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CHAPTER I

INTRODUCTION: EARLY PHOTOSYNTHETIC REACTIONS AND THE STRUCTURE OF THE

PHOTOSYNTHETIC APPARATUS IN BACTERIA

1.1 Introduction

The photosynthetic Bacteria fall into three taxonomic categories,

viz. the Thiorhodaceae, the Athiorhodaceae and the Chlorohacteriaceae.

The Thiorhodaceae, which are purple, and the Athiorhodaceae, which are

purple or Brown, contain Bchl _a. There are two species of Athiorhoda­

ceae known however, which are green and contain Bchl b. The Chloro-

Bacteriaceae, which are green, contain mainly chloroBium chlorophyll,

and a little Bchl a (ref. 56). The experiments to be communicated in

this thesis were done with Rhodopseudomonas spheroides and Rhodospi—

rillum rubrum, which Belong to the Athiorhodaceae. We will confine our

discussions to the purple and brown Bacteria Belonging to the Thiorho­

daceae and Athiorhodaceae. In this chapter we will give some data con­

cerning the earliest photosynthetic reactions and concerning the

structural organization of the photosynthetic system in these Bacteria.

The photochemical reactions in Bacteria result in the reduction

of NAD (ref. 25) and in the phosphorylation of ADP to ATP (ref. 27).

The photosynthetic system is located mainly in an intracytoplasmic

membrane system (ICM) which arises probably (see Below) as an invagin­

ation of the cytoplasmic membrane (CM). When species, which are able

to grow Both in photosynthetic and in respirative growth conditions,

are grown at normal oxygen pressure in the dark, the ICM is absent



10

( e .g .  R. rubrunr ) o r  p re s e n t  in  on ly  sm all amounts ( e .g .  Rps. capsu-

lata**0 ) .  In  t h a t  case  th e  ICM develops a f t e r  t r a n s f e r  t o  p h o tosyn the­

t i c  grow th c o n d it io n s . The appearance o f  ICM under th e  e le c tro n  m icro­

scope depends upon th e  taxonom ic sp e c ie s  and upon th e  growth c o n d it­

io n s .  For exam ple, under p h o to s y n th e tic  growth c o n d itio n s  i t  i s  v e s i ­

c u la r  i n  R. rubrum 1^ ’^1* and Rps. spheroides^** and la m e lla r  in  Rps.

p a l u s t r i s ^ .  In  Rps. capsulata**0 i t  i s  v e s ic u la r  under p h o to sy n th e tic

growth c o n d itio n s  and tu b u la r  under a e ro b ic  growth c o n d itio n s .

Chromatophores w i l l  be d e f in e d  as th e  i s o l a t e d  membrane fragm ents
26 27

which a re  capab le  o f  c a r ry in g  ou t pho tochem ical r e a c t io n s  ’ , and

w hich a r i s e  from th e  ICM d u rin g  th e  b reakage o f  c e l l s  (see  below ). They

appear as c lo se d  v e s ic le s  under th e  e le c t ro n  m icroscope ( e .g .  r e f .  71)•

On th e  b a s is  o f  fu n c tio n  th e  d i f f e r e n t  compounds p re s e n t  in  chro­

m atophores and re q u ire d  f o r  p h o to sy n th e s is  can be d iv id e d  in to  th re e

c a te g o r ie s ,  v iz .  (1 ) l ig h t - h a r v e s t in g  p ig m en ts , Bchl and c a ro te n o id s ,

(2) e le c t r o n  t r a n s f e r  com ponents, e .g .  P870 ( to  be d e fin e d  in  th e  nex t

s e c t io n ) ,  cy tochrom es, ub iqu inone and non-heme iro n  p r o te in ,  and (3)

co u p lin g  f a c to r s  (ATP—a s e ) ,  which couple ATP—sy n th e s is  t o  e le c tro n

t r a n s p o r t  th ro u g h  s p e c i f ic  s i t e s .

The l i g h t  absorbed  by th e  l ig h t - h a r v e s t in g  pigm ents i s  t r a n s f e r r e d

to  a  pigm ent c a l le d  P870; th e  p h o to o x id a tio n  o f  P870 i s  th e  f i r s t  o f

a s e r i e s  o f  re a c t io n s  which r e s u l t  in  p h o to p h o sp h o ry la tio n  and NAD

re d u c tio n .

1.2 E a rly  p h o to s y n th e tic  re a c tio n s

The p rim ary  pho tochem ical r e a c t io n  r e s u l t s  in  th e  b le a c h in g  o f  a
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pigm ent c a l le d  P89O ( r e f .  7 6 ) o r  P870 ( r e f .  15)• T his b le a c h in g

g iv es  a d if f e re n c e  spectrum  w ith  a minimum a t  87O-89O nm, th e  ex ac t

w avelength  depending upon th e  taxonom ic s p e c ie s .  The b le a c h in g  a t  about

870-890 nm i s  accompanied by a b lu e  s h i f t  o f  a  pigm ent a b so rb in g  a t

about 800 nm ( r e f .  2 2 ) , d e s ig n a te d  as P800. I t  was su g g es ted  t h a t  P800
. . .  2Uand P870 a re  Bchl m olecules in  a  s p e c ia l  environm ent . T his was con-

1 -s k
firm ed  l a t e r  * .

The l ig h t- in d u c e d  b le a c h in g  o f  P870 s i g n i f i e s  i t s  o x i d a t i o n ^ ’^ .

This p h o to o x id a tio n  i s  a o n e -e le c tro n  re a c t io n  r e s u l t in g  in  th e  form­

a t io n  o f  th e  Bchl r a d ic a l  c a t io n  The quantum e f f ic ie n c y  f o r  t h i s

re a c t io n  i s  h ig h , approach ing  1 e le c t ro n  t r a n s f e r r e d  p e r  abso rbed  l i g h t
UU 6quantum * . The p h o to b leach in g  o f  P870 occu rs w ith in  50 nsec  a f t e r

a b so rp tio n  o f  l i g h t ^ ,  and a t  te m p era tu res  as low as 1° K ( r e f .  2 ) .

T his in d ic a te s  a  t i g h t  co u p lin g  betw een P870 and th e  su b stan ce  which

fu n c tio n s  as th e  p rim ary  e le c t ro n  a c c e p to r d u rin g  th e  p h o to o x id a tio n

o f  P870.

A nother r e a c t io n  o c c u rr in g  in  whole c e l l s  and chrom atophores i s

11 23th e  l i g h t —induced  o x id a tio n  o f  cytochrome ’ . There a re  s e v e ra l  cy to ­

chromes p re s e n t  in  p h o to s y n th e tic  b a c t e r i a ,  which can be c h a ra c te r iz e d

by t h e i r  a b so rp tio n  s p e c t r a ,  by t h e i r  d i f f e r e n t i a l  a b so rp tio n  s p e c t r a

(reduced  minus o x id iz e d )  and by t h e i r  m idpo in t p o t e n t i a l .  (F or a review

see r e f .  2 8 ). The o x id a tio n  o f  a cytochrome c i s  coup led  to  th e  re d u c t­

io n  o f  p h o to o x id ized  P870 ( r e f .  57 ). The h a l f  tim e  o f  t h i s  r e a c t io n  a t

room tem p era tu re  v a r ie s  betw een 0 .3  and Uo ysec depending upon th e
a Q

taxonom ic sp e c ie s  . At 77° K th e  r a t e  v a r ie s  from 2 psec  (Rps. sp e c ie s
O Q

NW) t o  2 msec (Chromatium) . T his in d ic a te s  t h a t  a t  l e a s t  in  some sp e -
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c ie s  th e re  i s  a ls o  a t i g h t  co u p lin g  betw een t h i s  cytochrome and P870.

In  Chromatium a t  room te m p e ra tu re , th e  e le c tro n  t r a n s p o r te d  in  th e

prim ary  p h o to re a c tio n  i s  t r a n s f e r r e d  from th e  prim ary  a c c e p to r t o  a

secondary a c c e p to r  in  a r e a c t io n  w ith  a h a l f  tim e o f  80 ysec (chroma-

tophores)^®  o r  300 psec ( c e l l s  ) ^ .  This r e a c t io n  does no t occur a t  77°

K ( r e f .  5 8 ,2 0 ). At t h i s  low tem p era tu re  th e  e le c t ro n  moves from th e

p rim ary  a c c e p to r  t o  th e  p h o to o x id ized  P870 in  a  d i r e c t  hack re a c t io n

20 21 58w ith  a h a l f  tim e o f  20-25 msec * . T his occurs only  i f  th e  ( f a s t e r )

re re d u c tio n  o f  o x id iz e d  P870 by cytochrome c i s  in h ib i te d ;  t h i s  can be

accom plished by r a i s in g  th e  redox p o te n t i a l  o f  th e  medium in  o rd e r to

o x id iz e  cytochrome c chem ica lly  b e fo re  th e  o n se t o f  l i g h t .

1 .3  The arrangem ent o f  fu n c tio n a l  chrom atophore su b u n its

As a  r e a c t io n  c e n te r  we w i l l  now d e fin e  a p ig m e n t-p ro te in  complex

combining in  v ivo  th e  fu n c tio n s  o f  "en e rg y -tra p p in g "  and "energy-con­

v e rs io n "  c e n te r .  More s p e c i f i c a l l y ,  a  re a c t io n  c e n te r  i s  a  pigm ent-

p ro te in  complex c o n ta in in g  a sm all number o f  s p e c i f ic  pigm ent m o lecu le s ,

which fu n c tio n  in  v ivo  as a  t r a p  f o r  l ig h t-e n e rg y  absorbed by o th e r

pigm ent m olecules no t b e lo n g in g  t o  th e  r e a c t io n  c e n te r .T h is  " tra p p in g "

fu n c tio n  i s  c o r r e la te d  w ith  th e  "en erg y -co n v ersio n "  fu n c tio n  o f  th e

re a c tio n  c e n te r  and a r i s e s  from th e  c a p a b i l i ty  o f  a  s p e c i f ic  ( p a i r  o f)

pigm ent m olecules o f  th e  r e a c t io n  c e n te r  t o  photoreduce a n o th e r sub­

s ta n c e  in  a  o n e -e le c tro n  r e a c t io n ,  which i s  commonly c a l le d  th e

"prim ary re a c t io n  o f  p h o to sy n th e s is " . The pigm ent m olecules m entioned

h e re  may be c h lo ro p h y ll o r  b a c te r io c h lo ro p h y l l , depending upon th e

taxonom ic ca te g o ry . The words between b ra c k e ts  r e f e r  t o  a problem  which
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wi H  be d isc u s se d  in  Ch. IV , nam ely, w hether th e  e le c t r o n  donor ( in  ou r

case  P870) i s  a monomer o r  a  m onovalent dim er.

R eaction  c e n te rs  have heen i s o l a t e d  from chrom atophores o f  c e r t a in

A th iorhodaceae and s e p a ra te d  from l ig h t - h a r v e s t in g  components and

co u p lin g  f a c to r s .  This was done f i r s t  hy Reed and C lay ton  1 and Reed*’0 .

R eac tion  c e n te rs  from p u rp le  o r  hrown A th io rhodaceae c o n ta in  m in im ally

P870 as e le c tro n  donor, P800, Bph and a su b s tan ce  fu n c tio n in g  as an

e le c tro n  a c c e p to r  d u rin g  th e  "prim ary r e a c t io n " .  O ther e le c t r o n  t r a n s ­

f e r  components ( e . g . , cytochrom es) may a ls o  he  p r e s e n t .

P800 and Bph do t r a n s f e r  e x c i ta t io n  energy t o  P870 as w i l l  he

shown in  Ch. I I I .  The reaso n  f o r  c l a s s i f y in g  P800 and Bph n e v e r th e le s s

as re a c t io n  c e n te r  p ig m en ts , as a g a in s t  l ig h t - h a r v e s t in g  p ig m en ts , i s

n o t only  because  P800 and Bph always accompany P870 when t h i s  i s  i s o ­

l a t e d ,  h u t  a ls o  because  i n  chrom atophores P800 and Bph t r a n s f e r  energy

to  P870 r a th e r  th a n  to  l i g h t —h a rv e s tin g  B ch l, as w i l l  he d is c u s se d  in

^  * H I*  A pparen tly  Bph, P800 and P870 a re  a s s o c ia te d  more t i g h t l y  w ith

one an o th e r th a n  w ith  th e  rem ain in g , l ig h t - h a r v e s t in g  pigm ent m o lecu les .

In c u b a tio n  o f  chrom atophores from Rps. sp h e ro id es  R-26 (a  c a ro te -

n o id ie s a  m utan t) w ith  a  low c o n c e n tra tio n  o f  T r ito n  X-100 r e s u l te d  in

th e  r e le a s e  o f  p a r t i c l e s  o f  9 nm d iam e te r w ith  ATP-ase fu n c tio n  (c o u p l-
62

in g  f a c to r )  . At h ig h e r  T r i to n  c o n c e n tra tio n s  r e a c t io n  c e n te r  p a r t i ­

c le s  were r e le a s e d ,  ap p earin g  as f la k e s  o f  12 nm d iam e te r^ 2 . The rem ain­

in g  fragm ents c o n ta in in g  l ig h t - h a r v e s t in g  Bchl cou ld  he s p l i t  in to

p a r t i c l e s  o f  5 nm d iam e te r by tre a tm e n t w ith  SDS*’2 . T his would c o r­

respond to  a m o lecu la r w eight o f  50 k i lo d a l to n s .  Reed and Raveed62 de­

te rm in ed  a ls o  th e  ATP-ase a c t i v i t y  and th e  B ch l, P870 and p r o te in  con-



tent of chromatophores from the R-26 mutant of Rps. spheroides cultur­

ed at different light intensities. The result indicated that chromato­

phores contain per reaction center, which had a molecular weight of

UUO kilodaltons^0, one ATP-ase particle with a molecular weight of

about 280 kilodaltons, and (depending upon the culture conditions) a
variable number of light-harvesting Bchl-protein complexes containing

protein to a weight of 10 kilodaltons per molecule of Bchl. These

three types of particles accounted for all of the chromatophore protein.

The reaction centers i s o l a t e d ^ f r o m  Rps. spheroides R-26 con­

tained P870 and other electron transfer components present in chroma­
tophores but no light-harvesting Bchl. However, it is also possible

U2 * 1»3 .to convert chromatophores from R. rubrum and Rps. spheroides into

small particles, in which all the light-harvesting Bchl is still

attached to P870, but which presumably have lost a number of electron
transfer components. This was suggested by the low molecular weight of

these particles and by the release of protein, observed during the
U2.1*3

preparation of these particles ’

Th R-26 mutant of Rps. spheroides contains only one type of

light-harvesting Bchl, in contrast to the wild type, which contains

three types of Bchl, called B800, B85O and B870 after their absorp­
tion maxima in the near-infrared. Chromatophores from wild type Rps.

spheroides cells grown under different light intensities contained

per reaction center a fixed amount of B87O and a variable amount of
B800 and B850. The ratio of B800 : B85O was constant, however . After
fractionation of Rps. spheroides chromatophores treated with Triton,

we found in accordance with earlier results 0 that P870 was recovered
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in  a f r a c t io n  c o n ta in in g  p redom inan tly  B8T0. A nother f r a c t io n  c o n ta in ­

ed B800 and B850 o n ly . L igh t absorbed  by B800 in  t h i s  f r a c t io n  was

s t i l l  t r a n s f e r r e d  to  B85O w ith  an e f f ic ie n c y  c lo se  t o  1 (S lo o te n , un­

p u b lis h e d ) .

An analogous s i tu a t io n  may e x i s t  in  Chromatium, which a ls o  c o n ta in s

s e v e ra l  ty p es o f  l ig h t - h a r v e s t in g  B ch l, d e s ig n a ted "^  as B800, B*800,

B820, B850 and B890. A f te r  d e te rg e n t tre a tm e n t and f r a c t io n a t io n  o f

chrom atophores th e  r e a c t io n  c e n te r  was found t o  be a s s o c ia te d  w ith

B890 o n ly"^ .

1.U The p h o to sy n th e tic  u n i t ;  lak e  model o r  s e p a ra te  u n i t  model

The chrom atophore pigm ents can be th o u g h t to  be a rran g ed  in  photo­

s y n th e t ic  u n i ts  c o n s is t in g  each o f  a r e a c t io n  c e n te r  and th e  average

number o f  Bchl (and c a ro te n o id )  m olecules found p e r  r e a c t io n  c e n te r .

These u n i ts  •■may o r  may no t occur as s e p a ra te  e n t i t i e s .

The e x c i ta t io n  energy absorbed  by Bchl can e i t h e r  be used  fo r

pho tochem istry  ( th e  o x id a tio n  o f  P870) o r  i t  can be l o s t  in  non-

photochem ical d e e x c ita t io n  in c lu d in g  f lu o re sc e n c e . I f  P870 i s  o x id ized

i t  does no t fu n c tio n  as an energy t r a p  and co nsequen tly  th e  flu o re sc e n c e

y ie ld  ($^) o f  l ig h t - h a r v e s t in g  Bchl in c re a s e s .  Working w ith  whole c e l l s

o f  R. rub rum, Vredenberg and Duysens 1 showed t h a t  1/ 4» decreased

l in e a r ly  w ith  an in c re a s in g  r a t i o  o f  o x id iz e d  P 8 7 0 /to ta l  P870. This

was c o n s is te n t  w ith  a s o -c a l le d  " la k e —model" in  which a l i g h t —h a rv e s tin g

Bchl m olecule i s  a b le  t o  t r a n s f e r  i t s  energy to  any one o f  a la rg e

number o f  nearby r e a c t io n  c e n te r s .  C lay to n 11* found t h a t  t h i s  s i tu a t io n

o ccu rred  on ly  in  a e ro b ic  c e l l s  and in  f re s h  chrom atophore p re p a ra tio n s
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of R. rubrum. In other conditions deviations from the Vredenberg-

Duysens relationship occurred, some of which were consistent with a

"separate unit" model, in which reaction centers and light-harvesting

pigments are arranged into units in such a way that each pigment mole­

cule is able to transfer excitation energy only to the reaction center

which belongs to the same unit as this pigment molecule»

1.5 Membrane conformation in chromatophores

ATP-ase (coupling factor) is located at the outside of chromato­

phores, where it can sometimes he seen under the electron microscope

as protruding knobs62’

After thin—sectioning and negative staining the chromatophore

membrane, like other membranes, shows up as a double layer. Freeze­

fracturing of membraneous -material visually yields fractures in the

plane of a membrane. This results in exposure of the two inner faces

of a double membrane7 ’77,1*9 . The two outer faces can be exposed in

addition by subsequent etching (see Fig. 1.2). Upon freeze-fracturing

of chromatophores from Rps. spheroides R-26 (ref. 62) and Thiocapsa

roseopersicana71, the concave inner membrane face appeared to be

covered with many particles with a diameter of about 13 nm in Rps.

spheroides62 and about 6-8 nm in Thiocapsa71. The convex inner side

contained very few particles. It is perhaps too early to relate these

particles to reaction centers.

Chromatophores, like most other biomembranes, contain predominant

ly proteins and lipids. These compounds account for 85 - 90% of the

total dry weight of chromatophores (For detailed analyses see ref. 55)
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Fig. 1.1 Schematic rep re sen ta tio n  o f  p a r t  o f  a  c e l l  o f  R. rubrum o r  Rps. sphe-

ro id es. The " in side" o f  th e  ICM i s  continuous w ith  th e  "ou tside" o f  th e  CM.

Fig. 1.2 (A) Schematic rep re sen ta tio n  o f  th e  fra c tu re  p lanes occurring  in  3

chromatophores as a r e s u lt  o f  f re e z e -f ra c tu r in g , according to  Branton^. A

concave ( l e f t )  and a  convex (middle) in n e r membrane are  exposed.

(B) Subsequent e tch ing  (sublim ation o f  w ater to  th e  le v e l o f  th e

dashed l in e )  revea ls  a convex ( l e f t  and middle) and a concave ( r i & t )  o u te r

membrane face.

The w eigh t o f  p ro te in s  i s  about tw ice  th e  w eigh t o f  l i p i d s  in  chroma-

to p h o re s • The r a t i o  o f  p o la r  t o  a p o la r  aim noacids (a s  c l a s s i f i e d  hy

Hatch ) in  chrom atophpre p r o te in  from Th. ro se o p e rs ic a n a ^ ^ , Rps.

sp h e ro id es  and R. rubrum^ i s  1 .1 8 . Such a  low r a t i o  i s  o f te n  found

in  g lo b u la r  p ro te in s  w ith  a compact i n t e r n a l  volume and a  h ig h  h e l ix
3g

co n te n t . The l i p i d s  in  chrom atophores a re  m ainly  p h o s p h o l ip id s ^ .

About 80^ (w/w) o f  th e  l i p id s  from Rps. sp h e ro id es  chrom atophores

c o n s is ts  o f  and f a t t y  ac id s  (d a ta  from r e f .  31 ).

A part from th e s e  s p e c i f ic  d a ta ,  some g e n e ra l rem arks can be

concern ing  th e  arrangem ent o f  th e s e  membrane c o n s t i tu e n t s .

Membranes a re  g e n e ra l ly  h y d ro p h ilic  a t  th e  membrane-water i n t e r -
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f a c e ,  as fo llow s from low s u r f a c e - te n s io n s ,  m easured a t  th e  membrane

s u r fa c e 3**’3^ ’ 1 . As m entioned above th e  f r a c tu r e  o b ta in ed  by f re e z e ­

f r a c tu r in g  o f  membraneous m a te r ia ls  occurs p r e f e r e n t i a l l y  in  th e  p lan e

o f  a  membrane, r e s u l t in g  in  exposure o f  th e  two in n e r  membrane fa c e s .

In  l i p id - e x t r a c te d  c h lo ro p la s ts  how ever, th e  f r a c tu r e  p la n e  occurs a t

random th rough  th e  th y la k o id s  and membrane faces  a re  r a r e ly  o b ta in e d  .

This in d ic a te s  t h a t  l ip id - s o lu b le  su b s tan ces  a re  re s p o n s ib le  f o r  th e

weak hydrophobic bonds which a re  a p p a re n tly  b roken  d u rin g  f re e z e -

f r a c tu r in g  o f  norm al membranes, and su g g ests  (see  above and F ig . 1.2A)

th a t  th e  membrane i n t e r i o r  c o n s is ts  la rg e ly  o f  l ip id - s o lu b le  su b s ta n c e s .
17 70 •

T his f in d in g  i s  in  l i n e  w ith  e a r l i e r  hypo theses * o f  th e  hydrophobic

n a tu re  o f  th e  i n t e r i o r  o f  cy top lasm ic  membranes. These hypo theses were

b ased  on m easurements o f  th e  p e rm e a b ili ty  o f  compounds o f  d i f f e r e n t

h y d ro p h o b ic ity .

The p a r t i c l e s  seen  a f t e r  f r e e z e - f r a c tu r in g  o f  membranes ( in c lu d in g

chrom atophores) a re  p ro b ab ly  n o t l i p i d  m ic e lle s  because  tb e s e  do no t

e x i s t  a t  th e  low tem p era tu res  (-100° C) a t  which th e  r e p l ic a s  a re  made.

L ip id  m ic e lle s  undergo a  t r a n s i t i o n  to  la m e lla r  g e ls  below a c r i t i c a l

tem perature® 3 ’3^ ’ 12. R a th e r , we fav o r th e  suggestion® ’3^ t h a t  th e  D ani-

e l l i —Davson model1® i s  s t i l l  a p p lic a b le  t o  membranes, in c lu d in g  chroma—

to p h o re s , in  t h a t  th e  membrane c o n s is ts  b a s ic a l ly  o f  a double la y e r  o f

l i p i d s ,  o f  which th e  p o la r  heads a re  tu rn e d  outw ards. The p a r t i c l e s  seen

a t  th e  concave in n e r  membrane face  (see  above) a re  th ough t t o  be p ro te in s

embedded in  th e  o u te r  membrane h a l f  in  a  l i p i d  m a tr ix . Such a  mosaic

d i s t r ib u t io n  o f  p ro te in s  and l i p id s  was a ls o  su g g ested  to  occur in  cy to ­

p lasm ic  membranes from Ifycoplasma. Here i t  was p o s s ib le  to  induce a
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phase t r a n s i t i o n  (from  g e l  t o  l i q u id  c r y s t a l )  o f  th e  l i p i d s  in  th e  mem­

brane  w ith o u t changing th e  p r o te in  c o n fo rm a tio n ^ . A lte rn a t iv e ly  i t  was

p o s s ib le  t o  d en a tu re  the p ro te in s  w ith o u t b r in g in g  about a phase

t r a n s i t i o n  in  th e  l i p i d s ^ .  T his in d ic a te s  t h a t  th e re  was no e x te n s iv e

hydrophobic in te r a c t io n  betw een th e  p ro te in s  and l i p i d s .  S im ila r  r e s u l t s
A Q

( r e f s  1*1 , 2 9 ) and co n c lu sio n s ~ were o b ta in e d  w ith  re d  b lo o d  c e l l

membranes.

The p a r t i c u l a t e  n a tu re  o f  m i to c h o n d r ia l^  and ch lo ro p last^* ^®  mem­

b ra n e s , as re v e a le d  by n e g a tiv e  and p o s i t iv e  s ta in in g  tech n iq u es  in  e le c ­

t r o n  m icroscopy have been in te r p r e te d  a l t e r n a t iv e ly  in  term s o f  a model

in  w hich membranes c o n s is t  o f  a m onolayer o f  l ip o p r o te in  su b u n its . These

models im ply e x te n s iv e  hydrophobic in te r a c t io n s  betw een p ro te in s  and th e

f a t t y  a c id  ch a in s  o f  th e  l i p i d s . As in d ic a te d  above, r e c e n t r e s u l t s  a re

no t in  fa v o r o f  such in te r a c t io n s  on an e x te n s iv e  s c a le .  A nother argument

a g a in s t th e  l ip o p r o te in  su b u n it model i s  th e  occu rrence  o f  a  p r e f e r e n t i a l

f r a c tu r e  p la n e , in  th e  f r e e z e -e tc h in g  te c h n iq u e , in  th e  p la n e  o f  a mem­

brane  .

1.6  The r e l a t i o n  betw een cy top lasm ic and in t r a c y to p la smic membrane

C ytoplasm ic and in tra c y to p la sm ic  membrane (CM and ICM) seem to  form

a continuum  in  th e  c e l l  and to  develop ou t o f  one a n o th e r. The evidence

can be summarized in  th e  fo llo w in g  1* p o in ts .

1) The ICM i s  sometimes d i r e c t ly  v i s ib le  under th e  e le c tro n  m icro­

scope as an in v a g in a tio n  o f  th e  CM (see  e .g .  r e f s .  7 1 ,5 ) .

2) The membrane faces  exposed by f r e e z e - f r a c tu r in g  and fre e z e ­

e tc h in g  a re  re c o g n iz a b le  by t h e i r  b e in g  covered w ith  e i t h e r  few o r  many
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particles of a typical size. The situation of these membrane faces on

the CM and ICM of Th. roseopersicana were also consistent with the idea
T1that the ICM arises as an invagination of the CM . (Compare Fig. 1.1

and 1.2)

3) There is no qualitative difference between CM and ICM. Photo­

synthetic and respiratory functions are present in either one of these

membrane types, only the ratios are different. The ICM contains oxidative

functions such as oxidative phosphorylation"5 or NADH oxidase activity

(refs. 5U,53). The proteins and functions associated with respiration are

present in small or large amounts depending upon the culture conditions .

For instance, the amount of proteins'5 associated with respiration, and

the rate of certain respiratory reactions"5̂ , were high in the ICM of

R. rubrum just after a transition from aerobic to anearobic growth; sub­

sequently they decreased in time. Conversely, after a transfer of the
53 • 52cells from anaerobic to aerobic growth the proteins and functions

associated with respiration increased with time in the ICM. On the other

hand, the CM contains some Bchl^° and under special conditions it is the

only place where Bchl occurs, (viz. just after a transition from aerobic

to anaerobic growth"50).

1+) Intact cells of R. rubrum^ , whether grown under photosynthetic
. U8or respirative growth conditions, behave like mitochondria as far as

the polarity of H+-transport is concerned: during photosynthetic or

respirative electron transport protons are driven out of the cell. But

chromatophores^** take up H+ from the medium. This is easy to understand

if one assumes that the ICM is an invagination of the CM. After cell

breakage the ICM is separated from the CM and closes in such a way that

what was outside now becomes inside, (compare Fig. 1.1)



21

1.7  This vork

In  t h i s  t h e s i s  we w i l l  d e sc r ib e  experim ents done w ith  r e a c t io n  c e n te r

p re p a ra t io n s  i s o l a t e d  from chrom atophores o f  R p s .sp h e ro id es  and R .rubrum .

S im ila r  p re p a ra t io n s  were made by o th e r  au th o rs  and we s h a l l  r e l a t e  our

d a ta  t o  th o se  o b ta in e d  by th e s e  a u th o rs . Our r e s u l t s  have been p a r t l y

p u b lish e d  e l s e w h e r e ^ ’^*^*^® .

The i s o l a t i o n  o f  r e a c t io n  c e n te r  p a r t i c l e s  can be  done w ith  s e v e ra l

aims in  mind: (1 ) I t  may answer q u e s tio n s  about th e  o rg a n iz a tio n  o f  th e

chrom atophores in to  s u b u n its .  Examples have been g iven  above^2 ’^2 ’**2 ’1̂ .

Our work does n o t g iv e  much new in fo rm a tio n  on t h i s  p o in t .  (2 ) The i s o ­

l a t i o n  o f  p a r t i c l e s  a llow s th e  s tu d y  o f  p r o p e r t ie s  which canno t be

s tu d ie d  e a s i ly  in  v ivo  because  th e y  a re  masked by th e  p r o p e r t ie s  o f

o th e r  chrom atophore c o n s t i tu e n ts .  Such p ro p e r t ie s  a re  d e sc r ib e d  in  Ch. I I

(absorbance s p e c tr a  and r e s u l t s  o f  chem ical a n a ly s i s ) ,  in  Ch. I l l  ( t r a n s ­

f e r  o f  l ig h t-e n e rg y  to  P8T0 and flu o re sc e n c e  o f  P870 and P800) and in

Ch. IV (a n a ly s is  o f  th e  absorbance spectrum  o f  r e a c t io n  c e n te r s ) .

(3 ) F in a l ly ,  th e  i s o l a t e d  p a r t i c l e s  a llow  th e  s tu d y  o f  p a r t i a l  r e a c t io n s ,

w hich a re  n o t seen  in  chrom atophores; t h i s  may be b ecau se  th e  p ro d u c t

formed d u rin g  th e  r e a c t io n  i s  r a p id ly  consumed in  a subsequent r e a c t io n

in  chrom atophores, b u t  no t in  th e  i s o l a t e d  p a r t i c l e s ;  a l t e r n a t i v e l y ,

th e  p a r t i a l  r e a c t io n  may be an a r t i f a c t ,  a  s id e  r e a c t io n  which sim ply

$oes no t occur in  chrom atophores. Ch. V d e sc r ib e s  th e  fu n c tio n  o f

endogenous ub iquinone as a  (prim ary  o r  secondary) e le c t r o n  a c c e p to r  f o r

th e  p h o to o x id a tio n  o f  P8T0 in  r e a c t io n  c e n te r s .  Ch. VI e v a lu a te s

l i t e r a t u r e  d a ta  p e r t in e n t  t o  th e  q u e s tio n  w hether t h i s  r e a c t io n  occurs

in  v ivo .
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CHAPTER I I

ISOLATION AND SOME SPECTRAL AND CHEMICAL PROPERTIES OF REACTION CENTERS

2 .1  INTRODUCTION

D uring  th e  l a s t  few  y e a r s  much a t t e n t i o n  h a s  b ee n  p a id  t o  th e

tr e a tm e n t  o f  b a c t e r i a l  ch ro m ato p h o res  w ith  a g e n ts  t h a t  y i e l d  s o - c a l l e d

r e a c t io n  c e n te r  p a r t i c l e s ,  ( d e f in e d  as  i n  Ch. I ,  s e c t i o n  1 . 3 ) ,  w hich

do n o t c o n ta in  t h e  b u lk  o r  l i g h t —h a r v e s t in g  B ch l com ponents n o rm a lly

p r e s e n t  i n  c h ro m a to p h o res . In  th e s e  r e l a t i v e l y  s im p le  s y s te m s , s p e c t r a l

i n v e s t i g a t i o n s  can  b e  done more p r e c i s e l y ,  and one may hope t o  b e  a b le

t o  i d e n t i f y  th e  p r im a ry  e l e c t r o n  a c c e p to r  o f  P870 th ro u g h  s u c c e s s iv e

p u r i f i c a t i o n  s te p s  o f  t h e  p a r t i c l e s .

31
K untz e t  a l .  t r e a t e d  ch ro m a to p h o res  w i th  i r i d i c  c h l o r i d e ,  w hich

b le a c h e s  m ost o f  t h e  b u lk  B ch l o f  Chrom atium  D and  R h o d o s p ir i l lu m

rub rum , and  a l l  o f  t h e  b u lk  B ch l i n  Rhodopseudomonas s p h e r o id e s .

B e u g e lin g  i n  an  in d e p e n d e n t s tu d y ,  b le a c h e d  th e  b u lk  B ch l o f  R. rubrum

chro m ato p h o res  c o m p le te ly  w ith  f e r r i c y a n i d e .  In  b o th  c a s e s ,  th e

r e a c t i o n  c e n te r  B ch l c o u ld  b e  o x id iz e d  c o m p le te ly  i n  t h e  l i g h t .

A n o th er l i n e  o f  i n v e s t i g a t i o n  i s  t r e a tm e n t  o f  ch ro m ato p h o res  w ith

d e t e r g e n t s .  B r i l  u se d  T r i to n  X-100 t o  d i s r u p t  ch ro m a to p h o res  o f  R ps.

s p h e ro id e s  i n t o  tw o ty p e s  o f  f ra g m e n ts ,  one c o n ta in in g  B800 and  B850

and th e  o th e r  c o n ta in in g  B870. G a rc ia  e t  a l . 2 9 *21" 23 w o rk in g  w ith  f o u r

o th e r  s p e c ie s  o f  b a c t e r i a  added  T r i to n  X-100 t o  ch ro m a to p h o res  and

o b ta in e d  a  p a r t i c u l a t e  f r a c t i o n ,  c o n s i s t i n g  o f  s m a ll  p a r t i c l e s ,

som etim es i n  a  l i n e a r  o r  p la n a r  a r ra n g e m e n t, and  a  membrane f r a c t i o n .



28

The membrane fraction was always photochemically less active than the
. . 53particulate fraction, and in some cases was not active at all» Thornber

used the detergent sodium dodecyl sulphate to fragment chromatophores

of Chromatium. After separation on a hydroxylapatite column he obtain­

ed particles of different pigment composition, achieving a partial

separation of the various Bchl types. One of the particles contained

P870.

Reed and Clayton1*2 and Reed 1 isolated reaction center particles

from a carotenoidless mutant of Rps. spheroides by means of Triton X-100,

followed by density gradient centrifugation. At about the same time

Gingras and Jolchine2 reported the isolation of a reaction center part­

icle from a carotenoidless mutant of R. rubrum , using Triton X-100.

Thornber et al. made a reaction center preparation from a wild strain

of Rps. viridis, using SDS as detergent.

In this Chapter we will describe the isolation and some spectral

and chemical properties of reaction center preparations from wild strains

of Rps. spheroides and R. rubrum. While this work was in progress, other

authors succeeded also in preparing reaction center particles from Rps.

spheroides (refs 28,U8,U5»18,19»13,U3) and R. rubrum ’ and we

shall compare our data with the results obtained by these authors■

2.2 MATERIAL AND METHODS

2.2.1 Preparation of the reaction center particles

Rps. spheroides and R. rubrum were cultured anaerobically in a

medium after Cohen-Bazire et al.^ supplied with yeast extract and
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peptone. After 3-^ days of growth the cells were harvested by centri­

fugation, washed in 0.05 M Tris (pH 8.0) and stored at liquid nitrogen

temperature until use.

Fragmentation of the cells was carried out by sonication with a

Branson type S125 sonifier during 10 min at 8 A. The temperature was

not allowed to rise above 8°C during sonication.In some cases the cells

were passed through a French press at 5000 kg/cm2 after precooling of

the pressure cell to U° C. The suspension was centrifuged for 30 min

at 20000 x £  to remove cell debris. CsCl and MgSO. were added to the

supernatant to give final concentrations of 27)5 and 0.05 M, respectively,

and the suspension was centrifuged for 1.5 h at lkU000 x £.

This resulted in the precipitation of light brownish material,

presumably cell wall fragments, and of whitish, perhaps ribosomal

material. Omission of this step resulted in a much higher protein

content of the reaction center particles (see section 2.3.5). The chro-

matophores floated at the top of the solution after this centrifugation.

This top layer was diluted, sedimented by centrifugation during 1 h at

200000 x £, resuspended in 0.05 M Tris (pH 8.0) containing 0.01 M MgClg,

and dialyzed overnight against the same buffer.

The absorbance of the chromatophore suspension at 590 nm was

adjusted to 12.5/cm and 0.11 vol. of 3% SDS was added. (At lower con­

centrations of Bchl the SDS-concentration was taken proportionally

lower.) After 2 h of incubation at room temperature NaCl was added to

give a final concentration of 0.2 M (this was done because it stops the

working of SDS^), and the suspension was layered on a 0.5 M sucrose

solution in 0.05 M Tris (pH 8.0) supplied with 0.2 NaCl. After k h of
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centrifugation at 200000 x £  the chromatophores were sedimented and a

greenish hand containing the reaction center particles remained in the

supernatant layer on top of the sucrose solution. This treatment was

also successful with chromatophores of Rps. viridis (cf. ref. 5>0, and

of R. rubrum. The reaction center particles were dialyzed for 2 days

against three 25-vol. quantities of 0.05 M Tris (pH 8.0), to which

0.01 M MgClp was added in order to improve the reversibility of the

light-induced absorbance changes (see below). The reaction center

fraction was purified further by centrifugation at 200000 x £  on a

O.U-2.0 M linear sucrose density gradient. This procedure resulted in

the separation of a small fraction of less purified reaction center.

The purified reaction center was dialyzed against 0.05 M Tris (pH 8.0)

containing 0.01 M MgCl2 to remove sucrose. The reaction center prepar­

ation purified in this way will be called hereafter SDS-RC.
A further purification was obtained by a procedure analogous to

the so-called AUT-treatment used by Loach et al. ̂  for chromatophores.

SDS-RC preparations were adjusted to a concentration corresponding

with an absorbance of 1 per cm at 803 nm and layered in U-ml quantities

on top of a linear 0.1-1.0 M sucrose gradient in 0.05 M Tris containing

0.356 Triton X-100 and 1 M urea. The pH had been adjusted to 10.0 after

the addition of urea. At lower concentrations of reaction centers, the

Triton concentration had to be taken correspondingly lower, because a

higher Triton/reaction center ratio resulted in the destruction of Bchl.

The gradients (8 ml) had been prepared in tubes for the 50-Ti rotor of

the Beckman L2 ultracentrifuge. After 6 h of centrifugation at 200000

x £  the original preparation had been separated into an upper green
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band and a lower brown band. Both bands were situated about halfway

down the sucrose gradient. The lower band consisted of the purified

reaction center preparation and contained about &5% of the amount of

Bchl recovered after the centrifugation. The recovery of Bchl in the

two fractions was about &0% of the original amount. Both fractions

were dialyzed against three 25-vol. quantities of 0.05 M Tris (pH 8.0)

containing 0.01 M MgClg. The reaction center particle purified in this

way will be denoted AUT-RC. The reaction centers were stored at U° C

in 0.05 M Tris (pH 8.0) containing 0.01 M MgCl. This will be referred

to hereafter as Tris buffer. No significant loss of activity was ob­

served after a storage of several months.

Mg ion was present throughout the purification procedure because

this had a favourable effect on the reversibility of the light-induced

absorbance changes. After some publications had come to our attention

which described an Mg-dependent binding of ribosonal material to mem-

braneous fractions ’ we did one experiment in order to check whether

ribosomes or other proteinaceous components were bound to reaction

center particles. In this experiment 1 mM EDTA was present in stead of

10 mM MgCl throughout the preparation procedure, to start with the

sonication of the cells. The EDTA was removed from the SDS-RC by dia­

lysis. However, the protein content of the SDS-RC particles obtained

in this way was not significantly lower than when Mg was present during

the preparation.

It should be noted that the success in isolating reaction centers

seems to depend on many factors of which not all are understood. For

instance, it appeared to be obligatory to freeze the cells of R. rubrum
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and “thaw 'them again prior to the SDS—treatment. With ceils of Rps.

spheroides this was not necessary during the first year of our experi­

ments but later the yield of reaction centers was much lower if the

calls were not given a cold treatment. Apart from these difficulties

the yield of SDS-RC and AUT-RC fractions was quite reproducible.

2.2.2 Chemical and physical methods
35Protein was measured by the method of Lowry et al. . Cytochrome

was measured with the ferrihemochrome method as used by Cusanovitch

and Kamen1 .̂ Ubiquinone was determined by the method of Pumphrey and

Redfeara^, as modified by Takamiya and Takamiya'* . P870 was estimated
from the absorbance at 8oU nm and 867 nm in reaction centers , using

—1 -1 -1 “ 1specific extinction coefficients of 272 mM .cm and 113 mM .cm
12 ,for the absorbance at these wavelengths , or it was estimated from

the maximum light—induced bleaching at 867 nm, using a differential

extinction coefficient of 93 mM ^.cm  ̂ (ref. 8).

Iron was determined with the ferrous o-phenanthroline complex

method^ after a mineralization procedure as used by Konings^. The

sample was concentrated to near dryness at 120 , then 0.2 ml cone.

HpSOj^ (Merck, p.a.) was added and the samples were heated at 170°

for 2 h. They were then heated on a Bunsen burner while HCIO^ was added

dropwise until a bright yellow colour appeared and disappeared again.

This was a rather delicate step because the presence of too much per­

chlorate in the sample resulted in the precipitation of a reddish
1*7ferrous—orthophenanthrolin—perchlorate complex . It appeared however

that if this was done carefully and ample time was allowed for
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digestion, the final amount of perchlorate was low as indicated by the

fact that no precipitate was formed when rubidium chloride was added

to an aliquot of the digested sample, and a normal colour development

took place with orthophenanthrolin, provided the tubes were shaken

immediately after addition of orthophenanthrolin and after adjustment

of the pH.

Absorbance spectra were measured on a Cary model 1U R spectro­

photometer. Light-induced absorbance changes were measured with a

split-beam differential spectrophotometer described earlier1, or with

a similar apparatus built in this laboratory, with which absorbance

changes were measured at two wavelengths simultaneously. Actinic light

was provided by a 250 W quartz-iodine lamp in front of which suitable

filters were placed.

2.3 RESULTS

2.3.1 Absorbance spectra and absorbance difference spectra

^ 8* 2.1A (solid line) shows the absorbance spectrum of chromato-

phores from Rps. spheroides. The light-harvesting Bchl types B800, B850

and B870 (see Ch. I, section 1.3) are apparent by their respective

maxima and shoulder in the near-infrared. The maxima at 590 and 375 nm

are also due to Bchl; those at M*0, 1+75 and 505 nm are due to carotenoid

(mainly spheroidene, see refs 26 and 36).

The dashed line of Fig. 2.1A shows the absorbance spectrum of the

same chromatophore preparation after 2 h incubation at room temperature

with SDS (final concentration 0.22*). The dilution factors have been
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540 599

__ Wavelength (nm)
P ig . 2 .1 A S o lid  l i n e :  Absorbance spectrum  in  a  1 mm c u v e tte  o f  a  chromatophore p re ­

p a ra t io n  from Rps. sp h ero id es i n  T r is  b u f f e r .  Ho a d d it io n s .  Dashed l in e :  same p re ­

p a r a t io n ,  b u t  th e  chrom atophores had been in cu b a ted  w ith  0.11 v o l .  2 .2  %

SDS fo r  2 h  a t  room tem p e ra tu re . The s p e c tr a  r e p re se n t  eq u al c o n c e n tra tio n s  o f

chromatophore m a te r ia l .

F ig . 2 . 1B^ Absorbance spectrum  o f  an SD6—RC p re p a ra tio n  from Rps. sp h ero id es in  T r is

b u f f e r .  S o lid  l in e :  100 yM fe rr ic y a n id e  p r e s e n t .  The fe rr ic y a n id e  c o n tr ib u tio n  was

su b tra c te d  by p u t t in g  100 yM fe rr ic y a n id e  a ls o  in  th e  re fe re n c e  c u v e tte .  Dashed l in e :

100 yM fe r r ic y a n id e  and 2 mM fe rro c y a n id e  p re s e n t .

chosen such th a t  th e s e  s p e c tr a  re p re s e n t  eq u a l c o n c e n tra tio n s  o f  chro­

m atophore m a te r ia l .  The SD S-treatm ent d id  no t change th e  amount o f

Bchl s ig n i f i c a n t l y ,  ju d g in g  from th e  375 and 590 nm p eak s , b u t th e  800

nm peak had  become much low er and th e  sh o u ld e r a t  &70 nm had a ls o
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d ecreased  somewhat. Sm all absorbance In c re a se s  were observed  around

770 and 690 nm. This may r e f l e c t  th e  fo rm ation  o f  s o lu b i l iz e d  and o x i­

d ized  B ch l, r e s p e c t iv e ly .  The 850 nm peak was n o t much a f f e c te d .

U sually  we used  h ig h e r  c o n c e n tra tio n s  o f  SDS and Bchl (see  s e c t io n

2 .2 .1 )  and t h i s  had about th e  same e f f e c t ,  excep t t h a t  B870 d isa p p e a r­

ed to  a l a r g e r  e x te n t .

F ig . 2.1B shows th e  absorbance s p e c tr a  o f  an SDS-RC p re p a ra t io n

i s o la te d  from an o th e r b a tc h  o f  chrom atophores, and suspended in  T ris

b u f f e r .  The s o l id  l in e  shows th e  absorbance spectrum  in  th e  p resence

o f  100 pM f e r r ie y a n id e , which caused a maximal b le a c h in g  o f  P870. (The

fe r r ic y a n id e  c o n tr ib u tio n  has been s u b tra c te d  a lre a d y  from t h i s

sp e c tru m .) Upon a d d it io n  o f  fe rro c y a n id e  to  a f i n a l  c o n c e n tra tio n  o f

2 mM th e  absorbance around 870 nm due to  reduced  P870 was com pletely

r e s to re d . O ther wellknown fe a tu re s  a re  th e  b lu e  s h i f t  o f  P800 from 80U

to  800 nm (see  Ch. I ,  s e c t io n  1 .2 ) and th e  b le a c h in g  a t  about 600 nm

concom itant w ith  th e  b le a c h in g  o f  P870. P ro longed  i l lu m in a t io n  causes

th e  same absorbance changes as chem ical o x id a tio n  (see  b e low ). The

absorbance spectrum  o f  F ig . 2.1B in d ic a te s  th e  p resen ce  o f  Bph (w ith

maxima a t  756 and a t  about 5^0 nm) and o f  c a ro te n o id  (w ith  maxima a t

1+UO, 1+75 and 510 nm). The maximum a t  about 600 nm i s  due to  P800 and

P870 (see  Ch. IV ). The maximum a t  367 nm and th e  sh o u ld e r a t  390 nm

are  caused by P800, P870 and Bph (see  Ch. IV, F ig . 1+.6). The absorp­

t i o n  band a t  690 nm was p robab ly  due to  one o r  more d e g ra d a tio n  p ro ­

ducts  o f  B chl. The sh o u ld e r a t  1+10 nm was a s s o c ia te d  w ith  t h i s  ab­

s o rp tio n  band (see  below ).

F ig . 2 .2  shows th e  absorbance spectrum  o f  an AUT-RC p re p a ra t io n .
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800 900
Wavelength (nm)

F ig . 2 .2  Absorbance spectrum  o f  an AUT-RC p re p a ra tio n  in  T r is  b u f f e r .  Ho a d d it io n s .

The main d iffe r e n c e  w ith  an SDS—RC preparation  was th a t th e  peak at

690 nm and th e  shoulder a t ^10 nm were absent from th e AtTT—RC pre­

p a ra tio n . At one occasion  we measured th e  d ifferen ce  in  absorbance

between th e  upper and lower fr a c t io n  which a r ise  in  th e  cen tr ifu g e

tube during th e  AUT-treatment (see  s e c t io n  2 . 2 . 1 ) .  F ig . 2 . 3  shows the

w a v e l e n g t h  (nm)

F ig . 2 .3  Spectrum  o f  th e  d if fe re n c e  i n  absorbance betw een th e  "upper" and th e  "low er'

b an d , r e s p e c t iv e ly ,  which a r i s e  d u rin g  th e  AUT-treatment in  th e  c e n tr ifu g e  tu b e . The

"upper" band was p u t i n  th e  sample c u v e tte  and th e  "low er" band in  th e  re fe re n c e

c u v e t te .  The c o n c e n tra tio n  o f  P8T0 was eq u a l in  b o th  c u v e t te s .  The absorbance a t  80U

nm was 0 .0 2 5 . T h is spectrum  r e f l e c t s  p robab ly  a  m ix tu re  o f  p ro d u c ts

w hich a r i s e  d u rin g  th e  o x id a tiv e  d eg rad a tio n  o f  Bchl.
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d if fe re n c e  in  absorbance o f  th e  upper and low er f r a c t i o n ,  as observ ­

ed a f t e r  d i lu t io n  to  e q u a l c o n c e n tra tio n s  o f  P870. I t  i s  d i f f i c u l t

to  e s tim a te  how much o f  t h i s  absorbance was due to  th e  s u b s ta n c e (s )

o f  which th e  f lu o re sc e n c e  e x c i ta t io n  spectrum  i s  shown in  F ig . U .1.

The absence o f  c a ro te n o id  and Bph from th e  spectrum  o f  F ig . 2 .3  in ­

d ic a te s  t h a t  th e  AUT—tre a tm e n t a f f e c te d  n e i th e r  th e  c a ro te n o id  n o r

th e  Bph c o n te n t o f  r e a c t io n  c e n te rs  s i g n i f i c a n t ly .  As w i l l  be shown

in  Ch. I l l ,  l i t e r a t u r e  d a ta  in d ic a te  t h a t  Bph i s  an i n t e g r a l  p a r t  o f

r e a c t io n  c e n te rs  in  v iv o .

The p ro ced u re  used  f o r  th e  i s o l a t i o n  o f  r e a c t io n  c e n te rs  from

Rps. sp h e ro id es  was a ls o  s u c c e s s fu l  when a p p lie d  t o  R. rubrum . F ig . 2.U

shows th e  absorbance spectrum  o f  an SDS-RC p re p a ra t io n  from R. rubrum.

A/2mm A/5mm

300 400 500 600 700 800 900
— ► Wavelength (nm)

F ig . 2 .U Absorbance spectrum  o f  an SDS-RC spectrum  from R. rubrum in  T r is  b u f f e r .

No a d d i t io n s . The spectrum  was tak e n  in  a  5 mm c u v e tte  from 9U0 -  U50 nm and in  a  2 mm

c u v e tte  a t  s h o r te r  w avelengths.

F ig . 2*5 shows k in e t ic s  o f  th e  l ig h t- in d u c e d  absorbance changes

a t  600 nm and 767 nm observed  in  r e a c t io n  c e n te rs  from Rps. sp h e ro id e s .

The absorbance changes showed b ip h a s ic  k in e t i c s  b o th  in  th e  l i g h t  and
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867 nm 600 nm

t im* (sec)

F ig . 2 .5  AUT-RC p re p a ra tio n  from Rps. sp h e ro id es in  T r is  b u f f e r .  No a d d it io n s .

K in e tic s  o f  th e  l ig h t- in d u c e d  absorbance changes observed  in  a  1 mm c u v e tte  a t  867 nm

and 600 nm .A ctin ic i l lu m in a t io n  20 sec  w ith  l i g h t  o f  about U00 -  5**0 nm, i n te n s i ty

about 3 n E in s te in .cm - 2 .s e c ” 1. The l i g h t  was sw itch ed  on and o f f  a t  th e  tim es in d ic a te d

by th e  upward and downward p o in tin g  a rro w s, r e s p e c t iv e ly .  The v e r t i c a l  b a rs  re p re se n t

an absorbance change o f  0.001 o p t ic a l  d e n s ity  u n i t s .  A downward d e f le c t io n  means an

absorbance d ec rease .

in  th e  d ark . This w i l l  he d isc u sse d  in  d e t a i l  i n  Ch. V, s e c t io n  5 •3»1•

F ig . 2 .6  ( t r i a n g l e s ,  c i r c l e s  and s o l id  l i n e )  shows a  spectrum  o f  th e

lig h t- in d u c e d  absorbance changes. The b lu e  s h i f t  o f  P800 (around 800 nm)

i s  coupled  to  th e  b le a c h in g  o f  P870 around 870 and 600 nm (see  below ).

P870 cou ld  be b leach ed  q u a n t i ta t iv e ly  a f t e r  a s u f f i c i e n t ly  lo n g  i l l u ­

m in a tio n  tim e . The l ig h t- in d u c e d  d if fe re n c e  spectrum  was p r a c t i c a l l y

th e  same as th e  chem ica lly  induced d if fe re n c e  spectrum  ( fe r r ic y a n id e

minus no a d d it io n )  a t  w avelengths above 550 nm. The l a t t e r  d if fe re n c e

spectrum  i s  shown by th e  dashed l in e  o f  F ig . 2 .6 . The absorbance changes

below 600 nm w i l l  be d isc u sse d  in  Ch. V.

Above 600 nm, th e  d if fe re n c e  s p e c tra  o b ta in e d  w ith  r e a c t io n  c e n te rs

o f  Rps. sp h ero id es  were about th e  same as th o se  observed  in  chromato—

phores (see  F ig . 2 .7 )  excep t t h a t  in  th e  l a t t e r  a  red  s h i f t  o f  B85O was

superim posed on th e  b le a c h in g  o f  P870 ( c f .  r e f s . 55 and 11).  However
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F ig . 2 .6  S o lid  l in e :  spectrum  o f  th e  absorbance changes observed  a f t e r  2 sec  o f

i l lu m in a tio n . F u rth e r  legends see  F ig . 2 .5 .  The open symbols r e f e r  t o  measurements

done w ith  th e  AUT-RC p re p a ra tio n  used f o r  F ig . 2 .5 .  The s o l id  symbols re p re se n t

measurements done w ith  a n o th e r p re p a ra tio n . Dashed l i n e :  chem ica lly  induced d i f f e r ­

ence spectrum  ( fe r r ic y a n id e  minus no a d d it io n s )  observed  in  an SD6-RC p re p a ra tio n

from Rps. sp h e ro id es . The f i n a l  c o n c e n tra tio n  o f  fe r r ic y a n id e  was 100 yM. The

s p e c tr a  were matched a t  867 nm.

t h i s  re d  s h i f t  cou ld  he la r g e ly  a b o lish e d  by a  combined tre a tm e n t o f

5 min h e a tin g  a t  65 C and a d d it io n  o f  A ntim ycin A t o  a c o n c e n tra tio n

o f  10 yM ( c f .  r e f .  2 0 ). This d id  no t a f f e c t  th e  b le a c h in g  o f  P870 and

th e  b lu e  s h i f t  o f  P800. (The re d  s h i f t  o f  B850 was found t o  be c o r r e la t ­

ed t o  th e  l i g h t —induced  re d  s h i f t  o f  c a ro te n o id s  under s e v e ra l  e x p e r i—
• • 55 2 20m ental c o n d itio n s  * * • This i s  p ro b ab ly  because b o th  phenomena a re

c o r r e la te d  t o  an in te rm e d ia te  in  th e  p h o to p h o sp h o ry la tio n  p ro c e s s20

t h i s  in te rm e d ia te "  may be a membrane p o te n t i a l  formed d u rin g  th e  pho to ­

s y n th e t ic  e le c tro n  t r a n s p o r t2^ ’^ ° . )

A nother d if f e re n c e  betw een r e a c t io n  c e n te rs  and chrom atophores i s

o f  course t h a t  in  r e a c t io n  c e n te rs  85# o f  th e  absorbance o f  867 nm

) 900
Wavelength (nm)
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Fig. 2.7 Spectrum of the light-induced absorbance changes observed in

chromatophores from Rps. spheroides suspended in Tris buffer. Solid line,

normal chromatophores, no additions. Dashed line, 10 yM Antimycin A; the

chromatophores had been heated for 5 min at 65 C. Illumination 2 sec with light

of 1*30 nm, intensity 0.6 nEinstein.cm ^sec .

could be bleached by illumination (compare Fig. 2.1B). The maximum

light-induced bleaching at 867 nm in chromatophores was not more than

a few percent of the total absorbance.

2.3.2 The origin of the 600 nm absorbance change

The 600 nm absorption band in reaction centers is due to P800 and

P870, as will be shown in Ch. IV. There are several indications, outlined

below, that the light-induced or chemically induced bleaching around 600

nm is due to the oxidation of P87O. Firstly, the light-induced absorbance

changes at 600 nm and in the near-infrared region have almost identical

kinetics in reaction centers under a variety of conditions, such as long

or short illumination times (cf. Fig. 2.5) and illumination in the pre­

sence of an exogenous electron donor or electron acceptor (see Ch. V).

(A small portion of the near-infrared absorbance changes had different
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k i n e t i c s .  T h is  co n c e rn s  a t  m ost o f  th e  t o t a l  a b so rb a n c e  change a t

867 nm. (See Ch. V ,s e c t io n  5 * 3 .5  f o r  a  f u r t h e r  d i s c u s s io n . )  S ec o n d ly ,

re d o x  t i t r a t i o n s  o f  t h e  l ig h t - i n d u c e d  ab so rb a n ce  changes i n  Chromatium

chrom atophores a t  600 nm, 883 nm and U35 nm y ie ld e d  t h e  same t i t r a t i o n

c u r v e s ,  b o th  a t  t h e  h ig h  p o t e n t i a l  s i d e ,  w here th e  P /P  c o u p le  was

t i t r a t e d  (m id p o in t +U70 t o  +U90 mV ) and a t  t h e  low p o t e n t i a l  s i d e ,

w here th e  a t t e n u a t io n  o f  a b so rb a n ce  changes due t o  th e  P 87O p h o to o x i­

d a t io n  was ca u se d  by  cy tochrom e c a c t in g  as a  f a s t  e l e c t r o n  dono r t o

P+870 ( r e f s  U 9,1T ,15) ( s e e  a l s o  Ch. I ,  s e c t i o n  1 .2 ) .  F u rth e rm o re  i t  h a s
12 7

b ee n  shown t h a t  P800 and  P870 a r e  B ch l a  m o le c u le s  * . F i n a l l y , th e

sp e c tru m  o f  t h e  l i g h t - i n d u c e d  and  c h e m ic a lly  in d u c e d  ab so rb a n ce  changes

( s e e  F ig .  2 .6  and  Ch. V) a r e ,  w ith  e x c e p t io n  o f  th e  b lu e  s h i f t  a round

800 nm, s im i l a r  t o  th e  d i f f e r e n c e  sp e c tru m  ( o x id iz e d  m inus re d u c e d )  o f

33B ch l .

A l l  th e s e  d a t a  i n d i c a t e  t h a t  th e  b le a c h in g  a ro u n d  600 nm i s  due

t o  o x id a t io n  o f  P870 . However i t  does n o t seem u n l ik e ly  t h a t  t h e r e

o c c u rs  a l s o  a  s m a ll  b lu e  s h i f t  o f  t h e  600 nm a b s o rp t io n  b an d  due t o

P 800 , c o n c o m itan t w ith  th e  b lu e  s h i f t  o f  P800 a ro u n d  800 nm, w hich ac­

com panies th e  o x id a t io n  o f  P87O ( s e e  b e lo w ) .

2 .3 .3  A n a ly s is  o f  t h e  600 nm a b s o rp t io n  b an d

F or e x p e r im e n ts  t o  b e  d is c u s s e d  i n  Ch. I l l  we n eed ed  an a n a ly s i s

o f  th e  600 nm a b s o rp t io n  b an d  o b se rv e d  i n  r e a c t io n  c e n te r  p r e p a r a t ­

io n s  .

F ig .  2.8A  shows ab so rb a n ce  s p e c t r a  o f  an AUT-RC p r e p a r a t io n  from

Rps. s p h e ro id e s  a ro u n d  600 nm. The s o l i d  l i n e  shows th e  t o t a l  ab—
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F ig . 2 .8  (A) S o lid  l i n e ,  a b so rp tio n  spectrum  o f  an AUT-RC p re p a r a t io n ,  w ith  P8T0

reduced  (no a d d i t io n s ) ;  dashed l i n e ,  same w ith  P870 o x id iz e d  (0 .1  mM fe r r ic y a n id e ) ;

a b so rp tio n  band due to  P800..............  a b so rp tio n  due to  Bph (from  F ig . 4 .6 ,

Ch. IV ). (B) (a )  ---- , a b so rp tio n  d if fe re n c e  spectrum  ( fe r r ic y a n id e  minus no

a d d it io n s )  o f  Bchl i n  m ethanol (d a ta  from r e f .  2 5 ); (b ) same as (a )  b u t th e

band w id th  was narrowed by a  f a c to r  2 .0  and th e  whole spectrum  was s h i f t e d  0 .5  nm

tow ards s h o r te r  w av elen g th s ; (c )  -------, a b so rp tio n  d if f e re n c e  spectrum  ( fe r r ic y a n id e

minus no a d d it io n s )  o f  th e  AUT-RC p re p a ra tio n  shown in  (A). (C) ------- and ------ :

a b so rp tio n  spectrum  o f  reduced  and o x id iz e d  P870* r e s p e c t iv e ly ,  o f  th e  AUT—RC

shown in  (A). These s p e c tr a  were c a lc u la te d  from th e  s p e c tr a  o f  reduced  and

o x id iz e d  Bchl ( r e f .  2 5 ) ,  u s in g  th e  same tra n s fo rm a tio n s  as in  F ig . 2 .8 B (b ). Hote

th a t  in  t h i s  a n a ly s is  i t  i s  assumed th a t  no s h i f t  o f  th e  P800 a b so rp tio n  band

occurs concom itant w ith  th e  b lea c h in g  o f  th e  P870 ab so rp tio n  band.

s o rp tio n , due to  Bph (see Ch. IV, F ig . U.6) ,  P800 and reduced P870

(no a d d itio n s ) . This spectrum has a maximum a t 598 nm. The dashed

l i n e , w ith  a maximum a t 595 nm, shows th e  t o t a l  absorp tion  due to
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Bph, P800 and o x id iz e d  P870 ( f e r r ic y a n id e  added). The d if fe re n c e  be­

tween th e s e  two s p e c t r a  (F ig . 2 .8B , s o l id  l in e )  has a  minimum a t

601 nm. These d a ta  were i n s u f f i c i e n t  t o  re so lv e  th e  s p e c t r a  in to

a b so rp tio n  due to  P800, o x id iz e d  P87O and reduced  P870. However, as

d isc u sse d  a lr e a d y , o x id iz e d  minus reduced  d if fe re n c e  s p e c t r a  (F ig .

2 . 6 ) and l i g h t  minus dark  d if fe re n c e  s p e c tr a  o f  r e a c t io n  c e n te rs

from Rps. sp h ero id es  ( e .g .  F ig . 5 . 5 ) and R. rubrum (F ig . 5 .1 1 ) a re

r a th e r  s im i la r  t o  th e  o x id iz e d  minus reduced  d i f fe re n c e  spectrum  o f
•  25Bchl i n  m ethanol . In  a l l  th e s e  d if fe re n c e  s p e c t r a  th e r e  i s  an ab­

s o rp tio n  d ec rease  c e n te r in g  around 600 nm, and an a b so rp tio n  in ­

c re a se  a t  s h o r te r  w av elen g th s . (The maximum a t  about 51+0 nm in  th e

d if fe re n c e  s p e c tr a  o f  r e a c t io n  c e n te rs  from Rps. sp h e ro id es  ( e .g .

F ig- 5 .5 )  and R. rubrum (F ig . 5 .1 1 ) i s  perhaps analogous t o  th e  maxi­

mum a t  about 515 nm o f  th e  d if fe re n c e  spectrum  o f  B chl in  m ethanol )

Because o f  th e  s im i l a r i t y  o f  th e  d if fe re n c e  s p e c t r a ,  we supposed th a t

around 600 nm th e  a b so rp tio n  s p e c t r a  o f  reduced  and o x id iz e d  P870

would be s im i la r  to  th e  a b so rp tio n  s p e c tr a  o f  reduced  and o x id iz e d

Bchl in  m ethanol. T his h y p o th e s is  le d  us t o  th e  a n a ly s is  o u t l in e d

bélow , in  which we co n sid e red  2 a l t e r n a t iv e  p o s s i b i l i t i e s :  (1 ) There

i s  no b lu e  s h i f t  o f  P800 in  t h i s  re g io n ; (2 ) There i s  a b lu e  s h i f t

o f  th e  600 nm a b so rp tio n  band o f  P800, concom itant w ith  a  b le a c h in g

o f  th e  600 nm a b so rp tio n  band o f  P870.

Assuming th a t  no b lu e  s h i f t  o f  th e  P800 a b so rp tio n  band o c c u rs ,

we compared th e  o x id iz e d  minus reduced  absorbance d i f fe re n c e  spec­

trum  o f  an AUT-RC p re p a ra t io n  (F ig . 2 .8B , s o l id  l i n e )  w ith  th e  o x i­

d ized  minus reduced  d if fe re n c e  spectrum  o f  Bchl in  m ethanol2^ (F ig .



2.8B, dashed line). The difference spectra obtained with Bchl in

methanol and with AUT-RC preparations, could he made to correspond

fairly well with each other if the following transformations were

carried out with the difference spectrum of Bchl in methanol: (1)

The whole difference spectrum was shifted over 0.5 nm to shorter

wavelengths; (2) Without further changing the location of the mini­

mum, the hand width was narrowed hy a factor 2.0 (see Fig. 2.8B).

It was assumed that the absorption spectra of P8T0 (reduced and

oxidized) can he obtained from the corresponding absorption spectra

of Bchl in methanol ^ hy carrying out the same transformations along

the wavelength axis (see Fig. 2.8C). It was found that reduced P8T0

had a peak at 601 nm and a half width of 25 nm. The ratio of the

peak heights of reduced P870 and reduced AUT—RC was 0.3:1* The ab­

sorption peak of P800 was obtained by subtracting the absorption of

P870 and of Bph (see Fig. U.6, Ch. IV), from the total absorption of

the AUT-RC preparation. In this way an absorption band of P800 was

found with a maximum at 595 nm and a half width of 31 nm (Fig. 2.8A).

From the product of the absorbance at peak value and the half width,

we estimated that the area under the absorption band of P800 was about

2.7 times larges than the area under the absorption band of reduced

P870.

In the second approach we assumed that the P800 absorption band

shifts to shorter wavelengths concomitant with the bleaching of the

P87O absorption band. A good fit to all data was obtained by assuming

that when P87O is reduced, the P800 absorption band and the P870 ab­

sorption band have the same shape (with a half width of 28 nm) and the



same peak lo c a t io n  ( a t  598 nm), b u t t h a t  th e  P800 a b so rp tio n  band i s

two tim es l a r g e r  th a n  th e  P870 a b so rp tio n  band (see  F ig . 2 .9 ) .  This

enab led  us t o  c a lc u la te  th e  P870 a b so rp tio n  band and th u s ,  by com parison

w ith  Bchl in  v i t r o  as above, th e  o x id iz e d  minus reduced  d if fe re n c e

s p e c tr a  o f  P870. The d isc rep an cy  between th e  c a lc u la te d  d if fe re n c e

spectrum  (o f  P870 , w ith  a minimum a t  599 nm) and th e  observed  d i f f e r ­

ence spectrum  (o f  an AUT-RC p re p a ra t io n , F ig . 2 .8B , s o l id  l i n e )  cou ld

580 600
W avelength (nm )

Pi 0.2.9

P ig . 2 .9  A n alysis o f  th e  600 nm ab so rp tio n  band (shown in  th e  s o l id  l i n e  o f

F ig . 2.8A) in to  th e  fo llo w in g  th re e  components: -------: reduced PÖ70; P800,

as found when P870 i s  reduced ; —— s re s id u a l  ab so rp tio n  due m ainly t o  Bph (from

F ig . U .6, Ch. IV ). In  t h i s  a n a ly s is  i t  was assumed th a t  a t  any w avelength in  t h i s

reg io n  P800 absorps tw ice  as much as P870 when th e  l a t t e r  i s  reduced . T his F igu re

shows a ls o  th e  spectrum  o f  o x id iz e d  P870 ( • • • • ) ,  as c a lc u la te d  in  a  way s im ila r

to  th e  8p e e tra  shown in  F ig . 2.8C . This a n a ly s is  leav es  open th e  p o s s ib i l i t y  th a t

a b lu e  s h i f t  o f  th e  P800 a b so rp tio n  band occurs concom itant w ith  th e  b lea ch in g  o f

th e  P870 ab so rp tio n  band.



1*6

be e x p la in e d  la r g e ly  by assum ing th a t  th e  a b so rp tio n  band due to  P800

s h i f t s  1 -1 .5  nm to  s h o r te r  w avelengths concom itant w ith  th e  b le a c h in g

o f  th e  a b so rp tio n  band due t o  P870.

Both approaches y ie ld e d  th e  r e s u l t  t h a t  when P87O i s  o x id iz e d  about

15? o f  th e  a re a  under th e  a b so rp tio n  band betw een 575 and 620 nm i s  due

t o  o x id iz e d  P870, and su g g es ted  t h a t  th e  600 nm a b so rp tio n  band due

to  P800 had a  2 t o  2 .7  tim es  l a r g e r  a re a  th a n  th e  600 nm a b so rp tio n

band due t o  reduced  P870. The l a t t e r  r e s u l t  was somewhat s u rp r is in g

because  i t  appeared  th a t  in  th e  n e a r - in f r a r e d  re g io n  th e  a re a  under th e

800 nm a b so rp tio n  band due t o  P800 (when p lo t t e d  on a wave number s c a le )

was 1 .2  tim es l a r g e r  th a n  th e  a re a  under th e  870 nm a b so rp tio n  band

due to  P870. We cannot e x p la in  t h i s  d isc rep an cy .

2.3.1* Chemical d a ta

T able  2.1  g iv es  r e s u l t s  o f  chem ical an a ly se s  o f  re a c t io n  c e n te r

p re p a ra t io n s  and chrom atophores, as re p o r te d  by us ( f i r s t  fo u r  colum ns) ,

and by o th e r  a u th o rs  ( l a s t  fo u r  colum ns) .

I f  we look  a t  ou r r e s u l t s  w ith  Rps. sp h e ro id es  ( f i r s t  th r e e  colum ns) ,

i t  appears t h a t  SDS-RC p a r t i c l e s  co n ta in ed  on a P870 b a s is  a sm a lle r

amount o f  p r o te in  and o f  ub iquinone 'th a n  chrom atophores, w hereas th e
lj.1.

amount o f  cytochrome c ,  and probably a lso  o f  iron  ( c f .  Reed ) was not

a f fe c te d . Cytochrome b was present in  chromatophores: a chem ically

induced d iffe r e n c e  spectrum , d ith io n ite  minus no a d d itio n s , in d ica ted

th e  presence o f  0 .5  moles o f  cytochrome b per mole o f  P870, based on a

d i f f e r e n t ia l  e x t in c t io n  c o e f f ic ie n t  o f  30 .mM 1.cm 1 in  the maximum at

560 nm (r e fs  5,39,1*6). No cytochrome b could be d etected  in  SDS-RC part­

i c l e s  .



Rps. spheroides R. rubrum Rps. spheroides R-26 R. rubrum

chromato­

phores

SDS-RC AUT-RC SDS-RC re a c tio n  cen ters reac tio n  centers

p ro te in 0 .6 0.15-0.25** 0 .1 2 0 . 11* 0 . 1*1» 0.07 0.071 < 0 .0 8

cytochrome c 0 .9 5 0 .9 0 , 0.25 0 . 10* 1 0 0 1

ubiquinone 8-12 3.3 1.2 13 'o 1 0 .3 1.7

iron 20* 16 0 .8 < 0 .2 3

Reference c ite d 4 th i s  work UU 18 19 37 51

*  one determ ination

** s ix  determ inations

Table 2.1 Chemical composition o f  chromatophores and re a c tio n  cen te r p repara tions from Rps. spheroides and R. Rubrum.

The q u a n ti tie s  are  expressed in  moles per mole o f  PÖ70, except p ro te in ,  which i s  expressed in  grams per

yMole o f  P870. The values rep o rted  in  th i s  work are an average o f  th re e  determ inations, un less otherw ise

in d ica ted .



AUT-treatment of SDS-RC particles from Rps. spheroides resulted

in the formation of two colored hands about halfway down the sucrose
W l

gradient (see section 2.2.1).Table 2.1 (3 column) gives data concern­

ing the composition of the lower band. In this fraction the amounts of

protein, cytochrome and ubiquinone were even further reduced on a P870

basis. Table 2.2 shows that the recovery yield of protein and of ubi­

quinone were about 80% of that of P87O in the two colored bands which
were formed during the AUT-treatment, suggesting that these components

were mainly particle-bound in SDS-RC fractions.

The splitting of SDS-RC fractions into two colored bands, viz. a

lower one containing "purified" reaction centers and an upper one con­

taining some P870 and relatively large amounts of protein, ubiquinone

SDS-RC AUT-RC

(upper band)

AUT-RC

(lower band)

Recovery

p 870 0.13 0.011) 0.083 75 %
ubiquinone 0.31* 0.11 0.10 62 %

cyt c 0.12 0.02 0.02 33 %

protein 21 3.5 1? 6k t

Table 2.2 Recovery of some SDS-RC components in the two colored bands, which

arose in the centrifuge tube during AUT-treatment of an SDS-RC

fraction (see section 2.2.1).

Absolute amounts are expressed in yMoles, except protein which is

expressed in milligrams.



eind cytochrom e, d id  n o t occur when T r ito n  was o m itted  d u rin g  th e  AUT-

tre a tm e n t. Two in co m p le te ly  s e p a ra te d  hands w ere found when T r i to n  was

p re s e n t  and u re a  had heen o m itted .

The p r o te in  c o n te n t o f  r e a c t io n  c e n te r  p r e p a ra t io n s  was r a th e r

v a r ia b le ,  e s p e c ia l ly  w ith  SDS-RC p re p a ra t io n s  from Rps. sp h e ro id e s  in

which we found v a lu es  m ostly  betw een 0 .15  and 0 .25  g p r o te in  p e r  yMole

o f  P870. Values betw een 0 .3  and 0 .5  g/pMole were found in  SDS-RC p re ­

p a ra t io n s  i f  th e  CsCl c e n tr i f u g a t io n  s te p  o f  th e  chrom atophores had

been o m itted  (see  s e c t io n  2 .2 .1 ) .

In  SDS-RC p re p a ra t io n s  th e  absorbance a t  276 nm r e l a t i v e  t o  th e

absorbance a t  867 nm was c o r r e la te d  t o  th e  p ro te in /P 8 7 0  r a t i o  as de­

te rm in ed  by th e  Lowry method. At a  p ro te in /P 8 7 0  r a t i o  o f  0 .2 0  g p e r

yMole o f  P870 we found an A 276 nm/A 867 nm r a t i o  o f  7*8. In  one SDS-

RC p re p a ra t io n  we found 0 .096 g p r o te in  p e r  yMole o f  P870 by th e

Lowry method and h e re  th e  A 276 nm/A 867 nm r a t i o  was 1*.6. S im ila r  r e ­

s u l t s  were o b ta in e d  w ith  an SDS-RC p re p a ra t io n  from R. rubrum (compare

F ig . 2.U and th e  fo u r th  column o f  T able 2 . 1 ) .  These d a ta  a re  in  f a i r

agreem ent w ith  d a ta  p u b lish e d  e a r l i e r  on u l t r a v i o l e t  a b so rp tio n  and

p r o te in  co n te n t o f  r e a c t io n  c e n te r  p rep a ra tio n s* 1̂ I n  AUT-RC

p a r t i c l e s  th e  absorbance a t  276 nm was due fo r  a la rg e  p a r t  t o  th e

p resen ce  o f  T r i to n  X-100, which cou ld  n o t be removed by d i a l y s i s .

F in a l ly  we may m ention some experim en ts done in  c o l la b o ra t io n  w ith

Dr T .B eugeling  and Mrs P.G.M.M. B a re ld s-v an  de Beek in  o rd e r  to  d e te r ­

mine th e  chem ical n a tu re  o f  th e  pigm ents p re s e n t  in  r e a c t io n  c e n te r s .

To t h i s  end AUT-RC p a r t i c l e s  from Rps. sp h e ro id es  were d ia ly z e d  a g a in s t

d i s t i l l e d  w a te r , f r e e z e - d r ie d ,  e x tr a c te d  w ith  m ethanol and s u b je c te d
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t o  th in - l a y e r  chrom atography. The th r e e  la r g e s t  sp o ts  o b ta in e d  in  t h i s

way were due to  Bchl (b lu e ) ,  Bph (p u rp le )  and c a ro te n o id  (y e llo w ).

Ubiquinone was a ls o  p re s e n t .  Comparison o f  absorbance s p e c tr a  and Rf

values w ith  l i t e r a t u r e  d a ta  in d ic a te d  th a t  we were d e a lin g  w ith  Bchl a ,

Bph a ,  sphero idene  and ub iq u in o n e-1 0 , r e s p e c t iv e ly .  For d e ta i l s  see

r e f .  7-

2.U DISCUSSION

Table 2.1 g iv es a ls o  th e  r e s u l t s  o f  chem ical d e te rm in a tio n s  c a r r ie d

ou t by o th e r  au th o rs  on re a c t io n  c e n te r  p re p a ra t io n s  ( l a s t  fo u r  colum ns).

The method used  fo r  th e  i s o l a t i o n  o f  r e a c t io n  c e n te rs  was s im i la r  in  a l l

cases  re p o r te d : chrom atophores were in c u b a te d  w ith  a d e te rg e n t and were

th e n  f r a c t io n a te d  by c e n tr i fu g a t io n .
kit ,

The re a c t io n  c e n te rs  p re p a re d  by Reed, Raveed and I s r a e l  (see

a ls o  R e e d ^ ) a re  th e  most "com plete" p a r t i c l e s  t h a t  have been  o b ta in ed

so  f a r .  In  t h i s  case i t  appeared  t h a t  th e  r e a c t io n  c e n te r  p a r t i c l e s ,

a f t e r  t h e i r  d e te rg e n t- in d u c e d  r e le a s e  from th e  chram atophore membrane,

were s t r ip p e d  o f  th e  l ig h t - h a r v e s t in g  B c h l-p ro te in  complexes and o f
. 1*3ATP-ase, b u t th e y  c o n ta in e d  a l l  o f  th e  rem aining chrom atophore p ro te in  ,

in c lu d in g  cytochrome b and cytochrome c * (see  Ch. I ,  s e c t io n  1 .3 ) .

O ther p r e p a ra t io n s ,  in c lu d in g  th o se  p re p a re d  by u s ,  had a low er

c o n te n t o f  p ro te in s  and e le c tro n  t r a n s f e r  components. Cytochrome b ,

which cou ld  no t be dem onstra ted  in  our r e a c t io n  c e n te r  p r e p a r a t io n s ,

was a ls o  ab sen t from o th e r  p re p a ra t io n s  ( r e f s  1 8 ,3 7 ,5 1 ,1 9 ): Cytochrome

c was p re s e n t  in  some p re p a ra tio n s  (o u r SDS-RC p a r t i c l e s  from Rps.
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18 37sp h e ro id e s , and r e f s  UU and 5 1 ) , and ab sen t i n  o th e r  p re p a ra t io n s  * .

Our SDS-RC f r a c t io n s  from R. rubrum and AUT-RC f r a c t io n s  from Rps.

sp h ero id es  had only  a  low co n ten t o f  cytochrome c (see  Table 2 .1 ) .

U biquinone, which has been p o s tu la te d  e a r l ie r^ ® ’ to  fu n c tio n  as

th e  prim ary  e le c tro n  a c c e p to r  d u rin g  th e  p h o to o x id a tio n  o f  P870, was

p re s e n t in  most cases  in v e s t ig a te d  ( r e f s  UU,19,51 and t h i s  w ork). A

low ubiquinone co n ten t ( le s s  th a n  1 mole p e r  mole o f  P870) has been

, . 37re p o r te d  in  on ly  one case
18Iro n  and magnesium were shown t o  be th e  on ly  m eta ls  p re s e n t  in

more th a n  t r a c e  amounts in  p u r i f i e d  r e a c t io n  c e n te rs  from Rps. spher­

o id e s . ESR measurements r e p o r te d  re c e n t ly  su g g es ted  t h a t  i r o n  fu n c-
32

t io n s  as th e  prim ary  e le c tro n  a c c e p to r  i n  Chromatium chrom atophores

P h o to red u c tio n  o f  i r o n  was a ls o  su g g ested  by ESR measurements w ith
18r e a c t io n  c e n te rs  o b ta in e d  by Feher which co n ta in ed  about 1 mole o f

iro n  p e r  mole o f  P870. From th e s e  p a r t i c l e s  Feher e t  a l .  p rep a red

" i r o n - f r e e "  r e a c t io n  c e n te r s 1^ ,  which showed p h o to re d u c tio n  o f  u b i-

quinone in  a  one—e le c tro n  r e a c t io n  (see  Ch. V I, s e c t io n  6 .1 ) .  Our SDS-

RC p a r t i c l e s  from Rps. sp h e ro id es  had a  h ig h  i ro n  c o n te n t , as was a ls o
lili . *

th e  case w ith  th e  p a r t i c l e s  o b ta in e d  by ,R eed  e t  a l .  (see  Table 2 .1 ) .

The i ro n  c o n te n t o f  AUT-RC p a r t i c l e s  from Rps. sp h ero id es  was n o t check­

e d , b u t in  l a t e r  experim ents we got in d ic a t io n s  f o r  p h o to re d u c tio n  o f

ubiquinone in  a l l  ty p e s  o f  r e a c t io n  c e n te r s ,  b u t  no t fo r  p h o to red u c tio n

o f  i ro n  (see  Ch. V).

I t  shou ld  be  n o ted  t h a t  so  f a r  no case  has been re p o r te d  o f  r e a c t ­

io n  c e n te r  p a r t i c l e s  c o n ta in in g  n e i th e r  i ro n  no r u b iqu inone . This

leav es  room f o r  s p e c u la tio n  t h a t  one o f  th e s e  two se rv e s  as th e  prim ary

e le c t ro n  a c c e p to r  in  v iv o . (See Ch. V I).



REFERENCES

1 Amesz, J .  ( I 96U), T h e s is , U n iv e rs ity  o f  Leiden.

2 Amesz, J . , V rederiberg, W .J. and D uysens, L.N.M. (1 9 6 5 ), Biochem.

B iophys. Res. Comm. 18, U35 -  ^39*

3 A ronson, A. ( 1966) ,  J .  Mol. B io l . 15, 505 _ 51^.

L B a l t s c h e f f s k i ,  M. ( 1969) ,  Arch. Biochem. B iophys. 130, 6U6 -  652.

5 B a r ts c h , R.G. (1 9 7 1 ), in  Methods in  Enzymology, X I I I ,  p a r t  A,

pp 3I4.U -  363. (San P i e t r o ,  A ., e d . ) Academic P r e s s ,  New Yozk,

London.

6 B eu g e lin g , T. ( 1968) ,  Biochim . B iophys. A cta 153, 1^3 -  153.

7 B eu g e lin g , T . , S lo o te n , L. and B arelds-V an de Beek, P.G.M.M.

(1 9 7 2 ), Biochim. B iophys. A cta 283, 328 -  333.

8 B o lto n , J . R . , C lay to n , R.K. and Reed, D.W. ( 1969)» Photochem.

P h o to h io l. 9 ,  209 -  218.

9 B r i l ,  C. ( 196U ), T h e s is , U n iv e rs ity  o f  U tre c h t.

10 C lay to n , R.K. ( 1962) ,  Biochem. B iophys. Res. Comm. 9» *»9 -  53.

11 C lay to n , R.K. (1 9 6 3 ), P ro c . N a tl .  Acad. S c i.  US 50 , 583 -  587-

12 C lay ton  R.K. ( 1966) ,  Photochem. P h o to h io l. 5 , 669 -  675.

13 C lay to n , R.K. and S t r a le y ,  S.C. (1 9 7 2 ), B iophys. J .  12, 1221 -  1231*.

1U C ohen-B azire , G ., S is tro m , W.R. and S ta n ie r ,  R.Y. (1 9 5 7 ). J -  C e ll

Comp. P h y s io l. U9 , 25 -  68.

15 C usanov itch , M .A., B a r ts c h , R.G. and Kamen, M.D. ( 1968) ,  Biochim.

B iophys. A cta 153, 397 -  ^17-

16 C u sanov itch , M.A. and Kamen, M.D. ( 1968) ,  Biochim. B iophys. Acta

153, 376 -  396.

52



53

17 Dutton, P.L. (1971)» Biochim. Biophys. Acta 226, 63 -  80.

18 Feher, G. (1971), Photochem. Photobiol. 1U, 373 -  387.

19 Feher, G ., Okamura, M.Y. and McElroy, J.D. (1972), Biochim.

Biophys. Acta 267, 222 -  226.

20 Fleischman, D.E. and Clayton, R.K. ( 1968) ,  Photochem. Photobiol.

8 , 287 -  298.

21 Garcia, A ., Vernon, L .P ., Ke, B. and Mollenhauer, H. ( 1968),

Biochemistry 7, 326 -  332.

22 Garcia, A ., Vernon, L.P. and Mollenhauer, H. ( 1966) ,  Biochemistry

5, 2399 -  2U07.

23 Garcia, A ., Vernon, L.P. and Mollenhauer, H. ( 1966), Bio­

chemistry 5, 2U08 -  2U16.

2k Gingras, G. and Jo lch ine , G. ( 1969) , in  Progress in  Photo­

synthesis Research, Vol. I ,  pp 209 -  216 (Metzner, H. e d .)

H. Laupp j r ,  Tubingen.

25 Goedheer, J.C . ( 1963) ,  in  B ac teria l Photosynthesis, pp 397 -  kl2

(Gest, H ., San P ie tro , A. and Vernon, L .P ., eds) Antioch. P ress ,

Yellow Springs, Ohio.

26 Goodwin, T.W., Land D.G. and S issiA s, M.E. (1956), Biochem. J .

6k,  U86 -  U92.

27 Jackson, J.B . and C ro fts , A.R. (1971), Europ. J .  Biochem. 18,

120 -  130.

28 Jo lch ine , G ., Reiss-Husson, F. and Kamen, M.D. ( I969) ,  Proc. N atl.

Acad. Sci. US 6U, 650 -  653.

29 Ke, B ., Vernon, L .P ., Garcia, A. and Mollenhauer, H. ( 1968) ,

Biochemistry 7, 319 -  325.



30 Konings, W.N. ( 1969) ,  Thesis, U niversity o f Groningen.

31 Kuntz, I .D ., Loach, P.A. and Calvin, M. ( I96U), Biophys. J .  U,

227 -  2U9 .

32 Leigh, J .S . and Dutton, P.L. ( 1969)» Biochem. Biophys. Res.

Comm. U6, UlU -  1*21.

33 Loach, P .A ., Bambara, R.A. and Ryan, F .J . (1971) v Photochem.

Photohiol. 13, 2U7 -  257*

3U Loach, P .A ., Sekura, D .L ., H adsell, R.M. and Sterner, A. (1970),

Biochemistry 9» 72U -  733-

35 Lowry, O.H., Rosebrough, N .J ., F a rr, A.L. and Randall, R .J.

( 1961) ,  J .  B io l. Chem. 193, 265 -  275.

36 H iel, C.B. van (19^7), Anthonie van Leeuwenhoek 12, 156 -  166.

37 Hoel, H ., Van der R est, M. and Gingras, G. (1972), Biochim.

Biophys. Acta 275» 219 -  230.

38 Oelze, J . ,  Biedermann, M. and Drews, G. ( 1969)» Biochim, Biophys.

Acta 173, U36 -  UU7.

39 Orlando, J.A. and Horio, T. ( 1961), Biochim. Biophys. Acta 50,

367 -  369.

UO Pumphrey, A.M. and Redfearn, E.R. ( i 960) ,  Biochem. J .  76, 61 — 6U.

1*1 Reed, D.W. ( 1969) ,  J .  B iol. Chem. 2UU, U936 -  U9UI.

k2 Reed, D.W. and Clayton, R.K. ( 1968) ,  Biochem. Biophys. Res.

Comm. 30, U71 -  V(5.

U3 Reed, D.W. and Raveed, D. (1971), in  Proceedings of the 2n

I n t i .  Congress on Photosynthesis Research, Vol. I I ,  pp 1UU1 -  1U52

(F o rti , G ., Avron, M. and M elandri, A ., eds) Dr W. Junk N.V.,

The Hague.



55

1*1* Reed, D.W., Raveed, D. and I s r a e l ,  H.W. (1970), Biochim. Biophys.

Acta 223, 281 -  291.

1*5 Reiss-Husson, F. and Jo lch ine , G. (1972), Biochim. Biophys. Acta

256, 1*1*0 -  1*5 K

1*6 Rieske, S. ( 1967)» in  Methods in  Enzymology, Vol. X, pp 1*88 -  1*93

(Estahrook, R.W. and Pullman, M.E., eds) Academie P ress,

New York, London.

1*7 Sandel, E.B. (1959)» Colorimetric Determination of Traces of

Metals (1032 pp) In te rsc ien ce , London.

1*8 Segen, B.J. and Gibson, K.D. (1971), J .  B ac terio l. 105, 701 -  709.

1*9 S e ib ert, M. and Devault, D. (1971), Biochim. Biophys. Acta 253,

396 -1*11.

50 Sherman, L.A. (1972), Biochim. Biophys. Acta 283, 67 -  78.

51 Smith, W.R., Sybesma, C. and Dus, K. (1972), Biochim. Biophys.

Acta 267, 609 -  615.

52 Takamiya, K. and Takamiya, A ., ( 1969) , P lant Cell Physiol. 10,

363 -  373.

53 Thornber, J .P . (1970), Biochemistry 9 , 2688 -  2698.

5l* Thornber, J .P . , Olson, J.M ., W illiams, D.M. and Clayton, M.L.

(1969), Biochim. Biophys. Acta 172, 351 -  35̂ *•

55 Vredenberg, W.J. and Amesz, J .  ( 1966) ,  Biochim. Biophys. Acta

126, 21*1* -  253.

56 Wang, R.T. and Clayton, R.K. (1973), Photochem. Photobiol. 17»

5 7 - 6 1 .



56

CHAPTER I I I

TRANSFER OF EXCITATION ENERGY TO P87O IN REACTION CENTERS FROM

RPS. SPHEROIDES

3.1 INTRODUCTION

In  t h i s  C hapter we w i l l  d e sc r ib e  experim ents on t r a n s f e r  o f

e le c t r o n ic  e x c i t a t io n  e n e rg y , c a r r ie d  ou t w ith  r e a c tio n * c e n te r

p re p a ra t io n s  from Rps. sphero id .es. The t r a n s f e r  o f  e x c i ta t io n  energy

from v a rio u s  pigm ents t o  P870 was s tu d ie d  by a  com parison o f  th e

e f f ic ie n c y  o f  l i g h t  o f  d i f f e r e n t  w avelengths in  e l i c i t i n g  e i t h e r  th e

b le a c h in g  ( in d ic a t in g  o x id a tio n )  o r  th e  f lu o re sc e n c e  o f  P870. Some

c h a r a c t e r i s t i c s  o f  th e  f lu o re sc e n c e  from P870 w i l l  be g iv e n , v iz .

(1 ) em issio n  s p e c tr a  under d i f f e r e n t  c o n d itio n s  (2 ) k in e t ic s  o f  th e

f lu o re sc e n c e  changes i n  com parison w ith  l ig h t- in d u c e d  absorbance

changes and ( 3 ) th e  f lu o re sc e n c e  y i e ld  and l i f e t im e .  Moreover an

e s tim a te  i s  g iven  o f  th e  y i e ld  and l i f e t im e  o f  th e  f lu o re sc e n c e  from

P800. The r e s u l t s  in d ic a te  t h a t  t r a n s f e r  o f  energy from P800 t o  P87O

may p ro ceed  by a f a s t e r  mechanism th a n  t h a t  o f  F o rs te r s  in d u c tiv e

resonance  t r a n s f e r .  The l i f e t im e  o f  th e  f lu o re sc e n c e  o f  P870 was 3-8

p ic o se c  when th e  r e a c t io n  c e n te r  was p h o tochem ica lly  a c t iv e .  T his i s

d i f f i c u l t  t o  re c o n c ile  w ith  r e c e n t measurements o f  th e  l i f e t im e  o f

■the f lu o re sc e n c e  o f  chrom atophores o f  w hich a l l  r e a c t io n  c e n te rs

were pho to ch em ica lly  a c t iv e  (50 p ic o s e c , acco rd in g  to  r e f s .  5 and 6 ) .
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3 .2  MATERIALS AND METHODS

The p re p a ra t io n  o f  th e  r e a c t io n  c e n te r  p a r t i c l e s  was d esc rib ed

in  Ch. I I ,  s e c t io n  2 .2 .1 .  L ig h t-in d u ced  ahsorhance changes were

m easured with, a  sp litb e a m  ap p ara tu s  d e sc r ib e d  e a r l i e r  . The f lu o r ­

escence measurements d e sc r ib e d  in  s e c tio n  3 .3 .2  (F ig . 3.U) were a ls o

done w ith  t h i s  a p p a ra tu s . In  t h i s  case  a  U -side c le a r  c u v e tte  o f  1 cm

th ic k n e ss  was p u t a t  th e  p la c e  o f  th e  sample c u v e t te .  The f lu o re sc e n c e

was e x c ite d  w ith  weak, chopped l i g h t  o f  590 nm (band w id th  20 nm);

th e  f lu o re sc e n c e  y i e l d  o f  th e  sample was m od ified  by i r r a d i a t i o n  w ith

s tro n g , con tinuous b lu e  l i g h t .  The l i g h t  e m itte d  by th e  sample was

f i l t e r e d  by 2 f a r - r e d  c u t - o f f  f i l t e r s  and a  b road-band  in te r f e r e n c e

f i l t e r  (maximum tra n sm is s io n  a t  905 nm) p u t in  f ro n t  o f  th e  photo­

m u l t ip l i e r .  The p h o to m u lt ip l ie r  tu b e  was c o l le d  w ith  e th a n o l o f  5

C in  o rd e r  t o  improve th e  s ig n a l - to - n o is e  r a t i o .  The s ig n a l  from th e

p h o to m u lt ip l ie r  was fed  in to  an AC a m p lif ie r  (B rookdeal) which

tra n s m it te d  a band o f  10-1000 Hz. The l ig h t- in d u c e d  absorbance

changes in  th e  experim ent o f  F ig . 3 .^  were m easured under s im i la r

c o n d itio n s : The 1-cm c u v e tte  was p la c e d  a t  sample s id e  o f  th e  c u v e tte

h o ld e r , and th e  a c t in ic  l i g h t  was p ro v id ed  by th e  two l i g h t  beams

which se rv ed  as e x c i ta t io n  and a c t in ic  beam, r e s p e c t iv e ly ,  in  th e

f lu o re sc e n c e  s e t-u p . Both beams were con tinuous and th e  in t e n s i t y  o f

th e  f i r s t  beam was a d ju s te d  t o  th e  same average va lu e  as used  in  th e

f lu o re sc e n c e  s e t-u p  (where t h i s  beam was chopped).

The o th e r  f lu o re sc e n c e  experim ents d e sc r ib e d  in  t h i s  and th e

n ex t C hapter were done w ith  an ap p ara tu s  s im ila r  t o  one d e sc r ib e d
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earlier12. The excitation light, chopped at 50 Hz, was provided by

a 900 W Xenon lamp or a 600 W Tungsten-Iodine lamp and passed through

a Bausch and Lomb grating monochromator (1200 lines per mm grating).

An image of the exit slit of the excitation monochromator was focus­

sed upon a 1 mm glass or perspex cuvette. This image was focussed

upon the entrance slit of a second, analyzing monochromator. The

image of the grating of the analyzing monochromator was focussed

upon the cathode of a photomultiplier with an S1 type of response

which was operated at —80^ C. The excitation and analyzing mono­

chromators transmitted pass bands of 7 sod 8.5 nm width, respectively.

It was usually necessary to place additional filters both in the

excitation beam and in the emitted beam, in order to cut off false

light and stray excitation light, respectively. The intensity of the

excitation light was measured with an RCA photocell type 925, which

was calibrated against a YSI-Kettering Radiometer (model 65) of

which the sensor was put in the place of the cuvette. Hie radiometer

was calibrated against a standard thermopile. The base line for the

excitation and emission spectra was provided by the signals obtained

with water instead of sample in the cuvette. These signals, due to

"false" excitation light, were usually less than 0̂% of the signals

obtained with the sample in the cuvette.

The emission spectra were corrected for the wavelength-

dependence of the relative sensitivity of the detecting system by

putting a surface covered with powdered MgO instead of the cuvette

in the sanple holder. This surface was illuminated with light of a
25

calibrated tungsten band lamp with known intensity distribution .
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A c o r re c t io n  f o r  re a b s o rp tio n  o f  th e  e m itte d  l i g h t  was c a r r i e d  out

u s in g  an eq u a tio n  as g iven  by Duysens11, w ith  a  m o d if ic a tio n  to

account f o r  th e  d i f f e r e n t  geom etry o f  ou r a p p a ra tu s . The absorbance

o f  th e  sam ples a t  th e  maximum a t  803 nm d id  n o t exceed 0 . 1^ in  a

1 nm c u v e tte .

3 .3  RESULTS

3 .3 .1  The quantum y i e l d  f o r  th e  p h o to o x id a tio n  o f  P870

T ra n s fe r  o f  l i g h t  energy from th e  d i f f e r e n t  pigm ents p re s e n t  in

r e a c t io n  c e n te r  p re p a ra t io n s  t o  P870 was s tu d ie d  f i r s t  by com paring

th e  quantum e f f i c ie n c ie s  o f  l i g h t  o f  d i f f e r e n t  w avelengths f o r  th e

P870 p h o to o x id a tio n . T his p h o to o x id a tio n  was i l l u s t r a t e d  a lre a d y  in

F ig . 2 .5  (Ch. I I ) .  The d if fe re n c e  spectrum  f o r  t h i s  r e a c t io n  had  a

minimum a t  about 600 nm (Ch. I I ,  F ig . 2 .6  and s e c t io n  2 .3 .2 ) .

Assuming t h a t  th e  d i f f e r e n t i a l  e x t in c t io n  c o e f f i c ie n t  o f  P870

(reduced  minus o x id iz e d )  a t  867 nm i s  93 mM .cm” 1 ( r e f .  U; see  a ls o

Ch. IV , DISCUSSION), we d e r iv e d  a  d i f f e r e n t i a l  e x t in c t io n  c o e f f ic ie n t

o f  16.3 mM .cm 1 f o r  th e  o x id a tio n  o f  P870 a t  600 nm. With a c t i n i c

l i g h t  o f  870 nm, th e  i n i t i a l  quantum e f f ic ie n c y  f o r  th e  p h o to o x id a tio n

o f  P870 was independen t o f  th e  l i g h t  in t e n s i t y  w ith in  th e  m easured

range (0 .3 5  -  16 n E in s te in .c n T ^ .se c - 1 ) .

The v a lu es  found f o r  th e  i n i t i a l  quantum e f f ic ie n c y  f o r  th e

p h o to o x id a tio n  o f  P870 v a r ie d  somewhat in  d i f f e r e n t  r e a c t io n  c e n te r

p r e p a r a t io n s , b u t  our r e s u l t s  were in  g e n e ra l agreem ent w ith  th e  d a ta
28o f  B olton  e t  a l .  and o f  ï a u  , who a ls o  worked w ith  r e a c t io n  c e n te r
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p a r t i c l e s  from Rps. sp h e ro id e s . L igh t o f  872 nm had a quantum

e f f ic ie n c y  ran g in g  from 0 .86  -  1 .19 . L igh t o f  803 nm seemed t o  he

s l i g h t l y  l e s s  a c t iv e  th a n  l i g h t  o f  872 nmi In  o rd e r  to  e lim in a te

sy s te m a tic a l  e r r o r s  in v o lv ed  in  th e s e  c a lc u la t io n s  ( e r r o r s  in  th e

e s tim a tio n  o f  th e  m olar e x t in c t io n  c o e f f ic ie n t  o f  P870, i n  th e

measurement o f  th e  a c t in ic  l i g h t  i n t e n s i t y ,  and in  th e  c a l ib r a t io n

o f  th e  m agnitude o f  th e  a b so rp tio n  d e c re a se )  th e  quantum y i e l d  o f

803 nm l i g h t  was e x p re ssed  r e l a t i v e  t o  th e  quantum y i e l d  o f  872 nm

l i g h t  f o r  th e  b le a c h in g  a t  600 nm. P u tt in g  th e  quantum y i e l d  o f

872 nm l i g h t  eq u a l t o  1 , we d e riv e d  a  quantum y ie ld  o f  O.89 ± 0 .05

f o r  803 nm l i g h t  as an average f o r  7 d i f f e r e n t  p r e p a ra t io n s .  This i s

ta k e n  to  be th e  e f f ic ie n c y  o f  th e  energy t r a n s f e r  from P800 to  P870.

B ac te rio p h eo p h y tin  was p re s e n t in  a l l  r e a c t io n  c e n te r

p re p a ra t io n s  s tu d ie d  so f a r .  The amount was r a th e r  v a r ia b le ,  b u t th e

minimum amount (ob serv ed  re p e a te d ly )  was such t h a t  th e  r a t i o  o f  th e

ab so rb an c ies  a t  756 and 867 nm was approx im ate ly  0 .9  ! 1. In

p re p a ra t io n s  c o n ta in in g  such a  low amount o f  Bph, l i g h t  absorbed  by

Bph was t r a n s f e r r e d  to  r e a c t io n  c e n te r  Bchl w ith  a  h igh  e f f ic ie n c y .

L igh t o f  76U (absorbed  m ainly  by Bph), 803 and 872 nm had a r e la t i v e

quantum e f f ic ie n c y  o f  1.21 ± 0 .0 7 , 0 .8 7  ± 0 . 0 6 , and 1 , r e s p e c t iv e ly ,

fo r  th e  b le a c h in g  a t  600 nm (average f o r  th r e e  d i f f e r e n t  p r e p a ra t io n s ) .
28The low e f f i c i e n c ie s  m easured by Yau a t  about 760 nm were p robab ly

due to  co n tam ina tions which absorbed  in  t h a t  re g io n  and d id  no t

t r a n s f e r  energy t o  P870 (see  DISCUSSION and Ch. IV ).

The q u e s tio n  a ro se  w hether t r a n s f e r  o f  e x c i ta t io n  energy was

p o s s ib le  betw een pigm ent m olecules w ith in  one re a c t io n  c e n te r  o n ly ,
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o r w eth er energy could  he t r a n s f e r r e d  from one r e a c t io n  c e n te r  t o

a n o th e r . To answer t h i s  q u e s tio n  we s tu d ie d  th e  i n i t i a l  quantum

y ie ld  o f  803 nm l i g h t  (Q803) f o r  th e  p h o to o x id a tio n  o f  P87O as a

fu n c tio n  o f  th e  f r a c t io n  o f  P87O which was reduced  a t  th e  tim e  o f

th e  o n se t o f  th e  a c t in ic  l i g h t .

F ig . 3.1 shows sc h e m a tic a lly  how th e  experim ent was c a r r ie d  o u t.

The dark  decay o f  th e  l ig h t- in d u c e d  absorbance change was b ip h a s ic ;

V.

a  04 a« os to
REDUCED R«70/TOTAL P870

.TIME
FIG . 3.1

u

Fig* 3*1 SDS-RC p re p a ra tio n  from Rps. sp h ero id es suspended in  T r is - b u f f e r .  No

a d d it io n s .  Schem atic re p re s e n ta t io n  o f  th e  k in e t i c s  o f  th e  600 nm absorbance

change caused by a c t in ic  l i g h t  o f  803 nm (band w id th  about 15 nm). Upward and

downward p o in tin g  arrow s in d ic a te  when th e  l i g h t  was sw itched  on and o f f ,

r e s p e c t iv e ly .  A c tin ic  i n t e n s i t y ,  (1 ) 1 .0  n E in s te in ,  (2 )  3 .1  n E in s te in ,  and (3 )

6 .0  n E in ste in .cm " .s e c "  •

F ig . 3*2 I n i t i a l  quantum y ie ld  o f  803 nm l ig h t  f o r  th e  p h o to o x id a tio n  o f  P870

(m easured a t  600 nm) as a  fu n c tio n  o f  th e  f r a c t io n  o f  P870 which was reduced

a t  th e  tim e o f  th e  o n se t o f  th e  l i g h t  (se e  t e x t ) .
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th e  re a so n  f o r  t h i s  w i l l  he d isc u sse d  in  Ch. V. By choosing  th e  dark

tim e a f t e r  a  l i g h t  p e r io d  long  enough, i t  was p o s s ib le  t o  o b ta in  a

r e l i a b l e  b a se  l i n e  f o r  th e  s lo p e  o f  th e  subsequen t l ig h t- in d u c e d

absorbance change. From t h i s  s lo p e  we de term ined  Q803. I t  was

confirm ed (1 ) t h a t  th e  amount o f  a c t i n i c  l i g h t  absorbed  d id  no t

depend on th e  redox s t a t e  o f  P870; (2 ) t h a t  th e  maximum l i g h t -

induced  b le a c h in g  o b ta in e d  in  t h i s  way corresponded  t o  th e  t o t a l

amount o f  P870 p re s e n t  in  th e  p re p a ra t io n ;  t h i s  en ab led  us t o  o b ta in

th e  f r a c t io n  o f  p h o to o x id ized  P870 from th e  a b s c is s a  o f  F ig . 3.1■

The r e s u l t  i s  shown in  F ig . 3 .2 . I t  appeared  t h a t  Q803 was

p ro p o r t io n a l  t o  th e  f r a c t io n  o f  P870 which was reduced .

T h is r e s u l t  in d ic a te s  t h a t  th e re  was l i t t l e  o r  no " s p i l l - o v e r "

o f  absorbed energy. S p il l-o v e r  may be d efin ed  here as a process

whereby a P800 m olecule which has absorbed  a quantum o f  l i g h t  can

t r a n s f e r  t h i s  energy to  a n o th e r r e a c t io n  c e n te r ,  e s p e c ia l ly  i f  i t s

"own" P870 i s  o x id iz e d . In  t h a t  case  l i g h t  absorbed  by P800

a s s o c ia te d  w ith  o x id iz e d  P870 would a ls o  have some e f f e c t  in  p h o to -

o x id iz in g  P870, and th e  r e s u l t  o f  F ig . 3 .2  would have been a  curved

l i n e ,  w ith  a l l  v a lu es  o f  Q803, excep t th o se  a t  th e  extrem es

( a t  P /P  = 0  and t ,  r e s p e c t iv e ly )  ly in g  above th e  d iag o n a l o f
'  re d  t o t

F ig . 3 .2 .

T hus, th e  f a c t  t h a t  Q803 was d i r e c t ly  p ro p o r t io n a l  t o  th e

f r a c t io n  o f  r e a c t io n  c e n te rs  in  which P870 was reduced  a t  th e  tim e

o f  th e  o n se t o f  th e  a c t in ic  l i g h t ,  in d ic a te s  t h a t  th e re  was no

m easurab le  energy t r a n s f e r  betw een d i f f e r e n t  r e a c t io n  c e n te r s ,

su g g e s tin g  t h a t  each P800 m olecule was c o a l e d  t i g h t l y  t o  i t s  "own"
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o 22PoJO. Measurements o f  c i r c u l a r  d ich ro ism  su g g ested  a  s tro n g

in te r a c t io n  betw een s p e c i f ic  P800 and P870 m o le c u le s , and seem

th e re fo re  in  agreem ent w ith  t h i s  n o tio n .

3 .3 .2  Em ission s p e c tra  and k in e t i c s  o f  th e  f lu o re sc e n c e  from P870

B efore p ro ceed in g  to  g iv e  e x c i ta t io n  s p e c tr a  f o r  th e  f lu o r ­

escence from P870 (se e  s e c t io n  3 .3 .3 )  we w i l l  show in  t h i s  s e c t io n

th a t  a  f lu o re sc e n c e  band c e n te re d  around 910 nm o r ig in a te s  from

P870, and we w i l l  g ive  some c h a r a c t e r i s t i c s  o f  th e  em ission

spectrum .

F ig . 3 .3  shows an em ission  spectrum  o b ta in e d  w ith  an SDS-RC

p re p a ra t io n  from Rps. sp h e ro id es  by i l lu m in a t io n  w ith  l i g h t  o f

15000 13000 11000
Wav* number (cm*1)

f i g .  3 .3  F lu o rescen ce  em ission  s p e c tr a  o f  an SDS-RC p re p a ra tio n  from Rps.

sp h e ro id es  suspended in  T r is  b u f f e r . --------: Ho a d d it io n s .  ----------- : w ith  15 mM

a sc o rb a te . E x c ita t io n  l i g h t , 370 nm, i n te n s i t y  8.U nE inste in .cm ~ 2 .s e c “ 1. For th e

o rd in a te  s c a le  see  th e  legends t o  F ig . 3 .9 .
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370 nm. W ithout a d d it io n s  (dashed l i n e )  P87O was kep t p h o to o x i-

d ized  by th e  e x c i ta t io n  l i g h t .  The t a i l  which i s  seen below about

12000 cm-1 when P870 i s  o x id iz e d  (dashed l i n e )  i s  p robab ly  due to

a  d e g rad a tio n  p ro d u c t w ith  an em ission  maximum a t  860 nm. The

e x c i ta t io n  spectrum  f o r  th e  f lu o re sc e n c e  o f  t h i s  im p u rity  has

peaks a t  about 8U5 nm, 760» 690 and 590 nm» and a ls o  sm all

c a ro te n o id  peaks a t  510» U75 and U^5 nm (S lo o te n , u n p u b lish ed ). The

lo c a t io n  and r e l a t i v e  m agnitude o f  th e s e  peaks in d ic a te d  th a t  th e

t a i l  in  th e  em ission  spectrum  below 12000 cm was no t due to

p h o to o x id ized  P870. I t  i s  su g g ested  t h a t  i t  was due t o  r e a c t io n

c e n te rs  w ith  degraded p igm en ts. In  th e  p resen ce  o f  15 mM a sc o rb a te

( s o l id  l in e )  b o th  P870 and th e  p rim ary  a c c e p to r  were reduced  in  th e

e x c i ta t io n  l i g h t  (see  Ch. V). Below 12000 cm th e  d if fe re n c e

betw een th e s e  two s p e c tr a  r e p re s e n ts  th e  em ission  due t o  reduced

P870 in  th e  p re sen ce  o f  reduced  endogenous e le c tro n  a c c e p to rs  (see

b e low ). This em ission  has a  peak a t  about 910 nm. The em ission  peaks

w ith  maxima a t  700 and 772 nm were due to  o x id iz e d  Bchl and t o  Bph,

re s p e c t iv e ly .  These w i l l  be d e a l t  w ith  in  Ch. IV.

To o b ta in  f u r th e r  ev idence th a t  th e  em ission  band around 910 nm

i s  due t o  P870, we compared th e  k in e t i c s  o f  l ig h t- in d u c e d  absorbance

changes ( a t  867 nm) and f lu o re sc e n c e  changes ( a t  905 nm) in  an

AUT-RC p re p a ra t io n  from Rps. sp h e ro id e s . These measurements were a l l

done w ith  th e  ap p ara tu s  norm ally  used f o r  th e  measurement o f  l i g h t -

induced  absorbance changes as d e sc r ib e d  in  s e c tio n  3 .2 . The r e s u l t s

a re  shown in  F ig . 3.1*. In  th e  p resen ce  o f  1+0 pM fe r r ic y a n id e  and

1*00 pM fe rro c y a n id e  a l l  r e a c t io n  c e n te rs  were in  a s t a t e  w ith
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reduced  P870 p r i o r  t o  th e  o n se t o f  th e  orange l i g h t  (a s  in d ic a te d  by

th e  absorbance sp ec tru m ). Weak orange l i g h t  caused  a  p a r t i a l  b le a c h ­

in g  o f  P870, which reached  a  s te a d y  s t a t e  a f t e r  about 20 sec  (to p

l e f t  p a r t  Of F ig . 3 .U ). The b lu e  l i g h t  w hich was sw itch ed  on sub­

se q u e n tly  caused  a  com plete b le a c h in g  o f  P870 a f t e r  15 sec  o f

Absorbance Fluorescence

50 sec

F ig . 3.1* AUT-RC p re p a ra tio n  from Rps. sp h ero id es suspended in  T r is  b u f f e r .

L e f t:  k in e t i c s  o f  absorbance changes a t  867 nm, induced  by orange (0) and b lu e

(B) l i g h t .  R igh t: k in e t i c s  o f  f lu o re sce n ce  a t  905 nm, o bserved  upon e x c i ta t io n

v i th  orange (0) l i g h t .  Top row, Uo pM fe r r ic y a n id e  p lu s  UOO pM fe rro c y a n id e

p re s e n t .  Bottom row, Uo pM f e r r i  cyanide p lu s  Uo trW fe rro c y a n id e  p re s e n t .  Upward

and downward p o in tin g  arrow s in d ic a te  when th e  l i g h t  was sw itched  on and o f f ,

r e s p e c t iv e ly .  The tim e s c a le  i s  in d ic a te d  a t  th e  bottom  o f  th e  F ig u re . V e r t ic a l

b a rs  ( l e f t  column) in d ic a te  an absorbance change o f  0 .02  0D u n its .T h e  flu o re sce n ce

measurements a re  a l l  on th e  same s c a le  as in d ic a te d  by th e  v e r t i c a l  b a r  re p re s e n t­

in g  a  R e la t iv e ) U ( n i t ) .  The average i n te n s i t y  o f  th e  orange l i g h t  (580 -  600 nm,

s e le c te d  w ith  a  S ch o tt 596 AL f i l t e r )  was 0.1.2 n E in s te in .c m ^ .s e c " 1. The i n te n s i t y

o f  th e  b lu e  l i g h t  ( s e le c te d  w ith  Corning CS U-97 and CS U-76 f i l t e r s )  was about

20 n E in s te in .cm  .s e c - 1 . F u r th e r  d e t a i l s  see  s e c t io n  3.3.2.
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illumination. After switching off the blue light the bleaching

decayed with a half time of 6 sec to the level occurring prior to

the onset of the blue light. The kinetics of the 905 nm fluorescence

elicited by orange light were very similar to the kinetics of the

light—induced absorbance changes, indicating that the variable part

of the 905 nm fluorescence was due to reduced P870 (top right part

of Fig. 3.U). The fluorescence started from a level F and de­

creased probably to a minimum level F^ during irradiation with

strong blue light (stray light reaching the photomultiplier did not

permit us to measure fluorescence accurately while the actinic blue

was on).

In the presence of Uo pM ferricyanide and Uo mM ferrocyanide

weak orange light caused a small bleaching of P870 (bottom left

part of Fig. 3.U). After switching on the strong blue light a large,

but still incomplete bleaching of P870 occurred. The absorbance at

867 nm attained a minimum value after about 1 sec of illumination
and increased subsequently to a somewhat higher level while the

light was still on. After switching off the blue light the bleaching

decayed within a second to the level occurring prior to the onset of

the blue light.

On the other hand, the 905 nm fluorescence elicited by orange

light, which started from the same level F^ as above, increased

slightly during the irradiation with orange light (bottom right part

of Fig. 3.U). The fluorescence increased to an even higher level

during illumination with blue actinic light (not shown) and, after

switching off the blue light, decayed from a level Fg to a lower

level, with a half time of 3 sec.
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In  th e  p resen ce  o f  10 mM d i th io n i t e  l i g h t —induced  ahsorhance

changes d id  no t occur and th e  905 nm flu o re sc e n c e  e l i c i t e d  by orange

l i g h t  was h ig h  ( a t  a l e v e l  F^ in  F ig . 3 .6 )  and was n o t m o d ified  by

i r r a d i a t i o n  w ith  s tro n g  b lu e  a c t in ic  l i g h t .

S im ila r  r e s u l t s  were o b ta in e d  e a r l i e r  by Zankel e t  a l . 2^ and

Heed e t  a l .  „ 9 and l a t e r  by C layton e t  al*^* These r e s u l t s  g ive

a d d i t io n a l  su p p o rt f o r  a  scheme o f  th e  e le c t ro n  t r a n s p o r t  c y c le s

o p e ra tin g  in  i s o l a t e d  re a c t io n  c e n te r s ,  w hich w i l l  be d is c u s se d  in

d e t a i l  in  Ch. V. For t h i s  rea so n  we w i l l  now g iv e  o n ly  an ad  hoc

Fig 3.5
TIME

Fig 36

Fig- 3 .5  R eaction  scheme e x p la in in g  th e  r e s u l t s  shown in  F ig . 3.1*. Arrows

in d ic a te  th e  d i r e c t io n  o f  th e  e le c t r o n  t r a n s p o r t .  The l i g h t  quantum i s  in d ic a te d

by hv . R The l e t t e r s  a ,  b ,  c and d have been u sed  h e re  as in  Ch. V (F ig . 5 .3 ) .

F u rth e r  d e ta i l s  see  t e x t .

F ig . 3.6 Schem atic re p re s e n ta t io n  o f  th e  f lu o re sc e n c e  k in e t i c s  d isc u sse d  in

con n ec tio n  w ith  F ig . 3.1». The orange e x c i t a t io n  l i g h t  i s  sw itch ed  On a t  zero

tim e . B, b lu e  a c t i n ic  l i g h t .  Curve ( 1 ) ,  1*0 UM fe r r ic y a n id e  and 1*00 l»M fe rro c y a n id e ;

curve ( 2 ) ,  1*0 WM f e rr ic y a n id e  and 1*0 mM fe rro c y a n id e ; curve ( 3 ) ,  10 mM d i th io n i te .
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e x p la n a tio n  (see  F ig . 3*5)* In  t h i s  scheme, P i s  P870 and X and A

a re  endogenous e le c t r o n  a c c e p to rs . P can he o x id iz e d  t o  P and X

and A can be  reduced  to  X~ and A” . As f a r  as we know (se e  Ch. V and

V I) , th e  p rim ary  re a c t io n  i s  th e  p h o to re d u c tio n  o f  X by PÖ70

( re a c t io n  a ) .  As shown above (see  a ls o  F ig . 3*3)» o x id iz e d  P870 does
21 9no t em it f lu o re sc e n c e  a t  905 nm. I t  has been shown * th a t  reduced

P870 in  r e a c t io n  c e n te rs  in  th e  s t a t e  PX i s  "weakly* f lu o re s c e n t

because  f lu o re sc e n c e  competes w ith  pho tochem ical a c t i v i t y • R eaction

c e n te rs  in  th e  s t a t e  PX“ a re  pho to ch em ica lly  b lo ck ed  and th e re fo re
Q

P870 i s  " s tro n g ly "  f lu o re s c e n t  (The a c tu a l  y ie ld s  w i l l  he

d isc u sse d  h e lo w .)

W ithout a d d i t io n s  (n o t shown) on ly  th e  r e a c t io n s  a ,  b ,  c and d

o c c u rre d , and o f  th e s e  th e  r e a c t io n s  £  and d w ere in  t h i s  p re p a ra t io n

very  slow  comp sire d t o  th e  r e a c t io n s  £  and In  o th e r  words we were

d e a lin g  alm ost o n ly  w ith  th e  p h o to re d u c tio n  o f  an a c c e p to r  X by P8?0

( r e a c t io n  a ) ;  t h i s  r e a c t io n  was r e v e r s ib le  i n  th e  dark  ( r e a c t io n  £ ) .

R eac tio n  £  has a  h a l f  tim e  o f  about 0 .2  s e c . For f u r th e r  d e t a i l s  see

Ch. V.

In  th e  p re sen ce  o f  Uo yM fe r r ic y a n id e  and UOO yM fe r ro c y a n id e ,

r e a c t io n s  a ,  e and f  o c c u rre d . In  t h i s  c a s e ,  r e a c t io n  e (P+X + Fe3

------- » P +X + Fe2+) was a p p a re n tly  f a s t e r  th a n  re a c t io n  c (P X ^

PX), as in d ic a te d  by th e  absence o f  a  decsy component w ith  a  h a l f

tim e  o f  about 0 .2  s e c ,  w hereas r e a c t io n  f  was s t i l l  r a th e r  slow

( h a l f  tim e  6 s e c ) .  As a r e s u l t ,  r e a c t io n  c e n te rs  in  th e  s t a t e  P X

d id  n o t accum ulate under o u r ex p erim en ta l c o n d itio n s  and th e  n e t

r e a c t io n  was a  p h o to re d u c tio n  o f  f e r r ic y a n id e  by P8T0 ( re a c t io n  a
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and e) which was reversible in the dark (reaction f). This

explanation was supported later by measurements of light-induced

absorbance changes at 325 nm under the same conditions (compare Ch. V).

The results were similar to those shown in the middle row of Fig. 5.1.

The fluorescence, coming only from reaction centers in the state PX

in this case, was proportional to the fraction of P8T0 which was

reduced. Our results indicated that F. and F were fluorescence1 o
levels observed when all reaction centers were in the state PX and

P X, respectively (top right part of Fig. 3.U). The invariable

fluorescence level Fq was probably caused partly by the spectral

component shown in Fig. 3.3 (dashed line), and partly by false light,

or by stray actinic light, which was difficult to exclude in these

me as urement s.

In the presence of Uo pM ferricyanide and Uo mM ferrocyanide
reaction e. was slower and reaction f was faster than in the former

case. After P8T0 had photoreduced X in reaction a, it was itself

rereduced by ferrocyanide (reaction f), so that in the light an

equilibrium was established where all reaction centers were in the

state PX, PX or P X . Hie fluorescence level observed in this

mixture was higher than the level F , observed when all reaction

centers were in the state PX (as was the case prior to the onset of

the orange light). After switching off the blue light reaction a

became much slower and the state PX was largely restored. The

fluorescence decrease observed after switching off the blue light

was probably due to the reaction PX + ferricyanide ---- ^  PX +

ferrocyanide.
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A fte r  a d d itio n  o f  d i th io n i t e  a l l  r e a c t io n  c e n te rs  were in  th e

s t a t e  PX-  p r io r  to  th e  o n se t o f  th e  orange l i g h t .  As a  r e s u l t  th e

f lu o re sc e n c e  was a t  an in v a r ia n t  h ig h  le v e l  F .

The co n c lu sio n s from th e s e  experim ents were t h a t  th e  "v a r ia b le "

flu o re sc e n c e  c e n te re d  around 910 nm o r ig in a te s  from  reduced  P870,
21 9and t h a t ,  in  accordance w ith  e a r l i e r  r e s u l t s  * ,  r e a c t io n  c e n te rs

in  th e  s t a t e  PX-  have a  h ig h e r  f lu o re sc e n c e  y ie ld  th a n  r e a c t io n

c e n te rs  in  th e  s t a t e  PX. (See F ig . 3 .6 ) .  We found th a t  F^ -  Fq

(r e f l e c t i n g  th e  f lu o re sc e n c e  y i e ld  o f  PX ) was 6 -8  tim es h ig h e r  th an

F  ̂ -  Fq ( r e f l e c t i n g  th e  f lu o re sc e n c e  y i e l d  o f  PX). From th e s e

numbers one m ight conclude (see  e .g .  r e f s .  9 *18) t h a t  th e  quantum

y ie ld  o f  l i g h t  absorbed  by P870 f o r  th e  prim ary  photochem ical

r e a c t io n  in  r e a c t io n  c e n te rs  in  th e  s t a t e  PX was 0 .8U -0 .88  in  t h i s

p re p a ra t io n . S in c e , how ever, th e  a d d it io n  o f  d i t h io n i t e  caused th e

p re p a ra t io n  to  become s l i g h t l y  more tu r b id ,  i t  i s  p o s s ib le  t h a t  th e

h igh  f lu o re sc e n c e  le v e l  F was caused p a r t ly  by an in c re a s e  o f  Fq ,

due to  an in c re a se d  amount o f  f a l s e  l i g h t  o r  s t r a y  a c t in ic  l i g h t .

The shape o f  th e  em ission  s p e c tr a  o f  re a c t io n  c e n te rs  in  th e

s t a t e  PX and in  th e  s t a t e  PX , r e s p e c t iv e ly ,  was th e  same w ith in

th e  l im i t s  o f  accu racy , as i s  shown in  F ig . 3.7* The l e f t  hand p a r t

shows th e  k in e t ic s  o f  th e  d ecrease  in  em ission  o f  920 nm l i g h t ,  as

observed  in  an SDS-RC p re p a ra t io n ,  suspended in  T r is - b u f f e r ,  upon

e x c i ta t io n  w ith  l i g h t  o f  510 nm. W ithout a d d itio n s  th e  f lu o re sc e n c e

y ie ld  dec reased  from a le v e l  F^ to  Fq . The v a r ia b le  p a r t  o f  th e

f lu o re sc e n c e  in  t h i s  case  a ro se  from reduced P870 in  th e  p resen ce

o f  o x id iz e d  e le c tro n  a c c e p to r s , and th e  f lu o re sc e n c e  decrease
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corresponded  p ro b ab ly  w ith  phase b o f  th e  p h o to o x id a tio n  o f  P870,

as d e fin ed  in  Ch. V, s e c tio n  5 -3»1 and F ig . 5 .1 . (The tim e c o n s tan t

o f  our ap p ara tu s  was to o  slow to  a llow  d e te c tio n  o f  th e  f lu o re sc e n c e

t r a n s i e n t  co rrespond ing  w ith  phase a o f  th e  P870 p h o to o x id a tio n .)

In  th e  p resen ce  o f  a sc o rb a te  th e  f lu o re sc e n c e  in c re a s e d  to  a le v e l

F^. As d isc u sse d  e a r l i e r  in  t h i s  s e c t io n  th e  em ission  d if fe re n c e

jiwvW i/Vlf
+15 mM

F  ASC0RBA1ASCORBATE

NO ADD.

20 AO 60
TIME (sec) W av e len g th  (nm )

F ig , 3»7A K in e tic s  o f  th e  f lu o re sce n ce  changes measured a t  920 nm upon i r r a d i a t i o n

o f  an SDS-RC p re p a ra tio n  v i th  l i g h t  o f  510 nm ( i n te n s i t y  31 n E in s te in .cm ”  .s e c ” ^ ).

The tim e c o n s ta n t o f  th e  d e te c t in g  system  was 0 .5  se c .

F ig . 3.7B Same p re p a ra tio n . S o lid  l in e :  Em ission d if fe re n c e  spectrum  (reduced

minus o x id iz e d ) o b ta in e d  by ta k in g  th e  d if f e re n c e  between th e  em ission  s p e c tr a  as

m easured in  th e  p resen ce  and in  th e  absence o f  15 mM a sc o rb a te  ( l e f t  hand s c a le ) .

E x c ita t io n  w ith  l i g h t  o f  510 nm, i n te n s i t y  31 nE in s te in .cm ” ^ .s e c ”  • Open p o in ts :

Spectrum o f  th e  v a r ia b le  p a r t  o f  th e  f lu o re sce n ce  (F* -  F ) as observed  w ithout
1 o

a d d itio n s  ( r ig h t  hand s c a le ) .  E x c ita t io n  w ith  l ig h t  o f  510 nm, i n te n s i t y  29

n E in ste in .cm  .s e c  • See th e  legend  to  F ig . 3»9 fo r  th e  o rd in a te  s c a le s .
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(F_ -  F ) arose from reduced P870 in  th e  presence o f  reduced3 o
e le c tr o n  accep tors. F ig . 3.7B shows th a t the em ission  d ifferen ce

sp ectra  corresponding w ith  (F  ̂ -  Fq ) and (F^ -  Fq ) ,  r e s p e c t iv e ly ,

had th e  same shape, w ith in  th e  l im it s  o f  accuracy.

S t  02
867 910

Q006

^  00023 o
2 -0002M
k  .0.006

14000 13000 12000 11000
r  Wavenumber (cm”')

F ig . 3.8A S o l id  l in e :  Absorbance spectrum  o f  an SDS-RC p re p a ra tio n  from Rps.

sp h e ro id es  p lo t t e d  on a wavenumber s c a le .  Maxima have been in d ic a te d  in  nm. T his

spectrum  was ana ly zed  in to  th r e e  com ponents, v iz .  0 0 : Bph; A A : Po00;

and > ■# : P870. Dashed l i n e :  Em ission spectrum  o f  PÖ70 (a s  PX ) o b ta in e d  by

ta k in g  th e  d if f e re n c e  in  em ission  s p e c tr a  as observed  p r i o r  t o ,  and a f t e r  a d d it io n
“2o f  15 mM a sc o rb a te . E x c i ta t io n  l i g h t ,  500 nm, i n te n s i t y  30 n E in s te in .cm  .s e c  .

A A A ;  Em ission spectrum  o f  PÖ70 c a lc u la te d  from th e  a b so rp tio n  band o f  P870

u s in g  th e  Stepanov eq u a tio n  (se e  t e x t ) .  The em ission  s p e c tr a  were a d ju s te d

a r b i t r a r i l y  t o  th e  same peak v a lu es as t h a t  o f  th e  P870 a b so rp tio n  band.

F ig . 3.ÖB R esid u al a b so rp tio n  rem ain ing  a f t e r  th e  a n a ly s is  o f  th e  absorbance

spectrum  as e x p la in ed  in  F ig . 3.8A.
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Fig. 3.8a  (solid line) shows the absorbance spectrum of an

SDS-RC preparation from Rps. spheroides plotted on a wave number

scale. This spectrum was analyzed by hand into three components,

P870, P800 and Bph, assuming that the bands were symmetrical. This

analysis is incomplete in that there are in the near-infrared region

probably also weak satellite bands due to P800 and P87O, but we

suppose that these bands occur mainly in the region of Bph

absorption (cf. Fig. 1*.6 in Ch. IV), and do not affect the analysis

of the P800 and P870 bands seriously. From the absorption band of

P870 found in this way we calculated the emission spectrum of P870,

using the Stepanov equation, as cited by Szalay et al.2 . The

emission spectrum calculated in this way (A A A in Fig. 3.8A) was

very similar to,the actually measured emission spectrum of P870

(dashed line in Fig. 3.8a ). Similar results were obtained earlier

by Zankel et al

3.3.3 Excitation spectrum for the P870 fluorescence

Transfer of light energy from the different pigments present

in reaction center preparations to P870 was studied also by

measuring an excitation spectrum for the fluorescence at 920 nm due
to reduced P870.

Fig. 3.9 (upper curve) shows the absorbance spectrum of the

SDS-RC preparation of which emission spectra were shown in Fig. 3.3.

See Ch. II, section 2.3.1 for a discussion of a similar spectrum.

The preparation shown here was somewhat turbid and the zero line

runs probably between the indicated extremes. This approximation
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: Absorbance spectrum  o f  an SDS-RC p re p a ra tio n .

v a lu e s  su g g ested  fo r  th e  b a se  l i n e  o f  th e  absorbance spectrum  (see  t e x t ) .  Open

sym bols: D i f f e r e n t ia l  e x c i t a t io n  spectrum  fo r  th e  f lu o re sce n ce  o f  PÖT0 ( in  th e

s t a t e  PX~), m easured v i th  th e  same p re p a r a t io n ,  a t  920 nm (se e  t e x t ) .  S o lid  symbols:

Same, b u t  v i t h  a n o th e r SDS-RC p re p a ra tio n . The e x c i ta t io n  s p e c tr a  match th e

absorbance spectrum  a t  800 nm. The v e r t i c a l  s c a le s  in  F ig s . 3*3» 3*7B and F ig . 3*9

( f lu o re sc e n c e  i n te n s i t y  d iv id e d  by th e  i n te n s i t y  o f  th e  e x c i t a t io n  l ig h t  a t  u n i t

c o n c e n tra t io n  o f  PÖ70), a re  a l l  ex p ressed  in  th e  same r e la t i v e  u n i t s .  The same

s c a le  a p p lie s  a ls o  t o  F ig s . U.1 -  U.5 o f  th e  n ex t C hapter.

i s  b a sed  on th e  ex p erien ce  t h a t  in  c le a r  p re p a ra t io n s  th e  absorbance

a t  950 nm i s  zero  and th e  absorbance a t  th e  600 nm maximum i s  3

tim es  h ig h e r  th a n  th e  absorbance a t  6U0 nm and 565 nm. Moreover

th e  absorbance spectrum  o f  a  c le a r  p re p a ra t io n  i s  alm ost h o r iz o n ta l

betw een 620 and 650 nm.

To o b ta in  w ith  t h i s  p re p a ra t io n  th e  e x c i ta t io n  spectrum  fo r

th e  f lu o re sc e n c e  o f  red u ced  PdJO i n  r e a c t io n  c e n te rs  in  th e  s t a t e

PX- , we to o k  th e  d if fe re n c e  in  em ission  a t  920 nm as observed  upon

i r r a d i a t i o n  w ith  e x c i ta t io n  l i g h t  b e fo re  and a f t e r  a d d it io n  o f  15

mM a s c o rb a te ,  r e s p e c t iv e ly  (compare F ig . 3*3). The r e s u l t  i s  shown
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in  th e  open and s o l id  c i r c l e s  o f  F ig . 3 .9 . The open symbols r e f e r

t o  measurements w ith  th e  p re p a ra t io n  re p re s e n te d  by th e  absorbance

spectrum  o f  F ig . 3 . 9 • The s o l id  symbols a re  p o in ts  m easured w ith

a n o th e r SDS-RC p re p a ra t io n .

As shown by a  com parison o f  th e  a b so rp tio n  and e x c i ta t io n

s p e c tra  o f  F ig . 3 .9 ,  l i g h t  abso rbed  by P800 a t  800 nm was t r a n s f e r ­

re d  t o  P870 w ith  an e f f ic ie n c y  c lo s e  t o  1. L ig h t o f  around 760 nm

was t r a n s f e r r e d  to  P870 w ith  an e f f ic ie n c y  o f  0 . 8- 0 .9 .  T his low er

e f f ic ie n c y  i s  a t t r i b u t e d  to  th e  p resen ce  o f  n o n - t r a n s f e r r in g

co n tam ina tions (see  Ch. IV), which account f o r  10- 20? o f  th e  l i g h t

absorbed  in  t h i s  re g io n . The rem ain ing  l i g h t  a b so rp tio n  in  t h i s

re g io n  i s  due m ainly t o  r e a c t io n  c e n te r  Bph (see  DISCUSSION), w hich

t r a n s f e r s  energy to  P870 w ith  an e f f ic ie n c y  c lo s e  t o  1 , as shown in

s e c tio n  3 . 3 . 1. The peak a t  690 nm su g g ests  th e  p re sen ce  o f  a

su b stan ce  d e s ig n a te d  as S69O, w hich absorbed  l i g h t  o f  690 nm and

t r a n s f e r r e d  energy t o  P870. The e x c i ta t io n  spectrum  o f  F ig . 3 .9

does no t show a peak in  th e  b lu e  re g io n  a t t r i b u t a b l e  t o  S69O.

However, e x c i ta t io n  s p e c t r a  f o r  th e  f lu o re sc e n c e  o f  700 and 710 nm

had a maximum a t  685 nm and a n o th e r maximum a t  1+20 nm, which wan

la r g e r  th a n  t h a t  a t  685 nm (see  F ig . 1+ .1, Ch. IV). T his was

a sc r ib e d  to  th e  p resen ce  o f  a  su b stan ce  c a l le d  P69O; a p p a re n tly

P690 d id  no t t r a n s f e r  energy to  P870, w hereas S690 d id .

^ 8 .  3*9 shows th a t  l i g h t  absorbed  by c a ro te n o id s  was a ls o

t r a n s f e r r e d  to  P870, w ith  an e f f ic ie n c y  which was e s tim a te d  t o  be

a t  l e a s t  0 .7 .

The e x c i ta t io n  spectrum  shown in  F ig . 3 .9  w as, a p a r t  from th e
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peak at 690 nm, practically identical with the absorbance spectrum
of an AUT-RC preparation, shown in Fig. 2.2 (Ch. II). Excitation

spectra for the fluorescence of P87O were similar in AUT-RC and
SDS-RC preparations, except that in the former S69O or P69O were
practically absent (cf. Ch. II, section 2.3.1).

3.3.U The fluorescence yield and fluorescence lifetime of P870

and P800

The fluorescence yield of P870 was measured in an SDS-RC

preparation from Rps. spheroides by comparison with chromatophores

from Rps. spheroides, in which P87O was kept photooxidized by the
excitation light. Both measurements were done with excitation light

—2 —1of 590 nm, intensity 30 nEinstein.cm .sec . The reaction centers

were brought in i;he state PX by addition of 10 mM dithionite.

Assuming that the fluorescence yield of chromatophores is 3% at
07 17 .high light intensities 1 * we derived a fluorescence yield of

2.5 x 10-^ for P870 in reaction centers in the state PX . At

another occasion, using a different batch of SDS-RC particles from
-3

Rps. spheroides we found a fluorescence yield of 1.0 x 10 for

P870 in reaction centers in the state PX- , indicating that the
fluorescence yield of P870 (as PX ) varied from preparation to

preparation. This was also apparent by direct comparison of two

batches of reaction centers from Rps. spheroides. A ratio of 0.U:1

was found for the fluorescence yield of P870 (as PX ) in these

preparations. The reason for these variations is not known.

Assuming that the ratio of the fluorescence yields of P870 in
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re a c t io n  c e n te rs  w ith  o x id ized  and reduced  e le c t ro n  a c c e p to rs ,

r e s p e c t iv e ly ,  i s  0 . 2:1 ( c f .  r e f s .  29 and 9 and s e c t io n  3 . 3 .2  and

F ig . 3 .6  o f  t h i s  C hapter) we d e riv e d  a  v a lue  o f  2 -  5 i  10~ fo r

th e  f lu o re sc e n c e  y ie ld  o f  PÖ70 in  th e  p resen ce  o f  o x id iz e d  e le c tro n

a c c e p to rs .

The a p p l ic a t io n  o f  th e  Stepanov fo rm ula a llow ed  us t o  e s tim a te

th e  em ission  spectrum  o f  P800 from th e  absorbance spectrum  o f  P800

shown in  F ig . 3.8A. The r e s u l t  was an em ission  band w ith  a peak a t

81U nm (10 nm f u r th e r  th a n  th e  a b so rp tio n  maximum) and a  h a lfw id th

o f  30 nm (U70 cm ) .  U nexpected ly , such an em ission  band was no t

d e te c te d , no t even when P870 was o x id iz e d . From F ig . 3 .3  and o th e r

s im i la r  em ission  s p e c tr a  we e s tim a te d  t h a t  th e  m agnitude o f  th e

peak o f  th e  P800 em ission  band was le s s  th a n  O.OU tim es th e

m agnitude o f  th e  peak o f  th e  P87O em ission  which was observed  in

th e  p resen ce  o f  s tro n g  re d u c ta n ts .  S ince th e  e s tim a te d  h a l f  w id th

o f  th e  P800 em ission  band was about 2 tim es  sm a lle r  th a n  th e

m easured h a lfw id th  o f  th e  P870 em ission  band (820 cm ^ ) ,  t h i s

meant t h a t  th e  t o t a l  em ission  from P800 was l e s s  th a n  0 .02  tim es

th e  t o t a l  em ission  from P870 in  th e  p resen ce  o f  s tro n g

re d u c t su its.

Now i f  P870 i s  red u ced , l i g h t  absorbed  by P870, P800 and Bph

c o n tr ib u te s  to  th e  P870 flu o re sc e n c e . I t  was assumed th a t  i f  P870

i s  o x id iz e d , only  l i g h t  absorbed  by P800 and Bph c o n tr ib u te s  t o  th e

P800 f lu o re sc e n c e . The s e p a ra te  absorbance s p e c t r a  o f  P870, P800

and Bph in  th e  re g io n  o f  600 nm have been c a lc u la te d  in  Ch. I I ,

s e c t io n  2 .3 .3 .  Using e x c i ta t io n  l i g h t  o f  596 nm (band w id th  20 nm)
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we concluded th a t  th e  f lu o re sc e n c e  y i e ld  o f  P800 was l e s s  th an

U.10  ̂ even when P870 was o x id iz e d .

The f lu o re sc e n c e  l i f e t im e  can he c a lc u la te d  hy m u ltip ly in g  th e

i n t r i n s i c  l i f e t im e ,  tq , (o c c u rr in g  i f  th e  f lu o re sc e n c e  y i e ld  i s

100/8) w ith  th e  a c tu a l  f lu o re sc e n c e  y ie ld .  The i n t r i n s i c  l i f e t im e
. . 23

tq can he computed hy a form ula d e riv e d  hy S t r i c k l e r  and Berg :

1 2 2 .8 8  x IQ '9 gx

o av  u  x '

where n i s  th e  r e f r a c t iv e  index  o f  th e  medium a t  th e  mean w avelength

o f  th e  em ission  han d , g and g a re  th e  d eg en erac ies  in  th e  upper

and low er s t a t e  r e s p e c t iv e ly ,  e i s  th e  e x t in c t io n  c o e f f ic ie n t
—  1  _  1  ' — 1 \

(M cm ) a t  a  p a r t i c u l a r  wavenumber k (cm ) ,  and

(k- 3
J  k- 3 . I j .d k

ƒ Tf.dk

where I  i s  th e  f lu o re sc e n c e  in t e n s i t y  in  quan ta  p e r  u n i t  frequency

range .

For th e s e  c a lc u la t io n s  we used th e  a b so rp tio n  hand o f  P800 as

observed  when P870 i s  reduced  (w ith  a maximum a t  60k nm). Apart

from a s h i f t  o f  1* nm to  s h o r te r  w av e len g th s , th e  r e s u l t s  would

p ro b ab ly  have been about th e  same i f  th e  P800 a b so rp tio n  band

(maximum a t  800 nm) co rrespond ing  w ith  o x id iz e d  P870 had been ta k e n .
—3For th e  com putation o f  (k J ) we took  th e  P800 em ission  spectrum

c a lc u la te d  by means o f  th e  Stepanov eq u a tio n  (see  above). The

maximum e x t in c t io n  c o e f f ic ie n t  o f  P800 was ta k e n  to  be 136000
—  1 —  1M .cm a t  80U nm ( r e f .  U). In  th e  case o f  P870 we to o k  th e
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actually measured emission spectrum (see Fig. 3*8A) for the

computation of (k-°) v » the maximum extinction coefficient of PdJO

was taken to he 113000 M-1.cm- (ref. U)(see however Ch. IV for a

discussion of these extinction coefficients). With g./g = 1» and

assuming that n = 1.33» we found values of 17 and 21 nsec for the

intrinsic lifetime of the fluorescence of P870 and PÖ00,

respectively. The value for P870 corresponds well with the value of

Zankel et al. , who found 18 nsec. However, these authors omitted
p ,n from their reproduction of the formula of Strickler and Berg.

Since Zankel et al. ^ started from practically the same extinction

coefficients and emission spectra as used hy us, we presume that

they also used a value of 1.33 for the refractive index in their

calculations.

From the known fluorescence yields of P870 (as PX ), P870 (as

PX) and P800 (see above), and from the intrinsic lifetimes of the

fluorescence from P870 and P800, we found actual lifetimes of

1j-h2 picosec for the fluorescence of P870 in the state PX , 3-8
picosec for the fluorescence of P87O in the state PX, and less than
0.8 picosec for the fluorescence of P800. The latter value is

probably the time within which energy is transferred to P870 since
this transfer occurs with high efficiency (see section 3.3.1 and

3.3.3). It should be noted however, that the very short lifetime of

the fluorescence from P800 may be in conflict with one of the

assumptions on which the calculation was based, namely, that thermal

relaxation of the vibration levels of the excited state of P800 has

been established at the time when emission takes place. This
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assumption is implicit in the application of the Stepanov equation

for the calculation of the emission spectrum of P800.

3.3.5 Distance between P800 and P870

The data obtained in section 3.3.1 and 3.3.U were used to

estimate the distance R between P800 and P87O. To this end it was
assumed (1) that the energy is transferred from P800 to P870 via

dipole-dipole interaction, and (2) that the vibration levels of
the excited state of P800 are thermally relaxed at the time when

the transfer takes place. With these assumptions the Forster

equations ^ for inductive resonance transfer, in which the rate of

energy transfer varies as R ^ , may be applied. These equations were

applied earlier to photosynthesis by Duysens . It should be noted

however, that the second assumption is somewhat doubtful, as we saw

in section 3.3.U, and it is possible that a faster type of energy

transfer than that of inductive resonance occurs from P800 to P87O.
We did not attempt to calculate the distance between P800 and P870

for such a faster type of energy transfer, but it may be estimated

roughly that the distance between P800 and P870 is smaller than

20 X (ref. 8).

However if it is allowed to apply the Forster equations, a more

specific estimate can be made as follows. The distance R betweeno
two molecules which transfer energy to each other via the Forster

mechanism is defined as the distance at which the rate of de­

excitation by energy transfer (K ) equals the rate of de-excitation

by fluorescence (K ). Thene
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in  w hich R i s  th e  a c tu a l  d is ta n c e  betw een th e  m o lecu le s . In  th e  case

o f  energy t r a n s f e r  from P800 to  P870, K and K a re  p r o p e r t ie s  o f

P800; t h e i r  r a t i o  was determ ined  from ( c f .  r e f .  11):

5t. Q
Ke "  (1 -  Q)«t>

in  which Q i s  th e  e f f ic ie n c y  o f  th e  energy  t r a n s f e r  from P800 to

P870 and <() i s  th e  f lu o re sc e n c e  y i e ld  o f  P800 in  th e  absence o f

energy  t r a n s f e r .  With $<U.10 ^ (see  s e c t io n  3 .3 .^ )  and Q=0.89

(average o f  s e c t io n  3 .3 .1 )  we found t h a t  R < 0 .1 3  R • I t  sh o u ld  beo
n o te d  t h a t  in  th e  above m entioned r e l a t i o n  betw een K. , K , Q and <f>

Tj 0

i t  i s  assumed th a t  th e  i n t e r n a l  con v ersio n  p ro c e s se s  o f  th e  e x c i te d

s t a t e  o f  P800 have an average r a t e  c o n s ta n t which i s  independen t o f

w hether P870 i s  reduced  o r  o x id iz e d , and t h a t  P800 does n o t t r a n s f e r

energy to  o x id iz e d  P870. We w i l l  r e tu r n  to  t h i s  below .

The d is ta n c e  Rq was c a lc u la te d  from th e  o v e r la p  betw een th e

em ission  band o f  P800 ( c a lc u la te d  w ith  th e  S tepanov e q u a tio n , see

s e c tio n  3 .3 .2 )  and th e  a b so rp tio n  band o f  P870, u s in g  th e  F o r s te r
ft

eq u a tio n  (Eqn. 9 .1  in  r e f .  11). T h is eq u a tio n  c o n ta in s  f a c to r  k

which depends on th e  p o s i t io n  o f  th e  re d  d ip o le s  o f  P800 and P870

r e l a t i v e  to  one a n o th e r . F lu o rescen ce  p o la r iz a t io n  m easurements

( r e f .  1U and own o b se rv a tio n s )  in d ic a te  an ang le  o f  approx. 25
p

betw een th e  re d  d ip o le s  o f  P800 and P870. T his means t h a t  k may

vary  from 0.81 to  3.2U and so R v a r ie s  from 77 to  9U 8  and

R < 10 A i f  th e  re d  d ip o le s  o f  P800 and P870 a re  s i t u a t e d  o p p o s ite
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to  one a n o th e r ; R < 12 8  i f  th e  re d  d ip o le s  o f  P800 and P8T0 a re

in  l i n e .

I t  i s  d i f f i c u l t  t o  u n d e rs tan d  why th e  f lu o re sc e n c e  y ie ld  o f

P800 i s  so low ( l e s s  th a n  U.10- ^) when P870 i s  o x id iz e d . Dimer

fo rm atio n  can he th e  cause o f  low ering  o f  th e  f lu o re sc e n c e  y i e l d ,
22 • • • •h u t c i r c u l a r  d ich ro ism  m easurements in d ic a te d  no in te r a c t io n

betw een th e  two m olecu les o f  P800 when P870 i s  o x id iz e d . One might

suppose t h a t  th e  f lu o re sc e n c e  from P800 i s  quenched n o t on ly  hy

reduced  P870, h u t a ls o  hy o x id iz e d  P870. In  t h a t  case  one has to

use an o th e r r e la t io n s h ip  to  c a lc u la te  th e  r a t i o  o f  K^/K^ T his i s

K. /  R \  6 Qt  / 0 1

in  which <j>1 i s  th e  f lu o re sc e n c e  y i e l d  o f  P800 in  th e  p resen ce  o f

energy  t r a n s f e r .  Then one a r r iv e s  a t  a  h ig h e r  upper l im i t  f o r  R,

nam ely, R < 0 .1 8  R h u t  on th e  o th e r  hand , in  t h a t  case  th e  o x id ized

P870 has to  he a t  a  very  s h o r t  d is ta n c e  o f  P800 anyway to  quench th e
-1 2f lu o re sc e n c e  from P800 w ith in  0 .8  x 10 se c .

A f u r th e r  c o r re c t io n  may he n ecessa ry  because th e  sim ple d ip o le

approxim ation  i s  n o t c o r r e c t  a t  d is ta n c e s  t h a t  a re  comparable to

th e  dim ensions o f  th e  system  o f  co n ju g a ted  bonds o f  th e  in d iv id u a l

m o lecu les . In  summary, th e  assum ption o f  "slow" energy t r a n s f e r

(see  above) le a d s  to  th e  r e s u l t  t h a t  P800 t r a n s f e r s  i t s  energy to

P870 a long  a  d is ta n c e  which may be le s s  th a n  10-12 A. A gain , t h i s

r e s u l t  may be in c o n s is te n t  w ith  th e  assum ption o f  "slow" in d u c tiv e

resonance t r a n s f e r .  Our r e s u l t s  axe no t in c o n s is te n t  w ith  th e  con-
22  •  •  •  •e lu s io n  reach ed  by Sauer e t  a l .  on th e  b a s is  o f  c i r c u l a r  d ichro ism
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measurements, that 1 molecule of P870 and 2 molecules of P800 form

a trimer when P87O is reduced.

i.k DISCUSSION

All reaction center preparations made so far from Rps. spheroi-

des and R. rubrum contain Bph. We have seen in section 3.3.1 and

3.3.3 that energy absorbed by reaction center Bph (see below) is

transferred to P870 with an efficiency approaching 1. One may ask

whether Bph is a degradation product formed as a result of the

procedure followed in isolating the reaction center, or whether it

occurs as such in the reaction center in vivo. Evidence in favor of

the latter idea can be collected from the literature. Firstly, the

absorption spectrum of chromatophores of Rps. spheroides strain

R-26 exhibits shoulders at about 760 and 800 nm; these shoulders are
' , . 2 0absent in chromatophores depleted of reaction centers . Secondly,

in the same organism, the action spectrum for the photooxidation of

P870 exhibits shoulders at about 760 and 800 nm (ref. 10); these

shoulders are absent in the action spectrum for the fluorescence of

"light-harvesting" Bchl (refs. 10,27,13). These data indicate that

Bph and P800 occur as such in the reaction center in vivo and that

these pigments transfer energy to P870 rather than to "light-

harvesting" Bchl.

We will show however in Ch. IV that distinction should be made

between two kinds of Bph: firstly reaction center Bph, which is

part of the reaction center in vivo and transfers energy to P870,
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and secondly "free" Bph, which arises supposedly as a degradation

product from hulk Bchl during the preparation of reaction centers

and does not transfer energy to P870. Reaction center Bph occurs in

a fixed ratio to P870, which is exenplified hy the absorbance

spectrum shown in Fig. 2.2 (Ch. II). "Free" Bph is present in

variable amounts, but in our hands it does not exceed 1/10 or 1/5

of the amount of reaction center Bph, judging from absorbance

spectra. It has however a high fluorescence yield, in contrast to

reaction center Bph (see Ch. IV).

The quantum efficiency of light absorbed by P800 for the

photooxidation of P870 was proportional to the fraction of P870
which was reduced. This suggests that each P800 molecule transfers

energy to its "own" P870 only. This follows also from the conclusion

obtained by Sauer et al.22, that P800 and P870 form a trimer ( 2 P800

and 1 P870 molecules, according to these authors. However see Ch. IV

for a discussion of these numbers).

The lifetime calculated for the fluorescence of P800 was

shorter than 0.8 picosec. This is probably the time within which

energy is transferred to P870. The calculated distance between P800

and P870 was 12 % or less. Both values are probably only approxi­

mations because the results are in conflict with an assumption on

which the calculations are based, namely, that thermal relaxation

of the vibration levels of the excited state of P870 occurs prior

to energy transfer.

A similar situation may exist in chromatophores. Borisov and

Godik^*^ found that the fluorescence of chromatophores of several
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species, including Rps. spheroides, had two components with different

lifetimes, viz. a non-variable "background" component with a lifetime

of the order of 1 nanosec and a variable component of which the

lifetime increased with the fluorescence yield, ranging from 50 pico-

sec when all reaction centers were in a "trapping" state (see below),

to 500 picosec when all reaction centers were in a state with oxidized

P870^’̂ . Apparently, when all reaction centers in the chromatophores

are photochemically active (i.e. with P870 reduced and the primary

electron acceptor oxidized), the absorbed energy is transferred within

50 picosec to the reaction center. Consequently, according to the

authors, the time within which energy is transferred from one bulk

Bchl molecule to another is "comparable with lattice relaxation

times n5,6 This will be considered below.

An absorbed quantum of light remains during a time t in am
photosynthetic unit before it is trapped in a reaction center. During

this time t it makes a number of "jumps" among bulk Bchl molecules

before it encounters a reaction center. We assume that if all

reaction centers are photochemically active, the quantum efficiency

for the primary photochemical reaction approaches 100)?. It is also

assumed that the excitation energy has a probability approaching 1

of being trapped vpon encountering a photochemically active reaction

center. Ihder these conditions the number of jumps, n, which the

excitation energy made from one bulk Bchl molecule to another before

it encountered a reaction center, is determined by: n = t ^ / t ,

where t.^ is the jump time of excitation energy from the j^ to the

k k hulk Bchl molecule. Once arrived in the reaction center, the
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excitation energy remains there during a time t̂ _ before trapping

occurs: trapping is defined here as the excitation energy dependent

transition of the reaction center pigment to a state from which no

back transfer of excitation energy occurs. The high trapping

probability which was assumed above requires that << t^., where

t^. is the time within which energy is transferred back from the

reaction center to a nearby bulk Bchl molecule. This requirement

reduces to t̂. << t ^  if it is assumed that t^j is approximately

equal to t^. In Rps. spheroides the latter assumption (t^. ^ t.^)

seems reasonable in view of the similarity of the absorption and

emission spectra of PÖ70 and the bulk Bchl species B870 (see Table 3.1).

In isolated reaction centers, t^ is indicated by the lifetime of the

fluorescence from P87O in the state PX, and we have seen in section

3.3.1+ that this was 3-8 picosec (cf. ref. 29). However, in view of the

requirement that t << t., , a value of 3-8 picosec for t. in chromato-t JK t

phores is difficult to reconcile with the short jump time t.. (1.k-2

picosec) which follows from t = 50 picosec (refs. 5»6) if the
• • * # 3equations derived by Bay and Pearlstein are applied. There are

several explanations for this discrepancy, as enumerated below.

(1) The formulas derived by Bay and Pearlstein'> were based on random

) These equations, obtained by a "delocalized" treatment of the transfer of

excitation energy in chloroplasts, apply to separate units and give t^/t.^ as a

function of the size of the photosynthetic unit, N. Thus, in a 2-dimensional array
3 1 3

of bulk Bchl molecules , t /t.. = 1.3 N - N , and in a 3-dimensional array ,m jk
tm/tjk * 2.U In chromatophores, N is about 30.
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Values i n  cm

A bsorp tion  band Em ission band

Pigment peak h a l f  w id th peak h a l f  w id th

B870 11370 500 11150 520

P870 11550 800 11050 820

TABLE 3. 1. A bsorp tion  and em iss io n  c h a r a c t e r i s t i c s  o f  P870 and B87O. The v a lu e s  fo r

P87O v e re  tak e n  from F ig . 3 . 8A. The v a lu e s  f o r  th e  a b so rp tio n  band o f  B870 were ob­

ta in e d  by a n a ly s is  o f  an a b so rp tio n  spectrum  o f  a  f r a c t io n  from  Bps. sp h e ro id es

chrom atqphores c o n ta in in g  predom inan tly  B87O and F87O, and l i t t l e  B85O o r  B800.

T his f r a c t io n  was p re p are d  by c e n tr ifu g in g  chrom atophores in cu b a ted  w ith  T r ito n  as
7 15d e sc rib e d  e a r l i e r  ’ . The v a lu es f o r  th e  em ission  band o f  B870 were o b ta in e d  w ith

norm al chrom atophores. I t  sho u ld  be n o ted  t h a t  th e  a b so rp tio n  and em ission  band o f

B87O f i t t e d  even b e t t e r  w ith  th e  S tepanov e q u a tio n  th a n  th o se  o f  P87O (se e  s e c tio n

3 . 3 . 2 ).

walk c a lc u la t io n s  assuming th a t  th e  pigm ent system  c o n s is te d  o f

I d e n t ic a l  m o lecu les . A homogeneous pigm ent system  was a ls o  assumed

hy B o riso v  and Godik^ when th e y  c a lc u la te d  jump tim es "com parable

w ith  l a t t i c e  r e la x a t io n  tim e s"  f o r  t r a n s f e r  betw een b u lk  Bchl

m olecu les. However, in  many sp e c ie s  o f  b a c te r i a  th e  pigm ent system

i s  no t homogeneous. Pbr in s ta n c e ,  in  Rps. sp h e ro id e s , energy t r a n s f e r

occurs predom inan tly  from B800 to  B85O and from B850 to  B870 ( c f .

r e f .  7 and th e  1 s t a l in e a  o f  page 15 o f  t h i s  T h e s is . T his may

r e s u l t  in  a  low er number o f  jum ps, n ,  and a lo n g e r  jump tim e , t . ^ j

betw een l i k e  pigm ent m olecules th a n  c a lc u la te d  w ith  th e  Bay and
. 3

P e a r l s te in  fo rm u las .
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(2) The fluorescence lifetime of P870 in reaction centers in the
trapping state (indicating t^) is perhaps lower in chromatophores

than in isolated reaction centers.

(3) The values obtained by Borisov and Godik for the lifetime of

the variable fluorescence component (50 picosec at low light
. 17intensities) were challenged by Govindjee et al. who found values

of about 1-2 nanosec. The reason for this discrepancy is not under-
17stood. If the values of Govindjee et al. are correct, the jump time

t. would rise to about 30—Uo picosec, according to the equationsOk
O  #

derived by Bay and Pearlstein • Each of the latter two explanations,

in combination with the first one, may be sufficient to meet the

requirement ty . »  t^ (where t^j is assumed to be equal to t^),

which was necessary to obtain a high trapping probability of

excitation energy encountering a reaction center.

Finally, it is interesting to compare our estimates of the

transfer time of energy from P800 to P870, and of the distance between
19P800 and P870 molecules, with data obtained by Philipson and Sauer

with Bchl a-protein particles from Chloropseudomonas ethylicum. The

authors found that the particles consisted of subunits containing

5 Bchl molecules. The Bchl molecules were 12 - 15 2 apart. Circular

dichroism measurements indicated a strong coupling between the

molecules, suggesting that excitation energy was delocalized over the

whole array. The authors suggested that in most photosynthetic

organelles there is heterogeneous arrangement of photosynthetic

pigments, with strong excitation delocalization predominant among

chlorophylls within subunits, and with Forsters resonance transfer

between the widely separated subunits.
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CHAPTER IV

FLUORESCENCE PROPERTIES AND RELATIVE NUMBERS OF PIGMENT MOLECULES

IN REACTION CENTERS FROM RPS. SPHEROIDES

U.1 INTRODUCTION

In an attempt to get an impression of the "purity" of our

routinely prepared reaction center preparations from Rps. spheroi-

des, we used fluorescence excitation and emission spectra to detect

small amounts of contaminating pigments present in our preparations.

The low fluorescence yield of P870 (see Ch. Ill) enabled us to ob­

serve small amounts of contaminating substances with fluorescence

yields of the order of 5 % or more quite easily. We will give

fluorescence excitation spectra reflecting the absorbance spectra

of one or more Bchl degradation products called P690, of Bph and of
solubilized Bchl, respectively.

The contaminating form of Bph ("free" Bph) can be distinguished

from reaction center Bph, which apparently forms an integral part

of reaction centers from purple bacteria (see Ch. I, section 1.3,

Ch. Ü ,  section 2.3.^ and Ch. Ill, section 3.1+). Reaction center Bph

has a low fluorescence yield conqaared to "free" Bph (The ratio is

smaller than 1 : 100). This is thought to be due to a high effi­

ciency of energy transfer from reaction center Bph to P870. Exci­
tation spectra for the fluorescence of P870 at 77° K support earlier

indications for the presence of 2 molecules of Bph per reaction

center.
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Finally we analyzed an absorbance spectrum of an AUT-RC pre­

paration from Rps. spheroides into absorbances due to Bph, to

carotenoid and to P800 and P870 together. The results indicate that

there is at least 1 molecule of Bph per 2 molecules of Bchl present

in reaction centers. The number of Bchl and carotenoid molecules

per reaction center is also discussed. The average number of caro—

noid molecules per reaction center is less than 1.

U.2 MATERIALS AMD METHODS
Reaction centers were prepared as described in Ch. II.

Fluorescence measurements were done as described in Ch. Ill,

section 3.2 (second alinea). For measurements at 77 K the cuvette

was immersed in liquid nitrogen in a Dewar vessel with a trans­

parant quartz window. A correction for reabsorption of emitted

light (as described in Ch. Ill) was carried out only at room

temperature. At 77° K, the increased scattering by ice crystals may

have increased the optical path by an unknown factor.

U.3 RESULTS

U.3.1 Fluorescence of P690
In the sections U.3.1, U.3.2 and U.3.3 we will summarize our

results concerning the identification of contaminating pigments

present in reaction center preparations. The amounts of the con­

taminations, and their respective fluorescence yields will be dealt

with in section U.3.U. Section U.3.5 gives an analysis of the ab­
sorbance spectrum of reaction centers.
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The em ission  spectrum  shown in  F ig . 3 .3  (Ch. I l l )  had  an emis­

s io n  maximum a t  TOO nm. F ig . U.1 shows an e x c i ta t io n  spectrum  fo r

t h i s  em ission  hand (m easured a t  710 nm). This spectrum  has maxima

a t  about 690 nm and 1*20 nm, h u t no a p p re c ia b le  a b so rp tio n  hand be­

tween 500 and 600 nm such as a re  p re s e n t in  Bph and B chl. The

spectrum  has c h a r a c te r i s t i c s  in te rm e d ia te  betw een th o se  o f  th e  o x i­

d a tio n  p ro d u c t o f  B ch l, 2 -d e s v in y 1 -2 -a c e ty l-c h lo ro p h y ll  a_and i t s

pheqphytin^ . We w i l l  c a l l  th e  s u b s ta n c e , o r  m ix ture  o f  su b s ta n c e s ,

g iv in g  r i s e  t o  t h i s  e x c i ta t io n  spectrum  P69O.

700
Wavelength (nm)

Fig. U.1 E x c ita tion  spectrum fo r  th e  fluorescence o f  P69O, measured a t  710 nm.

The e x c ita tio n  spectrum was measured w ith th e  p rep ara tio n  o f  which absorbance

and emission sp ec tra  were shown in  Fig. 3.9 and Fig. 3 .3 , re sp ec tiv e ly . No

ad d itio n s . The o rd inate  sca le  o f  F igs. I».1 -  U.5 i s  th e  same as th a t  o f  Fig.

3 .9 .



U .3 .2  F lu o rescen ce  o f  " f re e "  Bph and r e a c t io n  c e n te r  Bph

The maximum a t  772 nm in  th e  em ission  spectrum  o f  F ig . 3 .3  was

due to  Bph (Ch. I l l ,  s e c t io n  3 .3 .2 ) .  T his appeared  from th e  shape

o f  an e x c i t a t io n  spectrum  f o r  th e  f lu o re sc e n c e  e m itte d  a t  790 nm.

However, because  in  t h i s  p re p a ra t io n  s o lu b i l iz e d  Bchl was a ls o

p re s e n t  ( c f .  s e c t io n  U.3.3),  we g iv e  in  F ig . U.2 an e x c i ta t io n

spectrum  f o r  th e  em issio n  o f  790 nm l i g h t  m easured w ith  a n o th e r

p re p a ra t io n  (an AUT-RC p r e p a r a t io n ) .  F ig . U.2 shows t h a t  a p a r t  from

sm a ll d if f e re n c e s  in  th e  p o s i t io n  o f  th e  p e a k s , th e  e x c i ta t io n

spectrum  f o r  th e  f lu o re sc e n c e  a t  790 nm was v i r t u a l l y  th e  same as
2 /th e  absorbance spectrum  o f  Bph in  acetone  ( s o l id  l i n e ) .  In  th e

re g io n  o f  650-770 nm th e  e x c i ta t io n  spectrum  was more s im i la r  to

9*

Wavelength (nm)

F ig . I*.2 0--------- 0 E x c i ta t io n  spectrum  fo r  th e  f lu o re sce n ce  o f  Bph, measured

a t  790 nm, v i th  an AOT-RC p r e p a r a t io n ,  ( l e f t  hand s c a le ) .  Ho a d d it io n s .

--------- : Absorbance spectrum  o f  Bph a  in  ace tone  (from  r e f .  2 ) .

-------- . A bsorp tion  spectrum  o f  a  Bph—p r o te in  complex (from  r e f .  10). T h i8

spectrum  c o in c id e s  v i t h  o u r e x c i t a t io n  spectrum  b e tv een  580 and 710 nm.
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the absorbance spectrum of a Bph-protein complex^ (dashed line).

Since Bph occurs probably as an integral part of reaction

centers, both in isolated form and in vivo (see Ch. I, section 1.3,
Ch. II, section 2.3.1* and Ch. Ill, section 3.U), one might conclude
that the excitation spectrum shown in Fig. U.2 corresponds with re­
action center Bph. However, this was not the case, as appeared from

a comparison of the excitation spectra, in the region of 520-560

nm, for the fluorescence of Bph and of P870, respectively. As

discussed in Ch. Ill, the excitation spectrum for the fluorescence

of P870 (with reduced X) was given by the difference in emission ob­

served before and after addition of 15 mM ascorbate. Fig. U.3A
shows that this differential excitation spectrum had a band at

about 5l*0 nm due to Bph (conqpare Fig. 3.9 and U.2). This band had
a somewhat truncated appearance at room temperature; at 77 K it

was resolved into 2, about equally large bands with maxima at

about 535 nm and 5U2 nm. The fact that the peaks were about 8 nm
apart indicates that the half width of each band was at most 8 or

9 nm.

On the other hand, the excitation spectrum for the fluorescence

of Bph at 770 nm (Fig. U.3B) and at 790 nm (not shown) had an

approximately symmetrical band with a single maximum both at room

temperature and at 77° K. The half width of this band was 18 nm at

77° K.

These results indicate that the Bph which transfers energy to

P870 (the reaction center Bph, see Ch. Ill, section 3.U) is

different from the Bph which emits fluorescence at 770 nm ("free"
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Bph). A pparen tly  th e  f lu o re sc e n c e  e m itte d  by re a c t io n  c e n te r  Bph

was n e g l ig ib le  compared w ith  t h a t  e m itte d  by " f re e "  Bph (see  below ).

540 560
Wavelength (nm)

5 4 0 5 6 0
Wavelength (nm)

F ig . U.3A E x c ita t io n  s p e c tr a  fo r  th e  f lu o re sce n ce  o f  P870, measured a t  920 nm,

w ith  an AUT-RC p re p a ra tio n . Open sym bols: room tem p era tu re  ( l e f t  hand s c a le ) .

0 ----0 : w ith  15 mM a sc o rb a te ;  A--------A : no a d d it io n s .  S o lid  sym bols: 77° K

( r ig h t  hand s c a l e ) . > 6  : v i t h  15 mM a sc o rb a te ;  A------- A : no a d d it io n s .  In

th e  l a t t e r  two c ases th e  sample was i l lu m in a te d  f i r s t  a t  room tem p era tu re  fo r

1 min v i th  l i g h t  from a  125 W q u a r tz - io d in e  lamp im m ediately b e fo re  th e  sample

was ra p id ly  fro ze n . T his was done in  o rd e r  t o  ensu re  e i t h e r  t h a t  b o th  P870 and

th e  p rim ary  a c c e p to r  were f u l ly  reduced  ( • — • ) ,  o r  t h a t  P870 was com pletely

p h o to o x id ized  (A-------A) b e fo re  f re e z in g  ( c f .  Ch. V).

F ig . U.3B E x c ita t io n  spectrum  f o r  th e  f lu o resce n ce  o f  Bph, measured a t  770 nm,

w ith  th e  p re p a ra tio n  used  in  F ig . U.3A. A-------- A room tem p era tu re  ( l e f t  hand

s c a le ) ;  A-----A 77° K ( r ig h t  hand s c a le ) .

U .3 .3  F luo rescence  o f  P760

In  some cases  when em ission  s p e c t r a  were tak en  re p e a te d ly  w ith

one sam ple, th e  r e s u l t s  were n o t q u i te  re p ro d u c ib le  in  th e  reg io n

o f  760-830 nm. This appeared  to  be due to  th e  p h o to d e s tru c tio n  o f
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a  pigm ent o f  which th e  f lu o re sc e n c e  em ission  spectrum  had a  maximum

a t  about 790 nm. The p h o to d e s tru c tio n  (p robab ly  an o x id a tio n )  o ccu r­

re d  w ith  r e a c t io n  c e n te r  p re p a ra t io n s  in  T r is  b u f f e r  w ith o u t

a d d i t io n s ,  b u t n o t i n  th e  p re sen ce  o f  15 mM a s c o rb a te . T h is en ab led

us t o  id e n t i f y  th e  pigm ent concerned  as in d ic a te d  below . The

r e s u l t s  su g g ested  t h a t  i t  was s o lu b i l iz e d  Bchl ( r e f e r r e d  to  h e re ­

a f t e r  as P760).

The k in e t ic s  o f  th e  f lu o re sc e n c e  d ec rease  o bserved  upon

il lu m in a t io n  w ith  585 nm l i g h t  were th e  same th ro u g h o u t th e  re g io n

o f  760 -  830 nm, as i s  i l l u s t r a t e d  in  F ig . U.UA. T h is su g g e s ts  t h a t

t h i s  f lu o re sc e n c e  change r e f l e c t e d  th e  d isap p earan ce  o f  one

f lu o re s c in g  m o lecu la r s p e c ie s .  The k in e t i c s  o f  th e  920 nm f lu o r ­

escence change, due t o  th e  p h o to b leach in g  o f  P870 were q u i te

d i f f e r e n t ,  as i s  a ls o  shown in  F ig . U.UA.

F ig . U.UB shows th e  spectrum  o f  th e  d ec rea se  in  em issio n  as

observed  a f t e r  90 sec o f  e x c i ta t io n  w ith  l i g h t  o f  585 nm ( in t e n s i t y
—2 — 1 v23 n E in s te in .cm  .s e c  ) .  The spectrum  c o n s is ts  o f  a  sym m etric band

w ith  a  maximum a t  795 nm and a  h a l f  w id th  o f  h2 nm.

In  o rd e r  t o  o b ta in  an e x c i ta t io n 's p e c tru m  co rresp o n d in g  to  th e

P760 a b so rp tio n  spec trum , we m easured two e x c i t a t io n  s p e c t r a  f o r  th e

f lu o re sc e n c e  e m itte d  a t  820 nm, v iz .  1) i n  th e  p re sen ce  o f  15 mM

a s c o rb a te , which p re v e n te d  th e  p h o to d e s tru c tio n  o f  P760, and 2)

w ith o u t a d d i t io n s ,  a f t e r  5 min p re i l lu m in a t io n  w ith  l i g h t  o f  585 nm
_ 2  "j

( i n te n s i ty  23 n E in s te in .cm  .s e c  ) .  As a  r e s u l t  o f  t h i s  p r e -

i l lu m in a t io n ,  P76O had  been d e s tro y e d  and th e  y i e l d  o f  585 nm l i g h t

f o r  th e  em ission  a t  820 nm had  d ec reased  to  U7 % o f  th e  o r ig in a l.
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13000 12000
Wavenumber (cm-1)

120
Time (sec)

F ig . U.UA K in e tic s  o f  th e  f lu o re sce n ce  decreaée a t  th e  in d ic a te d  w aveleng ths,

induced  in  an AUT-RC p re p a ra tio n  by e x c i ta t io n  v i t h  l ig h t  o f  585 1101 ( in te n s i ty

23 n E inste in .cm ” .s e c ” ) .  The t r a c in g s ,  which were cop ied  d i r e c t l y  from th e

re co rd in g  p a p e r ,  have a l l  d i f f e r e n t  s c a le s .  A fre sh  sample was tak en  f o r  each

p o in t .

F ig . U.UB Same p re p a ra tio n . Spectrum o f  th e  f lu o rescen ce  d ecrease  observed
_2  _ 1

a f t e r  90 sec  o f  i l lu m in a tio n  v i th  98? l ig h t  o f  22 n E in s te in .cm  .s e c

O btained from th e  t r a c in g s  o f  F ig . U.UA by c o r re c t in g  fo r  th e  w aveleng th-

dependent s e n s i t i v i t y  o f  th e  d e te c t in g  system .

v a l u e . l t  was checked t h a t  t h i s  y i e ld  d id  no t d ecrease  f u r th e r  d u rin g

th e  tim e th a t  th e  second spectrum  was ta k e n . The d if fe re n c e  betw een

th e s e  two s p e c t r a ,  co rrespond ing  to  th e  m a te r ia l  which d isap p eared

d u rin g  th e  p re i l lu m in a tio n  w ith o u t a s c o rb a te , i s  shown in  F ig . U.5.

The p o s i t io n  o f  th e  b an d s , t h e i r  r a th e r  la rg e  w id th  and th e  s p l i t t i n g

o f  th e  n e a r - in f r a r e d  band su g g est t h a t  t h i s  i s  ag g reg a ted  r a th e r  th an

monomeric Bchl (see  f o r  example th e  a b so rp tio n  s p e c tra  o f  monomeric

. 2 2and d im eric  Bchl in  carbon te t r a c h lo r id e  , th e  s p e c tr a  o f  d is so lv e d
12and c o l lo id a l  Bchl and th e  spectrum  o f  a dry f i lm  o f  monohydrated

Bchl t r im e r ^ .
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F ig . U.5  E x c ita t io n  d if fe re n c e  spectrum  fo r  th e  f lu o re sce n ce  change a t

820 nm m easured w ith  th e  p re p a ra tio n  shown in  F ig . U.I». F u r th e r  d e ta i l s

see  t e x t .

However, i t  i s  known t h a t  c h lo ro p h y ll & dim ers in  s o lu t io n  em it
• i  2U.15 12n o , o r  very  l i t t l e  f lu o re sc e n c e  ’ and acco rd in g  to  Goedheer

c o l lo id a l  Bchl em its no f lu o re sc e n c e  e i t h e r .  M oreover, th e  n e a r-

in f r a r e d  hand o f  th e  e x c i ta t io n  d if fe re n c e  spectrum  i s  maximal a t

762 nm and half-maximum a t  725 nm, su g g e s tin g  a  h a lfw id th  o f  t h i s

hand o f  60 -  70 nm. The em ission  d if fe re n c e  spectrum  however had  a

h a lfw id th  o f  h2 nm (see  F ig . U.UB). I t  i s  th e re fo re  su g g ested  th a t

weakly f lu o re s c e n t  ag g reg a ted  Bchl t r a n s f e r r e d  e x c i ta t io n  energy to

s tro n g ly  f lu o re s c e n t  monomeric B ch l, t h a t  th e  em ission  spectrum  which

i s  g iven  in  F ig . 1*.UB was due to  monomeric B ch l, and t h a t  th e

e x c i ta t io n  d if fe re n c e  spectrum  o f  F ig . U.5 r e f l e c t s  m ainly  th e  pho to ­

d e s tru c t io n  o f  ag g reg a ted  B chl.

U.3.U R e la tiv e  amounts and f lu o re sc e n c e  y ie ld s  o f  P690. Bph and P76O

The flu o re sc e n c e  e x c i ta t io n  spectrum  o f  P870 (F ig . 3 .9 )  was
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ex p re sse d  in  th e  same r e l a t i v e  u n i ts  as th e  f lu o re sc e n c e  e x c i ta t io n

s p e c t r a  o f  th e  co n tam in an ts , P69O, " f r e e "  Bph and P76O (F ig s . U .1,

k . 2  and U. 5 , r e s p e c t iv e ly ) .  M oreover we o b ta in e d  th e  f lu o re sc e n c e

em issio n  s p e c t r a  o f  P870 (F ig s . 3.3» 3.7B and 3 .8 )  and o f  th e  co n ta ­

m in a n ts , P690 (F ig . 3 .3 ) ,  " f r e e "  Bph (n o t shown) and P760 (F ig . U.UB).

T h is en ab led  us t o  determ ine  th e  t o t a l  f lu o re sc e n c e  e m itte d  by  a

p a r t i c u l a r  co n tam in an t, r e l a t i v e  t o  th e  t o t a l  f lu o re sc e n c e  e m itte d

by P87O, upon e x c i ta t io n  w ith  l i g h t  o f  a  c e r t a in  w aveleng th . The

f lu o re sc e n c e  y i e l d  o f  th e  co n tam in an t, r e l a t i v e  t o  t h a t  o f  P870,

co u ld  th e n  be  c a lc u la te d  a f t e r  e s t im a tin g  th e  absorbance o f  th e

contam inant a t  th e  e x c i ta t io n  w av e len g th , r e l a t i v e  t o  th e  absorbance

o f  P870. The absorbance o f  th e  contam inant was e s tim a te d  (w ith

p o s s ib le  e r r o r s  o f  abou t 20 %) by comparing th e  absorbance spectrum

o f  th e  con tam inated  p re p a ra t io n  w ith  th e  absorbance spectrum  o f  an

AUT-RC p re p a ra t io n  (F ig . 2 .2 ,  see  a ls o  F ig . U.6) which happened to

c o n ta in  a  n e g l ig ib le  amount o f  c o n tam in an ts• A bsolu te  va lu es  fo r  th e

f lu o re sc e n c e  y ie ld s  o f  th e  contam inants were o b ta in e d  u s in g  a

f lu o re sc e n c e  y i e ld  o f  2 x 10 ^ f o r  P87O as PX ( c f .  Ch. I l l ,  s e c t io n

3-3-U ).

Thus, in  th e  p re p a ra t io n  used  f o r  th e  measurements o f  F ig . 3 .3 ,

3 .9  and U.1,  th e  absorbance a t  685 nm due to  P69O was e s tim a te d  to

be 0 .3  tim es th e  absorbance due to  P87O a t  867 nm. S ince p a r t  o f  th e

energy  absorbed  by P69O was t r a n s f e r r e d  to  " f re e "  Bph a n d /o r  P76O in

t h i s  p re p a ra t io n  (n o t show n), th e  f lu o re sc e n c e  y i e ld  o f  P69O would

have been more th a n  8 % in  th e  absence o f  energy t r a n s f e r .

The AUT-RC p re p a ra t io n  used  fo r  th e  measurements o f  F ig . U.2
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c o n ta in e d  no d e te c ta b le  P7Ö0, as in d ic a te d  by th e  absence o f  a peak

a t  590 nm in  th e  f lu o re sc e n c e  e x c i ta t io n  spectrum  o f  F ig . U .2. In

t h i s  p r e p a r a t io n ,  th e  absorbance due t o  " f re e "  Bph a t  756 nm was

e s tim a te d  a t  0 .1 6  tim es th e  absorbance a t  867 nm, and th e  f lu o re s c ­

ence y i e l d  o f  " f re e "  Bph was e s tim a te d  a t  20 %.

Because o f  th e  s tro n g  f lu o re sc e n c e  o f  " f re e "  Bph in  most

p re p a r a t io n s ,  we have no t been  a b le  t o  e s tim a te  th e  f lu o re sc e n c e

y ie ld  o f  r e a c t io n  c e n te r  Bph. An upper l im i t  co u ld  be  e s tim a te d

o n ly , u s in g  an SDS-RC p re p a ra t io n  o f  which th e  absorbance spectrum

d id  n o t re v e a l  a  d e te c ta b le  amount o f  " f re e "  Bph. In  t h i s  p r e p a ra t­

io n  th e  in te g r a te d  P870 f lu o re sc e n c e  in  th e  p re sen ce  o f  15 mM

a sc o rb a te  was 1.6 tim es s tro n g e r  th a n  th e  in te g r a te d  Bph f lu o r ­

e sc e n c e , u s in g  525 nm e x c i ta t io n  l i g h t .  S ince th e  a b s o ip tio n  due to

Bph was about 0 .5  tim es th e  t o t a l  a b so rp tio n  a t  525 nm (see  F ig . U.6 ) ,

t h i s  in d ic a te s  t h a t  th e  f lu o re sc e n c e  y i e l d  o f  r e a c t io n  c e n te r  Bph was

a t  most 0 .6  tim es th e  f lu o re sc e n c e  y i e l d  o f  P870, o r  a t  most
_3

1 ,2 .1 0  . T h is means t h a t  th e  f lu o re sc e n c e  y i e l d  o f  r e a c t io n  c e n te r

Bph was le s s  th a n  0.01 tim es th e  f lu o re sc e n c e  y i e l d  o f  " f r e e "  Bph.

T his m ight mean th a t  th e  e f f ic ie n c y  o f  energy t r a n s f e r  from re a c t io n

c e n te r  Bph t o  P87O i s  b e t t e r  th a n  0 .9 9 .

In  th e  p re p a ra t io n  shown in  F ig . U.5 th e  absorbances a t  760 nm

due to  " f re e "  Bph and P760 were e s tim a te d  a t  0 .05  and 0 .0 9 ,

r e s p e c t iv e ly ,  i f  th e  absorbance a t  867 nm was p u t a t  1. (The abso rb ­

ance due to  " f re e "  Bph was e s tim a te d  from th e  f lu o re sc e n c e  due to

Bph, assum ing a f lu o re sc e n c e  y i e ld  o f  20 % f o r  " f r e e "  Bph.) The

f lu o re sc e n c e  y i e ld  o f  P760 was e s tim a te d  to  be a t  l e a s t  3 %.
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The estimates given in this section are probably fairly

representative for the amounts of contaminating pigments absorbing

in the near-infrared region, which could be found in our reaction

center preparations from Rps. spheroides. Here we should recall that

fluorescence measurements suggested that reaction centers with de­

graded pigments were present in some preparations (see Ch. Ill,

section 3.3.2). The concentration of this contamination was too low

to allow detection by measurement of absorbance spectra.

U.3.5 Analysis of the absorbance spectrum of a reaction center

preparation

The absorbance spectrum of an AUT-RC preparation (taken from

Ch. II, Fig. 2.2) was analyzed as shown in Fig. U.6. For this anar-

lysis first the absorption due to Bph was subtracted from the total

absorption, assuming that reaction center Bph has the same

absorption spectrum as "free" Bph, and that this absorbance

spectrum is identical with the excitation spectrum for the 790 nm

fluorescence shown in Fig. k.2. As follows from section U.3.2, the

first assumption may have introduced an error in the region of the

535 nm absorption band, because of the partially resolved band

splitting in the spectrum of reaction center Bph. Next allowance was

made for a small amount of P690, of which the absorbance spectrum

was taken from Fig. U.1.

Finally the absorption spectrum of carotenoid was subtracted.

This spectrum was obtained from the spectrum of a heptane extract of

a lyophilized AUT-RC preparation (unpublished). It was assumed that
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F ig . k .6 A n a ly sis  o f  th e  abso ibance spectrum  ( --------  ) o f  th e  AOT-RC

p re p a ra tio n  shown in  F ig . 2 . 2 . e e : Bph; .......... : P690;

: c a ro te n o id ; -------- : r e s id u a l  a b so rp tio n  due to  P800 and P870

to g e th e r .  The amount o f  Bph was tak e n  such th a t  a f t e r  su b tra c t io n  th e re

rem ained a  sh o u ld er a t  about 760 nm, in  analogy w ith  th e  sh o u ld e r in  th e

a b so rp tio n  spectrum  o f  Bchl in  ace tone  a t  about 705 nm ( r e f .  2 ) .  The

amount o f  P690 was tak e n  such th a t  a f t e r  s u b tr a c t io n  o f  th e  Bph and P690

c o n tr ib u t io n  th e  r e s id u a l  absorbance spectrum  was approx im ately  h o r iz o n ta l

in  th e  re g io n  o f  675 -  720 nm, i n  analogy w ith  th e  re g io n  o f  620 -  660 nm o f

th e  Bchl ab so rp tio n  spectrum  in  ace to n e . F u rth e r  d e ta i l s  see  t e x t .

th e  a b so rp tio n  spectrum  o f  t h i s  c a ro te n o id  was th e  same in  v ivo  as

in  v i t r o ,  excep t t h a t  in  v ivo  th e  maxima and minima were s h i f t e d

along  a  d is ta n c e  o f  about 20 nm to  lo n g e r w aveleng ths.

The r e s id u a l  a b so rp tio n  (-------- in  F ig . U .6 ) ,  which i s  due to

P800 and P870, was p lo t t e d  ag a in  in  F ig . U.7,  in  o rd e r  t o  compare i t

w ith  th e  a b so rp tio n  spectrum  o f  Bchl a. in  ace tone  (tak en  from r e f .  2 ) .
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F ig . U.7 S o lid  l i n e  : Absorbance spectrum  o f  Bchl in  ace to n e  (from  r e f .  2 ) .

Dashed l in e  : Absorbance spectrum  o f  P800 and P8T0 (from  F ig . U .6).

The s i m i l a r i t i e s  betw een th e s e  two s p e c t r a  in d ic a te  t h a t  th e  a n a ly s is

was rea so n ab ly  ad eq u a te . In  b o th  s p e c tr a  th e r e  a re  sh o u ld e rs  a t  385

nm, a t  about 1*50 nm and a t  th e  s h o r t  w avelength  s id e  o f  th e  orange

band.

For f u r th e r  com parison th e  s p e c t r a  shown in  F ig . 1*.7 were p lo t ­

t e d  on a wavenumber s c a le  (cm ) . The a re a s  under th e  S o re t bands o f

Bchl in  ace tone  (from  330 to  U20 nm) and o f  r e a c t io n  c e n te r  Bchl in

s i t u  (from  3̂ *0 to  U30 nm) had  a  r a t i o  o f  1.10 ! 1» in d ic a t in g  th a t

th e s e  s p e c tr a  re p re s e n te d  app rox im ate ly  eq u a l amounts o f  B chl. In

accordance w ith  t h i s ,  th e  a re a s  under th e  n e a r - in f r a r e d  bands o f

B chl i n  ace tone  and o f  P800 and P870 had a r a t i o  o f  1.06 : 1.

k. k  DISCUSSION

U.U.1 The r a t i o  o f  Bph to  Bchl in  r e a c t io n  c e n te rs

The e x c i ta t io n  spectrum  fo r  th e  f lu o re sc e n c e  o f  P870 (w ith  r e ­

duced X) e x h ib i te d  a  band s p l i t t i n g  in  th e  535 nm a b so rp tio n  band o f

Bph a t  77° K. T his f in d in g  was in  l i n e  w ith  an e a r l i e r  o b se rv a tio n

t h a t  th e  absorbance spectrum  o f  r e a c t io n  c e n te r  Bph e x h ib i ts  a  band

s p l i t t i n g  a t  77° K. C lay ton  e t  a l .  p roposed  f o r  t h i s  reaso n  th a t
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th e re  a re  two m olecules o f  Bph p e r  r e a c t io n  c e n te r .  We checked t h i s

p o in t  hy c a lc u la t in g  th e  r a t i o  o f  Bph to  Bchl in  re a c t io n  c e n te r s ,

u s in g  th e  absorbance spectrum  o f  r e a c t io n  c e n te r s ,  and a ls o  by

c o n s id e r in g  a l t e r n a t iv e  e x p la n a tio n s  f o r  th e  band s p l i t t i n g  o f  Bph

in  re a c t io n  c e n te r  p re p a ra t io n s .

In  o rd e r  t o  e s tim a te  th e  r a t i o  o f  Bph to  Bchl i n  r e a c t io n

c e n te r s , we w i l l  f i r s t  c o n s id e r th e  a re a  under th e  n e a r - in f r a r e d

a b so rp tio n  band in  d i f f e r e n t  Bph p re p a ra t io n s .  T able U.1 summarizes

th e  r e s u l t s  c o l le c te d  from l i t e r a t u r e  d a ta . I t  appeared  th a t  th e

a re a  under th e  a b so rp tio n  b an d , as d e fin ed  in  th e  s u b s c r ip t  o f

T able U.1,  has an approx im ate ly  c o n s ta n t v a lu e  o f  (38 ± 2) x
, 3 - 1  -210 mM .cm , d e s p ite  la rg e  v a r ia t io n s  in  emax

r e f . system X (run)max Emax h a lfw id th a rea

(mM ^. cm ^) (cm- 1 ) (mM- 1 . cm~^)

9 Bph in  ch loroform 750 58 700 1*0 x  103

23 Bph in  e th e r 7**9 63 620 39 x  103

10 B p h -p rote in 756-760 36 1000 36 x  103

t h i s
T h es is "free"Bph 756 £  1*8 > 910

TABLE U.1

S p e c tra l  c h a r a c t e r i s t i c s  o f  th e  n e a r - in f r a r e d  a b so rp tio n  band o f  d i f f e r e n t

b a e te r io p h e o p h y tin  p re p a ra t io n s .  The h a l f  w id th  o f  th e  a b so rp tio n  band was c a lc u l­

a te d  from f ig u re s  p u b lish e d  in  th e  re fe re n c e s  m entioned. The a re a  un d er th e  abso rp ­

t io n  band ( l a s t  column) i s  d e fin e d  f o r  our purpose as th e  p ro d u c t o f  th e  e x tin c t io n

c o e f f ic ie n t  in  th e  ab so rp tio n  maximum ( e m a r ) and th e  h a l f  w id th .
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For t h i s  rea so n  we assumed th a t  r e a c t io n  c e n te r  Bph and " f re e "

Bph have a  n e a r - in f r a r e d  a b so rp tio n  hand w ith  an a r e a  (a s  d e fin e d
Q . 1  «.p

above) o f  38 x  10 mM .cm . T his en ab led  us to  c a lc u la te  an
— 1 “ 1e x t in c t io n  c o e f f i c i e n t  o f  a t  most U2 mM .cm f o r  "free  Bph, g iven

a  h a l f  w id th  o f  a t  l e a s t  910 cm” 1 f o r  th e  n e a r - in f r a r e d  a b so rp tio n

band (a s  c a lc u la te d  from F ig . k . 2 ) .  Moreover we assumed (as  was done

in  th e  a n a ly s is  o f  F ig . U.6) t h a t  th e  shape o f  th e  n e a r - in f r a r e d

a b so rp tio n  band i s  th e  same in  r e a c t io n  c e n te r  Bph and " f re e "  Bph.

C lay ton  and cow orkers^ de term ined  th e  amount o f  B chl which can

be e x t r a c te d  from  an a l iq u o t  o f  a  w atery  su sp en sio n  o f  r e a c t io n

c e n te r s  w ith  known absorbance a t  803 and 867 nm. Knowing th a t  th e

Bchl co rresponded  t o  P800 and P870, th e y  determ ined  th e  absorbance

c o e f f i c i e n t s  o f  r e a c t io n  c e n te rs  in  th e  a b so rp tio n  maxima o f  P800

( a t  803 nm) and o f  P8T0 ( a t  867 nm), assum ing t h a t  th e re  a re  3 o r  U

o r 5 m olecu les o f  B chl p e r  r e a c t io n  c e n te r '’ .

We ex tended  th e s e  c a lc u la t io n s  t o  th e  assum ption o f  2 m olecules

o f  Bchl p e r  r e a c t io n  c e n te r  The r e s u l t s  a re  shown in  th e  f i r s t  3

columns o f  T able U .2. A ccording to  th e  a n a ly s is  o f  F ig . U .6 , th e

absorbance a t  756 nm due to  r e a c t io n  c e n te r  Bph i s  0.71 tim es th e

absorbance a t  867 nm. T his en ab led  us t o  c a lc u la te  th e  absorbance a t

756 nm o f  r e a c t io n  c e n te rs  (mM .cm ) which was due to  re a c t io n

c e n te r  Bph. T h is i s  shown in  th e  Uth column o f  T able U .2. With th e

assum ption  th a t  th e  s p e c i f ic  e x t in c t io n  c o e f f ic ie n t  o f  re a c t io n

c e n te r  Bph a t  756 nm i s  U2 mM” 1.cm” (see  above) we were a b le  to

e s tim a te  th e  b e s t  f i t t i n g  number o f  Bph m olecules p e r  r e a c t io n  cen­

t e r  ( l a s t  column o f  T able U.2) .
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Assumed

molar ratio

Bchl/RC

Absorbance of Absorbance of Molar ratio

RC (mM .cm ) RC (mM \ c m  Bph/RC

A n o __Orro due to BphÖ03 nm 0(2 nm _____ _

756 nm

2 176 76 5I» 1
3 26k 113 80 2
•» 352 152 107 2 or 3

TABLE k. 2

Calculation of the molar ratio of Bph per reaction center (RC), starting from

a given number of Bchl molecules per reaction center. The middle and Bottom row of

the first three columns were taken from ref. 5. The top row of the first three col­

umns was obtained in the same way as in ref. 5. Further details see text.

It appears from Table U.2 that, whatever the number of Bchl

molecules per reaction center, the molar ratio of Bph : Bchl is at

least 1 : 2 .  A 1 : 2 ratio was also reported recently by Reed and
20Peters on the basis of extraction experiments. We favor the as­

sumption of 2 molecules of Bph per reaction center because of the

band splitting of the 525 nm absorption band of Bph at low

temperature (see below), and because the assumption of 1 molecule

of Bph is, according to Table U.2, only compatible with 2 molecules

of Bchl per reaction center, and this leads to rather low specific

extinction coefficients of the reaction center particles in the

near-infrared. This is not likely because it would mean that the

quantum yields measured for the photooxidation of P870 (number of
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e le c tro n s  tran sp o rted /n u m b er o f  q u an ta  absorbed) a re  in  r e a l i t y

h ig h e r  th a n  re p o r te d  i n  Ch. I l l  o f  t h i s  T h esis  ( s e c t io n  3 -3 .1 )  and

in  r e f s .  5 and 3 ( i . e .  h ig h e r  th a n  1) and would approach 1 .5 . The

re p o r te d  v a lu es  were b ased  on an e x t in c t io n  c o e f f ic ie n t  o f  113

mM~ ̂ . cm-  ̂ f o r  th e  P870 a b so rp tio n  maximum. (A low er e x t in c t io n  coef­

f i c i e n t  means t h a t  a  c e r ta in  absorbance change re p re s e n ts  a l a r g e r

number o f  o x id iz e d  P870 m o le c u le s .)

h.U.2 The band s p l i t t i n g  o f  Bph a t  535 nm

A bsorp tion  sp e c tra ^  and f lu o re sc e n c e  e x c i ta t io n  s p e c tra  ( t h i s

T h e s is ) o f  r e a c t io n  c e n te r  p re p a ra t io n s  m easured a t  77° K re v e a le d

a  s p l i t t i n g  in  th e  535 nm a b so rp tio n  band o f  Bph. T h is co u ld  be ta k e n

as in d ic a t in g  th e  p re sen ce  o f  2 m olecules o f  Bph p e r  r e a c t io n  c e n te r

(one m ight assume t h a t  th e r e  a re  2 k inds o f  r e a c t io n  c e n te r s , w ith

s l i g h t  d if fe re n c e s  i n  th e  p o s i t io n  o f  th e  535 nm absorp tion- band o f

Bph, b u t th e n  one would have to  e x p la in  why th e re  a re  two k in d s , and

why th e s e  two k in d s always occu r i n  a  1 : 1 r a t i o ) .

One m ight assume th a t  th e  band s p l i t t i n g  a r i s e s  because  some o f

th e  Bph m olecules a re  s u b je c t  t o  p ig m en t-so lv en t in te r a c t io n s

r e s u l t in g  in  a  s h i f t  o f  th e  535 nm a b so rp tio n  band . Such in te r a c t io n s
25are  known t o  occu r w ith  Bchl in  p o la r  so lv e n ts  » where a s h i f t  o f

1 nm o f  $he fa x - re d  a b so rp tio n  band (from  772 to  771 nm) i s  accom­

p an ied  by a s h i f t  o f  3U nm o f  th e  "yellow " a b so rp tio n  band  (from

575 to  609 nm). However, G oedheer^  showed th a t  th e  p o s i t io n  o f  th e

535 nm a b so rp tio n  band o f  Bph in  p o la r  so lv e n ts  does n o t v a iy  more

th a n  th e  p o s i t io n  o f  th e  n e a r - in f r a r e d  a b so rp tio n  band as a  r e s u l t
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o f  p ig m en t-so lv en t i n t e r a c t i o n s , and th e  n e a r - in f r a r e d  a b so rp tio n

band o f  Bph in  re a c t io n  c e n te r  p re p a ra tio n s  does no t show a s p l i t ­

t i n g  a t  77° K ( r e f .  TK

A t h i r d  p o s s i b i l i t y  i s  t h a t  one e le c t r o n ic  t r a n s i t i o n  i s  r e s ­

p o n s ib le  f o r  two peaks in  th e  535 nm a b so rp tio n  band o f  monomeric

Bph in  r e a c t io n  c e n te rs  a t  low te m p e ra tu re s . However, such a  band

s p l i t t i n g  i s  n o t ap p aren t a t  room tem p era tu re  in  monomeric Bph

( r e f s .  9 ,2 3 ) ,  in  " f re e "  Bph (F ig . U.3B) and in  a B p h -p ro te in  complex

( r e f s .  11*, 10), w hereas even a t  room tem p era tu re  th e  535 nm

a b so rp tio n  band  o f  re a c t io n  c e n te r  Bph has a  t ru n c a te d  appearance ,

su g g es tin g  an u n re so lv ed  band s p l i t t i n g ,  as shown in  a b so rp tio n

s p e c tra  ( e .g .  r e f .  7) and f lu o re sc e n c e  e x c i ta t io n  s p e c t r a  (F ig . U.3A)

o f  r e a c t io n  c e n te r s .

T h erefo re  we fav o r th e  h y p o th e s is  t h a t  th e  band s p l i t t i n g  in

th e  535 nm a b so rp tio n  band o f  r e a c t io n  c e n te r  p re p a ra t io n s  i s  due to

dim er in te r a c t io n  betw een two Bph m o lecu les . A lthough c i r c u l a r
. . 21d ich ro ism  measurements w ith  r e a c t io n  c e n te r  p re p a ra t io n s  in  th e

n e a r - in f r a r e d  re g io n  d id  no t in d ic a te  a s tro n g  in te r a c t io n  betw een

two Bph m o lecu les , one might assume th a t  such an in te r a c t io n  shows

up m ainly in  th e  e le c t r o n ic  t r a n s i t i o n  re s p o n s ib le  f o r  th e  535 nm

a b so rp tio n  band o f  Bph.

U.U.3 The number o f  Bchl and c a ro te n o id  m olecules p e r  r e a c t io n  c e n te r

The l i t e r a t u r e  d a ta  concern ing  th e  number o f  Bchl m olecules p e r

r e a c tio n  c e n te r  a re  c o n f l ic t in g .  M auzerall (as  c i t e d  in  r e f .  5 ) ,

S tra le y  (as c i t e d  in  r e f .  5) and Reed and P e t e r s ^  d id  e x tr a c t io n
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experim en ts showing t h a t  th e  s to ic h io m e try  o f  Bph : Bchl in  r e a c t io n

c e n te r  i s  1 : 2 , acco rd in g  to  M auzera ll th e  h e s t  e s tim a te  was t h a t

th e r e  a re  fo u r  m olecules o f  Bchl p e r  re a c t io n  c e n te r . R ecent an a ly ses
1TT 8o f  l ig h t- in d u c e d  ESR s ig n a ls  in  p h o to s y n th e tic  b a c t e r i a  ’ and

1 fth ig h e r  p la n ts  su g g ested  th a t  th e  e le c t r o n  donor m olecule in  pho to ­

s y n th e t ic  r e a c t io n  c e n te r s  i s  n o t a monomer, h u t a (b a c te r io )  ch lo ro ­

p h y l l  d im er. F u rth erm o re , an a n a ly s is  o f  th e  a b so rp tio n  s p e c tra

shown in  F ig . U.T and F ig . 3 .8  in d ic a te s  t h a t  th e  a re a  under th e

P800 a b so rp tio n  band was o f  about th e  same m agnitude as th e  a re a  un­

d e r th e  P870 a b so rp tio n  b an d , when p lo t t e d  on a  wavenumber s c a le

( th e  a c tu a l  r a t i o  found in  two p re p a ra t io n s  was 1 .2  : 1 ). C layton

and coworkers'* s t a t e d  t h a t  th e  a rea s  under th e  P800 and P870

a b so rp tio n  bands have an app rox im ate ly  2 : 1 r a t i o ,  b u t from d a ta

re p o r te d  e a r l i e r  by C lay ton  (F ig . 2 and Table 2 o f  r e f .  U) we f in d

a  r a t i o  o f  1.U6 : 1 f o r  th e s e  a r e a s .  A ll  th e s e  d a ta  su g g est t h a t  U

m olecu les o f  Bchl (v iz .  2 P870 and 2 P800 m olecu les) a re  p re s e n t p e r

re a c t io n  c e n te r .  On th e  o th e r  han d , e x t r a c t io n  o f  Bchl from re a c t io n

c e n te rs  w ith  b le a c h e d  and unbleached  P870 r e s p e c t iv e ly , gave m olar

r a t i o s  o f  2 : 3 o f  th e  amount o f  Bchl found , i r r e s p e c t iv e  o f  w hether
. Uth e  b le a c h in g  o ccu rred  th ro u g h  a d d it io n  o f  fe r r ic y a n id e  o r  by

i l lu m in a t io n  ( S t r a le y ,  as c i t e d  in  r e f .  5 )- This su g g ests  th e

p resen ce  o f  3 r a th e r  th a n  U m olecules o f  Bchl p e r  r e a c t io n  c e n te r

(v iz .  2 m olecules o f  P800 and 1 m olecule o f  P870) .  A 2 : 1 r a t i o  o f

P800 and P870 was a ls o  su g g ested  by th e  r e s u l t s  o f  an a n a ly s is  o f

th e  600 nm a b so rp tio n  band o f  r e a c t io n  c e n te rs  ( t h i s  T h e s is , Ch. I I ,

s e c t io n  2 .3 .3 ) •



The u n c e r ta in ty  about th e  number o f  Bchl m olecules does no t

a llo w  us t o  e s tim a te  th e  number o f  c a ro te n o id  m olecules p e r  r e a c t io n

c e n te r .  Assuming a maximum v a lu e  o f  150 mM- 1.cm~ 1 f o r  th e  e x t in c t io n

c o e f f ic ie n t  o f  c a ro te n o id  we a r r iv e  from F ig . 1*.6 a t  a v a lu e  o f

0.1*3 o r  0 .5 8  m olecules o f  c a ro te n o id  p e r  r e a c t io n  c e n te r ,  assum ing

t h a t  th e re  a re  3 o r  1* m olecules o f  Bchl p e r  r e a c t io n  c e n te r

re s p e c t iv e ly .  S ince  b o th  v a lu es  a re  s ig n i f i c a n t ly  le s s  th a n  1, some

r e a c t io n  c e n te rs  a p p a re n tly  d id  n o t c o n ta in  c a ro te n o id  a t  a l l .
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CHAPTER V

ELECTRON ACCEPTORS IN REACTION CENTER PREPARATIONS FROM PHOTO­

SYNTHETIC BACTERIA

5.1 INTRODUCTION

The p rim ary  r e a c t io n  in  th e  p h o to sy n th e s is  o f  p u rp le  B a c te r ia

i s  th e  p h o to o x id a tio n  o f  P870 (see  C hap ter I ,  s e c t io n  1 .2 ) .  The

r o le  o f  p rim ary  e le c t ro n  a c c e p to r  d u rin g  t h i s  r e a c t io n  has o f te n

Been a t t r iB u te d  to  u b iq u in o n e . However, a  p r a c t i c a l  d i f f i c u l t y  in

t e s t i n g  t h i s  assum ption was t h a t  th e  re d u c tio n  o f  ub iqu inone to

u b iq u in o l can Be m onito red  o n ly  By a b so rp tio n  changes i n  th e  u l t r a ­

v io l e t  re g io n  o f  th e  spectrum . L ig h t-in d u ced  a b so rp tio n  changes in

t h i s  re g io n  do occu r in  p h o to s y n th e tic  b a c t e r i a  and in  chrom ato-

phore p r e p a r a t io n s ,  But so f a r  i t  was n o t c l e a r  which p a r t  o f  th e s e

changes was due to  r e d u c tio n  o f  ub iquinone o r  o th e r  su b s ta n c e s  and

to  P87O p h o to o x id a tio n , r e s p e c t iv e ly .

S e v e ra l au th o rs  ( e .g .  r e f .  5 ,3 ,2 )  assumed t h a t  a l l  o f  th e  l i g h t

induced  a b so rp tio n  change a t  275 nm was due to  ub iqu inone re d u c tio n .

T h is le d  "to th e  c o n c lu s io n  t h a t  one mole o f  ub iquinone was reduced

p e r  mole o f  p h o to o x id iz e d  PÖTO. However, t h i s  h y p o th e s is  was d i f f i ­

c u l t  t o  r e c o n c i le  w ith  th e  f a c t  t h a t  ubiquinone re q u ire s  two e le c ­

t ro n s  f o r  re d u c tio n  to  u b iq u in o l , and PÖTO i s  a  one—e le c t r o n  donor^
17

Loach, Bambara and Byan , on th e  o th e r  han d , assumed th a t  th e

lig h t- in d u c e d  275 nm a b so rp tio n  change was com plete ly  due to  PÖ70
•  •  12p h o to o x id a tio n . Ke and Chaney , w orking w ith  subchrom atophore



particles from Chromatium observed different decay kinetics at 881

and at 280 nm, respectively. This indicated that the change at 280

nm was due in part to a substance other than P870. Since, however,

these measurements were not extended to other wavelengths, they

provided no information about the nature of this substance.

Better interpretable results were obtained with reaction center
8 6preparations. Clayton and Straley and Clayton measured light-

induced absorbance changes in reaction center particles from a

carotenoidless strain of Hhodopseudomonas spheroides in the presence

of exogenous oxidants or reductants. They found absorbance changes

that could be ascribed to reduction or reoxidation of an electron
l8 11acceptor. McELroy, Feher and Mauzerall and Feher working with

the same particles, observed light-induced ESR signals at 1.U° K,

which they tentatively ascribed to reduction of iron.

This Chapter gives the results of experiments with reaction

center preparations from Rps. spheroides (wild strain) and

Rhodospirillum rubrum (wild strain). The results can be summarized

by the following scheme:
hv . _ . + _

PXA £ P X-A *■ P XA~

in which P is P870, and X and A are endogenous electron acceptors.
The light quantum is indicated by hv. Absorbance difference spectra

(reduced minus oxidized) were obtained for P870, A and X or X + A.

It is suggested that X is ubiquinone and X is the anion of ubi-

semiquinone. P and X are suggested to occur in a complex into which

protons cannot penetrate. The function of X in vivo is discussed.
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5 .2  MATERIALS AND METHODS

R eaction  c e n te r  f r a c t io n s  were p rep a red  as d e sc r ib e d  in  Chapter

I I .  L ig h t-in d u ced  absorbance changes were m easured a e ro b ic a l ly  in

1—mm c u v e tte s  w ith  an ap p ara tu s  d e sc rib ed  earlier*^ • The c o n c e n tra t­

io n  o f  P870 was about 3 pM. I f  n e c e ssa ry  th e  s ig n a ls  o b ta in e d  a t  a

c e r ta in  w avelength  were fed  in to  a  s ig n a l  av e rag e r (N uclear C hicago,

model 7100 D ata R e tr ie v a l  Computer) t o  improve th e  s ig n a l - to - n o is e

r a t i o .  A c tin ic  l i g h t  p ro v id ed  by a  150 W q u a r tz - io d in e  lamp was

F i l te r e d  by a B a lze rs  B—Uo 803 nm in te r f e r e n c e  f i l t e r  in  com bination

w ith  a  S ch o tt RG10-2 and a Kodak 89B f a r - r e d  c u t - o f f  f i l t e r .

5 .3  RESULTS

5-3 .1  L ig h t-in d u ced  absorbance changes observed  w ith o u t a d d itio n s

F ig . 5.1 shows th e  l ig h t- in d u c e d  absorbance changes a t  a few

re p re s e n ta t iv e  w av e len g th s , observed  in  AUT-RC p a r t i c l e s  from Rps.

s p h e ro id e s , suspended in  T r is  b u f f e r  w ith o u t a d d itio n s  (A ), w ith

30 pM fe r r ic y a n id e  (B) and w ith  10 mM a sc o rb a te  (C ). F ig . 5.1B and

5.1C w i l l  be d isc u sse d  in  s e c t io n  5 -3 .2 . F ig . 5.1A shows th a t

w ith o u t a d d it io n s  th e  k in e t ic s  a t  600 and 325 nm b o th  in  th e  l i g h t

and in  th e  dark  were b ip h a s ic .  (The 3*+5 nm change w i l l  be d e a l t  w ith

l a t e r  in  t h i s  s e c t io n ) .  The f a s t  and th e  slow p h ase  in  th e  l i g h t

w i l l  be r e f e r r e d  t o  h e r e a f t e r  as phase a  and ] j, r e s p e c t iv e ly .  The

f a s t  and th e  slow phase o f  th e  decay k in e t ic s  w i l l  be c a l le d  phase

£  and d ,  r e s p e c t iv e ly .  Phase <1 was com plete w ith in  1 sec  a f t e r  th e

o n se t o f  th e  a c t in ic  l i g h t .  Phase b reached  a  s tead y  s t a t e  le v e l



600nm325nm

Fig. 5.IA

Light-induced absorbance changes at 325* 3̂ *5» and 600 nm in AITT-RC particles

from Rps. spheroides, suspended in Tris buffer. Ho additions. Actinic light of 803

nm (intensity U.5 nEinstein.cm .sec ) was switched on and off at the times indi­

cated by the upward and downward pointing arrows. The horizontal bars indicate a

time interval of 10 sec. Hie vertical bars indicate an absorbance change (AA) of

0.001. Each sample vas illuminated only once and then allowed to stand in the dark

for at least two hours* before a second period of illumination was given.

IB Same as Fig. 1A, except that 30 ijM ferricyanide was present. In order to

avoid the exhaustion of ferricyanide, a fresh sample was taken after three illu­

mination cycles consisting of 10 sec light and 60 sec dark. Each point is the

average of three* six or nine illumination cycles.

1C Same as Fig. 1A, except that 10 mM ascorbate was present. Each sanple was

illuminated only once.

after 2 - 5  min of actinic illumination. The decay kinetics of phase

c and d were first order when plotted semilogarithmically, with

half times of 0.12 - 0.15 sec and 30 - 70 sec, respectively, depend-
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m g upon th e  p re p a ra tio n . In  sec tio n s  5 .3 .1  and 5 .3 .2  we w i l l  show

th a t  th e  re ac tio n s  corresponding to  th e  phases a ,  t ,  c and d can be

summarized in  th e  scheme shown in  F ig . 5 . 2 , in  which P i s  PÖ70 and

X and A are  e le c tro n  accep to rs . I t  i s  im plied th a t  th e  r a te  o f

re a c tio n  a i s  high compared to  th a t  o f  re a c tio n  b ,  which in  tu rn  i s

high compared to  th a t  o f  re a c tio n  d. According to  t h i s  scheme, th e

Fig . 5.2

Scheme o f  th e  e lec tro n  tra n sp o rt chain , opera ting  in  re ac tio n  cen te rs from

Rps. apheroidea and R. rubrum suspended in  T ris  b u ffe r . P i s  P87O, X and A are

e lec tro n  accep to rs. Arrows in d ic a te  the  d ire c tio n  o f  th e  e le c tro n  tr a n sp o r t . The

l ig h t  requirem ent i s  in d ica ted  by hv. The l e t t e r s  * ,  c and d r e f e r  to  th e

phases o f  th e  lig h t-in d u ced  absorbance changes which correspond w ith th e  in d ic a t­

ed reac tio n s (see Fig. 1A and te x t ) .

Fig. 5.1

Same as Fig. 5 .2 , bu t in  th e  presence o f  30 yM fe rricy an id e .

Fig. 5.U

Same as K g . 5 .2  bu t in  th e  presence o f  10 -  15 mM ascorbate . Question marks

re f e r  to  th e  u n certa in ty  whether th e  reduction  o f  A by ascorbate proceeds in  a

d ire c t  re ac tio n  o r v ia  X and P (see te x t ) .
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spectrum o f  th e  absorbance changes obtained in  phase _a represents

th e  d iffe r e n c e  spectrum (P+X -  PX), and th e  spectrum o f  the absor­

bance changes observed in  phase d rep resen ts th e  d ifferen ce  spec­

trum (P A-  -  PA). These sp ectra  are shown in  F ig . 5*5- The sp ectra

were matched at 600 nm.

—  Mnm)

L ight minus dark absorbance d if fe re n c e  s p e c tr a  o f  AUT-RC p a r t i c l e s  from Rps.

sp h e ro id e s , suspended in  T r is  b u f f e r .  The dark absorbance i s  t h a t  a t  th e  tim e ju s t

b e fo re  th e  a c t i n ic  l i g h t  i s  sw itched  on. No a d d it io n s .  A c tin ic  l i g h t ,  803 nm. In -
—2  “ 1 • • ^  •t e n s i t y ,  U.5 n E in s te in .cm  .s e c  . I l lu m in a tio n  tim e 10 sec# Open sym bols, s o l id

l in e :  d if fe re n c e  spectrum  o f  phase a ,  as observed  a t  0#7 sec  a f t e r  sw itc h in g  on th e

l ig h t .  S o lid  sym bols, dashed l i n e :  d if fe re n c e  spectrum  o f  phase d ,  as observed  a t

2 sec  a f t e r  d a rk en in g , lh e  i l lu m in a t io n  tim e was chosen such th a t  a t  600 nm phase

d was approx im ately  as la rg e  as phase  a . Hie c i r c l e s ,  t r ia n g le s  and sq u ares r e f e r

to  experim ents w ith  th r e e  d i f f e r e n t  b a tc h es  o f  p a r t i c l e s .  Hie s p e c tr a  were matched

a t  600 nm; th e  o rd in a te  s c a le  re g e rs  t o  th e  spectrum  w ith  th e  open c i r c l e s .
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The k in e t ic s  o f  th e  l i g h t —induced  ahsorhance changes were

(a p a r t  from a  c e r ta in  sm all d e v ia t io n , d isc u sse d  in  s e c t io n  5 .3 .5 ,

id e n t i c a l  i n  th e  reg io n s  o f  580 -  720 nm and 780 -  950 nm, so i t

Fig . 5 .6

0 ------- 0: AOT-RC p a r t i c l e s  from Rps. sp h ero id es .S p ec tru m  o f  {(X~ -  X) -  (A” -  A )},

as determ ined  by th e  d if f e re n c e  b e tv een  th e  two d if fe re n c e  s p e c tr a  shown in  F ig . 5 . 5 .

Hie o rd in a te  i s  g iven  in  m olar e x tin c t io n  u n i t s .  To t h i s  end , th e  s p e c tr a  o f  F ig . 5 .5

were ex p ressed  p e r  m illim o le  o f  p h o to o x id ized  P8T0, and th u s ,  acco rd in g  to  ou r m odel,

p e r  m illim o le  o f  X and A, b e fo re  s u b tr a c t io n .  The d i f f e r e n t i a l  e x tin c t io n  c o e f f ic ie n t

o f  P870 a t  600 nm (reduced  minus o x id iz e d ) was tak en  to  be  16 mM- 1.cm- 1 .

•  -------- • :  AUT-RC p a r t i c l e s  from Rps. sp h e ro id e s . Spectrum  o f  (X-  -  X) o r

{(X -  X) + (A -  A )}, as determ ined  by th e  l ig h t- in d u c e d  absorbance changes observed

in  th e  p resen ce  o f  10 mM a sc o rb a te . A c tin ic  i l lu m in a t io n  30 see  w ith  803 nm l i g h t .

I n te n s i ty  U.5 n E in ste in .cm  .s e c  . In  o rd e r t o  ensu re  t h a t  P870 was com plete ly  r e ­

duced, th e  absorbance changes were m easured a t  1 .3  sec  a f t e r  sw itc h in g  o f f  th e  a c t in ic

l i g h t .  Hie d a ta  were expressed  as th e  maximum absorbance change p e r  m illim o le  o f  P870

p re s e n t .  The c o n c e n tra tio n  o f  P870 was determ ined  from th e  maximum l i g h t —induced

absorbance change a t  600 nm, as observed  w ith o u t a d d it io n s .

D otted  l in e :  reduced  minus o x id iz e d  d if fe re n c e  spectrum  o f  übisem iquinone anion

minus ub iqu inone . Data from r e f .  16.
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co u ld  t e  s a f e ly  assumed t h a t  th e  b le a c h in g  a t  600 nm was due to

P870 o x id a tio n  on ly  (see  C hapter I I ,  s e c t io n  2 .3 .3 ) .  C onsequently ,

by ta k in g  th e  d i f fe re n c e  betw een th e  two d if fe re n c e  s p e c tr a  shown

in  F ig . 5*5, we e l im in a te d  th e  d if fe re n c e  spectrum  (P+ -  P) and

o b ta in e d  th e  d if f e r e n c e  spectrum  {(X-  -  X) -  (A-  -  A )}, i . e .  th e

d if f e r e n c e  spectrum  o f  X minus th e  d if fe re n c e  spectrum  o f  A. This

spectrum  i s  shown in  F ig . 5*6 (open c i r c l e s ) .  The same d if fe re n c e

spectrum  was o b ta in e d  w ith  SDS-RC p a r t i c l e s  from Rps. sp h e ro id es

(n o t shown).

A ccording to  F ig .5 .2 ,  phase c, r e p re s e n ts  th e  r e v e r s a l  o f  phase

a .  T h is was su p p o rted  by th e  r e s u l t s  shown in  F ig . 5 -7 . The d i f f e r ­

ence spectrum  (dark  minus l i g h t )  o f  phase c_ (open c i r c l e s )  was

p r o p o r t io n a l  t o  th e  d if f e r e n c e  spectrum  o f  phase a  ( s o l id  l i n e ) .  (The

(The dashed  l i n e  r e p re s e n t in g  phase d was drawn j u s t  f o r  com parison).

The k in e t i c s  o f  th e  P870 p h o to o x id a tio n , as observed  a t  600 nm
—2 —  1 \upon i l lu m in a t io n  w ith  803 nm l i g h t  ( i n t e n s i t y  1 .5  n E in s te in  cm sec ) ,

a re  shown in  F ig . 5-8 as a fu n c tio n  o f  th e  i l lu m in a t io n  tim e . A fte r

a  s h o r t  i l lu m in a t io n  tim e  most o f  th e  p h o to o x id iz e d  P87O decayed as

phase c ,  w ith  a h a l f  tim e o f  about 0 .12  se c . The rem ain ing  p a r t  de­

cayed as phase d. Upon p ro lo n g in g  th e  i l lu m in a t io n  t im e , th e  l i g h t -

induced  s ig n a l  e x h ib i te d  b ip h a s ic  k in e t ic s  (phase a  and ,b ) , and th e

f r a c t io n  o f  p h o to o x id iz e d  P87O decay ing  in  th e  dark  as phase d . i n ­

c re a se d  w ith  in c re a s in g  i l lu m in a t io n  tim e . Our i n te r p r e ta t io n  i s

(see  a ls o  F ig . 5*2) t h a t  an e le c t ro n  t r a n s f e r r e d  from P870 to  X in

th e  p rim ary  p h o to re a c tio n , r e tu rn s  from X to  P+870 e i t h e r  in  a

d i r e c t  r a p id  back re a c t io n  (phase £ )  o r  v ia  a secondary  a c c e p to r  A .
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X(nm)F ig . 5 .7

AOT-RC p a r t i c l e s  from Rps. sphero id es suspended in  T r is  b u f f e r  w ith o u t a d d it io n s .

Open c i r c l e s :  d if fe re n c e  spectrum  o f  phase a  o f  th e  l ig h t- in d u c e d  absorbance change

(see  F ig . 1A), a f t e r  sw itc h in g  o f f  th e  l i g h t .  The b a rs  in d ic a te  th e  s ta n d a rd  d e v ia tio n

o f  th e  mean. S o lid  and dashed l i n e :  d if fe re n c e  s p e c tr a  o f  phase a and phase d , r e s ­

p e c t iv e ly ,  as cop ied  from F ig . 5. 5. The d a ta  concern ing  phase c were o b ta in ed  w ith

th e  same samples as th o se  o f  F ig . 5 .5 . The s p e c tr a  were matched a t  600 nm. At t h i s

w avelength , th e  m agnitude o f  phase £  was about one t h i r d  o f  th e  m agnitude o f  phase a

and d.

S ince A re tu rn s  e le c tro n s  t o  P+8?0 very  slow ly  (phase 4 ) ,  th e  a c c e p to r

A fu n c tio n s  as an e le c t ro n  " t r a p "  d u rin g  th e  co n tin u ed  c y c lin g  o f

e le c tro n s  which ta k e s  p la c e  d u rin g  p ro longed  i l lu m in a t io n . Thus a f t e r

a b r i e f  i l lu m in a tio n  p e r io d  th e  o x id iz e d  re a c t io n  c e n te rs  a re  m ainly

in  th e  form P X A, b u t a f t e r  p ro longed  i l lu m in a tio n  th e y  a re  m ainly

in  th e  form P XA- .

The experim ents shown in  P ig . 5 .8  were ex tended  t o  in c lu d e  a c t in ic

i l lu m in a t io n  tim es up to  30 sec  and were done a t  fo u r  d i f f e r e n t  l i g h t

i n t e n s i t i e s .  The r e s u l t s  a re  summarized in  F ig . 5 .9 . The t o t a l  amount
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10s«c

F ig . 5 .8

AOT-RC p re p a ra tio n  from Rps. sp h ero id ea  i n  T rie  b u f f e r  w ith o u t a d d it io n s .  Kine­

t i c s  o f  th e  l ig h t- in d u c e d  absorbance change a t  600 nm. A c tin ic  l i g h t  (803 nm# in te n -
“ 2  “ 1  •  •  •s i t y  1 .5  n E in s te in .c m  .s e c  ) was sw itch ed  on and o f f  a t  th e  tim es in d ic a te d  by th e

upward and downward p o in t in g  arrow s. A f re s h  sample was tak e n  fo r  each cu rv e . A down­

ward d e f le c t io n  means an absorbance d e c re ase .

o f  p h o to o x id iz e d  PÖ70 a f t e r  a c e r t a in  p e r io d  o f  i l lu m in a t io n  ( l e f t )

was an a ly zed  in to  th e  f r a c t io n s  decaying  as phase £  (m iddle) and as

phase £  ( r i g h t ,  s o l i d  l i n e ) ,  r e s p e c t iv e ly ,  a f t e r  sw itc h in g  o f f  th e

a c t i n i c  l i g h t .  F ig .5*9 shows t h a t  a f t e r  a  s h o r t  i l lu m in a t io n  tim e

most o f  th e  p h o to o x id ized  P870 decayed as phase £ ,  and a f t e r  30 sec

o f  i l lu m in a t io n  most o f  th e  p h o to o x id iz e d  P870 decayed as phase _d.

The d a ta  f i t t e d  w ith  a model o f  th e  form

kj^ ï.tr  k2
P X A < , —  P+X~A < , > p+x A" (Eq. 5 • 1)

k 3 k U

in  w hich th e  k 's  a re  r a t e  c o n s ta n ts ,  I  i s  th e  in c id e n t  l i # r t  i n te n s i ty

and a i s  th e  a b so rp tio n  c ro ss  s e c t io n  o f  a  r e a c t io n  c e n te r  p a r t i c l e .

In  t h i s  model th e  phases a ,  £ ,  £  and d o f  th e  absorbance changes r e -
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10 20 30 ) 10 2& 30
------ TIME (w c )

F ig .  5 .9

Same p re p a ra tio n  as in  F ig . 5 .8 . No a d d it io n s .  K in e tic s  o f  th e  l ig h t- in d u c e d

absorbance changes a t  600 nm ( 0 ----- 0) and a t  3l*5 nm ( A ---------- A). A c tin ic  l i g h t ,

803 nm. I n t e n s i t i e s  from upper t o  low er c u rv e s , U.5 -  1 .5  -  o.l»5 -  0 .15  n E in s te in .
-2  -1

cm _ .se c  . l e f t :  T o ta l absorbance change a t  600 nm, o b ta in e d  in  th e  l i g h t ,  as a

fu n c tio n  o f  th e  tim e o f  i l lu m in a t io n .  M iddle: Magnitude o f  phase c. o f  th e  decay o f

th e  absorbance change a t  600 nm, as a  fu n c tio n  o f  th e  tim e o f  i l lu m in a t io n .  R ig h t:

Magnitude o f  phase j l  o f  th e  decay o f  th e  absorbance change a t  600 nm ( 0 ------- 0 ) ,

and m agnitude o f  th e  absorbance change a t  3**5 nm ( A --------A) as a  fu n c tio n  o f  th e

i l lu m in a tio n  tim e . The v a lu e s  shown in  th e  open c i r c le s  were o b ta in e d  by p l o t t i n g

th e  observed  decay cu rves on a  sem ilog  s c a le  and e x tr a p o la t in g  t e  ze ro  tim e  a f t e r

sw itch in g  o f f  th e  l i g h t .  Note th e  in v e r te d  s ig n s  o f  th e  l e f t  and r ig h t  hand s c a le .

p re s e n t  re a c t io n s  in d ic a te d  by k ^ I . a ,  k ,,, k 3 and k ^ , r e s p e c t iv e ly .

In  f a c t  we do no t know w hether A donated  i t s  e le c t r o n  to  P870+ ( in

phase d) d i r e c t l y  o r  v ia  X, b u t t h i s  was o f  no consequence f o r  o u r

model because o f  th e  w id e ly  d i f f e r e n t  v a lu es o f  k 3 and k ^ . For th e



12U

experim ent shown in  F ig . 5-9 we found hy computer s im u la tio n  ap p ro x i­

mate v a lu es  o f  0 .2 2 , 6 .7  and 0.015 sec-1 f o r  k2 , k and kj^, r e s p e e t -

i v i l y ,  and th e  v a lu e  o f  k ^ . I .o  ranged from 0 .3 3  to  10 sec” ^. E in s te in - ^.

Fig- 5-9 a ls o  shows t h a t  th e  k in e t i c s  o f  th e  absorbance change a t

3^5 nm (which i s  an i s o b e s t ic  p o in t  f o r  phases a  and c as shown in

F ig . 5-1A) corresponded  w ith  th e  re a c t io n  P+X~A ----- > P+X A- .

5 .3 .2  L ig h t-in d u ced  absorbance changes observed  in  th e  p resen ce  o f

fe r r ic y a n id e  o r  a sc o rb a te

F ig . 5.1B shows th e  k in e t ic s  o f  th e  l ig h t- in d u c e d  absorbance

changes observed  in  th e  p resen ce  o f  30 yM f e r r ic y a n id e . These

absorbance changes were r e v e r s ib le  w ith in  50 sec a f t e r  sw itch in g  o f f

th e  l i g h t .  The observed  k in e t ic s  cou ld  be ex p la in ed  w ith  th e  scheme

shown in  F ig . 5 -3 . The re o x id a tio n  o f  X-  in  th e  l i g h t  p roceeded  in

th e  p resen ce  o f  f e r r ic y a n id e  a t  a  much h ig h e r  r a t e  th a n  w ithou t

a d d i t io n s .  For in s ta n c e ,  in  th e  p re sen ce  o f  20 -  25 yM fe r r ic y a n id e ,

an i n i t i a l  absorbance in c re a s e  a t  325 nm, due to  th e  p h o to red u c tio n

o f  X was s t i l l  j u s t  v i s ib le  b u t th e  r a te  o f  th e  subsequent absorbance

d ec rease  was s tro n g ly  enhanced. In  th e  p resen ce  o f  30 yM f e r r ic y a n id e ,

how ever, th e  r a t e  o f  th e  re o x id a tio n  o f  X was so h igh  t h a t  accumu­

la t i o n  o f  X was no t o b se rv ab le  and only  a n e g a tiv e  absorbance change

caused by p h o to o x id a tio n  o f  P870 was observed .

F ig . 5-10 shows th e  l ig h t- in d u c e d  d if fe re n c e  spectrum  observed

in  th e  p resen ce  o f  30 yM fe r r ic y a n id e  (open c i r c l e s ) .  As ex p ec ted ,

t h i s  spectrum  was d i f f e r e n t  from th e  d if fe re n c e  spectrum  o f  (P X-  -  PX)

( s o l id  l i n e ,  cop ied  from F ig . 5-5) -  I t  was however a ls o  d i f f e r e n t
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F ig -  5 .1 0
— -  Mnm)

AOT-RC p a r t i c l e s  from Rps. sp h ero id es in  T r is  b u f f e r  w ith  30 pM fe r r ic y a n id e .

The same b a tch es  as shown in  F ig . 5 .5  were used . A c tin ic  l i g h t ,  803 nm, i n te n s i t y

1*.5 n E in ste in .cm  ^sec

0 0 0 :  Absorbance changes as observed  a f t e r  10 sec  o f  i l lu m in a t io n . •  •  • :

Absorbance changes a f t e r  s u b tr a c t io n  o f  th e  d if f e r e n c e  spectrum  o f  fe rro c y a n id e

minus f e r r ic y a n id e ,  assum ing th a t  one mole o f  fe r r ic y a n id e  was reduced p e r  mole o f

ph o to o x id ized  P870. ------- and -  -  Absorbance changes o f  phase and re sp ec ­

t i v e l y ,  as cop ied  from F ig . 5. 5. The s p e c tr a  were matched a t  600 nm. The l i g h t -

induced absorbance changes observed  w ith  fe r r ic y a n id e  were about h a l f  th e  maximum

absorbance changes observed  w ith  a d d it io n s .  F u rth e r  leg en d s: see  F ig . 5.1B .

from th e  d if fe re n c e  spectrum  o f  (P+A~ -  PA )(dashed l i n e ) ,  n o ta b ly  a t

w avelengths below 280 nm and above U60 nm. T his in d ic a te d  th a t  in  t h i s

case fe r r ic y a n id e  had re o x id iz e d  X-  in  th e  l i g h t ,  th e  n e t r e s u l t  b e in g

a l ig h t - d r iv e n  o x id a tio n  o f  P870 by f e r r ic y a n id e .  A f te r  s u b tr a c t io n

o f  th e  absorbance changes due to  fe r r ic y a n id e  re d u c tio n  th e r e  rem ained

a reduced  minus o x id iz e d  d if fe re n c e  spectrum  which was a t t r ib u ta b le  to

P870 a lone  (see  DISCUSSION). This spectrum  was no t s ig n i f i c a n t ly

I
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different from the difference spectrum of (P+A - PA), except at wave­

lengths above U60 nm. This indicates that the absorbance difference

spectrum of (A- - A) was insignificantly small except at wavelengths

above U60 nm, and that the difference spectrum {(X- - X) - (A - A)}

(Fig. 5.6) is mainly the difference spectrum of (X - X) at wave­

lengths below U60 tun.

Fig. 5.1C shows the kinetics of the light-induced absorbance

changes observed in the presence of 10 mM ascorbate. The 600 nm

absorbance change indicates that under these circumstances the photo­

oxidation of P870 by X was followed by reduction of P870+ by ascor­

bate (see Fig. 5.U). Consequently, the absorbance differences observed

in the steady state at other wavelengths reflect the reduction of X,

or possibly of X and A.

Fig. 5.6 (solid circles, dashed line) shows the spectrum of the

light-induced absorbance changes observed in the presence of 10 mM

ascorbate, at 1.3 sec after switching off the actinic light. The

spectrum was similar to the one of { (X - X) - (A - A)} (Fig. 5*6,

open circles), and the fact that these two difference spectra are

equal in magnitude indicates that, in the presence of ascorbate, only

1 mole of X was reduced per mole of P870 present. Apparently the

photoreactive pool of X is identical in size to that of P870. This
. _ 7was also found by Clayton, Fleming and Szuts .

The difference spectrum given by the solid circles was similarQ
in the blue region to those obtained by Clayton and Straley . In later

experiments these authors^ came independently to about the same ana­

lysis of the ultraviolet absorbance changes as outlined above.



127

As d isc u sse d  above, th e  s o l id  c i r c l e s  re p re s e n t  e i t h e r  th e

spectrum  (X~ -  X) o r  { (x“ -  X) + (A~ -  A)}. C onsequen tly , th e

d if fe re n c e  betw een th e  open and s o l id  c i r c l e s  shou ld  g iv e  e i t h e r  th e

spectrum  (A -  A) o r  (2A -  2A). T his spectrum  had  maxima a t  515 nm

and 1*30 nm and a  n e g a tiv e  band below 1*15 nm. The accu racy  was low as

can be judged  from F ig . 5 .6 . In  p r in c ip le  th e  spectrum  (A-  -  A) co u ld

a ls o  be c a lc u la te d  from th e  (P+A-  -  PA) and (P+ -  P) s p e c t r a  (F ig .

5 .1 0 , s o l id  c i r c l e s ,  and F ig . 5 . 5 , s o l i d  sym bols, r e s p e c t iv e ly ) ,  b u t

th e  accu racy  o f  measurement would make such a c a lc u la t io n  p r a c t i c a l l y

m ean in g less .

■I' 3,3-----R eac tio n  c e n te r  p a r t i c l e s  from R. rubnrni

Measurement o f  l ig h t- in d u c e d  absorbance changes in  SDS-RC p a r t -

c le s  from R. rubrum gave e s s e n t i a l l y  th e  same r e s u l t s  as in  AUT-RC

p a r t i c l e s  from Rps. s p h e ro id e s , ex cep t t h a t  th e  co n v ersio n  o f  f a s t

decaying ( h a l f  tim e  about 0 .2  se c )  P+I*A in to  slow ly  decay ing  ( h a l f

tim e about 30 sec )  P+XA~ proceeded  a t  a 5 -  10 tim es h i g i e r  r a t e .  The

d if fe re n c e  spectrum  C ( X ~  -  X) -  (A" -  A)} was vexy s im i la r  t o  th e

co rrespond ing  spectrum  o f  AOT-RC p a r t i c l e s  from Rps. sp h e ro id es  (see

r i* * 5 .1 1 ) , in d ic a t in g  t h a t  f o r  th e s e  two organism s X i s  i d e n t i c a l .

Pig* 5*11 a l s o  shows th e  d i f fe re n c e  spectrum  (P+A~ -  PA), which

approxim ates th e  d i f fe re n c e  spectrum  (P+ -  P) f a i r l y  w e l l ,  as d is c u s s ­

ed above.

5.3 .U  The chem ical n a tu re  o f  X

Pig* 5*6 (d o tte d  l i n e )  shows th e  d if fe re n c e spectrum  (reduced
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— - \(nm)

Fig. 5.11

SD6-RC particles from R. rubrum suspended in Tris buffer without additions.

Actinic light, 803 nm, intensity U.5 nEinstein.cm ̂ .sec .0 ----  0: Difference

spectrum (P+A- - PA) of the slow part of the dark decay after 3 sec of actinic

illumination. V ----- V: Spectrum of { (X- - X) - (A" - A)), obtained in a similar

way as the spectrum of Fig. 5.6 (open circles), viz. by subtracting, after

normalization at 600 nm, the (P+A~ - PA) spectrum from the (P+X - PX) spectrum

that was obtained by measuring the fast part of the dark decay after 0.20 sec of

actinic illumination.

minus oxidized) of the ubisemiquinone anion minus ubiquinone, as

measured in methanol. The difference spectrum was calculated from
16data given by Land, Simic and Swallow . This spectrum is remarkably

similar to the difference spectra of ( (X - X) - (A - A)} and of

(X- - X) or { (X- - X) + (A- - A)} , obtained with AUT-RC particles from

Rps. spheroides (Fig. 5-6, open and solid symbols). One difference

is, however, that the latter spectra seem to be shifted to longer

wavelengths by about 10 nm, as compared to the ubiquinone difference
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spectrum . In  a d d i t io n ,  th e  absorbance changes around 285 nm and in

th e  re g io n  o f  1*20 -  1*50 nm were sm a lle r  in  th e  in  v ivo  d i f fe re n c e

s p e c tr a  th a n  in  th e  ub iquinone d if fe re n c e  spectrum . A part from th e s e

d isc re p a n c ie s  th e  shape and th e  m agnitude o f  th e  absorbance d i f f e r e n c e

s p e c t r a  shown in  F ig . 5-6 and 5-11 axe so s im i la r  t h a t  we conclude

t h a t  presum ably X i s  ub iqu inone and X-  i s  th e  an ion  o f  ub isem iquinone

in  r e a c t io n  c e n te r  p a r t i c l e s  from Rps. sp h e ro id es  and R. rubrum.

The d isc re p a n c ie s  observed  in  th e  reg io n s  o f  280 nm and 1*20 -  1*50 nm

m ight be due to  a  t i g h t  co u p lin g  betw een ub iquinone and th e  r e a c t io n

c e n te r  B chl. Such a  t i g h t  co u p lin g  may a ls o  be  su g g ested  by th e

o b se rv a tio n  t h a t  th e  (x" -  X) o r  {(x“ -  X) + (A~ -  A)} d i f fe re n c e

spectrum , as o b ta in e d  by i l lu m in a t io n  in  th e  p re sen ce  o f  a s c o rb a te ,

showed sm all absorbance changes in  th e  re g io n  o f  730 -  900 nm (maxi­

mum AA,5 mM '.cm ' 1 as e x p re ssed  on a  P8T0 b a s i s )  which w ere i n t e r ­

p re ta b le  as sm all s h i f t s  in  th e  a b so rp tio n  bands o f  b a c te r io p h e o p h y tin ,

P800 and P870, perhaps due to  e l e c t r i c  f i e l d  in te r a c t io n s  betw een

th e s e  m olecules on th e  one hand and x" on th e  o th e r  hand (see  nex t

s e c t io n ) .

5*3.5 Nea r—in f r a r e d  absorbance changes

This C hapter d e a ls  m ain ly  w ith  absorbance changes a t  w avelengths

below 600 nm. N e a r - in f ra re d  d i f fe re n c e  s p e c tr a  co rresp o n d in g  w ith  P870

o x id a tio n  ( l ig h t- in d u c e d  and ch em ica lly  induced) have been p re s e n te d

in  Ch. I I .  The k in e t i c s  o f  th e  l ig h t- in d u c e d  600 nm absorbance change

were under v a r io u s  c o n d itio n s  ( i l lu m in a t io n  w ith o u t a d d i t io n s ,  o r  in

th e  p resen ce  o f  a sc o rb a te  o r  f e r r ic y a n id e )  very  s im i la r  t o  th o se  o f
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th e  n e a r - in f r a r e d  absorbance changes (compare Ch. I I ,  F ig . 2 .5 )*  Sm all

d if fe re n c e s  o ccu rred  how ever, depending upon th e  w aveleng th . N otably

a f t e r  i l lu m in a t io n  in  th e  p re sen ce  o f  10 mM a sc o rb a te  d u rin g  a  p e r io d

s u f f i c i e n t ly  lo n g  to  ensure  t h a t  a l l  r e a c t io n  c e n te rs  were i n  a  s t a t e

w ith  reduced  P870 and reduced  X, th e re  rem ained n e a r - in f r a r e d  absor­

bance changes co rrespond ing  w ith  th e  spectrum  o f  (PX -  PX) ( • ------ •

in  F ig . 5*6). These n e a r - in f r a r e d  absorbance changes were sm all

—  1 —1(maximum AA, 5 mM .cm a t  770 nm) compared to  th e  n e a r - in f r a r e d

absorbance changes due to  P 8 7 0 -o x id a tio n  (maximum AA, 93 mM .cm ^

a t  867 nm ) .  The spectrum  o f  (PX -  PX) was very  s im i la r  t o  th e

spectrum  g iven  by C layton and S tra le y  (F ig . 6 in  r e f .  9)» These

au th o rs  a t t r i b u t e d  th e s e  changes t o  s h i f t s  in  th e  absorbance spec­

trum  o f  Bph and Bchl a s s o c ia te d  w ith  th e  re d u c tio n  o f  th e  p rim ary

a c c e p to r . Im p o r ta n tly , th e s e  au th o rs  were a ls o  a b le  to  s e p a ra te  th e s e

n e a r - in f r a r e d  Bchl and Bph s h i f t s  k in e t i c a l l y  from an absorbance

change a t  1*55 nm r e f l e c t i n g  presum ably th e  re d u c tio n  o f  ub iqu inone.

T his in d ic a te d  th a t  th e  sm all n e a r - in f r a r e d  absorbance changes and

th e  1*55 nm absorbance change a re  o f  a d i f f e r e n t  o r ig in .  The r e s u l t s

su g g ested  t h a t  under c e r t a in  c o n d itio n s  th e  sm all n e a r - in f r a r e d  ab­

sorbance changes were a s s o c ia te d  w ith  a secondary  r e a c t io n ,  i n  con­

t r a s t  t o  th e  1*55 nm which was a s s o c ia te d  w ith  th e  p rim ary  r e a c t io n .

We observed  s im i la r  s h i f t s  in  Bph and Bchl absorbance by compar­

in g  th e  l ig h t- in d u c e d  d if fe re n c e  s p e c tra  o f  phase a (P+X -  PX) and

phase d (P+A -  PA), as m easured w ith o u t a d d itio n s  (see  s e c t io n  5 - 3 . 1 ) ,

in d ic a t in g  t h a t  upon re d u c tio n  o f  X th e  absorbance s p e c tr a  o f  Bph and

P800 a re  in f lu e n c e d  in  a  s im i la r  way when P87O i s  reduced  (by i l -
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lumination in the presence of ascorbate) and when it is oxidized (by-
illumination without additions).

As discussed above, these near—infrared absorbance changes are

small and are of a different origin than the absorbance changes shown

in Fig. 5.6, and we do not believe that the former contribute much

to the latter, because in general changes in the environment of Bchl

and Bph are reflected most strongly in the near-infrared part of the
absorbance spectra of these molecules-.

The fact that near—infrared absorbance changes corresponding

with (PX - PX) are small compared with the total absorbance of P870

(maximum at 867 nm, 113 mM ^.cm  ̂ according to ref. U), is in line

with our observation (Ch. Ill, Fig. 3.7) that the P870 fluorescence
emission spectra have within the limits of accuracy the same shape

whether the fluorescence originates from PX or from PX- .

5.3.6 pH-dependence of the light-induced absorbance changes
hVj

We wanted to check whether the reaction PXA<  P+X-A was pH-

independent, and whether the reaction P+X-A --->  P+XA- , or the

reaction P XA --->PXA (corresponding with phase _b and phase _d,

respectively), involved one or more protons. To this end we measured

the pH-dependence of the light-induced absorbance changes at 600 nm

and at 325 nm of an AUT-RC preparation, over a pH-range of U.5 to 9.7.
hv-

The results indicated that the reaction PXA<- ■ ■ P X~Awas practical­

ly independent of the pH over this range, that the reaction

P X A ^  P XA was accelerated 15-fold or less upon lowering the

pH from 6.5 to U.5 and that the reaction P+XA ^  PXA was accelerat-
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ed by a factor 2.2 - 2.7 upon raising the pH from U.5 to 9»7*

A preparation dialyzed against distilled water was divided into

eight 1-ml portions to which 0.1 ml of the required buffer was added

(see subscript of Fig. 5*12A). The particles were incubated with these

buffers for two hours in the dark at room temperature prior to the

experiments. In each experiment the particles were illuminated in a

2-mm quartz cuvette for 0.38 sec with 803 nm light (intensity
“2 —1.5.5 nEinstein.cm .sec ); after a dark recovery of the light-induced

absorbance change for more than 97% (in 2 - 5  min) the sample was

illuminated for 8 sec with the same light. Simultaneous measurements

were done at 600 and 325 nm. The dark decay of the 600 nm absorbance

change was analyzed as before (see section 5-3.1) into first order

reactions corresponding with phase c_ and phase d, respectively. The

results are summarized in Fig. 5»12. Each point represents one

experiment.

The magnitude of the light-induced 600 nm absorbance change was

slightly pH-dependent as indicated by the open circles and solid

lines of Fig. 5-12A (0.38 sec actinic light) and Fig. 5«12B (8 sec

light). The magnitude of the absorbance change at 600 nm was found

(within the error of measurement) to be proportional to the rate

of the primary reaction, when the pH was varied (the two top curves

of Fig. 5.12A). Conqsuter simulations confirmed that these slight

pH-dependences were in the pH range of 5-5 to 9-7 accounted for

mainly by variations in the rate constant of the reaction

corresponding with phase i  (see below).

The half time of phase ji varied from 1*7 sec at pH 9-7 to 102 sec
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fig.S12.A f i g  5.12.B tig- 5.12.C
AUT-RC p a r t i c l e s  o f  Rps. sp h e ro id e s . K in e tic s  o f  th e  l ig h t- in d u c e d  absorbance

changes as a  fu n c tio n  o f  pH. A c tin ic  l i g h t  in te n s i t y :  5.5  n E in s te in .c m '2 . s e c - 1 .

F ig . 5.12A: M easuring l i g h t  600 nm, a c t i n ic  i l lu m in a t io n  tim e 0 .3 8  s e c .  0 * * ^ 0 :

absorbance change a t  th e  end o f  th e  i l lu m in a tio n  tim e (s ig n  in v e r te d ) .  A—g—A and

® ^  • :  Magnitude o f  th e  f r a c t io n s  o f  th e  absorbance change decay ing  as phase  c and

as phase d , r e s p e c t iv e ly ,  a f t e r  sw itch in g  o f f  th e  a c t i n ic  l i g h t .  A :  Magnitude o f  th e

f r a c t io n  o f  th e  absorbance change decaying w ith  a  h a l f  tim e o f  3 .3  s e c .  B _____ B :

I n i t i a l  r a t e  (p e r  0 .2  se c )  o f  th e  absorbance change in  phase  a  o f  th e  l ig h t - o n

k in e t ic s  (s ig n  in v e r te d ) .  The v e r t i c a l  b a rs  in  t h i s  F ig . re p re se n t  s ta n d a rd  d e v ia t­

io n s c a lc u la te d  as p e rcen tag e  o f  th e  mean from 8 experim ents a t  pH 8 .0  under o th e r ­

w ise  th e  same c o n d it io n s . The s ta n d a rd  d e v ia tio n s  g iven  do no t in c lu d e  p o s s ib le

e r ro r s  made du rin g  th e  d i lu t io n  p ro ced u re s.T h ese  a re  e s tim a te d  a t  3 -  UJ o f  th e  mean

v a lu e s . The b u f fe r s  u sed  to  a t t a i n  th e  in d ic a te d  pH v a lu es were ( f i n a l  c o n c e n tra tio n s

in  b ra c k e ts ) :  pH U.5 -  6 .5 ,  c i t r i c  acid -p h o sp h a te  (2 .9  -  5 .5  mM c i t r i c  a c id ) ;  pH 7 .5 ,

T ris-H C l (10 mM T r i s ) ;  pH 8 .5 ,  te tra b o ra te -H C l (3 -5  mM t e t r a b o r a t e ) ;  pH 9 .7 ,  t e t r a -

b o ra te-Na0H (3a5 mM te t r a b o r a t e ) .

F ig . 5.12B: M easuring l i g h t  600 nm, a c t i n ic  i l lu m in a t io n  tim e 8 s e c . O ^ ^ O ,  A———A

Bnd 5 ~ As *n A. 4: Magnitude o f  th e  f r a c t io n  o f  th e  absorbance change

decaying w ith  a  h a l f  tim e o f  U se c .

F i£ . 5-12C: M easuring l ig h t  325 nm, a c t in ic  i l iu m :n a t io n  tim e 8 sec  V-——¥: Magnitude

o f  phase a o f  th e  r i s e  k in e t i c s .  A—j —A: Magnitude o f  phase £_ o f  th e  decay k in e t i c s

(s ig n  in v e r te d ) .  V e r t ic a l  b a rs  re p re s e n t  e r ro r s  o f  th e  mean as e s tim a te d  from th e

n o ise  le v e l  in  th e s e  experim en ts.
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a t  pH U.5 a f t e r  0.38 sec  o f  i l lu m in a t io n . S im ila r ly ,  a f t e r  8 sec o f

i l lu m in a t io n  th e  h a l f  tim e o f  phase d v a r ie d  from 68 sec  a t  pH 9 .7

to  180 sec a t  pH U.5. This w i l l  he d isc u sse d  helow . The k in e t ic s  o f

phase c were pH -independent over a  pH-range o f  5*5 to  9 -7 . F i r s t -

o rd e r  k in e t ic s  were o b ta in e d  d u rin g  th e  f i r s t  0 .7  sec  a f t e r  sw itch in g

o f f  th e  l i g h t ,  w ith  h a l f  tim es  o f  0.22 i 0.01 se c . At pH U.5 a  new

decay phase appeared  w ith  a  h a l f  tim e o f  3 -  U sec  ( s o l id  t r i a n g le s

in  F ig . 5.12 A and B ). The m agnitude o f  t h i s  decay phase was about

th e  same as t h a t  o f  phase £ .  A f te r  s u b tr a c t io n  o f  t h i s  new decay

phase i t  appeared  t h a t  a t  pH U.5 phase £  had a  h a l f  tim e n o t s i g n i f i ­

c a n tly  d i f f e r e n t  from th o se  o b ta in e d  a t  h ig h e r  pH v a lu e s : 0.20 se c .

The m agnitude o f  phase c and d o f  th e  decay k in e t i c s  ( e x t r a ­

p o la te d  t o  0 sec  a f t e r  sw itch in g  o f f  th e  l i g h t )  e x h ib ite d  a  marked

pH-dependence e s p e c ia l ly  a t  pH v a lu es  below 6 .5»  where th e  m agnitude

o f  phase £  d ec rea sed  and th e  m agnitude o f  phase d in c re a se d  w ith

d e c re a s in g  pH (F ig . 5.12A and B ). At pH v a lu es  above 6 .5  th e  magni­

tu d e  o f  phase c was alm ost independent o f  th e  pH, bait th e  m agnitude

o f  phase d d ec reased  w ith  in c re a s in g  pH, a lthough  no t as sh a rp ly  as

below pH 6.5» H iis  was seen  c le a r ly  a f t e r  8 sec  o f  i l lu m in a tio n

(F ig . 5-12B).

At 325 nm th e  m agnitude o f  phase _a o f  th e  r i s e  k in e t ic s  was

approx im ate ly  c o n s ta n t a t  pH v a lu es  above 6.5 and d ec reased  sh a rp ly

w ith  d e c re a s in g  pH a t  pH v a lu es  below 6.5 (F ig . 5-12C, s o l id

t r i a n g l e s ,  dashed l i n e ) .  At a pH o f  U.5 th e  f a s t  l ig h t- in d u c e d

in c re a s e  in  absorbance was a b s e n t , only  a slow l ig h t- in d u c e d  decrease

was observed . In  a l l  cases  an absorbance d ec rea se  was observed  in
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phase c o f  th e  decay k i n e t i c s ,  fo llow ed  hy a  slow  in c re a s e  in  phase d.

The pH-dependences o f  th e  m agnitude o f  phase £  o f  th e  decay k i n e t i c s ,

as m easured a f t e r  8 sec  o f  i l lu m in a t io n ,  were s im i la r  a t  325 nm

(Fig* 5•12C) and a t  600 nm (F ig . 5*12B). This i s  in  accordance

w ith  th e  co n c lu sio n  o b ta in e d  e a r l i e r  t h a t  phase c r e p re s e n ts  th e

r e a c t io n  P X A ----- ^  PXA and th a t  t h i s  r e a c t io n  g iv es r i s e  t o  an

absorbance change a t  b o th  th e s e  w avelengths (F ig . 5 .7 ) .

The r e s u l t s  d isc u sse d  so f a r  in d ic a te  t h a t  th e  r a t e  c o n s ta n ts
.-h.v>  + _

o f  th e  r e a c t io n s  PXA^-----P X A  (phase & and £  r e s p e c t iv e ly )  were

p r a c t i c a l l y  independen t o f  th e  pH over a range o f  5 .5  t o  9 . 7 . This

i s  c o n s is te n t  w ith  th e  in t e r p r e t a t i o n  o f  s e c t io n  5.3 .U  th a t  th e s e

a re  o n e -e le c tro n  r e a c t io n s .  I t  a ls o  su g g ests  t h a t  P870 and X occur

in  a complex in to  which p ro to n s  cannot p e n e tr a te  e a s i l y ,  s in c e  p ro ­

to n s  would p ro b ab ly  r e a c t  r a p id ly  w ith  a n io n ic  ub isem iquinone to

g ive  th e  n e u t r a l  sem iquinone. The r a t e  c o n s ta n t f o r  t h i s  re a c t io n
4|f l o l l

in  m ethanol i s  p ro b ab ly  3 4 1 x 10 M .s e c  and th e  e q u ilib r iu m

c o n s ta n t i s  2 .5  -  5 x 10 M, acco rd in g  t o  Land and S w a llo w ^ . The

absorbance d if fe re n c e  s p e c tra  d isc u sse d  in  s e c t io n  5. 3.1 d id  not

p o in t  t o  th e  fo rm ation  o f  n e u t r a l  ubisem iquinone in  phase a o f  th e

l ig h t - o n  k in e t i c s .  As shown below i t  i s  a ls o  u n lik e ly  t h a t  t h i s  oc­

cu rre d  in  phase b o f  th e  l ig h t - o n  k in e t i c s .

The r a t i o  o f  phase c p h a s e  o f  th e  dark  decay a f t e r  a  c e r ta in

i l lu m in a tio n  tim e was s tro n g ly  pH -dependent. For t h i s  reaso n  one

m ight su sp e c t t h a t  th e  r e a c t io n  co rrespond ing  w ith  phase b o f  th e

) According to  Dr E .J . Land, these  numbers would probably be o f  th e  same o rder o f

magnitude in  w ater (p e rs . comm.).
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l ig h t - o n  k i n e t i c s ,  w hich was w r i t te n  in  s e c t io n  5-3*1 as

P+X A -----^  P+XA , i s  a t  low pH a  p ro to n a tio n  o f  a n io n ic  ub isem iqu inone:

P X + H+ -----^  P+XH. The k in e t i c s  o f  th e  325 nm and 600 absorbance

changes were a t  th e  f i r s t  s ig h t  no t in c o n s is te n t  w ith  t h i s  i n t e r ­

p r e t a t i o n ,  s in c e  th e  absorbance d i f fe re n c e  spectrum  o f  (X-  -  X), in

w hich X i s  u b iq u in o n e , i s  s im i la r  t o  th e  absorbance d if fe re n c e

spectrum  o f  (X -  XH) above 300 nm. In  th e  re g io n  o f  260 -  300 nm,

th e  (X -  X) d i f fe re n c e  spectrum  i s  more n e g a tiv e  th a n  th e  (X-  -  XH)

d if f e r e n c e  s p e c tru m ^ . We t r i e d  t o  make use  o f  t h i s  in  a  c o n tro l

experim ent w ith  a n o th e r  b a tc h  o f  r e a c t io n  c e n te rs  ( d e t a i l s  below)

b u t th e  accu racy  was to o  low t o  dec ide  betw een re o x id a tio n  o r  p ro to n ­

a t io n  o f  X in  phase  b o f  th e  l ig h t - o n  k in e t i c s .  However, i f  phase _b

re p re s e n ts  th e  r e a c t io n  P X + H+----- >  P XH, th e  r a t e  o f  t h i s  re a c t io n

would be p ro p o r t io n a l  t o  th e  H -  c o n c e n tra tio n . T his was no t th e  case

as can be d e r iv e d  from F ig . 5-12A. A f te r  0 .3 8  sec  o f  i l lu m in a t io n ,

th e  r a t i o  o f  phase c : phase  d o f  th e  dark  decay o f  th e  600 nm ab­

sorbance  change was 7 : 1 a t  pH 6 .5 ,  and a t  l e a s t  1 : 2 a t  pH U.5.

(The l a t t e r  v a lu e  i s  a  low er l im i t  o b ta in e d  i f  th e  decay phase

w ith  a  h a l f  tim e  o f  3-3 sec i s  in c lu d e d  in  phase d ) . S ince  th e  r a te

c o n s ta n t o f  th e  r e a c t io n  co rresp o n d in g  w ith  phase £  (P X- ---- ^  PX)

had rem ained c o n s ta n t , t h i s  in d ic a te s  t h a t  th e  r a t e  o f  th e  r e a c tio n

co rresp o n d in g  w ith  phase Jb o f  th e  l ig h t - o n  k in e t ic s  in c re a se d  only

a t  most 1 l»-fo ld  upon low ering  th e  pH from 6 .5  t o  U.5 (The r a te

c o n s ta n t o f  th e  r e a c t io n  co rresp o n d in g  w ith  phase d was a t  b o th  pH

v a lu es  to o  low to  be o f  any in f lu e n c e  in  t h i s  a n a ly s i s ) .  For t h i s

reaso n  we do no t b e lie v e  t h a t  a  p ro to n a tio n  o f  X~ o ccu rred  in  phase

b o f  th e  l ig h t - o n  k in e t i c s .
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These experiments were repeated with another preparation,

buffered at pH U.6 with an acetic acid-acetate buffer (final con­

centration 20 mM of each) and at pH 6.6 with a Na2HP0^ - KH^PO^

buffer (final concentration 20 mM of each). The results and conclus­

ions were qualitively the same as above, except that no "new" dark

decay phase appeared as a result of lowering the pH to U.5, and the

reaction corresponding with phase b of the light-on kinetics was

accelerated only at most 3-fold by lowering the pH from 6.6 to k.6,

again indicating that a protonation of X did not occur in phase ̂

of the light-on kinetics. By including absorbance changes at 275 nm

in these experiments it was checked that anionic ubisemiquinone was

not reduced and protonated to neutral ubiquinol in phase b of the

light-on kinetics. This would have given rise to an additional

absorbance decrease instead of the observed absorbance increase, in

phase b.. (Unfortunately the rather high turbidity of the sample at

pH U.5 and the resulting low accuracy did not permit us to exclude

directly the possibility that at pH 1+.5 neutral ubisemiquinone is

formed in phase b of the light-on kinetics.)

The rate constant of the reaction corresponding with phase d

(P XA ^  PXA) increased gradually with increasing pH over a pH-

range of U.5 to 9*7 in the experiments shown in Fig. 5.12. Moreover

this rate constant decreased with increasing illumination time (see

below). An explanation may be that during prolonged illumination the

electrons cycling through P870, X and "A" are gradually accumulated

in secondary acceptors with longer half times for the return of elec­

trons to P870. (This should give rise to inhomogeneous decay kinetics
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o f  phase  d . One would have to  check t h i s  p o in t  by m easuring th e  decay

k in e t i c s  over p e r io d s  o f  5 t o  10 m in u te s , b u t i t  was d i f f i c u l t  to

e l im in a te  slow in s tru m e n t d r i f t s  over th e s e  p e r io d s .)  The secondary

a c c e p to r (s )  may be b u r ie d  in  th e  r e a c t io n  c e n te r  p r o te in .  I f  th e

number o f  p o s i t iv e  charges in  th e  p r o te in  i s  in c re a s e d  by p ro to n a tio n

as a r e s u l t  o f  lo w erin g  o f  th e  pH, t h i s  cou ld  enhance th e  r a t e  o f

th e  r e a c t io n  P X- A ----- > P +XA-  by p ro v id in g  an e l e c t r o s t a t i c  a t t r a c t i v e

fo rc e  w orking on th e  e le c t ro n  on X . This e l e c t r o s t a t i c  a t t r a c t i v e

fo rc e  would a ls o  r e t a r d  th e  r e tu r n  o f  e le c tro n s  from A to  P . Al­

t e r n a t i v e l y ,  i t  i s  p o s s ib le  t h a t  th e  low er pH b r in g s  about a  s t r u c tu r a l

change in  th e  p r o te in  so t h a t  A i s  removed from P and comes in  c lo s e r

c o n ta c t w ith  X.

5 .1* DISCUSSION

The in t e r p r e t a t i o n  o f  th e  experim ents d e sc r ib e d  in  s e c tio n s  5 .3 .1

and 5 .3 .2  was su p p o rted  by a com parison o f  th e  k in e t i c s  o f  th e  l i g h t -

induced  changes in  absorbance and f lu o re sc e n c e  o f  P870, as d e sc rib e d

in  Ch. I l l ,  s e c t io n  3 .3 .2 .  In  th o se  experim ents th e  re o x id a tio n  o f

X was in d ic a te d  by a slow d ec rease  in  f lu o re sc e n c e  y i e ld  w ith o u t

accompanying absorbance changes (F ig . 3 .^ ,  bo ttom  row ).

The v i s i b l e  and u l t r a v i o l e t  d i f f e re n c e  s p e c t r a  (P+ -  P) o f  Rps.

sp h e ro id es  and (P+A -  PA) o f  R. rubrum (F ig . 5*10, s o l id  c i r c l e s ,

and F ig . 5-11» open c i r c l e s ,  r e s p e c t iv e ly )  co rrespond  f a i r l y  w e ll  w ith

th e  reduced  minus o x id iz e d  d if fe re n c e  spectrum  o f  b a c te r io c h lo ro p h y ll

1T • •in  v i t r o ,  as o b ta in e d  by Loach, Bambara apd Ryan . The main d is c r e -



139

pancy i s  a la rg e  b lu e  s h i f t  a t  about 370 nm which i s  p re s e n t  in  v iv o ,

b tit no t in  v i t r o .  T his s h i f t  i s  p ro b ab ly  due to  P800, which a ls o

shows a  b lu e  s h i f t  a t  about 800 nm upon o x id a tio n  o f  P870. In  a d d i t io n ,

th e  (P -  P) and th e  (P+A -  PA) d i f f e r e n c e  s p e c t r a  o f  Rps. sp h e ro id es

e x h ib i t  a few humps a t  1*75 nm and a t  510 nm w hich a re  la c k in g  in  th e

( P A -  PA) d if fe re n c e  spectrum  o f  Rsp. rubrum , and w hich a re  th o u g h t

to  be due to  c a ro te n o id  s h i f t s .  Our d a ta  in d ic a te  t h a t  in  th e  u l t r a ­

v io le t  re g io n  th e  d i f fe re n c e  spectrum  o f  (P+ -  P) in  v ivo  has a  m in i­

mum a t  265 nm, a  maximum a t  305 nm and a n o th e r , more o r  l e s s  c le a r ly

se p a ra te d  maximum a t  325 nm, w ith  d i f f e r e n t i a l  e x t in c t io n  c o e f f i c ie n t s

o f  —8 t o  —11, +2 and —3 mM .cm , r e s p e c t iv e ly .

The id e a  o f  a o n e -e le c tro n  re d u c tio n  o f  ub iqu inone in  th e  l i g h t

i s  in  accordance w ith  r e s u l t s  o f  t i t r a t i o n  e x p e r im e n ts ^  w hich in d i ­

c a te d  th a t  th e  p rim ary  o x id an t i s  a  o n e -e le c tro n  a c c e p to r  w ith  a  pH-

independen t m idpoin t p o t e n t i a l .  I t  i s  no t n e c e s s a r i ly  a t  v a r ia n c e  w ith

th e  o b se rv a tio n  by B o lto n , C layton and Reed^ t h a t  th e r e  i s  o n ly  one

u n p a ired  e le c t ro n  p e r mole o f  p h o to o x id ized  P870 in  r e a c t io n  c e n te r

p a r t i c l e s ,  as in d ic a te d  by ESR-measurements a t  room te m p e ra tu re ,

because  th e  l a t t e r  m easurements seem to  have been  done under c o n d it­

ions where X had been re o x id iz e d  by A o r  a n o th e r  a c c e p to r  a lr e a d y ,

which perhaps cannot be observed  by E SR -spectroscopy . T h is i s  in d i c a t ­

ed  by th e  r a t e  o f  th e  dark  decay o f  p h o to o x id ized  P870 in  th o s e  ex­

p e rim e n ts . The d i r e c t  r e tu rn  o f  e le c tro n s  from X~ to  P+ has a  h a l f

tim e o f  0 .06  sec in  re a c t io n  c e n te r  p re p a ra t io n s  a t  room te m p e ra tu re ,

acco rd in g  to  C layton and Yau10, and 0 .1 2  -  0 .15  sec  i n  o u r p re p a ra ­

t i o n s .  The dark  decay o f  P87O in  th e  experim en ts o f  B o lton  e t  a l . ,
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Our in te r p r e ta t io n  th a t  X (ub iqu inone) i s  reduced  in  a  one-

e le c tro n  r e a c t io n  y ie ld in g  th e  a n io n ic  sem iquinone im p lie s  (as

d isc u sse d  in  th e  p rev io u s  s e c t io n )  t h a t  X and P870 occur in  a  complex

which i s  se p a ra te d  from th e  su rro u n d in g  medium by a b a r r i e r  th rough

which no p ro to n  d if fu s io n  o c c u rs . The e x is te n c e  o f  such a  p ro to n

d if fu s io n  b a r r i e r  may e x p la in  d i f f e r e n t  e f f e c t s  observed  a f t e r  ex­

t r a c t i o n  and r e a d d i t io n  o f  ub iqu inone: (1) The s p e c tr a  g iven  by

C layton and Yau (F ig . 7 in  r e f .  10) may be in te r p r e te d  to  in d ic a te

th a t  t h e i r  o r ig in a l  r e a c t io n  c e n te r  p a r t i c l e s  were capab le  o f  l i g h t -

induced fo rm atio n  o f  a n io n ic  ub isem iqu inone, b u t t h a t  t h e i r  u b iq u i­

n o n e-d ep le ted  and su b seq u en tly  r e c o n s t i tu te d  p a r t i c l e s  showed a

l ig h t- in d u c e d  u b iq u in o l fo rm atio n . This may in d ic a te  t h a t  th e  p ro to n

d if fu s io n  b a r r i e r  m entioned above was d es tro y ed  d u rin g  th e  e x tr a c t io n

o f  u b iqu inone . (2) The d if fe re n c e  spectrum  o b ta in e d  by Ke e t  a l .  (F ig .

2 o f  r e f .  13) w ith  u b iq u in o n e -d ep le ted  and su b seq u en tly  r e c o n s t i tu te d

Chromatium subchrom atophore p a r t i c l e s  may be in te r p r e te d  as r e f l e c t ­

in g  th e  l ig h t- in d u c e d  fo rm ation  Of a n io n ic  ub isem iquinone. I f  t h i s

i s  so , i t  would in d ic a te  t h a t  th e  p ro to n  d if fu s io n  b a r r i e r  m entioned

above was no t d e s tro y ed  d u rin g  th e  e x t r a c t io n  o f  ub iqu inone.

I t  may be sp e c u la te d  t h a t  th e  H+- in a c c e s s ib le  P870-ubiquinone

complex i s  capab le  o f  h o ld in g  j u s t  one ubiquinone m olecule and th a t

in  chrom atophores o r  in  whole c e l l s  t h i s  s p e c i f ic  ub iquinone m olecule

se rv e s  as a l in k  betw een th e  prim ary  p h o to r e a c ta n t ( s ) on th e  one hand

and th e  la rg e  ub iquinone p oo l on th e  o th e r  hand , o f  which th e  p h o to -

• * 20 21 2re d u c tio n  can be observed  in  Chromatium ’ and R. rubrum . This may



te suggested ty the positive absorbance change around 320 nm in chro-

matophores from Chromatium"’ and Rps. spheroides (L. Slooten and

C. Noome, unpublished). In both organisms (ref. 13 and this thesis)

the difference spectrum of P870 (oxidized minus reduced) is negative

in this region. At least in Rps. spheroides the absorbance increase

around 320 nm cannot be explained sufficiently by taking cytochrome

oxidation and carotenoid shifts into account (L. Slooten and

C. Noome, unpublished).

The question whether X is the primary or a secondary electron

acceptor in our reaction center particles cannot be answered yet. The

half time of 0.12 - 0.15 of the back reaction of X- with P+ at room

temperature (see section 5*3.1) could be taken as an indication that

X is a secondary, rather than the primary electron acceptor, since

the back reaction of the reduced primary acceptor with P870+ has a

half time of 20 — 30 msec at 77° K and lower temperatures (see Ch. VI).

The reaction center particles prepared by Clayton et al. posed a

similar problem: the half time for the reaction P+X~ --->  PX (in which

X appeared to be identical with our X in later experiments^) was 60

msec at room temperature and 20 - 30 msec below 193° K (ref. 10).

Clayton and coworkers tried to establish the number of electron

acceptors in these reaction centers by illumination in the presence

of reduced cytochrome c. This kept P870 in the reduced state, the net

result being a light-induced reduction of electron acceptors by cyto­

chrome c. Only one electron was transferred in this way per mole of

P870 present. As argued by the authors, this could mean either that

only one electron acceptor was present, or that there were two elec-
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t r o n  a c c e p to rs  p re s e n t  p e r  mole o f  P870, and t h a t  on ly  th e  secondary

a c c e p to r  was pho to reduced  in  t h i s  way. The l a t t e r  p o s s i b i l i t y  would

im ply t h a t  th e  p rim ary  e le c t ro n  a c c e p to r  cou ld  no t he pho to reduced

i f  th e  secondary  a c c e p to r  was reduced .

In  th e  n ex t C hapter we w i l l  c o l l e c t  more l i t e r a t u r e  on th e

q u e s tio n  o f  th e  p rim ary  e le c t ro n  a c c e p to r . We w i l l  d is c u s s  t h a t  in

Chromatium an i r o n - s u l f u r  p r o te in  i s  th e  p rim ary  a c c e p to r , h u t th a t

in  R. rubrum and Rps. sp h e ro id es  ub iquinone cannot y e t  be excluded

as a  c a n d id a te  f o r  t h i s  fu n c tio n .
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CHAPTER VI

DISCUSSION: "THE" PRIMARY ELECTRON ACCEPTOR

6.1 Literature data concerning the identity of the primary electron

acceptor

In the previous Chapter data were presented indicating that

ubiquinone functions as an electron acceptor during the photooxidation

of P870 in reaction center particles from Rps. spheroides and R. rubrum.
• • • 2 3Our data are consistent with those obtained by Clayton and Straley ’ ,

who worked with reaction centers from Rps. spheroides. In neither of

these cases it had been attempted to remove either ubiquinone or iron

completely. (See Ch. II, Table 2.1). Although a one-electron reduction

of ubiquinone was also demonstrated by other authors in preparations

from Rps. spheroides and R. rubrum (see below), the function of ubi­

quinone as primary electron acceptor has not yet been proven decisively,

as will be discussed in this Chapter.

Feher^ prepared reaction center particles from Rps. spheroides,

containing on the average 1 atom of iron per mole of P870. These

particles exhibited two reversible light-induced ESR signals at 1.U° K,

indicating P870 photooxidation coupled to the reduction of a substance

which was tentatively identified as non-heme iron. This interpretation

was consistent with the fact that at room temperature only an ESR signal

due to P870 was observed, since iron would not give a detectable ESR

signal at room temperature.

After removal of iron from these reaction centers as a result of



a d d it io n  o f  SDS, Feher e t  a l .  1 o b ta in e d  r e v e r s ib le  l ig h t- in d u c e d  ESR-

s ig n a ls  a t  1. 1+ K which co rresponded  to  th e  p h o to o x id a tio n  o f  P870 and

th e  p h o to re d u c tio n  o f  u b iq u in o n e , r e s p e c t iv e ly ,  in  a  o n e -e le c tro n  r e ­

a c t io n . However, th e  au th o rs  s t a t e d  t h a t  th e  photochem ical a c t i v i t y

(p robab ly  d e f in e d  as  th e  f r a c t io n  o f  P870 w hich i s  p h o to o x id iz a b le )

o f  th e  " iro n  d e p le te d "  r e a c t io n  c e n te r s  a t  1.U° K was on ly  0 .2  -  0 .3

o f  th e  a c t i v i t y  m easured in  th e  o r i g i n a l ,  i r o n  c o n ta in in g , r e a c t io n

c e n te rs  a t  room te m p e ra tu re . S ince  no t a l l  th e  i ro n  had  been  removed

from th e  r e a c t io n  c e n te rs  by tre a tm e n t w ith  SDS, i t  i s  p o s s ib le  t h a t

a t  1.U K on ly  th o se  re a c t io n  c e n te rs  were p h o to ch em ica lly  a c t iv e

which c o n ta in e d  i r o n .  We f e e l  t h a t  i f  t h i s  co u ld  be d em o n stra ted , i t

m ight su g g est t h a t  i r o n  i s  th e  prim ary  e le c t r o n  a c c e p to r  in  th e  i r o n -

c o n ta in in g  p a r t i c l e s ;  i f  th e  i ro n  i s  removed, ub iqu inone may adopt th e

r o le  o f  p rim ary  e le c t r o n  a c c e p to r , a t  l e a s t  a t  room te m p e ra tu re , b u t

no t a t  1. 1»° K.

S im ila r  r e s u l t s  were o b ta in e d  by Loach e t  a l . , who p re p a re d  su b -

chrom atophore p a r t i c l e s  from R. rubrum c o n ta in in g  2 atoms o f  i ro n  p e r

mole o f  P870. These p a r t i c l e s ,  as w e ll  as th e  chrom atophores, e x h ib i t ­

ed a t  room tem p era tu re  on ly  one l ig h t- in d u c e d  ESR s ig n a l 19, co rrespond­

in g  w ith  th e  p h o to o x id a tio n  o f  P870. The i ro n  co n te n t o f  th e  su bch ro -

matophore p a r t i c l e s  cou ld  be reduced  to  0 .15  -  0 .3  atom p e r  mole o f

PÖ70 by e le c t r o p h o r e s is .  The p a r t i c l e s  t r e a t e d  in  t h i s  way e x h ib ite d

l ig h t- in d u c e d  ESR s ig n a ls  a t  room tem p era tu re  in d ic a t in g  P870 pho to ­

o x id a tio n  coupled  to  th e  re d u c tio n  o f  a q u in o n e -lik e  s u b s ta n c e ^ .  This

was confirm ed by Feher who id e n t i f i e d  th e  new ESR s ig n a l  as due to

a n io n ic  ub isem iquinone (see  fo o tn o te  in  r e f .  3 ) .
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Clayton and Straley , who tried to reproduce the experiments of

Feher et al.  ̂with reaction centers (see above), measured absorbance

changes at room temperature. Upon addition of SDS to a suspension of

reaction centers from Rps. spheroides, the absorbance changes attri­

butable to the light-induced formation of anionic ubisemiquinone were

abolished, and in contrast to the results obtained by Feher et al.^ ,
20and by Loach and Hall (see above), ESR-signals indicating light-

induced ubiquinone reduction did not appear, although P870 was still

capable of reversible photooxidation. A possible explanation is that

SDS blocked electron transport from the primary electron acceptor (iron?)

to the secondary acceptor (ubiquinone). The iron content of these

particles before and after SDS-treatment was not checked. However, see

Ch. V, section 5*^ for a discussion of the number of trapping sites

per mole of P870.
23Reaction center preparations obtained by Noel et al. from R.rubrum

showed a reversible P870 photooxidation and contained no ubiquinone.

The iron content of these particles was not checked.

Neither of these observations is incompatible with the hypothesis

(refs.11,20) that in Rps. spheroides and R. rubrum in vivo either ubi­

quinone or iron functions as the primary electron acceptor during the

photooxidation of P870 (see section 6.U). It should be noted however,

that although electron acceptors have been identified with some certain­

ty in the cases cited bove (refs. 10,11 ,20, Ch. V of this Thesis and

ref. 3), it is not yet proven decisively that they should be qualified

as primary acceptors. The time resolution was in most cases too low

to afford such a conclusion. Perhaps the strongest indication in this

3



respect was the observation that the "trapping" capacity of internal

electron acceptors in reaction preparations was about 1 electron per

mole of P870; this concerned reaction centers in which the light-

induced formation of anionic ubisemiquinone is suggested by absorbance
3 '

changes similar to those described in Chapter V of this Thesis.

More clear-cut evidence concerning the qualification of an elec­

tron acceptor as "primary" acceptor has been obtained by Leigh and

Dutton, who worked with Chromatium chromatophores. They attributed

as ESR signal, with the characteristics required for a primary acceptor,

to an iron-sulfur protein1̂ . This was not inconsistent with results
• 13obtained by Ke et al. . Subchromatqphore particles prepared from

Chromatium by these authors showed a light-induced absorbance differ­

ence spectrum which was rather similar to our (P+XA- - PXA) difference
spectra (see Ch. V). Ubiquinone reduction was not observed. These

difference spectra were obtained with ubiquinone-depleted particles

at room temperature and at 77° K, and with untreated particles at 77° K.

Ke et al. concluded that ubiquinone is not the primary electron
• 1 Qacceptor in Chromatium .

Next we will consider whether other types of experimental results

suggest that the primary electron acceptor is the same in Chromatium

on the one hand and in Rps. spheroides and R. rubrum on the other hand.

It will appear that this is not the case.

6.2 The midpoint potential of the primary electron acceptor

A parameter which may yield information about the identity of the
primary acceptor is its midpoint redox potential. In this section we



will see that the values known for the midpoint potentials of the

primary acceptor are different in Chromatium, R. rubrum and Rps.

spheroides and therefore do not suggest that the primary electron

acceptor is identical in these three species.

The measurements reviewed in this section were done at pH values

of 7.U - 7*5 unless otherwise indicated.-

Values reported for the midpoint potential of the primary electron

acceptor in reaction centers form Rps. spheroides are -50 mV (ref. 28)

and -30 mV (ref. 22). In the first case, the midpoint potential was

pH-independent. Here, the initial fluorescence yield of P870 was

measured as a function of the potential of the medium. This method

assumes that the initial fluorescence yield of reduced P870 is higher

when the primary electron acceptor is reduced, than when it is oxidized .

However, Clayton and Straley obtained data indicating that under

certain circumstances the quenching of the fluorescence yield upon

darkening was associated with the dark reoxidation of a secondary,

rather than the primary electron acceptor. The estimate of -30 mV

(ref. 22) was made by addition of various redox reagents, with known

midpoint potentials, in the oxidized state. The rationale was that these

substances would couple between X~ and P+ and thus accelerate the back

reaction from X to P , provided that the midpoint potential of the

added reagent was higher than that of the couple X/X~. No acceleration

of the back reaction would occur if the added reagent had a lower mid­

point potential than X. Here one might argue that the midpoint potent­

ial of another acceptor than X is measured. In spite of these object­

ions , the measured values fall in the range of most other values obtain-



ed  w ith  Rps. sp h ero id es  and R. rubrum (see  below ).

In  Chramatium chrom atqphores a t  room te m p e ra tu re , th e  P890 photo­

o x id a tio n  by th e  p rim ary  e le c tro n  a c c e p to r  i s  fo llow ed  w ith in  2 - 3  psec

by re re d u c tio n  o f  P 890 by a  c - ty p e  cytochrome , th e  n e t  r e s u l t  b e in g

th e  re d u c tio n  o f  th e  p rim ary  a c c e p to r  by a  cytochrome c . The m idpoin t

p o te n t i a l  o f  th e  p rim ary  a c c e p to r  fo llow s from th e  a t te n u a t io n  o f  th e

cytochrome c p h o to o x id a tio n  upon low ering  o f  th e  redox  p o te n t i a l .

Values ran g in g  from -127 to  - I 35 mV have been re p o rte d ^
17Loach , w orking w ith  Rps. sp h e ro id es  and R. rubrum , m easured

absorbance changes a s s o c ia te d  w ith  P87O p h o to o x id a tio n  as a  fu n c tio n

o f  th e  redox  p o te n t i a l .  The a t te n u a t io n  o f  th e  l ig h t- in d u c e d  s ig n a ls

v e rsu s  d e c re a s in g  reco x  p o te n t i a l  was a s c r ib e d  to  re d u c tio n  o f  th e

prim ary  a c c e p to r . Loach o b ta in e d  th e  same t i t r a t i o n  curves w hether th e

measurements were done a t  761 nm o r  1*33 nm, in d ic a t in g  th a t  o x id a tio n

o f  a  low p o te n t i a l  cytochrome (C-l+28, r e f .  12) d id  n o t o ccu r. The mid­

p o in t p o te n t i a l s  found were -25  mV (R. rubrum c e l l s ) ,  -1 8  mV (Rps.

sp h e ro id es  c e l l s )  and -22  mV (R. rubrum c h ro m a to p h o re s )^ . O ther

a u th o rs , who m easured on ly  n e a r - in f r a r e d  absorbance changes, found

about th e  same v a lu es  in  chrom atophores from R.rubrum:-HU m V (re f.1 5 ),

-30  mV (re f»  2h) and "a v alue  in te rm e d ia te  betw een +50 and -10  mV" ( r e f .

18 ) .

In  a l l  th e s e  cases th e  v a lu es o b ta in e d  w ith  R p s .sp h e ro id e s2®’2 2 ’1^
15 2b  18 17and R. rubrum ’ * * were h ig h e r  th a n  th o se  o b ta in e d  w ith

Chromatium *^’2^ . These r e s u l t s  a re  no t q u i te  c o n s is te n t  w ith , and

perhaps no t q u ite  com parable t o  r e s u l t s  o b ta in ed  by Cramer5 who found

m idpoin t p o te n t ia l s  o f  -160 mV, - 1L5 mV and -65 o r -95  mV, re s p e c t iv e ly
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( a t  pH 8 . 0 ) »for th e  p rim ary  a c c e p to r  i n  c e l l s  o f  Chromatium, R. rubrum

and Rps. sp h e ro id e s . In  th e s e  m easurem ents^ th e  in c re a s e  in  f lu o re sc e n c e

y i e l d  o f  l ig h t - h a r v e s t in g  Bchl a t  low l i g h t  i n t e n s i t i e s  upon low ering

th e  p o te n t i a l  was tak en  as an in d ic a t io n  o f  th e  re d u c tio n  o f  th e

p rim ary  a c c e p to r .

In  summary, th e  r e s u l t s  m entioned in  t h i s  s e c t io n  do no t in d ic a te

t h a t  th e  p rim ary  e le c t ro n  a c c e p to r  in  Chromatium, Rps. sp h ero id es  and

R. rubrum i s  i d e n t i c a l .

6 .3  The r a t e  o f  th e  hack  r e a c t io n  o f  th e  reduced  p rim ary  e le c tro n

a c c e p to r  w ith  o x id iz e d  P870

A nother p a ram ete r which one m ight expec t t o  g iv e  in fo rm a tio n

co n cern in g  th e  p rim ary  e le c t ro n  a c c e p to r  i s  th e  hack re a c t io n  o f  th e

reduced  p rim ary  a c c e p to r  w ith  o x id iz e d  P870. In  t h i s  s e c t io n  we w i l l

see  t h a t  d i f f e r e n t  reduced  compounds had about th e  same r a t e  o f  r e a c t ­

io n  w ith  p h o to o x id iz e d  P870. This means co n v e rse ly  t h a t  a  c e r t a in  r a te

o f  r e d u c tio n  o f  P 870 m ight a t  most su g g es t t h a t  i t  concerns th e

r e v e r s a l  o f  th e  p rim ary  r e a c t io n ,  h u t i t  y ie ld s  no a d d i t io n a l  inform ­

a t io n  concern ing  th e  id e n t i t y  o f  th e  p rim ary  e le c t ro n  a c c e p to r .

The hack  r e a c t io n  o f  th e  reduced  p rim ary  e le c tro n  a c c e p to r  can

he s tu d ie d  in  Chromatium chrom atophores a t  low te m p e ra tu re s , and only

a t  redox  p o te n t i a l s  a t  which cytochrome c i s  o x id iz e d  p r io r  t o  th e

i l lu m in a t io n  (see  Ch. 1 .2 ) .  Chromatophores from R. rubrum pose no

problem  in  t h i s  r e s p e c t ,  because  cytochrome o x id a tio n  does n o t occur

a t  low te m p e r a tu r e s ^ .  (We co n fin e  o u rse lv e s  t o  low tem p era tu res  because

i t  has been shown in  C h r o m a t i u m ^ t h a t  a t  room tem p era tu re  th e  e le c -
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t r o n  i s  t r a n s f e r r e d  ra p id ly  from th e  p rim ary  to  a  secondary  a c c e p to r ) .

The a v a i la b le  d a ta  concern ing  th e  r a t e  o f  th e  hack re a c t io n  o f

reduced  e le c tro n  a c c e p to rs  w ith  P 870 show a  s t r i k in g  s i m i l a r i t y .  In

Chromatium chrom atophores th e  h a l f  tim e a t  77° K was 20-25 msec ’^ ,2 ^ .

Evidence has heen p re s e n te d  in d ic a t in g  t h a t  t h i s  r e a c t io n  d id  p ro ceed

from a  p rim ary  a c c e p to r , i d e n t i f i e d  as an i r o n - s u l f u r  p r o te in ,  and n o t

from a secondary a c c e p to r1 . In  R. rubrum th e  h a l f  tim e  f o r  th e  dark

re d u c tio n  o f  p h o to o x id iz e d  P870 was 17 msec a t  77° K ( r e f .  2 5 ) . In  t h i s

case  th e  h a l f  tim e d ec rea sed  s l i g h t l y  w ith  d e c re a s in g  te m p e ra tu re . At

38 K th e  h a l f  tim e  was 15-5 msec2^. In  subchrom atophore p a r t i c l e s  from

Chromatium th e  h a l f  tim e a t  77 K was 20 m sec, independen t o f  w hether

o r  n o t th e  p a r t i c l e s  had been e x t r a c te d  w ith  n o n -p o la r  s o lv e n ts  t o  such

an e x te n t t h a t  ub iquinone had been com plete ly  removed ^ .

In  accordance w ith  th e s e  v a lu es  a re  re c e n t  d a ta  o b ta in e d  w ith

re a c t io n  c e n te r  f r a c t io n s  p re p a re d  from Rps. sp h e ro id es  s t r a i n  R-26

( r e f s .2 1 ,U ,11). Between 1 .7  K and 77° K, r e a c t io n  c e n te rs  suspended

in  50$ g ly c e ro l  had a  tem p era tu re -in d ep en d en t h a l f  tim e o f  30 msec f o r

th e  dark  reco v ery  o f  p h o to o x id iz e d  P870 ( r e f .  2 1 ). Absorbance changes

a t t r i b u t a b l e  t o  th e  ch em ica lly  induced  fo rm atio n  o f  a n io n ic  u b isem i-

quinone had been  found a t  room tem p era tu re  in  th e s e  p re p a ra t io n s 2 .

O ther r e a c t io n  c e n te r  p r e p a r a t io n s ,  o f  which th e  absorbance changes

su g g est t h a t  th e  P870 p h o to o x id a tio n  was coupled  a t  room tem p era tu re

to  th e  fo rm atio n  o f  a n io n ic  ub isem iquinone ( r e f .  3 and F ig . 7 in  r e f .  U),

had a h a l f  tim e f o r  th e  dark  reco v ery  o f  P 870 which was te m p e ra tu re -

independent below 193° K, where i t  was 20-30 m sec, even when th e

p a r t i c l e s  had  been e x t r a c te d  w ith  is o -o c ta n e  in  o rd e r  t e  remove u b i-
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quinone . In  b o th  cases  th e  id e n t i t y  o f  th e  su b stan ce  re a c t in g  w ith

P870 a t  low tem p era tu res  i s  unknown. I ro n -d e p le te d  re a c t io n  c e n te rs

(c o n ta in in g  le s s  th a n  0 .2 -0 .3  atoms o f  i r o n  * ® p e r  mole o f  P870)

showed a t  1.U K a  b ip h a s ic  decay o f  th e  p h o to o x id ized  P870, w ith  h a l f

tim es o f  18 and 12U m sec, r e s p e c t iv e ly ,  f o r  th e  f a s t  and th e  slow

recovery  phase^ ^. In  t h i s  case th e  back r e a c t io n  proceeded  from an io n ic

\ibisem iquinone to  P+870, b u t th e  forw ard r e a c t io n  may have proceeded

from P870 v ia  i r o n  to  ub iquinone (see  s e c tio n  1 ).

6 . U Concluding rem arks

The r e s u l t s  d isc u sse d  in  s e c t io n  2 and 3 o f  t h i s  c h a p te r  a re  no t

in c o n s is te n t  w ith  th o se  d isc u sse d  in  s e c t io n  1 , b u t  do n o t p ro v id e

much a d d i t io n a l  ev idence  concern ing  th e  id e n t i t y  o f  th e  prim ary  e le c ­

t ro n  a c c e p to r . At low te m p e ra tu re , th e  h a l f  tim e f o r  th e  P+870-recovery

was in  iro n -d e p le te d  r e a c t io n  c e n te rs  , in  which e le c t r o n s  re tu rn e d

from a n io n ic  ubisem iquinone t o  P 870, p r a c t i c a l l y  th e  same as in  normal

chrom atophores ( r e f s .  8 ,27 ,9*25) and in  norm al and in  u b iq u in o n e -d ep le ted

subchrom atophore p a r t i c l e s ^  and re a c t io n  c e n te r s ^ *  . This may be tak en

as an in d ic a t io n  t h a t  in  some p r e p a r a t io n s ^  ub iquinone i s  lo c a te d  very

c lo se  t o  th e  s i t e  o f  th e  p rim ary  a c c e p to r , b u t t h i s  was in d ic a te d  a l ­

ready  by th e  low tem p era tu re  ( 1 .U K) a t  which ubiquinone can be p h o to -

o x id iz e d  ( r e f .  11).

I f  ub iqu inone a c ts  as a  secondary  e le c tro n  a c c e p to r in  iro n -d e p le te d

r e a c t io n  c e n te r s , i t s  r e a c t i v i t y  a t  1. 1*° K would be in  c o n tr a s t  t o  th e

o b se rv a tio n  t h a t  in  Chromatium chrom atophores secondary  acc e p to rs  a re
8 27n o t pho to reduced  a t  low tem p era tu res  ’ 1. This decrepancy may be e x p la in -
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11 20ed in  s e v e ra l  ways ’ : (1) In  Rps. sp h e ro id es  and R. rubrum ( c f .  Ch. V

and r e f .  20 ) ub iquinone i s  th e  prim ary  e le c tro n  a c c e p to r , in  c o n tra s t

t o  th e  s i t u a t io n  in  Chromatium where an i r o n - s u l f u r  p ro te in  i s  th e

prim ary  a c c e p to r ;  th e  r e s u l t s  o b ta in e d  by Noel e t  a l . 2^ and by C layton
3 ~

and S tr a le y  m ight he ex p la in ed  by assuming t h a t  i ro n  ta k e s  over th e

r o le  o f  p rim ary  a c c e p to r  when ubiquinone has been removed. (2 ) A lte r ­

n a t iv e ly  one m ight assume t h a t  in  Rps. sp h ero id es  and R. rubrum u b iq u i­

none ta k e s  over th e  p la c e  and th e  r o le  o f  p rim ary  a c c e p to r  ( iro n )  when

th e  l a t t e r  has been removed. N e ith e r  o f  th e s e  h y p o th e s is  can be ru le d

ou t p r e s e n t ly ,  because f o r tu i to u s ly  no p a r t i c l e s  have been p rep a red

which a re  known to  c o n ta in  n e i th e r  i r o n  n o r ub iquinone (see  C hapter I I ) ,

and because  i n s u f f i c i e n t  d a ta  a re  a v a i la b le  in  th e  m icrosecond tim e

range o f  l i g h t —induced  ESR o r  absorbance changes.
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SUMMARY

(Numbers betw een b ra c k e ts  r e f e r  t o  C hap ter s e c t io n s )

A d e f in i t io n  o f  a  p h o to sy n th e tic  r e a c t io n  c e n te r  a p p lic a b le  t o  p h o to sy n th e tic

b a c t e r i a  i s  ( 1 .3 ) :  A B c h l-p ro te in  complex which fu n c tio n s  i n  v ivo  as a  t ra p p in g

c e n te r  f o r  l i g h t  energy abso rbed  by Bchl m olecules n o t b e lo n g in g  to  th e  r e a c t io n

c e n te r ,  and in  which l i g h t  energy i s  u t i l i z e d  f o r  th e  p h o to re d u c tio n  o f  a  low-

p o te n t i a l  e le c t r o n  a c c e p to r  by a  ( p a i r  o f )  B chl m o le c u le (s )  i n  a  o n e -e le c tro n

r e a c t io n .  The Bchl ty p e s  p re se n t  in  r e a c t io n  c e n te r s  o f  p u rp le  b a c t e r i a  a re  c a l le d

P800 and P870; o f  t h e s e ,  P87O i s  th e  p h o to re d u c ta n t.

The l i t e r a t u r e  rev iew  g iven  in  Ch. I  d e a ls  s h o r t ly  w ith  re a c t io n s  o c c u rr in g

in  r e a c t io n  c e n te r s  and g iv es  in fo rm a tio n  about th e  s t r u c tu r a l  o rg a n iz a t io n  o f  th e

b a c t e r i a l  p h o to sy n th e tic  system .

R eac tio n  c e n te r  p a r t i c l e s  were i s o l a t e d  from Rhodopseudomonas sp h e ro id es  and

R h o d o sp irillu m  rub rum by c e n t r i f u g a t io n  o f  chrom atophores p re in c u b a te d  w ith  SDS

( 2 .2 .1 ) .  The p a r t i c l e s  c o n ta in ed  P800, P87O, c a ro te n o id  and a ls o  Bph, which i s

p ro b ab ly  an i n te g r a l  component o f  r e a c t io n  c e n te r s  i n  v iv o  (3*10* An e x c i t a t io n

spectrum  f o r  th e  f lu o re sc e n c e  o f  P87O (U .3 .2 ) and an a n a ly s is  o f  th e  absorbance

spectrum  o f  r e a c t io n  c e n te r s  (U.3*5) in d ic a te d  t h a t  th e r e  a re  p ro b ab ly  2 m olecu les

o f  Bph p e r  r e a c t io n  c e n te r  (U .U .1 , U .U .2). The m olar r a t i o  o f  Bph, P800 and P87O

in  r e a c tio n  c e n te rs  i s  2 : 2 : 2 o r  2 : 2 : 1 (se e  U.l*.3-)* The r e s u l t s  o f  an a n a ly ­

s i s  o f  th e  600 nm a b so rp tio n  band o f  r e a c t io n  c e n te rs  ( 2 .3 .3 )  fav o red  th e  l a t t e r

r a t i o ;  th e  form er r a t i o  was su g g ested  by th e  ap p ro x im ate ly  e q u a l a rea s  under th e

n e a r - in f r a r e d  a b so rp tio n  bands due t o  P800 and P87O (se e  U .U).

Chemical a n a ly s is  (2 .3*10 in d ic a te d  th e  p re sen c e  o f  Bchl a ,  Bph a ,  sp h ero idene

and a ls o  u b iq u in o n e -10. The m olar r a t i o  o f  ub iqu inone : P870 was m inim ally  1 .2  : 1

(assum ing 1 m olecule o f  P870 p e r  r e a c t io n  c e n te r ) .

The quantum y ie ld  fo r  th e  p h o to o x id a tio n  o f  P870 i s  about 1 e le c t r o n  p e r

abso rbed  quantum o f  l i g h t  (3*3*1)* L ig h t energy  absorbed  by P800, Bph and c a ro te ­

n o id  was t r a n s f e r r e d  t o  P870 w ith  h igh  e f f ic ie n c y  (3*1*1 and 3*3*3)* The f lu o r ­

escence  y i e ld  o f  P87O was 0 .2  -  0 .5 ° /o o  in  r e a c t io n  c e n te rs  w ith  o x id iz e d  e le c t r o n
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a c c e p to rs  (3 .3 .1*). The f lu o re sc e n c e  y i e ld  o f  P800 was l e s s  th a n  O.Ol* ° /o o  (3 .3 .1 * ),

t h a t  o f  r e a c t io n  c e n te r  Bph was l e s s  th a n  1 .2  ° /o o  ( U.3 .U) .  The flu o re sce n ce

l i f e t im e ,  a s  c a lc u la te d  from  th e  f lu o re sc e n c e  y i e ld  and th e  i n t r i n s i c  l i f e t im e ,

was 3-8 p ic o se c  f o r  P8T0 (w ith  o x id iz e d  e le c t r o n  a c c e p to rs )  and l e s s  th a n  0 .8

p ico sec  fo r  P800. The r e s u l t s  su g g est t h a t  th e  mechanism by which energy  i s

t r a n s f e r r e d  from P800 to  P870 may be f a s t e r  th a n  th a t  o f  in d u c tiv e  resonance

(3 .3 .5  and 3.1*). The l i f e t im e  o f  3-8  p ic o se c  o f  th e  f lu o re sc e n c e  o f  P87O in

i s o l a t e d  r e a c t io n  c e n te r s  i s  d i f f i c u l t  t o  re c o n c ile  w ith  th e  r e c e n tly  m easured

l i f e t im e  o f  50 p ic o se c  f o r  th e  f lu o re sc e n c e  o f  chrom atophores ( 3 . I*).

The l ig h t- in d u c e d  absorbance changes o bserved  under d i f f e r e n t  c o n d itio n s

in  r e a c t io n  c e n te rs  from Rps. sp h e ro id es  and R. rubrum in d ic a te d  t h a t  th e  pho to ­

o x id a tio n  o f  P87O was coupled  t o  th e  p h o to red u c tio n  o f  an e le c t r o n  a c c e p to r  X.

X cou ld  e i t h e r  r e a c t  hack w ith  o x id iz e d  P87O, o r  i t  co u ld  reduce  a  secondary

e le c tro n  a c c e p to r  A, which was th eri a b le  t o  reduce  o x id iz e d  P870 (5 .3 .1 -5 .3 .1 * ) .

T h is scheme was su p p o rted  by a  com parison o f  th e  k in e t i c s  o f  th e  l ig h t- in d u c e d

changes i n  a b so rp tio n  and f lu o re sc e n c e  o f  P87O ( 3 .3 .2 ) .  X i s  p resum ably  u b iq u in o n e ,

which i s  p ho to reduced  to  a n io n ic  ubisem iquinone (5 .3 .1*). The pH-dependence o f  th e

r a te s  o f  th e  d i f f e r e n t  re a c t io n s  ( 5 . 3 . 6 ) su g g ested  t h a t  P87O and X a re

se p a ra te d  from th e  su rro u n d in g  medium by a  p ro to n  d if f u s io n  b a r r i e r  ( 5 . 1*).

The p o s s ib i l i t y  t h a t  X (ub iq u in o n e) i s  th e  p rim ary  e le c t r o n  a c c e p to r ,

e i t h e r  in  o u r r e a c t io n  c e n te r  p a r t i c l e s  o r  i n  v iv o , i s  d isc u sse d  in  Ch. VI.

In  Chromatium an i r o n - s u l f u r  compound has -been id e n t i f i e d  r e c e n t ly  as th e  p rim ary

e le c t r o n  a c c e p to r  ( r e f .  16 in  Ch. V I). However, th e r e  ap p ears  t o  he no re aso n  to

m ain ta in  t h a t  th e  prim ary  e le c t r o n  a c c e p to r  found in  Chromatium i s  th e  same as

th e  one p re se n t  in  Rps. sp h e ro id es  and R. rubrum.
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SAMENVATTING

(Getallen tussen haakjes verwijzen naar secties van Hoofdstukken)

Een definitie van een fotosynthetisch reactiecentrum die van toepassing is

op fotosynthetische bacteriën is (1.3): een Bchl-proteine complex dat in vivo

de lichtenergie wegvangt die geabsorbeerd is door Bchl moleculen die niet tot het

reactiecentrum behoren, en waarin de opgenomen lichtenergie wordt gebruikt voor

de fotoreductie van een electron acceptor met een lage redoxpotentiaal door een

(paar) Bchl molecule(n) in een één-electron reactie. De Bchl typen die aanwezig

zijn in reactiecentra van purperbacteriën worden P800 en P870 genoemd. P87O is
de fotoreductant•

Het literatuuroverzicht in hoofdstuk I behandelt in het kort een aantal

reacties die plaats vinden in reactiecentra, en geeft informatie over de structu­

rele organisatie van het bacteriële fotosynthese systeem.

Reactiecentrum partikels werden geïsoleerd uit Rhodopseudonomas spheroides

en Rhodospirillum rubrum door het centrifugeren van chromatoforen die tevoren met SDS

waren geincübeerd (2.2.1). De partikels bevatten P800, P870, carotenoid en ook Bph,

dat waarschijnlijk een integraal bestanddeel van reactiecentra in vivo is (3.^)*

Een excitatiespectrum voor de fluorescentie van P870 (U.3«2) en een analyse van

het absorptiespectrum van reactiecentra (U.3.5) wezen erop dat er waarschijnlijk

2 moleculen Bph per reactiecentrum zijn (U.U.1, U.U.2). De molaire verhouding van

Bph, P800 en P870 in reactiecentra is 2 : 2 : 2 of 2 : 2 : 1 (zie U.U.3). De

resultaten van een analyse van de absorptiebandbij 600 nm van reactiecentra {2.3*3)
pleitten voor de laatste verhouding; de ongeveer gelijke oppervlakken onder de

nabij-infrarode absorptiebanden veroorzaakt door P800 en P870, wezen daarentegen

op een 2 : 2 : 2  verhouding.

Chemische analyses (2.3*10 wezen uit, dat Bchl _a, Bph ji, spheroidene en ook

ubichinon-10 aanwezig waren. De molaire .verhouding ubichinon : P870 was minimaal

1.2 : 1 (aannemende dat er 1 molecule P870 per reactiecentrum is). De quantumop-

brengst voor de fotooxidatie van P8.70 is ongeveer 1 electron per geabsorbeerd

lichtquantum (3.3.1). Lichtenergie geabsorbeerd door P800, Bph en carotenoid werd
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met hoge e f f i c i ë n t i e  n a a r P870 overgedragen (3 -3-1  en 3 -3 -3 )-  Het f lu o r e s c e n t ie -

rendement van P87O was 0 .2  -  0 .5  ° /o o  in  r e a c t i e c e n t r a  met geoxideerde e le c t r o n

acc ep to re n  (3 -3 -1 0 . Het f lu o re sc e n tie -re n d e m e n t van P800 was m inder dan O.OU /00

(3 -3 -1 0 ; d a t van re a c tie c e n tru m  Bph was m inder dan 1 .2  ° /o o  (U .3-10- De le v e n s ­

duur van de f lu o r e s c e n t ie ,  z o a ls  berekend  u i t  h e t  f lu o re sce n tie ren d e m e n t en de

in t r i n s i e k e  lev e n sd u u r,v a s  3-8 p ico sec  voor P870 (met geox ideerde  e l e c t ronaccep-

to re n )  en m inder dan 0 .8  p ic o se c  voor P800. De r e s u l ta t e n  v i jz e n  erop  d a t h e t

mechanisme w aardoor e n e rg ie  van P800 n a a r  P870 w ordt o v e rg ed rag en , m issch ien

s n e l l e r  i s  dan h e t  mechanisme van in d u c tie v e  re s o n a n tie  (3*3*5 en 3 .U ). De lev e n s­

duur van 3-8 p io o se c  voor de f lu o r e s c e n tie  van P870 in  g e ïs o le e rd e  r e a c t i e c e n t r a

i s  m o e il i jk  in  overeenstem m ing t e  brengen  met de on langs gemeten lev en sd u u r van

50 p ico sec  voor de f lu o r e s c e n tie  van chrom atoforen  ( 3.U)*

De lic h tg e ïn d u c e e rd e  a b so rp tie v e ra n d e rin g e n  d ie  onder v e r s c h i l le n d e  p ro e f-

om standigheden werden waargenomen in  r e a c t i e c e n t r a  van Rps. sp h e ro id es  en R. ru -

brum, wezen erop  d a t de fo to o x id a t ie  van P870 was gekoppeld aan de fo to re d u c tie

van een e le c tro n a c c e p to r  X. X kon ofw el te ru g re a g e re n  met h e t  geox ideerde P87O,

ofw el een secu n d a ire  e le c tro n a c c e p to r  A re d u c e re n , welke dan op z i j n  b e u r t  in

s t a a t  was h e t  geoxideerde P870 t e  red u ceren  (5*3* 1-5*3*10* D it schema w erd ge­

s teu n d  door een v e r g e l i jk in g  van de k in e t ie k  van de lic h tg e fn d u c e e rd e  verande­

r in g e n  in  a b so rp tie  en f lu o r e s c e n tie  van P87O (3*3*2). X i s  v e rm o e lijk  ü b ich in o n ,

d a t in  h e t l i c h t  w ordt g e reduceerd  t o t  h e t  ub isem ich inon  an ion  (5• 3* ̂ ) • De pH-

a fh a n k e li jk h e id  van de sne lheden  van de v e rs c h il le n d e  r e a c t i e s  ( 5 *3*6 ) wezen erop

d a t P87O en X van h e t  omringende medium worden gescheiden  door een p ro to n  d i f f u s ie

b a r r i è r e  ( 5*U).

De m o g e lijk h e id  d a t X (ü b ich in o n ) de p r im a ire  e le c t r o n  a c c e p to r  i s ,  i n  onze

re a c tie c e n tru m  p a r t i k e l s  o f  in  v iv o , w ordt besproken  in  Hoofdstuk V I. In  Chromatium

i s  onlangs een ijz e r-z w a v e lv e rb in d in g  g e ïd e n t i f ic e e rd  a l s  de p r im a ire  e le c tro n a c c e p ­

t o r  ( r e f .  16 i n  H st. V I). E r b l i j k t  e c h te r  geen reden  t e  z i j n  om aan t e  nemen, da t

de p r im a ire  e le c t r o n  a c c e p to r  d ie  in  Chromatium i s  gevonden, d e ze lfd e  i s  a l s  d ie

w elke in  Rps. sp h e ro id es  en R. rub rum aanwezig i s .
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ABBREVIATIONS

AUT An aqueous s o lu t io n  o f  u re a  (1M) and T r ito n  X-100 (0.3%) a t  pH 10.0

AUT-RC R eac tio n  c e n te r  p a r t i c l e s  o b ta in e d  from SDS-RC p a r t i c l e s  (see  below)

by tre a tm e n t w ith  AUT

Bchl B act e r i  ochlorophy11

B800,BÖ50,B.. . B a c te r io c h lo ro p h y ll  w ith  an a b so rp tio n  maximum a t  8 0 0 ,8 5 0 ,..*  nm

Bph B acterio p h eo p h y tin

CM C ytoplasm ic Membrane

ICM I n t r a c y t  o p las  mi c Membrane

P690 A pigm ent w ith  an a b so rp tio n  maximum a t  about 690 nm, i d e n t i f i e d

as a  d e g rad a tio n  p ro d u c t o f  Bchl

P760 A pigm ent w ith  an a b so rp tio n  maximum a t  about 760 nm; presum ably

s o lu b i l i z e d  Bchl

P800 R eac tio n  c e n te r  Bchl w ith  an a b so rp tio n  mayimum a t  about 800 nm

P870 (o r  P) R eac tio n  c e n te r  Bchl w ith  an a b so rp tio n  maximum a t  about 870 nm;

th e  prim ary  p h o to red u c tan t

SDS Sodium dodecyl su lp h a te

SDS-RC R eac tio n  c e n te r  f r a c t io n  o b ta in e d  by c e n t r ifu g a t io n  o f  chrom ato-

phores p re in c u b a te d  w ith  SDS

T r is T ri s (hydroxym ethyl) amino methane
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