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In photosynthesis, the primary energy conversion reactions
involve a photoinitiated sequence of efficient electron-transfer steps
resulting in charge separation across a biological membrane, thus
converting light into an electrochemical potential.1 These reactions
occur between cofactors held within integral membrane reaction
center (RC) proteins. Figure 1 shows the arrangement of cofactors
in the purple photosynthetic bacterial RC, with arrows indicating
the pathways and kinetics of sequential electron-transfer steps that
result in the charge-separated state P+QA

-, where the primary
electron donor P is a pair of bacteriochlorophyll molecules and the
secondary electron acceptor QA is a quinone molecule.1

Time-resolved (TR) EPR spectroscopy has been extensively used
to monitor the primary photochemistry in RCs of purple bacteria
and photosystems I and II of cyanobacteria and green plants.2 The
TR-EPR spectra of the transient intermediates exhibit electron spin
polarization (ESP), i.e., a non-Boltzmann spin population distribu-
tion. Importantly, ESP is sensitive to the magnetic resonance
parameters and interactions between photochemically oxidized and
reduced species, thereby revealing structure and dynamics of the
photoactive RC. For example, the ESP exhibited by P+QA

- is
explained by the spin-correlated radical pair (SCRP) model.2,3 In
this context, the photosynthetic RCs continue to provide a fascinat-
ing “playground” for the development of advanced theoretical and
experimental approaches in magnetic resonance, which, in turn,
provide insight into the charge separation process. On the basis of
the SCRP model, several spin phenomena have been explained and/
or predicted, such as quantum beats observed at short delay times
after optical excitation;4 out-of-phase modulation of the electron
spin echo (ESE) signal, which is due to dipole-dipole and exchange
interactions in the SCRP and allows for distance measurements;5

multiple quantum coherence in photoinduced radical pairs, which
allows for direct measurements of coherence decays;6 and sequential
electron-transfer polarization mechanism, which allows for study
of the electron-transfer dynamics.7

Here we report on a new phenomenon, which is associated with
the SCRP model. This phenomenon is manifest when TR electron-
nuclear double resonance (ENDOR) spectra of photosynthetic RC
proteins are recorded at high magnetic field (HF) EPR (>3 T).
The HF-ENDOR spectra of the SCRP reveal a derivative-like,
complicated line shape, which differs considerably from the
ENDOR spectra of chemically reduced QA. This phenomenon can
be explained within the SCRP model by taking into account
hyperfine interactions (HFI) of a particular nucleus with both
radicals in the SCRP. Thus, SCRP ENDOR has the potential for
mapping the overlap of electronic wave functions of the donor and
acceptor in the protein environment. This will lead to a better
understanding of the electron-transfer pathways in the photosyn-

thetic RC proteins and, in particular, of how the protein environment
controls electron-transfer reactions.

The effect has been observed in Fe-removed/Zn-replaced bacte-
rial RC proteins from protonated (1H) Rhodobacter sphaeroides8

in which QA is deuterated (2H) ubiquinone-10. EPR and ENDOR
measurements were performed on a pulsed/continuous wave high-
frequency D-band (130GHz/4.6T) EPR spectrometer.9 Light excita-
tion was achieved with an optical parametric oscillator (Opotek)
pumped by a Nd:YAG laser (Quantel), the output of which was
coupled to a fiber optic that delivered light to the sample. Pulsed
TR-EPR spectra of the SCRP were recorded by monitoring the
electron spin echo (ESE) from a two-microwave (MW) pulse
sequence, which followed a 10-ns laser pulse at a fixed delay time
(Dt), as a function of magnetic field. Pulsed ENDOR spectra were
recorded using a Mims-type10 sequence of MW and radio frequency
(RF) pulses (laser- Dt - π/2MW - τ - π/2MW - πRF - π/2MW)
by monitoring the ESE intensity as a function of the frequency of
the RF pulse. Additional experimental conditions are described in
the Figure 2 caption.

HF-EPR spectra of the chemically reduced deuterated QA

(superimposed with a spectrum of protonated P+) and SCRP P+QA
-

are shown in Figure 2a,b, respectively. At HF theg-tensor of QA
-

is well-resolved and exhibits spectral turning points for each of its
three main axes. Therefore, ENDOR spectra can be recorded at
magnetic field positions within the QA- spectral domain which are
well-separated from that of P+ and are at a particular orientation
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Figure 1. Arrangement of cofactors of the RC fromRb. sphaeroidesas
revealed by X-ray crystallography.1 For clarity, protein matrix is not shown.
P is a pair of bacteriochlorophyll (Bchl) molecules, BA and BB are so-
called accessory Bchl’s, HA and HB are bacteriopheophytin, and QA and
QB are ubiquinones situated around non-heme Fe ion. The pathways and
time constants of the rapid sequential transfer steps are indicated by arrows.
At low temperatures, electron transfer from QA

- to QB is blocked, and the
electron on QA- returns to P+ (dashed arrow).
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of the QA
- g-tensor. Such a position (indicated by arrow, Figure

2a,b) was selected for recording1H ENDOR spectra (Figure 2c,d).
The advantage of the Mims-type ENDOR is that it has superior
sensitivity for nuclei with small HFI, thus allowing for observation
of HFI with distant nuclei, e.g., from the protein environment, so-
called matrix ENDOR.1H-ENDOR performed at the QA- EPR line
is a pure matrix ENDOR with respect to this radical, because
deuterated QA- does not contain any protons (Figure 2c,d).

The SCRP ENDOR spectrum recorded withDt in theµs regime
(Figure 2d) exhibits striking differences from that of chemically
reduced QA (Figure 2c). The main features of the SCRP ENDOR
spectra are narrowing of the ENDOR lines, resulting in substantially
increased spectral resolution, some lines appearing as derivatives
of absorption lines, suppression of some sets of lines and amplifica-
tion of others, and the SCRP ENDOR spectra not being symmetric
around the nuclear Larmor frequency, as in the case of ENDOR
spectra of stable radicals (Figure 2c).

This observation is similar to the time-dependent behavior of
SCRP EPR spectra when recorded at high magnetic field (see Figure
2a,b). The better resolution of the HFEPR SCRP spectra and their
derivative line shapes (Figure 2b) compared to the equilibrium
spectra (Figure 2a) are well understood within an “interaction field”
approach as presented in ref 11.The single EPR lines for each
orientation of QA

- split into two with equal intensities and opposite
phase (“emission and absorption”) due to dipole-dipole and

exchange interactions with the unpaired spin on P+. The total line
shape of the SCRP EPR spectrum can be derived by integration of
these absorptive and emissive lines over all orientations of the
radical pair, which results in the derivative line shapes.

A similar effect leads to the derivative line shapes in the SCRP
ENDOR spectra. The position of the ENDOR lines in the SCRP
ENDOR spectrum (Figure 2d), recorded through the QA

- EPR
signal, is determined by the HFI with the QA

- electron spin, while
the HFI with P+ splits the lines into two with absorptive and
emissive phases. Certainty, the SCRP ENDOR spectra are more
complex than that of SCRP EPR, because there are many nuclei
which contribute to the spectra and HFI with both radicals for these
nuclei can differ considerably. This leads to the strong interference-
type pattern. Importantly, the derivative line shapes and asymmetry
in ENDOR can be observed only from the nuclei which have HFI
with both unpaired electrons in the SCRP.

The recently reported pulsed TR-ENDOR in photosystem I
recorded at conventional X-band (9GHz/0.35T) EPR is also a
consequence of ESP in SCRP.12 However, the spectral manifestation
and physical explanation are different and can be understood by
taking into account a nonselective excitation and effective mixing
of |S> and|T0> states at the low magnetic field of X-band EPR.12

In conclusion, we have reported a new effect observed in the
HF TR-ENDOR spectra of the SCRP in photosynthetic RC proteins.
The SCRP ENDOR contains data on spin density delocalization in
the protein environment between the electron donor and acceptor
in the SCRP. Revealing this information will provide a unique
opportunity to probe the electron-transfer pathways in natural and
artificial photosynthetic assemblies.
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Figure 2. (a,b) Magnetic field-swept ESE and (c,d) Mims-type1H ENDOR
spectra of Fe-removed/Zn-substituted photosynthetic bacterial RC with
deuterated QA, recorded at D-band EPR,T ) 50 K. (a,c) Spectra of
chemically reduced QA, with superimposed protonated P+ spectrum (dashed
line on a). (b,d) Spectra of SCRP P+QA

-, recorded withDt ) 2 µs, π/2MW

) 50 ns,τ ) 200 ns, laser excitationλ ) 550 nm. For1H ENDOR (c,d)
πRF ) 20µs. Arrow: (a,b) magnetic field position at which ENDOR spectra
recorded and (c,d)1H Larmor frequency.
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