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Chapter 4

Closed PSI RC can still
performe the first steps of
charge separation

This chapter is based on a publication: Andreas D. Stahl, Mariangela
Di Donato, Ivo van Stokkum, Rienk van Grondelle and Marie Louise
Groot Proceedings of the 15th International Congress on Photosynthe-
sis, August 22-27, 2010 Beijing, China 2011
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4.1 Introduction

Photosystem I (PSI) is a membrane protein involved in the primary
processes of oxygenic photosynthesis. The structure of both cyanobac-
terial and plant PSI have been resolved (1, 2) showing that this com-
plex consists of 11-13 protein subunits, binding approximately 90-100
chlorophyll pigments. The two largest subunits, denoted as PsaA and
PsaB form a heterodimer which binds most of the core antenna pig-
ments as well as the cofactors of its reaction center (RC). The latter
binds six chlorophyll pigments and two phylloquinone molecules, ar-
ranged in a symmetric way along the two PsaA and PsaB branches.
In contrast with bacterial and PS2 reaction centers, a growing number
of experiments suggest that charge separation in PS1 can occur along
both branches (3–10).

Furthermore, it has recently been proposed that the primary donor
in PSI is not the chlorophyll dimer usually indicated as P700, but the
monomer chlorophyll located between P700 and the primary electron
acceptor, the A0 chlorophyll (11, 12). According with this interpre-
tation, the initially formed radical pair A+A−

0 rapidly evolves into
P+
700A

−
0 and the electron then reaches the phylloquinone (A1) on a

30-40 ps time scale. One of the most counterintuitive and intriguing
aspects of PSI is the fact, that features of the initial steps of charge
separation can even be observed in closed RC’s (12).

4.2 Material and Methods

Synechococcus elongatus trimers were isolated as previously described
(13). For vis/mid-IR experiments the sample was concentrated at
OD 0.2 at the excitation wavelength of 700 nm for a 20 µm op-
tical path length. The particles were suspended in 10 mM 2-(N-
morpholino)ethane sulfonic acid (MES) buffer (pD 7) in D2O con-
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taining 20 mM NaCl, 20 mM MgCl2 and 0.05% β −DM. In order
to keep the reaction center open during the measurements, 40 mM
sodium ascorbate and 60 µM phenazine methosulphate were added to
the sample, while 3 mM ferrycyanide was added to the sample in order
to close the RCs.

The experimental setup consisted of an integrated Ti:sapphire os-
cillator regenerative amplifier laser system (Hurricane, SpectraPhysics)
operating at 1 kHz and 800 nm, producing 85 fs pulses of 0.8 mJ. A
portion of the 800 nm light was used to pump a non-collinear optical
parametric amplifier to produce the excitation pulses, whose wave-
length was selected by using an interference filter for the desired ex-
citation wavelength. The filters full width half maximum (fwhm) was
5.6 nm (LOT-Oriel). The excitation pulses were focused on the sam-
ple with a 20 cm lens. A second part of the 800 nm light was used
to pump an optical parametric generator and amplifier with a differ-
ence frequency generator (TOPAS, Light Conversion) to produce the
mid-IR probe pulses, which were focused on the sample with a 6 cm
lens. The probe and pump pulses were spatially overlapped in the
sample. After passing the sample the probe pulses were dispersed in a
spectrograph, imaged on a 32-element MCT detector and fed into 32
home-built integrate and hold devices that were read out every shot
with a National Instruments acquisition card. To ensure a fresh spot
for each laser shot, the sample was moved by a home-built Lissajous
scanner. The polarization of the excitation pulse was set to the magic
angle (54.7◦) with respect to the IR probe pulses. A phase locked
chopper operating at 500 Hz was used to ensure that every other shot
the sample was excited and that the change in transmission could be
measured. The instrument response function was about 120 fs. The
excitation wavelength was 700 nm with a pulse energy of 100 nJ. All
measurements were performed at room temperature (RT) and the data
were subjected to global analysis (14) .
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4.3 Results
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Figure 4.1: EADS of PSI with closed (panel A) reaction centers after
700 nm excitation. Panel B; Comparison of 43 ps component with
the literature radical pair (dashed) spectrum of PSI, and PSII P+H−

(dashed) and excited chlorophyll a (dotted) spectrum (panel C). Panel
D; Infinite spectrum of open (dashed) and closed RC PSI (solid) and
the baseline of the measurement (dotted).
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Figure 4.1, panel A shows the evolution associated decay spectra
(EADS) for closed RC’s obtained from global analysis of the data.
Four lifetimes were required for a satisfactory fit. For closed RC’s the
data were fitted with kinetic constants of 0.7 ps, 6.3 ps, 43 ps and
a long living, 2 ns and hence considered infinite with respect to the
experiments’ time frame.

The first spectra of closed RC’s are dominated by a broad posi-
tive band in the 1660-1620 cm−1 region representing the fast decay-
ing exited state absorption of the antenna chlorophylls (11, 15) and
furthermore two negative peaks at 1690 and 1670 cm−1 respectively
are present. Beside that, 2 positive bands at 1710 and 1725 cm−1 are
found. Negative bands in the region 1750 down to 1650 cm−1 have been
previously assigned to 131-keto modes of chlorophyll. These modes are
very sensitive to their surrounding and possible hydrogen bonds. E.g.
downshifts up to 30 cm−1 in a polar environment compared to a no
polar have been reported (16).

Their counterpart in the excited state downshifts by several wavenum-
bers (17–21), and in this case are the positive peaks at 1650 and 1635
cm−1 in the broad 1660-1620 cm−1 positive feature. After 1 ps the
band at 1708 cm−1 has gained in amplitude. The 1725 cm−1 band
follows the same trend. The negative doublet bleaching at 1670/1690
cm−1 has broadened and resembles now as a single broad negative
band. The main cause for this is a loss in amplitude at 1690 cm−1.
The band at 1610 cm−1 has gained in amplitude. The decay in ex-
cited state absorption observed here is indicative for energy trans-
fer/equilibration to the RC. Additional losses may be explained by
excition-exciton annihilation in the antenna pigments due to multiple
excitations per complex. 6.3 ps later, the excited state absorption has
decayed to about 20% of its initial amplitude. The band has narrowed
somewhat and now shows a single feature peaking at 1620 cm−1. The
1725/1708 cm−1 bands in have further gained in amplitude (2x), the
broad negative band stretching from 1700-1670 cm−1 (panel B) has
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downshifted 30 cm−1 and shows now three distinct negative peaks at
1670, 1655 and 1645 cm−1.

The final state is reached after 43 ps (dot dashed line, also panel D).
Very little features are present in this state. Only a positive ester band
at 1735 cm−1 and a negative band at 1610 cm−1. No characteristics of
P+ formation (compare with the 1718 cm−1 fingerprint of P+ (panel
D)) can be found, indicating that the RC’s were completely closed.

4.4 Discussion

The shown EADS of closed RC’s show distinct features, which were
generally believed to be only observable in the open state. Below we
will discuss these intriguing features in greater detail.

Primary step(s) of charge separation.

Already the initial spectrum (Figure 4.1, panel A) shows precursors to
features previously assigned to cation formation; namely the 1725/1708
cm−1 band. This assignment is strongly supported by the comparison
with the first radical pair spectrum of open RC PSI (panel B)(Chapter
3, this thesis), and the time resolved charge separated P+H− spectrum
measured in PSII-RC’s (panel C) (18), which shows a pronounced dou-
ble peak feature with maxima at 1715 and 1730 cm−1, and which have
been attributed to the localization of a positive charge on a chloro-
phyll dimer (22). The same double peaked band has also be found in
the radical pair spectra measured for PSII core particles and bacterial
reaction centers (panel C) (21, 23, 24).
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4.5 Conclusion

In the framework of this article, we have shown that in PS1 the first
step(s) of charge separation, the formation of A+A−

0 is possible, despite
the fact that the RC is closed, and P+ already pre-oxidized.
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