (B)Pheo, which is of the same type 

as the (B)Chl molecules in the primary donor (Figure 2A-D). There is a significant difference in 

the relative orientation of (B)Chl2/(B)Pheo in Type II RCs in comparison with (B)Chl2/(B)Chl3 

in Type I RCs. For example, in Type I RCs, the (B)Chl2/(B)Chl3 pair always adopts a parallel 

orientation with significant overlap of the (B)Chl  

Figure 2. The structure of the two Type II RCs discussed in this study. The (A) bRC from Rba. 
sphaeroides I (PDB: 1aij)1, and (B) its electron transfer cofactors and (C) PSII from the thermophilic 
bacterium T. vulcanus (PDB: 3wu2)3 and (D) its electron transfer cofactors. 
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rings, which is very similar to the primary donor. However, the orientation of the  

(B)Chl2/(B)Pheo pair in Type II RCs is nearly orthogonal with negligible overlap of the (B)Chl2 

and (B)Pheo rings.  

The Type I RCs are further categorized as homodimers and heterodimers, based on the nature 

of the core polypeptide subunits. Homodimeric RCs are formed when a single copy of a gene is 

responsible for coding the two major subunits in the RC core, e.g. the RC from Chlorobaculum 

tepidum, where the PscA subunits are coded by the pscA gene.23, 24 In contrast, heterodimeric 

RCs have two distinct polypeptide subunits that house the electron-transfer cofactors. Most often 

this originates from two separate genes that each code for one of the two polypeptide core 

subunit, with a notable exception being the Type II RC from Roseiflexus castenholzii whose 

heterodimeric core is coded by the DSM 13941 gene.25, 26 While homodimeric RCs are 

completely symmetric (Figure 1C-F) with exact c2 symmetry, heterodimeric RCs display only 

pseudo-c2 symmetry (Figure 1A-B), resulting in different electron transfer energetics and rates 

in the two branches. All known Type II RCs and PSI1, 3, 27-31 are heterodimeric in nature (Figure 

2A-D), and the other Type I RCs are homodimeric.4, 5 In PSI, this manifests as a preference for 

A-branch electron transfer by a factor of two.32-34 Further, the redox potential of the two pseudo-

symmetrical phylloquinones (Figure 1B) vary significantly.35, 36 This results in both forward and 

reverse electron transfer rates that differ by a factor of ten for the phylloquinones in the two 

branches.32, 37 In the case of Type II RCs this is pushed to the extreme, with electron transfer 

exclusively in the A-branch and back reaction lifetimes of the two quinones that differ by several 

orders of magnitude.38  

Regardless of the type of RC, the combination of six (B)Chls/(B)Pheo molecules that are 

present in the RC core are ultimately responsible for light-driven charge separation and the early 

steps of electron transfer. In fact, the only cofactors used for charge separation within 

photosynthetic RCs are (B)Chls, which is largely ascribed to the versatility of these molecules. 

However, while it is known that (B)Chl molecules initiate charge separation, the mechanism is 

not well understood in many RCs because the initial steps, which occur on an ultrafast (fs – ps) 

time scale, are faster than the energy transfer and involve molecules with very similar optical 

properties, rendering it difficult to deconvolute the different processes. Several models for charge 

separation have been proposed in the literature that can broadly be classified into three 

categories: (i) Photoexcitation of the primary donor, Pλ, and direct electron transfer from Pλ, to an 
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acceptor, A;39-45 (ii) photoexcitation of (B)Chl2, leading to reduction of (B)Chl3 or (B)Pheo, and 

oxidation of the resulting (B)Chl2
●–

 anion by Pλ;46-50 and (iii) photoexcitation of a tetramer or 

hexamer composed of the early (B)Chls.51-56 Regardless of the mechanism, the first (meta)stable 

charge-separated state (i.e. with a lifetime > 10 ps) involves transfer of an electron from Pλ to 

(B)Chl3 or (B)Pheo. Here, we will use the spectroscopic notation Pλ●+A0
●– for this state. It should 

be noted, however, that A0, much like Pλ, is a spectroscopic term not necessarily associated with 

any specific crystallographic label, and throughout this chapter we will use A0 to refer to the 

electron acceptor in the first metastable charge-separated state.  

Optical spectroscopy has been extensively used to study the primary donor and acceptor of 

both Type I and Type II RCs. Historically, optical studies of the primary acceptor were difficult 

due to the short-lived nature of the A0
●– state and severe spectral congestion resulting from the 

variety of pigments that are present in RCs. However, there are exceptions for both Type I and 

Type II RCs. The most easily studied RCs are those of purple bacteria because they can be 

isolated separately from the antenna complexes and the co-factors involved in the initial charge 

separation are all spectroscopically distinct. Early optical studies of the bRC revealed that BPheo 

and BChl molecules were readily distinguishable in vivo by absorbance changes at 762 nm/542 

nm and 802 nm/590 nm, respectively.57-59 From the absorbance characteristics, it was clear that 

the primary acceptor was a monomeric BPheo molecule, which was in excellent agreement with 

the subsequent high-resolution X-ray crystal structures of the bRC.1, 60 However, the X-ray 

crystal structures also revealed the presence of a BChl molecule (BChl2A/2B) located between the 

primary donor, BChl1A/1B, and BPheo acceptor, and the distance between the latter two was too 

far for fast and efficient electron transfer. The advent of optical techniques with greater temporal 

resolution, coupled with targeted cofactor replacement, allowed for the direct detection of the 

transient intermediate, BChl2
●–.61-69 However, in each case it was theorized that these cofactors 

functioned independently as monomers. Subsequent EPR spectroscopy studies confirmed this 

model, where the analysis of electron-nuclear hyperfine coupling constants for the Pheo●– state 

in the bRC matched those of the monomeric Pheo●– anion in vitro.70, 71 Analogous results were 

also observed for the Type II RC, Photosystem II (PSII). While the studies of PSII revealed an 

identical pattern with a Pheo molecule (PheoA) functioning as the first stable electron acceptor, 

they also showed that Chl2A acts as the origin of charge separation, which was in stark contrast to 

the bRC.72, 73 
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The primary electron transfer pathway of the Type I RC from Heliobacterium 

modestacaldum (HbRC) can also be resolved by optical spectroscopy because it is 8-OHChl a, 

while all other pigments in the HbRC are BChl g or BChl g’.55 However, because both the 

antenna Chls and electron transfer cofactors are bound to the HbRC core the site of the initial 

charge separation has yet to be determined conclusively in HbRCs. Virtually all early studies of 

the primary acceptor of Type I RCs were performed on PSI, using optical spectroscopy; pump-

probe experiments with picosecond time resolution.74-81 A comparison of the spectra acquired at 

150 ps and 800 ps after photoexcitation revealed a 30 nm red-shifted Chl a anion peak, centered 

at 695 nm, that was attributed to reduction of a Chl acceptor that was proposed to be a dimer, in 

contrast with the monomeric primary (B)Pheo acceptor that was observed in the Type II bacterial 

RC (bRC) from Rhodobacter (Rba.) sphaeroides. Under strongly reducing conditions at a 

potential of -625 mV, achieved using various reducing agents, the light-minus-dark spectra 

displayed bleaching at 425 nm, 450 nm, and 700 nm, with a lifetime of ~ 1 ms which was also 

suggested to be due to the presence of a reduced Chl a dimer.74, 75 

Subsequently, EPR spectroscopy was employed to study the A0
●– state of PSI, trapped by 

cryogenic photoaccumulation under strongly reducing conditions. Interestingly, initial EPR 

studies suggested that A0
●– was a monomeric Chl, which was at in contrast with previous optical 

spectroscopy data.82  Heathcote and coworkers sought to trap the A0
●– state through high light 

treatment of PSI,82 which resulted in the observation of EPR signals with a line width of 14 G, 

which was larger than the 7.5 G of the well-known dimeric Chl, P700.83, 84 Similar results were 

also obtained by Fajer and coworkers who used both continuous-wave (CW) EPR and electron 

nuclear double resonance (ENDOR) spectroscopy to study the primary acceptors of both PSI and 

PSII.85, 86 The differences in the nature of the primary acceptor of PSI in the two studies were 

attributed to differing preparations and experimental conditions. However, it is important to note 

that the presence of the A1 phylloquinone acceptor (Figure 1B) was not recognized at the time 

that this work was performed. Given the relative ease of photoaccumulating the A1
●– state 

relative to A0
●– and the similar g-values and line widths of the A1

●– and monomeric Chl a●– 

anion signals in vitro using X-band EPR spectroscopy,84, 87 it appears that researchers were 

detecting the first EPR spectra of the photoaccumulated A1
●– state. One feature that was not 

observed were the partially resolved hyperfine features associated with the A1
●– state at X-band 

frequency.87 
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More recently, we examined the A0
●– state of PSI by employing a combination of two-

dimensional (2D) hyperfine sublevel correlation (HYSCORE) and density functional theory 

(DFT) methods.88, 89 Here, the photoaccumulation of the A0
●– state was achieved by illuminating 

PSI preparations that were lacking the electron acceptor A1 (Figure 1B). This was achieved in 

three ways: (i) by chemical extraction of the A1 acceptor, (ii) by interruption of the biosynthetic 

pathway of phylloquinone molecules in the A1 acceptor site by inactivation of the menB gene, 

which codes for a 1,4-dihydroxy-2-naphthoate synthase,90-93 and (iii) the alteration of the axial 

ligand of the Chl3A cofactor from a Met688PsaA to His688PsaA residue. In the first two cases, the 

lack of the A1 acceptor creates a longer inter-cofactor distance of approx. 25 – 30 Å between A0 

and the next electron acceptor, FX, resulting in charge recombination being favored over forward 

electron transfer.81, 94, 95 In the case of genetic alteration of the axial ligand, the change in redox 

potential of Chl3A that accompanies a change in the axial ligand from Met688PsaA to His688PsaA
13 

causes electron transfer to be blocked in ~ 50% of PSI complexes along the A branch of electron 

transfer.96 All three of the PSI preparations resulted in the photoaccumulation of the A0
●– state 

that allowed for 2D 14N HYSCORE measurements revealing electron delocalization over 

multiple Chl a molecules. Moreover, DFT calculations of computational models derived from 

the X-ray crystal structure of PSI2 indicated that the unpaired electron spin density was indeed 

delocalized over both Chl2A and Chl3A in the A0
●– state.88, 89 Interestingly, the only difference 

between the methods of sample preparation, namely, extraction or biosynthetic interruption of 

the A1 phylloquinone or mutation of the axial ligand of Chl3A, was in the extent of the electron 

spin delocalization on the individual Chl rings. In PSI lacking the A1 acceptor, the ratio of the 

electron spin density distribution on the Chls in the A0
●– state was ~ 1:3::Chl2:Chl3. However, 

when the energetics were altered by mutation of the axial ligand of Chl3A from Met to His, the 

ratio was ~ 3:1::Chl2:Chl3.89 These experiments provided definitive evidence that A0 acceptor of 

PSI was a composed of a dimer of Chl2 and Chl3, which is qualitatively analogous to the primary 

donor, P700, which is also contains dimeric Chl a molecules. 

 This finding that the A0 acceptor of PSI is composed of a dimer of Chl2 and Chl3 has inspired 

us to attain a better understanding of the principles that govern the high efficiency of charge 

separation as well as the protein matrix effects that control the energetics and dimerization of 

primary electron acceptors in a variety of RCs. In this review, we examine the primary acceptor 

of five different RCs with representative examples from both Type I and Type II RCs.  
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Representing Type I RCs, we analyze cyanobacterial PSI2, the RC from H. modestacaldum  

(HbRC),5 and the green sulfur bacterial RC (GsbRC) from Chlorobaculum tepidium.4 For Type 

II RCs, we examine PSII3 and the bRC from Rba. sphaeroides.1 Herein we provide a detailed 

comparison of the geometric structures of these primary acceptors as observed in the respective 

high-resolution structures, including the amino acid residues and water molecules that constitute 

the (B)Chl and (B)Pheo binding pocket. In parallel, we analyze the electronic structure of each 

Table I.                                      Photosystem I (PSI) 
Residue Distance (Å) Nearest Cofactor Notes 

Met688PsaA 2.6 Chl3 Axial Ligand 
Tyr696PsaA 2.7 Chl3 Hydrogen (H)-Bond 
Water 1.9 Chl2 Axial Ligand 
    

Green Sulfur Bacterial RC (GsbRC) 
Residue Distance (Å) Nearest Cofactor Notes 

Arg502 3.4 Chl3  
Ser637 3.2 Chl3  
Met429 3.1 Chl3  
Trp550 3.4 Chl3  
Phe495 4.6 Chl3  
Ala626 3.5 Chl3  
Lys553 3.0 Chl2 Axial Ligand 
Tyr440 2.7 Chl2 H-Bond 
Phe625 3.3 Chl2 π-stacked 
    

Heliobacterial RC (HbRC) 
Residue Distance (Å) Nearest Cofactor Notes 

Arg406 3.2 Chl3  
Ser553 2.7 Chl3 H-Bond 
Ser545 3.2 Chl3  
Leu451 3.9 Chl3  
Phe548 3.3 Chl3  
Phe455 3.4 Chl3  
Phe399 4.1 Chl3  
Phe542 3.9 Chl3  
Water 2.5 Chl3 Axial Ligand/Water Pool 
Water 3.6 Chl3 Water Pool 
Water 4.0 Chl3 Water Pool 
Trp540(A) 3.6 Chl2  
Trp540(B) 3.9 Chl2  
Ala541 3.4 Chl2  
Gln458 3.4 Chl2  
Tyr510 2.8 Chl2 H-Bond 
Water 2.7 Chl2 Axial Ligand 
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primary acceptor, including the impact of the smart matrix effects of the surrounding protein 

environment using DFT methods to model the reduced acceptor state.  

 

Geometric Structure of the Primary Acceptors of Type I Reaction Centers 

 All known Type I RCs share the same general architecture of their polypeptides and electron 

transfer cofactors.2, 4, 5 The early electron donor and acceptor that are involved in charge 

separation are comprised of six (B)Chl molecules. These molecules are arranged in three pseudo-

Figure 3. Binding pocket of the Chl2/Chl3 (light green/dark green) dimer from (A) Photosystem I (PSI),2 
(B) GsbRC,4 and (C) HbRC.5 Different subunits composing the transmembrane are colored gray and light 
blue. Polar or H-bonding residues, and axial ligands are depicted in purple, while non-polar residues are 
shown in peach.  
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symmetric pairs (B)Chl1A/(B)Chl1B, (B)Chl2A/(B)Chl2B, and (B)Chl3A/(B)Chl3B. In every known 

Type I RC, the (B)Chl1A/(B)Chl1B and (B)Chl2/(B)Chl3 pairs adopt a similar dimeric motif 

maintaining the same relative orientation of the molecules. In all cases, both branches converge 

at a [4Fe–4S] cluster termed FX. Subsequent electron transfer occurs to a two [4Fe–4S] cluster 

ferredoxin that may be tightly or loosely bound. Despite the general similarities, there are 

nuanced and important differences in both the chemical composition of the (B)Chls, lifetimes 

and energetics involved in electron transfer, and even in the presence or absence of additional 

acceptor molecules. Below we will discuss each RC in greater detail. 

 

Photosystem I 

 Cyanobacterial Photosystem I (PSI) is a heterodimeric Type I RC, containing 12 or 13 

polypeptide subunits, which functions as an oxidoreductase capable of oxidizing a cytochrome or 

plastocyanin and reducing a ferredoxin or flavodoxin.31 The electron transfer cofactors, P700, A0, 

A1 and FX, are bound within the trans-membrane polypeptides, PsaA and PsaB, in the core of 

PSI, while the terminal acceptors are bound in the stromal polypeptide, PsaC (Figure 1A-B). 

The electron transfer chain is composed of six Chl a (Chl1A/1B, Chl2A/2B and Chl3A/3B) and two 

phylloquinone (A1A/1B) molecules arranged in two pseudo-symmetric branches, termed A and B. 

Earlier studies have demonstrated that the two branches are not used equally, with the A-branch 

being employed approximately two times more than the B-branch32, 33, 97 and the rates of electron 

transfer along the two branches are different as well.32, 34 These two branches of electron transfer 

through the core of PSI merge at FX, which is an inter-polypeptide [4Fe–4S] cluster bound 

between the PsaA and PsaB polypeptide. Subsequently, the electron is transferred to the terminal 

[4Fe–4S] clusters, FA and FB, bound within PsaC. For details on the lifetime of each of these 

electron transfer events, please see (31, 34).31, 34 

 Illumination of PSI results in the photoexcitation of P700 and rapid formation of a charge-

separated state within ~ 100 fs among the six core Chl a molecules.98 While the precise 

mechanism of charge separation is still under investigation, the first stable state, P700
●+A0

●–, is 

formed between two pairs of Chl dimers, P700
 (a dimer of Chl1/Chl2) and A0 (a dimer of 

Chl2/Chl3).88, 98 Analysis of the structural features of the Chl2A/3A pair that comprises the A0A 

acceptor reveals a high degree of similarity to the primary donor, P700, of PSI. A depiction of the 

structure is presented in Figure 3A, with the important distances and structural features listed in 
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Table 1. Briefly, there is a single hydrogen bond to Chl3A provided by the Tyr696PsaA residue 

and the axial ligands to Chl3A and Chl2A are the Met688PsaA residue and a water molecule, 

respectively. Note that for PSI we have kept the amino acids in the binding site relatively simple 

in comparison to the other RCs we analyzed in this study, as the recapitulation of experimental 

hyperfine parameters was possible while including the cofactors and amino acids mentioned 

above.88 

 

Shown in Figure 4A are the inter-cofactor distances between the Chl3A and Chl2A rings of the 

A0A acceptor. The Mg-Mg distance is 8.7 Å, which is the shortest of all the Type I RCs with 

known structures. Interestingly, it is approx. 3.4 Å longer than the inter-cofactor distance 

between the Chl1A/1B molecules in P700, but still results in significant overlap of Chl3A and Chl2A, 

which remain in a π-stacked orientation. The distance between the ring planes varies from 3.6 – 

3.9 Å, which is comparable to that of P700. Perhaps the biggest deviation from P700 is in the 

identity and distance between the nearest ring nitrogen atoms.  In P700, the N3 nitrogen from 

Chl1A is proximal to the N3 nitrogen of Chl1B (3.6 Å), while in A0, N3 of Chl3A is proximal to 

both the N3 and N2 nitrogens of Chl2A, at distances of 5.8 Å and 5.7 Å, respectively.2, 88  

Figure 4. Comparison of the structure, relative orientation and inter-atomic distances of the Chl2/Chl3 
pairs in (A) PSI,2 (B) GsbRC,4 and (C) HbRC.5 
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Green Sulfur Bacterial Reaction Center (GsbRC)	 

 The GsbRC from C. tepidum is similar to PSI, albeit with several important differences. The 

electron transfer cofactors of the GsbRC are also bound within three distinct subunits: two within 

the membrane (PscA), and one located on the stromal side of the membrane (PscB) (Figure 1C-

D).  However, while PSI is a heterodimer where the PsaA and PsaB polypeptides are encoded by 

different genes and have structural distinctions between them, the GsbRC is a homodimer of two 

identical PscA subunits.23, 24 It should be noted that the orientation PscB does break the 

symmetry of the GsbRC as a whole, but the electron transfer cofactors within the homodimeric 

PsaA core remain symmetric.4 These cofactors are comprised of two BChl a molecules, four Chl 

a molecules, and three [4Fe–4S] clusters. This is the first RC presented here where the identity of 

the early (B)Chl cofactors in the RC are not identical. The primary donor (P840) is comprised of 

the two BChl a molecules, while the Chl2/Chl3 cofactors are Chl a molecules. The difference in 

the redox potential of the BChl a and Chl a molecules85, 99 likely impacts the energetics of both 

the primary charge separation and subsequent electron transfer, although the effect is not fully 

understood. Regardless, the two branches for electron transfer in this system are symmetric, and 

thus by definition both branches are accessed equally. In another significant deviation from PSI, 

the GsbRC lacks a quinone acceptor, A1, after Chl3 (Figure 1D), and electron transfer occurs 

directly from the primary acceptor, A0, to the [4Fe–4S] cluster, FX.4, 24 Subsequently, the electron 

is transferred to the terminal FA and FB clusters located in the loosely bound PscB polypeptide 

subunit. 

 In turning our attention to the Chl2/Chl3 pair in the GsbRC, we find that even though its A0 

cofactor shares the general structure and orientation common to other Type I RCs, it has several 

unique aspects.  First, the inter-cofactor distance between the central Mg2+ ions of Chl2 and Chl3 

is longer at 10.0 Å (Figure 4B).4 In fact, this is the longest distance among all Type I RCs with 

published structures. An obvious consequence is that there is a similar increase in the distance to 

the nearest ring nitrogen atoms. This increase in the distance between the Chl2 and Chl3 

molecules, however, is not mirrored in the distance between ring planes, which remains at ~ 3.5 

Å, well within the range distances observed in PSI (~ 3.6 Å)2 and HbRC (~ 3.3 Å).5 Thus, while 

we anticipate a weaker coupling of Chl2 and Chl3 pair in the A0
●– state, we still expect 

dimerization of the acceptor in the GsbRC. 
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The A0 binding site of the GsbRC (Figure 3B) also has aspects that differentiate it from other 

Type I RCs and likely help tune its redox properties. The axial ligand to the central Mg2+ ion of 

Chl3 is presumed to be a water molecule, even though it is not resolved in the cryo-electron 

microscopy (EM) structure, making it identical to that of the HbRC.5 However, Chl2 contains a 

lysine residue, Lys553PscA, as an axial ligand (located within 3.0 Å of the central Mg2+ ion). This 

makes it the only Type I RC with an A0 ligand chemistry most closely aligned with the accepted 

rules for hard-soft acid-base theory, where the relatively hard acid, Mg2+, is ligated by a hard 

base nitrogen atom from a lysine residue. Moreover, this deviates from all of the other known 

Type I RCs, where the axial ligand of Chl2 is a water molecule. In terms of hydrogen bonds, it 

appears that two residues form weak hydrogen bonds to Chl3, namely, Gln645PscA and 

Arg502PscA, that are located within a distance of 3.6 and 3.4 Å, respectively. Interestingly, the 

interactions with both residues appear in the same quadrant of the Chl containing the 

cyclopentanone group and Chl2 has only a single strong hydrogen bond to Tyr440PscA. 

Perhaps the most unexpected feature of this binding site is the presence of a phenylalanine 

residue (Phe625PscA) that appears to be π-stacked with Chl2 with a distance of 3.3 Å between the 

two rings (Figure 3B). This residue appears analogous to Trp697PsaA/Trp677PsaB in PSI, which 

serve to drive the redox potential of the A1 phylloquinone to a more negative value. This is the 

only RC where this motif is clearly observed for a Chl or Pheo molecule in either a Type I or 

Type II RC, respectively. While several Phe and other aromatic groups line the binding pocket of 

A0 from both PSI and HbRC, none of these are observed in a π-stacked orientation. The 

complete list of amino acids interacting with the Chl2 and Chl3 molecules are presented in Table 

1. 

 
Heliobacterial Reaction Center (HbRC) 

 The HbRC is arguably the simplest of all the Type I RCs. The electron transfer cofactors are 

contained in a homodimer of PshA subunits5, 100, 101 (Figure 1E-F) (analogous to PscA and 

PsaA/PsaB polypeptides of the GsbRC and PSI, respectively). The HbRC clearly lacks a 

terminal PscB/PsaC-type polypeptide subunit with terminal electron acceptors, instead relying on 

a series of mobile ferredoxins.101 The primary pigment of the HbRC is BChl g, which constitutes 

both the antenna system and a majority of the early Chl acceptors. Similar to the GsbRC, the 

electron transfer pathway of the HbRC bifurcates into two branches, containing a primary donor 



	 17 

(P800), and two pairs of (B)Chl molecules that constitute A0. Again, as these branches are 

symmetric, it is assumed that they have similar rates of electron transfer and are used equally.102 

The branches then converge and terminate at the [4Fe–4S] cluster, FX (Figure 1F).   

The Chl2 and Chl3 binding pocket of the HbRC share few similarities to A0 of PSI, in the 

form of a similar hydrogen bond to the same carbonyl moiety in Chl3 (Figure 3C). However, 

while A0 in PSI appears to be a pseudo-homodimer of Chl a molecules bound within a RC with a 

heterodimeric polypeptide core, A0 in the HbRC is a heterodimer of (B)Chl molecules bound 

within a RC with a homodimeric core.5 This is readily seen in the identity of the (B)Chl 

molecules that compose the A0 acceptor; Chl2 is a BChl g (the primary Chl pigment found in the 

RC), and Chl3 is an 81-OH-Chl a, meaning that the dimer is composed of two different types of 

(B)Chls. The implications of this heterodimerization is not obvious, since there is a lack of 

experimental data determining the redox properties of BChl g, as compared with Chl a, Chl b, 

and Chl d pigments.103 However, it seems likely that this will significantly impact the 

delocalization and may even be the primary factor in controlling the redox potential difference 

and asymmetry in electron transfer.  

Taking steps to alleviate any strain caused by this heterodimerization of (B)Chl cofactors 

may be manifested in the other differences to PSI; namely, the presence of a hydrogen bond to 

Chl2, and the identity of the axial ligands. There is a second hydrogen bond to a carbonyl group 

of Chl2, provided by Tyr510PshA (Figure 3C), that is not present in PSI. It should be noted that 

there is an analogous hydrogen bond in Chl3, implying that the hydrogen bonding interactions 

may have a similar effect on the redox potential of both Chls. The axial ligand will also similarly 

impact each Chl, as each of them is coordinated by a water ligand. This is important as changing 

the identity of the axial ligand of the Chl has been demonstrated to have a significant effect on 

electron transfer96 and the asymmetry of electron delocalization over the A0 dimer in PSI.89 This 

suggests that the most significant protein matrix effects are impacting the redox properties of 

both Chls in the same manner, roughly balancing them and ensuring that any asymmetry in 

electron delocalization is driven by the differential identity of the Chl molecules. A noteworthy 

aspect of the A0 binding site of the HbRC is the number of amino acids interacting with the 

BChl2/Chl3 pair (Figure 3C). The majority of these are aromatic residues that appear to serve as  

structural components, likely ensuring  preferential binding of the 81-OH-Chl a. Interestingly, 
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this contrasts with the binding site of the primary donor, P800, which has remarkably few 

interacting residues.22 Table 1 provides more details on the A0 binding site of the HbRC. 

The A0 cofactor of the HbRC, however, does share a high similarity to A0 of PSI in terms of 

inter-cofactor distance and orientation (Figure 4C). The Mg-Mg distance is 9.1 Å, which is in 

between PSI and the GsbRC, and corresponds to a marginally longer distance between the 

nearest nitrogen atoms of the neighboring rings. While the ring overlap is not as extensive, given 

the longer Mg-Mg distance, the distance between the ring planes varies from 3.3 to 3.6 Å, and is 

comparable to PSI. As such, from a structural perspective we would expect that this (B)Chl pair 

would retain some amount of delocalization across both rings. 

 

Geometric Structure of the Primary Acceptors of Type II Reaction Centers 

  

We now turn our attention to the primary acceptor system of Type II RCs. Similar to Type I RCs, 

all Type II RCs adopt the same general archetype for their electron transfer cofactors. Four core 

(B)Chls comprise the early donor-acceptor system, with (B)Chl1A/(B)Chl1B, (B)Chl2A/(B)Chl2B 

forming two pseudo-symmetric pairs. This is followed by the pseudo-symmetric pairs of 

PheoA/PheoB, as well as quinones QA/QB. Differences between Type I RCs are apparent both in 

cofactor identity and their cofactor positioning. As mentioned above, not only is this system 

composed of a (B)Chl and Pheo, but the relative orientation of these two cofactors are 

significantly different than that of Type I RCs. Below we will provide more detailed information 

on the Type II RCs of the bRC and PSII. 
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Figure 5. Binding pocket of the Chl2A/PheoA (light green/dark green) from (A) the bRC from Rba. 
sphaeroides1 and (B) Photosystem II (PSII).3 Different subunits composing the trans-membrane helices 
of the core polypeptides are colored white and light blue and the polar or hydrogen bonding residues, 
and axial ligands are depicted in purple, while non-polar residues are shown in peach.  
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Bacterial Reaction Centers 

The bRC from Rba. sphaeroides (Figure 2A) is composed of three polypeptide subunits, L, 

M, and H, with the electron transfer cofactors being housed in the L and M subunits (Figure 

2A).1, 60, 104 The electron transfer chain begins at the primary donor, P865, a dimer of BChl a 

molecules, BChl1A and BChl1B. Proximal to the P865 BChls are a pair of nearly symmetrically 

structured BChl a molecules that compose the accessory BChls: BChl2A and BChl2B (Figure 2B). 

While these accessory BChls appear symmetric with respect to P865, only BChl2A is cofactor 

actively involved in the electron transfer pathway.27, 28 Next, there are two symmetrically 

arranged BPheo molecules, BPheoA and BPheoB (also termed BPheoL and BPheoM, 

respectively), where again only the A-branch is active in electron transfer. From the BPheo, the 

electron is transferred to the primary and secondary quinone acceptors, QA and QB. Unlike the 

Type I RCs described in the previous section, whose function can be completed with a single 

turnover, the Type II RCs require two-electron and two-proton turnovers to doubly reduce QB to 

the quinol, QBH2.38, 105-109 

 The binding pocket of the BChl2A/BPheoA pair in the bRC is relatively simple, with 

significantly more aromatic and non-polar residues than polar and hydrogen bonding residues 

(Figure 5A). Indeed, only a single Tyr210M residue and water molecule are in close proximity to 

BChl2. The three remaining aromatic residues, Phe146L, Trp100L, and Phe121L interact with the 

periphery of the BChl macrocycles and likely serve as structural components. However, one 

interesting facet of the BChl2A binding site is the axial His153L ligand. While His is a common 

ligand to (B)Chl molecules in RCs, and can help identify possible (B)Chl binding sites, it is often 

relegated to (B)Chl molecules in the antenna proteins and the primary donor in the RC. This is 

the first instance of any (B)Chl of the A0 acceptors being natively coordinated by an axial His 

ligand. As mentioned above, this likely serves to lower the redox potential relative to the 

surrounding cofactors, impacting both primary charge separation and forward electron transfer.  
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 Experimental work investigating the role of this axial ligand was studied by Katilius et al.,110 

where the axial His153L ligand was replaced by a series of other amino acid residues: Asp, Gln, 

Glu, Gly, Leu, Phe, Ser, Val, and Tyr. These alterations resulted in a significant decrease in the 

rate of electron transfer from 3 ps in the wild-type bRC to 18 ps in the genetic variants, which 

Table II.                          Bacterial RC (Rba. sphaeroides) 
Residue Distance (Å) Nearest Cofactor Notes 

Trp100 3.0 PheoA  
Phe121 3.4 PheoA  
Leu214 3.1 PheoA  
Ile206 3.7 Chl2A  
Tyr210 3.8 Chl2A  
His153 2.3 Chl2A Axial Ligand 
Leu154 3.6 Chl2A  
Phe146 3.8 Chl2A  
    

Photosystem II 
Residue Distance (Å) Nearest Cofactor Notes 

Tyr126 2.6 PheoA H-Bond 
Gln130 
Ile143           

2.9 
4.3 

PheoA 
PheoA 

H-Bond 

Tyr147 2.0 PheoA  
Pro150 3.5 PheoA  
Leu151 7.2 PheoA  
Phe158 3.9 Chl2A  
Met172 3.6 Chl2A  
Thr179 3.4 Chl2A  
H2O 2.0 Chl2A Axial Ligand 
H2O 2.9 Chl2A H-Bond 

Figure 6. Comparison of the structure, relative orientation, and inter-atomic distances of the Chl2A/PheoA 
cofactors in (A) the bRC from Rba. sphaeroides1 and (B) PSII.3 
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was accompanied by a blue shift in the absorbance spectrum. For a complete list of the amino 

acid residues in the A0 binding site of the bRC, please refer to Table II. 

 

Photosystem II 

 The PSII RC contains two core trans-membrane polypeptide subunits, D1 and D23, 30 

(Figure 2C-D), analogous to L and M from the bRC, which serve to house the electron transfer 

cofactors.1, 60, 104 However,  unlike the bRC, the PSII core complex is surrounded by 22–23 

smaller intrinsic and extrinsic polypeptide subunits.111, 112 While the majority of cofactors 

involved in the primary electron transfer pathway of PSII closely resemble those of the bRC, 

there are two important differences. The first is the tetranuclear manganese-calcium-oxo 

(Mn4Ca-oxo) cluster that catalyzes the oxidation of water to dioxygen, which is one of the most 

energetically demanding reactions in nature. The splitting of water to dioxygen at the Mn4Ca-oxo 

cluster generates electrons to re-reduce the primary donor, P680, allowing for successive 

turnovers of the RC (Figure 2D).3, 112 The second difference is the presence of redox-active 

tyrosine residues, Tyr161A (YD) and Tyr161B (YZ), in the core D1 and D2 polypeptides that 

facilitate proton-coupled electron transfer reactions that are central to the water-splitting 

chemistry of PSII.  

 In contrast to the binding pocket of the bRC, PSII has significantly more protein-matrix 

interaction with both the Chl2A and PheoA cofactors (Figure 5B). There is an additional water 

molecule interacting with Chl2A, one serving as an axial ligand and the other forming a putative 

hydrogen bond. For PheoA, there are three hydrogen bonding residues, Gln130A, Tyr147A, and 

Tyr126A, with Tyr126A and Gln130A interacting with the same section of the macrocycle. There 

are also a significant number of aromatic residues lining the binding pocket of both Chl2A and 

PheoA, similar to that of the bRC. For a complete list of amino acid residues, refer to Table II.  

 As the inter-cofactor parameters for the Type II RCs, bRC and PSII, are remarkably similar, 

we will describe them together. Perhaps the most obvious change in the A0 acceptor of Type II 

RCs is the deviation of the (B)Chl molecules from the parallel orientation that was observed in 

Type I RCs, instead adopting a nearly orthogonal position (Figure 6A-B). The closest ring 

nitrogen atoms of Chl2A and PheoA are those associated with NIII pyrrole ring that are 7.6 - 7.8 Å 

apart. Please note that this distance is comparable to the values observed for the A0 acceptor of 

the GsbRC. Moreover, the edge-to-edge distance between the rings remains reasonably close, 
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ranging from 3.4 - 3.8 Å. However, the aforementioned orientation precludes the overlap of π 

orbitals that was observed in the Type I RCs. One rather unusual feature that is present in that A0 

acceptor of both the bRC and PSII is the orientation of the tail of the PheoA molecule, which 

appears to interact with the opposing side of the Chl2 ring. In each case, the atoms on the tail are 

within 4.0 Å of the Chl molecule, and while this likely serves some purpose, its impact is 

unknown at this time.  

 

Electronic Properties of the Reduced Primary Acceptors 

 Vast strides in X-ray crystallography and cryo-EM have led to high-resolution structures of 

PSI, PSII, GsbRC, HbRC and bRC from thermophilic and mesophilic cyanobacteria, green sulfur 

bacteria, heliobacteria and purple bacteria, respectively.1-5, 113-117 As highlighted in the previous 

section, this has provided important information on the location and geometry of the (B)Chl and 

(B)Pheo cofactors in the neutral ground state of the RCs. However, these structures are lacking 

insight on the functional A0
●– state that is formed upon light-driven charge separation. 

Spectroscopic measurements have played a central role in determining the electronic properties 

of the reduced state of the individual primary acceptors. In particular, continuous-wave (CW) and 

pulsed EPR spectroscopy techniques are exceptionally well suited to probe the electronic 

structure as the high sensitivity and specificity for the detection of unpaired electron spin(s) has 

helped overcome limitations of the large size of the RCs, and the use of powder samples has 

eliminated the need for crystalline material. Therefore, both CW and pulsed EPR spectroscopy 

have been widely employed in the study of the charge-transfer intermediates of (B)Chl and 

(B)Pheo in RCs.70, 82, 83, 85, 86, 88, 89, 94, 118-126  

 Previous studies have demonstrated that cryogenic illumination of RCs results in the rapid 

formation of the charge-separated P●+A0
●– state. Subsequent re-reduction of P●+ in the presence 

of exogenous electron donors allows for photo-accumulation of the reduced primary acceptor, 

A0
●–.88, 94, 126 The A0

●– state is paramagnetic with an unpaired electron spin, S, of ½ making it 

suitable for study by EPR spectroscopy. While there exist relatively few studies of the GsbRC 

and HbRC, PSI, the bRC from Rba. sphaeroides and PSII have been extensively investigated 

using EPR spectroscopy.35, 83, 84, 118-120, 127-134 For example, the earliest CW EPR spectroscopy 

study on RCs demonstrated that the primary donor cation, P700
●+, of PSI83, generates a signal at a 

g value of 2.0025, which arises from a strongly excitonically-coupled Chl a dimer.84, 135-137 
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Moreover, the line width of this signal is narrower than that of monomeric Chl a●+ in vitro,84 

which provided direct evidence for the delocalization of the unpaired electron spin across the 

dimeric Chl1A/1B cofactors of P700
●+.84 Subsequently, dimerization of (B)Chls in the P+ state of 

PSII and the bRC from Rba. sphaeroides was also demonstrated by EPR spectroscopy.138, 139  

 In principle, the direct measurement of magnetic electron-nuclear hyperfine couplings 

between the unpaired electron spin and NMR-active nuclei could reveal the distribution of the 

electron spin density and hence, the electronic structure of the (B)Chl2/3 and (B)Chl2A/(B)PheoA 

molecules in the reduced primary acceptor, A0
●–. However, it is not possible to measure the 

hyperfine interactions using CW EPR spectroscopy due to the inhomogeneous broadening of the 

peaks in the spectrum. Therefore, hyperfine spectroscopy methods, such as electron nuclear 

double resonance (ENDOR), electron-spin-echo envelope modulation (ESEEM) and two-

dimensional (2D) hyperfine sub-level correlation (HYSCORE), in conjunction with 

computational modeling, are often used to obtain information on the electronic structure of the 

reduced primary acceptors.35, 88, 89, 134, 140-148 ENDOR spectroscopy is a double resonance 

technique with reasonably high spectral resolution that has typically allowed for the 

measurement of small hyperfine couplings.140, 141, 143, 144 Similarly, ESEEM spectroscopy has 

been applied to the study of paramagnetic centers in RCs as it overcomes the inhomogeneous 

broadening of EPR resonances and provides access to unresolved electron-nuclear hyperfine 

couplings.149-151 The hyperfine couplings that are measured by ENDOR and ESEEM are 

orientation dependent, which means that information on the hyperfine anisotropy is lost in 

powder EPR samples with random orientations (e.g. frozen RC samples). Moreover, nuclear 

transitions of multiple abundant spins, such as, 1H or 14N, in powder samples or frozen samples 

have often been difficult to resolve by one-dimensional ENDOR and ESEEM spectroscopy due 

to spectral overcrowding of signals. Hence, in the past decade we and others have been 

employing two-dimensional (2D) hyperfine sub-level correlation (HYSCORE) spectroscopy, 

which is a two-dimensional version of ESEEM, used to obtain correlations between nuclear 

transitions, thereby facilitating the detection and assignment of multiple hyperfine-coupled 

proton and nitrogen atoms in two-dimensional frequency space.11, 35, 88, 89, 134, 146, 147, 149, 151-154 All 

three methods are highly sensitive as the electron spin-coupled nuclear transitions are monitored 

through the observation of a paramagnetic electron spin.141, 144, 155-157  
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 In conjunction with CW and pulsed EPR spectroscopy measurements, the electronic structure 

of the reduced primary acceptors, A0
●–, of both Type I and Type II RCs, PSI, the bRC and PSII, 

have also been probed by semi-empirical molecular orbital, quantum mechanics/molecular 

modeling (QM/MM) and density functional theory (DFT) methods.	 This has allowed for 

modeling the effects of the unusual and variable axial coordination of the (B)Chls, hydrogen 

bonding interactions and proximity effects from the other cofactors on the A0
●– state in these 

RCs. In this section, we will describe key observations by EPR spectroscopy and DFT 

calculations that shed light on the electronic structure of the A0
●– state of both Type I and Type II 

RCs. 

Electronic Structure of A0
●– in Type I Reaction Centers 

 As described previously, currently there are high-resolution structures available for three 

Type I RCs, namely, PSI, the GsbRC and HbRC.2, 4, 5 The PSI RC was initially discovered in the 

1950s158, 159 and has since been extensively investigated by CW EPR, ENDOR, ESEEM and 

HYSCORE spectroscopy.83, 84, 88, 89, 153, 160-168 In comparison, there are relatively limited studies 

on the GsbRC and HbRC.101, 169-173 These studies tend to leverage knowledge on experimental 

methodology and results obtained from other RCs to determine the nature of the terminal [4Fe–

4S] acceptors, investigate the make-up of the electron transfer chain, and characterize the 

primary donors.  

 Recently, we probed the A0
●– state of PSI to gain insight on the electron-nuclear hyperfine 

interactions with the constituent 1H and 14N atoms.88, 89 In these studies, we employed 2D 

HYSCORE spectroscopy as it provides enhanced resolution from the detection of hyperfine 

signals in two-dimensional frequency space, which eliminates overcrowding from the signals of 

multiple 1H and 14N atoms present in the A0
●– state.140 Cryogenic illumination of PSI, where 

forward electron transfer to A1 was inhibited and the [4Fe–4S] clusters were in the reduced state, 

resulted in the photoaccumulation of the A0
●– state.88, 89 We observed two sets of distinct 

HYSCORE signals from hyperfine interactions of the unpaired electron spin with the proximal 

nitrogen-14 (14N, nuclear spin of I = 1) and hydrogen (1H, I = ½) atoms of the A0
●– state in wild-

type PSI.88 The quadrupolar coupling constant, K, obtained from quantitative analyses of the 

HYSCORE spectra indicated that the hyperfine couplings originated from the pyrrole nitrogen 

atoms of a Chl ring11, 142, 174, 175 and the isotropic hyperfine constants, Aiso, ranging from 2.8 – 

0.52 MHz demonstrated that the electron spin density was distributed on at least three of the 
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constituent nitrogen atoms in the A0
●– state. Interestingly, the Aiso couplings of A0

●– were smaller 

than those previously reported for the 14N atoms of monomeric Chl a●+151 and Chl a●–176 in vitro. 

Moreover, the couplings were similar in magnitude to those of P700
●+, indicating that the 

unpaired electron spin density was also delocalized over two or more Chl a rings in the A0
●– 

state.  

 Previous experimental work in which the axial ligand to Chl3A, Met688PsaA, was changed to a 

hard base histidine ligand in the Met688HisPsaA variant had revealed severely impacted electron 

transfer processes at both the A0 and A1 acceptors.89, 96 Using HYSCORE spectroscopy 

Figure 7. Comparison of the electronic structure of the A0
●– state of (A) PSI, (B) GsbRC and (C) HbRC  

based on the electron spin density distribution in the singly occupied MO on the Chl3 and Chl2 rings 
obtained using DFT methods. 

A	 B	

C	
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measurements, we demonstrated that the imidazole side chain of His serves as an axial ligand to 

the central Mg2+ ion of Chl3A in the Met688HisPsaA variant of PSI and the electron spin density 

remains delocalized over one or more Chls in the A0
●– state. While delocalization of the electron 

spin was apparent in A0
●– of both wild-type and the Met688HisPsaA variant of PSI, the 

HYSCORE spectroscopy measurements did not identify the Chl molecules that were serving as 

the primary electron acceptor. 

  We performed DFT calculations to better understand the electronic structure of the A0
●– 

state of PSI, the GsbRC and HbRC. The computational model of the primary acceptor from each 

RC included the (B)Chl molecules, (B)Chl2A/(B)Chl3A, the axial ligands of the (B)Chls and 

proximal hydrogen-bonding and hydrophobic residues in the protein matrix as observed in the 

respective structures (Figures 3A-C and Table I).2, 4, 5 The models contained the complete BChl 

molecules with the exception of the phytol tail that was truncated by a methyl group after four 

carbon atoms. The single-point energy of each model was calculated employing the hybrid-

generalized gradient approximation (hybrid-GGA) B3LYP functional177-179 along with the 

special EPR-optimized EPR-II180 basis set for the lighter atoms and 6-31G(d) for magnesium and 

sulfur, respectively, for most calculations, and the valence polarization basis sets (SVP and 

TZVP)181-183 with the decontracted auxiliary basis sets (i.e. the coulomb fitting def2/J)183 when 

necessary. The hyperfine tensor calculations for the nuclear quadrupole couplings and isotropic 

hyperfine interactions of pyrrole nitrogen atoms were performed with the B3LYP functional177-

179 along with the chain of spheres (RIJCOSX)184, 185 approximation and an EPR-II180 and 6-

31G(d) basis set for the lighter atoms and magnesium/sulfur, respectively, in the spin-

unrestricted mode. To account for the influence of solvent effects, a model of uniform dielectric 

constant of solvents using the conductor-like polarizable continuum model (CPCM) was used in 

the calculations.186, 187 The CPCM model used a dielectric constant, ε, of 4.0 for incorporating the 

effects of the protein environment in all of the DFT calculations. All of the calculations included 

dispersion correction using a DFT-D3 approach with Becke-Johnson damping (D3BJ). Although 

we employed DFT methods here, note that recent studies by Pantazis and coworkers on highly-

coupled Chl a and Pheo molecules in PSII have suggested that refinement of such systems by 

QM/MM methods is also possible.188  

 To assess the computational methods that were employed in previous studies of PSI88, 89, 189, 

190 and predict the electronic properties of the A0
●– state of the GsbRC and HbRC, we initially 
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performed DFT calculations on computational models of Chl2A and Chl3A that were derived from 

the X-ray crystal structure of PSI2 (PDB ID: 1jb0). As a starting point for the DFT calculations, 

we selected a simple computational model for A0
●– that consisted of a monomeric Chl a●– model, 

Chl3A
●–, and obtained electron spin density distribution across the isolated Chl3A

●– anion that was 

in agreement with previously published literature on monomeric Chl a●– in vitro.191-194 

Interestingly, while the electron spin density has previously been observed to be uniformly 

distributed across the pyrrole nitrogen atoms in a Chl a●+ cation,189, 192, 195 we and others have 

observed that the distribution is asymmetric in a Chl a●– anion.189, 192 In order to determine the 

effects of protein-cofactor interactions, we systematically expanded the computational model to 

include the Met668PsaA axial ligand of Chl3A, a neighboring hydrogen-bonded residue, 

Tyr696PsaA, the A1A phylloquinone, the ‘accessory’ Chl, Chl2A.  

 We observed that, with the exception of A1A, each additional cofactor that was included in 

the expanded computational models had a significant impact on the electron density distribution. 

When compared to the Chl a●– anion, including the axial ligand, Met668PsaA, and hydrogen-

bonded residue, Tyr696PsaA of Chl3A
●–, we observed a shift in the electron spin density 

distribution across the pyrrole nitrogens, where three nitrogen atoms had a slight increase in 

electron density at the expense of the fourth nitrogen. Upon including the ‘accessory Chl’, Chl2A, 

with its axial water ligand and the A1A cofactor or by considering a ‘full chain model’ with A1A, 

Chl3A, Chl2A/2B, primary donor Chls, Chl1A/1B and their respective ligands, we observed 

asymmetric delocalization of electron spin density across both Chl3A and Chl2A in the singly 

occupied molecular orbital (SOMO) of the A0
●– state (Figure 7A). Interestingly, the only 

cofactor that did not demonstrate a discernable impact on charge delocalization in the A0
●– state 

was the phylloquinone acceptor, A1A. The electron spin density distribution in the SOMO of A0
●– 

that was observed in the DFT calculations corroborated the delocalization of the unpaired 

electron spin on at least three nitrogen atoms that was observed in the 2D 14N HYSCORE 

spectroscopy measurements and yielded a good match between the calculated and 

experimentally measured hyperfine and quadrupolar coupling constants.88, 89 

 We also compared the electron spin delocalization in the A0
●– state with that of the P700

●+ 

state of PSI using a computational model that contained Chl1A and Chl1B and their respective 

axial ligands.2 We observed that the distribution of the electron spin density on the Chl1A/1B 

molecules in the SOMO of the primary donor cation, P700
●+190, was similar to the distribution in 
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the A0
●– state, albeit to different extents. This indicated that both P700

●+ and A0
●– are comprised 

of a dimeric chlorophyll motif with extensive electron spin delocalization. Interestingly, while 

the electron spin density is uniformly distributed across the pyrrole nitrogen atoms on each Chl 

ring in P700
●+, it was asymmetric in the A0

●– state, which was similar to earlier observations on 

Chl a●+ and Chl a●– in vitro. Moreover, these studies demonstrated that A0 exists as a dimer of 

the closely-spaced Chl2/Chl3 molecules wherein the reduced A0
•− state has an asymmetric 

distribution of electron spin density that favors Chl3. While the electron spin density was also 

delocalized over the Chl2/Chl3 dimer in the Met688HisPsaA variant of PSI, there was a small shift 

in the asymmetry of delocalization in favor of the Chl2 cofactor.88, 89 

 Thus, a combination of experiment and theory led to the first direct determination of electron 

delocalization over the Chl2A and Chl3A dimer in the A0
●– state of PSI, which was previously 

thought to be a monomeric Chl electron acceptor.88, 89 Both the experimental and calculated 

magnetic parameters and electron spin density distribution in the SOMO was consistent with 

Chl2/Chl3 dimerization in the A0
●– state of wild-type and Met688HisPsaA PSI. The uncovering of 

a dimeric Chl motif in the A0
●– state has important implications on the development of a new 

generation of bio-inspired artificial photosynthetic systems. Although experimental data is 

lacking at this time, we believe that similar DFT calculations of the reduced A0
●– state of the 

GsbRC and HbRC will provide important insight on primary charge separation in these RCs. 

This is because even though both the GsbRC and HbRC contain a homodimeric polypeptide 

core, there are major differences in the (B)Chl2 and (B)Chl3 cofactors of each system. While both 

BChl2 and BChl3 cofactors of the GsbRC are Chl a molecules,4 the recent high-resolution 

structure of the HbRC has shown that BChl2 and BChl3 are BChl g’ and 81-OH-Chl a in the 

HbRC.5, 101, 169 Hence, the GsbRC is a homodimeric RC with homodimeric BChl acceptors and 

the HbRC is a homodimeric RC with heterodimeric BChl/Chl acceptors. 

	 As demonstrated above, DFT is a powerful tool for the investigation of the electronic 

structure of reduced primary acceptors in RCs. To our best knowledge, quantum-mechanical 

calculations to determine the electronic structure of the primary acceptors of the homodimeric 

RCs are lacking at this time. This may be because the high-resolution structures of homodimeric 

RCs have been determined only very recently. In order to compare the reduced primary acceptor 

of hetero- and homodimeric Type I RCs, we performed DFT calculations on computational 

models of A0
●– in the GsbRC and HbRC from green sulfur bacteria and heliobacteria, 
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respectively. The goal was to obtain a better understanding of the effect of the relative geometry, 

symmetry and protein matrix effects on the electronic structure of the dimeric (B)Chl/Chl 

molecules in the A0
●– state in of homodimeric RCs. 

 For the DFT calculations of the homodimeric RCs, the coordinates for the computational 

models were derived from the structure of the GsbRC and HbRC from Chlorobaculum tepidum 

(PDB ID: 6m32)4 and Heliobacterium modesticaldum (PDB ID: 5v8k),5 respectively. Similar to 

the computational model of PSI, these models also included the dimeric (B)Chl molecules, 

BChl2 and BChl3 or Chl3, the axial ligands to each BChl or Chl monomer and proximal amino 

acid residues in the binding sites (Figure 3B-C and Table I). The models contained the complete 

(B)Chl or Chl molecules with the exception that the farnesol or phytol tail was truncated by a 

methyl group after 4 carbon atoms. Both the GsbRC and HbRC are comprised of a homodimeric 

polypeptide subunit core encoded by the single genes, pscA and pshA, respectively. However, 

the similarity is broken by the presence of a Chl a dimer in the GsbRC and a BChl g’/81-OH-Chl 

a dimer in the HbRC. The DFT calculations were performed with B3LYP level of theory using 

an EPR-II and 6-31G(d) basis set for the lighter atoms and Mg and S, respectively. The electron 

spin density distribution in the SOMO of A0
●– obtained from the DFT calculations indicated that 

while the unpaired electron spin is symmetrically distributed across the Chl2/Chl3 dimer of Chl a 

molecules in the GsbRC, it is completely asymmetric and solely localized on Chl3 (the 81-OH-

Chl a) cofactor in the A0
●– state of the HbRC (Figure 7B-C). This was also reflected in the 

calculated isotropic hyperfine coupling constants, Aiso, of A0
●– in the GsbRC and HbRC. The Aiso 

couplings of the nitrogen atoms of the Chl2/Chl3 dimer in the A0
●– state of the GsbRC were 

typically smaller and similar in magnitude to those of the A0
●– and P700

●+ state of PSI.88, 89 In 

contrast, the Aiso couplings of the nitrogen atoms in A0
●– of the HbRC were larger in magnitude 

and mirrored the couplings of monomeric Chl a●– and Chl a●+ in vitro. 

 

Design principles of Type I Reaction Centers 

 There are several common design principles found in each A0 pair in Type I RCs. Perhaps 

the most apparent is the architecture of the (B)Chl molecules themselves. With only minor 

deviations in terms of Mg – Mg distance, they all attain a parallel orientation of their ring 

structures, resulting in significant π-stacking. Further, the overlapping region of these Chls are 

identical in all Type I RCs, with ring II and ring III of (B)Chl2 overlapping with ring II and ring 
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III of Chl3, respectively. When we extend this consideration outward to the interacting protein 

matrix, one common thread among all A0 dimers lies in the relative strength of the axial ligands. 

It is well known that certain ligands have a more significant impact on the redox potential of 

Chls than others, with a general trend of more negative to more positive potentials being His > 

Ser > Water > Met.13 With that in mind, for the axial ligands associated with (B)Chl2 and Chl3, 

ligands to Chl3 never have a more negative impact on redox potential than the ligand of Chl2. In 

PS I this manifests as H2O for Chl2 (–1.87 V at ε = 4) and Met for Chl3 (–1.79 V at ε = 4).13 

Indeed, only in the HbRC do these forces begin to equalize, as each cofactor is ligated by a water 

molecule. But even then, at ε = 4 a water molecule will drive a BChl more slightly more negative 

than a Chl (–1.89 V and –1.87 V, respectively).13 This common trend is likely in place to help 

drive forward electron transfer by making Chl3 more oxidizing than Chl2.  

Recently, there have been exciting developments that have allowed for mutations to be made 

within the HbRC, with some of the first being to the A0 binding pocket.  Namely, two of the 

residues that coordinate the 81-OH Chl a: Ser553PshA and Ser545PshA.196 Ser545PshA supports the 

water molecules that serve as the axial ligand, while Ser553PshA provides a hydrogen bond.5 

Changing Ser545PshA to Met caused the most drastic changes, where no 81-OH Chl a was found 

in the RC and no charge separation was detected. This suggests larger scale structural changes, 

potentially involving the water pocket near Chl3. Removal of the hydrogen bond by replacing the 

Ser residue by Ala resulted in an expected negative shift of the redox potential, accelerating both 

forward electron transfer and charge recombination by ~ 50 ps and ~ 15 ns, respectively. Similar 

results were also observed when the axial ligand was changed to His. This is not surprising as a 

His ligand is expected to drive the redox potential more negative than a water ligand.13 Along 

with the change to electron transfer rates, the quantum efficiency of charge separation (Ф) for the 

Ala and His variants changed from 1.0 to 0.822 and 0.717, respectively.196 Analogous effects 

were seen in PSI with the Met axial ligand to Chl3A was replaced by a His residue. In the subset 

of RCs where the His ligated Chl3A, forward electron transfer was inhibited because of the 

impact to the redox potential.96 This data suggests that the A0 binding pockets are optimized on 

an energetic knife edge, specifically tuned to maximize both charge separation and forward 

electron transfer reactions while also inhibiting charge recombination.  
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It appears these different factors have a profound influence on the distribution of electron 

density across both pairs of Chls. Perhaps the strongest factor that influences this distribution is 

the identity of the cofactors themselves. As seen in the HbRC, where A0 is a heterodimer 

composed of chemically distinct (B)Chls leading to a significant asymmetry in electron spin 

delocalization that highly favors Chl3. While the geometric properties mirror other Type I RCs, 

the electronic properties of the primary acceptor system of the HbRC more closely resembles 

that of Type II RCs (see below). This factor in asymmetry is not present in PSI and the GsbRC as 

they are composed of dimer of identical Chls. In these Chl systems, asymmetry is controlled by 

axial ligands and the surrounding protein matrix. For PSI, the Met688 and H-bonded Tyr696A 

slightly shifts electron distribution in favor of Chl3 by a factor of 3. While A0 for the GsbRC 

does have minor differences in how the protein matrix interacts with each Chl, the axial ligand to 

each Chl is identical. This results in an A0 acceptor closest to that of a true homodimer, where 

electron density is shared nearly equally across both rings. The impact of this delocalization on 

electron transfer is not fully understood; though, as seen in PSI when the axial ligand to Chl3A 

was changed89, it likely helps to ensure forward electron transfer is efficient. 

Electronic Structure of A0
●– in Type II Reaction Centers 

A	 B	

Figure 8. Comparison of the electronic structure of the A0
- state of (A) the bRC from Rba. sphaeroides 

and (B) PSII based on the electron spin density distribution in the SOMO obtained by DFT methods. 
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In order to compare the electronic structure of the A0
●– state across both Type I and Type II 

RCs, we also performed DFT calculations of the A0
●– state of the bRC from Rba. sphaeroides 

and PSII. The coordinates of the computational models were derived from the X-ray crystal 

structure of the bRC from Rba. sphaeroides (PDB ID: 1pcr)197 and PSII (PDB ID: 3wu2).3 Each 

model included the (B)Chl2A/(B)PheoA molecules, the axial ligand of (B)Chl2A and proximal 

hydrogen-bonding and hydrophobic residues in the protein matrix as observed in the respective 

structures (Figures 5A-B and Table II). The DFT methods employed were as described in the 

previous section. The computational models contained the complete (B)ChlA and (B)PheoA 

molecules with the phytol tail truncated with a methyl group after four carbon atoms. To 

determine the effects of protein-cofactor interactions, we included the axial ligand of each 

(B)ChlA molecule, the putative hydrogen bonding and hydrophobic/aromatic residues in the 

vicinity of the (B)Chl and (B)Pheo molecules (Table II). We observed an asymmetric 

distribution of the electron spin density in the singly occupied molecular orbital (SOMO) of the 

A0
●– state in both the bRC and PSII, where the electron was predominantly localized on the 

(B)PheoA molecule. This was in agreement with the hyperfine coupling constants that were 

observed in previous ENDOR, ESEEM and HYSCORE spectroscopy studies70, 71, 198 and 

previous DFT calculations on the bRC and a homology model of PSII.199, 200 The localization of 

electron spin density on the (B)PheoA molecule in the SOMO is consistent with the relative 

geometry of the (B)ChlA and (B)PheoA molecules in the bRC and PSII. As shown in Figure 6, 

the ring planes of (B)ChlA and (B)PheoA are not oriented parallel to each, in stark contrast to A0 

of Type I RCs (Figure 4); instead, their ring planes are in a nearly perpendicular orientation. 

This results in virtually no overlap of their macrocycles. However, the localization of the 

electron on the (B)PheoA of the bRC and PSII is in contrast with the extensive electron spin 

delocalization that was observed in PSI and the GsbRC. 

Common design principles of Type II Reaction Centers 

Type II RCs have remarkably consistent features in their primary acceptor sites. Perhaps the 

most obvious feature is the distances and orientation of their (B)Chl2/Pheo pair. While Type I 

RCs have small but non-trivial changes in the distance between their cofactors that vary in 

different organisms, Type II RCs remain virtually identical, even in significantly divergent 

species. Further, there is no deviation in the chemical identity of the (B)Chls and Pheos used in 

the early donor-acceptor system. Whereas in Type I RCs, the identity of (B)Chl3 has been 
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observed to differ from the remaining four (B)Chls,5 and in Gsb the primary donor identity is 

different from that of A0,4 Type II RCs are always consistent with the (B)Chl/Pheo identity. The 

importance of this fact becomes clear when the BPheo molecule is replaced with Pheo in the 

bRC. The change in redox potential of ~ 200 mV201, 202 results in forward electron transfer being 

blocked from BChl2.203 Further, the Pheo from each RC are lined with a series of aromatic 

residues, that likely help with the binding of the cofactor. Most notably are two residues 

interacting with quadrant III of the macrocycle, adopting a similar orientation with respect to the 

ring plane. Similarly, opposite to those is a Leu residue in nearly identical positions in each RC. 

It has been suggested that the drop in free energy associated with electron transfer from a 

(B)Chl2A to (B)PheoA is the sole driving force for these early electron transfer steps.85 While it 

may be a major component, the surrounding protein matrix has a significant effect. For instance, 

the Tyr210M associated with BChl2A has been replaced by a Phe and Leu, both of which are 

common features of (B)Chl binding sites. Each modification had a significant impact on BChl2, 

resulting in slowed electron transfer rates and allowing the intermediate, BChl2A
●–, to be 

resolved.204 

 

Comparison of Primary Acceptors of Type I and Type II Reaction Centers 

 It is apparent that Type I and Type II RCs employ superficially similar, yet significantly 

different motifs of the primary donor and acceptor that are involved in charge separation. Indeed, 

even within each archetype there are subtle differences leading to interesting functional changes. 

For example, the Type II RCs, bRC and PSII, both have monomeric A0 acceptors with high 

structural similarity; the electron spin density is localized on (B)PheoA in the reduced A0
●– state. 

In contrast, Type I RCs contain a highly conserved overlapping motif of (B)Chl2 and (B)Chl3 

molecules in the A0 cofactor, but the extent of delocalization of the electron spin density across 

the two (B)Chl rings in the reduced A0
●– state varies significantly across RCs from different 

organisms. Moreover, in comparison with the homodimeric GsbRC and HbRC, the 

heterodimeric PSI RC displays a preference for electron transfer along the A-branch of cofactors 

that is largely determined by the six Chl molecules housed within the core polypeptides.50, 53  

 The evolutionary drive from a homodimeric RC, where both branches remain active and in 

equal use, toward a skewed bidirectional or solely unidirectional electron transfer pathway 

observed in most heterodimeric RCs remains unstudied. The inactivation of one of the electron 
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transfer pathways may appear to be the result of a loss of evolutionary fitness, however, it does 

not appear to be the case. The heterodimerization of RC core may be a means of specializing RC 

branches. In Type II RCs, this manifests as a means to extend the charge separated state, P●+QB
●. 

Upon the first reduction of QB to QB
●–, the RC must be allowed another turnover before the 

mobile QBH2 can form. Not only does this mean re-reduction of P●+, but also competing with the 

slower process of adding a proton and second electron to QB
●–.106, 205 Deactivation of the branch 

associated with QB makes the primary donor functionally ‘farther’ from QB, increasing the 

lifetime before charge recombination and allowing another turnover of the RC100. Specialization 

of RC branches in this way provides such a powerful evolutionary advantage that the process 

occurred separately in the ancestors of PSII and the bRC.26, 206 These advantages are not 

exclusive to Type II RCs. In PSI, heterodimerization appears to have arisen from the necessity to 

prevent the formation of the reactive oxygen species singlet oxygen (1O2) and superoxide (O2
–) 

caused by recombination from A0 and a long-lived FX
●– state, respectively.207 Such specialization 

is not necessary in the homodimeric Type I RCs, as these species live in anoxic environments.	

 The question arises as to why two different primary acceptor motifs arose in Type I and Type 

II RCs. After all, neither appears to be more or less efficient either in generating the initial 

charge separated state or encouraging forward electron transfer. Type II RCs gain the advantage 

of a guaranteed drop in free energy by using (B)Pheo as the primary acceptor, limiting the need 

for extensive protein-cofactor interactions. Further, the similar identity of the (B)Chls/(B)Pheos 

doesn’t require large scale changes to the (B)Chl biosynthetic pathway. While Type II RCs 

appear to benefit from the fixed nature of their acceptors, the primary benefit afforded to Type I 

RCs is flexibility. There appears to be significant latitude in determining which flavors of (B)Chl 

can be used that still allows the charge-separation and efficient electron transfer. Expanding the 

spectral region of light absorption, even slightly, by incorporating different (B)Chls may provide 

a survival advantage. Moreover, Type I RCs have a much more diverse set of electron-transfer 

cofactors than Type IIs. PSI can be thought of as containing the full complement of cofactors, 

including a phylloquinone and bound ferredoxin. The GsbRC lacks a quinone, yet retains the 

bound ferredoxin, albeit loosely.  In the extreme case of the HbRC, it lacks all of those features. 

Moreover, the distances between FX and the preceding cofactors vary among the three RCs, from 

~ 12 Å in PS I to ~ 15 Å in GsbRC. As such, the acceptor system in Type I RCs must have been 

energetically adaptable to field such an array of electron transfer conditions. Employing a 
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dimeric motif provides an opportunity to control the extent of dimerization and delocalization, 

and thus the energetics of the cofactor, making such changes less difficult to overcome. 

Unfortunately, without having detailed information on ancestral versions of Type I and Type II 

RCs, it is difficult to explain such differences. While this area of research is highly contested, a 

prevailing model suggests that Type I and Type II RCs likely share a common homodimeric 

ancestral RC with shared properties.26, 208 The nature of this ancestral RC remains elusive, and 

we do not know if the original donor-acceptor system was monomeric, dimeric, or something 

else entirely.  

 In looking forward to important applications, the principles that have been discussed here 

stand out. Perhaps one of the most underappreciated aspects of photosynthetic RCs is their 

unique ability to use identical cofactors for multiple purposes. As seen here, (B)Chl molecules 

can be employed both as electron donors and acceptors, in addition to light harvesting 

machinery. This is owed in large part to the energetic or redox flexibility of (B)Chl molecules. 

Variations in the axial ligands are well known methods of altering reduction potentials of 

(B)Chls.13 Additionally, the presence of charged or non-polar species, as well as H-bonds are 

effective methods of shift the relative redox potentials neighboring (B)Chls to enable efficient 

and stable electron transfer processes. Moreover, as seen here, (B)Chls allow for an additional 

tuning effect in the form of cofactor dimerization.22, 88, 89 (B)Chls have the ability to form dimers, 

or even multimers,51, 53, 55, 209 with strength of their coupling, and thus the change in potential of 

the dimer itself, being adjusted by the distance between monomers, their relative orientation, and 

the aforementioned protein-matrix interactions to each monomer. Employing similarly robust 

and tunable ensembles of cofactors could provide an opportunity for a surrounding immobilizing 

matrix to adjust the redox potential of individual molecules as well as the multimeric systems 

they compose. In doing so, stable and efficient electron transfer reactions could be allowed.  

One additional note must be made here regarding the use of chemically similar molecules as 

seen in the (B)Pheos of Type II RCs and different (B)Chls that compose the A0 system of the 

HbRC. Both instances showcase the advantage of using molecules with energetic or redox 

flexibility, as relatively small changes to the molecules themselves allow for consistent and 

controllable changes. The loss of a central Mg2+ resulting in the formation of the (B)Pheo is a 

relatively straight forward way to direct electron transfer85. While such a method is useful in 

many cases, it loses flexibility that may be necessary in a more complicated matrix of acceptors. 
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In the latter case of the HbRC, clearly it is possible to allow electron transfer, and even 

dimerization, using two dissimilar (B)Chls molecules. This method could be employed to 

provide some measure of gated electron transfer, where an acceptor, A1, is energetically uphill 

from the donor, D, and successful electron transfer is only allowed via the redox state of 

subsequent acceptor(s), A2…An. Adjusting the energetic ‘height’ of this gate by increasing or 

lowering the relative potentials of A1 or An could be a useful means of controlling electron flow. 

Such a system would hold even for a dimeric acceptor of A1-A1’, where A1’ is energetically 

uphill relative to A1. 

An additional consequence of this system is that electron transfer is, in theory, controllable 

and perhaps even tunable under a variety of conditions. Photosynthetic RCs are largely designed 

to vector an electron is a single direction. In homodimeric Type I RCs, this means utilization of 

both branches, and in Type II RCs it translates to specialization of one branch at the expense of 

the other. But as we have discussed here, PSI is a rather unique case whereby electron transfer is 

favors one branch, but not exclusively. This provides a proof of concept for branching electron 

transfer, where the degree of branch specificity is controlled within a matrix of chemically 

identical molecules. While biological necessity dictates that both branches terminate at the same 

point, it may be possible to generate a fully branching electron transfer pathway terminating in 

different locations that serve differing functions. The degree of branch utilization could, in turn, 

be controlled by the nature of the immobilizing matrix as has been proposed in PSI.210 Further, in 

much the same way that electron transfer rates from various cofactors in PSI are influenced by 

external pressures like temperature32, 211, 212 or chemical additives,34, 213, 214 it may be possible to 

create an artificial photosynthetic system that adapts to the surrounding environment. 
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