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Abstract 

The reason for the different rates of electron transfer from phylloquinone (PhQ) to the iron-sulfur 

cluster FX in the two branches of Photosystem I (PSI) is not fully understood. Techniques such as 

Transient Electron Paramagnetic Resonance (TREPR) have allowed further understanding of the 

electron transfer rates in these two branches and the role of D575PsaB and Q588PsaA in determining 

the different rates. Room temperature 9.5 GHz TREPR measurements were performed on PSI from 

the wildtype and three mutant strains of the cyanobacterium Synechocystis sp. PCC6803, 

Q588DPsaA (A-mutant), D575QPsaB (B-mutant), Q588DPsaA/ D575QPsaB (AB-mutant) to determine 

the effects of the mutations on the rates of the electron transfer. 

The goal of these experiments is to test the model proposed by Ishikita and Knapp, (J. Biol. Chem. 

278, 52002–52011 (2003)) that explains the differences in the electron transfer rates as resulting 

from differences in the amino acid sequences of the two main protein subunits PsaA and PsaB 

which lead to different midpoint potentials of the two PhQs. The model also proposes that aspartate 

D575PsaB changes its protonation state during electron transfer.  

The model suggests that D575PsaB and Q588PsaA play significant roles in determining the potentials, 

but a previous study found that mutations to D575PsaB caused only small changes in the kinetics 

(Karyagina, Pushkar, Stehlik, van der Est, Ishikita, Knapp, Jagannathan, Agalarov, Golbeck 

(Biochemistry 46, 10804-10816 (2007)). It was proposed that this is because the mutations caused 

similar changes in the potentials of both PhQ and Fx. In this thesis, this proposal is tested using 

the double mutant Q588DPsaA/ D575QPsaB. Because the two point mutations are symmetrical with 

respect to FX but not with respect to the quinones, it is postulated that the potentials of the quinones 

should be changed while that of FX should be unaffected and therefore, the kinetics of the A- and 
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B- branches should be significantly altered. The transient EPR data show evidence that the rates 

of electron transfer in the two branches have been swapped in the double mutant Q588DPsaA/ 

D575QPsaB and this indicates the important roles of D575PsaB and Q588PsaA in determining the 

electron transfer rate.  
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1 Introduction 

1.1 Photosynthesis  

Energy is needed in order to fuel metabolic reactions of growth, reproduction and to respond to 

the environment for all organisms. Photosynthesis converts solar energy into chemical energy in 

the form of compounds such as adenosine triphosphate (ATP), which is the biological currency of 

energy, and the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH), which 

is a reducing agent 1,2. This conversion is important because most living organisms are not able to 

use light energy directly. Thus, photosynthesis is one of the most important biological processes 

which makes life possible on Earth.  Some aspects of photosynthesis are still under debate although 

it has been studied since the 1880’s 3. In oxygenic photosynthesis, plants, algae, and cyanobacteria 

convert carbon dioxide and water into carbohydrates and oxygen. ATP is produced in all 

photosynthetic organisms by ATP synthase in the photosynthetic membrane. The reaction is driven 

by the proton gradient generated by splitting water, which releases H+ in the lumen and by quinone 

reduction, which removes H+ from the stroma. This occurs independently of respiration, which is 

a separate process that only some organisms perform and is a secondary source of ATP. The second 

significant product, oxygen, is necessary for cellular respiration. The product, O2, is key for living 

species 2,4,5. Photosynthetic organisms, including plants, algae, and some bacteria, play an 

important role in ecology. These organisms, which synthesize their own food using light energy 

to make carbohydrates from carbon dioxide and water, are called autotrophs or, more precisely, 

photoautotrophs. On the other hand, those organisms that are not able to convert carbon dioxide 

into organic compounds are called heterotrophs. 

The capture of solar energy occurs in two multi-subunit protein-pigment complexes, photosystems 
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I (PSI) and II (PSII), which are located in the thylakoid membrane 6. PSI and PSII are included in 

the superfamily of photosynthetic reaction centers. The mechanism of energy conversion first 

begins with photosystem II, which oxidizes water and donates the electrons from the reaction 

centers to PSI via an electron transport chain. Light-induced electron transfer (ET) in PSI reduces 

ferredoxin and ultimately NADP+ is reduced to NADPH. Equation (1.1), indicates the overall 

oxygenic photosynthesis reaction: 

 6CO- + 6H-O → C1H2-O1 + 6O-  (1.1) 

The first steps in photosynthesis are a series of so-called "light-driven reactions" that need sunlight 

(photons) to proceed and generate the reducing species, ATP and NADPH. The steps that fix 

carbon dioxide, are named "dark reactions" since they can occur in the dark if sufficient ATP and 

NADPH are available. The dark reactions are not dependent on photons, although they need the 

byproducts from the light reaction to occur, which is why they are called light-independent 

reactions. The dark reactions use the electrons produced by the light reactions to reduce CO2. The 

chemical reaction for the light driven process of oxygenic photosynthesis, which occurs in the 

thylakoid membranes, is shown below:  

 2	H-O + 4	NADP( + 4photons → 4NADPH	 + O-  (1.2) 

Four photons from the light source shown in the equation (1.2) oxidize two water molecules on 

the luminal side of the thylakoid membrane and the released electrons are ultimately used in 

NADP+ reduction, which happens on the stromal side of the membrane. In addition to this, a proton 

gradient across the thylakoid membrane is created, which is used to phosphorylate ADP to ATP. 

1.2  Electron Transport Chain Components 

The light reaction in oxygenic photosynthesis in the electron transport chain is processed by the 
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four components PSI, PSII, cytochrome b6f (Cyt b6f) and ATP-synthase 2,7,8. The primary electron 

donors of PSII and PSI are P
680

 and P
700

, respectively, in which the letter P stands for pigment and 

the numbers 680 and 700 show the wavelength of maximum pigment absorption. When a photon 

is absorbed by one of the Chlorophyll-a (Chl-a) molecules, the excited state Chl-a* is formed 

which initiates the photosynthesis process and the absorbed energy is transferred to P1<' and P&''. 

PSII oxidizes water and transfers the electrons to its terminal acceptor plastoquinone which forms 

plastoquinol (PQH2). The reduction of plastoquinone is shown in Figure 1.1. The cytochrome b6f 

(Cyt b6f) complex, a heme-based protein, links photosystem II to photosystem I and catalyzes the 

transfer of the electrons from PQH2 to plastocyanin (PC) by oxidizing PQH2 and reducing PC 2,7,8. 

At the same time, excitation of PSI leads to trans-membrane electron transfer, which results in 

oxidation of PC and reduction of ferredoxin and eventually reduction of NADP+ to NADPH9. 

 

Figure 1.1 The reversible reduction of plastoquinone (PQ) to plastoquinol (PQH2). 

The redox potentials of the electron transport chain components, depicted in Figure 1.2, which is 

named photosynthetic Z-scheme 10, shows the pathway of electron transfer from water to NADP+. 

In the diagram, PSI is on the right side and PSII is on the left side. The energy gap between the 

water oxidation couple (+1.3 eV) and NADP+ reduction couple (-0.34 eV) is in the visible region 

of the electromagnetic spectrum (680 nm = 1.8 eV). PSI and PSII process the reaction, however, 
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they are separated from each other physically and PSI covers the reduction side of the scale 11. 𝑃1<' 

and 𝑃&'' are both chlorophyll-a but the midpoint potential of 𝑃&'' is shifted more negative (430 

meV) compared to P1<' (1200 meV) and also 𝑃&''∗  which is the lowest excited state of 𝑃&'' is very 

strong reductant and it has a highly negative redox potential (about -1300 meV) 4. 

 

Figure 1.2 The Z-scheme of oxygenic photosynthesis (used with permission from 11.) 

1.3 Photosystem I (PSI) 

PSI, the protein of interest in this project, is an integral membrane protein complex that mediates 

the transfer of the electron from plastocyanin (PC) on the luminal side of the thylakoid membrane 

to the Ferredoxin Reductase (Fd) on the stromal side 2. The isolated cyanobacterial PSI exists in 

trimeric form and its monomeric unit has 12 protein subunits (PsaA-PsaF, PsaI-PsaM, and PsaX) 

to which 127 cofactors are bound. In cyanobacteria, when PSI is isolated, a mixture of trimers and 
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monomers is obtained and it is not clear whether the trimers fall apart when they are isolated or 

whether there are trimers and monomers coexisting in the membrane.  The antenna system of PSI 

consists of 90 Chl-a molecules and 22 carotenoids that act as a light harvesting system. The 

electron transfer cofactors consist of six chlorophylls (P700 (a pair of chlorophyll molecules), A-1A, 

A-1B, A0A, and A0B), two phylloquinones (A1A and A1B) and three iron-sulfur clusters FX, FA and 

FB 4. Figure 1.3 shows the chemical structures of phylloquinone and chlorophyll-a. 

 

Figure 1.3 a) Chemical structure of phylloquinone which is the secondary electron acceptor 

at A1 site. b) Chemical structure of chlorophyll-a molecule. 

Figure 1.4 shows only the cofactors that are involved in the electron transfer of PSI. As shown in 

Figure 1.4, there are two branches of electron transfer cofactors A and B related by a pseudo-C2 

symmetry axis with respect to the vertical axis passing through the center of P700 and FX and are 

bound by the PsaA and PsaB protein subunits. The PsaA and PsaB have 45% identity in their 
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sequences and the percentage of similarity would be 60% if conservative amino acid replacements 

are considered 6,12. The two branches diverge at P700, which is on the luminal side of the thylakoid 

membrane, and converge at the iron-sulfur cluster FX, which is ligated by PsaA and PsaB, on the 

stromal side. The terminal iron-sulfur clusters, FA and FB, are both bound to the PsaC protein 

subunit. As can be seen in Figure 1.4, the acceptors are labeled A-1A, A-1B, A0A, A0B, A1A, A1A and 

their subscripts shows the A- and B-branch, which means most of the cofactor ligands are bound 

to PsaA and PsaB, respectively. A0 is a Chl-a PSI electron transfer cofactor and A1 is the secondary 

electron acceptor, which is either one of two phylloquinone molecules (A1A or A1B). The iron-sulfur 

clusters FA and FB are ligated by PsaC and in this case, the subscripts are not related to the protein 

subunit 2,13,14. 

Based on point-mutation studies 15, there is a general agreement that both A- and B-branches are 

active at room temperature and the electron transfer lifetime from A1 to FX is 200 ns in the A-

branch and 20 ns in the B-branch. This difference in the electron transfer lifetimes is thought to 

occur because the two phylloquinones in the two branches of electron transport cofactors have 

different midpoint potentials 15–27. All the chlorophylls in PSI are Chl-a and they absorb at 

essentially the same wavelength. The rate of energy transfer to the reaction centers is also slower 

than the rate of the initial charge separation. This makes it difficult in pump-probe spectroscopy 

experiments to determine which absorption changes and kinetic components are due to energy 

transfer and which ones are from electron transfer. It is even more difficult to determine which 

chlorophyll is acting as the electron acceptor and which is the donor 18,19,28,29. 
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Figure 1.4 The cofactors involved in an electron transfer of a monomeric units in 

Photosystem I (PDB entry 1JB0). P700 is shown in green, A-1A and A-1B in blue, A0A and A0B in 

cyan, A1A and A1B in red, the iron-sulfur centers FX, FA, and FB in red (Fe) and in yellow (S). 

The names of the cofactors are given at the left and right margins and center to center 

distances (in Å) between the corresponding cofactors are shown. The dashed black line is the 

pseudo-C2 symmetry axis. 

Nonetheless, it is known that the state P&''( 	A'@ is formed within a few picoseconds or less. The 

electron is transferred from A'@ to A1 with a lifetime of about 30 ps 28,30–34  to form the radical pair 
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P&''( 	A2@. Finally, the electron is transferred to the first iron-sulfur cluster, FX and then to the iron-

sulfur clusters, FA and FB 
30,35,36. The electron transfer lifetime from FX to FA and from FX to FB has 

been reported in the literature to be about 180 ns and less than 500 ns, respectively 37,38. The light-

induced electron transfer kinetics of PSI is shown below in equation (1.3)20: 

 

 
𝑃&''

AB
𝑃&''∗

C2'	DE
𝑃&''( 𝐴'@

G'	DE
𝑃&''( 𝐴2@

-'	HE
-''	HE 𝑃&''( 𝐹J@

CK''	HE
𝑃&''( 𝐹L/N@  

(1.3) 

1.4 Directionality of Electron Transport in Photosystem I 

There are two branches of electron transfer cofactors for all known photosynthetic reaction centers 

6. If one branch is involved in the electron transport, it is said to be unidirectional and if electron 

transport occurs in both branches, it is considered as bidirectional. In PSI, the electron can travel 

through both branches and therefore, the electron transfer is bidirectional. Although the two 

branches are related by a pseudo-C2 axis with respect to the vertical axis passing through the center 

of P700 and FX, the rates of the electron transfer are different 21,22. 

 
1.5 Marcus Theory 

Marcus theory explains the rates of electron transfer reactions, the rate at which an electron can 

move from the electron donor to the electron acceptor, in terms of the change in Gibbs free energy, 

the reorganization energy and the electronic coupling between an electron donor and acceptor 11. 

Moreover, the change in Gibbs free energy for electron transfer between donor-acceptor states is 

the difference in their reduction midpoint potentials and there is a correlation between the change 

in the rate of reduction and/or oxidation of either the donor or acceptor and a shift in their midpoint 

potential 39–41. Based on this theory, the rate of the electron transfer depends on three factors 14: 
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 ket = -O	PQ

ℏ SOTUV
 exp {@(XY°([)

Q

S[TUV
}  (1.4) 

 
𝑉- = 𝜓 `,b,c de

fHfgfhe 𝜓 `,b,c de
ifHhe

-
 

 

 (1.5) 

 𝑉- = 𝑉'-	𝑒𝑥𝑝(−𝛽𝑅)	  (1.6) 

In equation (1.4), the first factor is the electronic coupling (V) which is related to the distance 

between the donor and the acceptor pair 11. It depends on the spatial distribution of the electron 

and it describes the overlap between the initial and final state wave-functions of the electron as 

shown in equation (1.5). According to equation (1.4), ket is the rate of electron transfer which 

depends on the temperature T, 𝑘N is the Boltzmann constant, T is temperature and ℏ	= ℎ 2𝜋 is the 

reduced Planck's constant. Equation (1.6) 41 shows the exponential dependence of the electronic 

coupling, V2, reflecting on the distance. 𝑉'- represents the maximum electronic coupling, R is the 

edge-to-edge distance between donor and acceptor and 𝛽 is rate of decay of the electronic coupling 

with R. The second factor upon which the rate of electron transfer depends is the reorganization 

energy (λ), which is the energy change resulting from the molecular rearrangement that occurs 

following the charge separation. The third factor is the free energy difference between the donor 

and the acceptor pair (ΔG°). In an electron transfer reaction, ΔG° is the difference in the redox 

potentials of the donor to the acceptor. If ΔG° is negative and its magnitude increases, the electron 

transfer rate ket increases if |ΔG°| < l 42,43. The Marcus equation (1.4) predicts that the temperature 

dependence of the rate follows Arrhenius behaviour, i.e. a plot of ln ket vs 1/T is a straight line and 

the slope is the activation energy. A plot of ln ket versus ΔG° is a parabola with its maximum at 

ΔG°= –l. When -ΔG° is less than l (-ΔG° < l), the rate, ket, increases as the magnitude of ΔG° 

increases and this is called the normal region. While, if -ΔG° > l, the rate, ket, decreases with ΔG° 

when the magnitude ΔG° increases which is called the inverted region 9,44. 
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Because the distance between the iron-sulfur cluster (FX) and the quinone (A1) is the same for the 

two branches A and B of PSI (Figure 1.4), the electronic coupling (V) is not expected to differ and 

is not likely to be responsible for the difference in the electron transfer rates (ket) of the two 

branches. Moreover, the reorganization energy (𝜆) is not likely to be different because the 

environments of the two quinones and the nature and arrangement of the amino acids of PsaA and 

PsaB, that are directly around A1A and A1B are almost identical. Thus, the most likely explanation 

for the different rates (ket) in A-branch and B-branch is that the midpoint potentials of the quinones 

might be different, which would result in different free energy differences 𝛥𝐺° for the two 

branches. Therefore, the influence of certain amino acids involved in cofactor- protein interactions 

along the electron transfer pathway from P700 to FX in PsaA and PsaB have been studied by 

techniques like TREPR and time-resolved optical spectroscopy 15,21,24,45,46. 

In a theoretical study by Ishikita and Knapp 47, it was proposed that the electron transfer rates and 

the midpoint potentials of the two PhQ (A1A and A1B) differ because of differences in the amino 

acid sequences of the two main protein subunits PsaA and PsaB of PSI. A comparison of the amino 

acid sequences of PsaA and PsaB are shown in Figure 1.5. The two sequences have been aligned 

using the tools, T-Coffee and Boxshade 48. The regions of the two amino acid sequences that are 

in the box in the Figure 1.5, are a small section of PsaA and PsaB including D575PsaB, which has 

been proposed to play a significant role in lowering the midpoint potential 47. As shown in the box 

in Figure 1.5, the D575PsaB and Q588PsaA, highlighted in green, are different and the other amino 

acids are either conserved or similar. This is also shown in Figure 1.6. Therefore, it is possible that 

the different rate is caused by these two amino acids. In Figure 1.5, the conserved residues are 

highlighted in black and the similar residues are shown in grey. The arrangement of cofactors in 

PSI is shown in Figure 1.6 from two different perspectives. All of the amino acids that are near the 
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two quinones are identical excepted for D575PsaB and Q588PsaA. As can be seen in Figure 1.6, 

D575PsaB is close to A1A but there is no symmetry counterpart close to A1B where there is Q588PsaA 

instead. The region around W697PsaA and W677PsaB is also in the vicinity of the quinones, 

Figure 1.6. 

1JB0_PsaA    1 MTISPPEREPKVRVVVDNDPVPTSFEKWAKPGHFDRTLARGPQTTTWIWNLHALAHDFDT 

1JB0_PsaB    1 ATKFP---------------------------KFSQDLAQDP-TTRRIWYAIAMAHDFES 

 

1JB0_PsaA   61 HTSDL-EDISRKIFSAHFGHLAVVFIWLSGMYFHGAKFSNYEAWLADPTGIKPSAQVVW- 

1JB0_PsaB   33 HDGMTEENLYQKIFASHFGHLAIIFLWVSGSLFHVAWQGNFEQWVQDPVNTRPIAHAIWD 

 

1JB0_PsaA  119 PIVGQGILNGDV-GGGFHGIQIT-SGLFQLWRASGITNEFQLYCTAIGGLVMAGLMLFAG 

1JB0_PsaB   93 PQFGKAAVDAFTQAGASNPVDIAYSGVYHWWYTIGMRTNGDLYQGAIFLLILASLALFAG 

 

1JB0_PsaA  177 WFHYH-KRAPKLEWFQNVESMLNHHLAGLLGLGSLAWAGHQIHVSLPINKLLDAGVAAKD 

1JB0_PsaB  153 WLHLQPKFRPSLSWFKNAESRLNHHLAGLFGVSSLAWAGHLIHVAIPESRGQHVGWDNFL 

 

1JB0_PsaA  236 IPLPHEFILNPSLMAELYPKVDWGFFSGVIPFFTFNWAAYS------------------D 

1JB0_PsaB  213 STMPHP--------------------AGLAPFFTGNWGVYAQNPDTASHVFGTAQGAGTA 

 

1JB0_PsaA  278 FLTFNGGLNPVTGGLWLSDTAHHHLAIAVLFIIAGHMYRTNWGIGHSLKEILEA------ 

1JB0_PsaB  253 ILTFLGGFHPQTESLWLTDMAHHHLAIAVLFIVAGHMYRTQFGIGHSIKEMMDAKDFFGT 

 

1JB0_PsaA  332 -HKGPFTGAGHKGLYEVLTTSWHAQLAINLAMMGSLSIIVAQHMYAMPPYPYLATDYPTQ 

1JB0_PsaB  313 KVEGPFN-MPHQGIYETYNNSLHFQLGWHLACLGVITSLVAQHMYSLPPYAFIAQDHTTM 

 

1JB0_PsaA  391 LSLFTHHMWIGGFLVVGGAAHGAIFMVRDYDPAMNQNNVLDRVLRHRDAIISHLNWVCIF 

1JB0_PsaB  372 AALYTHHQYIAGFLMVGAFAHGAIFLVRDYDPAQNKGNVLDRVLQHKEAIISHLSWVSLF 
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1JB0_PsaA  451 LGFHSFGLYVHNDTMRAFGRPQDMFSDTGIQLQPVFAQWVQNLHTLAPGG-----TAPNA 

1JB0_PsaB  432 LGFHTLGLYVHNDVVVAFGTPEK-----QILIEPVFAQFIQAAHGKLLYGFDTLLSNPDS 

 

1JB0_PsaA  506 AAT------ASVAFGGDVVAVGGKVAMMPIVLGTADFMVHHIHAFTIHVTVLILLKGVLF 

1JB0_PsaB  487 IASTAWPNYGNVWLPGWLDAINSGTNSLFLTIGPGDFLVHHAIALGLHTTTLILVKGALD 

 
Figure 1.5 A sequence alignment of PsaA and PsaB of PSI (PDB entry 1JB0), the alignment 
was performed using the tools, T-Coffee and Boxshade 48. 

 
Aspartic acid has an acidic side chain (−CH2COOH) which can be in the protonated or 

deprotonated state. Under physiological conditions (pH 7.4), the aspartic acid side chain usually 

is in the deprotonated form, −CH2COO−. Glutamine has an amide group in its side chain, which is 

not charged at biologically relevant pH values (i.e. in the pH range from 2-12) so it cannot change 

its protonation state. Thus, D575PsaB and Q588PsaA have different charges and break the symmetry 

of the two branches. Based on the paper by Ishikita and Knapp47, these two amino acids play a 
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very important role in determining the midpoint potentials of A1A and A1B.  

 

Figure 1.6 The arrangement of cofactors in PSI from two perspectives (PDB entry 1JB0). 

The top figure is a view from the stromal side of the complex and the bottom panel shows 

the side view of electron transfer chain. In both figures, A-branch is on the left and the B-

branch is on the right. A0A and A0B are shown in cyan, A1A and A1B in red, aspartate (D575PsaB) 
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in green, glutamine (Q588PsaA) in magenta, tryptophan (W697PsaA and W677PsaB) in blue (π-

stacked to the quinone), the iron-sulfur cluster (FX) in red (Fe) and in yellow (S).  

The calculations by Ishikita and Knapp47 suggest that when the electron arrives on either of the 

two quinones, the degree of protonation of the aspartate (D575PsaB)  changes and this stabilizes the 

reduced form of the two quinones. The probability for this change in protonation state is larger 

when the A-branch quinone (PhQA) is reduced because it is closer in distance to D575PsaB, shown 

in Figure 1.6. The corresponding residue in the vicinity of PhQB, glutamine Q558PsaA, cannot 

change its protonation state and thus the reduced form of PhQB is less stable. As a result, it is 

predicted that the rate of PhQ– to FX electron transfer in the A-branch is slower than in the B-

branch. This conclusion was made by solving the Poisson-Boltzman equation to determine the 

midpoint potentials of the cofactors. It was found that the midpoint potentials of the two quinones 

are different in the two branches. The calculations 47 indicate that D575PsaB and Q588PsaA destabilize 

A1B and A1A by –154 and –192 mV, respectively. Reduction of A1A leads to 44% protonation of 

D575PsaB, which causes a positive shift of its midpoint potential by 94 mV. Reduction of A1B leads 

to a 9% protonation of D575PsaB and a 12mV positive shift. Therefore, the protonation state reduces 

the destabilization of the quinone anion and this effect is larger in the A-branch. 

In a previous study by Karyagina et al. 49, the side chain of residue 575PsaB was changed from 

negatively charged (D) to both neutral (A) and positively charged (K), to test if the partial negative 

charge of D575PsaB has an important role in modulating the midpoint potentials of the A1A and A1B 

phylloquinones. The electron transfer lifetime (ket) from A1A to FX increased in the sequence Lys > 

Ala > Asp in the 575PsaB variants, in agreement with the expected order of stabilization of the 

quinone. This observation was explained by calculations, the same type of the calculations done 

by Ishikita and Knapp 47, showed that changing this residue leads to changes in the potentials of 
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both A1 and FX. 

The results of Karyagina, et al. showed that the midpoint potentials of nearby cofactors are shifted 

to more positive values by mutating the amino acid residues thereby altering the distances between 

the residues and the cofactors, determining the magnitude of the shift in 𝛥𝐺° 49. Therefore, the shift 

in the midpoint potential of A1A and A1B would be nearly the same as for FX which results in only 

a small decrease in the driving force for electron transfer from A1A and A1B to FX. For example, the 

change in the potential for A1A when Asp is changed to Ala was calculated to be 119 mV but the 

potential of FX also changes by about 123 mV.  As a result, the change in the driving force for the 

A1 →	FX electron transfer (∆(∆𝐸))	is about -4 meV, which is quite small because of the potential 

of the quinone and FX change by similar amounts. To test this model, we need a way of altering 

the potential of the phylloquinones without affecting the midpoint potential of FX very much. One 

possible way to do this is to mutate the two residues, Asp and Gln, therefore, the aspartate is 

changed to glutamine and the glutamine is changed to aspartate and then we expect this won’t 

change the midpoint potential of FX. The potential of FX is determined by a combination of 

contributions from the charges on each of the amino acids and the contribution depends on the 

position and the distance from FX. Therefore, if there are two equivalent arrangement of charges 

then the potential should be the same and if the positions of the two residues are exchanged in a 

symmetric way relative to FX then the potential should remain the same. Thus, the following 

mutations have been made: Q588DPsaA (A-mutant), D575QPsaB (B-mutant), Q588DPsaA/ D575QPsaB 

(AB-mutant).  

In the AB-mutant, the identities of the symmetry-related residues D575PsaB and Q588PsaA have been 

exchanged, which should not have much effect on potential of FX because we expect the effect on 
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the potential of FX from a given amino acid to be the same in corresponding positions in the A-

branch and B-branch. Thus, if a residue is moved to a corresponding position the effect on the 

potential should be small. Therefore, in the AB-mutant, the effect on the FX should be relatively 

small but the effect on the potentials of PhQ in the individual branches should be quite large. In 

contrast, in the A-mutant and B-mutant, the shift in the midpoint potential of A1A and A1B would 

be nearly the same as for FX. Thus, we expect that the kinetics in the two single mutants won’t be 

much affected.  

To summarize, we expect the single point mutations of these residues (A-mutant and B-mutant) to 

alter both FX and A1 because the potential of the quinone and FX change by similar amounts, as 

observed previously 49 and the new idea is that in the AB-mutant we expect that the change in the 

potential of FX is quite small because the two branches of electron transfer cofactors are related by 

a pseudo-C2 symmetry with respect to the axis going through P700 and FX and when we swap the 

two residues (aspartate and glutamine), the environment of FX won’t change. In contrast, the 

midpoint potentials of the quinones should change because one residue is close to the quinone and 

the other is far away, therefore, the kinetics of the A- and B- branches should be significantly 

altered.

1.6 Techniques used to Study the Kinetics of Electron Transport from A1 to Fx 

1.6.1 Transient Optical Absorbance Spectroscopy  

One technique that is widely used to study the electron transfer from the quinones (A1A and A1B) 

to the iron-sulfur cluster (FX) in PSI is transient absorbance spectroscopy. Figure 1.7 shows 

transient absorption (optical density (OD)) changes as a function of time (ns) from PSI. In this 

experiment, the time dependence of the absorption change (∆A) is observed after a short flash of 
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light is applied to the sample. The absorbance change ∆A at 480 nm is plotted as a function of time 

on a logarithmic scale. The blue points shown in the figure are the data and the red curves are the 

fitted curves.  

 

Figure 1.7 The 480 nm Transient Optical Absorbance Spectroscopy on PSI from the wildtype 

of Synechocystis sp. PCC 6803. The top line is the difference between the red and the blue 

curves, which are fit and the experimental curves, respectively.  Data kindly provided by V. 

Kurashov. 
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Figure 1.8 The environment of the A-branch and B-branch in PSI. (PDB entry 1JB0). P700 is 

shown in green, A-1A and A-1B in blue, A0A and A0B in cyan, A1A and A1B in red, iron in red, 

sulfur in yellow and the carotenoid is shown in black. 

The actual absorbance change is caused by a band shift in the absorbance of the carotenoids, which 

are located close to the quinones. In Figure 1.8, two carotenoids are shown in black. When the 

quinone is reduced, the negative charge causes a shift in the wavelength of the carotenoid 
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absorbance, which leads to an absorbance change at 480 nm. In addition, the formation of 𝐏𝟕𝟎𝟎(  

also contributes to the absorbance change shown in Figure 1.7. The overall curve contains three 

kinetic components. As shown in equation (1.7), the curves in are described as a sum of 

exponential decays and the observed A is equal to: 

 A(t) = A1 exp (-t/𝜏2) + A2 exp (-t/𝜏-) + A3  (1.7) 

where A is the transient absorption (OD) which changes as a function of time (ns), A1, A2 and A3 

are related to components 1, 2 and 3, respectively and 𝜏2 and 𝜏- (17.72 ns and 213.85 ns), shown 

above the curves in the Figure 1.7 refer to the lifetime of component 1 and 2, respectively. The 

time-independent absorbance change is due to P&''( , which has a lifetime in the range of tens of 

milliseconds. These individual components and their sum are shown as red curves in Figure 1.7. 

Here, the difference randomly fluctuated around zero, which means the fit is good. The 17.72 ns 

and 213.85 ns components are known to correspond to electron transfer lifetime in the B- and A-

branches, respectively 15. 

The kinetics of the fast phase and slow phase can be measured by the optical data but the branch 

associated with a given phase can only be inferred from the amplitude of the phases.  Therefore, 

we have also performed TREPR experiments, which may provide another possibility to distinguish 

the branches. 

1.6.2 Transient Electron Paramagnetic Resonance 

Species with paramagnetic centers can be studied by electron paramagnetic resonance (EPR) 

spectroscopy (also called electron spin resonance (ESR)), which was discovered in 1944 by E.K. 

Zavoisky 50. EPR can be used to study electron transfer in photosynthetic reaction centers and 

detect the light-induced radical pairs in PSI. When a sample containing unpaired electrons is placed 
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in a magnetic field, electromagnetic radiation absorption, which is the basis for EPR, can occur if 

the resonance condition hn=gbB0 is met, where h is Planck's constant, n  is the frequency of the 

radiation, g is the g-factor of an electron, b is Bohr magneton and B0 is the magnetic field. The 

combination of frequency and field, which is common for EPR measurements, is in the microwave 

region (9–10 GHz), with fields corresponding to about 3500 G (0.35 T). Some species that can be 

studied by EPR are free radicals, transition metals with odd numbers of electrons or high spin, and 

excited states with S≠0, e.g. triplet states, although species with integral spins are hard to study if 

the zero-field splitting is large. Molecules in which all electrons are paired (diamagnetic) have no 

electron magnetic moment and as a result, they have no EPR spectrum 51. 

Electrons have both orbital and spin angular momentum and each of them generates a magnetic 

dipole moment 𝜇} and 𝜇~ shown in equations (1.8) and (1.9), in which 𝛽d is the Bohr magneton of 

the free electron (𝛽d = 9.27 ×	10@-S 	𝐽 𝑇), 𝑔d is the free electron g-value and is equal to 2.002319 

and s is the spin angular momentum quantum number and l is orbital angular momentum quantum 

number 51. 

 𝜇}	= 𝛽d	 𝑙(𝑙 + 1)  (1.8) 

 𝜇~	= 𝑔d𝛽d	 𝑠(𝑠 + 1)  (1.9) 

The total angular momentum 𝐽 determines the magnetic moment of a bound electron and the 

magnetic dipole moment (𝜇) is given in equation (1.10) 51. 

 𝜇	= 𝑔𝛽d	 𝐽(𝐽 + 1)  (1.10) 

Generally, the orbital angular momentum is quenched in molecules. However, some residual 

orbital angular momentum remains and the exact g-value depends on the spin-orbit coupling. An 

EPR spectrometer can operate in different frequency bands, ranging from 1.2 GHz to 95 GHz or 
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higher, the different bands are named L, S, X, Q, W. The most common frequency band is X (9-

10 GHz, 0.32–0.36 T for g = 2) because an electromagnet can generate the field easily and also 

the microwave components are inexpensive at this frequency 51. 

The second technique for studying electron transfer in PSI reaction centers is transient EPR 

(TREPR). In a TREPR experiment, the sample is irradiated by a short laser pulse and by continuous 

microwaves at a fixed magnetic field. The laser pulse produces radical pairs or other paramagnetic 

species. After the laser pulse, the light-induced EPR signal is detected as a function of time and 

stored as a transient. Then the magnetic field is changed to another value and another transient is 

stored. By repeating the experiment over a range of values of the magnetic field, a time/field 

dataset is obtained. The top part of Figure 1.9 shows a time/field data set for PSI at room 

temperature 52. Positive signals represent microwave absorption (A) and negative signals are 

emission (E). The bottom left of Figure 1.9 is a transient taken near the middle of the data set (B0 

=339.0 mT). At early time, it is absorptive which is due to the	P&''( A2@ (electron transfer from P&''(  

to A1 produces a radical pair P&''( A2@) and the emissive part at the late time is due to P&''( F�@ (the 

electron transfer from A1 to FX generates this radical pair). 

The figure on the right of Figure 1.9 shows the "EPR signal vs magnetic field" spectrum, which 

was extracted from the data set by calculating the difference in the average signal intensity in two 

time windows before and after the laser flash. If the time window after the laser pulse is set at early 

time (<100 ns), then the emission/absorption/emission spectrum, mostly due to P&''( A2@, is obtained 

and if the time window is set at a late time (> 300 ns), then the emissive spectrum due to P&''( F�@ 

is obtained 53–56. The rise time of the instrument is ~100 nanoseconds which means it is not possible 

to see the fast component which has ~20 ns electron transfer lifetime. 
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Figure 1.9 The room temperature TREPR data for cyanobacterium PSI. The top figure 

shows a time/field data set, the figure on the left shows time transient B0 =339.0 mT and the 

figure on the right is spectra at the low field and the middle field. A is absorption and E is 

emission (Used with permission of the journal)52. 

1.7 Spin Polarization 

The spin selectivity of the photoreactions creates spin polarization, which has absorptive (A) or 

emissive (E) signal contributions, and the analysis of the polarization patterns is considered as a 

significant feature of TREPR studies. The pathway of the generation of the paramagnetic state is 

the most significant factor to determine the intensity in TREPR and therefore, different 

mechanisms can produce different spectra for the same state 57. 

Electron spin polarization (ESP), which occurs in PSI reaction centers due to the light excitation 

of the primary donor, P700, is an important phenomenon in TREPR. The photoexcitation of the 

primary donor P700 in PSI generates a sequence of radical pairs with different lifetimes. The first 

radical pair is generated in a pure singlet state because the electron transfer is very fast 18. If a 

deviation from a pure singlet state occurs, intense spin-polarized EPR signals will be obtained 58.  
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Figure 1.10 shows the four energy levels and four wavefunctions of two weakly coupled electron 

spins. Two spin energy levels are pure triplet states (𝜓2	and 𝜓S) and two have both singlet and 

triplet character (𝜓-	and 𝜓G). The red and blue arrows indicate the allowed EPR transitions. In the 

limit of very weak coupling each transition corresponds to the flip of one of the two electrons. The 

stick spectrum under the diagram shows the positions of these peaks. When the radical pair is 

generated from a singlet precursor, the probability of it occupying state 𝜓G is proportional to singlet 

character which is equal to sin2𝛼; the probability of 𝜓- being populated is cos2𝛼 and the 

probabilities of the states 𝜓2 and 𝜓S being populated are zero.  The intensity of the transitions is 

the product of the population differences and the transition probability and for all four transitions 

this product is sin2𝛼 cos2𝛼. However,  the sign of two of the population differences is negative for 

two of the transitions and positive for the other two 11. Therefore, if the radical pair is formed from 

a pure singlet state, two absorptive and two emissive transitions are observed and the intensity of 

the four lines is equal 57. 
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Figure 1.10 The diagram of the energy level and stick spectrum for a singlet-born weakly 

coupled radical pair. In the stick spectrum, J is exchange coupling and d is dipolar coupling 

and all parameters in the stick spectrum are in frequency unit. A is absorption and E is 

emission (used with permission from 57) 

During sequential electron transfer, spin precessions of the radicals in precursor states of the 

radical pairs cause singlet-triplet mixing which leads to net polarization of each radical in the EPR 

spectrum 59. 

Figure 1.11 shows how the precession of the spins leads to singlet-triplet mixing in a single radical 

pair, which is initially in a pure singlet state. The spin system starts in a pure singlet state and the 

two spin vectors are antiparallel to one another. However, the two spins in the radical pair have 

different precession frequencies because of their different environments and precession frequency 
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of spin 2 is (ω1 – ω2) in a frame of reference, which rotates with the precession frequency of spin 

1. The spin system oscillates between the S and T0 states because the precession frequencies of the 

two spins are different 57.  

 

Figure 1.11 The singlet-triplet mixing (used with permission 57) 

In the case of two radical pairs, the polarization in the second radical pair can be described as the 

sum of the three components, 𝐼E, 𝐼c	and 𝐼A, which are the intensities of the contributions, shown 

in Figure 1.12 60. The first spectrum, on top, is obtained when the observed radical pair is formed 

from a pure singlet state and the polarization pattern of the first spectrum (top) depends on the sign 

of the parameter 𝑎-, which is the orientation-dependent spin-spin interaction in the secondary pair. 

When 𝑎- is positive, an absorption, emission, absorption, emission pattern (A/E/A/E) is obtained 

and if the sign of the coupling is changed, then the polarization pattern will be E/A/E/A.  
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Figure 1.12 Three contributions to the spectrum of the secondary radical pair and the overall 

spectrum is sum of these three components for the short-lived precursors. 𝑰𝒔, 𝑰𝒛	and 𝑰𝒉	are 

the intensities of the contributions. Top: the spectrum with a singlet precursor. Middle: the 

contribution from the difference of the Zeeman frequencies of the radicals in primary radical 

pair, which leads to a net polarization of the radicals in secondary radical pair. Bottom: the 

multiplet polarization of the donor resulting from the inhomogeneous hyperfine broadening 

of the EPR transitions in the precursor. In the figure, P shows donor, A1 and A2 indicate 
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primary and secondary acceptors, respectively. 𝒂𝟐, is the orientation-dependent spin-spin 

interaction in the secondary pair, b1 is the orientation-dependent spin-spin coupling in the 

precursor radical pair, q01 and q01 is the difference in the precession frequency for primary 

and secondary radical pairs, respectively and k0 is the rate of the electron transfer (used with 

permission60) 

The intensity of the net polarization, Iz, in the middle of Figure 1.12, results from the singlet-triplet 

transitions in the primary pair, which are induced by the difference of the donor and the primary 

acceptor Zeeman frequencies, and it depends on the three parameters b1, q and k0. b1 is the 

orientation-dependent spin-spin coupling in the precursor radical pair, q is the difference in the 

precession frequency and k is the rate of the electron transfer. The third term related to the spectrum 

at the bottom of Figure 1.12, Ih, describes the effect of the precession in the precursor radical pair 

on the radical that is not being transferred. The emission, absorption pattern can be seen which 

depends on the sign of b1. The intensity of the polarization depends on the rate of electron transfer, 

the linewidth of the radical and precursor spin-spin coupling. The observed spectrum is the sum 

of these three contributions. For P&''( A2@, the precursor is a pure singlet but all three terms have to 

be included in the case of P&''( F�@. The P&''(  signal is the sum of these three components and because 

the coupling in P&''( A2@, or b1 is negative, an emissive signal is seen. The observed spectrum is a 

sum over a random distribution of orientations and can be calculated by adding these three 

contributions and doing a sum over a random distribution of orientations but their signs and the 

position of the peaks depend on the orientations. 

Some general features of the polarization, which develop in sequential radical pairs are shown in 

Figure 1.13. The net polarization is calculated for different possible lifetimes of the intermediates 
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in PSI and it has been plotted versus the logarithm of the rate (log k0). The net polarization goes to 

zero for very fast electron transfer rates and in native PSI the lifetime of A'@  is too short for any 

polarization to develop. Moreover, for the electron transfer from P&''( A'@ to P&''( A2@, the maximum 

polarization is reached at a higher rate compared to the electron transfer from P&''( A2@ to P&''( F�@ 

because of the larger spin-spin coupling in the initial radical pair,	P&''( A'@. As can be seen in 

Figure 1.13, the maximum polarization is about 1 when log k0 is about 8.5. In contrast, the 

maximum polarization which is negative (-0.9) is reached for a lifetime of roughly log k0 equal to 

7 58. As shown in equation (1.11) k0 includes the rate of forward electron transfer to the acceptor 

and back electron transfer to the donor and ks and kT are the recombination rates from the singlet 

and triplet states of RP1, respectively 61. 

  k0 = ket + (ks + kT)/2;  (1.11) 
 

In native reaction centers, back electron transfer rates (ks and kT) are negligible compared to the 

forward transfer and k0 = ket 
60. Here is the equation for b which is the spin-spin interaction 

parameter: 

 b = 2J+d  (1.12) 

In the primary radical pair, P&''( A'@, the donor and acceptor are closer together and the exchange 

coupling (J) in P&''( A'@	is 0.50 mT, so it is positive and is larger than the dipole-dipole coupling (d) 

which is negative (-0.34 mT; see also Table 2-2), therefore, it leads to a positive net polarization 

of P&''(  in subsequent radical pairs. In the second radical pair, P(A2@, the distance between the 

donor and acceptor is larger and both numbers, the exchange coupling (J) and the dipole-dipole 

coupling (d), become smaller and as a result, the exchange coupling (J) is zero and the dipole-

dipole coupling is negative (-0.16 mT), Table 2-2. Therefore, the overall coupling is negative, 

which gives the emissive net polarization of P&''(  when the electron transfers to FX 
61. As can be 



	
29 

seen in Figure 1.13, the polarization of P&''(  arising from electron transfer to the quinone is positive 

(solid line) but in the case A2@ to FX, it is negative (dashed lines) 58. By looking at the middle 

equation on Figure 1.12, the intensity of the net polarization, Iz, depends on b1, q01 and k0. b1 is the 

orientation dependent spin-spin coupling in the precursor radical pair and q01 is the difference in 

the precession frequency. If the coupling is larger, the mixing of the two triplet and singlet states 

is faster, therefore, if b1 is larger, the triplet and singlet states are mixed faster. If the difference in 

the precession frequency, q01, is larger, then they mixed faster as well. The b1 and q01 shows what 

the rate of the mixing is and k0 is the rate of electron transfer. Therefore, faster mixing and slow 

rate of electron transfer, as shown in the middle equation on Figure 1.12, gives larger polarization 

but if the mixing is slow and the electron transfer is fast then the polarization is small.  

 

 

 

 

 

 

Figure 1.13 The net polarization of 𝐏𝟕𝟎𝟎( 	is plotted as a function of electron transfer rate from 

A0 to A1 to FX in PSI. The solid line indicates the electron transfer from A0 to A1 and the 

dashed line shows the electron transfer from A1 to FX. The experimental electron transfer 

rates in native Photosystem I are shown by open circles on the both curves (used with 

permission from 59)
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2 Material and Methods 

2.1 Preparation of mutants and isolation of PS I 

 
The three mutant strains Q588DPsaA, D575QPsaB and Q588DPsaA/ D575QPsaB of the cyanobacterium 

Synechocystis sp. PCC 6803, were made by our collaborators J. Golbeck and V. Kurashov at Penn 

State University and they provided us with samples for EPR studies. The procedure of the sample 

preparation, which is done by our collaborators, is the same as reported previously for similar 

mutants 49. To make the samples, they used standard point mutagenesis techniques. The samples 

only contained PSI and had a chlorophyll concentration of 2 mg/mL. The samples were pretreated 

with 1 mM sodium ascorbate and 50 μM phenazine methosulfate (PMS) as external electron 

donors. An ER 4103 TM rectangular resonator was employed at room temperature. The light 

excitation was achieved using a Continuum Surelite Nd-YAG laser operating at 10 Hz and a 

wavelength of 532 nm and Laser flashes at 4.0 mJ/pulse.  

 
The TREPR method is used to observe the radical-ion pairs generated by the light-induced electron 

transfer in PSI. From such measurements, we are able to obtain the rates at which phylloquinone 

transfers electrons, as well as structural information and parameters that depend on the interactions 

between the cofactors and the protein and the data reveals whether the difference in amino acid 

sequence in the two proteins is the dominant factor in the two different rates. In the next sections, 

we are going to compare our EPR data to transient absorbance data measured at Penn State. The 

experimental spectra and results are given in the next chapter in detail. 

 
2.2 Transient EPR Setup and Experimental Procedure 

In an EPR spectrometer, the sample is placed in a magnetic field and the microwave absorption is 

monitored as the magnetic field is varied. A waveguide is used to transfer the microwave to the 
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resonator and the resonator helps solve the problem of weak signals. A diagram of an EPR 

spectrometer is shown in Figure 2.1. The dashed line shows the microwave bridge which contains 

the microwave components. The microwaves are fed into a signal arm and a reference arm. The 

attenuator shown in the figure is used to adjust the power of the microwave which reaches the 

sample and the microwaves go to the resonator through a circulator and then the power, which is 

reflected from the resonator to the circulator, goes to the detector 51. The signal is amplified using 

a broadband amplifier (bandwidth > 500 MHz) and is collected using a digital oscilloscope.  The 

digitized signal is then transferred to a computer to be analyzed 51.  

The time/field transient EPR datasets in this thesis were measured using a modified Bruker ER 

200D-SRC spectrometer with an ER 041 X-MR X-band microwave bridge. An ER 4103 TM 

rectangular resonator was used at room temperature for the X-band datasets. The set-up for the 

transient EPR is different from a regular EPR spectrometer. The field modulation, which is used 

to improve the signal to noise, is not present in this experiment. A laser is used to obtain the light 

excitation. The response time is 50-100 𝜇s with a modulation frequency of 100 kHz for static 

radicals, but the PSI electron transfer contains lifetimes which are shorter than this, and so direct 

detection is used for time-resolved EPR experiments and no field modulation is required 11. In 

studying the electron transfer in photosynthetic reaction centers, the kinetic and geometric 

information and also the local environment of paramagnetic species are obtained by transient EPR, 

which is considered as its strength. However, the limited time resolution, which is at best about 10 

ns and the low sensitivity, are among the drawbacks of this technique 62. 
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Figure 2.1 A schematic diagram of EPR spectrometer (used with permission from 51) 
 
 
2.3 Fitting Methods for Analysis of Electron Transfer 

 
To determine the kinetics of electron transfer, three different fitting procedures were used. We 

refer to these as (i) fitting selected individual transients, (ii) fitting the transients across a range of 

magnetic field values and (iii) fitting the whole data set as one 26,63,64. 

2.3.1 Individual Transients 

The starting point was fitting individual transients using equation (2.1), in which the signal is only 

a function of time and a least squares fit was done. 
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 𝑆(𝑡) 	= 	𝛼	𝑒@ T��	(T��� g 	+ 	𝛽	(1 − 𝑒@ T��	 g)	𝑒 @T��� g  (2.1) 

Here, 𝑆(𝑡)	is the EPR signal as a function of time and in the first term, 𝛼 is the intensity of the 

P&''( A2@ signal, ket and  𝑘�de  are the rates of decay of P&''( A2@ due to electron transfer and spin 

relaxation, respectively. In the second term, 𝛽	is the intensity of the P&''( F�@ signal, 𝑘dg is the rate 

of the rise of P&''( F�@ due to the electron transfer and 𝑘�de is decay of P&''( F�@ due to the relaxation. 

Transients extracted from various data set were fitted by equation (2.1) using a least squares 

procedure and the results will be shown in the following chapter. The amplitudes of the two 

components (𝛼 and 𝛽) and the electron transfer rate (𝑘dg) and the relaxation rate (𝑘�de), which we 

assume to be the same for both signals, were varied using a linear least square fitting procedure. 

The reason for trying this function first is that the optical data show that there are two lifetimes of 

electron transfer corresponding to the two branches but in the EPR, the rise time of the 

spectrometer is slower than the fast phase. This means that the fast phase is not resolved in the 

EPR data. That means only the lifetime of the slow component of the electron transfer can be fitted. 

The first approach was to start fitting with a simple function and only fit one of the components 

and it was tried to obtain reasonable lifetimes for the slow component. 

2.4 Fitting over a range of magnetic field 

Although the fast component is not resolved kinetically, the electrons taking the path of the fast 

phase do contribute to the signal. Thus, by considering components in the kinetic model it may be 

possible to estimate the fraction of the fast component from the amplitudes. The second model is 

based on the equation (2.2),64 which is similar to the equation used for the single lifetime model 

equation (2.1) but both the slow phase and fast phase are included in the equation. The slow phase 

and fast phase are related by some fraction X of fast component and 𝛼	and	𝛽 are the amplitudes of	

P&''( A2@	and	P&''( F�@. As described in Section 1.7, when the radical pair is formed on a short-time 
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scale from a singlet precursor, the spectrum of P&''( A2@ has no net polarization while the spectrum 

of P&''( F�@ has net emission. The correct value of X can be determined by plotting 𝛼 versus magnetic 

field for different fractions of the fast component and choosing the one which gives no net 

polarization. In these fits, the parameters 𝑘dg, 𝑘´dg	and 𝑘�de are kept fixed and only 𝛼 and 𝛽, the 

amplitudes of	P&''( A2@	and	P&''( F�@,	were varied using a linear least square fitting procedure. 

 S	(t,	B0)	=	(1-X)	S1(t,	B0)	+	XS2(t,	B0) (2.2) 

 S1(t,	B0)	=	𝛼	(B0)	𝑒@ T��	(T��� g	+	𝛽(B0)	(1 − 𝑒@ T��	 g)	𝑒 @T��� g (2.3) 

 S2(t,	B0)	=	𝛼	(B0)	𝑒@ T´��	(T��� g	+	𝛽(B0)	(1 − 𝑒@ T´��	 g)	𝑒 @T��� g (2.4) 

In this model, 𝑘dg and 𝑘´dg	are the rates of the slow and fast electron transfer from A2@ to FX, 𝑘�de	is 

the rate of spin relaxation and X is the fraction of fast component. S1(t,	B0)	and	S2(t,	B0)	in	the	

equations	 (2.3)	 and	 (2.4)	 show the slow phase and the fast phase, respectively. The net 

polarization was determined by taking the integral of the spectrum, which means the sum of the 

data points is calculated 65. Here, the least squares fit was done. The detailed explanation about 

how X is obtained will be given in the Results and Discussion section. 

2.5 Fitting the whole data set as one 

The third step of fitting is an attempt to determine the rate of electron transfer and the fraction of 

fast component at the same time. A problem with equations (2.3) and (2.4) is that we have assumed 

that the spectra of P&''( A2@ are the same in the two branches and the spin polarization of P&''( F�	
–  

does not depend on the rate of electron transfer in the two branches but both of these assumptions 

are not correct. Equation (2.5) is more correct description. Because we cannot fit the amplitude of 

the fast component, the solution is to calculate the amplitudes based on the known parameters for 

the radical pairs and to perform global fitting. In equation (2.5), 𝑘dg and 𝑘´dg	are the electron 
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transfer rate from A2@ to FX and X is the fraction of fast component and 𝑘�de is the rate of spin 

relaxation and is assumed to be the same for all radical pairs. The kinetic equation is almost the 

same as the second model of fitting in which S1, 𝛼(B0) and 𝛽(B0) are for the slow phase and S2, 

𝛼´(B0), which corresponds to P&''( A2@, and 𝛽´(B0), which corresponds to P&''( F�	
– , are for the fast 

phase. The total signal S (t, B0) was fitted to the time/field data sets with 𝑘dg, 𝑘�de, and X as free 

parameters. The rise time of the spectrometer has been taken into account by convoluting S (t, B0) 

with the spectrometer response function and the least squares fit was done. With these 

assumptions, the spectral and time dependence of the data has been separated and we have ignored 

coherent oscillations of the spin system. 

 S	(t,	B0)	=	(1-X)	S1(t,	B0)	+	XS2(t,	B0)  (2.5) 

 S1(t,	B0)	=	𝛼	(B0)	𝑒@ T��	(T��� g	+	𝛽(B0)	(1 − 𝑒@ T��	 g)	𝑒 @T��� g  (2.6) 

 S2(t,	B0)	=	𝛼´	(B0)	𝑒@ T´��	(T��� g	+	𝛽´(B0)	(1 − 𝑒@ T´��	 g)	𝑒 @T��� g  (2.7) 

In global fitting, the amplitudes of 𝛼(B0), 𝛼´(B0), 𝛽(B0), and 𝛽´(B0) were first calculated as 

described in detail in Kandrashkin et al. 60. These four field-dependent amplitudes are the TREPR 

spectra of P&''( A2@ and P&''( F�	
– 	for the two fractions. Here, 𝛼(B0) and 𝛼´(B0) correspond to P&''( A2@ 

for the slow phase and fast phase, respectively, and 𝛽(B0), and 𝛽´(B0) correspond to P&''( F�	
–  for the 

slow phase and fast phase, respectively. For P&''( A2@, the spectrum is assumed to have only singlet 

polarization, while for P&''( F�	
– , the spectrum is the sum of the three terms described in Figure 1.12.   

Then the amplitudes of 𝛼, 𝛼´, 𝛽 and 𝛽´ are used to calculate the entire dataset S(t, B0), equation 

(2.5).  This calculated dataset is then fit to the experimental one by adjusting the rate constants and 

fraction of fast component using a least squares method. This procedure is called a global analysis 

in which the whole data set is analyzed at once rather than taking each transient and fitting it. Using 
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this model to calculate S(B0) it is possible to combine a given lifetime with either the A-branch 

spectrum or with the B-branch spectrum in an attempt to assign the kinetic phases to specific 

branches. 

The parameters used in the simulations are given in Table 2-1 and Table 2-2 and were taken from 

a previous study by Savitsky et al. 66. The Euler angles relating the g-tensors of 𝑃&''( , 𝐴2L@ , 𝐴2N@  and 

𝐹J@ are not given explicitly in Savitsky et al. 66, however, they have been calculated from the given 

angles as described in Appendix I. For each radical, the principal axes of its g-tensor are taken as 

a frame of reference.  The distance between the two radicals is used to calculate the dipolar 

coupling constant D: 

 
𝐷 = −

2786
𝑟G 𝑚𝑇	ÅG  (2.8) 

 

 𝑑 = 𝐷	(𝑐𝑜𝑠-𝜃 − 1/3)  (2.9) 

where, 𝜃 is the angle between the dipolar coupling vector and the external magnetic field. The 

orientation of the g-tensors of the two radicals is defined by α, β, and γ which are three Euler 

angles. The polar and azimuthal angles  𝜃 and 𝜙,  determine the direction of the dipolar vector for 

the A- and B-branch phylloquinones in the quinone g-tensor frame  and these angles are different 

in the two branches because the distribution of the spin density in the P700 is asymmetric 66. 
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Table 2-1 The parameters used in simulation: g-tensors, linewidths (mT), the CH3 hyperfine 

coupling tensor A (mT) and the Euler angles (aA, bA, gA) (in degrees) between the principal 

axis of the g and hyperfine tensor. 

 gxx gyy gzz Linewidths (mT) Axx (mT) Ayy (mT) Azz (mT) aA bA gA 

P&''(  2.0031 2.0025 2.0023 0.40       

A'@ 2.0035 2.0035 2.0035 0.35       

A2@ 2.0062 2.0051 2.0022 0.17 0.35 0.46 0.35 30 90 0 

F�@ 1.78 1.86 2.06 0.30       

 

Table 2-2 The parameters used in simulation for A-branch: the Euler angles (a, b,g) (in 

degrees) between the donor and the acceptor g-tensors and polar angles (q, f) of the dipolar 

vector in the g(P+)-tensor frame, J-coupling and dipolar coupling (D) (mT). 

 a b g q f J (mT) D (mT) 

P&''( A'@ ––– ––– ––– 17.91 153.2 0.50 -0.34 

P&''( A2@ -42.07 61.15 -26.64 46.00 75.00 0.00 -0.16 

P&''( F�@ 109.40 59.78 -32.17 91.35 50.14 0.00 -0.10 
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3 Results and Discussion: 

3.1 Transient Optical Absorbance Spectroscopy Results  

Table 3-1 shows the electron transfer lifetimes obtained by fitting the transient absorbance data at 

480 nm. In the WT, the lifetimes of the two components, fast phase and slow phase, are 18 ns and 

210 ns, respectively, and the ratio of the amplitudes between the components is 1:1.8, respectively. 

A-mutant means that the Gln-A588 has been changed to aspartate and the ratio of the amplitudes 

between the components is 1:1.8 for the fast phase and slow phase, respectively. This mutation is 

expected to cause a negative shift in the midpoint potentials of the quinones and FX because a 

neutral amino acid (glutamine) has been replaced by a negatively charged amino acid (aspartate) 

and this make it more difficult to reduce the quinone. The effect on the rate depends on whether 

the shift is larger for the quinone or FX. As can be seen, in Table 3-1 both lifetimes are longer in 

the A-mutant than in the wild type and the decrease in the kinetics implies that the activation 

energy has increased.  As shown in equation (1.4), if ΔG° is positive and l is positive, an increase 

in activation energy means larger ΔG°. While, if ΔG° is negative and l is positive, an increase in 

activation energy means smaller ΔG° in the normal region and larger ΔG° in the inverted region. 

As mentioned in the first chapter, in the normal region, -ΔG° < l and the rate ket increases when 

the magnitude of ΔG° increases, while in the inverted region, -ΔG° > l and the rate ket decreases 

when the magnitude ΔG° increases. For the A-branch, ΔG° is probably positive and for the B-

branch ΔG° is probably positive and much smaller than l so the electron transfer is in the normal 

region. Therefore, slower kinetics means smaller ΔG°. 

In the B-mutant, the situation is more complicated. Most of the electron transfer has a lifetime of 

24 ns but there is also a very slow phase with a lifetime of 33 𝜇𝑠 and it is not clear what this phase 
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is due to. In the AB-mutant, the lifetimes are almost the same as the wild type but the ratio of the 

amplitudes between the components is 1.8:1 for the fast phase and slow phase, respectively. 

Therefore, the ratio is reversed and this agrees with what we expect because B-branch should 

become slow and A-branch is expected to become fast. 

Table 3-1 The 480 nm optical data, measured by our collaborator from Penn State University 

Electron Transfer life time Slow phase Fast phase A-branch B-branch 

WT 210 ns 18 ns Asp Gln 

A-mutant 450 ns 29 ns Asp Asp 

B-mutant 33 𝜇𝑠 24 ns Gln Gln 

AB-mutant 190 ns 25 ns Gln Asp 

 

3.2 Room Temperature X-band TREPR, Experimental Spectra and Results  

To determine the effects of the mutations on the rates of electron transfer, X-band room 

temperature EPR measurements were also carried out. The reason for doing TREPR is, first, to 

provide independent confirmation of the rates observed optically and to show that the lifetimes do 

indeed correspond to electron transfer. Moreover, the branches are not easily distinguishable by 

optical methods. So a second goal of the analysis of the TREPR data is to attempt to identify which 

branch is associated with a given phase.   

The room temperature spin-polarized TREPR data of the wild type, A-mutant, B-mutant, and AB-

mutant are shown in Figure 3.1. For each sample, the spectra shown on the left have been extracted 

from the time/field data set in time windows centered at 90 ns, 310 ns and 800 ns after the laser 

flash and the numbers above each spectrum show the middle of the selected time window. 
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Corresponding time-dependent transients at positions "a" and "b", respectively are shown on the 

right panel of Figure 3.1. The red curve was obtained by fitting equation (2.1) to the experimental 

data (black curve) using a least squares method. In Figure 3.1, in the time transients for WT, the 

emissive signal at position "a" and the early absorptive contribution at position "b" are due to the 

radical pair P&''( A2@ and the emissive part of the transient at position "b" at late time, is due to 

P&''(  in the P&''( F�@ state. In the spectra, at field position "a", there is only a contribution from 

P&''( A2@, which is emissive, but at field position "b", both radical pairs, P&''( A2@
 and P&''( F�@ 

contribute. As the electron transfer takes place, there is an evolution from an E/A/E polarization 

pattern due to a mixture of P&''( A2@	and P&''( F�@ at 90 ns to an emissive pattern from P&''( F�@ at 800 

ns.  

As can be seen, in the left panel of the Figure 3.1 for the spectrum of A-mutant, at early time (90 

ns), the E/A/E pattern which is typical pattern of P&''( A2@ is observed and there is a contribution 

from the P&''( F�@
 radical pair spectrum at the late time (800 ns) but the emissive pattern from P&''( F�@ 

is very weak in this sample. However, the transition is slower than in the wild type. This can also 

be seen in the transients in the contribution of P&''( A2@ at position "a", which appears larger because 

it decays more slowly. For the B-mutant (in the left panel), the E/A/E pattern shows that P&''( A2@ is 

present at the early time and the electron transfer rate is slower than in the wild type. In the bottom 

part of Figure 3.1, the corresponding spectra (left panel) and time-dependent transients (right 

panel) for the AB-mutant are presented. In the left panel (the bottom part of Figure 3.1), at field 

position "a", there is only a contribution from P&''( A2@ while at field position "b", the spectrum 

evolves from an absorptive signal at early time (90 ns) to an emission at late time (800 ns) because 

the signal from P&''( A2@ is absorptive and P&''( F�@ is emissive at this field position. The time 

dependent transients of AB-mutant at field positions "a" and "b" can be seen in the right panel of 
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this figure. The wild type, A-mutant, B-mutant and AB-mutant spectra and time traces were fitted 

based on the first model, equation (2.1) which was given in the previous chapter, using individual 

transients in Figure 3.1. 

 

  

 

  

Figure 3.1 Room temperature X-band spin-polarized TREPR. Left: Field-dependent 
spectra taken at different time windows. The three time values shown on the top of spectra, 
indicate the delay time after the laser flash. Right: Time-dependent transients at magnetic 
field positions "a" and "b" indicated by the arrows under the spectra on the left. The 
experimental and fitted curves are shown by the black and red lines, respectively. 

 

 

345 346 347 348 349 350
B0 (mT)

90 ns

310 ns

800 ns

a b

A

E

-2 0 2 4 6 8
Time (µs)

b

a

Fitted Curve
Experimental Curve

345 346 347 348 349 350 351
B0 (mT)

90 ns

310 ns

800 ns

a b

A

E

-2 0 2 4 6 8
Time (µs)

Fitted Curve
Experimental Curve

b

a

Wild Type 

A-mutant 



	
42 

 

 

  

 

  

Figure 3.1 Room temperature X-band spin-polarized TREPR. Left: Field-dependent spectra 
taken at different time windows. The three time values shown on the top of spectra, indicate 
the delay time after the laser flash. Right: Time-dependent transients at magnetic field 
positions "a" and "b" indicated by the arrows under the spectra on the left. The 
experimental and fitted curves are shown by the black and red lines, respectively. 

 

As can be seen in the right panels of Figure 3.1, the fitted curves agree well by visual inspection 

with the experiment for the WT which shows that the equation (2.1) is satisfactory. In the case of 
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the A-mutant, a similar quality of fit was observed but as can be seen in Table 3-2, it has different 

lifetimes at the positions "a" and "b". For the B-mutant, if all the electron transfer was fast, as 

suggested by the optical data, only P&''( F�@ should be seen, but as can be seen in Figure 3.1, there 

is an absorptive signal at position "b" at the early time, which is due to  P&''( A2@. 

By using the first model, equation (2.1), different lifetimes were obtained at different field 

positions, shown in Table 3-2. The reason for this is that equation (2.1), which was used for the 

fits, completely ignores the fast component. However, the P&''( F�@ signal arising from the fast 

component is present in the data and it changes the relative amplitudes and results in different 

apparent lifetimes for the slow phase. Because some of P&''( F�@ is present immediately the apparent 

electron transfer lifetime is shorter for field position "b", at which the signal contributes. Based on 

the obtained values, the single component is adequate for the wildtype. The uncertainty in the 

lifetime was estimated to be about 50 ns by fitting the transients for the wild type at as many field 

positions as possible many years ago. Therefore, the electron transfer lifetimes at the positions "a" 

and "b", 256	 ± 50 ns and 338 ± 50, respectively, agree within the error and also agree with the 

slow phase (210 ns) from the optical data. However, the lifetimes obtained at different field 

positions for the mutants are not consistent with each other. Therefore, it was concluded that using 

the model with one component is not consistent with the data and the fast component must be 

taken into account. 
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Table 3-2 The electron transfer lifetime of WT, A-mutant, B-mutant, and AB-mutant in low 

field and middle field and their average value. The fitting was done using the first model 

(equation (2.1)) 

 
 

Sample 
Electron Transfer life time (ns) 

Low Field 
Position "a" 

Middle Field 
Position "b" 

Optical Data 
Slow phase 

WT 256	± 50 338	± 50 210 
A-mutant 412	± 50 226	± 50 450 
B-mutant 536	± 50 720	± 50 33×10G 

AB-mutant 246	± 50 54	± 50 190 
 

Next, the data were fitted using the second model explained in section 2.4, equation (2.2). Both 

the slow phase and fast phase are included in the equation and they are related by some fraction X 

of fast component. To obtain the fraction of the fast component the parameters 𝛼 and 𝛽 as a 

function of the field are plotted. As mentioned before, the fast component is not resolved 

kinetically but the electrons taking this path contribute to the signal. The first radical pair P&''( A2@ 

is generated on the short time scale from a singlet precursor and therefore has no net polarization. 

We can use the property of the net polarization to determine if we have the correct fraction of the 

fast component. The spectrum of P&''( A2@ has no net polarization, while the spectrum of P&''( F�@	has 

net emission, the correct value of X can be determined by plotting 𝛼 versus magnetic field for 

different fractions of the fast component and choosing the one which gives no net polarization.  

The spectra of the AB-mutant with different fractions of the fast component obtained using the 

second model are shown in Figure 3.2. These spectra are obtained by fitting the data with equation 

(2.2). In these fits, the variable parameters were 𝛼 and 𝛽 65.  We took the lifetime of the fast 

component from the optical data (Table 3-1) because it cannot be obtained from EPR data so, in 

the case of AB-mutant, the lifetime of the fast component was set to 25 ns and kept fixed. Then 
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the lifetime of the slow component was obtained by fitting the transient at the low field where the 

signal only arises from the slow component while there is a contribution from both fast and the 

slow component in the middle field. As a result, the value of the slow component lifetime obtained 

was independent of the value of X and fitting that transient gave us a value for the lifetime of the 

slow component and then we could find the value of X. 

We fitted the amplitude 𝛼 and 𝛽 at each field position and then we could plot the 𝛼(B0) and 𝛽(B0) 

as spectra for different values of X. As can be seen in Figure 3.2, the shape of the spectrum 𝛼(B0) 

is different for different values of X and the spectrum has net emission for small values of X and 

it has net absorption for large values of X. The correct value of X was determined based on the 

spectrum which had equal amount of emission and absorption. 

 
 

 

 

 

 

 

 

 

Figure 3.2 Fitting over range spectrum with different fractions of fast component (X) for AB-
mutant 

 
As can be seen, Table 3-3 to Table 3-6 show the net polarization of 𝛼(B0) obtained for different 

fractions of fast component (X) for WT, A-mutant, B-mutant, and AB-mutant. The value of X 

giving no net polarization can then be compared with the value obtained from the amplitudes of 
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the fast and slow phases in the optical data. The least squares fit was done and the reason that all 

the transients have to be fitted is that the fast component is not kinetically resolved so its amplitude 

cannot be determined by fitting individual transients.  If an incorrect value of X is chosen, the least 

squares fitting procedure just adjusts the values of 𝛼 and 𝛽 to obtain a good fit for the transients. 

The value of X cannot be obtained just by fitting time traces so it is determined by holding the time 

constants fixed, obtaining the spectrum by fitting 𝛼 and 𝛽 and looking for the value of X for which 

𝛼(B0) has no net polarization. As can be seen in the table below, the value of X for AB-mutant is 

0.64 because it gives the least net polarization. This value agrees exactly with the value obtained 

from the amplitude ratio 1.8:1 of the two phases in the optical data. Moreover, the values of X for 

WT and A-mutant are 0.36 ±	0.10, 0.46 ±	0.10 which also agree well with the amplitude ratio of 

1:1.8 from the optical data. In the case of B-mutant, there is no fraction of fast component obtained 

from the optical data because only one phase can be seen. This is not in agreement with the value 

of 0.56, obtained from the TREPR data. The issue for the B-mutant is that the EPR data do not 

agree with the optical data; what clearly can be seen is the slow forward electron transfer in the 

EPR data but it is not seen in the optical data. In the optical data obtained from the B-mutant, there 

is a 33 𝜇𝑠 and a 24 ns phase. The 24 ns phase can be assigned to forward electron transfer from A1 

to FX. However, it is unclear whether the 33 𝜇𝑠 is the forward transfer or back reaction. If it is back 

reaction it is also not clear whether the back reaction is occurring from A1 or FX. If it represents 

back reaction from FX, it means that the lifetime of forward electron transfer from A1 or FX should 

be 24 ns and the P&''( FeS@ recombination lifetime is 33 𝜇𝑠. If it were back reaction from A1, it 

would mean that some fraction (possibly one branch) is blocked and the other one is transferring 

electrons to FX with a lifetime of 24 ns. 

A problem with the fitting procedure above is that we have assumed that the spectrum of the early 
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signal, 𝛼(B0) is the same for the fast and slow phases.  This is necessary because the signal from 

the fast component is not observed directly. However, the spectra of P&''( A2²@ 	and P&''( A2³@  are 

different from one another because the geometry of the radical pairs is different. In addition, 

although the late signal for both branches is the same, the amount of net polarization depends on 

how long the precursor lived. The population of the spin states for P&''( F�@ depends on the lifetime 

of P&''( A2@, and this is different in two branches. But it is not possible to take this into account as 

an extra parameter because the difference between changing X and changing 𝛽 is not 

distinguishable and as a result, the value of 𝛽 for the late signal cannot be determined in this way. 

Table 3-3 The net polarization for the different fractions of fast component (X) for WT 

 

 

 

 

WT, Fraction of fast component Net Polarization 

0.56 0.087 
0.46 0.053 
0.36 0.018 
0.26 -0.018 
0.16 -0.056 
0.06 -0.094 
0.00 -0.117 

Table 3-4 The net polarization for the different fractions of fast component (X) for A-mutant 
 
 

 

 

 

A-mutant, Fraction of fast component Net Polarization 
0.56 0.033 
0.46 0.006 
0.36 -0.022 
0.26 -0.052 
0.16 -0.107 
0.06 -0.139 
0.00 -0.159 
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Table 3-5 The net polarization for the different fractions of fast component (X) for AB-mutant 
 

AB-mutant, Fraction of fast component Net Polarization 

0.74 0.046 
0.64 0.006 
0.60 -0.079 
0.54 -0.035 
0.44 -0.080 
0.34 -0.125 
0.24 -0.172 
0.14 -0.220 
0.04 -0.269 
0.00 -0.289 

 

Table 3-6 The net polarization for the different fractions of fast component (X) for B-mutant 

B-mutant, Fraction of fast component Net Polarization 

0.86 0.057 
0.76 0.048 
0.66 0.029 
0.56 0.0057 
0.46 -0.021 
0.36 -0.049 
0.26 -0.121 
0.16 -0.109 
0.06 -0.141 
0.00 -0.160 

 

 

The spectra obtained by the third fitting model explained in Chapter 2, are shown in Figure 3.4. 

In this model, the entire time-field data set is calculated based on the equation (2.5) and fit the 

experimental dataset. The calculated total signal, S1 + S2 of the WT, A-mutant, B-mutant, and 

AB-mutant is plotted at different time windows and compared to the corresponding experimental 

data. In the mutants, at first, it was supposed that the A-branch is the slow phase, subsequently 

the B-branch was considered as the slow phase. However, both assignments give fits of similar 
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quality by visual inspection.   

The problem is that 𝛼 and 𝛼´, which correspond to the intensity of the P&''( A2@ signal for the slow 

phase and fast phase, respectively, are very similar. At early times, the two calculated spectra 

are slightly different but the difference is not very big. Because the difference between the fits 

of two branches is not very big, the quality of the fit (by visual inspection) is not good enough 

to assign a particular branch to a given phase. However, the lifetime and a reasonable estimate 

of the fast fraction are obtained from the fits and the result suggests that in AB-mutant, the 

kinetics have been swapped in the two branches and this is an indication that two residues, 

D575PsaB and Q558PsaA, are important factors in determining the rate of the electron transfer. 

 
Figure 3.3 The X-band TREPR spectra at room temperature for WT, A-mutant, B-mutant 
and AB-mutant when the A-branch is as slow phase or B-branch is as slow phase. The 
experimental and the simulation data were shown by the solid and dashed curves, 
respectively. 
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Figure 3.4 The X-band TREPR spectra at room temperature for WT, A-mutant, B-mutant 
and AB-mutant when the A-branch is as slow phase or B-branch is as slow phase. The 
experimental and the simulation data were shown by the solid and dashed curves, 
respectively. 
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3.3 Summary and Outlook 

Transient Electron Paramagnetic Resonance (TREPR) has been used to find the role of aspartate 

(D575PsaB) and glutamine (Q588PsaA) in determining the different rates of electron transfer from 

phylloquinone (PhQ) to the iron-sulfur cluster FX in the two branches of Photosystem I (PSI). The 

three mutant strains Q588DPsaA, D575QPsaB and Q588DPsaA/ D575QPsaB of the cyanobacterium 

Synechocystis sp. PCC6803, were made by our collaborators J. Golbeck and V. Kurashov at Penn 

State University and they provided us with samples for EPR studies. Room temperature 9.5 GHz 

TREPR measurements were performed on PSI from the wildtype and three mutant strains of the 

cyanobacterium Synechocystis sp. PCC6803, Q588DPsaA (A-mutant), D575QPsaB (B-mutant), 

Q588DPsaA/ D575QPsaB (AB-mutant) to determine the effects of the mutations on the rates of the 

electron transfer. 

To determine the kinetics of electron transfer, three different fitting procedures were used, fitting 

selected individual transients, fitting the transients across a range of magnetic field values and 

fitting the whole data set as one. The first approach was to start fitting with a simple function and 

only fit one of the components and it was tried to obtain reasonable lifetimes for the slow 

component. In the one component case, individual transients were fitted. Even though we fitted 

the time traces properly, the result showed different electron transfer lifetime at different field 

positions so the model was not consistent and it showed EPR data depends on the fact that we have 

a fast component and we have to take it into account. 

The second model is similar to the equation used for the single lifetime model but both the slow 

phase and fast phase are included in the equation. Therefore, we tried to fit all the transients, fitting 

over a range of magnetic field. The second model seems fine and gave us the fraction of fast 
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component. In the third step, we also did the simulation to determine the lifetime and fractions of 

fast component at the same time. The difference between the two spectra was not large so we could 

not distinguish between the two branches. However, the lifetime and a reasonable estimate of fast 

fraction were obtained from the fits and based on the result, the kinetics have been swapped in the 

two branches in AB-mutant which is an indication that two residues, D575PsaB and Q558PsaA, are 

important factors in determining the rate of the electron transfer. 

The point of the project was to test the hypothesis that single mutations shift the potentials of both 

A1 and FX and our data suggest that this hypothesis is correct because we seem to get large changes 

in the rates in the double mutant but only a small change in the A-mutant and B-mutant. 

Outlook 

In the B-mutant, there is a very slow phase and it is not clear what this phase is due to and also 

there is no fraction of fast component obtained from the optical data for B-mutant. Therefore, EPR 

data and optical data do not agree in this case and this data need to be reproduced in the future. 

The next thing we can do is to estimate how the structure changes when we make the mutations 

and whether it is likely to have an effect on the reorganization energy or not. 
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5 Appendix I Calculation of Euler angles from the polar angles  

of the dipolar vector in 𝒈𝑨𝟏 and 𝒈𝒑 

The following describes the calculation of the Euler angles used in the simulations and is taken 

from a private communication from Prof. Art van der Est. In the simulation of the radical pair 

spectra the transformation from 𝑔L¸to the axis system of 𝑔D is defined by the rotation matrix R. 

To obtain the g-tensor of A1 in the principal axes of 𝑔D the following matrix multiplication is 

carried out: 

 g´=R g R-1  (5.1) 

The rotation matrix R is defined as:  

 R = Rz (γ)Ry(β)Rz (α)   (5.2) 

 
Where                                           
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 (5.3) 

 
Carrying out the multiplication of the matrices gives: 

 
R =

cosαcosβcos γ− sinαsin γ −cosβcos γsinα− cosαsin γ cos γsinβ
cos γsinα+ cosαcosβsin γ cosαcos γ− cosβsinαsin γ sin γsinβ

−cosαsinβ sinαsinβ cosβ
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'
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*
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 (5.4) 

 
The orientation of the dipolar coupling vector zd relative to each of the g-tensors is given by the 

polar angles qP and fP and qA and fA. We can define unit vectors in the direction of zd as: 
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 rA = (sinθA cosφA ,sinθA sinφA ,cosθA )
rP = (sinθP cosφP ,sinθP sinφP ,cosθP )
rP
t = RrA

t

 
 (5.5) 

where the superscript t means transpose and is just r as a column vector. If rA and rP are known, 

then the rotation matrix R can be calculated as follows. First, we take the cross product and the 

dot product of the two vectors 

 

 

v = rA × rP
c = rA i rP

 
 (5.6) 

We then define two matrices: 

 
I =

1 0 0
0 1 0
0 0 1
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 (5.7) 

  
The rotation matrix R is given by: 

 R = I +V× + 1/ (1+ c)( )V×2   (5.8) 

 
Using the definition of R given above we get the Euler angles as: 

 α = tan−1(R3,2 /−R3,1)

β = cos−1(R3,3)

γ = tan−1(R2,3 / R1,3)

 
 (5.9) 

  
The angles of A-branch were calculated in the paper by Savitsky et al. 66: 

A-branch:  qP = 46°, fP = 75°, qA = 78°, fA = 176.0° 

Using the equations (5.5)-(5.9), we get: 

a = – 42.07°, b = 61.15°, g = –26.64° 

For the B-branch Savitsky et al. 66 do not give values for qP and fP. From the structure, they 

calculate qA = 71.5, fA = 169.5. To get qP and fP we need the orientation of the 𝑃&''(  g-tensor axes 
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relative to the X-ray coordinate system. Using the vector rP from the A-branch and the dipolar axis 

from the structure we can calculate the rotation matrix Rgx, which relates the g-tensor axes and X-

ray structure, using the procedure above. Then from the X-ray structure we can get rP for the B-

branch and transform it to the 𝑔D axis system. Then using rP = (sinθP cosφP ,sinθP sinφP ,cosθP )  

we get: 

qPB = 154.30° and fPB = -19.98° 

Then using the same procedure as for the A-branch we can calculate the Euler angles and we get: 

aB = -158.92°   bB = 132.58°, gB = -176.3095° 

For P&''( F�@ we take the center of the four iron and four sulfur atoms of the cluster from the x-ray 

structure and obtain the dipolar coupling vector and transform it to the 𝑔D axis system. Then using 

rP = (sinθP cosφP ,sinθP sinφP ,cosθP )  we get: 

qPFx = 91.35° and fPFx = 50.14° 

The g-axes of Fx are not known accurately, but there are data indicating that the x-axis is 

perpendicular to the membrane plane 66.  It is also known that the g-tensor axes of 4Fe4S clusters 

are perpendicular to the faces of the cube. Therefore, using the coordinates of the atoms we can 

construct a set of axes with 𝑔J perpendicular to the membrane plane and one face of the cube and 

x and y perpendicular to two other faces. From the unit vectors of these axes we get a rotation 

matrix RFx-xray relating them to the x-ray coordinate axes. We can then get the transformation matrix 

from 𝑔¹º to 𝑔D by: 

 RP−Fx = RPx (RFx−xray )†   (5.10) 
Then from this matrix we can get a, b and g,  equation (5.11). The values obtained are: 

 a = 109.40   b = 59.78, g = -32.17 

 

 (5.11) 

 


