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CHAPTER 1 GENERAL REMARKS ON PHOTOSYNTHESIS 

1.1 Dissertation Organization 

This dissertation contains the candidate's original work on spectral hole burning of 

Photosystem EE. General introduction is divided into three chapters (chapters 1-3). 

Photosynthesis, spectral hole burning spectroscopies, and theoretical background are 

described in chapter 1,2, and 3, respectively. Chapter 4 contains one published paper 

which report hole burning experiments performed on the CP47 complex. Chapters 5, 6 

and 7 are published papers which report experiments performed on the Photosystem n 

reaction center. Each of these published works contains a description of the experimental 

apparatus as it was used for the specific experiment. Additional results of the CP43 

complex and Photosystem n reaction center are described in the appendix. The references 

for each chapter are found at the end of that chapter. 

1.2 Introduction 

Most of the energy which is available on earth comes from photosynthesis. Every 

year 3 x l(f ̂  joules of energy are stored by photosynthesis [1]. Therefore, as our reserves 

of energy diminish, it becomes important to understand how photosynthesis works. The 

whole process of photosynthesis can be resolved into numerous reaction steps [1-3]. An 

overall equation of the process that occurs is [1-3] 

nCO^ -t- 2nH2A + hx>-^ nCCHp)+2nA + nHjO (1) 

where (CHjO) represents part of a carbohydrate molecule and H^A is the oxidizable 

substrate, such as HjO or H^S. Photosynthesis can be regarded as a process of converting 

radiant energy of the sun into chemical energy. 
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Photosynthesis in green plants takes place inside of the chloroplasts. The apparatus 

used by plants to perform photosynthesis is both complex and highly efficient. As shown in 

Figure 1, three different membranes (outer, inner, and thylakoid membranes) divide the 

chloroplast into three separate spaces (intermembrane, stroma, and thylakoid spaces or 

lumen) [1-3]. The stroma that surrounds the thylakoid membrane contains the enzymes 

responsible for the actual fixation of CO2 and the synthesis of carbohydrates. The 

thylakoid membranes are very important to the primary steps of photosynthesis. The 

photosynthetic proteins, such as the light-harvesting proteins, and reaction centers are 

buried inside the thylakoid membranes [1-3]. The pigment molecules are specifically bound 

to proteins which determine the positions, environments, orientations and spacings of the 

pigment molecules. Chlorophyll a and b are the primary photoreceptors of green plants. 

The absorption spectra of chlorophyll a (Chi a) and chlorophyll b (Chi b) are different [1-

3]. Thus, coexistence of these two kinds of chlorophyll is important to the absorption of a 

wide range of solar wavelengths. The incorporation of different pigments (e.g., Chi a, Chi 

b, and carotenoids), absorbing at different wavelengths, allows the photosynthetic unit to 

use a greater portion of the solar spectrum. 

Functionally, pigmented proteins are divided into two classes: antenna and reaction 

center complexes (RC). The initial event in photosynthesis is the capture of light by 

antenna. Light absorbed by antenna pigments leads to singlet excitons. The funneling of 

these excitons to the reaction centers induces electron transfer. Finally the energy of 

electron flow is stored in chemical forms. 

Antenna only absorb light and cannot transform the energy of light into chemical 

energy. The antenna systems are generally characterized by different absorption maxima 

and form "ladder" systems for heterogeneous and directed excited energy transfer (EET) 
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[4,5]. Antenna chromophores nearer to the reaction center absorb at longer wavelengths, 

leading to an energy funneling effect This downhill transfer has been shown to increase 

trapping rates by as much as a factor of ten [5]. 

Photosynthesis by oxygen-evolving organisms is comprised of two photosystem 

mechanisms: Photosystem I (PSI) and Photosystem II (PSII). The excitation energy is 

thylakoid membrane stroma 

outer membrane 
intermembrane inner membrane 

Figure 1. Diagram of chloroplast structure. Chloroplasts have three different 
membranes (outer, inner, and thylakoid membranes) and three separate space 
(intermembrane, stroma, and lumen). The thylakoid membranes contain the energy-
transducing machinery. 
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transferred to the reaction centers: P680 in PSII, and P700 in PSI. Photosystem I leads to 

the formation of NADPH. Photosystem n generates a strong oxidant P680^ which 

extracts electrons from water and leads to the formation of Oj. 

The mechanism of electron transport of green plants is called the Z-scheme (Figure 

2). The primary charge separation of Photosystem II leads to the formation of PGSO"^ and 

Pheo". PdSO"*" is reduced via various steps (indicated as S) by an electron which is 

ATP 
stroma A DP 

thylakoid 
FeS PQH. 

membrane 

S-> Peso PSH PC->I Proo PSI 

2H 2e' 
inside 
space 

Figure 2. Pathway of electron and proton flow in photosynthesis of green plants. 
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ultimately derived from water [1-3]. From Pheo", the electron is transported to the first 

quinone and then to the secondary quinone Qg. Qg accumulates two electrons and 

becomes protonated with two protons from the stroma and exchanges with the 

plastoquinone pool (PQHj). From PQHj, electrons are transferred to the cytochrome hj 

cytochrome f (cyt bg/f) complex and two protons are liberated into the internal lumen of 

the thylakoid. Plastocyanin (PC) transfers a electron to P700"^ to fill the electron hole 

produced by the primary separation of Photosystem I. The electron is transferred to FeS 

centers. Eventually the high energy electron flow leads to the formation of NADPH and 

ATP. 

1.3 Photosystem EE And The Similarity To Bacteria 

As shown in Figure 3, the main portion of the light-harvesting antenna of 

Photosystem n is made up of several chlorophyll a/&-proteins, mainly LHCn. LHCII is the 

most abundant pigment protein of the thylakoid membrane. Based on the analysis of the 

crystal structure of LHCII complex, a trimeric structure of triangular shape has been 

resolved and also believed to be the native form [6,7]. All chlorophylls are arranged in two 

levels near the upper and lower surfaces of the thylakoid membrane [6,7]. The shortest 

center-to-center distances between Chls were estimated to be less than 15 A [6,7]. The 

densely-packed stmcture of LHCII demonstrates that excitonic interactions can play an 

important role in antenna systems. LHCII is connected with the reaction center complex 

via other chlorophyll proteins refeired to as CP24, CP26, and CP29. There are also two 

more major chlorophyll a proteins (CP47 and CP43) which are more tightiy associated 

with the reaction center. CP47 and CP43 are called inner antenna which serve as the 

intermediary between LHCII and Photosystem II reaction center. Additional discussion of 

CP47 and CP43 can be found in Chapter 5 and the appendix A, respectively. 
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Consequently the light energy captured by the antenna is transferred to the primary 

electron donor P680 of Phtosystem n reaction center where the electron transport starts. 

It is particularly interesting to ask whether or not the structures and functions of 

Photosystem n RC are similar to those of bacterial RCs. As resolved by an X-ray 

Figure 3. Simplified scheme of the incorporation of antenna-pigment protein 
complexes into the thylakoid membrane of green plants. The light-harvesting complex n is 
explicitely shown. CP= chlorophyll-protein complexes, numbers refer to the approximate 
molecular weight of the polypeptides. The cytochrome complex and PSI are not explicitely 
shown in the membrane section. 
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crystallograph [8,9] (see Figure 4), the purple bacterial reaction center from Rps. viridis 

carries four BChl, two BPheo, and two menaquinone (Q^, Qb). Two closely-coupled 

BChl molecules (PL , P^) comprise a "special pair" that functions as the primary electron 

donor. One BPheo (HL) is the proximal acceptor, receiving an electron from a special pair 

in 3 ps [14]. The electron moves in 200 ps to a quinone acceptor (Q^) and subsequently, 

in 60 |as, to a secondary quinone (Qg). These pigments are organized in two almost 

identical branches by the L and M proteins. With the availability of the X-ray structure of 

Rps. viridis [8,9] significant homologies between the amino acid sequences of the L and M 

subunits of the bacterial RC and D1 and D2 proteins of PSII were realized [10]. This 

discovery led several groups [9,11,12] to predict that the D1 and D2 proteins were 

homologous to the L and M subunits in both structure and function. 

In 1987 Nanba and Satoh announced the method which can extract the reaction 

center of PSn from green plants [13]. As predicted, the isolated PSII reaction center 

contained Dl, D2, and cyt b559. The homologies of the amino acid sequences between 

bacterial and PSII reaction centers suggest that the structure of both may be similar, 

although there is no crystallographic proof yet. Photosystem II RC, i.e., Dl-D2-cytb553 

complex, contains 4-6 Chi a, 2 Pheo a, 1 or 2 p-carotenes, 1 cytochrome bjjj and no 

plastoquinones (see chapter 5). The pigment cofactor composition of Dl-D2-cytb559 

complex also resembles that of bacterial RCs. As a consequence, it was suggested that 

P680 is most likely a dimer [14]. Certain optical properties suggest a dimeric scrucmre for 

P680 as well [14-17]. For example, spectral hole burning studies of the PSII RC yielded 

data which strongly indicate that P680 is a special pair with a dimer splitting of only 300 

cm"' [16,17]. The Qy transition moments of two monomers are nearly anti-paraUel. This 

geometry results in nearly all transition probability being found in one of the two exciton 
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^ \ ® J 

Figure 4. Structure of the reaction center of purple bacteria. Four bacterio-
chlorophylls (PL, PM> BL, B^J), two bacteriopheophytin (HL, H^) and two menaquinone 
(QA , QB) are shown. The molecules are arranged in two branches, L and M forming an 
approximate C2-symmetry. 
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bands. On the basis of the 300 cm"' splitting, Kwa et al. [17] deduce that the separation 

(Mg***Mg) between the monomers of P680 is ~1 lA. Therefore, P680 is a relatively weak 

coupled special pair, but may be disguised as a monomer by the geometry of two 

monomers. 

As indicated in Figure 5, the kinetics scheme of PSIIRC shows the similarity with 

that of bacterial RC. The primary charge separation in PSII (P680' + Pheo —> P680"^ + 

Pheo") takes place in a few picoseconds in the isolated Dl-D2-cyt bjjj complex (3.0 ps at 

277K [18] and 1.9 ps at 4.2K [16], respectively). The rate of the process of the electron 

transfer from Pheo" to was determined from PSII membrane fragment or PSII core 

complex instead of Dl-D2-cyt complex which does not have . The rate of 

formation exhibits a half-rise time of about 300 ps [19,20]. The reduction kinetics of in 

PSn are slightly slower than those of the corresponding reaction in bacteria (200 ps). 

transfers the electron to the secondary quinone Qg, which is a two-electron carrier. The 

rate of electron transfer from depends on the reduced state of the secondary quinone. 

A value of 100-200 |J,s is observed for the first reduction, but is increased to 300-500 iJ.s 

for the second reduction [19,20]. 

1.4 Superexchange Or Two-Step 

The basic arguments involved in the understanding of the bacterial reaction center 

are not settled even though the crystal structure has been solved. One of the major reasons 

is that the information required for excited-state dynamics can not be obtained directly 

from the X-ray structure in the ground state. Whether or not P"TB[ serves as a real or 

virtual state in the primary charge separation process is one of the long-standing questions 

[21,22]. Three mechanisms have been proposed: (i) one-step superexchange mechanisms 

in which P'TBLHL is simply a virtual state and P'^LH^ serves as the acceptor state. 
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P680*Pheo QA QB] 

[ PSSO"*"! 

hi) 

Pheo On Qb 

/ / 
/ / 

* 

300 ps 

P680"^PheoC&QB 

100-200^3 

[ PSSOl^heo q Q'B ]  

P680 Pheo On Qb 

Figure 5. Reaction scheme of primary processes in the reaction center of 
Photosystem II at room temperature. P680, Pheo, , and Qg represent the primary 
donor, pheophytin, first and secondary quinone, respectively. The rate of the second 
reduction of Qg (300-500 [is) is not shown. 
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(ii) two-step mechanism; here is a real state and serves as the acceptor state. The 

electron is subsequently transfered to the second state, i.e., (iii) the parallel 

sequential-superexchange mechanism; this mechanism includes both superexchange and 

two-step mechanisms as limiting cases. 

In order to illustrate the major differences between the superexchange and the two-

step mechanisms, we consider the general multilevel multimode system of the excited states 

[23,24]. The Hamiltonian can be written as 

where N is the number of excited states involved and M is the number of vibrational 

modes. |i) is the excited state with electronic energy Jy is the electronic coupling 

element between states | i) and | j) and co„ is the vibrational frequency of mode n. 0y 

corresponds to vibronic coupling parameter. Assume a dipole allowed excited state D to 

interact with a dipole forbidden excited state A. Note that, in the case of bacterial RC, D is 

the lowest energy state (P_) of the special pair and A corresponds to . Then 

(2) 
i=l n=l n 

(oHD)^O (3) 

and (0WA) = 0 (4) 

where 10) represents the ground electronic state. Eq.2 is rewritten as 

(5) 
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For simplicity, we consider only one vibrational mode with fiequency to and define 

jAEl = jej, -e^l. The calculations of Friesner et al. [23] reveal how, for a fixed lAE| and J, 

the extent to which the | D) state steals S from the | A) state increases in passing from 0/0) 

<1 to 0/co>l where the adiabatic limit is in effect. That is, Huang-Rhys factor of P_ state 

(| D) state) is not affected by P'^B^ (| A) state) in the weak coupling limit 

It is known from the data of spectral hole burning that a zero-order P* state, with 

weak electron-phonon coupling, receives the Huang-Rhys factor (S) from a charge transfer 

state through the coupling (or electronic state mixing) between these two states. (The key 

observation is that the electron-phonon coupling for P+ is weak, but strong for P_ of Rb. 

sphaeroides RC [24].) To explain this observation, one must consider the coupling 

between the lowest energy excited electronic state (P_) of the special pair with weak 

electron-phonon coupling and a nearby external charge transfer state (P"^BL) with strong 

electron-phonon coupling (see Small [24] for detail). In order to explain the effect of the 

"stealing" of S from the dark charge transfer state, the case of a strong coupling limit needs 

to be addressed. 

The strong coupling between P_ and P^[ results in an adiabatic energy surface 

associated with two wells, as indicated in Figure 1 of Chapter 3. These two wells originate 

from the nonadiabatic P_ and P"^Bl surfaces, respectively. Therefore, the question of 

whether or not P'^l serves as a real or virtual state in the primary charge separation 

process becomes irrelevant in the strong coupling limit 
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CHAPTER 2 SPECTRAL HOLE BURNING SPECTROSCOPIES 

2.1 Introduction 

Fundamentally amorphous systems are not in thermodynamic equilibrium. Various 

local structures make dominant contributions to the properties of amorphous systems, and, 

as indicated in Figure 1, the absorbing centers are surrounded by different local 

environments [1]. The distribution of these local environments results in inhomogeneous 

broadening In order to observe a homogeneous line width and obtain useful 

information about the dynamics of an amorphous system, spectral hole burning can be 

effective. It removes the inhomogeneous broadening. E*roteins, like glass, possess many 

conformational substates which may transform from one state to another state by virtue of 

thermal energies [2]. As the temperature goes down to the temperature of liquid helium, 

the transformations among the substates are frozen and the distribution of these substates 

results in inhomogeneity. To put proteins in perspective, the intrinsic glass-like character 

of proteins needs to be adequately addressed. Therefore, spectral hole burning serves as a 

useful tool in the studies of proteins [3-5]. 

The invention of the narrowband laser provided a suitable excitation source for 

spectral hole burning. This provided an improvement in the resolution of the optical 

spectra by 2-3 orders of magnitude [6]. Typically these holes, burned at very low 

temperatures, are narrow and sensitive to the microscopic environment. A zero-phonon 

hole is the one with no net change in the number of phonons which accompany the 

electronic transition. The width of the zero-phonon line (ZPL) is mainly determined by 

homogeneous broadening which originates with the effective decay time of excited 

molecules. The effective decay time is described [7] as 
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2 12 —  ~ ( 1 )  
T T h ^1 h 

where T, is the lifetime of the excited state and Tj is the pure dephasing time of the 

molecules. Eq.l is not symmetric in T, and Tj, because the scattering processes with 

characteristic time Tj can occur in both the ground and excited state [1]. That is why the 

Amorphous lattice 

1 ( 

—J 1 
) —J 
/ 

y 
1 

1 \ \ 

Inhomogeneous line 

Figure 1. Schematic view of the optical absorption of three identical guest 
molecules in an amorphous host. In contrast to the situation in a crystalline lattice, the 
lines appear at different transition frequencies. The broad sidebands represent the phonon 
spectra of molecules 1,2, and 3, respectively. 
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term of Tj owns a factor of two. Glass or proteins provide a high density of very low-

frequency lattice states (due to the presence of two-level systems) which cause broadening 

via dephasing [6]. Due to the disappearance of thermal-excited lattice modes, the 

dephasing time is increased with decreasing temperature. As the temperature approaches 

zero, the zero-phonon hole width approaches its limiting value determined by Tj. Eq. 1 is 

rewritten as 

^ = ̂  or T,=2i; (2) 

The absorption spectrum after a bum for time x at a frequency of cOg in the low 

termperature limit is written as (see section 3.3) 

A^(Q) = J d'uN^(\J - •u„)L(^2 - -u) 

J - ""m) exp[-aI(t)TL(C0B - -o)] 
p=;0 ^ • 

xlp(Q-'u-pco„) (3) 

Consider the case of the short bum time limit [8] which we are intersted in. Then 

exp[-aI(j)tL(Q)B - D)] = 1 - aI(t)xL(coB - D) (4) 

Substitution Eq.4 into Eq.3 leads to 

A,(£2) = 2 ̂~7" J dvNo(-u - u„)(l - aI(j)xL(C0B - D)) 
^ p! •' 

xL (Q--u-pco„) (5) 

•SOP 
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The hole profile is given by 

A,(a) - Ao(Q) = J dDNo(D-iJj 
t=o P! 

xaI{j)TL(o)B-'u)lp(£3i-t)-pcoB) (6) 

Thus the hole profile is the convolution of two Lorentzians. Assuming is the fuU 

width at half-maximum of the Lorentzians, we have 

rho,. = 2AD, (7) 

where is the full width at half-maximum of the hole measured. The uncertainty 

principle leads to 

By substituting Eq.2 and Eq.8 into Eq.7, the relationship between measured hole-width and 

total dephasing time is written as 

r„.=^ (9) 

2.2 NPHB, PHB vs Bottleneck HB: Mechanistic Aspects 

Three basic hole-burning mechanisms can be described [3]. These are referred to 

as photochemical hole burning (PHB), nonphotochemical hole burning (NPHB), and 

transient hole burning. Photochemical hole burning [1] means the absorbing center (the 

guest) is involved in some internal change, such as tautomerization, bond-breaking. 
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isomerization, and so on. If the absorbing center is photoreactive, selective photobleaching 

of absorption spectrum can be engineered. What is required for PHB is the photoreactivity 

of the absorbing chromophore. Therefore, PHB can be observed for both amorphous and 

crystalline hosts. Photochemical hole burning was first observed [9] for free base 

phthalocyanine in n-octane where the PHB is caused by an intramolecular hydrogen 

tautomerization. In PHB the antihole is usually not near the zero-phonon hole as shown in 

Figure 2. The antihole is usually much broader than its parent hole because of the 

inhomogeneous broadening of the zero phonon lines of the photoproducts. 

In the case of nonphotochemical hole burning, photoreactivity of the absorbing 

centers is not required. Nonphotochemical processes result from the change of the 

environment (the host) around the absorbing center. As indicated in Figure 2, absorption 

positions of the products (antihole) for nonphotochemical processes are not moved very far 

from the original absorption position. Since the host configurations need to be changed in 

the case of NPHB, NPHB has only been observed with glasses and polymers, with a few 

exceptions [8]. Nonphotochemical hole burning was first observed [10] for perylene and 

for 9-aminoacridine in the ethanol glass. The nonphotochemical holes often irreversibly 

disappear after increasing the temperature. In 1972, Anderson et al. [11] and, 

independently, Phillips [12] proposed that in any glass system there should be a certain 

number of atoms or groups of atoms which may occupy, with nearly equal probability, two 

equilibrium positions separated by an energy barrier, the so-called two-level system (TLS) 

(see Figure 3). At very low temperatures, atoms or groups of atoms cannot be thermally 

activated over the barrier, but can tunnel through it As indicated in Figure 3, the excited 

molecules are produced by the excitation light (cOg). At the bum temperature, relaxation 

between the minima of ground state TLSa is slow on the time scale of the experiment. 
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while it is competitive with the excited state lifetime at TLSp ( p denotes the impurity 

excited state). The degree of competiveness determines the hole buming efficiency. 

In 1978 the two-level system (TLS) model, based on the coupling of the electronic 

transition to the glass TLSext. was utilized for the NPHB mechanism [13]. Extrinsic TLSs 

(TLSgxt) suggested to be strongly associated with the absorbing center and are 

PHB 

Product / Educt Product 

NPHB Product 

Figure 2. Spectral distribution of the photoproducts after photochemical (PHB) 
and nonphotochemical (NPHB) hole buming. 
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TLSp 

TLS 

A 

a 

1^  d->^ i  

q 

Figure 3. The two-level system (TLS) model for nonphotochemical hole burning. 
The subscripts a and P label the TLS that interact with the impurity in its ground and 
excited electronic states. Asymmetries, displacements, intermolecular coordinates are 
labeled as A, d, and q, respectively. 
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responsible for the initiation of hole burning. NPHB occurs primarily in amorphous 

(glassy) matrices due to a rearrangement of the host enviroment, triggered by the electron-

TLSex coupling. The rate-determining step for hole formation is phonon-assisted 

tunneling of TLSext- The intrinsic bistable configuration of the host itself is denoted by 

TLSint- The intrinsic TLSs (TLSint) was proposed to cause optical dephasing [8,13]. The 

mechanistic model for persistent NPHB was further developed by Shu et al. [14]. NPHB is 

triggered by electronic excitation and results in an increase in the free volume of the probe. 

An increase in the free volume for the probe in its inner sheU of host molecules successfully 

explained the blue-shift of the antihole since states typically undergo a red-shift in 

going from the gas to the condensed phase. From the above we know that NPHB is the 

result of phonon-assisted tunneling of TLSs and provides a physical observance of TLS 

relaxation. 

In NPHB only two electronic states of the quest molecules are involved (the 

ground and excited states). Population bottleneck hole burning utilizes a third, long-lived 

state to store the population depleted from the ground state [3,4]. The triplet state is 

usually the suitable candidate to serve as a population reservoir. In transient hole burning 

of bacterial reaction center, however, the analogous state is a product of the charge 

separation state of the primary electron donor, P*. Although photoexcitation of P results 

in electron transfer on a picosecond timescales, return of the electron to the primary donor 

requires milliseconds [4,5]. 

2.3 Remarks On The Application Of Hole-Burning 

During the past decade, spectral hole-burning has been generally applied to 

photosynthetic protein-pigment complexes [3-5]. The width of the ZPH, which coincides 

with the bum frequency, was used to determine the lifetimes of the excited states which 
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correspond to rapid electronic energy transfer or the primary charge separation. As 

indicated in Figure 4, a zero-phonon line is accompanied by a phonon side band (PSB). 

Therefore, the zero-phonon hole (ZPH) is normally assocated with phonon sideband holes 

(PSBH). The PSBH in the high energy side of the ZPH is referred to as real-PSBH. In 

contrast to real-PSBH, the pseudo-PSBH lies to lower energy of A-g (burning wavelength). 

The pseudo-PSBH are comprised of the bleached zero-phonon lines which absorb the laser 

light by virtue of the PSB. 

Importantly, hole burning reveals the frequencies and coupling strengths (Huang-

Rhys factors, i.e., S) of the phonons that couple to the electronic transition [3-5]. Weak 

electron-phonon coupling (S<1) is the main condition for observing intense zero-phonon 

lines. As discussed in the previous section, weak phonon coupling corresponds to a small 

change of the equilibrium configuration of the lattice due to the transition from the ground 

state to the excited state. Up to now all hole burning studies of the photosynthetic 

complexes showed weak electron-coupling for antenna [3-5] in contrast to strong coupling 

for reaction centers. Studies of the neutral excitonic TVK dimer states of organic crystals 

such as anthracene [15] and naphthalene [16], had shown that the exciton-phonon coupling 

is weak and charge-transfer states of 1:1 donor-acceptor complexes are characterized by 

very strong electron-phonon coupling [17]. Therefore an excited primary donor (P*) may 

possess a significant amount of charge transfer character. Besides the character of strong 

electron-phonon coupling, the primary donors of bacterial RCs also showed a Franck-

Condon progression of low-frequency vibrational mode(s), the so called marker mode(s) 

[3-5]. The marker mode can be viewed as a pseudolocalized or resonant phonon whose 

lengthy Franck-Condon progression signals a significant geometry change for the special 

pair in its excited state. One should notice that the marker mode is not observed in the 
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system of monomeric chlorophylls. In contrast to bacterial RC, the hole spectra of P680 

show a weak contribution from the marker mode (S5p<0.3). This observation reflects the 

fact that P680 is a monomer-like dimer, as indicated by a longer intra-dimer distance (11 A) 

of P680 than those of bacterial RCs [18]. The marker mode may originate from the 

intermolecular vibration of the special pair. Such special properties of the reaction centers 

®(0,0) 
I 

hom 

PSB 

Figure 4. Schematic representation of homogeneous and inhomogeneous 
broadening. Profiles of the zero-phonon lines (ZPL) and their associated sidebands (PSB) 
at different frequencies are shown. 
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have stimulated several works of ultrafast studies [19-21], The time evolution of the 

stimulated emission of the primary donor showed a modulation on a picosecond timescale. 

This phenomenon confirms the existence of the low-frequency nuclear vibrations and 

implicates the coherent nuclear motion in the primary electron transfer reaction in 

functional reaction centers. 

Spectral hole buming also provides information about inhomogeneous broadening. 

In the action spectrum the ZPHs were burned under constant bum fluence conditions 

[22,23]. Assuming that NPHB efficiency is independent of buming frequency, the 

envelopes of the ZPHs represent the inhomogeneously broadened absorption bands. 

Nonphotochemical ZPH action spectroscopy has been used to probe weakly-absorbing 

components of photosynthetic systems (see chapter 4). Due to the inherent "glass-like" 

stmctural disorder of proteins, the action spectrum reveals a heterogeneity which is 

responsible for site inhomogeneous broadening (F,̂ ) of the individual absorption bands. 

for chlorophylls and pheophytins of antenna protein-pigment complexes and reaction 

centers is in the range = 50-200 cm"' and is comparable to that observed for chromophores 

in glasses and polymers [3-5]. Due to the glass-like stmcture of protein, it is known that 

the kinetics of electronic energy or electron transfer can be dispersive [24]. To illustrate 

the relationship between the inhomogeneous broadening and the dispersive kinetics, 

assume the decay time for a single system to be a single exponential and described as 

t 

f(t,co) = A„e'"('"> (10) 

where T(co) is the lifetime of the system which is isoenergetic with frequency O). Consider 

the distribution of heterogeneity to be a Gaussian with a variance . Then 
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g(co) = exp[-(co -(Oo)V 2og^] (11) 

where cOg corresponds to the position of the maximum. The full-width at half maximum of 

the Gaussian, i.e., is written as 

r ,̂ = 2.354a  ̂ (12) 

The measured kinetic decay is expressed as 

F(t) = Jf(t,co)g(co)dco (13) 

Substitution of Eq.lO and Eq.l 1 into Eq.13 leads to 

F(t) = iAoe exp[-(co-co0) /̂2c^]dco (14) 
V27i:a=„h inh 

As indicated in Eq.l4, the measured kinetic decay may be non-siagle exponential or 

dispersive due to the inhomogeneous broadening. Whether the system is dispersive or not 

depends on the magnitudes of inhomogeneous broadening and homogeneous broadening. 

As discussed by Small et al. [24] (see chapter 3), the average value of rate constant is 

written as 

(J^DA) = 

27iV^[27t(r  ̂+ S(o  ̂+ a)^))r"' exp[-(AEo - Sco„)  ̂/ 2[r'+S(o  ̂+ co^)] (15) 

In the case of 
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SCa'+co;) (16) 

the system is dispersive. 

Whether or not the energy gaps between the states of different pigments of a 

particular complex are perfectly correlated (remain the same) between different minimal 

subunits is particularly interesting. In a highly correlated system the appearance of a sharp 

ZPH, instead of the whole absorption profile of a acceptor state, represents the presence of 

a correlation between the donor and acceptor states. Recently, spectral hole burning was 

used to prove that there is an absence of such correlation for the accessory Chi a, active 

pheophytin a and primary electron donor (P680) of the reaction center complex of 

Photosystem II [25,26]. 
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CHAPTER 3 THEORETICAL BACKGROUND 

3.1 Nonadiabatic Electron Transfer Theory 

In the application of weak coupling, a nonadiabatic electron transfer theory has 

been developed by Marcus [1-3], Hopfield [4], Jortner [5] et al., and employed routinely. 

To illustrate the difference between adiabatic and nonadiabatic cases, the potential energy 

for nuclear motion for the whole system of donor, acceptor, and surroundings of both 

cases are plotted against the nuclear configuration (Figure 1). Initial and final equilibrium 

configurations are labeled as A and B, respectively. In the adiabatic case, the interaction 

between R and P is so strong that appreciable splitting into curve 1 and 2 is seen at C. In 

contrast to the adiabatic case, while the nuclear vibrates about the equilibrium position in 

curve R, passage through C does not usually cause transition from R to P. It is well known 

that the rate of a transition in the nonadiabatic case from an initial state R to P follows 

Fermi's golden rule [6]: 

WR^P=-fV^(FC), (1) 
ti 

where V is the interaction matrix element between R and P and FC represents the effective 

Franck-Condon density of states. 

To simplify the situation, first consider two harmonic oscillators with the same 

frequency as shown in Figxire 2. Assuming the nuclear vibrations follow Hook's law, the 

equations of R and P curves are : VR =kjj(X-X^) /̂2 + ER and 

Vp = ky (X - Xg )  ̂/ 2 + Ep, respectively. As indicated in Figure 2, X (called the 

reorganization energy) is the amount of energy required to move the system from initial 

equilibrium system Xg to X .̂ 
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A, =Vp(XJ-V,(XJ + AE 
= (.k /̂2XX^-X^f (2) 

Defining the Huang-Rhys factor (S) as X/̂ co, then 

S=:^(XA-XB)^«Q  ̂ (3) 
ZrtCO 

NON-ADIABATIC:  AD IABATIC:  

AC  B 

Nuclear Coordinate 

(A )  

Nuclear Coordinate 

Figure 1. The role of nuclear motion in the cases of non-adiabatic (A) and adiabatic 
(B) transfer. The initial and final equilibrium configurations are labelled A and B, 
respectively. In the adiabatic case at the right, interaction between potential curves R and 
P is so strong that splitting into curves 1 and 2 is seen at C. 
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AE 

E p 

X, X 

Nuclear Coordinate 

Figure 2. Nuclear motion accompanying non-adiabatic transfer. \ and Vp 
represent the nuclear potential curves of the donor and acceptor, respectively. and Xg 

are the initial and final equilibrium positions, respectively. The reorganization energy, X, is 
the amount of energy required to displace the system from X  ̂ to Xg. 
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where the angular frequency of oscillation, co, is given by 0)= . The Huang-Rhys 

factor (S) is a measure of the coupling of the nuclear vibrations to the system. If the 

system consists of a group of oscillators, S is a summation of values for each oscillator. 

The probability of the transition from R to P is proportional to the square of the 'overlap 

integral', C(n,n'), between the vibrational state n' in P and the corresponding state n in R. 

C^(n,n') is called the Franck-Condon factor given by 

where is the vibrational wavefunction for state n in R, and is the wavefunction for 

state n' in P. x is the oscillator coordinate. At a given temperature, the fraction of systems 

expected to be in state n of R follows Boltzman distribution under the assumption of 

thermal equilibrium. Then 

where B(n,T) is the fraction of systems at temperature T. By multiplying each C^(n,n') by 

B(n,T) of various n, the FC term in Eq.l is obtained. 

(4) 

B(n,T) = e- '̂™(l-e"P'"r', (5) 

FC = £c-(n,n')B(n,T) (6) 
n=0 

Substituting Eq.6 into Eq.l leads to 

W = AXC'(n,n')B(n,T), (7) 
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where A = 27rV  ̂/ Manneback [7] derived the exact formula for C^(n,n') with n'=n+p 

for the case where the frequency does not change. 

C'(n.n+p) = n!(n+p)!S''e-"[|; ]' (8) 

To get a more physical feeling for Eq.8, consider the situation as T -»0 K. At low 

temperamre, almost all molecules occupy the lowest state (n=0). Eq.8 then simplifies to 

CPp-S 
C^(n = 0,p) = -  ̂ (9) 

p! 

Substitution of Eq.9 and B(n=0, T-»0 K)=l into Eq. 6, yields the reduced Franck-Condon 

factor 

CPp-S 
FC(p) = ̂ , (10) 

p! 

where p=n'-n=n' represents the number of vibrational quanta involved in the transition 

process. As indicated by Eq.lO, the Franck-Condon factor of vibrational quanta (called 

phonon for the case of lattice vibration) follows the general formula for Poisson statistics 

[8]. 

u,*e"  ̂
P(x,|i) = î — (11) 

x! 

and ]£,P(x,n) = e"''̂ —= e~''e''=1 (12) 
x=o x=o x! 

As revealed by Eq.lO, the Franck-Condon factor of zero and nonzero-vibrational quanta 
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processes (p=0) are e"® and 1-e"®, respectively. Eq.8 is suitable only for the case of two 

single oscillators with no frequency change. Kubo [9] and Lax [10] further developed the 

Franck-Condon factor for a system consisting of a group of oscillators which do not 

change frequency in the form of Eq.l3. For a complete derivation, the reader is referred to 

Devault [11]. 

FC = —r dtexp{-S[2ii+l-(n+l)e'"'-ne-™']-picot}, (13) 
2T(h 

where S is a summation of values for each oscillator, ii = [exp(^co / kT) -1]"' is the 

average quantum number at thermal equilibrium (in analogy to B(n,T) in Eq.5), and t is a 

dummy variable. To explain the physical meaning of terms inside exp( ), one starts with 

the delta function in intergral form 

6(n' -n - p) = ̂  J (14) 

which satisfies conservation of energy, i.e. 

p=n'-n. (15) 

As revealed by comparing Eq.l3 and 14, the e'"' and e""" terms in Eq.l3 correspond to 5 

(1-p) and 5(-l-p), respectively. That is, e""' and e"'"' terms describe the process of the 

absorption (p=n'-n=l) and emission (p=-l) of one vibrational quantum in a transition. 

Furthermore, the exp term in Eq.l3 describes all the vibrational quanta processes (n'-

n=0,l,2...) as indicated by the Taylor expansion series in Eq.l6. 

e^=l + zH 1-... (16) 
2!  ̂
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Each term of the right hand side of Eq. 16 can be further expanded, 

R VR-T V^P I 

With reference to Eq.l3, a more general form of the Franck-Condon factor, modified from 

Eq.l3 for multi-oscillators with different vibrational modes, is usually written as 

PC = — f" f(t)e-'̂ "'dt, (18) 
9 Trfi 2nTi 

where f(t) = exp{-G + G .̂(t) + G_(t)} (19) 

G.(t) = XSa(n; + l)e""«' (20) 
a 

= (21) 
a 

G = G^(0)+G_(0). (22) 

Again, G+ and G_ represent absorption and emission of one vibrational quantum, 

respectively, a designates the different modes in a multi-oscillator system and the 

summations (L) are over all modes. Substitution of Eq.l8 into Eq.l, yields 

W =—V' — r f(t)e-'̂ '"dt, (23) 
h 2nh 

where W denotes the trasition rate and V is the interaction matrix element. Eq.23 was the 

starting point for Small et al. [12] who obtained a simplified but accurate expression for the 
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rate constant for primary charge separation in the photosynthetic reaction center (RC). 

The summation terms (Z) carries the shape of one-vibration quantum (one-phonon) profile 

were approximated by a Gaussian function, g(a)), which carries a width of ~2a 

g(co) = exp[-(co - co„ )V 2a^] (24) 

where co  ̂represents the mean phonon frequency. The substitution of the summations 

with a gaussian function, g(co), is reasonable, since the hole-burning data [13] indicate that 

the one-phonon profile is smooth. That is, 

XS„=sJg(a))dco (25) 
a 

Substitution of Eq.25 into Eq.l9 leads to 

f (t) = exp(-j g(co)S{(2 nco+1) - e''\Tu.+1) - e-''̂ (iia)}dco) . (26) 

After rearrangement one finds 

f(t)= 

exp[-j g((0)S(2n; +l)dco+J g(a))Sn;(e'"' +e-'"')dco+Jg(co)Se'"'dco]. (27) 

Substitution of the Gaussian function g(co), i.e., Eq.24, into Eq.27 followed by integration 

yields 

A 
f(t) = exp(-S)exp[Se"°*' '̂ {(2n+l)cosco„t+isincd„t}], (28) 

A 
where S is defined as 
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S = Jg(co)S(2n„+l)dco (29) 

A 
S is further simplified by employing the mean phonon frequency approximation 

S =S(2n+l) 

=Sctnh(S0)„/2kT) (30) 

Eq.28 is further approximated by expanding the t-dependent functions in the argument of 

the exponential, sin and cos and neglecting terms of order higher than t .̂ 

f(t) = exp[-S(2n+l)(a  ̂+co^)tV2 + io)„t] (31) 

Note that Eq.31 originates from Eq. 19 which describes all of the phonon processes 

including the contribution from zero-phonon transition with Franck-Condon factor equal to 
A 

exp(-S). To calculate the contribution of phonon side band mode (n'-n=l,2,...) to energy 
A 

or electron transfer rate, Eq.31 is multiplied by a factor of (l-exp(-S)). 

f(t)«(l-e-')exp[-S(2n+l)(a' +co^)t' /2+ico„t] (32) 

Substitution of Eq.32 into Eq.23 and taking the Fourier transform using 

= (33) 

leads to 
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(AE-Sm„)' 

W = 27cV^(l-e-^)[(27cS(<r+(B^))-"^e (34) 

Note that Eq.l9 is the form suitable for harmonic oscillators with no frequency change 

between initial (donor) and final (acceptor) states. That is, Eq.34 assumes the phonons 

created by the energy or electron transfer process have no frequency change, and are 

shared entirely between donor and acceptor state. For delocalized phonon the assumption 

of no frequency change is an excellent one. Eq.34 was used to calculate the electron 

transfer rate constant for a single reaction center (RC). 

(AE-Sa)^)' 

= 27cV'(1 -e"h[(27cS(or + 0)^))"'''e (35) 

A 
In the strong electron-phonon coupling limit (S >1), the rate constant for single RC can be 

approximated as 

_ (AE-S(o„)' 

kDA=2TtV^[(27iS(c5'+<))-"'e (36) 

where AE is the electronic energy gap and V is the electronic coupling matrix element 

between the donor and acceptor states. For a Gaussian distribution of AE values centered 

at AEQ, the average value for the rate is [14] 

<kDA>= 

2jtV^[27i(r-+S(a-+ co;))]-"'expKAEo -Sco„)V2[r^+S(a^+03, (37) 

where 2T is the width of the normal distribution for AE. As pointed out by Small et al. 
A 

[12,14] r2 and S(a  ̂+ co^) can be viewed as terms associated with inhomogeneous and 
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homogeneous broadening, respectively. In the case of 

S((j'+co^)»r' (38) 

the average rate constant (knA.) is simplified to 

(AE„-So>^)' 

< koA >= 27tV'[(27tS(c^+0)^)r"'e ] (39) 

That is, the kinetics are non-dispersive as indicated by (kn^) = k^  ̂(AE = AEQ ). Further 

application of Eq.37 in the high pressure studies of a Photosystem 11 reaction center will be 

discussed later in Chapter seven. 

3.2 Theory Of Molecular Excitons 

To illustrate the tiieory of molecular excitons, consider the case of a one-

dimensional array of N identical molecules which are located at a distance r from each 

other. TTie energy states of an isolated molecule are determined by 

where i corresponds to the ground state (i=0) or excited state (i=e) of the molecule. For 

simplicity, non-degenerate levels of the molecule are assumed. In the case of N molecules, 

Eq.40 is rewritten as 

where is the matrix element of interaction between molecules n and m. is the 

summation of all terms except n=m. The wavefunction of the ground state of the system of 

(H-E')(p'=0, (40) 

(41) 

n,m 
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N molecules can be written in the form of 

n=l 
(42) 

From first-order perturbation theory [15], the energy of the ground state of the system of 

N identical molecules is equal to 

where E° is the energy of the ground state of an unpertubed molecule. An excited state 

can be written in a similar manner if it is assumed that only one molecule is in an excited 

state. Then, for molecule at site n excited, one has 

where e denotes the excited state and (j)' is the excited state wavefunction with the 

excitation energy localized at nth molecule. It is clear from the pertubation theory that the 

wavefunctions of the excited states result in an N-fold degeneracy if the interactions among 

the states in which the excitation is at different sites are negligible. The first order energy 

correction of (1)° is 

(43) 

in(ni*n) 
(44) 

n.m 

(45) 

Eq.45 does not account for the interactions among the states. Furthermore, the states 

(Eq.44) are not stationary states of the system if there are nonvanishing matrix elements 

among these states. As shown in Eq.46, the interaction energy among states is 
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(46) 

To properly describe the coupling among states, the wavefunctions of the excited states are 

rewritten in the form of a linear combination of the states. Then 

(47) 

where \)/° represents the wavefunction of the delocalized excited state. In order to have a 

better understanding of the exciton theory, consider a model of two identical molecules 

coupled by an interaction V. The Hanailtonian of this system is simplified as 

H = Hi + H2 + V, (48) 

where Hi and are the Hamiltonians of the isolated molecules and V is the interaction 

operator between two molecules. As indicated by Eq.47, the wavefunction of the 

delocalized excited state is a linear combination of the localized wavefunctions with 

excitation energy localized at first and second molecules, respectively. Then 

Vi =aii(pi>2+a2i<Pi<P2 . (49) 

where y' represents the wavefunctions of the stationary excited states. i=l or 2 denotes 

the first or second stationary excited states of the system of two molecules. The 

wavefunctions of stationary states must be orthogonal to each other and normalized, i.e., 

they must satisfy the condition: 

Jvrxi/;d-c = 5... (50) 
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Substitution of Eq.49 into Eq.50 leads to the solutions: 

¥i =V*=;^((pr92 + 9i(pD (51) 

and 

(52) 

where and \j/~ are the wavefunctions of the excited dimer states. The first order 

energy correction of the excited states are 

The physical meaning of Eq.53 is explained as follows. The first two terms of the right 

hand side of Eq.53 represent the interaction energy between the excited molecule and its 

neighboring molecule. The third and fourth terms mean the excitation transfer between 

two molecules induced by the coupling term V and cause the dimer splitting or exciton 

splitting in the excited states. The energy difference between v/* and is 

^{[j9?tp2V9i92di: + /(pi<p2V<Pi<P2dx]±[/9i92V9i(P2dx+|(pi92V(Pi92di:]} • (53) 

AE = 2[J (p (̂p2V(p,(p^dT + J (pi(p^V(Pi'(p2dT]. (54) 

With reference to Eq.45-47, the physical meaning of Eq.47 can be explained as the 

excitation energy which is no longer localized at nth molecules (delocalized exciton). As 

discussed above, Eq.46 determines the exchange of excitation between the nth and mth 
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molecules. That is, M of Eq.46 reflects the excitation transfer time [16]. D of Eq.45 

represents the interaction of the excited nth molecule with all the other normal molecules 

[16]. The Hamiltonian for delocalized exciton is conveniently written as [16,17] 

HEX =E[(E.+E'D™)B:B. +2'M^B:BJ , (55) 
n m m 

where the operators and are the creation and annihilation operators for the nth site 

and is the excitation energy of an isolated molecule. Again D represents the interaction 

between the excited nth molecule and all other ground state molecules and M represents 

the excitation transfer from the nth molecule to the mth molecule. is a function of the 

lattice configuration by virtue of the fact that the matrix element and are. 

and may be decomposed into a power series of the displacement R relative to the 

equilibrium positions of the molecules. 

D„.(R) = D„„(0) + D„J1)+... (56) 

M„.(R) = M^(0) + M^(1)+... (57) 

where 

D™A) = X[R..(^)O+R».(^).] (58) 
•3R.. ° 3R.„ n(x met 

a. na 

and a respresents the six degrees of freedom of the molecules (three for translation and 
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three for rotation). Obtained from Eq.57 and Eq.58, the Hamiltonian of exciton-phonon 

coupling is written as 

HS-m = SI' b:B.X((R,.(^). + R.a(^).l (60) 

H ÎpH = XS' B:B„X[(Rna(^)o + R.a(|̂ )o] (61) 
n m a 

To have a clearer understanding, consider the case of two identical molecules, i.e., D 

(donor) and A (acceptor). As indicated in Eq.55, the Hamiltonian of the dimer for the 

delocalized exciton is written as 

H,, = 2E„ + Dj,̂ (B;BO) + D^J,(B:BJ + M„XBD + M^B^B  ̂. (62) 

D and A are identical molecules, so 

Dda = DAD = D (63) 

and MDA = M  ̂= M . (64) 

Substitution of Eq.63 and Eq.64 into Eq.62, we have 

Hex =2E„ + D(B^D + B:BJ + M(B;BD + B^BJ. (65) 

To illustrate the physical meaning of M, consider the operation of the creation and 

annihilation operators. 
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MB;BD1 D'A) = MB;I DA) = M| DA=) (66) 

and MB Î DA') = MB Î DA) = M| D'A) . (67) 

As revealed by Eq.66 and Eq.67, M represents the resonance-energy transfer matrix 

elements between two molecules, i.e., from D'A to DA®. 

The matrix element D determines the extent of the lattice distortion which may 

occur at and around a given excitation site (donor or acceptor). The excited and normal 

molecules act with different forces upon their neighbors. A change in the force of 

interaction between neighboring molecules upon the excitation of one molecule in the 

system sometimes may cause a displacement of molecules to new equilibrium positions. 

The displacement of the molecules may involve the distortion of the lattice. The 

displacement time (i:<j) of molecules from the old equilibrium positions depends on the 

change in the force of the interaction of a molecule with neighboring ones upon excitation 

of the molecule. With reference to Eq.58, the distortion arises from the first order term of 

D, that is, from 

The subscript 0 designates evaluation at the ground-state configuration. For simplicity, 

consider the case of a dimer system with strong dispersion coupling (D) which must be 

dealt with first before energy transfer (M) is considered. Note that the displacement of the 

molecules can be expressed as the ground-state phonon coordinate [17,18]. Then 

(68) 

(69) 
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where is the phonon coordinate associated with mode q. To reach the thermal 

equilibrium among exciton levels, downward energy cascading between exciton levels (\\r* 

and Vj/") is accompanied by emission of phonons (Davydov mechanism). To have a clear 

physical understanding, assume Qp to be the promoting mode. It is convenient to express 

the phonon coordinate in terms of creation and annihilation operators [17]. Then 

The interaction matrix element of downward energy cascading accompanied by the 

absorption of one phonon of the lattice takes the following form in the first order of 

perturbation: 

where m„  ̂and m„^+i represent the phonon states before and after absorbing one phonon, 

respectively. The first term represents the absorption of one phonon of the promoting 

mode, and the second term represents the downward energy cascading from \|/'*' to \|/~ 

state. In the case of a promoting mode of frequency cOp contributing to the process of the 

energy cascading, the enregy gap left for the delocalized phonons to fulfill is equal to 

(70) 

(71) 

AE' = AE-top . (72) 
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With reference to Eq.35 of section 3.1, the rate constant with the summation of all phonon 

modes is rewritten as 

 ̂= )(np+l)(l-e-^)[(2KS(o^+co^))-'«e ], (73) 
3Qp 2c0p '' 

where (—^)(n +1) is the transition probability of the promoting mode, as indicated in 
2co 

Eq.71. Further applications of Davydov mechanism in photosynthesis wiU be discussed in 

Chapter four. 

3.3 Theory Of Hole Profile 

Consider the absorption of light from the initial electronic state i leading to the final 

electronic state j. The absorption cross-section is written [19] as 

a(a) = l^li,ii)f6(Q-(E,„. -E,„)/ ft), (74) 
n n* 

where |j. is the dipole moment, n' and n denote the vibrational levels of the final and initial 

states, respectively. With the allowance for the homogeneous broadening, replace the delta 

function with a Lorentzian function 1„.„. Eq.74 is rewritten as 

a(Q) = -E,..)/«), (75) 

where a denotes the pnonon modes. With the Condon approximation, the matrix element 

in Eq.75 becomes 

l(j,n'|^li,n)f = |(jj^i|i)fl(n'ln)f (76) 
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Recall that |(n' |n)|̂  is the Franck-Condon factor, C?(n,n'), discussed in section 3.1. With 

the benefit of the Condon approximation, the theory of nondiabatic transfer can be utilized 

for the development of the theory of hole profiles. Substitution of Eq.76 into Eq.75 leads 

to 

<5(n)-X (77) 
a n n" 

To have a better physical feeling, consider a low temperature case (T-»OK), in which only 

the n=0 term is left. Eq.77 is rewritten as 

a(Q) - = 0'"' )lno(i2-(E.„,(78) 
a n' 

With reference to section 1.1, the Franck-Condon factor of the transition from n=0 to n' is 

given by a Poisson distribution. 

CPg-S 
C'(n = 0,n') = C'(p) = —- , (79) 

p! 

where p=n'-n is equal to n' at the low temperature limit. Substitution of Eq.79 into Eq.78 

leads to 

o(Q)-E (80) 
a p=0 P * 

The zero-phonon line (ZPL) frequency is a Lorentzian centered at \). v is defined as 

D = (E.o-E,O)/̂ . (81) 
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Substitution of Eq.81 into Eq.80 leads to 

(82) 

Because the frequencies of the phonons are close together, the sum ) of the 

Lorentzian functions becomes a smooth function of frequency with a one-phonon spectrum 

centered at "U+to„ and the n'-phonon centered at d + n' co .̂ Eq.82 is rewritten as 

where co  ̂ is the mean phonon frequency. The p values of 0,1,2,... correspond to zero-, 

one-, two-,... phonon transitions. The p-phonon lineshape (1^) is the result of convoluting 

one-phonon profile (Ij) p-times with itself. Note that the inhomogeneous distribution of 

various sites is not considered in Eq.83. Define the single site absorption profile in the low 

temperature limit [13] as 

The absorption spectrum is the integral (or summation) of the single-site absorption 

profiles with a Gaussian distribution of ZPL frequencies. Then 

a 

a(n) oc --u - pco„), ^ p! 
(83) 

L(î -u) = |; l̂p(Q--u - pa)„). 
 ̂p! 

(84) 

(85) 

where NO(d - "U^) is the distribution of ZPL frequencies centered at frequency and 

Ao(n) is the absorption spectrum before burning. Substitution of Eq.84 into Eq.85 leads 
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to 

Ao(Q) = |;^JdDNo(i)--uJl̂ (i2--u-pa)J. (86) 
p=0 P-

Let the laser intensity and the quantum yield of hole burning equal to I and <(), 

respectively. Then following a bum for time x [22] 

Nx('0-'U„) = No(\)-'u„)exp[-aI(l)xL(coB-D)] , (87) 

where cOg and o are the laser bum frequency and the optical cross section, respectively. 

The absorption spectrum following hole burning at a frequency cOg for a time z is written 

as 

A,(Q) = jda)N,(D-'uJL(Q-o) . (88) 

Substitution Eq.87 into Eq.88 leads to 

A^(Q) = J d-uNo(-u - 'U„)exp[-aI(t)xL(a)B - v)] 
 ̂p! •' 

xlp(Q-'D-pto„). (89) 

The hole spectrum H(Q) is obtained as the difference between the absorption spectra of 

after-bum (Eq.89) and pre-bum (Eq.86). 

H(Q) = A,(Q)-Ao(î ) (90) 

Eq.84 is the expression of the single site absorption profile valid in the low temperature 
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limit. To extend the theory of hole profile to arbitrary temperatures [20], begin with the 

general form of Franck-Condon factor [11,21] mentioned in previous section (section 3.1). 

FC = —r f(t)e-'̂ "Mt (91) 
Inh 

where f(t) = exp{-G+G+ (t) + G_ (t)} (92) 

G^(t) = XSa(na+l)e"-' (93) 
a 

G_(t) = Xs„nae-""-' (94) 
a 

G = G^(0)+G_(0) (95) 

G+ and G_ represent absorption and emission of one phonon [11], respectively. The 

parameter t is simply a dummy variable. As indicated in Eq.93 and 94, S+ = (n+ 1)S and 

S_ = n S correspond to absorption and emission of one phonon, respectively. At low 

temperature limit (n —> 0), only S+ (or G .̂) nonvanishes. The term of exp in Eq.92 can be 

viewed as muM-phonon processes as revealed in the expansion of a Taylor series. 

exp[G.+G.l = Xta±^r' 
.0 p! 

(p-p )!p ! 

Substituting Eq.96 into Eq.92 and Eq.91 and performing the integration gives 
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FC - f y [S.(ii.+l)l'-''[S.n.]'' 
(p-p')!p'! 

AF  ̂
Xg[—_+£o)jp-2p"]] (97) 

fi ~ 

In the case of low temperature (G_ 0), Eq.96 is rewritten as 

exp[G  ̂+ G_] 

= exp[GJ =5; -v51 
:o pi 

(98) 

Substituting n —> 0 and Eq.98 into Eq.92 and Eq.91, we have 

FC = e?°XX^5[~+pcoJ 
a P! 

-S''̂  S'' AE - /nr»\ = e +pco^]. (99) 
p=op5  ̂

Eq.99 shows that Eq.97 is reduced to the Poisson distribution at low temperature limit. 

That is, Eq.97 is the general form of Franck-Condon factor for arbitrary temperatures. In 

analogy to Eq.84, the delta function is replaced by a line shape function. The single site 

absorption profile for arbitrary temperature is written as 

(p-p')!p'! 

xlpp.(£2-u-(p-2p')G)J (100) 
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Consequently, following the same procedure as the case of low temperature (Eq.85-90), 

the equation of hole profile for arbitrary temperature is obtained. Applications of the 

theory of hole profile to photosynthesis will be discussed in later chapters (see chapter 5 to 

chapter 7) 
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CHAPTER 4 EXCITON LEVEL STRUCTURE AND DYNAMICS IN 

THE CP47 ANTENNA COMPLEX OF PHOTOSYSTEM H 

A paper published in J. Phys. Chem. 1994, 98,7717 

H.-C. Chang, R. Jankowiak, C. F. Yocum, R. Picorel, 

M. Alfonso, M. Seibert, and G. J. Small 

Abstract 

Persistent nonphotochemical and population bottleneck hole burning results 

obtained as a function of bum wavelength are reported for the CP47 proximal antenna 

protein complex of photosystem II. Attention is focused on the lower energy chlorophyll a 

Qy-states. Results are presented for the CP47 complex from two preparations. The Chi a 

content per CP47 complex was determined, spectroscopically, to be 14 ± 2. On the basis 

of the analysis of the hole spectra and the 4.2 K static fluorescence spectrum, the lowest 

energy state of CP47 lies at 690 nm (fluorescence origin at 691 nm). The width of the 

weak 690 nm absorption band from inhomogeneous broadening is 100 cm'̂ . The linear 

electron-phonon coupling of the 690 nm state is weak with a Huang-Rhys factor (S) of 

about 0.2 and a mean phonon frequency (cOm) of 20 cm'l, which explains why the Stokes 

shift (2S OJfri) is so small. The 690 nm state is found to be excitonically correlated with a, 

hitherto, unobserved state at 687 nm. However, the combined absorption intensity of the 

690 and 687 nm states was determined to be equivalent to only 1 Chi a molecule. Results 

are presented which illustrate that these two states are fragile (i.e. their associated 

chlorophyll a molecules are readily disrupted). Thus, it is possible that the correct number 
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of Chi a molecules is 2, not 1. Indeed, the simplest interpretation consistent with the hole 

burning data has the 687 and 690 nm states being associated with a Chi a dimer with the 

latter close to forbidden in absorption. The results indicate that the 687 nm state relaxes to 

the 690 nm state in about 70 fs. The zero-phonon holewidths for the higher integrity CP47 

samples are used to determine the energy transfer times for the higher energy absorbing 

states at 4.2 K. The absorption intensity of a previously identified state at 684 nm is found 

to vary from preparation to preparation. Diminution of the intensity of the 684 nm band is 

accompanied by increased absorption at -670 nm. This speaks to the fragility of the 

684 nm absorbing Chi a. Consideration of the nature of the 684 nm absorbing Chi a of 

CP47 is mainly reserved for the accompanying paper (Chang et al., J. Phys. Chem. 1994, 

98,7725) on the Dl-D2-cyt b559 reaction center and CP47-Dl-D2-cyt b559 complexes. 

I. Introduction 

Photosystem II (PS 11), which encompasses the oxygen-evolving apparatus of 

photosynthesis, possesses two antenna protein-chlorophyll a (Chi a) complexes, CP47 and 

CP43, which are proximal to the Dl-D2-cyt b559 reaction center (RC) [1]. Both appear 

to serve as conduits for excitation energy transfer from the distal and major Chi alb light-

harvesting complex (LHC-II) to the RC. Other smaller proteins (CP24, CP26, CP29) [1,2] 

may also be instramental in shuttling excitation energy from LHC-II to the RC. Along with 

Dl, D2, the extrinsic manganese-stabilizing protein and the a and (3 subunits of cyt b559, 

CP47 and CP43 and several low molecular weight proteins appear to be required for 

oxygen evolution (water splitting) within the PS II membrane [3]. 

During the past few years, we have been applying spectral hole burning 

spectroscopy [4,5] to a number of isolated complexes of PS 11. They include the D1-D2-

cyt b559 RC [5b,6-8], LHC-II [9], CP47 and CP47-Dl-D2-cyt b559. In this paper we 
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focus on CP47. The following paper is primarily concerned with the first and last of these 

complexes but relies on our new results for CP47. 

An x-ray or electron diffraction structure for CP47 has not been determined. The 

reported values for the number of Chi a molecules bound to CP47 range from 9 to about 

30 [10-14]. Hydropathy plots indicate that CP47 is comprised of six hydrophobic 

transmembrane spanning alpha helixes connected by five hydrophilic loops [1]. Of the total 

of 14 histidines, 12 belong to the transmembrane helixes. Histidine as well as other amino 

acids can provide ligands for binding Chi molecules. From the predicted membrane folding 

pattem of spinach CP47, it appears that the Chi a molecules bound to His residues are 

about equally divided into two layers near the stromal and lumenal boundaries of the 

membrane [1], 

There were three principal motivating factors for our studies of isolated CP47 

complexes. The first was to use the line nairowing and other attributes of hole burning 

[4,5] to obtain more detailed information on the Qy-exciton level structure and to study the 

energy cascading dynamics at liquid He temperature. (The lowest excited ̂ KK* state of 

chlorophylls is commonly referred to as the Qy-state.) Such dynamics in CP47 appears to 

have received scant attention. Nor is there any information on the extent to which the Qy-

states are excitonically correlated, i.e., share common Chi a molecules. The second factor 

stems from our earlier suggestion that [5b] contamination of the Dl-D2-cyt b559 RC 

complex by CP47 may be important to the solution of the problem of how many Chi a 

molecules the RC contains. Reported values range between 4 and 6, cf. Introduction to the 

accompanying paper [15]. The third factor was to characterize and determine the linear 

electron-phonon coupling and inhomogeneous broadening for as many of the Qy 

transitions as possible. Such information, along with Qy-state wavefunctions and energies. 
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is important for understanding the temperature-dependence and dispersive kinetics of 

energy transfer [16-19]. 

Earlier absorption and fluorescence studies of the isolated CP47 complex at low 

temperatures will be discussed in sections HI and IV. At this point we note only that the 

published low temperature absorption spectra shown some significant differences [20-23]. 

This motivated us to study CP47 samples from several preparations. The results for two 

are reported. 

n. Experimental 

CP47 protein complex was isolated from sugar beet oxygen-evolving PS n core 

complex by a modification of the method described in Ghanotakis et al. [24], Tris-washed 

core complex was suspended in 50 mM MES (pH 6.0), 150 mM NaCl, and 400 mM 

sucrose at 1.5 mg Chl/ml. The suspension was then mixed with an equal volume of 20 mM 

Tris-HCl (pH 6.0), 4 M Lia04, and 15% lauryl maltoside for 10 min at 4° C in the dark. 

The suspension was then dialyzed against 20 mM Bis-Tris (pH 6.0) for 2 h, and the 

dialyzed material was loaded onto a 1.6 x 6 cm Fractogel TSK-DEAE 650S (Supelco, 

Bellefonte, PA) column equilibrated with 20 mM Bis-Tris (pH 6.0) and 0.05% lauryl 

maltoside. The column was then washed with two column volumes of the above buffer 

(flow rate, 3 ml/min), and the bound green material was eluted with a 0-175 mM LiC104 

linear gradient (flow rate, 0.5 ml/min) in the same buffer. The green fractions with very 

low carotenoid absorption (i.e., fractions with similar absorbance at 490 and 630 nm) were 

pooled, dialyzed, concentrated using a 30 kDa cut-off membrane in a Diaflo ultrafiltration 

system (Amicon, Beverly, MA), and stored at -80° C until use. In one case 

(preparation II) the complex was further treated by loading it onto a 0.1-1.0 M sucrose 

density gradient in 20 mM Bis-Tris (pH 6.0) and 0.05% DM and centrifuging it at 185,000 



www.manaraa.com

59 

X g in an SW 41 Ti swinging bucket rotor (Beckman, Palo Alto) for 23 h at 4° C. The 

single green band was recovered from the gradient and stored at -80° C until use. The 

samples fi:om these two procedures will be referred to as CP47(I) and CP47(II), 

respectively. 

The apparatus used for the absorption and hole burning measurements was the 

same as described elsewhere [7,8,25,26]. Briefly, hole burning employed a Coherent 

CR699-21 ring dye laser (linewidth of 0.05 cm'l) pumped by a 6 W Coherent Innova 

argon-ion laser. Hole and absorption spectra were read with a Bruker HR120 Fourier 

transform spectrometer. All reported results were obtained for a sample temperature of 

4.2 K (convection cooling liquid helium cryostat). Hole buming conditions and read 

resolution are given in the figure captions. 

m. Results 

In the first half of this section we present results for CP47(I) samples which differ 

from preparation II (CP47 II) only in that an additional processing step was implemented 

for the latter, cf. section II. The 4.2 K absorption of CP47(I) is shown as the solid curve in 

frame A of Fig. 1. The fourth derivative of this spectrum, dashed curve, clearly identifies 

bands near 683, 677, 669, 666 and 660 nm. On the basis of a Gaussian deconvolution, 

with variable FWHM (full-width at half-maximum), van Dorssen et al. concluded that 

bands at ~693, 682, 675, 668 and 661 nm contribute to their 4.2 K absorption spectrum of 

CP47 [20]. Using a similar procedure Kwa et al. [23] assigned bands at 690, 682, 676, 

670 and 663 nm for CP47 at 77 K. In these works and ours, vide infra, the feature nearest 

690 nm is by far the weakest. It is to be appreciated, however, that such a deconvolution 

procedure is suspect when used to identify weak features which are not even partially 

resolved. In addition, the derivative spectrum suggests that two 
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Figure 1. Absorption and persistent nonphotochemical hole burned (NPHB) 
spectra of CP47 from preparation I, CP47(I). T = 4.2K. Frame A: absorption (solid 
curve) plus fourth derivative (dashed curve). Frame B: NPHB spectra (read resolution of 
4 cm"l) obtained with (a) A-g = 665 nm (Ig ~ 400 mW/cm ,̂ Tg = 4 min), (b) Xg 

= 682.6 nm (Ig ~ 400 mW/cm ,̂ Tg = 20 min) and (c) Ig = 695.0 nm (Ig - 250 mW/cm ,̂ 

Tg = 20 min). Percent absorbance changes at 687 nm in spectra a, b and c are 9,15 and 7, 

respectively. Spectrum d represents the difference between spectra a and c. 
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relatively weak bands at 687 and 690 nm (short solid arrows) may exist. Our hole burned 

spectra, vide infra, prove that there are two Qy-states of CP47 at 687 and 690 nm. The 

CP47 absorption spectmm of Fig. 1 is most similar to that of refs. [21,22]; the absorption 

shoulder at ~683 nm is about as pronounced while the absorption near 670 nm is less 

intense than the absorption at ~677 nm. The absorption spectrum reported in ref. 20 is 

quite similar to that shown later for preparation II (CP47(II)); in particular, the intensity of 

the ~683 nm is significantly diminished while the absorption near 670 nm is enhanced 

relative to the absorption near 677 nm. Thus, the low temperature absorption spectra of 

CP47 reported by different groups exhibit significant differences, differences that would be 

undetectable at room temperature. 

Nonphotochemical hole burning (NPHB) can often provide a higher resolution 

analysis of the structure underlying inhomogeneously broadened and poorly resolved 

absorption spectra of antenna complexes [4,5]. NPHB spectra of CP47(I) were obtained 

for several bum wavelength (^B)-values between 695 and 665 nm. Three are shown in 

frame B of Fig. 1 for = 665.0,682.8 and 695.0 nm. For these, and all other spectra 

obtained, the broad hole at 687 nm is dominant in integrated intensity. The width of this 

hole is ~170 cm'l [27]. A key finding is that it is produced even when A,b is much higher 

than 687 nm; see spectrum c where the ZPH (zero-phonon hole) at = 695 nm is 

170 cm"  ̂lower in energy than 687 nm. As argued in section IV, this spectrum is the result 

of hole burning in the lowest energy state at 690 nm which is excitonically correlated with 

the 687 nm state. Note that spectrum a of Fig. 1 (excited non-selectively at 665 nm) is 

much broader in the low energy range than spectrum c obtained with A-g = 695 nm. The 

difference between spectra a and c clearly accounts for the hole associated with the 690 nm 

state (see spectrum d). In each of the three hole spectra one can observe the blue-shifted. 
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broad and tailing anti-hole of the 687 nm hole which is the signature for NPHB of KK* 

excited states [28]. The rising part of the anti-hole interferes with the high energy side of 

the hole to produce some asymmetry in the 687 nm hole profile, see spectra a and c. In 

spectrum b there is also an interference from the pseudo-phonon sideband hole [5a,5c] 

Gocated by the arrow) associated with the ZPH. This feature can also be seen in 

spectrum c, just to the left of the ZPH at A-g. In spectrum b the real-phonon sideband hole 

[5a,5c] interferes with the anti-hole to yield the observed cusp-like feature just to the right 

of the ZPH. Such interference effects have been quite extensively studied in simpler 

systems [29]. Spectrum c and others obtained with A-g > 687 nm reveal that hole burning 

in the lowest energy state near 690 nm, vide infra, produces no pronounced satellite 

structure from the states responsible for absorption at wavelengths lower than 687 nm. 

Implications of this are considered in section IV. Important for what follows is a 

determination of the linear electron-phonon coupling of the 690 nm state. From 

spectrum c and others it was detennined that the mean phonon firequency cOm = 20 cm'l 

with a one-phonon profile width of ~30 cm'̂ . Using standard theoretical analysis [30,31] 

based on the intensity of the ZPH relative to the phonon sideband holes, it was determined 

that the Huang-Rhys factor S ~ 0.2. Thus, as in all other antenna protein complexes 

studied [5a,5b,9,32-37], the coupling is weak (S < 1), in sharp contrast to the primary 

donor state of the reaction centers of purple bacteria [38], PS I [39] and PS 11 [6]. 

Next, we consider the results of ZPH-action spectroscopy which has been 

successfully used to investigate the exciton level structure of B850 and B875 of 

Rhodobacter sphaeroides [36], B850 of Rhodopseudomonas acidophila [35] and the 

LHC-II peripheral antenna complex of PS II [9]. In this spectroscopy one determines the 

dependence of the ZPH-intensity on A-g under constant bum fluence conditions. The 
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results for > 679 run are shown in frame A of Fig. 2. From the raw data one observes 

that the action spectrum has a maximum near 684 nm. The tailing of this spectrum at low 

bum frequencies indicates the existence of another contribution. The dashed curves are the 

result of a deconvolution of the data (for > 682 nm) with two Gaussians, cf. figure 

caption. The maxima of the Gaussians are at 690 and 684 nm. Given that the results 

presented in Fig. 1 (frame B) establish that the 690 nm band is considerably weaker than 

the 687 nm band, the results of frame A in Fig. 2 indicate that the 687 nm state is, at best, a 

weak contributor to the observed ZPH. As mentioned, previous work had identified CP47 

absorption bands near 690 and 684 nm. Discussion of additional prior work pertinent to 

these two states is presented in section IV. At this point, however, it is necessary to note 

that, on the basis of 77 K triplet-singlet absorption spectra (often referred to as population 

bottleneck hole burned spectra), van Kan et al. [21] observed a state at ~683 nm which 

they associated with the shoulder in absorption at -683 nm, cf. Fig. 1. The transient triplet 

state bottleneck hole burned spectrum ( .̂g = 665 nm) shown in frame B of Fig. 2 is 

consistent with their result. Observed is a hole at 684 nm with an inhomogeneous width of 

120 cm"l (the observation of ZPHs, see frame A of Fig. 2, proves that the 684 nm band is 

inhomogeneously broadened). The work of van Kan et al. also reports an equally intense 

feature in the population bottleneck hole burned spectra at 670 nm. They concluded that it 

is most likely due to non-native Chi molecules produced by the isolation and/or sample 

handling procedures. We concur with this conclusion. In frame B of Fig. 2 a weak hole is 

observed near 670 nm (this hole is more pronounced for CP47(n), see frame B of Fig. 6). 

Its weakness establishes that the CP47(I) samples contain significandy less disrupted Chi 

than the samples used in ref. 21. (The samples of van Kan et al. also show enhanced 

absorption at 670 nm, the region where Chi monomers are expected to absorb, and 
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Figure 2. Zero-phonon hole (ZPH) action (frame A) and triplet bottleneck transient 
hole (frame B) hole spectra of CP47(I), 4.2 K. In frame A the data points are the ZPH 

intensities (for different X,g-values) obtained under constant bum fluence conditions. The 
dashed curves are from a Gaussian deconvolution of the low energy part of the action 
spectrum. The widths of the 690 and 684 nm Gaussians are 95 and 120 cm" .̂ In frame B 
the hole spectrum is of the triplet population bottleneck type obtained with Xg = 665 nm, 
Ig ~ 500 mW/cm .̂ The percent absorbance change at 684 nm is 4. 
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weaker absorption near 684 nm.) 

The triplet bottleneck hole burned spectra presented in Fig. 3 for Xg = 665, 684 

and 690 nm offer additional proof that the 684 nm band is inhomogeneously broadened. 

We note that the CP47 complexes in the glass are monodisperse, i.e., inter-complex energy 

transfer is negligible. This follows since the existence of a significant amount of CP47 

aggregates would lead to fluorescence from the 690 nm state that is red-shifted firom the 

absorption origin by more than 2S(0m. This is not the case, vide infra. The first of the 

above Xg-values provides excitation mainly of states higher in energy than the 684 nm 

state. Energy transfer from these states to the 684 nm state is expected to reveal the total 

inhomogeneous distribution of the 684 nm state given the spectral congestion at 665 nm 

and that the site excitation energy distributions of different states are largely uncorrelated 

[7]. Thus, the hole profile of curve c should be an accurate reflection of the 684 nm 

absorption band. For A-g-values in the vicinity of 684 nm both a subset of the distribution 

of 684 nm states and a distribution from the intense absorption due to 677 nm states are 

excited. For the former, only 684 nm states of the inhomogeneous distribution whose 

zero-phonon lines (ZPLs) in absorption lie lower in energy than Xg can be excited and, 

therefore, intersystem cross to the triplet population bottieneck state. Similarly, only 

677 nm state(s) of the inhomogeneous distribution whose ZPLs lie lower in energy than Xg 

can be excited. If energy transfer from the 677 nm to 684 nm state occurs, then energy 

conservation dictates that only 684 nm states with energy lower than Xg can be excited 

and, therefore, be involved in intersystem crossing. Thus it is that in curve b for Xg 

= 684 nm the hole exhibits abrupt termination at 684 nm. In curve a (Xg = 690 nm) only a 

very small low energy portion of the inhomogeneously broadened 684 nm band is active in 

population bottieneck hole burning. In consideration of the above it should be kept in mind 
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Figure 3. Transient triplet population bottleneck hole spectra of CP47(I) obtained 
for different bum wavelengths, 4.2 K. conditions: (a) Ig ~ 240 mW/cm ,̂ X-g = 690 nm; 

(b) Ig ~ 360 mW/cm ,̂ Xg = 684 nm; (c) Ig ~ 400 mW/cm ,̂ A,g = 665 nm. Percent 
absorbance changes are 3,5 and 4 in spectra a, b and c at 691,685 and 684 nm, 
respectively. Read resolution is 4 cm'̂ . 
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that members of a distribution whose ZPLs lie lower in energy than A-g are excited via the 

broad phonon sideband which builds on the ZPLs. This is the reason why pseudo-phonon 

sideband holes are observed, see Fig. 1 and refs. 5c, 30, 31 and 40 for detailed discussion. 

One last but important point is that triplet bottleneck hole burning of the 687 nm state is 

not observed, consistent with the 687 nm state having a very short lifetime, cf. section IV. 

The results of high resolution measurements of the dependence of the ZPH width 

on Xg are shown in Fig. 4 for CP47(I) (open circles). The widths (FWHM) given in 

Table I are for eight A-g-values ranging between 670 and 692 nm. The total dephasing 

times (T2), which were calculated from FWHM (cm'̂ ) = 2(nc T2)"  ̂[4], are also listed. 

The implied assumption that spectral diffusion makes a negligible contribution at 4.2 K to 

the holewidths is considered in section IV, as are the implications of the data for energy 

transfer dynamics and the rates of ZPH growth. 

We present next results for CP47 from preparation II. The results, shown in Figs. 5 

and 6, correspond to those in Figs. 1 and 2. The A-g-dependence of the ZPH widths for 

CP47(II) are shown as the solid circles in Fig. 4. From a comparison of frames A of 

Figs. 1 and 5 it is immediately apparent that the amplitudes for absorption near 684 and 

670 nm for CP47(II) are significandy diminished and enhanced, respectively, relative to 

those of CP47(I). Nevertheless, the NPHB spectra in frame B of Fig. 5 establish the 

existence of the 687 nm hole (state) identified for CP47(I). The 684 nm transient 

population bottleneck hole of Fig. 2 (frame B) is also observed, although with greater 

difficulty, see frame B of Fig. 6. Interesting is the comparison of the ZPH action spectrum 

of CP47(I), frame A of Fig. 2, with the corresponding spectrum of CP47(n), frame A of 

Fig. 6. This comparison, together with the absorption spectra of Figs. 1 and 5, strongly 

indicate that the significant reduction in the action spectrum of Fig. 6 near 684 nm 
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Figure 4. Homogeneous widths of the ZPHs of CP47(I), open circles, and 
CP47(II), solid circles at 4.2 K. Widths were obtained by fitting the ZPH profiles to a 
Lorentzian line shape. ZPH with a width of < 1 cm"  ̂were read with a resolution of 
0.2 cm'l. For the broader holes a resolution of 1.5 cm"l was used. 
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Figure 5. Absorption and persistent nonphotochemical hole burned spectra of 
CP47 from preparation n, CP47(II). T = 4.2K. Frame A: absorption (solid curve) plus 
fourth derivative (dashed ciu^^e). Frame B: NPHB spectra (read resolution of 4 cm"l) 
obtained with (a) X-g = 667 nm (Ig ~ 200 mW/cm ,̂ xg = 2 nun); (b) Xg = 682.5 nm 

(Ig ~ 280 mW/cm ,̂ Tg = 2 min); and (c) Xg = 689.2 nm (Ig ~ 80 mW/cm ,̂ tg = 13 min). 
Percent absorbance changes at 687 nm in spectra a, b and c are 5,4 and 3. In each 
spectrum the ZPH is coincident with A,g. 
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Figure 6. Zero-phonon hole (ZPH) action (frame A) and triplet bottleneck transient 
(frame B) hole spectra of CP47,4.2 K. See Fig. 2 caption. The Gaussian profiles in 
frame A at -690,684 and 678 nm have widths of 95,120 and 120 cm'̂ , respectively. 

Frame B: A-g = 667 nm (Ig - 800 mW/cm ,̂ read resolution = 4 cm'l). Percent 
absorbance change at 684 nm is 1.4. 
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correlates with the diminution of the 684 nm band in the absorption spectrum of CP47(II). 

Also interesting is the ̂ g-dependence of the ZPH width for CP47(II), Fig. 4 (solid circles), 

which is to be compared with the dependence for CP47(I) shown in the same figure. The 

rate of increase of the ZPH width with decreasing for CP47(n) is much slower than for 

CP47®. For CP47(II) there is a much smaller contribution from the 684 nm band (state), 

as expected. Equally important is the observation that the hole widths for Xg < ~680 nm 

are significantly narrower for CP47(II) than CP47(I). For example, for Xg ~ 670 nm the 

holewidths for the former and latter are 0.6 and 4.8 cm" ,̂ respectively. Moreover, the 

ZPH burning rate (for Xg < ~678 nm) of CP47(n) was observed to be greater than for 

CP47(I). This is illustrated by the two hole spectra in Fig. 7. Thus, it is apparent that the 

ZPH holewidths of CP47(II) for < ~680 nm do not accurately reflect the dynamics of 

fully functional Chi molecules (states). 

To conclude this section we present results which pertain to the Chi a content of 

CP47, the number of Chi a molecules per complex associated with the 690 and 687 nm 

states and contamination of the CP47(I) samples by the Dl-D2-Cyt b559 RC complex of 

PS II. We consider these problems in reverse order. 

The absorption spectrum of CP47 from Fig. 1 was compared with the absorption 

spectrum of a Dl-D2-cyt-b559 complex containing 4 Chi a and 2 pheophytin a 

molecules [15]. Following the spectroscopic procedure described below for determination 

of the Chi a content of the CP47 complex, it was found that the contamination of CP47(I) 

by the RC complex is less than 10% on a complex basis. However, the absorption 

spectrum of CP47(I) corrected for 10% contamination by the 4 Chi a-RC was found to be 

essentially identical to the absorption spectram shown in frame A of Fig. 1, and 

SDS-PAGE did not identify RC proteins in the CP47 sample (data not shown). Thus, we 
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Figure 7. Persistent nonphotochemical hole burned spectra of CP47(I) (curve A) 
and CP47(n) (curve B), 4.2 K. Conditions: (A) Xg = 665 nm, Ig ~ 700 mW/cm ,̂ x 

B = 2 min; (B) X.b = 667 nm, Ig ~ 200 mW/cm ,̂ Xg = 3 min. Absorbance change of ZPH 
in spectra A and B is 0.0008 and 0.002, respectively. Read resolution = 4 cm"l. 
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believe that there is very little RC contamination of our CP47 complex. 

The hole burning results presented above confirm the existence of the 690 nm state 

and identify, for the first time, an excitonically correlated state at 687 nm. The 690 nm 

absorption band is inhomogeneously broadened with Finh ~ 100 cm'̂ . Since ZPHs 

associated with the 687 nm state were not observed, a direct determination of Fujj for the 

687 nm absorption band is not possible. However, the hole burning data for the B800-

B850 and B875 antenna protein complexes of Rb. sphaeroides [35] indicate that Fjjjji for 

the 687 nm state should be similar to the value of ~ 100 cm"  ̂ for the 690 nm state 

since the two are excitonically correlated. In view of the results for the Rb. sphaeroides 

complexes and the FMO complex of P. aestuarii [33,41], the E^HM of the 687 nm band 

can be expected to be greater than 100 cm"l due to ultra-fast relaxation from the 687 to 

690 nm state. A relaxation time of 100 fs corresponds to a homogeneous broadening (F 

hom) of 50 cm" ̂ . It was also determined that the 684 nm band is inhomogeneously 

broadened with a Fjĵ h-value of 110 cm" .̂ Given the above results it was deemed 

justifiable to use them for a deconvolution of the low energy region of the CP47 absorption 

spectrum (A, > ~683 nm). For A, > 683 nm the contribution from the intense band at 

677 nm should be minimal. The only adjustable parameters used were the peak intensities 

of the 690, 687 and 684 nm bands and the aforementioned homogeneous broadening 

contribution to the FWHM of the 687 nm band. The results of this procedure, which yields 

a good fit to the low energy region, are shown in Fig. 8. Note the weakness of the 690 nm 

band relative to the 687 nm band which explains why the 690 nm state does not at all stand 

out in the non-line narrowed NPHB spectra (see, for example, spectrum a of frame B, 

Fig. 1). The FWHM of the 687 nm band is 180 cm'̂  which, with FWHM ~ Fĵ h + Fhom 

and Fy  ̂-100 cm'l, leads to F^om " 80 cm'̂ , corresponding to a Tj relaxation time for 
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Figure 8. A deconvolution of the low energy region of the CP47(I) absorption 
spectrum based on hole burning results. See text for discussion. 
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the 687 nm state of 70 fs. The deconvolution also allows for a determination of the %-

contribution from the 690 and 687 nm states to the total Qy-absorption of CP47. The 

value determined is 7% (the CP47 absorption spectrum was terminated at A, = 657 nm in 

order to exclude vibronic transitions which build on the intense 677 and 669 nm origin 

bands). 

In order to convert this %-contribution into the number of Chi a molecules 

associated with the excitonically related 690 and 687 nm states it is necessary to know the 

number of Chi a molecules/CP47 complex. Literature estimates of this number range from 

9 to 30 [10-14,23]. In view of the disparity in these numbers we determined a value on the 

basis of the low temperature absorption spectra of the Dl-D2-cyt b559 RC and CP47-D1-

D2-cyt b559 complexes. Experimental details concerning the isolation of these complexes 

are given in the following paper. These two spectra are presented in Fig. 9 with the lower 

being that for the Dl-D2-cyt b559 RC. The relative intensities of the two spectra were 

determined by normalization of the Q^-band of pheophytin a in both samples to the same 

intensity, see insert. We note again that CP47 is devoid of pheophytin a. The Qy-

spectrum of the RC is for a sample for which pigment analysis [15] yielded 4 Chi a 

molecules / RC. The Qx-band of Pheo a for the 4 Chi a-RC is identical to those for 

preparations containing 5 and 6 Chi a molecules [15]. These Chls and the two 

pheophytin a molecules of the RC can, to a first approximation, be assumed to have the 

same Qytransition dipole strengths [23]. Subtraction of the lower from the upper 

spectrum yielded a CP47 spectrum in good agreement with that shown in Fig. 1. The 

integrated intensity of the difference spectrum relative to that of the Dl-D2-cyt b559 RC 

led to a value of 14 ± 2 Chi a molecules per CP47 complex, in good agreement with the 

value 13-15 recently reported by Kwa et al. [23]. The estimated uncertainty in our value 
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Figure 9. Absoiption spectrum of CP47-Dl-D2-cyt 5559 RC (curve a) and Dl-
D2-cyt 5559 RC complexes, 4.2 K (curve b). The inset shows the Qx-band of Pheo a at 
543 nm for both complexes normalized to the same intensity. See text for discussion. 
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stems from the assumption that the Qy-transition dipole strengths for Chi a and 

pheophytin a are equal. Given that the 690 and 687 nm states contribute 7% of the total 

CP47 absorption, vide supra, these two states have the equivalent of 1 Chi a molecule per 

complex associated with them. 

rV. Discussion 

A. The 690 And 687 nm States 

The results presented here confirm the existence of a very weakly absorbing state of 

CP47 near 690 nm. Slight, ~l-2 nm, differences in the wavelength of this state reported 

may be due to the uncertainties in deconvolution procedures used and the fact that the 

isolation procedures and cooling rates employed are not identical. The low temperature 

fluorescence of CP47 complex has also been studied [20,22,42]. Vacha et al. and 

Carbonara et al. reported that the isolated fluorescence origin lies at ~691 nm while 

van Dorssen reported a value of 693 nm. However, the latter value is within 1 nm of the 

wavelength for their lowest energy absorption band. We determined that the lowest energy 

fluorescence origin for CP47 (preparation I) at 4.2 K lies at 691 nm (not shown but 

essentially identical to that given in the following paper for the CP47-Dl-D2-cyt b559 

complex). For the situation at hand, where inter-complex energy transfer in the 

cryomedium is negligible, and in the low temperature limit, the Stokes shift between the 

absorption and fluorescence origins is given by 2S<Bfji [30], where cOfu is the mean phonon 

frequency. In section III it was determined that 0)  ̂= 20 cm'l and S  ̂0.2. These values 

lead to a predicted Stokes shift of only 0.4 nm. Thus, one can quantitatively understand 

the very small Stokes shift for the 690 nm state in a manner previously done for the FMO 

complex of P. aestuarii [33,41] and the LHC-II Chi a / Chi b peripheral antenna complex 

of PS II [8]. We conclude that the weakly absorbing 690 nm state is the lowest energy 
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state of the CP47 complex. 

The NPHB data, Fig. 1, establish the existence of a new state at 687 nm. The 

observation that hole burning with a ̂ ,3 as high as 695 nm, spectrum c of Fig. 1, produces 

a pronounced hole from the 687 nm state is important (Xg = 695 nm is in the low energy 

tail of the 690 nm state, 170 cm"  ̂lower in energy than 687 nm). This behavior is very 

similar to that which has been observed from burning into the lowest energy state of the 

FMO antenna complex [33], and the B850 and B875 antenna bands of Rb. sphaeroides 

[36,37]. As discussed in greatest detail in ref. 33, this behavior is expected when the 

lowest energy state is excitonically correlated with one or more higher energy states of the 

complex. Most recently the upper dimer component of the special pair of the Rps. viridis 

was definitively assigned on this basis [25,38]. In the present case the excitonic 

relationship means that the 690 and 687 nm states are delocalized in the sense that they 

share at least two Chi a molecules. The question of how many Chi a molecules are 

needed to explain the relatively low integrated absorption intensity needs to be addressed. 

In the previous section we reported a value of 14 ± 2 Chi a molecules per CP47 complex 

on the basis of comparison of a 4.2 K absorption spectrum of the CP47-Dl-D2-cyt b559 

complex with the 4.2 K absorption of a Dl-D2-cyt b559 RC complex with 4 Chi a 

molecules. Kwa et al. [23] recently utilized low temperature absorption spectra of these 

two complexes to determine a value for the Chi a content of 13-15. Although their 

procedure is slighdy different (they did not utilize the Qx-band of pheophytin a as we do), 

a comparison of their Qy-absorption spectra with ours has led us to conclude that their 

analysis is consistent with ours. On the basis of this number and the results in Fig. 8, the 

number of Chi a molecules associated with the 690 and 687 nm state is 1 Chi a molecule 

per complex, vide supra. This poses a problem since one needs a minimum of a Chi a 
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dimer to explain the hole burning results. We consider, therefore, the possibility that the 

value of 1 Chi a is an underestimate. First, an unstated assumption in the determination of 

this number is that CP47(I) represents perfect CP47. This is highly questionable even 

though it was established, in section in that CP47(I) contains less disrupted (or partially 

dysfunctional from an energy transfer point of view) Chi a absorbing near 670 nm than 

CP47(II). It was pointed out that CP47(II) has less 684 nm absorption than CP47(I) and 

that this reduction is accompanied by an increase in absorption near 670 nm. It was also 

found that CP47(II) has less absorption from the 690 and 687 nm states. For example, 

whereas the ZPH could be observed for the 690 nm state of CP47(I) for Xg as high as 

695 nm (cf. frame B of Fig. 1), it was not observed for CP47(II) for A-g > ~690 nm (for a 

sample whose maximal absorbance at 677 nm was nearly the same as for CP47(I)). In 

short, the intensities of the 690, 687 and 684 nm bands are easily perturbed as is the 

intensity of absorption near 670 nm. If only 5% of the absorption near 670 nm is due to 

disrupted Chi a molecules, which were originally associated with the 690/687 nm states, it 

foUows that in perfect CP47 the number of Chi a molecules associated with these states 

could be as high as 2. 

B. Zero-Phonon Holewidths, Hole Growth Rates And Energy Transfer Dynamics 

A quantitative theory for the overall hole profile (ZPH plus phonon sideband holes) 

was first developed in 1988 [30]. It has been successfully tested against the hole spectra of 

the primary donor state of bacterial and green plant RC [6,38,39]. The absorption at 

frequency Q following a bum at frequency OJg of duration x into an inhomogeneously 

broadened absorption band of an electronic state is given by 

A^(£2) = J dv No(v - Vn,)L(£2 -v) exp- [aI(})xL(o)B - v)]. (1) 
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where I is the bum laser spectral intensity, v is the ZPL absorption frequency of a single 

site of the inhomogeneous distribution described by a Gaussian, NQ, centered at Vm- L is 

the absorption lineshape function for a site with a ZPL frequency v. It describes the 7PL 

(a Lorentzian) plus its phonon sideband and has a precise mathematical form which need 

not concern us here since we focus only on the ZPH. For the ZPH one has cog = v and it 

follows (for a suitably narrow bum laser) that the rate of ZPH growth is governed by exp-[ 

oP(|)x], where a is the peak absorption cross-section of the ZPL, P the photon flux, and ̂  

the hole burning quantum yield. (({) = k/(Twith k the rate constant for hole burning 

and Ti is the lifetime of the excited electronic state.) For NPHB, k «(Ti)"l even for 

as long as a few nanoseconds [43]. To understand how the ZPH growth rate depends on 

Ti and pure dephasing one recalls that (T2)"  ̂= (2Ti)"l + (T2*)'̂ , where T2 andT2* are 

the total and pure dephasing times respectively, and that a, in the induced absorption rate P 

a, is proportional to T2. The pure dephasing is due to chromophore-bath interactions and 

is well known to vanish in the limit as T —> 0 K. For simplicity we assume this limit 

(T2 = 2T1) and consider the ZPH growth rates for two states, one that has a 1 ns lifetime 

and the other a lifetime of 1 ps. The assumption that the hole burning rate constants (k) in 

a complex are about equal is also made. It follows that the growth rate for the 1 ps state is 

about six orders of magnitude slower than that for the 1 ns state. Put another way, for a 

fixed bum time T a six order of magnitude higher bum flux is required to bum a ZPH for 

the 1 ps state as deep as the ZPH for the 1 ns state. A less obvious lesson from this simple 

calculation is that one must beware of non-native or partially dysfunctional Chi molecules 

produced during complex isolation and handling. This is why in section III we concluded 

that the ZPH widths of CP47(II) for A-g lower than the region encompassed by the 690 nm 
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state cannot be relied on to yield meaningful information on energy transfer dynamics of 

CP47, see Fig. 4. On the other hand, the ZPH widths for CP47(II) are probably too large 

to be attributed to totally dysfunctional (in energy transfer) Chi a molecules with a of a 

few ns since, at 4.2 K, the pure dephasing contribution to the widths should be much 

smaller than 1 cm"  ̂[44,45]. Furthermore, we do not observe anything close to a six order 

of magnitude difference in the growth rates for CP47(I) and CP47(II) in the vicinity of 

670 nm. Thus, the disrupted Chi a molecules are still associated with the complex and are 

quite active in energy transfer. 

The remainder of the discussion will center around the results for CP47(I). We 

consider first the 687 nm state. The absence of ZPH for this state is consistent with (but 

does not prove) that its lifetime (Ti) is ultra-short (relative, for example, to that of the 

684 nm state for which ZPH are readily observed). Although the determination of 70 fs for 

Ti of the 687 nm state given in section III is rather crude, we consider such a T j-value 

physically reasonable given that the 687 nm state lies only 63 cm'l higher in energy than 

the 690 nm state with which it is excitonically correlated. In the FMO complex of 

P. aestuarii there is a dense manifold of exciton levels, involving 21 BChl a molecules, 

with adjacent level spacings of a few tens of cm'l. NPHB data established that the higher 

energy exciton levels undergo downward energy cascading in -100 fs at 4.2 K [33]. Such 

ultra-fast relaxation has recentiy been confirmed by femtosecond spectroscopy [46]. As 

discussed in this reference, FQrster theory is not applicable since, in the low temperature 

limit, the level spacings are larger than the pure dephasing frequencies of the exciton levels. 

Cascading occurs by the so-called Davydov mechanism [47] which involves emission of 

phonons, the most effective of which should be librational since modulation of the Chl-Chl 

dipole-dipole interactions is required [48]. Such ultra-fast exciton level relaxation by the 
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Davydov mechanism is known to occur in aromatic organic crystals at low temperatures 

[48-50]. The above physics was used to qualitatively explain why the B850 and B875 

antenna bands of Rb. sphaeroides are predominantly homogeneously broadened at 4.2 K 

[35-37]. Thus, ultra-fast 687 nm ~> 690 nm inter-exciton level relaxation could be 

expected. 

The production of ZPHs through the spectral regions of the 677 and 669 

absorption bands. Figs. 1 and 4, indicates that these bands are largely inhomogeneously 

broadened. From Fig. 4 and Table I we see that the ZPH width increases significantly with 

decreasing All observed widths are at least an order of magnitude greater than that 

expected from pure dephasing / spectral diffusion of an isolated chromophore in 

amorphous hosts at 4,2 K [4,5]. In addition. Boxer et al. [51] measured a ZPH width at 

4.2 K of 0.03 cm'̂  for 2dnc pyrochlorophyllide in apomyoglobin and Gillie et al. [52] 

measured widths of the same value for Chi a in PS I core antenna samples degraded by the 

harsh detergent Triton X-100. Thus, we believe that the larger ZPH widths in Table I 

probably reflect the dynamics of the initial phase of energy cascading in CP47(I). If the 

ZPH widths at 670 and 675 nm were to be assigned to downward cascading of the 677 and 

669 nm states, the rate constants would be (2.2 ps)"  ̂and (3.2 ps)" ,̂ respectively. 

Before turning our attention to the ZPH widths associated with the 690 and 684 nm 

bands, it should be noted that the weak shoulder at 661 nm in the absorption spectrum of 

CP47(I), Fig. 1 may be due to vibronic transitions building on the intense 677 and 669 nm 

origin bands, rather than another electronic state. 

From Fig. 4 and Table I one observes that the ZPH width levels off at 0.4 cm'l in 

the region of the 690 nm state. When viewed as homogeneous, this width corresponds to a 

total dephasing time (T2) of 50 ps, which is much shorter than the measured lifetime of 
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Table 1 

Excitation ZPH Width 
Wavelength (nm) (cm"l) T2(ps) 

670 4.8 4.4 
675 3.3 6.4 
680 2.1 10 
682 1.4 15 
684 1.1 19 
688 0.47 45 
690 0.39 54 
692 0.40 53 
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1 ns (77 K) for the long wavelength state [53]. By way of comparison, the 4.2 K 

holewidth for the lowest exciton levels of the FMO complex of P. aestuarii [38,39], the 

B800-B850 and B875 complexes of Rb. sphaeroides [35,36] and the LHC-II Chi a/Chl b 

complex of PS n [9] are also large (0.5 to 3.2 cm l̂, depending on the complex). 

However, these complexes are a C3-trimer of chemically identical subunits which seems an 

unlikely possibility for CP47 [1]. (One interpretation offered in ref. 36 for large ZPH 

widths / fast dephasing is that they are associated with scattering/trapping of a subunit 

excitation with the other two subunits.) Thus, if the ZPH width of 0.4 cm'l is due to 

dephasing an alternative mechanism is required. To this end temperature-dependent 

studies may prove informative and are planned. 

C. The 684 nm State 

The present work on CP47 establishes that the intensity of the relatively weak 

684 nm absorption band is variable from one preparation to another. Diminution in its 

intensity by purification appears to be accompanied by an increase in absorption near 

670 nm from disrupted Chi a molecules which can be dominant in 2ero-phonon hole 

buming, see Fig. 4. In the following paper [15], it is proven that a 684 nm band appears as 

a low energy shoulder of P680 which is the primary donor absorption band of the D1-D2-

cyt b559 RC complex. These results and those for the CP47-Dl-D2-cyt b559 [15] and 

CP47 complexes raise the possibility that the 684 nm state is due to linker chlorophyll [3] 

associated with the entire core complex of PS II. This possibility and other interpretations 

ate considered in the accompanying paper [15]. 

From Fig. 4 and Table I the ZPH width at 684 nm corresponds to a Tj-relaxation 

time of 10 ps at 4.2 K. For CP47 complexes that do possess the 684 nm Chi a a possible 

relaxation pathway for the 684 nm state is to the 687 nm state of CP47, which lies only 
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60 cm"l lower in energy. 
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CHAPTER 5 ON THE QUESTION OF THE CHLOROPHYLL A 

CONTENT OF THE PS H REACTION CENTER 

A paper published in J. Phys. Chem. 1994,98,7725 

H.-C. Chang, R. Jankowiak, N. R. S. Reddy, C. F. Yocum, 

R. Picorel, M. Seibert, and G. J. Small 

Abstract 

Isolation procedures have led to chlorophyll a (Chi a) contents for the 

photosystem 11 reaction center that range between about 4 and 6. Since this content for 

the bacterial RC is 4, the nature of the "extra" Chi a in PS IIRC preparations containing 

more than 4 Chi a molecules is of considerable interest. Absorption and triplet bottleneck 

hole spectra (4.2 K) are reported for RC preparations containing 4,5 and 6 Chi a 

molecules. The results show that the extra Chi a are due to 684 nm absorbing Chi a, CP47 

contamination and, probably, also non-native Chi a absorbing near 670 nm. Thus, RC 

preparations with higher Chi a content are heterogeneous, containing 4 Chi a-RC, 

4 Chi fl-RC with bound 684 nm Chi a, CP47-RC, etc. The lifetime of the primary electron-

donor state (P680*) of the 4 Chi a preparation, which contains very little 684 nm Chi a 

(~5% on a Chi a basis), was 1.9 ps at 4.2 K. This is identical to our previous 

determinations for higher Chi a content RC and CP47-RC samples. Thus, the 684 nm 

Chi a appear to play no role in primary charge separation. The 684 nm Chi a are extremely 

vulnerable to the ionic detergent TX-100 (much more so than P680) and, when denatured, 

absorb at ~670 nm. It can be concluded that the 684 nm band is not the dimer parmer of 
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P680 or due to gross heterogeneity (i.e., the 684 nm band is not P684 of a distinctly 

different subset of the RC population). Interestingly, the intensities of the 684 nm band 

observed for the CP47 complex (Chang et al., J. Phys. Chem. 1994, 98,7717) and the 

CP47-RC complex are also sensitive to the details of the isolation procedure. The hole 

burning characteristics and fragility of the 684 nm band appear to be quite similar for the 

three complexes. Two possibilities are considered: that the 684 nm Chi a are of the linker-

type associated with the entire Chi a complex; or that both CP47 and the RC possess an 

intrinsic 684 nm state. A theoretical analysis of the bum wavelength dependence of the 

P680 hole spectra of the 4 Chi a preparation is given. In agreement with our previous 

work (Jankowiak et al. ,J. Phys. Chem. 1989,93,1649), the linear electron-phoncn 

(protein) coupling is as strong (S = 2) as that observed for P870 and P960 of the bacterial 

RC. However, the special pair marker mode (125-145 cm"^) progression of P870 and 

P960 of the bacterial RC is essentially silent in P680. This, together with the observation 

that the weakly absorbing, upper dimer partner of P680 lies only 300 cm'l higher in 

energy, further establishes that the special pair of the PS II RC has a structure which is 

significantiy different than in the bacterial RC. The question of which two Chi a molecules 

of the 4 Chi a-RC constitute the dimeric primary electron-donor is considered as are 

structural models for P680. 

1. Introduction 

The isolation of the Dl-D2-cyt b559 reaction center (RC) complex of 

photosystem II (PS II) from higher plants by Nanba and Satoh [1] led to a substantial 

number of ultra-fast time domain and spectral hole burning studies of its primary charge 

separation and energy transfer properties (see Renger [2] and Seibert [3] for thorough 

reviews). The increased activity was also motivated by the availability of the x-ray 
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structure for the RC of Rhodopseudomonas viridis [4,5] since there is considerable 

homology between the L and M proteins of the bacterial RC and the D1 and D2 proteins 

[5,6]. The former bind the two bacteriochlorophyll (BChl) molecules of the special pair, 

two accessory BChl molecules, two bacteriopheophytin and two quinone molecules. It is 

the lowest excited Qy-state of the special pair (P*) which is the primary electron donor 

state of the bacterial RC [7]. The original preparation of the PS n RC was reported to 

contain 4-5 Chi a and 2 pheophytin a (Pheo a) molecules with the two quinone molecules 

of the RC lost during isolation [1]. 

Aside from the unavailability of an x-ray structure for the PS 11 RC, there are other 

reasons why an understanding of its electronic structure and transport properties is 

considerably more difficult than for the bacterial RC. The first is related to spectral 

congestion; the Qy-absorption spectrum of the PS II RC, Fig. 1, spans only about 

500 cm'l, which is over a factor of 4 smaller than for the bacterial RC. Whereas all six 

Qy-state absorption bands of the RC of Rps. viridis have been resolved at 4.2 K [8], only 

two bands are apparent in the spectra of Fig. 1. Thus, in time-domain experiments on the 

PS n RC selective excitation of a particular state is far more difficult to achieve, especially 

at room temperature. The second reason has to do with material characterization. The 

PS n RC is considerably more fragile than the bacterial RC [3]. Recognizing that the RC 

isolated by the procedure of Nanba and Satoh (which relies heavily on the Triton X-100 

(TX-lOO) detergent) is unstable, several groups developed procedures which led to 

significantly enhanced stability [3]. For example, in earlier work [9] we studied samples 

prepared by the procedures of McTavish et al. [10] and Dekker et al. [11]. Whereas the 

former includes modifications to the original Nanba/Satoh procedure designed to remove 

and replace excess TX-lOO with the milder nonionic lauryl maltoside detergent, the latter 



www.manaraa.com

92 

700 690 

WAVELENGTH (nm) 
680 670 660 

/ / 
i\  

I 
•\ 
* V 

% \ 
% \ 
% \ 
% \ 

1 « \ 
% \ 

A; 
% ^ 
* V 

1 % % 

1 * ' 
% 

/'• « 

h 1 
* ̂  h * V 

h % \ % X 

! 
* V 

•\V 
a / /  y f.' 

14400 14800 15200 

WAVENUMBERS (cm"'') 

Figure 1. Low temperature (4.2 K) absorption spectra of three different PS 11 RC 
samples (see text for discussion). 
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avoids the use of TX-lOO throughout the isolation procedure subsequent to the preparation 

of PS Il-enriched membrane fragments. It was shown, by spectral hole burning, that the 

charge separation and energy transfer dynamics of the two preparations are very similar 

[9]. It was also shown that the addition of TX-lOO to the glass-forming solvent markedly 

perturbs the low temperature absorption spectrum [12] and disrupts energy transfer within 

the RC [12]. Interestingly, the primary charge separation kinetics associated with P680*, 

the primary donor state, were found to be unaffected by TX-lOO. The addition of the mild 

detergent lauryl maltoside to the solvent had no effect on the absorption spectrum or 

primary charge-separation kinetics of the RC. 

While the lessons of the above and other [3] related works are important, they do 

not touch upon the important question of the correct number of Chi a molecules belonging 

to the PS 11 RC. As reviewed in ref. 3, biochemical analysis has shown that RC 

preparations with an average Chi a content between about 4 and 6 can be achieved. If it is 

assumed that the correct number is 4 (in analogy to the bacterial RC), then the additional 

2 Chi a in a 6 Chi a preparation should be expected to affect the energy transfer dynamics. 

(Since the P680* lifetime for the CP47-RC complex is the same [13] as that for the isolated 

RC complexes which have been studied, it seems unlikely that the additional 2 Chi a 

molecules have a significant effect on primary charge separation.) The additional Chi a 

molecules should also alter the low temperature absorption spectrum of the 4 Chi a-RC. It 

is the case that the published 4.2 K absorption spectra of the PS n RC exhibit some 

significant differences; e.g., the depth of the valley at 676 nm and the relative intensity of 

the ~680 and ~670 nm bands (see Fig. 1 for examples). However, the actual Chi a 

contents of the RC samples studied were not determined. Thus, the absorption 

characteristics and nature of the "extra" Chi a molecules could not be adequately assessed. 
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An additional complication is that the inhomogeneous broadenings of the Qy-absorption 

bands may vary somewhat between samples due to the fragility of the RC. Non-native 

(dysfunctional to some degree) Chi a molecules may contaminate the spectrum at ~670 nm 

as reported on in the preceding paper [14] for the CP47 core antenna complex. 

In this paper we report the results of 4.2 K absorption and hole burning studies on 

PS II RC samples containing 4,5 and 6 Chi a molecules. For an inteî pretation of the 

spectra it proved necessary to study different preparations of the CP47 complex (see 

accompanying paper [14]) and the CP47-RC complex. Results for the last complex are 

also presented here. Taken as a whole, the results allow for investigation of the 

suggestions that CP47 contamination [14] and linker Chi a molecules [3] are responsible, 

to a considerable extent, for the additional Chi a in RC preparations containing more than 

4 Chi a molecules. The data also speak to the question of the correct number of Chi a 

molecules in the Dl-D2-cyt b559 RC complex. The transient triplet-population bottieneck 

hole burned spectra reported here for the 4 Chi a-RC preparation are also used to address 

the question of whether or not the primary electron-donor is a special pair or a monomer. 

The literature on this question has been recentiy reviewed [2,3] and will be discussed in 

section IV. What is clear from these works is that, if P680 is a dimer, its monomers are 

much more weakly interacting than in the special pair of the bacterial RC. Hole burning 

experiments on the RC of Rps. viridis [8,16] and Rb. sphaeroides [17] led to a zero-point 

level dimer splitting of 1900 and 1300 cm'̂  at 4.2 K, respectively. At room temperature 

these splittings are slightiy reduced due to the temperature-dependence of the P960 and 

P870 lower dimer component energies of Rps. viridis and Rb. sphaeroides [18]. 

Nevertheless, the dimer state splittings are still much larger than the entire width of the Qy-

absorption spectrum of the PS n RC. 
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To conclude this section we review some results of frequency domain experiments 

on the excited electronic state (Qy) structure of the PS n RC and those of hole burning and 

time domain studies on the transport properties. It is generally accepted that [2,3] the 

absorption of the primary donor, P680, contributes significantly to the Qyband near 

680 nm. Fig. 1. The white light plus dithionite reduction experiments of Breton [19] 

provided evidence for the Qystate of a Pheo a molecule being essentially degenerate with 

P680 , the Qy-state of the primary donor. This result was proven by hole burning [9] and 

absorbance-detected magnetic resonance [20] experiments. The results of the hole burning 

also showed that the Qy-state of this Pheo a undergoes persistent nonphotochemical hole 

burning (NPHB [21]). The primary donor state, P680*, was found not to exhibit NPHB 

but could be probed by population bottleneck hole burning via the metastable 3p680* state 

[22,23]. Bum frequency-dependent hole spectra established that the electron-phonon 

coupling for the Pheo a Qy-state (band) is weak with a Huang-Rhys factor S of 0.7 and 

mean phonon frequency ((Om) of ~20 cm" .̂ In sharp contrast, the coupling for P680* was 

found to be strong with S ~ 2 and 0)  ̂~ 20 cm'l. Thus, while the Pheo a state exhibits the 

weak coupling characteristic of the Chl-Qy states of antenna protein complexes [13,24], 

P680 exhibits the strong coupling to low frequency protein phonons characteristic of the 

primary donor state P870* and P960* of Rb. sphaeroides [17,18,25,26] and/?/75. viridis 

[16,18,25,26], respectively. The strong coupling for P870* and P960* was attributed to 

the fact that, as dimer states of the RC, they possess significant charge-transfer character, 

as also indicated by experimental Stark data [27-29] and some electronic structure 

calculations [30,31]. Strong coupling also characterizes the primary electron-donor state, 

P700*, of the RC of PS I [32], As a consequence it was concluded that P700* is most 

likely a dimer state [32]. That it is a dimer state was subsequendy indicated by the x-ray 
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diffraction structure of Krauss et al. [33]. By the same reasoning it was suggested that 

P680* is probably a dimer state even though P680 did not appear to exhibit the special pair 

marker mode progression [9,12] of P870 and P960, cf. section IV.C. 

Several groups [13,34-36] have reported low temperature spectra which identify a 

low energy absorbing Chi a band of PS II RC samples near ~684 nm. Discussion of these 

works, which are very relevant to the present paper, is reserved for section R'. Suffice it 

to say at this point that the interpretations offered for this state include it being a dimer 

component of the special pair, a second P680 pool due to gross heterogeneity, and it being 

due to linker Chi a molecules and/or CP47 contamination. By linker it is meant that the 

Chi a molecules are associated with the core complex of PS II rather than any complex of 

the core. 

Moving next to the higher energy region of the Qy-absoiption spectrum of the 

PS II RC, we note that the absorption maximum near 670 nm, cf. Fig. 1, is generally taken 

to be mainly due to the accessory Chi a molecules of the RC. However, a contribution 

from one of the two Pheo a molecules of the RC cannot be excluded. (The two 

bacteriopheophytin transitions of the bacterial RC are split by about 200-300 cm"l.) 

Spectral hole burning experiments [12,37] established that the electron-phonon coupling 

for the states probed in the vicinity of 670 nm is weak. 

In 1989 persistent NPHB and transient population bottleneck hole burning were 

used to study the transport properties of the isolated PS n RC at 4.2 K [38]. A lifetime of 

1.9 ± 0.2 ps for P680* was determined and attributed to primary charge separation. At the 

same time the results of pump-probe experiments on samples from the same batch led to a 

time constant of 3.0 ± 0.6 ps for primary charge separation at 277 K [39]. Similar time-

domain experiments later led to a time constant of 1.4 ± 0.2 ps at 15 K [40]. Thus, the rate 
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of charge separation and its temperature dependence in the PS IIRC appeared to be very 

similar to those of the bacterial RC [41]. Shortly thereafter, picosecond fluorescence data 

obtained at room temperature revealed a dominant 1-6 ps decaying component which was 

attributed to primary charge separation [42]. Other fluorescence studies [43,44] have 

confirmed the existence of a dominant -3 ps decay component of P680* at 77 and 277 K. 

Hole burning data also led to energy transfer decay times (4.2 K) for the accessory Chi a 

and the active Pheo a of the RC of 12 and 50 ps, respectively [9,12]. It was noted in these 

works that these decay times are remarkably slow in comparison to the corresponding 

< 100 fs relaxation times of the bacterial RC [26,45,46]. Time domain data obtained at 

15 K were reported [40] that are consistent with such slow energy transfer dynamics. The 

data of refs. 43 and 44 also identify a ~30 ps energy transfer process. However, 

femtosecond pump-probe data have been reported [47] which indicate the existence of 

subpicosecond energy transfer processes. It appears that further studies on PS II RC 

preparations, of defined Chi a content, with a wider variety of pump-excitation 

wavelengths are necessary in order to understand the complex energy transfer dynamics. 

However, it now seems certain that P680* decays in ~3 ps at ambient temperature (see 

also ref. 48) and that the primary charge separation kinetics of the PS n RC are essentially 

identical to those of the bacterial RC. 

n. Experimental 

Lauryl maltoside-stabilized [3] PS n RC complex was isolated from spinach 

according to the procedure of Nanba and Satoh [1] as modified by Chumanov et al. [50]. 

PS n-enriched membrane fragments [51] were solubilized with 4% Triton X-100 in 50 mM 

Tris-HCl for 1 hr at 4° C. In all cases solubilization started out with membranes containing 

120 mg Chi at 1 mg Chl/ml, and the suspension was centrifuged at 32,000 x g for 1 hr. 
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The resultant green supernatant was carefully loaded onto a Fractogel TSK-DEAE 650S 

anionic exchange column pre-equilibrated with 50 mM Tris-HCl (pH 7.2), 30 mM NaCl, 

and 0.05% Triton X-100. The sample was washed with the same buffer using an FPLC 

(Pharmacia) until the absorption of the eluent at 670 nm was equal to or less than 0.03. 

The number of Chl/RC in the final material was dependent on when the wash step was 

stopped. An absorption of about 0.03 led to preparations with about 6 Chls/RC while 

lower values led to preparations with 4-5 Chls/RC. Intermediary absorption values 

resulted in preparations with intermediary numbers of Chls/RC. Following the wash step, 

the buffer was exchanged with 50 mM Tris-HCl (pH 7.2), 30 mM NaCl, and 0.03% lauryl 

maltoside, and the column was washed with 150 ml of this buffer. The RCs were then 

eluted from the column with a 30-200 mM NaCl linear gradient in the same buffer, and the 

green fractions at around 125 mM NaCl were pooled, desalted and concentrated with an 

Amicon ultrafiltration system, and stored at -80° C until use. The Chi stoichiometry of the 

RC preparations was assayed as in Montoya et al. [52]. Concentrated RC material was 

extracted with 80% acetone (final concentration) in a microfuge tube placed in a sonication 

bath for 30 s. The sample was centrifuged briefly in a microfuge to remove cell debris, and 

the supernatant was transferred to a 1-cm cuvette. Spectra (room temperature) from 350-

750 nm were taken with an HP8450A UV-vis spectrophotometer and stored. The sample 

was then pheophytinized by bringing the sample to 1.5 mM HCI in the cuvette and a 

second spectrum obtained. The Chi to Pheo ratio was determined by assuming that (a) the 

native RCs contain 2 pheos, (b) the 665.5 and 535 nm peaks in HCl-treated material 

represents the total Chi plus Pheo in the sample, and (c) the 535 nm peak in the non-

pheophytinized extract represents the amount of Pheo in the material. Note that a broad 

baseline absorption must be subtracted to obtain data for the relatively sharp 535 nm band. 
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and extinction coefficients of 49.3 and 6.504 mM~l cm'̂  were used at 665.5 and 535 nm, 

respectively [52]. It is possible that a very weak Chi a vibronic band may underlie the 

535 nm Pheo a band, i.e. the analysis procedure may systematically underestimate the Chi a 

content by several percent Samples from four separate preparations were studied. 

Results for samples with 3.7 ± 0.2, 5.0 ± 0.2 and 6.3 ± 0.2 Chi a/RC are presented. 

In section HI the 4.2 K absorption spectra of these RC preparations are shown to be 

consistent with the relative Chi a contents deduced from the above Chi a/RC ratios. 

Hereafter, we will refer to the above RC-preparations as 4,5 and 6 Chi a-RC preparations 

(samples). 

CP47-RC complexes from spinach were prepared according to the procedure of 

Dekker et al. [11] as described in the accompanying paper. Low temperature 

spectroscopic results are presented for samples from three separate isolations. The Chi a 

and Pheo a contents per complex for these samples were not determined by biochemical 

analysis. However in section in a novel procedure, which is based on low temperature 

absorption spectroscopy, is shown to provide values for the relative Chi a contents of the 

complexes from the three isolations. In the accompanying paper [14] of the CP47 

complex, the Chi a content was determined to be 14 ± 2 on the basis of the 4.2 K 

absorption spectrum of one of the above three isolated CP47-RC complexes and the 4.2 K 

absorption spectrum of the 4 Chi a-RC sample. Thus, values for the Chi a contents of the 

other two CP47-RC samples could be determined, cf. section III. 

Towards the end of the low temperature absorption and hole buming experiments it 

became apparent that the 5 and 6 Chi a-RC samples suffered from some contamination by 

the CP47 complex, cf. sections HI and IV. At this point it was only possible to perform 

SDS-gel electrophoresis on the 6 Chi a-RC sample. CP47 and CP43-CP47-RC samples 
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were run simultaneously. The 6 Chi a-RC sample exhibited a weak CP47 band. Analysis 

of the densitometer tracing (not shown) showed that CP47 contributes 2.5% of the total 

staining with the Dl, D2, D1/D2 heterodimer and a (psbE gene product) subunits 

contributing 92.7%. By assuming that CP47 stains only as well as the other subunits, one 

can arrive at an upper limit for Chi a contamination from CP47 to the RC sample. It is 4% 

of the number of Chi a molecules per CP47. 

The apparatus used for the low temperature absorption and hole burning 

experiments is described in the accompanying paper [14]. The apparatus used for the 

4.2 K static (non-line narrowed) fluorescence experiments is the same as that used for our 

laser-induced fluorescence studies of DNA-carcinogen adducts [53]. 

ni. Results And Discussion 

The published low temperature absorption spectra of the Dl-D2-cyt b559 RC 

complex (referred to hereafter as the RC complex) from our laboratory and others exhibit 

some significant differences in the Qy-region. The spectra of Tang et al. [9] shown in 

Fig. 1 serve to illustrate, quite well, the extent of these differences. Spectra a and c are for 

RC complexes isolated according to the procedure of McTavish et al. [10] while 

spectrum b is from a sample prepared according to the procedure of Dekker et al. [11]. 

Although the Chi a contents per RC of the three samples were not determined, one expects 

that they lie between about 4 and 6 and that the RC of each sample contains 2 Pheo a 

molecules. All three spectra in Fig. 1 exhibit band maxima at -680 and -670 nm which are 

characteristic of the RC. The band at 680 nm is mainly contributed to by P680, the 

absorption of the primary electron donor. However, persistent nonphotochemical and 

triplet population bottleneck hole burning data have established that the zero-point level of 

the Qy-state of a Pheo a molecule lies about 20 cm'l above that of P680* at 4.2 K [9,38]. 
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That these two states are nearly degenerate at low temperature is also the conclusion 

reached by Breton [19] and van der Vos et al. [20]. 

The three spectra in Fig. 1 differ in the depth of the vaUey at ~676 nm, the intensity 

at ~670 nm and the extent of tailing to lower energy of the 680 nm maximum. That the 

upper two spectra (a,b) are nearly identical for wavelength shorter than 680 nm but 

different for wavelengths longer than 680 nm suggests that there is more than one cause for 

the spectral differences. It was concluded in ref. 13 that contamination of the RC by the 

proximal antenna complex CP47 is one cause. With reference to Fig. 1 of the 

accompanjdng paper [12] it is clear that CP47 contamination would, for example, diminish 

the depth of the valley at 676 nm. 

The absorption spectrum of the 4 Chi a per RC preparation is shown in frame A of 

Fig. 2. The inset spectrum, which extends out to the Qx-band of Pheo a, is shown for 

comparison against published spectra. The Q^-bands at 16900/17300 and 18405 cm'l 

(591.7/578.0 and 543.3 nm) can be assigned to Chi a and Pheo a, respectively. The barely 

resolved doublet at 16,000 cm"l is due to vibronic bands which build on the Qy-origins at 

680 and 670 run. We have compared the Qy-absorption spectrum in frame A of Fig. 2 with 

those of Fig. 1 and other published spectra as well as those of the 5 and 6 Chi a / RC 

preparations (Fig. 3). The spectrum of Fig. 2 exhibits the deepest valley at 676 nm and the 

red edge of P680 is as sharp as observed in any other spectrum. Nevertheless, inspection 

of the low energy side of P680 in Fig. 2 reveals a weak band at ~ 684 nm. 

The 684 nm band of the 4 Chi a-RC is more apparent in the two transient triplet-

bottleneck hole burned spectra of frame B in Fig. 2. Following the procedure of refs. 9 and 

38 it was confirmed that these spectra are not contributed to by the Pheo a Qy-state near 

680 nm. The weak zero-phonon hole (ZPH) in spectrum a (due to P680 [9,38]) is 
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Figure 2. Low temperature absorption spectrum (A) and transient hole-burned 
spectra (B) of 4 Chi a-RC sample obtained at T = 4.2 K. Spectra a (A-g = 680.5 nm, 
Ig = 400 mW/cm ,̂ AOD change at ZPH ~ 20%) and b (X-g = 665 nm, Ig ~ 200 mW/cm ,̂ 
AOD change ~ 10%) (frame B) were obtained under line narrowing and non-line narrowing 
conditions, respectively. The exciton splitting is indicated by the lower solid arrows. Note 
the low energy shoulder at ~684 nm (dashed arrows). 
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coincident with the bum wavelength (Xb) at 680.5 nm. The width of the ZPH is 5.5 cm"l 

(see inset of Fig. 11) which corresponds to a P680* lifetime of 1.9 ps, in agreement vwth 

our previous determinations. The broader feature just to the left of the ZPH is the pseudo-

phonon sideband hole with a mean phonon frequency (cOm) of -20 cm"l. Spectrum b is 

the transient hole burned spectrum obtained under non-line narrowing conditions with 

= 665.7 nm. In both spectra the hole profile centered near 681 nm is predominantly due to 

P680. However, both have a distinct shoulder at ~684 nm (dashed arrow). The positive 

increase in absorption with an apparent maximum near 675 nm and the broad and relatively 

weak hole near 668 nm (to the blue of the absoiption maximum at 670 nm in frame A) will 

be discussed in section IV.C. 

Spectrum a of frame B in Fig. 2 is of the type reported in our earlier work for A-g in 

the near vicinity of 680 nm. Preliminary theoretical calculations of the A-g-dependence of 

the P680 hole profile [38] led to a value for the phonon Huang-Rhys factor (S) of ~2 for 

P680 which is equal to that determined for P870 of Rb. sphaeroides [17] and P960 of 

Rps. viridis [16]. The intensity of the ZPH relative to the intensity of the overall profile in 

a spectrum such as spectrum a of frame B in Fig. 2 is given approximately by exp(-2S) 

[18]. The results of our analysis of the ̂ .g-dependence of the P680 hole profile for the 

4 Chi a-RC preparation still indicate that S ~ 2 and that the inhomogeneous broadening of 

P680 of the RC is ~100 cm" ,̂ cf. section IV.C. This broadening is similar to that observed 

forP870[17]andP960[18]. 

As indicated in ref. 13, an understanding of the observed differences in the low 

temperature absorption spectra of the PS II RC and the nature of the 684 nm band requires 

spectroscopic studies of samples with different and known Chi a content. The 4.2 K 

absorption spectra of the RC containing 4,5 and 6 Chi a are shown as curves a, b and c in 
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Fig. 3. The relative intensities of the spectra shown were determined by requiring that the 

intensities of the Q^-band of Pheo a at 543 nm be equal, see inset. It is important to note 

that the 543 nm absorption profiles are identical and the same as that shown in the 

preceding paper for the CP47-RC complex. The extent to which the Pheo a Qx-band is 

resolved is illustrated by the inset spectrum of Fig. 2A. From this spectrum it is obvious 

that the very weak vibronic bands which build on the Qy and Qx- Chi a origin bands 

would be diffuse and only contribute to the broad background absorption which underlies 

the sharp Pheo a band at 543 nm. Therefore, subtraction of the baseline absorption, which 

yielded the inset spectra of Fig. 3, renders the interference of the 543 nm band by Chi a 

absorption negligible. Taking the Chi a content of the sample from which spectrum c was 

obtained to be 4 and integrating the three spectra out to 660 nm led [54] to Chi a contents 

for spectra a and b of close to 6 and 5, i.e., values which are, within experimental 

uncertainty, the same as those determined by the biochemical procedure described in 

section II. 

As will become apparent, it is informative to examine the difference between the 

absorption spectrum of the 4 Chi a-RC and those of the 6 Chi a-RC and 5 Chi a-RC. They 

are shown, respectively, as curves b and c in Fig. 4. Curve a is the absorption spectrum of 

the 4 Chi a-RC. The features and intensity distributions for the two difference spectra are 

quite similar. They are to be compared with spectrum b of Fig. 5, which is the difference 

between the absorption spectrum of a sample from one of the three CP47-RC preparations 

studied and that of the 4 Chi a-RC. The CP47-RC preparation chosen is characterized by a 

spectrum with the least amount of absorption at ~684 nm and ~670 nm (due to non-native 

Chi a), vide infra. Spectrum b of Fig. 5, like spectra b and c of Fig. 4, exhibits bands near 

683 and 677 nm as weU as a more pronounced shoulder at ~670 nm. Spectrum a of Fig. 5 
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Figure 3. Low temperature (4.2 K) Qy-absorption spectra of 6 Chi a-RC (a) 
5 Chi a-RC (b) and 4 Chi a-RC (c) complexes. The spectra were normalized to the same 
intensity of the band of Pheo a (see insert). 
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Figure 4. Low temperature (4.2 K) absorption spectrum of the 4 Chi a-RC 
complex (curve a). Curves b and c (multiplied x 2.5) correspond to the difference between 
the absorption spectrum of the 4 Chi a-RC and those of the 6 Chi a-RC and 5 Chi a-RC. 
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Figure 5. Low temperature (4.2 K) absorption spectrum of CP47 complex 
(curve a). Spectram b corresponds to the difference between the absorption spectrum of 
CP47-RC complex (spectrum c in Figure 6) and that of 4 Chi a-RC. Spectrum c was 
obtained from spectrum by subtracting out the ~684 nm band (see text for discussion). 
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is the absorption of the CP47 sample which contains less absorption at 670 nm due to non-

native Chi a than the CP47(I) sample reported on in the accompanying paper [14]. In that 

paper it was shown that the contribution to absorption at 670 nm due to non-native Chi a 

molecules varies significantiy from preparation to preparation. It is reasonable to assume 

that some amount of non-native Chi a still contaminates the absorption at 670 lun in 

spectmm a of Fig. 5. With a slight reduction in the intensity at 670 nm, this spectrum 

would quite closely resemble spectrum b of Fig. 5, especially if allowance were to be made 

for larger inhomogeneous broadening of the spectral features for CP47 than for the 

CP47-RC minus 4 Chi a-RC difference spectrum. The suggestion of larger 

inhomogeneous broadening seems plausible given the additional step required to isolate 

CP47 from the CP47-RC complex and the fragility of the CP47 complex. 

We turn next to the 4.2 K absorption spectra for the three CP47-RC preparations, 

Fig. 6. In the accompanying paper [14] spectrum c and that of the 4 Chi a-RC were used 

to determine a Chi a/CP47 content of 14 ± 2. The intensity of spectrum c in Fig. 6 relative 

to those of the spectra for the other two CP47-RC preparations (a and b) are set by the 

requirement that the intensities of their Qx-Pheo a bands be equal, see inset in upper right 

hand comer. There are significant differences between the three absorption spectra of 

Fig. 6. In particular, spectra a and b possess considerably more absorption near 684 and 

670 nm than spectrum c. The additional absorption near 684 nm for spectrum a relative to 

c is shown in the inset at the upper left hand comer. The major difference between spectra 

a and c at wavelengths shorter than 683 nm (not shown) can be assigned mainly to Chi a 

absorbing, relatively broadly, in the vicinity of 670 nm. Noting again that spectrum c led to 

a Chi a/CP47-RC content of 18 ± 2 we determined, by integration of the three spectra in 

Fig. 6 out to 660 nm, that the corresponding number for the preparations corresponding to 
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Figure 6. Low temperature (4.2 K) absorption spectrum (a, b and c) of three 
CP47-RC preparations normalized to same intensity of their Q^-Pheo a bands (see upper 
right inset). The difference between spectra a and c (in the -684 nm region) is shown in 
the upper left inset 
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spectra a and b is 23 ± 2 and 21 ± 2, respectively. It is interesting that the variable 

contribution from the ~684 nm absorbing Chi a molecules seen in CP47-RC preparations is 

observed for CP47 preparations [14] as well as RC preparations, vide infra. This is 

consistent with, but does not prove, the suggestion [3] that the 684 nm absorbing Chi a 

may be linker molecules associated with the core complex. 

It is worthwhile, therefore, to explore the extent to which standard spectra for the 

4 Chi a-RC, CP47 and the 684 nm absorbing Chi a can be used to simulate the spectra for 

RC samples with a Chi a content greater than 4. For the standard spectrum of the 684 nm 

Chi a we chose a Gaussian with a width of 120 cm"l as determined in the preceding paper 

[14] on CP47. This is slightiy wider than the apparent width of the 684 nm profile shown 

in the insert of Fig. 6. (It is shown later that higher energy absorption in the Qy-region 

associated with the 684 nm absorbing Chi a is weak.) For the standard spectrum of a 

4 Chi a-RC we used the experimental spectrum (a of Fig. 4) since the contribution to it 

from the 684 nm absorbing Chi a is small (equivalent to ~0.2 Chi a molecules [55]). The 

spectrum used for CP47 is shown as curve c in Fig. 5. This spectrum was obtained from 

spectrum b of the same figure by subtracting out the ~684 nm band. Note that in 

spectrum c there is weak feature near 687 nm. In the accompanying paper [14] hole 

burning was used to identify a 687 nm state of CP47 which is excitonicaUy correlated with 

the lowest energy state at 690 nm. The three standard spectra were used to simulate the 

absorption spectra of the 5 Chi a- and 6 Chi a-RC samples, Fig. 7. The solid curves in 

frames A and B are the experimental spectra for the 5 and 6 Chi a-RC samples. The 

dashed curves are the simulated absorption spectra. The overall fits are quite reasonable. 

For the 5 Chi a-RC sample the simulation corresponds to an average composition of 

4 Chi fl-RC + 0.8 Chi a (CP47) + 0.2 Chi a (684 nm). The corresponding decomposition 
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for the 6 Chi a-RC is 4 Chi a-RC + 1.9 Chi a (CP47) + 0.4 Chi a (684 nm). Since the 

4 Chi fl-RC contains 0.2 Chi a (684 nm), vide supra, the 5 and 6 Chi a-RC sample would 

then contain, on average, 0.4 and 0.6 Chi a (684 nm), respectively. The %-contaminations 

(on a complex basis) by CP47 would be 6 and 13, respectively when the number of Chi a 

molecules per CP47 is taken to be 14, vide supra. Gel electrophoretic analysis of the 

6 Chi fl-RC preparation yielded an upper limit for the Chi a contamination from CP47 

equal to 4% of the number of Chi a/CP47, cf. section II. A value of 14 for the latter 

number yields an average contamination of 0.6 Chi a per RC, substantially lower than the 

value of 1.9 determined above. Although it was shown, vide supra, that a Chi a content 

for CP47 as high as about 20 is possible, such a content leads only to an increase of 0.2 for 

the average number of contaminating Chi a per RC. The reason(s) for the discrepancy are 

unclear. It is worth noting, however, that one can simulate the 6 Chi a-RC absorption 

spectrum about as well as in Fig. 7 with a reduction in CP47 contamination of about a 

factor of 2 if the reduction is compensated for by the addition of a relatively broad 

(-200 cm"l) absorption at 670 nm from additional, perhaps non-native, Chi a. 

The two transient triplet population bottleneck hole spectra for the 4 Chi a-and 

6 Chi fl-RC preparations shown in Fig. 8 confirm that the latter preparation has the greater 

contribution from the 684 nm absorbing Chi a. Spectra a and b correspond to the 4 and 6 

Chi a preparations, respectively. Both were obtained under non-line narrowing conditions 

with = 665 nm. In spectrum a (dashed line) the hole is dominated by a component with 

a maximum at 681 nm (i.e., P680), with a weaker feature due to the 684 nm state. The 

contribution from the 684 nm state in spectmm b is significantly greater. The inset of 

Fig. 8 shows the difference spectrum obtained by subtracting spectmm a from spectram b. 

The profile of this spectrum, centered near 684 nm, is similar to that shown in the inset of 
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Figure 7. Low temperature (4.2 K) experimental (solid lines) and simulated 
(dashed lines) absorption spectra of the 5 Chi a-RC and 6 Chi a-RC are shown in frames A 
and B, respectively. See text for discussion. 
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Fig. 6 and, importantly, also spectrum B in Fig. 2 of CP47 given in the accompanying 

paper [14]. It is germane to note that the transient hole spectrum (non-line narrowed) of 

Kwa [34], for an RC sample assumed to contain 6 Chi a molecules, is quite similar to 

spectrum b of Fig. 8. This, together with a comparison of their 4.2 K absorption spectrum 

with those in Fig. 6, indicates that their RC preparation did possess a Chi a content much 

closer to 6 than 4. Our population bottleneck hole spectra for the 5 Chi a-RC preparation 

(not shown) also show that this preparation contains more 684 nm absorbing Chi a than the 

4 Chi <3-RC preparation. The difference absorption spectrum for these two preparations 

bears a strong resemblance to those shown in Fig. 4. Three additional preparations (~4.5, 

~5.1 and ~5.7 Chi a per RC) were studied and yielded consistent results. 

In the remainder of this section we present some additional, relevant results for the 

CP47-RC complex. Non-line narrowed, transient triplet-bottleneck hole spectra for the 

CP47-RC complex are shown in Fig. 9. Spectrum b is from the sample corresponding to 

absorption spectrum c of Fig. 6. Spectrum a was obtained following addition of a small 

amount of TX-lOO detergent The main effect is the narrowing and apparent shifting of the 

-681 nm hole of spectram b. The a - b difference spectrum (c) exhibits a feature at 

684 nm. It is clear that P680 is the dominant contributor to the ~681 nm hole in 

spectrum b and that the smaller contribution from the 684 nm state is largely eliminated by 

TX-100. The same behavior from TX-lOO is observed for the PS II RC [12]. Since 

spectrum b in Fig. 9 is from the sample with the smallest contribution from the 684 nm 

absorbing Chi a (see spectrum c of Fig. 6), one would expect that the sample with the 

largest contribution (spectrum a of Fig. 8) should yield a transient hole spectrum that is 

more heavily contributed to by the 684 nm state. This spectrum is shown as curve d in 

Fig. 9 and is in accord with this expectation. 
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Figure 8. Transient triplet population bottleneck hole-burned spectra for the 
4 Chi a-RC (a) and 6 Chi a-RC (b) preparations, respectively. Both spectra were obtained 
under non-line narrowing conditions with Xg = 665 nm. Ig ~ 200 mW/cm .̂ AOD 
changes at 680.4 nm in spectra a and b are 9.6% and 11%, respectively. The inset shows 
the difference spectrum between a and b in the 684 nm region. 
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Figure 9. Transient (non-line narrowed) hole-bumed spectra (4.2 K) of the 
CP47-RC complex in the absence (b) and presence of TX-lOO detergent (a). Spectrum c 
corresponds to the difference b-a and curve d represents the transient hole-bumed 
spectrum of the preparation with largest contribution from -684 nm state, see absorption 
spectrum a in Figure 6. 
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To conclude this section we present 4.2 K static fluorescence spectra of the 

CP47-RC complex which provide some support for the conclusions reached on the basis of 

the absorption and hole burned spectra. Fluorescence spectra for the sample whose 

absorption is least contaminated by disrupted Chi a and least contributed to by the 684 nm 

band (see spectrum c of Fig. 6) are shown as a and b in frame A of Fig. 10. Spectra a and 

b were obtained with Xgx = 630 and 400 nm, respectively. Both exhibit a dominant origin 

at ~690.3 nm due to the lowest energy state of CP47 at 690 nm, see accompanying paper 

[14]. However, spectrum b exhibits relatively more fluorescence on the high energy side of 

690 nm. The b - a difference spectram (d) reveals a band at 684.5 nm. On the basis of the 

linear electron-phonon coupling analysis presented in the accompanying paper [14], this is 

precisely where one should expect the fluorescence origin of the 684 nm state to lie. 

Apparently, excitation at 400 nm produces relatively more 684.5 nm fluorescence, meaning 

that the 684 nm state is not totally efficient in transferring energy to the 687 and 690 nm 

states of CP47 [14]. 

Spectrum c of Fig. lOA (A^x = 400 nm) is from the CP47-RC sample which yielded 

the absorption spectrum (a of Fig. 6) with the largest contribution from non-native Chi a 

molecules and the 684 nm absorbing Chi a. The spectrum is dominated by broad 

fluorescence from non-native Chi a molecules in the vicinity of 670 nm and fluorescence 

from the 684 nm state at ~684.5 nm. The tailing to lower energy of 684.5 nm is probably 

due to fluorescence from the 690 nm state of CP47. 

In refs. 13 and 14 it was shown that the 690 nm state of CP47 undergoes quite 

efficient persistent nonphotochemical hole burning. Burning into this state produces a 

large response (satellite hole) of its excitonically correlated (and non-fluorescent) 687 nm 

state. The anti-hole of the holes associated with these two states are very substantially 
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Figure 10. Low temperature (4.2 K) fluorescence spectra of two CP47-RC 
complexes obtained for = 630 nm (curve a) and Xgx = 400 nm (curves b and c), 
respectively. Curve d is the difference between spectra b and a (see text). Spectra e and f ( 

A,gx = 400 nm) were obtained from the same sample as spectrum b after laser irradiation (X 
ex = 665 nm) for tg = 25 min (e) and 40 min (f), respectively. Spectrum g is the e-f 
difference spectrum see text 
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blue-shifted relative to the centroids of their respective holes, as has been observed for the 

Qy-state of the active Pheo a of the PS IIRC [9] and all of the many Si(7u;c*) states of 

molecules studied in amorphous hosts [56]. Thus, by burning to saturation, under non-line 

narrowing conditions, one can grossly blue-shift all members of an inhomogeneous 

distribution of a particular state. Indeed, this is the essence of the approach used in our 

previous studies to produce line-narrowed triplet population bottleneck hole spectra of 

P680 free of contamination from a persistent hole burning contribution from the near-

degenerate Qy-state of a Pheo a molecule [38]. One should anticipate, therefore, that 

saturation hole burning might grossly affect the fluorescence spectrum. Spectra e and f of 

Fig. lOB establish that this is the case for the CP47-RC complex. Both spectra are for a 

sample from the same batch from which the sample used to acquire absorption spectrum c 

of Fig. 6 was obtained. The fluorescence spectrum (Xgx = 400 nm) which corresponds to 

the latter spectrum is curve b of Fig. lOA, peaked at 690.3 nm. Fluorescence spectra e and 

f were obtained (Xgx = 400 nm) following extended irradiation at 665 nm for 25 and 

40 min, respectively. The fluorescence profiles of both spectra are peaked near 685 nm, 

over 5 nm to the blue of the fluorescence profile of spectrum b. Spectrum e still contains a 

contribution from the 690 nm state of CP47 as evidenced by the e-f difference spectrum 

(g). The fluorescence in spectra e and f is most likely due to the 684 nm state. The extent 

to which the extended irradiations, which lead to a markedly diminished fluorescence from 

the 690 nm state, are due to blue-shifting of the 690 nm state or the structural 

transformation associated with nonphotochemical hole burning is unclear. 

IV. Further Discussion 

The question of the Chi a content of the isolated Dl-D2-cyt bfsg reaction center 

complex has been and continues to be of very considerable interest Different isolation 
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procedures have led to preparations of RC with a Chi a content ranging between about 4 

and 6. These procedures have been used to provide samples which have been used for time 

and frequency domain studies of the excited state electronic structure and transport 

properties of the RC. However in most of these studies the actual Chi a content of the RC 

sample(s) used was not determined (but often assumed on the basis of the isolation 

procedure employed). It was our difficulties with the interpretation of the low temperature 

absorption and hole burned spectra of RC samples of unknown Chi a content that led to 

the present paper in which results for 4,5 and 6 Chi a content RC are reported. At the 

same time it was apparent that companion studies of the CP47 and CP47-RC complexes 

were also important for addressing the above question [13]. Taken as a whole, the results 

establish that 684 nm absorbing Chi a molecules and contamination of the RC by CP47 are 

important for understanding the differences between different RC samples. 

The Chi a contents of 4, 5 and 6 molecules for the three RC preparations studied 

were determined by the biochemical procedure described in section II. It was shown that 

their Qy-absorption spectra normalized to the same intensity of the Q^-band of Pheo a are 

consistent with the relative Chi a contents. Even though the absorption spectrum of the 

4 Chi a-RC (Fig. 3) is contributed to by the 684 nm band, its contribution relative to those 

for the 5-Chl a and 6 Chi a-RC is smaller (small enough so that the average number of 

associated Chi a molecules is within the uncertainty limits of the biochemical determination 

of the Chi a content of the 4 Chi a-RC preparation, see section 11). It also follows that 

contamination of the 4 Chi a-RC by CP47 is small. Thus, the 4.2 K absorption spectrum of 

the 4 Chi a RC shown in Fig. 3(c) can serve as a fingerprint for a good (but probably not 

perfect) 4 Chi a RC preparation. Using this spectrum as a standard for the 4 Chi a RC and 

others for CP47 and the 684 nm absorbing Chi a (cf. section III), it proved possible to 
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simulate, quite well, the 4.2 K absorption spectra of RC samples containing more than 

4 Chi a molecules (cf. Fig. 7 and discussion in section HI) as superpositions of the three 

"standard" spectra. However, the value obtained from the simulation for the average 

number of CP47 Chi a molecules per RC should be viewed as an upper limit since the 

contribution to the absorption spectrum of high Chi a content RC from non-native Chi a 

absorbing at ~670 nm is ignored. For example, spectra a and b of Fig. 9 prove that the 

684 nm absorbing Chi a, when disrupted, absorb at ~670 nm. There is also the question of 

the validity of our choice for the standard spectrum of CP47, cf. following subsection. 

In what follows we consider first the nature of the 684 nm absorbing Chi a 

molecules of the PS n RC and the question of the Chi a content for the isolated RC. This 

is followed by discussion on the question of the nature of the primary electron-donor state, 

P680*, of the Dl-D2-cyt hssg RC of PS II. 

A. The 684 nm State (Band) Of The PS n Reaction Center 

The nature of this state of the Dl-D2-cyt b559 RC has been previously considered, 

van Kan et al. [35] concluded that the weak 684 nm band (relative to P680) is the lower 

dimer component of the special pair of the RC, with the upper dimer component absorption 

of the special pair, P680, possessing a much higher absorption cross-section (a reversal of 

the situation in the bacterial RC). This group later argued against this assignment [36]. 

Certainly, the observation that the detergent TX-lOO eliminates the 684 nm band but has 

little effect on P680 [13], coupled with the finding that there is a significant variation in the 

contribution of the 684 nm band to the low energy side of P680 for the 4, 5 and 6 Chi a 

RC preparations, cf. section IE, disproves this hypothesis. Recentiy Kwa [34] reported on 

the results of triplet population bottieneck hole burning experiments on an RC preparation 

assumed to contain 6 Chi a molecules and explored the suggestion by van der Vos et al. 
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[20] and Otte et al. [36] that the 684 nm band is probably due to a second pool of P680. 

With this interpretation, P684 is a manifestation of gross heterogeneity; P684*, like P680*, 

serves as a primary donor state but for a different subset of RCs. There are difficulties with 

the heterogeneity-induced two-pool hypothesis. Why should P684 be so sensitive to 

TX-lOO and P680 not be and why should the isolation procedure used to produce the 

4 Chi a preparation reported on here be so selective against the subset of RC characterized 

by P684? 

We explore, therefore, other interpretations. To this end we summarize the key 

findings of the present and accompanying paper [14] and earlier ones [13]: 

1. A 684 nm band is observed for the Dl-D2-cyt b559 RC complex, and the 

isolated CP47 and CP47-RC complexes. For each complex the 684 nm state 

gives rise to transient population bottleneck hole burning. For the CP47 

complex (minimally contaminated by non-native Chi a molecules) the 

transient spectmm is dominated by the 684 nm absorbing Chi a molecules 

(state). The transient hole spectra of the RC are dominated by P680 and a 

684 nm state (see also Kwa [34]) with the intensity contribution from the 

latter being the weakest for the 4 Chi a-RC preparation. 

2. The intensity contribution of the 684 nm band to the absorption and hole 

spectra of the RC, CP47 and CP47-RC complexes is highly variable. The 

addition of the detergent TX-100 to the glass-forming solvent eliminates the 

684 nm band of the RC [13], of the CP47-RC complex (see Fig. 9) and of the 

CP47 complex (results not shown). This effect is accompanied by enhanced 

absorption at ~670 nm due to non-native Chi a molecules which undergo 

efficient persistent nonphotochemical hole burning (ref. 12 and unpublished 
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results). 

3. Persistent nonphotochemical and transient population bottleneck hole burning 

data prove that the 684 nm band of CP47 is predominantly inhomogeneously 

broadened 

(Finh ~ 120 cm"l) and characterized by weak electron-phonon coupling 

(S ~ 0.2, 

cOrn ~ 20 cm'l). The ZPH widths of the 684 nm state are ~1 cm"l, 

considerably sharper than the 5-6 cm'̂  ZPH widths of P680 in the RC and 

CP47-RC complexes. 

These results establish that the 684 nm Chi a molecule(s) bind to regions of the 

CP47 and RC protein subunits which are highly accessible to detergent molecules. This 

raises the possibility that they bind to the exterior of the protein. Affording support for this 

suggestion is our finding that the 684 nm Chi a content of RC preparations decreases with 

increasing time of washing on the anionic exchange column, cf. sections n and IH. The 

results obtained thus far are consistent with, but do not prove, the suggestion [3] that the 

684 nm Chi a are linker-type molecules associated with the PS II core complex rather than 

any particular subunit (e.g., CP47, RC) thereof. With this explanation one would not need 

to explain why both CP47 and the RC possess intrinsic Chi a absorbing at 684 nm with 

similar properties. However, that the 684 nm Chi a absorb ~90 cm"  ̂ to the red of P680 

suggests that the 684 nm Chi a is either a dimer or a monomer with a special protein 

configuration. Either way, the linker concept would seem to demand that the 684 nm 

Chi a be associated with a low molecular weight protein (otherwise, the 684 nm Chi a 

would not survive the isolation of the RC from CP47). Although a 4.8 kDa protein of 

unknown function is observed by gel electrophoresis of PS II RC [57,58], we are not 
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aware of any works that have identified this protein by gel electrophoresis of CP47. This 

argues in favor of the interpretation that has both CP47 and the RC possessing 684 nm 

absorbing Chi a. Interestingly, our hole burning studies of the CP43 antenna complex have 

proven that its lowest energy state is at -684 nm (unpublished results). Whichever of the 

two interpretations for the 684 nm Chi a observed for CP47 and the RC is correct, it is not 

unreasonable to view them as linker-type from the point of view of inter-complex energy 

transfer. The 684 nm state is within kT (room T) of the lowest energy 690 nm state of 

CP47 and P680* of the RC is also thermally accessible from the 684 nm state. For 

Rh. sphaeroides the lowest energy state of the proximal antenna complex lies below the 

primary electron-donor state by ~kT [59]. It is difficult to understand why the 684 nm 

Chi a would be superfluous to energy transfer within the core complex of PS n. 

We consider next the approach used to simulate the absorption spectra of RC 

preparations with a high Chi a content. Fig. 7. With reference to the discussion in 

section IE of this figure, it is clear that the approach is a reasonable one when the proper 

domicile of the 684 nm Chi a molecules is the CP47-RC complex. It would not be if both 

CP47 and the RC are characterized by intrinsic, 684 nm absorbing Chi a. Further work is 

required to ascertain whether this is the case. However, the fact that the 684 nm Chi a are 

so fragile promises to make the solution a difficult one. In any event, the simulation 

procedure is certainly valuable for estimating how much 684 nm Chi a and CP47 are 

present in RC preparations. 

B. The Chlorophyll a Content Of The PS II Reaction Center 

The present work establishes that RC preparations of high (>4) Chi a content are 

heterogeneous. A typical preparation must be considered to contain 4 Chi a-RC, 

4 Chi <2-RC bound to 684 nm Chi a, 4 Chi a-RC bound to CP47, etc. It is also possible 
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that RC preparations are generally contaminated by some non-native Chi a absorbing near 

670 nm. On the basis of the results presented, we conclude that the number of Chi a 

molecules belonging to the interior (hydrophobic) region of the RC is 4 (as in the bacterial 

RC). If one assumes that the 684 nm absorbing Chi a, which have been identified in RC 

preparations, are of the linker-type (associated with the core complex), then the conclusion 

that the PS II RC possess 4 Chi a molecules is unavoidable. If one assumes that the 

684 nm absorbing Chi a seen in RC preparations are intrinsic to the RC complex, then the 

number of Chi a molecules associated with the RC is six. But if the 684 nm Chi a are 

bound to the exterior region of the RC protein complex, as our results suggest, one could 

consider the 684 nm absorbing Chi a to be important only in energy transfer, but not in 

primary charge-separation. From this point of view the number of Chi a molecules in the 

interior of the RC is still four. 

C. Electron-Phonon Coupling And Nature Of P680 

We had argued that P680 is probably a dimer because the electron-phonon 

(protein) coupling for the P680* <— P680 transition is as strong as that for the P* <— P 

transitions of bacterial RC, cf. section I. The assumption made was that the primary donor 

state of a dimer is well suited and placed for mixing with charge-resonance and/or charge-

transfer states of the RC. The results of electronic structure calculations [30,31] and 

dynamical simulations [60] for the bacterial RC provided support for this assumption. 

Furthermore, the dipole moment change for the P* P transition in bacterial RC is very 

large [27-29]. Also important for our current reasoning is that the lowest energy exciton 

levels, B875 and B895, of, respectively, the B800-B850 and B870 antenna complexes of 

Rb. sphaeroides are characterized by weak coupling [59] even though the B850 and B870 

bands are associated with an excitonically coupled tetramer of BChl a molecules. In fact. 
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all Qy-states of antenna protein complexes studied thus far exhibit weak coupling [13]. 

This is also true of the active Pheo a and accessory Chi a molecules of the PS 11 RC and 

the Qy-states of the accessory BChl and BPheo molecules of the bacterial RC [16,17]. 

However, although the coupling to low frequency protein phonons for P680* is as strong 

as for P* of the bacterial RC, the coupling to the special pair marker mode (pseudo-

localized phonon) was not observed. For P870 and P960 of Rb. sphaeroides and 

Rps. viridis the marker mode frequency is 120 and 145 cm"l with Huang-Rhys S-factor 

values of 1.5 and 1.1, respectively [16,17]. Thus, a strict analogy between the coupling 

characteristics of P680* and those of P870*/P960* was not established. 

In this subsection Xg-dependent hole spectra of the 4 Chi a-RC of PS n are 

presented which allow us to examine more closely the question of P680* coupling to a 

"marker mode." The question of whether or not P680 is a dimer is also addressed. We 

emphasize that we consider strong electron-phonon coupling, by itself, to only be a 

signature for the primary electron-donor state. That is, it is suggestive but not proof 

positive that the primary donor is a dimer. 

Figure 11 shows triplet bottleneck hole spectra for the 4 Chi a-RC preparation 

obtained for five Xg-values; 683.6,682.6, 681.4, 680.5 and 679.6 nm. In each spectrum 

the zero-phonon hole (ZPH) is coincident with the bum wavelength. The ZPH is 

accompanied by the real- and pseudo-phonon sideband holes (PSBH) at ~ +20 and — 

20 cm'l, respectively, relative to the position of the ZPH. The PSBHs for spectra c and d 

are indicated by the short solid arrows. Given the optical density changes associated with 

the dominant hole profile in each spectrum, cf. figure caption, it is apparent that the spectra 

are characteristic of strong electron-phonon (protein) coupling. For the moment we focus 

only on the dominant hole profile in each spectrum. The weak features indicated by the 
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dashed and solid Gong) arrows are considered later. Using the theory of hole profiles 

reviewed in refs. 13 and 61, we attempted to fit the P680 profiles shown in Fig. 11. The 

best overall agreement is shown in Fig. 12 and was obtained with S = 1.9, (%i = 20 cm'l, a 

1-phonon profile width of 27.5 cm"l (cf. caption), an inhomogeneous width (rjnh) for 

P680 of 100 cm'l, a center frequency of 14653 cm"l for the zero-phonon line (ZPL) 

Gaussian distribution and a width of 3.5 cm"l for the ZPL width. The ZPL width used is 

larger than that expected (2.5 cm'l) from the 2 ps lifetime of P680* because the read 

resolution used for recording the spectra was 4 cm'̂ , see inset spectrum of Fig. 11 and 

caption. Comparison of the spectra in Figs. 11 and 12 reveals that the theoretical fits 

account reasonably well for the dependencies of the ZPH, real- and pseudo-PSBH hole 

intensities on A-g. However, they are by no means completely satisfactory. For example: 

(i) for spectra d and e the experimental profile falls off more rapidly than the theoretical 

profile to higher energy of the ZPH. The steepness of the drop-off in spectra d and e, of 

Fig. 11, suggests some type of interference; (ii) the intensity of the pseudo-PSBH relative 

to that of the real-PSBH in spectrum a of Fig. 11 is significantly higher than in spectrum a 

of Fig. 12; and (iii) the shoulder at 684 nm seen clearly in the c, d, and e experimental 

spectra is absent in the theoretical spectra. Despite these discrepancies we conclude, based 

on a large number of theoretical calculations, that the values given above for the variables 

used to generate the spectra in Fig. 12 are accurate. They are in good agreement with 

those we reported previously even though the Xg-dependence of the hole profile shown in 

Fig. 11 is far more detailed. 

Discrepancy (iii) is due to the fact that the theoretical fitting does not account for 

the contribution to the population bottleneck hole spectra from the 684 nm absorbing 

Oil a. Thus, it is not a real discrepancy. We have subtracted the non-line narrowed 



www.manaraa.com

127 

WAVELENGTH (nm) 
690 680 670 660 

"c 
13 

jQ 

LU 
O 
z: < 
CQ 
CC 
o 
CD 
CD 
< 

< 
1-
_J 
LU 
Q 

14400 14800 15200 
WAVENUMBERS (cm"'') 

Figure 11. Low temperature (4.2 K) transient triplet bottleneck hole-bumed 

spectra from the 4 Chi a-RC preparation. Bum intensity, Xg, and AOD change at the ZPH 
are (a) 330 mW/cm ,̂ 683.6 nm, 20% (b) 370 mW/cm ,̂ 682.6 nm, 15% (c) 400 mW/cm ,̂ 
681.4 nm, 23% (d) 400 mW/cm2, 680.5 nm, 22% (e) 360 mW/cm2, 679.6 nm, 17%, 
respectively. Read resolution is 4 cm'l. The inset shows the higher resolution (1 cm"^) 
scan of the zero-phonon hole at 681 nm. The ZPH width = 5.9 cm" ,̂ Tg = 4.2 K. 
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Figure 12. Simulated transient hole-bumed spectra obtained for S = 1.9, (%i = 
20 cm"l, r = 27.5 cm"l, ryji = 100 cm"l, and 7 = 3.5 cm l̂, with the center of the site 

distribution function at 14653 cm'l. One-phonon profile (F) on low and high energy sides 
is a Gaussian (half-width = 10 cm'̂ ) and Lorentzian (half-width = 17.5 cm'l), respectively. 
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contribution from the 684 nm Chi a to the c, d and e spectra in Fig. 11 and refit the 

resulting spectra. The results (not shown) reveal that there is no significant change in the 

values of the theoretical variables used to generate the spectra in Fig. 12. Discrepancy (ii) 

is also attributed to the 684 nm absorbing Chi a. The bum-wavelength (Xg) used for 

spectrum a of Fig. 11, 683.6 nm, is close to the maximum of the absorption of the 684 run 

Chi a and on the low energy tail of P680. Thus, we believe that this discrepancy is due to a 

Une-narrowed interference from the 684 nm Chi a. Resolution of the first discrepancy, (i), 

is more difficult. This is because it depends on whether P680 is a monomer or a dimer. 

On the basis of circular dichroism spectra, Braun et al. [62], Otte et al. [36] and 

Tetenkin et al. [63] concluded that P680 is a dimer with the upper component located near 

666 nm. The hole spectra in Fig. 11 offer additional support because of the appearance of 

the weak satellite hole at 667 nm Qong solid arrow), this hole lies ~300 cm"l to higher 

energy of the centroid of the P680 hole profile. The possibility that the -300 cm'l hole is 

a vibronic feature building on the P680 origin hole can be dismissed because the hole 

spectra exhibit no higher energy satellite features (not shown). Although Chi a exhibits an 

excited state fundamental at 340 cm"^, this mode is much weaker in the SI(Qy) <R- SQ 

absorption spectrum than the most intense mode at -720 cm"l [64]. The hole spectra of 

Kwa [34] also reveal a weak satellite feature near 667 nm. Importantiy, Kwa determined 

that the 667 nm feature carries a polarization nearly opposite to that of the P680 hole. This 

and its weak absorption intensity are properties shared by the upper dimer component (P4.) 

of the special pair of bacterial RC, e.g., Rps. viridis [65]. The above results suggest that 

two monomers contribute to P680. Since their excitonic interaction is only -150 cm'̂  and 

the Qy-absorption spectrum spans only -500 cm'l, it is possible that more than two 

monomers make a significant contribution. An argument against this is given in section 
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IV.C. In any event, one should expect an interference to the hole spectra from the ground 

state absorption of a monomer since EPR [66] and absorbance detected magnetic 

resonance [20] measurements have shown that the triplet of the primary donor is localized 

on a single Chi a molecule. From Fig. 11 one observes that the only positive A-absorbance 

is near 673 nm (dashed arrow). Its weakness suggests that it may be the high energy tail of 

a monomer band which interferes almost completely with the P680 hole. 

We have followed up on this suggestion by correcting the hole spectra (b-e) for the 

interference and theoretically fitting the corrected spectra. The most satisfactory overall 

fitting was obtained with a monomer absorption profile centered at ~678 nm and with a 

width of ~200 cm'l. The integrated intensity of this profile was set equal to that of the 

P680 hole. The fits are not shown because they are not particularly noteworthy. For 

example, they do not lead to a much improved description of the PSBH regions of spectra 

d and e in Fig. 11. However, it is worthwhile showing some fits to the non-line narrowed 

hole spectrum. Figure 13 shows three sets (a, b, c) of spectra. The dot-dash spectrum of 

set a is the experimental spectrum. The solid spectrum in each set is the experimental 

spectrum corrected for the aforementioned monomer absorption and the contribution from 

the 684 nm Chi a. The dashed profiles are fits. The fit in set a was obtained with the 

values of the variables used for Fig. 12. Except for the fact that the fitted profile is shifted 

~1 nm to the red of the corrected experimental spectrum, it is quite good. The shift can be 

eliminated by moving the center of the ZPL frequency distribution to 682 nm. However, 

this results in a significant worsening of the theoretical fits to the line-narrowed spectra in 

Fig. 11. The fits in sets b and c of Fig. 13 were obtained by introducing a 90 cm'̂  mode 

which may be viewed as a potential analogue of the special pair marker mode of the 

bacterial RC. The Huang-Rhys factor used for this mode in set b and c is 0.3 and 0.5, 
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Figiire 13. Experimental non-line nairowed hole-bumed (Ig = 665 nm, 
Ig " 200 mW/cm^) spectrum of 4 Chi c-RC complex is shown in set a as the dashed-
dotted line. The solid spectrum in each set is the experimental spectrum corrected for the 
monomer absorption (maximum at 678 nm, width = 200 cm'̂ ) and the contribution from 
the 684 nm Chi a (-0.15 Chi a) (see text). The calculated spectrum (dashed line) in set a 
was obtained for the parameters given in the caption of Fig. 12. The calculated spectra in 
set b and c (dashed lines) were obtained by introducing a 90 cm'̂  mode with the Huang 
Rhys factor of 0.3 and 0.5, respectively (see text for details). 
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respectively. A homogeneous width of 50 cm"l [16,17] was assigned to the 90 cm'l 

mode. Although the maxima of these fits are close to that of the corrected spectrum, the 

widths are too large. We conclude that if a P680 "marker mode" exists, it is characterized 

by a small Huang-Rhys factor. The absorption spectrum (Fig. 2), itself, mandates a value 

considerably less than 1. We emphasize again that the values given above for the electron-

phonon (protein) coupling parameters and Tinh for P680 are highly unlikely to be 

significandy changed in future theoretical fittings of the hole spectra from 4 Chi a-

preparations. 

The special pair marker mode (or, possibly, two closely spaced modes [17]) with its 

large Huang-Rhys factor is a unique signature of the special pair in the bacterial RC. It is 

an inter-monomer mode and, because of its low frequency, may be viewed as a pseudo-

localized phonon. Its apparent absence in P680 offers additional support for the structure 

of the special pair in the PS H RC being significantly different than in the bacterial RC. We 

recaU that the assignment of the state at 667 nm to the upper dimer component of P680 

yields a dimer splitting, ~300 cm' ̂ , that is much smaller than in the bacterial RC. In fact, 

the smallness of the splitting raises the possibility that the primary donor state, lP680*, 

cannot be understood simply in terms of the two monomers (Pj, P2) of the special pair 

(analogous to PL and Pĵ  ̂of the bacterial RC). With this in mind we explore a model in 

which 1P680* is contributed to by two Chi a monomers and the 667 nm state is the upper 

dimer component. The possibility that the Pheo a molecule, which contributes to the 

680 nm band, is one of the two monomers can be rejected. Previous nonphotochemical 

hole burning (NPHB) studies showed that this Pheo a band lies at 681.5 nm [9,25]. That 

the Pheo a band exhibits persistent NPHB, while P680 does not, and is characterized by 

weak electron-phonon coupling proves that the Qy-state of Pheo a makes, at most, a small 
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contribution to the wavefunction of lp680*. 

The fact that the upper dimer component of P680 located at 677 nm carries only 

about 3.5% of the absorption intensity of P680 deserves comment in the context of the 

above model. This percentage is based on the spectra of Fig. 11 with due account having 

been given to the previously discussed interference of the P680 hole by the monomer Chi a 

ground state absorption. Kwa [34] has determined a similar value. The percentage of 3.5 

is smaller than the value of 10 for P+ of Rps. viridis [16]. Within the above model the 

smaller percentage would indicate that the Qy-dipoles of the two P680 monomers are 

closer to anti-parallel than those in the bacterial RC which make an angle of 139° [67]. It 

is important to note that in the bacterial RC P+ and P_ are polarized nearly parallel and 

perpendicular to the membrane, i.e., C2 symmetry is operative. Linear dichroism 

experiments [36,68] on oriented PS 11 RC samples have led to the conclusion that the Qy-

transition dipole of P680 is close to parallel to the membrane plane. 

The question of whether the above model is consistent with the absorption 

spectrum of the 4 Chi a-RC, Fig. 2, must be considered. To this end we emphasize again 

that a Pheo a molecule contributes to the absorption band at 680 nm. For what follows 

one can consider that the oscillator strength of the Pheo a monomer is ~60-80% that of a 

Chi a molecule [16,69] although this value is not essential to the argument. The point is 

that the model predicts that both the 680 and 670 absorption bands for the 4 Chi a-RC 

should both have the absorption strength of slightiy less than 3 Chi a molecules since the 

hole burning results prove that P680 carries most of the intensity of two Chi a molecules. 

Guided by the P680 absorption profile shown in Fig. 13 (a reflection of the corrected non-

line narrowed P680 hole profile) we have deconvolved the absorption spectrum shown in 

Fig. 2. The combined P680 plus Pheo a profile was assigned a width of 155 cm"l with the 
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lower and higher sides being a Gaussian and Lorentzian, respectively. Utilization of a 

Lorentzian is more realistic than a Gaussian because of the high energy tailing of P680 due 

to strong electron-phonon coupling and the existence of very weak low firequency 

intramolecular modes. In addition, the Franck-Condon factors of ref. 64 were used to take 

into account the weak ~200-500 cm"  ̂vibronic bands which build on the 680 nm origin 

band(s). Allowance was also made for the weak upper dimer component of P680 at 

~667 nm, vide supra. The result obtained is that the absorption at 680 nm represents 45% 

of the total Qy-absorption, lower than the value of 50% expected from the above model. 

However, on the basis of our analysis of the absorption spectra of a large number of RC 

preparations, we are of the opinion that the absorption spectrum of Fig. 2 is not yet one of 

a perfect 4 Chi a-RC sample. By this is not inferred the presence of the small amount of 

684 nm absorbing Chi a. Rather, we believe that some non-native Chi a still contribute to 

the absorption at 670 nm. One possible source of these Chi a molecules, which has not 

been mentioned, is P680 itself, i.e., the 4 Chi a-RC preparation could be contaminated by 

some denatured PS II RC. We propose that a perfect 4 Chi a-RC preparation would show 

enhanced absorption at 680 nm relative to that at 670 nm. Such a preparation would yield 

a percentage contribution from absorption centered at 680 nm closer to 50%. We 

conclude that the absorption spectrum of the 4 Chi a-RC cannot be said to be inconsistent 

with the model that has lp680*, the primary donor state, being the lowest allowed dimer 

state of two Chi a molecules. 

To conclude this section we consider some possible scenarios for the two Chi a 

monomers of P680 which may be assigned to one of two classes; one in which the C2-

symmetry of the special pair is preserved and the other in which it is destroyed. The results 

discussed, thus far, are not inconsistent with the former class. For example, lP680* and its 
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dimer component could be the analogues of P_ and ?+ of the bacterial RC provided the 

Mg...Mg distance between P^and P2 of the PS II RC is ~10 A (compared to 7 A between 

PL and PM of the bacterial RC) and there is a slight reorientation of Pj and P2 to yield a 

more anti-parallel configuration for their Qy-transition dipoles. However, such a structure 

would appear to be at odds with the EPR results of van Mieghem et al. [66] from 

experiments on PS n enriched membranes and isolated RC oriented on mylar films. The 

results indicate that the triplet state of P680 is localized on a Chi a monomer whose plane 

makes an angle, 30°, with the membrane plane which is the same as those for the accessory 

BChl molecules of the bacterial RC (the planes of PL and Pĵ I make an angle of "90°). 

van Mieghem et al. favored the interpretation that has P680 being a Chi a monomer 

analogous to BChlL or BChlĵ  of the bacterial RC. Of course, the observation that 3p* is 

a monomer state is irrelevant to the question of whether Ip* is a dimer state from the 

perspective of electronic structure and primary charge separation [70]. Nevertheless, the 

results of van Miegham et al. would have one of the two monomers in the model being 

considered here being an accessory Chi monomer. Their analysis also revealed that the 

ring plane of the EPR-active Chi a monomer is rotated 45° compared to the accessory 

BChl of the bacterial RC. Following the work of van Mieghem et al., van der Vos et al. 

[20] reported on linear dichroism-ADMR experiments on RC preparations assumed to 

contain six Chi a molecules. Using the aforementioned 30° angle they concluded that the 

angle between the Qy-transition dipole of the Chi a monomer and the membrane plane is 

36 ± 8°, a value significantly different from those of the special pair monomers and 

accessory BChl of the bacterial RC. For example, this angle for Pĵ  and PL of the special 

pair of the bacterial RC is -14° [20]. Because these workers did not detect an upper dimer 

component, they favored the interpretation that has lP680* being, functionally, a monomer 
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state. However, they did not conclude that the monomer Chi a is the analogue of one of 

the accessory BChl molecules of the bacterial RC. Rather, they left this as an open 

question. 

Most recendy, Noguchi et al. [71] have reported the results of triplet-singlet 

(ground state) FT-IR experiments on the PS II RC. They proposed that P680 is a dimer 

comprised of and P2, the analogues of PL and Pĵ  of the bacterial RC, but with the 

plane of Pi being inclined at 30° with respect to the membrane plane. This pseudo-T-

shaped structure is one in which the keto group of ring v of Pj is directed away from the 

Mg of P2, i.e., it cannot serve as electron-donor ligand to its Mg. Only a qualitative 

argument, based on hydrogen-bonding, is provided for why such a structure is reasonable. 

The structural model of Noguchi et al. indicates that the Qy-transition dipoles of P^and P2 

of the PS II RC make an angle closer to 90° than the 140° angle in the bacterial RC. This 

would lead to a weakening of the excitonic interaction between Pj and P2, relative to PL 

and PM of the bacterial RC. However, it would also lead to the absorption intensities for 

P+ and P_ of the PS n RC being closer in value, which is at odds with the hole burning 

results. Interestingly, the pseudo-T-shaped structure for the special pair would definitely 

render Pj and P2 energetically inequivalent, a consequence of the absence of C2-

symmetry. One expects that the Qy-state of P2 should lie higher in energy than that of Pi, 

although not by as much as 350 cm"l, the value observed for the self-aggregated T-shaped 

dimer of Chi a at 4.2 K [72]. For this dimer the keto group of the donor Chi a is ligated to 

the Mg of the acceptor Chi a. However, a value of about 150 cm'̂  is not an unreasonable 

estimate given the inhomogeneous absorption widths of Chi a monomer absorption bands 

in solid matrices. Such a value would further diminish the state mixing between Pi and P2 

G^eyond that indicated by the stmctural model of Noguchi et al.). 
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In summary, the models of van Mieghem et al. and Noguchi et al. for lP680* are 

inconsistent with the results of hole burning, LD and CD experiments. The hole burning 

and absorption spectra for the 4 Chi fl-RC are consistent with lp680* being a Chi a dimer 

state with its upper excitonic partner being ~300 cm"l higher in energy, roughly oppositely 

polarized to P680 and very weakly absorbing. The sensitivity of the ADMR experiments 

of van der Vos et al. was not sufficient to detect the upper dimer component. Their 

conclusion that lP680* is functionally a monomer is untenable since the upper dimer 

component could be totally forbidden in absorption. The apparent weakness of the 

excitonic interaction of the dimer and the absence of the bacterial special pair marker mode 

in P680 strongly indicates that the bacterial special pair assumes a very different structure 

in the PS II RC. The notion that the structure difference is mainly due to an increase in the 

Mg...Mg distance by ~3 A and that this "weakened" special pair is still the primary donor is 

at odds with the EPR results of van Mieghem et al. The question of which two Chi a 

molecules in the PS II RC are associated with the primary donor state is unlikely to be 

settled until an x-ray structure is available. Nevertheless, we are currently exploring the 

possibility that the lowest energy Qy-state of a tilted and translationally displaced (relative 

to P2) Pi together with a rotated (~45°) or unrotated Chi a, might be reasonable 

candidates for the primary donor of the PS II RC. Of course, even if a cofactor-structure 

is found which is consistent with the available data the immensely difficult problem of 

proving that such a structure represents a global energy minimum still remains. Hopefully, 

an x-ray structure of the PS n RC will soon be available. 

V. Concluding Remarks 

Considerable progress has recently been made towards an understanding of the 

excited electronic state structure and primary charge separation dynamics of the PS n RC. 
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This is less the case for the energy transfer dynamics. The present work establishes the 

importance of CP47 contamination and the 684 nm absorbing Oil a in preparations 

containing, on average, 5 and 6 Chi a molecules per RC complex. Our finding of CP47 

contamination is not so surprising since our inspection of the gel profiles reported for most 

but not all of the preparations reviewed in ref. 3 show some contamination [73]. The 

684 nm Chi a of the RC share similar properties with the 684 nm Chi a observed in CP47 

preparations. If 684 nm Chi a are intrinsic to the RC, i.e. not linker-type, then their 

fragility (extreme sensitivity to TX-lOO) and variability indicate that they are located more 

towards the exterior of the RC complex. Our previous and present measurements of the 

lp680* lifetime, together with the time domain data, indicate that the 684 nm Chi a do not 

play a role in primary charge separation. However, both the 684 nm Chi a and CP47 

contamination should be expected to complicate the interpretation of energy transfer data. 

Therefore, in our future studies of energy transfer djmamics and electron-phonon coupling, 

attention will be focused on 4 Chi a-RC preparations which contain negligibly low amounts 

of CP47, 684 nm Chi a and non-native Chi a absorbing near 670 nm. 
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CHAPTER 6 TEMPERATURE DEPENDENT HOLE BURNING 

OF THE 684 NM CHLOROPHYLL A OF THE ISOLATED 

REACTION CENTER OF PHOTOSYSTEM H: CONFIRMATION 

OF THE LINKER MODEL 

A paper published in Chem. Phys., 1995,194,323 

H.-C. Chang, G. J. Small, and R. Jankowiak 

ABSTRACT 

Currently the nature of the additional chlorophyll a (Chi a) molecules which take 

the number of Chi a per isolated Dl-D2-cyt b559 complex beyond the value of four for the 

bacterial reaction center is a subject of much importance and interest. Chang et al. [/. 

Phys. Chem. 98 (1994), 7725], who studied preparations of this complex with significandy 

different Chi a contents, concluded that the 684 nm absorbing Chi a contribute to the 

additional Chi a and proposed that they are of the linker type, serving to shuttle energy 

from the proximal antenna complex to the reaction center. Implicit in this model is that the 

684 nm Chi a communicate with the primary electron donor Chi a (P680) via energy 

transfer and that the resulting detrapping of the Qy-state of the 684 nm Chi a should 

depend strongly on temperature. Temperature dependent transient hole spectra are 

presented that are in complete accord with this prediction. Theoretical calculations on the 

kinetics and temperature dependence of the hole profile of the 680 nm absorption band are 

presented and provide convincing support for the linker model. The data are argued to be 

inconsistent with other models. 
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I. Introduction 

The Dl-D2-cyt 5559 reaction center (RC) complex of photosystem n (PS H) was 

first isolated and characterized by Nanba and Satoh in 1987 [1]. Their procedure led to 

preparations with 5 chlorophyll a (Chi a) per 2 pheophytin a (Pheo a) molecules per RC 

(plus 1 (3 carotene and 1 cyt b559). The 2 quinone molecules were lost during isolation, 

which is also the case for all isolation procedures reported to date. Subsequent 

developments in isolation of the PS II RC have been recentiy reviewed [2,3]. 

Modifications [4-6] of the Nanba-Satoh procedure and the development of different 

procedures [7,8] led to improvements in stability of the RC which spawned a substantial 

number of time domain [9-13] and spectral hole burning studies [14-17] of its primary 

charge separation and energy transfer dynamics (for a review see ref. 2). Considerable 

evidence exists which indicates that the Chi a / Pheo a ratio depends on the isolation 

procedure and other factors [3]. Preparations with 4-6 Chi a per 2 Pheo a molecules have 

been reported [3]. For the present paper, the precise value of the Chi a / Pheo a ratio for 

the samples studied is unimportant since the paper is concerned only with characterization 

of the 684 nm Chi a. 

Concerning primary charge separation, the first hole burning studies on P680* by 

Vink and co-workers [18] led to the identification of only a broad hole, while subsequent 

studies revealed the zero-phonon hole [15-17] which led to a lifetime of 1.9 ± 0.2 ps for 

P680* (primary donor state) at 4.2 K. Pump-probe experiments on samples from the same 

batch led to a lifetime of 3.0 ± 0.6 ps for primary charge separation at 277 K [9]. These 

workers later reported a time constant of 1.4 ± 0.2 ps for this process (P680* Pheo -> 

P680"  ̂Pheo") at 15 K [10]. A number of other time domain studies followed [12,13] and 

there is now quite general agreement that primary charge separation in the PS n RC occurs 
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in ~ 3 ps at biological temperatures and that it undergoes a slight acceleration with 

decreasing temperature [10,15], There is, therefore, a striking analogy with the primary 

charge separation kinetics in bacterial RC [19-21] despite the fact that the monomers of the 

special pair of P680 are much more weakly coupled than in the Rb. sphaeroides and Rps. 

viridis RC [22]. It should be emphasized that, since the work of Jankowiak et al. [15], we 

have performed hole burning studies on several different PS II RC preparations [15-17] as 

well as the CP47-RC complex [14], CP47 is a proximal antenna complex of PS U. In all 

cases, the zero-phonon holes burned into P680 yielded a P680* lifetime of 1.9 ps at 4.2 K. 

Thus, it would appear that the primary charge separation kinetics are insensitive to the 

ensemble averaged Chi a / RC ratio. How one interprets this would depend on the 

interpretation given to the "additional" Chi a molecules which take the average Chi a 

content of the PS II RC beyond the value of 4 for the bacterial RC. 

On the basis of the very recent papers by Kwa et al. [22] and Chang et al. [17] it 

would appear that there remain only two viable interpretations for the 684 nm Chi a. 

Chang et al. studied three PS II RC preparations with Chi a ratios of -1:1.2:1.5. It was 

proven that an increase in the Chi a content was contributed to by an increase in the 

amount of 684 nm absorbing Chi a [17]. The existence of the 684 nm Chi a was already 

firmly established [14,23,24]. Chang et al. concluded that the 684 nm Chi a are "linker" 

molecules important to energy transfer from the CP47 proximal antenna complex to P680 

and that they are located at the exterior of the RC protein complex. They also concluded 

that the correct number of Chi a belonging to the hydrophobic interior of the RC is 4, in 

analogy with the bacterial RC. The fragility of the 684 nm Chi a was demonstrated and it 

was asserted that in RC preparations with lower Chi a content one has a heterogeneous 

mixture comprised of RC which possess and RC which are devoid of the 684 nm Chi a (but 
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all RC possess P680). In addition, Chang et al. [17] pointed out the complications for 

stoichiometry associated with contamination of RC preparations by CP47 and 

dysfunctional Chi a (absorbing near 670 nm). Kwa et al. [22] placed a different 

interpretation on the 684 nm Chi a, one that has these Chi a being a second pool of 

primary electron donor (P684) with the other being P680. Given that P684* lies lower in 

energy than P680* and the fragility of the 684 nm Chi a (relative to the P680 Chi a), the 

model of Kwa et al. raises the interesting possibility that P684 is the remnant of the primary 

donor in the membrane bound RC, i.e., P680 of the isolated RC is a perturbed version of 

the membrane bound primary donor which, nevertheless, is still capable of triggering 

charge separation in 3 ps. 

In the gross heterogeneity model of Kwa et al., RC which possess P684 as the 

primary donor cannot communicate with RC which possess P680 as the primary donor. In 

the model of Chang et al., all RC particles possess P680 as the one and only primary donor 

Chi a but only a fraction of RC particles possess 684 nm Chi a. This fraction depends on 

the isolation procedure and sample handling. For those particles which possess 684 nm Chi 

a, the 684 nm Chi a can communicate with the P680 Chi a via energy transfer. It is this 

difference between the two models that led to the temperature dependent hole burning 

studies reported on here. By way of review (see refs. 14,25 and 26 for details), both 

P680 and the Qy-state of the 684 nm Chi a can be studied by transient population 

bottleneck hole burning via their lowest triplet state. The contributions of P680 and the 

684 nm Chi a to the hole profile of the prominent PS II RC 680 nm absorption band (see 

Fig. 1) are distinguishable at sufficiently low temperatures [17,22,27]. Given the close 

1 JJJ 
proximity (~ 90 cm" ) of the Qy-state of the 684 nm Chi a to P680 and the rapid decay of 

P680 due to charge separation, the model of Chang et al. predicts that the contribution of 
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the 684 nm Chi a to the hole profile of the 680 nm band should undergo a significant 

decrease with increasing temperature above 4.2 K due to thermally induced energy transfer 

from the Qy-state of the 684 nm Chi a to P680*. Furthermore, the contribution from the 

684 nm Chi a should be recovered upon completion of the temperature cycle. The results 

presented are in accord with these predictions. Kinetic calculations, which take into 

account the intrinsic glass-like structural heterogeneity of the protein complex, are 

presented which support the application of the model of Chang et al. for temperature 

dependence of the hole profile for the 680 nm absorption band. Theoretical calculations 

(with no adjustable parameters) are presented which provide an accurate accounting of the 

temperature dependence of this hole profile. 

n. Experimental Section 

The apparatus used for the absorption and hole buming measurements was as 

described recentiy in refs. 16 and 28. Briefly, hole buming employed a Coherent CR699-

21 ring dye laser (linewidth of 0.07 cm"^) pumped by a 6-W Coherent Innova argon-ion 

laser. Hole and absorption spectra were read with a Bruker HR 120 Fourier transform 

spectrometer. All reported results were obtained in the temperature range of 4.2-77 K 

using a convection-cooled liquid helium cryostat. For the 77 K studies, helium was 

replaced with liquid nitrogen. Hole buming conditions and read resolution are given in the 

figure captions. 

Samples from three separate preparations were generously provided by M. Seibert 

and R. Picorel. Preparations I (~4.1 Chi a 12 Pheo a) and II (~4.2 Chi a 12 Pheo a) of the 

Dl-D2-cyt b559 complex were obtained with high yield from PS II membranes isolated 

from spinach leaves, according to the method of Yruela et al. [29]. Preparation in, with an 



www.manaraa.com

149 

estimated ~4.5 Chi a / Pheo a, was obtained from spinach according to the procedure of 

Nanba and Satoh [1] as described in [2]. The Chi a / Pheo a ratios were determined as 

described in Montoya et al. [30]. The relative ratios of the Chi a in the three preparations 

were determined using the 4.2 K absorption method described in ref. 17 and found to be 

consistent with those calculated from the above data. We note that the method of 

Montoya et al. [30] may underestimate the Chi a / Pheo a ratio [31] to an extent greater 

than the 10% estimate given in ref. 17. Again, the uncertainty in this ratio is irrelevant to 

the present paper. Results presented in the following section allow for an assessment of 

differences between the contributions from 684 nm Chi a and dysfunctional Chi a to the 

three preparations. All preparations were stored in the dark at -80° C. For low 

temperature studies, glycerol was added (66% v/v) to sample aliquots to avoid glass 

cracking. 

ni. Results And Discussion 

A. Temperature Dependence of Absorption and Transient Hole Spectra 

The 4.2 K absorption spectra of preparation I and II are shown in Fig. 1 as curves a 

and b, respectively. As in ref. 17, the spectra are normalized to the same intensity of the 

Qx-band of Pheo a. Comparison of the two indicates that preparation II has the somewhat 

higher Chi a content, in agreement with the results of the preceding section. Based on the 

results of ref. 17, in which three RC preparations with Chi a ratios 1:1.25:1.50 were 

studied, we conclude that preparation II has more dysfunctional Chi a absorbing at ~ 670 

nm. The bulk of the intensity of the relatively broad 670 nm band is due to the two 

accessory Chi a and, perhaps, also to one of the two Pheo a molecules. The other Pheo a 

molecule absorbs at ~ 681 nm [16,32,33]. Subtraction of spectra a and b reveals that the 
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Figure 1. Absorption spectra of PS II RC for preparation I (curve a) and II (curve 
b), obtained at T = 4.2 K. The inset represents the difference spectrum between a and b. 
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inhomogeneous width of the Qy-band for the dysfunctional Chi a is very large, ~300 cm~ ,̂ 

see inset The band at 680 nm is heavily contributed to by P680. In both spectra there is a 

discernible shoulder near 684 nm (solid arrow). Subtraction of the two spectra reveals that 

preparation I has the larger contribution of 684 nm Chi a, see inset. We emphasize again 

[17] that the contributions from the 684 nm and dysfunctional Chi a depend on the 

isolation procedure employed. In addition, it is known that [14,17] the 684 nm Chi a is 

very fragile, e.g. easily disrapted by small amounts of Triton X-100 added to the glass 

forming solvent It has been suggested that the relative concentration of 684 nm Chi a can 

be increased by carrying out the isolation in the dark [25]. Comparison of the 4.2 K 

absorption spectra for preparations I-in with those of ref. 17 revealed that contamination 

of the former by the proximal CP47 antenna complex is negligibly small. 

Figure 2 shows the 4.2 K (a and b) and 77 K (c and d) transient hole burned spectra 

for preparations I and n obtained under non-line narrowing conditions (Xg = 665 nm). 

Following the procedure of ref. 15 it was confirmed that these spectra are not contributed 

to by the Qy-state of Pheo a near 681 nm. We note that previous hole burning studies led 

to the assignment of the broad hole feature near 667 nm as the upper dimer component of 

the P680 special pair [17,22]. Our interest here is in the hole centered near 680 nm. We 

consider first spectra a (preparation I) and b (preparation II), T = 4.2 K. Both hole profiles 

are due primarily to P680 and both show the low energy shoulder at 684 nm (solid arrow) 

identified in previous work [14,17]. Spectrum b is very similar to that shown in Fig. 2 of 

ref. 17 for an RC preparation believed to have contained approximately 4 Chi a per RC 

(but see section II). The difference between spectra a and b of Fig. 2, see inset, confirms 

that preparation I contains more 684 nm Chi a than preparation II. Preparation ni was 

found to contain more 684 nm Chi a than both I and II (results not shown). Turning next 
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Figure 2. Non-line narrowed transient hole spectra of PS n RC obtained at 77 K 
and 4.2 K, with laser excitation wavelength of X = 665 nm. AOD changes (%) at 681-nm 

in spectra a, b, c, and d are 5,6,5 and 6, respectively. The inset shows the difference 
spectrum, between b and a, in the 684-nm region. 
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to the 77 K results (spectra c and d) it is seen that the 680 nm profiles are essentially 

indistinguishable. (This is also the case for preparation HI, result not shown.) This 

indistinguishability at 77 K provides an important clue to the nature of the 684 nm Chi a. 

It led to perform more detailed temperature-dependent studies and carry out 

theoretical analysis of the 680 nm hole profile as a function of temperature. For these 

studies we chose preparation III because of its higher average 684 nm Chi a content per 

RC. Transient hole burned spectra for preparation HI are shown in Fig. 3A for 4.2,15, 30 

and 56 K. Attention is drawn to the temperature dependence of the low energy side of the 

hole profile. Intriguingly, it sharpens as the temperature is increased above 4.2 K, upto ~ 

30 K. This is more easily seen by plotting the half-width (low energy side) of the 680 nm 

hole versus temperature, X's in Fig. 4. The half-width reaches a minimum value near 25 K. 

The open square data point for Fig. 4 is the half-width measured after cycling back to 4.2 

K following the temperature excursion to 77 K. That is, the observed narrowing effect 

with increasing temperature is reversible. We return to this important observation in the 

following section. The origin of the narrowing becomes transparent by examining the 

difference between the 4.2 and 15 K hole profiles which is shown in the inset of Fig. 3A. 

The contribution of the 684 nm Chi a to the hole profile undergoes a significant reduction 

from 4.2 to 15 K. The implications of this and the aforementioned reversibility for the 

nature of the 684 nm Chi a are considered in section IV. An important comparison against 

the hole narrowing effect is the temperature dependence of the absorption profile centered 

near 680 nm. For the temperature range of interest, 4.2-77 K, the profile exhibits no 

narrowing, only normal thermal broadening. As an example. Fig. 5 shows the absorption 

profile for T = 4.2 and 30 K. Normal thermal broadening of both the low and high energy 
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Figure 3. Transient triplet bottleneck hole spectra (Frame A) of preparation in 
obtained under non-line narrowing conditions with Xb = 665 nm at T = 4.2, 15, 30 and 
56 K. The inset shows the difference spectrum between spectra obtained at T = 15 K and 
4.2 K, respectively. Frame B shows the calculated P680 hole profile for T = 4.2,15, 30, 
and 56 K. 
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Figure 4. Temperature dependence of half-width (low energy side) of the 
experimental (crosses and rectangle) and calculated (circles) transient hole spectra for 
preparation HI. The experimental half-width of the hole after temperature has been cycled 
back to 4.2 K is indicated by the rectangle. The triangles show the measured half-width at 
56 K and 77 K corrected for the monomer absorption. 
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Figure 5. Absorption spectra of PS II RC, in the 680-684 nm region, obtained at 
T = 4.2KandT = 30 K. 
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sides is observed. This finding proves that the diminution of the contribution of the 684 nm 

Oil a to the transient hole profile is an excited state phenomenon, cf. section IV. 

We end this subsection by presenting calculated results on the temperature 

dependence of P680's non-line narrowed hole profile. These calculations were performed 

with the theory of Hayes et al. [34] which is a generalization of that of Hayes et al. [35] to 

arbitrary temperature. The input parameter values used are those from ref. 17, cf. Table I. 

The results are shown in Fig. 3B. As expected, both the low and high energy sides of the 

P680 broaden with increasing temperature. The results for the half-width of the low 

energy side of the profile are shown as the circles in Fig. 4. They should be compared with 

the experimental data points (X's). Comparison of the calculated P680 profiles (Fig. 3B) 

with the experimental profiles (Fig. 3A) reveals that the high energy sides of the latter are 

sharper than those of the former. This is due to the fact that the experimental profiles have 

not been corrected for the interference of the positive absorption from an effective ground 

state Chi a monomer associated with P680* [17,18,22] (the bottleneck state for the 

transient hole burning). This problem is dealt with in the following subsection. Correction 

for this interference led to the triangular experimental half-widths in Fig. 4. The agreement 

between theory and experiment is then good for T < 30 K. 

In summary, the unusual temperature dependence of the low energy side of the 680 

nm hole profile has a simple explanation, one that is based on the interplay between the 

diminution of the contribution of the 684 nm Chi a to the profile with increasing 

temperature and normal thermal broadening of P680 due to linear electron-phonon 

coupling. 
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Table I. Parameter values used to calculate hole-bumed spectra for PS 11RC. 

P680 Monomer 
Absorption Band 

s 1.9 (0,0) 678.5 nm 

®m 20 cm'l fwhm  ̂ 210 cm'l 

ri 27.5 cm'l înh 175 cm-1 

înh 100 cm"  ̂ Mm 20 cm"  ̂

SDF2 682.45 nm S 0.5 

3.5 cm'l 

^One-phonon profile width. 
^Wavelength of maximum of the zero-phonon line distribution. 
^Half-width of the zero phonon line. This value is unimportant for T d 15 K since the 
zero-phonon line intensity is essentially zero due to Franck-Condon forbiddeness. 
^FuU-width at half maximum; temperature broadening of the monomer band was calculated 
using the theory of Hayes et al. [33], with the parameters listed above. At 77 K, for 
example, this broadening equals --25 cm'l. 
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B. Theoretical Fits To Transient Hole Spectra 

In other work [14,15,17] it was shown that the theory of Hayes et al. [35] provided 

reasonable but imperfect fits to the bum wavelength dependence of the line-narrowed hole 

profile of the 680 nm band at 4.2 K. The less than perfect fits were due to interference to 

the P680 hole profile from the effective Chi a monomer ground state absorption associated 

with P680 as well as the 684 nm Chi a. Kwa et al. [22] experienced similar difficulties. 

Nevertheless, the values of the Huang-Rhys factor(S), the mean phonon frequency (<%i), 

one-phonon profile width (T) and inhomogeneous broadening (Tinh) and center frequency 

(©c) of the distribution of zero-phonon line frequencies for P680 could be determined [17], 

of Table I. The values of S = 1.9, cOjn = 20 cm" ,̂ F = 27.5 cm"  ̂and Fjjih = 100 cm"  ̂

were in gratifyingly close agreement with those determined earlier by Jankowiak et al. [15]. 

Also given in Table I are the values from ref. 17 for the band maximum (678.5 nm), and 

1 inhomogeneous broadening (175 cm" ) for the P680* ground state monomer absorption, 

4.2 K. All of the above parameter values were used for the theoretical fitting to the high 

temperature 680 nm hole profiles presented below. The only adjustment made was to take 

into account the thermal broadening of the effective ground state monomer absorption 

band of ̂ P680*, cf., caption to Table I for details. 

As shown in the preceding subsection, the contribution to the hole profile of the 

680 nm absorption band from the 684 nm Chi a appears to vanish for sufficiently high 

temperatures. In what follows we present transient hole spectra for T = 77 and 56 K. For 

the fitting of these spectra (including bum wavelength dependence) we assumed that there 

is no contribution from the 684 nm Chi a. That is, the fits, with aa adjustable parameters, 

are based on the 680 nm hole profile being due to P680 and the ground state monomer 

absorption of P680*, of Table I. Again, the temperature and bum wavelength dependent 

hole profiles were fitted with the theory of Hayes et al. [34]. In the following section we 
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present a model for the 684 nm Chi a which is based on the 684 nm Chi a being of the 

linker type, cf. Introduction, and show that this model is entirely consistent with the just 

stated assumption. 

Figure 6 shows the transient hole spectra obtained with = 665 nm at 77 K (B) 

and 56 K (A). The dashed profiles are experimental while the solid curves are the 

calculated profiles. The experimental profiles have been corrected for the interference from 

the Chi a monomer absorption under the reasonable assumption that this absorption carries 

one-half the intensity of P680 [17,22]. The agreement between the calculated and 

experimental hole profiles is good. We also obtained hole spectra for A-g located within 

the 680 nm band. The results for T = 77 K and Jig = 680,681,682 and 683 nm are shown 

(noisy curves) in Fig. 7. In each frame the solid curve is the theoretical fit. The fits, 

obtained with no adjustable parameters, are gratifyingly good. Chang et al. [17] 

investigated the extent to which a special pair marker made (cosp) with cogp ~ 100 cm"  ̂

might contribute to the high energy side of the P680 hole profile since such a mode with co 
1 ^ 

sp = 120/145 cm" and Sgp = 1.5/1.1 is of primary importance in determining the P <— P 

absorption profile of Rh. sphaeroides / Rps. viridis [26]. They concluded that, if such a 

contribution exists, it must be weak, with Sgp < 0.3. To test this conclusion we extended 

the fitting of the results of Fig. 7 to include a contribution from the marker mode. The fits 

(not shown) confirm the conclusion of Chang et al. [17]. As discussed by Chang et al., the 

absence of a significant contribution of a marker mode to P680 is just another piece of 

evidence for the structure of the P680 special pair being significantly different from that of 

the special pair of bacterial RC. 

The theory of Hayes et al. [34] also accounts for the dependence of the integrated 

hole intensity on bum frequency. To further test the values of the parameters given in 
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Figure 6. Frames A and B show calculated (solid lines) and experimental transient 
(dashed lines) hole spectra for preparation III obtained for A-g = 665 nm (Ib ~ 320 
mW/cm^) at 56 K and 77 K, respectively. The experimental spectra have been corrected 
for the monomer absorption, of. text. 
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Figure 7. Experimental hole spectra (noisy solid lines), corrected for the monomer 
absorption, obtained at 77 K for different excitation wavelengths, i.e., 680, 681,682, and 
683 nm. Spectra were obtained with 4 cm" ̂  resolution. The calculated (solid lines) 
profiles were obtained for the parameters given in Table I. 
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Table I we performed constant bum fluence experiments as a function of bum frequency. 

These experiments led to the experimental data points (X's) shown in Fig. 8. The 

diamonds in Fig. 8 correspond to the calculated hole areas. Again, the agreement between 

experiment and theory is good. 

rv. Additional Results And Discussion 

We discuss first, in the context of the results of the preceding section, the viability 

of the model that has 684 nm Chi a being a second pool of primary electron donor, i.e. 

P684. This model appears most reasonable when it is assumed that P680 is a manifestation 

of damage to P684 produced by the isolation and sample handling procedure, i.e., P684 of 

the isolated RC is the remnant of the tme primary donor of the membrane bound RC 

[36,37]. The results of the preceding section prove that the contribution of the 684 nm Chi 

a to the 680 nm transient hole profile decreases with increasing temperature (above 4.2 K) 

and becomes negligibly small for T = 56 K. Furthermore, the contribution to the low 

energy side of the 680 nm hole from the 684 nm Chi a is completely recovered by cycling 

back to 4.2 K. At the same time the absorption profile exhibits normal thermal broadening 

on both its low and high energy sides. Fig. 5. The spectra of Fig. 5 prove that the 

temperature-induced hole narrowing effect must be an excited state phenomenon since 

increasing temperature between 4.2 and 30 K does not perturb (eliminate) the 684 nm 

Chi a in the ground state. The P684 model could be argued to be consistent with the hole 

narrowing effect if it were to be assumed that the intersystem crossing yield of the Qy-state 

of the 684 nm Chi a undergoes a very significant diminution with temperature between 4.2 

and 30 K. We can conceive of no physical bases for this and, furthermore, the intersystem 

crossing yield for protochlorophylls in glasses has been shown to be independent of 
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Figure 8. Normalized integrated transient hole areas plotted as a function of the 
excitation wavelength. Crosses and diamonds correspond to the experimental and 
calculated data, respectively. T = 77 K and bum intensity -100 mW/cm . 
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temperature [38]. We conclude, therefore, that the P684 model is untenable. 

In what follows we present kinetic calculations which show that the model of 

Chang et al. [17], one that has the 684 nm Chi a being of the linker type important for 

energy transfer from the proximal antenna complexes to P680, is consistent with the results 

of the preceding section. 

We denote the Qy-state of the 684 nm Chi a by L*. Within die linker model of 

Chang et al. [17], L* can serve as a trap state for P680* since it lies lower in energy than 

P680* by AE - 90 cm'̂  (4 nm). For the experiments that led to the results of the previous 

section, it should be noted that L* can also be directly populated by laser excitation and by 

energy transfer from the accessory Chi a (in this case where A-g = 665 nm). We avoid this 

complexity by considering that at t = 0 all the population is in L*, i.e., L* (AE, T, t = 0) = 

1. For our purposes it suffices to consider the kinetic scheme 

L* P680* P680''/" , (1) 

(where I = electron acceptor) since our interest is in the temporal evolution of L*, viewed 

as a population, due to thermally induced energy transfer to P680*. That is, the decay of 

L* to its ground state and triplet state (responsible for the hole burning of the 684 nm 

band) need not be included. We make the reasonable assumption that ke » kg'. The 

solution to (1) is then [39] 

L*(AE,T,t) = LQ [ai exp(-7it) + a2 exp(-721)] (2) 

where aj = ki(7i - kg) / [71(71 - 72)] and a2 = ki(ke -72) / [72(71 -72)]- The apparent rate 

constants 71 and 72 are given by: 
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71,2 =l/2{ki + k2 + ke ± [(ki + k2 + ke)2 - 4kik^y^}. (3) 

For the calculations which follow we assumed microscopic reversibility, i.e. ki = k2 

exp (-AE/kT). It is well known that [40,41] structural heterogeneity of the protein leads to 

a distribution of values for AE. Thus, one must average L* of Eq. 2 over this distribution: 

oo 

L*(T,t) = J d(AE) giAE) L*(AE,T,t), (4) 

o 

where we take g(AE) to be a Gaussian with variance and a mean value for the energy 

gap of AEQ. L (T, t) is now the population for the ensemble of RC. Again, AE = 

E(P680 ) - E(L ). Hole burning has shown that [26] the site excitation energies of 

different electronic states of photosynthetic protein complexes are largely uncorrelated. In 

the absence of correlation, 2.35 a ~ 2 Tjnh, where, in this case, Finji is the 

inhomogeneous broadening of both the P680 and 684 nm absorption bands. From Table I, 

Finh, ~ 100 cm" .̂ We allowed for some correlation by setting 2<j = 60 cm" .̂ AEQ was set 

equal to 86 cm" ̂  (4 nm). This choice of parameter values justifies the lower limit of the 

integral in Eq. 4. The calculation effectively takes into account AE-values in the range of 

~0-200 cm'̂  but ignores any dependence of k2 on AE. That neglect should not affect the 

conclusions reached below. 

The biexponential decay behavior of L* for the single RC, Eq. 2, together with the 

distributicn AE-values leads to non-single exponential depopulation (detrapping) kinetics 

for L*(T, t), Eq. 2, of the RC ensemble. What was calculated, therefore, is the average 

lifetime, <T(T)>, for L* of the ensemble: 
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<x(r )>  =  J  dt l^ (T , t )  
0 
oo oo 

= f de l  (J(A£)L*(A£,r,t)-=î exp[-(A£-A£„) /̂2cr^], 

0 0 

where L*(AE, T, t) is given by Eq. 2. It is known that the lifetime of P680* is only weakly 

temperature dependent [9,10]; we chose ke = (2.5 ps)'̂  which is the average between the 

room temperature and 4.2 K values [9,15]. The rate constant k2 in scheme (1) is not 

known and, thus, calculations were performed for k2 = (0.1 ps)"  ̂and (20 ps)~l. Since in 

the linker model the 684 nm Chi a (L) are situated at the exterior of the RC complex, the 

former rate is viewed as being too fast. However, it seems likely that the true value lies 

somewhere between the two extremes. 

The results for <x(T)> are shown in Fig. 9, where the circles and squares 

correspond to k2 = (0.1 ps)"  ̂and (20 ps)"  ̂respectively. The solid arrow locates T = 30 

K. Values of <x(T)>, the average detrapping time of L*, are given in Table II. These 

1 jij 
values should be compared to the inverse of the intersystem crossing rate, (kjx)" . for L 

since the transient hole burning of the 684 nm Chi a reported on here is due to formation of 

•^L . The quantum yield for triplet formation is given by <l)ix(T) ~ kjx / (kjx + kic + <t 

(T)>'b, where Iqc is the rate constant for internal conversion to the ground state. Since 

transient hole burning is readily observed for the 684 nm at 4.2 K, it is reasonable to take 

klX ~ kic with kix ~ Gns)'̂  [42]. From Table n it can be seen that (j)ix (77 K) 0 for 

both k2-values used (and, therefore, any k2-values in between), a result consistent with the 

data presented in the previous section. At 4.2 K, <i> is extremely long, meaning that (j)ix 

has a significant magnitude, consistent with experiment. Returning to Fig. 9 we note 
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Figure 9. Temperature dependence of the average detrapping time <T(T)> for the 

nm Qv-state. Results shown for two values of the P680* -> L* rate constant; 1 1 
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that <x(T)> begins to increase rapidly at -30 and ~ 50 K for k2 = (0.1 ps)"  ̂and (20 ps)" ,̂ 

respectively. Again, this is in qualitative accord with the results of Fig. 3A and Fig. 4. 

In summary, the linker model for the 684 nm Chi a of the PS EI RC is entirely 

consistent with the temperature dependence of the 680 nm band hole profile. When k2 of 

scheme (1) is measured and more fine-grained temperature dependent hole spectra are 

available, we expect that even better agreement between experiment and theory will be 

achieved. 

To conclude this section we consider one of the two k2-values used in the 

calculations; namely k2 = (0.1 ps)" .̂ As mentioned, this rate seems too fast for energy 

transfer from P680* to the Qy-state of linker Chi a, L*. If every RC of the ensemble 

possessed 684 nm Chi a, the width of the ZPH for P680 would reflect a lifetime of 0.1 ps. 

We have measured the width of this ZPH for several different RC preparations [15-17,28, 

unpublished results] and for the CP47-RC complex [14] and, in aU cases, the hole width 

yielded a P680* lifetime of ~1.9 ps at 4.2 K, which is in close agreement with time domain 

measurements, cf. Introduction. These results, and, in particular, the result for the CP47-

RC complex, suggest that k2 < (1.8 ps)'̂ . 

Finally, a short comment on the nature of the 684 nm Chi a is in order. Brudvig 

et al. [43] showed that the PS n membranes possess a unique chlorophyll molecule(s), 

denoted as Chl2, which is different from the accessory Chls, assuming structural analogy 

with the bacterial RC. They proposed that Chl̂  (susceptible to photooxidation [43,44]) is 

located on the hydrophobic surface of the D1/D2 complex and suggested that the 

histidines-118 of the D1 and D2 proteins may serve as its potential ligands. Interestingly, 

an EPR signal similar to that of Chlz"*" in PS EE membranes has also been observed in Dl-

D2-cyt b559 preparations [45] suggesting that indeed the Chl2 moiety, as a cofactor, might 
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Table II. Temperature dependence of the average detrapping time <x(T)> for the 684-nm 

Qy-state. 

T[K] 

<'C(T)> (ps) <T(T)> (ps) 

T[K] k2 = (0.1 ps)-L k2 = (20 ps)-L 

300 3.9 3.4x lOl 

200 4.9 4.3 X lOl 

100 9.8 8.5 X lOl 

77 1.5 X lOl 1.3x 102 

40 1.0 X 102 8.8 X 102 

35 1.9 X 102 1.6x 103 

30 4.4 X 102 3.8x 103 

25 1.6 X 103 1.4x 104 

20 1.2 X 104 1.0 X 105 

4.2 1.6 X 10^3 1.4 X 10l5 
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be closely associated with the PS n RC. All the above, in agreement with our prelinunary 

results (data not shown), raises the interesting question whether or not the ~684 nm Chi a 

and Chlz could be the same entity. Such a hypothesis seems to be very attractive; it would 

support the previous work of Brudvig et al. [43,44], indicating that some of the additional 

Chi a observed in the isolated PS II RC, in agreement with our linker model, could serve to 

link the antenna to the reaction center. Further experiments to test this working hypothesis 

are ia progress. 
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CHAPTER 7 PRESSURE DEPENDENCE OF PRIMARY CHARGE 

SEPARATION IN A PHOTOSYNTHETIC REACTION CENTER 

A paper to be published in Chem. Phys. 1995, in press 

H.-C. Chang, R. Jankowiak, N. R. S. Reddy and G. J. Small 

Abstract 

Spectral hole buming is used to study the pressure dependence of the Qy-

absorption spectrum and primary charge separation kinetics of the Dl-D2-cyt b559 

reaction center complex of photosystem II. The 4.2 K Ufetime of P680*, the primary 

donor state, lengthens from 2.0 ps at 0.1 MPa to 7.0 ps at 267 MPa. Importantly, this 

effect is irreversible (plastic), in sharp contrast with the elastic effects of pressure on the 

low temperature absorption and non-line narrowed hole spectrum of P680. These 

observations and data which show that the electron-phonon coupling is weakly dependent 

on pressure, suggest a model that has the plastic behavior of charge separation kinetics due 

mainly to the pressure dependence of the energy of the acceptor state and of the variance 

of the P680*-acceptor energy gap stemming from structural heterogeneity. Nonadiabatic 

rate expressions, which take into account the distribution of energy gap values, are used to 

estimate the linear pressure shift of the acceptor state energy for both the superexchange 

and two-step mechanisms for primary charge separation. For both mechanisms shifts in the 

vicinity of 1 cm~l/MPa are required to explain the data, a value which is not unreasonable 

based on pressure dependent studies of other systems. The results point to the marriage of 

hole buming (also ultra-fast spectroscopy) and high pressures as having considerable 
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potential for the study of primary transport dynamics in reaction center and antenna 

complexes. 

1. Introduction 

The problem of primary charge separation in photosynthetic reaction centers (RC) 

remains as one of great interest and intense study. The bacterial RC of Rhodobacter 

sphaeroides and Rhodopseudomonas viridis have received the most attention since their 

crystal structures are known and their Qy-absorption spectra particularly well resolved [for 

recent reviews see refs. 1-6]. However, primary charge separation in the Dl-D2-cyt b559 

RC of photosystem n has received increased attention [for reviews see refs. 7,8] since its 

isolation in 1987 by Nanba and Satoh [9]. There is significant sequence homology between 

the L and M proteins of the bacterial RC and the D1 and D2 proteins [10-13]. By analogy 

with the bacterial RC, the PS n RC possesses a special pair of chlorophyll a (Chi a) 

molecules which, however, are considerably less strongly exciton-coupled than in the 

bacterial RC [14,15], two pheophytin a (Pheo d) and two quinone molecules, which are 

lost during isolation of the RC. While the Qy-absorption spectrum of the PS II RC spans a 

range of only about 500 cm"  ̂(spectrum a of frame B in Fig. 1 is the spectrum at 1 atm 

and 4.2 K) the spectra of the bacterial RC span a range of about 3000 cm~l. Despite this 

and other differences, both the bacterial and PS II RC reduce the active BPheo (Pheo) 

molecule in 3 ps at room temperature following excitation of the primary donor state 

P (P_). Moreover, this reduction undergoes a slight acceleration in the low temperature 

limit (for the data on the PS II RC see refs. 14 and 16-18). 

Both ultrafast and spectral hole burning spectroscopies have been extensively 

applied to the study of the bacterial and the PS II RC and, in the case of the bacterial RC, 
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Figure 1. Frame A: absoiption (Qy-region) of PS II-RC obtained at T = 77 K for 
p = 0.1 MPa (curve a), 141 MPa (curve b), and 308 MPa, respectively. Spectrum d is the 
spectrum upon pressure release. The inset shows the absence of a pressure dependence of 
the integrated absorption intensity. Frame B: low-temperature (T = 4.2 K) absorption 
spectra of PS IIRC obtained at p = 0.1 MPa (curve a) and p = 267 MPa (curve b), 
respectively. 
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site directed mutagenesis has been used to investigate the effects of specific residues on the 

driving force of charge separation [19]. In addition, the Stark effect has been employed to 

probe the electronic structure of P* [20] and to determine the dependence of the primary 

charge separation kinetics on applied field in the bacterial RC [21,22]. 

Recently, we initiated a program to study the effects of pressure on the excited 

electronic state structure and transport dynamics of photosynthetic protein complexes. 

Windsor and coworkers [23-25] had already demonstrated that pressures of ~350 MPa 

have a significant effect on the kinetics of secondary charge separation in the RC of 

Rb. sphaeroides and Rps. viridis, cf. section IV. These works and those on the Qy-

absorption spectra of the Rps. viridis [26] and Rb. sphaeroides [27,28] RC, the B800-

B850 antenna complex [29] of Rb. sphaeroides and of the FMO antenna complex of 

Chlorobium tepidum [30] have clearly demonstrated that the linear pressure shifts (to the 

red) of Qy-states can be large (-0.5 cm~ /̂MPa for P870 and P960 of Rb. sphaeroides and 

Rps. viridis). In addition, the pressure shifts for different Qy-states of a given complex are 

generally not the same. This is important since one can alter the energy gap(s) associated 

with energy and electron transfer. In addition, however, pressure may affect other 

parameters important to transfer such as the reorganization energy (electron-phonon 

coupling), the electronic coupling and the structural heterogeneity which leads, for 

example, to a distribution of values for donor-acceptor energy gaps. Fortunately, spectral 

hole burning can be used to examine the pressure dependencies of these quantities. 

In this paper we present the results of high pressure-hole burning studies of the 

electronic structure and primary charge separation kinetics CP680* lifetime) of the PS 11 

RC. To the best of our knowledge this is the first report of pressure having a significant 

effect on primary charge separation; at 4.2 K (low temperature limit) the P680* lifetime of 
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2.0 ps at 0.1 MPa lengthens by a factor of 3.5 as the pressure is increased to 267 MPa. 

This pronounced effect is irreversible (plastic) in contrast with the elastic pressure 

dependence of the low temperature (4.2,77 K) absorption and non-line narrowed P680 

hole spectrum. This contrasting behavior, together with other observations, allow for a 

quite straightforward theoretical analysis of the pressure dependence of the primary charge 

separation kinetics. 

By way of background on the PS IIRC, we mention that the understanding of the 

excited state electronic structure and primary charge separation kinetics of the PS U RC is 

made more difficult than for the bacterial RC due to spectral congestion. Whereas all six 

Qy-state absorption bands of the RC of Rps. viridis have been resolved at 4.2 K [31], only 

two bands at ~680 and ~670 nm are apparent in the spectra of Fig. 1. Although the special 

pair, P680, is the major contributor to the 680 nm band, there is also a contribution from 

the active Pheo a molecule [16,32,33]. Fortunately, spectral hole burning can isolate 

P680 and the Pheo a Qy-state. The latter gives rise to persistent nonphotochemical hole 

burning while P680 does not [16]. Typical preparations of PS II particles contain 

additional Chi a which take the Chi a / Pheo a ratio beyond the value of 2 for the bacterial 

RC [10-11]. Contributing to the additional Chi a are the fragile 684 nm absorbing Chi a 

[14], which have very recentiy been proven to be "linker" Chi a, located near the periphery 

of the complex. These Chi a serve to shuttle energy from the proximal antenna complexes 

to P680 [34]. However, the contribution from the 684 nm Chi a to the triplet bottleneck 

hole profile associated with the 680 nm absorption band is eliminated at temperatures 

;s 30 K [34], cf. section in. Despite the apparent variability in the amount of the 

additional Chi a contributing to PS n RC, hole buming of many different preparations have 

shown that the P680* lifetime at 4.2 K is invariant to the amount of additional Chi a. 
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1.9 ± 0.2 ps [14]. Indeed, the P680* lifetime has also been found to be the same for the 

PS n RC-CP47 complex [35], where CP47 is one of the two (CP43 being the other) 

proximal antenna complexes. Retuming to the 670 nm absorption band, we note that it is 

contributed to by the two accessory Chi a of the hydrophobic core of the RC and, 

probably, also by the second Pheo a molecule. Based on the results of refs. 14 and 35 it 

appears certain that dysfunctional Chi a produced during isolation and sample handling also 

contribute. In this paper, however, the 670 nm band is of no concern. 

n. Experimental 

High pressures were generated by a three-stage compressor (model Ull, Unipress-

equipment Division, Polish Academy of Sciences, Warsaw, Poland). Helium gas is used as 

the pressure transmitting medium. Gas flow between compressor stages is regulated by 

needle valves with the first stage connected to a helium gas cylinder. At the heart of the 

compressor is a pump capable of generating pressures of up to 80 MPa with manually 

controlled output. Compression ratios in the first and second stages are close to one and 

five, respectively. The multiplication ratio for the third stage is 79 so that the maximum 

pressure is 1.5 GPa. A flexible thick walled beryllium-copper capillary (od^d = 3 mm/0.3 

mm) connects the third stage of the compressor with a specially designed high pressure 

optical cell (Unipressequipment) for variable temperatures which has a maximum pressure 

rating of 800 MPa. A manganin resistance gauge (model MPGIO, Unipressequipment) 

was placed inside the third stage of the compressor to measure the gaseous helium 

pressure. 

The main cylindrical body of the pressure cell was made of Be-Cu alloy (Brush 

alloy 25) with an outer diameter and height of 80 and 76 mm, respectively. A schematic of 

the cell is given in Fig.2. Samples contained in double walled gelatin capsule (sample 
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Figure 2. Top view of the high pressure cell showing the conical (P) and annular 
brass plug (B) holding the sapphire windows (dark rectangles) surrounding the sample (S). 

Optical access labeled by W. 
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volume of (7 mm)^) are placed in the cell cavity which has an outer diameter and height of 

7 and 8 mm, respectively. Optical access to the sample is provided by four sapphire 

windows (thickness of 4 mm). Windows are supported by window plugs (Ni-Cr alloy) 

having a conical light port with 2.5 mm inner diameter aperture and a 14 degree opening 

angle. Each conical plug is held in place by an annular brass plug. Tightening of the brass 

plugs (using specially designed O-rings covered with a thin layer of indium) isolates the 

high pressure sample region from the outside. For low temperature measurements the 

pressure cell is placed in a custom made liquid helium cryostat with a 3.5 inch inner 

diameter tail section (model IIDT supervaritemp, Janis Research Co., Wilmington, MA). 

Sample temperature was monitored using a calibrated (1.4-360 K) silicon diode 

thermometer (Lake Shore Cryogenic Model DT-470) mounted on top of the pressure cell. 

Performing high pressure experiments at low temperatures presents some difficulties since 

helium solidifies at a pressure of 18 MPa at 4.2 K and, e.g., at 800 MPa at 55 K. Thus, at 

4.2 K the sample needs to be warmed to effect a pressure change at higher pressures. 

Furthermore, once the sample is cooled below the freezing point of helium there is a slight 

pressure drop from the third compressor stage to the pressure cell due to blockage of the 

capillary (prior to freezing of He in the cell). This pressure drop was corrected for using a 

calibration curve which was provided by Unipress. Calibration was obtained by 

comparison of pressures measured at the cell cavity with a silicon diode with those 

measured in the third stage of the compressor, vide-supra. Note: utilization of high 

pressures poses a potential danger to the operator. To minimize danger we employed 

safety shields (6 mm thick polycarbonate, Lexan^) of suitable heights around the cryostat 

and compressor so as to block/redirect flying debris in the case of accidental 

decompression of either the pressure cell or the compressor. The Be-Cu high pressure line 
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Gength of ~2 m) was encased in a tough flexible metal shroud and secured to the 

laboratory ceiling. 

The hole burning setup used is described elsewhere [16,17]. Briefly, absorption 

and hole burned spectra were recorded with a Bruker HR120 Fourier transform 

spectrometer. A Coherent CR699-21 ring dye laser (linewidth of 0.07 cm~^), pumped by 

a 6 W Coherent Innova argon ion laser, was used for hole burning. The spectrometer was 

used at a resolution of 4 cm~l except for high resolution scans of the zero-phonon holes. 

Samples of the Dl-D2-cyt b559 RC complex from spinach leaves were generously 

provided by M. Seibert and R. Picorel. Details of the isolation procedure are given in 

ref. 14. The 4.2 K (0.1 MPa) absorption spectrum shown as a of frame B in Fig. 1 is 

similar to the absorption spectrum given in Fig. 2 (spectrum a) of ref. 14. 

m. Experimental Results 

Illustrative Qy-absorption spectra of the PS II RC obtained at different pressures 

are shown in Fig. 1 for 77 K (A) and 4.2 K (B). Spectra a, b and c of frame A correspond 

to pressures of 0.1,141 and 308 MPa, respectively. These and several other spectra 

(p < 308 MPa) yielded linear pressure shifts (77 K) of -0.08 and -0.04 cm~l/MPa for the 

680 and 670 nm bands, respectively. Spectrum d was obtained at 77 K following release of 

pressure from 308 MPa to 0.1 MPa. This spectrum is indistinguishable from spectrum a of 

the "virgin" sample obtained at 0.1 MPa. As proven in ref. 16, the pheophytin band at 

~681 nm can be isolated for study by nonphotochemical hole burning (P680* does not 

undergo measurable nonphotochemical hole burning). The pressure dependence of the 

pheophytin hole at 77 K and 4,2 K burned under non-line narrowing conditions yielded a 

linear pressure shift of -0.04 cm~l/MPa and its pressure behavior was observed to be 

elastic (results not shown). As discussed in section IV, the above pressure shifts are 
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considerably smaller than those of the bacterial RC. The absorption spectra of frame B 

obtained at 0.1 MPa (a) and 267 MPa (b) illustrate the extent to which the 680 and 670 nm 

bands are better resolved at 4.2 K. Not shown is the 4.2 K absorption spectrum obtained 

upon pressure release from 267 MPa to 0.1 MPa. It is identical to that of the virgin sample 

at 0.1 MPa, spectrum a. On the basis of the absorption spectrum it would appear that the 

pressure induced structural changes of the PS n RC are elastic at 4.2 and 77 K. 

In what follows we will be concerned only with the 680 nm band and, in particular, 

P680. To this end we employed triplet bottleneck hole buming, cf. section 1. Transient 

hole profiles obtained at 4.2 K under non-line narrowing conditions (Xg = 665 nm) are 

shown in Fig. 2 for pressures of 0.1 MPa (a) and 267 MPa (b). The transient hole near 

680 nm is dominated by P680 although there is a small contribution from the 684 nm linker 

Chi a [14], dashed arrow in spectrum a. From the data in the inset the linear pressure shift 

(at T = 4.2 K) of the 680 nm hole is -0.07 cm~l/MPa. There is also a significant pressure 

broadening effect, vide infra. The broad and relatively weak (~ xlO) hole near 668 nmis 

the upper dimer component of the special pair [14,15]. By analogy with the special pair of 

the bacterial RC, the upper and lower components can be referred to as P4. and P_ (P680*) 

[14,15]. The hole spectra obtained at pressures of 0.1,141, and 267 MPa indicate that the 

linear pressure shift for P4. is the same as that for P_ within experimental uncertainty, 

±0.01 cm~l/MPa. By way of contrast, the shifts for P_ and P+ of Rps. viridis at 4.2 K are 

-0.42 and -0.15 cm-l/MPa [22,26]. 

It was recently proven that the contribution from the 684 nm Chi a to the triplet 

botdeneck hole profile at 680 nm is eliminated at temperatures 30 K [34]. This is a 

consequence of thermally induced energy transfer from the Qy-state of the 684 nm "linker" 

Chi a to P680* which undergoes electron transfer in 2 ps [14]. At 4.2 K this energy 
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Figure 3. Transient triplet bottleneck hole spectra of PS n RC obtained under non-
line narrowing conditions with A-g = 665 nm at T = 4.2 K and p = 0.1 MPa (curve a) and 
p = 267 MPa (curve b). The inset shows the pressure shift rate per MPa of the hole 
maximum (-0.07 cm" 1/MPa). Bum intensity at the sample-200 mW/cm^ .̂ Positions of 
the hole maxima were obtained by fitting the top one-third of the hole to a Gaussian. 

Estimated uncertainty in shift rate is ±0.005 cm'̂ /MPa. 
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transfer process is negligible [34]. 

In view of this, the pressure dependence of the 680 nm hole was determined at 

77 K (A-B = 665 nm) so as to better isolate P680. 680 nm hole profiles are shown in 

Fig. 4(A) for 25 and 308 MPa. The results obtained for twelve pressure values, frame B, 

yielded a linear pressure shift and broadening of -0.09 and -0.10 cm~l/MPa, respectively. 

The triangle and square data points in frame B of Fig. 4 were obtained following release of 

pressure from 308 MPa to 0.1 MPa and are equal to those obtained for the virgin sample at 

0.1 MPa. Thus, the non-line narrowed 680 nm hole profile also indicates that the pressure 

induced stractural changes of the PS IIRC are elastic. That is, there is no indication of 

denaturation or irreversible conformational drift (plasticity). We note that the 680 nm hole 

is determined by the P680 hole profile and an interference from the ground state absorption 

of a Chi a monomer associated with 3p680* [14,15]. Correction for the interference led to 

a value of 0.16 cm-^/MPa for the linear broadening of P680, vide infra. 

In order to determine whether the primary charge separation kinetics (P680* 

lifetime) carries a pressure dependence, triplet bottleneck hole burning experiments were 

performed under line-narrowing conditions at 4.2 K. Such experiments at p = 1 atm had 

led earlier to a P680* lifetime of 1.9 ± 0.2 ps at 4.2 K [14,16,35]. P680 profiles obtained 

with A-B = 680.5 nm are shown in Fig. 5 for a pressure of 0.1 MPa (a) and 267 MPa (b). 

The sharp feature in each spectrum is the zero-phonon hole (ZPH) which is coincident with 

the bum frequency. The broader underlying structure is due to the phonon sideband holes 

which have been thoroughly discussed [14,34] but wiU be considered again in section IV. 

The results of calculations presented in the same section indicate that the pressure 

dependence of the linear electron-phonon coupling is weak and that the pressure 

dependence of the entire P680 profile can be explained in terms of a narrowing of the ZPH 
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the P680 hole maximum (circles). The square and triangle denote the hole width and P680 
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and an increase of the inhomogeneous broadening with increasing pressure. High 

resolution scans of the ZPH for 0.1 MPa and 267 MPa yielded ZPH widths of 5.2 cm~l 

(0.1 MPa) and 1.5 cm~l (267 MPa), see Fig. 5, which correspond to P680* lifetimes of 

2.0 and 7.0 ps, respectively. To the best of our knowledge this is the first demonstration 

that pressure can affect primary charge separation. 

An important observation is presented in Fig. 6 (spectrum a). It is that upon release 

of pressure from 267 to 141 MPa and, subsequently, to 0.1 MPa, the 2.0 ps P680* lifetime 

of the virgin sample at 0.1 MPa is not recovered. Rather, the 7.0 ps lifetime corresponding 

to a ZPH width of 1.5 cm~l persists. Spectrum a of Fig. 6 should be compared with 

spectrum a of Fig. 5. Thus, unlike the absorption and non-line narrowed hole spectra of 

P680, the ZPH reveals a plastic response of the PS IIRC to pressure. The persistence of 

the irreversibility of the pressure induced structural changes is conveyed by spectrum b of 

Fig. 6. This 0.1 MPa spectrum (4.2 K) was obtained after warming the sample (which 

yielded spectrum a of the same figure) to 0° C, annealing for 3 h at 0° C followed by 

cooling to 4.2 K. The depth of the ZPH in spectrum b has decreased by 30% while its 

width has increased to 2.3 cm~l. It appears, therefore, that annealing at ice temperature 

can restore, at least partially, the PS II RC to its original "virgin" state. 

Finally, Fig. 7 shows the pressure dependence of the P680 hole area obtained under 

non-line narrowing (A-g = 665 nm) and constant bum intensity conditions at 77 K (X's). 

The open and solid square data points were obtained at 4.2 K with A-g = 680.5 nm for a 

pressure of 267 and 0.1 MPa, respectively. The data show that the steady state population 

of 3p680* decreases at pressures greater than about 150 MPa which suggests that the yield 

for its formation from the P680+Pheo' radical pair state and/or its lifetime are affected by 

pressure. We note that a decrease in the lifetimes of singlet and triplet states of aromatic 



www.manaraa.com

190 

(/) 
-V—' 
'c 

LU 
O 
:z 
< 
CQ 
DC 
o 
CO 
m 
< 

< 
H _J 
1X1 
Q 

WAVELENGTH (nm) 
690 
JL 

680 
t 

670 
_L 

660 
I 

b**. ,  '  

14400 

1 1.5 crri' 

14690 14700 

14800 15200 
WAVENUMBERS (cm-^) 

Figure 6. Line-narrowed transient hole spectra (T = 4.2 K, A-g = 680,5 nm) 
obtained immediately upon pressure release to p = 0.1 MPa (curve a) and after annealing 
(curve b) for 3 hrs. at ice temperature (see text for explanation). The inset shows the 
Lorentzian fit to the zero-phonon hole profile of spectrum a with 27 = 1.5 cm'̂ . Bum 
intensity at the sample ~100 mW/cm .̂ 



www.manaraa.com

191 

w •4—' 

'c 
r3 

x5 
g 
CD 
0 
< 
O 
o 
X 

X T=77K 

T=4.2K 

T=4.2K,upon 
p release 

100 200 300 
Pressure (MPa) 

Figure 7. Pressure dependence of the normalized transient hole areas. Crosses and 
squares correspond to the integrated transient hole area obtained under non-line narrowing 
(T = 77 K, Xgx == 665 nm) and line-narrowing (T = 4.2 K; open black square 

682.Inm; black square Xgx = 680.5 nm) conditions, respectively. 



www.manaraa.com

192 

molecules have been reported [36] and that the triplet lifetime of BChl a in pyridine 

undergoes a decrease of 25% [25] over a pressure range comparable to ours. The data in 

Fig.7 also show that the pressure effect on the steady state population of 3p680* is 

reversible (elastic), see solid square data point 

IV. Discussion And Calculations 

A. Pressure Dependence Of The Qy-Spectra Of Other Photosynthetic Complexes 

It is important to compare the linear pressure shifts of the 680 and 670 nm 

absorption bands, P680 and the active Pheo a at 681 nm against those reported for other 

photosynthetic protein complexes. Examples include the RC of Rb. sphaeroides [27] and 

Rps. viridis [22,26], the B800-B850 peripheral antenna complex of Rb. sphaeroides [29] 

and the proximal FMO antenna complex of Chlorobium tepidum. All these complexes are 

characterized, in part, by strong excitonic interactions. Comparison of the pressure 

dependences of their Qyband maxima against those for the PS II RC reveals that, overall, 

the linear shifts of the latter are considerably smaller. The results for the PS II RC are 

compared against those for five Qy-bands of the RC of Rps. viridis in Table 1. (It should 

be noted that the contribution from the internal charge transfer states of the special pair to 

the primary donor state of the bacterial RC may also be pressure dependent.) The linear 

pressure shift for B850 at 300 K is ~-0.85 cm~l/MPa [29] while that for P870 of the 

Rb. sphaeroides RC at 300 K is -0.68 cm~l/MPa [27]. At T = 55 K, the shift for the 824 

and 814 nm bands of the FMO complex are both -0.12 cm~l/MPa [29]. It is also 

interesting to note that the linear pressure shift of the state of chlorin in an n-octane 

matrix at 4.2 K is -0.05 cm~l/MPa [37]. Thus, the Qy-states of the PS n RC exhibit 
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Table 1. Comparison of the pressure shifts of the QyStates of the RC of PS 11 and 
Rps. viridis at 4.2 K. 

psnRC RC of Rps. viridis^ 

A,(nm) Assignment 

dv/dp 

[cm~l/MPa] 

(± 0.01) X (nm) Assignment 

dv/dp 

[cm~l/MPa] 
(± 0.01) 

680.9 P680 (P_) 0.07 987.8 P960 (P_) 0.42 

667.2 P+ 0.07 833.4 P+ 0.15 

671.8 Chi a 0.04 835.3 BChlL,M 0.10 

680.5 Pheo a 0.04 808.5 

794.0 

BPheoL 

BPheoM 

0.13 

0.05 

^See ref. 22. 
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pressure dependences which are more similar to that of an Sj state of an isolated 

chromophoie than states of an aggregate characterized by strong excitonic interactions. 

(Although microscopic theories have been developed for the interpretation of the pressure 

shift and broadening of the ZPH associated with isolated chromophores [38,39], no such 

theory exists for an aggregate of excitonically coupled chromophores). Returning to 

Table I, we point out that the 4.2 K linear pressure shifts for P+ and P_ of the PS n RC are 

both -0.07 cm~l/MPa while those for Rps. viridis are -0.42 and -0.15 cm^ /̂MPa, 

respectively. The unequal shifts for P+ and P_ of Rps. viridis can be qualitatively 

understood [26] in terms of the simple dimer exciton model when the dispersion shift (D) 

of the dimer is pressure dependent or in terms of the differing contributions of the internal 

charge transfer states of the special pair to P+ and P_ [40]. For the special pair of 

Rps. viridis, the Mg...Mg and interplanar separation distance is 7.0 and 3.3 A, respectively 

[10,11]. The smalhiess of the linear pressure shifts for P+ and P_ of the PS II RC provides 

additional evidence for the excitonic interaction between the monomers of the special pair 

being weak [14,15]. The small special pair splitting of -300 cm~l for the PS II RC (the 

splitting for the Rps. viridis RC is 1900 cm~l at 4.2 K [31,41]) was used to estimate a 

Mg...Mg distance of ~11 A [15]. Why the linear pressure shifts for the 670 nm absorption 

band and the 681 nm Qyband of the active Pheo a are so small is an interesting question 

but one that need await an X-ray structure of the PS II RC. 

B. Elastic And Plastic Structural Changes 

On the basis only of the pressure dependences of the 4.2 and 77 K absorption 

spectra and the non-line narrowed transient hole spectra of P680 as well as the pressure 

dependence of the steady state population of 3P680* (Fig. 7), the pressure induced 
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structural changes of the PS n RC would be classified as elastic (reversible). The 

observation, at high resolution, of an irreversible decrease in the width of the 2PH from 

5.2 cm~l at 0.1 MPa to 1.5 cm~  ̂ at 267 MPa, which corresponds to an increase from 2.0 

to 7.0 ps for the lp680* lifetime, establishes that there is a plastic component to the 

structural changes. Before considering possible explanations of these observations, we 

note that it is well established that the complexity of proteins can result in both elastic and 

conformational (plastic) pressure induced structural changes [42,43]. Conformationai drift, 

which is essentially irreversible, can be qualitatively understood in terms of a hierarchy of 

configurational changes in a complex ("glass-like") solid [42,43]. Conformational drift has 

been observed in several small oligomeric proteins [44]. It has also been demonstrated 

that, although pressures of up to 100-200 MPa at physiological or ambient temperatures 

produce no significant changes in the optical spectra of heme proteins, subtle structural 

changes can be detected by NMR [45]. Windsor et al. [23,24] have reported a pressure 

dependence for the secondary charge separation process (P"'"HL~QA —> P+HLQA~) of the 

Rb. sphaeroides and Rps. viridis RC at room temperature. A pressure of 120 MPa 

accelerated the electron transfer in Rps. viridis by a factor of 1.4 (127 versus 181 ps) [24]. 

This effect was reversible upon pressure release, but higher residual amounts of P+ (x 2.5) 

remained at 266 ms, indicating some long term changes that inhibited the Qa~ or QB~ 

P"*" recombination reaction. Higher pressures of ~240 MPa partially inhibited the 

secondary charge separation which was completely suppressed at ~350 MPa with only the 

ns charge recombination reaction being observed. After release of pressure and resting at 

0.1 MPa, gradual but only partial recovery of secondary charge separation occurred [24], 

Windsor et al. suggested as a possible explanation that, at high pressures, the quinone 

molecule (Q) may leave its site in the RC and that annealing upon pressure release may 
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Figure 8. Pressure dependence of the zero-phonon hole width obtained from the 
transient hole spectra presented in Figs. 5 and 6. Triangle corresponds to ZPH width 
obtained at p = 0.1 MPa; crosses correspond to the ZPH width obtained in two 
independent experiments at p = 267 MPa and p = 278 MPa, circles correspond to the ZPH 
width measured upon release of pressure from 267 to 141 MPa and subsequently to 
0.1 MPa. The square corresponds to the hole width obtained after annealing (see Figure 5, 
curve b). 
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allow return to its native pocket. (We note that in the isolation of the PS II RC both of 

the quinone molecules are lost). 

For clarity, the results for the pressure dependence of the P680 ZPH are 

summarized in Fig. 8. The triangular data point is for the virgin sample at 0.1 MPa. The 

crosses at ~270 MPa are data from two different experiments. The solid circle data points 

prove that the pressure induced diminution in the primary charge separation rate is 

irreversible. We note that to obtain the transient hole spectrum at 0.1 MPa, following the 

measurement at 270 MPa, required increasing the temperature from 4.2 to ~30 K, at which 

temperature the pressure was reduced to 0.1 MPa, followed by cooling to 4.2 K. The 

entire procedure took several hours with the sample being held at 30 K for about one hoiu-. 

The rectangular data point was obtained following pressure release, warming and annealing 

at ice temperature for 3 h and subsequent cooling to 4.2 K. That annealing (resting) for a 

much longer period of time would return the RC to its virgin state is a possibility that 

cannot be excluded. 

The observation that the pressure induced changes of the low temperature Qy-

absoiption spectrum and non-line narrowed P680 hole profile are elastic suggests that the 

energy of the dark charge transfer state(s) involved in primary charge separation is of 

utmost importance in understanding the results of Fig.8. It is certain that the plasticity 

associated with charge separation is not due to P680* or the electron-phonon coupling. 

One can reasonably assert that the absorption spectrum and non-line narrowed hole profile 

of P680 should be determined primarily by the structure of the cofactors and immediate 

protein environment. On the other hand, the energy of the dark charge transfer state can 

also be expected [46,47] to be sensitive to the structure of the more hydrophilic exterior of 

the protein where a larger number of potentially ionizable residues exist. (We retnind the 
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reader that the PS IIRC studied are isolated particles, i.e. not membrane bound.) What is 

being proposed is that the pressure induced structural changes near the exterior of the RC 

are characterized by a significant degree of plasticity while those of the core are mainly 

elastic. 

C. Simulation Of The Pressure Dependence Of The P680 Hole Profile 

A theory of the overall hole profile in the low temperature limit which is valid for 

arbitrarily strong electron-phonon coupling and large inhomogeneous broadening (Finh) 

has been available for several years [48] and has been discussed in several review articles 

[25,49,50]. It has been successfully applied to P870 and P960 of Rb. sphaeroides and 

Rps. viridis, respectively [41,51]. Recently, the theory was generalized for arbitrary 

temperature [52] and used to accurately account for the temperature and bum frequency 

dependence of the P680 hole profile at 1 atm [34]. For the sake of brevity we do not 

review the theory here. The values of the parameters from refs. 14 and 34, which 

characterize the P680 absoqjtion band, are given in the first column of Table II. S and (%i 

are the protein phonon Huang-Rhys factor and mean phonon frequency, respectively. 

Twice a is approximately the width of the one-phonon profile. For P870 and P960, a 

special pair marker mode (Q)sp) is also important to the description of the absorption and 

hole profiles; Sgp/cOgp = 1.5/120 and 1.1/145, respectively [51]. Such a mode is only of 

minor importance for P680 as evidenced by a value for Sgp of < 0.3 [14]. Continuing, 

is the frequency of the maximum of the distribution of zero-phonon line frequencies for 

P680 and FWHM is the width of P680 at 4.2 K. 

Consideration of pressure dependence of the P680 hole profile is simplified by the 

observation that the average phonon frequency (<%]) and Huang-Rhys factor S are 
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Table II. Parameters used to calculate pressure dependence of PS IIRC hole spectra at 
T = 77 K. 

P680 Absorption Band Monomer Absorption Band 

s 1.9 0.5 

20 cm~l 20 cm~l 

13.8 cm~l 13.8 cm~l 

înh 100 cm""l 175 cm~l 

^max  ̂ 680.5 nm 678.5 nm 

FWHMC 190 cm~l 210 cm~l 

*m 682.5 nm 678.9 nm 

0.16 cm~l/MPa 0.16 cm~l/MPa 

dvmax/dp -0.09 cm~l/MPa -0.09 cm~l/MPa 

 ̂Twice a is approximately the width of the one-phonon profile. 
Maximum of the (0,0) absorption band. 
Full-width at half maximum; temperature broadening of the monomer band at 0.1 MPa 

was calculated using the theory of Hayes et al. [52] with = 20 cm~l, S = 0.5 and 

Tinh = 175 cm-1. 
Maximum of the zero-phonon line distribution function. 
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independent of pressure up to the maximum value used. Based on simulation of hole 

profiles for various parameters we find that the pressure dependence of the 4.2 K line-

narrowed P680 hole profile is well accounted for by a pressure dependence for Fjnh and 7, 

where 7 is the homogeneous width of the zero-phonon line. The effect of a pressure 

dependence for 7 on the 4.2 K P680 profile is demonstrated in Fig. 9. Hole profiles were 

calculated with the parameter values listed in the first column of Table II for p = 1 atm. 

Spectra a-d correspond to 7-values of 2.5,1.0,0.75 and 0.5 cm"" .̂ The homogeneous 

width of the ZPH is 27 [53]. The intensity of the ZPH relative to the broad hole is very 

weak, i.e., ~2%, since the electron-phonon coupling is strong (S=1.9). The calculations 

provide good agreement with the experimentally observed increase in depth of the ZPH 

(and its narrowing) but do not account for the broadening of the broad underlying 

structure. To account for this effect, keeping in mind that S and Orn are pressure 

independent, one has to take into account the increase of Fjoji with increasing pressure. 

To this end we turned to the 77 K non-line narrowed P680 hole profiles. The calculated 

(solid smooth curves) and measured P680 hole profiles are compared in Fig. 10. The 

experimental spectra have been corrected for interference from the ground state of 1 Chi a 

monomer associated with the botdeneck state 3p680* as described in refs. 14 and 34. The 

P680 and monomer values listed in Table II for the first seven parameters (S-v m) are from 

ref. 34. We find that the pressure dependence of the 77 K non-line narrowed P680 hole 

profile is well accounted for by setting dvmax/dp equal to the experimental linear pressure 

shift for P680 (-0.09 cm~l/MPa) and with dPinh/dp = 0.16 cm~ /̂MPa. The same values 

were used for the monomer absorption band, see Table II. The agreement between the 

calculated and experimental hole profiles is excellent 
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Figure 9. Calculated 4.2 K P680 transient hole profiles obtained for S = 1.9, cOm = 

20cm'l, a= 13.8 cm"l, Fĵ h = lOOcm'l, and7 = 2.5 cm"l(a), 1 cm"l(b), 0.75 cm'l(c), 
and 0.5 cm" 1(d), respectively. 
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Figure 10. Experimental (noisy lines) and calculated (solid lines) non-line narrowed 

transient hole-burned (A-g = 665 nm, T = 77 K) spectra of PS n RC complex (corrected for 
the monomer absorption) and obtained for three different pressures: p = 25 MPa (curve a), 
p = 141 MPa (curve b), and p = 308 MPa (curve c), respectively. 
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D. Pressure Dependence Of Primary Charge Separation 

Our data show that the lifetime of P680* in the low temperature limit increases 

from 2.0 to 7.0 ps as pressure increases from 0.1 to 267 MPa. This effect is irreversible 

while the pressure induced effect on the absorption and non-line narrowed P680 hole 

spectra are reversible (elastic). These contrasting elastic and conformational drift 

behaviors suggest that the plastic structural changes affect mainly the dark charge transfer 

state(s) involved in primary charge separation. As mentioned earlier, such structural 

changes might be mainly located at the more hydrophilic exterior of the protein where a 

larger number of potentially ionizable residues reside. Molecular dynamics simulations 

have demonstrated the sensitivity of the energetics of charge transfer states to such charged 

residues in the bacterial RC [46,47]. In what follows we explore the consequences of the 

assumption that the plastic pressure effect on P680*'s lifetime is due to an irreversible 

pressure effect on the charge separated state. (The data prove that the effect of pressure 

on P680*'s energy and inhomogeneous broadening is elastic.) 

We take the reorganization energy and electronic coupling matrix element V to be 

independent of pressure, the justification being that the linear electron-phonon coupling 

(S, CDm) for the P680 P680 transition is independent of pressure and that the pressure 

induced changes in the absorption and non-line narrowed P680 hole spectra are reversible. 

The former finding is consistent with our pressure data for P960 of Rps. viridis [26] and 

the lowest Qy-state of the FMO antenna complex of Chlorobium tepidum [30]. By 

analogy with the bacterial RC, both the two-step and superexchange mechanisms will be 

considered. We hasten to add that it is not our intent to distinguish between the two. For 

analysis we use nonadiabatic Golden rule rate expressions based on the work of Small et al. 

[54] which takes into account the distribution of donor-acceptor energy gap (Q) values 
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which stems from the glass-like structural heterogeneity of proteins. A distribution of 

values for V will be ignored, which appears to be reasonable in view of the results of bum 

frequency dependent hole burning studies of P870 of Rb. sphaeroides [51,55]. We denote 

P680* by D and P+Chl" (two-step) and P+Pheo~ (superexchange) by A. For the former 

mechanism the average value of kj)  ̂is 

where Qq is mean value of the D-A adiabatic electronic energy gap, the variance of 

the ̂ -distribution and S and cOf  ̂the Huang-Rhys factor and mean frequency of the protein 

phonons which mediate charge separation. As will be apparent, the î g-value to be used is 

sufficiently smaU to justify the assumption that low frequency phonons alone are 

responsible for the reorganization energy. Twice 2(T) is approximately the homogeneous 

width of the nuclear factor associated with the Golden mle: 

S(T)2 = i(a2+o,2), 

where 

S ( T )  =  S  ctnh (ftco  ̂/ 2kT) .3  ̂

with 2a ~ the width of the one-phonon profile. For the superexchange mechanism we 

consider that both phonons and a localized intramolecular Chl/Pheo mode of frequency co 

LOC contribute to the reorganization energy. To this end we define QQ =^Q- ODJOC- The 
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average value of the rate constant is then 

<kr)A> = 2% (2 FCfo,) [27t(r2 + 

X exp [-{Q'o - 5co^)72(r2 + E(r)2)], 

(4) 

where V is now the superexchange electronic coupling [54] and FCIQC is the Franck-

Condon factor for the high frequency localized mode. The factor of 2 in front of FCjoc 

allows for this mode to reside on a Chi of the special pair or on the active Pheo. 

Equation (4) is valid for small values of FCjoc (^0.2) and strong electron-phonon 

coupling, both of which conditions are satisfied in our model calculations. Utilization of 

average value expressions for kt)A is appropriate when < 2(T)2 [53], a condition 

which guarantees that the decay of P680* is essentially single-exponential, i.e. not 

significantiy dispersive. This condition is also met 

In the calculations we used for Qq average 277 K value of 890 cm~l reported 

for the free energy gap between P680* and P680''"Pheo~ by Booth et al. [56]. There is 

some uncertainty in this value; a value as high as 1000 cm~l has been reported [57]. 

However, this is of no consequence since our intent is mainly to estimate the pressure shift 

for the acceptor state which is consistent with the observed pressure dependence of the 

primary charge separation kinetics. The parameter values used are listed in Table HI. The 

values of 20 and 13.8 cm'l for cOm and c are those determined by hole burning of the 

P680 <— P680 transition. For analysis of the pressure dependence it suffices at this time 

to consider only the case where the reorganization energy, ScOm. due to phonons equals £2 

0 (two-step mechanism) or (superexchange mechanism) for p = 1 atm and T = 4.2 K. 
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For the superexchange mechanism we chose coioc = 710 cm'̂  so that Qq' = 180 cm"l. 

The choice of 710 cm'l was based on the fact that the most intense Franck-Condon mode 

in the QY <— SQ transition of Chi a is near this frequency [58]. The FC factor is 0.05 [58] 

but several weaker nearby modes are observed [58-60]. The situation for Pheo a is similar 

[59,60]. Although we are concerned with the FC factors for Chi a —> Chi and Pheo a 

-> Pheo a simple TT-MO arguments indicate that the choice of FCjoc = 0-2, Table in, is 

reasonable, especially when several modes in the vicinity of 710 cm~l are lumped together. 

For the two-step mechanism we used the value of 360 cm"l from ref. 54 for the 

reorganization energy of the first step so that, with ScOĵ  ̂= Qg, = ̂ 60 cm'l. We hasten 

to add that calculations were performed for ScOm Qo(^0) under the constraint that the 

weak temperature dependence of the primary charge separation must be accounted for. 

The qualitative aspects of the pressure dependence analysis reported on below are not 

altered by modest energy gap-reorganization energy mismatches. Turning next to the 

values of 100 and 200 cm'l used for T, we note that the zero-phonon line distributions for 

different states of a photosynthetic complex are largely uncorrelated so that 

2.35r = (r^ .̂D +rî ,A) '̂̂  [54], where and rinh,A inhomogeneous 

broadenings associated with the ground state to donor and acceptor state absorption 

transitions. The latter is forbidden. Under the assumption that rinh,D ~ ̂ inhjA' O"® 

2.35r = 2 /̂2 Tin}, £). For D = P680* (Table II), one obtains F ~ 60 cm'̂ , which is close 

to the value of 100 cm"l. Recently, Bixon et al. [60] have presented data which indicate 

that Fjnh for a charge separated state could be significantly larger than assumed above; 

thus, our use also of F = 200 cm'l. 

Before presenting the resuhs on the pressure dependence of charge separation, we 

show the Marcus curves (Figure 10) for the two-step (frame A) and superexchange 
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Table HI. Parameters used for calculation of pressure dependence of primary charge 
separation. 

Parameters Superexchange Mechanism Two-Step Mechanism 

(Bm (cm-1) 20 20 

a (cm~l) 13.8 13.8 

S 9 18 

coioc (cm-1) 710 -

FCioc 0.2 -

QQ (cm~l) 180 -

QQ (cm-1) 890 360 
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(firame B) mechanisms for p = 1 atm (low T limit). The solid and dashed curves 

correspond to F = 100 and 200 cm"l, respectively. As expected, the dependence of the 

rate on the energy gap weakens as F is increased. In frames A and B, the value of log 

<kDA> ^0 ~ S®m = 0 and QQ - ScOm, respectively, corresponds to the experimental 

P680* lifetime of 2.0 ps (4.2 K). The values of the electronic coupling V are given in the 

caption. For example, for frame A, V = 12.3 and 15.4 cm'̂  for F = 100 and 200 cm'̂ , 

respectively. The increase in V (for a fixed lifetime) with increasing F is expected on the 

basis of Eqs. (1) and (4). The calculated 300 K lifetimes of P680* are given in the caption 

and can be compared with the measured value of 3.0 ± 0.6 ps [62]. The important point is 

that the temperature dependence weakens with increasing F [54]. 

Finally, we tum to the pressure dependence of the primary charge separation 

kinetics at 4.2 K. On the basis of the experimental data and arguments given above, we 

believe that the model which has the pressure dependence due, primarily, to the effects of 

irreversible pressure induced structural changes on the A state (P680+Qil~ or P680+Pheo~ 

) is a reasonable starting point. There are two effects: the pressure dependence of Fin^^  ̂

and of the energy of the A state. We fix the former by increasing F (0.1 MPa) by a factor 

1.5 for P = 267 MPa (this is somewhat larger than the value determined by assuming that 

the pressure dependence of Finj, pggg*. Table il, is equal to that of Fjnji A). Thus, the 

only adjustable parameter is QQ two-step mechanism and QQ' for the superexchange 

mechanism. Again, we present results only for the case QQ' ^o' ~ ̂ ®m 0.1 MPa. For 

the two-step mechanism we find that IQQ (0.1 MPa) - QQ (^67 MPa)l = lAtlo' = 259 and 

427 cm"l for F (0.1 MPa) = 100 and 200 cm" 1, respectively. For the superexchange 

mechanism we find that \QQ (0.1 MPa) - QQ' (217 MPa)l s IAQQ ' = 231 and 410 cm"l for 

F (0.1 MPa) = 100 and 200 cm'l, respectively. Thus, explanation of the pressure 
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Figure 11. A plot of the dependence of log <k£)A> on ~ ScOn^) (firame A; two 

step mechanism) and QQ - ScOm) (frame B; superexchange mechanism), respectively. The 

solid and dashed curves in frames A and B were obtained with V = 12.3, 18.1 cm"! and 

V = 15.4, 23.7 cm"~l for F = 100 and 200 cm" ,̂ respectively. The calculated 300 K 
lifetimes of P680 (using Eq. 1) for both two-step and superexchange mechanisms are 6.7 

and 5.6 ps and 4.6 and 3.7 ps for F = 100 and 200 cm'̂ , respectively. 
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dependence requires a (linear) pressure shift for the acceptor (A) state energy of about 

1 cm"l/MPa in magnitude. This is a factor of 2 greater than the shifts (negative) for P960* 

and P870 which, although mainly excitonic, do have significant charge transfer character. 

Unfortunately, there is a dearth of pressure data for charge transfer states of suitable model 

systems. We are aware only of the work of Rollinson and Drickamer [63] on the 

intramolecular charge transfer state (Sj) of several compounds including 9-anthryl-

dimethylaniline and 6-propionyl-2-dimethylamino-naphitalene. For pressures <400 MPa, 

the shifts are negative and close to linear at room temperature and in the vicinity of=1 cm" 

1/MPa (solvent dependent). Because we are not able to directly observe the acceptor 

state, it is not possible to determine the sign of AQQ (AQQ )* For positive sign the system 

would move into the inverted regime of the Marcus curve. In future work it will be 

important to study the pressure dependence of the charge transfer states of a wider variety 

of model systems. 

V. Final Remarks 

It has demonstrated, for the &st time, that pressure can have a pronounced effect 

on primary charge separation of a reaction center. At 270 MPa the P680* lifetime is a 

factor of 3.5 longer than its 1 atm value of 2 ps in the low temperature limit While this 

effect is plastic, the pressure induced effects on the Qy-absorption and non-line narrowed 

P680 hole profile are elastic. The latter observation, together with the observation that the 

linear electron-phonon coupling of the P680* <— P680 transition is, at most, weakly 

dependent on pressure, allowed us to eliminate P680* and the electronic coupling V as 

sources for the plastic pressure dependence of the primary charge separation kinetics. 

Within the standard model of primary charge separation [22], it was then possible to focus 
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on the acceptor state (P680"'"Pheo and P680"^ChI for the superexchange and two-step 

mechanisms, respectively). Since the pressure dependence of the inhomogeneous 

broadening of the P680 <— P680 transition was measured, we were able to come up with 

reasonable estimates for the pressure dependence of the variance of the distribution of 

donor-acceptor energy gap values. This left the pressure dependence of the acceptor state 

energy as the only variable in our model calculations. It was found that the pressure 

dependence could be explained with a linear pressure shift of ~1 cm'l/MPa in magnitude 

for the acceptor state. (The data and calculations do not permit a distinction between the 

superexchange and two-step mechanisms.) At this time such a shift cannot be considered 

to be unreasonable. On the basis of the results of RoUinson and Drickamer [63], we are of 

the opinion that the effect of increasing pressure (for values used in this work) is to red 

shift the acceptor state, but this remains to be proven. We emphasize that the model used 

for the analysis is just that but one that can be scrutinized since the PS IIRC would appear 

to be an ideal candidate for more detailed studies of the pressure dependence of primary 

charge separation. Such studies of the PS II RC as well as of the bacterial RC, whose 

structure is known, are planned. 
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CHAPTER 8 GENERAL CONCLUSIONS 

Considerable progress has been made towards an understanding of the excited 

electronic state stmcture and primary charge separation dynamics of the PS IIRC. The 

present work establishes the importance of CP47 contamination and the 684 nm absorbing 

Chi a in preparations containing, on average, 5 and 6 Chi a molecules per RC complex. 

Our previous and present measurements of the lP680* lifetime, together with the time 

domain data, indicate that the 684 nm Chi a do not play a role in primary charge 

separation. However, both the 684 nm Chi a and CP47 contamination should be expected 

to complicate the interpretation of energy transfer data. Therefore, in future studies of 

energy transfer dynamics and electron-phonon coupling, attention should be focused on 

4 Chi fl-RC preparations which contain negligibly low amounts of CP47, 684 nm Chi a and 

non-native Chi a absorbing near 670 nm. 

The 684 nm absorbing Chi a contribute to the additional Chi a are of the linker 

type, serving to shuttie energy from the proximal antenna complex to the reaction center. 

Implicit in this model is that the 684 nm Chi a communicate with the primary electron 

donor Chi a (P680) via energy transfer and that the resultibng detrapping of the Qy-state of 

the 684 nrn Chi a should depend strongly on temperature. Temperature dependent 

transient hole spectra are presented that are in complete accord with this prediction. 

Theoretical calculations on the kinetics and temperature dependence of the hole profile of 

the 680 nm absorption band are presented and provide convincing support for the linker 

model. The data are argued to be inconsistent with other models. 

In the CP47 protein complex, attention is focused on the lower energy chlorophyll 

a Qy-states. On the basis of the analysis of the hole and static fluorescence spectra at 
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4.2K, the lowest energy state of CP47 was found to be at 690 nm. The 690 nm and 687 

nm states are excitonically correlated and correspond to an excitonically coupled dimer. 

It has demonstrated, for the first time, that pressure can have a pronounced effect 

on primary charge separation of a reaction center. The 4.2K lifetime of P680*, the primary 

donor state, increases from 2.0 ps to 7.0 ps as pressure increases from 0.1 to 267 MPa. 

While this effect is plastic, the pressure induced effects on the Qy-absoiption and non-line 

narrowed P680 hole profile are elastic. The latter observation, together with the 

observation that the linear electron-phonon coupling of the P680* <— P680 transition is, at 

most, weakly dependent on pressure, allowed us to eliminate P680* and the electronic 

coupling V as sources for the plastic pressure dependence of the primary charge separation 

kinetics. Within the standard model of primary charge separation, it was then possible to 

focus on the acceptor state (P680+Pheo~ and P680'*'Qil~ for the superexchange and two-

step mechanisms, respectively). It was found that the pressure dependence could be 

explained with a linear pressure shift of =1 cm'^/MPa in magnitude for the acceptor state. 

(The data and calculations do not permit a distinction between the superexchange and two-

step mechanisms.) We emphasize that the PS IIRC appears to be an ideal candidate for 

more detailed studies of the pressure dependence of primary charge separation. 
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APPENDIX A. A HOLE BURNING STUDY OF THE CP43 

COMPLEX 

1. Introduction 

CP43 protein complex is one of the interior Chi a light-harvesting antenna protein 

complexes for Photosystem II (PSII) [1]. The inner antenna of PSII of higher plants 

consists of two chlorophyll-protein complexes denoted as CP43 and CP47 according to 

their apparent molecular weights. It is generally assumed that the inner antenna, both 

CP47 and CP43, accept the excitation energy from the light-harvesting complex (LHC) and 

transfer it further to the reaction center [1], The CP43 antenna can be easily detached from 

the PSII reaction center by increasing the detergent (dodecyl maltoside) concentration to 

over 1% [2]. Detachment of CP43 can also be observed in the PSII particles after 

treatment with strong reductant dithionite at a concentration of 2 mg(mg Chl)"^ [2]. It 

was not possible to detach the antenna CP47 under similar conditions. Therefore, it has 

been suggested that the CP43 antenna is less closely associated with the Dl-D2-Cyt b559 

reaction center than is CP47. 

The absolute structure of CP43 is not known [1]. As in CP47, hydropathy plots of 

CP43 can be interpreted by six membrane-spanning helixes. Six helixes are connected by 

five hydrophilic loops. The total number of histidyl residues, the possible Chi a binding 

site, in CP43 is 12 [1]. There is a considerable debate in literature about the Chi a content 

in CP43 complex [1,3,4]. For example, de Vitry et al. suggested that both CP47 and CP43 

bound 20-25 chlorophylls/ protein [3], while Barbato et al. [4] found 9-12 Chi a per CP47 

and CP43 complexes. 

CP43 and CP47 were previously thought to be only Chi a and p-carotene binding 
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proteins [1,5]. Photoprotective energy dissipation is one of the important functions of P-

carotene, due to a lower triplet energy level than those of chlorophyll. Recendy, 

xanthophyll lutein, which also functions as dissipating excess of excitation energy into heat, 

was found in CP43 and CP47 [5]. So the regulation of energy transfer to the reaction 

center could be one of the important functions for CP43 and CP47. 

The low temperature (8K) absorption and emission spectra of CP43 were reported 

by Carbonera et al.[6]. The absorption maxima of CP43 complex are at 437,668,681 nm, 

while the fluorescence maximum is located at about 682nm [6]. Picorel et al. [7] showed 

that the Qy absorption bands of CP43 at T=48 K could be resolved into four spectroscopic 

transitions of Chi a peaking at 682.3,678.4, 671.5, and 661.4 nm. At 77 K fluorescence 

maximum was measured at ~685 nm [1]. At 8 K, ODMR spectra revealed two triplet 

states peaking at 683 and 668 nm, respectively [6]. The former (683 nm) was assigned as 

the lowest energy component of the antenna funnel in CP43 [6]. 

n. Results 

A. Absorption Spectra 

The absorption spectra of CP43 protein complex from two different preparations 

were obtained at low temperature (4.2 K). Figure 1 shows the low temperature absorption 

and its fourth derivative spectmm (4.2 K) of the first preparation denoted as CP43(I). The 

fourth derivative (dashed line) reveals one major band located at 682.8 nm associated with 

four additional higher energy bands located at 678.5, 672.2, 668.1, 664.7 nm, respectively. 

In contrast to the pronounced ~683 nm absorption band revealed in the CP43([) 

complex, the second preparation (CP43(n)) shows less intensity in that region, as 

illustrated in Figure 2a. Although the contribution from the -683 nm band depends on 
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Figure 1. Absorption (Qy-region) of CP43 (I) protein complex obtained at 4.2 K 
(solid line). Positions of the peaks revealed in fourth derivative (dashed line) are labeled. 
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preparation, the absorption spectra and their fourth derivatives are quite similar. 

The difference between the above discussed preparations (i.e., CP43(I)-CP43(II)) is 

shown in Figure 3 (curve c) revealing the contribution of pigments absorbing at ~683 and 

670 nm, respectively. In addition, the major absorption maximum at ~670 nm in CP43(I) 

(Figure 3a) is 2-3 nm blue shifted when compared with CP43(II) (Figure 3b). 

B Persistent Hole Burned Spectra 

Several nonphotochemical hole burned spectra obtained at various bum 

wavelengths at 4.2 K are shown as Figure 4 and 5 for CP43CI) and CP43(II), respectively. 

Persistent hole-burning spectra in Figure 4 were obtained with =675 nm (a), 670 nm 

(b), and 655 nm (c) respectively. The broad hole (FWHM~90 cm'^) located at 682.8 nm 

is invariant to Xb as indicated by solid arrows. Thus, these ~683 nm Chls serve as the 

lowest energy trap. An additional satellite hole located at ~670 nm can be identified in 

curve a, although the interference from an antihole make the observation of the ~670 nm 

satellite hole difficult Vibronic holes are revealed when A,b =655 nm is utilized. The 

numbers correspond to the vibrational frequencies in the excited state of Chi a absorbing in 

-678 nm region. These low-frequency modes are compared in Table I with the data 

obtained from Chi a in PSI [8]. 

Two persistent hole burned spectra of CP43(II), shown in Figure 5, were obtained 

with A-B =659.8 nm (curve a), 658.8 nm (curve b), respectively. Similar vibronic hole-

burned spectra were obtained. Due to a small difference in excitation energy (~20 cm'^) 

between curves a and b, all of the low energy fine features keep track of laser frequency 

and are blue-shifted about 20 cm"^ in curve b in comparison with curve a. The key 

observation is that the intensity of the invariant broad hole at ~683 nm is drastically 

reduced in CP43(II). 
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Figure 2. Absorption (Qy-region) of CP43 (11) protein complex obtained at 4.2 K 
(solid line). Positions of the peaks revealed in fourth derivative (dashed line) are labeled. 
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Figure 3. Low temperature (4.2 K) absorption (Qy-region) of CP43 (I) (curve a) 
and CP43 (H) (curve b). The difference (curve c) between curve a and b reveals two 
maxima located at 682.5 and 669.4 nm, respectively. 
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Figure 4. Persistent nonphotochemical hole burned spectra of CP43 (I) obtained at 
4.2 K with X.B= 675 nnm (curve a), 670 nm (curve b), and 655 nm (curve c), respectively. 
The vibrational frequencies of vibronic holes are labeled in curve c. 
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Table 1. Vibrational frequency (cm'l) obtained by nonphotochemical hole burning. 

CP43 PSI 

261 262 

283 

349 

387 390 

422 425 

462 469 

495 501 

517 521 

535 541 

569 574 

588 
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Figure 5. Persistent nonphotochemical hole burned spectra of CP43 (H) obtained 
at 4.2 K with X,b= 660 nm (curve a) and 659 nm (curve b), respectively. 
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Hole burning data of CP43(I) obtained with bum wavelength of A,b= 675, 680.5, 

and 682 nm are shown as Figure 6. Two shallow holes located at ~671 and -678 nm are 

identified as indicated by dashed arrows. Interestingly, the position of these two satellite 

holes is invariant to Xb (dashed arrows). 

Hole burned spectra of CP43(II) are shown in Figure 7. Again two satellite holes 

located at ~671 and ~678 nm are also revealed in the antihole region. The observed cusp­

like features just to the right of the ZPH are yielded by the interference between the real-

phonon sideband hole and the anti-hole. 

C Transient Hole Burned Spectra 

The population-bottleneck hole burned spectra of CP43(I) (see Figure 8) revealed 

two broad features at ~683 nm and ~670 nm. As expected, the 683 nm band is greatly 

reduced in the population-bottleneck hole burned spectra of CP43(n) (data not shown). In 

curve a and b of Figure 8, the 683 nm hole feature exhibited abrupt termination at A-B- It is 

possible that the 683 nm band is inhomogeneously broadened. The -~670 nm hole (curve c) 

has a much larger bandwidth than the 683 nm hole. It is interesting to note that the 

difference between CP43(I) and CP43(n) (shown in Figure 3c) also reveals a component at 

~670 nm. This 670 nm band also exists in the population-bottleneck hole burned spectra of 

CP43(II) (data not shown). 

m. Discussion 

A. Absorption Spectra 

The 4.2K absorption spectra, i.e.. Figure 1 and 2, exhibit one band at ~683 nm 

associated with several partially resolved bands at a higher energy side. Interestingly, a 

684 nm band with Finh =110 cm'^ was recently found in CP47 and Dl-D2-cyt b559 

protein complexes. The question arises, do these two bands show similar hole burning 
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Figxire 6. Persistent holes of CP43 (I) obtained with A.b= 682 nm (curve a), 680 
nm (curve b), and 675 nm (curve c), respectively. Satellite holes located at high energy 
side are indicated by dashed arrows. 
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Figure 7. Persistent holes of CP43 (11) obtained with A,b= 685 nm (curve a), and 
682.5 nm (curve b), respectively. Satellite holes located at high energy side are indicated 
by dashed arrows. 
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Figure 8. Low temperature (4.2 K) transient triplet bottleneck hole-burned spectra 
from CP43 (I) with A-g =682 nm (curve a), 680 nm (curve b), and 655 nm (curve c), 
respectively. 
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patterns? This will be addressed below. The 670 nm broad feature revealed in the 

difference spectrum (Figure 3c) is also observed in transient hole spectra (two holes 

located at 670 and 683 nm, respectively). One should notice that these two transient holes 

(at 670 and 684 nm) are not connected, i.e., they originate from two different triplet 

botdenecks (yide infra). We notice that ODMR experiments [6] also observed a ~670 nm 

band. It has been demonstrated that all preparations may contain some contribution from 

the dysfunctional Chls [8-10]. In contrast to the suggestion of disrupted Chi a, this band is 

assigned to an upper exciton band of a possible Chi a dimer or, simply showed an 

interaction with a different chlorophyll population absorbing at higher energy [6]. 

B. Persistent Hole Burned Spectra 

The Stokes shift between the absorption and fluorescence origin bands is given by 

2Sc0m> where cOm is the mean phonon frequency. Persistent hole burned spectra indicated 

that a sharp zero-phonon hole can be observed at A-B =682 nm (see Figure 6 and 7). 

Carbonera et al. [2] also reported ~682 nm to be the fluorescence maximum at 8K. All the 

observations given above indicate that the linear electron-phonon coupling of the 683 nm 

state is weak (S<1). 

We note that the spectra of both Figure 6 and 7 show that hole burning of the low 

energy bands elicits weak responses from the higher energy absorption bands at -671 and 

~678 nm. It is interesting to note that these weak responses do not drastically diminish in 

CP43(II), which has much less 683 nm band, as revealed in Figure 5. This observation 

strongly suggests the satellite hole at 683 nm is not excitonically correlated with the higher 

energy holes at ~671 and ~678 nm. That is, the 683 nm band does not belong to a part of 

the CP43 exciton-interacting pigments. It is possible that another lower energy state, 

which is revealed in the low energy tail of CP43(II) (see Figure 2), serves as a shuttie state 
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for energy downward transfer between the higher energy state and the 683 nm band. In 

summary, based on the satellite hole structure observed in Figure 6 and 7, two states at 671 

and 678 nm are identified as being excitonically correlated with the shuttle state which is 

located at the low energy side of CP43 absorption spectrum. The constant fluence action 

spectrum may provide further confirmation. The 683 nm hole, which can be further 

washed out, may not be one of the exciton states in CP43 protein complex. Similar 

behavior was revealed in the CP47 protein complex. 

The pseudo-vibronic structures revealed with high energy excitation (Figure 4 and 

5) provide the evidence for the existence of some disrupted Chi a in both CP43(I) and 

CP43(II). That is, the high resolution ZPH measurements may not accurately reflect the 

dynamics of fully functional energy transfer time in both CP43(I) and CP43(II). 

C. Transient Hole-Burning Spectra 

The broad feature located at 670 nm appears in both the difference absorption 

spectrum (Figure 3c) and the population bottleneck hole burned spectra (Figure 8c). The 

key observation is that this 670 nm hole is diminished with lower excitation energy (Figure 

8a and b). This observation invalidates the suggestion of Carbonera et al. that the 670 nm 

band may be due to an upper exciton band. Van Kan el al. [11] also reported an intense 

feature at 670 nm in the population botdeneck hole burned spectra in the CP47 protein 

complex. They concluded that it is most likely due to non-native Chi molecules produced 

by the isolation and/or sample handling procedures. 

The 683 nm feature exhibited abrupt termination at (shown in Fig.8a and b). 

This result indicates the 683 nm band is inhomogeneously broadened. Similar behavior 

was reported for the 684 nm band in CP47. See Chapter 4 for more explainations. 
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APPENDIX B: COMPARISON OF THE ABSORPTION SPECTRA OF 

THE PHOTOSYSTEM H D1-D2-CYT B559 REACTION CENTER 

FROM TWO DIFFERENT PREPARATIONS 

It is infonxiative to examine the difference between absorption spectrum of D1-D2-

cyt b559 protein complexes prepared by two groups, i.e. Seibert (socalled 4 Chi a 

preparation) and Dekker, respectively. In earlier work [1], samples prepared by the 

procedures of McTarish et and Dekker et al. were studied utilizing hole burning technique. 

It was shown that the charge separation and energy transfer dynamics of the two 

preparations are very similar. Recently it was found that the relative Chi a content of the 

sample can be determined by normalizing the intensities of the Q^-band of Pheo a at 543 

nm [2,3]. It is assumed that the absorption from Chi a and carotenoid only contribute to 

the broad background absorption which underlies the sharp Pheo a band at 543 nm. Low 

temperature (4.2 K) absorption spectra of preparations from Seibert (dashed line) and 

Dekker (solid line) are normalized to the same intensity of the Qx-band of Pheo a as shown 

in Figure 1. The extent to which the Pheo a Q^-band is resolved is illustrated by the inset 

spectra of Figure 1. A straight line obtained by the subtraction of Q^-band of Pheo a 

ensures that the normalization procedure is performed correcdy (see inset). The 

normalized absorption spectra at the Qy-region from Seibert's (curve a) and Dekker's 

(curve b) preparations are shown in Figure 2. Comparison of the two indicates that 

Dekker's preparation has a higher Chi a content. Assuming that the Dekker preparation 

has ~6.4 Chi a! 2 Pheo, as recently measured by HPLC method [4], the integration of the 

absorption spectrum of the Seibert preparation estimates the number of Chi a! 2 Pheo as 

5.3. Subtraction of spectra a and b, i.e. curve c, reveals that Dekker's preparation has less 
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Figure 1 Low temperature (4.2 K) absorption spectra of Dl-D2-cyt b559 protein 
complexes prepared by Seibert (dashed line) and Dekker (solid line), respectively. The 
spectra were normalized to the same intensity of the band of Pheo a (see inset). The 
difference between these two preparations in Qx region is shown as the lower trace (see 
inset also). 
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Figure 2. Absorption (Qy-region) of Dl-D2-cyt b559 complexes prepared by 
Seibert (curve a) and Dekker (curve b), respectively. Curve c corresponds to the 
difference between the absorption spectra of Dekker's and Seibert's preparations. 
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contribution from dysfunctional Chi a absorbing at ~670 nm, but may contain some 

contribution from the 684 nm band and/or CP47-Dl-D2-cyt b559. Chang et al. [3] 

discussed the complications associated with proper stoichiometry assignment when the 

preparation is contaminated with CP47 and/or dysfunctional Chi a. Considerable evidence 

exists [5] which indicates that the Chi a! Pheo a ratio depends on the isolation procedure 

and other factors. Holzwarth's group smdied the picosecond fluorescence kinetics of long-

term (samples from Shuvalov) [6] and short-term (from Dekker) [7] Triton-exposed RC 

particles. An ultrashort component of 1-6 ps, which has been resolved in samples from 

Shuvalov, was not resolved in Dekker's samples. The absence of the ultrashort component, 

assigned to the primary charge separation time, was attributed to the larger chlorophyll 

content of Dekker's preparation [7]. It is known that the maximum position of P680 

transient holes is dependent on the purity of the RC preparations [3,8]. One should notice 

that the maximum position of the P680 hole of Dekker's preparation [9] lies between that 

of the 4 and 6 Chi a! RC preparations [3]. 
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