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A B B R E  V A T I O N  S

DCMU
HOQNO
NADP
PMA

3 -(3 ,4 -dichlorophenyl) - 1 ,1 -d im ethy lurea
2-hepty l-4-hydroxy-quinoline-N -oxide
nicotinam ide-adenine dinucleotide phosphate
phenyl m erc u ric  aceta te

T em p era tu re s  a re  ex p ressed  in degree  C e ls iu s .
The various cy tochrom es a re  designated by the sym bol
C, followed by the num ber indicating the wavelength,
in  ra.fi, of the m axim um  of the d ifference spectrum
(oxidized m inus reduced form ) in the blue wavelength
region .





C H A P T E R  I

INTRODUCTION

T he o v e ra ll  r e a c tio n  of p h o to sy n th es is  can  be w ritte n  a s

C 0 2 + 2 H2A ^  -  (CH20)„ + H20  + 2 A (van N iel (104))

In g re e n  p lan t and a lg a l p h o to sy n th esis  the hydrogen  donor
(H2A) fo r  the l ig h t-d r iv e n  re d u c tio n  of ca rb o n  dioxide is  w a te r .
In ad d ition  to  the ch lo rophy llous p ig m en ts  ch lo ro p h y ll a (a lgae
and h ig h e r  p lan ts ) , b ac te rio ch lo ro p h y ll (pu rp le  b a c te r ia )  and
b a c te r io v ir id in  (g reen  b a c te r ia ) ,  photo sy n th e tic  o rg a n ism s  co n 
ta in  v a r io u s  o th e r , s o -c a lle d  a c c e s s o ry  p ig m en ts  such  a s  c a r o 
ten o id s , ch lo ro p h y ll b (g reen  a lg ae  and h ig h e r p lan ts) and the
phycob ilin s p h y co e ry th rin  and phycocyanin  (blue g re e n  and red
a lg ae ). It h as been  shown (43) th a t lig h t en e rg y  (hi/) ab so rb ed
by the ch lo rophy llous and a c c e s s o ry  p igm en ts is  t r a n s f e r r e d  to
(b a c te rio -)c h lo ro p h y ll. R esu lts  of m e a su re m e n ts  of the av e rag e
oxygen p ro d u c tio n  in  p e r io d ic  s h o r t  lig h t f la sh e s  have led  to  the
concep t of the so -c a lle d  "pho tosyn the tic  u n it"  (58). A m ongst the
v a r io u s  m odels  which have been  p ro p o sed  (43, 27, 34, 62; see  a lso
r e f s .  118 and 56), we w ill u se  the one (43, 56) w hich h as  p roved
to  be c o n s is te n t w ith e x p e rim en ta l r e s u l t s  and th e o re tic a l  co n 
s id e ra tio n s .

T he p ho tosyn the tic  u n it is  defined a s  an  a s se m b ly  of a  n u m 
b e r  of (b a c te rio -)ch lo ro p h y ll m o lecu les  and a p h o to reac tiv e  m o 
le c u le . T h is  p h o to ch em ica lly  ac tiv e  m o lecu le  and the p r im a r i ly
a sso c ia te d  re a c ta n t(s )  com pose the " re a c tio n  c e n te r" .  L igh t e n e r 
gy t r a n s f e r r e d  to  o r  ab so rb ed  by one of the ch lo ro p h y ll m o lecu les
of the u n it is  t r a n s f e r r e d  fro m  m o lecu le  to  m o lecu le  and is
fin a lly  ca p tu red  by the re a c tio n  c e n te r  w hich upon ex c ita tio n  r e a c ts
c h e m ic a lly . It w as p roved  th e o re tic a lly  p o ss ib le  th a t an  e ffic ien t
t r a n s f e r  of en e rg y  fro m  s e v e ra l  hundred  (b a c te rio -)ch lo ro p h y ll
m o lecu les  o c c u rs  to the re a c tio n  c e n te r  by a  m ech an ism  of in 
ductive  re so n a n c e  (43).

T h is th e s is  d e a ls  w ith r e s u l ts  of m e a su re m e n ts  of lig h t- in d u ced
changes in ab so rb an cy  and flu o re sc e n c e  w hich o cc u r in  in ta c t
c e lls  of p ho tosyn the tic  b a c te r ia  and a lg a e . P a r t  of th e se  ch a n 
g es a r e  p ro b ab ly  due to  p r im a ry  ph o to ch em ica l re a c tio n s  a s 
so c ia te d  w ith the re a c tio n  c e n te r .

O b se rv a tio n s  of W assink  et al (146) on the  f lu o re sc e n c e  y ie ld
of b a c te rio ch lo ro p h y ll in vivo and of D uysens (43 ,46) on l ig h t-
induced ab so rb an cy  changes in  the in f ra re d  in  pho tosyn thetic
b a c te r ia  su g g ested  an  e x p e rim e n ta l m ethod fo r  the p o ss ib le  id e n 
tif ic a tio n  of the re a c t io n  c e n te r  of b a c te r ia l  p h o to sy n th es is . The
flu o re scen c e  y ie ld  of b ac te rio ch lo ro p h y ll w as found to  in c re a s e
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at in ten sities  at which photosynthesis is  saturated (146). T hese
data w ere in terpreted  as evidence that photochem ical energy
conversion  and flu orescen ce w ere com petitive p r o c e sse s  (117.
146): If photosynthesis is  saturated or inhibited, the e x c e s s  a b so r
bed energy com es partly out as flu o rescen ce . In intact c e lls  of
the purple bacteria  Chromatium and Rhodo sp ir illu m  rubrum the
sp ectra  of light-induced  absorbancy changes in the infrared w ave
length region , where the bulk, if  not a ll, of the absorption is  due to
b acterioch lorophyll, suggested  that these changes re flec t the photo
con version  (bleaching) of a b acterioch lorop hyll-like pigment p re
sent in a sm a ll concentration (4 3 ,4 6 ,3 5 ) . T his pigm ent, called
P 890, was suggested  to be part of the photosynthetic reaction
center(43). In chapter III experim ental evidence is  presented that
bleaching of P 890 is  quantitatively correlated  with an in crea se
in the flu orescen ce  y ield  of b acterioch lorophyll. S im ilar ex p er i
m ents suggested  that in green  bacteria  a pigm ent P 840 is  part
of the reaction  cen ter .

In 1954 D uysens (44) gave sp ectra l evidence that m R . rubrum
a cytochrom e is  oxidized upon illum ination with photo synthetical -
ly  active ligh t. Many experim ents carried  out sin ce  then have
shown that in a ll photo synthetic organ ism s studied cytochrom es
are oxidized upon illum ination (2 8 ,4 5 ,1 0 9 , 50, 2, 113 ,101). Chance
and N ish im ura (29) found that cytochrom e C 423. 5, which is  one
of the cytochrom es involved in the light reaction s of Chromatium
(109), can be photooxidized at a tem perature of -196 with an
effic ien cy  equal to that at 20°. T his was taken as evidence that
in b acteria l photosynthesis cytochrom e oxidation is  a prim ary
tem perature independent reaction  (29, 30, 33). In chapter IV resu lts
of m easurem ents on k inetics and sp ectra  of light-induced ab sor-
bancy changes at room  and low  tem peratures are presented  which
support the hypothesis that oxidized  P 890 rather than oxidized
cytochrom e is  the prim ary photooxidant.  ̂ _

During the la s t  y ea rs evidence has been obtained that a lgal and
higher plant photosynthesis is  sen sitized  by two d ifferent light r e 
actions (50, 51, 86, 150), which w ere found to be driven by different
pigm ent sy s te m s , ca lled  sy stem s 1 and 2, with d ifferent absorp
tion  ch a ra c ter istic s  (51). Both pigm ent sy stem s contain chlorophyll
a and a c c e sso r y  pigm ents (phycobilins and chlorophyll 0),
but sy stem  2 contains re la tiv e ly  m ore of the a c c e sso r y  pigm ents
(51). System  1 activates the reduction of NADP (2) and the oxidation
of a ’ pigm ent P 700 (86, 142), cytochrom e (50 ,51) and a p lasto-
quinone (5); sy stem  2 e ffec ts , via a prim ary reactant Q (53), the
reduction of the substances oxidized by sy stem  1, and brings a -
bout the evolution of oxygen. The current hypothesis on the p r i
m ary act(s) of a lga l photosynthesis is  that in each of the two
light reaction s energy is  transferred  to the reaction  center  of
the pigm ent sy stem , in analogy with the concept of b acteria l pho
to sy n th esis . It has been proposed (53) that the prim ary ox i
dant Q, which quenches the flu orescen ce  y ie ld  of chlorophyll a
excited  by pigm ent sy stem  2 (chlorophyll « 2 )» is  part of the r e 
action  center  of light reaction  2. B ecause the absorption band of
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P  700, which u n d erg o es  an  ox idative b leach in g  upon illu m in a tio n
with lig h t m ain ly  ab so rb ed  by sy s te m  1, is  lo ca ted  n e a r  by the
flu o re scen c e  band of ch lo ro p h y ll a in vivo, i t  was su g g ested  th a t
P  700 is  p a r t  of the  re a c tio n  c e n te r  of lig h t re a c tio n  1 (8 7 ,8 9 ).
In c h a p te r  V lig h t-in d u ced  changes in  the f lu o re sc e n c e  y ie ld  of
a  p ig m en t, c a lle d  H 720, a r e  re p o r te d  w hich a r e  s e n s it iz e d  by
lig h t re a c tio n  1, H 720 is  p ro b ab ly  id e n tic a l w ith a  ch lo ro p h y ll
a  ex c ited  by p igm en t sy s te m  1 (ch lo ro p h y ll ). H ow ever, b ec au se
of la ck  of c o r re la t io n  w ith ab so rb an cy  changes due to P  700, it
is  su g g ested  th a t the  f lu o re sc e n c e  y ie ld  of ch lo ro p h y ll a x is  a s 
so c ia te d  w ith  th e  quenching of th e  a s  yet u n id en tified  ox i
dant X of sy s te m  1. T h is  im p lie s  th a t X is  a  p a r t  of th e  r e 
ac tio n  c e n te r  of lig h t re a c tio n  1.

It is  beyond the  scope  of th is  th e s is  to  d is c u s s  p h o to sy n th e
tic  re a c tio n s  w hich a r e  not d ire c t ly  a s s o c ia te d  w ith the r e 
ac tio n  c e n te r .  F o r  a  d isc u ss io n  of o th e r  photo sy n th e tic  re a c tio n s
we r e f e r  to  re c e n t  re v ie w s  on p h o to sy n th es is  (75, 56) and to the
p ro ceed in g s  of re c e n t  sy m p o sia  on p h o to sy n th es is  ("L a  P h o to sy n -
th è s e " , C olloques In te rn a tio n au x d u  C . N. R . S . , P a r i s ,  1963; " P h o 
to sy n th e tic  M ech an ism s of G re en  P la n ts " ,  P u b l. 1145, N a tl. A cad .
S c i . , N a tl. R e s e a rc h  C ouncil, W ashington D .C . ,  1963).

P a r t  of the r e s u l ts  d isc u sse d  in  th is  th e s is  have b een  p u b lis 
hed e lsew h e re  (133, 1 34 ,139-142).



C H A P T E R  I I

MATERIALS AND METHODS

2 .1  Algae and Bacteria

2 .1 .1  C u ltu rin g  of o rg a n ism s

The a lg ae  and b a c te r ia  u sed  in  the e x p e rim e n ts  w e re  grown
in  liqu id  c u ltu re  m ed ia . , . . ,

Rhodospirillum rubrum  (von E sm ach ) M olisch , s t r a in s  1 and
4 and Rhodopseudomonas spheroides van N iel w e re  c u ltu re d  in
a ’sy n th e tic  m ed ium , s im ila r  to  th a t u sed  by C o h en -B az ire  et al
(40), w ith m o d ifica tio n s  a s  d e sc r ib e d  by A m esz  (3).

Chromatium  s p e c . ,  s t r a in  D, w as grow n in  a m edium  given
by H endley  (71). . .Chloropseudomonas ethylicum  (127), s t r a in  2K, was grow n in
a m ed ium  given by K o n d ra t'ev a  and M oshen tseva  (93 ,14 ).

Anacystis nidulans (R ic h t .) D ro u e t and D aily  w as cu ltu re d  in
m ed ium  C of K ra tz  and M y ers  (95), m od ified  a s  d e sc rib e d  by
H oogenhout and A m esz  (72). . ,

Schizothrix calcicola  (A g .) G o m ., s t r a in  TX 27, w as cu ltu red
in  a m edium  given by H oogenhout and A m esz  (72).

C u ltu re s  w e re  obtained  by in o cu la tio n  fro m  a g a r  s la n ts .  A
c u ltu re  w as d ilu ted  w ith f r e s h  grow th  m edium  when i t  had r e 
ached  i ts  m ax im a l d en sity , u su a lly  a f te r  a few day s. C u ltu re s
of p u rp le  b a c te r ia  and a lg ae  w ere  con tained  in  c y lin d ric a l g la ss
v e s s e ls  of abou t 200 m l. T he c u ltu re s  w e re  bubbled w ith a  gas
m ix tu re  co n s is tin g  of a i r  o r  N 2, both  w ith  5% C 0 2, to  p re v en t
ex h au stio n  of C 0 2 and se ttlin g  of the su sp en sio n  and, fo r  p u r 
p le b a c te r ia ,  to  m a in ta in  a n a e ro b io s is . G reen  b a c te r ia  w ere  c u l
tu re d  in  s to p p ere d  b o ttle s  of about 50 m l. C u ltu rin g  tubes and
b o ttle s  w ere  th e rm o s ta te d  in  p e rsp e x  w a te r  b a th s , w hich w ere
p laced  in  a lig h t box, p ro v id in g  illu m in a tio n  of the c u ltu re s  fro m
asid e  (72). A lgae w e re  illu m in a ted  by f lu o re s c e n t la m p s , b a c te r ia
by in can d e scen t lam p s .

2. i ,  2 P re p a ra t io n  of su sp en sio n s  fo r  m e a su re m e n t

T he o rg a n ism é  w ere  h a rv e s te d  by  cen tr ifu g a tio n , re su sp en d ed
a t a h ig h e r  c o n c en tra tio n  of c e lls , u su a lly  in  f r e s h  grow th  m e 
d ium , and g a sse d  w ith  the sam e  gas m ix tu re  a s  app lied  in  the
c u ltu re . F o r  som e e x p e rim e n ts  (see  se c tio n s  3 .3  and 3. 4) b a c te r ia
w e re  w ashed  w ith  and a f te r  cen tr ifu g a tio n  re su sp e n d ed  in  w a te r  and
bubbled w ith 5% COz to m a in ta in  ae ro b ic  co n d itio n s . F o r  p a r t
of the low  te m p e ra tu re  ex p e rim e n ts  (see  sec tio n  4 . 3) b a c te r ia
w ere  re su sp e n d ed  in  a  m edium  w hich did n o t c ry s ta ll iz e  and which
re m a in ed  tr a n s p a re n t  upon fre e z in g . T h is  m ed ium  w as a  so lu tio n
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co n s is tin g  of a m ix tu re  of g ly ce ro l and a 50% so lu tio n  of p o ta s 
s ium  g ly cero p h o sp h a te  a t a ra d io  of 1:3. A s im ila r  m ix tu re ,
co n s is tin g  of g ly ce ro l and sod ium  so rb ito l  b o ra te , w as u sed  fo r
m e a su r in g  d e r iv a tiv e  ab so rp tio n  s p e c tr a  of s e v e ra l  a lg ae  a t low
te m p e ra tu re s  (63). F o r  C h ro m atiu m  the e s s e n tia l  p ho tosyn the tic
s u b s tra te s  such  a s  th io su lfa te , su lfid e  and b ica rb o n a te  w ere  added
to  th is  "n o n -c ry s ta ll iz in g "  m ed ium .

2 . 2  Apparatus for Measuring Changes in Absorbancy and Fluores
cence

L ig h t-in d u ced  changes in  ab so rb an cy  w ere  d e te rm in e d  w ith a
" sp li t-b e a m "  d if fe re n tia l sp ec tro p h o to m e te r , d e sc r ib e d  in  d e ta il
by  A m esz (4). A m o n o ch ro m a tic  lig h t beam  of weak in te n s ity
a l te rn a te ly  is  re f le c te d  and tra n s m it te d  by a  sy n ch ro n o u sly  r o ta 
tin g  (50 cps) q u a r tz  d isk  h a lf of w hich is  a lu m in ized  (see  fig .
2 .1 ) . T h is  r e s u lts  in  two a l te rn a te ly  chopped b eam s w hich a re
ca lle d  the m e a su r in g  b ea m s, Im . T h ese  a re  fo cu ssed  on two
re a c tio n  v e s s e ls  w hich a re  filled  w ith sam p le s  of the p h o to 
sy n th e tic  m a te r ia l .  One of the v e s s e ls  can  be illu m in a ted  w ith
one o r  m o re  continuous lig h t b eam s ("ac tin ic  b ea m s" ), I a , while
the o th e r  re m a in s  in  the  d a rk . T he m e a su r in g  b eam s h it the
photocathode of a  p h o to m u ltip lie r . The anode s ig n a l is  fed  to  an
a. c . a m p lif ie r , r e c tif ie d  by a p h ase  se n s it iv e  50 cp s  ch o p p er,
and r e g is t r a te d  by a  re g is t r a t in g  d. c . m illiv o lt m e te r .  T he in te n 
s i t ie s  of the two m e a su r in g  b eam s tra n s m itte d  by the v e s s e ls
can  be e q u ilib ra ted  by ad ju s tin g  o p tica l w edges w hich a r e  p laced
in  the lig h t p a th s  of the two s e p a ra te  b ea m s. A change in  a b 
so rp tio n  of the su sp en s io n  b ro u g h t about by a c tin ic  lig h t c a u se s
a  d eflec tio n  on the r e c o rd e r .  T h is  d eflec tio n  is  p ro p o r tio n a l to
the d iffe ren ce  betw een the in te n s itie s  (AI) of the two m e a su r in g
b eam s tra n s m itte d  by the illu m in a ted  and the  d a rk  su sp en sio n .

By m ean s  of th is  a p p a ra tu s  the k in e tic s  and s p e c tr a  of the
ab so rb an cy  ch an g es o c c u rr in g  upon illu m in a tio n  and d ark en in g
w ere  s tu d ied . K in e tics  of ab so rb an cy  changes o c c u rr in g  w ithin
0. 25 s e c . could no t be m e a s u re d  b ecau se  of the re sp o n se  speed
of the re c o rd e r .  S p e c tra  of the lig h t- in d u ced  changes in  a b s o r 
bancy  w ere  m e a su re d  by d e te rm in in g  the s te ad y  s ta te  d eflec tio n
(ligh t m inus dark ) of the r e c o rd e r  a s  a function  of the w avelength
of the m e a s u r in g  beam . The change of a b so rp tio n  (AA) a t a  given
w avelength  in  a f i r s t  ap p ro x im a tio n  is  p ro p o r tio n a l to log  (A I/I)
(c. f. re f . 43, p .70), in  w hich I is  the in te n s ity  of the m e a su r in g  beam
tra n s m itte d  by the d a rk  v e s se l;  A I is  sm a ll  co m p ared  to I. When
I is  k ep t co n stan t, the d eflec tio n  shown by the r e c o rd e r  is  p r o 
p o rtio n a l to  AA a t each  w avelength . In e x p e rim en ta l p ra c t ic e  the
d. c. output of the p h o to m u ltip lie r , which is  p ro p o r tio n a l to I,
w as k ep t c o n s tan t a t each  w avelength  by  ad ju s tin g  the vo ltage
a c ro s s  the dynodes of the p h o to m u ltip lie r . F o r  the au to m atic  r e 
co rd in g  of s p e c tr a  of lig h t- in d u ced  a b so rb an cy  changes in  the
b lue w avelength  re g io n  in  p u rp le  b a c te r ia  (see  sec tio n  4. 3), we



- 14 -

u sed  an e le c tro n ic  d ev ice  w ith w hich the o v e ra ll  s e n s it iv ity  of
the  ap p a ra tu s  w as k ep t co n s tan t, and w hich p ro v id ed  a  r e c o rd e r
d eflec tio n  of z e ro  a t  each  w avelength  if  both v e s s e ls  w ere  in  the
d a rk . T h is d ev ice  w ill be d e sc r ib e d  in  se c tio n  2. 3 .1 .

T he in s tru m e n t a lso  could  be adap ted  to  m e a s u re m e n ts  of ch an 
ges in  f lu o re sc e n c e . T h is  w as done fo r  ex p e rim e n ts  on p u rp le
and g re en  b a c te r ia  in  w hich lig h t- in d u c ed  ab so rb an cy  changes in
the in f ra re d  w aveleng th  re g io n  w ere  co m p ared  w ith  lig h t-in d u ced
ch an g es in  b ac te rio ch lo ro p h y ll f lu o re sc e n c e . T he m e a s u r in g b e a m s
w ere  cu t off and one of the ac tin ic  b eam s w as chopped a t 50 cps;
th is  m o d u la ted  beam  thus functioned  as an  ex c ita tio n  b eam . L ig h t-
induced  changes in  f lu o re sc e n c e  w ere  d e te rm in e d  e i th e r  by m e a s u 
r in g  the f lu o re sc e n c e  a s  a function  of the in te n s ity  of the e x c ita 
tio n  beam  (see  sec tio n  3. 3), o r  by m e a su r in g  the change in  f lu o re s 
cen ce  y ie ld  b rough t about by a second  n o n -m o d u la ted  a c tin ic  beam
(see  sec tio n  3 .5 ) . The e le c tro n ic s  of the a p p a ra tu s  w ere  no t m o 
d ified .

L ig h t-in d u ced  changes in  the f lu o re sc e n c e  of ch lo ro p h y ll a in
a lg ae  w e re  m e a s u re d  in  a  f lu o re sc e n c e  a p p a ra tu s  s im ila r  to  the
one d e sc r ib e d  by D uysens and S w eers  (53). F lu o re s c e n c e  is  e x 
c ited  by m ean s  of a  chopped b eam  of w eak in te n s ity , add itional
ac tin ic  illu m in a tio n  c a u se s  changes in  the f lu o re sc e n c e  y ie ld .
K in e tic s  and s p e c tr a  of l ig h t- in d u c e s  changes in  f lu o re scen c e
ex c ited  by  s h o r t  f la sh e s  and ca u sed  by one o r  m o re  a c tin ic  f l a s 
h es  given p re v io u s  to  the ex c ita tio n  f la sh , w ere  m e a su re d  in  the
sam e  a p p a ra tu s , equipped w ith a  flow a ttac h m e n t w hich w ill be
d e sc r ib e d  in  se c tio n  2 .4 .

2. 3 Attachments to the Absorption Difference Spectrophotometer

2 .3 . 1 A u tom atic  re c o rd in g  of ab so rp tio n  d iffe ren c e  s p e c tr a

A b lock  d iag ra m  of the re c o rd in g  a b so rp tio n  d iffe ren c e  s p e c 
tro p h o to m e te r  is  shown in  fig . 2 .1 . T he d. c. s ig n a l of the pho to 
m u ltip l ie r  i s  co m p ared  to  a  d. c . re fe re n c e  v o ltag e . The d if fe re n 
ce  s ig n a l is  am p lified  by a  d. c . a m p lif ie r  (A tlas, B rem en ), and
fed in to  a  high vo ltage co n tro l sy s te m  (h. v . c . ) w hich c o n tro ls
the output of the  high vo ltage supp ly  (h. v . c . ) of the p ho tom ul
t ip l ie r  ( p .m .)  in  su ch  a  way th a t the d. c . ou tput of the m u l
t ip l ie r  is  k ep t c lo se  to  the re fe re n c e  s ig n a l. T he feedback  s y s 
tem  only  re sp o n d s  to  low  freq u en cy  changes in  the m u ltip lie r
s ig n al; 50 cp s  a. c . s ig n a ls  a r e  cu t off by a  RC f il te r .*

Due to  sm a ll  d iffe re n c e s  in  le n s e s ,  m i r r o r s  and re a c tio n  v e s s e l
in  the  two m e a su r in g  b ea m s, the d a rk  s ig n a l of the ap p a ra tu s  w as
no t co n s tan t when the w avelength  w as v a r ie d . A u tom atic  co m p en sa 
tio n  fo r  th is  w avelength  dependency  w as ach ieved  a s  fo llow s: The
w aveleng th  d riv e  a ttach ed  to  the m o n o ch ro m a to r is  coupled to  the
s lid e  of a  one tu rn  w ire  wound loaded  p o te n tio m e te r  by m ean s
o f tw o s e ls y n  c o n tro l t r a n s f o rm e r s  (G en era l E le c tr ic ) .  T he p o ten 
t io m e te r  i s  lo ad ed  a t  tap s  w hich a r e  lo ca te d  a t d is ta n c e s  c o r r e -

• I wish to thank Mr. F.de Haan for his contribution to the development of this device.
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Figure 2.1 Block diagram of the recording attachment of the absorption difference spectro
photometer. The optical part of the apparatus is schematically drawn. Lenses
and mirrors in the light paths of the measuring beams (Im) and the actinic
beam (Ij) have been omitted. Further details are described in the text (see
also section 2.2).

sponding  to  5 m /i tu rn s  of the w avelength  d riv e  of the m o n o ch ro m a
to r .  T he d. c . lo ad  so u rc e  is  in  s e r ie s  w ith a  s e t  of p a r a l le l
shun ted  p o te n tio m e te rs . T he v a r ia b le  vo ltage  of each  p o te n tio m e te r
is  supp lied  to  the co rre sp o n d in g  tap . S ince the r e s is ta n c e  of the
lo ad in g  c i r c u i t  w as low  co m p ared  to  th a t of the p o te n tio m e te r
seg m en ts , the vo ltage  a t each  tap  w as only s lig h tly  affec ted  by
th a t of the ad jac en t o n es. T he vo ltage of the p o ten tiom eter^  s lid e
is  fed  in to  the r e c o rd e r  and ad ju s ted  a t each  w avelength  i n t e r 
v a l to  co m p en sa te  the d a rk  s ig n a l of the a p p a ra tu s . T h is  dev ice
enab led  u s  to  re c o rd  in  the d a rk  a  n e a r ly  f la t b a se  lin e  o v e r  a
w avelength  re g io n  of 100 w ith tw o v e s s e ls  of ap p ro x im a te ly
the sam e  ab so rb an cy ; It w as only u se d  in  the e x p e rim e n ts  w ith
b a c te r ia  (see  se c tio n  4. 3).

2. 3. 2 Low te m p e ra tu re  c e ll  c o m p artm e n t

K in e tic s  and d iffe ren c e  s p e c tr a  of lig h t- in d u c ed  changes in  a b 
so rb a n cy  a t te m p e ra tu re s  down to -2 1 0 °  w ere  m e a s u re d  in  a  s p e 
c ia lly  c o n s tru c te d  sam p le  h o ld e r, a  s im p lif ied  sk e tc h  of w hich is
given in  fig . 2. 2. T he cu v e tte s  a r e  p laced  on a  h o riz o n ta l f la t b r a s s
p la te ( l ) .  The p la te  is  coo led  b y liq u id  n itro g en  (o r an  o th e r  coo lan t),
w hich flow s th ro u g h  c y lin d ric a l tubes (2) so ld e re d  a g a in s t i t .  T he
p la te  is  equipped w ith  h ea tin g  e lem e n ts  (100 w att) fo r  w a rm in g  up
the m a te r ia l  a f te r  the  coo ling . By m ean s  of p e rsp e x  s t r ip s  (3)
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Figure 2.2 The low temperature cell compartment used for the measurement of light-in
duced changes in absorbancy between 20° and -210° in algal and bacterial
suspensions. The lid of the compartment has been opened to show the essential
parts of- the cooling units I and II. The meaning of the numbers and further
details are given in the text.

the coo ling  u n it i s  m ounted  on the bo ttom  of a  r ig id  box. The
coo ling  u n it is  d iv ided in to  two n e a r ly  id e n tic a l p a r ts ,  I and II,
w hich a re  iso la te d  fro m  each  o th e r , and w hich can  be cooled
and hea ted  s e p a ra te ly . P a r t  I of the u n it co n ta in s  h o les  fo r  the
m e a s u r in g  b ea m s. T he box is  equipped w ith p e rsp e x  double w in 
dows (4). F ogg ing  on the sam p le  v e s s e ls  is  p rev en ted  by m in im i
zing  leak ag e  of a i r  fro m  the su rro u n d in g s  in to  the in te r io r  of the
box. F ogg ing  of the windows on the ou tside  i s  p re v en ted  by blow ing
d ry h e a te d  a i r  in  betw een  the p e rsp e x  p la te s  (5). The te m p e ra tu re
i s  m e a s u re d  by a  r e s i s to r  of n eg a tiv e  te m p e ra tu re  co e ffic ien t
(type P h ilip s  0 5 P /lk )  w hich is  m ounted  on top of the cooling
u n it (6). The r e s i s to r  is  c a lib ra te d  a g a in s t a  th erm o co u p le  in
a w a te r  filled  cu v e tte  p laced  a t  lo ca tio n  I of the sam p le  h o ld e r.

T he liqu id  n itro g en  w as con tained  in  a  5 l i t e r  D ew ar flask ,
equipped w ith a s a fe ty  valve ad ju s ted  a t  an  in te rn a l p r e s s u r e
o f l . 3 k g / c m 2. T he lo w es t te m p e ra tu re  w hich could  be obtained
w as about -2 1 0 ° , when liqu id  hydrogen , and abou t -170°, when
liq u id  a i r  w as u se d . In m o s t ex p e rim e n ts  the su sp en s io n s  w ere
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p reco o led  ra p id ly  in  p a r t  II of the sam p le  h o ld e r . C ooling of
the s a m p le s  then  o c c u rre d  a t  a  r a te  of about 8 -1 0 °C  p e r  se c .
The h ea tin g  p ro c e d u re  w ent in  a  s im i la r  (opposite) w ay. T e m 
p e ra tu re s  betw een  20° and -120° could  be  ad ju s ted  by m an u a l co n 
t ro l  of the r a te  of flow  of the  coo ling  liq u id  by m ean s  of a  need le
valve .

2.4  Flow Attachment for the Fluorescence Apparatus

F ig u re  2 .3  is  a  sc h e m a tic a l  sk e tch  of the  flow  sy s te m  added
to the f lu o re sc e n c e  a p p a ra tu s , of w hich the  o p tic a l p a r t  w as s i 
m i la r  to  th a t d e sc r ib e d  e a r l i e r  (108, 53). T he flow  cu v e tte , w hich
h as  an  in te rn a l th ick n ess  of 3 m m , is  d iv ided  in to  two id e n ti
c a l flow c o m p artm e n ts  by m ean s  of a  p a r ti t io n  of b lack  p e rsp e x
of th ick n ess  1 m m , w hich is  m ounted  in  betw een  and p a ra l le l
to  the tr a n s p a re n t  (p e rsp ex ) s id e  w a lls . T he flow  c o m p artm e n ts
a r e  in  connection  w ith  ea ch  o th e r  a t  one end of the cu v e tte . The
su sp en s io n  is  k ep t in  c irc u la tio n  by a  t r a n s p a re n t  p e rs p e x  c e n 
tr ifu g a l pum p. T he te m p e ra tu re  of the su sp en s io n  w as k ep t co n 
s ta n t by  c irc u la tin g  th e rm o s ta te d  w a te r  a round  the w all of the
c y lin d r ic a l g la s s  r e s e r v io r .  T he sp eed  of flow  w as m e a su re d
by a  c a lib ra te d  flow ra te  m e te r  and could  be v a r ie d  by a  n e e d 
le  valve  o r  by a  v a r ia b le  c lam p  on one of the s ilic o n  tu b es in  the
c irc u it .  T he ex it s l i t  of a  B au sch  and L om b m o n o ch ro m a to r
equipped w ith a  w a te r  coo led  s u p e r  h igh  p r e s s u r e  Hg lam p  (P h i
l ip s  SP  1000), o r  a  d ia frag m  p laced  in  the s l id e h o ld e r  of 500 W
p ro je c to r ,  w as p e rp e n d ic u la r ly  fo c u sse d  on the cu v e tte . The
p ro je c to r  w as u sed  w ith the sam e  f i l t e r  co m b in atio n s a s  u sed
by D uysens and S w eers (53). T he f lu o re sc e n c e  e x c itin g  beam
w as in te rru p te d  a t  50 cp s , and the f lu o re sc in g  sp o t w as im aged
by m ean s  of a  le n s  upon the e n tra n c e  s l i t  of an  an a ly z in g  m o n o 
c h ro m a to r . In  o th e r  e x p e rim e n ts  the  f lu o re sc e n c e  w as co n cen 
tra te d  d ire c t ly  on the  p h o to m u ltip lie r , and in te r fe re n c e  f i l te r s
in  com bination  w ith  su itab le  cu t-o ff  f i l t e r s  w e re  u se d  to  iso la te
n a r ro w  w avelength  re g io n s . A ctin ic m o n o ch ro m a tic  lig h t fro m
a 500 W s lid e  p ro je c to r  w as fo c u sse d  upon the  r e a r  s id e  of
the cu v e tte . T he ac tin ic  beam  a lso  w as p e rp e n d ic u la r  on the  su rfa c e
of the  cu v e tte . T he im ag e sp o t could  be v a r ie d  in  w idth fro m
1 to  10 m m . The b lack  w all betw een  the two c o m p a rtm e n ts  p re v e n 
ted  any sp u rio u s  e ffec t f ro m  ac tin ic  o r  f lu o re sc e n c e  lig h t on the
p h o to m u ltip lie r , even  if  the w aveleng th  of the ac tin ic  lig h t w as
the sam e  a s  th a t of the m e a s u r in g  lig h t.

F o r  the au to m atic  re c o rd in g  of f lu o re sc e n c e  d iffe ren c e  s p e c tr a
a  "double flow" cu v e tte  w as u sed , a s  show n in  th e  r ig h t hand p a r t
of fig . 2. 3. T he flu o re sc e n c e  ex c itin g  beam  a l te rn a te d  a t  m a in s
freq u en cy  betw een  the u p p e r  and lo w e r flow  c o m p a r tm e n ts . T h is
w as ach iev ed  by  p lac in g  a  d isk , d riv en  by a  sy n ch ro n o u s m o to r,
d ire c t ly  in  fro n t of the  e n tra n c e  s l i t  of th e  m o n o ch ro m a to r . If
the flow  sp eed  and the in te n s ity  of the  a c tin ic  l ig h t w e re  equal
in  both  c o m p a rtm e n ts , the f lu o re sc e n c e  s ig n a l w as z e ro . If in  one
of the co m p a rtm e n ts  the (flowing) su sp en s io n  w as illu m in a ted  w ith
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Figure 2.3 Left hand side of the figure.
A schematic picture of the flow attachment of the fluorescence apparatus used
for the measurement of fluorescence in a flowing algal suspension.

The actinic beam Ia changes the fluorescence yield of the cell suspension at
A. The fluorescence is measured by means of an exciting beam Ie at E.
Scattered light from Ia> or the fluorescence excited by Ia , does not reach the
measuring photomultiplier. The reservoir and the transparent pump can be
"preilluminated" by relatively weak light Ip. The periodic pattern of illumination
"seen" by a single cell is shown at the bottom part of the figure. The times
are inversely proportional to the variable flow rate. Independently the dark time
t j  can be varied by moving the cuvette in the direction of flow, and the times
ta and te of the actinic and exciting illumination are changed by varying the
width of the illuminated areas. The shortest time (at maximum flow rate) for
te , ta and td was 4 msec, and for tp 4 sec; the dark times between tp and
ta and between te and tp then were 0.5 and 1.0 sec respectively.
Right hand side of the figure.
In some experiments instead of a single cuvette a "differential" one was used
which consists of an upper and lower flow compartment separated by a thin
partition parallel to the direction of flow. Both the flow rate and the actinic
illumination could be varied independently for these compartments. By means
of the slotted disk shown in the figure, that rotated with mains frequency, the
two compartments were alternately illuminated at E; the phase and frequency
sensitive apparatus then records the difference in fluorescence intensities between
the two compartments.

actin ic light, the d ifferen ce in flu o rescen ce  between upper and
low er com partm ent was recorded a s a function of the wavelength
by driving the wavelength drive of the m onochrom ator by m eans
of a synchronous m otor.

When it  is  assum ed that a ll  c e lls  in  the suspension  m ove at
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the sam e r a te ,  the p a tte rn  of illu m in a tio n  is  the  sa m e  a s  th a t
in  w hich a s ta tio n a ry  su sp en sio n  is  illu m in a ted  a t  p e r io d ic  i n 
te rv a ls ,  a s  shown in  the bottom  p a r t  of fig . 2. 3.

A bout 40 m l of an  a lg a l su sp en sio n  w as u sed . A t the  m a x i
m um  sp eed  of the pum p the c irc u la tio n  tim e  of the  su sp en sio n
w as about 6 s e c , and the m in im u m  value of t e, t a , and t,j (fo r
defin itio n  see  fig . 2. 3) w as 4 m s e c , th a t of t p w as 4 s e c . t e and
t a could be v a r ie d  by a fa c to r  of 10 by chang ing  the g eo m etry
of the o p tic s , t^  by  a  fa c to r  of about 50 by m oving  the cu v e tte .
H ig h e r v a lu es  of th e se  tim e s  could be ob tained  by red u c in g  the
speed  of flow . The in te n s ity  of the ex c itin g  beam  u su a lly  was
taken  a s  low  as  p o ss ib le  in  o rd e r  to  m in im ize  any in fluence of
th is  lig h t upon the f lu o re sc e n c e  y ie ld .

2 .5  Experimental Methods

2. 5 .1  A b so rb an cy  m e a su re m e n t

T he ab so rb an cy  of an  a lg a l o r  b a c te r ia l  su sp en sio n  w as m e a s u 
re d  in  a Z e is s  PMQ II s p e c tro p h o to m e te r  o r  in  a U nicam  SP  700
re c o rd in g  sp e c tro p h o to m e te r . O pal g la s s  was p laced  behind both
the b lank and sam p le  v e s s e l  in  o rd e r  to m in im ize  the e ffec t of
s c a tte r in g  of the su sp en sio n  (128). An ap p ro x im a te  c o r re c tio n  fo r
s c a tte r in g  w as m ade by su b tra c tin g  fro m  the m e a s u re d  a b s o r 
bancy  a t each  w avelength  the a p p a re n t a b so rb an cy  a t a  w avelength
a t w hich no in tr in s ic  ab so rp tio n  o c c u rs  (i. e . 740 m/n in  a lg ae ,
850 m/u in  g re en  b a c te r ia ,  and 950 m/^ in  p u rp le  b a c te r ia ) .  I t
w as shown (4) th a t fo r  a lg ae  and p u rp le  b a c te r ia  th is  m ethod
p ro v id es  a  good ap p ro x im a tio n  of the tru e  ab so rb a n c y  of the
su sp en sio n  n e a r  the ab so rp tio n  m axim um  of ch lo ro p h y ll, r e s p e c 
tiv e ly  b ac te rio ch lo ro p h y ll, in  the long  w aveleng th  reg io n . T he
s p e c tr a  re c o rd e d  on the U nicam  s p e c tro p h o to m e te r  w ere  re p lo t
ted  on a l in e a r  w avelength  s c a le , and c o r re c te d  fo r  s c a tte r in g .

2. 5. 2 M ea su rem en t of changes in  ab so rb an cy  and flu o re sc e n c e

M ea su rem en ts  of sm a ll changes in  ab so rb an cy  and f lu o re s 
cence  w ere  c a r r ie d  out in  the a p p a ra tu s  d e sc r ib e d  in  sec tio n
2 .2 . Such m e a su re m e n ts  re q u ire  a  c a re fu l se le c tio n  of the i n 
te n s ity  and the w avelength  bands of the m e a su r in g  o r  f lu o re s 
cence ex c itin g  b eam s w ith r e s p e c t  to  th o se  of the u su a lly  m uch
s tro n g e r  ac tin ic  b eam s (4 3 ,4 ).

In the d if fe re n tia l sp e c tro p h o to m e te r  the in te n s ity  of the m e a s u 
r in g  beam  u su a lly  w as of the o rd e r  of 10 *n  e in s te in /c m 2 sec  in
the b lue w avelength  reg io n  and about 5 .1 0  *n  e in s te in /c m 2 sec  in
the in f ra re d , w hich in  o u r e x p e rim e n ts  was su ffic ien tly  low  as

\ no t to  cau se  a  change in  ab so rb an cy . S ince the m e a s u r in g  b eam s
in p rin c ip le  cau se  p h o to ch em ica l re a c tio n s  (i. e . ab so rb an cy  ch a n 
g es), the re sp o n se  b ro u g h t about by ad d itio n a l a c tin ic  lig h t m igh t
be in fluenced  by the w avelength  and the in te n s ity  of the m e a su r in g
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b e a m s . T h is  e ffec t w as e sp e c ia lly  im p o rta n t in  ex p e rim e n ts
in  w hich k in e tic s  and in te n s ity  c u rv e s  of lig h t- in d u c ed  changes
in  a b so rb an cy  o c c u rr in g  in  d iffe re n t w avelength  reg io n s  w ere
co m p ared  (se e  se c tio n s  3 .4  and 5 .3 .1 ) .  F o r  the f lu o re scen c e
e x p e rim e n ts  d e s c r ib e d  in  se c tio n s  3 .5  and 5 .3 . 3, the sam e  a p 
p lied  fo r  the in te n s ity  of the f lu o re sc e n c e  ex c itin g  beam .

S u itab le  f i l t e r  co m b in a tio n s , p laced  in  fro n t of the d e tec tin g
m u ltip l ie r  and in  the a c tin ic  b e a m s , w ere  u se d  to  p re v e n t s p u r i 
ous tr a n s ie n ts  on the re c o rd in g  ap p a ra tu s  upon sw itch ing  on and ott

° £ W herTchanges1 irT ab so rb an cy  a re  m e a s u re d  in  s p e c tr a l  reg io n s
in  w hich f lu o re sc e n c e  e m is s io n  o c c u rs  ( i . e .  a ro u n d  685 m j  in
a lg ae , 780 mju in  g re e n  b a c te r ia ,  and 890 m u  in  p u rp le  b a c te r ia ) ,
th e ^ ib s e rv e d s ig n a ls  m ay  (p a rtly ) be due to  a  lig h t-m d u ced  change
in  f lu o re sc e n c e  ex c ite d  by  the  m e a s u r in g  b eam s (1 2 1 ,7 7 ,7  J).
In  o u r  e x p e rim e n ts  a t  the in te n s i t ie s  u sed  th is  e ffec t w as checked
to  b e  too s m a ll  to  d is tu rb  the m e a s u re m e n ts  ap p rec iab ly : the
s ig n a ls  w e re  no t a ffec ted  by p lac in g , betw een  the v e s s e ls  and the
p h o to m u ltip lie r , su ita b le  n a r ro w  band p a s s  f i l t e r s  w hich t ra n s
m itte d  only  p a r t  of the f lu o re sc e n c e . In a  s im ila r  way i t  w as
checked  th a t the  s ig n a ls  w e re  no t due to  f lu o re sc e n c e  ex c ited
by  the  a c tin ic  l ig h t.

2. 5. 3 M ea su re m e n t of a c tin ic  lig h t in te n s itie s

In te n s it ie s  of the a c tin ic  lig h t (e x p re s se d  in  e in s te in /c m 2 sec j
w e re  m e a s u re d  by  c a lib ra te d  p h o to ce lls , and a r e g i v e n p e r  cm
of the  illu m in a ted  su rfa c e  of the  cu v e tte , c o r re c tin g  fo r  the re
fle c tio n  a t  the w a ll. T h is  m ean s  th a t fo r  the ab so rb an cy  and
flu o re sc e n c e  m e a s u re m e n ts  c a r r ie d  out in  the  a b s o rP £ oa * ^ J e t t e
ce  sp e c tro p h o to m e te r , in  w hich the  ac tin ic  b eam s h i t  the cuve tte
a t  an  anglePof 22° (see  re f .  4, p .2 3 ) , the v a lu e s  of the in te n s i
t ie s  g iven  have to  be m u ltip lied  by  a  fa c to r  1 .4  and 3 .1  to  ob 
ta in  the  in te n s ity  of the ac tin ic  lig h t in s id e  and o u ts id e  the cu
v e tte ,
s i ty
2 .5 .4  M easurem ent of quantum requ irem en ts  and action sp e c tra

F o r  som e of the p h o to rea c tio n s  stu d ied  the quantum  r e q u ir e 
m en t and the  ac tio n  sp e c tru m  w ere  d e te rm in e d  in  a  w ay a s  d e s 
c r ib e d  by  o th e rs  (4 .4 3 ,4 9 ) . A t an  in te n s ity  of a c tim c  in u m m a tio n
a t  w hich the  r a te  of the re a c tio n  w as p ro p o r tio n a l to  the m ten
s ity  the  in i t ia l  r a te  of the  a b so rb an cy  change o c c u rr in g  upon
o n se t of the illu m in a tio n  w as m e a s u re d  a t  a  w avelength  of m a x i
m um  a b so rb an cy  change of the re a c ta n t  s tu d ied  (i e ‘ " ° m u fo r
m u fo r  cy to ch ro m e ox idation  in  a lg ae  and b a c te r ia ,  890 m p to r
tile p igm en t P  890 in  p u rp le  b a c te r ia ,  and 435 and 700 m u  io r
P  7 0 0 ^  a lg ae ). T he n u m b er of m o les  co n v e rted  p e r  u n it of
tim e  w as ca lc u la ted  by  d iv id ing  the  in ita l  r a te  by the  sp ec if  c
m o le c u la r  ex tin c tio n  co e ffic ien t, w hich fo r  v a r io u s  com pounds is

re s p e c tiv e ly . T he in te n s ity  in s id e  the  cu v e tte  i s  the m ten-
" se e n "  by  the c e lls .
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known fro m  b io ch em ica l e s t im a te s  (10, 78, re f .  118, pp. 606, 1807).
Bv d iv id ing  th is  n u m b er by the n u m b er of ab so rb ed  quan ta , the
quantum  e ffic ien cy  of the re a c tio n  w as ca lc u la ted . The n u m b er of
ab so rb ed  quanta w as ca lc u la ted  fro m  the ab so rb an cy  of the s u s 
pen sio n  (see  2. 5 .1 ) and the in te n s ity  of the a c tin ic  lig h t (2 5. 3)
C o rre c tio n s  w ere  app lied  fo r  re f le c tio n s  a t  the cu v e tte  w a lls  and
fo r  in h o m o g en eities  of the ac tin ic  b eam . The a c c u ra c y  w ith w hich
quantum  re q u ire m e n ts  w ere  m e a su re d  w as lim ite d  > y  the ac c u ra c y
w ith w hich the ra te  of the re a c tio n  and the n u m b er of ab so rb ed
quan ta  could be d e te rm in e d . The r a te  of the re a c tio n  w as e s t i 
m ated  a s  an a v e rag e  of about th re e  m e a s u re m e n ts  w ith a m ean
e r r o r  of 5 -10% . M o re o v er, a  s y s te m a tic a l  e r r o r  i s  in tro d u ced
by n eg lec tin g  "o p tic a l fla tten in g "  e ffec ts  and p o ss ib le  d ev ia tio n s
fro m  B e e r 's  law  fo r  the a b so rp tio n  of the su sp en s io n . I t w as e s 
tim a te d  th a t fo r  a  1. 5% su sp en sio n  of A n acy stis  th e se  ^ u s e
a  dev ia tion  fro m  the " tru e "  ra te  by  a  fa c to r  of about 0. 8 (re f .
4 \ F o r  S ch izo th rix  th is  value m ay  rough ly  be the sam e: to r
C h ro m atiu m  th is  fa c to r  is  p ro b ab ly  n e a r e r  to  1. T he n u m b er
of ab so rb ed  quan ta  w as e s ta b lish e d  w ith  a p re c is io n  not b e t te r
than  15%, m a in ly  b ecau se  of an  in a c c u ra c y  in  the m e a su re m e n t
of the in ten s ity  of the ac tin ic  beam  and of the inhom ogeneity  of
th is  beam . T hus, r e g a rd le s s  of the u n c e rta in ty  in tro d u ced  by o p 
t ic a l  fla tten in g , the e r r o r  in  the  ca lc u la ted  quantum  re q u ire m e n ts
is  about 15 -  20%. .

An ac tio n  s p e c tru m , giving a c tiv it ie s  fo r  quan ta  of d iffe ren t
w aveleng ths, w as m e a s u re d  by d e te rm in in g , u n d e r  cond itions
a t  w hich lig h t w as no t sa tu ra tin g , the n u m b er of quanta a t  each
w avelength  w hich b rin g  about a c e r ta in  ab so rb an cy  o r  f lu o re s 
cence  change o r  r a te  of re a c tio n . F ro m  the a c tiv ity  v e r s u s  in te n s ity
c u rv e , m e a s u re d  a t one w avelength , the re la tiv e  a c tiv ity  w as c a l 
cu la ted  and p lo tted  re la tiv e  to  th a t a t  the m o s t ac tiv e  w avelength .



C H A P T E R  I I I

PRIM ARY PHOTOCHEM ICAL REACTIONS IN PU R PL E  AND
G REEN  BACTERIA

3 .1  Introduction

In in ta c t c e lls  and c e l l - f r e e  p re p a ra tio n s  of p u rp le  b a c te r ia
lig h t- in d u c ed  r e v e r s ib le  changes in  ab so rb an cy  have been  found
in  the n e a r - in f r a r e d  reg io n , w h ere  the bulk, if  n o t a ll ,  of the
a b so rp tio n  is  due to  b ac te rio ch lo ro p h y ll (4 3 ,4 6 ,6 , 35). In  R ho-
d o sp ir illu m  ru b ru m  the ab so rp tio n  d iffe ren c e  sp e c tru m  show s
a  d e c re a s e  in  ab so rb an cy  of about 2%, w ith a  m axim um  a t about
880 m u, and an in c re a s e  a round  795 m u . S ince in  R . ru b ru m
b ac te r io c h lo ro p h y ll h as  a  m a jo r  ab so rp tio n  m axim um  a t 880
m u and a  m in o r  one a t  800 m u, the changes in  ab so rb an cy
w ere  a ttr ib u te d  to  a sm a ll  f ra c tio n  of the b ac te rio ch lo ro p h y ll
(46), w hich we c a ll  P  890. T he lig h t- in d u c ed  re v e rs ib le  "b leach ing"
a t 880 m u  w as m o re  ra p id  and o c c u rre d  a t  lo w er in te n s itie s  of
ex c itin g  lig h t in  the ab sen ce  of h y d ro g en -d o n o rs  u n d e r  ox id izing
cond itions (46). A s im i la r  b leach in g  could be b ro u g h t about in
aqueous e x tra c ts  on add ition  of m ix tu re s  of p o ta ss iu m  f e r r i -
and fe rro c y a n id e  w ith  ox idation  re d u c tio n  p o ten tia l of about 0. 5
v o lt (48, 65). I t  w as su g g es ted  (4 6 ,4 8 , 65, 35) th a t the l ig h t- in 
duced a b so rb an cy  change around  880 m u re f le c ts  the ox idative
b leach in g  of P  890. The en e rg y  of lig h t ab so rb ed  by the
b ac te rio c h lo ro p h y ll type B 890 m ay  be t r a n s f e r r e d  to  P  890
(c .f .  re f .  43), w hich b eco m es oxid ized  on re c e iv in g  en e rg y .
P  890 m ay  be the p h o to ch em ica lly  ac tiv e  m o lecu le , and thus be
p a r t  of the " re a c t io n  c e n te r"  (43). O xidized P  890 m ig h t o x id i
ze the h ydrogen  do n o r, p o ss ib ly  by way of one o r  m o re
cy to ch ro m es  (44, 46, 47, 37).

If  the t r a n s f e r  fro m  B 890 to  P  890 o c c u rs  fro m  the lo w est
ex c ited  (f lu o resc in g ) s in g le t s ta te ,  the e ffic ien cy  of the t r a n s f e r
to  P  890 is  lo w ered  upon b leach in g  of th is  p igm en t and the
flu o re sc e n c e  y ie ld  of B 890 w ill in c re a s e .  If w as found fo r
C h ro m atiu m  th a t the f lu o re sc e n c e  y ie ld  of b ac te rio ch lo ro p h y ll
in c re a s e d  a t  h ig h e r  in te n s itie s  of ex c itin g  lig h t (146). T he in 
c r e a s e  in  f lu o re sc e n c e  y ie ld  was h ig h e r  and o c c u rre d  a t  lo w er
in te n s itie s  in  the ab sen ce  of hydrogen  d o nors and u n d e r  o x id i
z in g  cond itions (146). B ac te rio ch lo ro p h y ll f lu o re scen c e  w as
found to  o rig in a te  fro m  the b ac te rio ch lo ro p h y ll type B 890 (re f .
43).

In  th is  c h a p te r  i t  w ill be shown th a t the in c re a s e  in  b a c te r io 
ch lo ro p h y ll f lu o re sc e n c e  is  c o r re la te d  w ith the b leach in g  of
P  890, and th a t th is  c o r re la t io n  can  be exp lained  q u an tita tiv e ly
by the  h y p o th es is  of en e rg y  t r a n s f e r  m en tioned  b e fo re . I t w ill
a lso  be shown th a t the b leach in g  o c c u rs  w ith high quantum
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effic ien cy . R e su lts  of s im ila r  e x p e rim e n ts  done w ith the g re en
b a c te r iu m  C h lo ropseudom onas e th y licu m  w ill be p re se n te d ,
w hich in d ica te  th a t in  th e se  s p e c ie s  a  p ig m en t P  840 p re s u m a 
bly  a c ts  a s  a  re a c tio n  c e n te r .

3. 2 Methods

M e a su rem en ts  w e re  c a r r ie d  out in  the sp li t-b e a m  d iffe ren ce
sp e c tro p h o to m e te r  a s  d e sc rib e d  in  sec tio n  2 .2 . In R . ru b ru m
changes in  ab so rb an cy  w ere  b ro u g h t about by the 577 and 579
m/u l in e s  of a  GEC M E /D  250 W Hg lam p . F o r  f lu o re sc e n c e
m e a su re m e n ts  th is  lig h t beam  w as chopped. F o r  the ex p e rim e n ts
w ith C ps. e th y licu m  a n o n-m odu lated  ac tin ic  lig h t beam  of a
w avelength  band around  430 m p was u sed  w hich w as p rov ided
by a d. c . fed  s lid e  p ro je c to r ,  equipped w ith  f i l t e r s .  F lu o re sc e n c e
w as ex c ited  by a second , m odu la ted  beam  of low  in te n s ity  of
the sam e w avelength . In a ll  e x p e rim e n ts  su itab le  f i l t e r  co m b i
n a tio n s w ere  p laced  in  fro n t of the m u ltip l ie r  (DUMONT 6911)
fo r  cu ttin g  off the ex c ita tio n  and a c tin ic  lig h t and fo r  se le c tin g
the w avelength  of f lu o re sc e n c e . E x p e r im e n ts  a t  low  te m p e ra tu re
w ere  c a r r ie d  out in  the low  te m p e ra tu re  c e ll  c o m p artm e n t
d e sc r ib e d  in  sec tio n  2. 3. 2. S p e c tra  of in ta c t c e lls  of R. ru b ru m
in  the  long  w avelength  re g io n  a t -1 7 0 ° w e re  re c o rd e d  in  the
sam e  ap p a ra tu s  by  m e a s u r in g  the d iffe ren c e  s ig n a l betw een  a
b lank  and a  sam p le  v e s s e l  a s  a function  of the w avelength .
T h ese  s p e c tr a  a re  no t tru e  a b so rp tio n  s p e c tr a ,  bu t they  w ere
adequate to  id en tify  the lo ca tio n  of the a b so rp tio n  m ax im a  a t
20° and -170°.

3. 3 Evidence for a Reaction Center P 890 in Rhodospirillum
rubrum

3 .3 .1  K in e tics  and lig h t c u rv e s  of the ab so rb an cy  changes at
880 mju and of b ac te rio ch lo ro p h y ll f lu o re sc e n c e

F ig . 3 .1  show s re c o rd in g s  of the changes in  ab so rb an cy  a t
880 mju o c c u rr in g  upon ac tin ic  illu m in a tio n , and of the in f ra re d
flu o re scen c e  ex c ite d  by  lig h t of the sam e  in te n s ity . The a b s o r 
bancy  and flu o re sc e n c e  m e a s u re m e n ts  w ere  c a r r ie d  out s h o rtly
a f te r  each  o th e r  and a t  the sam e  sequence  of lig h t and d a rk
p e r io d s . The f lu o re sc e n c e  in c re a s e d , s ta r t in g  fro m  an in itia l
le v e l f. U nder the cond itions u sed  a t l e a s t  two d is t in c t p h ase s
could be d is tin g u ish ed  in  both the ab so rb an cy  change (a, b) and
the f lu o re sc e n c e  in c re a s e  (af, bf); the p h ase s  a and b ap p e a r
to  be c o r re la te d  w ith a f  and bf, re sp e c tiv e ly .

In fig . 3 .2  the s te ad y  s ta te  ab so rb an cy  d iffe ren c e  in  lig h t and
d a rk n e s s , m e a s u re d  a t 880 mju, and the s te a d y  s ta te  le v e l of
the f lu o re scen c e  a r e  p lo tted  a s  a function  of the in te n s ity  bf the
ac tin ic  lig h t. T he changes in  ab so rb a n c y  and in  f lu o re scen c e



- 2 4 -

♦ Rhodos pirillum  rubrum

ab so rp tio n

fluorescence

Figure 3.1 Rhodospirillum rubrum (strain 1), suspended in growth medium.
The top tracings are time recordings of the light-induced absorbancy changes

at 880 mp. The bottom tracings show recordings of the total fluorescence, X > 850
mp. The switching on and off of the actinic and fluorescence exciting light. 590
mfi, is indicated by upward and downward pointing arrows. The intensity of the
light was 3.5 x 10”^ einstein/cm^ sec. The actinic and fluorescence exciting
light was given after 10 sec darktime (left hand tracing) and after 15 sec
darktime (right hand tracing) for both absorbancy change and fluorescence.

yield  (upw ard  c u rv a tu re  of the f lu o re sc e n c e  v e r s u s  in te n s ity
cu rv e ) both  o c c u rre d  a t a c tin ic  in te n s itie s  above 5 .1 0 ' 10
e in s te in /c m 2 s e c . T he in itia l  f lu o re sc e n c e  lev e l f a lso  is  p lo tted
a s  a  function  of the in te n s ity . S ince f w as p ro p o r tio n a l to  I, the
flu o re sc e n c e  y ie ld  a t  the s t a r t  of the illu m in a tio n  a p p a ren tly  is
independen t of the in te n s ity . T h is  m ean s  th a t u n d e r  th ese  co n 
d itio n s  the change in  the f lu o re sc e n c e  is  slow , a s  co m p ared  to
the re sp o n se  tim e  of the a p p a ra tu s .

F ig s .  3 .1  and 3. 2 show  th a t in  in ta c t c e lls  of R h o d o sp irillu m
ru b ru m  suspended  in  f r e s h  grow th  m  ;dium  a  d e c re a s e  in  ab so rb an cy
a t  880 m u, c au sed  by the pho tob leach ing  of P  890, is  q u a lita tiv e ly
c o r re la te d  w ith an  in c re a s e  in  the f lu o re sc e n c e  y ie ld  of b a c te r io -
ch lo ro p h y ll. F o r  c e lls  w hich w ere  w ashed and suspended  in  ae ro b ic
d is til le d  w a te r  s im ila r  r e s u l ts  w ere  found (139); the changes
o c c u rre d  a t  lo w er in te n s i t ie s .

A t -170° the ch an g es in  ab so rb an cy  a t 880 and 795 mu s t i l l
o c c u rre d  upon illu m in a tio n , w hich in d ic a te s  th a t the b leach in g
of P  890 o c c u rs  a t th is  low  te m p e ra tu re . The re a c tio n s  w ere
re v e r s ib le :  in  the d a rk  the o r ig in a l s te ad y  s ta te  w as re ach e d
aga in . F o r  d rie d  b a c te r ia l  e x tra c ts  th is  r e v e r s ib i l i ty  h as  been
o b se rv ed  a t  1°K by A rn o ld  and C layton (6).

A t -170° both  the  ab so rp tio n  sp e c tru m  and the ab so rb an cy
d iffe ren c e  sp e c tru m  show ed a  sh if t  of the 880 mu m ax im um  of
abou t 20 mu to  lo n g e r  w avelength , both in  R. ru b ru m  and C h ro -
m atiu m . T h is  s h if t  p ro v id es  an  ad d itio n a l a rg u m e n t fo r  the
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Figure 3 .2  Rhodospirillum rubrum (strain 1), suspended in growth medium.
The steady state absorbancy difference light minus dark at 880 m p, respectively

the steady state level of fluorescence is plotted as a function of the monochro
matic (590 m(i) actinic, respectively fluorescence exciting intensity. The in
tensity curve of the initial fluorescence intensity f is also shown. The calculated
fluorescence curve (see text) is given by open circles. The amount of fluores -
cence (left scale) is expressed in arbitrary units. The absorbancy difference
(right scale) is given in optical density units.

assu m p tio n  th a t the  change in  ab so rb an cy  a round  880 mu i s  due
to the b leach in g  of a  p igm en t s im ila r  to  B 890. I t  w as a lre a d y
known th a t in  R h o d o sp irillu m  ru b ru m  the f lu o re sc e n c e  band of
B 890, w hich h as  a m ax im um  a t abou t 900 mu, sh if ts  about
20 mu to  lo n g e r  w avelength  upon coo lin g  to  liq u id  n itro g en
te m p e ra tu re s  (16).

In addition  to  the in f ra re d  ab so rb an cy  ch an g es, a  lig h t- in d u ced
in c re a s e  in  ab so rb an cy  w as o b se rv ed  a t -170° in  the b lue
w avelength  reg io n , w ith  a b ro a d  a b so rb an cy  band a round  435
mu. A s w ill be d isc u sse d  in  sec tio n  3 .4 , th is  change is  not
c o r re la te d  w ith th o se  o c c u rr in g  in  the in f ra re d .

3. 3. 2 A qu an tita tiv e  re la tio n  betw een  the f lu o re sc e n c e  y ie ld  of
B 890 and the pho tob leach ing  of P  890

The o b se rv ed  c o r re la t io n  betw een  the in c re a s e  in  B 890
flu o re sc e n c e  and P  890 b leach in g  can  be q u an tita tiv e ly  d e sc r ib e d
by the fo llow ing h y p o th esis : E x c ita tio n  en e rg y  is  t r a n s f e r r e d
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fro m  B 890 to  P  890. Upon ex c ita tio n  of P  890 th is  com ponent
is  b leach ed , w hich p re v e n ts  fu r th e r  en e rg y  t r a n s f e r  fro m  ex c ited
B 890, c au s in g  an in c re a s e  in  the f lu o re sc e n c e  of B 890; P  890
is  a s su m e d  no t to  f lu o re sc e  a t the w avelength  of m e a su re m e n t..
We p o s tu la te  th a t the ex c ited  b ac te rio ch lo ro p h y ll, B*, lo o se s
i t s  en e rg y  in  3 d iffe re n t w ays: (1) f lu o re sc e n c e , (2) in te rn a l
co n v e rs io n , (3) en e rg y  t r a n s f e r  to  P  890. T he change in  B *-
co n c en tra tio n , [B * ], then  is  given by:

d [B*] /d t  = Cj I - (kj [B*J + k2 [B*] + kg [B*] [ P ] ) 2 .1

in  w hich I is  the in te n s ity  of ex c itin g  lig h t and c i  and the k 's
a r e  ra te  co n s tan ts  fo r  ab so rp tio n , f lu o re sc e n c e , in te rn a l  co n 
v e rs io n  and e n e rg y  t r a n s f e r .  [P ]  is  the co n c en tra tio n  of u n 
b leach ed  P  890. I t is  p o ss ib le  th a t o th e r  te rm s ,  con ta in ing  v a 
r ia b le  p a r a m e te r s ,  should be added to  the r ig h t s id e  of eq . 2 .1 .
H ow ever, fo r  the in te rp re ta t io n  of the p re s e n t  ex p e rim e n ts  the
te rm s  given a p p e a r  to be su ffic ien t. At q u as i s te ad y  s ta te  co n 
d itio n s , th a t is  if  [B*] does no t change ap p re c ia b le  in  10 "8 s e c .
(k i  » 108), d [B * ] /d t  is  s m a ll  co m p ared  to  the o th e r  te rm s  and
we m ay  pu t d [B * ] /d t  = 0. Solving fo r  I we obtain :

I = (k + kg [ P ] ) [B*] 2 .2

w h ere  k  = (kx + k 2)/c x  and k'3 = k 3/ c 1.

T he in te n s ity  of f lu o re sc e n c e  is  given by:

If = k x [B * ] 2. 3

T he flu o re sc e n c e  y ie ld  is

9f = If / I  = V  (k +  k'3 [ P ] )  2 .4

A t z e ro  in te n s ity , a l l  P  890 is  in  the n o n -b leach ed  fo rm : [P ] = P0 :
A t high in te n s i t ie s ,  a t  w hich a ll  P  890 is  b leached : [ p ]  = 0.
A t in te rm e d ia te  in te n s itie s  o < [P ]< P 0 . The change in  ab so rb an cy
is  eq u a l to:

AA = c 2 (P0 -  [P ] )  2 .5

in  w hich c 2 is  a co n stan t, equal to  the d iffe ren c e  in  ab so rp tio n
co e ffic ien t of the  unb leached  and b leach ed  fo rm s  of P  890.
E lim in a tin g  [P ] fro m  e q s .2 .4  and 2 .5 , we get:

1 / 9f = (k + k'3 P0 ) /k j  -  (k ^ k i c 2) AA 2. 6

A cco rd in g  to  eq. 2. 6, l / y f and AA a re  l in e a r ly  re la te d . F ig . 3. 3
show s th a t l / 9f is  in  f i r s t  ap p ro x im a tio n  l in e a r ly  dependent on
AA, w hich su p p o rts  o u r  h y p o th es is . T he v a lu es  of l / 9f and AA
fo r the sam e  in te n s itie s  w ere  ob tained  fro m  the e x p e rim en ta l
c u rv e s  given in  fig . 3. 2. T he value  of l / 9 f a t  AA = 0 w as taken
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Figure 3,3 The inverse of the fluorescence yield, l/9 f , plotted as function of the absorban
cy change, AA, for bacteria suspended in growth medium (open triangles),
and in water (open circles). The two curves are not comparable, since the
fluorescence intensities were not measured absolutely.

as  the slope of the  f lu o re s c e n c e -v e rs u s - in te n s i ty  cu rv e  a t  I = 0.
In fig . 3. 2 c a lc u la ted  in te n s itie s  of f lu o re sc e n c e  a re  a lso  g iven.
T h ese  w e re  ca lc u la ted  fro m  the  AA cu rv e  by su b s titu tin g  the
e x p e rim e n ta l v a lu es  of AA in  eq . 2 .6 . The two c o n s tan ts  kg/kjC g
and (k + k^FJ, J / k j  in  the r ig h t s id e  of eq . 2 .6  w e re  obtained
fro m  the co rre sp o n d in g  lin e  of fig . 3 .3 . T he f i r s t  co n s tan t is
equal to  the s lo p e  of the lin e , the  second  is  equal to  1 / <pf a t
AA = 0. T he ex p e rim e n ta l and ca lc u la ted  c u rv e s  of f lu o re scen c e
a p p e a r  to be s im ila r .  F o r  an  a e ro b ic  aqueous su sp en sio n  the
re s u lts  a r e  a lso  shown in  fig . 3. 3.

3. 3. 3 The quantum  re q u ire m e n t fo r  P  890 b leach in g

The quantum  re q u ire m e n t fo r  the b leach in g  of P  890 was
m e a su re d  fo r  an  a e ro b ic  aqueous su sp en s io n , to  w hich 10"5 M
phenyl m e rc u r ic  a c e ta te  w as added, w hich w as found to m in im ize
the ra te  of P  890 re s to r a t io n  in  the d a rk . F ro m  the in i tia l  r a te
of the ab so rb an cy  change a t 880 m/u, the in te n s ity  of the ac tin ic
lig h t (590 mju) and the a b so rb an cy  of the su sp en s io n , the quantum
re q u ire m e n t fo r  P  890 b leach in g  w as c a lc u la ted . It w as a ssu m ed
th a t the sp e c if ic  m o le c u la r  ex tin c tio n  co e ffic ien t of P  890 was
eq u a l to  th a t of b a c te rio ch lo ro p h y ll ( e = 96 m M -1 c m '1 ) (re f .
118, p .1807) and th a t th a t of ox id ized  P  890 w as z e ro . T he
quantum  re q u ire m e n ts ,  c a lc u la ted  fro m  the in itia l  r a te s  m e a su re d
a t two in te n s itie s  of a c tin ic  lig h t, fo r  s a m p le s  tak en  fro m  the
sa m e  c u ltu re  w ere  3. 3 and 3 .1  q uan ta  p e r  m o lecu le  fo r  b a c te 
r i a  suspended  in  w a te r  and PMA added, 3 .1  and 3. 6 fo r  b a c te 
r i a  w ashed and suspended  in  w a te r , and 3. 2 fo r  b a c te r ia  w ashed
and suspended  in  w a te r  and PMA added. T h ese  n u m b e rs  w ill be
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lo w e r , if  the  m o la r  ex tin c tio n  co e ffic ien t of ox id ized  P  890 is
d iffe re n t fro m  z e ro . I t  a p p e a rs  th a t P  890 b leach in g  in  p h o to 
sy n th e s is  is  an  e ffic ien t re a c tio n .

3 .4  Kinetics and Light Curves of the Absorbancy Changes around
435 mu in Washed Aerobic Cells of Rhodospirillum rubrum

A p o s itiv e  change in  ab so rb an cy  w ith a b ro ad  band ( ~  40 mu)
aro u n d  435 mu upon illu m in a tio n  h a s  been  re p o r te d  fo r  ae ro b ic
w ashed  c e lls  of R h o d o sp irillu m  ru b ru m  a t 20° (re f . 47). T h ese
changes w e re  a lso  o b se rv ed  a t  lo w e r te m p e ra tu re s ,  even  a t
-1 7 0 °, in  a n a e ro b ic  c e lls  of R . ru b ru m  su sp en d ed  in  grow th
m ed ium  (see  fo llow ing c h a p te r) . We co m p ared  the changes in
ab so rb an cy  a ro u n d  435 mu in  a e ro b ic  w ashed  c e lls  a t 20° w ith
th o se  o c c u rr in g  in  the in f r a re d  w avelength  re g io n  around  880
and 795 mu, w hich a r e  cau sed  by a  p h o to co n v ersio n  of P  890
(se c tio n  3. 3). I t h as been  su g g es ted  (47 ,35 ) th a t the p o sitiv e
changes a round  435 mu w e re  c o r re la te d  w ith the P  890 changes.
H ow ever, O lson  and Kok (107) concluded  th a t the tim e  c o u rse
of the changes in  the b lue w avelength  re g io n  w as d iffe re n t fro m
th a t in  the in f ra re d ,  and th a t co n seq u en tly  the changes w ere
cau sed  by a t  l e a s t  two d iffe re n t r e a c tio n s . S ince in  O lson  and
K o k 's  e x p e rim e n ts  the in ten se  m e a su r in g  lig h t m ig h t have
affec ted  the k in e tic s , and s in ce  C layton  (35) re p o r te d  th a t the
k in e tic s  w e re  the sam e in  h is  e x p e rim e n ts , we co m p ared  the
k in e tic s  a t 435, 795 and 866 m^u, u s in g  ac tin ic  lig h t of the sam e
w avelength , 590 mu. As fig . 3 .4  show s, the ab so rb an cy  change
a t 435 mu w as s a tu ra te d  a t  lo w e r in te n s i tie s  of a c tin ic  lig h t
than  th a t a t 795 and 866 mu. The lig h t c u rv e s  of the changes
a t 866 and 795 m/u w ere  found to  be p ro p o r tio n a l. In th ese  e x 
p e r im e n ts  i t  w as v e r if ie d  th a t the  m e a su r in g  b eam s w ere  of
too low  in te n s ity  to  c a u se  a m e a su ra b le  change in  ab so rb an cy
(see- se c tio n  2 .5 .2 ) .  We found in  add ition  the decay  tim e  of
the d a rk  re a c tio n  a t 435 mu to be s m a l le r  than  a t  795 mu,
w hich is  in  a g re e m e n t w ith the r e s u lts  of O lson  and Kok
(107) and w ith  re c e n t  r e s u lt s  ob tained  by Kuntz et al. (96),
who found in  add ition  th a t the  d ecay  k in e tic s  of the changes
a t 792 mu w ere  s lo w e r th an  those  of the long  w avelength  bands.

A p p a ren tly  the  a b so rb an cy  change around  435 mu thus is  not
cau sed  by the ox idation  of P  890. T he sp e c tru m  of the changes
d if fe rs  fro m  th a t re p o r te d  fo r  ca ro ten o id  changes (130, 131, 106),
and fro m  th a t a s c r ib e d  to  cy to ch ro m e b red u c tio n  (106). Thus
p ro b ab ly  the changes have to  be a ttr ib u te d  to  an  a s  y e t unknown
p ig m en t. T he fa c t th a t the p ig m en t r e a c ts  a t  -170° su g g es ts
th a t the change is  a s so c ia te d  w ith a  p r im a ry  p h o tochem ica l
p ro c e s s .  F o r  c e l l - f r e e  e x tra c ts  of R. ru b ru m  i t  w as re p o r te d
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Figure 3 .4  RhodospiriUum rubrum, washed aerobic sample, suspended in distilled water.
The steady state absorbancy differences AA at 435 m|i (squares), 795 m(i (solid
circles) and at 866 m(i (open circles) in light and darkness are plotted as a
function of the intensity of the actinic light. The actinic light was of a
wavelength band around 590 mpi the intensity is expressed in 10 ' einstein/cm
sec. The figure shows that the 435 mp curve 'saturates' at a lower intensity
than the 866 and 795 m|i curves.

th a t the  lig h t and d a rk  k in e tic s  of th e  ab so rb a n c y  changes a t
435 mju w e re  the  sa m e  a s  th o se  of th e  lig h t- in d u c ed  E .S .  R.
s ig n a ls  (122).

3.5  Evidence for a Reaction Center P 840 in Green Photo-
synthetic Bacteria

In the  g re e n  pho to sy n th e tic  b a c te r ia  C h lo ropseudom onas
e th y licu m  and C hlorob ium  lim ic o la  a  d e c re a s e  in  a b so rb an cy
upon illu m in a tio n  w as o b se rv ed  in  the  in f ra re d  re g io n  (133,
134). F ig . 3 .5  show s the  sp e c tru m  of th e se  changes fo r  C ps.
e th y licu m . T he sp e c tru m  h as  a  peak  around  840 m u  and t h e r e 
fo re  w as a ttr ib u te d  to  th a t of a  p igm en t P  840 w hich is  b leach ed
upon illu m in a tio n  (133).

It h a s  been  show n (132) th a t in  C ps. e th y licu m  th e re  is  a
s u b s ta n tia l en e rg y  t r a n s f e r  fro m  the  m ain  ch lo ro p h y ll, ch lo rob ium
ch lo ro p h y ll, to  B 810 ( fo rm e r ly  denoted  a s  ch lo ro p h y ll-770
(1 1 1 ,1 1 2 )), and th a t lig h t ab so rb ed  e x c lu s iv e ly  by  B 810 is
e ffec tiv e  in  ox id izing  a  c - ty p e  cy to ch ro m e, C 425 ( r e f .  113). It
w as found th a t a t high in te n s itie s  of ex c itin g  lig h t th e  f lu o re s 
cence  y ie ld  of B 810 w as h ig h e r  th an  a t low lig h t in ten s ity ,
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Figure 3 .5  Spectra of the reversible light-induced changes in absorbancy in the infrared
region in whole cells of Chloropseudomonas ethylicum at 2° and -170°. The
cells were taken from 3 days old cultures and resuspended in water. Actinic
light was of a wavelength band around 436 mp. The solid curve is the spectrum
obtained at 2° (ref. 133), the dotted curve was obtained for another sample at
-170°. The spectrum at -170° is adjusted to the same height in the maximum
near 84C mp as the spectrum at 2°.

w hile the  f lu o re sc e n c e  y ie ld  of ch lo ro b iu m  ch lo ro p h y ll w as in 
dependen t of th e  in te n s ity  (132 ,1 1 3 ). T h ese  da ta  can be in te rp re te d
a s  ev idence  th a t P  840 re c e iv e s  en e rg y  fro m  B 810. We obtained
ev idence  fo r  th is  h y p o th esis  fro m  m e a su re m e n ts  w ith Cps.
e th y licu m  in w hich the  changes in  ab so rb an cy  a t 840 m/u and
the  changes in  f lu o re sc e n c e  at 838 m/j (a t w hich w avelength
p re su m a b ly  a l l  f lu o re sc e n c e  is  due to  B 810) w e re  m e a su re d
a t s e v e ra l  in te n s itie s  of ac tin ic  lig h t. It w as found (133) th a t
the  in v e rs e  of th e  f lu o re sc e n c e  y ie ld  of B 810 w as p ro p o r tio n a l
to  the  b leach in g  of P  840, w hich ( c .f .  eq. 2 .6 )  a rg u e s  in fav o r
of the  h y p o th es is . R e v e rs ib le  b leach in g  of P  840 w as found to
p ro c e e d  a t -170°. (fig . 3 .5 ) . Pho toox idation  of cy to ch ro m e
C 425 did not o cc u r a t te m p e ra tu re s  below -45° (134). T h is  r e 
s u lt q u a lita tiv e ly  is  s im ila r  to  th a t found in  p u rp le  b a c te r ia ,
and in d ic a te s  (se e  sec tio n  4 .3 ) th a t lig h t-in d u ced  cy toch rom e
oxidation  is  not a  te m p e ra tu re  in se n s itiv e  re a c tio n .

3.6 Discussion

T he re s u lts  re p o r te d  in  th is  c h a p te r  in d ica te  the  ex is ten c e  of
re a c tio n  c e n te rs  P  890 in  p u rp le  b a c te r ia  and ( le s s  conclusive ly )
P  840 in g re e n  b a c te r ia .  The e x p e rim e n ts  w e re  p e rfo rm e d  with
the  p u rp le  b ac te r iu m  R. ru b ru m  and the g re e n  b a c te r iu m
C h lo ropseudom onas e th y licu m . D iffe ren ce  s p e c tr a  of th e  l ig h t-
induced  changes in  ab so rb an cy  in the n e a r - in f r a re d  w avelength
re g io n  in  o th e r p u rp le  b a c te r ia  (43, 46, 35, 38) and in  the g re en
b a c te r iu m  C hlorob ium  lim ico la  ( 134) in d ica te  th a t a lso  in th e se
s p e c ie s  a  b ac te r io c h lo ro p h y ll- lik e  p igm en t is  b leached  upon
illu m in a tio n . A lthough th e  lo ca tio n  of th e  long w avelength  peak
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in the d iffe ren c e  sp e c tru m  of v a r io u s  p u rp le  b a c te r ia  is  not
qu ite  the sam e  ( e .g .  870 m/u in  R. sp h e ro id e s  (35), 880-890
m ix  in  R. ru b ru m  and C h ro m atiu m  (4 3 ,4 6 )), the re a c tio n  c e n te r
in p u rp le  b a c te r ia  w ill be denoted a s  P  890, in ana logy  w ith  the
d es ig n atio n  of the b ac te rio ch lo ro p h y ll ty p es  B 800, B 850 and
B 890 in  th e se  b a c te r ia  (43).

E v idence fo r the  h y p o th esis  th a t in p u rp le  b a c te r ia  en e rg y
t r a n s f e r  o c c u rs  fro m  th e  f lu o re sc e n t b ac te rio ch lo ro p h y ll type
B 890 to  P  890 w as ob ta ined  fro m  the o b se rv ed  l in e a r  re la tio n sh ip
betw een the  in v e rs e  of the f lu o re sc e n c e  y ie ld  of B 890 and the
b leach ing  of P  890. T h is  re la tio n sh ip  can  be d e riv ed  th e o re t i 
ca lly , when c e r ta in  a ssu m p tio n s  a r e  m ad e  (eq. 2 .6 ) . A lso  in
the  g re e n  p h o to sy n th e tic  b a c te r iu m  C ps. e th y licu m  such  a re la tio n
w as d e m o n s tra te d  betw een  the  f lu o re sc e n c e  y ie ld  of B 810 and
the  b leach in g  of P  840 (133).

In "n o rm a l"  b a c te r ia  u n d e r n o rm a l cond itions the  lig h t- in d u 
ced  a b so rb an cy  changes a t 890 m/u a r e  about 1-2% of the  ab so rp tio n
a t th is  w avelength . C layton re p o r te d  th a t in  an aqueous e x tra c t
of an aged c u ltu re  of a g re e n  m u tan t of R. sp h e ro id e s  the
o p tic a l d e n s ity  a t 870 m / x  w as re d u ced  to  about one h a lf upon
illu m in a tio n  (35); the  ligh t m inus d a rk  d iffe ren c e  sp e c tru m ,
h o w ev er, w as e s s e n tia l ly  s im ila r  to  th a t of "n o rm a l"  p u rp le
b a c te r ia .  T h is  in d ica te s  th a t upon illu m in a tio n  the  sp ec if ic
a b so rp tio n  of P  890 is  re d u ced  to  at le a s t  one h a lf and hence
th a t in  n o rm a l b a c te r ia  p ro b ab ly  an a p p re c ia b le  change in
a b so rp tio n  o c c u rs  in a r e la t iv e ly  sm a ll  n u m b er of (P  890)
m o lecu le s , in s te ad  of a  s m a ll  change in a l l  B 890 m o lecu le s .
T h is  is  c o n s is te n t w ith the  o b se rv a tio n  th a t the  g e n e ra l  shape
of the  d iffe ren c e  sp e c tru m  is  about th e  sa m e  fo r  d iffe ren t sp e c ie s
(43) and a lso  fo r  aqueous e x tra c ts  of d iffe ren t m u tan ts  (35, 96)
and d e te rg e n t t r e a te d  fra g m e n ts  of e x tra c te d  ch ro m a to p h o res
(35) w hich show m ark e d  d iffe ren c es  in  the  re la t iv e  ab so rp tio n
of the  v a r io u s  b ac te r io c h lo ro p h y ll ty p es . T he sam e ap p lie s  to
ch ro m a to p h o re s  of v a r io u s  b a c te r ia ,  in w hich n e a r ly  a l l  B 890
w as b leach ed  by  a  s tro n g  oxidant (96), and fo r in tac t c e lls  of
R. sp h e ro id e s  w ith an  a r t i f ic ia l ly  induced  low b ac te rio c h lo ro p h y ll
con ten t (39).

T he o b se rv a tio n s  th a t the long w avelength  m axim um  of the
P  890 d iffe ren c e  sp e c tru m  co in c id es  w ith the  m ax im um  of B 890
a b so rp tio n  and th a t th is  m axim um  sh if ts  upon cooling s im ila r
to  the m ax im a of B 890 ab so rp tio n  and  f lu o re sc e n c e  s tro n g ly
su g g es t th a t P  890 is  a p igm ent s im ila r  to  B 890, but pho to -
ch e m ic a lly  ac tiv e . To exp la in  the d e c re a s e  in  a b so rb a n c y  at
about 800 m jx and the in c re a s e  a t 795 m / x ,  w hich a r e  foqnd in
add ition  to  the  d e c re a s e  in  ab so rb an cy  a round  890 m/*, it was
p ro p o sed  (54) th a t P  890 is  an a g g reg a te  c o n s is tin g  of one
m o lecu le  s im ila r  to  B 890 and one m o lecu le  s im ila r  to  B 800
in add ition  to  c e r ta in  b e a r e r  m o lecu le s . Upon illu m in a tio n  the
ab so rp tio n  m ax im um  of the  B 890-lik e  m o lecu le  is  d e c re a s e d
and th a t of the  B 8 0 0 -lik e  one is  sh ifted . It w as a rg u ed  (1 5 ,4 1 ,
147), c o n tra r i ly  to  o th e r  su g g es tio n s  (1 1 ,2 5 , 3 4 ,7 4 ,6 9 ) , th a t the
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in vivo bands of b ac te r io c h lo ro p h y ll p re su m a b ly  a r e  due to  a
b inding of b a c te r io c h lo ro p h y ll to  p ro te in  b e a r e r  m o lecu le s .

E v id en ce  h a s  been  given  th a t the  lig h t- in d u ced  b leach in g  of
P  890 is  due to  an  ox idation ; add ition  of m ix tu re s  of f e r r i -  and
fe rro c y a n id e  to  b a c te r ia l  e x tra c ts  c a u se s  s im ila r ,  although
not co m p le te ly  id en tic a l changes in  a b so rb an cy  in  the in f ra re d
(48, 65, 36, 96). F ro m  e x p e rim e n ts  of th is  kind it  w as e s tim a ted
th a t the  ox idation  re d u c tio n  p o ten tia l of P  890 is  0 .4 4  vo lt
(55, 96).

It w as su g g es ted  th a t ox id ized  P  890 in  tu rn  m ay  ox id ize  a
cy to ch ro m e (47). L ig h t-in d u ced  cy to ch ro m e oxidation  w as o b se rv ed
in v a r io u s  p h o to sy n th e tic  b a c te r ia  (4 4 ,4 7 ,2 8 ,1 0 9 , 113, 101). The
quantum  re q u ire m e n t of the ox idation  of P  890 in  in ta c t c e lls  of R.
ru b ru m  w as about 3 o r  le s s .  In ch ro m a to p h o re s  of C h ro m atiu m ,
R. sp h e ro id e s  and R . ru b ru m  the quantum  re q u ire m e n ts  fo r  P  890
b leach in g  w e re  re p o r te d  to  be of the sam e  o r d e r  of m agnitude,
v a ry in g  fro m  1 .5  to  4 .5  ( r e f .  36). F o r  R. ru b ru m  th e  quantum
re q u ire m e n t of P  890 ox idation  is  o f th e  sa m e  o rd e r  of m agnitude
a s  th a t  re p o r te d  fo r  cy to ch ro m e  oxidation  and fo r  NAD red u c tio n
in  th is  s p e c ie s  (3); fo r  th e  cy to ch ro m es C 4 23 .5  and C 422 in
C h ro m atiu m  th e  quantum  re q u ire m e n t w as found to  be 1 .0  o r
even  lo w er (se c tio n  4. 3. 2). In th e  g re e n  b a c te r iu m  C ps. e thy licum
th e  quantum  re q u ire m e n t of P  840 b leach in g  (oxidation) could
no t be m e a s u re d  w ith  good p re c is io n , due to  th e  r e la t iv e ly  sm a ll
c o n c en tra tio n  of P  840. H ow ever, the  quantum  re q u ire m e n t does
no t a p p e a r  to  d iffe r  v e ry  m uch fro m  th a t found fo r  the  oxidation
of th e  cy to ch ro m e , w hich w as 2 -3  ( r e f .  113).

T he p r im a r y  a c t  of p h o to sy n th es is  h a s  been  p o s tu la ted  to  be
th e  lig h t- in d u ced  g en e ra tio n  of a  photooxidant and a  p h o to red u c tan t
(105). T he p h y s ic a l m ech an ism  of th is  re a c tio n  is  s t i l l  unknown
and h a s  been  su b je c t of s e v e ra l  sp ec u la tio n s  (2 6 ,3 7 ,4 7 , 6 2 ,7 6 ).

O ur r e s u l t s  s tro n g ly  su g g es t th a t P  890 in  p u rp le  b a c te r ia ,
and p o ss ib ly  P  840 in  g re e n  b a c te r ia ,  i s  th e  p r im a ry  re d u c tan t
in  b a c te r ia l  p h o to sy n th es is , w hich is  ox id ized  (b leached) upon
e x c ita tio n  by  a  re a c tio n  w hich p ro c e e d s  independen tly  of the
te m p e ra tu re ,  a s  o b se rv ed  in  in ta c t c e lls  a t -170°, and in  film s
of d r ie d  ch ro m a to p h o re s  a t 1°K  ( r e f .  6). F ro m  life tim e  s tu d ie s
o f b a c te r io c h lo ro p h y ll f lu o re sc e n c e  in  in tac t c e lls  of C hrom atium
and R . sp h e ro id e s  a t 20° and -196° it  h as  been  concluded  th a t
a t low te m p e ra tu re  e n e rg y  is  tra p p e d  by  a  p r im a ry  pho to ch em ica l
re a c t io n  (120 ,138). E x c ita tio n  of th e  p r im a ry  re d u c ta n t P  890 oc
c u r s  by  en e rg y  t r a n s f e r  f ro m  b a c te r io c h lo ro p h y ll B 890 to  P  890,
p re su m a b ly  by a  m ech a n ism  of inductive  re so n a n c e  (43). A
t r a n s f e r  of th is  kind w as shown to  be th e o re t ic a l ly  p o ss ib le
w ith  good e ffic ien cy , if  one ta k e s  in to  accoun t the  co n cen tra tio n
of P  890 and the  f lu o re sc e n c e  y ie ld  of b ac te r io c h lo ro p h y ll in vivo
(4 3 ,4 6 ). , .

T he p r im a ry  p h o to red u c tan t o f b a c te r ia l  p h o to sy n th es is  h as
no t been  id en tified  a s  y e t. R ecen tly  C layton re p o r te d  in  R.
sp h e ro id e s  lig h t- in d u ced  a b so rb an cy  changes in  the  in f ra re d
re g io n , d iffe re n t fro m  th o se  of P  890, w hich w e re  a s c r ib e d  to
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a p r im a ry  p h o to red u c tio n  of b ac te rio ch lo ro p h y ll (38). We co n firm ed
C lay to n 's  o b se rv a tio n  and o b se rv ed  s im ila r  ab so rb a n c y  changes
in  C hro m atiu m  and in  the  m u tan t s t r a in  E MS 65 of R. sp h e ro id e s
(V red en b e rg , A m esz and D uysens (143)). T he ev id en ce , how ever,
su g g es ts  th a t th e  changes w e re  cau sed  by  a  co n fo rm atio n a l
change of th e  lip o p ro te in  b e a r e r  m o lecu le  of b a c te rio ch lo ro p h y ll,
r a th e r  than  by a re d u c tio n  of b ac te r io c h lo ro p h y ll (143). We did
not o b se rv e  changes of th is  kind in  R. ru b ru m .

T he o b se rv ed  c o r re la t io n  betw een flu o re sc e n c e  in c re a s e  and
P  890 b leach ing  m ight be exp lained  by a  d iffe ren t h y p o th es is :
If  the  red u ced  fo rm  of the  u n iden tified  p h o to red u can t X is  p re s e n t
in  the  sa m e  co n c en tra tio n  a s  ox id ized  P  890, both  in  th e  ligh t
and in  th e  d a rk , then  equation  2 .6  can be d e riv e d  by a ssu m in g
th a t in  the  d a rk  th e  (oxid ized) p h o to red u can t quenches the
flu o re sc e n c e  of b a c te rio ch lo ro p h y ll, but th a t in the  ligh t th e  re d u ced
fo rm  does no t. H ow ever, a p r io r i  i t  is  u n lik e ly  th a t th e  co n 
ce n tra tio n  of ox id ized  P  890 would be the  sa m e  as  th a t of re d u ced
X u n d er d iffe ren t cond itions.

In a lg ae  it  w as found th a t the f lu o re sc e n c e  y ie ld  of ch lo ro p h y ll
a ex c ited  by the  p h o to ch em ica l sy s te m  2 is  co n tro lled  by  a
quen ch er Q w hich is  red u ced  on illu m in a tio n  (53); th e re  is  a lso
w eak ev idence th a t the f lu o re sc e n c e  of ch lo ro p h y ll a ex c ited  by
sy s te m  1 is  co n tro lled  by the  p h o to red u c tan t of th e  p h o to ch em ica l
sy s te m  1 (se e  sec tio n  5 .3 .4 ) .
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C H A P T E R  I V

CYTOCHROME REACTIONS AT ROOM AND AT LOW T E M P E 
RATURE IN P U R PL E  BACTERIA

4 .1  Introduction

C y to ch ro m es a r e  ox id ized  upon illu m in a tio n  in a l l  s p e c ie s  of
p h o to sy n th e tic  o rg a n ism s  stu d ied  (4 4 ,2 8 ,4 7 , 109, 1 0 2 ,5 0 ,2 , 113,
101). It h as  been  shown th a t in the p u rp le  b a c te r iu m  R. ru b ru m
a t le a s t  two d iffe ren t c y to ch ro m es , C 428 and C 422, a r e  o x id i
zed  (47), the f i r s t  one m a in ly  by  low in te n s ity  ligh t and the  second
one in  r a th e r  s tro n g  lig h t. K inetic  ex p e rim e n ts  in d ica ted  th a t upon
illu m in a tio n  of an  an ae ro b ic  sam p le  of C hro m atiu m  a t le a s t  4
d iffe re n t cy to ch ro m es  a r e  ox id ized , n am ely  the cy to ch ro m es
C 4 2 3 .5 , C 426, C 422, and C 430 ( re f .  109).

In the  p re ced in g  c h a p te r  ev idence w as given th a t in p u rp le
and g re e n  b a c te r ia  ph o to sy n th e tic  en e rg y  is  t r a n s f e r r e d  fro m
the bulk  of the lig h t ab so rb in g  p ig m en ts  to  a re a c tio n  ce n te r
P  890 w hich b eco m es ox id ized  upon ex c ita tio n . T he re a c tio n  has
been  shown to  be te m p e ra tu re  independent. It h as  been  su g g e 
s te d  th a t cy to ch ro m es w ere  oxid ized  d ire c t ly  o r  in d ire c tly  by
ox id ized  P  890 ( r e f .  47).

C hance and N ish im u ra  m ade the  im p o rtan t o b se rv a tio n  th a t in
C h ro m atiu m  upon in f ra re d  illu m in a tio n  cy to ch ro m e C 423 .5  was
ox id ized  a t -196° w ith an  e ffic ien cy  ro u g h ly  equal to  th a t a t room
te m p e ra tu re ;  a f te r  d a rk en in g  the  cy to ch ro m e re m a in ed  oxid ized
(29). A lthough th ey  did not o b se rv e  a lig h t-d r iv e n  oxidation  of
th e  o th e r  cy to ch ro m es  in C h ro m atiu m  and of the  cy to ch ro m es
in R. ru b ru m  a t -1 9 6 °, the au th o rs  su g g ested  th a t a lso  fo r th e 
se  cy to ch ro m es  photooxidation  would have tak en  p lace  a t th is  te m 
p e ra tu re  if  th e  cy to ch ro m es would have been  in the  red u ced  s ta te
(29, 30); th ey  b e liev ed  to  have in d ica tio n s  tha t in  R. ru b ru m  the
cy to ch ro m es  b ecam e ox id ized  in the  d a rk  upon cooling to  -196°
and thus could not be ox id ized  by ligh t (30, 106). T hey  su g g ested
th a t g e n e ra lly  in b a c te r ia l  p h o to sy n th es is  cy to ch ro m e oxidation
is  a  te m p e ra tu re  independent p h o to reac tio n  (2 9 ,3 0 ).

In th is  c h a p te r  i t  w ill be shown th a t the  photooxidation  of a ll
cy to ch ro m es in  v a r io u s  p u rp le  b a c te r ia  s tu d ied  so  fa r ,  except
C 423. 5 in  C h ro m atiu m , is  s topped  on lo w erin g  the te m p e ra tu re ,
w hile no d a rk  ox idation  ta k e s  p lace  on cooling . The te m p e ra tu re
a t  w hich the  photooxidation  s to p s  is  d iffe ren t fo r the  v a r io u s
c y to ch ro m es . F o r  cy to ch ro m e C 422 in  C h ro m atiu m  th is  te m 
p e ra tu re  w as b e tw e e n -110 and -1 2 0 °, fo r  the  o th e r  cy to ch ro m es it
w as betw een  -25° (C  422 in  R. ru b ru m ) and -50° (C 420 in  R.
sp h e ro id e s ) .
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4. 2 Methods

M ea su rem en ts  of a b so rb an cy  changes w e re  c a r r ie d  out in the
sp li t-b e a m  d iffe ren ce  sp ec tro p h o to m e te r , equipped w ith the  low
te m p e ra tu re  c e ll  co m p artm e n t (s e e  2 .3 .2 ) .  F o r  re c o rd in g  the
s p e c tr a  of th e  d iffe ren c e  in  ab so rb an cy  of the  re fe re n c e  and the
m e a su r in g  cu v e tte  we u sed  the  dev ice  d e sc r ib e d  in  2 .3 .1 .

4. 3 Results and Interpretation

4 .3 .1  C y toch rom e oxidation  in C hro m atiu m  betw een 20 and -210

Photoox idation  of cy to ch ro m e C 423 .5  w as stu d ied  in  an a e ro b ic
sam p le s  a t 20, -170 and -210°. T he r e s u l t s  of C hance and N ish i-
m u ra  (29) on the e ffic ien t photooxidation  of C 423 .5  a t -170° w ere
co n firm ed , but on ly  fo r low in te n s itie s  of a c tin ic  ligh t (140). We
found th a t th e  ap p a ren t in itia l  r a te  of ox idation  a t -170° cau sed
by a high in te n s ity  of a c tin ic  ligh t w as lo w er than  a t 20° and,
fo r  the sam e  in ten s ity , w as s t i l l  lo w er a t -210° ( re f .  140). T h ese
r e s u l t s  su g g ested  th a t upon lo w erin g  the te m p e ra tu re  th e  p h o to -
oxidation  of C 4 23 .5  w as s a tu ra te d  a t lo w er in te n s itie s  of ac tin ic
lig h t. T he ex p e rim e n ts  a t -170° w e re  ex tended  to  h ig h e r ligh t
in te n s itie s  than  th o se  u sed  b e fo re . F o r  th e se  ex p e rim e n ts  the r e 
co rd in g  a p p a ra tu s  w as ad ju s ted  a t a re sp o n se  t im e  of 0. l s e c .  F ig .4.1
show s tha t the e ffic ien cy  fo r  the ox idation  of C 423 .5  a t in te n s i-

intensity

Figure 4.1 The relative efficiency for cytochrome C 423.5 oxidation in Chromatium at
20° and -170°, plotted as a function of the intensity of actinic light of 590
m#J. At each intensity the efficiency is calculated by dividing the initial rate
of the absorbancy change at 423.5 m/i by the intensity of the actinic light
(expressed in 10 einstein/cm^ sec). The measurements at 20° were done in
the same sample. At intensities above 10"® einstein/cm^ sec the reaction at
20° occurred within the response time of the recorder. The efficiencies at -170°
are given as the ratio of reaction rates at -170° and 20° and were determined
at each intensity in a fresh sample. The figure shows that at higher intensities
the efficiency for the oxidation at -170° decreases.
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t ie s  above 1 0 '10 e in s te in /c m 2 se c  is  ap p re c ia b ly  lo w er a t -170°
th an  a t 20°. H ow ever, th e  r a te  of the  re a c tio n  a t -170° did not
a p p e a r  to  be ligh t s a tu ra te d  a t th e  h ig h es t in te n s ity  u sed . C o n s is 
te n t w ith e a r l i e r  su g g es tio n s  (140), th e  r e s u l t s  in d ica te  th a t the
r a te  of ox idation  of C 423 .5  is  dependent on the te m p e ra tu re ,
although  the  m ech a n ism  of the  re a c tio n  cannot s a t is f a c to r i ly  be
u n d ers to o d  fro m  th e  r e s u l ts  ob tained  so  fa r .

P ho toox ida tion  of th e  o th e r  cy to ch ro m es in  C h ro m atiu m  w as
no t o b se rv ed  a t -170° (2 9 ,1 4 0 ). At ro o m  te m p e ra tu re  th e se  c y 
to c h ro m e s  w e re  ox id ized  a t high lig h t in te n s ity . By a e ra tio n  in
th e  d a rk , acco rd in g  to  O lson (109), C 423 .5  and C 426 a r e  o x id i
zed , but not C 422 and C 430.

T he k in e tic s  of C 422 photooxidation  w e re  stu d ied  a t v a r io u s
te m p e ra tu re s  in  a e ro b ic  s a m p le s . T im e  c o u rs e s  of th e  l ig h t- in 
duced  s p e c tr a l  changes a t 422 nut, m e a su re d  in  grow th  m ed ium  at

5 see CHROMATIUM
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Figure 4.2 Chromatium, aerobic sample, taken from a 2 days old culture, suspended in
fresh growth medium. Time recordings of the light-induced reversible absorbancy
changes at 422 mp measured at various temperatures. Upward and downward
pointing arrows mark the beginning and the end of an illumination period. The
actinic intensity, X = 840 mp, was 23 x 10" t l  einstein/cm^ sec. An upward
deflection corresponds to a decrease in absorbancy.

The changes are presumably causéd by cytochrome C 422. The initial rate
of oxidation decreases below -90°.

v a r io u s  te m p e ra tu re s ,  a r e  shown in fig . 4. 2. Upon d e c re a s in g
the  te m p e ra tu re  below -75° the  in itia l  r a te  of the  photooxidation
of C 422 d ro p s . T he s tead y  s ta te  ab so rb an cy  d iffe ren c e  AA a l 
so  d e c re a s e s ,  but to  a  s m a l le r  ex ten t than  the  in itia l  r a te .  T h is
is  shown m o re  d ir e c t ly  in fig . 4. 3, in w hich the  in i tia l  r a te  and
th e  s te a d y  s ta te  a b so rb an cy  d iffe ren c e , m e a su re d  a t high in ten s ity ,
a r e  p lo tted  on a  re la t iv e  s c a le  a s  a  function of th e  te m p e ra tu re .
T h is  fig u re  in d ic a te s  th a t below -75° the  in itia l r a te  of C 422
photoox idation  is  lim ite d  by a " d a rk  re a c tio n " . T h is  m ean s  th a t
C 422 ox idation  is  te m p e ra tu re -d e p e n d e n t. At te m p e ra tu re s  below
-110° th e  r a te  of C 422 ox idation  b eco m es u n o b se rv ab ly  low. In
the  g ly c e ro l-g ly c e ro p h o sp h a te  m ed ium  (se c tio n  2 .2 ) the  r a te  of
th e  d a rk  red u c tio n  of C 422 a t  20° w as m uch lo w er than  in  grow th
m ed ium , w h e rea s  th e  r a te  of photooxidation w as h ig h e r.
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Figure 4.3 Chromatium, different aerobic samples, taken from 2 days old cultures, suspended
in fresh growth medium (circles), respectively in "non-crystallizing medium"
(squares). The steady state absorbancy difference (black symbols) and the initial
rate of the absorbancy change at 422 mp are plotted as a function of the
temperature (°C). Coinciding values are represented by half-blackened symbols.
Values for the absorbancy change and the initial rate are given in relative
units, the maximum value being put equal to 1. Actinic intensity (X = 840 mp)
was 23 x 1 0 einstein/cm2 sec.

Upon lowering the temperature the initial rate of C 422 oxidation decreases
more rapidly than the steady state change.

T he follow ing e x p e rim en t show s th a t on coo ling  C 422 did  not
becom e ox id ized  in  the  d a rk . T he a b so rb an cy  d iffe ren c e  s p e c tru m ,
lig h t m inus d a rk , w as re c o rd e d  a t 20° in  the  n o n -c ry s ta ll iz in g
m ed iu m  (fig. 4 .4 ) .  T hen  both re fe re n c e  and sam p le  cu v e tte  w e re
cooled  down to  -170°, w hile th e  sam p le  cu v e tte  re m a in e d  c o n ti
nu o u sly  illu m in a ted  and the  re fe re n c e  cu v e tte  re m a in e d  in  the
d a rk . T he sp e c tru m  re c o rd e d  a t -170° w as a p p ro x im a te ly  th e  sam e
as  th a t ob ta ined  a t 20°, ex cep t fo r a  2 m u  sh if t  of th e  ab so rp tio n
band to  s h o r te r  w aveleng th . If the  cy to ch ro m e in the  d a rk  r e f e r 
ence cu v e tte  w ould have becom e ox id ized  upon cooling , th e  r e c o r 
ding a t -170° would have co incided  w ith  th e  d a rk  re fe re n c e  lin e ,
s in c e  then  the  a b so rp tio n  in  th e  two cu v e tte s  w ould have been
the  sa m e .

U sing b a c te r ia  su sp en d ed  in  g row th  m ed ium , we ob ta in ed  s im i 
l a r  r e s u l t s .  T he s p e c tr a  a t -170° w e re , h o w ev er, l e s s  p re c is e  due
to  in c re a s e d  s c a tte r in g  cau sed  by c ra c k s  o r  m ic ro c ry s ta ls  of the
fro z e n  su sp en sio n .

4 . 3 . 2  Q uantum  re q u ire m e n ts  and ac tio n  sp e c tru m  of cy to ch ro m e
oxidation  in  C h ro m atiu m

O nly fo r  one cy to ch ro m e , C 4 2 3 .5 , th e  quantum  re q u ire m e n t
h as  been  d e te rm in e d  w ith  som e p re c is io n . In h is  m o s t re c e n t
e x p e rim e n ts , O lson  (110) ca lc u la ted  a  quantum  re q u ire m e n t fro m
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Figure 4 .4  Chromatium aerobic sample suspended in the "non-crystallizing" medium. The
difference in absorption at 20° and -170° between two suspensions, of which
one was continuously illuminated (also during cooling) and the other was kept
in the dark, is recorded as a function of the wavelength. The reference line is
the tracing at 20°, which is recorded when both suspensions are in the dark.
The intensity of the actinic light of 840 mp was 7.2 x 10"11 einstein/cnAec.

th e  in i t ia l  r a te  o f ox idation  v a ry in g  fro m  0 .7  to  1 .4  fo r  ligh t
of 860-890 mu, a ssu m in g  a  change in  sp ec if ic  ex tin c tio n  of 6 2 .3
cm "1 m M -1, w hich w as b ased  on e s t im a te s  of the  sp e c if ic  e x 
tin c tio n  of a  cy to ch ro m e  e x tra c te d  fro m  C h ro m atiu m  (10). U sing
the  sam e  sp e c if ic  a b so rb a n c ie s , we ca lc u la ted  fro m  o u r m e a s u r e 
m e n ts  in  an a e ro b ic  s a m p le s ,  tak en  fro m  v a r io u s  c u l tu re s ,  r e q u i r e 
m e n ts  fo r  C 4 2 3 .5  ox idation  v a ry in g  fro m  0 .7  to  0 .9 , fo r  ligh t
of 840 mu. T he re q u ire m e n t fo r  C 422 ox idation , m e a su re d  in
th e  a e ro b ic "  n o n -c ry s ta ll iz in g  m ed iu m ", w as ca lc u la ted  fro m  m e a s 
u re m e n ts  a t 20° and  w as found to  be about 0 .6 .  T he quantum
re q u ire m e n t fo r  C 422 ox idation  in  b a c te r ia  susp en d ed  in a e ro b ic
co m p le te  m ed ium  w as e s ta b lish e d  fro m  th e  in itia l  r a te  of the
a b so rb a n c y  change o c c u rr in g  upon illu m in a tio n  a t -4 5 ° . At th is
te m p e ra tu re  th e  re d u c tio n  of ox id ized  C 422 upon d ark en in g  was
r a th e r  slow , and th e  in i t ia l  r a te  of th e  ox idation  w as o p tim a l.
It w as ca lc u la ted  th a t about 0 .7 5  quan ta  p e r  e le c tro n  w e re  needed .

T h e  a ssu m e d  sp e c if ic  a b so rb a n c ie s  fo r  th e  cy to ch ro m es a re
u n c e r ta in , b ec au se  o f u n c e r ta in  id en tifica tio n  (10). T h e re fo re  it
cannot be concluded  th a t th e  quantum  re q u ire m e n ts  fo r  th e  o x i
dation  of th e s e  cy to ch ro m es a r e  s m a l le r  th an  1. It i s  lik e ly ,
h o w ev er, th a t  th e  pho toox idations a r e  v e ry  e ffic ien t re a c t io n s .
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T he e x p e rim e n ts  a r e  c o n s is ten t w ith the a ssu m p tio n  th a t th e  r e 
q u irem e n ts  a r e  c lo se  to  1, and th a t th e  sp ec if ic  a b so rb an cy
d iffe re n c e s  a r e  of the  o rd e r  of 100 cm "1 mM *1 .

A ction s p e c tr a  of cy to ch ro m e C 4 23 .5  oxidation  and of b a c te r io -
ch lo ro p h y ll f lu o re sc e n c e  w e re  m e a su re d  in  an a e ro b ic  sam p le s
of C h ro m atiu m . Both s p e c tr a  show ed re la t iv e ly  low a c tiv ity  of the
ca ro te n o id s , in a g re e m e n t w ith e a r l i e r  o b se rv a tio n s  on flu o re sc e n c e
e ffic ien cy  in th is  s p e c ie s  m ade by D uysens (43). In th e  w avelength
re g io n  580-950 m /i the  ac tio n  sp e c tru m  fo r  cy to ch ro m e ox idation ,
excep t fo r  a  s lig h t dev ia tion  a round  800 m/u, w as p ro p o r tio n a l
to  th e  ab so rp tio n  s p e c tru m , w ith  c le a r  m ax im a a t 590, 800, 850,
and 890 m ^. T h is  in d ica te s  a n e a r ly  eq u a l a c tiv ity  of th e  b a c te r io -
ch lo ro p h y ll ty p es B 800, B 850 and B 890; on ly  fo r  B 800 the
a c tiv ity  fo r cy to ch ro m e ox idation  w as about 20% le s s  than  fo r
th e  o th e r  ty p e s . T he ap p a ren t lo w er a c tiv ity  of B 800 m igh t be
due to  an  inhom ogeneity  of the  c u ltu re  w hich m ay  have con tained
old, l e s s  a c tiv e , c e lls  w ith  a r e la t iv e ly  high a b so rp tio n  at 800 m u.
C en trifu g a tio n  of th e  c u ltu re  y ie ld ed  f ra c tio n s  w ith d iffe re n t in f r a 
re d  ab so rp tio n  s p e c tr a .  T he ac tio n  sp e c tru m  of b ac te r io c h lo ro p h y ll
f lu o re sc e n c e  show ed a  co m p le te  p ro p o r tio n a lity  to  th e  ab so rp tio n
sp e c tru m  in the  w aveleng th  re g io n  580-820 m/u. T he flu o re sc e n c e
e x p e rim e n ts  could  not be ex tended  to  w aveleng ths above 820 mju,
b ec au se  of sp u rio u s  e ffec ts  of the  ac tin ic  ligh t (se c tio n  2 .5 .2 ) .

4 .3 .3  C y toch rom e ox idation  in  R hodopseudom onas sp h e ro id e s  and
R h o d o sp irillu m  ru b ru m

F ig . 4. 5 show s th e  k in e tic s  of lig h t- in d u c ed  cy to ch ro m e  o x i
dation  in  R . sp h e ro id e s  a t  v a r io u s  te m p e ra tu re s .  T he a b s o rb a n -
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Figure 4.5 Rhodopseudomonas spheroides, aerobic sample, suspended in non-crystallizing
medium; time recordings of the light-induced absorbancy changes at 423 mp,
measured at various temperatures. The intensity of the actinic light (X = 860
m/i) was 1.5 x 10 "9 einstein/cm2 sec. The rate of reduction of the cytochrome
upon darkening decreases upon lowering the temperature.

cy  d iffe ren c e  s p e c tr a  a t  20° (fig . 4 .6 ) , m e a s u re d  a t d iffe ren t
in te n s itie s  of a c tin ic  lig h t, in d ica te  th e  photooxidation  of a  c y to -
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Figure 4 .6  Rhodopseudomonas spheroides, aerobic sam ple, taken from  a  3 days old cu ltu re ,
suspended in non-crysta lliz ing  m ed ium . T he solid lin es, indicated by the
num bers 1, 2 and 3 , a re  th e  absorbancy difference spectra light minus dark
m easured a t th e  re la tiv e  intensities o f  ac tin ic  ligh t 50, 100 resp. 300 (arbitrary
units). T h e  dashed lin e  is th e  absorbancy difference spectrum  m easured of two
sam ples a t  -170° o f  which one was continuously illum inated  during cooling
with a  re la tiv e  intensity  o f 50 and th e  o ther was kept in the  dark . T he spectra
were redrawn from recordings as showr in  fig. 4 .4  and corrected  for a sm all
bending o f  the  dark zero lines.

ch ro m e  w hich is  p ro b a b ly  id e n tic a l to  C 420, s tu d ied  by Sm ith
and R a m ire z  (130). A s fig . 4 .5  show s, th e  s te a d y  s ta te  lev e l
o f ox id ized  cy to ch ro m e in  th e  lig h t in c re a s e d  when th e  te m p e r a 
tu r e  w as lo w ered  to  -1 1 ° . T he r a te  of th e  re d u c tio n  upon d a rk e 
n ing  a t  -11° w as on ly  about 40% of th e  r a te  a t 20°. At -47° the
r a te  of th e  d a rk  re d u c tio n  w as p ra c t ic a l ly  z e ro , and th e  r a te  o f the
lig h t- in d u c ed  ox idation  w as about th re e  t im e s  s m a l le r  than  the
r a te  a t 20° a t th e  s a m e  ligh t in te n s ity . At te m p e ra tu re s  below
-11° a ls o  a  p o s itiv e  change upon illu m in a tio n  and a n eg a tiv e
one upon d ark en in g  w e re  o b se rv ed , w hich a r e  p o ss ib ly  cau sed  by
c a ro te n o id s  (1 3 0 ,1 3 1 ) o r  by  the  a s  y e t un id en tified  p igm ent w ith
th e  ab so rp tio n  band a ro u n d  435 m n  (se c tio n  3 .4 ) . At -170° only
th is  p o s itiv e  r e v e r s ib le  change in  a b so rb an cy  w as o b se rv e d . At
-170°, C 420 w as in  th e  re d u ced  s ta te  in  th e  d a rk , a s  in d ica ted
by th e  d iffe ren c e  sp e c tru m  a t  -170° of two fro zen  su sp en sio n s
fro m  w hich one w as kep t in  th e  d a rk  and th e  o th e r  w as co n tin 
u o u sly  illu m in a ted  d u rin g  cooling . E xcep t fo r  a  2 ity j  sh if t of
th e  m ax im u m , th is  sp e c tru m  re s e m b le d  both  in  sh ap e  and heigh t
th e  d iffe re n c e  sp e c tru m  a t 20°. At th e  in te n s ity  u sed , th e  p o s i
tiv e  change w as too  s m a ll  to  d is to r t  the  sp e c tru m  a t -170° a p 
p re c ia b ly  ( s e e  fig . 4 .6 ) .
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In R h o d o sp irillu m  ru b ru m  we obtained  s im ila r  r e s u l t s .  C 248
could be ox id ized  down to  about -5 0 ° . Upon add ition  of 3 x 10‘b M
HOQNO, w hich in h ib its  cy c lic  pho tophosphory la tion  in e x tra c ts
(9), the  photooxidation  of C 428 w as inh ib ited  and an o th e r c y to 
ch ro m e , C 422, b ecam e ox id ized  upon illu m in a tio n , in ag re e m e n t
w ith  r e s u l t s  of o th e rs  (129). In the  p re s e n c e  of HOQNO, pho to -
oxidation  of C 422 w as o b se rv ed  down to about -25°. A fte r cooling
in the  d a rk  to  -170° C 428, and p o ss ib ly  C 422 a lso , w e re  in  the
red u ced  s ta te ,  a s  w as in d ica ted  by  the  d iffe ren c e  sp e c tru m  at
-170° m e a su re d  by the m ethod m entioned  above. Only a  p o s itiv e
change in  ab so rb a n c y  w as o b se rv ed  upon illu m in a tio n  a t -170
w ith a sp e c tru m  s im ila r  to  th a t found in  w ashed  a e ro b ic  c e lls
a t 20° ( r e f .  47) th a t w as a s c r ib e d  to  an  a s  yet unknown p igm ent
(se c tio n  3 .4 ).

4. 4 Discussion
T he r e s u l t s  re p o r te d  in th is  c h a p te r  show , c o n tra r i ly  to  C h an ce 's

su g g es tio n  (29, 33), th a t in  b a c te r ia l  p h o to sy n th es is  cy to ch ro m e
photooxidation  is  not a  p r im a ry  te m p e ra tu re  in se n s itiv e  re a c tio n .
T h is  su g g estio n  w as m a in ly  b ased  on the  o b se rv a tio n  th a t in
C h ro m atiu m  cy to ch ro m e C 4 23 .5  w as ox id ized  a t -196° w ith an
e ffic ien cy  th a t w as the  sa m e  as  a t 20° (29). In o u r e x p e rim en ts
th is  o b se rv a tio n  w as co n firm ed , but on ly  fo r  low in te n s itie s  of
a c tin ic  lig h t. O ur d a ta  in d ica te  th a t fo r  h ig h e r in te n s itie s  the
e ffic ien cy  fo r th e  photooxidation  a t -170° is  lo w er than  a t 20°
and b eco m es s t i l l  lo w er upon a fu r th e r  lo w erin g  of th e  te m p e 
r a tu r e  to  -2 1 0 °. T he lim ita tio n  of the r a te  of ox idation  a t d e 
c re a s in g  te m p e ra tu re s  w as d em o n s tra te d  m o re  p re c is e ly  fo r  the
photooxidation  of C 422 in  C h ro m atiu m . Below -75° the  r a te  of
C 422 ox idation  w as s a tu ra te d  a t a  lo w er ligh t in te n s ity  than  at
2 ')°. No C 422 ox idation  s t i l l  o c c u rre d  a t -120°. F o r  the  c y to 
c h ro m e s  C 422 and C 428 in  R. ru b ru m  and C 420 in  R. s p h e -
ro id e s  no photooxidation  w as o b se rv ed  a t te m p e ra tu re s  below
-25° (C 422) and -50° (C  420, C 428). As re p o r te d  (se c tio n  3 .5 .) ,
the  photooxidation  of cy to ch ro m e C 425 in  the  g re e n  b a c te r iu m
C h lo ropseudom onas e th y licu m  stopped  a t  te m p e ra tu re s  below
50°. It w as fu r th e r  shown th a t, c o n tra r i ly  to  e a r l i e r  su g g es tio n s
(29, 30 ,1 0 6 ), the  b a c te r ia l  cy to ch ro m es a r e  not ox id ized  when kept
in  the  d a rk  d u rin g  coo ling . t

T he cy to ch ro m e  re a c tio n s  ap p e a r q u a lita tiv e ly  s im ila r  to  co n 
v en tio n a l"  d a rk  re a c t io n s , w ith the  d iffe ren c e  th a t fo r  c y to c h ro 
m es  th e  te m p e ra tu re  h a s  to  be m uch  lo w er in  g e n e ra l , b e fo re  a
lim ita tio n  of th e  re a c tio n  r a te  b eco m es ap p a ren t. T he o c c u rre n c e
of th e s e  re a c tio n s  a t r e la t iv e ly  low te m p e ra tu re s  su g g es ts  tha t
th e  cy to ch ro m es  a r e  lo ca ted  v e ry  c lo se , if not ad jacen t, to  the
p r im a ry  oxidant P  890. B etw een such  c lo se ly  connected  o r  a d 
ja c e n t m o lecu les  e le c tro n  o r  hydrogen  t r a n s f e r  m ay  o cc u r even
a t low te m p e ra tu re s  (126). H ow ever, d irec t^  ev idence fo r  the
m ech a n ism  of cy to ch ro m e ox idation  is  not av a ila b le  a t p re s e n t.



- 4 2 -

R ece n tly  C hance and DeV ault re p o r te d  th a t high in te n s ity  m o n o 
c h ro m a tic  lig h t f la sh e s  (694 m/u) of 100 n sec  d u ra tio n  b rought
about changes in ab so rb a n c y  a t 422 m/u in a n a e ro b ic  sam p le s  of
C h ro m atiu m , w hich w e re  a ttr ib u te d  to  a  photooxidation  of cy to 
ch ro m e  C 423 .5  ( r e f .  33). T he changes a t 20° o c c u rre d  w ith in  20
/usee and the  a u th o rs  s ta te d : " .......... o u r r e s u l t s  a t te m p e ra tu re s
of liqu id  n itro g en  su g g es t th a t no d e c re a s e  in  the  r a te  o c c u rs
. . . "  (33). H ow ever, the  con c lu sio n  th a t a t liqu id  a i r  te m p e r a 
tu re  the  ox idation  goes w ith an  equal e ffic ien cy  a s  a t ro o m  te m -
p e ra tu re (3 3 )  c o n tra d ic ts  o u r o b se rv a tio n  on th e  r e la t iv e ly  low e f 
f ic ie n cy  of high in te n s ity  lig h t fo r  cau sin g  C 423 .5  ox idation  at
-170°.

B ecau se  of the  ra p id  accu m u la tio n  of ox id ized  C 423 .5  in C h ro 
m atiu m  upon illu m in a tio n , and b ec au se  C 423 .5  ac cu m u la te s  a t
in te n s itie s  a t w hich no accu m u la tio n  of P  890 is  o b se rv ed , it  w as
p o s tu la ted  th a t C 4 2 3 .5 , in s te a d  of P  890, i s  th e  p r im a ry  r e -
ductan t of p h o to sy n th es is  in  C h ro m atiu m  (32, 33). H ow ever, fo r  a
p r im a ry  pho top roduct of p h o to sy n th es is  w hich r e a c ts  in  the m ain
e le c tro n  t r a n s p o r t  cha in  one m ay  p re d ic t  a  high tu rn -o v e r  r a te
a t h igh  lig h t in te n s i t ie s .  T he low r a te  of re d u c tio n  of ox id ized
C 4 23 .5  in  th e  d a rk  u n d e r a l l  cond itions app lied  so  f a r  su g g es ts
th e re fo re  th a t C 4 23 .5  is  not in  the  m ain  e le c tro n  t ra n s p o r t
cha in  of p h o to sy n th es is . On the  c o n tra ry , it w as found th a t fo r
P  890 the tu rn -o v e r  r a te  w as high ( e .g .  fig . 3 .1 ) , w hich s u p 
p o r ts  th e  h y p o th es is  th a t P  890 is  the p r im a ry  photooxidant.
M o reo v e r, a h igh  tu rn -o v e r  r a te  of the  p r im a ry  p h o to rea c tan t of
p h o to sy n th es is  in c lu d es  the  p o s s ib il i ty  to  o b se rv e  an  a c c u m u la 
tio n  of th e  d a rk  p ro d u c ts  of p h o to sy n th es is  ( e .g .  cy to ch ro m es ,
NADH) w ithout o b se rv in g  any  ac cu m u la tio n  of the  p r im a ry  r e a c 
t a n t s )  ( e .g .  P  890). T h is  poin t so m e tim e s  h a s  been  o v e r lo o k 
ed in  the  in te rp re ta t io n  of e x p e rim e n ta l d a ta  on th e  p re su m e d
p r im a ry  photooxidation  of cy to ch ro m e C 4 23 .5  ( r e f .  32, 33).

T he p o s s ib il i ty  cannot be excluded  th a t in  the  in tac t c e ll , a s
a  conseq u en ce  of the  cooling  p ro c e d u re , a  s t r u c tu r a l  change o c c u rs
in  the  co n fig u ra tio n  of the p ro te in  b e a r e r  m o lecu le , to  w hich
P  890 and C ytochrom e m ay  be a ttach ed , in su ch  a w ay th a t no
e le c tro n  o r  hydrogen  t r a n s f e r  can  tak e  p lace  betw een  th e se  m o le 
cu le s  a t  low  te m p e ra tu re s .  H ow ever, the  o b se rv a tio n  th a t a f te r
w a rm in g  up of th e  fro zen  sam p le s  the  cy to ch ro m e  p h o to re a c ti
ons at 20° w e re  r e s to r e d  in d ic a te s  th a t a t le a s t  no p erm an en t
d am ag e w as e ffec ted .

T he low quantum  re q u ire m e n t of cy to ch ro m e ox idation , w hich
fo r  C 423 .5  and C 422 in C h ro m atiu m  w as c lo se  to  1, and w hich
fo r  C 428 in  R . ru b ru m  w as re p o r te d  to  be 3 -4  ( r e f .  3), in d ic a 
te s  th a t th e se  re a c tio n s  a r e  e ffic ien t p h o to sy n th e tic  p ro c e s s e s .
In th e  p re ced in g  c h a p te r  the  quantum  re q u ire m e n t of P  890 o x i
dation  w as re p o r te d  to  be o f th e  sam e o rd e r  of m agn itude. T h ese
find ings a r e  in  a g re e m e n t w ith the  h y p o th es is  th a t cy to ch ro m es
a r e  ox id ized  by  P  890. The ligh t and d a rk  k in e tic s  of th e  a b s o r 
b ancy  changes in  an  aqueous su sp en s io n  of C h ro m atiu m  c h ro -
m a to p h o re s , a s c r ib e d  to  P  890 and cy to ch ro m e ox idation , w e re
c o n s is te n t w ith th e  h y p o th es is  m en tioned  above (37).



- 4 3 -

T he ac tio n  s p e c tr a  of cy to ch ro m e oxidation  and of b a c te r io -
ch lo ro p h y ll f lu o re sc e n c e  w e re  found to  be n e a r ly  p ro p o rtio n a l,
excep t fo r a s lig h t dev ia tio n  a t 800 m/u. In R. sp h e ro id e s  the
o b se rv ed  p ro p o r tio n a lity  betw een the  ac tio n  s p e c tr a  of NAD r e 
duction  and of b ac te r io c h lo ro p h y ll f lu o re sc e n c e  w as in te rp re te d
a s  ev idence  th a t in  b a c te r ia l  p h o to sy n th es is  on ly  one p igm ent
sy s te m  is  re s p o n s ib le  fo r  th e  lig h t re a c tio n s  (3). A dditional
ev id en ce  w as g iven by B links and van N iel (13).

R ecen tly  it  w as su g g ested  (38) th a t in p u rp le  b a c te r ia  two p ho
to ch em ica l re a c tio n s  function , of w hich one a c tiv a te s  a p r im a ry
ox idation  of cy to ch ro m e and a re d u c tio n  of b ac te r io c h lo ro p h y ll,
and th e  o th e r  b r in g s  about a p r im a ry  ox idation  of P  890 and a
re d u c tio n  of ubiquinone. As d isc u s se d  in th is  c h a p te r  and in  the
p re ced in g  one, o u r r e s u l t s  g ive no su p p o rt fo r a p r im a ry  p h o to -
ox idation  of cy to ch ro m e o r  fo r the su g g ested  p h o to red u c tio n  of
b ac te rio c h lo ro p h y ll.

FA^ A C E m isVr» N
DE*

S lotheer



C H A P T E R  V

PRIM ARY PHOTOCHEM ICAL REACTIONS IN ALGAE

5 .1  Introduction

It i s  w ell e s ta b lish e d  th a t a lg a l p h o to sy n th es is  i s  d r iv e n  by two
d iffe re n t p h o to ch em ica l re a c tio n s  (5 0 ,5 1 ,8 6 , 150), p h o to reac tio n s
1 and 2 ( re f .  51), w hich a r e  s e n s it iz e d  by the  p ig m en t sy s te m s
1 and 2. E x p e r im e n ts  on lig h t- in d u c ed  changes in  ab so rb an cy
(5 0 ,5 1 ,8 6 , 1 5 0 ,2 ,5 )  and in  f lu o re sc e n c e  (52, 53) in  a lg ae  have
given  ev idence fo r  the fo llow ing (s im p lified ) sch em e  (55):
NADP •*— X ■*— (sy s te m  1) P  700 <— cy to ch ro m e ■*— P Q  ■*—

Q •*— (sy s te m  2) ■*— ZH ■*— H 20 .
B io ch em ica l ex p e rim e n ts  a lso  have su p p o rted  the ev idence fo r
th is  sch e m e  (99). T he a r ro w s  in d ica te  the d ire c tio n  of hydrogen
o r  e le c tro n  t r a n s p o r t .  P h o sp h o ry la tio n  re a c tio n s  have been
o m itted . NADP is  n ico tin am id e -a d en in e  d inucleo tide  phosphate
(2), P  700 is  th e  p r im a ry  re d u c tan t of p h o to rea c tio n  1, w hich
upon illu m in a tio n  show s a  d e c re a s e  in  ab so rp tio n  around  705
m/u (8 3 ,8 7 ,8 9 ) , PQ  is  a  p lastoqu inone (5), Q i s  the p r im a ry
oxidant of sy s te m  2 w hich quenches the  f lu o re sc e n c e  of
ch lo ro p h y ll o 2 (re f . 53), and X and ZH a r e  the h y p o th e tica l
p r im a ry  oxidant of re a c tio n  1 and th e  re d u c tan t of re a c tio n
2.

T he two ph o to ch em ica l re a c tio n s  have d iffe re n t ac tio n  s p e c tr a
(51). L ig h t of su ch  a  w aveleng th  th a t i t  i s  m a in ly  ab so rb ed  by
sy s te m  1 is  c a lle d  lig h t 1, l ig h t 2 i s  an a lo g o u sly  defined . In
b lu e -g re e n  and re d  a lg ae , re d  and blue lig h t in  g e n e ra l  i s  lig h t
1, and g re e n  o r  o ran g e  lig h t, w hich is  ab so rb ed  m ain ly  by  the
p h y co b ilin s , is  l ig h t 2. In the ab sen ce  of p o iso n s lig h t 1 c a u se s
an  ox idation  of the red o x  co u p les  lo ca te d  betw een  the sy s te m s
1 and 2, and lig h t 2 a  red u c tio n . DCMU, w hich w as known a s  a
p o ten t in h ib ito r  of th e  H ill re a c tio n  (148) and of p h o to sy n th esis
(12), w as found to  in h ib it the e le c tro n  tr a n s p o r t  ch a in  p ro b ab ly
b etw een  p las to q u in o n e  and Q (53, 5).

T he sch e m e , a s  w e ll a s  the ev idence  fo r  i t ,  i s  no t com plete
s in c e  i t  canno t e a s ily  ex p la in  a l l  a sp e c ts  of the lig h t and d a rk
k in e tic s  of c e r ta in  in te rm e d ia te s .  F u r th e r  d e ta ils  w ill be d isc u sse d
in  se c tio n  5 .4 .

In th is  c h a p te r  ex p e rim e n ts  a r e  d e s c r ib e d  on the p h o to reac tio n s
of the p ig m en t P  700 and of cy to ch ro m e , and on the ch lo ro p h y ll
f lu o re sc e n c e  in  the n e a r  in f ra re d  w avelength  reg io n . The e x 
p e r im e n ts  w e re  done m a in ly  w ith in ta c t  c e lls  of the b lu e -g re e n
alg ae  S ch izo th rix  c a lc ic o la  and A n a cy s tis  n idu lans a t v a r io u s
te m p e ra tu re s  and a t  d iffe re n t re g im e s  of p re - illu m in a tio n , and
a lso  in  the p re s e n c e  of v a r io u s  in h ib ito rs . Q uantum  re q u ire m e n ts
w ere  d e te rm in e d  fo r  the photooxidation  of P  700 and cy to ch ro m e
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and (fo r the f i r s t  tim e) a lso  fo r  the p h o to red u c tio n  of oxidized
P  700.

A lthough m any  p a p e rs  have been  p u b lished  about re d  and n e a r
in f ra re d  flu o re sc e n c e  a ttr ib u te d  to  v a r io u s  types of ch lo ro p h y ll
(42, 43, 52, 53, 21, 22, 9 7 ,1 7 , 1 8 ,6 6 ,6 7 ,6 8 ,9 1 ,2 4 ,  119, 115), changes
in  f lu o re sc e n c e  of ch lo ro p h y ll a lt w hich is  the ch lo ro p h y ll a
belong ing  to the p ig m en t sy s tem  1, have no t been  stu d ied  in  too
m uch  d e ta il . We w ill d e sc r ib e  e x p e rim e n ts  on the (re la tiv e ly )
sm a ll in f ra re d  f lu o re sc e n c e  changes of a  p ig m en t, c a lle d  H 720,
w hich is  p ro b ab ly  a  ch lo ro p h y ll a - lik e  p igm en t ex c ited  by the
p h o to ch em ica l sy s te m  1.

5. 2 Methods

A b so rb an cy  m e a su re m e n ts  w e re  c a r r ie d  out in  the s p lit-b e a m
d iffe ren c e  sp e c tro p h o to m e te r , when n e c e s s a ry , equipped w ith
the  low  te m p e ra tu re  c e ll  co m p a rtm e n t d e sc r ib e d  in  2 .3 .2 .
F lu o re sc e n c e  m e a su re m e n ts  w e re  done in  the f lu o re sc e n c e
a p p a ra tu s , equipped w ith the a ttac h m e n t fo r  m e a su r in g  f lu o re sc e n c e
in a flow ing su sp en sio n  d e sc r ib e d  in  2 .4 . In add ition  to  a g r e a te r
p re c is io n  a tta in ab le , a  fu r th e r  advantage of th is  a ttac h m e n t
w as the p o s s ib il i ty  of study ing  the k in e tic s  of the f lu o re sc e n c e
fro m  0. 005 sec  onw ards a f te r  the ap p lica tio n  of an ac tin ic  f la sh .
In ex p e rim e n ts  in  w hich the k in e tic s  of the f lu o re sc e n c e  decay
in  the d a rk  a f te r  an ac tin ic  illu m in a tio n , o r  the re la t iv e  ac tiv ity
of one o r  m o re  ac tin ic  illu m in a tio n s  of d iffe re n t w avelengths
w ere  s tu d ied , the " s in g le "  flow  cu v e tte  w as u sed . In th e se  e x 
p e r im e n ts  the ex c ita tio n  lig h t w as p ro v id ed  by a  500 W
p ro je c to r  w ith su itab le  f i l t e r  co m binations to  iso la te  n a rro w
w avelength  re g io n s  fo r  the ex c ita tio n  lig h t. In the  e x p e rim e n ts
in  w hich the e m iss io n  s p e c tr a  of f lu o re sc e n c e  changes w ere
m e a su re d  thè "double flow" cuve tte  w as u sed . In th e se  ex p e rim e n ts
the ex c ita tio n  lig h t w as p ro v id ed  by a  m o n o ch ro m a to r , equipped
w ith a Hg lam p . T he f lu o re sc e n c e  e m iss io n  was ana lyzed  by a
second  m o n o ch ro m a to r and d e tec ted  by an  EM I 9558 QC p h o to 
m u ltip lie r .  T he s p e c tr a  w ere  re c o rd e d  a t a  s lid w id th  of the
ana ly z in g  m o n o ch ro m a to r w hich co rre sp o n d e d  to  a bandw idth of
about 3-5  mju.

5. 3 Results and Interpretation

5 .3 . 1 K in e tic s , ac tio n  sp e c tru m  and quantum  re q u ire m e n t of
P  700 and cy to ch ro m e oxidation

The sp e c tru m  of the d iffe ren c e  in  ab so rp tio n  of the s tead y
s ta te s  in  lig h t and d a rk n e s s  in  S ch izo th rix  c a lc ic o la  show s
(fig . 5 .1 ), in  addition  to  the m ain  peak  a t  420 m u w hich in d ica te s
the ox idation  of a  cy to ch ro m e , a sh o u ld e r a round  435 m ^. T h is
sh o u ld e r h a s  a ls o  been  found in  A n a cy s tis  n idu lans (4) (se e  a lso
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SCHIZOTHRIX

Figure 5.1 Difference spectrum, light minus dark, of the steady state absorption at 2° for
a suspension of Schizothrix, taken from a 3 days old culture, in the presence
of 1.1 x 10 "6 M DCMU. The open circles were measured for actinic light of
680 mp and 2.8 x 10“ ®̂ einstein/cnA ec, and the solid ones for actinic light
of 560 mp and 6 x 10"^® einstein/cnAec. The triangles represent the changes
at -170° in actinic light of 680 mp.

t n

ANACYSTIS

450 A Gnu)

Figure 5.2 Difference spectra, light minus dark, of the absorbancy changes, AA, fora
suspension of Anacystis, taken from a 2 days old culture. The spectrum of the
reversible changes at 20° (open circles) was measured for one sample. At -170°
the back reaction upon darkening was slow and perhaps not completely reversible.
The changes in absorbancy occurring upon first illumination at -170°, AA
(-170), was taken from the time course. At each wavelength AA (20) and AA
(-170) were measured for a fresh sample. The difference spectrum at -170° was
obtained by multiplying at each wavelength the ratio AA(-170)/AA(20) with
the difference spectrum at 20°. The intensity of the actinic light of a
wavelength band around 680 m/i was 4 x 10“*® einstein/cnAec. The figure
shows that at -170° less (if any) cytochrome than at 20° is oxidized upon
illumination, but that the absorbancy changes with a peak around 430 mji still
occur.
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fig . 5. 2) and in  o th e r  b lue g re e n  a lg ae  (84). I t  h as  been show n
th a t in  an ace to n e  e x tra c te d  su sp en sio n  of c h lo ro p la s ts  p a r t ic le s
a photooxidation  of P  700 o c c u rs , w hich g ives r i s e  to the
d isap p ea ran c e  of a b so rp tio n  bands a round  700 and 432 mju (85).
We found th a t fo r  S ch izo th rix  a t  2°, in  the p re s e n c e  of DCMU,
the h a lf tim e s  of the lig h t-o ff  re a c tio n s  a t 435 and 705 m/u
a f te r  tu rn in g  off the ac tin ic  lig h t w ere  the sam e  and about 2 -2 .5
tim e s  s m a l le r  than  th a t a t 420 m^u. T he e s tim a te d  h a lf  tim e s
a t the cond itions u sed  w ere  found to be independen t of the  co n 
ce n tra tio n  of lig h t ox id ized  P  700 and of the w aveleng th  of the
a c tin ic  lig h t. A b so rb an cy  d iffe ren ce  s p e c tr a  of A n acy stis  a re
shown in  fig s . 5 .2  and 5 .3 . T he s p e c tr a  show  th a t a t  -170°
lig h t c a u se s  ab so rb an cy  changes w ith  m ax im a a round  435 and

ANACYSTI S

750 Mnu)

Figure 5.3 Difference spectra, light minus dark, of the absorbancy changes in the near
infrared for a suspension of Anacystis, taken from a 3 days old culture. The
spectrum of the reversible changes at 20° is given by the curve through the
open circles. The spectrum at -170° (solid symbols) represents the steady state
absorbancy changes occurring after a number of light and dark intervals. The
absorbancy change upon first illumination was much greater but was not com
pletely reversible. The spectrum of the changes which were reversible is plotted.
The intensity of the actinic light of a wavelength band around 430 mp was
5 x 10*10 einstein/cm2sec. The data show that at -170° P 700 is oxidized
upon illumination.

705 mju. T h ese  ex p e rim e n ts  su g g es t th a t a t -170° the cy to ch ro m e
is  not photooxid ized  (o r  to  a  l e s s e r  ex tend), and su p p o rt the
p ro p o sa l (85, 124, 151, 81) th a t the ab so rb an cy  change a t 435
m n  i s  cau sed  by o r  i s  c lo se ly  a s so c ia te d  w ith  the  p h o to co n v ers io n
of P  700.

F ig . 5 .4  show s the k in e tic s  of cy to ch ro m e ox idation  and re d u c 
tion  a t 20°, o c c u rr in g  upon sw itch in g  fro m  lig h t 2 o r  fro m
d a rk n e ss  to  lig h t 1, and a f te r  sw itch in g  fro m  lig h t 1 to  d a rk n e ss
o r  to  lig h t 2. T he in itia l  r a te  of cy to ch ro m e ox idation  in  red
a c tin ic  lig h t (ligh t 1) is  lo w e r a f te r  g re e n  lig h t (ligh t 2) than
s h o r tly  a f te r  re d  lig h t, but the ra te  of the ox idation  a f te r  a
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ANACYSTIS

♦ 2 ,1  min

5 sec

♦1,12 sec

Figure 5.4 Anacystis, taken from a 1 day old culture. Kinetics of the absorbancy changes
at 705 my caused by an oxidation of P 700. Upward and downward pointing
arrows mark the switching on and off of the actinic illuminations 1 and 2, which
are of wavelength bands around 430 and 560 my and of intensities 8 x 10*10 and
6 x 10 "10 einstein/cm2sec, respectively.

Upon onset of illumination with light 1, 2 sec after an illumination period
with light 1, the oxidation starts immediately and at a high rate, however if
instead of darkness the cells are illuminated with light 2 during 2 sec, a delay
and a much smaller rate is observed for the oxidation in light 1. After 1 minute
darkness P 700 becomes but slowly oxidized after about 40 sec in light 1,
however after 1 minute preillumination with light 2, P 700 becomes oxidized
in light 1 within a much shorter time, although there is a pronounced delay
after the onset of the illumination.

re la t iv e ly  long  d a rk  p e rio d  is  s t i l l  lo w er. S im ila r  t im e  c o u rse s
w ere  found fo r  the ab so rb an cy  changes a t  420 m u. A t 2° the
e ffec ts  w e re  m uch le s s  p ronounced , and thé in itia l  r a te  of the
lig h t-o n  re a c tio n  a f te r  p re illu m in a tio n  w ith lig h t 1 was about 3
tim e s  h ig h e r than  a t 20°, when m e a su re d  u n d e r the sa m e  co n 
d itio n s . T h ese  r e s u l ts  su g g es t th a t th e re  is  a pool w hich re d u ces
ox id ized  P  700 and cy to ch ro m e in a d a rk  re a c tio n , w hich is
slow ed down upon lo w erin g  the te m p e ra tu re . In lig h t 1 the pool
is  ox id ized  and in  lig h t 2 i t  is  red u ced , w hich su g g es ts  tha t
the pool r e a c ts  in  betw een  the two p igm en t sy s te m s .

It h a s  been  show n th a t the photooxidation  of cy to ch ro m e and
P  700 by lig h t 1 is  r e v e r s e d  by add itional illu m in a tio n  with
lig h t 2 (50, 142). T he red u c tio n  by lig h t of sy s te m  2 was
d em o n s tra te d  to o cc u r v ia  a  d a rk  re a c tio n , w hich is  slow ed down
by a lo w erin g  of the  te m p e ra tu re  (142).

F ig . 5 .5  show s the ac tio n  sp e c tru m  of P  700 oxidation  in
S ch izo th rix , a s  m e a s u re d  by the ab so rb an cy  changes a t  705 and
435 m y  in  the p re s e n c e  of 1 .1  x 10*6 M DCMU. T he re la tiv e
h e ig h ts  of the bands a t 680, 620 and 560 m y  su g g es t th a t the
sp e c tru m  is  p ro p o r tio n a l to  th a t of p igm en t sy s te m  1.
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SCHIZOTHRIX

ab so rp ta n cy

t jj^ i •  0  o  o

r e l .  e f l .P 7 0 0  oxidation

Figure 5.5 Spectrum of the relative activities of light of different wavelengths in initiating
P 100 oxidation in a suspension of intact cells of Schizothrix, taken from a 2 days
old culture, in the presence of 1.1 x 10"®MDCMU. The open and solid circles
represent the activities of actinic light in initiating absorbancy changes at 435
and 105 mp, respectively. The action spectrum with open circles was arbitrarily
adjusted to the same height as the absorbancy spectrum at 680 mp, and the
spectrum of the open circles was made to coincide at 620 mp with that of the
solid ones. In the same figure relative activities for P 100 oxidation in other
samples of different cultures are represented by squares and triangles.

R e su lts  of m e a s u re m e n ts  of the quantum  re q u ire m e n ts  of
P  700 and cy to ch ro m e oxidation, a r e  su m m a riz e d  in  T ab le  5 .1 .
The change in  the m o la r  ex tin c tio n  co e ffic ien t of P  700 a t  705 ran
w as a ssu m ed  to  be eq u a l to  th a t of ch lo ro p h y ll a ,  w hich a t  675
ran i s  80 cm *1 m M *1, (re f . 118 pg. 606), and a t  435 ran was
taken  to  be about 40 c m ^ m M ’1 , w hich w as b ased  on the o b 
s e rv a tio n  th a t a t s a tu ra tin g  ac tin ic  in te n s i tie s  of l ig h t of 560
ran, in  the p re se n c e  of DCMU, the s tead y  s ta te  ab so rb an cy
d iffe ren ce  a t  435 ran was about one h a lf of th a t a t 705 m/i.
T h is is  in  acco rd a n ce  w ith the s p e c tr a  re p o r te d  by Kok (85) and
W itt (152, 123). In A n acy stis  the quantum  re q u ire m e n t of
cy to ch ro m e ox idation  a t  2° w as ca lc u la ted  to  be 2. 7, w h e reas
a t  20° i t  was found to  be 8. T he l a t t e r  value is  in  the sam e
ran g e  as th o se  re p o r te d  by A m esz  and D uysens (2).

5 . 3 . 2  Q uantum  re q u ire m e n t fo r  the p h o to red u c tio n  of P  700

F ig . 5. 6 show s th a t in  the p re se n c e  of 10*4 M PMA P  700 in
S ch izo th rix  is  in  the ox id ized  s ta te  in  the d a rk . T h is  ox id ized
P  700 could  be pho to red u ced  by lig h t 2 and ox id ized  ag a in  by
add itional lig h t 1. PMA had a  s im i la r  e ffec t upon the ab so rb an cy
changes in  the blue w aveleng th  reg io n . T h ese  e x p e rim e n ts  show
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table S .l

Quantum requirements of light-induced cytochrome and P 700 oxidation in
Schizothrix calcicola at 2° C.

Culture Reactant Wavelength, \  (mji) 1 /d  (hv/eq.)

actinic light measuring light

1 (3 d .) cyt. 680 423 3.5
1 P 700 680 435 2.0
1 P 700 430 705 5.6
2 (2 d .) P 700 430 705 6.4
3 (2 d .) cyt. 680 423 3.0
3 P 700 680 435 2.2
4 (2 d .) P 700 680 435 2.6

The measurements were done with a 1.5% suspension of Schizothrix, contained
in a 1 mm vessel, in the presence of 1.1 x 10“® M DCMU, and carried out
at 2°. The initial rates of the absorbancy changes upon actinic illumination
were plotted as a function of the intensity. The quantum requirements were
calculated for the regions of low intensities in which the initial rate was
approximately proportional to the intensity. The difference in specific extinction
between oxidized and reduced cytochrome at 423 mp was assumed to be 70
cm- * mM; the molar extinction coëfficiënt of P 700 at 705 and 435 mji was
assumed to be 80 respectively 40 cm~f (see text). For the calculations
corrections were applied for the relatively weak scattering of the suspension,
but not for the flattening of the absorbancy spectrum.

th a t PMA does no t m ark e d ly  a ffec t the function ing  and in te ra c tio n
of the two p ig m en t sy s te m s , bu t c a u se s  a  sh if t of the oxidation
re d u c tio n  le v e l of P  700 and cy to ch ro m e to w ard s the oxidized
s ta te . In A n acy stis  PMA had the sam e  effec t.

The quantum  re q u ire m e n t of the p h o to red u c tio n  of d a rk -o x id iz ed
P  700 by lig h t 2 (560 mju) w as e s tim a te d  in  in ta c t c e lls  of
S ch izo th rix  in  the p re se n c e  of 10"4 M PM A. On b a s is  of the
a ssu m p tio n s  d is c u sse d  in  the p re v io u s  sec tio n , th is  quantum
re q u ire m e n t was e s tim a te d  to  be about 3 fro m  the in itia l ra te
of the in c re a s e  in  ab so rb an cy  a t  435 m/u upon illu m in a tio n  w ith
lig h t of 560 mju. S ince p a r t  of the en e rg y  in c id en t a t  560 mju
is  a b so rb ed  by sy s te m  1 and thus is  u sed  fo r  photooxidation,
the re q u ire m e n t fo r  red u c tio n  by quan ta  ab so rb ed  by sy s te m  2
is  lo w e r th an  3.

5 .3 .3  K in e tics  and s p e c tr a  of changes in  the n e a r  in fra re d
flu o re sc e n c e  in  S ch izo th rix  c a lc ico la

L ig h t-in d u ced  changes in  the f lu o re sc e n c e  sp e c tru m  in the
re d  and n e a r  in f ra re d  w avelength  reg io n  w ere  m e a su re d  in
S ch izo th rix  by  m ean s  of the d iffe re n tia l flow a p p a ra tu s  (see  2 .4 ).
A flu o re sc e n c e  d iffe ren c e  sp e c tru m  w ill be denoted a s  " sp e c tru m
(n, x -f )" . T h is  should  be re a d  a s  fo llow s: The sp e c tru m  gives
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SCHIZOTHFOX

A A=10

10 see

A =705nf|u

Figure 5.6 Schizochrix, taken from a 2 days old culture. Recorder tracings of the light-in
duced absorbancy changes at 705 mp in an unpoisoned suspension (upper part of
the figure), and in a suspension with 10*4 M PMA (lower part). An upward
deflection indicates an oxidation of P 700, a downward deflection means a
reduction. The meaning of the symbols is the same as in figure 5.4. The in
tensities of the actinic light of 430 (1) and 560 mp (2) were 12 x 10-10
respectively 3.1 x 10-1® einstein/cm^ sec. The tracings show that in the presence
of PMA, but not in its absence, P 700 is in the oxidized state in the dark;
reduction occurs by light 2 and oxidation by light 1.

the d iffe ren ce  in  f lu o re sc e n c e  of tw o s ta te s  x and f  of the
su sp en sio n , in  ex c itin g  lig h t n (ligh t 1 o r  lig h t 2), a s  a  function
of the w avelength . T he s ta te  f  deno tes a  flow ing su sp en sio n
w ithout ac tin ic  illu m in a tio n , the s ta te  x den o tes  e i th e r  a
s ta tio n a ry  su sp en sio n  w ithout ad d itio n a l a c tin ic  illu m in a tio n  (s),
o r  a  flow ing su sp en sio n  w ith  a c tin ic  illu m in a tio n  [(f+1) o r  (f+2)T
S p ec tra  of changes in  f lu o re sc e n c e , b ro u g h t about by lig h t 1
(430 m n) o r  by lig h t 2 (560 mu),  w e re  m e a su re d  by re c o rd in g
a s  a function  of the w avelength  the d iffe ren c e  in  f lu o re sc e n c e
of a s ta tio n a ry  and a flow ing su sp en sio n  [ s p e c t r a  (1, s -f)  and
(2, s - f ) ] ,  o r  the d iffe ren c e  in  f lu o re sc e n c e  e m iss io n , ex c ited
by lig h t 1 (o r lig h t 2), in  a flow ing su sp en sio n  w hich w as illu m in a ted
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with actin ic  ligh t m inus that in a flowing suspension  which was
kept in the dark [spectrum  (1, (f+2)-f) of fig . 5. 8 ] , In the flowing
suspension  actin ic illum ination  and flu orescen ce excitation  o ccu r
red at d ifferent p la ces in the flow c ircu it (se e  f ig .2 . 3). A spectrum
m easured  by the la tter  method in fact rep resen ts the spectrum
of the in crea se  in flu o rescen ce  caused  by an actin ic  flash , given
sh ortly  before flu orescen ce  is  excited  (se e  fig . 2. 3). In a ll e x 
p erim ents flow  conditions and light in ten sity  of exciting  light
w ere chosen such that in  the flow ing suspension  the flu orescen ce
yield  was m in im al, and thus the exciting  light did not cause a
flu orescen ce  change. In the stationary suspension  the m easuring
beam a lso  functioned as actin ic beam.

Since th ese flu orescen ce  changes w ere brought about by actin ic

SCHIZOTHRIX

2 . s - f \

A (mu)

Figure 5.7 Schizothrix, sample taken from  ̂a 3 days old culture. Measurements with the
differential flow cuvette, in which in one compartment the suspension was
stationary, (s-f). Only illumination with exciting light was used; the time of
excitation in the flow cuvette was 0.004 sec. Difference spectrum (l,s-f) is for
exciting light of 436 mp of an intensity of the order of 10”^ einstein/cm^sec,
and spectrum (2,s-f) for exciting light of 547 mp of an intensity which was about
2.5 times lower than that of the blue light. The intensity of light 2 was adjusted
so that the spectra were made to coincide at 685 mp. For curve 1 the fractional
increase in fluorescence at 685 mp was about 25P/o, for curve 2 this was about
lZP/o. The difference spectra (and those of figure 5.8) are as recorded and thus
not corrected for the wavelength dependent sensitivity of the photomultiplier
and of the monochromator. Neither was a correction applied for the self-absorption
which, ground 685 mp, may have lowered somewhat tracing 2 with respect to
tracing 1. Nevertheless there is a distinct difference in shape between these two
spectra, which shows that at least two different .substances are present, which
cause the changes in fluorescence. In light 1 the fluorescence increase at 720
mp relative to that at 685 mp is more than twice as high as in light 2.
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SCHIZOTHRIX

Figure 5.8 Schizothrix, sample taken from a 3 days old culture. Fluorescence difference
spectra, for blue excitation, which are made to coincide at 685 mp. Tracing
(1, s-f) is similar to that pf fig. 5 .7 . Tracing (1, (f+2)-f) is the spectrum of
the increase in fluorescence upon illumination of one of the compartments of
the differential cuvette with green actinic light; the suspension was flowing in
both compartments at the same rate of flow, te and td were 0.04 sec, ta was
0.4sec. Ia andle were about 10“® respectively 10“9 einstein/cm^sec. The changes
in fluorescence at 685 mp were about 30°/o for the solid curve, and 20̂ 0 for
the broken one. The fluorescence increase in the flowing suspension is apparently
little affected by the short flash of exciting light 1. The figure shows that also
in blue excitation green actinic light activates relatively less the fluorescence
around 720 mp than blue actinic light.

illu m in a tio n  w ith lig h t 2 (560 m/j),  the s p e c tr a  (2, s - f )  of fig .
5. 7 a n d ( l ,  (f+2)-f) of fig . 5. 8 a r e  p red o m in an tly  due to  ch lo ro p h y ll
a 2: the f i r s t  one is  th a t fo r  g re e n , the second  one fo r  blue
ex c itin g  lig h t. H ow ever, we found th a t the m uch s m a l le r  changes
in  f lu o re sc e n c e  o c c u rr in g  upon blue ac tin ic  illu m in a tio n  with
blue ex c itin g  lig h t had a d is tin c tly  d iffe re n t sp e c tru m  (tra c in g s
(1, s -f)  of fig . 5. 7 and 5 .8 ) . A s show n by D uysens and S w eers
(53), blue lig h t la rg e ly , if  no t co m p le te ly , s u p p re s s e s  changes in
the f lu o re sc e n c e  of ch lo ro p h y ll a 2. F ig u re s  5 .7  and 5 .8  show
th a t a t le a s t  two d iffe re n t p ig m en ts  a r e  p re s e n t  w hich show
changes in  f lu o re sc e n c e  upon illu m in a tio n . One of th e se  p ig m en ts
(p resu m ab ly  ch lo ro p h y ll a 2) is  p r im a r i ly  ex c ited  by g re en , the
o th e r, w hich the hum p a t 720 mu,  p r im a r i ly  by  blue o r  (as we
w ill see) by re d  lig h t. We c a ll  the su b s tan ce  re sp o n sib le  fo r
the l a t t e r  f lu o re sc e n c e  s p e c tru m , H 720. A dditional ev idence
show ing th a t the f lu o re sc e n c e  changes a t  718 and 685 m/u a r e
cau sed  by a t  l e a s t  two su b s ta n c e s  is  given in  fig . 5. 9. If only
one p ig m en t would be re sp o n s ib le , the tim e  c o u rs e s  should  be
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SC HIZOTHRIX

685 mn

♦PMA

20 sec

Figure 5.9 Schizothrix, sample taken from a 3 days old culture. Measurement in a
stationary suspension in the fluorescence apparatus as used by Duysens and
Sweers (53). The recorder only responds to the weak, modulated, exciting light
but not to the strong, unmodulated, actinic light. The recorder tracings represent
the fluorescence yield at 685 and 718 mp in weak blue exciting light. Increases
hi the fluorescence yield occur upon illumination with blue actinic light (+1)
and upon switching from blue to green light (-1+2), which is mainly absorbed
by pigment system 2. The lower tracing at 718 mp was measured in the presence
of 10"4 M PMA. The intensity of the exciting light was 7 x 10"H einstein/cm^sec,
those of the blue and green actinic light were 72 respectively 66 (x 10-11
einstein/cm^ec). The figure shows that the ratio 718/685 of the increase in the
fluorescence yield caused by light 1 is about twice as high as that caused by
light 2. It follows that the fluorescence increases are due to at least two dif
ferent substances. The substance contributing mainly to the increase in light 1
fluoresces predominantly at 718 m|i, and that contributing to the increase in
light 2 fluoresces more strongly at 685 mp. In the presence of PMA the fluores
cence caused by light 1 is about the same, but that caused by light 2 is much
less.

m u tu a lly  p ro p o r tio n a l fo r  a  given p a tte rn  of illu m in a tio n , w hich
is  not so .

A s show n in  the bo ttom  p a r t  of fig. 5. 9, the changes in  f lu o re s 
cence due to  ch lo ro p h y ll a% (o c c u rr in g  upon sw itch ing  from
lig h t 1 to 2) a r e  la rg e ly  su p p re sse d  a f te r  the add ition  of 10 "4
M PM A. T he (1, s - f )  sp e c tru m  m e a su re d  in  the p re se n c e  of
PMA w as s im ila r  to  the (1, s - f )  s p e c tr a  of f ig s . 5 .7  and 5 .8 .
T h is  s tro n g ly  su g g es ts  th a t th e se  s p e c tr a  ap p ro x im a te  the f lu o r 
e sc en ce  sp e c tru m  of H 720. H 720 p ro b ab ly  is  one of the
ch lo ro p h y lls  of sy s te m  1.

F ig . 5.-10 show s th a t a f te r  a  s h o r t  p e rio d  of ac tin ic  illu m in a -
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tion the rate of d ecrea se  of the flu orescen ce of chlorophyll a 2
is  m ore rapid than that of H 720, and in the rather restr ic ted
range observed is  an exponential function of the tim e. F ig . 5 . 11

Ex.bl.

L  (rd. units)

Figure 5.10 Schizothrix, sample taken from a 2 days old culture. The increase in the yield
of fluorescence at 718 mp caused by actinic light (ta = 0 . 4  sec), plotted as a
function of the dark time t<j. Open symbols represent measurements with green
(560 mp) actinic light, solid symbols refer to red (685 mp) actinic light.
Fluorescence was excited by blue light (left hand side of the figure) and by
green light (right hand side of the figure) both of low intensity; te was 0.4
sec. The actinic intensities Ia are expressed in 10'® einstein/cm^sec. From the
figure it may be concluded that the decay of the fluorescence increase in the
dark is exponential and that for blue excitation the increase in fluorescence
yield caused by red light decays slower than that caused by green actinic light;
in green exciting light the decay is the same both after green and red actinic
light. Unfortunately the flow rate in the experiments of the left hand pan and
thus the time scale was not checked absolutely. It is possible that the slopes of
the lines with open circles are the same in the left and right hand parts.

E x .b l.

(sec)
Figure 5.11 Schizothrix, sample taken from a 2 days old culture. The increase in fluores

cence at 685 mp, excited by weak blue light, and caused by green and red
actinic light, in the presence of 10“^ M PMA, is plotted as a function of the
dark time between actinic and exciting light. The meaning of the symbols is
the same as in figure 5.10. te and ta are 0.04 sec. Actinic intensities are
expressed in 10 '9 einstein/cm2sec. In the presence of PMA red actinic light
causes a much higher increase in fluorescence after a darktime of 0.01 sec
than green actinic light. The decay in the dark after red is much slower than
after green actinic light.
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q u a lita tiv e ly  show s th a t in  the p re s e n c e  of PMA the ra te  of
d e c re a s e  of H 720 flu o re sc e n c e  is  n e a r ly  the sam e as  in  non-
tre a te d  c e lls  (note the d iffe re n t tim e  s c a le s  of fig s . 5 .1 0  and
5 . 11 ).

By coo lin g  the  c e ll  su sp en s io n  to  2°, i t  w as p o ss ib le  to
m e a s u re  re la t iv e  a c tiv it ie s  of p igm en t sy s te m  2 in  b rin g in g
abou t the in c re a s e  in  ch lo ro p h y ll a 2 f lu o re sc e n c e . A s is  shown
in  fig . 5 .1 2 , the  r e v e rs io n  of the f lu o re sc e n c e  y ie ld  of c h lo ro 
phyll 0 2  by  sy s te m  1 is  delayed  fo r  a tim e  of abou t 0 .3  sec
upon coo ling  to  2 ° .

\j=4.l0^sec
SCHIZOTHRIX

tjJ.Kf'sec

■ 1.2

~vn r af‘2<f u yU H
--12f s in ^ -

un -MJO

-v n fu u

uu
Figure 5.12 Schizothrix, sample taken from a 3 days old culture. Recorder deflections due

to changes in the fluorescence yield, measured at 685 m/r, in blue exciting
light, occurring upon illumination with red (685 mp) actinic light in cells
which were preilluminated with green light. te and ta were 0.04 sec, td was
0.004 and 0.3 sec; the time between tp and ta was about 0.5 sec. The
measurements were done at 20 and 2°. The red actinic intensity was about 70
x 10'® einstein/cm^sec, the intensity of the exciting light was 10 " einstein/cm sec.
An upward pointing arrow marks the beginning of actinic illumination, a downward
pointing one the end. The figure shows that red light causes a decrease of the
fluorescence yield, except at 2° after a dark time of 0.004 sec at which an
increase in the fluorescence is observed.

5 . 3 . 4  P o in ts  of ac tio n  s p e c tr a  of lig h t- in d u ced  changes in  the
n e a r  in f ra re d  f lu o re scen c e

P o in ts  of ac tio n  s p e c tr a  of S ch izo th rix  fo r  a n u m b er of a c tiv i
t ie s  a re  g iven in  T ab le  5 .2 .  T he second  co lum n show s the
a c tiv ity  of lig h t f la sh e s  of d iffe re n t w aveleng ths in  enhancing
ch lo ro p h y ll f lu o re sc e n c e , m e a s u re d  a f te r  a  s h o r t  d a rk  tim e  a t
2°. T he re la t iv e  a c tiv ity  a t 560 m p  co m p ared  to th a t a t  685
m u in d ic a te s  an  ac tiv a tio n  by p ig m en t sy s te m  2. T he th ird
colum n show s the a c tiv ity  in  d e p re s s in g  ch lo ro p h y ll f lu o re sc e n c e ,
m e a s u re d  a f te r  a  long  d a rk  tim e , and in d ic a te s  an  ac tiv a tio n
m ain ly  by sy s te m  1. T he too low  v a lu es  a t 560 and 620 m u
m ay  be cau sed  by a  s im u ltan eo u s  in c re a s e  in  f lu o re scen c e
c a u s e d , by sy s te m  2. E x p e r im e n ta l d e ta ils  of the e x p e rim en ts



TABLE 5.2

Relative activities of actinic light of different wavelengths for causing changes in the yield of fluorescence at
685 mfi in blue excitation, and for activating P 700 oxidation. Maximum activities were arbitrarily put equal to
100.

Increase in fluores- Decrease in fluores- Increase in fluorescence Decrease in absorbancy
cence at 2°; cence at 2°s 10-4 M PMA added; at 700 and 435 mji;

ta = 0.04 sec; ta » 0,04 sec; ta = 0.04 sec 1.1x10-6M DCMU added
(m/i) t j  = 0.004 sec t j  ■ 0.3 sec t j  = 0.3 sec

680 55 100 100 100
620 68 15 25 (46) 46
560 100 20 45 (43) 44
430 32 65 70 (70) 60

activation system 2 system 1 system 1 system 1
chlorophyll a2 chlorophyll a2 chlorophyll a^ P 700

The measurements were done with samples, taken from different cultures of Schlzothrix calcicola of 2 days age.
The changes in fluorescence and absorbancy were measured and plotted as a function of the actinic intensity.
The relative change per incident quantum was calculated for the regions of lower intensities in which the chan
ges were proportional to the actinic intensity. The values in parentheses in the fourth column were obtained from
measurements in a stationary suspension and were carried out in modified fluorescence apparatus (see text).
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shown in  the second  and th ird  co lum n a re  g iven in  the legend
of fig . 5 .1 2 . The fo u rth  co lum n g ives a c tiv it ie s  in  enhancing
flu o re sc e n c e  (of H 720) in  the p re s e n c e  of 10 ‘4 M PM A, w hich
m in im iz e s  f lu o re sc e n c e  changes due to  ch lo ro p h y ll a 2. The a c t i 
v a tin g  re a c tio n  s e e m s  to  be p h o to rea c tio n  1. The re la t iv e ly  low
ac tiv ity  of q uan ta  of 620 m p p ro b ab ly  is  due to  leak ag e  of phyco-
cyan in  out of the c e ll ,  cau sed  by the re la t iv e ly  s tro n g  s t i r r in g  of the
su sp en s io n  in  the ce n tr ifu g a l pum p d u rin g  the flow e x p e rim e n ts .
T he c e ll  su sp en sio n  show ed, a f te r  s tan d in g  fo r  about one h o u r
a f te r  the co m p le tio n  of the e x p e rim e n ts , an  o range c o lo r  due
to phycocyanin  leak a g e . The v a lu es  in  p a re n th e s e s  in  the fo u rth
colum n give a c tiv it ie s  f o r  enhancing  flu o re sc e n c e  in  the p re se n c e
of PMA in  a  s ta t io n a ry  su sp en s io n  -and show  an a c tiv ity  of
quan ta  of 620 m p w hich is  "n o rm a l"  f o r  sy s te m  1. T h ese  e x 
p e r im e n ts  w ere  c a r r ie d  out in  a m odified  f lu o re sc e n c e  a p p a ra tu s
(D uysens, unpub lished ), in  w hich f lu o re sc e n c e  e m iss io n  is  m e a su re d
im m e d ia te ly  a f te r  the ac tin ic  lig h t is  shu t off. T he fifth  colum n
g ives the a c tiv i t ie s  fo r  P  700 ox idation  in  the  p re s e n c e  of DCMU,
w hich a r e  p ro p o r tio n a l to  p ig m en t sy s te m  1.

One m ig h t sp ec u la te  th a t an  in c re a s e  in  the f lu o re sc e n c e  y ie ld
of H 720 (ch lo ro p h y ll ö i ) is  c o r re la te d  w ith the  b leach in g  of
P  700, in  a s im i la r  way a s  the in c re a s e  in  b ac te rio ch lo ro p h y ll
B 890 flu o re sc e n c e  is  c o r re la te d  w ith P  890 b leach in g  in  p h o to 
sy n th e tic  b a c te r ia  (se c tio n  3 .3 ). H ow ever, we found th a t in
weak lig h t 1, in  the  p re s e n c e  of 10 *4 M PM A, when the f lu o r 
e sc e n c e  y ie ld  of H 720 w as m in im a l, P  700 w as co m p le te ly  in
the ox id ized  (b leached) fo rm . F u r th e rm o re ,  in  the p re s e n c e  of
PMA lig h t 2 re s to r e d  P  700 ab so rp tio n , but did not cau se  a
d e c re a s e  in  the  f lu o re sc e n c e  y ie ld  of H 720, even  no t when th is
flu o re sc e n c e  w as enhanced  by p r io r  illu m in a tio n  w ith blue lig h t.
T hus the b leach in g  of P  700 and the in c re a s e  in  the f lu o re scen c e
y ie ld  of H 720 w ere  not c o r re la te d .  T h is  show s th a t H 720 does
not t r a n s f e r  e le c tro n ic  ex c ita tio n  en e rg y  fro m  i ts  f lu o re sc e n t
s in g le t s ta te  to  P  700. I t m ay  be a s so c ia te d  w ith an o th e r su b 
s tan ce  (p e rh ap s  X) w hich is  no t lo ca te d  in  the e le c tro n  t ra n s p o r t
ch a in  betw een  the two p r im a ry  lig h t re a c tio n s .

5 .4  Discussion

S em i-q u an tita tiv e ly  the r e s u lts  of the m e a su re m e n ts  re p o rte d
in  th is  c h a p te r  a r e  c o n s is te n t w ith the s im p lified  sch em e
m en tioned  in  the in tro d u c tio n  of th is  ch a p te r:
NADP < - X * -  (sy s tem  l ) e P  700 cy t •*- PQ  * -  Q •*- (sy s tem  2)

•*— ZH •*— H zO
R ecen t ex p e rim e n ts  have given in d ica tio n s  th a t o th e r  com pounds

have to  be in s e r te d  in  the sch e m e . T h e re  is  ev idence th a t f e r -
red o x in  is  the e le c tro n  d o n a to r of the p h o to red u c tio n  of NADP
by p ig m en t sy s te m  1 (135). F e r re d o x in  p ro b ab ly  r e a c ts  a t  a
s i te  betw een  X and NADP (8). A p h o to sy n th e tic  ro le  of the ch lo -
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roplast redox compound plastocyanin, iso la ted  by Katoh (79), has
been suggested  (80, 92, 94). It has an oxidation-reduction  potential
of about + 0. 39 volt, and m ight react in  the chain between the
two prim ary light reaction s (94). Rumberg (125) concluded from
the spectrum  of light-induced  absorbancy changes around 650 mp
that in ch lorop lasts chlorophyll b i s  photoreduced by pigm ent
sy stem  2; it  was suggested  that chlorophyll b rea cts in  the chain
between sy stem  1 and 2. The s ite  of phosphorylation reactions
has been subject of sev era l d iscu ss io n s  (5 1 ,8 8 , 7). R ecent e x 
perim ents of T reb st (137) and W esse ls  (149) support the hypo
th esis  (51) that "non-cyclic" phosphorylation occurs in the r e a c 
tion chain between plastoquinone and cytochrom e.

If the schem e i s  co rrec t, the m inim al number of quanta absorbed
by sy stem  1 n ece ssa ry  to oxid ize P  700 or cytochrom e should
be 1 (ref. 51). The m inim al requirem ent for quanta absorbed at
680 mu w ill be between 1 and 2, s in ce  a lso  sy stem  2 (ch loro
phyll O2) absorbs at 680 mu. We found at 2° values varying from
2. 0 to 2. 6 for the in itia l apparent rate of P 700 oxidation. It
is  p o ssib le  that the som ew hat too high values in th ese cu ltures
are caused by failure of som e chlorophyll m o lecu les to transfer
energy to the reaction  center  of photoreaction 1. If this would
have been the ca se , a lso  the quantum requirem ent of photo
syn th esis  should have been too high for the sam e culture. It
was reported by Kok that in broken spinach ch lorop lasts the
photooxidation of P 700 by light m ainly absorbed by pigm ent
sy stem  1 proceed s with an effic ien cy  approaching 1 eq. /hv
(88, 90). The fact that the estim ated  quantum requirem ents for
cytochrom e oxidation are som ewhat higher than those for P 700
oxidation m ay be caused by in co rrect estim a tes  of sp ecific
absorbancies of these p igm ents.

More difficu lt to explain is  the observation  that the quantum
requirem ents for cytochrom e and P 700 oxidation are three
tim es h igher at room  tem perature than at 2° . In our experim ental
s e t  up only the sum of the rates of oxid izing and reducing
reactions is  observed. The quantum requirem ents computed are
those of the in itia l total rate. It is  conceivable that the true
quantum requirem ents for P  700 and cytochrom e oxidation by
photoreaction 1 are the sam e at room  tem perature and at 2°,
but that during the f ir s t  seconds of illum ination a (dark) reduction
o ccu rs, caused by a pool which contains reduced su bstan ces, and
that the rate of this reduction is  much low er at 2° than at
room  tem perature. The str ik ing  effec t that the in itia l rate of
oxidation of P  700 and cytochrom e is  affected by preillum ination
can be in terpreted  by the assum ption that the pool contains
ca ta lysts  which react in between the two pigm ent sy stem s.
A fter red (or blue) light the pool is  partly  oxidized , and th ere
fore is  l e s s  active in reducing P 700 and cytochrom e during
the f ir s t  seconds of actin ic illum ination than after preillum ination
with green light, in which the pool is  reduced. The observation
(see  fig . 5 .4)  that a fter a preillum ination  with light 2 P  700
becom es oxidized in light 1 at a h igher rate than after a dark
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period of the sam e duration rem ains to be explained. One m ight
specu late that light of sy stem  2 ca u ses , in addition to a reduction,
a p artia l phototransform ation of the pool into a form  which is
inactive in reducing the oxidized photoproducts of photoreaction
1. It was su ggested  by O lson and S m illie  (114) that the low
in itia l rate of cytochrom e oxidation in A n acystis and Euglena at
20° is  due to a "cyclic" e lectron  flow  in reaction  1. However,
the high in itia l rate of the reduction of NADP in A nacystis at
20°, as observed  by A m esz and D uysens (2), i s  not con sisten t
with th eir suggestion .

The estim ated  quantum requirem ent of 3 for the reduction of
oxidized P 700 su g g ests  that the requirem ent of quanta of 560
m /i absorbed by pigm ent system  2 probably is  between 1 and 2
p er equivalent. No further approxim ation of the true requirem ent
can be m ade, b ecause of an uncertainty about the relative ab
sorb an cies of the two pigm ent sy stem s at 560 van. Our data
give no support for the hypothesis (88) that the quantum requirem ent
for the photoreduction of oxidized  P 700 is  low er than 1 per
equivalent. A quantum effic ien cy  of 1 eq ./h i/ for both light reactions
would im ply an overa ll requirem ent of photosynthesis of 8 quanta
p er m olecu le  of CO 2  reduced or of O2  evolved, and probably
som ew hat m ore than 8 i f  additional ligh t quanta are needed for
cy c lic  phosphorylation (46). A quantum requirem ent of 8, except
for those found by W arburg and cow orkers (144 ,145), i s  not in 
con sisten t with experim ental data (59, 60).

In contradistinction  to the conclusions of other authors, who
reported photooxidation of a cytochrom e at -150° in a ch loroplast
preparation (102 ,151), and in spinach and S w iss chard lea v es
at -1 9 6 ° (r e f . 31), we did not ob serve an appreciable photooxidation
of cytochrom e at -170° in the red and b lu e-green  algae Porphy-
ridium  cruentum , Schizothrix ca lc ico la  and A n acystis nidulans.
A ll th ese  r e su lts , i f  co rrec tly  in terpreted , indicate that, just
lik e  in photosynthetic b acteria  (see  sec tion  4 .3 ) ,  light-induced
cytochrom e oxidation at low  tem perature is  not a general
phenomenon in oxygen evolving photosynthetic organ ism s. It m ay
be that in a lgal photosynthesis for som e cytochrom es the tem 
perature has to be low ered below  -1 5 0 °  ( c .f .  ref. 151) or even
below  -196° ( c .f .  ref. 31) before a lim itation  of the rate of
cytochrom e oxidation o ccu rs. Our re su lts  are con sisten t with
the hypothesis that not cytochrom e but P  700 is  the prim ary
reductant of pigm ent sy stem  1 in a lgal photosynthesis. Photo
oxidation of P  700 occu rs at -170° with good effic ien cy  (87 ,142).

It has been shown (1, 1 9 ,2 2 ,6 4 ,7 0 ,8 5 ,  136) that in algae and
green  lea v es  ch lorophyll a has d ifferent absorption bands in
the infrared  region , which are probably due to d ifferent m od i
fica tion s (form s) of chlorophyll a (2 0 ,100). E vidence for a
participation  of the ch lorophyll a form s in one of the two
pigm ent sy stem s has been deduced from  action sp ectra  of
photosynthesis (51 ,61 ) and of reaction s of certa in  in term ediates
in the e lec tro n  transport chain (103). R esu lts of flu orescen ce
m easurem en ts indicated (52, 53) that at le a s t  two d ifferent form s
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of ch lo ro p h y ll a e x is t,  of w hich one is  ex c ited  by  lig h t ab so rb ed
by sy s te m  2 (ch lo ro p h y ll 02) an d the o th e r  by lig h t ab so rb ed
by sy s te m  1 (ch lo ro p h y ll a \) .  C hanges in  the y ie ld  of f lu o re sc e n c e
of ch lo ro p h y ll a  2 w e re  s tu d ied  and d isc u sse d  by D uysens (53).
T hey  w e re  a ttr ib u te d  to  the p h o to red u c tio n  of a  hy p o th e tica l
p r im a ry  oxidant Q , w hich in  i t s  ox id ized  fo rm  is  a
q u en ch er of the f lu o re sc e n c e  of ch lo ro p h y ll 02. T he v a lu es  in
the second  co lum n of tab le  5 .2  show th a t the ac tio n  sp e c tru m
of the in c re a s e  of the f lu o re sc e n c e  of ch lo ro p h y ll o 2 (i. e . the
p h o to red u c tio n  of Q) is  p ro p o r tio n a l to  the sp e c tru m  of p igm en t
sy s te m  2. R e su lts  of B u tle r  and B ishop (23) on changes in
flu o re sc e n c e  in  a wild and a  m u tan t s t r a in  of S cen ed esm u s a lso
co n firm  th e se  co n c lu s io n s . T he d iffe ren c e  sp e c tru m  of the
flu o re sc e n c e  of ch lo ro p h y ll 02 does n o t show  a  pronounced
sh o u ld e r a ro u n d  720 m u. T h is  i s  in  acco rd a n ce  w ith r e s u l ts  of
D uysens and S w eers  (53), L a v o re l (97), and of R o sen b e rg  e t al
(119) w ith o th e r  sp e c ie s . T he th ird  co lum n of tab le  5 .2  in d ica te s
th a t the re v e rs io n  of the  in c re a s e  in  the f lu o re sc e n c e  of c h lo ro 
phy ll o 2 (i. e . the  ox idation  of QH) is  b ro u g h t by sy s te m  1. The
photoox idation  of QH by lig h t of sy s te m  1 w as delayed  upon lo w erin g
the te m p e ra tu re  w hich in d ic a te s  th a t the re a c tio n  goes v ia  a  d a rk
re a c tio n . L ig h t-in d u ced  changes in  f lu o re sc e n c e  ex c ited  by blue
lig h t o c c u rr in g  upon blue o r  re d  illu m in a tio n  both in  n o rm a l and
PMA tre a te d  c e lls  of S ch izo th rix , and in  P o p h y rid iu m  cru en tu m
and P o rp h y ra  sp . (140, 142), s tro n g ly  su g g es t the  e x is ten c e  of
a  p ig m en t, ca lle d  H 720, w hich f lu o re s c e s  re la t iv e ly  m o re
s tro n g ly  a t  720 m/u than  ch lo ro p h y ll o 2. T he flu o re sc e n c e  y ie ld
of H 720 in c re a s e d  upon illu m in a tio n  w ith lig h t 1 (tab le  5 .2
colum n 4). I t  s e e m s  th a t H 720 is  a  ch lo ro p h y ll 0 belonging  to ,
and re c e iv in g  en e rg y  fro m  the o th e r  p ig m en ts  of sy s te m  1.

In g re en  le a v e s  and s e v e ra l  a lg ae  a  weak flu o re sc e n c e  band
around  720. m u  in  add ition  to  the m ain  ch lo ro p h y ll band h as
been  re p o r te d  (42, 22, 97). A t low  te m p e ra tu re  the f lu o re sc e n c e
band a t  720 m u  w as found to  be in ten s if ied  m an ifo ld  w ith
re s p e c t  to  the band a t 685 mm (1 7 ,2 1 ,6 7 , 6 8 ,9 1 ). I t  h as  been
su g g es ted  (68, 91) th a t a t l e a s t  p a r t  of the e m iss io n  a ro u n d  720
mu  o rg in a te s  fro m  a  p igm en t w hich is  ex c ited  m o re  e ffic ien tly
by lig h t 1. I t re m a in s  to  be e s ta b lish e d  w h e th e r th is  p ig m en t
is  id e n tic a l o r  re la te d  to  H 720, o r  no t. T he sa m e  ap p lie s  fo r
the p ig m en t of w hich the f lu o re sc e n c e  a t  720 mu  show s a  re la tiv e ly
h ig h e r  d eg ree  of p o la r iz a tio n  than  the bulk of the  ch lo ro p h y ll 0
f lu o re sc e n c e  a round  685 mu, a s  re p o r te d  by R .A . O lson  and
c o -w o rk e rs  (115 ,116) and by L a v o re l (98). I t  w as su g g es ted
th a t th is  p ig m en t i s  ex c ited  by  l ig h t 1 (re f . 98, 24).

An unex p ected  r e s u l t  i s  the la c k  of c o r re la t io n  betw een  the
in c re a s e  in  H 720 flu o re sc e n c e  and the d e c re a s e  in  P  700 a b 
so rp tio n . If H 720, w hich i s  p r im a r i ly  ex c ite d  and a c tiv a te d  by
lig h t 1, i s  id e n tic a l w ith  ch lo ro p h y ll o lf then  th e re  is  no ev idence
fo r  a  d ir e c t  t r a n s f e r  of en e rg y  fro m  the  f lu o re s c e n t ex c ited
s in g le t s ta te  of ch lo ro p h y ll a \  to  P  700. A s d e m o n s tra te d  fo r
P  890 in  p u rp le  b a c te r ia  (c h a p te r  III), th is  would have im p lied
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a  c o r re la t iv e  in c re a s e  in  the f lu o re scen c e  y ie ld  of ch lo rophy ll
a i upon b leach in g  of P  700. P o ss ib ly , the f lu o re scen c e  of
ch lo ro p h y ll a.\ in c re a s e s  upon the re d u c tio n  of the p r im a ry
p h o to red u c tan t X of p h o to reac tio n  1. T h is  would be analogous
w ith the in c re a s e  of the f lu o re sc e n c e  of ch lo ro p h y ll a2 upon
re d u c tio n  of the p r im a ry  p h o to red u c tan t Q of p ig m en t sy s te m
2 (re f . 53). H ow ever, the p o ss ib il i ty  cannot be excluded  th a t
th e re  a r e  lig h t- in d u c ed  changes in  f lu o re sc e n c e  of a  ch lo rophy ll
a, ex c ited  by sy s te m  1, w hich is  d iffe re n t fro m  H 720. T h ese
ch an g es , w hich a r e  too s m a ll  to be o b se rv ed  w ith  the  techn ique
ap p lied  so  f a r ,  m ay  be a s so c ia te d  w ith  the pho tob leach ing  of
P  700. An a lte rn a tiv e  in te rp re ta t io n  of the p r im a ry  re a c tio n s  in
lig h t re a c tio n  1 w as given (57), w hich su g g e s ts  th a t en e rg y  t r a n s f e r
o c c u rs  fro m  the bulk of the f lu o re s c e n t ch lo ro p h y ll a x m o lecu les
to in tr in s ic a l ly  w eakly  f lu o re sc e n t ch lo ro p h y ll a\ m o lecu les
p re s e n t  in  a  re la t iv e ly  sm a ll  c o n c en tra tio n  and a s so c ia te d  with
P  700.

In co n c lu sio n  the r e s u l ts  re p o r te d  in  th is  c h a p te r  a re  not
in c o n s is te n t w ith  the h y p o th esis  th a t in  a lg a l p h o to sy n th esis  the
p r im a ry  p h o to rea c tio n s  take p lace  a t  two d iffe ren t re a c tio n
c e n te rs  1 and 2, belonging  to  the p ig m en t s y s te m s  1 and 2,
re s p e c tiv e ly . I t  i s  su g g ested  th a t in  each  of th e se  re a c tio n  c e n te rs
the p r im a ry  p h o to red u c tan ts  X and Q a c t  in  the ox id ized  fo rm  as
a q u en ch er of the f lu o re sc e n c e  of ch lo ro p h y ll a. A t p re s e n t  X
and Q and a lso  the p r im a ry  photooxidant Y of sy s te m  2 have
not been  id en tified  by a b so rp tio n  d iffe ren c e  sp ec tro p h o to m e try .
T h e re  is  s tro n g  ev idence th a t P  700 is  the p r im a ry  photooxidant
of p ig m en t sy s te m  1 (87, 89). H ow ever, i t  m u s t be concluded
th a t the p r im a ry  re a c tio n s  of p ig m en t sy s te m  1 in  a lg ae  a r e  of
a m o re  co m p lica ted  s t ru c tu re  than  those  of the b a c te r ia l  sy s tem .



S U M M A R Y

E vidence h a s  been  obtained  th a t in  p h o to sy n th es is  co n v e rs io n
of light en e rg y  in to  ch e m ic a l en e rg y  ta k e s  p lace  by the  coope
ra tio n  of a la rg e  n u m b er of ligh t ab so rb in g  (b a c te rio -)c h lo ro p h y ll
m o lecu le s . A m odel sy s te m  of such  an a sse m b ly  of m o le c u le s ,
w hich i s  c a lle d  th e  1 p ho tosyn the tic  u n it" , h a s  b een  p ro p o se d ,
in  w hich a  p h o to ch em ica lly  ac tiv e  m o lecu le  p re s e n t in  a  sm a ll
c o n c en tra tio n  r e c e iv e s  en e rg y  by inductive  re so n a n c e  t r a n s f e r
fro m  the  bu lk  of the  ligh t ab so rb in g , n o n -p h o to ch em ica lly  a c 
tiv e  m o lecu le s . The p h o to ch em ica lly  ac tiv e  m o lecu le  and the
p r im a r i ly  a s so c ia te d  re a c ta n t(s )  com pose th e  so -c a lle d  pho to 
sy n th e tic  re a c tio n  c e n te r .

The m ain  su b jec t of th is  th e s is  co n c e rn s  an  e x p e rim e n ta l id en 
tif ic a tio n  of the  re a c tio n  c e n te r ,  and of re a c tio n s  c lo se ly  a s s o c i
a ted  w ith  i t .  The ex p e rim e n ts  a r e  p e r fo rm e d  w ith in tac t c e lls  of
p ho tosyn the tic  b a c te r ia  and a lg ae . S en sitiv e  a b so rp tio n  and f lu o re s 
cen ce  d iffe ren c e  sp ec tro p h o to m e try  is  u sed  a s  th e  b a s ic  tech n iq u e .

C h ap te r I g iv es  an  in tro d u c tio n  to  th e  su b jec t. In c h a p te r  II
th e  a p p a ra tu s  and ex p e rim e n ta l m eth o d s a r e  b r ie f ly  d e sc r ib e d .
F o r  m e a su r in g  lig h t-in d u ced  changes in  ab so rb an cy  a t lo w er te m 
p e ra tu re s  down to  -210°C  a  low te m p e ra tu re  sam p le  h o ld e r w as
c o n s tru c te d  f itte d  fo r  u se  w ith a  d if fe re n tia l s p li t-b e a m  a b s o rp 
tio n  sp e c tro p h o to m e te r . A d ev ice  fo r  au tom ic w aveleng th  scann ing
of the  d iffe ren ce  in  ab so rb an cy  of two re a c tio n  v e s s e ls  w ith pho
to sy n th e tic  m a te r ia l ,  and a  " d if fe re n tia l  flow" a ttach m en t w ith two
se p a ra te d  flow c o m p a rtm e n ts  fo r  th e  f lu o re sc e n c e  a p p a ra tu s , by
m ean s of w hich s m a ll  changes in  f lu o re sc e n c e  could  be m e a su re d
w ith in c re a s e d  p re c is io n , a r e  d e sc r ib e d .

E v idence fo r  b a c te r io c h lo ro p h y ll- lik e  p ig m en ts , ca lle d  P  890
and P  840, to  be p a r t  of th e  p ho tosyn the tic  re a c t io n  c e n te r  in
p u rp le  and g re e n  b a c te r ia  re s p e c tiv e ly , is  p re s e n te d  in  ch ap 
t e r  III. The effic ien t pho tob leach ing  of th e s e  p ig m en ts , w hich o c 
c u r s  independen tly  of th e  te m p e ra tu re ,  w as c o r re la te d  w ith an
in c re a s e  in  th e  f lu o re sc e n c e  y ie ld  of b ac te rio c h lo ro p h y ll. F o r
th e  p u rp le  b a c te r iu m  R h o d o sp irillu m  ru b ru m  th is  c o r re la t io n  is
q u an tita tiv e ly  exp lained  by en e rg y  t r a n s f e r  f ro m  b a c te r io c h lo 
ro p h y ll to  P  890, w hich is  p re s e n t  in  a  c o n c en tra tio n  of about
1-2% of th e  bu lk  of th e  b ac te rio c h lo ro p h y ll. In c h a p te r  IV r e 
s u lts  of e x p e rim e n ts  on the  k in e tic s  and s p e c tr a  of lig h t- in d u 
ced  cy to ch ro m e ox idation  in  v a r io u s  b a c te r ia  a t te m p e ra tu re s
betw een  20 and -210°C  a r e  d isc u s se d . Of a l l  cy to ch ro m es  s tu 
d ied  only C 423. 5 in  C h ro m atiu m  w as photoox id ized  at -2 1 0 ° . The
photooxidation  of th e  o th e r c y to ch ro m es  w as stopped  a t a  te m 
p e ra tu re  betw een  -25 and -1 2 0 ° , sp ec if ic  fo r  each  of th em . The
quantum  re q u ire m e n t fo r  th e  o x idation  of tw o d iffe ren t cy to c h ro 
m es  in  C h ro m atiu m  w as d e te rm in e d  and found to  be c lo se  to  one.
The r e s u l t s  a r e  in te rp re te d  a s  ev idence th a t th e  cy to ch ro m es
a re  c lo se ly  a ttach ed  to  th e  p ho tosyn the tic  re a c tio n  c e n te r  by w hich,
upon ex c ita tio n , th ey  a r e  ox id ized  in  a te m p e ra tu re  dependent
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re a c tio n . It i s  a rg u ed  th a t C 4 2 3 .5  is  not an  in te rm e d ia te  in  the
m ain  e le c tro n  t r a n s p o r t  ch a in  of p h o to sy n th es is  in  C h ro m atiu m .
The e a r l i e r  h y p o th es is , b a se d  on the  o b se rv ed  effic ien t photo
o x idation  of C 4 2 3 .5  at liqu id  n itro g en  te m p e ra tu re ,  th a t in  b a c 
t e r i a l  p h o to sy n th es is  cy to ch ro m e ox idation  is  a  p r im a ry  te m p e 
r a tu r e  in se n s itiv e  re a c t io n  is  c r i t is iz e d .

In c h a p te r  V ex p e rim e n ts  w ith  a lg ae  a re  d e sc rib e d . The r e s u l ts
a re  in te rp re te d  in  t e r m s  of tw o d iffe ren t ligh t re a c tio n s  1 and 2
w hich d riv e  a lg a l p h o to sy n th es is . The quantum  re q u ire m e n ts  fo r
the  o x idation  of the  p igm ent P  700 and of cy to ch ro m e by light
m ain ly  a b so rb ed  by th e  ph o to ch em ica l sy s te m  1 and fo r  th e  r e 
duction  of ox id ized  P  700 by ligh t of sy s te m  2 w e re  d e te rm in e d  to
be 2 -  2 .6 , 3 - 3 . 5  and about 3 re s p e c tiv e ly , fo r  th e  b lu e -g re e n
a lg a  S ch izo th rix  c a lc ic o la . The r e s u l t s  a r e  not in co n s is ten t with
th e  a ssu m p tio n  th a t the t ru e  quantum  re q u ire m e n t fo r  the  pho
to c h e m ic a l t r a n s p o r t  of 1 e le c tro n  i s  1 fo r  each  of th e  two p ig 
m en t s y s te m s . C hanges in  th e  f lu o re sc e n c e  ex c ited  by sy s te m  1
w ere  found in  the  w aveleng th  re g io n  670 -  750 m /i and a t tr ib u 
te d  to  a  p ho toactive  p igm en t H 720, w hich is  p ro b ab ly  a  ch lo 
ro p h y ll a ex c ited  by sy s te m  1. B ecause of lack  of c o r re la t io n
of f lu o re sc e n c e  changes of H 720 w ith red o x  changes of th e  p r i 
m a ry  re d u c ta n t P  700 of sy s te m  1, in  a  s im ila r  way a s  found
in  b a c te r ia  b etw een  b a c te r io c h lo ro p h y ll f lu o re sc e n c e  and P  890
b leach in g , it i s  su g g es ted  th a t the  f lu o re sc e n c e  y ie ld  of H 720
is  c o n tro lle d  by th e  red o x  le v e l of th e  p r im a ry  oxidant
X of sy s te m  1. The r e s u l t s  su g g est th a t in  a lg a l p ho tosyn the
s is  the  p r im a ry  p h o to rea c tio n s  tak e  p lace  at two d iffe re n t re a c tio n
c e n te r s  1 and 2, in  w hich th e  p r im a ry  o x id an ts  X and
Q, re s p e c t iv e ly  ac t a s  a q u en ch er of th e  f lu o re sc e n c e  of ch lo 
ro p h y ll a.
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T eneinde te  voldoen aan  h e t v e rzo ek  van de fa c u lte it  d e r  W is
kunde en N a tu u rw eten sch ap p en , vo lg t h ie r  een  k o r t  o v e rz ic h t van
m ijn  acad em isch e  s tu d ie .

In 1954, na h e t beha len  van h e t e indexam en  H. B. S. B aan  h e t
B au d artiu s  L yceum  te  Z utphen , begon ik  m ijn  s tu d ie  in  de fa c u l
te i t  d e r  W iskunde en N atu u rw eten sch ap p en  aan  de R ijk s u n iv e rs ite i t
te  U tre ch t. H et can d id aa tsex am en , l e t t e r  d, legde ik  in  n o v em b er
1956 af. De s tu d ie  v o o r h e t d o c to raa lex am en  e x p e rim en te le  n a 
tuurkunde g esch ied d e  o n d er le id in g  van de h o o g le ra re n  D r. J .  A.
S m it en  D r. P . M. E nd t. H et ex p e rim e n te le  on d erzo ek  w erd  gedaan
in h e t F y s is c h  L a b o ra to riu m . Bij de w e rk g ro ep  O ptica  w erden
d o o r m ij a a n s la g  fu n c tie s  van  he lium  gem eten , m e t behulp  van
een  k w a n te n te lle r . B ij de F .  O. M. w e rk g ro ep  M s Ha deed  ik  een
on d erzo ek  n a a r  de d is c r im in a tie  e ffec ten  d ie o p tred e n  bij de b e 
p alin g  van c o n c e n tra tie  verhoud ingen  in  g a s m o n s te rs  m e t behulp
van een  m a s s a s p e c tro m e te r .  H et d o c to raa lex am en  w erd  afgelegd
in  ja n u a r i  1960. G edurende de ja r e n  1958 to t 1960 w as ik  a ls
a s s is te n t  verbonden  aan  h e t p ra c tic u m  v o o r p ra eca n d id a ten  n a 
tuurkunde.

In 1960 w erd  ik  benoem d to t w e ten sch ap p e lijk  a m b te n a a r  bij
de B io fy sica  aan  de R ijk s u n iv e rs ite i t  te  L eid en , en  begon ik  aan
h e t ond erzo ek  dat gele id  h ee ft to t d it p ro e fs c h r if t .  In ja n u a r i
1964 w erd  ik  benoem d to t w e ten sch ap p e lijk  a m b te n a a r  l e  k la s .








