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Abstract 

The constituents of oxygen-evolving photosystem II core complexes—antenna proteins 

(CP43 and CP47) and reaction center (RC)—have been the subject of many studies over the 

years.  However, the various issues related to electronic structure, including the 

origin/composition of the lowest-energy traps, origin of various emission bands, excitation 

energy transfer (EET),  primary charge separation (CS) processes and pigment site energies 

remain yet to be fully resolved.  Exploiting our state-of-the-art techniques such as low-T 

absorption, fluorescence, and hole burning (HB) spectroscopies, we resolved some of the issues 

particularly related to CP47 and isolated RC protein complexes. For example, we demonstrated 

that the fluorescence origin band maximum (~695 nm) originates from the lowest-energy state 

~693 nm of intact CP47.  In intact CP47 in contrast to destablished protein complexes, the band 

(~695 nm) does not shift in the temperature range of 5–77 K unless hole-burning takes place. We 

also studied a large number of isolated RC preparations from spinach, and wild-type 

Chlamydomonas reinhardtii (at different levels of intactness), as well as its mutant (D2-L209H), 

in which the active branch pheophytin (PheoD1) has been genetically replaced with chlorophyll a 

(Chl a).  We showed that the Qx-/Qy-region site-energies of PheoD1 and PheoD2 are ~545/680 nm 

and ~541.5/670 nm, respectively, in good agreement with our previous assignment [Jankowiak et 

al. J. Phys. Chem. B 2002, 106, 8803].  Finally, we demonstrated that the primary electron donor 

in isolated algal RCs from C. reinhardtii (referred to as RC684) is PD1 and/or PD2 of the special 

Chl pair (analogous to PL and PM, the special BChl pair of the bacterial RC) and not ChlD1. 

However, the latter can also be the primary electron donor (minor pathway) in RC684 depending 

on the realization of the energetic disorder. We further demonstrate that transient HB spectra in 

RC684 are very similar to P
+
QA


 - PQA spectra measured in PSII core, providing the first 

evidence that RC684 represent intact isolated RC that also possesses the secondary electron 

acceptor, QA.  In summary, a new insight into possible charge separation pathways in isolated 

PSII RCs has been provided.    
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Chapter 1 - Introduction 

1.1. Photosynthesis overview 

 1.1.1 A glimpse of photosynthesis 

Photosynthesis is the most important biological process on earth that harvests light 

energy to produce the various biological components required to support nearly all life on earth.
1
  

The process is of great importance for our planet as it provides food and oxygen for our survival.   

All fossil fuels, an oxygenic atmosphere, and formation of the ozone layer are all direct or 

indirect consequences of photosynthesis.  An understanding of the structures and molecular 

details of photosynthesis, which nature has developed and optimized over 2.5 billion years, has 

huge implications for the future of mankind, especially for solving the energy crisis.
2
  Discovery 

of molecular mechanisms will form the basis for the development of new routes towards a 

sustainable bioenergy source.  In all photosynthesis, light is captured by huge antenna systems 

and funneled to nanoscale biosolar energy converters, called photosynthetic reaction centers 

(RC).  The captured sun light then drives a transmembrane charge separation which builds up a 

membrane potential, thereby driving the synthesis of high energy products such as ATP and 

NADPH
3,4

, which are later used in ―dark‖ reactions to build up carbohydrates and all other 

biomolecules needed for survivals.  Only after understanding these remarkable tasks in 

photosynthesis, we will be better-equipped to secure the energy needs of humans by the 

conversion and utilization of solar energy.
2
 

 

 



2 

 

 1.1.2 Anoxygenic photosynthesis 

There are two types of photosynthesis: anoxygenic and oxygenic.  Purple bacteria, green 

sulfur bacteria, green filamentous bacteria and heliobacteria are all the classes of non-oxygenic 

photosynthetic bacteria.
5,6

  Anoxygenic photosynthesis is out of the main focus of this 

dissertation, so only a brief description will be discussed.  Purple bacteria are the most diverse, 

simple and highly studied among the non-oxygenic bacteria; which, like the oxygenic 

photosystem, comprise of antenna and reaction systems.  The antenna system is very 

complicated and, in general, consists of LHI and LHII. LHI (also called B875) directly surrounds 

the RC, which in turn is surrounded by LHII (also called B800-850).
5,6

  Anoxygenic bacteria, the 

oldest photosynthetic organisms on earth, contain a single RC and are not able to use water as an 

electron source for photosynthesis.  Based on the photoreaction center, these bacteria can be 

divided into two classes: type-I and type-II reaction centers, containing either FeS or quinones as 

the terminal electron acceptors, respectively.
2
 The RC of purple bacteria represents a type-II 

reaction center, whereas green-sulfur bacteria and heliobacteria represent type-I reaction centers.  

While detailed crystal structure
7-10

 information on type-II reaction centers is available from 

purple bacteria, only biochemical, biophysical, and molecular biological studies have been 

performed on the structural composition and organization of type-I reaction centers, not yet 

crystallized.  The purple bacterial RC was the first membrane protein to have been crystallized, 

and led to the Nobel Prize in 1988 for the work.  

 1.1.3 Oxygenic photosynthesis  

It is the oxygenic photosynthesis that changed the atmosphere from anoxic to oxygen-

rich, by using water as the electron donor and producing oxygen, which is required to sustain life 

on Earth.  Higher plants, algae, and cyanobacteria (ancestors of oxygenic photosynthesis) are the 
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organisms that carry out oxygenic photosynthesis.
11-13  

The overall process of oxygenic 

photosynthesis involves four concurrently working multi-subunit protein complexes: PSII, PSI, 

cytochrome b6f, and F-ATPase, embedded in thylakoid membranes inside the chloroplast.
14

  The 

basic arrangement of these four proteins is schematically shown in Figure 1-1. 

 

 

Figure 1-1 Organization of photosynthetic units and the light-driven reactions taking place 

in thylakoid membrane of plants.
15

 

 While all photosynthetic RCs are derived from a common ancestor, the peripheral 

antenna systems have developed differently in different organisms to increase cross section for 

light absorption.
16

  For examples, purple bacterial have developed LHI and LHII; green non-

sulfur bacteria (which contain a type-II RC) and green sulfur bacteria (which contain a type-I 

RC) – chlorosomes; and cyanobacteria and red algae – phycobilisomes, unique and highly 

developed antenna systems, which are able to absorb green light, and thus the full spectrum of 

visible light.
2
  Although phycobilisomes mainly serve as peripheral antenna for PSII, they can 

also move to PSI in the process of state transition to balance light capturing capacity between the 
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two photosystems.  Green algae and higher plants on the other hand contain membrane integral 

antenna complexes, light harvesting complexes I and II (LHCI and LHCII), as peripheral antenna 

for PSI and PSII, respectively. Integral membrane antennas are complexes in which the pigment-

protein crosses the lipid bilayer.  While LHCI is exclusively associated to PSI, LHCII can move, 

like phycobilisome, from PSII to PSI to adjust the distribution of excitation energy between the 

two photosystems in the process of state transitions.  It can also play an important role in 

photoprotection by dissipating excess energy under high light intensities.   Note that LHCII is the 

second most abundant protein on earth.  Unlike core antenna systems of PSI and PSII that 

contain only Chla, LHCI and LHCII contain both Chla and Chlb, allowing more light to be 

absorbed from the visible spectrum.  The recent crystal structure
17

 of LHCII has revealed that 

each monomer of LHCII contains 8 Chla and 5 Chlb.  For more information about the structure  

and function of LHCII, the following references
18-20

 are suggested.  Besides LHCII, other          

peripheral antennas associated with PSII are CP24 and CP29 transferring energy to CP47, and 

CP26 transferring energy to CP43.  The recent crystal structure
21

 of CP29 has confirmed 13 

chlorophyll-binding sites – eight Chl a sites, four  Chl b and one putative mixed site occupied by 

both Chl a and b.  A simple figure that shows the basic arrangement of proteins in the PSII 

supercomplex is shown in Figure 1-2.  
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Figure 1-2 Arrangement of various antennas (CP29, CP26 and LHCII) around the core 

protein complexes (CP43, CP47 and RC) in PSII.
19

 

 1.1.3.1 Photosystem II and I 

Unlike anoxygenic photosynthesis, all oxygenic photosynthetic organisms contain two 

photosystems.  Photosystem I contains a type-I RC with three 4Fe4S clusters as final electron 

acceptors.  It catalyzes the light-driven electron transfer from the luminal electron carriers 

plastocyanine or cytochrome c6 to ferredoxin/flavodoxin at the stromal side of the membrane.  

Photosystem II contains a type-II RC which catalyzes the light-driven electron transport from 

water to a plastoquinone.
2
  Photosystem II is unique and important as it is the only enzyme on 

earth which is able to split water into protons and oxygen by the use of visible light.
14

  PSI and 

PSII work in series and are functionally coupled by the cytochrome b6f complex.  In 

cyanobacteria, PSI is a trimer with a molecular mass of 1MDa, which is the largest membrane 

protein for which a structure has been determined.  The high resolution crystal structure of PSI
22

  

CP47
CP43

D1
D1

D2

D2

CP47
CP43
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reveals that each monomer contains 96 Chlorophylls, 22 carotenoids, 4 lipids, 3 4Fe4S clusters, 2 

phylloquiones, and 1 Ca
2+

 ion.  

 1.1.3.2 PSII core 

  The minimal PSII assembly capable of catalyzing light driven water oxidation is the PSII 

core (considered as a solar battery), consisting of the central D1/D2/cytb559 RC pigment-protein 

complex surrounded by inner antenna complexes CP43 and CP47
23

, and other low molecular 

mass proteins.  Photosystems II in cyanobacteria, green algae and plants are structurally similar 

dimers
24

; however, one monomer represents one functional unit.  The crystal structure of the 

PSII
25-27

 core has confirmed that the central part of the PSII core consists of the D1/D2 

heterodimeric RC protein and  two core antenna proteins, CP43 and CP47, flank D1 and D2 

proteins on each side.  The CP43 and CP47 proteins contain 13 and 16 Chl a molecules, 

respectively, making a total of 35 Chls a in each PSII core monomer.  These Chls provide a light 

harvesting system for the reaction centers.  On the other hand, PSII RC complex is confirmed, by 

high-resolution crystal structure, to contain six Chl and two Pheo molecules, two plastoquinones, 

one or two cytochromes b-559 (Cyt b-559), two β-carotene molecules, and a non-heme iron.
 25-27

  

The arrangement of Chls is depicted in the figure 1-3.  More details about CP47 and PSII RC – 

the protein complexes which are mainly studied in this dissertation – are discussed in chapter 1, 

and 3 and 4, respectively.   

PSI and PSII perform the first step in photosynthesis: the light-induced charge separation 

across the photosynthetic membrane.
28

  Upon photoexcitation of P680 in the PSII RC, charge 

separation takes place, resulting in the transfer of an electron to the neighboring PheoD1 and 

subsequently to a plastoquinone cofactor (QA and QB).
29

  The special feature of this chlorophyll 

(P680
+
) is due to its very high positive redox potential of ~ 1.26 V, one of the most oxidizing 
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redox potential found in nature and sufficient in extracting electrons from water.
28

  The 

hole moves from P680
+
 to the redox active tyrosine, TyrZ, and then to a tetra-nuclear 

manganese cluster associated with an oxygen evolving complex (OEC), where it extracts 

four electrons from the OEC in four subsequent electron transfer events.
28

  The extraction 

of an electron by P680
+
 from (Mn)4 cluster via tyrosine is absolutely unique to PSII and 

has no counterpart in any other protein in nature.  The reduced OEC is now able to 

oxidize water, producing molecular oxygen and four protons after four subsequent 

oxidation steps (viz S0 to S4).  At the acceptor side of PSII, two electrons are transferred 

to the mobile phylloquinone electron acceptor QB, enabling it to take two protons to 

produce plastohydroquinone (PQH2).
28

  While the proton forms the transmembrane pH 

gradient, driving force for ATP synthesis, the electron finally moves via cytochrome b6f 

and plastocyanin to the ferredoxin of PSI.  The reduced ferredoxin first reduces FNR 

(Ferredoxin: NADP+: oxidoreductase), and finally reduces NADP+ to NADPH, thereby 

providing reduced hydrogen for the synthesis of sugar from CO2.  The special feature of 

the primary donor in PSI (P700*) is due to its very high negative redox potential of -1.1 

V, enabling it to reduce ferredoxin.
28

  Both photosystems are functionally coupled by a 

pool of plastoquinones and another large membrane protein complex, cytochrome b6f, 

mediating the electron transfer between two photosystems, which in turn reduces the 

oxidized primary donor of PSI , P700.
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Figure 1-3 Arrangement of pigments in PSII core monomer.
27

  Chlorophylls in CP43 and 

CP47 are in gray, except: Chla 526 (blue), 523 (red), 481 (purple), and 477 (cyan) 

ultimately involving in energy transfer to RC.  RC cofactors are in green.   All β-carotene 

are shown in pink.  

 

1.2. An overview of key principles of HB theory   

  1.2.1 Zero-phonon lines and electron phonon coupling 

   An optical transition of a chromophore is quantum mechanical in nature and follows the 

Heisenberg uncertainty principle,  

                                                 2

h
tE  ,                                                                          (1-1) 

where t is the time  the electron spends in a particular energy state of energy E .
30

  Because of the 

time uncertainty of an electron residing in a particular energy state, the spectral lineshape of an 
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optical transition gets broadened, called uncertainty or homogeneous broadening
31

, and the 

lineshape is called natural or homogeneous lineshape.  

At absolute zero (0 K), the homogeneous linewidth of an optical transition of a 

chromophore (impurity) in a solid matrix is related to a characteristic time T1 according to the 

equation,
32

  

                                     

,
2

1

1

hom
cT

                                                                        (1-2) 

where hom is the homogeneous linewidth in cm
-1

, c is the speed of light in cm/s, and T1 is the 

relaxation time or the decay time of the excited state in s.  At T = 0 K, the typical width of hom 

lies in the range of 10
-4

 – 10
-3

 cm
-1

, which corresponds to a T1 of 10
-7

 – 10
-8

 cm
-1

,
32

 which purely 

corresponds to the excited state lifetime.  As temperature increases, the lineshape starts to 

broaden due to dephasing processes induced by thermally activated phonon modes of the host 

matrix.  These phonon modes result in a change in the phase of the excited electronic state 

wavefunction of the chromophore, so that the time dependent part, exp(iEext/ ħ)], acquires an 

additional random phase factor shorting the excited state lifetime.   Introducing this time (time 

required to change this phase) as another uncertainty factor of broadening, the hom can be 

rewritten as
32

,   

                         
*

212

hom

1

2

1

2

1

cTcTcT 
 ,                                                     (1-3)      

where T2 is the total dephasing time and T2
*
 is the phase relaxation or transverse relaxation or 

pure dephasing time, which is determined by the thermally induced fluctuation of the optical 

transition frequency.  In other words, T2
*
 is the time of the time-dependent part of the excited 

state wavefunction required to change from exp(iEext/ħ) to exp[i(Eext/ħ + δ)].  At higher 
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temperatures (above 3 – 4 K), the increased number of thermally activated phonons lead to faster 

phase relaxation (T2
*
 decreases) of the excited electronic wave function of the guest molecules.  

As T2
*
 decreases, the second term starts to dominate the linewidth.

33
  

For pure electronic and vibronic transitions, where no matrix phonons are created or 

destroyed, the homogeneous lineshape is called the zero-phonon line (ZPL), which is Lorentzian 

in shape.  However, electronic transitions of guest molecules also couple to matrix phonons, 

called electron-phonon coupling.  The transition accompanying net creation or destruction of 

phonons results in a broad continuous band, called the phonon side band (PSB), on the higher or 

lower energy side of the ZPL of absorption or emission spectrum, respectively.  The shapes of 

the PSB, in a single site absorption spectrum, at lower and higher energy are Gaussian and 

Lorentzian, respectively.  The structure and width of the PSB depends on local lattice dynamics 

at the impurity center, electron-phonon coupling and temperature.
33

  The band shape of the single 

site absorption or fluorescence profile, as shown in Figure 1-4, consists of two parts: ZPL and 

PSB, which can be written as 

                      
),(),(),( TTTL PSBZPL   ,                                                          (1-4)  

where the first and second parts respectively describe the ZPL and PSB.  At T = 0, the width of 

ZPL is defined by lifetime broadening only.  However, due to the presence of electron-phonon 

coupling and interactions with the low-energy excitations (i.e. TLS) the width of ZPL increases 

and becomes temperature dependent.
34-38

  In this case, quadratic electron-phonon is to be 

considered in lieu of linear one, which leads to PSB with no effect on ZPL width.
1
  The 

temperature dependence of homogeneous linewidth is given by ~T
1+µ

 with µ ~ 0.3 below 5 K .
 1,

 

32,39,40
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The strength of the PSB is determined by the change in geometry of an impurity 

molecule in an excited state relative to the ground state, and can be explained by the Franck-

Condon principle.
32

  Figure 1-4 illustrates the potential energy curves for the strong and weak 

cases of electron-phonon coupling.  For the weak coupling, the change in equilibrium geometry 

(Δqi) in the excited state relative to the ground state is small and the main feature is the ZPL 

along with a small PSB.  For the strong electron-phonon coupling, the large change in Δqi during 

the electronic excitation leads to a significant PSB compared to the ZPL.  The relative intensity 

of the ZPL and PSB can be characterized by the Debye-Waller factor, α (also called Franck-

Condon factor), given by
41

, 

                                           PSBZPL

ZPL

II

I


 ,                                                                  (1-5) 

where IZPL and IPSB are the integrated intensities of the ZPL and PSB, respectively.  In the 

harmonic oscillator model at T ~ 0 K for N phonon modes, the DWF factor is given by
35,41-43

  

                                              )exp( S ,                                                                    (1-6) 

where S is the dimensionless Stokes shift, also known as the Huang-Rays factor and is defined 

as: 

                                        
i

i
ii q

M
TS

2

2
)0(




,                                                      (1-7) 

where Miand i  are the reduced mass and frequency of the phonon mode i, respectively, and Δqi 

is  the change of the equilibrium position corresponding to the lattice normal coordinate qi.  As 

equation 1.7 shows,  (Δqi)
2
,  and can be used to characterize the strength of the electron-

phonon coupling; for strong coupling S > 1and for weak coupling S < 1.
33

  For very strong 

coupling (S  10), no ZPL is observed, and the transition is said to be F-C forbidden.
1
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Figure 1-4 Schematic of potential energy curves for weak and strong linear (i.e. g = e) el-

ph couplings. Electronic transitions between ground (E0) and excited (E1) states are 

indicated by vertical arrows in accordance with Franck Condon approximation. 

 

Both local lattice dynamics, the strength of the PSB and the DWF are temperature 

dependent.  The DWF decreases rapidly and, usually, monotonically as temperature increases, 

i.e., increasing temperature results in a rapidly deceasing ZPL intensity.  The temperature 

dependent DWT is given by
33

,  

                                  







 

N

i

inST )12(exp)( ,                                                      (1-8) 

where   11)/exp(  kTn ii   is the thermal occupation number, which is defined as the 

average number of phonons of mode i at temperature T.  (T) reaches its maximum value at very 

low temperatures ( T  10 K for most organic glasses).  
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 1.2.2 Inhomogeneous broadening  

In the preceding section, an ideal broadening mechanism of a single chromophore 

embedded in a host matrix — where the chromophore experiences a perfect periodic potential 

and the same immediate local environment — has been discussed.  This type of broadening is 

referred to as hom and is characterized by the ZPL.  However, for an amorphous bulk sample,  

 

Figure 1-5 Schematic of homogeneous versus inhomogeneous broadening.  In the upper 

frame, absorbers are in perfect host matrix (left one), experiencing perfect periodic 

potential (middle one), and resulting in homogeneous lineshape (right one).  In the lower 

frame, absorbers are in amorphous matrix (left), experience rugged potential (middle) and 

resulting in inhomogeneously broadened band (right most). 

 

 

Perfect periodic potential

Rugged potential
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because of the  rugged potential energy surface, each molecule experiences slightly different 

local environments, arising from the particular inhomogeneities in the host matrix.  Mechanisms 

leading to inh are defects, strains, stress filed variation, random electric fields, irregular 

molecular ordering, and interaction between centers/chromophores.
41,44,45

  As a result, the ground 

and excited states of even  identical chromophores are different and absorb at different 

frequencies, giving rise to a distribution of homogeneous lineshape frequencies, inhomogeneous 

broadening.
32,46

 

In general, inhomogeneous broadening is the statistical distribution of the single site 

absorption spectrum and can be characterized by an inhomogeneous or site distribution function 

(IDF or SDF), G(), which has a Gaussian  profile with a full width at half maximum of  

inh.
32,46,47  

However, the experimental absorption spectrum of a bulk sample is the convolution 

of a single site absorption spectrum (including the ZPL and PSB) with the SDF of these sites, 

G().  Hence the width of the absorption spectrum (at half-maximum) is ~ inh + Sm, where S 

is the Huang-Rhys factor and m is the mean phonon frequency. 
1,32, 42  

Similarly, the width of 

fluorescence spectrum is ~ inh + Sm, so the resulting Stokes shift is about 2 Sm.  There is 

deviation from this formula for large values of S.  inh is always greater than hom.  For example, 

for proteins and glasses inh is about 100 – 400 cm
-1

, which is about a factor of 10
5
 broader than 

hom (~ 0.0001 cm
-1

).  Even for molecules in a Shpol’skii matrix (organic molecules embedded 

in microcrystalline alkane hosts),
48

 inh is around 1 – 5 cm
-1

, which is still 3 – 4 orders of 

magnitude greater than hom.  To obtain the dynamic information of a molecule, the primary task 

is to extract the hom  from the obscurity of inhomogeneous broadening by applying site-selective 

spectroscopic techniques such as spectral hole burning, 
32,44,49-51

  fluorescence line narrowing 

(FLN)
52

, single molecule spectroscopy (SMS)
53,54

, all in frequency-domain, and photon echoes 
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(PE)
55-58

 in the time-domain.  The site-selective techniques have great utility and importance 

because of their ability to unravel hidden spectral information by improving spectral resolution 

by a factor of 10
3
 to 10

5
 as compared to conventional spectroscopy at room temperature.  

 1.2.3 Spectral hole burning 

  In the preceding section, the origins of homogeneous and inhomogeneous broadening 

have been discussed.  This section discusses how the ZPL — which carries tremendous 

information regarding the dynamics of molecules — can be extracted from the intricacy of 

inhomogeneous broadening by using hole-burning techniques.  Spectral hole burning, like 

fluorescence line narrowing, single molecule, and photon echo spectroscopies, is a powerful 

technique to investigate the excitonic structure, electron/energy transfer dynamics, and pigment-

protein interaction in photosynthetic complexes.
1,42,59

  The information provided by SHB 

includes
1
: i) excitation energy or electron transfer time by measuring hom, ii)  inh, derived by 

measuring zero-phonon action (ZPA) spectra, iii) extent of correlation and excitonic interaction 

between the different bands within S1 (Qy)-states, iv) Huang-Rhys factors by measuring shallow 

hole at lowest state, and v) frequencies of Chl modes by vibronic satellite holes.  

  Upon optical excitation, if a molecule relaxes to the original ground state, there is no 

change in transition frequency of this molecule, and hence the absorption remains the same.  

However, if the molecule relaxes to a different ground state because of a photochemical or 

nonphotochemical transformation, a spectral hole appears in the absorption spectrum and this 

process is called spectral hole burning (SHB).  If the hole fills up as soon as the laser is turned 

off, the hole is called a transient hole, and if it persistently remains as long as low temperature is 

maintained, the hole is called a persistent hole.  While photochemical hole burning (PHB) is due 

to light-induced chemical reactions such as tautomerization, isomerization, or bond breaking, 
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non-photochemical hole burning is due to the rearrangement of the local environment around the 

excited molecule, resulting in a change in transition frequencies.  As the HB is the central tool 

employed for the research studies in this dissertation, its types and mechanism are separately 

discussed below. 

Four conditions are generally required to observe the spectral hole.   First, the absorption 

spectrum must be inhomogeneously broadened.  Second, a transition-frequency change 

mechanism must exist upon photo excitation.  Third, the pump source must have a narrower 

bandwidth than the homogeneous linewidth.   Fourth, the hole refilling process must be slower 

than the burning process,  so HB experiments are performed at low temperature below 130 

K.
33,52

 

 1.2.3.1 Mechanism of HB 

  Hayes and Small, for the first time in 1978, proposed  a mechanism  based on a static 

distribution of extrinsic two level systems (TLSext), coupled to an impurity, to explain the 

transition frequency change in persistent nonphotochemical hole burning.
60

  A schematic of 

TLSext is depicted in Figure 1-7, where the superscripts g and e represent the ground and excited 

states of the chromophore (impurity). Initially, the molecule is trapped in the left well (g) of the 

bistable configuration (TLSext).  Upon electronic excitation of the molecule by the laser 

frequency (b) in the left well, tunneling takes place in the excited state (e), and finally it relaxes 

back to the ground state in the right well and emits a photon of frequency f, different than B.  

At low temperature, the barrier in the ground states is higher than the thermal energy, so the 

chromophore will be trapped in this new configuration, resulting in a hole formation in the post-

burn absorption spectrum along with a blue-shifted anti-hole.  Note that the blue-shifted anti-hole 

is not always the general case (vide infra).  
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Later, optical dephasing studies
61

 showed that a static distribution model alone (TLSext) is 

not enough to explain NPHB, so two types of TLS viz intrinsic (TLSint) and extrinsic (TLSext) 

were proposed.  TLSint of the host are intimately associated with the excess free volume of the 

glasses
62

 and were purposed to be responsible for the dynamic features of the ZPH, such as its 

width and optical dephasing properties.   On the other hand, TLSext are closely associated with 

the impurity molecules and their inner shell of solvent molecules, which are responsible for the 

frequency change in hole burning.  Thus, the optical excitation of the chromophores triggers the  

Figure 1-6 Schematic of the NPHB mechanism.
63,64

  Extrinsic TLS with ground (g) and 

excited electronic states, labeling as g and e, respectively, of a pigment. Δα and Δβ are the 

double well asymmetry parameters in the ground and excited state, respectively.  q is the 

intermolecular coordinate, and ωB is the burn frequency.  
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rearrangement of the host environment in the outer shell.  This process initiates the phonon-

assisted tunneling, leading to the hole formation.  Therefore, phonon-assisted tunneling in the 

excited state of TLSext is the rate-determining step for hole formation. In Shu-small mechanism
62

 

for NPHB, a sequence of tunneling events begins in TLSint of the outer shell, and terminates in  

TLSext of the inner shell.  This final step is depicted in the Figure 1-6.  The appearance of red-

shifted anti-holes can be explained with the help of extrinsic multiple level system (MLSext) 

(Figure not shown for brevity).  

Figure 1-7 depicts the hole formation in a typical guest-host system.  If a narrow line 

width laser of frequency B is used to selectively excite a subset of chromophores of the 

inhomogeneously broadened absorption spectrum, the molecules are excited resonantly via their 

ZPL.  Once the molecule relaxes to a different ground state, a sharp ZPL appears in the post-burn 

absorption spectrum.  Also, as the ZPL is accompanied by a PSB, the ZPH is accompanied by a 

phonon sideband hole (PSBH) on the higher energy side of the ZPH.  At the same time, the laser 

frequency burns non-resonantly PSBs of other molecules lying at lower frequencies than B.  

These phononic excitations, after relaxation, result in the formation of a pseudo-PSBH in the 

spectrum at a lower frequency than B.  In addition to phononic excitations, vibronic excitations 

are possible.  These vibronic excitations rapidly relax to the zero vibrational level in their 

excitonically excited states, resulting in the formation of vibronic satellite holes at a frequencies 

of A = B - v, and/or at C = B + v where v is the vibrational frequency. The depth of 

vibronic satellite hole at C is related to the depth at B via respective Frank-Condon factor.
65

 

Note that the vibrational frequencies (v) at lower and higher energy sides in general do not have 

to be identical.  Note that, like in ZPHs, satellite holes are also accompanied by a PSBH and 
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,DZPLBZPLhole LLLLL 

pseudo-PSBH at higher and lower energy sites of the satellite holes, respectively.  The real 

PSBH is hardly visible due to the interference by anti-holes.   

The holes can be easily revealed by taking the difference of absorption spectra with (post-

burn) and without (preburn) the laser-on, the difference spectrum is shown in the lower frame of 

Figure 1-7.  ZPH width (hole), in the absence of all broadening mechanisms (fluence broadening, 

dephasing, and spectral diffusion), is the convolution of laser lineshape with the hole in both 

burning and detecting steps, i.e.                                                                                               where LZPL, LB, and LD 

are the lineshapes of the ZPL, burn laser, and detecting laser, respectively.  If the hole is burned 

and detected with a narrow laser, B = D << hom, B and  D  become a delta function and  Lhole 

= 2hom.   

  

Figure 1-7 Nonphotochemical spectral hole-burning.
65

  In the top panel, the dashed (red) 

and the solid (blue) lines represent the pre-burn and the post-burn absorption spectra, 

respectively.  In the bottom panel is shown the difference spectrum (post-burn minus pre-

burn absorption spectra).  See text for details.  
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The second type of hole burning is the transient (triplet bottleneck) HB.  The reason for the 

transient hole is the possibility of pumping some impurity molecules into long-lived metastable 

state via intersystem crossing from the singlet excited state.  This leads to the depletion of 

ground state population, and hence the appearance of a hole in the absorption spectrum.  The 

triplet state lifetime corresponds to the depletion time of ground state population.
66,67

  As the 

transient hole is due to the short-lived state, the transient-absorption spectrum is measured while 

continuously exciting the sample.  

1.3. Excitation energy transfer and charge separation mechanism  

 

Figure 1-8 Schematic of the electronic coupling between the two pigments P1 and P2, giving 

rise to either EET or electron transfer from P
*

1 to P2.
1
  

 

As discussed in section 1.2, it is evident that the photosynthetic complexes perform, as 

shown in Figure 1-8, EET (―antenna function‖) and electron transport (―RC function‖) events 

within the networks of interacting pigments.
1
  These pigment-protein interactions include: 

electrostatic interaction with nearby charged amino acids
68,69

 and backbones, H-bonding,
70,71

, 
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axial ligation of the central Mg
72

 and distortion of the macrocycle
73

.  According to the nature of 

these interactions (couplings), an appropriate theory needs to be chosen to properly describe the 

EET or electron transport events.
74,75

  These interactions are responsible for the static shift of the 

site energies.  Further, there is also dynamic regulation of the site energy because of the coupling 

of the electronic transition with the protein vibrations.
76,77

  In order to study the energy transfer 

mechanism, an accurate estimate of the pigment site energy and strength of coupling must be 

made. In photosynthetic proteins, chromophores are so coupled that the electronic transition is 

delocalized over multiple chromophores leading to the formation of delocalized/mixed states 

called excitonic states.  The excited state Hamiltonian for such systems is defined by
78

:  

                                               mnVnndH nm
mn

nn
n ,

)(                                        (1-8) 

where while  n  and m
 
denote the localized monomer states, n and m refer to the number of 

pigments.  n is the average transition energy of monomer energy and dn is the offset energy due 

to diagonal site excitation energy disorder.  The symmetrical matrix H  is of  n×n dimension with 

the site energies in diagonal elements and the coupling Vn,m in off diagonal elements.  The 

excitonic energy (Eα) and wavefunction    are then obtained after diagonalzing the matrix,  

                                               ncn
n

)(   .                                                          (1-9) 

Since overlap is neglected, 1
2

)(  
nn c .  The excitonic transition dipoles can be calculated as: 

                                                        nn
n

c  



 )(         (1-10) 

where n


 is the transition dipole of monomer pigment n.  The absorption spectrum of the 
th

 

exciton state, neglecting the phonons and intramolecular vibrations, is given by: 
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                                  (1-11)                            

   

where 0 is the energy of the 
th

 exciton state and dis...  denotes an average over disorder in 

site energies.
78

  The net absorption spectrum is given as the sum over the absorption for all 

excitonic states after convolution with the appropriate single-site absorption spectra.  The 

oscillator strength of each pigment for each excitonic band, also called as occupation number, is 

determined by
2

nc .
78

  

Depending upon the extent of electronic coupling (V) between the donor and acceptor in 

photosynthetic complexes, the EET mechanism can be divided into two types – incoherent and 

coherent.
79,80

  For weak coupling, V/Δ << 1 (where Δ is the disorder or inhomogeneous 

broadening), and the EET is considered as an incoherent hopping process between the localized 

donor and acceptor.  Such processes can be modeled with Förster
81

 and Dexter
82

 theories.  For 

the strong coupling, V/Δ >> 1, the initial excited state is delocalized and the process is viewed as 

a wave-like coherent process.
83

 

 Förster resonance energy transfer applies when the excitonic coupling (V) between two 

pigments is small compared to the difference of their site energies.  This requires the large spatial 

separation of two pigments and localization of excitation energy on the individual pigments.  

Under this condition, V can be described using point-dipole approximation as:
84,85,86
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where µ1 and µ2 are the optical transition dipoles of  pigments 1 and 2 and R is the distance 

between their centers.  The dielectric constant r accounts for the effects from the protein 

environment.  The sign of Vnm (coupling matrix) depends on the relative orientation of the 

transition dipoles.  Also, the transition energies for the upper (U) and lower (L) excitonic 

components in a dimer are given by: 
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where 1 and 2 are the site energies (transition frequencies) of the pigments in the absence of 

coupling.   For the weak coupling case, the intra- and inter-molecular relaxation processes occur 

faster than EET, so the transfer rate constant (k12) is given by Fermi’s Golden Rule as:  
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 where (E)  is called Franck-Condon (FC) weighted density of states, which is related to the 

energy matching of the energy levels of the donor and acceptor.  The integral (E), 

encompassing all parameters related to vibrational states,   is given by: 
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where GD(E) and GA(E) are normalized line shape functions for donor and acceptor molecules, 

respectively.  

As (E) and V1,2 are related to the absorption A()  of the acceptor and fluorescence fD() of  

the donor, the Förster equation can be written as:
1
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where R0 is the characteristic Förster radius (4 – 10 nm), which is the distance at which EET is 

50% efficient, n is the refractive index,  D is the fluorescence lifetime,   and  D  is the quantum 

yield of the donor molecule.   
2
= (cosα – 3cosβ1cos β2)

2 
is the orientation factor, where α is the 

angle between µ1 and µ2, and β1 and β2 are the angles between µ1 and R12, and µ2 and R12, 

respectively.  Depending on the orientation,  ranges from -2 to 2 and is 2/3 for randomly 

oriented chromophores. 

 In the case of strong coupling, for closely spaced chromophores (donor-acceptor distance 

< 1 nm), electronic wavefunction overlap strongly and EET takes place through an exchange 

mechanism, called Dexter theory.   In the Förster model, EET is possible between pigments of 

the same spin, whereas Dexter does not have any spin restriction and permits EET from triplet 

state to a pigment in the ground singlet state.  Therefore, quenching of Chl
T
 by carotenoids 

during photoprotection requires a Dexter (through bond) mechanism.
75,87,88 

 In most of the light harvesting complexes, the pigments are densely packed and the 

excitonic coupling between them is very strong.  The excitation is delocalized over multiple 

pigments simultaneously and the overall wavefunction can be viewed as the coherent 

superposition of locally excited states.  Such coherent transfer exists when the energy transfer 

time is very fast compared to inter- and intra-molecular relaxation time, so that excited states do 

not have time to go out of phase so quickly.
1,89

  In such a case, the relaxation of delocalized 

excitation states can be described by several theories – one widely used is Redfield relaxation 

theory.
77,90,91 

 In this theory, the nuclear relaxation is considered to be very fast compared to the 

energy transfer between different exciton states and a single phonon is considered in the exciton 

–nuclear interaction.  However, this limitation breaks down in modified Redfield theories
92,93,94,95

  

where the nuclei relax into different equilibrium  states n the strong exciton-vibrational coupling 
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conditions.   Our group is in the progress of utilizing Redfield theory for the excitonic calculation 

of our low-T absorption and HB spectra.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1-9 Schematic showing the mechanism of EET: a) Columbic mechanism, as 

suggested by Förster, and b) electron exchange mechanism, as suggested by Dexter. 

  

  The rate of electron transfer between donor and acceptor can be expressed as semi-classic 

expression as:
96,97
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where kB is the Boltzmann constant, h is Planck’s constant and T is the temperature in Kelvin.  λ 

is the reorganization energy which is defined as the energy required to distort the equilibrium 

geometry of donor state to acceptor state equilibrium geometry without electron transfer i.e. the 

energy required to reorient the nuclear components from the reactant to transition state.  It has 
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been proposed that the protein matrix provides a rigid scaffold for the redox centers and thus 

reduces the reorganizational energy.
98

  In general, λ increases with increase in polarity of the 

environment of D-A centers.  

HD-A is the electronic coupling strength between D and A pairs and HD-A
2
 is the probability of 

electron tunneling.  In the square potential barrier approximation, HD-A
2 

decreases exponentially 

with the distance (rD-A) between donor and acceptor molecules as
99
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The β term is a coefficient tht describes the exponential decay of the electronic coupling with 

respect to distance (i.e. the barrier height).  

 ΔG° is the standard Gibbs free energy change, i.e. free energy difference between D-A states, 

and is related to the redox potential difference between donor and acceptor pairs as, 

                                    ΔG 
o
= F(V

ox
−V

red
) + C,          (1-19) 

where F is the Faraday constant and C is the coulomb attractive energy.
100

  The ET increases 

with –ΔG° and reaches maximum at –ΔG° = λ (called activation less transfer) and the rate 

decreases for –ΔG° > λ (called inverted regime).  The classical Marcus theory is found to be very 

useful to explain the nature of biological electron transfer. 

As my research work is primarily focused on experimental aspects, I hope the aforementioned 

theoretical discussions will be enough to understand the basic aspects of hole-burning 

spectroscopy and energy/electron transfer dynamics in photosynthetic complexes.  
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Chapter 2 - On the Unusual Temperature Dependent Emission of 

the CP47 Antenna Protein Complex of Photosystem II 

K. Acharya, B. Neupane, M. Reppert, X. Feng, and R. Jankowiak
 

 

 

 

Abstract 

 

It is shown that the fluorescence origin band maximum (~695 nm) of the intact CP47 

antenna protein complex of PSII from spinach does not shift in the temperature range of 5-77 K. 

However, emission shifts continuously to shorter wavelengths (~692 nm) if high fluence is used. 

and holeburning takes place. If permanent damage does not occur, this process is reversible by 

cycling the temperature. In contrast, the emission peaks previously observed near 685 nm and 

691 nm are characteristic of destabilized complexes and cannot be eliminated by temperature 

cycling. We argue that the CP47 complex is extremely light sensitive at low temperatures and 

that its 695 nm emission band in the PSII core, in contrast to several literature reports, does not 

arise from excitations that are trapped on red-absorbing chlorophyll of the ~690 nm band, as 5 K 

emission of intact (non-aggregated) CP47 also peaks near 695 nm.   
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2.1 Introduction 

 Although Photosystem II (PSII) has been studied for decades, some aspects of the 

electronic structure and excitation energy transfer (EET) of PSII remain controversial. For 

example, even though many emission spectra at different temperatures from both the intact 

(oxygen evolving) and isolated reaction center (RC) and CP43 and CP47 inner antenna protein 

complexes of PSII from plants
1-15

 and cyanobacteria
16-18

  have been published, no coherent 

picture emerges when the published emission spectra of the above complexes are compared. This 

is in part due to the fact that complex biological systems are prone to photodamage and/or 

destabilization even at extremely low doses of photon density during the isolation and/or 

interrogation procedures. In this regard we showed recently
19

  that the isolated (intact) CP47 

antenna complex from PSII has a 5 K fluorescence emission maximum near 695 nm
19

 and not, as 

previously reported, near 690-692 nm.
3,6,16

 We have suggested that the previously measured 690-

691 nm CP47 emission peak is a combination of emissions from the 695 nm emission of intact 

CP47 complexes with the lowest-energy state possessing very weak oscillator strength
19,20

 and 

from the two trap emissions near 685 and 690 nm originating from photodamaged/destabilized 

complexes.
19,20

 This interpretation is consistent with reports by Huyer et al.
8
 (isolated CP47) and 

Komura et al.
12

 (PSII core complexes) of multiple CP47 low-T emission bands in the 685 – 695 

nm range resolved by time-domain spectroscopy. Note that only the 695 nm emission of CP47 is 

consistent with data obtained for more native (i.e. PSII core) complexes at 77 K.
9,11,13,18

 

 To shed more light into the emission of isolated CP47 complexes (the possibility of 

aggregation has been excluded) we measured fluorescence spectra at different temperatures and 

excitation wavelengths, as well as different levels of photobleaching of the lowest-energy state. 

We demonstrate that intact CP47 complexes have very different temperature dependent emission 
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in comparison with the previously published fluorescence spectra.
3
 In particular, we show that 

the 695 nm emission peak of intact isolated CP47 does not shift significantly in the 5 – 77 K 

temperature range. This finding calls into question the previous interpretation
9,18

 (used to explain 

spectroscopic data of CP47
21

 and the PSII core.
9,11,13,18

) that the 77 K emission peak near 695 nm 

in the CP47-RC complex originates from a subset of CP47 pigment(s) (assigned to the 690 nm 

band) which are unable to transfer energy uphill to the RC, whereas the low temperature (5 K) 

CP47 emission peak near 690-691 nm originates from the entire distribution of lowest-energy  

 

Figure  2-1 Arrangement of CP47 Chls and carotenes (in brown) on the stromal and 

lumenal side of the membrane. Chls 521, 523, 524 and 526 are shown in red.  Chls 511, 514, 

and 517 are in blue. Remaining Chls are in green; the pigments are numbered as in.
22

 

526 524 521
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pigment states. In addition, we demonstrate that non-photochemical HB can produce a blue-

shifted (reversible upon temperature annealing) contribution to the low temperature emission 

spectrum, which may help to explain some literature data. We argue that considerable 

reinterpretation of the low energy states and their emissive properties in this important antenna 

complex is warranted as only a proper understanding of CP47 emission will explain the long 

standing puzzle of PSII core emission and its temperature dependent profile,
9,11,13,18

 where an 

unusual ―red‖ shift of the PSII core fluorescence origin band with increasing temperature was 

observed. Figure 2-1 shows the arrangement of CP47 Chls and carotenes (in brown) on the 

stromal and lumenal side of the membrane.
22

 Very recently, we have suggested that most likely 

Chl 523 (not Chl 526)
4
 contributes strongly to the lowest-energy state, providing the low 

oscillator strength and specific excitonic interactions needed to fit the absorption and red-shifted 

(695 nm) emission spectra as well as the persistent hole-burning (HB) spectrum.
20

  

2.2 Result and discussion 

Figure 2-2 (frame A) shows typical temperature dependent emission spectra of the CP47 

complex obtained from
3
. For comparison, Frames B and C show temperature dependent emission 

spectra for the destabilized and intact CP47 complexes, respectively, obtained recently in our 

laboratory. Note the 680.3 nm emission band (see frame B) was observed only in some 

preparations containing a small fraction of destabilized CP47 complexes in which energy transfer 

to the lowest- energy traps is disrupted.  In all frames, at higher temperatures (i.e. above 100 K) 

the increase in temperature results not only in temperature broadening but also in a blue shift of 

the spectra due to the equilibrium of the excitation over the antenna pigments.  
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 Figure 2-2 Temperature dependent emission spectra of various CP47 complexes. Frame A: 

digitized spectra as presented in.
3
 Spectra shown in frames B and C represent spectra of 

destabilized and intact CP47 complexes (this work), respectively. 

 

Interestingly, both the fluorescence maxima and bandwidths of the spectra shown in 

frame C (intact sample) are drastically different from those shown in frames A and B. The 

fluorescence maximum at 4 K obtained from
3
 (Figure 2-2A; top spectrum) lies near 690 ± 1 nm 

with a full-width at half-maximum (fwhm) of ~12.5 nm. Similar spectra were reported in
6
, while 

an even larger fwhm (~16.5 nm) was observed in
7
. Likewise, our 5 K emission spectrum for 

destabilized CP47 (frame B) peaks at 691.3 nm and has a fwhm of 13.3 nm. The above 

mentioned fwhm are by a factor of ~1.3-1.7 larger than that shown in frame C for intact CP47 

which peaks at 694.8 nm and has a width of ~9.5 nm. In addition, as illustrated in Figure 2-3, the 

integrated (normalized) intensity of the fluorescence spectra from frames A, B, and C of Figure 

2-2, plotted as black squares, red dots, and blue triangles, respectively, show very different 

behavior when plotted as a function of temperature. 
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Figure 2-3 Normalized (integrated) fluorescence intensity of CP47 complexes shown in 

Figure 2-2 plotted as a function of temperature; black squares, red circles, and blue 

triangles represent data shown in Figure 2-2, frames A, B, and C, respectively. The inset 

shows fluorescence of intact CP47 at excitation wavelengths of 496.5 nm (top), 630.0 nm, 

and 660.0 nm (bottom curve). The green stars and open circles, shown for comparison, 

correspond to the normalized relative quantum yields of PS II core reported in
18

 and
11

, 

respectively. 

 

The strong decrease of CP47 fluorescence as a function of temperature (particularly for 

the intact sample of Figure 2-2C and PSII core that must contain intact CP47) is most likely due 

to strong temperature dependent internal conversion. For comparison, the data points labeled by 

open circles show the integrated (normalized) fluorescence intensity for PSII core in the 

temperature range of 5 - 70 K taken from
11

, while the green stars correspond to the normalized 

relative fluorescence quantum yields of the PS II core as reported in
18

. One must take some care 

in comparing the PSII and CP47 data: since all data sets are normalized to a value of unity close 

to 0 K, the values reported represent relative, not absolute, fluorescence yields; thus these data do 

not, for example, allow the determination of the absolute EET efficiency to the RC. Nonetheless, 

it is interesting to note that the relative yields of PSII core emission from
11,18 

decrease even faster 
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than that of CP47. Although the presence of additional quenching processes in the PSII core 

cannot be excluded, this behavior suggests that in the intact PSII core complex, the fluorescence 

efficiency is determined by the rate of EET to the RC, rather than by competition with non-

radiative processes. This in turn implies that the non-radiative decay processes which quench 

fluorescence in the isolated CP47 protein are not so fast as to quench EET to the RC in the intact 

PSII core complex (which would impair CP47 function as a light-harvester).   

 As seen in Figure 2-2C, the fluorescence origin band of the intact CP47 lies at ~695 nm, 

and its maximum does not shift significantly in the temperature range of 4-77 K. (A small shift in 

some samples from ~694.8 nm at 5 K to ~695.6 nm at 50 K is due to reversible HB as discussed 

below). The observation of the 695 nm emission band at 5 K in isolated CP47 complex is in 

contrast to 5 K spectra previously reported in the literature
3,6,7

 (similar to those of frames A and 

B of Figure 2-2) and calls into question several previous interpretations of such experimental 

data.
9,11,13,18

 For example, the puzzling observation in
18

 of an unusual red-shift of CP47-RC 

fluorescence between 4 and 77 K (from 691 nm to 694 nm) led to the interpretation that, while 

emission at 5 K (691 nm) originated from all lowest-energy pigments in the CP47 subunit, the 

694 nm 77 K emission peak was due only to pigments which are unable to transfer energy to the 

RC (leading to selective emission from red-absorbing Chls). The presence of 695 nm emission at 

5 K from isolated CP47 complexes (for which EET to the RC is obviously impossible) indicates 

that this explanation (while feasible for the previously obtained data) is most likely incorrect 

since one should otherwise expect 691 nm emission at 5 K from the isolated complex as well. 

Similarly, since 685 nm emission at 77 K observed in previously studied samples, as shown in,
19

 

originates from destabilized CP47 complexes, we also reject the suggestion put forward in
11,18

 

that intact CP47 complex possesses a state (i.e. the 683/684 nm state) that slowly transfers 
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energy to the RC. This is consistent with our previous findings that intact CP47 complexes do 

not show a transient hole near 684 nm
19

 which is, however, clearly observed in destabilized 

complexes.
21,23

 Note that the emission maximum is independent of the excitation wavelength as 

shown in the inset of Figure 2-3. Thus we conclude that in the intact CP47 antenna, excitation 

energy is very efficiently transferred to the lowest-energy state at ~693 nm resulting in a narrow 

(fwhm ~9.5 nm) 695 nm emission band, and we see no reason to assume that in intact CP47 

(residing in the intact PSII core complex) at ~5 K a considerable part of the absorbed energy 

cannot be used for charge separation as suggested in.
11,13,18

 These findings emphasize that in 

order to elucidate the true EET dynamics in CP47 (and other photosynthetic complexes) the 

samples studied have to be free from contributions of partly destabilized/photodamaged 

complexes, especially when data are obtained in fluorescence and/or fluorescence excitation 

mode. This is because small subpopulations of disordered/photodamaged complexes with 

relatively large fluorescence quantum yield may strongly affect the composite emission signal.   

 Some of these effects become clearer when one considers emission originating from 

complexes with a modified (by HB) low-energy state, referred to in
19

 as A1mod. In
19

 we showed 

that in the first approximation one can say that this is the lowest-energy state in CP47 in which 

the A1 state at 693 nm has been saturated, i.e., A1 ceases to be the lowest-energy state. In reality, 

of course, due to the continuous HB process (CP47 is quite sensitive to light and heat)
24

 the 

lowest-energy state at 693 nm and the resulting fluorescence continually shift ―blue‖ as a 

function of fluence (f). This is one reason why in some samples the emission origin band was 

slightly blue shifted. We hasten to add that the A1mod band can be eliminated by temperature 

cycling (re-creating the original A1 state) proving that no irreversible changes are introduced (f < 

4 kJ/cm
2
). It should be emphasized that these HB-induced shifts are distinct from the emission 
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peaks near 685 and 691 nm observed, for example in Figure 2-2A and 2-2B, due to destabilized 

complexes; these contributions (referred to as FT2 and FT1 in
19

) cannot be annealed by raising 

the temperature. The latter is consistent with
25

 where the heterogeneity of CP47 was also 

revealed via observation of different fluorescence decay components. These authors suggested, 

in agreement with our recent HB and fluorescence studies,
19,20

 that in destabilized CP47 samples 

the inter-chromophoric interactions must be disrupted and/or perturbed in different way(s) 

depending on the subpopulation of the CP47 complexes.  

Figure 2-4 Temperature dependence of the fluorescence spectrum (top curve) obtained for 

sample with saturated non-resonant hole at 5 K; its maximum is near 692 nm. The 

remaining spectra were obtained at higher temperatures. The dotted curve is the pre-burn 

50 K spectrum from Figure 2-2C scaled for comparison with the post-burn curve. The inset 

show the shifts of the broad non-resonant holes (blue squares) and positions of the 

corresponding maxima of the origin bands (red circles), obtained at different burn 

fluences.   
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The temperature dependence of CP47 emission from samples with saturated lowest-

energy state (A1mod) is shown in the main frame of Figure 2-4; the 5 K emission peaks near 692 

nm, having been shifted from ~695 nm by HB. The inset in Figure 2-4 shows that the modified 

lowest-energy A1mod state shifts blue as revealed by the HB spectra; although the HB spectra are 

not shown here, the blue squares in the inset (that correspond to the spectral position of the hole 

maximum burned under non-resonant conditions using ex of 496.5 nm) shift to shorter 

wavelengths as a function of fluence. A similar ―blue‖ shift is observed in emission maxima (see 

the red circles in the same inset). The emission spectra shown in the main frame of Figure 2-4 

clearly indicate that upon temperature annealing, the emission band shifts back to 695 nm as 

observed in intact (unburned) samples (see  the double sided arrow) as the hole is thermally 

refilled. For comparison with the 50 K post-HB spectrum, the dotted curve in Figure 2-4 shows 

the 50 K emission spectrum from a fresh (unburned) sample. The two spectra peak at 695 nm, 

indicating that thermal processes have already mostly re-filled the burned hole. The slight 

broadening of the post-HB spectrum can be attributed to incomplete refilling due to complexes in 

which 50 K is not a high enough temperature to completely refill the spectral hole on the 

experimental timescale.  
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Figure 2-5 Comparison of experimental CP47 fluorescence spectra (black curves) with 

calculated emission spectra (blue dashed curves) at 5, 50, 100, and 150 K. The red and 

green curves correspond to the calculated lowest-state emission and higher-states emission, 

respectively.    

The observed shift of these HB spectra from ~692 nm at 5 K to ~695 nm at 50 K may 

help to explain the unusual temperature dependence observed in
11,13,18

. In fact the behavior 

reported in
18

, where the emission peak of the CP47-RC complex was observed to shift from ~691 

nm at 4 K to 694 nm at 77 K, is almost identical to the behavior seen in Figure 2-4. The 

similarity of these data sets suggests that the CP47-RC data in
18

 may be affected by HB 

contributions in the 4 K spectrum (which are erased as the temperature is raised), although new 

experiments with fresh CP47-RC preparations are necessary to confirm this suggestion. In 

general, depending on sample exposure to light and experimental conditions during emission 

measurements, the blue shifted emission observed in various CP47 samples reported over the 
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years,
3,6,7

 is most likely caused by two effects: 1) a contribution from reversible photobleaching 

due to high photon densities used for excitation, and/or 2) a contribution from the differently 

destabilized (or photodamaged) complexes (irreversible damage) characterized by the FT1 and 

FT2 trap emissions.
19

 

 Finally, we note that the T-dependence of our intact (and unburned) CP47 sample is in 

excellent agreement with the theoretically predicted behavior for temperatures up to ~150 K. 

Figure 2-5 shows calculated (blue curves) and experimental (black) fluorescence spectra 

obtained at four temperatures: 5, 50, 100, and 150 K (see figure caption for details). Note that 

especially at low temperatures (5 and 50 K) the calculated spectra agree very well with the 

experimental curves (the discrepancy on the long-wavelength side at T = 100 and T = 150 K can 

be attributed to vibrational modes, which are not included in the calculations). The red curve in 

each frame shows emission from the lowest excitonic state, while the green curve shows the 

Boltzmann population-weighted emission from higher excitonic states, which is negligibly small 

even up to 50 K. As a result, up to about 80 K the maximum remains near 695 nm in agreement 

with our experimental data. All spectra were calculated using the excitonic states composition 

from
20

 and the standard expression for the emission lineshape function, which (after applying a 

series expansion to the exponent in the expression shown in
26

) reads  
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  dTpTS ; ,             JTnJTnTp ;;1; ,  J  is the spectral 

density function,  Tl ;0   is a delta function representing the zero-phonon line (ZPL), 
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     TpTSTl ;;
1

1  


, and for R > 1,  TlR ;  is the convolution  Tl ;1   with itself R-1 

times. For numerical calculations, the sum was truncated after a number of terms sufficient to 

account for 99.99% of the total intensity of the phonon-sideband. The best results were obtained 

with the Huang-Rhys factor S = 1 for all states (as obtained for the lowest state in
20

); for details 

see the Supporting Information in Appendix B. Note that at higher temperatures (70-150 K) as 

expected the emission band shifts to higher energies (blue shift) due to emission from higher 

states caused by the equilibrium of the excitation energy over the antenna Chls; this behavior is 

in contrast to the unusual red-shift observed in Figure 2-4 due to HB. Above 100 - 150 K the 

deviation of the simulated spectra from the experimental ones increases significantly, most likely 

due to thermal activation of vibrational modes, T-induced changes in pigment/protein/solvent 

interactions and/or quadratic/anharmonic electron-phonon coupling effects not accounted for in 

our simulations. These effects are beyond the scope of this communication and will be addressed 

elsewhere.  

 We anticipate that these data will provide more insight into the unusual temperature 

dependence of PSII core emission
11,13,18

 and ultimately shed more light into the nature of EET 

from CP47 (and/or CP43) to the RC in PSII core complexes. Here, in light of the data discussed 

above, we only suggest that one of the conclusions in
11,13,18

 that low-temperature PSII emission 

originates from CP43 and CP47 ―slow-transfer‖ states may have to be revisited. That is, given 

the observed emission near 695 nm from isolated CP47 at all temperatures between 5 and 77 K, 

we do not think that the strong temperature dependence seen in PSII core, including the red shift 

of the emission observed between 4 and 77 K, can be attributed solely to the lowest-energy CP47 

pigments maintaining some ―slow transfer‖ character or being thermally excited in a PSII 

assembly that becomes increasingly equilibrated.
13

 Instead, we suggest that the multiple emission 
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bands observed from the isolated PSII core complex
12

 may originate from destabilized or photo-

damaged subunits, leading to the unusual T-dependent profile.   

2.3 Conclusion  

In summary, we have shown that the fluorescence origin band of the intact CP47 antenna 

protein complex of PSII from spinach does not shift in the temperature range of 4-77 K, and has 

very different temperature dependence than previously reported in
3
. Temperature dependent 

emission spectra of CP47 obtained at different saturation levels of the lowest-energy state(s) near 

693 nm offer more insight into the origin of the previously published CP47 fluorescence spectra. 

It has conclusively been shown that the emission maximum of CP47 and its bandwidth strongly 

depend on the degree of bleaching of the low-energy state(s) and/or destabilization of the protein 

complex. That is, the 695 nm emission shifts continuously to shorter wavelengths reaching, due 

to photobleaching, a position of ~692 nm at saturated HB conditions. This process is reversible 

by cycling the temperature. In contrast, the emission peaks previously observed near 685 nm and 

~691 nm characteristic of destabilized complexes
19

 cannot be eliminated by temperature cycling. 

Thus we conclude that the well-known 695 nm emission of CP47 previously observed only at 77 

K
11,13

 does not arise from excitations that are trapped on red-absorbing CP47 Chls of the 690 nm 

band, as 5 K emission of intact CP47 also peaks near 695 nm.
19,20

 Likewise, we argue that the 

685 nm emission  in PSII cores does not arise from excitations that are transferred slowly from 

683 nm states in CP47 to the RC, as suggested in
11,18

, since the 683/684 nm state and its emission 

near 685 nm are absent in intact CP47. Instead we suggest that both the ~685 nm and ~690 

emissions in the PSII core could originate from destabilized or photo-damaged complexes. Thus 

the slow EET dynamics observed in
13

 may not be characteristic of the intact CP47 antenna, 

showing again that the EET dynamics in PSII deserves further study. These results highlight that 
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it is essential that general criteria of intactness are established; otherwise it will be difficult to 

compare data generated in different laboratories. 
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Abstract  

 

It is widely accepted that the primary electron acceptor in various Photosystem II (PSII) 

reaction centers (RCs) is pheophytin a (Pheo a) within the D1 protein (PheoD1), while PheoD2 

(within the D2 protein) is photochemically inactive. The Pheo site energies, however, have 

remained elusive, due to inherent spectral congestion. While most researchers over the last two 

decades assigned the Qy-states of PheoD1 and PheoD2 bands near 678–684 nm and 668–672 nm, 

respectively, recent modeling [Raszewski et al. Biophys. J. 2005, 88, 986–998; Cox et al. J. 

Phys. Chem. B 2009, 113, 12364–12374] of the electronic structure of the PSII RC reversed the 

location of the active and inactive Pheos, suggesting that the mean site energy of PheoD1 is near 

672 nm, whereas PheoD2 (~677.5 nm) and ChlD1 (~680 nm) have the lowest energies (i.e., the 

PheoD2-dominated exciton is the lowest excited state). In contrast, chemical pigment exchange 

experiments on isolated RCs suggested that both pheophytins have their Qy absorption maxima 

at 676–680 nm [Germano et al. Biochem. 2001, 40, 11472–11482; Germano et al. Biophys. J. 

2004, 86, 1664–1672]. To provide more insight into the site energies of both PheoD1 and PheoD2 

(including the corresponding Qx transitions, which are often claimed to be degenerate at 543 nm) 

and to attest that the above two assignments are most likely incorrect, we studied a large number 
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of isolated RC preparations from spinach and wild-type Chlamydomonas reinhardtii (at different 

levels of intactness) as well as the Chlamydomonas reinhardtii mutant (D2-L209H), in which the 

active branch PheoD1 is genetically replaced with chlorophyll a (Chl a). We show that the Qx-

/Qy-region site-energies of PheoD1 and PheoD2 are ~545/680 nm and ~541.5/670 nm, 

respectively, in good agreement with our previous assignment [Jankowiak et al. J. Phys. Chem. B 

2002, 106, 8803–8814]. The latter values should be used to model excitonic structure and 

excitation energy transfer dynamics of the PSII RCs.  
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3.1. Introduction  

 The recent X-ray structure of the Photosystem II (PSII) reaction center (RC) at 1.9 Å 

resolution
1
 has confirmed that some of the general features of the PSII RC are homologous to 

those of the bacterial RC (BRC).
2-4 

 The S1(Qy)-electronic structure, excitation energy transfer 

(EET), and primary charge separation (CS) processes in the D1-D2-cyt b-559 RC complex of 

PSII (PSII RC) of plants,
5-11 

cyanobacteria,
12-16

 and algae
17-20 

have been the subjects of many 

time-domain
20-24

 and frequency-domain studies
25-30

. Although in recent years consistent progress 

has been made in our understanding of the electronic structure and CS dynamics of the isolated 

PSII RC,
12,31-33

 an adequate global understanding has yet to be achieved. The key uncertainty in 

modeling of its optical spectra (independent of the level of the excitonic theory involved) is that 

different sets of data are interpreted in the context of different pigment site-energies
12,24,31,33-35 

that cannot be reliably calculated due to the complex protein environment. Instead, the search for 

realistic site energies is always guided by experimental constraints and aided by fitting 

algorithms.
33,34,36-39

  In particular, the focus of the current study is on the site energies of the 

active and inactive pheophytins (PheoD1 and PheoD2, respectively) in the isolated PSII RC from 

wild-type (WT) Chlamydomonas (C.) reinhardtii and its D2-L209H mutant. While most 

researchers over the last two decades surmised that the Qy-states of PheoD1 and PheoD2 bands 

were at ~678–684 nm and ~668–672 nm, respectively, recent modeling
13,16,40 

of the electronic 

structure of the PSII RC reversed the location of the active and inactive Pheos, suggesting that 

the mean site energy of PheoD1 is near 672 nm, whereas PheoD2 (~677.5 nm) and ChlD1 (~680 

nm)
13,16,40

 have the lowest energies (i.e., the PheoD2 dominated exciton is the lowest excited 

state). The latter would allow one to explain the presence of narrow (persistent) homogeneous 

hole widths burned at the lowest energy state, as excitation of PheoD2 would not lead to charge 
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separation.
40

 This assumption, however, is not necessary, as a broad distribution of charge 

separation rates
6,8,23 

 can explain the possibility of burning very narrow holes.  For example, it 

has been shown that there are fractions of both P680- and P684-type RCs, where charge 

separation is too slow to compete with fluorescence at 5K.
6,41,42

 Besides, a typical fractional  
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Figure 3-1 Cofactor arrangement in the active (D1) and inactive (D2) branches of the PSII 

RC based on the crystal structure of T. vulcanus at 1.9 Å resolution, PDB ID 3ARC
1
. The 

left frame shows the arrangement in WT RCs (chls, green; carotenes, yellow; pheophytins, 

purple; plastoquinones, gray; non-heme iron, red; and nitrogen, blue). The right frame 

shows the arrangement of selected pigments and their ligands (water, orange; histidine, 

red; leucine, cyan) in the D2-L209H RC mutant. The substituents of the cofactors are 

truncated for clarity. 

 

depth of saturated ZPHs at 680 nm are 25% and not 15%, as reported by others
40

 based on our 

previous work.
6
 Such holes are not achievable within the Cox et al. model

40
, as only a 17% 

fraction of PheoD2 contributes to the lowest state in their model. Thus we favor an interpretation 

that is also consistent with recent transient absorption experiments at 77K on the isolated PSII 

RCs from spinach, where the existence of a very slow channel for charge separation was 

observed.
7
 The combination of femtosecond pump-probe transient absorption experiments with 

selected Pheos exchanged (i.e., chemical exchange of PheoD1 and PheoD2 with 13-deoxy-13-

hydroxy-pheophytin a) suggested that both pheophytins in the PSII RC have their Qy-transitions 
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at 676–681 nm.
9,43,44

 To provide more insight into the site energies of both PheoD1 and PheoD2, 

and to prove that the above
9,43,44

 assignment is unlikely correct, we compare data obtained for the 

RC from spinach with those generated for WT C. reinhardtii and its D2-L209H mutant. In this 

mutant the active branch PheoD1 was replaced with chlorophyll a (Chl a) by site-directed 

mutagenesis
45

  on the psbD gene.  

Figure 3-1 (left frame) shows a schematic arrangement of the six Chl and two Pheo 

molecules for the PSII RC from Thermosynechococus (T.) vulcanus based on Ref.
1
; the PD1 and 

PD2 Chls are analogous to the PL and PM BChls of the bacterial special pair, respectively, while 

the ChlD1,D2  an Pheo D1,D2  molecules correspond to the monomeric BChl L,M  and the BPheoL,M  

molecules of the BRC.
2-4

 The D1 and D2 polypeptides are homologous with the L and M 

polypeptides of the BRC, respectively.
19,46

  By analogy with the BRC, it is also believed that the 

PD1/PD2, ChlD1, and PheoD1 molecules participate in primary charge separation in the PSII RC.
31-

34
 An obvious difference between the PSII RCs and BRCs is that the former contains two 

additional (peripheral) Chls, which are also shown in the left frame of Figure 3-1. In addition, a 

much larger heterogeneity and spectral congestion of pigments (with comparable couplings) in 

the PSII RC and the lack of crystals of isolated D1-D2-Cyt b559 complexes, make it difficult to 

describe the excitonic structure of the isolated PSII RC. The right frame of Figure 3-1 shows the 

pigments along with their ligands of the D2-L209H mutant mentioned above, in which the active 

PheoD1 has been replaced with chlorophyll a (Chl a). The cofactor arrangement in the active (D1) 

and inactive (D2) branches of the PSII RC was taken from the very recent crystal structure of T. 

vulcanus at 1.9 Å resolution, PDB ID 3ARC.
1
  

  To our knowledge, there are only a few studies of the isolated algal PSII RC from C. 

reinhardtii because such complexes are difficult to prepare.
12,17-20 

We anticipate that the 

structural asymmetry introduced into the RC complex (i.e., in the case of the C. reinhardtii D2-
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L209H mutant) will shed more light on the site-energy of the active pheophytin. This strategy of 

replacing selected bacteriopheophytins (BPheos) with bacteriochlorophylls (BChls) was 

developed historically in BRCs.
47-49 

Similar pigment replacements have been accomplished in 

PSII RCs using chemically modified Pheos along with detergent extraction and pigment 

reconstitution approaches.
9,43,50 

However, it is not clear to what extent the latter approach 

modifies and/or destabilizes the excitonic structure of the RCs.  

 Site-directed mutagenesis approaches should, in principle, give more precise replacement 

and a less distorted system than chemical modification, and have the additional advantage that 

intact PSII complexes (thylakoids) as well as smaller PSII sub-fractions (including RCs) can be 

characterized biophysically. It has recently been demonstrated that the introduction of a potential 

Mg ligand (D1-L210H) over the center of the PheoD2 macrocycle ring resulted in the 

replacement of PheoD2 with a Chl a.
12

 In this case, the kinetics of primary charge separation were 

not substantially altered in the D1-L210H mutant, indicating that the Chl substitution for the 

PheoD2 in the inactive branch did not significantly perturb the energetics of the primary electron 

donor/acceptor pair.
12

 It was also shown that PheoD2 Qx band is blue shifted in comparison with 

the Qx band of PheoD1 (active).
12 

 

 We present below absorption and hole burned (HB) spectra of WT C. reinhardtii and its 

D2- mutant (D2-L209H), obtained under various conditions as well as some new results from our 

modeling studies. A discussion on the primary electron donor and the possibility of PD1 and 

ChlD1 electron transfer pathways being present in isolated PSII RC will be published elsewhere. 

In the current study we focus on the assignment of the Qy- and Qx-states of PheoD1 and PheoD2. 

The results reported below indicate that the PheoD1-Qx and PheoD2-Qx transitions lie on the low 

and high energy sides, respectively, of the single Pheo-Qx absorption band, in perfect agreement 
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with data obtained previously with the PSII RCs from spinach.
12,28,36,51

 We also demonstrate that 

the replacement of the PheoD1 with a Chl a is in agreement with simple modeling studies of the 

absorption difference spectrum. We show that in contrast to the D1-L210H mutant (with PheoD2 

replaced by Chl a
12

), where the kinetics of primary charge separation were not substantially 

altered,
12

 the D2-L209H mutant exhibits significant changes in the energetics of the primary 

electron donor/acceptor pair. Finally, we argue that it is unlikely that PheoD2 dominates the 

lowest-energy excited state (and contributes to the zero-phonon action (ZPA) spectra) as 

suggested recently.
40

 A new interpretation of the origin of the nonresonant (persistent) hole 

bleached in the isolated PSII RC is also provided. We anticipate that the data presented in this 

paper will allow us to refine the models of the electronic structure of the PSII RC by providing 

additional constraints (i.e., proper site energies of both the active and inactive pheophytins) for 

future excitonic calculations of optical spectra (research in progress).   

3.2.  Materials and methods 

 3.2.1. Preparation of PSII RC from WT C. reinhardtii and its D2-L209H mutant.  

Photosystem II RC preparations from C. reinhardtii containing ~6 Chls per 2 Pheos in 

the WT, and ~7 Chls and 1 Pheo in the D2-L209H mutant (note this mutant is incapable of 

photosynthetic growth because of the absence of an active-Pheo and thus was grown on the dark 

in TAP medium) were prepared from both thylakoids and PSII-enriched membranes following 

the method of Nanba and Satoh
5
 with important modifications.

20
  To obtain the D2-L209H 

mutant studied in the present work, we used a transgenic (site-directed mutagenesis) approach to 

modify the pigment composition of the C. reinhardtii PSII RC. A histidine, a common Chl 

ligand, was introduced to the D2 protein over the macrocycle ring of the active branch PheoD1. 

Thylakoids or PSII-enriched membranes (around 100 mg Chl) were resuspended in buffer A (20 
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mM Bis-Tris, pH = 6.5, 1.5 mM (w/v) taurine, and 35 mM NaCl), and treated with 6% (w/v) 

Triton X-100 (final concentration) at a final chlorophyll (Chl) concentration of 0.5 mg Chl/mL. 

The detergent was added drop-wise from a 30% (w/v) solution, and the suspension was 

incubated for 2 h at 4
o
C with gentle stirring in the dark. The solution was centrifuged at 40,000 x 

g for 30 min, and the resultant supernatant was loaded onto a Toyopearl TSK DEAE 650s 

column (30 x 1 cm), pre-equilibrated with buffer B (20 mM Bis-Tris, pH = 6.5, 1.5 mM taurine, 

35 mM NaCl, and 0.35% [w/v] Triton X-100) at a flow rate of 3–4 mL/min. The large pellet 

from the centrifugation was still quite green, and it was re-suspended in the same buffer without 

Triton, incubated for 10 min, and centrifuged again under the same conditions. The new green 

supernatant was added to the previous one on the column. Note that the final bound green 

material remained at about the middle of the column in contrast to the observation with similar 

material isolated from spinach, which remained at the very top of the column. Spinach material 

seems to bind more strongly to this column than that from Chlamydomonas. A similar 

observation was reported by Alizadeh et al.
18

 using the Chlamydomonas F54-14 mutant (a PSI- 

and chloroplastic ATPase-defective double mutant). The column was then washed overnight 

with the same buffer B at a flow-rate of 3 mL/min until the peak at 435 nm was a little lower that 

that at 417 nm. At this point, the remaining green material was eluted with a 35–300 mM NaCl 

linear gradient in the same buffer, 3-mL fractions were collected, and the RCs eluted at around 

90 mM NaCl. In the case of the D2-L209H mutant, most of the recovered material showed a 

room temperature absorption peak at around 675 nm, and the material was stored without further 

treatment under liquid N2 until use. WT RCs exhibited an absorption peak at around 675.5 nm 

(the first 3–4 colored fractions that eluted at around 90 mM NaCl), but the other fractions 

showed maxima at ≥676 nm, probably due to some contamination with LHCII or PSI 
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components. The fractions with maxima at around 675.5 nm were pooled for Cu
2+

-IMAC 

chromatography as in Ref.
52

, using a Chelating Sepharose Fast-Flow (GE Healthcare) column  to 

eliminate some minor Chl b-containing pigment–protein complex contaminant. The green 

material was eluted with a 0–50 mM Imidazol gradient.  Pigment quantification of the 

preparations was done after extraction with 80% (v/v) acetone using the method in Ref.
53

  Our 

typical RC preparation from spinach contained 5.85 Chl/2 Pheo and that from WT 

Chlamydomonas contained 5.55 Chl/2 Pheo. If we assume 6.0 Chl/2Pheo in spinach we obtained 

about 5.7 Chl/2 Pheo in our WT Chlamydomonas PSII RC preparation. This somewhat lower 

Chl content of our preparations compared with other PSII RC material is most probably due to a 

reproducibly lower carotenoid content in our preparations as compared to those from other 

laboratories; carotenoid bands were taken into account in our pigment calculations).  Using the 

same quantification methodology, our non-active D2-L209H mutant RCs contained ~7 Chl per 1 

Pheo, demonstrating that in this mutant one Pheo is been replaced for one Chl.       

 3.2.2. Spectroscopic measurements. 

 The hole burning apparatus used for this study was described in detail elsewhere.
54,55

 

Briefly, absorption and hole spectra were recorded with a Bruker HR120 Fourier transform 

spectrometer. Absorption and hole-burned spectra were obtained at a resolution of 4 cm1 and 

0.5 cm1, respectively.  A Coherent CR699-21 ring dye laser (linewidth of 0.07 cm1), pumped 

with a 6 W Coherent Innova argon-ion laser, was used to burn the holes. The persistent NPHB 

spectra reported in the figures correspond to the post-burn absorption spectrum minus the pre-

burn absorption spectrum. The triplet bottleneck hole spectra correspond to absorption spectrum 

with laser on minus the spectrum with laser off. Burn intensities and times are given in the figure 

captions. The sample temperature was maintained at 5 K using a Janis 8-DT Super Vari-Temp 
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liquid helium cryostat. The excitation source for the fluorescence experiments was a Coherent 

UV argon-ion laser operating at 496.5 nm.  Fluorescence was dispersed at a resolution of 0.1 nm 

by a Princeton Instrument Acton SP-2300 monochromator, equipped with a back-illuminated, 

N2-cooled CCD camera. Care was taken to ensure that reabsorption effects were negligible.   

  3.2.3. Monte Carlo simulations of the WT minus the mutant RC absorption 

difference spectrum. 

 To model absorption changes introduced by the mutation, we carried out simple excitonic 

calculations using MathCad 12.0. Transition dipole moments and coupling between 

chromophores were calculated as in Ref.
13

 However, due to the significant shift in the position of 

the central magnesium out of the chlorin plane, which was revealed in the recent crystal 

structure, the transition dipole moments were taken to extend from the ring I nitrogen (N-B) to 

the ring III nitrogen (N-D) rather than from the central Mg to N-D, and the center of the Chl 

molecule was taken to be at the averaged position of the four ring nitrogen atoms, rather than at 

the central magnesium. A Frenkel Hamiltonian matrix (static lattice approximation) for the PSII 

RC chromophores was constructed (see section 3.5); for each interaction of the Monte Carlo 

simulations, site energies were added randomly according to a Gaussian distribution, mimicking 

the site distribution function (SDF) of the chromophore. A simple fitting algorithm was used to                                                                                                                   
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Figure 3-2 Spectra a and b correspond to the absorption spectra of intact WT and D2-

L209H mutant RCs, respectively, measured at T = 5K. The areas of curve a and b are 

scaled to 7.0 and 7.5, respectively, based on the normalized oscillator strength of the 

cofactors. Curve c is the difference between spectra b and a. The inset shows the 

corresponding Qx-region (see text for detail). 

find optimized parameters (i.e., site energies and the width of the SDF) to achieve 

simultaneously good fits to the absorption for the RCs from WT C. reinhardtii and the D2-

L209H mutant, as well as the difference between the latter two spectra. 

3. 3.  Results    

  3.3.1. Low temperature absorption spectra of the RC from WT C. reinhardtii and 

its D2-L209H mutant—site energies of PheoD1 and PheoD2. 

 Absorption spectra of the WT RC from C. reinhardtii and its D2-mutant are shown in 

Figure 3-2, as blue (a) and black (b) curves, respectively. According to pigment extraction with 

80% (v/v) acetone and comparison with spinach RC data obtained as in Ref.,
53

 we established 

that our WT RC and D2 mutant contained about 6 Chl a/2 Pheo a and 7 Chl a/1 Pheo a, 
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respectively (the measured values were 5.7 and 6.5-7, respectively; however, see the comments 

in Material and Methods, Section 2.1). Note that our WT RC preparation (see curve a in Figure 

3-2) has a 5K absorption maximum near 679.5 nm with a noticeable shoulder near 685 nm. 

Spectra a and b were normalized over a broad spectral range of 500–700 nm, assuming that the 

integrated absorbance of the WT PSII and D2-L209H mutant RCs should be about 7.0 (in Chl a 

units) and 7.5, respectively. The difference originates from the fact that the mutant has Chl a 

(instead of PheoD1) in the active D1-protein branch and the Pheo oscillator strength in the protein 

environment is 50%  that of  Chl a
9,56

, for convenience normalized to unity. The difference 

spectrum is given by the red curve (c) in Figure 3-2. The overall absorption decrease near 684 

nm in curve (c) corresponds to about 0.3  in Chl a units. The intensity gain at ~679 nm is bigger 

than the loss at ~684 nm because the oscillator strength of the Chl a is higher than that of Pheo a. 

A theoretical description of this spectrum is shown in Figure 3-6. Here we note only that the 

shape of curve (c) suggests that the site energy of Chl a in the PheoD1 binding pocket shifts to the 

blue; note, this does not mean that the site energy of PheoD1 is located at about 684 nm (see 

below for details) in agreement with previous data for RCs from spinach.
11,57

 The fluorescence 

from WT C. reinhardtii RCs peaks near 685 nm  (data not shown).  

 Curves a and b in the inset of Figure 3-2 correspond to the normalized Qx band of the 

WT C. reinhardtii RC and its D2-L209H mutant. The difference between curves a and b (curve 

c) corresponds to the removal of PheoD1 (red curve in the inset), proving that the absorbance 

difference in Qy near 684 nm (see curve c) indeed originates from the genetically replaced 

mutation of Pheo a (PheoD1) to Chl a. We would like to make it clear that the 684 nm bleach does 

not reflect the site energy of PheoD1; rather, it reflects changes to the lowest exciton band in the 

RC mutant (vide infra). We hasten to add that the coupling constants between chlorins in the Qx 
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region are about one order of magnitude weaker than those in the Qy-region.
58

 This is why the 

entire Qx absorption band near 544 nm in WT RC corresponds both to the active and inactive 

pheophytins, since the Qx band of Chl a lies near 580 nm.
59-61

 Thus the bleach at ~545 and ~684 

nm corresponds definitively to the replacement of active PheoD1 with Chl a. This in turn indicates 

that the Qx-transition of PheoD2 must be near 541.5 nm; the site energy of Qy PheoD2 will be 

discussed below. Here, it is suffice to say that the relative positions of the Qx-transitions of active 

and inactive Pheos in C. reinhardtii are in good agreement with the same Qx-transitions observed 

in isolated RC from spinach, where the localized Qx-transitions of PheoD1 and PheoD2 were 

demonstrated to lie at 544.4 and 541.2, respectively.
28,36

 In addition, we found that in our most 

intact WT RC from C. reinhardtii the entire Qx-band lies near 544 nm (not at 543 nm, as 

typically observed in isolated spinach RCs
9,26,43

). The Qx bleach of active PheoD1 near 545 nm is 

in perfect agreement with data obtained for intact spinach PSII core,
62,63 

suggesting that our 

isolated RCs are intact. The theoretical fit of the red spectrum in the main frame of Figure 3-2 

(curve c) will be discussed in section 3.5. In view of the above data, we conclude that it is 

doubtful that the site energy of PheoD1 lies near 672 nm, as assumed recently in Refs.
13,40

 (vide 

infra). Thus, it is not likely that the exciton realizations may lead to a predominantly PheoD2 

character of the lowest energy exciton, as suggested by Cox et al.
40

. 
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Figure 3-3  Absorption, nonresonant persistent hole, and transient HB spectra obtained for 

RCs from C. reinhardtii and spinach RC are shown in frames A/C/E and B/D/F, 

respectively. The insets in frames A and B show the Qx absorption band of both 

pheophytins near 544 and 543 nm, while those in frames E and F illustrate the Qx response 

(in the pheophytin region) in the transient spectra. All HB spectra were obtained with a λB 

of 665 nm and were measured at 5K. 

  3.3.2. Comparison of absorption, persistent, and transient hole spectra obtained 

for the RCs from C. reinhardtii and spinach. 

 Frames A and B in Figure 3-3 show Qy absorption spectra obtained for RCs from C. 

reinhardtii and spinach, respectively. There is no indication that any of     

these two samples are contaminated with other antenna complexes, i.e., both have 6 Chl a /2 

Pheo a, and no bleaching and/or emission bands typically observed in PSII antenna 

complexes.
42,64

 The corresponding insets in frames A and B show Qx absorption band of 
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pheophytins located near 544 nm (frame A) and 543 nm (frame B). As expected, the more intact 

sample (frames A, C, and E) has red-shifted peaks of Qy- and Qx-absorption bands, as well as the 

position of the lowest-energy bands, in agreement with spectra obtained for RC from intact PSII 

core samples.
16,62,63

 Frames C and D show (nonresonant) persistent saturated holes obtained with 

a B of 665.0 nm. Non-resonant holes appear as the result of downhill energy transfer. The hole 

depths of the broad (saturated) holes, obtained under identical conditions and shown in frames C 

(C. reinhardtii) and D (spinach), are 4.6% and 3.5%, respectively. Although hole shapes are 

similar, the broad hole in C. reinhardtii, located at 683.8 nm, is about 3.2 nm red-shifted in 

comparison with the hole typically obtained for RCs isolated from spinach.
27,28,65 

The  origin of 

the broad 683.8 and 680.6 nm holes will be discussed in section 4.1. Here we only note that both 

persistent holes shown in frames C and D have weak (and noisy) responses in the Qx region of 

PheoD1 near 545  1 nm (data not shown). 

 In contrast to persistent holes, the transient, non-line narrowed spectra shown in frames E 

and F (B = 665.0 nm) are very different; the hole in C. reinhardtii (frame E) has two 

components at 672.7 and 683.3 nm with a positive feature near 679 nm. The fractional hole 

depth at 683.3 nm (measured with a laser intensity (I) of 100 mW) is 22.5%. The large 

nonresonant transient hole, obtained under identical conditions for spinach RCs, is blue shifted to 

680.0 nm (although slightly red-shifted holes near 681–682 nm have been previously observed in 

isolated RCs from spinach
27,28,65

) and has a smaller fractional depth of 9.8%. Note the shape of 

this transient hole is exactly the same as previously observed in spinach PSII RCs
27,28,65 

with a 

bleach near 680/681 nm and a weak shoulder near 683/684 nm
28

, which we assigned previously 

to P680 and P684 RCs, respectively
6
. That is, we proposed that in isolated spinach RCs, transient 

holes at ~680–681 nm and ~684 nm correspond to the triplet bottleneck holes, originating from 
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P680- and P684-type RCs and reflecting the gross heterogeneity of PSII RCs (the P684–band is 

the primary electron donor band (P684) of a subset of RCs that are more intact than P680-type 

RCs).
6
 This suggestion is consistent with data presented in Figure 3-3. Another striking 

difference between the transient holes obtained for C. reinhardtii and spinach RCs is in the Qx 

region. As previously observed there is no bleaching in this region for transient spectra obtained 

for spinach RCs (see the inset in frame F), whereas the Qx Pheo band clearly shifts in C. 

reinhardtii RCs as shown in the inset of frame E. Note that the transient spectrum obtained for 

isolated RC from C. reinhardtti is very similar to the flash-induced (P684
+
QA


 - P684QA) 

absorbance difference spectra of PSII core complexes from WT Synechocystis sp. PCC 6803.
15

 

The latter suggests the presence of QA; therefore, an electrochromic shift in the Qx-region of the 

pheophytins is possibly due to the formation of the P684
+
QA


 state, as previously observed in 

bacterial RCs
64,66,67

 and PSII cores
16,62,63 

As expected, there was no bleach or shift in the 530–

560 nm region in the D2-L209H mutant, since there is no formation of a P684
+
QA

 
state, even if 

QA is present, due to the lack of active PheoD1. This proves that our isolated RCs from C. 

reinhardtti are to a large extent intact with a bleach at 672.7 nm being due to the oxidation of 

PD1/D2 Chls a, or, expressed more properly and as discussed by Schlodder et al. in the case of 

Synechocystis
15

, due to the bleaching of an exciton state dominated by contributions from both 

PD1 and PD2 Chls. It has been shown recently that the redox potential (Em) of PD1 for a one-

electron oxidation (Em(PD1)) is lower than that of PD2, favoring localization of the cationic charge 

state more on PD1.
68

 The positive peak in the transient spectrum (see frame E in Figure 3-3) is 

related to an electrochromic shift of the pigment(s) contributing to the lowest-energy state (most 

likely ChlD1 and PheoD1), induced by the positive charge on P (most likely PD1
14,15,68

) and a 

negative charge on plastoquinone QA, (QA
−
). This implies that at least a subpopulation of our C. 
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reinhardtii RCs still possess QA, which is typically lost in isolated PSII RCs from spinach. 

(Theoretical description of these spectra is beyond the scope of this work and will be presented 

elsewhere). Here we only note that the similarity between our transient spectra in isolated RCs 

from C. reinhardtii (frame E) and WT Synechocystis sp. PCC 6803
15

, namely P684
+
QA


- 

P684QA spectra, suggests that the RCs studied in this work contain the largest subpopulation of  

intact (isolated) RCs ever studied before. A very different shape of the transient hole observed in 

spinach RC (frame F) is most likely the result of disruptive protein-pigment structural 

perturbations introduced by the isolation procedure. We suggest that in spinach RCs (see frame 

F) ChlD1 is the preferred electron donor with the triplet also localized on ChlD1.
15,69,70

 The lack of 

response near 672.7 nm in spinach RCs supports the notion that RC680 has destabilized D1 and 

D2 proteins with a significantly weakened excitonic coupling between the PD1 and PD2 Chls, and 

as a result, a much weaker absorption band near 673 nm.   

 3.3.3. Absorption and nonresonant HB spectra obtained for damaged C. reinhardtii 

RCs. 

 Spectrum a in frame A of Figure 3-4 shows the absorption spectrum of a RC sample 

intentionally degraded by leaving it on the bench for several hours at room temperature.  

Spectrum a in frame B corresponds to WT RC sample diluted with TX-100 detergent. The latter 

is known to destabilize the D1/D2/Cyt b559 RC complex of spinach.
65,71

 Curve b in both frames, 

obtained for control untreated WT RCs, is shown for easy comparison. All spectra were 

normalized for the same integrated absorbance intensity. Spectra c in both frames (with similar  
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Figure 3-4  Frame A: Absorption spectrum (curve a) of partly damaged PSII RC from C. 

reinhardtii (see text). Curve b is the absorption spectrum obtained for intact WT RCs. 

Absorption spectra in the corresponding Qx-region of pheophytins are shown in the inset, 

as curves a and b, respectively. Curves c and c are the difference spectra (i.e., c  a – b 

and c  a – b). The green curve d is the persistent (nonresonant) HB spectrum obtained 

with B = 664.9 nm; the arrow points to the ZPH. Curve d shows the response in persistent 

HB spectrum in the Qx-region of pheophytins. The sharp spikes observed in the 675–687 

nm spectral range in curves d (re-plotted on a cm
-1

 scale in the upper left insets of frames A 

and B) are Chl a vibronic satellite holes. Frame B shows the same spectra, as in frame A, 

but obtained for WT RCs of C. reinhardtii exposed to the excess of TX-100 detergent (see 

text for details).  All spectra were obtained at T = 5 K. 

 

shapes) shows the difference between spectra a and b, indicating that both procedures 

destabilize the D1 and D2 proteins and/or the pigments contributing to the lowest energy 

state(s) in a similar way. (Spectrum a of frame B, as expected, is somewhat more disturbed than 

spectrum a of frame A). Curves a and b (and their difference, i.e., curve c) in the 

corresponding insets clearly demonstrate that both the Qy- and Qx-regions of PheoD1 blue shift 
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to ~670 nm and ~540 nm, respectively. The sharp spikes observed in the 675–687 nm spectral 

range in curves d (re-plotted in the upper left insets of frames A and B without a wavelength 

scale) are pure Chl a vibronic satellite holes associated with the ZPH at B; see section 4.2 for 

discussion.  

             3.3.4. Optical spectra obtained for the C. reinhardtii D2-L209H mutant. 
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Figure 3-5 Figure 3-5. Curves a, a', b, and c correspond to the absorption, fluorescence, 

persistent, and transient HB spectra obtained for the D2-L209H mutant of C. reinhardtii. 

Both HB spectra were  obtained with a λB of 665.0 nm, and recorded at 5 K. 

Spectra a and a in Figure 3-5 show absorption and emission (with a (0,0)-band maximum 

near 681 nm) spectra of the D2-L209H mutant. The lowest-energy state (see curve b 

corresponding to a nonresonant persistent hole obtained with 665 nm excitation) is near 680 nm, 

revealing a very small Stokes shift of ~20 cm
-1

. This means that electron-phonon coupling is 
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very weak (with an estimated Huang-Rhys factor, S of ~0.6, assuming
6
 m of 17 cm

-1
). The 

fluorescence maximum of the D2- L209H mutant, in comparison to WT RCs, is blue shifted 

due to a different pigments contributing to the lowest-energy excitonic state. Recall that the 

absorption spectrum of the D2-L209H mutant, in which the active branch PheoD1 is replaced 

with Chl a, did not reveal (as expected) the Qx-absorption band near 545 nm assigned to 

PheoD1(vide supra). In light of the above observations, it is interesting to note that the persistent 

(nonresonant) hole spectrum obtained for the mutant with B = 665.0 nm (curve b in Figure 3-5) 

has a ~93 cm
-1

 wide hole centered at ~680 nm and no response in the Qx pheophytin region 

(data not shown), proving again that PheoD2 does not contribute to the lowest-energy state near 

680 nm. The hole near 680 nm can be attributed to downward energy transfer from pigments 

excited at 665.0 nm to the  (blue shifted) lowest-energy excitonic band in the mutant, which is 

strongly contributed to by Chls (in particular the Chl a residing in the PheoD1 binding pocket). 

This is consistent with data shown in Figure 3-2, as the substituted Chl a strongly contributes to 

the absorption spectrum near 680 nm. In turn, the lack of bleaching at 541. 5 nm (Qx of PheoD2) 

in the RC mutant for 665.0 nm excitation, proves that, in contrast to the RCs treated with triton 

TX-100, the pigments absorbing near 665 nm in the RC mutant transfer energy to the lowest 

exciton state at 680 nm. As expected, WT RC samples intentionally degraded by leaving them 

on the bench at room temperature for many hours do not reveal any broad-band bleach near 680 

nm in agreement with data shown in Figure 3-4 (see curves d). The identity of the pigment(s) 

contributing to the low-energy states of WT and mutant RCs will be discussed in section 4.4. 

Here, we emphasize again that the broad hole near 680 nm is not contributed to by the inactive 

PheoD2, since the Qx PheoD2 hole at 541.5 nm is absent. The weak (~6% hole depth) symmetric 

transient hole (Figure 3-5, curve c) is most likely formed via intersystem crossing and 
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corresponds to the lowest-energy band (~680 nm) of the mutant, although it cannot be excluded 

that the shallow transient hole reflects a triplet-bottleneck hole after recombination of the 

ChlD1
+
Chla


 state in the D2-L209H mutant (recall that Chl a

 
mentioned above resides in the 

PheoD1 binding pocket). This suggestion needs to be tested via resonant HB and time resolved 

spectroscopies. Curve b, however, is asymmetric in the higher frequency range due to the 

presence of an anti-hole typically observed in persistent HB spectra.
42,72

 Nevertheless, these 

data clearly support our above assignment that the mean site energy of PheoD2 is unlikely to lie 

anywhere close to 677.5 nm and dominate the lowest-energy excited state, as suggested in 

Refs
31,40

. We hasten to add that our findings also question the assignment of site energies of 

pheophytins obtained with the in vitro exchange experiments, where PheoD1 and/or PheoD2 were 

replaced by 13
1
-deoxo-13

1
-hydroxy pheophytin (13

1
-OH Pheo).

9,43
 The observation reported in 

Refs
9,43 

that both PheoD1 and PheoD2 contribute at the same wavelength to the absorption 

spectrum, both in the Qy- and Qx-regions, could indicate that exchange experiments destabilize 

RCs or perturb excitonic interactions. The observed bleach near 680 nm and the absorption 

increase at ~654 nm (the Qy-transition of replaced 13
1
-OH Pheo

9,43
) are not necessarily 

correlated, i.e., some changes observed near 680 nm could be due to partial damage of RCs and 

the accompanying changes in the excitonic interactions. Therefore, in light of the data presented 

in this work, we cannot exclude the possibility that some delta absorbance changes (near 680 

nm region) observed in samples going through the chemical exchange process and purification 

are induced by RC destabilization. In fact, difference spectra reported in Refs
9,43 

if not 

normalized at 624 nm, would be similar to spectra c shown in Figure 3-4 for destabilized RCs.   
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  3.3.5. Monte Carlo simulations of the absorption difference spectra of C. 

reinhardtii and its D2-L209H mutant. 

 The red curve in Figure 3-6 (curve c from Figure 3-2) corresponds to delta absorbance 

spectra obtained for WT RC and its mutant, assuming a dipole strength ratio of Pheo a/Chl a of 

0.5.
56

 The blue curve (spectrum b) was obtained using excitonic calculations for the Qy-states 

using the Frenkel Hamiltonian mentioned above. We used coupling constants calculated by the 

ab initio TrEsp method
13

 and the recent X-ray structural data (PDB, file)
1
. The coupling 

constants (with the exception of the coupling constant (V) for the special pair VPD1-PD2) were very 

similar to those reported in
13

. Taking into account a considerable wavefunction overlap between 

PD1 and PD2 Chls, resulting in Dexter-type exchange coupling, the coupling constant VPD1-PD2 of 

150 cm
-1

 was taken from Ref.
13

 The site energies were adjusted using our experimental 

constraints obtained for both the site energies of PheoD1 and of PheoD2, as discussed above. 

Absorption spectra of C. reinhardtii and its D2-L209H mutant were calculated with the same set 

of parameters with the only adjustment that PheoD1 in WT RC was replaced with Chl a in the 

mutant, and the site energy of Chl a (residing in the PheoD1 binding pocket) was shifted to the 

blue by 125 cm
-1

from the site energy of PheoD1 at 14710 cm
-1

. This shift is consistent with the 

loss of H-bonding (with Glutamine 130) in Chl a residing in the PheoD1 binding pocket. The nice 

agreement between experimental and calculated difference spectra in the low energy spectral 

range provides further evidence that PheoD1 in WT RC significantly contributes to the lowest 

energy exciton state near 684 nm and has a site energy near 680 nm (see section 4.4 for more 

details).  
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3.4. Discussion 

   3.4.1. Nonresonant persistent holes. 

  Historically, the original assignment of the broad (~120 cm
-1

) nonresonant persistent hole, 

typically observed near 680–682 nm
27,28,65 

for 665 nm excitation in isolated RCs from spinach, 

was to a Qy-state localized on PheoD1.
27

 This idea was introduced prior to the introduction of the 

multimer model.
36,73,74

 Subsequent research revealed that only nonresonant excitation near 660–

670 nm reveals persistent bleaching at the Qx band assigned to PheoD1,
27

 meaning that the Qx 

bleach is never observed for saturated holes burned resonantly in the 680–686 nm region. In 

Ref.
6
 we provided evidence for highly dispersive primary charge separation kinetics; that is, we 

have shown that population of either P680* (in RC680, where *  the Qy-state) or P684* (in 

RC684, the subset of RCs more intact than RC680) results in both resonant transient (due to 

charge recombination of the primary radical pair) and resonant persistent (nonphotochemical) 

holes. Indeed, one set of parameters (e.g. electron-phonon coupling and site distribution 

function) could be used to simulate all transient and persistent holes burned in the 680–686 nm 

region.  Thus the question arises what is the origin of the broad nonresonant ~680 and ~684 nm 

persistent holes (as shown in Figure 3-3, frames C and D) accompanied by a clear bleach in the 

Qx-region of PheoD1?  

  We suggest that our original interpretation,
27

 namely that this broad hole belongs to the 

quasi-localized Qy-band of PheoD1 may actually be correct. We tentatively propose (calculations 

in progress) that these non-resonant persistent HB spectra could be formed (via CW excitation) 

during the relatively long lifetime (~2 ms
11,75

) of the triplet-bottleneck of the 
3
P680 or 

3
P684 

states that are formed after recombination of the P680
+
PheoD1


 and P684

+
PheoD1


 states, 

respectively. In these cases, the formation of 
3
P680 or 

3
P684 (if the triplet is localized on ChlD1 
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15,69,70
) could partially decouple PheoD1 from the rest of the RC pigments. If PheoD1 has a site 

energy of ~680 nm, as suggested in this work, it would contribute to the energy trap for EET 

from states at ~665 nm which are excited by the laser. This indeed could lead to weak broad 

(~120 cm
-1

) satellite holes with hole minima near 680 nm and/or 684nm, depending on the 

quality (i.e., intactness) of the RC sample.
27,28,65

 Note that the same process is highly improbable 

in the case of resonant burning. The RCs, which are resonantly excited at 680-684 nm, may 

exhibit either slow or fast primary charge separation
7
, with persistent HB favoring slow charge 

separation RCs very strongly (i.e., RCs with fast charge separation and likely triplet formation 

are not probed).  On the other hand, in RCs exhibiting fast charge separation the NPHB into the 

original lowest-energy state should be very inefficient based on the equation for the spectral hole 

burning yield
41

:   
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  , 

where e


 is the NPHB rate, and cs and fl are the charge separation time and fluorescence 

lifetime, respectively. Then during the lifetime of the 
3
P680- or 

3
P684-triplet states, the narrow 

zero-phonon lines (ZPL) of the lowest state (now localized on PheoD1) would not be in resonance 

with the laser, and, as a result, these RCs will become unavailable for further absorption of 

resonant photons and NPHB. This escape of the lowest-energy state from the resonance with the 

laser due to triplet formation is obviously irrelevant for nonresonant excitation. 

  The only difference between (nonresonant) saturated persistent holes (quasi-localized on 

PheoD1) burned near 665 nm (during the 
3
P680 and 

3
P684 triplets, in RC680 and RC684, 

respectively) is that the corresponding Qx-/Qy-transitions depending on sample intactness are at 

~5441/~680.6 nm and ~5451/683.8 nm, respectively, as discussed above. This is why Qy- 
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nonresonant persistent holes have a profile similar to that obtained due to formation (in the 

presence of dithionite) of stable PheoD1

.
28,36

 However, the situation is more complicated in 

intact RC684 from C. reinhardtti, which could contain plastoquinone QA, and possibly possess 

two electron donors, PD1 and/or ChlD1 (i.e., two charge separation pathways, as recently proposed 

in Ref
7
). That is, the transient hole in Figure 3-3E may have a contribution from the 

3
P684 triplet 

and the long-lived P
+
QA


 state

76
 for a subpopulation of RCs that contain QA. The nature of the 

electron donor(s) and the feasibility of multiple electron transfer pathways in C. reinhardtii 

(including measurements of electron transfer times via resonant HB) is beyond the scope of this 

manuscript and will be published elsewhere. Here we only note that the ratio of the nonresonant 

TBHB spectrum (I = 100 mW) to NPHB (saturated persistent hole) in spinach (see Figure 3-3) is 

about 3.5, while the same ratio in C. reinhardtii (obtained under identical conditions; see Figure 

3-3) is about 5.5. Interestingly, the ratio of ~3.6 was also observed in destabilized P680-type RCs 

obtained for C. reinhardtii. Since the depth of the saturated persistent hole (nonresonant, B = 

665.0 nm, obtained under similar conditions) in: (1) spinach RC near ~680 nm; (2) destabilized 

RC from C. reinhardtii (also at ~680 nm; data not shown); and (3) intact RC from C. reinhardtii 

(~683.8 nm), is only ~3–4%, it is not surprising that the persistent hole from a small subset of 

intact P684-type RCs near 684 nm in spinach RCs (revealed as a weak shoulder near 684 nm in a 

transient hole
65

) has been never observed.  

   3.4.2. Destabilized (damaged) RC samples.  

 Recall that curves a and b in Figures 3-4A and 4B correspond to the absorption spectra of  

damaged and the intact WT RC from C. reinhardtii, respectively. In agreement with previous 

observations
27

 the absorption maxima in partly damaged RC samples blue shift to about 670 nm. 

As a result, the low-energy band near 680 nm disappears, as reflected by curves c. Due to this 
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damage and as expected, there is no more charge separation as proven by the absence of transient 

holes. Uncorrelated EET to the lowest-energy exciton state is absent in damaged RC samples, as 

reflected by the absence of a low-energy, broad satellite holes; instead, only weak sharp vibronic 

holes are present in the 675–690 nm region. These holes (see Figure 3-4A/B) correspond to the 

zero-phonon transitions obtained via vibronic excitation. In other words, the differences between 

the vibronic hole frequencies and the burn frequency (see curves in the upper left corners of 

Figures 3-4A and 3-4B) correspond to the excited state vibrational frequencies of the pigments 

contributing to the low-energy wing (i.e., a new Chl a dominated low-energy state) of the 

damaged absorption spectra (curves a). It is not surprising that all/most pigments in the damaged 

RC contribute to the 665-675 nm spectral region, as it is well known that excess TX-100 

detergent modifies excitonic interactions
27,64

; the interesting point, however, is what happens in 

the Qx-region, especially since spectra a, a′, and d, d′ in Frames A and B of Figure 3-4 are nearly 

identical. Recall that the sample described in frame A of Figure 3-4 was not even exposed to 

excess Triton TX-100. This clearly indicates that the RC of C. reinhardtii is extremely sensitive 

to the conditions of isolation and purification. 
17-20

 Comparison of spectra c/c′ (obtained as a 

difference between spectra a/a′ and b/b′ in the Qy- and Qx-regions, respectively, in Figure 3-4) 

with spectra a (damaged RCs) and b (intact RCs) shows that PheoD1 in intact RC sample must 

contribute to the long wavelength absorption region near 680–684 nm. This questions the 

validity of the assumption (or data from modeling studies) that the site energy of PheoD1 lies near 

672 nm, as suggested in Refs
13,16,31,40

. Interestingly, curves d′, which correspond to the Qx-region 

bleach of the HB spectrum (at B = 665.0 nm) suggest that the Qx band of PheoD1 (in damaged 

RCs) shifts from about 545 nm to about 540 nm, with the Qx transition of PheoD2 most likely 

lying near 541.5 nm, in good agreement with previous findings obtained for PSII RCs isolated 



77 

 

from spinach and those for D1-L210H mutant RCs from C. reinhardtti
12

. The latter work 

identified the Qx-transition of PheoD2 in C. reinhardtii near 542 nm
12

 in agreement with our data. 

 The  blue shift of the PheoD1 band in damaged RCs is consistent with Ref.
70

, where it was 

suggested that PheoD1 is likely H-bonded in intact PSII RCs 
77

, in analogy to BPheoL in bacterial 

RCs.
78,79

 Thus it appears, based on our data, that this H-bond can be easily broken in destabilized 

RCs, leading to a blue shift of its site energy. This is consistent with Refs.
78,79

 where PheoD1 in  

PSII from Synechocystis and BPheoL in the active L-branch site of BRCs are red shifted due to 

the H-bonding to the 13
1
-keto substituent. Remarkably, the Qx-absorption maximum of 

destabilized PheoD1 is similar to that of PheoD2; that is, now both pheophytins have the Qx-bands 

near 540–542 nm (see Figure 3-4A/B, curves a′). This could explain why the reported Qx 

absorption band position in RCs varied from sample to sample
9,26,28,36,43

and suggests that both 

pheophytins likely reside in a protein environment with similar pKa values. The above 

assignment of site energies is confirmed by the hole shape in the Qy-region (see curves d in 

frames A and B of Figure 3-4) and by the corresponding Qx-response (curves d in both insets) 

observed in the nonresonant (persistent) HB spectra obtained for 665.0 nm excitation. It appears 

that 665.0 nm burning (in damaged RCs) bleaches broad holes near 665–673 nm and 540–542 

nm (see insets), respectively, which most likely correspond to the Qy and Qx bands of both 

pheophytins in destabilized RCs. Note that the broad hole near 665–673 cannot be only due to 

Chls, as in this case one should not observe any Qx bleaching of pheophytins. This is, in turn, 

consistent with our previous work with spinach RC
28,36

, where it was shown that the inactive 

PheoD2 could contribute in the region near 668.3 nm with its Qx-transition being near 541 nm. In 

addition, the positions of the persistent (nonresonant) holes in both Qy- and Qx-regions excludes 

the possibility that both PheoD1 and PheoD2 have similar Qy-transitions near 680 nm, as suggested 
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in Refs
9,43,44 

or near 690 nm, as proposed by recent modeling studies in Ref.
34

 As mentioned 

above, the sharp spikes observed in the 675–687 nm spectral range in curves d of Figure 3-4 (re-

plotted in the upper left insets of frames A and B) are Chl a vibronic satellite holes associated 

with the ZPH at B. Their frequencies of 167, 196, 260, 282, 346, 384, and 420 cm
-1

 are very 

similar to the excited state Chl a mode frequencies
80,81,82,83 

and to our unpublished data obtained 

for Chls a in CP43 and CP47 antenna complexes. The presence of these weak resonant holes is 

consistent with our previous findings that TX-100 disrupts an energy transfer pathway from 

pigments contributing to the high-energy side of the absorption spectrum. Finally, the fact that 

Qx-bleaching of PheoD1 occurs near 545 nm, is also in perfect agreement with data obtained for 

intact isolated RC (vide supra) and PSII core samples,
62,63

 supporting our conclusion that our 

isolated RC from C. reinhardtii contains the largest subpopulation of intact RC of PSII studied 

so far.   

  3.4.3. More on site energies of PheoD1 and PheoD2.  

We emphasize that knowledge of the site energies of the Chls and Pheos is important to 

understand the excitonic structure and excitation energy transfer in PSII RCs, as they determine 

the direction of the energy flow. Recall that conclusions made from the experiments with 

borohydride reduction of the inactive branch PheoD2
84

and exchange of PheoD2
9,43,85

, as well as 

with partial exchange of PheoD1
9,43 

with 13
1
-hydroxy Pheo (vide supra)

9,43
, which suggested that 

both pheophytins have their Qy absorption maxima at 676–680 nm (at 6 K), are inconsistent with 

data shown above. In addition, the blue shift of both the Qx and Qy transitions of PheoD1 in 

destabilized RCs (see Figure 3-4) is consistent with resonance Raman spectroscopy data
77

, where 

it was suggested that PheoD1 in the PSII RC is likely H-bonded (as BPheoL in the BRC
78,79

), with 

the glutamin residue D1-Gln130 being the likely homologue of the glutamic acid residue L-104 
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in BRC. That is, in the Synechocystis site-directed mutation, D1-Gln130Leu results in the 

shifting of the Qx band to shorter wavelength consistent with a disappearance of the C13
1
=O 

hydrogen bond. Different Qx and Qy positions of PheoD1 and PheoD2 also suggest that only 

PheoD1 is H-bonded.
70

 Thus we suggest that the H-bond of PheoD1 can be easily broken in 

destabilized RCs, as shown by the blue shift of the Qy-absorption band in Figure 3-4. Finally, the 

different Qy positions of PheoD1 and PheoD2 are consistent with an earlier suggestion in Ref.
77

 

that one possible distinction between the active and inactive branches of the PSII RC might be 

the presence of a H-bonded pheophytin on the active branch and the absence of a hydrogen bond 

on the inactive branch. The latter is consistent with data presented above, but contradictory to 

conclusions reached in
70

 that the Qx transitions of both pheophytins located at 543 nm imply that 

both pheophytins have a H-bond to the C13
1
=O of equal strength. Other groups also concluded 

that the PheoD1 contributes to the low-energy state near 681 nm.
5,39,44,86-88

 Several earlier studies 

also indicated that the site-energy of PheoD2 Qy-state must be located near 668–672 nm
28,36,39,86-

88
, in agreement with the results presented in this paper.

 
  

 3.4.4. Excitonic calculations.  

 In calculations of absorption spectra (and of the difference spectrum shown in Figure 3-

6), inhomogeneous broadening was treated via Monte Carlo methods, while homogenous 

broadening was included by convoluting the calculated spectra with an assumed single site 

(SSA) spectrum for absorption. The parameters used for the SSA curve (i.e.,zero phonon line 

width = 0.5 cm
-1

, S = 0.6, m = 17 cm
-1

) were taken from
6
. Vibrational modes of Chl a were 

adopted from
83

. For simplicity we neglected lifetime broadening effects on homogenous 

linewidths. All pigment site energies tested so far, which can describe the absorption spectra of 

WT RC and its D2-L209H mutant, as well as their difference shown in Figure 3-6, have in 
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common that the site energy of PheoD1 must be near 679–681 nm, in agreement with our 

experimental data reported above, and previously published results.
5,28,36,39,44,86-88
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Figure 3-6 The red curve a (curve c from Figure 3-2) corresponds to absorbance difference 

spectrum obtained for WT RC and its D2-L209H mutant, assuming a dipole strength ratio 

of Pheo a/Chl a of 0.5
56

. The blue curve (spectrum b) was obtained using excitonic 

calculations (see text). 

The other common property of the parameter sets resulting in good fits to the difference 

spectrum shown in Figure 3-6 is that the site energy of PheoD2 used in the modeling was near 

670 nm. In addition, our modeling data confirm that the site energies of PD1 and PD2 found by 

Renger’s group
13,31 

are correct and must lie in the 665–667 nm region. We also confirm that the 

ChlD1 site energy must be red shifted to about 678 nm in agreement with Ref.
31

 and various 

calculations of triplet-bottleneck spectra.
13

 Discussion of site energies for PSII RCs, along with 

simultaneous fits of WT and mutant RC absorption, emission, triplet-bottleneck holes, and 

transient PD1
+
QA

 
- PD1QA spectra is beyond the scope of this work, and will be reported 
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elsewhere. Here we only say that site energies of PheoD1 and PheoD2 near 679–681 nm and ~670 

nm, respectively, provide a unified description of all our optical spectra. 

4. Conclusions. 

 A large number of isolated RC preparations from spinach and wild-type Chlamydomonas 

reinhardtii (at different levels of intactness), as well as the D2-L209H mutant, in which the 

active branch PheoD1 has been genetically replaced with Chl a, have been studied by HB 

spectroscopy. This work provides direct evidence that the biochemical treatment used to isolate 

D1-D2-Cytb559 RC complex may change optical properties of the RC pigments. It appears, 

however, that RCs with similar properties to those observed in intact PSII cores can be obtained; 

the latter is of critical importance, as optical spectra of PSII cores are more difficult to interpret 

due to possible contributions from CP43 and CP47 antenna pigment complexes.
16,34,69,89

 The 

results presented here offer no support for the recent assignments
13,16,31,40 

 that site energies of 

PheoD1 and PheoD2 are at 672 nm and 677.5 nm, respectively. It is also unlikely that both 

pheophytins contribute to the absorption near 676–681 nm region as proposed in Refs.
9,43,44,90

  In 

contrast, we have demonstrated that the Qx-/Qy-region site-energies of PheoD1 and PheoD2 are 

most likely at ~545/~680 nm and ~541.5/~670 nm, respectively, in good agreement with our 

previous assignment.
28,36

 These values should be used to model excitonic structure and excitation 

energy transfer dynamics of the PSII RC. We also propose that the nonphotochemical 

(nonresonant) persistent holes at ~680 and ~684 nm (depending on the sample intactness), 

obtained via higher-energy excitation (e.g., B = 665.0 nm) are, at least in part, the result of 

burning in the decoupled PheoD1 Qy-state during the lifetime of the long lived 
3
ChlD1 triplet 

bottleneck-state in RCs without QA. On the other hand, the narrow (lifetime limited) resonant 

holes
25,91

 as well as the saturated resonant holes burned in the 678–686 nm spectral region of the 
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PSII RC (with no bleaching in the Qx band of the pheophytins) are not bleached in the PheoD2 

dominated low-energy exciton band, as suggested in
13,31,40

. On the contrary, the experimentally 

observed distribution of hole widths in both persistent and transient HB spectra
6,41,92

 must be 

associated with highly dispersive primary charge separation kinetics in destabilized RC680 and 

intact RC684. 
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Photochemically active/inactive polypeptide chains in PSII RC (D1/D2) and in BRC (L/M); 

Photosystem II (PS II); Reaction center (RC); Single site absorption (SSA); Site distribution 

function (SDF); Triplet-bottleneck hole burning (TBHB); Wild-type (WT);  Zero-phonon action 

(ZPA); Zero-phonon hole (ZPH) 
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Abstract 

 

Isolated reaction centers (RCs) from wild-type Chlamydomonas (C.) reinhardtii of Photosystem 

II (PSII), at different levels of intactness, were studied to provide more insight into the nature of the 

charge-separation (CS) pathway(s). We argue that previously studied D1/D2/Cytb559 complexes (referred 

to as RC680), with ChlD1 serving as the primary electron donor, contain destabilized D1 and D2 

polypeptides and, as a result, do not provide a representative model system for the intact RC within the 

PSII core. The shapes of non-resonant transient hole-burned (HB) spectra obtained for more intact RCs 

(referred to as RC684) are very similar to P
+
QA


 - PQA absorbance difference and triplet minus singlet 

spectra measured in PSII core complexes from Synechocystis PCC 6803 [Schlodder et al. Phil. Trans. R. 

Soc. B 2008, 363, 1197]. We show that in the RC684 complexes both PD1 and ChlD1 may serve as 

primary electron donors, leading to two different charge separation pathways. Resonant HB spectra 

cannot distinguish the CS times corresponding to different paths, but it is likely that the zero-phonon 

holes (ZPHs) observed in the 680-685 nm region (corresponding to CS times of ~1.4–4.4 ps) reveal the 

ChlD1 pathway; conversely the observation of charge-transfer (CT) state(s) in RC684 (in the 686-695 nm 

range) and the absence of ZPHs at B > 685 nm, likely stems from the PD1 pathway, for which CS could 

be faster than 1 ps. This is consistent with the finding of Krausz et al. [Photochem. Photobiol. Sci. 2005, 

4, 744] that CS in intact PSII core complexes can be initiated at low temperatures with fairly long-

wavelength excitation. The lack of a clear shift of HB spectra as a function of excitation wavelength 

within the red-tail of the absorption (i.e. 686–695 nm) and the absence of ZPHs suggests that the lowest-

energy CT state is largely homogeneously broadened. On the other hand, in usually studied destabilized 
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RCs, i.e. RC680, for which CT states have never been experimentally observed, ChlD1 is the most likely 

electron donor.  
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4.1. Introduction 

FeQB QA

PheoD1PheoD2 CarD1

CarD2

ChlzD1ChlzD2 ChlD2 ChlD1

PD2 PD1

 

Figure 4-1  Cofactor arrangement in the active (D1) and inactive (D2) branches of 

photosystem II reaction center from crystal structure of T. vulcanus at 1.9 Å resolution, 

PDB ID 3ARC.
2
 The cofactors are color coded as, chls: green, carotenes: yellow, 

pheophytins: purple, plastoquinones: gray, non-heme iron: red, and Nitrogen: blue. The 

substituents of the cofactors are truncated for clarity. 

Photosystem II (PSII), the only protein complex capable of evolving oxygen, performs 

the primary charge separation (CS) in the D1/D2/Cytb559 reaction center (RC)
1
 in oxygenic 

photosynthesis (plants, cyanobacteria, and algae). According to the recent X-ray crystal 

structure
2
 (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), a cytochrome b-559 (Cyt b-559), and a non-heme iron. Figure 4-1, based on the 

recent crystal structure of PSII (PDB ID 3ARC)
2
, shows a schematic arrangement of the six 

Chls, two Pheos, QA, QB, CarD1 and CarD2 molecules and a non-heme iron (Fe). This structure 

further confirmed that the amino acid sequences of the membrane bound polypeptides D1 and 

D2 subunits of PSII RC are homologous to their counterparts L and M subunits, respectively, of  

purple bacterial RC (BRC), whose crystal structure
3
 has been solved at atomic resolution earlier. 

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   
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chains to which the chlorines are bound).
4  

Unlike in BRC, PSII RC contains two additional          

peripheral Chls, bound by the histidines of D1 and D2 polypeptides, and sometimes referred to 

as ChlzD1 and ChlzD2.
5
 In both BRC and PSII RCs, the pigments are organized and function in a 

similar way, with a structural pseudo-C2 structural symmetry but functional asymmetry of their 

two branches D1/L and D2/M.
6
 By analogy with the BRC, it is believed that the D1 protein chain 

of PSII RC is photochemically active, and thus the PD1/PD2, ChlD1, and PheoD1 molecules 

participate in primary charge separation.
1
 The two Chl monomers, PD1 and PD2, form a dimer 

with a partial structural overlap, stabilized by van der Waals interaction of about 17 kcal mol
-1

.
7
 

Differences in the immediate environment of the two pigments of the dimer cause localization of 

the major portion of dimer’s HOMO at the monomer PD1.
7
 It has also been recently shown that 

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.
8
  

 Since the first isolation of the PSII RC in 1987 by Nanba and Satoh
9
, its biophysical 

processes, including excitation energy transfer (EET) and primary charge separation (CS), have 

been the subject of many studies: spectral hole-burning (SHB),
10-14

 stark spectroscopy
15

, photon 

echo,
16

 time-resolved fluorescence,
17

 visible pump-probe
18

, 2D spectroscopy,
19

 mutagenesis 

studies
20-23,  and theoretical calculations.

24-26
 Although in recent years consistent progress has 

been made in comprehending the electronic structure and charge transfer dynamics of PSII RC,
 

25,27,28
 an adequate global understanding of this complex system has yet to be achieved.  

 One significant obstacle to our understanding of the PSII RC is that, in contrast to the 

BRC (which can be isolated and crystallized while maintaining full functional), the PSII RC is 

considerably more fragile during isolation and interrogation procedures
29

 and retains only limited 

PSII functionality in its isolated form.
28

 Although isolation and purification protocols have been 
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consistently improved over the years, these complexes are highly fragile and the right choice of 

buffer and detergent is critical; for example, use of Triton X-100 has been found to significantly 

affect the low temperature absorption and persistent hole spectra and to disrupt the charge 

transfer from accessory Chl a to the active pheophytin (PheoD1).
11

 Moreover, it has been reported 

that some integral parts of the native PSII RC, i.e. QA and QB secondary electron acceptors, as 

well as 4-Mn clusters, are lost during the isolation.
9,21 

It has also been suggested that the isolated 

RC samples possess two subsets of RCs, destabilized RC680 and more intact RC684, the latter 

being vulnerable and changing to RC680 upon biochemical manipulation.
13,30

 In this regard, it is 

likely that after isolation, the coupling between PD1 and PD2 is weakened, resulting in the blue-

shifted absorption spectrum. Our current data also suggest (see section 3.1) that all previously 

studied RCs from spinach were destabilized with the electronic structure significantly different 

with respect to that observed in intact PSII core
27,31

 complexes, calling into question the validity 

the use of the isolated RCs as model systems of intact RC in PSII core.  

 In addition to these sample preparation considerations, the PSII RC is considerably more 

difficult to study than its purple bacterial counterpart due to the inherent spectral congestion of 

the Qy absorption region of the PSII RC.
32

 In contrast to the three well-resolved absorption bands 

per 6 pigments of the BRC from Rps. Viridis
33

, the low temperature Qy-region absorption 

spectrum of the PSII RC displays only two obvious Qy bands corresponding to 8 pigments (6 Chl 

and 2 Pheo). This severe spectral congestion both makes it very difficult experimentally to 

selectively excite any particular state (or pigment) and introduces significant uncertainty in 

theoretical interpretation of the transient absorption data in both time- and frequency-domain 

experiments since ultrafast energy-equilibration, radical pair formation and excitation energy 

transfer all happen in the same narrow spectral region.
34
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 Thanks in part to these technical difficulties, there are still numerous issues to be 

addressed regarding primary CS processes in the PSII RC. For example, the question of whether 

the primary electron donor is PD1 or ChlD1
27,28,34,35

 is still controversial. Also, the site energies of 

RC pigments reported in various papers are not consistent.
17,24,26,35,36 

A recent modeling study
24,36

 

of the electronic structure of PSII RC has suggested that the mean site energy of PheoD1 is near 

672 nm, whereas that of PheoD2 is at ~ 677.5 nm. We show that the Qx-/Qy-region site-energies 

of PheoD1 and PheoD2 in PSII RC are ~545/680 nm and ~541.5/670 nm, respectively.
37

 

Furthermore, although spectral features interpreted as belonging to the primary CT state were 

experimentally observed in the intact PSII core
31

, such features have never been identified in the 

isolated PSII RC; moreover, the nature of the suggested CT state still remains to be 

unequivocally resolved.  

 In order to provide more insight into the nature of the PSII RC, and resolve the 

aforementioned issues, we focus our SHB studies on the isolated RCs obtained from 

Chlamydomonas (C.) reinhardtii. To our knowledge, there are only a few studies of the isolated 

algal PSII RC from C. reinhardtii because of the difficulties of their preparation.
5,20,21,38

 C. 

reinhardtii, a unicellular green alga flagellate possessing a single chloroplast, is an important 

model for the fundamental studies of photosynthesis as well as for molecular biology studies.
39

  

In this manuscript, we present optical spectra such as low-T absorption, and transient hole-

burned (HB) spectra obtained for isolated PSII RC from C. reinhardtii, at different levels of 

intactness, studied during the last five years. A new assignment of the Qx- and Qy-region site 

energies of PheoD1 and PheoD2 (based on mutational and modeling study, and incompatible 

with
24,36

) is published elsewhere.
37

 Here we report the comparison of our RC data with those 

previously obtained for the isolated spinach RC
10-14

 and the PSII core
27,31,36

, and demonstrate that 
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previously studied isolated D1/D2/Cytb559 complexes had destabilized D1 and D2 polypeptides 

and therefore do not provide a proper model system for the intact RC within the PSII core. Our 

results reported below indicate that the nature of the primary electron donor in isolated PSII RC 

depends on its intactness. Our findings should be useful for future modeling of the excitonic 

structure, which should provide a more complete picture of the EET pathways and charge 

separation (CS) in PSII core complexes.   

 

4.2. Experimental section 

 Photosystem II RC complexes from C. reinhardtii containing 6 Chls per 2 Pheos from 

both thylakoids and PSII-enriched membranes following the method of Nanba and Satoh
9
, with 

important modifications
21

, were prepared by Dr. R. Picorel in Dr. M. Seibert’s laboratory at 

NREL (Golden, CO). Preparation of isolated RCs from both thylakoids or PSII-enriched 

membranes and their basic spectroscopic characterization and pigment analysis is described in 
37

.    

 The hole burning apparatus and measurements were described in detail elsewhere.
40 

 

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. Non-resonant 

and resonant HB spectra were recorded at a resolution of 4 and 0.5 cm
-1

, respectively. For some 

non-resonant HB a 496.5 nm Coherent Innova 200 argon ion laser was employed. For resonant 

HB experiments, a tunable Coherent CR699-21 ring dye laser (Exciton LD688; range 650-710 

nm; linewidth of 0.07 cm
-1

) was used, pumped by a 532 nm Spectra-Physics Millennia diode 

laser. The latter laser system was also used to obtain nonresonant HB spectra with 665.0 nm 

excitation. 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 
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controller. The transient spectra reported in this work correspond to the difference of absorption 

spectrum with laser on and 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 triplet 

state (triplet-bottleneck hole) or charge-separated state. Burn intensities and times are given in 

the figure captions. 

4.3. Results 

  4.3.1 Low temperature absorption spectra for isolated RC of C. reinhardtii. 

Frames A – C of Figure 4-2 show the Qy- (main frames) and Qx-region (respective insets) 

absorption spectra obtained for three RC samples from C. reinhardtii (out of ten samples 

studied). The grey dashed curves in frames A and B of Figure 4-2 correspond to the absorption 

spectrum from frame C (shown for comparison). These data are representative of variability 

observed in both absorption and transient HB spectra (frames EF) of isolated RCs studied in 

our laboratory. Samples whose absorption spectra are shown in frames A–C of Figure 4-2 will be 

referred to as RCS1, RCS2 and RCS3 respectively. Absorption spectra are normalized at the Qx 

transition of the pheophytins (Pheos) and are similar (but not identical) to those typically 

observed in the PSII RC of spinach.
10-14,32

 The integrated absorption in all three samples is 
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similar, in agreement with pigment extraction analysis, which showed that all preparations had a 
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Figure 4-2  Normalized absorption spectra (at Qx transition of Pheos) of three 

representative RC samples RCS1, RCS2, and RCS3 (obtained from C. reinhardtii) are shown 

in the frames A, B, and C, respectively. Corresponding transient HB spectra are shown in 

frames D, E, and F. The insets in frames A, B and C show the Qx absorption band of 

pheophytins. All HB spectra were obtained with λB = 665.0 nm and laser intensity of ~100 

mW/cm
2
. The dotted gray curve in frames A and B is the absorption spectrum from frame 

C and is shown for easy comparison. All spectra were measured at T = 5 K. 

 

similar number of Chls per two Pheos (i.e. 6.00.5 Chl a per 2 Pheo a), as discussed in
37

.   

Furthermore, there was no indication that any of these samples were contaminated with antenna 

complexes, i.e. no bleaching and/or emission characteristic for PSII antenna complexes
41,42

 was 

observed. Comparison of the three frames reveals that the major differences between absorption 

spectra of RCS1, RCS2, and RCS3 samples occur near 673 nm and 684 nm. The comparison of the 

Qx-regions, on the other hand, shows similar spectral shapes with the same integrated area, but 

with a slightly red-shifted Qx-band of pheophytins in RCS3. The maxima of the Pheo Qx-band in 
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RCS1, RCS2, and RCS3 are at 542.5, 543.0 (most frequently observed Qx-transition wavelength of 

both pheophytins
43-45

), and 544.2 nm, respectively. The position of the most red-shifted RCS3 Qx-

band is similar to that observed in intact PSII core complexes
31,46

, suggesting that the RCS3 

sample is the most intact one. Based on the above-mentioned discrepancies in the Qx- and Qy-

regions (along with varied intensities near ~673 nm and at ~684 nm) we suggest that RCS1, RCS2, 

and RCS3 consist of varying proportions of different subpopulation of RCs, in agreement with our 

earlier RC680/RC684 model for isolated RCs from spinach
13,32

; see section 4.1 for discussion. 

  4.3.2. Nonresonant transient HB spectra. 

  Frames D, E, and F in Figure 4-2 show transient holes obtained for RCS1, RCS2, and RCS3 

samples, respectively, with excitation wavelength (λB) of 665.0 nm at T = 5 K. As described in 

the experimental section, transient holes in our measurements are due to dynamic depopulation 

of the singlet ground state for the duration of the (long) lifetime of either triplet state (triplet-

bottleneck hole) or charge-separated state. The transient HB signal thus serves as a specific 

indicator on the presence of these types of excited states. Note that the positions/shapes and 

depths of the transient holes in frames D, E and F are significantly different. For example, the 

transient hole spectrum of RCS1 (frame D) has a bleach at ~680 nm, typically observed in 

isolated RC from spinach,
11,12,14

 while those of RCS2 (frame E) and RCS3 (frame F) have 

pronounced bleaches at ~673 nm and at ~683–684 nm.  Also note that the delta absorption in the 

longer wavelength (> 690 nm) region in frame D (and in Refs
11,12,14

) is zero, while a weak 

positive delta absorption (see asterisks) is observed in frame E and, especially, in frame F (see 

also Figure 4-5 below). Note that while the transient hole of RCS1 is similar to those of 

previously studied RCs,
10,32,47

 and to flash-induced (
3
P – 

1
P) absorption spectra of PSII cores,

23,48
 

the transient hole obtained for RCS3 is similar (though not perfectly identical) to flash-induced 
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(P680
+
QA


 - P680QA) absorption difference spectra of the intact PSII core

22,27,30,48
.  These 

differences in optical spectra of different RC preparations, in particular in transient holes, 

suggest a large heterogeneity of all isolated RCs studied so far, most likely due to the presence of 

different RC subpopulations, with the RCS1 transient HB features arising largely from a long-

lived triplet state and the RCS3 spectra from transient chemical oxidation and accompanying 

electrochromic shifts (i.e. P
+
QA


 - PQA). In this light, we will argue below that some of our more 

intact RCs contain plastoquinone, QA, which is lost in isolated RCs from spinach.
9,21

  We will 

also argue that the spectra shown for RCS1 in frames A and D of Figure 4-2 correspond to the 

destabilized RCs (referred to as RC680), which are similar to the often studied isolated RCs from 

spinach 
11,12,14

, whereas the data shown for RCS3 in frames C and F represent the most intact 

isolated RCs studied so far. The latter closely resembles the RCs within PSII cores.
27,31,36

  Intact 

RCs will be referred to as RC684. The data in frames B and E can be understood assuming that 

RCS2 sample represents a mixture of RCS1 and RCS3 samples (see Figure 4-4A for details). 

  Figure 4-3 shows the comparison of two transient holes (λB = 665.0 nm) obtained for our 

most intact sample (RCS3; curve a) and partly damaged RCS3d (obtained by allowing the RCS3 

sample to interact with a buffer/glycerol mixture at room temperature in the presence of light for 

about five minutes; curve b). Curves a and b are normalized at ~673 nm. Interestingly, the 

difference between the spectra of damaged and intact samples (red curve c = b a) reveals 

contribution resembling a transient hole typically observed in RC680 (i.e. to transient spectra of 

many previously studied RCs isolated from spinach.
10,32,47

), clearly indicating that RC684 are not 

stable after isolation and are very sensitive to sample handling procedures. Note that the hole in 

curve c (peaking at ~680 nm) is also very similar to the transient hole reported in frame D of 

Figure 4-2 (RCS1 sample). 
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Figure 4-3. Transient HB spectra. Curves a and b represent the transient HB spectra of 

intact and partly damaged RCS3d obtained with λB = 665.0 nm and laser intensities I = 100 

mW/cm
2
, respectively. The difference between curves b and a is shown as curve c. 

 Frames A and B of Figure 4-4 show that the shapes of transient HB spectra in RCS2 and 

RCS3 depend on excitation wavelength (although for RCS3 the effect is significantly smaller than 

for RCS2). The curves a (a') and b (b') were obtained with λB of 665.0 nm and 496.5 nm, 

respectively. Note that curves a and b in frame A for RCS2, when normalized at ~673 nm bleach, 

have significantly different behavior near 680 nm, in contrast to curves a' and b' in frame B 

(RCS3). Although we will not make any assumptions as to why exactly excitation at different 

wavelengths results in preferential transient bleaching of different pigments in the RC or of 

different RC sub-populations in the heterogeneous samples, the very existence of qualitative  
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Figure 4-4 Transient HB spectra. Frames A and B represent the transient HB spectra of 

RCS2 and RCS3, respectively, obtained with λB of 665.0 nm (curves, a/a') and 496.5 nm 

(curves, b/b'). The red curves c/c' are obtained as the difference of a/b and a'/b', which 

correspond to triplet bleach in RC680 and RC684, respectively. 

 

differences between transient holes obtained with λB of 665.0 nm and 496.5 nm indicates the 

presence of such different subpopulations. Thus, the differences between transient holes reflect 

selected/amplified contributions from one or another subpopulation. The difference between 

spectra a and b in Frame A (RCS2; curve c) exhibits a major bleach at 680 nm. This bleach is 

very similar to that observed in RCS1 (Figure 4-2D) and isolated spinach RCs
10,32,47

. Note that 

this hole is also nearly indistinguishable from curve c in Figure 4-3 corresponding to deliberately 

destabilized sample RCS3d. On the other hand, the difference between spectra a and b, in Frame 
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B, exhibits major contribution at ~684 nm. The fact that near 684 nm one transient hole (curve 

a') is deeper than another (curve b') may have interesting implications that are discussed in 

Section 4.3. Here we only mention that these differences are likely connected to the presence of 

two different sub-populationsof intact isolated RCs, namely with QA present and absent. Note 

that a similar band near 684 nm (manifested as a weak shoulder) was often observed in isolated 

spinach RC in transient HB experiments,
13,32,49

 and by a selective 685 nm excitation in evolution-

associated difference spectra (EADS) in time-resolved experiments
34

, although the origin of such 

contribution was interpreted differently (see section 4.3). Spectrum b' (frame B) has more 

positive absorbance near 680 nm than spectrum b (in frame A). This is consistent with RCS2 

having more contribution from the destabilized RC680 complexes. This also agrees with the 

major bleach in curve a' (RCS3 sample; Figure 4-4B) being red-shifted (to ~683.3 nm) in 

comparison with curve a obtained for RCS2 and shown in Figure 4-4A (~682 nm).  

 A weak but distinct positive absorption feature is observed in the transient HB spectra of 

the RCS3 and RCS2 samples in the long wavelength region (690–860 nm). The main frame of 

Figure 4-5 shows a close-up view of this feature observed in the nonresonant transient HB 

spectrum (B = 665 nm, I = 100 mW/cm
2
). The positive transient response is the strongest in 

RCS3 sample, although similar behavior was also observed in RCS2, in particular for the resonant 

excitation at B = 682.0 nm as shown in the left inset of Figure 4-5 for four different laser burn 

intensities (1, 5, 50, and 150 mW/cm
2
). Although a full discussion of these features will be 

provided in Section 4.2 below, we should note here that similar absorbance increase have been 

observed in chemically oxidized RCs
50

 and flash-induced (P684
+
QA


 - P684QA) absorbance 

difference spectra of PSII core complexes from WT Synechocystis sp. PCC6803
22,27,48

, which 

should possess intact RCs. We stress that such behavior has never been observed in (isolated) 
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destabilized RC680 complexes previously studied under identical conditions. In agreement with 

our earlier observations on transient response in the 670 – 690 nm region, the similarity of these 

spectra to flash-induced (P684
+
QA

-
 - P684QA) difference spectra suggest that at least some 

fraction of the RC684 samples studied here retain the attached plastoquinone QA and are capable  

Figure 4-5 Transient hole-burned spectra of various RC samples. In the main frame, black 

curve represents the absorbance due to the oxidation of PD1 of RCS3, obtained with λB of 

665 nm and intensity of 100 mW/cm
2
. Left inset corresponds to the absorption of PD1

+
 in 

RCS2 obtained with λB of 682 nm and laser burn intensities (I) of 1, 5, 50, and 150 mW/cm
2
. 

Right inset represents the electrochromic shift in Pheo Qx-band of spinach RC sample 

(black), RCS2 (blue), and RCS3 (red) obtained with λB of 665.0 nm. 

 

of forming the transient P684
+
QA


 state. By the same token, the absence of this response in 

RC680 preparations suggest that isolated RC680 and RC684 samples may possess different 

charge separation pathways as will be discussed in more detail in sections 4.1–4.3. Note, 

however, that our attempts to directly identify the presence of QA in RCS3 via extraction of 
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cofactors and subsequent mass spectrometry and NMR experiments were inconclusive, most 

likely due to very small amounts of these highest-intactness RCs available for these 

measurements.   

 4.3.3. Resonant hole-burned (HB) spectra. 

  Figure 4-6 shows nonresonant transient HB spectrum (4 cm
-1

 resolution) obtained with B 

= 496.5 nm (dashed black line), and resonant transient HB spectra (0.5 cm
-1

 resolution) for RCS3 

sample obtained with B = 682.0 (green curve a), 684.0 (red curve b), 686.0 (brown curve c), and 

688.0 nm (blue spectrum d). The transient hole depicted as curve c was obtained with B = 686.0 

nm, after the persistent nonresonant hole was saturated with 496.5 nm laser excitation. Curve c 

reveals an extremely weak ZPH, as indicated by the brown arrow at 686.0 nm. Similar spectra 

were obtained for RCS2 at B  682 nm. Note that all spectra exhibit bleaching near 673 nm 

(revealed for the first time in the resonant transient HB spectra of isolated PSII RCs) and in the 

684–686 nm region. However, a ZPH coincident with the burn wavelength is clearly observed 

only for B in the 680–685 nm range.  Both depth and width of the ZPH increase with 

illumination intensity. We note that ZPH widths (2.4–7.6 cm
-1

 at 682 nm, depending on 

depth/intensity, data not shown for brevity) are related to the primary CS time (CS). These ZPH 

widths (with an example shown in the insert of Figure 4-6) correspond to CS in C. reinhardtii (at 

682–684 nm) in the range of 1.4–4.4 ps, in agreement with previous data obtained for primary 

CS in spinach RCs.
13,14,18,19,35

 The values of CS were obtained by using
41,51 

 

   hom (cm
-1

) = (1/2cfl+ 1/2cCS) + 1/cT2
*
  1/2cCS ,                                      

where fl is the fluorescence lifetime and T2
* 

is the ―pure‖ dephasing time. At T = 5 K, fl 

>>T2*>> CS, and charge separation time has the major effect on the ZPH width.  
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 ZPHs were nearly absent at 686.0 nm and entirely absent at 688.0 nm and longer 

wavelengths; the spectra obtained at B of 690–695 nm region (not shown here) were very noisy 

due to extremely low absorption in that spectral region, but their shape was similar to that 

represented by curve d. Given the optical density changes in the hole profiles shown in Figure 4-

6, it is apparent that the spectra obtained at longer B are a manifestation of stronger electron- 

Figure 4-6  Resonant transient HB spectra obtained for RCS3 sample. Spectra a, b, c, and d 

(resolution 1 cm
-1

) were obtained with B of 682.0, 684.0, 686.0, and 688.0 nm, respectively. 

Black dashed curve was obtained at B = 496.5 nm. The inset corresponds to the Lorentzian 

fit (black curve) of ZPH of curve b.   

(protein) phonon coupling. This is a signature of the state with significant charge transfer (CT) 

character (possibly either between two of the P chlorophylls or involving PD1 and ChlD1). We 

also stress that illumination at 690–695 nm results in formation of a bleach near 673 nm and 
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positive absorption (in the 690–860 nm region), which is a signature of a cation residing on PD1
 

(i.e. PD1
+
).

23,48
 

4.4. Discussion 

 Taken as a whole, the HB results presented above establish that isolated RCs from C. 

reinhardtii contain a mixture of destabilized (RC680) and intact RCs (RC684), with RCS3 

samples containing the largest fraction of RC684. Moreover, based on long-wavelength transient 

absorption features typically ascribed to the P684
+
QA


 state, it would seem that the more intact 

RC684 fraction most likely contains RCs both with and without QA; the presence of QA allows 

electron transfer beyond PheoD1 leading to a long-lived P
+
QA


 state. This state is responsible for 

significant bleaching near 673 nm and electrochromic shifts (both observed in the isolated PSII 

RC for the first time). The absence of a quinone leads to charge recombination resulting in triplet 

formation, with the associated triplet bleach located near 680 nm (in RC680) or near 684 nm (in 

RC684). In this context, it is useful to note that recent mutational studies by Schlodder et al.
23

 

have suggested that the ~673 nm bleach in flash-induced (P680
+
QA


 - P680QA) difference 

spectra is due to an excitonic state with the strongest contribution from the PD1 pigment of the 

special pair.  On the other hand, the triplet-minus-singlet (
3
P – 

1
P) response near 684 nm is likely 

due to a triplet state localized on ChlD1. Because of the observed P
+
 transient absorption, stronger 

PD1-PD2 interaction expected in RC684, a bleach near 673 nm, and the electrochromic shift of 

PheoD1 due to QA
−
 formation, we suggest that the primary electron donor in RC684, by analogy 

to BRC
52,53

, might be one of the Chls in the so called PD1/PD2 special pair. Since the major 

portion of the HOMO is localized on PD1 chlorophyll,
7
 the electron release most likely occurs 

along the PD1 path. In what follows we further discuss the possibility that isolated RCs from C. 

reinhardtii possess two alternative CS pathways within the RC684 (PD1 and ChlD1 primary 
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donors). We also consider the localization of the cation radical and provide more insight into the 

triplet state formed in RC680 (near 680 nm) and intact RC684 (near 684 nm) by charge 

recombination of the primary radical pair(s), in a fraction of RC684 without QA. A possibility of 

triplet – triplet transfer in RC684 (i.e. 
3
PD1 

3
ChlD1) is also briefly discussed. 

  4.4.1. Absorption spectra of RC684 and RC680 RCs isolated from C. reinhardtii. 

  The results presented above indicate that RCS3 sample contains largest subpopulation of 

intact RC684 (with or without QA). However, comparison of many different optical spectra 

obtained for ten RC preparations revealed that RCS3 also likely contains a subpopulation (~ 40%; 

see discussion below related to Figure 4-7) of RC680 complexes. Its presence (manifested via 

the 680 nm transient hole) is not directly revealed in the transient spectra of RCS3 (see Figure 4-

4B), due to the significantly deeper transient holes formed in the intact RC684 fraction of the 

sample; for example, the maximum fractional transient hole depth at 683.3 nm (I = 100 

mW/cm
2
) is ~22 % in RCS3 (see frame F) compared to ~10 % in RCS2 (frame E). The latter, with 

the relatively higher content of RC684 in RCS3 sample, minimizes the relative contribution from 

the transient holes near 680 nm originating from destabilized RC680. The contribution from 

RC680 near 680 nm in RCS3 must be small, as 496.5 and 665.0 nm excitation (Figure 4-4B), in 

contrast to RCS2 preparation (see data in Figure 4-4A) did not result in any difference in transient 

holes near 680 nm.  
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Figure 4-7  Extracted absorption spectra for RC684 (frame A) and RC680 (frame B) 

complexes. The curves a/b and a/b correspond to the extracted absorption spectra of two 

subsets of RCs, RC684 (intact) and RC680 (destablished) complexes, respectively (see text 

for details). Transient spectrum c (inverted curve d from Figure 7) shows a good agreement 

with the low-energy absorption tail of extracted absorption spectrum of RC684. Curve d 

(in frame B) was obtained as the difference of absorption spectra of intact and partly 

damaged RCS3 preparation, which corresponds to the destabilized RC680. 

Guided by the data shown in Figures 4-2–4, and unpublished results, as well as earlier 

studies
13,31,32

, we attempted to extract individual absorption spectra of the RC684 and RC680 

subpopulations. The resulting putative absorption spectra are shown in Figure 4-7 (frames A and 

B, respectively). Curve a in Figure 4-7A (assigned to the absorption of intact RC684 complexes) 

was obtained by subtracting scaled contributions of the absorption spectra of RCS2 (a mixture of 

RC680 and RC684) and RCS1 (mostly RC680) from the absorption spectrum of RCS3. Curve b 
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was obtained likewise by subtracting a typical absorption spectrum of spinach RC
13,14

 (instead of 

the RCS1) from RCS3. Note that low-energy part of spectrum c in Figure 4-7A, corresponding to 

the inverted HB spectrum (curve d in Figure 4-6) obtained at B = 688.0 nm, fits very well the 

low-energy absorption tail of the intact RC684 complexes. 

Based on this putative absorption spectrum for the intact RC684 complex, one can extract 

the representative absorption spectra of RC680 (curve a' and b' in Figure 4-7B) by subtracting the 

RC684 absorption spectrum from the absorption spectra measured for various less-intact RC 

preparations. Such difference spectra (curves a' and b') are indeed very similar to the absorption 

spectra of typically studied RC680 complexes, which exhibited similar absorption maximum and 

triplet-bottleneck hole (bleach) near 680 nm, as well as no response near 673 nm. To 

demonstrate that this assignment is realistic, one should compare curves a and b with spectrum 

d (in frame B of Figure 4-7), which was obtained as the difference between the absorption 

spectra of intact RCS3 sample (Figure 4-2C) and partly damaged RCS3 (i.e. RCS3d; not shown for 

brevity), respectively. Recall that the difference between transient holes shown in Figure 4-3 

(obtained for the above two samples) revealed more transient hole with bleaching near 680 nm in 

the damaged sample (see curve c in Figure 4-3) proving that RC684 indeed converts to RC680. 

This is why spectrum d in Figure 4-7B is similar to a typical absorption of destabilized RC680. 

Thus we conclude that our analysis is consistent with our RC680/RC684 model for isolated 

spinach RCs
13,32,49

, proving that RC680 are destabilized products of more intact RC684 

complexes. None of spinach RCs discussed in
13,32,49

, however, contained QA as it was lost during 

the preparation procedure. This is most likely why in spinach RCs (mostly RC680 with a small 

contribution from RC684, both fractions without QA) only the triplet-bottleneck holes near 680 

nm (major) and 684 nm (minor) have been observed, but not the 673 nm hole. 
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 These findings pose many relevant questions; for example: 1) Which optical spectra 

should be fitted using theoretical structure-based models to describe electronic structure and/or 

electron transfer dynamics in intact RCs? 2) Are both channels of charge separation (i.e. PD1 and 

ChlD1 paths) operational in intact RCs (i.e. RC684) and destabilized RC680? 3) Why does the 

triplet-bottleneck bleach in RC680 (no QA) shifts to the blue by ~4 nm in comparison with that in 

RC684 (also with no QA)?; and 4) does the ChlD1 act as the primary electron donor at 

physiological temperatures? Some of these questions will be briefly addressed in Section 4.3. 

First, we focus on the origin of electrochromic shift and the possibility that a fraction of intact 

RC684 from C. reinhardtii may possess the secondary plastoquinone, QA.   

  4.4.2. On triplet formation and the nature of the electrochromic shift in RC684. 

  For a moment we focus only on the electrochromic shift and the general shapes of 

transient HB spectra discussed above. The blue and red curves in the right insert of Figure 4-5 

show the effect of P
+
QA


 formation on the Qx-region of pheophytins in the RCS2 and RCS3 

samples, respectively. These curves correspond to transient spectra after the persistent hole was 

saturated. A clear blue shift of the Qx-transition of pheophytins is observed, in agreement with 

data obtained for intact PSII core samples,
31

 and suggesting that a significant subpopulation of 

RCs in RCS3 (and RCS2) contains plastoquinone QA, whose reduction to QA

 leads to the 

electrochromic shift of the active PheoD1 residing in the vicinity of QA. The gray (smooth) curve 

is shown to help the reader to perceive the electrochromic shift. (Modeling study of the optical 

spectra reported here is beyond the scope of this paper and will be published elsewhere). Note 

that no electrochromic shifts have ever been observed in the spinach RC samples, as shown by 

the black top curve in the right inset  
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Figure 4-8 Comparison of various (P
+
QA


– PQA) spectra: curve a (black) represents the 

(P
+
QA


– PQA) obtained for the isolated RCS3 from C. reinhardtii, adopted from curve b' of 

Figure 4B. Curve (a') is resonant transient HB spectrum of RCS3 sample obtained at the 

688.0 nm. Spectra b and c are the flash induced absorption difference (P
+
QA


– PQA) 

spectra of PSII core complexes from Synechocystis sp. PCC 6803 at 80 K
23

 and T. elongatus 

at 5 K
30

, respectively. 

 

of Figure 4-5. The same is true for positive absorption increase due to P
+
 formation.  This is 

consistent with the absence of QA in the isolated RC680 complexes from spinach and RCS1 

sample from C. reinhardtti. As shown in Section 3.2, non-resonant transient holes of RCS2 and 

RCS3 samples (Figures 4-2 and 4-4) are very different from the non-resonant transient holes 

typically observed in spinach, as well as from those observed for RCS1 (Figure 4-2D), for which 

the major bleach is near 680 nm, with no accompanying bleach near 673 nm or positive 
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absorption increase in the long-wavelength region (> 690 nm). The most interesting finding, 

however, is that RCS3 sample (extracted directly from thylakoids)
37

 has Qy transient hole 

spectrum similar to that of flash-induced (P
+
QA


 - PQA) absorbance difference spectrum obtained 

for PSII core.
22,27,30,48

    

Curve a in Figure 4-8 corresponds to spectrum b' of Figure 4-4B. We believe that this 

spectrum may still contain a small contribution from the triplet-bottleneck hole due to 
3
ChlD1 

with a main bleach near 684 nm, observed in intact RC684 without QA (see curve c in Figure 

4B). That is, spectrum a might be a mixture of triplet and (P
+
QA


 - PQA) contributions.  Spectrum 

a was obtained with B of 688.0 nm and is shown for comparison. Spectra b and c in Figure 4-8 

correspond to transient (P
+
QA


 - PQA) spectra obtained for Synechocystis sp. PCC6803

22,27,48 
and 

T. elongatus
27,30

 PSII core complexes, at 80 K and 5 K, respectively. Comparison of spectra a/a, 

b, and c clearly suggests that transient spectra measured for our sample RCS3 are similar to 

transient (P
+
QA


 - PQA) spectra observed in more intact PSII core complexes,

22,27,30,48
 where RCs 

are not affected by the removal of the CP43 and CP47 antenna complexes. We note that the 

entire shapes of both resonant and non-resonant transient holes in our isolated RCs and in the 

PSII cores
22,27,30,50

 are not only contributed to by the CS per se, but also by the electrochromic 

shifts of ChlD1 and PheoD1 due to charges residing on PD1 and QA respectively during the 

transient hole measurement. 

 Recombination from the P
+
QA

− 
state occurs with a characteristic time of about 2–5 ms.

54
 

In our experimental approach the 684 nm part of the contribution of this state to transient holes 

cannot be directly distinguished from the holes of triplet-bottleneck nature (see next paragraph). 

Thus, it is possible that bleaching near 684 nm in RCS3, (curve a of Figure 4-8), still carries a 

small contribution from the ChlD1 triplet. In fact, the differences between the depths of 684 nm 
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transient holes a and b (Figure 4-4) and differences in 673/684 nm hole depth ratios for RCS3 

and PSII cores (Figure 4-8) speak in favor of such a possibility. Taking into account that in PSII 

core the RC triplet is only observed if QA is removed or reduced,
48,55

 it is natural to suggest that 

in our transient HB experiments in either RC680 or RC684 the triplet is also observed only in the 

absence of QA. The triplet in RC684 (with QA lost) is most likely localized on ChlD1 (
3
ChlD1), as 

3
PD1 triplet would yield a hole which is significantly blue-shifted (to about 675 nm)

24
, in 

agreement with our calculations (data not shown). The lifetime of such triplet state should be 

similar to that of the Chl a at 5 K ( = 1.4 ms)
56

 and thus should be shorter than the lifetime 

expected for P684
+
QA


, i.e. shorter than 2–5 ms.

54,57-59
 Due to the longer lifetime of PD1

+
QA


 (in 

RC684 with QA present) in comparison with the lifetime of the triplet state in RC684 or RC680 

(no QA), the contribution to a triplet-bottleneck hole near 680 nm (from a fraction of RC680 still 

present in RCS3) can be expected to be minor and buried under other features in spectra shown in 

Figure 4-4B. The triplet-bottleneck hole in RC684 (no QA) is observed at 684 nm (see curve c in 

Figure 4-4B). However, it is not clear if 
3
ChlD1 in intact RC684 without QA is formed directly by 

charge recombination (ChlD1
+
PheoD1


  

3
ChlD1) or if 

3
PD1 triplet is formed originally, followed 

by a fast triplet energy transfer to ChlD1 (i.e. PD1
+
ChlD1


PheoD1  PD1

+
ChlD1PheoD1


  

3
PD1 

3
ChlD1)

56
 Assuming that the presence or absence of QA does not affect the very first step of the 

charge separation, and that PD1 is the primary electron donor in RC684, one should favor the 

latter mechanism of triplet formation on ChlD1. No response near 673 nm is expected if 
3
PD1 

3
ChlD1 transfer is fast enough (~50 ns)

56
 compared to 

3
ChlD1 lifetime. The shape and the 

minimum of the nonresonant hole c in Figure 4-4B is consistent with measured T – S spectra for 

PSII core from Synechocystis with QA reduced (blocking electron transfer beyond PheoD1) where 
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it was shown that (at low temperatures) the main bleach is located near 683 nm, in agreement 

with the RC triplet being localized on accessory ChlD1
48

.
 
 

 The presence of well-defined ZPH for B of 682–684 nm, combined with the absence of 

ZPH for B  686 nm (see Figure 4-6) suggests that mixing between the CT state(s) and lowest-

energy excited state increases at longer wavelengths. Holes burned at B  688.0 nm (the noisy 

spectra for B of 690- 695 nm are not shown) were very similar to those obtained at B = 686.0 

and 688.0 nm, suggesting that there is(are) a low-lying CT state(s) that might be largely 

homogeneously broadened (although see discussion below of homogeneous vs. inhomogeneous 

broadening). It is also tempting to suggest, although results presented in this paper do not 

provide enough evidence, that narrow ZPHs, which are not due to the CT state, belong to the 

ChlD1 primary CS path.  Thus, the CS may occur from both the special pair (most likely PD1) and 

ChlD1, depending on a particular realization of the static energetic disorder.
26

 We anticipate that 

theoretical modeling of our transient HB spectra (research in progress) will shed more light on 

excitonic structure of intact RC684 and on the mixing of the special pair Chls with a low-energy 

CT state(s) whose maximum(a) is(are) likely near 688–695 nm.   

  4.4.3. Charge separation pathway(s) in RC680 and RC684. 

  Our transient HB spectra provide a new insights into the Chls that contribute to the long 

lived (>1 ms) excited and radical pair state(s) in C. reinhardtii. In RC684 with QA present the 

shape of the transient HB spectrum is due to formation of a long-lived (2–5 ms) PD1
+
QA


 state, 

accompanied by electrochromic shifts. That is, the negative and positive changes in the transient 

spectra near 682–690 and 677–681 nm regions, respectively, are contributed to by the 

electrochromic shifts of pigments residing close to PD1 and QA, i.e., ChlD1 and PheoD1 

respectively. The bleach near 673 nm and the increase of absorption at >690 nm are signatures of 
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the PD1
+
QA


 formation (specifically PD1

+
); see data in Figure 4-8. However, transient HB spectra 

in RC684 complexes (with QA present) cannot distinguish between the following sequences of 

events: PD1ChlD1
+
PheoD1


QA → PD1

+
ChlD1PheoD1


QA → PD1

+
QA

 
and/or PD1

+
ChlD1


PheoD1QA 

→ PD1
+
ChlD1PheoD1


QA → PD1

+
QA

 
as the lifetime of the final state is much longer than the 

characteristic times of the intermediate steps. That is, observation of PD1
+
QA

 
does not exclude 

the possibility that ChlD1 can serve as a primary electron donor. In addition, the shape of 

nonresonant transient HB spectra characterized by a single bleach near 680 nm (in RC680) or 

684 nm (in RC684) in a subpopulation of RCs without QA (and no evidence of oxidation of PD1) 

does not prove that electron transfer starts at ChlD1 (PD1ChlD1
+
PheoD1


 → 

3
ChlD1), as 

3
ChlD1 in 

RC684 can be also obtained via the sequence: PD1
+
ChlD1


PheoD1 → PD1

+
ChlD1PheoD1


 → 

3
PD1 

→ 
3
ChlD1, especially if the triplet-triplet transfer is fast.

56
 Thus, it is likely that ChlD1 can also 

serve as primary electron donor in PSII RC if it is strongly enough contributing to the lowest 

exciton state. Therefore, our data are consistent with the recent conclusion reached by Romero et 

al.,
34

 based on time-resolved spectroscopic experiments, that both PD1 and ChlD1 paths are 

possible, In particular, it has been suggested in
34

 that the very weak shoulder near 672–673 nm 

observed in recent 77 K transient absorption experiments on spinach RCs (i.e. in the species-

associated difference spectra (SADS) obtained with laser pump pulse duration of ~100 fs and 10 

nm fwhm) reflects a contribution from the PD1 path for CS, though no clear evidence was 

presented. Therefore, this pathway, if present in the spinach RC
34,35

, most likely operates only in 

a very small subpopulation of intact spinach RCs (i.e. RC684), but not in destabilized RC680, 

which (with weakened PD1-PD2 coupling) are responsible for the major bleach near 680 nm in all 

spinach RC transient absorption spectra published so far.  
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 The fact that RC680-dominated samples reveal a major response (bleaching) near 680 

nm
11,12,14

   (and not at 684 nm as in RC684 complexes) shows that these RCs have lost QA and 

the interaction between D1 and D2 proteins in RC680 is altered. Weaker coupling (i.e. smaller 

wave function overlap) between the Chls constituting the special pair (PD1/PD2) in RC680 could 

lead to the well-documented (preferential) charge separation pathway in RC680 starting from the 

accessory ChlD1 (ChlD1 path), with the major bleach near 680 nm
1,24

 as a signature. In these 

destabilized RC680 (D1/D2/Cytb559 proteins) one would not expect the negative signal (bleach) 

near 673 nm due to oxidation of PD1. This is consistent with the major ~680 nm bleach observed 

in isolated RCs from spinach; namely, SADS indicated that the (ChlD1PheoD1)* state decays in 3 

ps forming ChlD1
+
PheoD1


 radical pair

34
 while the PD1

+
PheoD1


 formation was assigned to be 

faster. Regarding the latter pathway, the authors claimed that contributions from high exciton 

states, PD1 and/or PD2, and ChlD1, were observed at 660, 667, and 680 nm, respectively
34

, in 

agreement with the (PD1PD2ChlD1)*  PD2
+
PD1

 
 PD1

+
ChlD1

 
process. However, clear bleaches 

near 672/673 nm and 684 nm (as in our RC684) have not been observed, suggesting that this PD1 

pathway in spinach RCs was present only in a minor subpopulation of more intact RC684.  On 

the other hand, very recent modeling of the same transient absorption kinetics data (by the same 

group) suggested
35

 that it is the ChlD1
+
PheoD1


 formation that corresponds to the fastest 

component (0.7 ps).  

 The fact that there is a distribution of CS times and variable B-dependent (due to 

disorder) mixing with CT states complicates the so-called model-dependent ―target analysis‖ of 

composite transient absorption spectra. The absence of ZPHs at B  686 nm (see Figure 4-6) 

suggests the presence in RC684 of low-lying CT state(s) characterized by very strong electron-

phonon coupling, in agreement with Krausz et al. who showed that excitation wavelengths as 
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long as 695.0 nm (T = 1.7 K), can induce CS in PSII core and thus QA

 formation.

31,60
 On the 

other hand, a very small  shift of the P
+
QA

 
holes near 673 and 684 nm for B of 686, 688, 690, 

and 695 nm is consistent with the presence of a weakly absorbing (and predominantly 

homogeneously broadened) CT state(s) lying near 688–695 nm. This assignment is in agreement 

with
31

 where a weak (homogeneously broadened) CT state was hypothesized to be present in the 

PSII core (hidden beneath the CP47 lowest-energy state centered at 690 nm). The 

homogeneously broadened character of the CT state is analogous to that observed in bacterial 

RCs, with well-established strong electron phonon coupling.
61,62

 However, Novoderezhkin et 

al.
26

 suggested that the absence of ZPHs does not automatically imply very large S-values 

(leading to large homogeneous broadening) since the relative intensities of zero-phonon and 

vibrationally excited transitions will depend on the degree of mixing of each CT mode with 

higher-energy exciton states, which in turn depends on the relative displacement of the CT and 

exciton state potential energy surfaces along each vibrational mode. In short, they argued that 

preferential mixing of vibrationally excited modes of the (dark) CT state with the (bright) exciton 

states, may lead to an effective suppression of the CT state ZPL even in the absence of strong 

local electron-phonon coupling. Furthermore, it should be noted that Krausz et al.
31

 argued that 

the CT state in PSII core extends far beyond 700 nm (700–730 nm), a notion that requires further 

confirmation, as the long absorption tail in PSII core is strongly contributed to by antenna 

complexes, and no such absorption was revealed in our intact isolated RC684 complexes. Note 

that RC684 has a major bleach ~4 nm to the red (at ~684 nm; see curve c in Figure 4-4B) in 

comparison with the ~680 nm bleach observed in destabilized RC680. It remains to be 

determined whether the 4 nm blue-shift of the triplet-bottleneck hole in RC680 is due to a shift in 

the site energy of PheoD1, or, as arbitrarily assumed in
24

, due to a blue-shift of the site energy of 
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ChlD1. Both states of affairs are possible since, based on our preliminary modeling studies, both 

PheoD1 and ChlD1 contribute to the lowest-energy excitonic state
37

. It cannot be excluded that the 

blue shift of the site energy of PheoD1 in RC680 is due to the the H-bond to PheoD1
1,54 

being 

broken
37,63

. This would be consistent with the observed blue shift of the Qx- transition of PheoD1 

and a blue shift of the broad nonresonant triplet-bottleneck hole (B = 665.0 nm) in RC680 when 

compared to RC684.  

 In summary, our data suggest the following:  

(1) Spectra shown in Figures 4-6 and 4-8 can be explained only assuming that major 

cation in intact RCs is localized on PD1.
27

 

(2) A fraction of intact RC684 must contain QA (with a positive charge on PD1 and 

negative charge on QA
 
during our transient HB measurements, PD1

+
QA

 
- PD1QA). An 

electrochromic shift with a zero crossing near 681 nm in the Qy and near 543 nm in 

the Qx regions is consistent with a blue shift of the site energies of active PheoD1 and 

in part ChlD1 (see curve a in Figure 4-8 and the right inset (lower curves) in Figure 4-

5). This data is in agreement with transient profiles reported for the PSII core in 

Ref.
22,27,30,48

  

(3) Charge separation in intact RCs in C. reinhardtii (RC684) most likely starts from PD1 

pigment, although ChlD1 being a primary donor for a fraction of RC684 cannot be 

excluded.  

Although our findings are consistent with the original suggestion that isolated RCs (in 

spinach) may possess two parallel electron-transfer pathways, one starting at ChlD1 and one at 

PD1
34

, with the relative contribution of each pathway determined by the particular realization of 

disorder
34,35

,
 
we suggest that the major transient contribution peaked at 680 nm observed in these 
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papers originated from the ChlD1 path in destabilized RC680, while the minor PD1 path 

contribution was due to a small subpopulation of more intact RC684 complexes. (Recall that 

triplet localization on ChlD1 in RC680 and RC684 leads to transient holes near 680 nm (see 

curves c in Figures 4-3 and 4-4) and 684 nm (curve c in Figure 4-4), respectively). Bear in mind 

that these contributions can be only observed in RCs without QA. Our assignment is also 

supported by the fact that transient absorption spectra reported in
34

 exhibited a small red shift to 

~682 nm of the major bleach for 685 nm excitation with fs laser with a bandwidth of ~10 nm. 

The explanation provided in
34,35

 was that the red-shift is caused by photoselection of a 

subpopulation from the inhomogeneous distribution. Although under such
 

experimental 

conditions a weak photoselection from the inhomogeneous distribution can be present, it is much 

more likely that, in agreement with transient HB spectra, that these spectra were contributed to 

by two distinct subpopulations, as discussed above. In other words, transient spectra with 

bleaching near ~673/685 nm and ~680 nm correspond to different subsets of the ensemble of 

RCs, i.e. intact RC684 (with PD1 and ChlD1 as the primary electron donor) and destabilized 

RC680 (with only ChlD1 as the primary electron donor) complexes, respectively.  We think both 

PD1 and ChlD1 pathways may be highly operational for particular realizations of disorder being 

responsible for the very efficient CS in PSII RC at physiological temperatures, as room 

temperature protein motions can lead to large conformational protein disorder.
17

 Thus, it appears 

the conformational protein dynamics modulating pigment-pigment and pigment-protein 

interactions leads not only to efficient excitation energy transfer but also to efficient and fast 

electron transfer times, utilizing two different CS pathways.  
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4.5. Concluding remarks.  

 Comprehensive HB studies of a large number of isolated PSII RC samples with different 

levels of intactness indicate that isolated RCs from C. reinhardtii are highly fragile and sensitive 

to the isolation/purification protocols and sample handling/preparation procedures. This is in 

agreement with previous reports that harsh biochemical treatment (necessary to isolate RCs) can 

modify both optical spectra and redox properties of protein’s cofactors.
13,32,64

 As a result, the 

nature of the primary electron donor in isolated PSII RCs from C. reinhardtii depends on the 

intactness of the protein. Our data clearly suggest that isolated RCs from C. reinhardtii possess 

three RC fractions referred to as destabilized RC680 (no QA), more native RC684 (no QA), and a 

small fraction of native RC684 with QA present, in different proportions. We argue that all 

isolated RCs studied so far contained mostly RC680 (i.e. destabilized RCs; no QA), with a major 

single-band bleaching near 680 nm in the transient hole spectra  as well as ChlD1 path for CS. On 

the other hand, two different CS pathways (PD1 and ChlD1) are possible in RC684, with the 

former likely being dominant. We show, for the first time, that transient HB spectra obtained for 

our most intact RCs (RCS3 sample; with a significant fraction of RC684 possessing QA) are 

similar to transient delta absorption spectra of (P
+
QA


 - PQA) observed in the PSII core

27,30
. In 

particular, transient HB spectra in RC684 revealed contributions from both a longer lived P
+
QA

-
 

state (most likely formed by both PD1 and ChlD1 pathways for CS) and triplet-bottleneck holes 

near 684 nm (localized on ChlD1) formed either directly via the ChlD1 CS path or via the PD1 CS 

path plus triplet-triplet transfer (
3
PD1  

3
ChlD1). Resonant HB cannot distinguish different paths 

by the CS times, but it is clear that primary CS (most likely via the ChlD1 pathway) occurs on the 

ps time scale of about 1.4 – 4.4 ps. In contrast, we propose that CS in RC684 via the PD1 pathway 

could be even faster; since HB spectra burned at B > 686 nm  do not show ZPHs, the CS time 
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via the PD1 pathway cannot be obtained from HB spectra. We demonstrate that the destabilization 

of isolated D1/D2/Cytb559 protein complexes (i.e.  RC680) not only eliminates (or significantly 

decreases) contribution from the RC684 (and, as a result, the PD1 CS pathway), as observed in 

spinach RCs,
34

 but also modifies the site energies of the pigments participating in the ChlD1 path 

for CS along the D1 protein (Section 4.3), shifting its triplet-bottleneck hole by ~90 cm
-1

 (~ 4 

nm) towards high energy. The lack of PD1 path in RC680 is most likely caused by a modified 

(i.e. decreased) overlap of the -electron wavefunctions between PD1 and PD2 and/or PD1/PD2 and 

ChlD1 cofactors, as well as possible conformational changes in the D1/D2 protein.  
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Chapter 5 - Conclusion and Future Direction  

 A number of isolated antenna proteins (CP43 and CP47) and reaction centers (RC)–the 

constituents of oxygen-evolving photosystem II core complexes–have been studied in our group 

over the years, using state-of-the art-techniques such as low-T absorption, emission and hole-

burning (HB) spectroscopies and sophisticated spectral-simulation algorithms.  We have reported 

many low-T optical spectra of intact photosynthetic protein complexes.  Modeling of reliable 

experimental optical spectra provided more insight into some of the long-standing unresolved 

issues such as lowest-energy state(s), energy of fluorescence origin band(s), excitonic energy 

transfer (EET), charge separation (CS) dynamics, and more reliable assignment of site energies 

of pigments residing in protein environments.  The present work establishes that the lowest-

energy state of CP47 is near 693 nm, i.e., energetically below the primary electron-donor state of 

the PSII RC that is expected to lie near 685 nm.
1,2,3  

This means that at room temperature the 

energy of the primary electron-donor state is within reach of thermal energy kT.  The lowest Qy-

state (~693 nm) is characterized by weak electron-phonon coupling with a Huang-Rhys factor 

S~10.2, an inh of 180 cm
-1

, and a mean phonon frequency of 20 cm
-1

.  HB and absorption data 

indicate that the lowest-energy state has a smaller oscillator strength than that corresponding to 

one Chl, in contrast to earlier assignments.
4,5

  Importantly, intact CP47 complexes do not reveal 

any contribution from triplet-bottleneck (transient) holes, which were previously observed in 

singlet-minus-triplet spectra, suggesting that the transient hole previously observed near 684 nm 

originated from partially destabilized complexes. We have shown that the fluorescence origin 

band of the intact CP47 antenna protein complex of PSII from spinach does not shift in the 

temperature range of 5–77 K, and has very different temperature dependence than previously 

reported in.
6
  It has been shown that the emission maximum of CP47 and its bandwidth strongly 
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depend on the degree of bleaching of the low-energy state(s) and/or destabilization of the protein 

complex. The 695 nm emission shifts continuously to shorter wavelengths reaching, due to 

photobleaching, a position of ~692 nm at saturated HB conditions. This process is reversible by 

cycling the temperature. In contrast, the emission peaks previously observed near 685 nm and 

~691 nm characteristic of destabilized complexes
7
 cannot be eliminated by temperature cycling. 

We suggest that both the ~685 nm and ~690 emissions in the PSII core could originate from 

destabilized or photo-damaged complexes. Thus the slow EET dynamics observed in
8
 may not 

be characteristic of the intact CP47 antenna, showing again that the EET dynamics in PSII 

deserves further study.  

 From C. reinhardtii WT-RC and its mutant D2-L209H (in which the active branch 

PheoD1 has been genetically replaced with chlorophyll a (Chl a)) studies and Monte Carlo 

simulations, we have demonstrated that the Qx-/Qy-region site-energies of PheoD1 and PheoD2 are 

most likely at ~545/~680 nm and ~541.5/~670 nm, respectively, in good agreement with our 

previous assignment.
9,10

 Our results presented here offer support neither for the recent 

assignments
11,12,13,14

 that site energies of PheoD1 and PheoD2 are at 672 nm and 677.5 nm, 

respectively,
11,12,13,14

  nor for the assignment that both pheophytins contribute to the absorption 

near 676–681 nm region as proposed in.
15,16,17,18 

 The transient hole-burned spectra of the most 

intact RCs revealed that transient holes have contribution from both triplet-bottleneck (localized 

on ChlD1) and long lived  (~ ms) P
+
QA

-
 state. We have established that isolated RC samples are a 

mixture of RC680 (destablished) and RC684 (intact) complexes. It has been shown that transient 

HB spectra in RC684 are very similar to P
+
QA


 - PQA spectra measured in PSII core,

19,20
  

providing the first evidence that RC684 represent intact isolated RC that also possesses the 

secondary electron acceptor, QA.   We also revealed two possible charge separation pathways in 
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isolated RCs.   For example, the shape of P
+
QA

-
 - PQA transient holes clearly suggests that the 

primary electron donor (major pathway) in intact RC684 (with QA) from C. reinhardtii is PD1 

and/or PD2 of the special Chl pair (analogous to PL and PM, the special BChl pair of the bacterial 

RC).  However, ChlD1 can also be the primary electron donor (minor pathway) in RC684 (with 

no QA) and destablished RC680, as reflected by the typically observed bleach at ~684 nm and 

680 nm, respectively, (and no response at ~673 nm expected for oxidation of PD1) in triplet-

bottleneck holes. 
 

 In summary, the results presented in this work highlight that it is important to work with 

intact samples; otherwise it will be difficult to compare data generated in different laboratories.  

While working with highly fragile and light sensitive protein complexes, we were able to 

develop sample preparation protocols required for the measurement of low-T optical spectra. We 

anticipate proper characterization of intact CP43, CP47, and isolated (RCs) complexes provide 

more insight into the structure function relationship of PSII core. Our assignment of pigment site 

energies should be useful to model the excitonic structure, which should provide a more 

complete picture of the EET pathways and charge separation (CS) in PSII core complexes.   

 There is still more to learn about the remarkable phenomena in photosynthesis in order to 

be well-equipped for the energy needs of humans by the conversion and utilization of solar 

energy. In the future, we are planning to measure low temperature CD, LD and time-domain 

spectra of our intact samples in collaboration with other labs.  We believe that simultaneous fit of 

both linear and non-linear spectra of intact samples by applying a more advanced theory 

(Redfield approach;
21,22,23

 research in progress) using experimental constraints will provide a 

more coherent picture of  excitonic structure and dynamics in these complex biological systems.  

Our HB data of intact isolated RC samples indicate that, like in PSII core, the excited-state 
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manifold most likely includes a primary charge separation (CT) state that is strongly mixed with 

the pure exciton states.  Future calculations should account for a coupling to a CT state. 

However, the nature of this state (homogeneously versus inhomogeneously broadened) needs to 

be resolved first.  High pressure and Stark HB studies (accessible in our lab) applied to PSII RC 

could provide more information on the nature of CT state(s).  
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 Abstract 

 

We report low temperature (T) optical spectra of the isolated CP47 antenna complex 

from Photosystem II (PSII) with a low-T fluorescence emission maximum near 695 nm and not, 

as previously reported, at 690-693 nm.  The latter emission is suggested to result from three 

distinct bands: a lowest-state emission band near 695 nm (labeled F1) originating from the 

lowest-energy excitonic state A1 of intact complexes (located near 693 nm and characterized by 

very weak oscillator strength) as well as emission peaks near 691 nm (FT1) and 685 nm (FT2) 

originating from subpopulations of partly destabilized complexes.  The observation of the F1 

emission is in excellent agreement with the 695 nm emission observed in intact PSII cores and 

thylakoid membranes.  We argue that the band near 684 nm previously observed in singlet-

minus-triplet spectra originates from a subpopulation of partially destabilized complexes with 

lowest-energy traps located near 684 nm in absorption (referred to as AT2) giving rise to FT2 

emission.  It is demonstrated that varying contributions from the F1, FT1, and FT2 emission 

bands led to different maxima of fluorescence spectra reported in the literature.  The 
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fluorescence spectra are consistent with the zero-phonon hole action spectra obtained in 

absorption mode, the profiles of the non-resonantly burned holes as a function of fluence, as well 

as the fluorescence line-narrowed spectra obtained for the Qy-band. The lowest Qy-state in 

absorption band (A1) is characterized by an electron-phonon coupling with the Huang-Rhys 

factor S of ~1 and an inhomogeneous width of ~180 cm
-1

.  The mean phonon frequency of the 

A1 band is 20 cm
-1

.  In contrast to previous observations, intact isolated CP47 reveals negligible 

contribution from the triplet-bottleneck hole, i.e. the AT2 trap.  It has been shown that Chls in 

intact CP47 are connected via efficient excitation energy transfer to the A1 trap near 693 nm and 

that the position of the fluorescence maximum depends on the burn fluence.  That is, the 695 nm 

fluorescence maximum shifts blue with increasing fluence, in agreement with non-resonant hole 

burned spectra.  The above findings provide important constraints and parameters for future 

excitonic calculations, which in turn should offer new insight into the excitonic structure and 

composition of low-energy absorption traps.   

 Conclusions 

We have shown that absorption, emission, and persistent NPHB spectra of CP47 

complexes, diluted from solutions stored at high optical density followed by sonication, dark 

thermal equilibration, and mixing with cryoprotectants (50/50 v/v) shortly before 

experimentation, exhibit less contribution from destabilized complexes and provide new insight 

into the nature of the electronic structure of  intact CP47.  The present work establishes that the 

lowest-energy state of CP47 is near 693 nm, i.e., energetically below the primary electron-donor 

state of the PSII RC that is expected to lie near 685 nm.
1-3  

This means that at room temperature 

the energy of the primary electron-donor state is within reach of thermal energy kT.  The lowest 

Qy-state (~693 nm, A1 band) is characterized by weak electron-phonon coupling with a Huang-
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Rhys factor S~10.2 and an inh of 180 cm
-1

.  The mean phonon frequency of the lowest energy 

trap A1 is 20 cm
-1

. HB and absorption data indicate that the A1 state has a small oscillator 

strength, i.e., it is much smaller than the oscillator strength corresponding to one Chl, in contrast 

to earlier assignments.
4,5

  This in turn suggests that Chls absorbing at higher energies steal a 

significant amount of the oscillator strength from Chls contributing to the A1 trap, in agreement 

with a positive anti-hole feature at high energy in the persistent non-resonant hole spectra (see 

Fig. 2).  This fact should help to identify the A1 state pigments (see excitonic calculations in 

Ref.
6
).  Fluorescence of intact complexes was shown to be strongly dependent on the excitation 

power density.  Different maxima of fluorescence spectra reported in the literature are attributed 

to varying contributions from several distinct emission bands (F1, FT1, and FT2) originating 

from intact and destabilized CP47 complexes, as well as potentially from shifts in these 

fluorescence bands due to HB if high-fluence was used.  The above conclusions are consistent 

with the ZPH-action spectra obtained in absorption mode, the profiles of the non-resonantly and 

resonantly burned holes, as well as the FLN spectra obtained for the Qy band. Importantly, intact 

CP47 complexes do not reveal any contribution from triplet-bottleneck (transient) holes, which 

were previously observed in singlet-minus-triplet spectra, suggesting that the transient hole near 

684 nm originates from partially destabilized complexes.  Finally, we suggest that the absorption 

spectrum of intact CP47 reported in this work along with the absorption spectrum of the CP43 

complex published recently
7
 should allow extraction the real absorption spectrum of the intact 

reaction center residing in the intact PSII core complexes and shed more light on possible 

contaminations, charge-transfer emission in PSII core from spinach, and unusual fluorescence 

temperature dependence observed previously in CP47 complexes. 
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Temperature Dependent Fluorescence Spectra.  
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 SI 1. Temperature dependence of emission spectra. 

 

The fluorescence lineshape function at a given temperature T is calculated using the standard 

expression:
1
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where           




   dJTnJTneTtG ti ;;1; , S is the Huang-Rhys (HR) factor, 

 Tn ;  is the thermal occupation number for a phonon with frequency  , and  J  is the 

spectral density function.  

 

Using a series expansion for the exponent, this formula can be re-cast to obtain 
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 TlR ;  is the convolution  Tl ;1   with itself R-1 times.  For numerical calculations, the sum 

was truncated after a number of terms sufficient to account for 99.99% of the total intensity of 

the phonon-sideband (PSB).  

 

For the m
th

 excitonic state (m = 1, 2,…, 16), the bulk emission spectrum is calculated as  

        




 mmmmm dZTDTfTF  ;;; 3  

where  mZ   is a zero-phonon emission distribution function including both probability of 

occurrence and oscillator strength, and  Tf m ;  is the Boltzmann population of a state with 

average excitation energy m  at temperature T.  The distributions  mZ   were obtained from 

Monte Carlo simulations.
2
  The total emission spectrum is obtained as the sum of the spectra 

from each excitonic state.  For our present calculations, we assumed a HR factor of S = 1 for 

all states. Note that in
2
 a lower HR factor of S = 0.5 was assumed (somewhat arbitrarily) for 

upper excitonic states (m > 1), while S = 1 was assigned to the lowest state based on 

experimental HB data.  In the current work, it was found that S = 1 provides a better fit to 

high-temperature data; since the calculations in
2
 are not very sensitive to this parameter for the 

higher energy states (as noted in that work), it appears that a value of S = 1 is more reasonable 

for all states.  The spectral density function  J  was obtained by extraction from 

experimental difference spectra for the CP47 complex and is defined by  

  
 
























3

1

1
exp

!111

1

i i

a

i

a

ii iw
a

f
J




  

with    30,2,4,, 111 af ,    100,2,4,, 222 af , and    6,4,3,, 333 af  with i  in cm
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 SI 2. Spectroscopic measurements.   

Fluorescence spectra were obtained with an excitation wavelength of 496.5 nm from 

the Coherent Innova 200 Ar
+
 ion laser. Other excitation wavelength s were obtained using a 

tunable Coherent CR699-21 ring dye laser (linewidth of 0.07 cm
-1

, laser dye: DCM Special 

(Exciton)), pumped by a 6-W Coherent Innova 90 Ar
+
 ion laser.  Fluorescence was dispersed 

by a 300-mm focal length monochromator and detected by a PI Acton Spec-10 (1340 x 400) 

CCD camera. The FWHM spectral resolution for the fluorescence spectra was ~0.1 nm.  For 

fluorescence measurements, the OD of the samples (at the maximum of the Qy band) was 

reduced to 0.1 per 1 cm sample thickness (at the absorption maximum), and the sample 

thickness reduced to ~ 1 mm to ensure that re-absorption effects were negligible.  All spectra 

were corrected for the wavelength sensitivity of the detection system.  The sample 

temperature was maintained at 5 K (unless otherwise specified) using a Janis 8-DT Super 

Vari-Temp liquid helium cryostat.  The temperature was stabilized and measured with a 

Lakeshore Cryotronic model 330 temperature controller.   

SI 3. CP47 complexes. We hasten to add that the CP47 complexes studied in this 

work did not aggregate. Efforts were made to use the correct detergent concentration of b-DM 

(i.e. 0.03%).  It is well known that aggregates are typically formed by significantly lowering 

the b-DM concentration, i.e. far below the critical micelle concentration
3
.  No indication of 

aggregation was observed in high-resolution spectroscopy experiments
4
 or size exclusion 

chromatography/HPLC experiments.  For completeness, Figure S1 shows the fluorescence 

spectrum of an intact CP47 sample with a β-DM concentration of 0.03% (solid line) in 

ethylene glycol/glycerol glass at 5 K.  The dotted curve is shown for comparison and 

corresponds to the CP47 sample diluted directly 1:1 with ethylene glycol/glycerol matrix 
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decreasing the concentration of β-DM by a factor of two (i.e. 0.015%).  The spectra are nearly 

indistinguishable with a maximum near 695 nm. Partial aggregation was observed, however, 

at much lower concentrations of β-DM (<0.01%) as reflected by stronger fluorescence 

intensity near 700 nm (data not shown).  

 

Figure B-1 Emission spectra of CP47 complex at T = 5 K with two different 

concentrations of β-DM; solid black line (0.03%) and dotted blue line (0.015%). 
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