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Abstract

For billions of years, nature has optimized the photosynthetic machinery that con-
verts light energy into chemical energy. Key primary reactions of photosynthesis
occur in large membrane protein—cofactor complexes. The light-induced sequential
electron transfer reactions occur through a chain of donor/acceptor cofactors embed-
ded in the protein matrix resulting in a long-lived transmembrane charge-separated
state. EPR is the method of choice to study electron transfer and the interaction of
protein environment with redox-active cofactors. However, the spectra of organic
cofactor radicals typically are not fully resolved and severely overlap at conven-
tional X-band EPR. Even at Q-band EPR, this overlap is present and often a serious
problem. As a result, there is a large variation of the reported EPR data and limited
understanding of electronic structures of several redox-active cofactors. These seri-
ous problems can often be overcome by the excellent spectral resolution provided
by high-frequency EPR (HF EPR). Here, we study the electronic structure of the
primary electron donor Py, and the secondary electron acceptor A; of Photosys-
tem I (PSI) using 130 GHz (D-band) EPR and Electron—Nuclear-Double-Resonance
(ENDOR) spectroscopy. PSI was isotopically labeled with >N (I=1%) to avoid quad-
rupolar interactions in the most abundant nitrogen isotope '*N (/=1) and simplify
the ENDOR spectra. ENDOR spectroscopy is central for determining the hyperfine
coupling of nitrogen atoms of the two chlorophyll molecules comprising oxidized
P,y and the involvement of protein nitrogen atoms with reduced A,. While HF
ENDOR of A,” allows identification of two nitrogen atoms, HF ENDOR of P,,,*
still does not permit unique assignment of the recorded hyperfine couplings.
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1 Introduction

Photosynthesis is the light-driven process used by plants and cyanobacteria to
produce carbohydrates from carbon dioxide and water [1-3]. The oxygenic ver-
sion of photosynthesis is the basis for all higher life on earth. The chemical reac-
tions in photosynthesis can be divided into the light reactions and dark reactions.
The early steps of the light reactions consist of a series of light-induced elec-
tron transfer (ET) reactions. The light reactions occur in photosynthetic reac-
tion center (RC) proteins with near unity quantum efficiency, something not yet
achieved in artificial systems [4]. Photosynthetic RCs are large, integral trans-
membrane protein—cofactor complexes in which light-initiated rapid, sequential
electron transfers result in the formation of stabilized charge separation across
the membrane, which is then used to drive subsequent chemical dark reactions
of photosynthesis [1-3,5-7]. The ET events inside the RCs occur through a chain
of electron donor and acceptor molecules. There are two types of photosynthetic
RCs, Type I and Type 1II, as defined by their terminal electron acceptor cofac-
tors. Type II RCs use quinones as their terminal electron acceptors, while Type I
RCs use FeS clusters as terminal electron acceptors [1,8—14]. Photosystem I (PSI)
of oxygenic photosynthesis is the most important representative of Type I RCs.
X-ray analysis of PSI single crystals reveals two branches of cofactors, termed
A and B, arranged in a pseudo two-fold symmetry (Fig. 1A) [8, 9]. Each branch
contains three chlorophylls and one quinone as central cofactors involved in ET,
while a large number of additional chlorophylls and carotenoids act as an internal
light-harvesting antenna which, upon absorption of a photon, funnels the energy
to the central chlorophyll cofactors. In the “standard model” of charge separation
in PSI, in analogy with other photosynthetic RCs, light-induced electron transfer
starts from the primary electron donor P, consisting of a pair of chlorophyll
molecules (P, and Py, Fig. 1B), each from one branch. Alternatively, the very
first step of charge separation might start from the second chlorophyll in either
the A- or B-branch, so-called accessory chlorophylls. The “primary donor” P,
would then be oxidized only in the second step, reducing the oxidized accessory
chlorophyll [15-18]. Independent of the location of the first ET step, the electron
is transferred rapidly to the primary acceptor chlorophyll termed A, and then to
the next electron acceptor termed A, (phylloquinone, VK,). In contrast to Type
IT RCs, neither of the two quinone molecules in PSI, termed A, and A g, acts
as terminal electron acceptor, but under physiological conditions sequential ET
continues to three [4Fe—4S] clusters termed Fy, F,, and Fy (Fig. 1A) [6, 19, 20].
The ET in PSI was presumed for a long time to be unidirectional (ET in only
one of the two branches) by analogy to Type II RCs, like the purple bacterial
RC, despite no different functionality of the quinones A,, and A;z. Now it is
generally accepted that electron transfer can occur on both branches, though the
exact “branching ratio” may depend on the species from which PSI is isolated
as well as details of the biochemical procedures [6,20-27]. At low temperature,
the ET behavior is somewhat different. ET along the A-branch is blocked at low
temperature beyond A, quinone, while ET along the B-branch continues to the
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P, H660 7

Fig. 1 A Scheme of cofactor arrangement and ET pathways in Photosystem I (PSI) RC. The cofactors
are arranged in two symmetric branches, A (red) and B (blue). Following photoexcitation, the primary
donor P, becomes oxidized, transferring its electron to one of two identical chains of donor/acceptor
molecules: chlorophyll A, phylloquinone A;, and three [4Fe—4S] clusters, Fx, F,, and F. B Structure
of primary donor P, a dimer of Chlorophyll a (Py) and a Chlorophyll a’ (P,) and selected surrounding
amino acids. Both Chls are axially singly ligated by histidines (H680p,,, and H660p,,5, respectively), and
Chlorophyll @’ is hydrogen bonded to threonine T743p,,. C Structure of secondary acceptor A, vita-
min K, (VK,), and selected surrounding amino acids. Only one oxygen of VK, is involved in a hydrogen
bond with a leucine (L722p,,). Structural coordinates from crystal structure of PSI from 7. elongatus
(PDB code 1JBO0) (color figure online)

[4Fe—4S] clusters, generating a quite stable (long-lived) charge separated state
P.oo" [Fa.Fgl™ in a certain fraction of PSI RCs [19,20,25-28]. At low tempera-
ture, [4Fe—4S] clusters act as deep traps for electrons and thus electron recombi-
nation to the oxidized primary donor P,," is largely suppressed.

P,qo has been extensively investigated over the years because of its important
role in the redox chemistry of PSI, potentially directing the light-generated elec-
tron to the A- or B-branch [6]. However, gaps in knowledge still remain. X-ray
crystallography [8,9] has shown the primary donor P, is a Chl a/Chl a’ heter-
odimer in which the two Chl molecules are in a coplanar arrangement (Fig. 1B).
The two chlorin planes partially overlap (at rings I and II) and have an average
interplanar distance of 3.6 A. Both Chls are located on the sides of an approxi-
mate C, symmetry axis. In addition to the asymmetry in chemical composition,
further asymmetry is imparted by the surrounding protein environment. While
both Chls are symmetrically axially ligated by histidine residues to the central
Mg ions (H680p,, and H660p,,5, respectively), only the A-site Chl a’ is hydro-
gen bonded to the protein. The keto carbonyl oxygen (13') on ring E is H-bonded
to Threonine (T743p,,) and the phytyl ester carbonyl oxygen is H-bonded to
Tyrosine (Y735pq,,)- Furthermore, the carboxy oxygen of the 13?-carbomethoxy
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group is H-bonded by water. Several amino acids are also part of an H-bond net-
work involving this water molecule (Y603p,,,, S607pg,n, T743pg,n)-

While many spectroscopic methods have been applied to study the primary donor
P.got, electron paramagnetic resonance (EPR) techniques have been the most useful
for gaining detailed insight about its electronic structure [29,30]. One of the main moti-
vations of this research is a wide variety of the reported hyperfine couplings (hfc) of
the nitrogen atoms in the literature. The EPR spectra of organic cofactor radicals typi-
cally severely overlap with unresolved canonical components at conventional EPR fre-
quency of 9.5 GHz (X-band), limiting information about their electronic structure. This
might be one of the sources for variation in the hfc data. These serious problems can
be overcome by utilizing high-frequency EPR, which provides much higher spectral
resolution [31-38]. Orientation-selective Electron-Nuclear-Double-Resonance spec-
troscopy (ENDOR) at D-band (130 GHz) allows more precise determination of unre-
solved hyperfine interactions with magnetic nuclei, thus providing further details about
the electronic properties of protein-embedded cofactors. Here, we use D-band EPR and
ENDOR spectroscopy to study the primary electron donor P;, and the secondary elec-
tron acceptor A; in PSI. The asymmetry of the spin density distribution in P, has
been extensively investigated using ENDOR spectroscopy to determine the hyperfine
couplings of nitrogen atoms of the two chlorophylls comprising P,,. However, there is
still no consensus on the interpretation and assignment of the nitrogen hyperfine cou-
pling (hfc) data obtained by ENDOR and ESEEM/HYSCORE techniques. The sec-
ondary electron acceptor A, has a single H-bond to the protein via a peptide nitrogen
atom (Fig. 1C). This interaction modulates electronic properties of A; which is essen-
tial for efficient ET. The reliable identification of nitrogen hfc at conventional X-band
EPR/ESEEM/HYSCORE is obscured by spectral overlap with other organic species,
like the anion radical of the primary acceptor Chl A, as well as substantial quadrupolar
interactions related to the most abundant nitrogen isotope '*N with a nuclear spin /=1.
The unique availability of >N labeled photosynthetic microorganisms in our laboratory
was further impetus for this study. To simplify interpretation of the ENDOR spectra,
PSI was isotopically labeled with '°N, which has /=Y and thus no quadrupolar inter-
actions. Furthermore, PSI was also fully deuterated reducing the EPR linewidth and
allowing resolution of the small electronic g-tensor anisotropy of P-,,* at D-band. For
the study of A;™ a biochemical procedure has been used to generate a stable, station-
ary A, radical anion. In this procedure, the [4Fe—4S] clusters F, and Fy are chemi-
cally reduced and reduction of Fy and A, is achieved by illumination of PSI samples
at temperatures slightly above 200 K [20, 27, 28, 39-46]. 130 GHz EPR allowed both
the resolution of the electronic g-tensor of A~ and also spectral separation of A;™ from
background signals and side products generated due to the chemical reduction and fol-
lowing photoaccumulation procedure.

@ Springer



D-Band EPR and ENDOR Spectroscopy of '*N-Labeled Photosystem. .. 1179

2 Materials and Methods
2.1 Sample Preparation

Fully deuterated cyanobacteria were cultured from pure water to 99.6% D,O by
incremental increases in D,0. This procedure gives time for the cyanobacteria to
adapt to heavy water conditions. Once a healthy culture is successfully growing in
fully deuterated conditions, this 50 ml culture is then used to inoculate 5 1 of deuter-
ated, '’N media. Fully deuterated, fully N-substituted Synechococcus lividus was
grown at 48 °C under fluorescent lighting fixtures in closed Lucite rocking-box units
containing 5 L of culture media as detailed in ref [47]. 4 g of KI°NO; (from Oak
Ridge National Laboratory) was used per 1 L of media. Once optimal culture growth
was achieved, the cyanobacteria were harvested and PSI reaction centers were iso-
lated and purified as described in ref [48]. Purified PSI was prepared in 50 mM MES,
pH 6.5, 20% glycerol, 0.03% p-DM (n-dodecyl p-p-maltopyranoside, Anatrace), and
30 mM sodium ascorbate. For EPR measurements on P,y,*, the PSI sample was
concentrated to 150 uM PSI monomer with final conditions of 50 mM Tris—Cl, pH
8.3, 20% glycerol, 0.03% B-DM, and 10 mM sodium ascorbate. For EPR measure-
ments of A;” and A,~, PSI samples were prepared in 50 mM glycine—-KOH, pH
10, 20% glycerol, 0.03% p-DM and 40 mM sodium hydrosulfite. All samples were
dark-adapted for~ 15 min at room temperature. This procedure leads to the reduc-
tion of F, and Fy iron—sulfur centers in the sodium hydrosulfite containing samples.
The samples were loaded into quartz tubes (inner diameter 0.5 mm/outer diameter
0.6 mm), dark-adapted, and placed in the microwave cavity. The cavity was held in
an Oxford flow cryostat, and temperature was controlled by the Oxford temperature
control system. Sodium ascorbate containing samples for the measurement of P;o,*
were cooled down to 100 K from ambient temperature under illumination. Sodium
hydrosulfite containing samples were cooled down to 205-210 K in the dark, fol-
lowed by illumination for various time durations with 532 nm laser light. This com-
bination of reduction with sodium hydrosulfite and illumination (referred in the fol-
lowing to as “photoaccumulation” procedure) results in the successive reduction of
Fxand A, and A, [20, 27, 39, 40, 42-46].

2.2 EPR and ENDOR Spectroscopy

EPR measurements were performed on a pulsed/continuous wave high-frequency
D-band (130 GHz/4.6 T) EPR spectrometer [33,49] with single mode cylindri-
cal cavity TE(;. Pulsed EPR spectra were recorded by monitoring the electron
spin echo (ESE) intensity from a two microwave (mw) pulse sequence as a func-
tion of magnetic field (FSE, Field-Swept-Echo detected EPR). The duration of the
7/2 microwave pulse was 40-50 ns and separation times between microwave pulses
were 200 ns. Pulsed Mims ENDOR spectra were recorded by monitoring the elec-
tron spin echo (ESE) intensity from a three microwave pulse sequence (n/2 —t—
/2 —t—mn/2—t—echo) as a function of radiofrequency [50-53]. The duration
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of the ©/2 microwave pulses was 40-50 ns, separation times between the first two
microwave pulses (t) were varied in the range 150-500 ns, and ¢ was 200 ps. A
Rhode & Schwarz RF synthesizer and a BT01000-AlphaSA 1 kW RF amplifier
(TOMCO Technologies, Stepney, Australia) were used to deliver an RF z-pulse of
120 ps between the second and third mw pulse. Light excitation of the sample was
achieved with an optical parametric oscillator (OPO, GWU-Lasertechnik) pumped
by a Nd:YAG laser (Quanta-Ray INDI, Spectra Physics), the output of which was
coupled to an optical fiber. The optical fiber allows delivery of up to 2 mJ per pulse
to the sample. Excitation wavelength was 532 nm. Data processing was undertaken
using Matlab 2018b (MathWorks, Natick, US). Simulations of EPR and ENDOR
spectra were performed using the Easyspin software (version 6.0.0) [54].

3 Results and Discussion
3.1 Electronic Structure of the Cation Radical of the Primary Donor P,,*

The P,," cation radical was generated by illumination at low temperature to avoid
potential unwanted reactions that can occur with chemical oxidation. A typical field-
swept echo detected EPR spectrum recorded at high-frequency D-band (130 GHz,
4.6 T) is shown in Fig. 2A. The spectrum was recorded in pulsed mode and shows
an absorption type spectrum, not the more typical first-derivative type spectrum
obtained with continuous wave (cw) EPR spectroscopy. The spectrum is due to a
single unpaired electron spin, dominated by a slightly rhombic g-tensor and shows
no resolved hyperfine structure. Note, that this spectrum demonstrates a reduction
in line width as compared to the signal of P,y,* in fully protonated and '*N-con-
taining PSI [29,30,33,36,55-59]. Simulation of the D-band EPR spectrum provided
the principal g-tensor values of 2.00309 (g,), 2.00263 (g,), and 2.00225 (g,), which
are all very close to the g value of the free electron (g,~2.00232), indicating very
weak spin—orbit coupling [60—62]. These values are in excellent agreement with pre-
vious high-frequency P,,,* EPR studies of perdeuterated PSI, and frozen solution
and single-crystal EPR studies of protonated PSI [29,30,33,36,55-59]. The arrows
in Fig. 2A mark the magnetic field positions where the three Mims ENDOR spectra
were recorded (Fig. 2B). These positions approximately correspond to the princi-
pal values of the g-tensor. The length of the n/2 mw pulses in the Mims ENDOR
pulse sequence provides an excitation width of approximately 20 MHz, [53] which
slightly exceeds the anisotropic broadening used to simulate the EPR spectrum
(11-13 MHz). Thus, even for the two outer magnetic field positions the ENDOR
spectra are not fully single-crystal type ENDOR spectra. An important considera-
tion for analysis of the ENDOR spectra is the orientation of the electronic g-tensor
within the molecular axes system of the cofactor radical. For a planar, delocalized
organic m-type molecular radical like a Chl, two components of the g-tensor are
expected to be in the plane, while the third one (with the lowest g value) is ori-
ented perpendicular to the plane [60,61,63]. For the primary donor in PSI this is not
the case. The g-tensor orientation of P,,,* was determined by two independent EPR
methods, and it was found that all three principal g-tensor axes deviate substantially
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Fig.2 High-frequency (130 GHz) pulsed EPR and ENDOR spectra of the P,,* cation radical. All spec-
tra were recorded at T=>50 K. A High-frequency (130 GHz, D-band) pulsed EPR spectrum of the P;,*
cation radical (black) and its simulation (red). Simulation parameters for the g-tensor: 2.00309, 2.00263,
2.00225. Colored arrows indicate the magnetic field positions where the ENDOR spectra were acquired.
B >N Mims ENDOR spectra recorded at three magnetic field positions corresponding approximately to
principal values of the electronic g-tensor. Note that Mims ENDOR signals are negative. Spectra were
recorded with 7=200 ns, except narrow black spectrum, =500 ns (color figure online)

from the molecular axes system [29,30,58,59]. This complicates the determination
of principal hyperfine coupling constants and the assignment of hyperfine tensors to
specific nuclei. This also explains why ENDOR spectra recorded along g, and g, are
relatively broad, while at the two outer canonical orientations, g, and g,, ENDOR
spectra often exhibit quite narrow, single-crystal type lines.
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The first-order resonance condition for ENDOR spectroscopy of >N nuclei is
Venpor =1V1sn £A/2], where v;sy is the Larmor frequency of a “free* N nucleus
and A is the hyperfine coupling [51-53,64]. For comparison of !> N hyperfine cou-
plings with those of the naturally occurring "N nucleus (/=1, 99.6% abundance),
the hyperfine couplings need to be scaled with “N/'>N gyromagnetic ratio of
~1/1.40. Since all nitrogen hyperfine coupling constants are much smaller than the
Larmor frequency at ~4.636 T (!N Larmor frequency ~20.0 MHz), ENDOR sig-
nals of each nitrogen nucleus coupled to the unpaired electron spin manifest them-
selves as a line pair with a distance of A/2 from the N Larmor frequency. ENDOR
signals of other magnetic nuclei in P,,," are well-separated from >N signals due
to the large Zeeman effect at these high magnetic fields. Since the Mims ENDOR
sequence is based on the three pulse stimulated echo sequence, it suffers from so-
called blindspots for a hfc A=1/z and a suppression of ENDOR signals close to the
Larmor frequency [50-53]. The ENDOR spectra at gy, gy, and g, positions, shown
in Fig. 2B, were recorded with =200 ns, corresponding to the first blindspot for
hyperfine couplings of 5 MHz, which is outside of the range acquired. In order to
check that there are no hfcs larger than 5 MHz, several spectra were recorded at dif-
ferent z-values in the range of 150-500 ns.

The Mims ENDOR spectrum recorded at g, orientation (maximum of EPR
signal) is most resolved. Six ENDOR line pairs are clearly visible, the innermost
being better visible when using longer 7=>500 ns value (Fig. 2B, narrow black spec-
trum). Two weakly coupled >N nuclei (labeled 1 and 2 in Fig. 2B) are observed
with hfc smaller than 1 MHz. These lines are highly isotropic as they demonstrate
only a minor shift when recorded at gy, gy, and g, positions. Hfc for these positions
are: for line 1—0.30 MHz, 0.27 MHz, 0.26 MHz, (A;,,=0.28 MHz+0.02 MHz)
for line 2—0.69 MHz, 0.68 MHz, 0.72 MHz (A;,,=0.70 MHz+0.02 MHz) cor-
respondingly. Four additional ENDOR line pairs from stronger coupled >N nuclei
are clearly observed at g, orientation with hfcs for line 3—1.78 MHz, line 4—
2.04 MHz, line 5—2.26 MHz, and line 6—2.39 MHz.

Our data does not permit the complete orientational dependence of these four
ENDOR line pairs to be followed, but does allow estimation of the anisotropy range
of these "N hfc tensors. We define anisotropy parameter, A, as a maximum dif-
ference in positions of the lines for all three canonical orientations. Thus, for line 3
the maximum shift A ;. is not more than 0.2 MHz, for line 4—A ;. <0.2 MHz,
and for line 5—A,;;, <0.4 MHz, and for line 6—A,;,, < 0.4 MHz.

In principle, up to 10 nitrogen hyperfine tensors could be observed (excluding
distant nitrogens which could potentially produce a matrix-type ENDOR signal).
Four pyrrole nitrogen atoms are part of each of the two Chls (P, and Pg) comprising
the primary donor P,,. In addition, each Chl has a histidine residue as axial ligand,
which coordinates the central Mg?* ion of the Chl via a nitrogen atom (Fig. 1B).
However, very weakly coupled nitrogen nuclei (IAl< 0.25 MHz) will not be observed
due to the central ENDOR hole. While strong >N hfc of up to ~5 MHz were
reported previously for P,y [29, 65-68], we were not able to detect any lines with
hfc larger than 3 MHz even by varying t-time in a wide range 150-500 ns to elimi-
nate the blind spot dependence. Note that these strong hfcs were obtained in ESEEM
and HYSCORE experiments as parallel components A; of highly anisotropic hfc
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tensors. Highly anisotropic '°N hyperfine couplings in general, and their parallel
component particular, are difficult to detect with ENDOR spectroscopy. This might
be a reason we were not able to observe these hfc lines. Alternatively, the experi-
mental data from previous studies at lower magnetic fields with its many signals in
a narrow frequency range might have been misinterpreted or incorrectly assigned.

In general, our HF data are in good agreement with 5N ENDOR [29,66,69] spec-
troscopic results obtained at lower magnetic fields. The most significant discrep-
ancy is found for the estimation of hfc anisotropy when compared to ESEEM and
HYSCORE results. However, the direct comparison of reported data on nitrogen hfc
parameters of P;,* must be taken with care as data were reported for different PSI
species, with each species potentially having slightly different protein environments
surrounding the primary donor which could influence hfcs. Indeed, a certain degree
of species dependence of hfc in P,,* is observed for 'H hfcs [29,30,70-72].

The main problem of data analysis is the lack of the direct assignment of hfcs
to a particular nitrogen atom. Orientational dependence of ENDOR spectra does
not help much as hyperfine tensor axes and g-tensor axes are not collinear and
even at 130 GHz the g-tensor anisotropy is too small to allow ENDOR spectra to
be recorded at a larger number of field positions (see discussion above about mw
pulse excitation width vs EPR linewidth). There are several plausible assignments
based on different assumptions. We assign isotropic line 2 (4;,=0.70 MHz) to
axial N-ligand (H660p,p) to the Mgt of Py, based on direct evidence from selec-
tive 1N isotope labeling experiment [69]. Following this assignment, we are making
the plausible assignment of isotropic line 1 (A;,,=0.28 MHz) to the axial N-ligand
(H680p,4) to Mg** of P,. From this we estimate the asymmetry parameter of the
spin density distribution between Py and P,, R,z as 0.70/0.28 =2.5 since both his-
tidine nitrogens are at the same distance from the Mg?" ion of their respective Chl.
This is in good agreement with theoretical and experimental estimations of reported
spin density asymmetry parameters [29,30,62,68,70—73].

However, different assignments of line 2 were also proposed [68]. We believe
that to definitely solve the assignment problem, a comprehensive study of hfc for
the same species in a multifrequency ENDOR/ESEEM/HYSCORE approach with
global data analysis—to eliminate the large number of adjustable parameters—is
absolutely necessary. TRIPLE resonance techniques (Electron—Nuclear—Nuclear
Triple Resonance) could also substantially contribute to the solution [S1-53]. One-
dimensional TRIPLE experiments, either heteronuclear or homonuclear would help
to determine the relative signs of hfcs. Though very challenging, two-dimensional
TRIPLE experiments could provide a wealth of information about the hfcs including
the respective orientation of the hfc principal axes [45,74].

3.2 Electronic Structure of the Anion Radical of the Secondary Acceptor A,~
One way to study the secondary electron acceptor A~ anion radical in the A-branch
is as a component of the transient radical pair P;),"A,,”. In native PSI (no pro-

tein subunit removal and/or strongly reducing conditions), at cryogenic tempera-
tures light-induced charge separation stops at A;, and recombines with a halftime
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of 150-200 ps, for about half the population of PSI RCs [20,75]. While the non-
Boltzmann spin polarization provides a relatively strong EPR signal, the long time
(~200 ps) required to perform the ENDOR experiments on nitrogen with respect
to charge recombination time and the low repetition rate of the experiment (lim-
ited by typical Laser repetition rates around 10 Hz) make it extremely challeng-
ing to perform. The alternative approach is to study the stable A;” anion radical,
generated by reduction and the so-called photoaccumulation procedure. Incuba-
tion of PSI with sodium hydrosulfite leads to reduction of the [4Fe—4S] clusters F
and Fp, and subsequent illumination in the 200-240 K range leads to the reduc-
tion of Fx and A,,; prolonged illumination results in further reduction processes
[20,25-28,39,40,45,46,76]. The photoacccumlation procedure can generate sev-
eral radicals which severely spectrally overlap at standard EPR frequencies, which
is problematic for the determination of magnetic resonance parameters of A;,".
Furthermore, the overlap makes it difficult to find the optimal time to stop illumi-
nation (and thus the photoaccumulation procedure). These problems can largely
be prevented using high-frequency EPR with its high spectral resolution. A typi-
cal field-swept echo detected EPR spectrum at high-frequency D-band (130 GHz,
4.6 T) of dark-adapted, pre-reduced PSI recorded before illumination is shown in
Fig. 3 (black spectrum). In this EPR spectrum, a background signal is seen in the
range from 4.635-4.638 T (see Fig. 2A). While the position of this signal is close to
P,o", the symmetry and g-tensor parameters are definitely different (compare with
Fig. 2 and see Table 1). A signal from primary donor P,y," is also not expected in
sodium hydrosulfite treated samples. Moreover, this signal does not change upon
illumination. The origin of this background signal is not entirely clear. It might be

llluminated 40 minutes at 210 K
— llluminated 10 minutes at 210 K
llluminated 5 minutes at 210 K
Background signal (before ill.)

— Simulation of background signal

FSE Signal (a.u.)

I T I T I T
4626 4628 4630 4632 4634 4636 4.638
Magnetic Field (T)

Fig. 3 High-frequency (130 GHz) pulsed EPR spectra of PSI during the photoaccumulation procedure.

All spectra were recorded at 7=210 K. After illumination for more than ~30 min no further increase of
the secondary acceptor A, radical anion signal was observed

@ Springer



D-Band EPR and ENDOR Spectroscopy of '*N-Labeled Photosystem. .. 1185

Table 1 Simulation parameters a a a

for the EPR spectra Ex 8y &z
Pooot 2.00309 2.00263 2.00225
Aa” 2.00613 2.00496 2.00211
Ay~ 2.00393 2.00278 2.00201
SO,” 2.0094 2.0054 2.0018
Background 2.00301 2.00274 2.00215

#Relative error is +0.00005, while the absolute error is about twice
as large. This hold only for principal components not severely over-
lapping with other signals where the error can be significantly higher

from some reduced Chl species, which could be part of the intrinsic light-harvesting
antenna of PSI as a stress response to growth in D,0/">N media, residual phycobi-
lisome in the preparation in the detergent-containing buffer. These Chls may have
undergone some chemical degradation, since Chls not shielded by the protein are
quite reactive.

Within the first few minutes of illumination at 210 K the characteristic sig-
nal of A;,~ begins to appear (see Fig. 3, blue and green spectra). The g.- and
gy-components of the rhombic g-tensor of A;,~ are clearly resolved and well
separated from the background signal in the range from 4.635 to 4.638 T. The
g,-component of A,;,~ corresponds to a magnetic field of 4.638 T and is not vis-
ible due to the severe overlap with the background signal in this range. Longer
illumination results in further increase of the photoaccumulated A,,~ signal and
appearance of additional signal at 4.634 T (Fig. 3, green and red spectra). This is
due to the low field part (xg,-component) of A,™ [25, 27]. After approximately
30 min of illumination, no further increase of photoaccumulated A;,~ signal
is observed. Afterward, illumination was ceased and the sample was cooled to
T=20 K. At this temperature and without illumination, no further redox reactions
take place and the sample is stable at least for 2 days. A field-swept echo detected
EPR spectrum of this sample is shown in Fig. 4A. No major changes in line-
shape are observed in the field region above 4.628 T when comparing the spectra
recorded at T=210 K, though the repetition rate of 25 Hz employed (optimized
for detection of A7) leads to some distortion of the signals above 4.634 T. In
contrast, a new broad signal at magnetic fields above 4.620 T appears. This cor-
responds to a very large g value, not typical for organic radicals. The decomposi-
tion of the low temperature EPR spectrum into the individual components and
their simulation provides the g-tensor for this species: 2.0094, 2.0054, and 2.0018
(Table 1). These parameters are in excellent agreement with those observed for
sulfur dioxide anion radicals in biological samples treated with sodium dithionite
[77, 78]. As expected, its relaxation times are much shorter than those of all the
organic radicals, and this explains why it could not be observed by pulse EPR at
T=210 K where the photoaccumulation procedure was performed (Fig. 3). The
other signals were simulated with the parameters listed in Table 1. The g-tensor
of A;,” is in good agreement with previous high-frequency EPR measurements
on frozen solutions and single crystals [25-27, 42, 58, 59, 79]. The accuracy for
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Fig.4 High-frequency (130 GHz) pulsed EPR and ENDOR spectra of the photoaccumulated PSI. All
spectra were recorded at T=20 K. A High-frequency (130 GHz, D-band) pulsed EPR spectrum of the
photoaccumulated PSI (black) and its simulation (Sum of simulations in red). Arrows indicate the mag-
netic field positions where the ENDOR spectra were acquired. B >N Mims ENDOR spectra recorded
at three magnetic field positions corresponding approximately to two principal values of the electronic
g-tensor of A;~ (green, red) and A, (blue) Spectra were recorded with =250 ns. Simulations of the
two visible coupled 5N nuclei in A" (solid black lines) (color figure online)

A,~ g-tensor is quite low since it substantially overlaps with other signals in this
spectral region, but is similar to previous results [25, 27]. No hyperfine structure
is visible for any of the individual species due to the large line width at D-band
combined with small hyperfine coupling constants, e.g., due to the exchange of
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protons by deuterons in PSI. Determination of the hyperfine coupling parameters
thus requires more sophisticated techniques to resolve those interactions; in this
work, we use '’N Mims ENDOR as we did for P,

The SN Mims ENDOR spectra of A,,~ were recorded at field positions corre-
sponding to g, and g, orientation of the A;,~ g-tensor (Fig. 4). The g-tensor axes
from quinones like A, are in very good approximation collinear to the molecular
axes, with g, being collinear to the O-O axis, g, being collinear to the normal of the
quinone plane, and g, orientation perpendicular to both of them [37,45,58,59,80,81].
The Chl-based radicals do not show resonance in this magnetic field range (see
Fig. 4A). However, there is an overlap with the spectrum of the SO, anion radical.
But SO,™ contains no magnetic nuclei which could appear in the ENDOR spectrum
in the observed range. Furthermore, '’N ENDOR experiments at magnetic fields
lower than A~ absorption did not show any signals in the spectral range of interest
(not shown). We thus can conclude that the ENDOR signals detected are exclusively
due to the photoaccumulated secondary electron acceptor A;,~. The ENDOR spec-
tra show a clear signal of one coupled nitrogen at both g, and g, orientation, and an
additional weak signal close to Larmor frequency at g, orientation, with a width of
about 0.2 MHz. The latter signal must be due to '’N nucleus quite weakly coupled
(IA(®N)I<0.2 MHz) to the unpaired electron spin of A;A". A similar signal was
observed in an ESEEM study of A;,~ in '*N and >N labeled PSI, but no analysis
of this signal was performed by the authors of that study [43]. A hfc of 0.2 MHz for
5N provides a distance from the unpaired electron of about 3.5 A within a simple
point-dipolar model, which fits well to the indole nitrogen of the tryptophan with
a distance of 3.0-3.5 A to the quinone in the PSI crystal structure [8]. This assign-
ment of hfc to the indole nitrogen is also supported by DFT calculations of a large
model of the A, binding site, including five surrounding amino acids [82]. All other
nitrogen atoms in the crystal structure are further away and exhibit much weaker
hyperfine couplings [8,82].

The more intense signal with the larger hfc is clearly due to a >N nucleus with
a moderately anisotropic hyperfine tensor. The signal is also quite broad, even at
the single-crystal like orientation around g, (4.6286 T). It is not much different in
overall width to the spectrum recorded at g, (4.6312 T). This indicates that the prin-
cipal axes of the hyperfine tensor are significantly deviating from the principal axes
of the g-tensor (not collinear). Measurements at or close to g, (4.636-4.638 T) are
not feasible due to the strong overlap of EPR signals from different species gen-
erated during photoaccumulation (like A;”) and lower intensity of A,,~ signals at
higher fields. While we performed a spectral simulation of the two ENDOR spec-
tra, a significant uncertainty remains due to the broad ENDOR lines observed,
in particular with respect to the relative orientation of >N hyperfine tensor and
g-tensor. To restrict the parameters space we assumed that the '’N hyperfine ten-
sor has an axial symmetry. Principal components of the >N hyperfine tensor
are+1.77,40.8,4+0.8 MHz (A;,,=1.1 MHz). These values are in good agreement
with those measured for '“N nuclei by HYSCORE and ESEEM techniques after
scaling for the different gyromagnetic ratios of >N and '“N [43, 44]. Furthermore,
the DFT calculations of a large model of the A, binding site mentioned above, also
reported an almost axial nitrogen hyperfine tensor with hfc of the same magnitude
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and anisotropy, though the size of the isotropic contribution to the nitrogen hf tensor
was overestimated [82]. The orientation of the parallel component of hyperfine ten-
sor is somewhat close to the g, tensor axis, but clearly not collinear. The simulation
used the following Euler angles for the rotation of the hyperfine tensor with respect
to the g-tensor: 0, 40, 30 degrees (EasySpin definition). The crystal structure of PSI
shows only one other close nitrogen beside the tryptophan residue discussed above,
the leucine peptide nitrogen, whose hydrogen is H-bonded to one of the oxygens
of the phylloquinone (Fig. 1C). In the crystal structure, the nitrogen atom is gener-
ally along the quinone O-O axis, but has a substantial out-of-plane component and
further rotation within the quinone plane [8]. In the DFT geometry optimization of
a large model of the A, binding site where the phylloquinone is negatively charged,
the orientation of the nitrogen atom has not significantly changed [82]. Taking all
the evidence together, this allows us to assign with confidence this prominent '°N
ENDOR signal to the leucine L722p,, nitrogen atom hydrogen bonded to one of
the oxygen atoms of the phylloquinone anion (2.7 A distance of leucine N to O of
phylloquinone in the crystal structure). A >N ENDOR spectrum recorded at higher
field (4.6348 T) is shown in Fig. 4B (blue spectrum). In this particular field position,
the ENDOR spectrum is essentially an equal mixture of A,” and A,”. The spectrum
is quite similar to the ENDOR spectrum recorded for A,;~. Comparison of this spec-
trum with >N ENDOR of A,~ and P,," leads us to two conclusions. First, there are
no >N hfc of A,~ visible larger than 2 MHz. Second, the hfc of A,~ are in the same
range as hfc in coupled Chl dimer of P5,*.

4 Conclusions

Here, we use D-band EPR and ENDOR spectroscopy to study the primary electron
donor P, and the secondary electron acceptor A; in Photosystem I (PSI), one of
the two photosystems found in the oxygenic photosynthetic apparatus of plants and
cyanobacteria. The spectra of organic cofactor radicals typically overlap severely at
conventional EPR frequency of 9.5 GHz (X-band). An additional challenge is that
the spectra of the individual radicals are not fully resolved at X-band. Both of these
serious problems can be overcome by utilizing high-frequency (130 GHz, D-band)
EPR, which provides much higher spectral resolution. Orientation-selective Elec-
tron—Nuclear-Double-Resonance spectroscopy (ENDOR) at D-band allows the
determination of unresolved hyperfine interactions with magnetic nuclei, thus pro-
viding further details about the electronic properties in the protein-embedded cofac-
tors. For this study, PSI reaction centers from cyanobacterium Synechococcus livi-
dus were isotopically labeled with >H and '>N. Deuteration of the sample decreases
the inhomogeneous broadening of EPR lines, thus further improving g-tensor reso-
lution, while '°N labeling removes quadrupole interactions and significantly simpli-
fies analysis of ENDOR spectra. Six prominent ENDOR line pairs were detected in
ENDOR spectrum of P,,,* which corresponds to six nitrogen nuclei coupled to the
unpaired electron spin in P,,*. Plausible assignment of two weak isotropic hyper-
fine couplings to two histidine nitrogen atoms axially ligating P, and Py allows esti-
mation of the asymmetry of the spin density distribution between two chlorophylls
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comprising primary electron donor P, as Ry, =2.5, which is in good agreement
with reported data [29,30,62,70-72]. The ENDOR data on the secondary electron
acceptor A, allow the identification of two nitrogen atoms. One is very weakly cou-
pled and assigned to the indole nitrogen of the tryptophan n-stacked to the phyllo-
quinone with a distance of 3.0-3.5 A to the quinone plane. A second more promi-
nent nitrogen ENDOR signal could confidently be assigned to the leucine L722p, o
nitrogen atom H-bonded to the oxygen O, of the phylloquinone anion with the N-O
distance of 2.7 A in the crystal structure.

Unfortunately, our research did not elucidate the large spread of the reported
experimental data. We realize that further experiments with acquiring ENDOR
spectra at more field positions and with narrow excitation bandwidth might provide
more information, thus improving assignment of ENDOR lines. However, these
experiments will require unreasonable amount of time and resources without obvi-
ous outcome.

It is worth mentioning the definitive assignment of hfcs to specific nitrogen atoms
within P,,* is too complicated even with the improved data from high-frequency
ENDOR since hfc- and g-tensor axes are not collinear and available DFT and sem-
iempirical data do not uniquely relate to experimental data. Both these factors sub-
stantially complicate analysis of orientational dependence of the ENDOR spectra.

We believe that the large spread of the EPR/ENDOR data reported for PSI is
due mainly to the difference in protein isolation and handling as well as variation in
the photosynthetic biological species. To achieve a definitive assignment of nitro-
gen hfc for these PSI cofactors, a comprehensive multifrequency ENDOR/ESEEM/
HYSCORE/TRIPLE study on the same species with the same preparation technique
in combination with global data analysis is absolutely necessary.
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