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7.1. INTRODUCTION

Ay henia s the © procesi By which green
fmn and photosynthetie bacteris wse solar hght
for the biosynthesis of cell components such
thydrms which sre used a5 an energy source
living syscema. ir is ususal to consider the aver-

all process, which may be represented as

! Light

CO; +2H;A — (CH30)+ Ag + H;0,

. {carbohydrate) Y
where Ha A symbohzu s hydrogen donor lnch as
O or H3S. .reaction’ two
phascs: the light reactions in which solar energy is

canverted mtn ﬂz ehumal energy
umocisted \mh denosi gg) and

.l "

H) in green plants (NADH in photosynthetic
acteria), and the dark reactions in which these
apesgy -rich species, ATP and WADPH (or NADH),
are used to gyiuce carbon dioxide to carbohydrate,
the Quvin cyde, At the same time ATP and
NADPH are converted back to ADP and NADP*

{NAD" in photosynthetic bacteria).
The overall photosynthetic apparatus oceurs in a
membrane symem — the i membrane in
arecn plants and thef#yroplasmic membrane in photo-
dmthetic bacteris.arly work (Emerson and Arnold,

#932) based on repeated flash irradiation of algee
showed that the maximum number of 0, malecules
evolved per flash was very small compared to the

_namber of chlorophyll molecules, this result being

consistent with thefBislk of the pigments (such as
chlorophylls, carotenoids and phyeobilins) being an
which sbsorb the solar energy and
%ﬁuﬁm energy to & geeond tyge of
fimant in-the gggerion centres, where the photo-
gy of the process mkes plice.~Similar con-
clusions for bacterial photosynthesis were inferred
from the small changes in the near IR (~ 870 nm)
absorption spectra following continuous irradiation
of whole cclls (for example, see Duysens, 1954},
Whilst the orientation of this chapter 1o examples
of the application of flash photolysis to- photo-
synthetic systems does not do justice 1o the many
other techniques which have given important inform-
ation {fach as ESR, electron nuclear double reso-
fanoe (ENDOR), fluvrescence and cireular dichroism),
it does show, however, that the improvements in the
. achieved in the flagh photolysis
technigues together with the improvements in bio-
chemica] techniques in recent years have led to a
further uptavelling of the complex molecular pro-
cemes in photosynthesis and particnlardy in bacterial
phowowynthesis. This chapter will emphesize the
application of flash photolysis to _becterial

al gystems
,rather than green plans - photosynthesis. Bacterial

p&otosynthuis is inberendy simpler than green plant



PHOTOSYNTHESIS 163

photosynthesis because MHMEri conin only one
&:mc&nq or photwosystem (P45 whereas preen
plants contain two photosystems (PS] and PSID,
thit relative simpiicity of bacieriz making them
attractive systems 1o study. In addition, m.ndard bic-
chemical proceduses have allowed - the | reaction
gaotres and antenna complexes of bacterial systems
10 be cmpletely separated, thus leading to a derailed
understanding of the reaction centre processes in
bacreria. No such complete separation & yet avail-
able for green plants and ceasequently knowledge of

the primary processes in green plants is much less

detailed than in bacteria. Nonetheless, despite con-
centrating mainly on bacterizl photesynrhesis, 3 few
sexamples of the use of flash photlysis in the study of
photosynthesis in green plants will also be given.

7.2. BACTERIA
7.2.3. General Background

The photosynthedc unit of a typical nen-sulphur
photosynthede bacteium such as Rbodopseudo-
monas sphaeroides (Rps. sph.), Rbodospirillum (R}
rebrum, Rps. viridis and Chromatium vinosum con-
sists of an anzenna system, of 40— 200 bacteriochforo-
phyll molecules (normally bacteriochlorophyll a) per

Bacterochorophyl and

Optical Danally

reacdon centrte and vanicus sumwwhat smaller
amourits of carotenoids. These photosynthetic units
may be disrupted into reaction centres {a typical
spectrum is given in Fig. 7.1) znd antenna complexes
by treatmenr with detergents (e.g. lauryl dimethyl-
amine-N-oxide, LDAQ), cach of which may be
separated and purified,

The reaction centres usually conmain three poly-
peprides of molecular weights near 24, 32 and
37 X 10° Mpur molecules of bacterfvchlbophyll, twe
molecules of hactericsnaegphydd and Fon-ubi-
Eigom: (or, in Chromatiume winosum meraquinone)
complex, and, in reacdon cencres from carorenocid
containing strains, one molecule of a'dpecific carote-
#oid. Both resgmance Raman speccoscopy {(Lutz
et ai., 1976, 1978) and the visible absorpiion spectra
of carotenoidiess reaction centres froin R, rubrum
(G9}, when compared to the specora with carotenoids
added (Boucher er al., 1977), imply e the reacton
centre carotenoid has afgf configuration.

Both SR and ENDOR spectroscopy show that
of the fow hactenochlor-cphyl! molecales in the re-
acdorn Centre, two mtt:rac! Wlth each orher as a

ciaf " pRir' WS‘IO due to the chamacterisde
ﬁr}:don peak ncar 870 nm, see Fig. 7.1) and that
this imer’ s involved in the initial electron ¢jection
é;ﬂ}f. phitecheraca prmess (McElroy er al., 1972
and Feher et al., 1975), Oxidized reaction centres of

2 aut-rbf_unwrh,:”

r00 900

hnm

Fig. 7.1. Absorption spectrum of Bacterin! Reaction Cenoes in Rps. spb.

i
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Rps. viridis which contain bacteriochlorophyll & do
not show similar ESR and ENDOR spectral character-
istics . Nevertheless, the special pair is still thought ta
exist in hacteriochlorophyll b-containing reaction
cenires with the spectroscopic data being accounted
for by assuming that these ‘dimers’ have a twisted
structure (Davies ez al., 1979).

The ‘primaky’ photochemical process following
excitation of P8Y0 1o an excited singlet state PE70*
is the cjection of an elecmon which reduces ubi-
Fpainone (Q} via wrious intermediate species (I), that
e

3’ P870’(]}Q">P870 (i "X+ 2876 (I)Q

“The nen-haem ferrcus iron contained in the re-
action centre is thought to be involved not in this
primary step but in secondary clectron transfer pro-
cesses, as discussed later. Tuser flash photolysis,
Trried out with Hébeasingly improving resolution

;_umes hu gradaally anravelled the various early pro-
eenm prior ta the ¢lectron bcmg transfecred to.the
i ne;sthis is discussed in detail in the next
section. In addition, we will consider as ¢xamples of

200

~2004 o

oMV}
o

iy
200
Crig,
4001 5
L)

Fig. 7.2. Typical Scheme for Electron Transport in
Photosyntheric Bacieria.

the use of flash photolysis the re-reduction of P870*

" (by cytachrome ¢} and the secondary electron trans-

fer processes from Q

The position of these processes in the teptative
overall elecuron transport scheme is indicated in
Fig 7.2. This simplified scheme show4§PB70 funetion-

as an electron donor s sequence of acceptoss,
with reduction ul“cxmchrom ¢2 leading to che re-
reduction of P870 ° to P870. The second quinone
(Q ) is protonated on reduction from Q, {sec
722 2} and then reduces a quinone in the !

sp:m nnd transfers s protons across the mem-

TP pmducnon (the possible involvement

of cy'tochromc b in this secondary transfer is dis-

cussed later), This overall scheme can be 3@2&""

with the equivalent but more complex electron

wansport {§ 'Z' scheme} thought to operate in
higher planws — this is shown in Fig. 7.8.

The light harvesdng antenna pigments St o
#gment—proein. complexes and several types can be
distinguished by their absorption spectra in the
800~900 rm tegion. Thus, for example, Rps. sph.
strain 2.4.1 contains two types called B870 and
B8GO—850 (the numbers being based on their ab-
sorption maxima). One of these, BSOO—450, is rather
easy to isolate, and so far detaied informarien is
available for this complex both from Rps. spb. and
Rps. capsulata {Cogdell and Crofts, 1978; Austin,
1976; Shiozawa et al., 1980),

The pigment content of various strains of B300—
850 show a strict stoichiometric ratio of 311 berween
the bacteriochlorophylls and the carotenoids. How-
ever, the carbienoid content of the complex reflects
the carotencid conzent of the parent chromatophore
membrane (Cogdell, 1978). For example, the G1C
strain antenna complex contains 100% ncurosporene
as carotengid, while the 2.4.1 strain antenna complex
contains only 0.06% neurosporene together with $1%
sphetmdene and 8.94% spheroidenone. Singler—
singlét energy transfer from carotenoid to bacterio-
chlorophyll (the light harvesting role of carotenoids)

1€ar* + BChl + Car + ' BChI*

has been studied both in the intact photosyntheric
membranes (Goedheer, 1959’) and more recently in

1' A2 asrrowing of the ESR line and a1 50% decrease in the ENDOR splitting is expecred for a symmerrical cation dimer

compared to the corresponding monomer,
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BB00-850 antenna complexes themselves (Cogdell
et al., 1981). Tripiet energy wansfer from bacterio-
chlorophyll to carotencid

YBChl + Car -+ BChl + *Car

(the protective role of carotenoids) has been srudjed
uging flash techniques both with intacr chromato-
phores (Monger et al., 1976; King and DeVault, 1976
and Renger and Wolff, 1977) and isolated antenna
complexes {Cogdell et al., 1981).

7.2.1, Reaction Centres

s examples of the 1ppli of flash photolysis
o the uudy of bacterial reaction centrés we shall
consider twa Tnain arcas: the 'primary” photochemical
mh whijch P870 transfers an clectron, vis L to

one and the ‘secondary’ electron wansfer pro-
cesses in which the electron is transferred to a second
quinone.

7.2,3.1. PRIMARY PROCESSES

Early applications of flash pharolysis to chromato-
phores gawe weful informaton on reaction centre
P Thus, for example, Parson (1968) reported
agifumsient sbsorprion decrease at s monitoring
wpwelength ~ 880 nm following flash excitation of

chromatopbores which was interpreted

af the oxidation gf. P870 and also showed that this
€58 was % < 0.5 s The depletion was
mabwtpnonmcmn(t“"'lm)-

F N S back to PETO. Transient
menuremmu _pnl implied thaf¥ytochrome
’ﬂ? becaflie oxrdused 5t the same rate, These resules

confirmed that 3870 ¢ mdmon is the primagy photo-
chemical teaction of bacteria and also indicated a
du slecron  wansfer from cytochronw ¢ 10

%ﬂ of the firsz important details concerning the
pomary photochemical elecron wransfer reactions
A reaction centre preparations themselves usin using nano-
%ecoiid flash phorolysis arose from the work of
Pansdn and co-workers (for example, Patsen ef af.,
1975 and Cogdell er al., 1975). Udng purified re-
action centres both from strains which lack caroze-
_noids (Rps. spb. R26 and R rubrum G9) 2nd also

from those conraining carotengids (Rps. sph. 2.4.1
and Ga and R. rubrum 51) which were reduced
with mdithipniu 10 block the photochemical
electron transfer reactions, Parson and ¢o-workers
detected various transient species following nano-
second laser excitation.

Thus for reaction centres from the carotenoidless
mutants an immediate JEvprion ncresgc was moni-
tored aeh#20 nm, followed by 1 relaxation with
tf= 20 ns at FOOM femperature. Figure 7.3 shows

so0.
e
b
-
<)
o
—

Fig. 7.3. Spectrs of Flash-induced optical density changes in

Rescion Centres from R. rubrum G9: ® , initial optical

density change (PS70 P} ©, optical density change ~ 200
g afcer e flash (P&70 +F™) (taken from Cogdel er al.,
1975,

the absorption speetrum {for G} of this initial
change, the transient species formed being terme

This figure also shows the specorum of the o
lived species to which P¥ relaxes, This is call
assigned to fmcteriochlorophyll tripler on spccm.l
considerations (see Fig. 2.1.8), the lifesime of P® ob-
rained being ~ 6 s at room temperature. The assign-
ment nt’J (the lifetime of ~ 10 ns rules out the
fluorescent excited single state) Meived clogidadeon
Sy picosecond flash studies. Parson et al., {(1975)
also measured the guantum yields of P¥ and P*

t Chromatium contains at feast 3 differenc c-rype cytochromes which can be distinguished by, for example, dheir absorpGon

specira.
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formation by monitoring the transient absorbance (at
4235 nm for P® and 420 nm for P7) a3 a function of
flash intensity and obtained valuls of nesg ugiry for
#2¥ butonly "’..WP‘ These data led Parson ¢r al,
to conclude thn :mght bo- intermediate in the
pliatochesmical jon while ﬁ
(the buctenochlorophyll triplet) was offies interest
and simply a side product associated with the experi-
mental conditions. The extension of these studies to
carotencid-contgining strains {(Cogdell et al., 1975)
aguin led to the observation of the immediate (ime
resolution ~ & ns} formation of ¥¥ so that this work

-1

Aon.
Y
.
i

generalized the conclusion ﬂn‘?’ ‘g3z an inter-
mediate in the phorochemical el transfer re-
aetion. However no evidence for P® formation was
found, a.nd instead for these carotenoid containing
straing, PT decays rapidly to produce a new longer-
lived state which is decidedly different from stare ph,
The difference spectra for these new states are given
in Fig. 7.4, The spectrum obuined from Rps, spb,
2.4.1 shows a peak at ~ 543 nm (Fig. 7.44), while the
specira for Rps. spb. Ga and R. rubrym 51 ure similar
but shifted to shorter and longer wavelengths respect-
ively. ‘Efiese transients were identified as esrotenoid

L]
*»
2
.
. ‘.""
- . .. x
* .
g S
< . B . |
. . L
\_- -
-2

00 280 3 M0
Soghet-srxm Wy DCJ moi '}

Fig. 7.4. Flsh-induced difference specrra for the formation of carowmoid twipler sares in rescdom
ctnttes ftrom chree carorencid-conmining strains. (s) @, Reaction cencres of Rps. 1ph. 2.4.1 & rogm
temperature; O, resction centres of Rps. sph. 2.4.1 it 77 K. (b) Reaction cenmres of R. mbrwm 51 st
Toom remperature, (<) Reaction centres of Rps spb Gg a1t room tempersture, (d} Energy of the loog
wavelengeh triplet—triplet absorpbon bands vs the emergy of the long wavtlength ssgler-singler
absorpgon band, O and O data for ids and various poly in solution, taken from Truscowm
et al. (1973) and Mathis and Kieo (1973). @, dats {or catotenoids in reaction centrey; wiplet~—triplet
energies wert calculated from the flash-induced difference spectrs of (8)={(¢), and singler—singler
energies were calculated from the absorption specera of the coresponding resction cene preparstions
(taken from Cogdell er &f., 1975).

[P A
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rriplets firsdy because they were seen only in reaction

centres which contain carotenoid and secondly be-

cause of the SRty with the spectn of wripler

states of other carorenoids, spuch &5 fcanvi®ne, in

ic solvents (Chessin e al,, 1966; Truscott ec al.,

3; Mathis and Kleo, 1973 and Bensasson et al.,
1976a).

As noted in chapeer 3, Truscott g al, (1973) and
Mathis and Kleo {1973} rcporgg 3 linear relazionship
between the energy of the first iagiet sinplet transi-
tien and the first tiplet-triplet tunsition for a series

OD. changs 6 %22 nm lertirary wits)

of carotenoids. d was found by Cogdell
et ol. (1975) for the.shree reaction centre carotenoids
studied and Fig. 7.4d shows the fit of these experi-
menta! points. Finally, Cogdell e al. reported the
decay rates for che reacdon cenme carotencid triplets
10 be 2--6 ps, that is in a similar range te that estab-
lished for carotenoids in organic solvents. It was
originally suggested that carotenoid triplets in re-
action centres were formed directdly from PT bur
subsequent flash data at lower temperatures (Parson
and Monger, 1976) showed that the carotenoid

—
238 :

WJ !
I

hiJ
~

»

hy

Amoliuce 800, 1 of OD. change &) 522nm +
{redasive units)
e

(o Shmes

o wuzzs 1 slump g0 1 TOOY Romeduy

1=

o 3

Actinic flesh intonity, | (reattive units)

Fig. 7.5. (a) Kinetics of the flash-induced optical density change at 522 nom in chromatophores of Rps.

sph. strain 2.4.1, Inset: 4-fold magnification of the rapid formation of carotenoid tripiet. (b) Depend-
ency of AODwT and 1‘.'!0Del of the 522 nm optical density change on the flash intensity
{raken from Renger and Wolff, 1977).
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triplets were formed via P® and that their role was
thus zn energy sink for deactivation of reaction
centre bactetiochlorophyll triplet.

Similar concusions for the role of carotenoids as
a fplet valve' in bacteria were reached by Kung and
DeVault {1976) and Renger and Wolff (1977) who
studied Bromatophores of Rps. spb. rather than re-
action centres themselves. These workers reported the
effect of laser flash intensity on the yield of the

jmrotenoid triplet {menitored immediately after the
laser flash} and compared this with the slowly formed
(t,, ~ 160—150 ps¥transient sbsorption known to be
due o the electzochromic effect on the carotenoid
ground state absorpton (caused by the electron trans-
fer from cywochrome ¢ to P870 ). This latter
digasurement is an indication of the primary electron
cransfer effect and is therefore expected to show the
same Hight saruradon effeets as bacterial phote-
dhnchesis itself. Figure 7.52 shows a rypical oseillo-
gram cbtained by Renger and Wolff illustrating both
the rapid formation of the carotenoid triplet
(AODc 21+ 2nd the longlived wansient due to the
elecrochromic effect (AODd). Figure 7.5b shows the
dependence of the amplitudes of these transients on
the laser fash intensity indicating that the absorption
Shanges duc to the valve reaction (AOD, T) are ob-
scrved coly when the reacton centre becomes satu-
-Saxed, that is, closed.

The firsr picosecond flash phorolysis studies of
reaction centres were reported by Netzel sz al. (1973)
who excited the $30 nm bands of the reaction cenire
bacteriophacophytin and detected a bleaching of the
P870 band in < 10 ps. While this result could not be
unambiguously linked 1o psro’t formation, the work
did open the door to the study of the picosccond re-
action in bacterial photosynthesis.

uent 1o the work of Parson £ al, (1975)
which noted the formatiop, of-the P¥ stare follawing
nanosccond studics of foducod reaction centres as
described  above, “picoed , for example,
Dutton ¢t al. (1975), Rockley et aL (197%5) and
Kaufmann et al. (1975}, were undertaken roffurther
gharacterise ¥' and w0 eszablish whether the form-
aticn of PF1s an artifact of the redueing conditions
emploved by Parscn et ol Clearly a role for PF in
bacterial photosynthesis requires information on
whether P¥ is formed under conditions that permit
the electron transfer reacton to occur, Iiﬂl E pico-
second {lash photolysis it was found thi was

formed in < 20 ps after the flash and decays with

=, ~ 100-200 ps {compared with $0.ns for the

clgged, Le. rtduced, Teaction centres as noted above).
As the PT rransient decayed the radical cation of the
bacteriochlorophyll complex was revealed. The most
important aspects of the spectrum of PF are the
negative bands at ~8%3 nm and nm associated
with the simultaneous bleaching ofidecteriophaso-
p#in and bacteriochlorophyll (see Fig. 7.1) and the
formation of 2 band s §80 pm due to the radical
anion n;ﬁpp ophyrn (see 2.1.6 and Fajer
et al. (1975) toge:i'ier with the posidve band, report-
ed by Dutton er al, {1975) at 1250 nm, this band at
1250 nm being characteristic of the radical cation of
the bacteriochlorophyll complex. So that, at this
titne S was identified as a biradical of the type:

o+

"(BChY);  .......BPheo

the radical anion species BPheo  is often called 1™
so that PP = (BCh; ™ . ... ' The decay of PF in
the open or unblocked reaction centres is assumed to
be due to the further transfer of the electron from
8Pheo’ to ubiquinone, as shown by the disappear-
ance of the 545 nm negative band, the 1250 nm band
being common to both PT and the dimer radical
cation. Picosecond studies on species other than
Rps sph sach as Rps viridis and Chromatium vinosum
{Metzel 2t al., 1977) imply that this electron trans-
por process is a more general phenomena.

Photoreductive trapping experiments on sub-
chromatophore preparations from various species in
which the intermediate acceptor is stabilised using
both a low redox potential to reduce the quinone and
4 bound fast reacting cytochrome which can transfer
an electron to the oxidised dimerin (BCh; ¥ ... ..
I'", have also been used to stdy both the oprical
and ESR properties of I'” (see, for example, Shu-
valov and Klimov, 1976; Tiede et al., 1976 and
Okamurz ¢t al., 1979), Such data have been inter-
preted as showing that there is not intermediate (e.g.
bacteriochlorophyll ) berween P870 and bacterio-
phacophytin. This conclusion is nor unambiguous
however because the reducing conditions employed,
i.c. reduced bacteriophacophytin, could preclude the
aansfer from P870 to bacteriochlorophyll.

[n an important contribution to our understanding
of the primary process Shuvalov er ol. (1978) and
Akhmanov et al. (1980) used an excitation wave-
Fogth of 880 am (15 ps redolution time) so that the

itradiaTon Thiy excites PAT0. This work showed that
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the difference absorption spectrum obtained for
R. Rubrum immediately after the flash comresponded
w0 the formation of P870™* (such as bleaching of the
B70 nm band) as well as 2 developing of the wide
. 860 am band and 2 bleaching of the bacicriochloro-
phyli bands at ~ 600 nm and 800 nim. In particular
¥ 3hould be noted that bleaching ar 535 nm which
prraiponds 10 bacteriophacophytin bands had
sore time d=lay with respeet to bleaching of the 400
@ bard. In agreement with the resules of Rockley
et al. (1975) fhe bacteriayprophytin radical anion
oxdised by ubiquinome 4n shout 250 ps. Thus the
‘clectron transfer from P870 to ubiguinone was seen,
at this stage, to involve at least two interm= liate
steps, In the work of Akhmanov er of, (1580) the
sericus artifact (see, for example, Campillo ez af,
1977} which can ariss in using picosecond excitation
was noted in that the state formed by clectron trans-
fer berween bacteriochlorophy!l and bacteviophaca-
phytn has some sbsarption at the excitation wave-
length (880 nm) so that further photons can be
absorbed which could greatly obscure the kineries
of tie primary process, Using equizment in which the
number of photors in each picosecond pulse could b
reduced to ~ < ] photon per reaction centre, it was
found that one-photon absorption resulied in charge
separation with the formation of F870° " — Bacterio-
chlorophyll’ in < 10 ps and then a fast electron
exchange (X 10 ps) between bactedochlorophyll
and bacteriophacophytin occurs. The carly processes
can thus be written as:

P870 - BCW —  BPhe - Q
+ < 10ps

PE70* — BeW - BPhe - g
4 ~ 30 ps

P870" — Bl - BRheT - g
+ ~ 250 ps

PE70’* - BeW -~ BPRe - @

Beécent sobyiforcond studies (Holten ef ai.,
1980) bave begnt intérpreted as showing that electron
@mnsfer to bacrertochlorophyll is complete within
21 ps and thar the movement of electron density
from this species to bacteriophaccphytin mkes ~ 4 ps
(or possibly somewhat longer under the :onditions
used by Akhmanov er al. (1980)),

t Footnore on page 172.

Sthenck et al. (1981) excited rezetion centres
from Kps snwis b 7 px flashes (600 nm) and,
when Q was oxidised, detected a transient state in
which the electron had moved from P870 to an
accwptor complex involving bacicriophaeophytin and
bacreriochlorophyl) complex (PF). This state decayed
in~ 200 psasQ  is produced. If Q znd one cr both
of the bacteriophacophytins were photochemically
teduced before excitation no indization of clectron
mansfer fram P870 to bacteriochlorophyll could be
detzcted but 2 different transicnt fr, "~ 340 ps) was
ebserved. TFhis state was shown not to be the excited
singler of P870 and, ir was specniated, that it cculd
be a triplet state, 5 charge-transfer state of P870, or
another singlet state that is non-fluorescent,

Very recently Shuvalov and Parson (1981) have
reported the semperacure dependence of the transient
absorbaace changes for Rps spA Teaction cenmes
{blocked) :nd interpreted their spectral results to
mean that P¥ is an cquiliboum mixture of two
eadicabpairs * [pg70’t | | bacteriochlorophyll ]
and 'ipE7et . bacteriophacophytin® §. The
electron in the accepror compiex is mainly on
bacicriopaacophytin ar 77 K but shazed with bacterig-
chlorophyll at 293 K,

The tcmperarure dependence of the absorbance
¢hanges was used to estimate an energy difference be-
tween these two radical-pairs such thar ! iPa70’" |
bactenochlorophyll | lies ~ 0.635 eV shove
Yesro't . . bacteriophacophytin® |. Alse, the
encrgy gap between these radical-pairs depends upon
the charge on Q which is consistent with the jdea
that Q, interacts more strongly with bactetiophaeo-
phytin'" than bacteriochlorophyll ™,

Clearly research in this field will continue to
benefit from the wse of laser studies with still faster
sub-picosecond resolution time.
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7.2.3. Light-Harvestng (Antenna} Complexes

While the structure and finction of bacterial re-
action centres is now quite well understood, the so-
called antenna complexes have been relatively neg-
lected and there are fow photochemical studies on
isolated pigment-protein complexes themselves, We
have noted carlier the flash photolysis studies of
Monger er al. (1976), Kung and DeVault (1976} and
Renger and Wolff (1977) in whick triplet energy
transfer from bacteriochlorophyll to carotencid was
studied in intact chromatophores, Singletsinglet
energy transier from carotenoid to bacterochloro-
phyll in intact membranes was reported by Goedheer
(1959) using fluorescence techniques. Recently,
similar studies have been reported by Cogdell ef al.
(1981) using the IRO—850 complex isalated from

b. The type of carptenoid present in the
¢omplexes studied was varied by growing the cells
under differing oxygen concentrations (Goodwin,
1956; Cogdell and Crofts, 1978) and using different

peencid mursnrs. ThéBuoreseenee studies on the
complexes chowed thaf " single—singler
crgyininsfer from carotencid o bacteriodhloro-
iyl was efficient (75-100%) and & I‘ltk;(i'!l'
‘Esiﬁu to_carotengid type over the range veswed
(sp!:lernidene, spheroidenone, neurosporene, methoxy-
neurosporene and chloroxanthin}. The simplest expla-
nation of these results is that the §or factor con-
trolling the energy tmansfer in the BBOG—850 com-
plexes is vl feometry of thegystem.

ey Miash photolysis (20 s, 694 nm) of isolated

- complexes resulted in 2 strong transient
absoqxicm change decaying in a few microseconds.
The difference spectrum reported, for example, for
strain YIC containing neurpsporene as shown in
Fig. .74 Wis similar to that previously found for the
carotenoid trplet state in intact photosynthetic
membranes (Monger et al,, 1976). In addition, the
transient [ifetimes and oxygen quenching rates were
comparable in both systems for all the isolated
antenna complexes studied by Cogdell e al. so that
these strong transients were confirmed as represent-
ing the caroteneid triplet state. The variztion of the
absorbance of the carotenoid tripler with laser in-
wensity is shown in Fig, 7.7b for a typical antenna
complex. Cogdell et al, (1981) used the comparative
technique described earlier (1.5.3) to obtain the
carotenoid triplet yields and these were shown to be
low. However it was noted that the actual value did

not depend upon the curotencid type bur rather
varied depending on the amounz of detergent present

'in the sample, and this was comrelated with the yield

of bacteriochiorophyll wriplets. Thus detergent condi-
tons which lead to high carotenoid triplet yield also
lead to high bacteriochiorophyll fluorescence. The
overall low yiekd of carotenoid wiplets in the antenna
complexes studied arise from 2 low yield of bacterio-
chlorophyll ciplet rather then from inefficient miplet
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Fig. 7.7. (2} Difference spectrum for the formation of a

carotenoid rripiet statt of the BBOO—850 light-harvesting

pigment-protein complex from Rps spb G1C. (b} Variaton

of the size of the carowrnoid triplet with laser intensity for

BS00-850 from Rps spb strain 2.4.1 grown anzerobically
{taken from Cogdell er af., 1981),

cnergy transfer. The rate of the triplet transfer s very
fast and also relatively independent of the type of
carotenoid present. H o , Cogdell et a, (1981)
ihxve shown that encrgy mansfer between the carote-
noid snd bacteriochlorophyll .in B300-850 com-
plezes, both ar the dnglet and triplet cnergy levels,
iis rther independent of the carotencid type present
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#54v be controlled maimly by the pigment-protein
yateractions. This is in contrast to the singler energy
tranefer in reaction centres isolsted from R, Rubrum
{Boucher et al., 1977) in which it was shown that the
fluprescence energy transfer was very dependerit on
the carotenoid present.

7.2.4. Cywchrome ¢ Reactions

As noted above the oxidation of cype cyto-
chromes were detected reladively ¢arly in the detailed
stady of bacterial photosynchesis (for example, see
Duysens, 1954). Subsequently Parson and coworkers
(for example, Parson, 1967 and Parson and Case,
1970) showed from kinetic studics following laser
flash photolysis that the reduction of P870'% was
concomitant with the oxidation of c-type cyto-
chromes. .

Grondelle et al. (1976) used flash photolysis 10
study the function of three cytochromes in whole
cells of R. Rubrum. These were 0420 (o1 ¢3), cyto-
chrome b and c428. The kinetics of the P370™"
reduction indicazed that there is only one c4.20 cyto-
chrome per two reaction centres and is thus present
in low concentrations compared to other photo-
synthetic bacteria (sec, for example, Prince and
Olsen, 1976). Also, detajled kinede studies led
Grondelle ez ¢l to conglude thar there were two
types of reaction centres in R. Rubrum, one associ-
ated with ¢420 (95%) and one with c428 (5%), It
was further concluded that the latter type (c428
reaction cenire} differs from the 420 centre in that
it is associzted with ~ 10—12 times more antenna
bacteriochlorophyll. Grondelle er al. speculated that
the physiological explanation for such an arrange-
ment is that R. Rubrum converts energy with optimal
efficiency at very low light intensity by means of
¢428 and at high light intensity by c<420. These
workers also reported that the oxidised form of 420
itself was reduced by cytochrome b with t, ~ 7 ms.

Prince and Durton {1975} have also reported that
a2 brype cytochrome reduced cytochrome ¢; in Rps
sph after cytochrome b irself has been reduced via
ubiguinone,

In recent flash photolysis studies Bowyer et al.
(197%) and Bowyer and Crofts (1980) hzve studied
cytochrome ¢;-reaction centre coupling in chromato-
phores of Rps capsulata and Chromatium vinosum.
Their results clearly indicated that, unlke earlier
conclusions based on redox titrations which implied

two cytochrome ¢; molccules attached 1o each re-
action centre, there is only onc molecule per reaction
ctnte in Rps spb Ga and Rps capsulata BY 761 and
<1 per reaction centre in a carotenoidless mutant of
Rps capsulgra, These results ean be compared with
the situation noted above for R. Rubrum (Grondelle
et al., 1976} showing one cytochrome ¢; per two
recacdon centres, Also in agreement with Grondeile
et al., the muitiple flash studies of Bowyet et al. im-
ply that the cytochrome c; is mobile hetween the
oxidised reaction cenwes. .

Of particular interest is the finding of Bowyer
et al. (1979) thar the exteat and kinetics of cyto-
chrome ¢; photoroxidised and the PB70 re-reduced
did not match in the presence of the cyclic electron
tansfer blocking agent antimycin, These results are
interpreted in terms of an Fe—S protein (called J)
which re-reduces pant of the photo-oxidised cyto-
chreme ¢,.

7. 3/GREEN PLANTS AND ALGAE

In this section we will briefly consider the overall
clectron transport chain in the green plant photo-
synthetic process and then comment upon one or two
typical examples of the application of flash photo-
lysis,

7.3.1. General Background

The photosyathetic unit may be considered as an
antenna system containing abou: SR diloraphyl]
mojecules peg reacton cenwre tagether with accessory
pigments such 35 carotenoids and phycobilins. The
reaction centres contain & number of proteins,
electron carriers and specialised chlorophyll species
680 in systzm 11 and P700 in systein I). Bogh PS80

and P700 may be dimers and zre the reaction centre

traps receiving the excitaton energy from the light

harvesting antenna pigments.

Hill (1937) first demonstrated that ilumination of
green plant extracts in the prescnce of arvificial
¢lectron acceptors such as ferrieyanide leads 1o the
evolution of oxygen and the reduction of the electron
acceptor. This process is often called the 'Hill Re-
action’ and the accepror a ‘Hill Reagent’. n normal
photosynthesis it is the endogenous electron aceeptor
NADPY which becomes reduced to NADPH.{The
#wenall electron transpost scheme from water splirting
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egpiving oxypen (PSID) to the reduction of NADP*
(Rf%) is often represented 29 the ‘socalled” Z scheme.
A typical example is given in Pig. 7.8, however some
of the steps are sll controversial.
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Fig. 7.8. Typical Chloroplast Elecuron Transfer (Z) Scheme
showing the co-operation of the two Photosystems in the
Transference of Elecorons from water to NADPY,

The two photosystems in the scheme may be dis-
tnguished in tha:h;__'_i__ ‘operates efficiendy in red
il . < 700 am) ind produces u strong oxidant
(P680) sufficienty clectropositive to TRGBE warer
andfalso gencrates 3 weak reductant, whildF5T oper-
ateszpfficiendy i longer wavelength (A < 720 nm)
light*and produces a strong reductanf sufficiently
cleclronegative to reduce NADP* an#f s penerates
2 geak oxidant. The primary electron acceptor of
@1 i probably a molecule hysin and
electrons then presumably flow via quinones to the
plastoquinone (PQ) pool. This palilsers o shurdde
prils across the membrane to build up o pH
gradient which is subsequenty used for h‘! yn-
thesis ¥*s chemiosmovtic mechanism (cf. bacterial
photosynthesis), Subsequent to the PQ pool the
clectzons are transferred to P700 probably via an
jronsulphur protein {Fe—§), cytochrome f, and
plastecyanin. The primary acceptor of PSIis not well
identified and intermediate acceptors prior (FIMIY
(#Wedoxid) “may - include 2 chlorophyll monomer
molecule, as discussed below.

7.3.2, Applications of Flash Photolysis

Flash photolysis work has been concerned with
several aspects of these processes including energy

wansfer in the accessory pigments (probably via an
inductive resonance mechanism), P700 and P630
oxidatjon reflecting the primary processes in the re-
action centre, various steps in the electron transport
chain and photophosphorylation. Useful general re-
views of these and other applicatons of flash photo-
ty#is are given by Govindjee (1975}, Barber (1977),
Wolstenholme and Fitzsimons {1979} and, for the
study of energy transfer processes in photosynthetic
membranes by picosecond fluorescence measure-
ments, Breton and Geacintov (1980).

The precision of the picosecond studies has been
significantly increased using 8 streak camera-vidicon
muftichannel analyser introduced by Porter and co-
workers (see, for example, Tredwell er al., 1978).

aAo0Dp.ho™

\

Fig. 7.9. Difference opdcal density at 690 om in spinach
chloroplasts as a funciion of time after 2 20 is flash (taken
from Doring £t al., 1969).

However Breton and Geacintov conclude that the
fluorescence decay kinetics ebtained with picosecond
lasers have, in fact, given relatively lictle new inform-
ation from that available from more standard tech-
niques such as phase fluorimetry. Nevertheless pico-
second studies have given valuable information on the
encrgy transfer mechanisms of photosynthedic
membranes and an interesting example of this has
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besn the elucidation of the energy transfer pathway
in the red alga Porpbynidium cruentum (Porter et al.,
1978 and Searle et al., 1978).

Particularly good examples of the use of fast nane-

PHOTOSYNTHESIS i
PC—P700~ A; — Ay —P430~+
<20ps
PC~P700" —A;  — A; —P430
4200ps

second repetitive flash photolysis to improve the
signal to noise ratio for weak transients obtained
from photosynthetic systems are the studies of Witt
and coworkers (see, for example, Witt, 1975), Thus,
typically Ddring et al. (1969) reported the time-
course of the transient absorption change at 90 nm
following repetitive flash excitation of whole chloro-
plasws. Figure 7.9 gives a typical oscillogram reported
by these workers. This shows 2 rapid bleaching,
followed by a biphasic recovery the fast component
(r,, ~ 0.2 ms) has subsequently been associated with
the reduction of oxidised P680 (PSH) and the slower
component with the reducton of oxidised P700
(PSI).

@WhE  chioroplast fragments enriched in- P700
several workers have recently used both fimmosseond
and feomcond Iascr flash techniques w study the
primary processes associated with#®SL Thus Fenton
et al. (1979) used an 8 ps excitation pulse {528 nm)
and obtained transients interpreted in terms of form-
ation of thefiflinés radical cxtion PTOO" in €10 pr,
Shuvalov ¢t af. (1979) using flash photolysis con
firmed the existence of two electron carriers (de-
noted A and A;) between the primary doner P00
and the primary acceptor P430. The spectra of these
two species imply that i a-chlaraphyl andiilFs

in. Using a 50 ps pulse (694 nm) Shuvalov
et al. showed that the charge pailB9O8 ™ ..
@Y, (now thought to be a moncmer) WMormed
#%C 60 ps and the subsequent clectron donstion to
#-occuny in 200 pe. There have also been several
recent flash photolysis studies of the reducton of
P700°* (sze, for example, Hachnel er al., 1980 and
Olsen et al., 1980). The major conclusion is that
290" is reduced by phastocyssin®W and that
“there-is no extra clectton transfer compinent be-
tween PC and P700°" as was implied by carlier
studies. So that, if we also assume no intermediate
between P700 and A, we may write the eardy pro-
cotses associated with PSi ss

PCt —PT00— Ay — Az -~ P4307 +
Hs/ms _
PC-PI00™" — Ay —A; —P430

74:BUMMARY AND COMMENTS

. Y photolysis studies have been most impressive
in their success in understanding many 2spects of the
early processes in bacterhal photosynthesis, and the
contnually improving time resolution available has
enabled, and will continue to enable, considerable de-

M 10 be established for such primary procesees.
Furthermore, recent flash photolysis work with
enriched particies of PSI and PSI from chloroplases
has begun to establith the derails of the early stepsin
green plants and has slso shown the value of studying
the inherently simpler bacterial photosynthesis since
many of the conclusions from such studies seem cap-
able of extension to the more complex green plant
systems. .

It is of interest to note the resemblance between
the electron transfer kinetics recendy deduced in PSI
and the rates of clectron transport in bacterial phote-
synthesis. Also, while we have not chosen to discuss
in detail the many flash photolysis studies of PSII
such comparisons with bacterial photosynthesis are
striking. Thus several recent (sce, for example,
Shuvatov £t al., 1980) studies have shown the involve-
ment of 2 molecule of phacophytin in the primary
process, that is, 2 scheme such as:

<1ns -+
P680 — Pheo - PQ  — P680 -

Pheo " —2Q "+ P680°" — Phea — PQ

very analogous to the detailed scheme given above for
bacterial systems,






