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ABSTRACT Cyanobacterial photosystem I (PSI) functions as a light-driven cyt c6-ferredoxin/oxidoreductase located in the
thylakoid membrane. In this work, the energy and charge transfer processes in PSI complexes isolated from Thermosynecho-
coccus elongatus via conventional n-dodecyl-b-D-maltoside solubilization (DM-PSI) and a, to our knowledge, new detergent-
free method using styrene-maleic acid copolymers (SMA-PSI) have been investigated by pump-to-probe femtosecond laser
spectroscopy. In DM-PSI preparations excited at 740 nm, the excitation remained localized on the long-wavelength chlorophyll
forms within 0.1–20 ps and revealed little or no charge separation and oxidation of the special pair, P700. The formation of ion-
radical pair P700þA1� occurred with a characteristic time of 36 ps, being kinetically controlled by energy transfer from the long-
wavelength chlorophyll to P700. Quite surprisingly, the detergent-free SMA-PSI complexes upon excitation by these long-wave
pulses undergo an ultrafast (<100 fs) charge separation in �45% of particles. In the remaining complexes (�55%), the energy
transfer to P700 occurred at �36 ps, similar to the DM-PSI. Both isolation methods result in a trimeric form of PSI, yet the SMA-
PSI complexes display a heterogenous kinetic behavior. The much faster rate of charge separation suggests the existence of an
ultrafast pathway for charge separation in the SMA-PSI that may be disrupted during detergent isolation.
SIGNIFICANCE Photosystem I is a remarkably robust reaction center that is key to solar energy conversion on Earth.
Here, utilizing styrene-maleic acid alternating copolymers to form native nanodiscs that retain the thylakoid lipids, we find
by pump-to-probe femtosecond spectroscopy an ultrafast charge separation event within the reaction center that is lost
during detergent isolation. The ultrafast (<100 fs) charge separation was observed in 45% of detergent-free styrene-
maleic acid-photosystem I complexes excited by long-wave pulses, whereas in the rest, the energy trapping occurred at
36 ps, as in the preparations obtained with a detergent solubilization. These data suggest that this method preserves a
more native-like conformation of the protein complex, therefore offering a more authentic environment for biophysical
studies and biohybrid device applications.
INTRODUCTION

Photosystem I (PSI) is a membrane-spanning protein
complex that contains 12 individual subunits and �120 co-
factors. PSI is one of the key enzymes of the photosynthetic
electron-transfer chain, which catalyzes the light-driven
one-electron transfer from peripheral protein donor,
plastocyanin, and/or cytochrome c6 to ferredoxin and/or
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flavodoxin. The crystallographic structure of Thermosyne-
chococcus elongatus PSI complexes with a resolution of
2.5 Ả (1) led to an accurate model for the architecture of pro-
teins, cofactors, and pigments in that system. Cyanobacte-
rial PSI assembles into a trimer with a C3 axis of
symmetry. Each complex, in turn, is a heterodimer formed
by symmetrically and homologously related core subunits,
PsaA and B. This geometry leaves both the C3 and C2 sym-
metry axis perpendicular to the membrane plane, with the
C2 axis passing through a special dimer of P700 chlorophyll
(Chl) on the donor side and through an iron-sulfur cluster FX
on the acceptor side. All redox cofactors except terminal
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SCHEME 1 The energy diagram and main photoinduced electronic

transitions in the PSI from T. elongatus. An* represents the majority of

the antenna chlorophyll (absorbance �670 nm), and LWC represents the

long-wavelength chlorophyll (absorbance �720 nm).
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iron-sulfur clusters FA/FB are located within PsaA or PsaB
core subunits in a pseudosymmetrical manner and form
two (A and B) branches for potential electron transfer.
The two cofactor branches of the electron-transfer chain
merge onto the interpolypeptide iron-sulfur cluster FX.
The two terminal electron acceptors FA and FB are [4Fe-
4S] clusters located on the stromal surface coordinated via
the subunit PsaC. In addition, PSI also coordinates 96 Chl
a molecules and 22 molecules of b-carotene, which serve
as antenna pigments (1). In contrast to the bacterial and
photosystem II (PSII) reaction center (RC) complexes, the
structure of PSI makes it impossible to biochemically sepa-
rate the Chl molecules associated with PSI RCs from those
Chl molecules functioning as light-harvesting antennae
molecules.

Recently, the energy and electron transfer reactions in PSI
have been studied using various ultrafast techniques,
including pump-probe absorption spectroscopy (2–6). How-
ever, to date, the kinetics of the primary charge separation in
PSI remain controversial (7–11). Thus, after absorption of
light by integral antenna pigments, the excitation energy is
efficiently transferred to an RC, where the light-induced
charge separation into an ion-radical pair between a special
pair of Chl, P700, and the primary electron acceptor A0

occur. The electron from accessory chlorophyll A0 is further
transferred to the phylloquinone (A1) and finally to the
FA/FB via interprotein iron-sulfur cluster FX. Most of the
previous studies put the primary charge separation step
from P700* to A0 in PSI RCs in the 0.8–4 ps time range,
and the subsequent electron transfer from primary electron
acceptor A0 to the secondary electron acceptor A1 was sug-
gested to occur in the 10–50 ps range (2,12–14). However, a
number of studies (4,9) have shown that in purified PSI
complexes from cyanobacteria Synechocystis sp. PCC
6803 after preferential excitation of P700 and A0, formation
of primary radical pair P700

þA0
� occurs within 100 fs, and

the formation of P700
þA1

� has a characteristic time of
�25 ps.

Energy transfer processes between the light-harvesting
antenna chlorophylls and the special pair of chlorophyll
P700 of the PSI RC have been the subject of many years of
research. In the simplest version, the kinetic scheme of the
energy transfer processes and the charge separation reac-
tions in RC can be represented by Scheme 1.

The organization of pigments within protein complex
provides for an effective energy transfer in the antenna
and delivery of the excitation energy to the RC, where the
charge separation takes place. The efficiency of energy
transfer through the system of exciton-coupled cofactors is
controlled by their spatial organization (distances between
pigments and angles between the dipole transition vectors),
as well as by the excitation energies of the lowest QY elec-
tronic transition of chlorophyll (15). The electron donor in
PSI is a special pair of Chl molecules, P700, whose QY

band has a maximum near 700 nm at the red edge of the
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PSI absorption spectrum. In the antennae of many cyano-
bacteria, there are long-wavelength forms of chlorophyll
(LWCs), which absorb in the far-red edge of spectrum below
the P700 special pair. In PSI from T. elongatus, three
LWCs—C-708, C-715, and C-719—were detected (16).

Generally, the photochemical production of the oxidized
special pair (P700

þ) may occur by three alternative path-
ways. The first path is via the direct excitation of the special
pair (dashed arrow (1) in Scheme 1). In PSI complexes from
Synechocystis sp. PCC 6803, which contain a minimal num-
ber of LWCs, an ultrafast formation of the ion-radical state
(P700A0)*/ P700

þA0
� was revealed upon excitation in the

far-red region (4,9), so the assessed lifetime of �100 fs may
be considered as an estimation of the respective rate con-
stant m1 ¼ 1013 s�1.

The second route to charge separation entails the migra-
tion of energy from LWCs to the RC (dotted arrow (2) in
Scheme 1). When following uphill via the excited state
(P700A0)*, this process requires an activation energy of
�50 meV. In PSI complexes from Chroococcidiopsis
thermalis PCC 7203, the energy transfer occurred at 97 ps
(6), so the assessed rate constant of excitation migration
from the LWC to P700, k3 ¼ 1010 s�1, was slower than the
rate of the secondary electron-transfer reaction m2 ¼ 4 �
1010 s�1 (2). Further, a slow charge separation was observed
at cryogenic temperatures in PSI from T. elongatus and
Arthrospira platensis, indicating the possibility of a direct,
activationless transition from the excited LWC to a sug-
gested charge transfer (CT) state via a superexchange



PSI-SMALP Shows Enhanced Photochemistry
mechanism (the rate constant m0) (17) similar to the mech-
anism proposed for purple bacteria (18). Lastly, energy ab-
sorbed by the high-energy chlorophyll in antenna (An*) can
migrate to the LWC in the time range of few picoseconds
(6,19), so the effective rate constant k1 has magnitude of
3� 1011 s�1. In addition, a direct pathway of energy transfer
from An* to P700 (the rate constant k2) might be considered
as a potential alternative.

The LWC molecules operate as energy traps because the
ratio of the forward/backward rate constants of energy trans-
fer between chlorophyll molecules 1 and 2 obeys the Boltz-
mann distribution k12/k21¼ exp(�DE12/kBT), whereDE12¼
E2 � E1 is the difference between the energies of their
excited states. For this reason, the disturbance of the native
conformation of PSI during isolation procedure can signifi-
cantly affect the energy transfer dynamics and charge sepa-
ration kinetics. In isolated cyanobacterial PSI complexes,
detergents can destroy a two-layer structure and form
micellar structures around the hydrophobic transmembrane
regions of the protein. Although this approach has yielded
many results in the detergent-solubilized state, membrane
proteins tend to have limited stability and often exhibit
much reduced activity when compared with native forms
(20). This is the result of the delicate balance that needs
to be struck to achieve efficient extraction yield without
denaturing the protein.

Recently, the use of detergentless solubilization proced-
ures for membrane proteins has found increasing interest
(20–23). The use of SMA copolymers to extract and purify
transmembrane proteins while retaining their native bilayer
environment overcomes many of the disadvantages associ-
ated with conventional detergent-based procedures. This
approach has huge potential for the future of membrane
protein structural and functional studies. The SMA disk
structure is well suited for many biophysical and spectro-
scopic techniques (24–27), as well as structural studies
using electron microscopy (26,28).

In this work, for the first time, to our knowledge, compar-
ative analysis of the fast energy and charge transfer
processes of T. elongatus PSI complexes prepared using
n-dodecyl-b-D-maltoside (DM-PSI) and styrene-maleic
acid (SMA-PSI) was carried out. We studied the forward
and back energy transfer dynamics between different chlo-
rophyll forms in antenna and the special pair P700 in the
two PSI preparations and the subsequent charge separation
reactions in the RC.
MATERIALS AND METHODS

T. elongatus cells were grown in a 25 L airlift bioreactor (Photon Systems

Instruments, Drásov, Czech Republic) in BG-11 media at 45�C. The biore-
actor incorporated back panel illumination containing 680 nm red light and

full-spectrum white-light light-emitting diodes with a combined irradiance

of 50 mmol photons/m2/s. Cells were pelleted at 12,000 � g and stored in

�80�C before lysis.
The PSI isolation methods are described in detail by Brady et al. (29).

Briefly, PSI isolation with DM and SMA began with resuspension of the cell

pellet in 50 mM MES-NaOH (pH 6.5) with 10 mM CaCl2 and 10 mM

MgCl2 (Buffer A) containing 0.5 M sorbitol. Lysis of T. elongatus cells was

achieved using a French press at 1500 bar. The lysate was then spun down at

12,000 � g to separate unbroken cells. Thylakoid membranes were pelleted

at 180,000 � g in a fixed angle rotor for 30 min. Thylakoid membranes for

DM solubilization were gently resuspended in Buffer A to a concentration

of 1 mg Chl/mL and homogenized using a Kimble Dounce homogenizer

(DWK LIFE SCIENCES LLC, Millville, NJ). After each wash, thylakoid

membranes were pelleted at 180,000 � g. The final resuspension diluted the

thylakoids to 1 mg Chl/mL in Buffer Awith 12.5% (w/v) glycerol. Thylakoid

membranes for solubilization with SMA followed the same wash protocol,

substituting Buffer A for 50 mM Tris-Cl (pH 9.5) (room temperature) with

125 mMKCl (SMABuffer). Solubilization of washed thylakoids was carried

out at 0.6% (w/v) DM, 25�C for 1 h without agitation and 1.7% SMA (SMA

1440 from Cray Valley, Exton, PA), 40�C for 3 h on a rotating table at

300 rpm, respectively.Thylakoidwashing and solubilization stepswere carried

out in relative darkness for both isolationmethods. Protein isolates remained in

the supernatant after a final centrifugation at 180,000 � g for both DM and

SMA solubilizations. The soluble fraction after incubation of T. elongatus

thylakoid membranes with DDM (n-dodecyl-B-D-maltoside) or SMA was

loaded on to a 10–30% sucrose gradient and centrifuged at 150,000 � g

for 20 h. Chlorophyll fluorescence was performed at 77 K using a PTI

Quantamaster dual-channel fluorometer (HORIBA, Minami-ku, Kyoto,

Japan). The samples were excited with 420 nm light. and the emission spectra

were scanned from 550 to 800 nmwith 0.5 nm steps and a 1 nm slit width. The

resulting spectra are the average of four traces. Absorbance spectra were ob-

tained using a Thermo Fisher Scientific Evolution 300 dual-beam ultraviolet

(UV)-visible spectrophotometer (Waltham, MA). Isolated PSI complexes

were analyzed by blue native polyacrylamide gel electrophoresis (BN-PAGE).

4–16% BN-PAGE precast gels (Invitrogen, Carlsbad, CA) were used,

following established protocols (30,31). SDS-PAGE analysis was performed

using a 18–24% tris-glycine gradient containing 6 M urea as described by

Kubota et al. (32).

The experimental setup was described elsewhere (4). Briefly, time-resolved

difference absorption spectra DA(l, t) were measured by a pump-probe

method. The excitation pulses were centered at wavelengths of 740 and

670 nm. In the experiments with excitation at 740 nm, the pulses had energy

of 100–200 nJ and a duration of 26 fs. In the case of excitation pulses at

670 nm, the pulse spectrum was filtered by the SLM (spatial light modulator)

modulator so that spectral components redder than 680 nm were absent. In

this case, the excitation pulse duration was 34 fs, and the energy was 40

nJ. The excitation pulses were focused in a 0.5-mm-thick cuvette with thin

quartz glasses (150 mm thick) into a spot with a diameter of 180 mm. A pulse

of white continuum focused in a spot of 120 mm diameter was used as a probe

pulse. Polarizations of the pump and probe pulses were oriented by a magic

angle of 54.7�. The pulse repetition rate was 100 Hz. The sample was circu-

lated by a micropump through a cuvette at a rate sufficient to completely

replace the exposed volume between the pulses. In this case, the samples

were cooled to þ6�C. The zero time delay between the pump pulse and cor-

responding spectral component l of the probe pulse was corrected by a

method described elsewhere (9,33). The difference absorption spectra

DA(l, t) ¼ A(l, t) � A0(l) obtained by the pump-probe femtosecond laser

photolysis are the difference of between the spectrum of the PS1A(l, t) at the

time delay t and the absorption spectrum of PSI without excitation A0(l).

Particular attention was given to the ‘‘coherence spike’’ or ‘‘coherent arti-

fact,’’ which is seen at the beginning of the evolution during pump-probe

overlap. Coherence spikes arise from a cross-phase modulation of the probe

pulse in the presence of strong pump pulse (34), two-photon absorption of

pump and probe photons at high light flux density (35), and electronic

dephasing due to dynamic Stokes shifts (solvent fluctuations and intra-

molecular bath modes) (36). The form and magnitude of the artifacts

depended nonlinearly on the pump energy and varied at different probe

wavelengths, so the instrumental response function could not be modeled
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with sufficient accuracy. Fig. S1 shows the transient optical dynamics of

DM-PSI at short delays �200 fs < td < 500 fs under excitation by low-en-

ergy 670 nm and high-energy 740 nm pulses. At low-energy 670 nm exci-

tation, the coherent artifacts disturbed the kinetics at delays td % 80 fs,

whereas at high-energy 740 nm excitation, the coherent artifacts were

observed at td % 120 fs (Fig. S1). In this work, the data were analyzed

for time delays after the ‘‘coherence spike.’’
CONTIN analysis of optical dynamics

The spectral dynamics of PSI was expressed by two-dimensional matrices

of the form DA(ln, t) in the spectral range of 430–720 nm and in the time

interval of 0.05–500 ps. At each wavelength ln, the spectral dynamics yt ¼
DA(ln, t) was discretized at the time arrays (t1,.,tM) of the dimension M

and analyzed with the CONTIN software (37). CONTIN is a program in-

vented for solution of noisy ill-posed linear operator equations, including

Laplace transforms of relaxation dynamics. This means that the inversion

of these linear equations results in a large number of possible solutions

with arbitrarily large deviations from each other. The method implements

the inverse Laplace transform to deconvolute nonmonotonous kinetics

(yt) into a spectrum of exponential components, with the characteristic

times tk (k¼ 1,.,Nt) evenly spaced in the logarithmic timescale. CONTIN

employs Tikhonov-Phillips regularization, which minimizes the sum of the

squares of the discretized second derivatives of the solution, resulting in a

quasicontinuous spectrum with the local smoothness determined by the

regularizing parameter a. Namely, for a given relaxation kinetics Yl(t),

CONTIN suggests an array of solutions Fn (n ¼ 1,.,N)

Fn ¼
X

k

av;k � e�t=tk ; (1)

where an,k is the amplitude of exponential component exp(�t/tk) obtained

at the given value an of the regularizing parameter. The residual of solution
n is

rv;t ¼ yt �
X

k

av;k � e
� t
tk : (2)

In the absence of prior information regarding the shape of kinetic spec-

trum, CONTIN suggests an ‘‘optimal’’ solution with the most statistically

reliable a-value. In particular, an assumption on the non-negative sign of

amplitudes an,k can be imposed for some components k. In the common

mode of CONTIN implementation, the regularization parameter is chosen

independently for transient kinetics Yl(t) at each wavelength l on the basis

of an F-test. However, this procedure produces spectra that deviate widely

from each other for close l-values. To obtain a quasicontinuous behavior of

solution against l, an additional regularization criterium should be intro-

duced. In the case of this study, an additional criterion was used to select

the appropriate a-value, namely, the kinetics at a given wavelength interval

ln5 1 nm (n¼ 1,.,Nl) should have the minimal dispersion of the spectral

profiles. The vector of optimal solutions [n]¼ (n1,., nN) was found thereby

by minimizing the discrepancy function

S½v� ¼
X

i

s2
vi
þ ε �

X

i;k

ðavi;k � avi;kÞ2: (3)

Here, s2vi ¼ ðM � NtÞ�1P
t

��rvi ;t
�� 2 is the mean-square error of CONTIN

solution ni the for i-th kinetic curve discretized at the time-array

(t1,.,tM) belonging to the wavelength interval ln; avi ;k is the amplitude

of k-th exponent with lifetime tk of CONTIN solution ni for i-th kinetic

curve; ani ;k is the mean amplitude of the solutions, belonging to the same

wavelength interval ln; and ε is the normalizing parameter. The first term

in Eq. 3 is the aggregate error of solutions [n], whereas the last term

characterizes the smoothness of solutions calculated for neighboring wave-
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length values li. The minimization of discrepancy function Eq. 3 was car-

ried out by a Monte Carlo stochastic optimization method implemented in

MATLAB (The MathWorks, Natick, MA). The value of normalizing

parameter ε was changed iteratively to make the orders of magnitude of

both terms in Eq. 3 equal to each other for the optimal solution [n].
RESULTS

Energy transfer processes in PSI complexes isolated from the
cyanobacterium T. elongatus were studied using pump-probe
femtosecond spectroscopy. A comprehensive biochemical
characterization of the purified PSI complexes is shown in
Fig. 1. Isolated PSI complexes were purified using sucrose
density gradient ultracentrifugation. Fig. 1 A shows SMA-
PSI on the left and DM-PSI on the right. Liberated caroten-
oids can be seen as orange bands at the top of both sucrose
gradients. The arrow indicates trimeric PSI, and DM-PSI
migrates further into this gradient, presumably because of
its more compact size, having lost the peripheral lipid anulus
that is retained in SMA preparation. Although both methods
preferentially extract trimeric PSI, SMA also shows larger
supramolecular complexes that sediment to the bottom of
the sucrose gradient (Fig. 1 A). The trimeric PSI was har-
vested from both sucrose gradients, buffer exchanged (to
get rid of sucrose), and concentrated using centrifugal con-
centrators with 100 kDa cutoff. All downstream biochemical,
biophysical, and spectroscopic studies were performed on
these purified trimeric PSI complexes. Chlorophyll emission
for SMA-PSI was shifted 2 nm to the red compared to DM-
PSI (Fig. 1 B). This significant red shift suggests a more
native orientation of the chlorophyll antenna within SMA-
PSI (38). Absorption spectra across the UV-visible region
show superimposable profiles between both extraction
methods, with the exception of the absorbance maxima of
the styrene at 220 nm (Fig. 1 C). BN-PAGE analysis reveals
SMA-PSI is larger than DM-PSI, presumably because of
increased thylakoid lipids retained within the native nanodisc
(Fig. 1 D). The SDS-PAGE analysis in Fig. 1 E shows all key
subunits are present in both preparations with some distinct
differences. First, the bands in the 30–37 kDa range that
are less prominent or missing altogether in the DM-PSI prep-
aration have been previously identified as part of the NDH
(NADH dehydrogenase) complex, which seems to be re-
tained with SMA extraction (32). Also, the band at
14.4 kDa corresponds to PsaF, a peripherally associated sub-
unit of unknown function in cyanobacteria, is significantly
lost in SMA-PSI, with 18.6% of the PsaF remaining with
the complex (Fig. 1 E). Stromal subunits C and E are very
difficult to see because these subunits do not stain as promi-
nently with silver; however, when the contrast is drastically
decreased (data not shown), these subunits can be seen in
both preparations.

The optical transitions in PSI complexes were induced by
femtosecond pulses centered at 670 and 740 nm with pump
energies of 20–40 and 100–200 nJ, respectively, which was
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FIGURE 1 Biochemical character-

ization of the PSI RC extracted with

DDM and SMA. (A) Sucrose density

gradient ultracentrifugation gradients

of supernatant after solubilization of

thylakoid membranes with SMA (left)

and DDM (right) are shown; the arrow

indicates trimeric PSI for both prepara-

tions. (B) Chlorophyll fluorescence

spectra of DM-PSI (dotted) and SMA-

PSI (solid) are shown; wavelengths of

fluorescence emission maxima are

listed in boxes above the x axis. (C)

UV-visible absorbance spectra of DM-

PSI (blue) and SMA-PSI (green) are

shown; absorbance of SMA 1440

copolymer is also shown (inset). (D)

BN-PAGE analysis of DM-PSI and

SMA-PSI is shown; black triangles

indicate where the gel image was crop-

ped, and all lanes were run on the same

gel. The effect of increasing ionic

strength on SMA extraction is also

shown. (E) SDS-PAGE analysis of

SMA-PSI and DDM-PSI is shown. (D

and E) MW markers are shown in the

first lane from left and are reported in

kilodaltons (kDa). To see this figure in

color, go online.
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required to produce measurable optical changes. The time
resolution at short delays was restricted by coherence spikes
(see Materials and Methods). To avoid the contributions of
coherent artifacts, the transient absorption changes at time
delays <100 fs were ignored. Fig. 2 shows the transient
spectra of PSI under conditions of specific excitation of
Biophysical Journal 118, 337–351, January 21, 2020 341



FIGURE 2 Transient absorption spectra of PSI at various

delays (1–100 fs; 2–1 ps; 3–6 ps; 4–20 ps; 5–60 ps; 6–500

ps). 25 fs pump pulses were centered at 740 nm (A and B)

and at 670 nm (C and D). DM-PSI (A and C) and SMA-PSI

(B and D) complexes are shown. To see this figure in color,

go online.
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LWCs by femtosecond pulses at 740 nm (Fig. 2, A and B)
and nonspecific excitation of the main part of the light-har-
vesting antenna by pulses at 670 nm (Fig. 2, C and D),
342 Biophysical Journal 118, 337–351, January 21, 2020
respectively. The spectra of DM-PSI and SMA-PSI prepara-
tions are shown in Fig. 2, A–D, respectively. A common
feature of the spectral changes induced by 740 nm pulses



FIGURE 4 Transient absorption changes in the DM-PSI (black) and

SMA-PSI (red) samples at the probe wavelength 680 nm upon excitation

by pulses centered at 740 nm (the energy of 200 nJ). The dashed traces

were obtained by multiexponential fitting with lifetimes t1 ¼ 0.64 ps,

t2 ¼ 23.9 ps (DM-PSI), and t1 ¼ 1.6 ps, t2 ¼ 16.8 ps (SMA-PSI). To

see this figure in color, go online.

PSI-SMALP Shows Enhanced Photochemistry
at a minimal delay td ¼ 0.1 ps is the presence of a broad
bleaching band with a minimum at 708 nm and a wide pos-
itive-absorption region at 600–680 nm (Fig. 2, A and B). In
the spectra of SMA-PSI samples at a time delay td ¼ 0.1 ps,
a feature is observed at 685 nm that is absent in DM-PSI
preparations. The spectra obtained by excitation of PSI by
670 nm pulses at the delay td ¼ 0.1 ps are characterized
by a relatively narrow bleaching band with a minimum at
682 nm (Fig. 2, C and D). The spectral dynamics induced
by 670 nm pulses looks very similar in the DM-PSI and
SMA-PSI preparations. Recovery of the absorption spectra
in this region occurs in the time domain of �3 ps synchro-
nously with the appearance of a bleaching band in the far-
red region with a minimum at 706 nm (Fig. 2, C and D).

The transient spectra of DM- and SMA-PSI preparations
induced by 740 nm excitation are combined for clarity on a
single scale (Fig. 3). The transient spectra have unequal
forms, which are distinguished by the bleaching at 680 nm
present in SMA-PSI complexes at 0.1 ps delay and by a
smaller magnitude of bleaching at 705 nm in these transients.

The transient absorption changes in the DM-PSI and
SMA-PSI preparations at the indicative wavelength of
680 nm are plotted in Fig. 4 by black and red traces, respec-
tively. The positive absorbance at 100 fs in DM-PSI prepa-
FIGURE 3 Transient absorption spectra of PSI at various delays

(1–100 fs; 2–6 ps; 3–20 ps; 4–500 ps). DM-PSI (black solid) or SMA-

PSI (red dashed-dotted) complexes excited by 740 nm pulses are shown.

To see this figure in color, go online.
rations could be attributed to the excited state of Chl a (39),
whereas the bleach at 680 nm in SMA-PSI preparations
could be due to the ground state depletion of primary elec-
tron acceptor (40). The decay kinetics at delays td % 120 fs
may be affected by the coherent artifacts (Fig. S1). The two-
exponential fitting gave the lifetimes t1 ¼ 0.64 ps, t2 ¼
23.9 ps for DM-PSI and t1 ¼ 1.4 ps, t2 ¼ 21.7 ps for
SMA-PSI preparations, respectively. Fig. 4 provides evi-
dence of an ultrafast (%100 fs) bleaching at 680 nm in
the SMA-PSI preparations, which is indicative of the ion-
radical pair P700

þA0
� formation in these complexes.

The final spectra of both samples at the maximal delay
td ¼ 500 ps (Figs. 3 and S2) have a common characteristic
signature with the two minima at 680 and 700 nm; its nature
will be discussed in detail later. The spectrum of DM-PSI
preparation has a butterfly-shaped feature in the 470–
520 nm region that is absent in the SMA-PSI preparation
(Fig. S2). This feature was assigned to a local electrochro-
mic shift of carotenoid molecule localized in the vicinity
of the anion A1

� (41).
To make a deconvolution of the observed transition

spectra into kinetic components, a global numerical analysis
of spectral matrices of the form DA(l, t) was performed in
the spectral range of 430–720 nm and in the time interval of
0.05–500 ps. It was assumed that the spectral changes are
the sum of three exponential components and offset, as
described by the following equation:

DAðl; tÞ ¼
X

i¼ 1;2;3

DAiðlÞ � expð�kitÞ þ DA0ðlÞ: (4)

Thus, the global approximating model included four
spectral components (three exponents and a stationary
Biophysical Journal 118, 337–351, January 21, 2020 343
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spectrum at large delay) and three kinetic parameters k1, k2,
and k3, the values of which were obtained by nonlinear opti-
mization. For given values of k1, k2, and k3, the components
DAi(l) were calculated by solving the linear least squares
regression problem following the standard methods of data
regression (42).

Fig. 5 A shows the results of the global exponential de-
convolution of the spectral dynamics of DM-PSI prepara-
tions from T. elongatus upon direct excitation of LWC by
a pulse at 740 nm. In this regard, the positive amplitude of
the spectrum corresponds to an increase in bleaching in
this optical region and the negative one to an increase of
the optical absorption. Under long-wavelength excitation,
the optical dynamics of PSI revealed an ultrafast component
with characteristic time t1 ¼ 80 fs, which may originate
from nonlinear coherent artifacts (see Fig. S1), so it is not
included in Fig. 5 A. The second component, with t2 ¼
2.4 ps, has a small amplitude and nearly symmetrical
form: the bleach decrease at 705 nm DA705 ¼ þ2.8 mOD
and the absorption decrease at 685 nm DA685 ¼
�1.8 mOD. The contribution of this component to the en-
ergy-trapping processes LWC/ RC/ P700

(þ)A0
(�) seems

unlikely because the energy trapping by charge separation
reactions is accompanied by essentially asymmetrical absor-
bance changes: the considerable decrease of LWC bleaching
(DA705 ¼ þ14 mOD) and order-of-magnitude smaller
changes at 685 nm (DA685 z �2 mOD; see Fig. 2 A).
The component with t2 ¼ 2.4 ps may arise from fast energy
redistribution processes between LWC and the antenna pig-
ments, which proceed in the time range of a few picosec-
onds (19). The estimate of the energy distribution rate
constant k1 (Scheme 1) is given below. The main spectral
changes caused by 740 nm excitation of DM-PSI prepara-
tions occurred with a characteristic time t3 ¼ 36 ps, which
characterizes the process of energy transfer from the LWC
forms in antennae to the cofactors in RCs. Note that because
the characteristic time of electron transfer from chlorophyll
A0 to phylloquinone A1 is �25 ps (2), the kinetics of the in-
termediate reduction of chlorophyll A0 remains unresolved.
Consequently, spectral changes in the absorption maximum
of A0 (685 nm) at t R 36 ps are absent (Figs. 2 A and 5 A);
the spectrum at the maximal delay td ¼ 500 ps reflects the
spectrum of the ion-radical pair P700

þA1
� (43).

The exponential deconvolution of the spectral dynamics
in SMA-PSI complexes excited by a similar long-wave
pulse (740 nm) is shown in Fig. 5 B. Qualitatively, the opti-
cal dynamics in these preparations resembled the dynamics
of DM-PSI samples (Fig. 5 A); however, two significant dif-
ferences were revealed. First, the fast component t2¼ 2.5 ps
in SMA-PSI preparations has an approximately doubled
amplitude relative to DM-PSI and reveals an additional min-
imum at 685 nm, which can be attributed to the chlorophyll
A0 absorption (2). Secondly, the amplitude of the slow
component t3 ¼ 37 ps is strongly reduced relative to the
final spectrum of the radical-ion pair P700

þA1
�. All these
344 Biophysical Journal 118, 337–351, January 21, 2020
features together indicate that in SMA-PSI preparation, a
fast energy transfer from the LWC forms to the RC is
observed.

Fig. 5 C shows the deconvolution of the spectral dy-
namics of DM-PSI excited by pulses at 670 nm, which
required three exponential components with the character-
istic times t1 ¼ 0.52 ps, t2 ¼ 2.7 ps, and t3 ¼ 36 ps, respec-
tively, as well as the final differential spectrum of the ion-
radical pair P700

þA1
� (offset). Similar decay-associated

spectra were obtained for SMA-PSI (Fig. 5 D). Components
with t1 ¼ 0.5–0.6 ps and t2 ¼ 2.7–3.2 ps characterize the
process of energy transfer from excited chlorophyll mole-
cules with an absorption maximum at �670 nm to longer
wavelengths with a maximum at �710 nm. The slowest
component (t3 ¼ 36 ps) describes the process of energy
transfer from the LWC to the PSI RC and the subsequent
charge separation process with the formation of the final
spectrum of the ion-radical pair P700

þA1
�. Notably, the rela-

tive amplitude of the component t3 ¼ 36 ps in PSI prepara-
tions excited by pulses at 670 nm is smaller than the
amplitude of the analogous component observed when the
LWCs were excited directly by pulses at 740 nm (Fig. 5
A). Apparently, this difference is due to the fact that when
PSI is excited by 670 nm pulses, a significant part of the en-
ergy flows from the light-harvesting antenna directly to the
RC, bypassing the LWCs. The relative contributions of both
energy transfer channels can be estimated by comparing the
amplitude of the LWC bleaching in the t3 ¼ 36 ps compo-
nent at 710 nm (DALWC) with the amplitude of P700 bleach-
ing in the final P700

þA1
� spectrum at 700 nm (DAP700).

Upon excitation of the DM-PSI preparation by pulses at
740 nm, all energy is localized on the LWC forms, and
the ratio DALWC/DAP700 ¼ 3.0. When PSI is excited by
pulses at 670 nm, the ratio DALWC/DAP700 ¼ 2.5, so 17%
of the energy flows directly into the RC, and 83% is redis-
tributed to the LWCs. It is noteworthy that in the SMA-
PSI samples excited by 740 nm pulses, the ratio DALWC/
DAP700 ¼ 1.7; hence, �45% of the energy gets the RC
with ultrafast femtosecond kinetics on the timescale of
0.1 ps (Figs. 3 and 4).

In summary, the energy trapping in DM-PSI and SMA-
PSI preparations demonstrates a marked difference. In
the DM-PSI sample, the energy trapping upon 740 nm
excitation proceeded mainly at 36 ps (Fig. 5 A), and
the fast symmetric 2.4 ps component was assigned to
processes of energy redistribution in the antenna. In the
SMA-PSI sample, an ultrafast (td % 0.1 ps) bleaching
of the primary electron acceptor A0 was revealed in
�45% of complexes (Fig. 5 B). A transient increase of
absorption at 680 nm was observed in these centers at
the time range of 1–5 ps (Fig. 4, red), which finds
expression in the asymmetric shape of the 2.5 ps
decay-associated spectrum (Fig. 5 B, blue). This absorp-
tion increase may reflect fast Stokes shifts caused by for-
mation of the ion-radical pair P700

(þ)A0
(�).



FIGURE 5 Exponential deconvolution of the

transient spectral dynamics in PSI preparations

from T. elongatus excited by pulses at 740 nm

(A and B) and 670 nm (C and D). DM-PSI (A

and C) or SMA-PSI (B and D) complexes are

shown. To see this figure in color, go online.
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FIGURE 7 The contribution c(t) of the ionic state P700
þ to the transient

spectra DA(l, t) of DM-PSI (blue) and SMA-PSI (red) complexes from

T. elongatus excited by a long-wave pulse of 740 nm (see Fig. S3 for de-

tails). The solid lines indicate the average between the vertical bars. Dotted

lines are extrapolations back to x and y axes. The numerical values corre-

spond to the ratio of P700
þ produced in the timescale of 0.1–5 ps. To see

this figure in color, go online.
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An important goal in determining the mechanisms of en-
ergy transfer and charge separation in PSI is to find specific
markers to reveal individual intermediates in these pro-
cesses. The data shown in Figs. 2, 3, and 5 allow us to
conclude that the formation of the P700

þ cation is character-
ized by a red electrochromic shift of the absorption band of
the nearest second chlorophyll pair Chl2A/Chl2B with an
absorption maximum of �685 nm. Because the spectral dy-
namics in DM-PSI complexes excited by femtosecond
pulses at 740 nm does not contain a discernible bleaching
band at 685 nm, the classical electrochromic butterfly shape
is clearly expressed in the spectral component t3 ¼ 38 ps
and in the stationary spectrum of the final radical ion-pair
P700

þA1
� (Fig. 5, green and red lines). The deconvolution

of P700
þA1

� spectrum into the bleaching band (l ¼
697.0 nm, s ¼ 8.0 nm) and the electrochromic shift of the
band (l¼ 682.7/ 690.0 nm, s¼ 5.2 nm) describes almost
exactly the experimental spectrum of P700

þA1
� (Fig. 6).

The magnitude of the electrochromic pattern of P700
þ in

the region of 680–700 nm c(t) can be determined from
the second derivative of the spectra as explained in
Fig. S3; its dynamics for DM-PSI and SMA-PSI prepara-
tions is shown in Fig. 7 by blue and red traces, respectively.
The comparison of two samples demonstrates that in the
DM-PSI preparation, formation of the P700

þ electrochromic
signature takes place to a great extent on the timescale of
40 ps (Fig. 7), whereas in the SMA-PSI preparation, an
ultrafast (%0.1 ps) formation of the cationic state P700

þ

takes place in a large part of the complexes (Fig. 7).
To visualize the processes of energy migration in the an-

tenna and charge separation in the RC in more detail, the
spectral changes in the DM-PSI and SMA-PSI preparations
were analyzed in the time interval of 0.1–500 ps by using
FIGURE 6 The deconvolution of the differential spectrum of the ion-

radical state of P700
þA1

� into two components: bleaching (l ¼
697.0 nm, s ¼ 8.0 nm, dashed) and electrochromic shift (l ¼ 682.7 /
690.0 nm, s ¼ 5.2 nm, dash-dotted). The experimental data are taken

from Fig. 2 B for SMA-PSI sample (dots), and the model curve (solid) is

the sum of the two contributions. To see this figure in color, go online.
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the CONTIN program, which employs the inverse Laplace
transform method for a multiexponential deconvolution of
the kinetics (37). The data obtained are shown in Fig. 8 in
the form of two-dimensional spectrograms. Areas in which
spectral dynamics are absent are marked in green, areas
with optical bleaching in blue, and areas in which an increase
in the optical absorption of the samples was revealed in red.
Fig. 8A demonstrates themap of spectral changes in the DM-
PSI complexes excited in far red (740 nm). The spectrogram
confirms the results of global exponential deconvolution pre-
sented in Fig. 5 A, in which the two exponential components
are found out, with the main changes (bleaching at 678 nm
and absorption recovering at 710 nm) occurred at �40 ps.
The analogous spectral changes in the SMA-PSI complexes
are shown in Fig. 8 B. The main difference with the DM-
PSI samples are the appearance of an ultrafast bleaching at
�680 nm (compare with Fig. 4) and the reciprocal decrease
in the magnitude of the slow 40 ps component attributed to
the energy transfer from the LWC to RC. Fig. 8 C shows
the excitation migration from pigments absorbing at
670 nm to the LWC in the DM-PSI complexes excited at
670 nm. The excitation migration looks like a consecutive
process, in which the energy is transferred step by step
from the high-energy to low-energy chlorophyll forms. The
charge separation occurs predominantly at 40 ps, similar to
the case of direct far-red excitation at 740 nm (Fig. 5 A).
DISCUSSION

The current literature continues to dispute the nature of the
primary and secondary donors and electron acceptors in PSI,
as well as the limiting step of the process of converting solar



FIGURE 8 Spectrograms of the distribution of the kinetic exponential

components in the region of the chlorophyll QY absorption band, ob-

tained using the CONTIN program for PSI from cyanobacterium

T. elongatus. The maximal excitation pulse at 740 nm (A and B) and

670 nm (C) is shown. DM-PSI (A and C) and SMA-PSI (B) preparations

are shown. The scale of the amplitudes of the components is shown to

the right of the spectrograms. To see this figure in color, go online.
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energy in protein complexes. The complexity of the problem
is due to the fact that in PSI, it is impossible to separate the
chlorophylls of the light-harvesting antenna from electron-
transfer cofactors in the RC without disturbing the overall
structure of the complex. The energy transfer in the antenna
and charge separation in the RC occurs on the timescale of
Biophysical Journal 118, 337–351, January 21, 2020 347
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10�13–10�11 s (2,4,5,44–46). The spectral and temporal in-
tersections of these processes result in appearance of contro-
versial suggestions on the mechanism of primary steps of
energy conversion in PSI. In particular, there is no single
point of view on the nature of the primary donor and elec-
tron acceptor in PSI, and several alternative mechanisms
for the generation of primary ion-radical states are
considered.

According to the most common opinion, photoinduced
charge separation is preceded by the formation of an excited
state of a special pair, P700*. The P700* state can be formed
either directly, as a result of the absorption of a quantum of
light by the P700 dimer (channel (1) in Scheme 1), or indi-
rectly, as a result of the transfer of energy from the antenna
(channels (2) and (3) in Scheme 1). In doing so, the energy
transfer in the antenna occurs in the time interval of several
picoseconds (47); a close time of 1.5–3 ps was attributed to
the initial reaction of electron transport by most authors (2).
A mechanism, according to which the charge separation
occurs between the Chl2/Chl3 chlorophylls of the A0 heter-
odimer, has been actively discussed (7,48,49). Results of
pump-probe femtosecond spectroscopy with excitation of
PSI complexes in the far-red region demonstrated the forma-
tion of a signal for the primary ion-radical pair of P700

þA0
�

already at a delay of 100 fs (4,9). The method of two-dimen-
sional femtosecond spectroscopy was used to study the
energy transfer processes in PSI, which revealed the pres-
ence of fast (2–4 ps) energy transfer to LWCs (5).

The results obtained in this work by the femtosecond
pump to supercontinuum probe technique of T. elongatus
DM-PSI preparations are similar to the data obtained for
PSI complexes from the strain C. thermalis PCC 7203
grown under white light, i.e., without synthesis of LWC f
(6). Spectrally unresolvable bleaching at 710 nm and excited
state absorption in the 620–670 nm region were observed in
both cases when samples were excited in the far-red region
(compare Fig. 2 A of this work and Fig. 3 B of Kaucikas
et al. (6)). Absorption recovery of the LWC in antenna
and the formation of the final spectrum of the ion-radical
pair P700

þA1
� occurred with a characteristic time of 36 ps

(Fig. 8 A of this work and Fig. 6 B of Kaucikas et al. (6)).
However, the rate of energy transfer to LWC when the an-
tenna is excited by pulses at 670 nm was very different in
these two strains: in the T. elongatus, energy transfer
occurred in the 0.2–2 ps time domain with the main time
t2 ¼ 2.7 ps (Figs. 5 C and 8 C), whereas in the
C. thermalis PCC 7203, this process was carried out with
a time of �20 ps (Fig. 6 A and Fig. 9 A of Kaucikas et al.
(6)), getting into the same time interval with energy transfer
processes from the LWCs to the RC and the formation of the
final ion-radical pair P700

þA1
�.

Thus, in DM-PSI complexes, excitation energy was trans-
ferred to the RC with a time of �36 ps, regardless of
whether excitation occurred in the far-red region or at the
maximum of the antenna’s absorption at 670 nm. A close
348 Biophysical Journal 118, 337–351, January 21, 2020
time of 16–19 ps was obtained using two-dimensional elec-
tronic spectroscopy for energy transfer to the RC of the
strains of Synechococcus sp. PCC 7002 and Synechocystis
sp. PCC 6803 (5).

We attempt to estimate the rate constants and relative ex-
tents of energy transfer processes induced by 670 nm exci-
tation (Scheme 1). We assume that the reactions of forward
energy migration from An* to LWC (k1) and to RC (k2) in
DM-PSI from T. elongatus are two concurrent processes.
The last process was observed with a quantum yield of
17% in the given experiments, and 83% of the excitation
was redistributed to the LWC. The observable lifetime of
overall process t2¼ 1/(k1þ k2) is 2.7 ps. The quantum yield
of the LWC excitation is 83%, so the ratio of the rate
constants k1/k2 ¼ 0.83/0.17. We thereby get k1 ¼ 3.1 �
1011 s�1 and k2 ¼ 6.3� 1010 s�1. The rate constant of back-
ward energy transfer from LWC to RC is k3 ¼ 1/t3 ¼ 2.8 �
1010 s�1. Unfortunately, the relative extents of these reac-
tions could not be determined precisely, several factors mak-
ing such a determination difficult. First, the RC comprises
only six chlorophyll molecules, whereas the antenna in-
cludes 90 chlorophylls; this gives rise to an ineluctable
high noise level. Second, the six chlorophyll molecules in
the RC are strongly coupled in a combined electronic sys-
tem (50,51), and their quantitative spectral analysis is rather
challenging. Third, the transient spectra obtained by pump-
probe femtosecond spectroscopy represents a mixture of
ground state bleaching (always negative), excited state ab-
sorption (always positive), and stimulated emission (always
negative). These spectral components have comparable am-
plitudes in the range of chlorophyll QY band absorption.

The spectrum of the radical ion pair P700
þA1

� was
observed at delays R50 ps. This spectrum can be consid-
ered as a superposition of P700 bleaching at �700 nm and
the electrochromic band shift of A0 at �685 nm (52). In
the SMA-PSI preparation, the bleaching band has the
maximum at l ¼ 697.0 nm and the Gaussian root
mean-square (RMS) width s ¼ 8.0 nm, whereas the
electrochromic shift has the band parameters l ¼
682.7 / 690.0 nm, s ¼ 5.2 nm. The typical RMS width
of chlorophyll is 6.3 nm (53). An RMS width of 6.5 nm
has been determined by hole-burning experiments for P700
using PSI complexes from spinach at 1.6 K (54). Taking
into account the band broadening at high temperature, the
estimation s ¼ 8.0 nm seems to be consistent with these
measurements.

The electrochromic shift of QY band at 685 nm in the
P700

þA1
� state of DM-PSI preparation is twofold larger

than in the SMA-PSI samples (Fig. S4). In consequence of
this fact, the difference between the SMA- and DM-PSI
preparations is especially noticeable in the region of the
carotenoid absorption at 470–520 nm, in which the SMA-
PSI preparation does not reveal electrochromic features. A
high variability of the carotenoid band shift at 480 nm
upon charging of the A1A and A1B sites was observed in
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various PSI preparations both in solution and in trehalose
glass (55). The increase of electrochromic effects in the
DM-PSI preparation could be explained in two different
ways. On the one hand, the enhanced electrochromism in
the presence of detergent can be caused by a significant
conformational rearrangement significantly changing the
geometry of the pigment-protein complex, both near P700
and A1 sites. More plausibly, the magnitude of electrochro-
mic bandshift, which depends on the dielectric permittivity
of the protein-water interface (52), was sufficiently lowered
by DM solubilization. The detergent forms a nonpolar layer
around the PSI complex, expelling water molecules from
cavities on the protein surface. In the second case, the
enhanced electrochromism will be a combined result of
several factors decreasing dielectric permittivity of the
DM-PSI preparation, such as the low concentration of water
at the surface, the intercalation of detergent into the
pigment-protein complex, and the decreased conformational
mobility of chargeable amino acid groups at the protein
surface.

The main results of this work clearly demonstrate that the
use of DM detergent significantly affects the rate and effi-
ciency of energy transfer processes initiated by the excita-
tion of LWCs in PSI. In SMA-PSI complexes excited at
740 nm, the ultrafast bleaching at 680 nm (Fig. 4) and the
electrochromic feature at 680–690 nm (Fig. 7) suggest an ul-
trafast formation of the ion-radical state P700

þA0
� in the

time interval of %0.1 ps. This means that the excited state
(P700A0)* can be directly produced by far-red pulses and ini-
tiates the primary photochemistry via the first channel in
Scheme 1; the respective rate constant of the primary charge
separation m1 is as high as 10 ps�1. In these preparations
excited in the far-red region of the antenna (740 nm),
�45% of the energy reached the RC with a characteristic
time of%100 fs (Figs. 4 and 7). In �55% of the complexes,
the excitation remained localized on the LWCs, and the
transfer of excitation energy to the RC occurred with the
characteristic time of 36 ps. In contrast, in DM-PSI com-
plexes excited at 740 nm, the bleaching at 680 nm (Fig. 4)
and the electrochromic shift at 680–690 nm (Fig. 7) devel-
oped at the timescale of �10 ps. These findings may help
to specify the primary events in the PSI photochemistry.

The substantiation of Chl2 as a primary electron donor
was supported by the observation in PSI from Chlamydomo-
nas reinhardtii excited at 700 nm of a bleaching band at
�680 nm, which appeared with a characteristic time of
6–9 ps and was assigned to the transition Chl2* /
Chl2þChl3� (48,56). In agreement with these observations,
the transient bleaching at 680 nm was observed in DM-PSI
preparation excited at 740 nm, and the kinetics was nonex-
ponential and had an effective time of�10 ps (Fig. 4, black).
In contrast to this, in SMA-PSI complexes excited in the far-
red region, a bleaching at 680 nm was seen already at 0.1 ps
(Figs. 2 B, 3 B, and 4, red), in line with the dynamics of PSI
from Synechocystis sp. PCC 6803 excited at 720–760 nm
(4,9). It is noteworthy that the PSI from Synechocystis sp.
PCC 6803 does not contain LWC forms absorbing in the
720–760 nm region (57). Because the absorption band of
the Chl2/Chl3 heterodimer is centered at �686 nm
(40,52), the 740 nm pulses in our measurements with
SMA-PSI complexes did not overlap with the QY band of
Chl2/Chl3 heterodimer but excited either the LWC in an-
tenna (�55%) or P700 directly in the far-red tail of its ab-
sorption spectrum (�45%). Thus, these results corroborate
an ultrafast formation of the ion-radical pair P700

þA0
� as

the primary charge-separated state in PSI from T. elongatus.
An ultrafast charge separation in PSI may proceed

because of strong electronic coupling between P700 and
the nearest Chl2 (50), analogous to the intradimer electron
transfer observed in synthetic chlorophyll analogs (t ¼
170 fs) (58). High-pressure hole-burning spectroscopy re-
vealed for red pigment pools in the PSI core a conforma-
tional mixing between the locally excited and charge
transfer configurations that can be considered as typical ex-
cimers (59). The PSI absorption spectrum in the red edge
demonstrates an exponential dependence (known as the
Urbach rule), which was attributed to the effect of strong
electronic coupling between the excited P700* and the
charge-separated states P700

þA0A
� and P700

þA0B
� in both

branches of redox cofactors (4). The ultrafast channel of
charge separation is indicated in Scheme 1 by the rate con-
stant m1.

A very slow charge separation was observed in PSI com-
plexes from T. elongatus at liquid helium temperatures un-
der illumination with far-red light at 754–808 nm (17).
Because an uphill energy transfer is unrealizable at such
temperatures, a direct activationless transition from excited
LWC in antenna to a CT state in RC via a superexchange
mechanism was proposed (17). A similar mechanism was
considered for the LH1-RC system of purple bacteria (18).
The possibility of such direct transition may be due to a
strong electron-phonon coupling in PSI (59,60), which
makes conditions for a mixing of neutral exciton and polar
charge transfer states (excimer). This slow, direct transition
from excited LWC to a charge-separated state in the RC is
denoted by the rate constant m0 in Scheme 1.

At ambient temperature, energy transfer from excited
LWCs in antennae to the RC apparently proceeds via the
excited state P700* at the timescale of 20–100 ps (5,6).
This intermediate channel of charge separation is controlled
by the uphill transition marked by the rate constant k3 in
Scheme 1. Because of the presence of LWC C-719 in the an-
tenna of T. elongatus, the far-red pulse (740 nm) excited
almost in equal proportions both the LWC in antenna and
the dimer P700 in RC of the SMA-PSI complex, so channels
(1) and (2) provided comparable contributions to the PSI
photochemistry. In the DM-PSI preparation, only channel
(2) was observed; the low quantum yield of direct P700 exci-
tation may be the result of a reduced electronic coupling
caused by the presence of detergent.
Biophysical Journal 118, 337–351, January 21, 2020 349



Cherepanov et al.
The nonspecific excitation of the main part of light-har-
vesting antenna chlorophyll by femtosecond pulses at
670 nm induces a sequence of energy transfer processes
from high-energy forms of chlorophyll with an absorption
maximum of �670 nm to longer wavelengths with a
maximum of �710 nm. In the sequence of these reactions,
two exponential components can be distinguished with
times t1 ¼ 0.56 ps and t2 ¼ 2.8 ps.

Thus, in this work, we were able to demonstrate a differ-
ence in the femtosecond kinetics of electron transfer from
two different preparations of a cyanobacterial PSI. Although
the spectral properties of these two complexes are quite
similar, the kinetics of the first step in electron transfer re-
veals a new, ultrafast component that, to our knowledge,
has never been observed in the detergent-solubilized forms
of PSI from the commonly studied cyanobacterium
T. elongatus. The distinct differences that enable this
much faster electron transfer are not known but may suggest
some structural change occurs in the protein environment of
these cofactors during detergent isolation. Further investiga-
tion will be needed to compare the details of how the cofac-
tors are bound within this nondetergent form of PSI.
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