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A B S T R A C T   

Recent studies on Photosystem I (PS I) have shown that the six core chlorophyll a molecules are highly coupled, 
allowing for efficient creation and stabilization of the charge-separated state. One area of particular interest is 
the identity and function of the primary acceptor, A0, as the factors that influence its ultrafast processes and 
redox properties are not yet fully elucidated. It was recently shown 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. Previous experimental work in which this ligand was changed to a hard base (histidine, M688HPsaA) 
revealed severely impacted electron transfer processes at both the A0 and A1 acceptors; molecular dynamics 
simulations further suggested two distinct conformations of PS I in which the His residue coordinates and forms a 
hydrogen bond to the A0 and A1 cofactors, respectively. In this study, we have applied 2D HYSCORE spectros
copy in conjunction with molecular dynamics simulations and density functional theory calculations to the study 
of the M688HPsaA variant. Analysis of the hyperfine parameters demonstrates that the His imidazole serves as the 
axial ligand to the central Mg2+ ion in Chl3A in the M688HPsaA variant. Although the change in ligand identity 
does not alter delocalization of electron density over the Chl2/Chl3 dimer, a small shift in the asymmetry of 
delocalization, coupled with the electron withdrawing properties of the ligand, most likely accounts for the 
inhibition of forward electron transfer in the His-ligated conformation.   

1. Introduction 

Photosynthetic reaction centers (RC) are multi-subunit membrane 
protein complexes that carry out light-driven processes of charge sepa
ration and stabilization. The light reactions are initiated by the ab
sorption of a photon in highly excitonically-coupled chlorophyll (Chl) 
molecules located in pigment beds, referred to as the antenna. The 
photons absorbed from the antenna are transferred to a Chl dimer in the 
RC, referred to as the primary donor PX (where X is the wavelength of 
maximum absorbance) [1,2]. The photoexcitation of PX results in pri
mary charge separation with a Chl dimer, A0 [2–4], or (bacterio)pheo
phytin acceptor, (B)Pheo [5–8], in a Type I or Type II RC, forming the 

PX
•+A0

•− or PX
•+(B)Pheo•− state, respectively. The primary charge- 

separated state is stabilized by subsequent electron transfer through a 
series of redox cofactors, ultimately allowing for inter-protein electron 
transfer through a terminal [4Fe-4S] cluster, FB, or mobile quinone 
carrier in a Type I or Type II RC, respectively. 

Photosystem I (PS I) is a heterodimeric Type I RC that is well known 
for its efficient light harvesting and electron transfer reactions (Fig. 1A) 
(see [2] for a review). Light-driven electron transfer and charge sepa
ration in PS I occurs between the primary donor and acceptor, P700 and 
A0, respectively, that contain a dimer of Chl molecules, Chl1A/1B in P700 
and Chl2A/2B and Chl3A/3B in A0A/0B (Fig. 1B). It should be noted that the 
terms A0 and P700 refer to the spectroscopic assignments, while the terms 
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Chl1A/1B, Chl2A/2B, and Chl3A/3B are crystallographic assignments. 
Although there are two active branches of charge transfer, A and B, in PS 
I, electron transfer along the A-branch has been shown to dominate by a 
factor of two in cyanobacteria [9–11]. The initial charge-separated state, 
P700

•+ A0A/0B
•− , which is prone to rapid recombination in ~20 ns [11], is 

stabilized by forward electron transfer through a phylloquinone, A1A/1B, 
and three [4Fe-4S] clusters, FX, FA, and FB (for these cofactors, the 
spectroscopic and crystallographic assignments are identical). The net 
result of electron transfer in PS I is the generation of reducing equiva
lents for storage as NADPH. The high quantum yield of the reaction 
demonstrates the exquisite tuning of the inter-cofactor distance, relative 
orientation, and redox potentials of the cofactors, which makes PS I an 
exemplar for in vivo studies on the effects of protein-cofactor interactions 
on multi-step electron transfer reactions. 

We and others have previously demonstrated that the redox prop
erties of the phylloquinone cofactors, A1A/1B, are influenced by smart 
matrix effects of the surrounding protein environment of PS I (see [12] 
for a review). The determinants of the functional tuning of the A1A and 
A1B acceptors have been shown to include (i) π-stacking and hydro
phobic interactions of A1A/1B with a tryptophan residue (W697PsaA/ 
W677psaB) that decreases its redox potential [12], (ii) a single hydrogen 
bond of A1A/1B with a backbone leucine residue L722PsaA/L706PsaB that 
increases its redox potential [12–15], (iii) the presence of the proximal 
[4Fe-4S] cluster, FX, that likely assumes multiple conformations that 
influence electron transfer in different temperature regimes [16], (iv) an 
asymmetric distribution of proximal water molecules [4], and (v) the 
orientation of the isoprenoid tail of the phylloquinone molecule [4,17]. 
However, the factors that influence the primary electron acceptor, A0A/ 
A0B, are less understood and there has been a lack of consensus on its 
monomeric [18,19] or dimeric nature [20,21] in addition to its overall 
function in PS I. It has been proposed that Chl3A/3B and Chl2A/2B are 
involved in the initial charge separation reaction, whereby the hole that 
was created on Chl2A/2B upon charge separation is re-reduced by the 
primary donor, P700 [22–25]. In contrast, there have been proposals that 
involve the formation of a highly-coupled exciplex among all six Chl 
molecules in the core of PS I (Chl1A/1B, Chl2A/2B, and Chl3A/3B) that serve 
to provide the favorable downhill energetics and spatial separation of 
charges that are essential for effective charge stabilization in PS I 
[26,27]. Recent research carried out by our laboratory has provided 
direct experimental evidence that the A0A

•− state indeed consists of a 

dimer of Chl2A and Chl3A [28]. This work supported previous spectro
scopic observations [20] and semi-continuum calculations [21] and 
suggested asymmetric electron density distribution on Chl2A and Chl3A, 
albeit in favor of Chl3A. Dimerization therefore appears to be an effective 
strategy for tuning the redox properties of the early Chl cofactors. 

However, there remain unanswered questions on an unusual prop
erty of A0, namely, the nature and significance of the axial ligand to 
Chl3A/3B. The high-resolution X-ray crystal structure of cyanobacterial 
PS I has revealed surprising features of the Chl cofactors (Chl1A/1B, 
Chl2A/2B and Chl3A/3B in Fig. 1B) in the PsaA and PsaB core of poly
peptides [3,4]. While the Mg2+ ion of Chl1A/1B is axially coordinated by 
a nitrogen ligand from a histidine residue (H680PsaA and H660PsaB) and 
Chl2A/2B has an axial oxygen ligand from a water molecule, Chl3A/3B is 
axially coordinated by a soft base sulfur ligand from a methionine res
idue (M688PsaA and M668PsaB) [4]. This is highly unusual and is contrary 
to hard-soft acid-base theory [29] where the relatively hard Mg2+ ion in 
Chl3A/3B is expected to be coordinated by a hard base, such as a nitrogen 
atom of a histidine or an oxygen atom of water, rather than a soft sulfur 
atom of a methionine residue (M688PsaA and M668PsaB) [4]. This sug
gests that the axial coordination of the central Mg2+ ion of Chl3A/3B 
could be instrumental in achieving a low mid-point potential that is 
necessary for establishing rapid and efficient charge separation with the 
primary donor, P700 [30]. 

Previous studies have examined genetic variants of the M688PsaA and 
M668PsaB residue in both Chlamydonomas reinhardtii [31–36] and Syn
echocycstis sp. PCC 6803 [37–41] to understand better the role of the soft 
base sulfur ligand in the tuning of the Chl3A/3B cofactor of A0A/0B. In 
particular, the results obtained from the variants where the M688PsaA or 
M668PsaB residue was replaced by Leu, Asn, and His have been notable 
[37–41]. The M688HPsaA and M668HPsaB variants (where M688PsaA or 
M668PsaB was replaced by His) showed the most significant changes in 
the rates and efficiency of electron transfer in comparison with WT PS I. 
Using ultrafast time-resolved (TR) optical spectroscopy, it was demon
strated that the formation of the initial charge-separated state, P700

•+ A0
•−, 

was not affected by the replacement of M688PsaA or M668PsaB by a His 
residue [9]. However, the subsequent electron transfer steps that sta
bilize charge separation were affected in the M688HPsaA and M668HPsaB 
variants. The TR optical spectra with a time delay of 500 ps revealed 
spectral features from a mixed population of P700

•+ A0
•− and P700

•+ A1
•−, 

implying severely impacted electron transfer from the A0
•− state to the A1 

1
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Fig. 1. (A) Electron-transfer chain depicting the primary donor (Chl1A/1B), acceptors (Chl2A/2B, Chl3A/3B, A1A/1B, FX, FA and FB) superimposed on the major poly
peptide subunits of PS I, and (B) the binding site of the primary acceptors, Chl2A/3A and A1A as observed in the 2.5 Å crystal structure of PS I with truncated tails on 
the Chl and phylloquinone molecules [4]. 
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cofactor in the affected branch. Both M688HPsaA and M668HPsaB had 
yielded biphasic kinetics, where the rate of electron transfer in the A- 
and B-branch decreased to 150 ps and 250 ps, respectively, while the 
unaffected complementary branch remained at 26 ps. Additionally, 
there was a sub-population of each variant that displayed complete in
hibition of forward electron transfer that occurred in 27% and 7% of the 
A- and B-branch variant, respectively [9]. In contrast, wild-type PS I 
consistently displayed monophasic and quantitative formation of 
P700

•+ A1
•− with a lifetime of 26 ps. 

These observations on the M688HPsaA and M668HPsaB variants of PS I 
were further corroborated by transient EPR and TR optical spectroscopy 
[9]. The signal of the spin correlated radical pair (P700

•+ A1A
•− ) in each 

variant that was detected by transient EPR spectroscopy showed quali
tative similarities to WT PS I, but contained an additional signal from the 
P700

•+ A0
•− recombination triplet that occurred from the affected branch 

[9]. Moreover, in agreement with the TR spectroscopy measurements 
that showed less inhibition in the B-branch, the triplet was smaller for 
the variant in the B-branch than the A-branch [9]. Detailed information 
on electron transfer was obtained by TR optical spectroscopy in the ns – s 
time regime where measurements at 480 nm were used to monitor the 
electrochromic shift of a nearby carotenoid that served as a proxy for the 
re-oxidation of A1

•− [42]. The TR optical measurements showed charge 
recombination between A1

•− and P700
•+ instead of forward transfer from 

A1
•− to FX, implying that forward transfer was completely inhibited in the 

affected branch. The reduction of P700
•+ was also monitored at 820 nm and 

the results indicated that there was recombination from both A0
•− and A1

•−

in the affected branch of both variants of PS I [9]. 
Based on these observations, it has been proposed that the His res

idue in the M688HPsaA variant functions in two states with approxi
mately equal populations. The first allows it to serve as the axial ligand 
to Chl3A, resulting in a sufficiently raised redox potential to inhibit 
forward electron transfer from A0A to the A1A phylloquinone. The second 
conformation allows the His residue to provide a hydrogen bond to the 
carbonyl of the A1A phylloquinone. This state allows forward electron 
transfer from A0A to A1A (albeit slowed by a factor of ~6), however, the 
hydrogen bond raises the redox potential of A1A such that electron 
transfer from A1A to FX is unfavorable. Previous molecular mechanics 
calculations had supported this proposal as two separate conformers 
were observed, one conformation with the ε-nitrogen of the His at a 
distance of ~2.3 Å from the central Mg2+ ion of Chl3A, and a separate 
conformer with the δ-nitrogen of the His at an average distance of 3.4 Å 
from the C1 carbonyl carbon atom of the A1 phylloquinone [9]. 

However, to date there is a lack of direct experimental evidence that 
the ε‑nitrogen atom of the His residue in M688HPsaA PS I is axially co
ordinated at the central Mg2+ ion of Chl3A in the A0A

•− state. Two- 
dimensional (2D) hyperfine sublevel correlation (HYSCORE) and other 
pulsed EPR techniques have previously afforded extensive information 
on the electronic structure of various cofactors of PS I [13–15,43–46] as 
well as RCs from other organisms [47–50]. In the present study, we 
employ 2D HYSCORE spectroscopy in conjunction with DFT calculations 
to provide unambiguous evidence that the His residue in the M688HPsaA 
variant of PS I does indeed serve as an axial ligand to the Chl3A cofactor. 
Most interestingly, the replacement of the axial ligand of Chl3A does not 
appear to disrupt electron delocalization over the Chl2A/2B and Chl3A/3B 
cofactors in the A0

•− state of PS I. 

2. Materials and methods 

2.1. Preparation of the M688HPsaA variant of Photosystem I 

Growth and purification of PS I form the M688HPsaA variant was 
performed in accordance with previously published methods [9,37]. The 
Quick Change site-directed mutagenesis kit (Stratagene Inc.) was used to 
introduce the desired point mutation into the pIBC plasmid. The 
mutated pIBC plasmid was used to transform the pWX3 recipient strain 
to generate the M688HPsaA variant. Transformants were selected and 

segregated under low light intensities with increasing chloramphenicol 
concentration from 5 μg/mL to 50 μg/mL. DNA fragments containing the 
mutation sites were amplified by PCR from genomic DNA of the variant 
cells and were sequenced to confirm full segregation and the desired 
nucleotide change. Preparation of thylakoid membranes and isolation of 
PS I trimers was performed using a non-ionic detergent n-dodecyl β-D- 
maltopyranoside (β-DDM) according to previously published procedures 
[51]. 

2.2. Cryogenic trapping of the A0
•− state of M688HPsaA Photosystem I 

The M688HPsaA variant of PS I was loaded in a 4 mm quartz EPR tube 
(Wilmad LabGlass, SP Scienceware, Vineland, NJ) and cooled in a dewar 
containing a dry ice/ethanol mixture at 220 K for 2 min in the dark. 
After equilibration at 220 K, the sample was illuminated for 1 min with 
100 W of white light and rapidly frozen in the dark in liquid nitrogen at 
77 K after illumination. 

2.3. Pulsed electron paramagnetic resonance spectroscopy 

The EPR spectra were obtained on a custom-built continuous-wave 
(cw)/pulsed X-band Bruker Elexsys 580 EPR spectrometer using a 
dielectric flex-line ER 4118-MD5 probe (Bruker BioSpin, Billerica, MA) 
and a dynamic continuous-flow cryostat CF935 (Oxford Instruments, 
Oxfordshire, U.K.). The 2D HYSCORE spectra and magnetic field-sweep 
electron-spin-echo (FS-ESE) spectrum were acquired at 80 K and 30 K, 
respectively. The 2D HYSCORE spectra were obtained at a magnetic 
field position of 345.8 mT. 

For the 2D 1H and 14N HYSCORE spectra of the A0A
•− state of the 

M688HPsaA variant of PS I, the echo amplitude was measured using the 
pulse sequence (π/2–τ–π/2–t1–π–t2–π/2–τ–echo) with a τ value of 136 
ns, and a 16 ns detector gate. The pulse length was 8 ns and 16 ns for the 
π/2- and π-pulse, respectively. The delays in the pulse sequence are 
defined as the difference in the starting point of the pulses. The echo 
intensity was measured as a function of t1 and t2, where t1 and t2 were 
incremented in steps of 16 ns from an initial value of 40 ns and 32 ns, 
respectively. A total of 384 steps were used for each dimension. The 8 ns 
time difference between the initial value of t1 and t2 was set to account 
for the difference in length between the π/2- and π-pulse. This provided 
symmetric spectra in both dimensions. The unwanted echoes were 
eliminated by applying a 16-step phase cycling procedure. In a 2D 
HYSCORE experiment, the presence of possible pulse imperfections 
could result in the appearance of unwanted peaks along the diagonal due 
to incomplete excitation by the third microwave pulse of the 2D HYS
CORE pulse sequence. In this study, we performed additional 2D HYS
CORE measurements in the absence of the third pulse and used 
difference spectroscopy to eliminate the three-pulse ESEEM contribu
tions along the diagonal (Fig. 2A, C). This does not affect the overall 
results or interpretation as the hyperfine couplings with the NA − ND 

nitrogen atoms of the A0A
•− state give rise to off-diagonal cross-peaks in 

the (−,+) and (+,+) quadrant. 
The time domain 2D HYSCORE data was processed using MATLAB 

R2018b. A third order polynomial baseline was subtracted from the 
resulting time-domain spectra. The corrected spectra were zero-filled to 
obtain [2048 × 2048] matrix and Fourier transformed using a Fast 
Fourier Transformation (FFT) algorithm. The frequency domain spectra 
were plotted as the amplitude (absolute value) of the 2D frequency 
components. 

Numerical simulations of the experimental 2D HYSCORE spectra 
using the hyperfine parameters obtained from the spectra analysis were 
performed using the “saffron” function of the EasySpin software package 
[52]. 

2.4. Density functional theory calculations 

DFT calculations of the A0
•− state of the M688HPsaA variant of PS I 
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were performed at the B3LYP level of theory with a def2-SVP basis set 
using the software ORCA 4.0 [53,54]. The calculations employed the 
RIJCOSX approximation in conjunction with the CPCM solvent model 
using a dielectric (ε) of 4.0 to approximate the surrounding protein 
environment [50]. The charge and electron spin density distribution in 
the highest occupied and singly occupied molecular orbital (HOMO and 
SOMO, respectively) that were obtained from the DFT calculations was 
visualized using the software package, Visual Molecular Dynamics 
(VMD) [55]. The hyperfine and quadrupolar couplings for the 
magnetically-coupled nitrogen atoms were calculated as described 
above on the optimized computational models using the EPR-II basis set 
for the lighter atoms and the 6-31G(d) basis set for the Mg2+ ions. The 
initial coordinates for the computational models were derived from the 
X-ray crystal structure of wild-type (WT) PS I from Thermosynechococcus 
elongatus (PDB ID: 4JB0) [4] and the M688HPsaA variant was introduced 
into the structure using PyMOL (Schrodinger, Inc.) with the His residue 
mono-protonated on the δ-nitrogen. The structure of the M688HPsaA 
variant was optimized as previously described [9] and the energy of the 
individual conformers were optimized and analyzed to yield histograms 
of interatomic distances. The minimum energy structure(s) with a 
favorable distance between the axial H688PsaA nitrogen ligand to the 
Mg2+ ion of Chl3A were used as a starting point for optimization of the 
DFT models. The DFT calculations were performed on five computa
tional models with increasing levels of complexity that ranged from 89 
to 333 atoms in size. The Chl3A

•− anion with H688PsaA was used as a 
starting point and A1A, Chl2A, and its water ligand were included in 
subsequent models. 

3. Results 

3.1. Field-sweep electron-spin-echo (FS-ESE) spectroscopy of the A0
•− state 

in the M688HPsaA variant 

Cryogenic white light illumination of the M688HPsaA variant of PS I 
for 1 min at 220 K resulted in the photoaccumulation of the reduced 
primary acceptor, A0A

•− . The A0
•− state is paramagnetic with an unpaired 

electron spin (S = ½) that results in the observation of a FS-ESE signal at 
a g-value of 2.0052 (Fig. 1S) with a peak-to-peak line width of 1.28–1.51 
mT. Photoaccumulation of A0

•− is only possible in RCs where forward 
electron transfer to A1 is blocked, normally accomplished by removal of 
the A1 phylloquinone and reduction of the FeS clusters. However, ~ 50% 
of electrons that reach A0A are blocked from forward electron transfer in 
the M688HPsaA variant, from the conformer where the His688PsaA res
idue is ligating Chl3A [9]. Since this affect is branch specific, it ensured 
that the spectra only contained signals from the A0A

•− and, lacked any 
contribution from A0B

•−. 

3.2. 2D 14N HYSCORE spectroscopy of the A0A
•− state in the M688HPsaA 

variant 

Although we observed the characteristic FS-ESE signal of the A0A
•−

state in the M688HPsaA variant of PS I in Fig. 1S, the weak electron- 
nuclear hyperfine interactions of the unpaired electron spin of A0A

•−

with neighboring magnetic nuclei, such as, nitrogen-14 (14N) and 
hydrogen (1H) atoms are obscured in the spectrum due to inhomoge
neous line broadening. However, these weak hyperfine interactions with 
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N
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Fig. 2. (A, C) Experimental and (B, D) simulated 2D 14N HYSCORE spectra of the A0A
•− state of the M688HPsaA variant of PS I. The cross-peaks in the (−,+) and (+,+) 

quadrant arise from the hyperfine interactions of the unpaired electron spin with four nitrogen-14 atoms (nuclear spin, I = 1), NA – ND. The experimental spectrum 
was acquired at 80 K. 
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the surrounding magnetic nuclei can be detected by the application of 
advanced pulsed EPR spectroscopy methods [56–58] such as electron 
nuclear double resonance (ENDOR) [59–61] and electron spin echo 
envelope modulation (ESEEM) spectroscopy that are designed to over
come this problem [62,63]. Nevertheless, it is a major challenge to 
interpret the experimental data that are obtained by ENDOR and ESEEM 
spectroscopy as these methods simultaneously detect the presence of 
multiple nuclei in the vicinity of the paramagnetic center, which results 
in severe overlap of spectral features from the different nuclei. In com
parison with one-dimensional (1D) EPR spectroscopy methods, the use 
of two-dimensional (2D) methods, such as hyperfine sub-level correla
tion (HYSCORE) spectroscopy, simplifies the detection and analysis of 
multiple electron–nuclear interactions. This is because in 2D HYSCORE 
spectroscopy, the overlapping nuclear frequencies are separated in a 
second dimension and there is a correlation of nuclear frequencies that 
arise from different electron spin manifolds [64]. The enhanced reso
lution of 2D HYSCORE spectroscopy with respect to simultaneous 
detection of multiple nuclei provides significant advantages for the 
study of paramagnetic centers such as the A0A

•− state of PS I. Indeed, 
previous work has demonstrated the successful application of 2D HYS
CORE spectroscopy to determine the electronic structure of charge- 
transfer cofactors in both Type I and Type II RCs [15,50,65–68]. 

Shown in Fig. 2S is the complete 2D HYSCORE spectrum of the A0A
•−

state of the M688HPsaA variant of PS I. The spectrum was measured at 
the magnetic field position corresponding to the maximum of the field- 
sweep EPR spectrum (345.8 mT) in Fig. 1S and is comprised of two 
distinct groups of cross-peaks. The first group of cross-peaks consists of 
two pairs of pronounced peaks in the (−,+) and (+,+) quadrant of the 
spectrum that are centered at multiples of the 14N Zeeman frequency of 
1.07 MHz. These peaks arise from electron-nuclear hyperfine in
teractions of the unpaired electron spin (S = ½) of the A0A

•− state with the 
constituent 14N atoms (nuclear spin of I = 1). The second pair of cross- 
peaks are centered at the 1H Zeeman frequency of 14.7 MHz in the (+,+) 
quadrant of the spectrum that are due to the hyperfine interactions with 
multiple hydrogen atoms (nuclear spin of I =½) that are interacting with 
the unpaired electron spin of the A0A

•− state. 
Shown in Fig. 2A–D are the experimental and simulated 2D 14N 

HYSCORE spectra of the A0A
•− state of the M688HPsaA variant of PS I that 

displayed cross-peaks in both (−,+) and (+,+) quadrant of the spectrum. 
Typically, the spectral features arising from 14N nuclei that are strongly 
hyperfine-coupled to the unpaired electron spin lead to cross-peaks in 
the (−,+) quadrant, and cross-peaks from weakly-coupled nuclei are 
observed in the (+,+) quadrant [64]. Thus, the two pairs of well- 
pronounced and intense overlapping cross-peaks at (−6.2, 2.8) MHz 
that are symmetrically displaced from the main anti-diagonal in the 
(−,+) quadrant of the spectrum (Fig. 2A, B) are identified as double 
quantum (DQ) correlations of 14N atoms (termed NA and NB) that are 
strongly coupled to the unpaired electron spin (S = ½) of A0A

•− . The 
separation between the cross-peaks is nearly four times the corre
sponding 14N Zeeman frequency (νN of 1.07 MHz). In contrast, there are 
two overlapping pairs of cross peaks at a frequency of (2.75, 3.7) MHz 
and (2.85, 4.0) MHz in the (+,+) quadrant of the spectra in Fig. 2C, D 
that are symmetric about the main diagonal that arise from weakly 
hyperfine-coupled 14N atom(s), NC and ND. In each case, the small shift 
along the diagonal from multiples of the 14N Zeeman frequency, νN, is 
due to the nuclear quadrupolar interaction of the nitrogen atoms. 

It is necessary to determine the hyperfine and quadrupolar param
eters in order to identify the nitrogen atoms that are magnetically 
interacting with the unpaired electron spin of the A0A

•− state. The obser
vation of well-defined cross-peaks in the experimental 2D 14N HYSCORE 
spectrum of the A0A

•− state in Fig. 2A and C facilitate quantitative deter
mination of the value of the isotropic hyperfine coupling constant, Aiso, 
quadrupolar coupling constant, K, and asymmetry parameter, η, for each 
of the nitrogen atoms, NA – ND (Table 1). The quadrupole interaction is 
determined by electric field gradients that are experienced by the nu
cleus when the nuclear spin I > 1/2. The quadrupolar tensor parameters, 

K and η, where K = e2qQ / 4ħ, reflect the size and asymmetry of the 
electric field gradient at the position of the nucleus and is directly 
related to the chemical environment of the hyperfine-coupled nucleus. 
Hence, these parameters can be used to identify the type of chemical 
bonding of the nucleus. For the nitrogen atoms NA – NC, the quadrupolar 
parameter, K, is identical with a value of 0.69 MHz. This indicates the 
similar chemical nature of the NA – NC nitrogen atoms. Based on the K 
value of 0.69 ± 0.02 MHz for NA – NC, we assign these nitrogen atoms to 
the pyrrole ring(s) of the Chl molecules that constitute the A0A

•− state 
[50,56,69,70]. In contrast, the K value of 0.74 ± 0.02 MHz for the ni
trogen atom, ND, in Table 1 suggests that this is an imino nitrogen atom 
of a histidine residue that is axially coordinated to the central Mg2+ ion 
of a Chl ring. The value of e2qQ/ħ for an uncoordinated imino 14N atom 
of an imidazole group has been reported to be ~3.3 ± 0.3 MHz [66,71]. 
However, upon coordination with a metal ion this value is reduced to 
~2.0–3.0 MHz, which corresponds to a value of 0.50–0.75 MHz for K 
(66, 71). The observed quadrupolar constant, K, of 0.74 for ND is well 
within this range of values and is therefore assigned to the imino ni
trogen of a histidine residue axially coordinated to a Chl molecule in the 
A0A

•− state. Taken together, the quadrupolar couplings, K, indicate that NA 

– NC are a part of the Chl ring(s) and ND belongs to the His residue that is 
coordinated to the A0A

•− state in the M688HPsaA variant of PS I. This is in 
agreement with previous observations that a histidine residue is axially 
coordinated to the central Mg2+ ion of the primary donor Chl a/Chl a′

heterodimer and BChl a′ dimer of PS I and bRC from purple bacteria, 
respectively [43,44,72]. 

In contrast to the similar value of the quadrupolar coupling constants 
that were observed for NA – NC, the isotropic component of the hyperfine 
interaction, Aiso, of 2.8 MHz and 2.73 MHz for NA and NB is approxi
mately five times the Aiso value of NC, 0.57 MHz. The isotropic 
component, or Fermi contact term, of the hyperfine interaction results 
from the exchange polarization of electrons which results in the pres
ence of finite electron spin density at the nucleus. This indicates a large 
asymmetry in the electron spin density that is localized on each of these 
nitrogen atoms, NA – NC. Interestingly, the Aiso for all three nitrogens, NA 

– NC, is smaller than Aiso values of the hyperfine-coupled nitrogen atoms 
that were previously observed in the monomeric Chl a•− anion or Chl a•+

cation in vitro [1,46,73–75]. Moreover, this value is in agreement with 
the values that were recorded for the primary donor cation, P700

•+ [1,72], 
and the A0

•− state of WT PS I [28]. The smaller hyperfine coupling con
stants for the NA – NC nitrogen atoms indicate that the unpaired electron 
spin is delocalized over two or more Chl rings in the A0

•− state of the 
M688HPsaA variant of PS I. However, these results do not identify the 
specific Chl molecules that are involved in the charge delocalization. 
The Aiso value for ND, a feature not seen in WT PS I, is 0.67 MHz, 
showing a finite but small amount of electron density residing on the 
imino nitrogen of the H688PsaA residue. 

Table 1 
Experimental 14N isotropic hyperfine (Aiso), quadrupolar (K) and asymmetry (η) 
parameters of the A0A

•− state of the M688HPsaA variant of PS I obtained from the 
2D 14N HYSCORE spectroscopy measurements.  

Nitrogen Ax 

[MHz] 
Ay 

[MHz] 
AZ 

[MHz] 
Aiso 

[MHz] 
K η 

NA 3.7 ±
0.2 

1.0 ±
0.2 

3.7 ±
0.2 

2.80 ±
0.2 

0.69 ±
0.02 

0.5 ±
0.2 

NB 3.6 ±
0.2 

1.0 ±
0.2 

3.6 ±
0.2 

2.73 ±
0.2 

0.69 ±
0.02 

0.5 ±
0.2 

NC 0.1 ±
0.2 

0.1 ±
0.2 

1.5 ±
0.2 

0.57 ±
0.2 

0.69 ±
0.02 

0.4 ±
0.2 

ND 0.4 ±
0.2 

0.4 ±
0.2 

1.2 ±
0.2 

0.67 ±
0.2 

0.744 ±
0.02 

0.5 ±
0.2  

M. Gorka et al.                                                                                                                                                                                                                                  



BBA - Bioenergetics 1862 (2021) 148424

6

3.3. Density functional theory calculations of the A0
•− state of the 

M688HPsaA variant 

We performed DFT calculations that complement the experimental 
2D 14N HYSCORE spectroscopy measurements in the previous section to 
understand better the electronic structure of the A0A

•− state of the 
M688HPsaA variant of PS I. As described in the Materials and methods 
section, in the absence of an X-ray crystal structure for the M688HPsaA 
variant, the coordinates for the computational models for the DFT cal
culations were derived from the 2.5 Å resolution X-ray crystal structure 
of WT PS I from T. elongatus [4]. The M688PsaA residue in the WT PS I 
structure was replaced by a His residue and energy minimization was 
performed on the resulting variant (Fig. 3A–B) [9]. The minimum en
ergy structures were analyzed to construct a histogram of the distance 
between the imino nitrogen of H688PsaA to the Mg2+ ion of the Chl3A 
molecule and the structures with the most favorable metal-to-ligand 
distances were selected for further optimization using DFT methods. 
We used the results of the DFT calculations on an isolated Chl3A

•− anion as 
a test case to reproduce the electron spin delocalization over a mono
meric Chl a•− anion (Fig. 5S). The electron spin density distribution in 
the singly occupied molecular orbital (SOMO) of the computational 
model with an isolated Chl3A

•− anion reproduced the trends that were 
previously observed for Chl a•− anions in vitro [3,76]. 

Subsequently, we expanded the computational model to include both 
the Chl3A and Chl2A molecules with their axial ligands, H688PsaA and 
water, respectively, as well as the A1A quinone acceptor. Previous 
computational studies of proteins have used quantum mechanics/mo
lecular modeling (QM/MM), which involves intensive quantum me
chanical calculations on a small group of selected atoms, while classical 
mechanics are used for the rest of the system. However, the electronic 
coupling between the Chl rings in the present case would likely 
complicate the use of hybrid methods. Recent studies by Pantazis and 
coworkers [77] on highly-coupled Chl and pheophytin molecules in 
Photosystem II (PS II) suggests that future refinement of this system 
using QM/MM methods is possible. In this study, we used an all- 
quantum mechanical approach to model the electronic structure of the 
cofactors as a whole. We observed that the electron spin density distri
bution in the SOMO of the computational model containing the Chl3A 
and Chl2A molecules with the respective axial ligands, and the A1A 
quinone acceptor was delocalized on Chl3A and Chl2A rings in the A0A

•−

state (Fig. 4A). This is consistent with the smaller 14N hyperfine coupling 
constants that were observed for the ring nitrogen atoms, NA – NC, in the 
2D 14N HYSCORE spectroscopy measurements. This delocalization is 
similar to that observed for WT PS I examined under the same param
eters (Fig. 4B), with the notable exception that more electron density 
resides on Chl3A in WT PS I. 

A comparison of the experimental 14N hyperfine coupling constants 
with the couplings that were calculated by DFT methods indicates that 
the hyperfine-coupled NA and NB nitrogen atoms in the 2D HYSCORE 
measurements correspond to the nitrogen atoms at the N1 and N3 of 

Chl2A and NC matches the N2 atom of Chl3A in the computational model 
of the A0A

•− state of the M688HPsaA variant of PS I (using the numbering 
scheme for pyrrole nitrogen atoms as depicted in Fig. 1) (Table 2S). 
However, the DFT calculations predict hyperfine couplings of 1.33–1.55 
MHz with the N1 and N3 atom on Chl3A and N2 on Chl2A. The hyperfine 
signals from these nitrogen atoms were not detected in the 2D 14N 
HYSCORE experiments. Numerical simulations indicate that the cross- 
peaks arising from pyrrole nitrogen atoms with hyperfine couplings of 
1.3–1.4 MHz are close to the signals from NC but they may be diminished 
in intensity due to cross-suppression effects from the strongly hyperfine 
coupled N1 and N3 atoms of Chl2A [78,79]. The resolution of the hy
perfine signals of the N3 and N1 atoms on Chl3A and N2 on Chl2A will be 
the focus of future studies. The larger magnitude of the hyperfine 
coupling, Aiso, of N1 and N3 of Chl2A is in agreement with the increased 
electron spin density on Chl2A in the M688HPsaA variant, which is in 
contrast with WT PS I (Fig. 4A–B) [28]. Interestingly, the DFT calcula
tions reveal a hyperfine and quadrupolar coupling value of 0.45 MHz 
and 0.85 MHz, respectively, for the nitrogen atom ND of His688PsaA that 
is an axial ligand to the Mg2+ ion of the Chl3A ring. These couplings are 
close to the experimental Aiso and K values of 0.67 ± 0.2 MHz and 0.74 
MHz that were obtained by 2D HYSCORE spectroscopy. 

4. Discussion 

The two most informative parameters obtained from 2D HYSCORE 
spectroscopy measurements of the A0A

•− state of the M688HPsaA variant of 
PS I are the isotropic hyperfine coupling constant or Fermi contact term, 
Aiso, and the quadrupolar coupling constant, K. The isotropic hyperfine 
coupling, Aiso, is directly related to the extent of the electron spin density 
distribution in a paramagnetic species [80]. We have determined that 
the Aiso values of the 14N hyperfine interactions in the A0

•− state of WT PS 
I range from 0.52–2.80 MHz [28], and are smaller than the analogous 
14N Aiso values that were obtained for a monomeric Chl a•+ cation 
[1,73,75,81] and • anion [74] in vitro (4.40–5.50 MHz). However, the 
Aiso values of the 14N atoms for the A0A

•− state were comparable in 
magnitude to known Chl a dimers, such as the primary donor cation of 
PS I, P700

•+ , that range from 1.37–2.80 MHz [28]. This provided the best 
evidence that the electron spin density in the A0

•− state is distributed over 
a dimer of Chl molecules, Chl2A/2B and Chl3A/3B of WT PS I. 

The isotropic hyperfine couplings, Aiso, of the pyrrole nitrogen atoms 
in the A0A

•− state of the M688HPsaA variant of PS I are in the range of 
0.57–2.80 MHz. There is, however, a major difference between the WT 
and M688HPsaA variant in the present study. While the axial ligand of 
Chl3A is the M688PsaA residue in WT PS I, it has been replaced by a His 
residue in the M688HPsaA variant. However, it was unclear whether the 
His residue would ligate the Mg2+ ion of Chl3A and if so, whether it 
would result in a change in the electronic properties of Chl3A in a way 
that could impact the electron spin delocalization over the Chl dimer in 
the A0A

•− state. Upon comparison of the 2D 14N HYSCORE spectra of the 
A0

•− state of WT and M688HPsaA PS I, we observed an additional cross- 

Fig. 3. The axial ligation of the Chl3A molecule in (A) the M688HPsaA variant of PS I where the M688PsaA was replaced by a His residue, and (B) WT PS I [9].  
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peak in the (+,+) quadrant of the M688HPsaA spectrum that corresponds 
to the presence of a weakly hyperfine-coupled nitrogen atom, ND. In 
determining the identity of the new spectral feature, we turned our 
attention to the quadrupolar coupling constant, K, that reflects the na
ture of the electric field gradient around a quadrupolar nucleus (where I 
> 1), such as a 14N atom with a nuclear spin, I, of 1 (see [56,71] for a 
review). The value of K of 0.69 MHz for the NA–C atoms that were hy
perfine coupled to the electron spin in the A0A

•− state were identical to 
those obtained for the analogous 14N atoms in the A0

•− state in WT PS I, 
and correspond to the pyrrole nitrogen atoms of the Chl ring [28]. 
However, the value of K for ND was 0.74 MHz, corresponding to an 
imino nitrogen of a histidine residue. DFT calculations provided further 
confirmation of the identity of ND, as they revealed electron spin density 
on the ε‑nitrogen of H688PsaA, which is in close proximity to the central 
Mg2+ ion of the Chl3A cofactor. Thus, both the experimental and 
computational studies indicate that the H688PsaA serves as an axial 
ligand to the Chl3A cofactor. 

Despite clear evidence of the coordination of the histidine residue, 
H688PsaA, as an axial ligand at the central Mg2+ ion of the Chl3A cofactor 
in this study and the significant impact on the rates of electron transfer 
observed previously [9], the impact on the delocalization of the electron 
spin density over the Chl2A/2B and Chl3A/3B cofactors in the A0A

•− state of 
M688HPsaA PS I is minimal. The values of the isotropic hyperfine 
coupling, Aiso, for the hyperfine-coupled nitrogen atoms in the A0

•− state 
of WT PS I range from 0.52–2.80 MHz [28], while the Aiso values of the 
A0A

•− in the M688HPsaA variant of PS I with the H688PsaA residue coor
dinated to the central Mg2+ ion of the Chl3A cofactor range from 
0.57–2.80 MHz. This suggests that there is no change in the electron spin 
delocalization over the Chl2A/2B and Chl3A/3B cofactors in the A0A

•− state 
of M688HPsaA PS I. Further, the identities of the specific pyrrole nitro
gens that are involved in the delocalization of the electron spin density 
in the A0

•− state remains unchanged (Fig. 4A). This suggests that the 
delocalization of the electron spin density in the A0

•− state is robust and 
independent of the identity of the axial ligand that is coordinated to the 
central Mg2+ ion of the Chl3A cofactor. Nevertheless, the DFT calcula
tions reveal a change in the asymmetry of the delocalization over the 
Chl2A/2B and Chl3A/3B cofactors in the A0A

•− state, shown in Fig. 4A–B. It 
appears that distribution over the Chl3A and Chl2A cofactors is asym
metric in favor of Chl3A in the A0

•− state of WT PS I, while the electron 
spin density distribution is in favor of the Chl2A cofactor in the 
M688HPsaA variant of PS I. 

Understanding the effects of the substitution of an axial ligand at the 
central Mg2+ ion on the redox potential of a Chl cofactor can help 

elucidate the effects that the replacement of Met688PsaA by a His residue 
has on the asymmetry of delocalization and electron transfer reactions 
within PS I. A previous theoretical study by Heimdal and coworkers [82] 
interrogated the effects of various axial ligands on the redox properties 
of monomeric Chls. Assuming a dielectric constant, ε, of 4 for a protein 
matrix [83,84], it was determined that the order from most oxidizing to 
most reducing axial ligands to the central Mg2+ ion are: No axial ligand 
(−1.69 V), Met (−1.79 V), Ser (−1.84 V), H2O (−1.87 V), and His 
(−1.90 V). This suggests that the axial coordination of a His residue 
would result in a slight decrease in the redox potential of a Chl cofactor 
in comparison with an axial Met ligand. Moreover, in WT PS I, the Chl3A 
cofactor is coordinated by an axial Met ligand, whereas Chl2A is coor
dinated by a water molecule (Fig. 1B). The difference in the redox po
tentials would likely result in Chl2A being ~80 mV more reducing than 
Chl3A, which in turn would lead to a slight preference for the distribution 
of electron spin density to favor Chl3A (Fig. 4B). In contrast, when the 
axial Met ligand of Chl3A is replaced by a His residue, the difference in 
the redox potential between Chl3A and Chl2A is inverted, as Chl3A would 
be ~30 mV more reducing than Chl2A, which could result in a slight 
increase in the electron spin density distribution in favor of the Chl2A 
cofactor. Thus, it appears that although the overall delocalization of the 
electron spin density over the Chl3A and Chl2A cofactors in the A0

•− state 
is independent of the axial ligand to the central Mg2+ ion, the choice of 
the ligand may exert a slight influence on the relative distribution of this 
delocalization over the Chl dimer, which can, in turn, have a significant 
impact on electron transfer efficiency. 

5. Conclusions 

Using a combination of 2D HYSCORE spectroscopy and DFT calcu
lations, we demonstrate that the His that replaces M688PsaA residue in 
the M688HPsaA variant of PS I serves as the axial ligand to the Chl3A 
cofactor. Analysis of the quadrupolar coupling constant of the 2D 
HYSCORE signal from the hyperfine-coupled nitrogen atoms reveals that 
the imino nitrogen of a His residue is an axial ligand to the Chl3A cofactor 
in the A0A

•− state. Additionally, MD simulations confirm that the His has a 
preferential orientation toward the Mg2+, and DFT calculations on this 
complex revealed that the previously discovered delocalization over the 
Chl2A/Chl3A dimer in the A0A

•− state of the M688HPsaA variant of PS I is not 
disrupted by the His replacement, showing that the dimerization of Chl2 
and Chl3 is independent of the identity of the axial ligand to the con
stituent Chl cofactors. However, there is an inversion of the asymmetry, 
now in favor of Chl2, which may better explain the inhibition of forward 

Fig. 4. Electron spin density distribution in the 
singly occupied molecular orbital (SOMO) of the A0

•−

state in a computational model containing the A1A, 
Chl3A and Chl2A cofactors with the (A) H688PsaA and 
water molecule that are axially ligated to Chl3A and 
Chl2A, respectively, in the M688HPsaA variant of PS I 
with the numbering scheme that is employed to label 
the pyrrole groups of each Chl ring and (B) M688PsaA 
residue and water molecule that are axially ligated to 
Chl3A and Chl2A, respectively, in wild-type PS I.   
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electron transfer to A1 when A0 is ligated by His. This work reveals that 
the choice of an axial ligand to the Chls is yet another factor that is 
employed in PS I to fine tune the electronic structure and redox prop
erties of the donors and acceptors that are involved in the light-driven 
electron transfer pathway. 
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