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Abstract 
 
 We use both frequency- and time-domain low-temperature (5-20 K) spectroscopies to 
further elucidate the shape and spectral position of singlet minus triplet (triplet-bottleneck) 
spectra in the reaction centers (RCs) of Photosystem II (PSII) isolated from wild-type 
Chlamydomonas (C.) reinhardtii and spinach. It is shown that the shape of the nonresonant 
transient hole-burned spectrum in destabilized RCs from C. reinhardtii is very similar to that 
typically observed for spinach. This suggests that the previously observed difference in 
transient spectra between RCs from C. reinhardtii and spinach is not due to the sample origin 
but most likely due to a partial destabilization of the D1 and D2 polypeptides. This supports 
our previous assignments that RC680 (referred to as destabilized RCs) [K. Acharya et al., J. 
Phys. Chem. B 2012, 116, 4860–4870], with a major photobleaching band near 680-682 nm, 
does not represent the intact RC residing within the PSII core complex. Time-resolved 
absorption difference spectra obtained for partially destabilized RCs of C. reinhardtii and for 
typical spinach RCs support the above conclusions. The absence of clear photobleaching bands 
near 673 nm and 684 nm (where the PD1 chlorophyll and the active pheophytin (PheoD1) 
contribute, respectively) in picosecond transient absorption spectra in both RCs studied in this 
work indicates that the cation can move from the primary electron donor (ChlD1) to PD1, i.e., 
PD1ChlD1

+PheoD1
 → PD1

+ChlD1PheoD1
. Therefore, we suggest that ChlD1 is the major electron 

donor in usually studied destabilized RCs (with a major photobleaching near 680-682 nm), 
although the PD1 path (where PD1 serves as the primary electron donor) must be present in 
intact RCs, as discussed in [K. Acharya et al., J. Phys. Chem. B 2012, 116, 4860–4870]. 
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I. Introduction 
 
 Photosystem II (PSII), the only protein complex capable of evolving oxygen, performs 
primary charge separation (CS) in the D1/D2/Cyt b-559 reaction center (RC)1 in oxygenic 
photosynthesis (plants, cyanobacteria, and algae). In this work we focus on isolated RCs from 
spinach and Chlamydomonas (C.) reinhardtii, a unicellular green alga flagellate possessing a 
single chloroplast. C. reinhardtii and spinach are important model systems for fundamental 
studies of various aspects of photosynthesis. According to a recent X-ray crystal structure2 (from 
T. vulcanus), the PSII RC complex contains six chlorophyll (Chl) and two pheophytin (Pheo) 
molecules, two plastoquinones (QA and QB), two β-carotene molecules (CarD1 and CarD2), 
cytochrome b-559 (Cyt b-559), and a non-heme iron. The PD1 and PD2 Chls are structurally 
analogous to the PL and PM BChls of the bacterial special pair, respectively, while the ChlD1,D2 

and PheoD1,D2 molecules correspond to the monomeric BChlL,M and BPheoL,M molecules (where 
the subscripts represent the respective polypeptide chains to which the chlorines are bound).3 
 
 Unlike in the bacterial RC (BRC), PSII RCs contain two additional peripheral Chls bound 
by histidines of the D1 and D2 polypeptides, and sometimes referred to as ChlzD1 and ChlzD2.

4 In 
both BRCs and PSII RCs, the pigments have similar organization and function, with pseudo-C2 
structural symmetry and a functional asymmetry of their two branches D1/L and D2/M.5 By 
analogy with the BRC, it is believed that the D1 protein chain of the PSII RC is photochemically 
active, and thus the PD1/PD2, ChlD1, and PheoD1 molecules participate in primary CS.1 The two 
Chl molecules, PD1 and PD2, form a dimer with partial structural overlap, which is stabilized by a 
van der Waals interaction of about –17 kcal mol-1.6 Differences in the immediate environment of 
the two pigments of the dimer cause localization of the major portion of the dimer’s highest 
occupied molecular orbital on PD1.

6 It has also been recently shown that the redox potential (Em) 
of PD1 for one electron oxidation (Em(PD1)) is lower than that of PD2, favoring the localization of 
the cationic charge of the primary charge transfer (CT) state on PD1.

7 
 
 Many researchers have been interested in electronic structure and ultrafast primary events 
of oxygenic photosynthesis. Although in recent years consistent progress has been made in 
comprehending the electronic structure and CT dynamics in isolated PSII RC,8,9,10,11 an adequate 
global understanding of this complex system is yet to be achieved. There are still numerous 
issues regarding primary CS pathways in the PSII RC: for example, the assignment of PD1 or 
ChlD1 as primary electron donor is controversial.8,9,10,11,12 However, very recently it has been 
shown by combining two-dimensional electronic spectroscopy and Redfield theory13 that, 
depending on the realization of disorder, both ChlD1 and PD1 paths are possible in a typical 
spinach RC. One significant obstacle to the understanding of the PSII RC is that, in contrast to 
the BRC (which can be isolated and crystallized while maintaining full functionality), the PSII 
RC is considerably more fragile during isolation and purification procedures10,14,15,16 and retains 
only limited PSII functionality in its isolated form.9,11 Recent spectroscopic studies indeed 
suggest that the isolated RC from C. reinhardtii is more intact than the RC isolated from 
spinach.10,17 In this respect, it has been suggested that the isolated RC samples possess two RC 
subsets, the destabilized RC680 and the more intact RC684, the latter being vulnerable and 
changing to RC680 upon biochemical manipulation.10,11,17,18 To our knowledge, studies of the 
isolated intact algal PSII RC from C. reinhardtii are only few, mainly because of the difficulties 
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in preserving its intactness during preparation.10,17 It is likely that after isolation, the coupling 
between PD1, PD2 and other pigments is weakened, resulting in the blue-shift of the Qy absorption 
band and modified electron transfer (ET) dynamics. 
 
 We argue below that the shapes of transient (nonresonant) holes and time-resolved 
absorption difference spectra obtained for isolated RCs from C. reinhardtii can report on the 
quality of isolated RC complexes. We use both frequency- and time-domain low-temperature 
spectroscopies to shed light on the electronic structure and CS, respectively. For simplicity, we 
focus on the shapes of the 5 K triplet bottleneck holes as well as 20 K transient absorbance 
changes and decay-associated difference spectra (DADS) measured for both spinach and partly 
destabilized C. reinhardtii isolated RCs. We show that the shape of the transient hole-burned 
(HB) spectra vary depending on sample quality; for example, after the sample of C. reinhardtii is 
concentrated via centrifugation with a 50 kDa filter to reach a higher optical density (OD) (vide 
infra), one can observe a transient hole that is typical for spinach RC preparations. High sample 
concentration is, however, required for time-resolved pump-probe measurements. Therefore, we 
argue that the previously observed differences in the transient HB spectra for RCs in C. 
reinhardtii and spinach are not due to different sample origins, but rather due to the 
destabilization of the D1 and D2 polypeptides during the sample isolation and concentration 
procedures. 
 
II. Experimental section 
 
 PSII RC complexes from C. reinhardtii containing 6 Chls per 2 Pheos were obtained 
from both thylakoids and PSII-enriched membranes following the method of Nanba and Satoh,19 
with important modifications described in ref. 20. Preparation of isolated RCs from both 
thylakoids and PSII-enriched membranes, as well as basic spectroscopic characterization and 
pigment analysis, is described in ref 20 (see also Table 1 in the Appendix). The OD at 680 nm 
was ~0.6 in 6 mm and 0.7 mm cells for HB and pump-probe experiments, respectively. The 
sample was concentrated ~45 times (from 0.04 up to 1.9 OD in 1 mm) through a centrifuge (by a 
series of 5 min cycles at ~6000 x g in a tabletop centrifuge at 4 °C). Besides glycerol, no other 
chemicals were added. Spinach PSII RCs were isolated as described in ref. 14. 
 
 The hole burning apparatus and measurements were described in detail elsewhere.21  
Briefly, a Bruker HR125 Fourier transform spectrometer and a Janis 8-DT Super Vari-Temp 
liquid helium cryostat were used to measure the absorption and HB spectra at 5 K. Nonresonant 
HB spectra were recorded at a resolution of 4 cm-1 using a burn wavelength (B) of 496.5 nm 
from a Coherent Innova 200 argon ion laser or 665.0 nm from a tunable Coherent CR699-21 ring 
dye laser (Exciton LD688; linewidth of 0.07 cm-1) pumped by a 532 nm Spectra-Physics 
Millennia 10s diode laser. The laser output was stabilized using LPC from Brockton Electro-
Optics Corp. Sample temperature was read and stabilized with a Lakeshore Cryotronic model 
330 temperature controller. The transient spectra reported in this work correspond to the 
difference between the absorption spectrum with laser on and the absorption spectrum with laser 
off. This difference is due to dynamic depopulation of the singlet ground state for the duration of 
the (long) lifetime of either the triplet state (triplet-bottleneck hole) or CS state. Burn intensities 
and times are given in the figure captions. 
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 The optical pump−probe spectroscopy system has been described in detail elsewhere.22 
The 780 nm, ~100 fs long pulses from a self-mode-locked Ti:sapphire laser were amplified by a 
factor of ~105 at 1 kHz repetition rate in a regenerative amplifier and converted to infrared signal 
and idler pulses in a type I BBO optical parametric amplifier. The signal output pulses were 
frequency-doubled into tunable visible light pulses (600−730 nm), which served as sample 
excitation (pump) pulses. The transient absorption of a sample upon excitation was probed with 
broadband femtosecond continuum light pulses generated in a sapphire plate using a fraction of 
the amplifier output; cross correlations between the pump and probe pulses were typically 
100−200 fs fwhm. A fraction of the continuum beam was used as a reference. After passing 
through the sample both probe and reference beams where dispersed in an Oriel MS257 imaging 
monochromator operated at 2.5 nm band-pass, and directed onto separate Hamamatsu S3071 Si 
pin photodiodes. The pump beam intensity was monitored and digitized, along with the 
transmitted signal and reference beams, hence permitting real-time noise monitoring. The sample 
was housed in a closed cycle liquid helium-cooled cryostat (Air Products DE202, Allentown, 
PA) and all transient experiments were performed at 20 K. 
 
III. Results and Discussion 
 
 3.1 Absorption spectra of isolated PSII RCs from C. reinhardtii. Figure 1 (top frame) 
shows the Qy-region absorption spectra (a-d) of various isolated PSII RC samples from C. 
reinhardtii. The spectra (a-d) were obtained for RC preparations referred to below as samples A, 
B, C, and D, respectively. We showed recently that a typical RC from C. reinhardtii is 
represented by spectrum (a) (black curve, sample A), while the most intact RCs are represented 
by curve (d) (red curve, sample D).10 The latter is very difficult to obtain even in very small 
quantities and its spectrum is re-plotted here for comparison from ref 10, in which this sample 
was studied in great detail by hole-burning spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Frame A: Spectra (a-d) represent 5 K absorption spectra obtained for isolated RC from 
C. reinhardtii at different level of intactness. Curves a-d are normalized for the same integrated 
intensity in the Qy-region (see text for details). Frame B: Curves a' (black) and d' (red) are 
nonresonant transient holes (B = 665.0 nm) measured for the samples with absorption spectra 
(a) and (d), respectively. Spectrum (e) is the difference between curves (a') and (d') (see text). 
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 Spectral changes in the Qy-region are similar to those observed in our laboratories for 
spinach RC over the years. Spectrum (b) was obtained for sample A after a concentration 
procedure to increase its OD; the higher OD sample (below referred to as sample B) was 
required in order to increase the signal-to-noise ratio for time-resolved pump-probe 
measurements reported below. All pump-probe experiments (vide infra) were obtained for 
sample B. Interestingly, HB studies repeated on sample B after pump-probe measurements 
revealed a further destabilization (curve (c) in Figure 1A and corresponding transient holes 
shown in Figure 2). The latter sample is referred to below as sample C. Thus, curves (b) and (c) 
represent samples with a different degree of destabilization compared to sample A (represented 
by curve (a)). 
 
 As indicated by the changes in absorption spectra (a), (b), and (c), it is obvious that the 
RC samples are not very stable. A partial structural destabilization can easily occur in isolated 
RC proteins leading to somewhat different absorption spectra. Curve (b) has a similar shape to 
that of partially damaged spinach RCs (data not shown), while spectrum (c) (for C. reinhardtii) 
is very similar to the absorption spectrum of previously studied spinach RC,23 for which an 
additional transient hole near 669 nm was observed (not shown), but for which zero-phonon hole 
(ZPH) widths, burned in the 680-682 nm region, yielded a fast decay time for P680* of 1.9  0.2 
ps at 4.2 K. We believe that the broadening and blue-shift of the absorption spectra shown in 
Figure 1A is due to modification of the pigment-protein interactions that affect the electronic 
structure of RCs. For example, the Qx-absorption band of Pheos also shifts to higher energies; 
i.e., the band maxima corresponding to spectra (d), (a), (b), and (c) are 544.0, 543.0, 543.0, and 
541.8 nm, respectively (spectra not shown for brevity; see also refs 15, 16 and 23). We 
emphasize that such behavior has nothing to do with the extraction of pigments since absorption 
spectra similar to (b) and (c) were previously obtained for spinach RC without and with TX-100 
detergent.16 Therefore, these data confirm that the changes observed in absorption spectra are 
due to perturbations of the pigment-protein structure. 
  
 3.2 Transient HB spectra of isolated PSII RCs from C. reinhardtii and spinach. 
Transient holes discussed below are due to dynamic depopulation of the singlet ground state for 
the duration of the (long) lifetime of either the triplet state (triplet-bottleneck hole, in the absence 
of QA) and/or CS state (PD1

+QA
 in systems where QA is present).10 We have recently proposed 

that spectrum (d) and the corresponding transient hole (d') in Figure 1 (lower frame) represent 
the most intact RC studied so far for isolated RCs from C. reinhardtii, with the major 
photobleaching bands near 684 and 673 nm. We have also demonstrated that this sample 
contained QA,10 while in most isolated RC samples studied so far QA was lost during the 
preparation/purification procedures. These isolated RCs showed transient holes near 680-684 nm 
and no photobleaching band near 673 nm, where the special pair pigments (PD1/PD2) contribute;8 
indicating that the triplet state is not localized on the special pair pigments (i.e., PD1 or PD2 Chls). 
A typical transient HB spectrum obtained for for C. reinhardtii (sample A) is shown in Figure 
1B (curve a', black). We hasten to emphasize that typical transient (triplet-bottleneck) holes 
observed in all spinach RCs are characterized by a single bleaching band near 680 nm, with a 
weak shoulder near 683-684 nm.10,24,25,26 We recently argued10 that the RC absorption spectrum 
from C. reinhardtii (similar to curve (a) in Figure 1A) contains contributions from a mixture of 
at least two RC subpopulations referred to as RC680 and RC684 in the literature.10,17 Previously, 
the 680 nm contribution (assigned to RC680) was obtained by subtracting spectra measured for 
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the same RC preparation but with different burning wavelength,10 i.e., B = 665.0 and 496.5 nm. 
Here we use the same burning wavelength (B = 665.0 nm) and compare data obtained for 
samples A and D, with sample A being partly destabilized (less intact sample) and sample D 
corresponding to the most intact sample obtained so far. The result is the same as shown in 
Figure 1 (lower frame) by the green curve (e) = (a') – (d'), which also reveals an additional 
(transient) bleaching band near 680 nm as typically observed for isolated spinach RCs.24,25 That 
is, curve (e) was obtained by subtracting the contribution of intact RCs (curve (d')) from the 
spectrum of partially destabilized RCs (curve (a')) after mutual normalization at the low-energy 
side of the HB spectra. As expected, the extracted spectrum has a major photobleaching band 
near 680 nm with little contribution near 683-684 and 673 nm (curve (e)). This band is very 
similar to that often reported for spinach RC.24,25 As before, we assign these transient holes to be 
representative of a RC680 (less intact) subpopulation of RCs. 
 
 We now turn to the transient holes obtained for sample C. Spectra (a) and (b) in both 
frames of Figure 2 show (nonresonant) transient holes obtained using B = 496.5 and 665.0 nm, 
respectively. In frame A of Figure 2 curves (a) and (b) are mutually normalized near 685 nm, 
while in frame B the same curves are normalized at 665 nm to demonstrate that the two major 
bands near 669 (red arrow) and 680 nm are caused by different species. This is consistent with 
the 669 nm band not being observed for an excitation wavelength near 680-684 nm (data not 
shown). Spectrum (c) in Figure 2A is a transient hole obtained for spinach RC using the same B 

= 665.0 nm. The very weak shoulder near 683-684 nm (dashed green arrow) was also previously 
observed24,25 and is assigned to RC684 (lacking QA) with ChlD1 serving as the primary electron 
donor,10,11 i.e., with the triplet state localized on ChlD1. A comparison of spectra (a) and (b) (for 
C. reinhardtii) with spectrum (c) (for spinach) near 680-684 nm in Figure 2A reveals that C. 
reinhardtii (sample C) has relatively higher subpopulation of more intact RC684. The difference 
between the normalized spectra (a) and (b) in Figure 2B is dominated by the 680 nm band. Note 
that this band is slightly broader due to the additional contribution from more intact RCs (i.e., 
RC684); vide infra. 
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Figure 2. Spectra (a) and (b) in both frames correspond to the transient holes obtained for 
isolated RCs from C. reinhardtii (sample C) using B = 496.5 and 665.0 nm, respectively. 
Curves (a) and (b) are normalized near 680 nm (frame A) and 665 nm (frame B). Spectrum (c) 
(frame A) is a typical transient hole obtained for spinach RC using B = 665.0 nm; the weak 
shoulder near 683-684 nm was previously assigned to the RC684.10 The red curve in frame B is 
the difference between spectra (a) and (b) that were normalized near 665 nm. 

 
Given the above results (and data published recently; see refs 10 and 17) we conclude that 
typical RCs isolated from C. reinhardtii studied by our groups can be easily destabilized during 
the concentration or dilution procedures. Since larger destabilization leads to a larger 
contribution from RC680 (associated with the bleaching band near 680 nm) we suggest that 
spinach RC, with a major bleaching band near 680 nm, is not a representative of the intact RCs. 
Consequently, such spectra should not be used to adequately model the intact RCs residing 
inside the PSII core complex. 
 
 3.3 Time resolved absorption difference and decay-associated difference spectra 
(DADS). We begin with the data obtained for spinach RCs shown in Figure 3. Frames A and B 
show transient absorption difference spectra (A) and DADS, respectively. All time-dependent 
absorption difference profiles were recorded at T = 20 K for a time range of -20 ps to 700 ps 
using 665.0 nm excitation pulses. Upon excitation, the major transient absorption bleaching band 
in spinach RC emerges near 680 nm (Figure 3A) in agreement with other studies.13,27,28 A 
minimum of four decay components was necessary to globally fit the kinetics probed between 
665.0 – 700.0 nm with step size of 2.5 nm (raw data not shown). The respective amplitudes of 
each component are shown in Figure 3B as a function of probe wavelength (DADS). 

 
 The spectra of 0.7 ps and 15 ps decay components (Figure 3B) reveal a bimodal signal 
with the positive maxima near ~680 nm. Such bimodal feature is typical of energy transfer and 
consequently both components are assigned to a rapid energy transfer from higher energy 
pigments excited by the pump pulse to the state that absorbs near 680 nm. This resulting state is 
associated with the longer ns-DADS component as the latter component is maximized at 680 nm. 
Note that since our temporal window extended only to 700 ps, precise evaluation of the ns 
component lifetime was not possible. Thus, we will keep referring to it as a ns-long component 
in the rest of the manuscript. The 680-nm bleaching feature of the ns DADS component is 
consistent with the absorption band of the active PheoD1. This assignment is consistent with 
previously reported experiments involving dithionite plus white light reduction of Pheo to Pheo, 
where it was shown that the Pheo Qy state (active in CS) lies near 680 nm.15 The 673-675 nm 
shoulder in the ns-DADS component could be assigned to oxidized PD1 (or PD2). Consequently, 
we suggest that the excitation leads to an initial reduction of PheoD1 with lifetimes of 0.7 and 15 
ps, followed by a slow ~ns recombination. Similar ns-long recombination time scales were 
observed before in isolated PSII RC from spinach.27 Thus, it is likely that PD1 could serve as the 
primary electron donor (see below), though one cannot entirely exclude that the cation on ChlD1 
(i.e., ChlD1

+) could move to PD1 (i.e., PD1
+) in the following CT sequence: PD1ChlD1

+PheoD1
 → 

PD1
+ChlD1PheoD1

. 

 
 The 290 ps DADS component (Figure 3B) shows a negative band at ~685 nm (i.e., 
photobleaching decay) that is mirrored by the positive band at 673-675 nm (i.e., photobleaching 
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rise). This component is assigned to excitation energy transfer (EET) from the red-most 
pigments, absorbing above 682 nm, toward the special pair PD1/PD2, which absorbs near 673-675 
nm when the special pair is in the ground state. Such a slow uphill EET is expected at low 
temperatures. It is possible that a fraction of red pigments are either directly excited by a pump 
pulse at 665 nm via their blue vibronic band(s) or are populated via rapid down-hill EET. 
 

 
 
Figure 3. Frame A shows broad A spectra measured for spinach RC at 20 K for different delay 
times (from 0.5 – 700 ps) after excitation (ex = 665 nm). Frame B shows DADS obtained for A 
kinetics recorded from -20 to 700 ps for a series of probe wavelengths taken at every 2.5 nm for 
spinach RC. 
 
 Figure 4 shows A difference spectra (frame A) and DADS (frame B) obtained for C. 
reihardtii RC (sample B). These spectra were also obtained using ex = 665.0 nm at 20 K. 
Similar to the data from spinach RC (Figure 3B), this data set can also be globally fitted with a 
minimum of four decay components (vide supra). The resulting DADS in Figures 3B and 4B are 
comparable, which clearly indicates that the energy and ET processes are similar in both RCs. 
However, the A spectra in Figure 4A, as well as the 0.8 ps and 15 ps DADS components 
(Figure 4B), maximize at a slightly longer wavelength (i.e., near 682-683 nm) when compared to 
the corresponding spectra from spinach. Also, the long ns-DADS component is broader for C. 
reinhardtii and more red-shifted than the respective DADS component for spinach RCs. 
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Figure 4. Frame A: Broad A spectra obtained for C. reinhardtii RC at 20 K for different delay 
times (0.5 – 700 ps) after excitation (ex = 665 nm). Frame B: DADS based on kinetics (-20 to 
700 ps) probed at every 2.5 nm for C. reinhardtii. 
 

Assuming that RCs from spinach and C. reinhardtii have identical pigment composition, 
such a spectral shift can only result from structural differences, i.e., from a different relative 
distribution of the less- and more- intact complexes (i.e., RC680 and RC684, respectively), in 
agreement with the data shown in Figures 2 and 3. We conclude that the data shown in Figure 4B 
supports the conclusion that C. reinhardtii samples contain a relatively higher fraction of intact 
RC684 than spinach samples do. To highlight the differences between the species, Figure 5 
shows differences between A spectra taken at different time delays for both RC samples (C. 
reinhardtii and spinach), i.e., A = Areinhardtii – Aspinach. 
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Figure 5. Differences between the A spectra of C. reinhardtii and spinach (x0.4) at different 
delay times. The factor of 0.4 is the correction that was systematically applied to the A spectra 
from spinach RC in order to normalize the 670 nm region of spinach with that of C. reinhardtii. 
 

The double-difference spectra shown in Figure 5 reveal the presence of a subpopulation 
in C. reinhardtii whose band maximizes above 680 nm. The fitting of these A signals in the 
680 to 690 nm region requires a minimum of two rising times of 0.5 and 18 ps followed by a ns-
long decay time, similar to the DADS components from spinach RCs. This subpopulation most 
likely represents a CS state (i.e., ChlD1

+PheoD1
) and is consequently ascribed to the more intact 

RCs. The transient data therefore agrees with the presence of two different types of RCs in the C. 
reinhardtii sample: one whose major transient photobleaching band maximizes at 680 nm and 
the other that maximizes at 682-684 nm. The latter band is assigned to the intact RCs, while the 
former is ascribed to partially destabilized RC complexes. 

 
In these experiments the expected 673 nm shoulder, which is indicative of PD1 or PD2 

participation in the CS state, is not clearly resolved due to its proximity to the pump wavelength 
(665 nm). In order to avoid such interferences, the RCs were also excited at 690 nm and the 
respective A profiles are shown in Figure 6 for spinach and in Figure 7 for C. reinhardtii. 
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Figure 6. Frame A: A spectra for spinach RC taken at different time delays as a function of 
probe wavelength after exciting it at 690 nm. Frame B: DADS based on A kinetics (-20 to 700 
ps) probed at every 2.5 nm for spinach. 
 
The 690-nm excitation (Figure 6A) of spinach RC reveals the ~673 nm shoulder that corresponds 
to the A signal reported by ref 27 and ascribed to PD1

+ as part of the final radical pair state. 
Three decay components are required to fit the corresponding set of kinetics and the generated 
DADS are shown in Figure 6B. The 2.4 ps and 130 ps components can be ascribed to EET or ET 
from the initially excited species absorbing at ~690 nm to the pigments absorbing at ~672 and 
~675 nm, respectively. The 672-675 nm pigments most likely represent the special pair Chls. 
The longer 130 ps component is consistent with a slow uphill EET, as expected at low 
temperature. However, the 2.4 ps dynamics are too fast for uphill transfer at 20 K and must be 
primarily due to the formation of a radical state involving the PD1/D2 pigments. The long ns-
DADS component is representative of the final radical pair state, maximizing near 680 nm with a 
shoulder in the 670 nm region, similar to that reported by ref 27. 
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Figure 7. Frame A: A spectra for C. reinhardtii taken at different time delays after excitation at 
690 nm. Frame B: DADS based on A kinetics (-20 to 700 ps) probed at every 2.5 nm for C. 
reinhardtii. 

  
 Figure 7 shows the analogous data for C. reinhardtii obtained with 690 nm excitation. It 
is interesting to note that although the A spectra taken at different time delays for C. reinhardtii 
(Figure 7A) look similar to those obtained for spinach RC (Figure 6A), the 670 nm shoulder in 
C. reinhardtii is about twice smaller in amplitude. The photobleaching band in the A spectrum 
of C. reinhardtii also differs from that of spinach, as it maximizes at longer wavelength. 
However, the decay times and shape of the DADS components for both species (Figures 6B and 
7B) are comparable, though the long ns-component lacks the shoulder at around 670 nm in the 
case of C. reinhardtii and maximizes at a longer wavelength, as shown in Figure 7B. Again, we 
ascribe the pigment pool that absorbs near 684 nm to the more intact RCs that are more abundant 
in C. reinhardtii, though as mentioned above sample B was already partially destabilized. The 
fact that Figure 5 shows signals (i.e., A) maximizing near 682 nm, while Figure 7 shows 
signal maximizing near 683-684 nm, is most probably a result of the pump wavelength being 
different; that is, under 690 nm excitation the intact RCs are preferentially excited, while the 665 
nm laser pump excites both the destabilized (RC680) and the more intact RC684 RCs. The A 
signal at wavelength above 680 nm is ascribed to the expected bleaching of PheoD1 from intact 
RCs in C. reinhardtii, which is also expected to be slightly red-shifted. The smaller signal 
contributing in the 670-675 nm region for C. reinhardtii (Figure 7A), compared to the 
corresponding data obtained for spinach RC (Figure 6A), indicates a weaker contribution to the 
signal from the PD1/D2 pigments. This suggests that PD1/D2 pigments are probably not involved in 
the final radical pair state in intact RCs from C. reinhardtii. Thus, it cannot be excluded that the 
weak signal near 670 nm in spinach RCs originates from a small fraction of photodamaged RCs 
associated with the transient hole observed near 670 nm in damaged RC from C. reinhardtii (see 
Figure 2). Such holes were also observed in partly damaged spinach RCs (data not shown). 
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In order to reveal a larger contribution from intact RCs in C. reinhardtii, in Figure 8 we 
re-analyze the kinetic data measured at 20 ps and 300 ps after 665.0 nm laser excitation. We start 
by normalizing the A signals for spinach and C. reinhardtii near 670 nm (see the blue and black 
curves, respectively). The normalization factor of 1.35 accounts for the differences in excitation 
pulse intensity used for spinach and C. reinhardtii RCs. The signal difference (Figure 8, red 
curves) reveals in both frames a band near 684 nm, whose shape is nearly indistinguishable from 
the A spectra obtained for the C. reinhardtii RCs using 690.0 nm laser excitation (green 
curves). Recall that the 690.0 nm excitation pulses preferentially excite intact RCs. We assign 
the 684 nm band to a contribution from the intact RCs (i.e., RC684). To align the red and green 
curves, the latter curves in frames A and B were multiplied by factors 0.38 and 0.57, 
respectively. We conclude that this data supports our earlier conclusion that the isolated RCs 
from C. reinhardtii possess a larger fraction of the intact RCs (i.e., RC684). A similar conclusion 
was reached analyzing the A spectra recorded at 3 ps and 60 ps (not shown). 
 

  
 
Figure 8. Difference (red) between the A spectra measured at 20 ps (frame A) and 300 ps 
(frame B) for RC complexes from C. reinhardtii (black) and spinach (blue) for excitation 
wavelength of 665.0 nm. The A spectra for spinach have been normalized in amplitude so that 
the difference spectrum (red) best fits the shape of C. reinhardtii’s normalized spectra (see text 
for details), while exciting it at 690.0 nm (green). 
 
IV. Concluding Remarks 
 
 The data from both HB and TA experiments suggests that RCs isolated from C. 
reinhardtii contain a higher fraction of intact RCs (i.e., RC684) than isolated spinach RCs. The 
subpopulation of intact RCs is characterized by a photobleaching band maximizing at ~684 nm, 
instead of the 680 nm band that is ascribed to partially destabilized RCs. The latter is in 
agreement with the data obtained for PSII core complexes in which RCs have red-shifted 
absorption spectra.29 The low signal in the 673 nm region in C. reinhardtii RCs measured after 
690 nm excitation, (which mostly excites the intact RCs), suggests that PD1 may not be involved 
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in the final radical pair state in intact RCs. This needs to be confirmed by further transient studies 
in the 545 and 450 nm region where the Pheo Qx and Pheo anion photobleaching is monitored in 
both intact spinach and intact C. reinhardtii RCs. Based on these results, we question the validity 
of using optical spectra obtained from isolated spinach RCs to model the intact PSII core 
complexes.30 The pigment site energies extracted by modeling isolated RCs from spinach may 
not be valid to properly model the native intact RC residing inside the PSII core complex, and as 
a result their values may need to be revised. We suggest that (at least for the RC samples studied 
in this work) ChlD1 is the major electron donor in both spinach and C. reinhardtii; although it 
cannot be excluded that more intact samples (in particular the ones where QA is present) could 
reveal the presence of two ET pathways, where both ChlD1 and PD1/D2 could serves as primary 
electron donors. Only then various CT states (i.e., PD1

+PD2
, PD2

+PD1
, PD2

+PheoD1
, and 

PD1
+PheoD1

) should be taken into account in a theoretical description of various linear and 
nonlinear spectra obtained for isolated RCs. 
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Appendix 
 

Organism Spinach (S. oleracea) C. reinhardtii 
Detergent Triton X-100, DDM Triton X-100, DDM 

Isolation Conditions 

Extraction with Triton X-
100 from PSII-enriched 
membranes, differential 

centrifugation at 100,000 x 
g, DEAE ionic exchange 
chromatography, washing 
column with 30 mM NaCl, 

Triton X-100 exchange 
with β-DDM, NaCl 

gradient 

Extraction with Triton X-
100 from thylakoid 

membranes, differential 
centrifugation at 150,000 x 
g, DEAE ionic exchange 
chromatography, washing 

column with 200 mM NaCl, 
Triton X-100 exchange 

with β-DDM, NaCl 
gradient 

Chl/P680 6 6 
Pheo/P680 2 2 
QA/P680 Lost Partly present 
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QB/P680 Lost Lost 

Mn Cluster Destroyed Destroyed 
Subunit Composition D1, D2, Cyt b559 D1, D2, Cyt b559 

 


