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ABSTRACT

KINETIC STUDIES OF CHARGE RECOMBINATION REACTIONS
IN PHOTOSYSTEM II BY TRANSIENT ABSORPTION SPECTROSCOPY

By

Xingmin Liu

The rates of charge recombination reactions of Q,” and
P'680 in tris, NaCl, and NH,OH treated PSII membrane fragments
have been measured under repetitive flash excitation by
monitoring the time course of optical absorption changes that
occur in the ultraviolet and near infrared spectral regions.
In tris-inhibited membranes, the recombination reaction was
stimulated by increasing the flash repetition rate; following
NH,OH addition to these membranes and a preillumination
regime, Q,"/P'680 recombination was the major decay pathway for
all flash repetition rate employed (0.2-10 Hz). In both
preparations, however, the halftime of the charge
recombination reaction between Q,” and P'680 is approximately
230 us. In NaCl washed PSII, on the other hand, the
recombination is faster, with a halftime of ~ 130 us. This
difference confirms earlier EPR results and indicates that the
presence of the manganese ensemble involved in water oxidation
and the 33 KDa peripheral polypeptide influence the rate of
the Q,/P'680 recombination reaction. Secondary electron

transfer from Q,” to Q, does not compete effectively with



Q;/I”GBO recombination in the inhibited, PSII membrane
fragments used in this study. This behavior may result from
release of plastoquinone during preparation of the membranes
or from a Coulombic effect in which the positive charge on
P'680 retards the Q,” to Q, electron transfer. The P'680/P680
absorption difference spectrum measured in tris-washed PSII
and NH,OH treated tris-PSII have nearly identical features.
This suggests that NH,OH has no direct interactions with the
reaction center P680; the inhibition site of NH,0H is probably
located at Y,, at an auxiliary chlorophyll or, in the PSII

reaction center polypeptides.
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CHAPTER I

INTRODUCTION

Photosynthesis is the process whereby solar radiation is
captured and converted into chemical energy. It takes place
in plants, algae, and some bacteria. It provides most of the
energy we use today. All our foods are direct or indirect
products of photosynthesis, and the presence of oxygen in the
earth's atmosphere is a direct result of the photosynthetic
reactions of higher plants and algae.

Photosynthesis starts with the absorption of a photon by
one of the antenna pigment molecules that include species such
as chlorophylls, bacteriochlorophylls, carotenoids and
phycobilins, which are organized in large, light-harvesting or
antenna complexes. The excitation energy is then transferred
from one pigment molecule to another by means of long range
dipole-dipole interaction [1,2], wuntil it reaches a
specialized (bactero)chlorophyll complex, presumably a dimer
[3], called the reaction center. There the photochemical
reaction takes place, in which the excited (bacterio)-

chlorophyll undergoes charge separation in which an electron
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is transferred from the excited (bacterio)chlorophyll to an
acceptor molecule. The electron is then quickly transferred
to a secondary acceptor and the oxidized chlorophyll is
quickly reduced by a donor molecule so that the reducing
entity and oxidizing entity are further separated in order to
increase the quantum efficiency of the forward electron
transfer and reduce the chance of back reaction. The
separated charges are subsequently further stabilized by a
series of dark electron transport reactions. Eventually the
positive charge at the donor side of the photochemical
reaction center is neutralized by an electron from an
oxidizable substrate H,A where, in higher plants and algae, A
is oxygen and in photosynthetic bacteria A is a highly reduced
organic molecule [4]. The negative charge at the reducing
side of the photochemical reaction center is ultimately used
in the carbon dioxide fixation process in plants, algae and
most photosynthetic bacteria, although some photosynthetic
bacteria may not fix carbon dioxide [5,6]. The consequences
of this process are that solar energy is finally stored in
organic compounds as chemical energy and substrate H,A is
oxidized as a by-product.

The electron transfer process in photosynthesis is almost
100% efficient in the sense that for each photon absorbed one
electron is transferred from substrate to its acceptor without

any significant back reaction during its transport. This
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remarkable efficiency of electron transfer is achieved with
the highly organized membrane protein complexes of the
photosynthetic membrane so that the electronic coupling and
reorganization energy of forward electron transfer appear to
be optimized. The study of this electron transfer process not
only gives us better understanding of the mechanism of
photosynthesis but also provides us with very useful clues as

to how to store the solar energy more efficiently.

Photosynthesis in Higher Plants

Photosynthesis in higher plants takes place in a special
cell organelle, the chloroplast. This contains an intricate
lamellar system, composed of flattened membrane sacs
(thylakoids), which enclose the so-called lumen. In higher
plants, the thylakoids are usually arranged in stacked (grana)
and unstacked (stroma) regions [7]. The primary reactions of
photosynthesis take place in these membranes. The overall

reaction in photosynthesis in plants can be written as:

hv
H,0 + CO, ——> 1/6 (CH,,0,) + O,
AG = 484 Kcal/mol
Photosynthesis in plants and algae differs from

photosynthesis in photosynthetic bacteria in two aspects (1)

Because of the high free energy requirement for photosynthesis
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in plants, AG = 484 Kcal/mol, a single quantum of visible
light has not enough energy to drive the reaction. Thus, in
plants there are two photochemical reaction centers working in
series so that each electron transfer is driven by two
photons. In photosynthetic bacteria, which do not oxidize
water, there is only one photochemical reaction center. (2)
In plants the main pigments are chlorophylls. In photo-
synthetic bacteria the main pigments are bacteriochlorophylls.

In plants the two photochemical reactions are performed by
photosystem I (PSI) and photosystem II (PSII). The general
patterns of electron and proton transfer in these photosystems
in higher plants are shown in Figure 1-1. Each photosystem
consists of a reaction center, an associated antenna system
with one to four hundred pigment molecules (chlorophylls and
carotenoids), and several redox active components that serve
as electron donors and acceptors. PSII is responsible for the
oxidation of water and transfers electrons to PSI through the
plastoquinone molecules in the PQ pool, while PSI transfers
the electron to its final acceptor NADP', which is used to
reduce CO,. Coupled with the electron transfer from PSII to
PSI, protons are also transferred across the thylakoid
membrane from the stroma side to lumen side. The proton
gradient generated by this proton transfer is used to
synthesize ATP from ADP by the membrane bound ATP synthase.

In general, the electron transfer process of photosynthesis in



outside (stroma)

4H* 2NADP* 2NADPH 8H*

2H20 02+ 4H*

inside ( lumen)

Pigure 1-1 The electron transfer and proton transfer
patterns of photosynthesis in higher plants



NADP

_— PSI
A<= P700

Q

////////7 H20
PSII ~

Pheo <= P680

-1.0 -0.5 0.0 +0.5 +1.0

Em 1n Volts

Figure 1-2 Z-scheme of electron transport in higher plants.
P700 and P680 are the photochemical reaction centers of the
photosystem I and photosystem II respectively. Pheo is a
pheophytin molecule that acts as the primary electron acceptor

of the P680. A is the primary electron acceptor of P700 and
is presumed to be a Fe-S center.
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higher plants involves a series electron donors and acceptors
of varying redox potential. If the electron transfer diagram
is drawn with redox midpoint potential as the X-axis, the
diagram looks like a letter Z, thus it is called the Z-scheme

for photosynthetic electron transfer (Figure 1-2).

BElectron Transfer in Photosystem II

The electron carriers in PSII consist of a manganese
cluster (four manganese ions), intermediate electron carrier
Y,, reaction center P680, which has its absorbance bleaching
maximum at 680 nm, primary acceptor Pheo, and plastogquinone
acceptors Q, and Q;. Upon light excitation, the reaction
center P680 (presumably a dimer of chlorophylls) is excited
and donates an electron to its nearest acceptor Pheo
(pheophytin a) in 3 ps [8]. The charge separation is
stabilized in 300 ps [9] by a secondary electron transfer from
Pheo” to a strongly bound plastoquinone molecule called Q,.
The reduced quinone acceptor Q,” can be reoxidized in a variety
of ways. In intact PSII membrane particles in which the Q
site is not empty or damaged, or in chloroplasts, Q,” is
oxidized by a secondary plastoquinone molecule called Q; in
about 200 us [10,11]. The Q, to Q; electron transfer can be
inhibited by a number of commercial herbicides, such as DCMU
(3(3',4'-dichlorophenyl)-1,1-dimethylurea), which are commonly

used in the studies of PSII. In some conditions, Q,” can be
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oxidized in approximately 40 us by the oxidized non-heme iron
located between Q, and Q; [12,13]. Q,” can be also oxidized by
exogenously added acceptors such as 2,5-dichlorobenzoquinone
(DCBQ) or ferricyanide, although it 1is wunclear in the
ferricyanide case whether Q,° 1is oxidized directly or
indirectly ([14]. An additional means of Q,” oxidation is
importance to the research in this thesis, namely,
backreaction or charge recombination with P'680 or Y,’. This
reaction takes place when the normal electron transfer on the
donor side of PSII is retarded or inhibited. The Q,” oxidation
by charge recombination is the main topic of this
dissertation, and it will be discussed in the following
chapters in greater detail.

The water splitting reaction is the least understood part
of photosynthesis in higher plants. Although significant
progress has been made during the last decade, water oxidation
is still an unsolved problem. In order to oxidize water, four

oxidizing equivalents are required:

4hv . .
2H,0 ——> 0, + 4H' + d4e

The photochemical reaction that takes place in PSII is a
one electron reaction. How this one electron reaction is
coupled to the four-electron oxidation of water is a key point

in understanding the water splitting process. The single
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turnover flash experiments done by Joliot, Kok, and their
coworkers [34-36] showed that each oxidizing equivalent is
stored in a complex until four have been accumulated. Only
when this is accomplished is oxygen released. This is the

so-called Kok model

0, < 2H,0
In this scheme, S represents the state of the oxygen evolving
complex, and the subscripts represent the oxidizing
equivalents stored in the complex.

Although this model has nothing to say about the nature of
the S-state complex, it predicts the existence of relatively
stable higher S-state intermediates. Manganese has long been
known to be essential for water splitting activity [37], as a
substantial body of work [37-40] indicates that four manganese
are associated with the S-state complex. Transient absorption
experiments in UV region [14], the multiline EPR signal
[41-44], and K edge manganese X-ray absorption [45] strongly
indicate that the manganese cluster is directly involved in
the electron transfer reaction between water and Y; and that
it undergoes valence changes during the S-state transitions.

The redox potentials involved on the donor side of PSII
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are extremely high and easily lead to non-physiological
oxidation products such as chlorophylls [15,16], cytochrome
by, [17,18), and carotenoid ([19]). The kinetics of electron
transfer on the donor side of the PSII are different for the
four different redox states of the oxygen evolving complex.

Under normal physiological conditions, the oxidized PSII
reaction center P'680 is reduced by a component called Y,,
which has been identified as a tyrosine residue of the D1-
polypeptide at the 160 position [20,21]. The electron
transfer rate from Y, to P'680 is highly dependent on the
oxidation state of the oxygen evolving complex, pH in the
buffer, and polypeptide composition. At physiological pH
values, the electron transfer takes place in 20 ns in lower
oxidation states of the oxygen evolving complex (S, and S,) and
is biphasic in higher oxidation states of the oxygen evolving
complex (S, and S;) with halftimes of 50 ns and 250 ns [22,23].
At low pH, the electron transfer is monophasic for all
oxidation states of the OEC: the halftime is 40 ns in S; and
S,, and 250 ns in S, and S; [24]). For tris-washed PSII, in
which the manganese cluster and 3 peripheral polypeptides are
released, the rate of the electron transfer is much slower,
being a few microseconds [25,26].

Photosystem II contains a second tyrosine residue, called
Y,, located on D2-polypeptide at the 161 position [20,27]. It

has the same EPR spectrum as Y,, but the decay kinetics and
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Pheo™ vz
W Qo
'S
2 ~Q
L7 B —_— External
Acceptors
Light s
(2]
4H*+ 0O,
1’,’:‘:\
— Yz Z)0“’00
2H,0 a
T~ p+g80
Figure 1-3 The kinetics of electron transfer in

photosystem II

interactions with the manganese cluster are different [28-30].
Normally, this tyrosine residue is oxidized and does not
participate in electron transport. It is, however, involved
in maintaining the system in the S, state in the dark [31,32]
and preventing over-reduction of the oxygen evolution complex
[33]. A potential function in photoactivation of the
manganese cluster has also been proposed [27].

It 1is generally agreed that the manganese cluster

functions between substrate water and the intermediate
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electron carrier, Y,, and that it functions as a four-electron
gate. It stores positive charge equivalents prior to the four
electron oxidation of two molecules of water. In addition, it
is likely that manganese acts as the binding site for the
water molecules that are oxidized. For intact PSII membranes,
where the manganese cluster is fully functional, Y;'is reduced
by the manganese cluster. The rate of this electron transfer
is highly depend on the oxidation state of the manganese
cluster. In the S, state, Y," is reduced in 30-70 us, in the
S, state, it is reduced in 50-110 us, in the S, state, it is
reduced in 60-350 us, and in the S; state, the reaction is
further slowed down to one millisecond [46-50].

When the manganese cluster is destroyed, such as by tris
washing, which releases manganese and peripheral polypeptides
from the OEC [51-52], Y{ can be reduced by an external donor
or by charge recombination with Q,". These reactions will be

discussed in detail in chapter III and chapter IV.

The 8tructure of Photosystem II

Photosystem II of higher plants is made up of a cluster of
at least nine polypeptides (Figure 1-3), six of which are
intrinsic, membrane-spanning polypeptides, and three of which
are extrinsic, membrane associated polypeptides. The exact
locations of the various electron transport components

discussed above are not known yet. No single crystal
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structure of PSII has been obtained, thus there is no detailed
structural information available as there is in the
photosynthetic bacteria case [53]. Figure 1-3 shows a
possible model of PSII structure, which comes from the
assumption that the structure of PSII is similar to the
structure of photosynthetic bacteria, though the justification
of the assumption is still an open question. Recent results
from Yocum's laboratory have strongly challenged this
assumption [54].

The six intrinsic polypeptides of PSII include the
following: two large chlorophyll-binding polypeptides with
apparent molecular masses of 47 and 43 kDA, called CP47 and
CP43 respectively, that serve as core antenna subunits; two
distinct polypeptides with molecular masses of approximately
32 kDA, named D1 and D2, that bind to each other and are the
essential parts of the PSII reaction center; and two other
small polypeptides (5 and 10 kDA) that are involved in the
binding of the cytochrome by, heme group.

The locations of the reaction center and other electron
transfer carriers of PSII within these polypeptides are not
clear yet. 1In early work, the CP47 polypeptide was proposed
by several groups to be the site of P680 and pheophytin a
binding based upon fluorescence [55], pigment composition and
spectral change [56-58]. However, because of the homology in

the amino acid sequences of the D1 and D2 polypeptides with
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Figure 1-4 A possible structure of photosystem II
reaction center



15

the L and M subunits of the reaction center of purple bacteria
[53], it was suggested that D1 and D2, rather than CP47, might
provide the binding site for the P680 and pheophytin a
[59-61]. Recently, evidence for the binding of pigments to D1
and D2 polypeptides has been provided by Nanba and Satoh [62].
They successfully isolated a complex consisting of the D1 and
D2 polypeptides and cytochrome by, from spinach PSII particles
with 4-6 Chl a, 2 Pheo a, and 1 B-carotene molecules. This
complex shows photochemical activity, as indicated by 1light
induced absorbance changes that could be attributed to the
photo-reduced Pheo a, and the formation of a spin-polarized
triplet at 1low temperature that is characteristic of all
reaction centers [63]. But the absence of plastoquinone in
Nanba and Satoh's preparation indicates that the electron
acceptor Q, and Q; are lost during the isolation procedure.
This raises the question as to whether the pigment composition
obtained in the Nanba's particle really reflects the true
pigment composition in PSII reaction center. Recent results
from Yocum's laboratory indicate that more pigments, 10-12
Chla, 2-3 Pheo a, along with 2 Cyt bg,, are bound to the
reaction center complex of PSII [54]. There is also some
evidence indicating that CP47 and CP43 not only serve as sub-
antennae but also play a role in binding quinone molecules and
the extrinsic 33 kDA polypeptide [63].

The three extrinsic polypeptides with molecular masses of
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17, 23 and 33 kDA are associated with the inner surface of the
thylakoid membranes and play important roles in oxygen
evolution in higher plants [64,65]. At first it was assumed
that these polypeptides were directly involved in the
oxidation of water, but more recent evidence has shown that
their main function is to shield and stabilize the manganese
cluster. Each of the three polypeptides has now been shown to
be functionally replaceable with high concentrations of
chloride and/or calcium ions. The 17 kDA polypeptide is
replaced by 5 mM Cl°. The 23 kDA polypeptide is replaced by
5 mM Ca* and 30 mM Cl°. In the absence of the 33 kDA
polypeptide oxygen evolution can occur, although at a slower
rate, when 200 mM Cl° is present [66]. Cca' must also be
present to overcome the absence of the 23 kDA in these
preparations. Thus, it is thought that the extrinsic
polypeptides play a role in improving the reaction center
capacity for binding Ca' and Cl™ ions. In addition, they play
a structural role in protecting the manganese cluster from
attack by external reducing agents. It is possible that the
33 kDA may provide some ligands directly to the manganese
cluster that are replaced by Cl° when the polypeptide has been
removed [67].

The location of the manganese cluster remains one of the
most speculative parts of the PSII structural model. Although

the three extrinsic polypeptides are unlikely to be the major
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sites of manganese binding [68], none of the six intrinsic
polypeptides can be strictly ruled out as the binding
polypeptide [69]. Based on mutagenesis experiments on the D1
polypeptide with an unprocessed C-terminal extension [70],
photodestruction of the reaction center [71], and cross-
linking studies of the complex [72], the prevailing view is
that the manganese cluster is more likely to be situated in

the D1/D2 reaction center polypeptides.

Transient Absorption Spectroscopy in
the 8tudies of Photosystem II

Transient absorption spectroscopy has been the oldest but
the most useful physical technique to study photosynthesis.
Although it does not have the high spectral resolution and
selection that ESR and ENDOR do, it has better time resolution
capability. Rapid development of laser technology has brought
transient absorption spectroscopy to preeminence in studying
rapid kinetic processes. The picosecond and sub-picosecond
laser spectroscopy developed in the last few years has pushed
the time resolution of transient absorption spectroscopy close
to the theoretical limit. This kind of time resolution is
impossible for other kinds of spectroscopies such as ESR, NMR
and ENDOR. Transient absorption spectroscopy is a non-
destructive technique, and samples used in the measurements

are usually closer to their physiological conditions than
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those used in other spectroscopies, which reduces the chances
of interferences from non-physiological sample conditions.

Almost all redox-active components of photosystem II have
absorption changes upon oxidation or reduction following the
excitation flash. Thus, they are detectable by transient
absorption spectroscopy. Most of the kinetic data on electron
transfer in PSII has been obtained by this technique. The
spectral overlap of different components, which causes
difficulty in interpreting the results, can be greatly
improved in transient absorption spectroscopy, because
oxidation or reduction of different components may take place

on different time scales.

Reaction Center P680

The reaction center of PSII was detected as a flash
induced absorption change attributable to chlorophyll a
oxidation [73]. 1Its bleaching maximum is close to 680 nm and
it thus was designated P680. The fluorescence of the light
harvesting chlorophylls interferes with measurements at this
wavelength, however, and many kinetic studies of P'680 have
been done by measuring the smaller broad absorption increase
at around 820 nm [74,75].

In the ultraviolet and visible region, because of the
interferences from other components and strong absorption of

samples, investigation of the P680 spectrum has not been done
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as intensively. The first detailed P'680/P680 difference
spectrum in the UV/Visible region was published recently by
Gerken and coworkers [76]. The UV/Visible region is a very
important region because structural or environmental changes
may be detected fairly easily in this region.

The appearance Kkinetics of P'680 following 1light
absorption was impossible to monitor few years ago. Recently,
however, Wasielewski's laboratory used 500 fs time resolution
to resolve this rise time as 3 ps by transient absorption
spectroscopy. The data show that P680 donates an electron to
a pheophytin a molecule directly without detectable electron
transfer participation of the accessory chlorophyll [8]. The
P'680 decay can be detected optically at 820 nm. Under
physiological conditions, P'680 is reduced on a time scale of
50 to 250 ns depending on the S-state. When the normal
electron transfer is inhibited (e.g. by tris-washing, salt
washing, NH,OH treatment, detergent treatment, or extremes
pH), P'680 reduction is retarded into the microsecond range

and can be easily detected optically.

Acceptor 8ide

Photoaccumulation of reduced pheophytin in PSII detected
by its characteristic absorption changes under reducing
conditions was first reported by Klimov et al.[77]. It was

proposed that Pheo might play a role as an electron carrier
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between the reaction center P680 and the plastoquinone
acceptor Q,, analogous to that of BPheo in purple bacteria.
Supporting evidence came from the observation of a split Pheo’
EPR signal [78) and from the observation of a characteristic
spin-polarized triplet signal from P680 [79]. The difference
spectrum of Pheo /Pheo is similar to that of P'680/P680 in the
red and near infrared region, but the small bleaching at
540 nm and 505 nm are typical of Pheo reduction [80,81]. The
most direct proof that Pheo acts as an electron carrier
between P680 and Q, comes from the direct observation by
transient absorption spectroscopy of Pheo reduction with sub-
picosecond time resolution. It has been shown that Pheo is
reduced in 3 ps [8] by P680 and reoxidized in 300 ps as it
transfers the electron to acceptor Q, [9].

A great deal of work on Q, has been done by using
absorption and fluorescence spectroscopy. It has been
identified as a firmly bound plastoquinone molecule by
absorption spectroscopy and extraction/reconstitution
experiments (82]. Q, is reduced to a semiquinone anion by
Pheo” in about 300 ps. The absorption difference spectrum
reflecting this transfer is characterized by the appearance of
the semiquinone anion absorbance at 325 nm and the
disappearance of the oxidized quinone at 265 nm [14]. In the
visible region of the spectrum, a second semiquinone

absorption band is observed between 400 nm and 450 nm, but
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here the spectrum 1is superimposed on changes due to
electrochromic wavelength shifts of the absorbance of
chlorophyll and pheophytin molecules. These shifts are caused
by the charge on Q,, and probably involve two pigments in the
reaction center, chlorophyll a and pheophytin a. The
pheophytin a bandshift around 545 nm is important for
diagnostic reasons, since it occurs in a wavelength region in
which the absorbance changes can be measured relatively
easily. Moreover, Q, is the only quinone that induces a
significant shift of this pigment upon reduction [11,83].

Reduced Q, donates an electron to another plastoquinone
acceptor called Q; in about 200 us [10,11] in intact PSII
membrane particles. The reduction of Q; to Q;” gives rise to
absorption changes in the UV that are similar to those
observed when Q, is reduced. The spectrum shows
characteristic features of plastosemiquinone formation [14].
The Q" minus Q; optical spectrum is similar in many respects
to that of Q. minus Q, but the bandshifts in the blue and
green parts of the spectrum are different [84], indicating
that Q,” is different from Q,” in terms of its proximity to the
electrochromically responding pheophytin. The reduced Q
remains bound to the Qg-site [85] until a second electron from
Q,', produced in a second photoact, reduces it to a doubly
reduced quinone. The doubly reduced QB(ng) is protonated to

form the hydroquinone QgH,; it then leaves the binding site on
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the reaction center and becomes part of the membrane
plastoquinone pool. This mechanism of plastoquinone reduction
exhibits a strong period two oscillation in UV absorption upon
flash excitation. Thus, extreme care must be taken when
analysizing the flash number dependence of absorption in the

UV region.

Donor 8ide

Although the electron transfer rate from Y, to reaction
center P'680 is strongly dependent on the S-state, ranging
from 20 ns to 250 ns, its absorption difference spectrum
appears to be very similar in all these S-states [11,14,23].
It consists of absorbance increases around 260 nm and 300 nm
and of a chlorophyll a bandshift around 435 nm. Because of
the strong overlap of the absorption difference spectrum
between Q,"/Q, and Yz"/Yz in the UV region, where the major
peaks of YZ’/Yz are located, care must be taken when the data
are analyzed. However the EPR signal of Z' is relatively easy
to detect, so most studies of Y; to date have been done by EPR
rather than optically.

Transient absorption spectroscopy provides an excellent
tool to study S-state transitions, since other techniques,
such as EPR and EXAFS that require cryogenic temperature, can
not be done at physiological temperature. The kinetics of

S-state transitions can be studied with single turnover
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flashes with dark adapted PSII particles, and the period four
oscillation of absorbance changes, which corresponds to four
different S-state transition, can be observed in the UV region
[46,86]. In dark adapted PSII, about 75% of the reaction
centers are in the S, state. The first flash induces the S,
to S, transition, which produces an absorbance increase at 362
nm with a half time about 40 us [46)]. The second flash
induces the s, to S; transition with an absorbance increase
similar to the first flash with a half time of about 100 us.
The third flash, which induces the S;-(S,)-S, transition and is
coupled with oxygen evolution, reverses the absorbance
increases of the first and the second flashes and resets the
system to the S, state with a half time about 1.5 ms. The
fourth flash, which induces the S, to S, transition, shows a
very small absorbance increase with a halftime about 50 us
[46]. Experiments done at different wavelength show very
similar results [87].

The absorption difference spectrum of S-state transitions
has a peak around 300 nm with extinction difference
coefficients on the order of 4500-6000 M'cm''. Above 400 nm,
absorption changes directly related to the manganese cluster
are very small. The absorption difference spectrum of S, to
S, transition and S, to S; transition are very similar. Both
are tentatively assigned to a Mn(III) to Mn(IV) transition

based on the experiments of multiline EPR signal [41,88-90],
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XANES K-edge [91], and NMR proton relaxation rate [92]. The
small absorption changes of the S, to S, transition are assumed
to be due to a Mn(II) to Mn(III) transition based on other

techniques [93]).

Description of Work to be Presented

In intact PSII membranes, the forward electron transfer is
carried out very efficiently and the quantum yield is very
close to 1. This high efficiency of electron transfer is
achieved by rapid reduction of the P'680 by its physiological
donor Y, in less than 250 ns [22]. Certain chemical
treatments, which inhibit oxygen evolution, greatly increase
the 1lifetime of P'680 so that the charge recombination
reaction of the state Q;/E”680 is extended into the
microsecond time scale. The time evolution of the state
Q, /P'680 is highly depended on the micro-environments of the
electron carriers and the presence of inhibitors.

Gerken and coworkers [76] studied the charge recombination
reactions of Q,"/P'680 in tris-washed PSII in cyanobacterium.
They found three decay phases with halftimes of 170 us, 800 us
and 6 ms, and attributed the multiphasic kinetics to a
distribution of different structural states of the reaction
center proteins. Ford and Evans [94] observed that, after
NH,0H inhibition, the sub-microsecond decay phase of P'680 in

PSII was transferred into the microsecond time range. The
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decay was biphasic with halftimes of 90-150 us and 600-900 us.
Both phases were attributed to charge recombination between Q,’
and P'680. They explained the different kinetic phases in
terms of different charge states of other redox-active
components in the reaction center complex. Other inhibitory
treatments include trypsination [95], which retards P'680
reduction to 200 us and may be relieved by the addition of ca®
cations, and addition of acetate [96], which slows the forward
reduction of P'680 by almost four orders of magnitude and the
back reaction with Q,° five-fold, were explained as
modifications of the micro-environment of PSII.

The wide differences of decay pathways and decay rates of
the charge separated state, QA'/P*680, under different
treatments raises interesting questions as to how the time
evolution of Q,/P'680 is modified by these treatments and as
to what information we can obtain by monitoring the time
courses of the state QA'/P*680 following these different
treatments. In the experiments described in chapter III, we
used the transient absorption spectroscopy technique,
described in chapter II, to monitor the decay time course of
Q, /P'680 with tris, NaCl, and NH,0H treated PSII. Our results
show that the charge recombination reactions can be observed
in these inhibited PSII preparations. The halftimes of the
charge recombination reaction are similar in tris-washed PSII

and NH,OH treated PSII, but it is faster in NaCl-washed PSII.
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These differences are attributed to the different micro-
environments at the donor side of PSII. The Q,° to Q; electron
transfer, which has not been analyzed fully in prior studies,
may not occur in these samples because of the positive charge
on P'680 or the modification of Q; site.

An obvious way to identify the components of the electron
transfer reactions and the effects of different treatments by
transient absorption spectroscopy is to obtain the absorption
difference spectrum of the individual components. The first
full absorption difference spectrum of Q,'/Q, was obtained by
Van Gorkom [82] and identified as arising from a plastoguinone
molecule because of its similarities to the in vitro spectrum
of plastoquinone. Dekker and coworkers [14] obtained detailed
absorption difference spectra of Q,’/Q, and Y,'/Y, in tris-
washed PSII by analysis of flash-induced absorption changes in
the millisecond time range. The absorption difference
spectrum of P'680/P680 in the UV range has not been studied as
extensively as that of Q,'/Q, and YZ’/Yz because of its very
short 1lifetime. The first detailed P'680/P680 absorption
difference spectrum in the UV-Visible region was obtained very
recently by Gerken et. al. [76] in tris-washed PSII from
cyanobacterium Synechococcus sp. by measuring the charge
recombination reactions between Q,” and P'680. They found that
the P'680/P680 absorption difference spectrum is dominated by

a very sharp bleaching around 434 nm, which resembles the in
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vitro difference spectrum of Chla‘/Chla.

The absorption difference spectrum can be used to identify
the various components as well as their micro-environments.
Weiss and Renger [95] claimed that the difference spectrum of
P'680/P680 was affected by the trypsination at pH 7.5 or by
incubation with NH,0H. 1In the work described in Chapter IV,
we measured the absorption difference spectrum of P*'680/P680
and YZ*/Yz by monitoring the decay kinetics of Q,"/P'680 under
different treatments in tris-washed PSII. The results we
obtain support a model in which the microsecond decay phase
comes from the charge recombination reaction between Q,” and
P'680 and the millisecond phase comes from electron transfer
between Q,” and Y,’. The difference spectra we obtained with
NH,OH treated tris-PSII show that the spectrum of P'680/P680
is not affected by the NH,OH treatment, contrary to the claim
by Weiss and Renger [95], but that the spectrum of Yz*/Yz is
dramatically modified by NH,OH treatment. We conclude that
the NH,OH inhibition site is closer to Y, than to the reaction

center P680 site.
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CHAPTER II

TRANSIENT ABSORPTION SPECTROSCOPY

It has been 42 years since the first spectrometers working
in the ultraviolet and visible regions of the spectrum came
into general use [1], and over this period they have become an
extremely important analytical instrument in many chemical and
biological laboratories. Absorption spectrometry is a non-
destructive technique and most measurements can be carried out
at physiological temperature, this makes it a suitable
technique to study biological system. Transient absorption
spectroscopy measures the time evolution of the absorbance
changes of a system after excitation. It has been widely used
to study kinetics of chemical reactions. Rapid development of
laser technology has brought the transient absorption
spectroscopy to preeminence in studying ultrafast reactions
with picosecond or even sub-picosecond time resolution, which
no other spectroscopy can match.

Transient absorption spectroscopy has been heavily used in
the studies of the electron transfer reactions of photo-

synthesis. In the experiment, the probe beam is usually kept
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very weak so that it will not cause extensive photochemical
reaction. The sample is excited by an intense flash of short
duration and the absorbance changes after the flash are
monitored by the probe beam. The time course of the
absorbance changes and its dependence on wavelength provide
important information on the electron transfer reactions

taking place and the components involved in the reactions.

System Design

Because the transient absorption system is designed
specifically for the study of electron transfer reactions in
photosynthesis, special considerations must be taken. First,
the probe beam power must be kept low enough so that it does
not cause significant photochemical reaction; Second, the
optical path must be designed in a such way that fluorescence
from the sample is blocked from reaching the detector; Third,
because the absorbance changes to be detected are small
compared with the background, the DC component of the signal
must be subtracted out before it can be input into the analog
to digital converter.

The original system was built by D. Lillie (2], who
interfaced a NICOLET 1074 (Fabri Tek, equipped with an
SD-72/2A 9-bit A/D converter and a SW 71A sweep controller;
Madison, WI) to a DEC (Digital Equipment Corporation) PDP-11

minicomputer. Because of frequent failure of the hardware and
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inconvenience of using the PDP-11 minicomputer to control the
instrument, it was rebuilt by me with a new data acquisition
board (WAAG-1000 from Marckrich Corp.) and timer board (CTM-05
from Metrabyte Corp.), and interfaced to an IBM/AT compatible
Zenith 248 personal computer. This made it possible to
integrate the new system with the laser facility located in
the chemistry department at Michigan State University.

The system (Figure 2-1) consists of three major subsystem:
(1) the optical subsystem, which includes the probe 1light
source, monochromator, silica lens, and cutoff filters; (2)
the detecting and signal processing subsystem, which includes
the photomultiplier tube, signal pre-amplifier, sample/hold
amplifier, and fourth order low pass filter; and (3) the
computer interface, which includes analog to digital
conversion board, five channel timer board, driver circuit
and software interface. The excitation flash is provided
by a Nd:YAG pulsed laser (DCR-1 or DCR-2 from Quanta-Ray) at
532 nm (frequency doubled) or at 355 nm (frequency tripled)
with a pulse width of about 10 ns. The laser is triggered

externally by the computer.

Optical Subsystem
The optical subsystem was built by D. Lillie originally,
but modification has been made in the following aspects in

order to enhance the instrument performance and reduce the
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fluorescence and other interferences: (1) The photo-
multiplier tube, is moved farther away from the sample cell
excitation flash is provided with an extension tube. The
distance between the sample and the detector is increased from
4 cm to 40 cm. The probe beam is focused at the detector
instead of at the sample and a slit is placed near the
detector to limit the solid angle of fluorescence from the
sample. This modification reduces the fluorescence
interferences and excitation laser flash artifactual effects
tremendously, and makes the instrument capable of detecting
P'680 decay in the near infrared region where the sample has
very strong fluorescence [3]. (2) The probe beam is defocused
at the sample, which reduces the intensity of the probe beam
on the sample so that photo-excitation of the sample is not a
serious problem. The electronic shutter that was designed to
protect the sample from the probe beam is no longer needed.
(3) The sample is oriented at about 45 degree to the actinic
flash in order to obtain more effective and more uniform
excitation.

The modified optical subsystem layout is shown in Figure
2-2. All components are mounted on an optical rail bolted to
a heavy length of colorlithe, secured to a laboratory table
top. This helps to suppress the noise from environment.

The probe beam light source is provided by a 75 W Xenon

Arc Lamp from Photon Technology with a LSP-200 universal power
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Filter Filter

Sample Slit

Arc I
Monochromater mu>- PMT

Lamp

Extent ion tube

Lens

Laser Flash

Figure 2-2 Optical layout of the transient absorption
spectrometer used in the studies of the electron transfer in
PSII (only relative positions are shown).

supply. Though the arc lamp is not as good as a tungsten-
halogen lamp in term of signal/noise 1level, its spectral
radiation covers the visible as well as the ultraviolet and
near infrared regions, which makes it convenient for studying
photosystem II. The wavelength selection of the probe beam is
provided by an H-20 UV-VIS monochromator from Instruments SA.
It has two ion-etched concave holographic gratings for the UV
and the near-IR, as well as a normal concave holographic
grating for the UV-VIS region. The monochromator is equipped
with fixed interchangeable slits of 0.5, 1.0, and 2.0 mnm,
giving an optical bandwidth of 2.0, 4.0, and 8.0 nm

respectively, which are suitable for transient absorption studies.
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