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ABSTRACT: Photosystem I is one of the key players in the conversion of solar energy into chemical energy.
While the chlorophyll dimer P, has long been identified as the primary electron donor, the components
involved in the primary charge separation process in PSI remain undetermined. Here, we have studied the
charge separation dynamics in Photosystem I trimers from Synechococcus elongatus by femtosecond vis-
pump/mid-infrared-probe spectroscopy upon excitation at 700, 710, and 715 nm. Because of the high
specificity of the infrared region for the redox state and small differences in the molecular structure of
pigments, we were able to clearly identify specific marker bands indicating chlorophyll (Chl) oxidation.
Magnitudes of chlorophyll cation signals are observed to increase faster than the time resolution of the
experiment (~0.2 ps) upon both excitation conditions: 700 nm and selective red excitation. Two models,
involving either ultrafast charge separation or charge transfer character of the red pigments in PSI, are
discussed to explain this observation. A further increase in the magnitudes of cation signals on a
subpicosecond time scale (0.8—1 ps) indicates the formation of the primary radical pair. Evolution in the
cation region with time constants of 7 and 40 ps reveals the formation of the secondary radical pair, involving
a secondary electron donor. Modeling of the data allows us to extract the spectra of the two radical pairs,
which have IR signatures consistent with A"A,~ and P7oo"A;~. We conclude that the cofactor chlorophyll A
acts as the primary donor in PSI. The existence of an equilibrium between the two radical pairs we interpret as
concerted hole/electron transfer between the pairs of electron donors and acceptors, until after 40 ps,

relaxation leads to a full population of the P70y "A; radical pair.

Photosystem I (PSI)' is a membrane protein involved in the
primary processes of oxygenic photosynthesis. Operating in
conjunction with Photosystem II (PSII), it collects solar energy
and transfers electrons from plastocyanin or cytochrome ¢g to
ferrodoxin and eventually to NADP*.

PSI is one of the largest membrane proteins for which a crystal
structure has been resolved (7, 2) and consists of 11—13 protein
subunits, binding approximately 90—100 chlorophyll pigments.
The two largest subunits, denoted PsaA and PsaB, form a
heterodimer, which binds most of the core antenna pigments as
well as the cofactors of the reaction center (RC), shown in Figure 1.
The latter traps the excitation energy collected by the antenna
and initiates a series of electron transfer processes giving rise to
the formation of a stable charge-separated state.

As in PSII, the reaction center’s pigments are symmetrically
distributed on the two PsaA and PsaB subunits, but in this case, a
growing number of experimental investigations suggest that the
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electron transfer reactions can occur along both branches of the
RC (3—-11, 20).

The dynamics of the energy and electron transfer processes
occurring in PSI upon photoexcitation have been studied with a
range of time-resolved techniques, but general consensus in the
interpretation of the experimental observations has not been
achieved (4, 12—-23).

Resolving the primary energy and electron transfer kinetics in
PSl s very challenging, because in this system the reaction center
cannot be isolated from the primary antenna, meaning that time-
resolved experiments have to be performed on a system contain-
ing ~100 chlorophylls. Despite the large number of pigments
contained in PSI, only a limited number of lifetimes have been
resolved: a subpicosecond component, one or two picosecond
lifetimes, and a longer 20—30 ps component, generally inter-
preted as the main trapping time (16, 22, 24, 25).

Two main models have been proposed to explain the energy
and electron transfer dynamics in PSI: the trap-limited model
(19, 21—23) and the transfer to the trap kinetic scheme (15, 16,
25-27). The two interpretations differ in ascribing the rate-
limiting step in the dynamics following light absorption either to
primary charge separation or to the energy transfer from the
equilibrated bulk antenna chlorophylls to the reaction center
pigments. The interpretation of the experimental data is still
controversial because in PSI the excitation dynamics, such as the
energy equilibration among the different antenna pigments and
with the reaction center, occur on the same time scale as the
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FIGURE 1: Arrangement of the cofactors in the RC from PSI.

primary electron transfer events. It is thus very complicated to
disentangle those different processes, unless a clear spectral marker
for charge separation is identified. The infrared spectral region can
be much more informative in this regard than the visible spectral
region, because the oxidation of a chlorophyll pigment, and thus
the occurrence of charge separation, is easily identified by the
appearance of specific marker bands.

Previous measurements on purple bacterial reaction centers
(28—31), PSII-isolated RCs (32), and core samples (33) identified
a specific spectral signature for charge separation in the chloro-
phyll’s 9-keto carbonyl absorption region: the carbonyl band,
observed around 1680—1700 cm ™! in the ground state, shifts
upward by 25—30 cm ™" upon the localization of the positive charge
on the primary donor. In PSI from cyanobacteria, however, a cer-
tain number of red-absorbing pigments are present, whose excited
state has been shown to have charge transfer character (34, 35).
These pigments could thus also have some absorption in the
chlorophyll cation region.

The high specificity of the signals in the infrared can lead not
only to direct determination of the charge separation time scale
but also to the identification of the primary donor, whose precise
identity has been recently debated (17, 36). The exact location of
an infrared band is highly dependent on the detailed structure of
the protein environment around a specific cofactor, thus allowing
for distinguishing bands pertaining to the different chlorophylls
contained in the system.

On the basis of these premises, we have performed ultrafast
time-resolved infrared experiments on PSI with the objective of
disentangling the antenna dynamics from the charge separation
events, gaining information about both the red-absorbing pig-
ments and the sequence of the electron transfer events in this
system.

MATERIALS AND METHODS

Protein Preparation. Synechococcus elongatus trimers were
isolated as previously described (37). For vis/mid-IR experi-
ments, the sample was concentrated to an OD of ~1.0 at 680 nm
for a 20 um optical path length and suspended in 10 mM 2-
(N-morpholino)ethanesulfonic acid (MES) buffer (pD 7) in D,O
containing 20 mM NaCl, 20 mM MgCl,, and 0.05% -DM. To
keep the reaction center open during the measurements, 40 mM
sodium ascorbate and 60 uM phenazine methosulfate were added
to the sample.

Vis/Mid-IR Pump— Probe. Absorption difference spectra
at 67 different time points between —15 ps and 1.8 ns were
recorded with a setup based on a 1 kHz amplified laser system
described in detail in the Supporting Information. Excitation was
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FiGURE 2: EADS estimated by global analysis of the time-resolved
data using a sequential kinetic scheme with increasing lifetimes.

set at 700 nm with an excitation power of 100 nJ, and data were
collected between 1450 and 1780 cm ™', in two partially over-
lapping windows (1780—1600 and 1620—1450 cm ™). More than
200 scans were collected and averaged in each spectral window.
Furthermore, additional measurements have been performed with
selective 710 and 715 nm excitation in the spectral region between
1780 and 1600 cm ™" (which includes the range in which chloro-
phyll’s carbonyl absorption is expected), with the excitation power
set at 100 nJ. The noise level in the row data is ~70 ©OD, which
mainly consists of structureless baseline noise because no reference
probe pulse has been used.

Data Analysis. The data were subjected to global and target
analysis (38); details about the procedure can be found in the
Supporting Information.

RESULTS

PSI trimers from S. elongatus were excited at 700 nm, and
the induced absorption changes were probed in the mid-infrared
from —15 ps to 1.8 ns in two partially overlapping windows,
covering the spectral region between 1780 and 1450 cm ™. The
collected time traces were globally analyzed using a sequential
scheme with increasing lifetimes to visualize the dynamics occur-
ring in the system after excitation. Four lifetimes were necessary to
obtain a satisfactory fit of the data: 0.8 ps, 7 ps, 40 ps, and a long-
lived component with a lifetime longer than 2 ns. The correspond-
ing evolution-associated decay spectra (EADS) are reported in
Figure 2. Several time traces are shown in Figure 3, together with
the fit resulting from global analysis.

In the EADS, negative bands are due to bleached ground state
absorption and positive bands arise from modes in the excited or
charge-separated states. Both cofactors and protein modes con-
tribute to the signals, and the spectra appear to be very rich in
features.

The initial difference spectrum, with a subpicosecond lifetime,
mainly represents the excited state of the antenna chlorophylls,
which, according to previous studies (17, 22, 36), rapidly equili-
brates after excitation. Several modes previously assigned to
chlorophyll molecules can be identified in this spectral compo-
nent. In the higher-wavenumber region, approximately between
1650 and 1750 cm ™, carbonyl modes are expected. Accordingly,
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FIGURE 3: Selected time traces measured in the infrared (1780—1450 cm ™ ') by exciting PSI trimers from Synechococcus at 700 nm and relative fit
(—) obtained via global analysis of the time-resolved data. The time scale of the plot is linear up to 10 ps and logarithmic from 10 ps to 2 ns.

an intense bleaching feature peaking at 1691 and 1674 cm ™" s
observed, representing the ground state absorption of the 9-keto
groups of chlorophylls located in different environments. The
chlorophyll’s carbonyl bands are very sensitive to their surround-
ings, and downshifts larger than 20 cm ™" can be expected with res-
pect to the frequency observed in nonpolar solvents (i.c., 1695 cm ™
in THF) (39), because of the presence of hydrogen bonds or
differences in the polarity of the surrounding medium. The bleach
at approximately 1740—1750 cm™' can be assigned to 10a-ester
absorption. In the excited state, both 9-keto carbonyl and 10a-ester
bands downshift by several wavenumbers (32, 40, 41). The intense
band peaking at 1655 and 1638 cm ™" can be thus assigned to the
downshifted keto carbonyl of chlorophylls in the excited state.

In the lower-wavenumber region, the bands at 1610 and
1555 cm™ " have been assigned to chlorophyll macrocycle modes
(42) and are indicative of pentacoordination of the chlorophyll
ring. The bleach at 1535 cm™' could also be a chlorophyll ring
mode [observed at 1527 cm ™" in vitro (39)]. All those bands are
expected to downshift because of the reduced bond order in
the excited state, giving rise to the positive features observed at
1543 and 1511 ecm™". Protein modes also absorb in this region,
and contributions of amide I and II bands may be expected
around 1650 and 1550 cm ™" (43).

After 0.8 ps, the system evolves to the second EADS, reported
as a red line in Figure 2. Here we observe a substantial decay of
the positive excited state bands, especially in the C=0 region
(around 1650 cm ") indicating quenching of the antenna excited
state due to energy transfer and equilibration with the reaction
center. Because of the relatively high excitation intensity used in
our experiment, annihilation processes resulting from multiple
excitations in a single complex accelerate the excited state decay
aswell. In the 1715 cm ™" region, several positive features appear,
and the position of these bands corresponds well with the

upshifted chlorophyll keto carbonyl bands due to oxidation
(32, 33,44—46). The appearance of these positive bands indicates
subpicosecond Chl™ formation. Note that these bands are
partially present already in the first EADS.

The absorption difference spectra then evolve in ~7 psinto the
following component, represented by the green line in Figure 2,
which shows a complete decay of all the excited state features and
the appearance of a new bleaching around 1645 cm™". Finally,
after ~40 ps, the final spectral component is formed. This
spectrum is characterized by distinctly different spectral features,
among others in the region of the Chl cation around 1715 cm ™",
where the double band transforms into a single band, and the
appearance of positive bands at 1680 and 1653 cm™'. This
component should represent the final charge-separated state
reached by the system under our measuring conditions, namely
P00 A ", where Py is the chlorophyll dimer contained in PSI
and A, is a phylloquinone molecule.

DISCUSSION

The time-resolved mid-IR absorption difference spectra show
several interesting features, e.g., the ultrafast appearance of a
chlorophyll cation band, the evolution in the cation region,
possibly suggesting the involvement of different electron donors,
and the appearance of A| bands. In the following, we will discuss
these observations in more detail.

Ultrafast Charge Separation or Charge Transfer?. The
EADS rising in 0.8 ps and, to a minor extent, the initial EADS
show characteristic spectral features that are indicative of chloro-
phyll oxidation, which can be attributed either to the presence of
excited states with charge transfer character or to charge separa-
tion occurring on a subpicosecond time scale. Charge separation
in PSI has recently been proposed to be ultrafast (based on the
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FiGURE 4: Comparison of the 7 ps spectral component estimated by a
global analysis of the time-resolved data collected for PSI (black line)
with the time-resolved spectrum of the charge-separated state P*H™
measured in PSII RCs from spinach (green line) and the time-
resolved spectrum of chlorophyll ¢ in THF measured 10 ps after
excitation at 530 nm (blue line).

fast appearance of a Chl™ signal in visible pump—probe
measurements) (47), and at first sight, our observations seem to
support this suggestion. Figure 4 shows the overlay of the second
EADS reported in Figure 2 with the infrared time-resolved
spectrum of the PTH™ charge-separated state measured in PSII
RC:s from spinach (32) in the carbonyl absorption region, where P
denotes the special pair electron donor and H the pheophytin
acceptor in PSII. Furthermore, the absorption difference spectrum
of chlorophyll @ in the excited state is reported, recorded 10 ps after
excitation at 530 nm in THF (32).

The spectrum of chlorophyll a clearly shows the downshift of
the 9-keto and 10a-ester carbonyls in the excited state, whose
vibrational frequency shifts from 1695 to 1660 cm™ ' and from
1740 to 1730 cm™ ', respectively. The green spectrum, represent-
ing the time-resolved charge-separated P"H™ spectrum measured
in PSIT RCs (32), shows a pronounced double-peak feature with
maxima at 1715 and 1730 cm™", which have been attributed to
the localization of a positive charge on a chlorophyll dimer (48).
The same double-peak band is present in the radical pair spectra
measured for PSII core particles and bacterial reaction cen-
ters (29, 33, 49). Less than 1 ps after excitation, a double-peak
absorption in the 1715 cm™" region also develops in PSI, whose
EADS, after a 3 cm ™" upshift on the wavelength axis, coincides
very well with those previously reported for the charge-separated
state of PSII RCs. The comparison reported in Figure 4 thus
strongly suggests that chlorophyll cations are formed on a
subpicosecond time scale in PSI.

The EADS, like those shown in Figure 2, are not pure spectra,
representing only one intermediate state, but represent mixtures of
excited state spectra and radical pair spectra. It is well-known that
cyanobacterial PSI systems, and in particular the Synechococcus
particles used in this study, contain a certain number of red
antenna pigments, absorbing at wavelengths higher than 700 nm,
apart from the more blue-absorbing bulk pigments. Although the
nature and the exact function of those red pigments is still under
debate, several investigations suggest that those red pigments form
strongly interacting chlorophyll dimers or trimers and that their
excited states have substantial charge transfer character (34, 35).
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FIGURE 5: (a) Kinetic model 1 used for the target analysis of time-
resolved data. The rate constants (in ps "), lifetimes (in ps), and input
values on the initially populated compartments are reported. (b)
Concentration profile of the time-dependent population of the five
compartments used in the kinetic scheme.

Therefore, the cation signature observed in the first two EADS
may also arise from the charge transfer character of these red
chlorophylls. To understand the nature of the signal observed in
the Chl cation region, we performed a target analysis based on
specific kinetic models that aimed to disentangle the contributions
of bulk excited state antennas, red chlorophylls, and radical pair
states.

Simple Kinetic Scheme for Target Analysis (model 1).
Inspection of the EADS reported in Figure 2 shows that the
antenna’s dynamics is heterogeneous and that two excited state
compartments are necessary to describe the biphasic decay of the
excited state signal around 1650 cm™'. Furthermore, several
features in the green EADS appear as a combination of the red
and blue spectra, thus suggesting the presence of two radical pair
states in an equilibrium. As a starting point for the analysis, we
have used a simple kinetic scheme, whose main intent is to separate
as much as possible antenna and radical pair contributions. The
kinetic scheme is reported in Figure 5, together with the rate
constants (in ps~ '), estimated when this model is fit to the data, and
the concentration profiles of the resolved intermediates.

The scheme reported in Figure 5 consists of five compart-
ments: two excited state compartments and three radical pair
compartments, two of which are in equilibrium with each other.
Compared with other kinetic schemes reported in the literature,
as for instance in refs /1, 17, and 19, this is a very simplified
model; nevertheless, it allows the extraction of important informa-
tion from the data. The SADS (species-associated decay spectra)
estimated by fitting the data using the kinetic scheme of Figure 5
are reported in Figure 6.

The SADS of the two excited state compartments are imposed
to be spectrally identical, as well as those of the second and third
radical pairs, giving rise to only three distinct spectra for the five
compartments (for a more detailed discussion of the target
modeling, see the Supporting Information). The obtained SADS
are reasonable. Using this model, all the positive features in the
1710—1730 cm™" region indicating chlorophyll oxidation are
interpreted as indicating radical pair formation and are removed
from the antenna spectra by allowing for 30% direct excitation in
the first RP compartment.

The excited state SADS include all the spectral features pre-
viously discussed, and assigned to chlorophyll excited states, but no
distinction is made between red and bulk antenna chlorophylls.
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F1GURE 6: SADS obtained by applying the kinetic scheme reported
in Figure Sa to the time-resolved data. Spectra of Ant*,=Ant*,
(black line), RP1 (red line), and RP2=RP2, (blue line).

The next two SADS are free of excited state features, show distinct
signals that can be attributed to cation and anion states, and can
therefore be interpreted as radical pair spectra. However, as they
are dissimilar, we have to conclude that different cofactors are
involved in those intermediates. The RP2= RPZrel2 SADS, which
are, as expected, spectrally identical to the final EADS obtained
with the sequential analysis, represent the final state reached by the
system, P70o"A; . A more detailed discussion of the RP2 spectrum
and a comparison with the FTIR spectrum of Pt are given at the
end of this section.

According to this model, the electron transfer rates lead to an
equilibrium between the two radical pair states, established in ~6
ps. A relaxation in RP2 [possibly a decrease in the free energy AG,
as observed for other RCs (29, 50, 51)] after 46 ps leads to a decay
of this equilibrium and a localization of the electron on A;. The
subsequent electron transfer processes occur on a time scale of
hundreds of nanoseconds, beyond our time window (4).

The differences between RP1 and RP2 in the 1730—1710 cm ™'
region may suggest the involvement of another Chl donor, too, as
this region is dominated by Chl cation absorption (28, 48, 52).
However, before we discuss the nature and assignment of the
bands in each radical pair in more detail, we will first develop two
more advanced models to test whether we can describe RP
formation and the dynamics associated with the red pigments
in PSI in more detail.

Charge Separation and Reversible Energy Transfer
(model 2). The target model of Figure 5 (model 1) seizes the
essential dynamics of the system in a very simple way, but it
imposes severe approximations in the modeling of the system’s
dynamics. First, this model does not include a separate compart-
ment for the excited state of the reaction center or a separate red
chlorophyll compartment. Because the excitation wavelength of
700 nm is resonant with some of the RC pigments, by assuming a
relative oscillator strength of two RC Chls at 700 nm, we estimate
that 30% of the photons directly excite the RC (see the Support-
ing Information). Modeling these excitations as feeding directly
into RP1, as in model 1, suggests that the charge separation, once
the excitation is at the 700 nm-absorbing pigments located in the

’This notation indicates that two compartments RP2 and RP2,
(which stands for RP2 relaxed) are imposed to be spectrally identical.
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RC, is ultrafast. Within the simple model 1, the transfer of energy
from the antenna to the reaction center appears to be almost
unidirectional (backward rates, if introduced in the scheme of
model 1, are ~10-fold smaller than forward rates), while physically
more reasonable schemes, like those used to model time-resolved
fluorescence or visible pump—probe experiments (17, 36), include
reversible energy and electron transfer processes.

Inspection of equilibrium models (71, 17, 21) reveals that the
equilibrium between Ant* and RC* is shifted toward the antenna
state, because of the high number of chlorophyll molecules
contained in the antenna, and that the equilibrium between RC*
and RP1 is shifted toward the RP1 state because of the fast charge
separation rate. These considerations suggest that the inclusion of
RC* dynamics in the antenna compartment can result in an almost
irreversible RP1 formation, similar to what we found here.

To test this hypothesis, we designed a model that included an
extra excited state (ES) compartment denoted “700*”, from
which charge separation occurs. This state should include all
the pigments with significant absorption at 700 nm; therefore,
besides P, some of the antenna pigments and possibly also the
reaction center’s chlorophylls A and A are included. The scheme
is shown in Figure 7, together with the rate constants (in ps '),
estimated when this model is fit to the data and the concentration
profiles of the compartments. The corresponding SADS are
shown in Figure 8.

With a charge separation rate of 3 ps ', we find that it is now
indeed possible to introduce reversibility in the energy transfer
processes. Radical pair formation is modeled as irreversible, and
attempts to set a back transfer toward the 700* compartment
indicate that, within the frame of this model, the amount of
charge recombination cannot be higher than 10%, to prevent
spectral compensation and distortion in the SADS.

The SADS of the three excited state compartments are
imposed to be identical, so it is not possible to identify specific
spectral signatures of the red chlorophylls, if any are present.
Energy can be transferred from both the “Bulk*” and “Red*”
compartments toward the 700* compartment. The slowly trans-
ferring Red* ES compartment is not connected with 700* but
only with the other ES. The omission of direct connection among
the two compartments is of course an approximation, which,
however, we expect to have a minor effect on the dynamics. There
are several reports in the literature suggesting that P;oo and Red*
do not equilibrate on a fast time scale. For instance, low-
temperature fluorescence measurements on S. elongatus showed
that bulk excitation at 4 K leads to 50% of the excitations ending
in the red pigments and 50% in the radical pair state (53). This
implies that P5oy and Red* are not strongly connected, possibly
because of their spatial location.

The equilibrium now introduced into the excited state is on the
Bulk* compartment, in agreement with the large number of
pigments that this state represents. According to our estimate, as
a result of the back transfer, more than half of the excitations
rapidly escape from the reaction center.

With regard to the antenna dynamics, we note that our
experiments suffer from a significant amount of excitation
annihilation, because of the presence of multiple excitations in
the system (cf. the ~3-fold lower signals after 7 ps in Figure 2 or
of the RP spectra relative to those of the ES compartments). This
leads to an underestimation of the backward to forward rate
ratio; therefore, the numbers reported in Figure 7 should be
interpreted with some care. Inspection of the concentration
profiles reported in Figures 5 and 6 and of the EADS reported

1
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in Figure 2 shows that in our experiment, the excited states sub-
stantially decay on a 10 ps time scale, faster than previously
reported (54). Previous fluorescence and visible pump—probe
measurements indeed indicated a slower trapping dynamics with
a main trapping time of approximately 30—35 ps, due to the
participation of the red pigments in the equilibrated excited state
(15, 19, 55). As a rough estimate, considering that having n
excitations per center leads to an n-fold decrease in the trapping
time (55), it has to be concluded that in our measurements we have
at least three excitations per center. Besides that, selective 700 nm
excitation could also contribute to fastening the antennas’ excited
state decay. Time-resolved fluorescence measurements with
700 nm excitation on Synechocystis or 710 nm on Synechococcus
samples showed in fact the presence of a fast (<1 ps) energy trans-
fer component and a 10—13 ps decay component, not observed
upon nonselective excitation, which was mainly ascribed to none-
quilibrium trapping (26). The combination of annihilation be-
tween multiple excitations in the antenna and quenching from the
directly formed (nonequilibrium) charge-separated state upon
specific RC excitation, taking place simultaneously, determines
the faster antenna decay observed in our measurements.

In the framework of this model (model 2), all the spectral
features growing in with the sub-10 ps time constants, and
decaying in 40 ps, are described by the spectrum of RP1. As
mentioned earlier, one of the limitations due to the spectral
constraints imposed in this model is the impossibility of discern-
ing any specific signature of the red pigments. Therefore, we pose
the following question. Is it possible that part of the early cation
features are in fact coming from the red chlorophylls in PSI,
which after all, have been reported to have charge transfer
character (56)? To address this issue, we modified target model
2 and allowed the SADS of Red* to be different from those of
Bulk* and 700* (model 3).

Red Chlorophylls. With the release of the spectral constraint
on the Red* SADS, the same kinetic scheme reported in Figure 7
allows for the determination of a specific SADS representing the
excited state of red chlorophylls. The kinetic scheme together
with the rate constants (in ps~'), which are as expected not very
different from those obtained with model 2, and the concentra-
tion profiles of the compartments are reported in Figure 9, while
the corresponding SADS are shown in Figure 10.

The SADS we obtain for the red chlorophyll compart-
ment (red line in Figure 10) has a pronounced positive band at
1710 cm™", showing that, according to this model, the early
cation features are mostly associated with the red Chls. This may
be a result of a significant charge transfer character for this
excited state. In comparison to the black SADS, representing
the excited state of bulk and 700 nm-absorbing pigments, the
carbonyl excited state absorption band is downshifted, possibly
partly because of the mixing with anion bands [expected at
~1600 cm™' (45)] that are the counterparts for the 1710 cm™
cation absorption.

To gather more information about the absorption spectrum of
the red chlorophylls in the IR, we performed additional time-
resolved experiments using selective excitation wavelengths
(more details can be found in the Supporting Information).

The excited state spectra (i.e., initial EADS with a lifetime
of ~1 ps) obtained when using excitation wavelengths of 710
and 715 nm show several features that are similar to those
observed in the red SADS reported in Figure 10; a spectral
overlay is reported in Figure 11.



486  Biochemistry, Vol. 50, No. 4, 2011

Bulk*

4 'L;\\Q%m

0.251]0.85

700%*

l 3.0

RP,

Red*

0.014 l 0.024

RP,

l 0.02

RI:)2,rel

l 0.12E-08

Amplitude

Di Donato et al.

b)

— Bulk*/700"|
—— Red"
1.04—RP1
——RP2

0.8+

0.6

0.4+

0.2

0.0-
-06 00 05 5 50

Time (ps)

500

Lifetimes:0.3 ps; 1.2 ps; 7.3 ps; 36 ps; 70 ps; inf

FIGURE 9: (a) Kinetic model 3 used for the target analysis of time-resolved data. The rate constants (in ps '), lifetimes (in ps), and input values on
the initially populated compartments are reported. (b) Concentration profile of the time-dependent population of the five compartments used in

the kinetic scheme.

0.8 J— Bulk*/700*

o
[2]
N

o
~
1

o
N
L

0.0

AOD (mOD)

-0.4 1

-0.6 4

| ) 1 \J A 1
1750 1650 1600 1550 1500 1450

wavenumber ((:m'1 )

FiGure 10: SADS obtained by applying the kinetic scheme reported
in Figure 9a to the time-resolved data. Spectra of Bulk® =700* (black
line), Red* (red line), RP1 (green line), and RP2=RP2, (blue line).

Therefore, it appears that the spectrum of the compartment
labeled Red* in model 3 indeed represents the red pigments of
PSI. All three spectra reported in Figure 11 have a pronounced
absorption band at 1710 cm ™", although the shape and maximum
of the excited state absorption band (~1635 cm™") appear to be
wavelength-dependent. The presence of bands consistent with
cation or anion modes of chlorophyll pigments in the excited state
spectrum of the red Chls in PSI may be explained by the excited
state of the red pigments having a significant charge transfer
character.

We note, however, that until now IR-difference spectra have,
to the best of our knowledge, not yielded indications of cation—
anion contributions in other systems with confirmed CT mixed
excited state character. For instance, in the case of protochlor-
ophyllide in solution, charge transfer states were shown to be
mixed with the excited states both, experimentally, by a full
quenching of the emission during the excited state lifetime and
by time-dependent DFT calculations (57), and similarly for a
carotenoid chromophore in the OCP protein (58), but no indi-
cative cation features were identified in the IR difference spectra
of these systems. Therefore, it is not a priori expected that a
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FiGuRrE 11: Comparison between the red chlorophyll SADS ob-
tained by applying target model 3 to the time-resolved data collected
for PSI upon 700 nm excitation (black line) with the time-resolved
spectrum measured | ps after excitation using selective wavelengths
for excitation of red chlorophylls at 710 nm (green line) and 715 nm
(blue line).

charge transfer character of the red states would manifest itself as
cation and anion features in the IR spectra.

An alternative explanation for early cation features in the
spectra registered upon 710 and 715 nm excitation is that RP
formation is very fast even upon red excitation, leading to a
mixture of RP1 and red excited states in the first spectral
component. The possibility of charge separation occurring upon
far red excitation has been also discussed in the case of PSII (59).
If confirmed, this would be a general characteristic of both
photosystems, with important implications concerning the way in
which the photosynthetic machinery has evolved to optimize its
operation. Experiments with a form of PSI without red pigments
are necessary to determine which of these two explanations is
correct.

Nature of RP1 and RP2. The SADS obtained for the two
radical pair states depend to a certain extent on the kinetic scheme
used. When the simple model 1 or model 2 is applied, the two
radical pair SADS present more distinctive features than those in
model 3. However, all models show that upon formation of RP2
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FiGURrE 12: Comparison between the RP2=RP2,, SADS obtained
by target analysis and the light-induced FTIR P-0" /P70 spectrum
measured in PSI. The FTIR spectrum has been obtained by digitizing
Figure 1A of ref 52. The two spectra have been normalized with
respect to the intensity of the Py /Py signals [1700(—)/1718(+) cm ™ '].

from RP1, an evolution both in the anion region, where some
spectral features attributable to the formation of a semiquinone
appear, and in the cation region occurs. The kinetic evolution in
the >1700 cm ™' region can be noticed also via inspection of the
time traces reported in Figure 3. By comparing the kinetics at
1710 cm ™" with that at 1718 cm ™" (assigned to the C=0 group of
Ps"), (56) we can notice that while the first time trace increases
immediately after time zero, the 1718 cm ™" time trace becomes
positive only several picoseconds after excitation. Therefore, we
conclude that our findings are in line with recent interpretations of
visible pump—probe experiments suggesting the primary radical
pair is AYA;~ and not P;oy Ay~ (17, 36). The possibility of an
alternative pathway for charge separation not involving the special
pair had been suggested in the case of bacterial reaction cen-
ters (60, 61). Furthermore, also in the reaction center of PSII, the
accessory Chl has been identified as an electron donor (32, 62).
Once again, this finding has implications with regard to the
optimization of natural photosynthetic systems. It is possible in
fact that starting the charge separation process at the Chl monomer
site and then rapidly creating a secondary radical pair involving
P~ reduces the possibility of charge recombination with respect to
the situation in which subsequent electron transfers are involved, as
would happen with P as the primary donor.

The assignments of the bands in the RP1 spectrum to the IR
modes of the involved pigments can be found in the Supporting
Information.

Final Spectral Component: A~ ;] A; Bands. The final spectral
component is identical regardless of the kinetic model applied to
the data and also coincides with the final EADS obtained by
using a sequential scheme (shown in Figure 2). To verify that
indeed the final state reached by the system is Prgo " A, we have
compared in Figure 12 the nondecaying component obtained in
our measurements with the P7oo " /P7¢o light-induced FTIR spec-
trum, which has been previously reported in the literature (52).

Besides the bands previously assigned to P, which agree very
well with those measured by FTIR, the time-resolved spectrum
shows further features, some of which can be assigned to A;".
The bands at 1700(—)/1718(+) and 1637(—)/1653(+) cm ™" have
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been assigned by FTIR measurements to the 9-keto carbonyls of
the two Py and P, chlorophylls forming Py, and the bands at
1745(—)/1754(4) and 1733(—)/1740(+) cm™" to the correspond-
ing 10a-ester groups (52). With regard to the quinone’s bands, a
comparison is possible with a previously reported time-resolved
Poo A, spectrum, measured at 77 K using time-resolved step-
scan FTIR at 5 us resolution (63), which agrees well with that
reported in Figure 12.° We note that there is a difference in the
relative intensity of the bands at 1700(—)/1718(+) and 1637(—)/
1653(+) cm~" between the FTIR spectrum and all the time-
resolved spectra, both the one displayed in Figure 12 and those
reported in ref 63. In all the time-resolved spectra, the band at
1637(—)/1653(+) ecm ™" is more intense than in the FTIR spec-
trum. A higher intensity of a differential band in the amide region
is also reported in the case of time-resolved IR spectra of PSII as
compared with the corresponding static FTIR spectra (64). This
finding is possibly due to an environmental effect and to the
possibility that the protein is not in a fully relaxed conformation
on the time scale of the time-resolved experiments. Further
insights into the assignment of A; modes can be obtained from
the comparison of the RP2 SADS with the electrogenerated
spectrum of vitamin K films, where three main absorption bands
at 1661 (C=0), 1621 (quinoid C=C), and 1596 (aromatic C=C)
cm” " have been identified (65). On that basis, we can tentatively
assign the band at 1665 cm ™" (besides amide I contributions) to
the C=0 stretching mode and the band at 1583 cm ™' either to the
quinoid C=C stretching or to the aromatic C=C stretching of A ;.
The downshift of the C=C quinoid and/or aromatic bands in PSI
with respect to what measured for vitamin K films (from 1621/
1596 to 1583 cm™ ') is possibly due to the presence of TrpA697,
whose aromatic ring is sz-stacked on top of the quinone ring (7, 2).
In addition, the crystal structure of PSI shows that the two C=0
carbonyls of A| are not equally coordinated, because only one of
them is engaged in a hydrogen bond. This could determine the
splitting of the symmetric and antisymmetric C=0O vibrations
into two localized modes; one of them (that pertaining to the
H-bonded C=O0 group) is downshifted and possibly contributes
to the 1605 cm™ " band. Such a large downshift for a quinone’s
C=O0 vibration has been reported for the Q cofactor of purple
bacterial reaction centers, where due to a strong hydrogen bond
interaction with residue HisM219, the C=0 mode downshifts at
1601 cm™" (66). All the quinone bands downshift in the anion
state, most likely giving rise to the positive bands at 1502 and
1490 cm ™! (corresponding bands in vitro are found at 1536 and
1488 cm ™, respectively).

Final Kinetics Considerations. In all models, the intrinsic
initial charge separation is very fast (3 ps~ ), forming A*A,". In
addition, the secondary electron transfer step, leading to reduction
of quinone cofactor A, is faster than previously reported: the
models consistently show that in ~6 ps an equilibrium between
ATAy" and Py " A, is formed. After 40 ps, this equilibrium shifts
toward a full population of P7p9* A, . The time constant of 40 ps is
in good agreement with literature reports (4). However, the intrinsic
rate of reduction of A, is now resolved to be (6 ps)~', because of
the high specificity of the A, /A signals in the mid-IR. This makes
the reduction of the quinone in PSI not 1 but 2 orders of magnitude

3In discussing quinone-band assignments, we remark that here, for
the sake of simplicity, we refer only to the quinone located in the A
branch of PSI, treating the electron transfer as unidirectional, although
recently support for bidirectionality has been provided (/7). Further and
more accurate analysis is necessary to evaluate the degree of bidirection-
ality in the process.
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faster than those of reoxidation of Pheos by Qa in type IT RCs
(see also ref 67).

CONCLUSIONS

We performed time-resolved infrared experiments on PSI from
S. elongatus with open reaction centers to provide insights into
the charge separation dynamics of this system. The high speci-
ficity of infrared bands allowed for recognition of specific spectral
signatures due to chlorophyll and quinone oxidation and reduc-
tion. Three kinetic models of increasing complexity have been
used to analyze the data. The data show very early cation
features, which can be interpreted either as ultrafast (<0.3 ps)
charge separation (in models 1 and 2) or as the signature of a
charge transfer character of the red pigments contained in PSI
(model 3). The former would imply that primary radical pair
formation occurs also under far red excitation, which has been
suggested to occur in PSII, too (59).

Irrespective of this ambiguity, the data show that charge
separation, once the excitation reaches the RC, is ultrafast,
occurring with an effective rate constant of 1 ps~' (intrinsic rate
of 3 ps~ ). Spectral evolution in the cation region provides strong
support for the thesis that in PSI charge separation is initiated at
the monomer chlorophyll A, not at P7o. The specific signature of
phylloquinone A; in the mid-IR allowed us to determine the
reduction of A; occurs with an intrinsic time constant of 6 ps.
Initially, an equilibrium between AtA,™ and P;oo"A,” exists,
which relaxes, leading to a full population of the P7pg"A; ™ state
after 40 ps. We provided a full band assignment for the resolved
radical pair states, in line with structural data and the published
FTIR spectra of electrogenerated vitamin K; anion.
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