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C H A P T E R  1

IN T R O D U C T IO N

The o v e ra ll p ro ce ss  o f p ho tosyn th es is  m a y  be co n s id e re d  as
a lig h t- in d u c e d  re d u c tio n  o f C 0 2 to  c a rb o h y d ra te  and w a te r and
a co n co m ita n t o x id a tio n  o f a hydrogen  d onor ( r e f .  215, p. '5,1):

In  pho tosyn th es is  o f "g re e n  p la n ts "  (w h ich  m eans in  th is  con text
a ll  c h lo ro p h y ll a co n ta in in g  o rg a n is m s ), the  h yd rogen  d on or is
w a te r, and the  re a c tio n  re a d s :

In  p h o to syn th e tic  b a c te r ia  o th e r o x id iz a b le  com pounds, e .g . H.,S
o r  th io s u lp h a te , ac t as hydrogen  d on o rs .

S ince p a r t  o f the l ig h t e n e rg y  m a y  a lso  be used fo r  the s y n 
th e s is  o f com pounds o th e r than c a rb o h y d ra te s , the  above equations
o n ly  ro u g h ly  a p p ro x im a te  the  n e tt r e s u lt  o f the  p ho to syn th e tic
re a c tio n s . M o re o v e r, as w i l l  be d iscu ssed  in  C ha p te r I I I ,  th e re
a re  p ro b a b ly  c e r ta in  r e s t r ic t io n s  in  a p p ly in g  equation ( 1 . 1 )  to
p h o to syn th e tic  b a c te r ia .

D u r in g  the past decades m uch  e f fo r t  has been m ade to  s tu dy
the m ech an ism  o f p h o to syn th e tic  C O , re d u c tio n  and to  ob ta in  in 
fo rm a tio n  about the  n a tu re  o f p o s s ib le  in te rm e d ia te s  in  the  r e 
a c tio n . I t  was found (127) th a t is o la te d  il lu m in a te d  c h lo ro p la s ts
f ro m  v a r io u s  spec ies  w ere  ab le  to  evo lve  oxygen and to  reduce
m ild  o x id a n ts , am ongst o th e r  th in g s  p o ta ss iu m  fe r r ic y a n id e  and
c e r ta in  dyes (see e .g . re fs .  58, 134, 135, 259), but fu r th e r
p ro g re s s  was a rre s te d  because u n t i l  m o re  re c e n t ly  a s iz a b le
ra te  o f  re d u c tio n  o f  C 0 2 o r  o f  any p la u s ib le  p h y s io lo g ic a l in t e r 
m ed ia te  was not ob ta ined  w ith  c e l l - f r e e  sys te m s  o f p ho tosyn 
th e t ic  o rg a n is m s .

In  1951, ev idence  fo r  a l ig h t- in d u c e d  re d u c tio n  o f  N A D (P ) by
c h lo ro p la s ts  was re p o r te d  by V is h n ia c  and Ochoa (249) and,
independen tly , b y  T o lm a c h  (238) and A rn o n  (12 ), who ob ta ined
a (s lo w ) re d u c tio n  o f N A D P  and N AD  b y  an i l lu m in a te d  c h lo ro -
p la s t p re p a ra tio n , u nd e r co n d itio n s  w he re  the  reduced  coenzym e
was be ing  taken  away b y  an added s u b s tra te  and enzym e sys te m .
As e a r ly  as 1948 K ra s n o v s k ii (173, c f. r e f .  44) re p o r te d  a r e 
duc tio n  o f N AD  in  the l ig h t  in  the p resence  o f a s c o rb ic  a c id  in
a s o lu tio n  o f c h lo ro p h y ll in  a m ix tu re  o f p y r id in e  and w a te r,
but these re s u lts  w e re  c r it ic iz e d  re c e n t ly  by B a n n is te r  (26) and
c la im e d  to  be an a r t i fa c t .  S tud ies, m a in ly  b y  C a lv in 's  g roup ,

l / n  [C H 2o ]CO., + 4 HA + Ho O + 4 A 1. 1

l / n  [C H 2o ]CO., + 2 H0 O + H 00  + O, 1.2
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w ith C 14 -la b e lle d  C 0 2 in d ica ted  th a t th e  fixation  and red u c tio n
of COo in in tac t a lg ae  p ro c eed s  v ia  the  so -c a lle d  red u c tiv e
pen to se  phosphate  cy c le  and th a t in  th is  cy c le  p ro b ab ly  3 -p h o s -
p h o g ly ce ric  ac id  is  the com pound w hich b eco m es red u ced  in the
ligh t (27). T he cy c le  could be kept going by  m ean s of NADPH2 and
A T P, w hich su p p o rted  the hy p o th esis  th a t a lig h t-in d u ced  re d u c 
tion  of NADP would be an in te rm e d ia te  s tep  in pho tosyn thetic
CO. re d u c tio n . T he red u c tio n  of com pounds o th e r  than  3 -p h o s -
p h o g ly ce ric  ac id  h as  a lso  been  p o s tu la ted  (153, 232), re c e n tly
a lso  by  C alv in  and co w o rk e rs  (28, 30). .Reviews on th is  su b jec t
a re  g iven  by  r e f s .  27, 29, 133, 232.

S en sitiv e  ab so rp tio n  sp ec tro p h o to m e try  of in tac t p ho tosyn the-
s iz in g  c e lls  gave at f i r s t  con flic ting  ev idence about the  red u ced
in te rm e d ia te s  of the  p ho tosyn the tic  re a c tio n . In 1955 D uysens
(69) o b se rv ed  an ab so rp tio n  in c re a s e  in  the  u l t r a  v io le t reg io n
upon illu m in a tio n  of su sp en sio n s  of the g re en  a lga  C h lo re lla
and the  re d  a lg a  P o rp h y rid iu m  c ru en tu m , w hich su g g ested  a
red u c tio n  of NAD o r  NADP in  the lig h t. H ow ever, C hance and
co w o rk e rs  ob ta ined  the  o p p o site  conclusion  fro m  ex p e rim en ts
w ith  a m u tan t of the g re e n  a lg a  C hlam ydom onas w ith  ab n o rm a lly
low ch lo ro p h y ll con ten t (49, 50, see  d isc u ss io n  in r e f .  77), and
did not ob tain  sp e c tro sc o p ic  ev idence fo r a red u c tio n  of NAD(P)
in the  p u rp le  b a c te r iu m  R h o d o sp irillu m  ru b ru m  (47). S tudies of
D uysens, O lson, A m esz and co w o rk e rs  (74-76 , 203-205) r e 
v ea led  th a t f lu o re sc e n c e  sp e c tro sc o p y  p rov ided  a m o re  sp ec if ic
and se n s itiv e  m ean s  fo r  the id en tifica tio n  of NAD o r  NADP and
the  stu d y  of re a c tio n s  of th e se  coenzym es in vivo and gave m o re
con c lu siv e  ev idence fo r a red u c tio n  of NAD(P) upon illu m in atio n
of photo sy n th e tic  c e lls  (C h lo re lla  v u lg a r is , the  b lu e -g re e n
alg a  A n acy stis  n idu lans and the  pho tosyn thetic  b a c te r ia  C hrom atium
s tr a in  D and R h o d o sp irillu m  ru b ru m ).

San P ie tro  and Lang, in  1956, w e re  the f i r s t  to  re p o r t  a ra p id
accu m u la tio n  in  the  lig h t of NADP and NAD by iso la ted  c h lo ro p la s ts
to  w hich th e se  coenzym es w e re  added (220). It w as found tha t
the  addition  of a c h lo ro p la s t e x tra c t  (con ta in ing  PPN R  , see
C h ap te r V) w as needed  fo r  the  red u c tio n . T h ese  r e s u l ts  w ere
soon co n firm ed  by o th e rs  and the in vitro red u c tio n  of NAD
and NADP by c h lo ro p la s ts  of g re en  p lan ts  and ch ro m a to p h o res
of p u rp le  b a c te r ia  is  being  stu d ied  in s e v e ra l  la b o ra to r ie s .

In the  p a s t p h o to sy n th esis  p ro p e r  w as u su a lly  assu m ed  to  be
d riv en  by only  one " p r im a ry "  ligh t re a c tio n . M echan ism s of two
o r  m o re  d iffe ren t p r im a ry  lig h t re a c tio n s  had o cc as io n a lly  been
p ro p o sed  and d isc u sse d  e a r l i e r  (se e  re f .  215, p. 150 and r e  .
100) but d ire c t  in fo rm atio n  about the ex is ten ce  and m ech an ism s
of two d iffe ren t lig h t re a c tio n s  in g reen  p lan t ph o to sy n th esis
w as only  ob ta ined  re c e n tly  by  m ean s of s e n s itiv e  sp ec tro p h o to 
m e try  of ph o to sy n th esiz in g  c e lls  (168, 169, 80-82 , 6)- The
r e s u l t s  of th e se  s tu d ie s  in d ica ted  th a t the  two ligh t re a c tio n s
w ere  d riv en  by  two d iffe ren t p igm ent sy s te m s  w ith d iffe ren t
p igm ent conten t and ab so rp tio n  c h a ra c te r is t ic s  and th a t the  co 
o p e ra tio n  of both sy s te m s  w as needed  to  ach ieve g re en  plant
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p h o to sy n th esis . T he two sy s te m s  w ere  ca lle d  sy s te m  1 and 2
(80, 81). In C h ap te r  IV ev idence w ill be p re s e n te d  th a t sy s tem
1 e ffec ts  an  e ffic ien t red u c tio n  of NAD(P) in  p ho tosyn the tic  c e lls
upon illu m in a tio n . A s w ill be d isc u sse d , b a c te r ia l  p h o to sy n th esis
is  p ro b ab ly  d riv en  by only one p igm en t sy s te m , eq u iv a len t to
sy s tem  1 in  g re en  p lan ts .

In th is  th e s is  the r e s u l ts  w ill be p re se n te d  of a  qu an tita tiv e
study  on lig h t- in d u ced  NAD(P) red u c tio n . M ost ex p e rim e n ts  w ere
p e rfo rm e d  w ith in ta c t c e lls  of p ho tosyn the tic  m ic ro o rg a n ism s
by m ean s  of s e n s itiv e  ab so rp tio n  and f lu o re scen c e  sp ec tro p h o to 
m e try . The e ffec t of illu m in a tio n  w ith lig h t of d iffe re n t in te n s itie s
and w avelengths and the e ffec t of v a r ia tio n  of o th e r  e x p e rim en ta l
p a r a m e te r s  on the in tr a c e l lu la r  r a te  of coenzym e red u c tio n  o r
oxidation  w as exam ined  and co m p ared  to  the r a te  of cy to ch ro m e
oxidation  and oxygen evolu tion . P a r t  of the r e s u lts  have a lso
been  pub lished  e lsew h e re  (4, 6, 7)'.



C H A P T E R  II

MATERIALS AND METHODS

2.1 Culturing of Algae and Bacteria
T he algae and b a c te r ia  u sed  in  our e x p e rim en ts  w e re  grow n

in liqu id  c u ltu re  m ed ia . T he c u ltu re s  w ere obtained  by in o cu l
ation  fro m  a g a r  s la n ts .  E ach  tim e  the su sp en sio n  had reach ed
i ts  m ax im al d en sity , which u su a lly  took a  few day s, i t  was
dilu ted  ap p ro x im a te ly  20-fo ld  w ith f r e s h  grow th m edium . U nless
o th e rw ise  s ta ted  the c u ltu re  m edium  w as con tained  in cy lin d ric a l
g la ss  v e s s e ls ,  of 31 cm  height and 35 m m  in n e r  d ia m e te r , and
200 m l cap ac ity . T hey  w ere  of s im ila r  desig n  a s  those  u sed  in
P ir s o n 's  la b o ra to ry  (162), ex cep t tha t no ru b b e r  o r  p la s tic  tube
jo in ts  w ere  app lied , so  th a t the m edium  w as in  co n tac t with
g la ss  only. F ro m  a s id e  tube a gas s tre a m , u su a lly  a m ix tu re
of a i r  o r  N.> and C 0 2, w as bubbled a t a ra te  of 15 to 30 m l/m in
th rough  the su sp en sio n . T h is  p rev en ted  exhaustion  of C 0 2 and
m in im ized  pH changes and se ttlin g  of the su sp en sio n , and, fo r
p u rp le  b a c te r ia ,  s e rv e d  to m a in ta in  a n a e ro b io s is . T he gas was
f il te re d  by m ean s  of a s te r i le  co tton  plug. T he cu ltu r in g  v e s s e ls
w ere  co v e red  by alum in ium  cap s to p re v en t con tam ination .

T he cu ltu r in g  tubes w ere  th e rm o s ta te d  in  lu c ite  (p ersp ex ) w a te r
b a th s . Illu m in a tio n  w as effec ted  from  the side; a lg ae  w ere  i l 
lum ina ted  by m ean s  of f lu o re sc e n t tu b es, b a c te r ia  by m ean s of
in can d escen t lam p s .

U n ic e llu la r  o rg a n ism s  w ere  h a rv e s te d  by ce n trifu g a tio n , u su a lly
a t  1000 x g d u rin g  10 to  15 m in  and re su sp e n d ed , u su a lly  in
f re s h  m edium , b efo re  m e a su re m e n t. T he co n c en tra tio n s  of the
su sp en s io n s  w ere  m e a su re d  by cen trifu g a tio n  in  a  T ro m m sd o rff
tvbe, and a r e  given a s  volum e p e rc e n t of packed  (wet) c e lls .

2.2 Optical Effects in Suspensions
M easu rem en t of the ab so rb an cy  o r  ab so rp ta n cy  of b io log ical

m a te r ia l ,  such  a s  su sp en sio n s  of m ic ro o rg a n is m s , in  p ra c tic e
p re s e n ts  v a r io u s  d iff icu ltie s . Since the lig h t u su a lly  is  not only
ab so rb ed , but a lso  s c a tte re d  by the sam p le , a tru e  ab so rp tio n
sp e c tru m  is  only obtained when a ll s c a tte re d  ra d ia tio n  is  c o l
le c te d  (se e  e . g. re f . 215, p. 672 and f f . , r e f s .  101 and 164)
o r  when p ro p e r  c o r re c tio n s  fo r  the e ffec t of s c a tte r in g  a r e  applied
(5, 178). E ven  then, fo r  the q u an tita tiv e  evalua tion  of such  a
sp e c tru m  a  fu r th e r  c o r re c tio n  m ay  be n e c e s s a ry , b ecau se  in 
hom ogeneous d is tr ib u tio n  of the p igm en ts c a u se s  a d is to r tio n  of
the sp e c tru m , co m p ared  to th a t of the sam e  m a te r ia l  hom ogene
ou sly  d isp e rse d  in  so lu tio n  (70, 5). In the fo llow ing we w ill
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m ain ly  d isc u ss  e ffec ts  w hich o cc u r when sm a ll ab so rp tio n  changes
and s p e c tr a  of th ese  changes a re  m e a su re d  in  su sp en sio n s  of
co lo red , s c a tte r in g  p a r tic le s  in t r a n s p a re n t  m edium .

2 . 2 . 1  S ca tte r in g  fla tten in g
T he m e a su re d  ab so rb an cy  of a  l ig h t- s c a t te r in g  su sp en sio n  of

p a r tic le s  depends s tro n g ly  upon the way of m e a su re m e n t. When
the ab so rb an cy  is  m e a su re d  by m ean s  of a lighl; d e te c to r  which
is  sm a ll and s itu a ted  a t a la rg e  d is tan ce  fro m  the ab so rp tio n
v e s s e l, re la tiv e ly  m uch s c a tte re d  ra d ia tio n  is  lo s t ,  so  th a t a  too
high ab so rb an cy  is  m e a su re d  and the sp ec tru m  is  sh ifted  up w ard s.
It h as  been  shown (5) th a t, fo r  a d ilu te  su sp en sio n , the sp ec tru m
which is  m ea su re d  when only the lig h t tra n sm itte d  w ithin a sm a ll
angle is  caught is  not only sh ifted , but a lso  fla tten ed  w ith re s p e c t
to a sp e c tru m  m e a su re d  at a la rg e  angle.

The follow ing re la tio n , based  upon c e r ta in  a ssu m p tio n s , which
in p r in c ip le  g ives a c o r re c tio n  fo r  the e ffec t of s c a tte r in g , was
obtained fo r not too co n cen tra ted  su sp en sio n s  (5):

E (180°) = E '(y) = [E(y) -  E "(y)] / [l -  E " (y )/p  log e]. 2. 1

In th is  equation E( 180°) is  the ab so rb an cy  w hich would be m ea su re d
if a ll s c a tte re d  rad ia tio n  would be co llec ted . A s d isc u sse d  in
re f. 5, fo r  a d ilu te  and w eakly s c a tte r in g  su sp en sio n  E(180°)
ap p ro x im a te ly  eq u a ls  the ab so rb an cy  which would be m e a su re d
when no s c a tte r in g  o c c u rre d  a t a ll. E'(-y) is  the c o r re c te d  a b s o r 
bancy, E(y) is  the ab so rb an cy  of the su sp en sio n  a s  m ea su re d
by m ean s  of a dev ice  which ca tc h es  only lig h t w ith a dev ia tion
fro m  the in c id en t beam  of le s s  than  the angle y . E "(y) is  the
ab so rb an cy  which would be m e a su re d  if  no in tr in s ic  ab so rp tio n
took p lace  w ithin the p a r t ic le s ,  but the sam e  s c a tte r in g  o c c u rre d
as  w ith the re a l  su sp en sio n ; e is  the b ase  of the n a tu ra l lo g 
a r ith m s  and p is  a co n stan t equal to the to ta l a r e a  of a ll p a r t ic le s
in the lig h t beam  p ro jec ted  on a p lane p e rp e n d ic u la r  to th is
beam , d ivided by the illu m in a ted  a r e a  of the v e s se l;  p is  thus
p ro p o rtio n a l to the co n c en tra tio n  of the su sp en sio n .

T he s c a tte r in g  c o r re c tio n  given by equation  (2. 1) can  a lso
be applied  to  the sm a ll  ab so rp tio n  changes o c c u rr in g  in  p h o to -
syn the tic  c e lls .  When one a ssu m e s  th a t no s im u ltan eo u s s c a t 
te r in g  changes o c c u r  (fo r m o s t su sp en sio n s  th e re  a re  no in d i
ca tio n s  c o n tra ry  to  th is  assu m p tio n ), E "(y) re m a in s  the sam e
d u rin g  an e x p e rim en t, and the follow ing equation  is  obtained;

AE* (y) -  AE (y) / [l -  E" (y )/p  log e ] . 2. 2

In w ords: the c o r re c te d  ab so rb an cy  d iffe ren c e , AE' (y) ,  is  l a r g e r
than  th a t ac tu a lly  m e a su re d , A E(y), s in ce  the l a t t e r  value has
to be divided by a n u m b er s m a l le r  than unity . T h is  c o r re c tio n
fa c to r  can  be ca lcu la ted  in  p r in c ip le  by m ean s  of equation  (2. 1).
When the n u m b er, s iz e  and shape of the b a c te r ia l  o r  a lg a l c e lls
a re  known, p can  be ca lcu la ted . E(y) is  ob tained  by m e a su r in g
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the ab so rb an cy  of the su sp en sio n  ag a in s t a b lank  in  the ab so rp tio n
d iffe ren c e  sp e c tro p h o to m e te r. A s w ill be d isc u s se d  in  § 2 .3 ,E '(y )
can  be d e te rm in e d  w ith  good p re c is io n  in  a  su ffic ien tly  se n s itiv e
conventional sp ec tro p h o to m e te r  by m e a su r in g  the ab so rb an cy
w ith a p iece  of opal g la ss  p laced  behind the sam p le  and re fe re n c e
cu v e tte . By m ean s  of equation  (2 .1 ) , E "(y) and the c o r re c tio n
fa c to r  1 - E " (y )/p  lo g  e can  now be ca lcu la ted .

A s w ill be d isc u sse d  in  §3 . 2  the c o r re c tio n  can  a lso  be ob 
ta in ed  in  a  m o re  d ire c t  way, but only  fo r  re la t iv e ly  la rg e  a b s o r 
bancy  ch an g es.

2 . 2 . 2  P a r t ic le  f la tten in g
D uysens (70) h as  shown th a t the ab so rb an cy  of a su sp en sio n  of

co lo red  p a r t ic le s ,  even when c o r re c te d  fo r  s c a tte r in g , is  s t i l l
lo w er than  the ab so rb an cy  of a  so lu tion  of the sam e  p ig m en ts .
T h is  e ffec t of " p a r t ic le  fla tten in g "  (a lso  ca lled  " s ie v e  effec t")
w as found to  depend upon the ab so rp ta n cy  of a s in g le  p a r tic le ;  the
effec t is  s tro n g e s t  in  s p e c tr a l  re g io n s  w here  s tro n g  ab so rp tio n
o c c u rs , so  th a t a  d is to r t io n  of the ab so rp tio n  sp e c tru m  re s u lts
n e a r  the ab so rp tio n  m ax im a  of the p ig m en ts . A pplication  of .the
re la tio n s  obtained  to  the ab so rp tio n  sp e c tru m  of C h lo re lla  p y re -
n o id o sa  in d ica ted  a  s a t is fa c to ry  ag re e m e n t betw een  the p red ic ted
and m e a su re d  e ffec ts  (70). M ore re c e n tly  e x p e rim e n ta l su p p o rt
and som ew hat ex tended  ca lcu la tio n s  w ere  given by s tu d ie s  of
L a tim e r  and E ubanks (178), of T yum a e t al. (234) and of Itoh
e t al. (145) on the ab so rp tio n  s p e c tr a  of e ry th ro c y te s  and sp inach
c h lo ro p la s ts  and c h lo ro p la s t fra g m e n ts .

F o r  the qu an tita tiv e  ev a lu a tio n  of sm a ll  ab so rb an cy  changes
o c c u rr in g  in  su ch  su sp en s io n s , i t  m ay  be even  m o re  im p o rtan t
to take in to  accoun t the e ffec t of p a r t ic le  fla tten in g , b ecau se ,
a s  we w ill see , the e ffec ts  a r e  re la tiv e ly  l a r g e r  in  ab so rb an cy
d iffe ren ce  s p e c tr a  than  in  " o rd in a ry "  ab so rb an cy  s p e c tra .

F o r  the (hypothetica l) c a se  of a not too dense  su sp en sio n  of
cu b ica l, o rien te d , hom ogeneously  co lo red  p a r t ic le s ,  the follow ing
re la tio n  w as d e riv ed  (70):

E ' (y) -  (p log e) [ l  -  T'p (7)]. 2. 3

E soj, the ab so rb an cy  of a  so lu tion  of the sam e am ount of p igm en ts
is  given by:

Ejoi = P log [ l / T 'p (y)] 2 .4

so  th a t

E ' ( y J / E ^  -  (log e) [ l  -  T'p(7)] / log [ l/T 'p  (7)] . 2. 5

In w ords: the ab so rb an cy  of a su sp en sio n  E '(y ) is  ob tained  by
m ultip ly ing  the ab so rb an cy  of the p igm en ts in  so lu tion  E S0! with
a f a c to r ,  w hich depends upon the tra n s m itta n c y  T 'p(7) of a  p a r tic le .
T he fa c to r  ap p ro ach es  u n ity  when T'p(y) ap p ro ach es unity , and
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ap p ro ach es z e ro  slow ly  when T 'p (y) ap p ro ach es  z e ro . T hus the
fla tten in g  is  s tro n g  fo r  s tro n g ly  ab so rb in g  p a r t ic le s .  It is  m -
dependent of the co n cen tra tio n .

We define the f la tten in g  fa c to r  fo r  sm a ll ab so rp tio n  changes
(o r " d if fe re n tia l fla tten in g ") in  a su sp en sio n  a s  the quo tien t
A F ' ( - y ) / AE ... fo r  a sm a ll v a r ia tio n  of T ' (y). S ince both AE'(y)
and AE sol a r e  sm a ll,  in  f i r s t  ap p rox im ation  fo r  cu b ica l p a r tic le s :

A E ' (y) d E '(y )  d{(p log e) [ l  -  TJ,(y)]}
_______ .  ----------  = --------------------------- ^------  = T '(y ) . 2 . 6
A E sol d E ^ , d{p log [l/T p ty )]}

In w ords: the p a r tic le  f la tten in g  fa c to r  of ab so rb an cy  changes
in a su sp en sio n  of cu b ica l p a r t ic le s  is  equal to  the tra n sm itta n c y
of a  s in g le  p a r tic le ,  c o r re c te d  fo r  s c a tte r in g .

F o r  a su sp en sio n  of hom ogeneously  co lo red  s p h e re s ,  a s im ila r
ca lcu la tio n  ap p lies . A cco rd in g  to Duy'sens (70, equation  (18) and
f f . ):

E ' (y) = (p log e) [ l  -  Tp ay(y)] 2. 7

w here T ' av (y), the av e rag e  tra n sm itta n c y  of a  sp h e re , is
equal to:

T ' (y) = 2 [ l  -  (1 + a . )  e - “p ] / a D2 . 2 .8
p av u P P

öp = In I / I  = (log e) E p; E p is  the ab so rb an cy  of a  p a r tic le  fo r
a  beam  p a ss in g  through  the c e n te r  of the sp h e re . F u r th e r .

E sol -  t2 / 3) P Uog e) orp. 2 . 9

T hese equations do n o t take in to  accoun t re f ra c tio n s  and re f le c tio n s
a t the su rfa c e  of the s p h e re s ; the re f ra c t iv e  in d ices  of the s p h e re s
and the su rro u n d in g  m edium  a re  assu m ed  to be equal. A fte r
su b s titu tin g  T ' av(y) fro m  equation  (2. 8) in to  (2. 7), we obtain:

d E '(y ) 3 d { l  -  2 [1 + (1 + a . )  e ' “p ] / « p2}
______  _ _  . __________________ _____________  , o r
d E Ml 2 d o p

d E 'ty W d E ^  = 3 [2 -  e ' “p(2 + 2 ap + a p2) ] / a p3. 2 .1 0

T he equations (2. 10) and (2 .8 ) enab le  u s to  c a lc u la te  fo r  each
a p the co rre sp o n d in g  f la tten in g  d E '(y ) /d E soi and T 'p av (t )-
F ig . 2. 1 g ives the g ra p h ic a l re la tio n  betw een the d iffe re n tia l
f la tten in g  fo r  o r ien te d  cubes (3) and sp h e re s  (4) and the t r a n s 
m ittan c y  of a s in g le  p a r tic le .  F o r  co m p ariso n  the c o rre sp o n d in g
c u rv es  (1) and (2) fo r  the "o rd in a ry "  ab so rb an cy  of a su sp en sio n
a re  a lso  given. It ap p e a rs  th a t the f la tten in g  of an ab so rb an cy
d iffe ren ce  sp ec tru m  is ,  fo r  not too low tra n sm itta n c y  v a lu es ,
rough ly  tw ice a s  la rg e  a s  fo r  an ab so rb an cy  sp ec tru m ; so  a
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correction  for the f ir s t  spectrum  is  even m ore im portant than
for the la tter  one.

O T} 0.5

Fig. 2.1 "Particle flattening" of the absorbancy of a suspension of colored particles in trans
parent medium. Curve (1). plotted from equation (2 .5), gives E'(y)/'Esol, the
ratio between the absorbancy of a suspension of oriented colored cubes and the
absorbancy of a solution of the same amount of pigments, as a function of T*p(y),
the transmittancy of a single cube. Curve (2), obtained from Fig. 1 of ref. 70,
gives E’(y)/Esol for a suspension of spheres as a function of T 'p av(y), the average
transmittancy of one sphere. Curves (3) and (4) apply for small absorbancy dif
ferences (e. g. as between an illuminated and non-iliuminated suspension of photo
synthetic organisms). The ratio between the absorbancy difference in a suspension
and the corresponding one in solution, dE'fyl/dEjQj is given by curve (3) for a
suspension of cubical particles as a function of T'p(y) and by curve (4) for spheres
as a function of T’p av(y). plotted by means of equation (2.6) and (2.10) res
pectively. As discussed in the text, effects of light scattering are neglected.

A ccording to equation (2. 7), T 'p av(y) can for sp herica l p art
ic le s  be determ ined by m easuring E'(-y) and p, so  that by m eans
of F ig . 2. 1,  curve (4), the m easured  absorbancy changes can
be corrected  and converted to the corresponding absorbancy
d ifferen ces for a solution of the pigm ents. From  the la tter  values
the amount of reacting  compound can be calcu lated , if  its  sp ecific
extinction coeffic ien t is  known.

2 . 2 . 3  D eviations from  B eer 's  law
F or a n on-scatterin g  suspension , B eer 's  law applies up to

re la tiv e ly  high concentrations (70). However, if  strong light
sca tterin g  o ccu rs, a ser io u s deviation from  B eer 's  law  may
occur if  the suspension  is  not su fficien tly  dilute. In such a s u s 
pension a light ray is  repeatedly scattered  by the p artic les before
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leav in g  the ab so rp tio n  v e s s e l. When a la rg e  p a r t  of the s c a tte re d
lig h t is  co llec ted  in  the ab so rb an cy  m e a su re m e n t, and when the
su sp en sio n  c o n s is ts  of s tro n g ly  ab so rb in g  p a r t ic le s ,  the m e a su re d
ab so rb an cy  a t high co n cen tra tio n  is  h ig h e r (cf. r e f s .  46, 157)
than  th a t expected  fro m  B e e r 's  law , b ecau se  the av e ra g e  lig h t
path  is  lo n g e r than the dep th  of the v e s s e l.  On the  o th e r  hand,
the opposite  e ffec t m ay  be m e a s u re d , when only  a  sm a ll  p a r t
of the s c a tte re d  ra d ia tio n  is  caugh t, and when the tra n s m itta n c y
of the p a r tic le s  is  high, b ecau se  a t  high co n c en tra tio n  p a r t  of
the m u ltip ly  s c a tte re d  lig h t is  s c a tte re d  back  on the p ho tocell.

S ince equation  (2 .1 ) does not r ig o ro u s ly  apply  fo r  a su sp en sio n
in  w hich re p ea ted  s c a tte r in g  o c c u rs  (5), the c o r re c tio n  fo r
" s c a t te r in g  fla tten in g "  b eco m es m o re  u n c e rta in  fo r  a  too co n cen 
tra te d  su sp en sio n .

2 .3  Absorbancy M easurement

T he ab so rb an cy  of su sp en sio n s  of a lg ae , b a c te r ia  o r  sp inach
ch lo ro p la s ts  w as m e a su re d  by m ean s  of a Z e is s  PM Q II s p e c tr o 
p h o to m ete r. In o rd e r  to m in im ize  the e ffec t of s c a tte r in g , opal
g la ss  w as p laced  behind both blank and sam p le  v e s s e l,  a cco rd in g
to the m ethod d ev ised  by Shibata  (223). An ap p ro x im a te  c o r re c tio n
fo r  s c a tte r in g  was app lied  by su b tra c tin g  fro m  the m e a su re d
ab so rb an cy  the ap p a re n t ab so rb an cy  a t  a w avelength  w here  no
in tr in s ic  ab so rp tio n  o c c u rs  (740 m u  fo r  a lg ae  and c h lo ro p la s ts ,
960 mu fo r  p u rp le  b a c te r ia ) . In sp ec tio n  of equation  (2 .1 )  show s
tha t th is  c o r re c tio n  im p lie s  two ap p ro x im a tio n s: (1) E " (y) a t any
w avelength  is  equal to  E(y) a t 740 o r  960 m u and (2) 1 - E " (y )/p
log  e is  equal to un ity . The l a t t e r  ap p ro x im atio n  g ives an  - e r ro r
w hich is  p ro b ab ly  not l a r g e r  than  1% fo r  a sp e c tru m  m e a su re d
w ith opal g la ss  (5); the e r r o r  in tro d u ced  by the f i r s t  ap p ro x im atio n
m ay  be l a r g e r  s in ce  the am ount of s c a tte r in g  and thus E"(y)
m ay  v a ry  w ith w avelength .

Since the m ethod of su b tra c tin g  is  a conven ien t and com m only
used  way to  c o r r e c t  fo r  s c a tte r in g , a d e sc r ip tio n  of the fo l
low ing e x p e rim e n ts , which re n d e r  in fo rm a tio n  about i ts  v a lid ity
and a c cu ra cy , m ay  be usefu l. L a tim e r  and E ubanks (178) dev ised
a m o re  re fin ed  way to  c o r r e c t  fo r  s c a tte r in g . F ro m  equation
(6) of re f . 5 (fro m  which equation  (2 .1 ) w as a lso  d eriv ed ),
they  obtained the re la tio n :

E ' (y) = E (T l) -  A [E (y 2) -  E (y 1) ] ,  2. 11

w here  A is  equal to:

D -  T*;<T2) ] -  [1 -  Tp (y j)]

T" (y), the ap p a ren t tra n sm itta n c y  of a p a r tic le  if  only  s c a t-
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tering  occurred , is  defined analogously as E (y) (§ 2 .2 . 1̂  and
T' (y) (§ 2 .2 .2 ) .  L atim er and Eubanks assum ed the amount of
light scattered  by a particle  between the angle yj to 180° to have
the sam e wavelength dependence as that between y 2 and y T h e n
A is  independent of wavelength, and from  equation (6) of ref.
5 it can be calculated  that:

A =
E(yj)

E (y ,) -  E (yj)

X being an arb itrary wavelength where no absorption and only
scatterin g  occurs. The various sym bols are defined in § 2. 2. 1.
By m eans of equation (2 .11 ) L atim er and Eubanks calculated
the corrected  absorbancy spectrum  (E'(y) spectrum ) of suspensions
of ch lorop lasts and red blood c e lls  from  the E (y J  and E (y2)
sp ectra , m easured with and without opal g la ss , resp ectively .

Since the assum ption of L atim er and Eubanks i s ,  at b est, a
good approxim ation, we have tested  the method for suspensions
of C hlorella  e llip so id ea  and R hodospirillum  rubrum (stra in  1,
grown in m alate m edium , see  § 3. 2) by m easuring the absorbancy
spectrum  at three d ifferent angles (Ti = 75 , y<i = 29 , y 3 = 16 ).
In each of two com partm ents of the v e s s e l  ca r r ier  of the Z e iss
PMQ II spectrophotom eter two diaphragm s w ere placed. D ia 
phragm s with a c ircu lar  hole of 3 mm diam eter, which served
to narrow the m easuring beam, w ere placed im m ediately  in
front of the 1 mm sam ple and referen ce cuvettes. Diaphragm s
with a c ircu la r  hole of 10 mm  w ere placed im m ediately  in front
of sh eets of opal g la ss  and at a certain  d istance behind the
v e s s e ls .  The d istance between these diaphragms and the cuvettes
and, consequently, the solid  angle in which the scattered  light
was co llec ted , was varied by m oving the cuvettes^ and the first
diaphragm s, without changing their re la tive position.

F ig s . 2. 2 and 2. 3 show the sp ectra  obtained for three different
angles and the correction  A|jE(yn) - E (yx)] for two different
values of y n. A was calculated  from  the absorbancies at 740 or
960 m u. It can be seen  that the corrections calculated from
E (y 9) and E (y ,) and from  E (y3) and E (yj) agree w ell, butit is  a lso
c lea r  that the correction , for the range of wavelengths m easured,
does not much deviate from  the value of E (y x) at 740 or 960 mu
resp ectiv e ly , so  that the erro r  which is  introduced by subtracting
the la tter  value instead of the correction  of L atim er and Eubanks
is  re la tiv e ly  sm a ll. F or C hlorella  there is  a sm a ll, but p resu m 
ably significant d ifference between the spectra  obtained in these
two ways; for R hodospirillum  10 s ignificant d ifference is  obtained.
The corrected  spectrum  of C hlorella  was a lso  calculated from
E(y3) and E(y2). A s the dashed line show s there is  a fa ir ly  good
agreem ent with the other spectra .

1 hese observations indicate that the method of L atim er and
Eubanks can be used to co rrec t the absorption spectrum  of uni
ce llu lar  photosynthetic organism s for erro rs  caused by sca t-
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950 mp

Fig. 2.2

Fig. 2 .2  The absorbancy of a suspension of Chlorella ellipsoidea, measured with opal glass
in a 1 mm absorption vessel as described in the text. The spectra E(y^), E(y2 )
and E(yg) were measured with a distance of 0, respectively 8 and 16 mm between
the absorption vessel and opal glass. The measurements were done at 2 .5  mg in
tervals between 640 and 720 mg and at 5 mg intervals at shorter and longer wave
lengths; the half-width of the measuring beam was about 4 mg between 620 and
720 mg. The spectra E'(yjy2) anc* ^'(7 2 7 3 ) give the corrected spectra, calculated
by means of equation (2.11) from Efy^) and E(y2 >t or Efyg) and E(yg), respec
tively. In the bottom part of the figure, the solid and dashed line give, on a dif
ferent scale, the corrections for the E(yj) spectrum, A [E(y2 > -  E(y^)3 anc*
A[E(y») -  E(y^)3 , respectively. The dotted line gives, for comparison, the value
of E(yj) at 740 mg (see text).

Fig. 2 .3  Absorbancy spectra of a suspension of Rhodospirillum rubrurn, measured in the
same way as in Fig. 2 .2 . The bottom part of the figure gives, on a different
scale, A (Etyg) -  E(y^)J (dashed line), A[E(yg) -  E(y^)] (solid line)andthe
value of E(yi) at 960 mg (dotted line). The symbols have the same meaning
as in Fig. 2 .2 .

tering. On the other hand our m easurem ents indicate that the
m ore convenient and sim p le way of correctin g  the opal g la ss
spectrum  by subtracting the absorbancy m easured at a region
where no pigm ent absorption occurs g ives resu lts  which are as
accurate or only little  le s s  so . F o r  the spectrum  of R hodospiril-
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lum the erro r  introduced by the la tter  method was estim ated  to
be about 5% at 805 mu and le s s  than 1% at 885 m̂ u, which was
som ewhat m ore, resp ectiv e ly  le s s ,  than the erro r  of m easurem ent
at th ese w avelengths. F or C hlorella , which sca tters  m ore
strongly, the erro r  ca u ses a low ering of the absorption spectrum
by about 1.5% at 675 mu and 3% at 630 mju. The sp ectra  of a
ch lorop last suspension  of L atim er and Eubanks (F ig . 1 of ref.
178) indicate a la rg er  deviation, which is  probably m ainly caused
by a d ifferent geom etry of the optics; probably 1 cm instead of
1 mm  absorption v e s s e ls  w ere used .

In the above d iscu ssio n  erro rs  introduced by repeated sc a tte r 
ing between opal g la ss  and suspension  (223) w ere neglected .
The effect tends to strengthen absorption bands because the
average light path is  a little  longer with than without opal g la ss .
By applying Shibata's method (placing of a grey  f ilter  between
v e s s e l  and opal g la ss) (223) we found that the correction  for
this effec t for the C hlorella  suspension  amounted to -3 to -4%
fo r E '(y )  at 675 mu. The correction  is  presum ably sm a ller  for
Rhodospirillum , which organism  shows le s s  scattering.

The above observations indicate that the absorption of u n ice l
lu lar algae and photosynthetic bacteria  in the red or infra red
region can be m easured  with good p rec isio n  by m eans of the
opal g la ss  technique by subtracting the absorbancy at 740 or
960 mu from  the absorbancy at other w avelengths. F or a s u s 
pension of C hlorella  ellip so id ea  the absorbancy m easured at
675 mu i s  probably by about 2% too high; for suspensions of
sm a ller  organ ism s, as e . g. Rhodospirillum  rubrum or A nacystis
nidulans, which cause l e s s  light sca tterin g  (cf. ref. 5), the erro r
near the absorption m axim a is  in  general probably low er.

2 .4  Measurement of Absorbancy Changes

2 . 4 . 1  Apparatus
In order to m easure the sm all changes of absorbancy, occurring

upon illum ination of intact photosynthetic c e lls ,  a sen sitiv e  absorp
tion d ifference spectrophotom eter was constructed . The apparatus
was of the "split-beam " type, ea r lie r  applied by D uysens (67,
72), and is  illu strated  in F ig . 2 . 4 .

The light of a 6 V, 17 A tungsten ribbon filam ent lam p, operated
on b atter ies, p assed  a Bausch and Lomb grating m onochrom ator
( f / 4 . 4 ,  500 mm  foca l length, 1200 lin e s /m m  grating). Half of
a quartz d isc (rd) driven by a synchronous m otor, and rotating
at a speed of 50 r. p. se c , was coated with a reflectin g  aluminium
la y er  (B a lzers , L iechtenstein , A lflex  A). Thus the beam leaving
the m onochrom ator was reflected  and transm itted a lternatively
during 0.01 sec  periods. A fter passin g  the len s L j and the
m irro rs Mj and M3 and L 2 and M2 resp ective ly , both beam s
w ere reflected  upwards by m eans of m irro r  M 4 , so  that both
lay  in the sam e v er tica l plane. Each beam passed  an absorption
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Fig. 2.4 Schematic diagram of the apparatus for measuring light-induced absorption changes.
L are lenses, M are mirrors, F are filters, S are shutters and V are absorption
vessels; rd is the light chopper, a rotating sectioned disk, at are adjustable light
attenuators, G is a glass plate. In Fig. A and B, the parts of the light path that
lie in a horizontal and in a vertical plane, respectively, are given by solid lines.

v e s s e l  filled  w ith su sp en sio n , a  f i l t e r  o r  com bination  of f i l te r s
F i , and fin a lly  h it the l ig h t- s e n s itiv e  su rfa c e  of the  p h o to 
m u ltip lie r . By m ean s  of the le n s e s  L ! and L 2 , both  of the sam e
focal leng th , an  im age of the ex it s l i t  of the m o n o ch ro m a to r
was fo cu ssed  upon the two ab so rp tio n  v e s s e ls .  T he m i r r o r s  M 1#
M 2 and M 3 w ere  p laced  in  such  a p o sitio n  th a t both  lig h t pa ths
w ere  of the sam e  length .

T he s ig n a l of the p h o to m u ltip lie r w as fed in to  an a . c . a m p lif ie r ,
re c tif ied , and re c o rd e d  by m ean s  of a \  s e c  H oneyw ell-B row n
s t r ip - c h a r t  r e c o rd e r ,  m odel 135X 16V -X -157P9R. T he re c tif ic a tio n
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w as effec ted  by m ean s  of a c o n v e rto r , v ib ra tin g  a t  50 Hz in
p h ase  w ith the p h o to cu rren t effec ted  by one of the two b eam s.
No r e c o rd e r  d eflec tio n  o c c u rre d  when the c u r re n ts  due to the
two b eam s (which w ere  of opposite  p h ases) had the sam e m a g 
nitude; the in te n s ity  of each  beam  could be ad ju sted  s e p a ra te ly
by m ean s  of a  lig h t a tte n u a to r  (atx and a t 2).

C hanges of lig h t ab so rp tio n  in  the b a c te r ia l  o r  a lg a l c e lls ,
cau sed  by ( re la tiv e ly  in ten se) p h o to sy n th e tica lly  ac tiv e  (actin ic)
illu m in a tio n  of the  su sp en sio n  con ta ined  in  v e s s e l  V2, w ill cau se
a change in  the in te n s ity  of the beam  tra n s m itte d  by V2 and
h ittin g  the p h o to m u ltip lie r. A s the in te n s ity  of the o th e r  beam
re m a in s  co n stan t, an  ab so rp tio n  change in  v e s s e l  V2 r e s u lts  in
a  d eflec tio n  of the re c o rd e r .  T he m agnitude of the ab so rp tio n
change could be m e a su re d  by co m p arin g  the r e c o rd e r  deflection
w ith one, cau sed  by b rin g in g  in  the lig h t pa th  of the r ig h t beam
th re e  th in  m e ta l w ire s , w hich gave a known w eakening. The
to ta l m u ltip lie r  c u r re n t  w as m e a su re d  by m ean s  of a mA m e te r
connected  to  a d. c . a m p lif ie r . T h is  m e te r  w as re ad  a t freq u en t
in te rv a ls ;  a d ev ia tion , in d ica tin g  a  d r if t  in  s e n s it iv ity  of the
a p p a ra tu s , w as c o r re c te d  by v a ry in g  the m u ltip lie r  vo ltage. A
d r if t  of s e n s itiv ity  w as often  o b se rv ed  a f te r  sw itch ing  on the
tungsten  ribbon  lam p , p re su m a b ly  owing to  a v a r ia tio n  of the
voltage of the b a t te r ie s .  A block d iag ra m  of the e le c tro n ic s  is
given in  F ig . 2. 5.

photomultiplier

oscilloscope
high-voltage
supply

22ÖV mains

record
eramplif.

phase
shifter

d.c.
amplif.

rectif.

Fig. 2.5 Block diagram of the electronics of the absorption difference spectrophotometer.

As the in tr a c e l lu la r  re a c tio n s  stud ied  cau sed  only sm a ll a b s o r 
bancy  changes both  a high se n s itiv ity  and a high s ta b il ity  of the
ap p a ra tu s  w e re  re q u ire d , A high s e n s itiv ity  w as ob tained  by
the u se  of h ig h -a p e r tu re  o p tic s , includ ing  a h ig h -a p e r tu re  m ono
c h ro m a to r  Tht B ausch  and Lom b f / 4 . 4  m o n o ch ro m a to r had a
tra n s m itta n c è  of 41% a t 365, 48% a t 436, 21% a t 645 and 9% a t
840 m/u. On the o th e r  hand, the ab so rp tio n  changes induced by
the m e a su r in g  b eam s should be a s  sm a ll a s  p o ss ib le , and u n d er
n h rm a l cond itions n eg lig ib le  co m p ared  to th a t cau sed  by the ac tin ic
i31um ination. To ob tain  a no t too high in te n s ity  a t the cu v e tte s ,
an en la rg ed  im age of the ex it s l i t  w as p ro jec ted  upon the v e s s e ls .
U n less  a b e t te r  s p e c tr a l  re so lu tio n  w as d e s ire d , the ap p a ra tu s
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was ro u tin e ly  o p e ra ted  w ith s l i ts  of 20 m m  high and 3 m m  wide
(c o rre sp o n d in g  to  a h a lf-w id th  of 4 .5  my fo r  the m e a su r in g
beam ). An im ag e  of about 35 x 5 m m  upon the v e s s e ls  then
was obtained , so  th a t about o n e - th ird  of the su sp en sio n  w as i l 
lum in a ted . U nder th e se  cond itions, the illu m in a tio n  in ten s ity
was in  g e n e ra l such  th a t i t s  e ffec ts  w ere  n eg lig ib le  co m p ared
to those of the ac tin ic  illu m in atio n . Q u a rtz  o p tic s  w e re  applied
to enab le m e a su re m e n ts  in  the u l t r a  v io le t. In o rd e r  to  m in i
m ize  lig h t lo s s e s  due to  s c a tte r in g  a  p h o to m u ltip lie r  (RCA 5819
in the blue and n e a r  u. v. reg ion) w ith a  la rg e  p h o to sen sitiv e
su rfa c e  (5 cm  d iam e te r)  w as p laced  a t a  d is tan ce  of 6 cm  above
the v e s s e ls  to ca tch  a la rg e  f ra c tio n  of the s c a tte re d  rad ia tio n .

A high s ta b il ity  w as obtained  in  the f i r s t  p lace  by m ean s  of
the co m pensa tion  of the lig h t b eam s by each  o th e r . C onsequently ,
e ffec ts  w hich influence both b eam s eq u a lly  in  p r in c ip le  do not
cau se  a  deflec tion  of the r e c o rd e r .  T h is  app lied  fo r  such  e ffec ts
as  v a r ia tio n s  of the lig h t e m is s io n  of the lam p , and of the  s e n 
s itiv ity  of the m u ltip lie r ,  a m p lif ie r  and r e c o rd e r .  A lso  m ech an ica l
d is tu rb a n c e s  w hich a ffec t both b eam s eq u a lly  a r e  co m pensa ted
in th is  way. T he o p tic s  of both lig h t p a th s  w ere  m ade id en tic a l
a s  fa r  a s  p o ss ib le . T he p h o to m u ltip lie r w as p laced  s y m m e tr ic a lly
above the v e s s e ls  a t the in te rse c tio n  of the two b eam s.

Much c a re  w as taken  to  avoid m ech an ica l tre m b lin g s  and v i 
b ra tio n s  of the o p tic s  of the ap p a ra tu s . T he whole s e t-u p  w as
p laced  upon a r ig id  a lum in ium  tab le , the top of w hich w as equipped
with re in fo rc e m e n t r ib s ,  and, to  avoid bending, re s te d  upon th re e
le g s , s tand ing  on ru b b e r  b lo ck s. A ll o p tica l p a r ts ,  includ ing
p h o to m u ltip lie r, m o to r  and lam p , w e re  fa s ten ed  r ig id ly  upon
the tab le .

A lthough the e ffec t of s e ttlin g  of the su sp en sio n , w hich o c c u rs
w ith  m any  o rg a n ism s , is  in  f i r s t  ap p ro x im a tio n  co m p en sa ted
in a sp li t-b e a m  a p p a ra tu s , som e l a r g e r  m ic ro o rg a n is m s  m ay
se tt le  so  rap id ly , th a t tro u b leso m e  e ffec ts  o cc u r when the  v e s 
s e ls  a r e  m ounted v e r tic a l ly ,  a s  is  u su a l in  sp ec tro p h o to m e try .
F o r  th is  re a so n  an o p tica l a r ra n g e m e n t w as chosen  w hich p e r 
m itted  a h o rizo n ta l m ounting  of the c u v e tte s . T h is  had the ad 
van tage th a t even  ex ten s iv e  se tt l in g  had only l i t t le  e ffec t upon
the ab so rb an cy  and the s c a tte r in g  of the su sp en sio n , and m ade
a lso  p o ss ib le  m e a su re m e n ts  w ith co m p le te ly  se tt le d  sam p le s .
Open, co m p le te ly  filled  v e s s e ls  of 1 m m  th ick n ess  could  be
m ounted h o rizo n ta lly  w ithout any p re cau tio n , b ecau se  the s u r 
face  ten s io n  of the su sp en sio n  p rev en ted  leak a g e . T he 1 cm
v e s s e ls  u sed  w ere  g la s s -s to p p e re d .

T he lig h t a tte n u a to rs  a ^  and a t 2 w ere  co n s tru c te d  to  give an
ap p ro x im a te ly  hom ogeneous w eakening of the m e a su r in g  b eam s.
One of th e se , a t 2, co n s is ted  of a re c ta n g u la r  f ra m e , to  w hich
w ere  a ttach ed  a t equal d is ta n c e s  n e a r ly  v e r t ic a l  m e ta l w ire s  of
0 .3  m m  th ick n ess . T u rn in g  a t 2 around  a v e r t ic a l  ax is  re s u lte d
in  the g rad u a l in tro d u c tio n  (o r  w ithdraw al) of m o re  w ire s  ^into
the b eam , so  th a t i t s  in te n s ity  could be con tinuously  v a r ie d .
F in e -a d ju s tm e n t w as acco m p lish ed  by m ean s  of a m ic ro m e te r
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sc rew . T he tra n s m itta n c e  of a t2 ranged  fro m  about 90 to about
80%. The desig n  of a tx w as s im ila r ,  but in s tead  of w ire s  a
s e r ie s  of th in  p a ra lle l  la m e lla e  w as used , a t j  p rov ided  an e f 
fec tiv e  tra n s m itta n c e  range of about 90 to about 20%; in  th is  way
a c o a rs e  ad ju s tm en t w as m ade p o ss ib le .

In the u. v. reg io n , the s e n s it iv ity  of the a p p a ra tu s  was found
to be d e te rm in e d  by the no ise  of the p h o to m u ltip lie r due to  pho to 
e le c tro n s  and thus to be dependent on the tra n sm itta n c y  of the
sam p le  in  the v e s s e l. At 340 m « the s e n s it iv ity  w ith h ighly t r a n s 
p a re n t sam p le s  w as about 3 x 10 ~6 ab so rb an cy  u n its . A t lo n g e r
w avelengths w here  m o re  lig h t was av a ilab le , a s e n s itiv ity  of 1
to 2 x 10 ~5 ab so rb an cy  u n its  was o b ta inab le , a lso  a t w avelengths
w here the no ise  of the p h o to -e le c tro n s  would have p e rm itte d  a
b e t te r  re so lu tio n . T he re a so n  of th is  in s ta b ility  is  u n c e rta in  yet.

V e sse l V2 could be illu m in a ted  w ith ac tin ic  lig h t as  shown
in F ig . 2 .4 .B .  The s lig h tly  en la rg ed  im age of a re c ta n g u la r
stop , p laced  in  the s lid e  t r a n s p o r t  of an  A ld is S ta r  500 5 x 5 cm
slid e  p ro je c to r ,  w as p ro jec ted  by m ean s  of le n s  L 4 upon the
cu v e tte . T he lig h t w as f i l te re d  by a 2 cm  la y e r  of w a te r  (F 2 )
to a b so rb  h ea t ra d ia tio n , and by the f i l t e r  com bination  F 3 to
re n d e r  the d e s ire d  s p e c tr a l  com position . P a r t  of the lig h t was
re f le c te d  by m ean s  of the g la ss  p la te  G; a L ange s ilico n  pho to 
c e ll , s itu a ted  a t the p lace  of the im age se rv e d  to  m e a s u re  the
in te n s ity  of i r ra d ia t io n . T he fig u re  show s the way of illu m in atio n
of a 1 m m  ab so rp tio n  v e s s e l.  The lig h t re f le c te d  by m i r r o r
M5 fe ll upon the su rfa c e  of the cuve tte  w ith an  angle of incidence
of° 57° fro m  the v e r tic a l .  T he whole su rfa c e  of the v e s se l
(50 x 10 m m ) w as illu m in ated ; the in te n s ity  w as v a r ie d  by m ean s
of a  v a r ia b le  t r a n s f o rm e r  connected  to the p ro jec tio n  lam p . V e s 
s e ls  of 1 cm  lig h t path  w ere  illu m in a ted  by m ean s  of the sam e
o p tic s . The se t-u p , c o n s is tin g  of p ro je c to r ,  le n s  L 4, f i l te r s ,
g la ss  p la te  and s ilic o n  c e ll ,  w as co n s tru c te d  a s  one un it, so
th a t i t s  p o sitio n  could e a s ily  be changed in  su ch  a way, th a t the
im age of the stop  w as p ro jec ted  d ire c tly , w ithout p a s s in g  m i r r o r
M 5, upon the s id e  w all of the v e s s e l.

T he s ilic o n  p ho tocell w as c a lib ra te d , fo r  each  f i l te r  com bination
F 3, w ith a c a lib ra te d  Kipp th e rm o p ile  s itu a ted  a t the p lace  of
the v e s s e l.

T he lig h t of the pho tosyn thetic  ac tiv e  illu m in a tio n  w as not
m odulated  a t  50 Hz: so  lig h t, s c a tte re d  by the su sp en sio n  and
re ach in g  the m u ltip lie r  does not, in  p r in c ip le , cau se  a re c o rd e r
deflection . Upon sh u ttin g  on and off the lig h t, how ever, s e r io u s
d is tu rb a n c e s  o c c u rre d . The illu m in a tio n  m ay  a lso  in c re a s e  the
n o ise  and change the s e n s itiv ity  of the p h o to m u ltip lie r. F o r  th is
re a so n  co m p lem en ta ry  f i l t e r  com binations F j and F 3 w ere  chosen
fo r  each  ex p e rim en t. F i l t e r  F j  a lso  se rv e d  to  red u ce  s t r a y
lig h t and, if n e c e s s a ry , h ig h e r o rd e r  s p e c tr a  of the m ono
c h ro m a to r .

F o r  m e a su re m e n ts  a round  340 mju, F* was a Schott UG 11
f i l t e r  of 4 m m  th ick n ess . In the blue reg io n  Fj co n s is ted  of
Schott AL, o r  B a lz e rs  B40 o r  K -type in te rfe re n c e  f i l te r s ,  co m -
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bined with blue g la ss  f ilte r s , such as Schott BG 12, BG 23 and
BG 38 to cut off red and infra red radiation, or of these BG
filte r s  only. F 3, filter in g  the actinic illum ination, con sisted  of
a com bination of Schott RG or OG "cut-off" f ilte r s , u sually  in
combination with in terference filte r s , and if  p o ssib le  with heat
absorbing and B a lzers  C alflex h ea t-reflectin g  filte r s .

In order to be able to illum inate the suspension  sim ultaneously
with light of two different wavelengths and to m easure action
spectra  of absorption changes the optics for illum ination have
been m odified la ter  in such a way that, except by m eans of an
A ldis projector, v e s s e l  V2 could a lso  be illum inated by m eans
of a second Bausch and Lomb m onochrom ator. T his m ono
chrom ator was equipped with an O sram  900 W Xenon arc XBO
1001; a reduced im age of its  grating (10 x 10 mm) was projected
upon V2 . By m eans of a half-transparent m irro r , V2 could be
sim ultaneously illum inated by the A ld is projector. Both light
beam s fe ll on the v e s s e l  with an angle deviating 67° from  the
v ertica l, so  that with a 1 cm  v e s s e l  both the upper and the side
w alls w ere illum inated. The m onochrom ator illum inated only
10 mm  of the length of the v e sse l; for this reason  the height
of the ex it s l it  of the other m onochrom ator then was reduced
to 5 mm. The light in tensity  was m easured by m eans of a c a l i 
brated Lange s ilico n  photocell, which was illum inated by turning
away a m irror  placed in the light beam.

The in crea se  of absorption in the u ltra  v io let occurring upon
reduction of added NADP or NAD by an illum inated chloroplast
suspension  proceeds for a much longer tim e than that observed
in intact c e lls ,  because the accum ulation of NADPH 2 or NADHo
usually goes on for sev era l m inutes. T hese absorption m ea su re -
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Fig. 2.6 Attachment used for measurement of the light-induced reduction of NADP and
NAD by a preparation of chloroplasts. The chloroplast suspension was contained in
the absorption vessel. M are mirrors, L are lenses and F are filters.
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m en ts  w ere  c a r r ie d  out in  the Z e is s  PM Q II sp e c tro p h o to m e te r,
equipped w ith an a ttac h m e n t fo r  p ro v id in g  ac tin ic  illu m in atio n
as  i l lu s t r a te d  in  F ig . 2 .6 . A re c ta n g u la r  d iap h rag m  p laced  in
the s lid e  t ra n s p o r t  of the A ld is p ro je c to r  w as im aged  by m eans
of len s  L i  and two m i r r o r s  on the 1 m m  cu v e tte . The lig h t
w as f i l te re d  by a 2 cm  la y e r  of w a te r  (F j)  and a com bination
of ab so rp tio n  and in te r fe re n c e  f i l t e r s .  The lid  of the v e s s e l
co m p a rtm e n t w as re p la c e d  by one of m odified  design , to which
the f i l t e r  h o ld e r  (F2 ) and the second  m i r r o r  w ere  a ttach ed .
T he ac tin ic  beam  w as in c id en t fro m  a d ire c tio n , d ev ia ting  2 6 .5 °
fro m  the m e a su r in g  beam , the l a t t e r  being p e rp e n d ic u la r  to  the
su rfa c e  of the v e s s e l .  Behind the ab so rp tio n  v e sse l a p iece  of
opal g la s s  w as p laced  to m in im ize  the e ffec t of lig h t s c a tte r in g .
T he change in  ab so rp tio n  in the cu v e tte , which w as in  co n tac t
w ith the opal g la s s ,  w as m e a su re d  a t 350 m u. T he whole s u r 
face  of the cu v e tte  w as illu m in a ted  by the ac tin ic  beam . The
in te n s ity  was m e a su re d  by m ean s of a sm a ll c a lib ra te d  Lange
s ilic o n  p ho tocell, p laced  in  a second sec tio n  of the m ovable
cu v e tte  h o ld e r.

In the Zeiss sp e c tro p h o to m e te r  the m e a su r in g  beam  is  m odulated
w ith a  freq u en cy  of 50 Hz and the d e tec tin g  a p p a ra tu s  is  s e n 
s itiv e  only  to  lig h t w hich is  m odulated  w ith th is  freq u en cy .
T o p re v e n t, how ever, sp u rio u s  e ffec ts  cau sed  by the ac tin ic
lig h t, a S chott U V -IL  in te rfe re n c e  f i l t e r  w ith m axim um  t r a n s 
m iss io n  a t  348 .5  m u and a h a lf-w id th  of 8 m u w as p laced  in
fro n t of th is  m u ltip lie r .

In o rd e r  to  get a  su ffic ien tly  high se n s itiv ity , the ap p a ra tu s
was o p e ra ted  w ith m axim um  slit*  w idth. T he h a lf-w id th  of the
m e a su r in g  beam  w as thus d e te rm in e d  by the h a lf-w id th  of the
in te r fe re n c e  f i l te r .  T he in te n s ity  of the m e a su r in g  beam  was
too s m a ll  to  give any d e tec tab le  red u c tio n  of NAD(P). F o r  r e c o r d 
ing the tim e  c o u rse  of the a b so rp tio n  changes a  V arian  re c o rd e r ,
type G -10 , was connected  to  the a m p lif ie r  of the Z e is s  s p e c tr o 
p h o to m ete r.

2 . 4 . 2  M ethods
F ro m  the d e sc rip tio n  of the sp li t-b e a m  ap p a ra tu s  in  the p re c e d 

ing  se c tio n  the w ay of o p e ra tio n  is  se lf-e v id e n t. H ow ever, the
m e a su re m e n t of sm a ll  lig h t-in d u ced  ab so rp tio n  changes in  a lg a l
o r  b a c te r ia l  su sp en s io n s  m ay  in  p ra c tic e  p re s e n t  d ifficu ltie s
which a r e  not en co u n te red  in  o rd in a ry  sp ec tro p h o to m e try . Some
poin ts  w ere  a lre a d y  d isc u sse d  e lse w h e re  (67, 72, and the d i s 
c u ss io n s  fo llow ing r e f s .  60 and 73). We w ill confine o u rse lv e s
h e re  to  only  a  b r ie f  d iscu ss io n .

Upon illu m in a tio n  of b a c te r ia l  o r  a lg a l c e lls  e r ro n e o u s  d e 
fle c tio n s  of the  re c o rd in g  ap p a ra tu s  m ay  o cc u r w hich a r e  not
due to  ab so rp tio n  changes w ith in  the c e lls .  T h ese  d eflec tio n s
m ay  be cau sed  by the ap p a ra tu s  o r  by the sp e c ia l p ro p e r t ie s
of the sam p le  u sed . E ffec ts  due to  im p e rfe c tio n s  of the ap p a ra tu s
w ere  d is c u sse d  a lre a d y . T he ap p a ra tu s  m ay  be checked  by a
co n tro l e x p e rim en t w ith k illed  o r  inh ib ited  o rg a n ism s .
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Am ong the sp u rio u s  e ffec ts  cau sed  by the sam p le  m ay  be
m entioned:

1. The ac tin ic  lig h t m ay  ex c ite  f lu o re sc e n c e . In p ra c tic e  th is
effec t only p re s e n ts  d ifficu ltie s  (su ch  as an  in c re a s e  of no ise
o r  t ra n s ie n ts  upon o n se t o r  c e s sa tio n  of ac tin ic  illum ination )
w ith m e a su re m e n ts  in  the reg ion  of b ac te rio ch lo ro p h y ll, c h lo ro 
phyll a o r  phycocyanin  f lu o re sc e n c e , s in ce  in  o th e r  s p e c tra l
reg io n s  it  .can be su p p re sse d  o r  m in im ized  by m ean s  of f i l te r s .
T h ese  e ffec ts  (excep t when cau sed  by a n o n - lin e a r ity  of the
re sp o n se  of the p h o to m u ltip lie r) can  be p a r tly  checked  by s h u t
ting  off the m e a su r in g  b eam s and can  be d im in ish ed  by adding
a n a rro w  band p a s s  in te r fe re n c e  f i l t e r  to  F x (F ig . 2 .4 .B ) .

2. The e ffec t of a change in  the f lu o re sc e n c e  ex c ited  by the
m e a su r in g  b eam s upon adding ac tin ic  lig h t m ay  be m o re  t ro u b le 
so m e, b ecau se  th is  f lu o re scen c e  lig h t is  m odu lated  (see  d i s 
cu ss io n  follow ing re f . 60). C o n tro l e x p e rim e n ts  a re  in  p r in c ip le
p o ss ib le  by chang ing  the g eo m etry  of- the o p tic s . T he e ffec t m ay
be m o re  e a s ily  checked  by adding a  f i l t e r  to  F j (F ig . 2. 4. B),
w hich cu ts  off the m e a su r in g  beam  but t r a n s m its  p a r t  of the
flu o re sc e n c e , o r  by adding a n a rro w  band p a s s  f i l t e r  to F j
in  w hich way the e ffec t is  d im in ish ed .

3. W ith a dense  su sp en sio n  a  re la tiv e ly  la rg e  p a r t  of the  lig h t
m ay  not p a s s  the e n t ire  leng th  of the su sp en sio n , but re a c h
the m u ltip lie r  by way of the s id e  w alls  of the v e s s e ls  (165).
T he e ffec t can  be checked  by d ilu tion  of the su sp en sio n  and m in i
m ized  by the u se  of ap p ro p ria te  lig h t s to p s  if  n e c e s s a ry .

4. Since the ex ten t of s c a tte r in g  ch an g es, induced  by ac tin ic
illu m in a tio n , is  dependent upon the g eo m etry  of the o p tic s , i t
m ay  in  p rin c ip le  be checked  by a m o d ifica tio n  of th is  g eo m etry ,
e. g. by applying opal g la ss  o r  by changing the d is tan ce  betw een
the ’-e sse ls  and the p h o to m u ltip lie r.

5. In the c a se  of som e m o tile  a lg ae  and b a c te r ia ,  accu m u la tio n
in  the m e a su r in g  beam  due to pho to tax is  m ig h t cau se  d eflec tio n s
of the a p p a ra tu s . S ince the sp e c tru m  of the change of ab so rp tio n
cau sed  by th is  e ffec t is  ap p ro x im a te ly  equal to the ab so rp tio n
sp e c tru m  of the sa m p le  i ts e lf ,  i t  i s  e a s ily  d e tec ted . I t can  be
m in im ized  by illu m in a tio n  of the whole o r  as la rg e  a  p a r t  a s
p o ss ib le  of the v e s s e l  by the ac tin ic  and m e a su r in g  b ea m s.

2 .5  Fluorescence Measurements

P a r t  of the e x p e rim en ts  on NA D (P)H2 flu o re sc e n c e  w e re  p e r 
fo rm ed  w ith an a p p a ra tu s , in p rin c ip le  s im ila r  to  those  e a r l i e r
em ployed in th is  la b o ra to ry  (74, 75, 205). The a p p a ra tu s  w as,
how ever, equipped w ith two m o n o ch ro m a to rs , to  s e le c t  the d e s ire d
w avelengths of ex c ita tio n  and f lu o re scen c e  ra d ia tio n . E x c ita tio n
lig h t was p rov ided  by a 900 W xenon a r c  (O sram  XBO 1001) o r
by a P h ilip s  HP 75 W m e rc u ry  a rc ;  the beam  w as chopped a t a
freq u en cy  of 50 Hz by m ean s  of a ro ta tin g  sec tio n ed  d isc , d riv en
by a synchronous m o to r. A ctin ic  illu m in a tio n  w as p ro v id ed  by
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an A ld is s lid e  p ro je c to r  w ithout p ro jec tio n  le n s  and h ea t f i l te r ,
in  a s im ila r  way a s  d e sc rib e d  in  the p rev io u s  sec tio n . Suitable
lig h t f i l te r s  se rv e d  to  m in im ize  the e ffec ts  of s t r a y  lig h t, and
of s c a tte re d  ex c ita tio n  and ac tin ic  lig h t. The e le c tro n ic s  w ere
the sam e  as of the ab so rp tio n  d iffe ren ce  sp e c tro p h o to m e te r (F ig .
2 .5 ). H ow ever, th is  a p p a ra tu s , w hich enabled  the m e a su re m e n t
of f lu o re sc e n c e  ac tio n  and em iss io n  s p e c tr a ,  had the d isad v an 
tage th a t only a sm a ll  a r e a  of the 1 m m  q u a r tz  v e s s e l  con tain ing
the a lg a l o r  b a c te r ia l  su sp en sio n  w as illu m in a ted  by the ex c ita tio n
beam , b ecau se  the em itted  f lu o re scen c e  had to be fed in to  the
second  m o n o ch ro m a to r . F o r  th is  re a so n , the lig h t of the xenon
o r m e rc u ry  a r c  had to be w eakened, in  o rd e r  to  get a  p e r m is -
sab le  in te n s ity  of illu m in a tio n  on the su sp en sio n . In ex p e rim en ts
w h ere  a  h ig h e r s e n s it iv ity  w as n e c e s s a ry , and when no f lu o r 
e sc en ce  e m is s io n  sp e c tru m  had to  be m e a su re d , a d iffe ren t
se t-u p  w as used .

F ig . 2 .7 . A show s an o p tica l a r ra n g e m e n t fo r  m e a su r in g
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Fig. 2.7 Attachments for measuring fluorescence by means of the absorption difference
spectrophotometer of Fig. 2.4. In both set-ups the fluorescence excitation beam
was chopped at 50 Hz.

NAD(P)H2 flu o re sc e n c e , ob tained  by a s lig h t m o d ifica tio n  of the
o p tics  of the ab so rp tio n  d iffe ren ce  sp e c tro p h o to m e te r  d e sc rib ed
in the p re v io u s  sec tio n  (cf. F ig . 2 .4 ) . F lu o re sc e n c e  was exc ited
by m ean s  of the le f t  of the two b eam s of the a p p a ra tu s , which
w as re f le c te d  by m ean s  of a  sm a ll m i r r o r  on v e s s e l  V2 . The
o th e r  beam  w as shu t off. P h o to sy n th e tic  illu m in a tio n  w as effec ted
by m ean s  of a second  m o n o ch ro m a to r o r  an  A ld is p ro je c to r  as
d e sc rib e d  a lre a d y . V e sse l V 2 w as a  1 m m  q u a rtz  ab so rp tio n
cu v e tte . T he flu o re sc e n c e  was f i l te re d  by a com bination  co n 
s is tin g  of Schott FG  10, 1 m m , WG 1, 2 m m  and BG 23, 2 m m ,
B a iz e rs  F i l t r a f le x  K2 and Schott BG 23, 5 m m , w hich tra n sm itte d
26% a t 450 m « and l e s s  than  0.1%  below  400 and above 530 m,u.

A S chott UG 11 f i l t e r  of 4 m m  th ick n ess  p laced  behind len s
L„ (F ig . 2 .4 . A) se rv e d  to  m in im ize  fa lse  lig h t. A GEC M E/D
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250 W high p r e s s u r e  m e rc u ry  a r c ,  se le c te d  fo r  s ta b ility , o r  an
AEI 500 W a. c. o r  O sra m  1001 900 W d. c . xenon a rc  p laced  ir
fro n t of the m o n o ch ro m a to r, w hich was s e t  a t 334 o r  340 m y,
p rov ided  the ex c itin g  rad ia tio n . The e le c tro n ic  p a r t  of the a p 
p a ra tu s  was no t m odified: the p h o to cu rren t of the RCA 5819
p h o to m u ltip lie r w as m e a su re d  a s  d e sc rib ed  in the p re v io u s  sec tio n .
In som e ex p e rim en ts  the r e c o rd e r  deflec tion  w as p a r tly  ba lanced
by a v a r ia b le  vo ltage to  in c re a s e  the m e a su r in g  ra n g e . B ecause
a  m uch l a r g e r  p a r t  of the su sp en sio n  is  i r r a d ia te d  by the e x 
c itin g  beam  than  in  the f i r s t  ap p a ra tu s  a l a r g e r  en e rg y  flux
could be applied  fo r  a given in ten s ity . T he p h o to m u ltip lie r,
m o re o v e r , caught a  l a r g e r  f ra c tio n  of the em itted  f lu o re sc e n c e ,
so  th a t a h ig h e r s e n s itiv ity  w as obtained . U nder the e x p e rim en ta l
cond itions em ployed , pho tosyn thetic  e ffec ts  cau sed  by the u l t r a
v io le t i r ra d ia t io n  w ere  found to be n eg lig ib le  co m p ared  to those
cau sed  by the p ho tosyn the tic  illu m in a tio n . A d isad v an tag e  of
the s e t-u p  w as th a t the m u ltip lie r ' re ce iv ed  a re la t iv e ly  la rg e
fra c tio n  of the fa ls e  f lu o re scen c e  em itted  by the f i l t e r  F  and
ex c ited  by s c a tte re d  ex c ita tio n  lig h t, b ecau se  the f i l t e r  was
situ a ted  c lo se  to  the p h o to m u ltip lie r. S ince only f lu o re sc e n c e
changes of the su sp en sio n  w ere  re c o rd e d , th is  w as no s e r io u s
ob jection . T he f i l t e r  com bination  w as c a re fu lly  s e le c te d  in  o rd e r
to m in im ize  th is  fa ls e  f lu o re scen c e .

F ig . 2. 7. B show s the a rra n g e m e n t u sed  fo r  the m e a su re m e n t of
the ac tio n  sp e c tru m  of b ac te rio ch lo ro p h y ll f lu o re sc e n c e . The
second m o n o ch ro m a to r , w hich in  o th e r  ex p e rim e n ts  had been
u sed  in  o rd e r  to  ob tain  m o n o ch ro m atic  p ho tosyn the tic  illu m in a tio n ,
now p rov ided  lig h t fo r  ex c itin g  f lu o re sc e n c e . T he $ e t-u p  was
not m odified , ex cep t fo r  a lig h t ch o p p er w hich w as p laced  in  the
ex c itin g  beam . T he n u m b er of in c id en t quanta p e r  sec  was m e a s 
u re d  by m ean s  of the s ilic o n  c e ll  m entioned  in  the p rev io u s
sec tio n . T he lig h t so u rc e  w as a xenon a r c .  T he lig h t fro m  the
m o n o ch ro m a to r w as f i l te re d  by m ean s  of su itab le  B a lz e rs  B 40
in te rfe re n c e  f i l t e r s  to  red u ce  fa ls e  lig h t. T he f lu o re sc e n c e  w as
f i l te re d  by m ean s  of an  in f ra  re d  f i l t e r  XRX 40 of P o la ro id
C o rp o ra tio n  and a  sp e c ia l K odak f i l t e r  t ra n s m ittin g  above about
900 m u, and w as m e a su re d  by m ean s  of a D um ont 6911 p h o tom ul
t ip lie r .

2 . 6 Photosynthesis Measurements

T he r a te  of oxygen p ro d u c tio n  w as m e a su re d  by m ean s  of an
oxygen p o la ro g rap h . T h is  p o la ro g rap h  w as equipped w ith a  la rg e ,
fla t, s ta t io n a ry  p la tin u m  e le c tro d e , fo llow ing the p rin c ip le  a p 
p lied  by B links and Skow (38). E le c tro d e s  of th is  type have
o rig in a lly  been  c o n s tru c te d  fo r  the m e a su re m e n t of pho tosyn thetic
oxygen p roduc tion  of th a lli  of g reen , re d  and brow n a lg ae  (see
a lso  re f . 123). A lthough such  an e le c tro d e  can  a lso  be used
fo r  the m e a su re m e n t of p h o to sy n th esis  of u n ic e llu la r  a lgae  (67),
we have u sed  a m odified  d esig n  (cf. re f . 194), b e t te r  adaprfed
to th is  p u rp o se .
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T he e le c tro d e , a  h o rizo n ta l sq u a re  p la te  of b r ig h t p la tinum
of 5 x 5 m m 2, w as em bedded  in  a p e rsp e x  block, in such  a way
th a t i ts  u p p e r su r fa c e , w hich w as in  co n tac t w ith the so lu tion ,
w as 0. 7 m m  lo w er than  the su rfa c e  of the perspejc. So a hole
of 0. 7 m m  deep  w as fo rm e d , the bottom  of w hich w as fo rm ed
by the e le c tro d e . A d ro p  of an a lg a l su sp en sio n  of su itab le  co n 
c e n tra tio n  (0. 5 - 2%) was b ro u g h t on the e le c tro d e , and co v e red
by a  cellophane m em b ran e  (K a lle r  d ia ly s is  tube). The e lec tro d e
w as ' m ounted h o riz o n ta lly  in  a v e s s e l  of about 30 m l cap ac ity ,
w hich was su b seq u en tly  filled  w ith grow th m edium , s a tu ra te d
w ith a i r  and 5% C 0 2. T he m em b ra n e , w hich se p a ra te d  the e lec tro d e
co m p artm e n t fro m  the m edium  in the v e s s e l,  p e rm itte d  e le c tr ic a l
and ch em ica l t r a n s p o r t  (excep t fo r  la rg e  m o lecu les) betw een the
two c o m p a rtm e n ts . T he e le c tro ly te  in  the p o la ro g rap h  v e s se l
w as connected  to  a s a tu ra te d  ca lo m e l e le c tro d e  by m ean s  of an
a g a r  b rid g e , s a tu ra te d  w ith KC1.

When given a  su itab le  nega tive  p o ten tia l, a b rig h t p la tinum
e le c tro d e  lik e  the one d e sc rib e d  h e re  c a r r i e s  an e le c tr ic a l  c u r 
re n t, w hich, u n le s s  in te r fe r in g  su b s ta n c e s  a re  p re s e n t,  i s  p ro p o r 
tio n a l to the am ount of oxygen p e r  sec  red u ced  a t the e le c tro d e . Since
the l a t t e r  is  d e te rm in e d  by the ra te  of d iffusion  of oxygen to
the e le c tro d e  and th is  ra te  is  p ro p o r tio n a l to the oxygen co n cen 
tra tio n , the c u r re n t ,  a t  a  given te m p e ra tu re , is  p ro p o rtio n a l to
the oxygen co n c en tra tio n  of the so lu tio n  in  which the e lec tro d e
is  im m e rs e d .

P h o to sy n th e tic  oxygen p ro d u c tio n  w as now m e a su re d  a s  follow s:
A p o ten tia l of -0 .6  V was app lied  to the p la tinum  e le c tro d e  with
re s p e c t  to the ca lo m e l e le c tro d e . A fte r  1-2 h, when the algae
had been  se ttle d  in  a th in  la y e r  upon the e le c tro d e  and the d if
fusion  ra te  had b ecam e s ta tio n a ry , the e le c tr ic a l  c u r re n t  of the
p o la ro g rap h  re ach ed  a  co n stan t v alue . T he p o la ro g rap h  c u r re n t
gave r i s e  to  a  vo ltage  of 1-2 m V  o v e r  a re s is ta n c e  of 1000 n ,
w hich w as in c o rp o ra te d  in  the  c irc u i t .  T h is  vo ltage w as ap p ro x 
im a te ly  co m p en sa ted  by m ean s  of a p o te n tio m e te r and b a tte ry .
T he re m a in in g  s ig n a l w as am plified  by m ean s  of a H ew le tt-
P a c k a rd  d . c .  /«V m e te r  m odel 425A and re c o rd e d  by m ean s  of
a  V a rian  r e c o rd e r  type G -10.

E x p e r im e n ta lly  i t  w as found th a t, fo r  no t too  high lig h t in 
te n s i t ie s ,  the d iffe ren ce  betw een  the s te ad y  s ta te  le v e ls  of the
lig h t and d a rk  c u r re n t  of the p o la ro g rap h  w as p ro p o rtio n a l to  the
lig h t in te n s ity  fo r  s e v e ra l  a lg a l sp e c ie s  te s ted , which ind icated
a l in e a r  re la tio n sh ip  betw een p h o to sy n th esis  and p o la ro g rap h
c u r re n t .

P h o to sy n th e tic  illu m in a tio n  could be effec ted  by m ean s  of a
B ausch  and L om b g ra tin g  m o n o ch ro m a to r, equipped w ith a 6 V
17 A tu n g sten  rib b o n  filam en t lam p . T he g ra tin g  of the m o n o 
c h ro m a to r  w as p ro je c te d  upon the e le c tro d e , so  th a t the s l i t -
w idth could be v a r ie d  w ithout changing  the illu m in a ted  a re a . The
e le c tro d e  could a lso  be illu m in a ted  s im u ltan eo u sly  by m ean s of
an A ld is S ta r  500 s lid e  p ro je c to r ,  equipped with su itab le  i n t e r 
fe ren c e  and ab so rp tio n  f i l te r s .  G la ss  p la te s , p laced  in  the
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tw o lig h t b eam s, re fle c te d  p a r t  of the lig h t upon RCA 925 vacuum
p h o to cells  to m e a s u re  the in c id en t lig h t in ten s ity .

P a r t  of the lig h t tra n s m itte d  by the la y e r  of a lg ae  w as re f le c te d
by the p la tinum  e le c tro d e , and again  p a r tly  ab so rb ed  by the a lg ae .
Since the p la tinum  re f le c ta n c e  v a r ie s  with w avelength , a c o r 
re c tio n  fo r  the e ffec t had to be m ade, when co m p arin g  the
ac tiv ity  of lig h t of d iffe ren t w aveleng ths, a lso  fo r  th in  a lg a l
la y e r s  of low ab so rp tan cy . F o r  th is  c o r re c tio n  re f le c ta n c e  fa c to rs
w ere  u sed  given by Haxo and B links (123), who re p o rte d  a l in e a r
v a r ia tio n  betw een 57.5%  a t 400 and 73.5%  a t 740 m y.

F o r  filam en to u s a lgae an e le c tro d e  w as u sed , the su rfa c e  of
which w as a t the sam e lev e l a s  tha t of the p e rsp e x  block. T he algae
w ere  p re s s e d  ag a in s t the p la tinum  su rfa c e  by m ean s  of the
d ia ly s is  tube.
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PHOTOSYNTHETIC BACTERIA

3. 1  Introduction

In th is  c h a p te r the r e s u lts  a re  re p o rte d  of ex p e rim en ts  on
NAD(P) red u c tio n  in in tac t c e lls  of the  n o n -su lp h u r b a c te r ia
Rhodo sp ir i l lu m  ru b ru m  and R hodopseudom onas sp h e ro id e s .
D uysens and Sweep (75) showed tha t in tac t c e lls  of R. ru b ru m
and C h ro m atiu m , s t r a in  D, em it a b lue flu o re scen c e  upon ex 
c ita tio n  w ith u l t r a  v io le t ra d ia tio n . When the c e lls  w ere  s u s 
pended in a su itab le  m edium , the flu o re scen c e  in c re a se d  upon
p h o to sy n th e tic a lly  ac tiv e  in fra  re d  illu m in a tio n . The e m iss io n
(75, 204) and ex c ita tio n  (203, 205) s p e c tr a  of the in c re a s e  of blue
flu o re scen c e  w ere  found to be s im ila r  to  those  of enzym e-bound
NADH2. S ince the in fra  red  lig h t i ts e l f  was not ab le  to exc ite
NAD(P)H2 flu o re scen c e  th e se  ex p e rim en ts  ind icated  th a t the
flu o re scen c e  in c re a s e  was due to an in c re a s e  of the in tra c e l lu la r
co n c en tra tio n  of NADPH2 o r  NADH2, caused  by a lig h t- in d u ced
re d u c tio n  of coenzym e. In th e se  ex p e rim en ts  and th o se  to be
re p o rte d  in  th is  and the follow ing c h a p te r , the in te n s ity  of u l t r a
v io le t illu m in a tio n  w as too low to cau se  a m e a su ra b le  red u c tio n
of NAD(P). In C h ro m atiu m , the quantum  re q u ire m e n t fo r  NAD(P)
red u c tio n  was found to  be betw een  about 1 .5  and 6 quanta p e r
red u ced  equ iv a len t (76, 78). The u n c e rta in ty  in  th is  fig u re  w as
cau sed  by the  fa c t th a t the f lu o re scen c e  y ield  of NAD(P)H2 in
vivo w as only known ap p ro x im a te ly  (cf. r e f .  224).

The r e s u l ts  of the ex p e rim en ts  to be re p o rte d  h e re  ind ica te
am o n g st o th e rs  th in g s, th a t in  b a c te r ia  w hich had been  kep t in
o rg an ic  m ed ia  in  d a rk n e ss  du rin g  a few m in, a  re la tiv e ly  la rg e
pool of NAD o r  NADP w as reduced  a t a high ra te  d u rin g  the
f i r s t  se c  of illu m in a tio n , bu t that du rin g  illu m in a tio n  both the
r a te  o f red u c tio n  and the am ount of red u ced  coenz^m e in the
c e ll  d ec lin ed , u su a lly  a f te r  le s s  th an  1 m in, and th a t the ra te
of coenzym e re d u c tio n  fe ll to a m uch lo w er value a f te r  a few
m in  of illu m in a tio n . T h is su g g es ts  th a t u n d e r the conditions of
th e se  e x p e rim en ts  the re d u c tio n  of NAD(P) in  the lig h t is  quan
ti ta tiv e ly  not v e ry  im p o rtan t du rin g  s tead y  s ta te  cond itions.

T he s im ila r i ty  of the ac tio n  s p e c tr a  of NAD(P) re d u c tio n  and
b ac te rio ch lo ro p h y ll f lu o re scen c e  in  R hodopseudom onas was con 
s is te n t  w ith the  h y po thesis  th a t only one p igm ent sy s te m  is
p re s e n t in  pho tosyn thetic  b a c te r ia .

T he im p lica tio n s  of th ese  find ings, to g e th e r w ith ev idence
re p o rte d  by o th e rs , w ill be d isc u sse d  in  § 3 . 4 .
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3. 2 M aterials and M ethods

Rhodospirillum  rubrum  (von E sm a rc h )  M olisch , s t r a in s  1 and 4,
w as grow n e i th e r  in peptone o r  in  sy n th e tic  m ed ia .

The b a c te r ia  in  peptone m edium , w hich contained 1% peptone
(Difco) and 0.5%  N aC l, w ere  grow n, e i th e r  in  s te r i l e ,  c o m 
p le te ly  f illed , g la ss  s to p p ered  f la sk s , o r  w ith co n stan t bubbling
of N2 (see  § 2 .1 ) , a t 25-30°C  and a t a lig h t in ten s ity  of about
2000 lux , supp lied  by in can d escen t la m p s .

The b a c te r ia  in  sy n th e tic  m ed ia  w ere  grow n a t 30° C and a t
about 4000 lux . T h ese  m ed ia  w ere  b a s ic a l ly  the  sam e as  th a t
d e sc rib e d  by C o h en -B az ire  e t al. (59) ex cep t fo r a  h ig h e r  co n 
ce n tra tio n  of N aCl, n e c e s s a ry  fo r  grow ing s t r a in  4, and d if 
fe re n t co n cen tra tio n s  of o rg an ic  s u b s tr a te s .  S tock so lu tio n  No.
2 of the above a u th o rs  w as re p la c e d  by a  so lu tio n  con tain ing
190 g of N aCl and 5 3 .5  g of NH4C1 p e r  1 and ad ju sted  to  pH
6 .8  w ith NaOH. B efore  au toclav ing  1 g of L -g lu tam ic  ac id  and
e ith e r  1 .7  g of sod ium  a c e ta te , 1 .5  g of sod ium  b u ty ra te , 1 .5  g
of dl -m a lic  ac id  o r  1 .5  g of sod ium  su cc in a te  w ere  added to
1 1 of the m ed ium , and the pH w as b ro u g h t to  7 .0  w ith NaOH.
T h ese  m ed ia  w ill be r e f e r r e d  to  a s  " ’a c e ta te " , "b u ty ra te " ,
"m a la te  and " su c c in a te "  m edium . T he c u ltu re s  w ere  ro u tin e ly
g asse d  w ith a m ix tu re  of 95% N 2 and 5% C 0 2 . S tra in  1 a lso
g rew  w ell in  m a la te  and ac e ta te  m edium  g asse d  w ith N2 only.

Rhodopseudomonas spheroides  van  N ie l was grow n in  m a la te
m edium  o r  in  the m edium  of C o h en -B az ire  and c o w o rk e rs , u n 
m odified excep t fo r  a  h ig h e r co n c en tra tio n  of N aCl (3 .8  g / l ) .
The casam in o  ac id s  w ere  re p la ced  by l -g lu tam ic  ac id  and sodium
ac e ta te  a s  ind ica ted  (59). The c u ltu re  was g a sse d  with a  m ix tu re
of 95% N2 and 5% C 0 2 .

U nless o th erw ise  s ta te d , the b a c te r ia  w e re  h a rv e s te d  by ce n 
trifu g a tio n  and re su sp e n d ed , u su a lly  in  f re s h  g row th  m edium .
T he su sp en sio n  was g asse d  fo r  a t le a s t  45 m in , n o rm a lly  w ith
the m ix tu re  of N2 and CO z, and b e fo re  m e a su re m e n t t r a n s 
fe r re d  to  1 m m  o r  1 cm  q u a rtz  ab so rp tio n  v e s s e ls .  The ex 
p e rim e n ts  w ith R h o d o sp irillu m  ru b ru m  w ere  done w ith s t r a in  1
u n le ss  o th e rw ise  in d ica ted .

HOQNO was a kind g ift of D r. J .  W. Lightbown, London.
The ab so rp tan cy  of the b a c te r ia l  su sp en sio n s w as m easu red

and c o r re c te d  fo r s c a tte r in g  a s  d e sc rib e d  in  § 2 .3 .  C hanges
in ab so rb an cy  re su ltin g  fro m  ac tin ic  illu m in a tio n  w ere  m easu red ,
by m eans of the ap p a ra tu s  d e sc rib e d  in  § 2 .4 .  In so m e  e x p e r i
m en ts NAD(P)H2 flu o re scen c e  was m easu red  by m ean s of the
ap p a ra tu s  equipped witlj two m o n o ch ro m ato rs  ( § 2 .5 ) .  The o th e r
ex p e rim en ts  w ere  done w ith the s e t-u p  of F ig . 2 .7 . A . W ith a
few ex cep tio n s, the ac tin ic  illu m in atio n  w as f il te re d  by m eans
of B a lz e rs  B40 in te rfe re n c e  f i l te r s  (10-15 m u  half-w id th ) and
a Schott RG 9 f i l te r  of 4 m m  th ic k n e ss . B ac te rio ch lo ro p h y ll
flu o re scen c e  was m ea su re d  by m eans of the s e t-u p  i l lu s tra te d
in F ig . 2 .7 .B .

U nless o th e rw ise  s ta ted  the e x p e rim en ts  w ere  p e rfo rm ed  a t



- 3 2 -

ro o m  te m p e ra tu re  (about 22°C).
S ince the ab so rp tio n  changes b rough t about by  NAD(P)H2 around

340 mu in  R h o d o sp irillu m  ru b ru m  upon illu m in a tio n  a re  r e la t iv 
e ly  la rg e ,  the e ffec ts  of s c a tte r in g  fla tten ing  ( § 2 .2 )  and of
d ev ia tio n s  of B e e r 's  law  could be checked d ire c tly  a t th is  w ave
len g th .

U sing a 1 m m  v e s s e l,  we found, upon illu m in a tio n  with s tro n g
ligh t of sa tu ra tin g  in ten s ity , the m axim um  change of ab so rp tio n  a t
340 m/i of a su sp en sio n  of b u ty ra te -g ro w n  R h o d o sp irillu m  to be
l in e a r  w ith the co n c en tra tio n  up to  a b a c te r ia l  co n cen tra tio n  of
4%, the h ig h es t applied  in o u r e x p e rim e n ts . T h is  in d ica te s  tha t
w ithin the  e x p e rim en ta l e r r o r  of .a few p e rc e n t, B e e r 's  law  a p 
p lied  fo r  th e se  su sp en s io n s .

The e ffec t of s c a tte r in g  fla tten ing  w as m easu red  by com paring
the ab so rb an cy  d iffe ren ce  read in g s  with and w ithout opal g la s s ,
a s  d isc u sse d  in  § 2 .3 . The r e s u l ts ,  fo r  su sp en sio n s  of b u ty ra te
and m a la te -g ro w n  R h o d o sp irillu m , gave no m e asu rab le  d iffe ren ce
ind icating  th a t the e ffec t of s c a tte r in g  fla tten in g  w as neg lig ib le
fo r the g eo m etry  u sed . T h is  r e s u l t  a lso  d e m o n s tra te s  th a t the
r e c o rd e r  d e fle c tio n s  w ere  only due to ab so rp tio n  changes, s ince
s c a tte r in g  changes ( § 2 .4 ) would have been  m uch s m a l le r  with
th an  w ithout opal g la s s .

A rough e s tim a te  of the am ount of p a r tic le  fla tten ing  w as ob 
tained  by m e a su r in g  the ab so rb an cy  (with opal g la ss )  of a s u s 
pension  of known co n c en tra tio n  of b u ty ra te -g ro w n  b a c te r ia  a t 340
m/j and counting the  n u m b er of c e lls  p e r  u n it vo lum e. A ccord ing
to equation  (2. 7) fo r  hom ogeneously  co b  re d  sp h e r ic a l  c e lls  the
m easu red  v a lu es  would have g iven  ar av e rag e  t r a n s m ittan cy
T'p av (y) of 0 .9 4  and a fla tten ing  (F ig . 2 .1 ) of 0 .9 3 . Since the
b a c te r ia  a r e  s p i r i l la  in s tead  of s p h e re s ,  the av e rag e  tr a n s m it-
tan cy  was p ro b ab ly  n e a r e r  to u n ity , and consequen tly  the e ffec t
of fla tten in g  p robab ly  s m a l le r .

S ince a ll  th re e  e ffec ts  d isc u sse d  ap p a ren tly  w ere  sm  I fo r
R h o d o sp irillu m  ru b ru m , no c o r re c tio n s  w ere  applied  in  the c a l 
cu la tio n  of the quantum  re q u ire m e n ts  fo r  NAD(P) rec action
re p o rte d  in th is  c h a p te r .

3 .3  Results and Interpretation

3 .3 .1  The id en tifica tio n  of NAD(P)H2
A s m entioned in  § 3 .1 , e x p e rim en ts  of D uysens, O lson  and

co w o rk e rs  (75, 203, .205) ind icated  th a t the in c re a s e  of blue
flu o re scen c e  upon illu m in a tio n  of R h o d o sp irillu m  ru b ru m  is  due
to a lig h t-in d u ced  red u c tio n  of NAD o r  NADP. We found, th a t
the k in e tic s  and the e m iss io n  sp e c tru m  of the  blue f lu o re scen ce
changes in  R h o d o sp irillu m  ru b ru m  s t r a in  4 w ere  the sam e  fo r
ex c ita tio n  w ith ra d ia tio n  of 280 and 340 mju. T h is  g ives fu r th e r
ev idence th a t the flu o re scen c e  changes a re  caused  by (bound)
NAD(P)H2. On b a s is  of flu o re scen c e  m e a su re m e n ts  it  cannot
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be decided  w h e th e r NAD o r  NADP is  red u ced : in  ag re e m e n t with
findings of L ow ry et al. (186) we found the f lu o re scen c e  sp ec tru m
and flu o re scen c e  y ield  of so lu tio n s  of NA D PH2 and NADH2 of
the sam e  co n c en tra tio n  to  be id en tica l w ith in  the ex p e rim en ta l
e r r o r  of a few p e rc e n t.

A lthough m ea su re m e n t of f lu o re scen c e  p ro v id es  a sen s itiv e
and sp ec if ic  way of s tudying  the red u c tio n  of NAD(P)fw vivo,
the m ethod is  l e s s  s a t is fa c to ry  fo r qu an tita tiv e  d e te rm in a tio n ,
b ec au se th e  flu o re scen c e  y ield  of NAD(P)H2 bound to c e ll  c o n s ti t
u en ts  d iffe rs  by an unknown fa c to r  fro m  th a t of f re e  N AD (P)H 2 (cf.

|  RUBRUMRHODOSPIRILLUM

3BO mil

3ismu

Fig. 3 . 1A Recordings of kinetics of absorption changes in the near ultra violet at 3 different
wavelengths upon illumination of 2 days old malate-grown Rhodospirillurn rubrum,
strain 1. An upward moving trace indicates an increase of absorption. The bac
teria were examined in fresh growth medium, in a concentration of 2°jo wet cells
in a 1 mm vessel. Actinic illumination was provided by a band around 838 mp of
an intensity of 6 .4  x 1 0 “^ e in stein /(sec cm^). (One einstein equals N light quanta,
where N isAvogadro's number; 10"9 einstein equals 1.39 x 10^ erg at 860 mp).
Onset of illumination is indicated by an upward pointing arrow and darkening by
a downward pointing one.

Fig. 3* IB A comparison of the kinetics of changes of absorbancy and fluorescence of a 4°]o
suspension upon illumination. The fluorescence, expressed in arbitrary units, was
excited by light of 334 mp and measured at 450 mp. The other conditions were
the same as in Fig. 3. 1A.
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re f .  224). M easu rem en t of ab so rp tio n  h as  the advantage th a t
the ab so rp tio n  sp e c tru m  of NADH2 o r  NADPH2 in  the n e a r  u l t r a
v io le t is  g e n e ra lly  le s s  a ffec ted  by binding to  an  enzym e than
the f lu o re scen c e  sp ec tru m : the w avelength  of m axim um  ab so rp tio n
m ay be som ew hat sh ifted , but the height of the ab so rp tio n  m ax im 
um  is  l i t t le  changed (224). F u r th e rm o re , the shape of the f lu o r 
e sc en ce  ex c ita tio n  sp e c tru m  (205) in d ica te s  th a t in R hodosp irillum
no su b s ta n tia l sh if t  of the ab so rp tio n  m axim um  o c c u rs . H ow ever,
ab so rp tio n  m e a su re m e n ts  a re  l e s s  sp e c if ic , b ec au se  re a c tio n s  of
cy to ch ro m es and b ac te rio ch lo ro p h y ll give a lso  r i s e  to  ab so rp tio n
changes in  the u l t r a  v io le t.

F ig . 3 . 1A show s som e ty p ica l re c o rd in g s  of u l t r a  v io le t ab 
so rp tio n  changes o c c u rr in g  upon photo sy n th e tic a lly  ac tiv e  i l 
lu m in a tio n . The d iffe re n t k in e tics  a t d iffe re n t w avelengths show
c le a r ly  th a t th e se  changes r e f le c t  a t ra n s fo rm a tio n  of a t le a s t
two d iffe re n t com pounds. At 380 and 315 mju a  slow  phase and
a fa s t  one (&, of oppposite  s ig n  a t 315 m/j) a r e  d is tin g u ish ed
upon d a rk en in g , w hile a t 340 m/u only a  slow  change is  d i s 
c e rn ib le . The to ta l a b so rp tio n  d iffe ren c e  (a) is  the sum  of both
com ponen ts.

RUBRUMRHODOSPIRILLUM

L I GHT  MI NUS DARK

c s o . bc s a . b

3 8 0  nt|i3 2 0  X

Fig. 3.2A Difference spectra of the maximum (a) and rapid (b) change in absorbancy of a
suspension of malate-grown Rhodospirillum rubrum. The change c * a - b may be
taken to be the magnitude of the slow change. The absorption changes and experi
mental conditions are the same as those in Fig. 3 .1A. Further details are given
in the text.

Fig. 3.2B The same difference spectra, but obtained with a 2°Jo suspension of 2 days old
Rhodospirillum rubrum, grown in peptone and examined in a medium containing
butyrate and phosphate, in the presence of N2 and 5$> CO». The wavelength of
actinic illumination was 860 m/i, the intensity was 6.2 x 10“9 einstein/(sec cm*).

The d iffe ren c e  sp e c tru m  of the m axim um  d eflec tio n  in  the
lig h t m inus the s tead y  s ta te  in  the d a rk  (a) and of the fa s t  change
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(6) a re  g iven  in  F ig . 3 .2 . A. The ap p ro x im a te  sp e c tru m  of the
slow  ab so rp tio n  change, cu rv e  c , is  ob tained  by tak ing  the
d iffe ren ce  of c u rv e s  a and b. F ig . 3 . 2 . B  show s s im ila r  d if
fe ren c e  s p e c tr a  m e a s u re d u n d e r  d iffe ren t e x p e rim en ta l cond itions.
It can  be seen  tha t the s p e c tr a  m a rk e d  c, of F ig . 3 .2 .  A and B
a re  ap p ro x im a te ly  p ro p o rtio n a l to the ab so rp tio n  s p e c tr a  of NADH2
o r NADPHg. The shape of the s p e c tr a  in d ica te s  that, a t  330-
340 m u, in te r fe r in g  ab so rp tio n  changes ca u sed  by o th e r su b 
s ta n c e s  a re  sm a ll.  The fa s t  ab so rp tio n  changes a t o th e r w ave
len g th s  a re  p ro b ab ly  cau sed  by lig h t- in d u ced  ox idations of cy to 
c h ro m e s  and b a c te rio c lo ro p h y ll. They a re  re la tiv e ly  sm a ll a t
370 m u, w hich w avelength  w as app lied  by C hance and O lson (52)
a s  a  re fe re n c e  in  th e ir  d oub le-beam  a p p a ra tu s .

The s im ila r i ty  of the k in e tic s  of the blue f lu o re scen c e  and of
the in c re a s e  in ab so rp tio n  a t 340 m u gave fu r th e r  in d ica tio n
tha t the lig h t-in d u ced  ab so rp tio n  changes a t 340 m u a r e ,  a t
le a s t  io r  the la r g e r  p a r t ,  due to the red u c tio n  of NAD(P). T his
s im ila r i ty  w as o b se rv ed  a t high a s  w ell a s  a t low  lig h t in ten 
s i t ie s  and w ith b a c te r ia ,  grow n and susp en d ed  in  d iffe ren t m ed ia .
Two ty p ica l re c o rd in g s  a re  g iven in  F ig . 3 . I . B .

3. 3. 2 K in etics  of lig h t- in d u ced  red u c tio n  and oxidation  of NAD(P)
in R h o d o sp irillu m  ru b ru m

F ig . 3 .3  show s ty p ica l re c o rd in g s  of ab so rp tio n  changes at
340 mu upon in f ra  r e d  illu m in a tio n  of R h o d o sp irillu m , grow n
and re su sp e n d ed  in  m a la te  m ed ium . Follow ing  an induction  p e rio d
of one o r  a  few seco n d s, a  ra p id  accu m u la tio n  of re d u ced  co 
enzym e o c c u rre d . A s shown in  the top c u rv e , a f te r  about 10
sec  of illu m in a tio n  the am ount of NAD(P)H2 in the c e lls  slow ly
d im in ish ed . Upon dark en in g , a  r e  oxidation  of the accu m u la ted
NAD(P)H2 o c c u rre d , and g rad u a lly  the am ount d ropped  to ap 
p ro x im a te ly  the sam e lev e l a s  b e fo re  illu m in a tio n . A fte r  the
su sp en sio n  w as le f t in  d a rk p e ss  du rin g  one o r  a  few m in , the
sam e sequence of ev en ts  could  be re p ro d u ce d  aga in . A re la tiv e ly
la rg e  am ount of NAD(P) w as re d u ced  in  the light: a f te r  a few
seco n d s of illu m in atio n  of su ffic ien tly  high in ten s ity  the co n cen 
tra tio n  of pho to red u ced  coenzym e in the c e lls  was rough ly  one-
ten th  of th a t of b ac te rio ch lo ro p h y ll.

F ro m  the d a ta  of T able 3 .1  i t  a p p e a rs  that, a f te r  illu m in a tio n
p e r io d s  ran g in g  from  6 to  30 se c , the r a te  of reo x id a tio n  of
NAD(P)H2 is  fo r a  given sam p le  of R h o d o sp irillu m  ap p ro x im a te ly
p ro p o rtio n a l to the am ount of lig h t- re d u c e d  coenzym e p re s e n t  in
the c e lls ,  and independent of tne o th e r  ex p e rim e n ta l p a r a m e te rs ,
such  a s  the in ten s ity  and d u ra tio n  of illu m in a tio n . M ea su rem en t
of the oxidation  ra te  a t d iffe ren t te m p e ra tu re s  in d ica ted  a  r e l a 
tively  sm a ll  te m p e ra tu re  dependence of the re a c tio n  co rre sp o n d in g
to an  ac tiv a tio n  en e rg y  of about 3000 g c a l/g m o l in  the ran g e  of
1° to  37°C . The da ta  su g g es t th a t NAD(P)H2 is  ox id ized  in  a
d a rk  re a c tio n  by su b s tan ce s  p re s e n t  a t an ap p ro x im a te ly  co n stan t
co n cen tra tio n  (p e rh ap s a t a  la rg e  am ount).
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RHODO SPIRILLUM RUBRUM

NAD(P)REDUCTION

A E= S XIO

Fig. 3.3 Kinetics of NAD(P) -induced absorption changes at 340 mp in Rhodospirillum rubrum
upon illumination of different duration and intensity. The bacteria. 2 days old,
were grown and examined in malate medium in a 1 mm vessel, concentration:
4°lo wet cells. The wavelength of actinic light was 860 mjr, the intensity was 2.1
for the lowest curve and 5.6 x 10“® einstein/(sec cm^ï for the other curves.
An upward moving trace indicates an increase of absorbancy and a reduction of
NAD(P). d indicates the quantum efficiency of the reduction, calculated as des
cribed in the text from the difference between the slopes of the curves before and
after darkening.

Since the rate of the reoxidation can be m easured  by shutting
off the light, the total rate of photoreduction of NAD(P) can be
obtained from the d ifference between the slop es of the curve
before and after darkening (see  F ig . 3 .3).  The three top reco rd 
ings show that this rate is  appreciably higher after 5. 7 sec  of
illum ination (third recording) than after 11 .7  or 28 .5  se c . The
sm all "overshoot" which is  observed in the third recording upon
darkening is  le ft out of consideration  here and w ill be d iscu ssed
below.
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TABLE 3.1

I— —

Sample No. Light intensity
Duration of
illumination

(sec)

Half-tim e for NAD(P)H2
oxidation upon darken

ing (sec)

first second third

1
1
1
1
1
2
2
3
3

10.3
10.3

5.6
2.1
2.1

10.3
5.6
5 .8
2.1

12 5 .0 4 .8
27 4 .5 4.6

6 4 .2 5.5
16 4.7 6 ;0
30 4 .1 4 .8
13 3.6 3.6 3.6

11 3 .2 3 .5 3 .8

9 3 .0 3 .3 4 .0

22 3.8 4.7

The measurements were done with malate-grown Rhodospirillum rubrum Samples Nos. 1 and
3 were taken from two different 2 days old cultures. No. 2 from a 1 day old culture. The

experimental conditions were the same as in Fig. M. n , p, H„ to half the
The tim e required for lowering the concentration of photoreduced NAD(P)H2 to halt the

value of that upon cessation of actinic illumination is given as the first half-tim e of the
reaction. The second and third half-tim e indicate the tim e required to lower the concen
tration with a factor 2 again. „

The wavelength of actinic illumination was 860 mp for sample Nos 1 and 2. and
mp for No. 3. The light intensities are given in 10" einstein/(sec cm ) .

3 .3 .3  Quantum  re q u ire m e n t and k in e tic s  of NAD(P) red u c tio n
in d iffe ren t m ed ia

The quantum  effic iency  of the red u c tio n  of NAD(P) was m e a su re d
as  theq n u m b er of eq u iv a len ts  of NAD (P)H2 (one “ us
h alf a  m o lecu le) p roduced  p e r  sec  m  a given volum e of the su s
pension  d ivided by the n u m b er of lig h t quanta p e r  sec  a b so r
in the sam e vo lum e. The nu m b er of eq u iv a len ts  of red u ced  co 
enzym e fo rm ed  by the pho to reduction  was ca lc u la ted  from  the
" to ta l"  ra te  of the re a c tio n , w hich w as ca lc u la ted  from  the
m e a su re d  d iffe ren c es  betw een  the r a te s  of ab so rb an cy  changes
befo re  and a f te r  darken ing  a s  d e sc r ib e d  in the s ^ 1 0 ‘

A sp ec ific  ab so rp tio n  co effic ien t of b .2 2  cm  mM at 340 mp
Moq\ w as app lied  fo r  N AD (P)H 2. The nu m b er of e in s te in s  was
ca lc u la ted  from  the in ten s ity  o2 3f the ac tin ic  lig h t and from  the
ab so rp tan cy  of the su sp en sio n . C o rre c tio n s  w ere app lied  fo r  the
o b liqueness of the inciden t beam , fo r re f le c tio n s  a t the cuvette
w alls and fo r an inhom ogeneity  of the ac tin ic  b eam . ,

Since the ac tin ic  lig h t fe ll  upon the u p p er w all of the v e s s e l
with a dev ia tion  of 57° fro m  the v e r tic a l  ( H 4 . J  “  e " s l ty
of the inc iden t lig h t was m u ltip lied  by a  fac tonofO . 55 (cos 57 ) to o b -

\
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ta in  the en e rg y  flux fo r a  su rfa c e  of 1 cm 2 of the v e s s e l .  The
value ob ta ined  was m u ltip lied  by 0. 93, b ecau se  of re f le c tio n  at
the w all of the v e s s e l .  .

The m e a s u re d  ab so rb an cy  of the su sp en sio n  w as m u ltip lied
by 1 .2 6 , b ecau se  the ac tin ic  lig h t p a s se d  the v e s s e l  obliquely ,
and by 1 .0 7  b ecau se  of re f le c tio n  a t the lo w er w all of the v e s s e l.
The c o r re c te d  ab so rb an cy  w as co n v e rted  to the co rre sp o n d in g
ab so rp ta n cy . S ince the ab so rp tan cy  of the su sp en sio n s  was h ig h er
than 0 .8 5 , the above c o r re c tio n s  had only a  re la tiv e ly  sm a ll
in flu en ce . The inhom ogeneity  of the ac tin ic  beam  w as checked
by m ean s  of a sm a ll s ilic o n  c e ll , p laced  a t d iffe ren t p o sitio n s
in the v e s s e l  ho ld er; the inhom ogeneity  did no t ex ceed  10% of the
av e rag e  value in  the re g io n  w here the m e a su r in g  beam  p asse d .

F ig . 3 .4  g ives the quantum  effic ien cy  of coenzym e red u c tio n  ob
ta in ed  a t th re e  d iffe ren t lig h t in te n s itie s , a s  a function of the

RUBRUMRHODOSPIRILLUM

NAO(P) REDUCTION

I  ■ 10.3
•  •  I  ■ 5.6
A A I  a  3.1

Fig. 3.4 The quantum efficiency of NAD(P) reductions malate-grown Rhodospirillum rubrum
as a function of the time of illumination, measured at different light intensities
(expressed in 1 0 '9 einstein/(sec cm2) ) . The experimental conditions were the same
as in Fig. 3.3. Solid squares, circles and triangles were obtained by subtracting
the rates obtained from the slopes of the recording immediately before and after
darkening as described in the text. Open circles and triangles were calculated for
two recordings from the measured slope during illumination at the time indicated
and from the rate constant of the dark oxidation of NAD(P)H2.

tim e of illu m in a tio n  of the sam e su sp en sio n  a s  tha t of F ig . 3. 3.
The lig h t- in d u ced  ab so rp tio n  and f lu o re scen ce  changes of

b a c te r ia  grow n and suspended  in  a c e ta te , b u ty ra te  o r  succ ina te
m edium  w ere  p a r tly  s im ila r  to those in  b a c te r ia  grow n in m ala te
(F ie . 3 .5 ). L ike in  m a la te -g ro w n  b a c te r ia ,  the ra te  of coenzym e
red u c tio n  and the am ount of red u ced  NAD(P) re ach e d  a m axim um
a f te r  a few sec  of illu m in atio n  and a f te rw a rd s  g rad u a lly  dropped
to m uch lo w er v a lu e s . H ow ever, fo r  b u ty ra te -g ro w n  b a c te r ia  a
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Kinetics of NAD(P)-induced absorption changes at 340 m|i upon illumination in3.5 Kinetics of NAD(P)-induced absorption changes at 340 m|i upon illumination in
2 days old Rhodospirillum rubrum, grown and resuspended in butyrate medium
(curve a) and in succinate medium. The light intensity was 3.5 x 10 einstein.
(sec cm2) .  The other conditions were the same as in Fig. 3.3. The scale for
curve (a) is given at the left, that for curve (b) at the right-hand side of the
figure.

RHODOSPIRILLUM

NAD(P) REDUC T I O N

3.6 The quantum efficiency of the reduction of NAD(P) in 2 days old butyrate-grown
Rhodospirillum rubrum, measured as a function of the duration of illumination at >an
intensity of 5.3 x 10-® einstein/(sec cm2) . The point at 0 sec was calculate*!
from the initial increase of absorbancy at 340 m(i upon illumination; the othjr
points were calculated in the same way as the solid squares in Fig. 3.4. Thb
experimental conditions were the same as in Fig. 3.5, curve (a ) .
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re la tiv e ly  ra p id  re d u c tio n  was o b se rv ed  a lre ad y  im m ed ia te ly
a f te r  o n se t of illu m in a tio n  (F ig s . 3 .5  and 3 .6 ) . B u ty ra te -g ro w n
b a c te r ia ,  t r a n s f e r r e d  to an  in o rg an ic  m edium  and supplied  with
a m ix tu re  of H2 and 5% C 0 2 fo r a t le a s t  one hour, red u ced
NAD(P) a t a m axim um  ra te  which was only l i t t le  lo w er than
th a t o b se rv ed  in  b u ty ra te  m ed ium .

The k in e tic s  of NAD(P) re d u c tio n  w ith b a c te r ia  grow n and
exam ined  in a c e ta te  m edium  fro m  w hich g lu tam ate  had been
o m itted  w ere  v e ry  s im ila r  to those ob tained  w ith b a c te r ia  grow n
in the co m p le te  m ed ium . The k in e tic s  of the ab so rp tio n  changes
in b a c te r ia  grow n in peptone and re su sp e n d ed  in a so lu tion  con
ta in ing  only N aCl, phosphate and e i th e r  b u ty ra te  o r  a c e ta te  w ere
a lso  s im ila r  to those o b se rv ed  in b a c te r ia  grow n and re su sp e n d ed
in b u ty ra te  o r  a c e ta te  m ed ia . The sam e app lied  fo r b a c te r ia ,
grow n and re su sp e n d e d  in  a c e ta te  m edium  g a sse d  with H^.

The d a rk  oxidation  of NAD(P)H2 follow ed ap p ro x im a te ly  the
k in e tic s  of a f i r s t  o rd e r  re a c tio n  w ith ac e ta te  and su cc in a te -
grow n R h o d o sp iriliu m . F o r  b u ty ra te -g ro w n  b a c te r ia  the k in e tics
u su a lly  w ere  m o re  like  th a t of a  h ig h e r o rd e r  (betw een 1 and 2)
w ith re s p e c t  to  re d u ced  coenzym e. H ow ever, the c o u rse  of the
re a c tio n  m ay have been  in fluenced  by an inhom ogeneity  of the
b a c te r ia l  popu lation . .. __ ___ -  „  »

The quantum  effic ien cy  o b se rv ed  was of the sam e o rd e r  of
m agnitude fo r d iffe ren tly  grow n b a c te r ia : quantum  re q u ire m e n ts
fo r°m a la te  and b u ty ra te -g ro w n  R h o d o sp irillu m  a re  su m m arize d
in T able 3 .2 . T ab le  3 .2  and F ig s . 3 .4  and 3 .6 , which show a

TABLE 3 .2

Quantum requirement at different light intensities of light-induced NAD(P)
reduction in Rhodospirillum rubrum.

Light 1/4 (h v /eq .) and duration of
Sample intensity illumination (sec).

1. butyrate, 2 d. 9 .1
X. butyrate, 2 d. 5 .3

1. butyrate, 2 d. 0.69
2. butyrate, 2 d. 4.7
2. butyrate, 2 d. 0.87
3. m alate, 1 d. 9.6
3. m alate, 1 d. 2 .5
3. m alate, 1 d. 0.76
4. m alate, 2 d. 5.6

7 .0 (0) 5 .5 (15)
4 .3 (0) 2 .9 (3)
1.7 (0) 1.5 (4)
4 .6 (0) 2.5 (6)
7 .3 (0) 3 .5 (10)
4 .0 (5) 5 .3 (7)
5.1 (7) 3.7 (12)
9 .5 (13) 13 (24)
2.5 (6) 4 .5 (12)

9 .2  (92)
3 .5  (197)
4 .3  (18).
2 .9  (45)

4 .4  (26)

6 .4  (24)

Butyrate- and malate-grown 1 or 2 days old bacteria were used in a 4% suspension con
tained in a 1 mm vessel. The light intensities are given-in 10-9 elnstem/(sec cm2) . The
numbers in parentheses in the last three rows indicate the duration of preceding h
lumination. The quantum requirements 1/4 were calculated as In Figs. . an
the slope of the tim e curves of the absorbancy at 340 mp.
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d e c re a se  of the quantum  effic ien cy  a f te r  p ro longed  illu m in atio n ,
give data  obtained  fo r re la tiv e ly  sh o r t  illu m in a tio n  p e r io d s  (of
the o rd e r  of 1 m in  o r l e s s ) .  E x p e r im e n ts  of lo n g e r d u ra tio n
su g g ested  a s e v e ra l  tim e s  lo w er ra te  of lig h t-in d u ced  NAD(P)
red u c tio n  a f te r  p ro longed  illu m in atio n  of m o d e ra te  in ten s ity .
A fte r s e v e ra l  m in  of illu m in a tio n  in  m any ex p e rim e n ts  no m e a s 
u ra b le  ab so rp tio n  d e c re a se  was o b se rv ed  upon dark en in g . P a r t
of th ese  ex p e rim e n ts  w ere done w ith b a c te r ia l  su sp en sio n s  d i
re c t ly  t r a n s f e r r e d  fro m  the c u ltu rin g  tubes to 1 cm  ab so rp tio n
v e s s e ls ;  th is  in d ica te s  tha t the e ffec t w as not cau sed  by the ce n 
trifu g a tio n  o r  d ilu tion  w ith f r e s h  m edium  app lied  in  the o th er
e x p e rim e n ts . S om etim es sm a ll ab so rp tio n  sh ifts  w ere  o b serv ed ,
but i t  is  u n c e rta in  w hether th ese  w ere cau sed  by NAD(P) o r  by
an o th er cpm pound.

3 .3 .4  The flu o re scen ce  y ie ld  of NAD(P)H2 in R h o d o sp irillu m
ru b ru m

The to ta l ab so rp tio n  in c re a s e  of a  4% su sp en sio n  of 2 days old
m a la te -g ro w n  R h o d o sp irillu m  w as m e a su re d  upon illu m in atio n
w ith a  high in ten s ity  (9 .5  x 1 0 '9 e in s te in /( s e c  cm 2 )) of lig h t
of 840 m ^. U nder the sam e cond itions the f lu o re scen c e  in c re a s e
w as m e a su re d  fo r the sam e su sp en sio n  by m ean s  of the a tta c h 
m en t of F ig . 2 .7 . A . The w avelength  of ex c itin g  ra d ia tio n  w as
340 mju, ob tained  by m ean s of a xenon a r c .  The flu o re scen c e
in c re a s e  o c c u rr in g  by adding to  the su sp en sio n  a  sm a ll am ount
of a NADH2 so lu tion  of known co n c en tra tio n  was a lso  m e a su re d .

It w as o b se rv ed  that the .flu o rescen ce  in c re a s e  upon illu m in atio n
was 0 .3 3  tim e s  th a t cau sed  by the add ition  of NADH2, and tha t
the ab so rp tio n  in c re a s e  ca u sed  by the lig h t was only 0 .2 8  tim e s
the ca lc u la ted  ab so rp tio n  in c re a s e  due to  added  NADH2. T h is
in d ica te s  tha t the f lu o re scen c e  y ie ld  of the coenzym e in the c e lls
is  1 .2  tim e s  th a t of f re e  NADH2. In th is  c a lcu la tio n  i t  w as a s 
sum ed  tha t " fla tten in g  e ffec ts"  w ere  neg lig ib le  (§ 3 .2 ) . A lso  no
c o r re c tio n s  w ere  m ade fo r the e ffec t th a t the e m is s io n  sp ec tru m
of NAD(P)H2 in R h o d o sp irillu m  (75) is  som ew hat sh ifted  with
re s p e c t  to tha t of free  NADH2, s in ce  th is  e ffec t w as e s tim a te d
to be only a  few p e rc e n t w ith the f i l te r  com bination  app lied .
The flu o re scen c e  y ie ld  of re d u ced  coenzym e in the c e ll  is  so m e 
what h ig h e r than ca lc u la ted , b ecau se  of the ab so rp tio n  of ex 
c ita tio n  and flu o re scen c e  ra d ia tio n  w ithin the c e ll  w here the
f lu o re sc in g  NADP(H2) is  lo ca ted , but the e ffec t w as e s tim a te d  to
be no t h ig h e r than  about 5% (c f. § 3 .2 ).

The cau se  of th is  r a th e r  low  flu o re scen c e  y ie ld  of NAD(P)H2
in R h o d o sp irillu m  is  u n c e rta in . Specific binding to en zy m es
(224) a s  w ell a s  n o n -sp e c ific  binding (96, 21) m ay enhance the
f lu o re scen c e  y ie ld  of red u ced  coenzym e c o n s id e rab ly  co m p ared
to tha t of f re e  NAD(P)H2. It is  p o ss ib le  tha t the f lu o re scen ce
y ie ld  of the re d u ced  coenzym e is  d e c re a se d  in  in ta c t c e lls  of
R h o d o sp irillu m  by re so n an ce  t ra n s f e r  of en e rg y  (see r e f .  67)
to ca ro ten o id s  and b ac te rio ch lo ro p h y ll, if the d is tan ce  betw een
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the NAD(P)H2 m olecu les and the pigm ent m olecu les is  not too
large, since the em iss io n  spectrum  of NAD(P)H2 and the ab
sorption sp ectra  of the photosynthetic pigm ents partly overlap
in the blue region . H owever, experim ents to m easure the amount
of energy transfer by com paring the fluorescence y ield  of bac-
teriochlorophyll in vivo upon excitation  with light of 340 mp
with the amount of photoreduced NAD(P)H2 form ed were not
su ccessfu l, because of interfering changes of bacterioch loro-
phyll flu orescen ce upon illum ination.

3 . 3 . 5  NAD(P) reduction by Rhodopseudomonas spheroides
The k inetics of NAD(P) reduction in Rhodopseudomsnas sp her

oides (F ig . 3. 7) in principle followed the sam e pattern and the
maxim um  effic ien cy  observed  was roughly the sam e as with

R HO DO PSEUDOMONAS SPHEROIDES

5 sec*
fig. 3.7 Kinetics of light-induced absorption changes at 340 mp in Rhodopseudomonas

spheroides. The bacteria were grown and examined in the modified medium of
Cohen-Bazire et al. as indicated in the text. Illumination was effected by a band
around 833 mp. The intensity was 10.9 x 10-9 einstein/(sec cm2) .  The other
experimental conditions were the same as in Fig. 3.3.

R hodospirilium . We did not m easure p rec ise ly  whether, as m
Rhodospirillum  rubrum, the rate of dark reoxidation only de
pended on the concentration of NAD(P)H2. Table 3. 3 sum m arizes
a few quantum requirem ents for coenzym e reduction, m easured
with bacteria  grown in the m odified medium of C ohen-Bazire
et al (see  § 3.2) .  E xperim ents with m alate-grow n bacteria
indicated only a re la tiv e ly  low rate of light-induced NAD(P)
reduction after a prolonged period of illum ination. Upon i l 
lumination. with light of 860 mu of an incident intensity of
3.8  x 10'9/ e in s te in /(se c  cm 2), a rate of reduction, as indicated
bv the rate of reoxidation upon darkening, was observed, whici-
was only 27% after 1 min and 15% after 55 m in of the maximum
r a te ,  which occurred  about 7 sec  after onset of illum ination.
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TABI.E 3.3

Quantum requirement of light-induced NAD(P)
reduction in Rhodopseudomonas spheroides.

Light
intensity

Duration of
illumination

1/0 (hv/eq.)

10.9 0 5.7
10.9 s 3.1
10.9 11 4.1
10.9 31 3.8
2.7 4 9.3
2.7 i i 2.2
2.7 36 3.1

The bacteria were grown and examined in the modified medium of Cohen-Bazire and
coworkers (see S 3.2); they were used, 1 day old, in a 4Pjo suspension contained in a 1 mm
absorption vessel. The light intensities are given in 1<T9 einstein/(sec cm2) . The quantum
requirements 1/* were calculated from the rate of increase or decrease of absorbancy at
340 mji as in Table 3.2.

3 .3 .6  The quantum  re q u ire m e n t of cy to ch ro m e oxidation
A s f i r s t  shown by D uysens, illu m in a tio n  of pho tosyn thetic

b a c te r ia  c a u se s  one o r  m o re  cy to ch ro m es to becom e oxid ized ,
a s  in d ica ted  by the lig h t- in d u ced  s p e c tr a l  changes in the v io lel
and g re e n  re g io n  (68, 73, 47, 48, 206, 229, 197, 208, 199).
The ra p id ity  of the changes (cf. r e f .  52) and the o b se rv a tio n
th a t one of the cy to ch ro m es (in  C hro m atiu m ) is  ox id ized  a t the
te m p e ra tu re  of liqu id  n itro g en  and som e of the o th e r cy to ch ro m es
a t te m p e ra tu re s  w ell below  0°C (51, 197-199, 250) in d ica te  tha t
the oxidation  of th ese  cy to ch ro m es is  a re a c tio n  c lo se ly  a s so c ia te d
to the p r im a ry  lig h t re a c tio n , and th a t the cy to ch ro m es a re
ox id ized  d ire c tly  by oxid ized  b ac te rio ch lo ro p h y ll (67, 71, 10,
56, 251). The oxid ized  cy to ch ro m es m ay in  p a r t  be in te rm e d ia te s
in the ox idation  of s u b s tra te ,  and m ay p a r tly  function in  so -
ca lle d  "cy c lic "  pho tosyn thetic  ph o sp h o ry la tio n  by a re a c tio n  with
red u ced  pho toproducts coupled with the p ro d u c tio n  of A T P  (229,
22, 151, 20, 23, 197-199). In s e v è ra l  sp e c ie s  of algae and in
ch lo ro p la s ts  of h ig h er p lan ts  an oxidation  of cy to ch ro m es upon
illu m in a tio n  h as a lso  been observ ed ; a s  w ill be d is c u s se d  in
C h ap te r IV , the ro le  of cy to ch ro m es in  g re e n  p lan t pho tosyn
th e s is  is  p ro b ab ly  p a r tly  s im ila r  to th a t in  b a c te r ia l  pho tosyn
th e s is .

Since the e x p e rim en ts  re p o r te d  in  the p re v io u s  sec tio n s  in d i
ca ted  tha t a re la tiv e ly  high ra te  of coenzym e re d u c tio n  on^y o c 
c u r re d  fo r a lim ite d  p e rio d  sh o rtly  a f te r  o n se t of illu m in atio n ,
we m e a su re d  the k in e tic s  and ra te  of cy to ch ro m e o x id a tio r in
R. ru b ru m  u n d er the sam e conditions a s  app lied  fo r the m e a s 
u re m e n t of NAD(P) red u c tio n , in o rd e r  to co m p are  the tim e
c o u rs e s  of th ese  p ro c e s s e s .
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At not too high in ten s ity  in  R . ru b ru m  suspended  in n u trien t
m edium  the m o s t p ro m in en t band in  the d iffe ren ce  sp ec tru m  in
the blue re g io n  was a negative  one at 428 m /i, m  ag reem en t
w ith e a r l i e r  findings (68, 73). F o r  b a c te r ia  taken  from  sam ple
3 of T able 3 .2  (grow n and re su sp e n d ed  in  m ala te  m edium }, the
in itia l r a te  of ab so rp tio n  d e c re a se  a t th is  w avelength upon i l 
lu m in a tio n  w ith lig h t of 860 mu c o rre sp o n d ed  to a quantum  r e -
quTrem ent Tor cy toch rom e oxidation  of about 3 to  4 quanta p e r
eq u iv a len t. A sp ec ific  ab so rp tio n  co e ffic ien t of 70 c m '‘ in eq  *
1 -1  (c f. r e fs . 207, 140) a t  428 m ^ (red u ced  m inus oxidized} lo r
the cy to ch ro m e w as a ssu m ed . The quantum  n u m b er is  on|y  an
ap p ro x im a te  one: the m e a su re m e n ts  w ere  le s s  a c c u ra te  than those
onP NAD(P) red u c tio n , b ecau se  the ab so rp tio n  changes w ere
s m a lle r  and m o re  ra p id  than those a t 340 mu and b e c a u n  m o re
than one cy to ch ro m e changes i ts  ab so rp tio n , a t 428 m /i. ih e
quantum  re q u ire m e n t w as independent of lig h t ^ te n s i ty  in  the
ra n e e  of 0 .3  to a t le a s t  3 x lO '9 e in s te in /(s e c  cm  ). A t h ig h er
in ten s ity  the r a te  of ab so rp tio n  change was too high to be m e a s 
u re d  w ith rea so n ab le  p re c is io n . E x p erim e n ts
R h o d o sp iriliu m , the sam e a s  sam ple  2 of T able U  ind icated
roughly  the sam e quantum  re q u ire m e n t. At 1 .3  x 10 em ste in
/(s e c  c m 2), the in itia l  r a te  of ab so rp tio n  in c re a s e  a t 428 mu
,,non d ark en in g  a f te r  2 sec  to 30 m in  of illu m in a tio n  w as found

lo w er and th a t a t 420 m « .b o u t 1 .2  * £ « •
h ig h er than the in itia l r a te  of ab so rp tio n  d e c re a se  a t th ese  w ave
len g th s  upon o n se t of illu m in atio n .

An in te rp re ta tio n  of th ese  r e s u l ts  is  d ifficu lt b ecau se  of the
co m p lica ted  re a c tio n  k in e tic s  (cf. r e f s .  73, 48) and, s ince  at
le a s t  two cy to ch ro m es a re  involved, would re q u ire  m o re  e ip e ru n e n -
ta l d a ta . H ow ever, the e x p e rim en ts  ind ica te  th a t, m  c o n tra s t  to
NAD(P) red u c tio n , an e ffic ien t oxidation  of cy toch rom e o ccu rs
im m ed ia te ly  upon illu m in atio n  (see  a lso  r e f .  52), and th a t a  high
tu rn o v e r ra te  of c and &-type cy to ch ro m es is  m ain ta in ed  during
continued  illu m in a tio n . T h is su g g es ts  tha t the p r im a ry  ligh t
re a c tio n  ru n s  a t an ap p ro x im a te ly  co n stan t ra te  d" r f g ^ U '
ina tion  and, s ince  ox id ized  and red u ced  p ro d u c ts  of th is  re
ac tio n  have to be p ro d u ced  in s to ic h io m e tr ic  a m o ^ t s  m d ica te s
that du rin g  p ro longed  illu m in atio n  an  m c re a sm g  p a r t  of the
duced eq u iv a len ts  (o r e le c tro n s )  a re  not u sed  ^ J d e  red u ctio n
of NAD(P), but take p a r t  in  o th e r re a c tio n s , p o ss ib ly  a lso  in
"cy c lic "  .pho sp h o ry la tio n .

3 . 3 . 7  Inhibition  by HOQNO and flu o ro ace ta te
HOQNO, an in h ib ito r of, am ongst o th e r things (163), cycUc

photophosphory lation  (229, 22) did not o r  only p a r tly  inh ib it the
lig h t-in d u ced  re d u c tio n  of NAD P) in  R h o d o sp in llu m . F ig . 3 .8

ra th e r  com plex  r e s u l ts  ^

0 . 2  M) gave about 6 »
inhibition; a f te r  15 sec  no su b s tan tia l e ffec t w as cau sed  by y .
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RHODO SPIRILLUM RUBRUM

no Inhibitor
2 «10 M  HOQNO

L 2ilO 'S/7  HOQNO

o tim e,see 10

Fig. 3.8 Relative rates of light-induced NAD(P) reduction in 1 day old butyrate-grown
Rhodospirillum, suspended in fresh medium in the presence of different concen
trations of HOQNO. The O.S^o suspension was contained in a 1 cm cuvette; the
light intensity was 4.5 x 10- ® einstein/(sec cm2) . N A D fP)^ was measured, by
means of the set-up of Fig. 2.7A, as the blup fluorescence, excited by light of
340 m|i.

co n c en tra tio n  of the in h ib ito r. A fte r  30 sec  HOQNO cau sed  p a r t 
ia l  inh ib ition  a t low  and a  s lig h t s tim u la tio n  a t high co n c en tra tio n .
C onfirm ing  S m ith ' and B a ltsc h e ffsk y 's  (229) r e s u l ts  we found tha t
the m ax im um  of the ab so rp tio n  d iffe ren ce  sp e c tru m  in the S o re t
re g io n  of the cy to ch ro m es sh ifted  fro m  428 to about 422 m p in
the p re se n c e  of 10"6 M HOQNO, w hich in d ica ted  tha t the in h ib ito r
p e n e tra te d  in to  the c e ll .

In the p re se n c e  pf in h ib ito r  the r a te  of coenzym e re d u c tio n  was
le s s  re p ro d u c ib le  and m o re  s tro n g ly  dependent upon the p re c e d 
ing l ig h t-d a rk  re g im e  than w ith unpoisoned  b a c te r ia .  H ow ever,
a lso  in  ex p e rim e n ts  w ith o th e r sam p le s  of m a la te  and b u ty ra te -
grow n b a c te r ia  a t m o s t a  p a r t ia l  inh ib ition  w as o b se rv ed  even
a t a co n c en tra tio n  of 10“5 M o r  h ig h e r.

F lu o ro a c e ta te , an  in h ib ito r of the ac o n ita se  re a c tio n  of the
tr ic a rb o x y lic  ac id  cy c le , h as  been  re p o r te d  to  inh ib it, a t a con 
ce n tra tio n  of 8 .3  x 10~4 M, the p ho tosyn the tic  a s s im ila tio n  of
ac e ta te  and b u ty ra te  by R h o d o sp irillu m  ru b  ru m , but only s lig h tly
tha t of m a la te  and su cc in a te , while the ox idative d a rk  a s s im ila tio n
of a ll  th ese  ac id s  is  n e a r ly  co m p le te ly  inh ib ited  (86). M easu rem en t
of lig h t-in d u ced  NAD(P) red u c tio n  re v e a le d  only a  s lig h t inh ib ition
by f lu o ro a ce ta te  in  the p re se n c e  of m a la te , a c e ta te  o r  b u ty ra te .
E .g .  a co n c en tra tio n  of 1 .6  x 10-3 M gave about 30% inh ib ition
of the m axim um  ra te  of coenzym e red u c tio n  by m a la te -g ro w n
R h o d o sp irillu m  ru b ru m  and did not inh ib it th is  r a te  in  a c e ta te -
grow n b a c te r ia ; 5 x 1 0 -3 M inh ib ited  NAD(P) re d u c tio n  by
b u ty ra te -g ro w n  b a c te r ia  by about 20%. The e x p e rim e n ts  w ere
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perform ed with 2 days old bacteria  at a light intensity of
3 .0  x 10"® e in s te in /(se c  cm 2). The bacteria l suspension  was
incubated for at lea st 40 min with fluoroacetate before m ea s
urem ent.

3 . 3 . 8  Action sp ectra  of NAD(P) reduction and o f bacterioch loro
phyll flu orescen ce

A s w ill be d iscu ssed  in Chapter IV, recen t evidence indicates
that photosynthesis of algae and higher plants is  driven by two
prim ary light reaction s. T hese reaction s are driven by different
pigm ent sy stem s with different action sp ectra  (80-84, 6). Some
interm ediates m ay rea ct with a product of one of the two light
reaction s, and m ay be only ind irectly  affected by products of
the other prim ary reaction; other in term ediates m ay react with
the photoproducts of both light reaction s. In red and b lue-green
algae e . g .  the activ ity  of light of wavelengths between 550 and
650 my, predom inantly absorbed by the phycobilins, was found
.o be appreciably higher than of that of wavelengths longer than
650 m/u, in the region  of chlorophyll a absorption, in effecting
photosynthesis and chlorophyll flu orescen ce. On the contrary,
the action spectrum  for in tracellu lar coenzym e reduction and
cytochrom e oxidation showed a higher activ ity  of chlorophyll a
than of the phycobilins.

It was concluded that the flu orescen t chlorophyll a belongs
for the main part to a photosynthetic pigm ent system  (system  2)
which is  d ifferent from  that (system  1) causing NADP reduction
and cytochrom e oxidation (see  Chapter IV). In order to d eter
mine whether the active absorption by the different types of
bacteriochlorophyll (see  re f. 67) and by the carotenoids is  the
sam e in effecting  NAD(P) reduction as in exciting  bacterioch loro
phyll flu orescen ce, points of the action sp ectra  for both light
p r o c e s se s  were determ ined for the sam e suspension  of Rhodo-
pseudom onas sp heroides.

B acterioch lorophyll flu orescen ce was m easured  by m eans of
the set-up  of F ig . 2 . 7 . B .  In order to m in im ize uncertainties
due to light absorption by the pigm ents and to keep self-absorption
of chlorophyll flu orescen ce sm all, a dilute suspension  (0.7%)
contained in a 1 mm v e s s e l  was used  and the flu orescen ce was
filtered  by a filter  transm itting above about 900 m/j. The fluor
escen ce  was a linear function of the incident intensity under the
conditions applied. NAD(P) reduction was m easured  as an in 
crea se  in absorption at 340 m/u. The sam e m onochrom ator with
xenon arc provided actin ic light for causing NAD(P) reduction
and radiation for exciting bacteriochlorophyll fluorescence; for
the m easurem ent of flu orescen ce the light was chopped at 50 Hz.

The re su lts  are given in F ig . 3 . 9 .  The points are plotted as
the recip roca l of the number of incident quanta per sec  required
to bring about the accum ulation of a certain  amount of NAD(P)H2
in a certa in  tim e or to exc ite  a certain  amount of flu orescen ce.
It appears that the action sp ectra  of both p r o c e sse s  are in good
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R H O D O P S E U  D O M O N  AS S P HE R OI D E S

oNAD(P) r e d u c t i o n
•  b .  c h l o r .  f l u o r e s c e n c e

o b s o r p t o n c y

X 500

Fig. 3.9 Comparison of the efficiency ot light of different wavelengths in causing NAD(P)
reduction and bacteriochlorophyll fluorescence in Rhodopseudomonas spheroides. The
bacteria, grown and examined in butyrate medium, were in a 0.7% suspension,
contained in a 1 mm quartz vessel. The half-width of the actinic and of the
exciting beams was about 7 mp. The relative efficiencies for both light processes
are given in arbitrary units; the average values at 590 mp have been made to
coincide.

ap p ro x im a tio n  p ro p o r tio n a l to each  o th e r in  the s p e c tr a l  re g io n s
w here b ac te rio ch lo ro p h y ll and the ca ro ten o id s  a b so rb . T h is in 
d ica te s  that in  p u rp le  b a c te r ia  the sam e p h o to ch em ica l sy s tem
of p ig m en ts  is  re sp o n s ib le  fo r  both p ro c e s s e s ,  and is  co n s is te n t
with the hy p o th esis  th a t b a c te r ia l  p h o to sy n th es is  is  d riv en  by
only one lig h t re a c tio n .

The re la tiv e ly  high e ffic ien cy  of c a ro ten o id s  in  e ffec tin g  b a c 
te rio c h lo ro p h y ll flu o re scen c e  is  in  ag re e m e n t w ith e a r l i e r
m e a su re m e n ts  by G oedheer on the sam e sp e c ie s  (116).

3 .4  Discussion

The re s u l ts  re p o r te d  in  th is  c h a p te r  in d ica te  th a t in R hodo-
s p ir illu m  ru b ru m  and R hodopseudom onas sp h e ro id e s  a  la rg e  pool
of NAD o r  NADP is  red u ced  upon illu m in a tio n . F o r  R . ru b ru m
the am ount of NAD(P) w hich could  be re d u ced  in  s tro n g  lig h t was
roughly  o n e -ten th  of that of b ac te rio ch lo ro p h y ll. The red u c tio n
was o b se rv ed  in  b a c te r ia ,  grow n and exam ined  in  o rg an ic  m ed ia
in the p re se n c e  of v a r io u s  o rg an ic  ac id s  a s  s u b s tra te s .  F o r
th ese  b a c te r ia  a  high e ffic ien cy  of red u c tio n  w as o b se rv ed  du rin g
a sh o r t  p e r io d  (in the o rd e r  of h a lf a m inu te) a t the beginning
of a lig h t p e r io d . The av a ilab le  ev idence in d ica te s  that a f te r
lo n g er illu m in atio n  a d e c re a se  of the effic ien cy  o c c u rre d  to
co n sid e rab ly  lo w er v a lu e s . In m any ex p e rim e n ts  no in d ica tio n s
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fo r  a lig h t- in d u c ed  coenzym e re d u c tio n  w ere  found a f te r  a few
m in  of illu m in a tio n .

The lo w est quantum  re q u ire m e n ts  fo r  NAD(P) red u c tio n  ob
se rv e d  du rin g  a  lig h t p e rio d  w e re , w ith a few  ex cep tio n s , about
2 to 3 p e r  eq u iv a len t fo r d iffe ren t s u b s tra te s .  T h is quantum  r e 
q u irem en t is  of the sam e o rd e r  of m agnitude a s  th a t o b serv ed
fo r  the re d u c tio n  of 1 eq u iv a len t of C 0 2 in  the p re se n c e  of
v a r io u s  hydrogen  d o n o rs  by v a r io u s  pho tosyn thetic  b a c te r ia  (256,
177, 112, p . 119). A lso  the quantum  re q u ire m e n t found fo r the
oxidation  of b ac te rio ch lo ro p h y ll ( le s s  than  about 3) (251) 57)
and the ox idation  of cy to ch ro m e in R h o d o sp irillu m  (about 3 to
4, a s  re p o r te d  in  th is  ch ap te r) and in  the g re e n  b ac te riu m
C h lo ropseudom onas e thy licum  (2 to 3) (208) a re  of the sam e o rd e r
of m agn itude. Only the quantum  re q u ire m e n t fo r  the oxidation
of a cy to ch ro m e in C h ro m atiu m , m e a s u re d  a t m uch  lo w er in ten 
s ity , w as found to be defin ite ly  s m a lle r  (207, 250). T hese  o b s e r 
v a tio n s  ind ica te  th a t du rin g  the p e r io d  of m axim um  effic iency ,
a la rg e  o r  a m a jo r  p a r t  of the red u c in g  eq u iv a len ts  o r  'e le c tro n s
p ro d u ced  by the p r im a ry  p h o tochem ica l re a c tio n  r e a c ts  with
NAD(P).

The k in e tic s  of ab so rp tio n  and flu o re scen c e  changes upon
darken ing , a s  i l lu s t ra te d  in the th ird  cu rv e  of F ig . 3. 3 su g g est
th a t coenzym e re d u c tio n  goes on du rin g  a  f ra c tio n  of a second
a f te r  the lig h t is  shut off. T h is in d ica te s  th a t the red u c tio n  of
NAD(P) is  no t a p r im a ry  p h o tochem ica l p ro c e s s ,  but th a t it  is
re d u ced  in  a "d a rk "  re a c tio n  w ith an  unknown re d u ced  in te r 
m ed ia te  (cf. re f .  52). The sam e is  a lso  in d ica ted  by the te m 
p e ra tu re  dependency (79) of the red u c tio n  r a te  a t high lig h t in 
ten s ity  and, w ith C h ro m atiu m , by the influence of p o isons and
p re v io u s  h ea tin g  (204).

A fte r  p ro longed  illu m in a tio n  of in tac t c e lls ,  l i t t le  o r  no r e 
duction of coenzym e was o b se rv ed  with v a r io u s  s u b s tra te s  p re s e n t,
in  sp ite  of the fa c t th a t in the m ed ia  u sed  and in  continuous
lig h t ra p id  grow th  and thus p h o to sy n th esis  and high cy toch rom e
tu rn o v e r o c c u rre d . T his in d ica te s  tha t in continuous lig h t the
lig h t- in d u ced  red u c tio n  of NAD(P) is  only a  m in o r re a c tio n  quan
tita tiv e ly  and th a t the m a jo r  f ra c tio n  of the e le c tro n s  g e n e ra ted
by the p r im a ry  pho to ch em ica l re a c tio n  is  u sed  in  an o th e r p ro 
c e s s ,  e .g .  the p ro d u c tio n  of A T P  by cy c lic  phosphory la tion ,
in  w hich re a c tio n  cy to ch ro m es p ro b ab ly  p a r tic ip a te  (229, 22,
23, 197, 198, 151). A lig h t- in d u ced  ph o sp h o ry la tio n  of ADP by an
illu m in a ted  su sp en sio n  of ch ro m a to p h o res  of R . ru b ru m  and
C hro m atiu m  h as  been  re p o r te d  and s tu d ied  by s e v e ra l  in v e s ti
g a to rs  (106, 107, 113, 22, 23, 20, 246, 229, 9, 151, 200, 142).
T h is p h o sp h o ry la tio n  was of the " cy c lic "  type (i. e . w ithout the
co ncom itan t accu m u la tio n  o f,red u ced an d  oxid ized  pho toproducts)
and was found to  p ro c e e d  w ithout added co fa c to rs  (excep t fo r Mg++
ions), a lthough a t high lig h t in ten s ity  it  w as a c c e le ra te d  by
PM S (23, 20) and s lig h tly  by v itam in  K 3 (113). A lig h t-in d u ced
re d u c tio n  of added NAD was a lso  o b se rv ed  in vitro. The red u c tio n
was accom pan ied  by the ox idation  of added FM NH2 (107), su cc in a te
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(107, 246, 142), cy to ch ro m e C (245) o r  2 , 6 -d ich lo ro p h en o l
indophenol (w ith a sc o rb a te )  (200). The oxidation  of cy to ch ro m e
c re m in d s  of the ox idation  of cy to ch ro m e o b se rv ed  in  in tac t
c e l ls .  It is  p o ss ib le  tha t the re d u c tio n  of NAD in vitro  p ro c e e d s
by the sam e m ech an ism  a s  the re d u c tio n  of NAD(P) in  in tac t
c e l ls .  H ow ever, the h ig h es t r a te s  of re d u c tio n  in  in ta c t c e lls
o b se rv ed  by u s w ere  5 to 10 x 10 "2 pm ole NAD(P) p e r  pm ole
b a c te r io c h lo ro p h y llp e r  se c , w h ic h ra te s  a re  about 10 tim e s  h ig h e r
than those re p o r te d  in  c e l l - f r e e  sy s te m s  (0 .5  to 1 .5  x 1 0 "“
Hm ole NADHo p e r  pm ole b a c te rio ch lo ro p h y ll p e r  sec ) (107,
246, 200).

It h as been su g g ested  (52, 53, 42) th a t the re d u c tio n  of c o 
enzym e in p u rp le  b a c te r ia  in  the lig h t is  not the r e s u l t  of a
p h o to ch em ica l red u c tio n , but th a t NAD(P) is  re d u ced  by a su b 
s tan ce  with h ig h e r E '0 than NAD o r NADP w ith the a id  of a
s o -c a lle d  h ig h -en e rg y  com pound, e .g .  by m ean s  of A T P  and a
s u c c in a te -fu m a ra te  couple in  a s im ila r  way a s  o b se rv ed  in m ito 
ch o n d ria l p re p a ra tio n s  (53, 185, 219). The re ac tio n : NAD +
su c c in a te — * NADH2 + fu m a ra te , coupled w ith the h y d ro ly s is  of
A T P , would then p ro c e e d  a t the expense of p h o to ch em ica lly  gen 
e ra te d  A T P . H ow ever, the o b se rv a tio n  th a t in  in ta c t c e lls
NAD(P) re d u c tio n  a lso  o c c u rs  in  the p re se n c e  of a re la tiv e ly
high co n c en tra tio n  of HOQNO, w hich, a t even  lo w er co n cen tra tio n ,
in h ib its  cy c lic  p h o sp h o ry la tio n  in  b a c te r ia l  e x tra c ts  (229, 22)
and p ro b ab ly  a ls o  in  in ta c t c e lls  (229, 198), in d ica te s  tha t the
red u c tio n  is  no t an  ( in d irec t)  r e s u l t  fro m  A T P g en e ra tio n , but
r e s u l t s  fro m  a pho to ch em ica l ox idation  re d u c tio n  re a c tio n .
F re n k e l  (213) h as  su m m a riz e d  ev idence b ased  upon in vitro  ex 
p e r im e n ts  a g a in s t the su g g estio n  th a t NAD(P) is  re d u ced  with
the a id  of A TP: the u n ab ility  of A T P  to induce NAD o r  NADP
re d u c tio n  in ch ro m a to p h o re  p re p a ra tio n s  in  the d a rk  and the
o b se rv a tio n  tha t NAD re d u c tio n  and A T P  p ro d u c tio n  can  p ro c eed
sim u ltan eo u sly  in  the lig h t a t d iffe ren t r a te s ,  dependent upon
the ex p e rim e n ta l co n d itio n s. A f a r th e r  a rg u m e n t m ay  be taken
fro m  the ex p e rim e n ts  of N ozaki et at. (200) who o b se rv ed  in
the p re se n c e  of HOQNO upon illu m in a tio n  an  in vitro  red u c tio n
of NAD with 2, 6 -d ich lo ro p h en o l indophenol and a sc o rb a te  a s  e -
lec-tron donor, coupled  with a s to ic h io m e tr ic  p ro d u c tio n  of A T P .
T h ese  r e s u l t s ,  how ever, have been  c r it ic iz e d  by B ose and G est
(43). R ecen tly  H orio  et at. (142) re p o r te d  inh ib ition  of NAD
red u c tio n  by A T P , ADP and py ro p h o sp h a te , w hich inh ib itions
am ongst o th e r th ings w ere  exp la in ed  by the a ssu m p tio n  of co m 
p lex es  of a red u c ib le  enzym e w ith NAD and ADP as in te rm e d ia te s
in NAD red u c tio n  and cy c lic  p h o sp h o ry la tio n . The o b se rv a tio n s
of N ozaki et a l . (200) tha t the lig h t- in d u ced  re d u c tio n  of NAD
in the « p re sen ce  of su cc in a te  is  inh ib ited  by HOQNO su g g es ts
that the m ech an ism  of NAD red u c tio n  is  d iffe re n t fro m  tha t in
vivo, tha t in the in tac t c e ll  e th e r  in te rm e d ia te s  than su cc in a te
ac t a s  e le c tro n  donor, o r  tha t the ch ro m a to p h o re  p re p a ra tio n
was dam aged o r  was d efic ien t in  som e c a ta ly s t  o r  s u b s tra te .

Evidence th a t the red u c tio n  of coenzym e is  c lo se ly  connected
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to the p r im a ry  p h otoch em ica l p r o c e s s  is  a lso  g iven  by the ob
serv a tio n  that the rate and k in e tic s  of the rea ctio n  are s im ila r
for b a c ter ia  grow n and exam in ed  in  the p r e se n c e  of d ifferen t
organ ic  su b str a te s , in the p r e se n c e  of H._., CO._ and inorgan ic
s a lt s ,  and in the p re se n c e  of H.j in a ceta te  m ed iu m . C on sisten t
with th is i s  a lso  the a b sen ce  of a m arked  inhibition  by flu o ro -
a ce ta te .

E x p er im en ts  o f Stoppani el al. (233) with C 14- la b e lle d  CO 2
show ed that at 8°C  in R hodopseudcm onas cap su la tu s phospho-
g ly c e r ic  ac id  w as the com pound which w as m o st  h ea v ily  la b e l
led  a fter  a sh o rt tim e fixation  of CO., in the lig h t in the p re se n c e
o f H .,. F rom  th is , and from  the la b e llin g  pattern  of o th er c o m 
pounds they concluded  that the reduction  of CO., p r o c e e d s  m ain ly  by
m ea n s of the red u ctive  p en to se  phosphate c y c le  under th esè
co n d itio n s. The sa m e co n c lu sio n  w as obtained m ore recen tly
for C hrom atium  grow n in the p r e se n c e  of C 0 2 a s  carbon  so u rce
(109, 144).

G lover  el  al.  (115) a lso  rep o rted  in  " resting"  su sp en sio n s  of
R. rubrum  a la b e llin g  of p h o sp h o g ly cer ic  ac id  in the lig h t in
the p r e se n c e  of C 14Oo and of Ho or a ce ta te , but, unlike Stop
pani e t  a l . found no la b e lle d  h e x o se s  or h ex o se  p h osp h ates.
The fixa tion  p attern  of C 14 from  a ceta te  in the ab sen ce  of n itrogen
donors and grow th fa c to r s  d iffered  from  that from  C 0 2: 90% of
C 14 from  a ceta te  w as r e c o v e r e d  in fatty m a te r ia l. E lsd en  and
O rm erod  (86) concluded  from  inh ib itor ex p er im en ts  with R . ru b -
rum  that in the ligh t a ceta te  and pyruvate w ere  o x id ized  v ia  the
tr ic a r b o x y lic  a c id  c y c le  (c f. r e f . 85), but not m alate  and su c 
c in a te , and p ostu la ted  a sy n th e s is  of c e l l  m a te r ia l v ia  p h o sp h o -
enolpyruvate and tr io se  phosphate from  th ese  a c id s . M ore r e 
cen tly  ev id en ce  w as obtained for the op eration  of the g ly o x y lic
ac id  c y c le  in R hodopseudom onas ca p su la tu s and R. p a lu str is
(172) and C hrom atium  (183, 109). T here are a lso  in d ica tion s
for  a d ifferen t route for a ceta te  ox idation  in  R . sp h ero id es
(242). S tan ier  and co w o rk ers  (231) d em on stra ted  in sta rv ed  c e l ls
of R . rubrum  a d irec t in corp oration  of a ce ta te , butyrate and
su cc in a te  into c e l l  m a te r ia l. A ceta te  and butyrate w ere con verted
m a inly  to the r e s e r v e  su b stan ce p o ly -|3 -hydroxybutyrate and
m o st  of the su cc in a te  into p o ly sa c c h a r id e . A cco rd in g  to other
authors (130, 110) the sy n th e s is  of p oly-/3-hydroxybutyrate takes
only p la ce  in the ab sen ce  of b icarb on ate . The fixation  of C 0 2
w as q u an tita tively  l e s s  im portant (c f. r e f s .  115, 210). The find
in g s of S tan ier  and co w o rk ers  su g g ested  to the authors that
under th ese  con d ition s the action  of ligh t would, for the m ain
p art, be r e s tr ic te d  to the g en era tio n  of A T P . It w as e . g .  su g 
g e ste d  that w ith a ceta te  of ea ch  9 m o le c u le s  a ss im ila te d , one
w as o x id ized  by m ea n s o f the tr ica rb o x y lic  ac id  c y c le  and the
rem a in in g  on es w ere  co n verted  to p o ly m er . By a ssu m in g  that
the NADH2 produced  in  the tr ica rb o x y lic  ac id  c y c le  w as u sed
for p c iy m er  sy n th e s is , it w as ca lcu la ted  that only one NAD m o l
e cu le  nad to be red u ced  p h oto ch em ica lly  for 9 aceta te  m o le c u le s
a s s im ila te d  and that the m ajor lig h t rea c tio n  would be c y c lic
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pho sp h o ry la tio n . A p a r tly  s im ila r  m ech an ism  fo r  a c e ta te  con 
v e rs io n  w as in d ica ted  by ex p e rim e n ts  with the g re e n  b ac te riu m
C hlorob ium  lim ico la  (218). In R h o d o sp irillu m  ru b ru m  pho to
ph o sp h o ry la tio n  was su g g ested  to be the only lig h t re a c tio n  in
the p re se n c e  of H 2 and ac e ta te  (231). A s m entioned , how ever,
in ou r ex p e rim e n ts  th e re  w as l i t t le  d iffe ren ce  betw een the r a te s
of pho to red u c tio n  of coenzym e in ac e ta te  m edium  in the p re se n c e
and in  the absence  of H 2. L o sad a  etal .  (183), m ain ly  on b a s is  of
ex p e rim e n ts  w ith c e l l - f r e e  e x tra c ts  of C h ro m atiu m , s im ila r ly
concluded  th a t in  the p re se n c e  of H 2 and C 0 2 the ac tio n  of lig h t
in th is  b ac te riu m  is  r e s t r ic te d  to the p ro d u c tio n  of A T P .

The abov e-m en tio n ed  ex p e rim e n ts  a re  only p a r t  of those r e 
p o rte d  in  the l i te r a tu r e  (cf. r e f .  211), but p rov ide su ffic ien t
ev id en ce , th a t, a t le a s t  u n d er c e r ta in  cond itions and in  the
p re se n c e  of o rg an ic  s u b s tra te ,  b a c te r ia l  p h o to sy n th es is , con -
t r a r i ly  to van  N ie l 's  h y p o th esis  .(195, see  a lso  r e f .  196), does
not p ro c e e d  so le ly  a s  a  lig h t- in d u ced  red u c tio n  of C 0 2 and a
co ncom itan t ox idation  of s u b s tra te ,  but th a t a q u an tita tiv e ly  im 
p o rta n t p a r t  of the lig h t-in d u ced  c e llu la r  sy n th ese s  m ay  o cc u r
by way of a  d ire c t  in c o rp o ra tio n  of s u b s tra te .  The type of m e 
tabo lic  re a c tio n s  p re v a ilin g  p ro b ab ly  depends s tro n g ly  upon the
s ta te  of the c e ll  and the e x p e rim e n ta l co nd itions. S ince we w ere
p r im a r i ly  in te re s te d  in  the ra te  of lig h t- in d u ced  coenzym e r e 
duction u n d er cond itions of ra p id  p h o to sy n th esis  and grow th,
m o s t ex p e rim e n ts  w ere  done w ith c e lls  taken  fro m  ra p id ly  g ro w 
ing c u ltu re s  and re su sp e n d ed  in  m edium  of the sam e  com po
s itio n  a s  tha t in  w hich the c e lls  had  been grow n. In som e ex 
p e r im e n ts  the c e lls  w ere  taken  fro m  the cu ltu re  tube w ithout
fu r th e r  tre a tm e n t.

The hy p o th esis  of S ta n ie r  et al. and L o sad a  et al. tha t the
m ain  function  of the lig h t is  the g en e ra tio n  of A T P , is  con 
s is te n t  w ith o u r r e s u l ts  tha t du rin g  s tead y  s ta te  cond itions the
ra te  of lig h t- in d u ced  NAD(P) red u c tio n  is  p ro b ab ly  low . How
e v e r , the cau se  of the high in itia l  r a te  of red u c tio n  and the
m ech an ism  by which th is  ra te  d e c re a s e s  d u rin g  illu m in atio n
a re  o b sc u re . One m igh t a ssu m e  th a t the p ro c e s s  of b a c te r ia l
p h o to sy n th esis  in  the p re se n c e  of o rg an ic  s u b s tra te  n eed s only
l i tt le  p h o to ch em ica lly  red u ced  NAD(P)H2. Then one m igh t ex 
p ec t NAD(P)H2 to accu m u la te  in  the lig h t, so NAD(P) red u c tio n
would be stopped  by la ck  of NAD(P) and the u tiliz a tio n  of lig h t
en e rg y  would be d ire c te d  to cy c lic  A T P  p ro d u c tio n . T h is  s im p le
exp lanation , how ever, does no t hold, b ecau se  the am ount of
NAD(P) in  the c e lls  d e c re a s e s  d u rin g  continued  illu m in a tio n . It
m igh t be sp ecu la ted  th a t illu m in a tio n  c a u se s  in  the c e ll  an e x 
h au stio n  of A T P  and an accu m u la tio n  of ADP, w hich s tim u la te s
cy c lic  p h o sphory la tion , and d e c re a s e s  the ra te  of coenzym e
red u c tio n . T hat cy c lic  ph o sp h o ry la tio n  and NAD re d u c tio n  m ay
be com petitive  re a c tio n s  w as d em o n s tra te d  by F re n k e l  (107) in
a  c e l l - f r e e  e x tra c t .  It i s  a lso  p o ss ib le  tha t the ra te  of cy c lic
p h o sp h o ry la tio n  is  in c re a s e d  and th a t of coenzym e re d u c tio n  d e
c re a s e d  b ecau se  the f i r s t  re a c tio n  is  s tim u la te d  by an accu m u l-
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a tio n  of ox id ized  com pounds p ro d u ced  in  the lig h t. T h is  a c 
cu m u la tio n  could  be cau sed  by a  re la tiv e ly  too slow  d a rk  r e 
ac tio n  of e .g .  an ox id ized  cy to ch ro m e . Some su p p o rt fo r th is
h y p o th esis  is  g iven  by the g ra d u a l accu m u la tio n  of ox id ized  cy 
to c h ro m e s  w hich was o b se rv ed  upon con tinued  illu m in a tio n  of
in ta c t R hode sp ir i l lu m  ru b ru m  (73, 48) and w hich we found a lso
u n d er the co n d itio n s of o u r e x p e rim e n ts .

A n o th er p o ss ib ility  would be th a t th e re  is  a  second , m uch
s m a lle r  pool of NAD o r  NADP in  the b a c te r ia ,  w hich, unlike
the la rg e  pool, h as  a high tu rn o v e r  ra te  a ls o  a f te r  a long  p e r io d
of illu m in a tio n . T h is pool m ig h t c au se  ab so rp tio n  changes which
a re  too sm a ll  to be id en tified  and m e a s u re d  by the p re s e n t
m ethod . A t p re s e n t  o u r r e s u l t s  do no t y ie ld  convincing  ev idence
ag a in s t o r  in  fav o r of th is  h y p o th es is .

Since the f lu o re scen c e  and ab so rp tio n  s p e c tr a  of NADPH2 and
NADH2 a re  the sam e , it  cannot be concluded  fro m  o u r e x p e r i
m en ts  w h e th e r NADP o r  NAD is  re d u ced  in  the in ta c t c e ll .  A
N A D -specific  g ly ce ra ld eh y d e -3 -p h o sp h a te  dehyd ro g en ase  h as  been
found in  ph o to sy n th e tic  b a c te r ia  (227), and in c e l l - f r e e  sy s te m s
upon illu m in a tio n  only NAD is  re d u ced  (107, 245, 246, 200),
u n le ss  P PN R  (222) fro m  sp in ach  is  added  to the re a c tio n  sy s tem
(244), but fro m  R . ru b ru m  and C hro m atiu m  a  p h o to red u c tase  was
iso la te d , w hich p re fe re n tia l ly  c a ta ly z e s  the lig h t- in d u c ed  red u c tio n
of NADP in sp in ach  c h lo ro p la s ts  (184).

A s shown in F ig . 3 .9 , in  R hodopseudom onas sp h e ro id e s  the
a c tiv it ie s  of lig h t a t  v a r io u s  w aveleng ths in e ffec tin g  coenzym e
re d u c tio n  and in  ex c itin g  b a c te rio ch lo ro p h y ll f lu o re scen c e  a re  ap 
p ro x im a te ly  p ro p o r tio n a l to each  o th e r . T h is  in d ica te s  that one
p h o to ch em ica l p ig m en t sy s te m  is  re sp o n s ib le  fo r both  lig h t p ro c e s 
s e s  and is  in  a g re e m e n t w ith the h y p o th esis  tha t in  p u rp le  and
g re e n  b a c te r ia ,  which in  c o n tra s t  to a lg ae  and h ig h e r p lan ts  a re
unable to evolve oxygen, only one p ig m en t sy s te m  is  ac tiv e  in
p h o to sy n th es is . It m u s t, how ever, be em p h asized  th a t the a v a il
able ev idence fo r th is  h y p o th esis  (sh o rtly  su m m a riz e d  in  C h ap te r
IV), does not d e fin ite ly  p ro v e  th a t only one pho to ch em ica l
sy s te m  is  p re s e n t ,  s in ce  q u an tita tiv e ly  and q u a lita tiv e ly  s im ila r
r e s u l ts  a t d iffe ren t w aveleng ths can  a lso  be exp la in ed  by the
assu m p tio n  th a t two p igm en t sy s te m s  a re  p re s e n t  w ith the sam e
ac tio n  s p e c tr a .



C H A P T E R  I V

B LU E-G R EEN  ALGAE

4 .1  Introduction

A s m entioned  in  C h ap te r I, like in p u rp le  b a c te r ia ,  th e re  is
sp e c tro p h o to m e tr ic  ev idence fo r a  red u c tio n  of NAD(P) in  in 
ta c t  a lgae  upon photo sy n th e tic  a lly  ac tiv e  illu m in a tio n . F u r th e r
i t  h as  been  found th a t iso la te d  c h lo ro p la s ts  from  v a r io u s  sp ec ie s
w ere  able upon illu m in a tio n  to  red u ce  added NADP o r NAD with
concom itan t evo lu tion  of oxygen. The e x p e rim e n ts  to be re p o r te d
in th is  c h a p te r  w ere  p e r fo rm e d  in  o rd e r  to  obtain  in fo rm atio n
about the ro le  of pho to red u c tio n  of coenzym e in g re e n  p lan t pho to
sy n th es is  by q uan tita tive  m e a su re m e n ts  in vivo.

U ntil re c e n tly  it  was u su a lly  a ssu m ed  that p h o to sy n th esis  of
g re e n  p lan ts  was b rought about by one " p r im a ry  oxidation  re d u c 
tion re a c tio n " , a c tiv a ted  by ch lo ro p h y ll a. C hlorophy ll a re c e iv e d
its  en e rg y  p a r tly  by the ab so rp tio n  of lig h t quanta, p a r tly  by
inductive re so n an ce  fro m  a c c e s s o ry  p igm en ts (66, 67). To exp lain
th.e re la tiv e ly  low  ac tiv ity  of lig h t ab so rb ed  by ch lo ro p h y ll a in
e ffec tin g  p h o to sy n th esis  (66, 67, 123) and ch lo ro p h y ll a f lu o re s 
cence (66, 67) in  m o s t re d  and b lu e -g re e n  a lg ae , the ex is ten ce
of a  second  type of ch lo ro p h y ll a in vivo had  to be p o s tu la ted
(66, 67), w hich w as inac tive  o r  l e s s  ac tiv e  in th ese  p ro c e s s e s
and re c e iv e d  l i t t le  ex c ita tio n  by en e rg y  t r a n s f e r  fro m  the phyco-
b ilin s . In the g re e n  a lga  C h lo re lla  it  had been  found tha t ligh t
of w avelengths lo n g e r than about 680 m u ab so rb ed  by ch lo rophy ll
a was le s s  ac tiv e  in  p h o to sy n th esis  than lig h t of s h o r te r  w ave
len g th s  (89).

M ore re c e n t  e x p e rim en ts  of E m e rso n  and o th e rs  (91, 92, 39)
in d ica ted  th a t lig h t of d iffe ren t w avelengths ac ted  not only quan
tita tiv e ly  but a lso  q u a lita tiv e ly  d iffe ren tly  in p h o to sy n th es is . It
w as found th a t e .g .  in  C h lo re lla  p y ren o id o sa  the r a te  of pho to 
sy n th es is  w as la r g e r  upon s im u ltan eo u s  illu m in a tio n  with two
b eam s of about 700 and 650 mju re sp e c tiv e ly  than the sum  of
the r a te s  when the two b eam s w ere  given se p a ra te ly  ("E m erso n
effec t" ). A lthough th ese  and r e la te d  ex p e rim e n ts  c le a r ly  dem on
s tr a te d  th a t the ra te  of p h o to sy n th esis  is  affec ted  by m o re  than
one lig h t process-, they gave l i t t le  ev idence about the m ech an ism
of th ese  p ro c e s s e s  and sp ec if ic a lly  did no t d em o n s tra te  that
two m a jo r  p r im a ry  re a c tio n s  o c c u rre d .

E v idence fo r the ex is ten c e  and function  of two m a jo r  pho to 
ch em ica l sy s te m s  was ob tained  in  e x p e rim en ts  of Kok et al.
(168, 169) and of D uysens and co w o rk e rs  (80-84, 6, 8). E x 
p e r im e n ts  of the l a t t e r  a u th o rs  on, am ongst o th e r th ings, lig h t-
induced cy to ch ro m e oxidation  and red u c tio n  and p h o to sy n th esis  in
in tac t c e lls  of P o rp h y rid iu m  cru en tu m  (80-84) and ex p e rim e n ts ,
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to be re p o r te d  in  th is  c h a p te r , on p h o to sy n th es is , lig h t- in d u ced
coenzym e red u c tio n  and cy to ch ro m e oxidation  in A n acy stis
n id u lan s (6), w ere  exp la in ed  by the follow ing schem e:

H zO —►(system 2)— —> P Q —►cyt ochrome— —►(system 1 )—►
NAD(P)H2— >002

The ev idence p e r ta in in g  to th is  sch em e w ill only be b rie f ly
and p a r tly  su m m a riz e d  h e re ; a m o re  ex ten siv e  d iscu ss io n  of
som e of i ts  a sp e c ts  and of ev idence ob tained  by o th e rs  w ill be
m o re  conven ien tly  given l a te r  in  th is  c h a p te r . Two lig h t r e a c 
tio n s, d riv en  by sy s tem  1 and sy s te m  2, w ere  p o s tu la ted . S ys
tem  1 re d u c e s  NAD(P) and o x id izes a su b stan ce  P ; sy s tem  2
re d u ces  Q and p ro d u ces  0 2 by oxidation  of w a te r. O xidized P
re a c ts  w ith red u ced  Q in  d a rk  re a c tio n s  v ia  a  cy to ch ro m e and PQ
(plastoquinone o r  a  r e la te d  com pound). The v a r io u s  com pounds
of the ch a in  a re  m o re  o r  l e s s  a r b i t r a r i ly  re p re s e n te d  by the
ox id ized  o r  re d u ced  fo rm  of an  ox idation  red u c tio n  coup le. The
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 ra n s p o r t .
The sch em e is  no t co m p le te , e . g .  p h o sp h o ry la tio n s have been
o m itted  (cf. r e f s .  184, 261). P , the p ig m en t "P  700", was in 
cluded  (81) on b a s is  of s tu d ie s  of Kok and c o w o rk e rs  (168, 169).
The function of Q w as p o s tu la ted  on b a s is  of e x p e rim en ts  on
ch lo ro p h y ll flu o re scen c e  (83, 84). P lasto q u in o n e  (PQ) h as  r a th e r
re c e n tly  been  iso la te d  in  re la tiv e ly  la rg e  am ounts from  algae
and c h lo ro p la s ts  of h ig h e r p lan ts  (32, 180) to g e th e r w ith s m a l
l e r  am ounts of r e la te d  com pounds (126). On b a s is  of ev idence
ob tained  w ith iso la te d  c h lo ro p la s ts  ( e . g .  a  s tim u la tio n  of the
H ill re a c tio n  and o th er pho to ch em ica l a c tiv itie s  (32, 241, 126)) it
h as  been  p o stu la ted  to be a com ponent of the pho tosyn thetic
ch a in  (193, 241, 267, 258). By m ean s  of d iffe ren ce  sp ec tro sco p y
in the u l t r a  v io le t re g io n  of in tac t A n acy stis  c e lls ,  we re c e n tly
ob tained  d ire c t  ev idence fo r an  e ffic ien t red u c tio n  by lig h t ab 
so rb e d  by sy s te m  2 and oxidation  by lig h t ab so rb ed  by sy s tem
1 of p lastoqu inone o r  of a  quinone w ith s im ila r  ab so rp tio n  s p e c 
tru m  (8). S ystem  1 co n ta in s  w eakly f lu o re scen t, sy s te m  2 con
ta in s  m o re  s tro n g ly  f lu o re sc e n t ch lo ro p h y ll a (cf. r e f s .  66, 67).
DC MU, N -e th y lu re th an e  and hydroxy lam ine p re v e n t the red u c tio n
of cy to ch ro m e by sy s tem  2, but not the ox idation  by sy s te m  1;
DCMU in h ib its  the red u c tio n , but not the oxidation  of the quinone.

B a s ica lly  s im ila r  hy p o th eses  fo r two lig h t re a c tio n s  w ere a lso
p re s e n te d  by o th e rs  (128, 184, 266), p a r tly  on m o re  o r  le s s
sp ecu la tiv e  g ro u n d s. The ev idence fo r the h y p o th esis  of a p a r a l 
le l  ac tio n  of two p h o tochem ica l sy s te m s  (see  r e f s .  104, 105, 3)
s e e m s  to be le s s  convincing . A d iscu ss io n  of the ev idence is
given  in  r e f .  82.

M ost e x p e rim e n ts  to be re p o r te d  in  th is  c h a p te r w ere  done
with A n acy stis  n id u lan s, b ecau se  the lig h t-in d u ced  changes in
NAD(P)H2 flu o re scen c e  and ab so rp tio n  could  be m e a su re d  with
b e tte r  p re c is io n  in  th is  sp e c ie s  than in o th e r a lg ae . F u r th e r -
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m o re , the a lg a  is  s t r ic t ly  p ho toau tó troph ic  (175), and, a s  w ill
be shown, the two p ig m en t sy s te m s  can  be d is tin g u ish ed  r a th e r
c le a r ly  in th is  sp e c ie s . The fac t th a t u n d er o u r cu ltu re  co n 
d itions the A n acy stis  c e lls  w ere  se p a ra te d  from  each  o th e r
fa c ilita te d  handling  of the sam p le s  and q u an tita tiv e  eva lua tion
of the r e s u l ts .

A co m p ariso n  of the r a te ,  k in e tic s  and ac tio n  sp ec tru m  of
coenzym e red u c tio n , cy to ch ro m e oxidation  and p h o to sy n th esis
in d ica ted  tha t the p ho tosyn the tic  red u c tio n  of C 0 2 p ro c e e d s
m ain ly  o r so le ly  v ia  NAD(P). The r e s u l ts  could  be exp la ined
by m ean s  of the sch em e m en tioned  and y ie ld ed  ev idence about
the function and p igm en t co m position  of the two p igm en t s y s 
tem s in A n acy stis  and o th e r  b lu e -g re e n  a lg ae .

4 . 2 Materials and Methods

Anacystis nidulans (P . R ic h t . ) D roue t and D aily  was grow n in
the liq u id  m edium  C of K ra tz  and M y ers  (175) to w hich w as ad 
ded an am ount of 0 .8 4  g N a2C 0 3 p e r  l i t e r .  B efo re  inocu la tion
the m edium  w as g a s se d  w ith a i r  en ric h ed  w ith 4% CC>2.

Schizothrix calcicola (A g .) G o m ., s t r a in  TX 27, was grow n
in an an o rg an ic  liq u id  cu ltu re  m edium  (B. Kok, p e rso n a l co m 
m un ication ). The m edium  was p re p a re d  by d isso lv in g  in  a final
volum e of 1000 m l: C aC l2, 60 mg; K N 03, 500 mg; K H2P 0 4 ,
250 mg; F e 2(S 0 4)3, 0 .4  m g; T r i s  (Sigm a bu ffer 7-9), 500 m g
and 10 m l of a  m ic ro n u tr ie n t so lu tio n . The m ic ro n u tr ie n t so 
lu tio n  w as ob ta ined  by d isso lv in g  in  1000 m l: (NH4)6Mo70 24.
H 20 ,  530 mg; F e C l3.6 H 20 ,  300 mg; Z n S 0 4. 7H20 ,  6<> mg;
M nC l2.4 H 20 ,  430 mg; Co(NOg)„. 6Hs O, 1 .5  mg; C u S 0 4.5 H zO,
0 .4 7  mg; H 3B 0 3, 3 .4  g and e tn y le n e d ia m in e - te tra -a c e tic  ac id
disodium  s a lt ,  3 g . A fte r  au toclav ing  the pH of the m edium  was
7. 7. A s lig h t tu rb id ity  w as fo rm ed , w hich van ished  upon bub
b ling  w ith a i r  and 4% C 0 2. G row n u n d er th ese  cond itions, the
a lg a  c o n s is te d  of sh o r t  f ilam en ts  of about 5 to 20 c e lls  and
con tained  rough ly  equal am oun ts of p h y co e ry th rin  and phycocyanin .
It w as iso la te d  by J .  M y ers  (D ep artm en t of Zoology, U n iv e rs ity
of T ex as). D r. F .  D roue t (A cadem y of N a tu ra l S c ien ces , P h i
lad e lp h ia) kindly  id en tified  a  sam p le  of th is  a lga , fo rm e rly  only
known a s  "TX  27".

Anabaena cylindrica L em m . was grow n in  the cu ltu re  m edium
d e sc r ib e d  in  re f .  1.

A ll a lgae  w ere  grow n in the lig h t of f lu o re sc e n t tu b es  (P h ilip s
"de lu x e" , type 34) a t an  in ten s ity  of about 2200 lux, and a t a
te m p e ra tu re  of 25 C . The c u ltu re s  w ere  bubbled w ith a i r  e n 
r ic h e d  w ith 4% COo. B efo re  m e a su re m e n t S ch izo th rix  and A n acy stis
w ere  h a rv e s te d  by cen trifu g a tio n , t r a n s f e r r e d  to f r e s h  grow th
m edium  (see  § 2 . 1 )  and g a s se d  with a m ix tu re  of a i r  and 5% COz
during  an  hour o r  lo n g e r b efo re  m e a su re m e n t. D r. W. T e rp s tr a ,
U tre ch t, D r. B. Kok, B a ltim o re  and P ro f .  G . E .  Fogg, London,
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kindly  p ro v id ed  c u ltu re s  of A n a cy s tis , S ch izo th rix  and A nabaena,
re s p e c tiv e ly . , . „  _ . . .

P h o to sy n th e sis  w as m e a s u r e d p o la ro g rap h ica lly  a s  Oz p roduc tion
(§ 2 .6 ). F o r  A n acv stis  the r e c e s s e d  e le c tro d e  w as used; oxygen
p ro d u c tio n  of S ch izo th rix  was m e a s u re d  by p re s s in g  a th in  la y e r
of a p a s te  of c e lls  a g a in s t a n o n -re c e s s e d  e le c tro d e . L ig h t- in 
duced ab so rp tio n  changes w ere  m e a s u re d  by m ean s  of the ap 
p a ra tu s  d e sc r ib e d  in § 2.4» equipped w ith the a ttach m en t fo r
illu m in a tio n  w ith two ac tin ic  b eam s of d iffe ren t w avelengths
F lu o re sc e n c e  m e a su re m e n ts  w ere  done w ith the se t-u p  of F ig .
2. 7. A. The ab so rp tan cy  of the a lg a l su sp en sio n s  w as m e a su re d
and c o r re c te d  fo r  s c a tte r in g  a s  d e sc r ib e d  in  § 2 .3 . The ex -
p e r im e n ts  w ere  c a r r ie d  out a t room  te m p e ra tu re  (about 22 C),

The quantum  re q u ire m e n ts  fo r NAD(P) red u c tio n  and cy toch rom e
oxidation  re p o r te d  in  th is  c h a p te r  w ere  c a lc u la ted  from  r a te s  of
the ab so rb an cy  changes a t 340 and a t a round  420 m/j upon i l -
lu m in a tio n  in  the a lg a l su sp en s io n s . In o rd e r  to co n v e rt th ese
ab so rb an cy  changes to re a c tio n  r a te s  of ab so rb in g  p ig m en ts,
c o r re c tio n s  had to  be m ade fo r o p tica l e f fec ts  o c c u rr in g  in s u s 
p en sio n s , a s  d isc u s se d  in  § 2 .2 .

D ev ia tions fro m  B e e r 's  law  w ere  c o r re c te d  by m e a su r in g  the
ab so rb an cy  of su sp en s io n s  of d iffe ren t co n c en tra tio n s  w ith opal
g la s s .  In th is  way it  w as found tha t fo r  a 1 m m  la y e r  of a 1.5%
su sp en sio n  of A n acy stis  (the co n cen tra tio n  u su a lly  app lied  in  the
ex p e rim e n ts )  the m e a s u re d  ab so rb an cy  had to be d iv ided  by 1 .18
a t 340 mu and 1 .0 5  a t 420 mu. , _ .. . „

An ap p ro x im a te  c o r re c tio n  fo r the e ffec t of p a r tic le  fla tten ing
(§ 2 .2 .2 )  w as m ade a s  follow s: A ssu m in g  the c e lls  to be sp h e r ic a l
in shape (in s tead  of sh o r t  ro d s ) , TJ, av (y) w as ca lc u la ted  by m ean s
of eq . (2 .7 ) by counting the nu m b er of c e lls  in  a  d ilu te  (0. o/oj
su sp en sio n  and m e a su r in g  the ab so rb an cy  in  a 1 m m  v e s s e l  with
opal g la s s .  TL av (y) w as found to be 0 .9 5  a t 340 and 0 .86  a t 420
m u A s cu rv e  (4), F ig . 2 .1  show s, th is  c o r re sp o n d s  to a f la t
ten ing  fa c to r , d E '(y )/d E  sol, of 0 .94  and 0. 84 re sp e c tiv e ly .

The e ffec t of " s c a t te r in g  fla tten in g "  w as ca lc u la ted  fo r A n acy stis
in a  s im ila r  way (§ 2 .2 .1 ) .  We have m e a su re d  the ab so rb an cy  a t
340 and 420 mu of a  0. 5% su sp en sio n  in  the ab so rp tio n  d iffe ren ce
sp ec tro p h o to m e te r, and a lso  w ith opal g la s s  in the Z e is s  sp e c 
tro p h o to m e te r . N eg lecting  the fla tten in g  of the la t te r  sp ec tru m
(§ 2 .3 ) the fla tten in g  fa c to r  1-E  (y )/p  log  e of eq . (2 .2 ) was
c a lc u la ted  by m ean s  of eq. (2 .1 ); p w as ca lcu la ted , a ssu m in g
the c e lls  to be s p h e r ic a l , by counting the n u m b er of c e lls  m  the
su sp en sio n . H ow ever, th is  ca lcu la tio n  only ap p lies  when the s u s 
p ension  is  su ffic ien tly  d ilu te  to show a l in e a r  re la tio n  betw een
the ab so rb an cy  and the co n c en tra tio n  (5). F o r  a dense  su sp en sio n
the e ffec t m igh t be ex p ec ted  to be s m a lle r  than  ca lcu la ted , b ecau se
re p e a te d  s c a tte r in g  betw een the p a r tic le s  w ill p ro b ab ly  tend  to
m ake the s c a tte re d  lig h t m o re  hom ogeneous, b ecau se  p a r t  of the
lig h t s c a tte re d  ou tside  the angle y by a p a r tic le  w ill be s c a tte re d
back  by a  second  p a r t ic le .  S ince fo r a 1 m m  la y e r  of a 1.5%
su sp en sio n  a dev ia tion  from  l in e a r ity  w as found fo r the ab so rb an cy
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m e a su re d  w ith opal g la ss  which am ounted to about 5% a t 420 m/u
and about 20% a t 340 m/u, we have a ssu m ed  the fla tten in g  to be
only 90% at 420 mu  and 50% a t 340 mu  of the ca lc u la ted  e f 
fec t. In th is  way an e s tim a te d  fla tten in g  fa c to r  of 0 .8 9  a t 420
and 0 .9 4  a t 340 mu  w as ob ta ined . If fo r  a  1.5%  su sp en sio n
the e ffec t would be the sam e as  fo r a d ilu te  one, the fa c to rs
would be both 0 .8 8 , a  re la tiv e ly  sm a ll dev ia tion .

T aking a ll  th ree  e ffec ts  to g e th e r , we have d ivided the m e a s 
u re d  ab so rb an cy  changes fo r a 1 m m  la y e r  of a 1.5%  su sp en sio n
of A n acy stis  by 1 .1 9  x 0. 94 x 0 .9 4  = 1 .05  a t 340 m u  and by
1 .05  x 0 .8 4  x 0 .8 9  = 0 .7 9  a t 420 m/u.

4 .3  Results and. Interpretation

4 . 3 . 1  A ction  sp ec tru m  fo r p h o to sy n th esis  of A n acy stis  n idu lans
We have m e a su re d  the ac tio n  sp ec tru m  of p h o to sy n th es is  of

A n acy stis , taken  fro m  c u ltu re s  of d iffe ren t age . F ig . 4 .1  show s

ANACYSTIS NIDULANS
ACTION SPECTRUM OF PHOTOSYNTHESIS

Fig. 4.1 Action spectrum for photosynthesis of a sample of 2 days (open circles) and 3
days old Anacystis nidulans (solid circles). The algae were settled in a layer of
about 4 p thickness upon the electrode of the polarograph. The half-width of the
actinic beam was about 5 mp.

the ac tio n  s p e c tr a  of two c u ltu re s ; cu rv e  (1) h as  been  obtained
with a sam p le  taken 2 days a f te r  inocu la tion  fro m  a rap id ly
grow ing cu ltu re  of m edium  d en sity , cu rv e  (2) w ith a sam ple
from  a 3 days old cu ltu re  w hich had about re a c h e d  i ts  m ax im al
d en sity . In c o n tra s t  to the ac tio n  s p e c tra ,  the ab so rp tio n  s p e c tr a
of both c u ltu re s  w ere  n e a rly  the sam e; the ab so rp tan cy  a t the
m axim um  of ch lo ro p h y ll a ab so rp tio n  a t 675 m/u w as betw een
90 and 95% of tha t a t the phycocyanin  m axim um  a t 625 m/u.
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The ac tio n  sp e c tra  of p h o to sy n th esis  show a  m ark e d  d iffe rence
in the ac tiv ity  of ch lo ro p h y ll a a t about 680 m/s; th a t of the
yo u n g er cu ltu re  show s the lo w est a c tiv ity  of ch lo rophy ll and
re s e m b le s  m o s t tha t given by Kok and Hoch (168). Both ac tion
s p e c tr a ,  a lthough d iffe ren t, show  a  re la tiv e ly  low pho tosyn thetic
ac tiv ity  of ch lo ro p h y ll a, co m p ared  to th a t of phycocyanin . A
re la tiv e ly  low ac tiv ity  of ch lo ro p h y ll a w as re p o r te d  fo r m o st,
but not a ll ,  s p e c ie s  of r e d  and b lu e -g re e n  a lgae  s tu d ied  so fa r
(123, 67, 88, 124, 45). O ur r e s u l ts  show that the re la tiv e  a c 
tiv itie s  depend s tro n g ly  upon the grow th  conditions..

4 . 3 . 2  K in e tics  and ac tio n  sp e c tru m  of NAD(P) red u c tio n
The k in e tic s  of the red u c tio n  of NAD(P) in  A n acy stis  n idu lans

upon illu m in a tio n  w ere  stu d ied  by m ean s  of flu o re scen c e  m e a s 
u re m e n ts  in  the blue re g io n  a round  450 m/u. E vidence tha t the
in c re a s e  in  b lue f lu o re scen c e  is  due to  red u c tio n  of coenzym e
was g iven by D uysens and Sweep (75) and O lson and A m esz  (205)
by m ean s  of the e m is s io n  and ac tio n  sp e c tru m  of the f lu o re scen c e ,
in  a s im ila r  way a s  w ith p u rp le  b a c te r ia  (see  § 3 .1 ).

F ig . 4 .2  show s som e r e c o rd e r  tra c in g s  of the f lu o re scen ce
changes o c c u rr in g  upon illu m in atio n  w ith lig h t of 680 and 630

ANACYSTIS NIDULANS
NAD(P) REDUCTION

630  1=78| 680  1=63

1-155
DCMU

| 1-86
DCMUI-----558C

Fig. 4.2 Kinetics of the blue fluorescence, excited by irradiation of 334 mp wavelength,
of a suspension of Anacystis nidulans upon illumination with actinic light of 680
and of 630 mp. The suspension was contained in a 1 mm quartz cuvette. An up
ward deflection indicates an increase of fluorescence, caused by reduction of
NAD(P). Upward and downward pointing arrows indicate the beginning and the
end of an illumination period. The incident intensities I of actinic light are ex
pressed in 10“f® einstein/(sec cm2). Recordings (a) and (b) were obtained with
samples of a 1.2% suspension of 1 day old, the other recordings with samples of
a 1. 0% suspension of a 2 days old culture. The concentration of DCMU in the last
2 experiments was 1.1 x 10-5 M. The vertical line segments indicate a fluorescence
difference equal to 10% of the fluorescence without actinic light.
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m/u, w avelengths m ain ly  ab so rb ed  by ch lo ro p h y ll a and phycocyanin .
The g ra p h s  ind ica te  th a t the r a te  of red u c tio n  and oxidation  of
NAD(P) changes im m ed ia te ly  upon sw itch ing  on and off the ligh t,
which in d ica te s  th a t the lig h t re a c tio n  a lso  s t a r t s  and s to p s  im 
m ed ia te ly . A lthough f i l te r s  and cuve tte  w ere  s e le c te d  fo r  low
flu o re scen c e , p ro b ab ly  p a r t  of the d a rk  f lu o re scen c e  re c o rd e d
o rig in a ted  fro m  the f i l t e r s ,  cu v e tte  and m edium  a s  in d ica ted  by
ex p e rim e n ts  w ith c e ll  su sp en sio n s  of lo w er co n cen tre  tio n s, but
th ese  e ffec ts  did no t co n trib u te  to the f lu o re scen c e  changes.

In acco rd an ce  w ith the sch em e m en tioned  (§ 4 .1 )  and a lso ,
a s  we w ill show, in  ac co rd an ce  w ith o u r e x p e rim e n ts , we a ssu m e
th a t only one lig h t re a c tio n  of NAD(P) o cc u rs : i ts  red u c tio n .
C onsequen tly  the reo x id a tio n  of N A D (P)H 2 is  a  d a rk  re a c tio n .
A s the ra te  of a  d a rk  re a c tio n  depends upon the co n c en tra tio n
of the r e a c ta n ts ,  th is  r a te  m ay  be ex p ec ted  no t to  change ab ru p tly .
The n e tt r a te  of coenzym e re d u c tio n  is  m e a s u re d  by the s lo p es
of the f lu o re scen c e  c u rv e s  of F ig . 4 . 2 .  T h is  n e tt  r a te  then  is
the sum  of the r a te s  of the lig h t re d u c tio n  and d a rk  ox idation.
D uring  the d a rk  s te a d y -s ta te  both r a te s  a re  z e ro . At o n se t of
illu m in a tio n  the in itia l  slope g ives the in itia l  r a te  of the ligh t
re a c tio n , s in ce  the r a te  of the d a rk  re a c tio n  is  equal to z e ro
befo re  and thus a lso  d u rin g  a  s h o r t  tim e a f te r  the o n se t of i l 
lu m in a tio n . S im ila r ly , the r a te  of lig h t re d u c tio n  d u rin g  the
s te a d y -s ta te  in  the lig h t is  equal to the r a te  of d a rk  ox idation,
which is  g iven  by the slope of the g rap h  im m ed ia te ly  a f te r  the
lig h t is  shu t off.

In F ig . 4 . 2 we see  that, ex cep t fo r s ig n , the slope upon onse t
of illu m in a tio n  is ,  fo r  lig h t of 630 m/u, about eq u a l to the slope
upon d ark en in g . We found th is  to be tru e  fo r  p e r io d s  of i l 
lu m in a tio n  of m o d era te  in ten s ity  la s tin g  fro m  a few sec  up
to 5 m in . At high lig h t in ten s ity  the slope upon d ark en in g  becom es
a  l i t t le  s m a l le r  a f te r  a  few sec  of illu m in a tio n . On the c o n tra ry ,
upon illu m in a tio n  w ith lig h t of 680 m/u, a lso  of m o d e ra te  in 
ten s ity , the slope upon illu m in a tio n  is  g re a te r  than the slope
a f te r  d a rk en in g . T h is was found fo r s e v e ra l  1 and 2 days old
c u ltu re s  te s te d . It fo llow s th a t the r a te  of lig h t- in d u c ed  coen
zym e re d u c tio n  re m a in s  ap p ro x im a te ly  the sam e d u rin g  i l 
lu m in a tio n  w ith lig h t of 630 m/u, but d e c re a s e s  d u rin g  il lu m i
nation  w ith lig h t of 680 m/u. T h ese  find ings a re  c o n s is te n t with
the p ro p o sed  m ech an ism  of p h o to sy n th esis  a s  w ill be d isc u sse d
below .

T able 4 .1  su m m a riz e s  som e of the e x p e rim e n ts  w ith s u s 
p en sio n s of A n acy stis  taken  fro m  d iffe ren t c u l tu re s .  It ap p e a rs
tha t quanta ab so rb ed  a t 680 m/u a re  about 50% m o re  ac tiv e  in
e ffec tin g  the in itia l NAD(P) re d u c tio n  than  quanta ab so rb ed  a t
620 o r  630 m/u; on the c o n tra ry  the quanta of 680 m/u a re  only
about h a lf a s  effec tive  in  m ain ta in in g  the s te a d y -s ta te  red u c tio n
of coenzym e du rin g  an illu m in a tio n  p e r io d . At low  in te n s ity  the
ra te  of NAD(P) re d u c tio n  w as found to  be a  l in e a r  function of
in ten s ity  fo r  illu m in atio n  with lig h t of 630 and 680 m/u. E x p e r i
m en ts  in d ica ted  a  s a tu ra tio n  of coenzym e red u c tio n  a t an inciden t
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table 4.1

Relative rates of NAD(P) reduction upon onset of illumination and of
oxidation upon darkening in Anacystis nidulans

Oxidation

Culture
Actinic light

Reduction rate
(R)

rate
Ratio
O/R.A. mp intensity (O) time

i 630 7.8 7.4 6.4 6 sec 0.87
2 620 8.9 8.5 8.3 5 min 0.98
i 680 6.3 9.5 3.6 6 sec 0.38
2 680 6.6 10.5 3.3 5 min 0.31

The measurements were done with two different samples of Anacystis, (1) a 1.2% sus
pension of 1 day old algae, and (2) a 1. Vk suspension of 2 days old Anacystis. The inten
sities of actinic light are given in 1<T10 einstein/(sec cm2). fa the fourth column the
initial rate of NAD(P) reduction upon onset of illumination is given as the percentage in
crease of fluorescence per sec; similarly the initial oxidation of NAD(P)H2 upon darkening
at the time indicated is given in column 5. As discussed in the text, the rate of oxidation
of NAD(P)Ho immediately after switching off the light may be assumed to be equal to the
steady-state rate of light-induced NAD(P) reduction during illumination. The data represent
the average of 2 to 3 measurements.

in ten s ity  of about 3 to 4 x 10"9 e in s te in /( s e c  cm 2 ) fo r lig h t of
a band a ro u n d  630 m/u, i . e .  of the sam e  o rd e r  a s  the in ten s ity
n e e d e d fo r  s a tu ra tio n  of p h o to sy n th es is , m e a s u re d  p o la ro g ra p h ic a l-
ly , but th e se  r e s u l ts  w ere  v e ry  in a c c u ra te  b ecau se  of the ra p id ity
of the f lu o re scen c e  changes a t high in ten s ity . . . . .

F ig . 4 .3  g iv es  the ac tio n  sp e c tru m  fo r the in itia l r a te  of
NAD(P) re d u c tio n  in  the re g io n  620-720 mu,  m e a s u re d  with a
4 days old su sp en sio n . The sp ec tru m  is  p lo tted  a s  the re c ip ro c a l
of the re la tiv e  n u m b er of in c id en t quanta, needed  to b rin g  about
a  c e r ta in  in itia l  r a te  of red u c tio n  a t  d iffe ren t w aveleng ths. It can
be see n  th a t fo r  th is  su sp en sio n  quanta ab so rb ed  by phycocyanin
a re  about equa lly  e ffec tiv e  in  NAD(P) red u c tio n  a s  quanta ab so rb ed
by ch lo ro p h y ll a.  .

DCMU a t a re la tiv e ly  high- co n c en tra tio n  (up to 4 ,3  x 10 M)
had only l i t t le  e ffec t upon the in itia l  r a te  of coenzym e red u c tio n
(cf F ig . 4 .2 ) .  In an e x p e rim en t w ith a  2 days old cu ltu re  in
the p re se n c e  of 10 ^  M DCMU a  s lig h t in h ib ito ry  e ffec t a t high
lig h t in te n s itie s  and a s lig h t s tim u la tin g  e ffec t a t low  in te n s itie s
was o b se rv ed . E .g .  upon illu m in a tio n  w ith lig h t of 680 m ji, the
in itia l r a te  of NAD(P) red u c tio n  was lo w ered  by 20-25% at an
in ten s ity  of 18 .2  x 1 0 "10 e in s te in /( s e c  cm 2 ) and s tim u la te d  by
10% a t 6 T*-and3.5 x 1 0 -10 e in s te in /(s e c  cm 2 ). About the sam e
e ffec ts  o c c u rre d  a t 620 m/s. The r a te  of NAD(P)H2 reo x id a tio n
upon dark en in g , m e a s u re d  4 sec  a f te r  o n se t of illu m in atio n , was
m uch m o re  s tro n g ly  inh ib ited . H ere  DCMU a t  the sam e con-
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ACTON SPKTHUM FOR
NAD(P) REDUCTION

NIDULANS

absorptmcy

Fig. 4 .3  A ction spectrum for the in itia l rate of NAD(P) reduction o f a 1 .0%  suspension of
4 days old Anacystis nidulahs', contained in a 1 m m  cuvette . Open circles represent
points of the  action  spectrum of NAD(P) reduction; the dashed line gives the
absorptancy of the suspension, corrected  for scattering . The half-w idth  o f the actin ic
beam  was 5 - 8  m p.

ee n tra tio n  gave up to 75% inh ib itio n  fo r high in ten s ity  illu m in a tio n
of 620 o r  680 m /j. A t a  lo w er in ten s ity  (6 .7  x 10 ~10 e in s te in /
(sec  c m 2) 50% inh ib ition  w as o b se rv ed  upon illu m in a tio n  w ith
lig h t of 680 m p. A t lig h t in te n s itie s  above about 4 x 10 - 10
e in s te in /( s e c  c m 2)) the r a te  a f te r  4 sec  was low  and p ra c tic a lly
independent upon the in ten s ity  of illum ination ; the d e c re a s e  in
flu o re scen c e  fo r a given c u ltu re  was 2 .5  ± 0.3%  p e r  sec  upon
dark en in g .

The above e x p e rim e n ts , which w ill be d is c u s s e d  l a t e r  in  th is
c h a p te r , a r e  c o n s is te n t w ith the h y p o th es is  th a t in  A n a cy s tis  two
pigm en t sy s te m s  e x is t ,  s im ila r  to sy s te m s  1 and 2 in  P o rp h y r i-
dium  c ru en tu m . S ystem  1, w hich is  re sp o n s ib le  fo r  the ox i
dation  of cy to ch ro m e in P o rp h y rid iu m  (81, 82) and p re su m a b ly
a lso  in  o th e r  a lg ae  and h ig h e r p lan ts , p ro b ab ly  a lso  e ffec ts
the re d u c tio n  of coenzym e. In o rd e r  to obtain  m o re  ev idence
fo r th is  a ssu m p tio n , the p ig m en t sy s te m s  of A n a cy s tis  w ere
fu r th e r  c h a ra c te r iz e d  by ex p e rim e n ts  on lig h t- in d u c ed  cy to 
ch ro m e oxidation  in  th is  s p e c ie s .

4 . 3 . 3  A ction  sp e c tru m  and k in e tic s  of cy to ch ro m e oxidation
Upon illu m in a tio n  of in ta c t A n acy stis  w ith re d  lig h t, negative

changes in  ab so rp tio n  w ere  o b se rv ed  in  a re g io n  around  425 m/u
and p o s itiv e  changes a ro u n d  400 and above about 445 m u. F ig .
4 .4  show s the sp e c tru m  of the ab so rp tio n  d iffe ren ce  betw een the
s te a d y -s ta te  le v e ls  w ith and w ithout ac tin ic  lig h t in the b lue and
v io le t and in  the g re e n  reg io n .

The shape of the sp ec tru m  in the re g io n  390-430 mu is  v e ry
s im ila r  to the d iffe ren ce  sp ec tru m  betw een the ox id ized  and the
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ANACYSTIS NIDULANS

LIGHT MINUS DARK

4 0 0  A.

Fig. 4.4 Difference spectrum (light minus dark) of absorbancy changes upon illumination in a
2 days old. 2"h suspension of Anacystis nidulans, contained in a 1 mm cuvette.
The wavelength of illumination was 688 mp, the intensity 6.5 x 10'*® einstein/
(sec cm2) . Note the different scales for the two parts of the figure.

red u ced  s ta te  of a cy to ch ro m e, and s tro n g ly  re s e m b le s  tha t of
e .g .  P o rp h y rid iu m  cru en tu m  (69, 82). The sh o u ld er a t 430-440 m p
and r a th e r  la rg e  p o sitiv e  changes a t about 450 m u (which a re
ab sen t in the sp e c tru m  of P o rp h y rid iu m ) a re  p ro b ab ly  cau sed
by a d iffe ren t com pound. The shape of the d iffe ren ce  sp ec tru m
in the g re e n  re g io n  su g g es ts  th a t it  r e s u l t s  fro m  two ab so rp tio n
changes: a negative  one betw een  545-565 m p and a p o sitiv e  one
which is  about the sam e a t a ll w avelengths betw een 530 and 575
m p. The band a t 545-565 m u su g g es ts  the d isap p ea ran ce  of the
a -b a n d  of a  re d u ced  cy to ch ro m e, as is  co n s is te n t with the ab 
so rp tio n  changes in  the v io le t reg io n . The p o s itiv e  change m ay
be ca u sed  by an in c re a s e  of lig h t s c a tte r in g  r a th e r  than by an
ab so rp tio n  in c re a s e . So the ab so rp tio n  d iffe ren ce  sp ec tru m  in 
d ica te s  tha t upon illu m in a tio n  an ƒ -  o r  c - ty p e  cy to ch ro m e is
oxid ized  in A n a cy s tis . The a -b a n d  of the re d u ced  fo rm  h as  a
m axim um  a t 554 + 1 m^u, the y -b an d  a t 420-425 m u. The
cy to ch ro m e m ay  be ch em ica lly  s im ila r ,  but is ,  a t le a s t  in the
in tac t c e ll , not id en tica l o p tica lly  to one of the cy to ch ro m es
e x tra c te d  fro m  A n acy stis  (136) o r  to cy to ch ro m e ƒ  fro m  p a rs le y
(62). The o p tica l p ro p e r t ie s  a re  s im ila r  to those  of the cy toch rom e
re a c tin g  in  P o rp h y rid iu m  (69, 82).

F ig . 4 .5  show s re c o rd in g s  of ab so rp tio n  changes a t 418 m/u,
w here ab so rp tio n  changes due to o th e r su b s tan ce s  than the
cy to ch ro m e a re  p ro b ab ly  sm a ll.  It can  be see n  th a t illu m in atio n
with lig h t of 680 m u c a u se s  a m uch la r g e r  d e c re a se  in ab so rp tio n
than illu m in a tio n  w ith lig h t of 620 m u of about the sam e in 
te n s ity . A ddition of DCMU o r N -e th y lu re th an e  to the a lg a l s u s 
p en sio n  had l i t t le  e ffec t upon the ac tio n  of lig h t of 680 mpi, but



- 6 3 -

ANACYSTIS NIDULANS
CYTOCHBOME OXOATION

660  I 7.7

6 20  1-39 6 2 0  I - «17

DCMU

680  1-7.7
t 660  [-3J 6 2 0  1-117
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Fig. 4.6 Recording tracings of absorption changes at 418 inji at different wavelengths and
intensities of actinic light of a 2 days old, 1.5"/o suspension of Anacystis nidulans,
contained in a 1 mm cuvette. An upward deflection (decrease of absorbancy) upon
illumination indicates an oxidation of cytochrome. The bottom traces were recorded
in the presence of 4.3 x 10~5 M DCMU. See also Fig. 4.2 for further details.

re s u lte d  in  a  s tr ik in g  in c re a s e  of the ap p a ren t ac tiv ity  of ligh t
of 620 m u. A s i l lu s tra te d  by the th re e  bottom  re c o rd in g s , in
the p re se n c e  of in h ib ito r quanta of 620 m u w ere n e a r ly  a s  e f 
fective  a s  quanta of 680 m u in cau s in g  cy to ch ro m e^o x id a tio n .

F ig . 4 .6  show s that the d iffe ren ce  sp ec tru m  in  the p re se n c e
of N -e thy lu re  thane is  the sam e upon illu m in a tio n  w ith lig h t of
678 and 625 m u. S im ila r  d iffe ren ce  s p e c tr a  (not shown in  the
fig u re ) w ere  ob tained  in  the p re se n c e  of D C M Ü w

The ex p e rim e n ts  in d ica te  th a t in  n o n -in h ib ited  c e lls  the o x i
dation  of cy toch rom e upon illu m in a tio n  w ith lig h t of 620 mu is
la rg e ly  co m p en sa ted  by a sim u ltan eo u s pho to reduction ; upon ad 
d ition  of DCMU o r u re th an e  the pho to red u c tio n  of cy toch rom e
ap p a ren tly  is  inh ib ited , while the photooxidation  is  no t. The
sam e  e ffec ts  have been  o b se rv ed  in  P o rp h y rid iu m  upon illu m in a tio n
with lig h t of 560 mu (81, 82).

The s p e c tr a  of F ig s .  4 .4  and 4 .6  w ere ob tained  w ith sam p le s
taken  from  d iffe ren t c u l tu re s .  The s p e c tr a  a re  v e ry  s im ila r  in
the re g io n  390-425 m u, but d iffe r a t h ig h er w aveleng ths. T his
g ives fu r th e r  ev idence tha t the sh o u ld e r a t 430-440 m u is  cau sed
by a  com pound, d iffe ren t from  that ab so rb in g  a t s h o r te r  w ave
leng ths; i t  m ay  be s im ila r  to the su b s tan ce s  w hich cau se  ab 
so rp tio n  changes around  430-440 m u in  N ostoc and N itzsch ia
(165), and in sp in ach  ch lo ro p la s ts  (265).

The ac tio n  sp ec tru m  of cy to ch ro m e oxidation  of u re th a n e -
inh ib ited  c e lls  d e te rm in e d  from  the s te a d y -s ta te  change in  ab 
so rp tio n  a t 420 m u is  shown in F ig . 4 . 7. The sp ec tru m  show s
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ANACYSTIS NIDULANS
LIGHT MINUS DARK

I —

440 Xmp

Fig. 4.6 Difference spectrum (light minus dark) of absorption changes in the blue region in
3 days old Anacystis nidulans upon illumination. The algae were in a 0.1?' sus
pension, contained in a 1 cm cuvette, in the presence of 4.3 x 10" M N-ethyl-
urethane. Points represented by open circles were obtained upon illumination with
light of 625 mp of an incident intensity of 21 x 10~10 einstein/(sec cm2); solid
circles represent measurements with light of 678 mp of 22 x 10- 1® einstein/(sec
cm2) .

ANACYSTIS NIDULANS

ACTION SPECTRUM FOR
CYTOCHR. OXIDATION

urethane
absorptancy — 0 2 5

6 5 0  A m p 7 0 0

Fig. 4.7 Action spectrum for cytochrome oxidation ot a 2 days old, 0.07 (volume) %
suspension of Anacystis nidulans, contained in a 1 cm cuvette, measured in the
presence of 4.3 x 10-2 M N-ethylurethane (open circles) and of 8.6 x 10"2 M
N-ethylurethane (solid circles). Points indicated by triangles were measured in
the absence of urethane at an intensity of about 10-2 einstein/(sec cm2). The
dashed line gives the absorptancy of the suspension, corrected for scattering. The
spectra are adjusted to the same height at 680 mp.
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that for this suspension  light quanta of 680 m/u are about 1 .2
tim es m ore active than quanta of 620 m/u in effecting cytochrom e
oxidation. A lso  are given a few points obtained with a non-
poisoned suspension , m easured  at an intensity of about 10 x 1 0 -10
e in s te in /(se c  cm 2 ).

4 . 3 . 4  Com parison of action sp ectra  for cytochrom e oxidation,
NAD(P) reduction and photosynthesis

The above experim ents give evidence that in A n acystis two
photochem ical sy stem s ex ist with s im ila r  photochem ical prop
e r tie s  as in Porphyridium  cruentum (82). The action  spectrum
of cytochrom e oxidation and of coenzym e reduction showed a
re la tive ly  high activ ity  of quanta absorbed by chlorophyll a, which
indicated that the sam e system  (system  1) is  effective in both
reaction s, but the spectra  w ere not identical for different cu l
tu res. To elim inate this variab ility , we have determ ined the
re la tive effic ien cy  of light quanta absorbed by phycocyanin and
chlorophyll a in effecting NAD(P) reduction and cytochrom e
oxidation in the sam e sam ple of two days old A n acystis, to
which DCMU was added. The re su lts  are given in Table 4 . 2 ,

TABLE 4 .2

Relative activities of light of 680 mp. compared to that of 620 or 625 mp in Anacystis nidulans

Culture Type of
experiment Inhibitor

Background
light. A

(mp)

Relative
efficiency

680 mp

Pigment
system

i NAD(P) reduct. i . i X 10-5  M DCMU 1.47 + 0.10 i
1 Cyt. oxidation i . i X 10-5  M DCMU 1.35 + 0.06 1
1 Absorptancy 0.88 _
2 Cyt. oxidation 8.6 X 10-6 M DCMU 1.29 1
2 Photosynthesis 620 0.89 1
2 Photosynthesis 680 0.18 2
2 Photosynthesis 7.5 X 10"8 M DCMU 620 0.15 2
2 Photosynthesis 7 .5 X 10-8 M DCMU 680 0.14 o
2 Photosynthesis 0.41 -

The experiments were performed with two different cultures of 2 days old Anacystis. The
relative efficiency of incident quanta of 680 mp is given, compared to that of quanta of
620 mp (for the first three experiments) or of 625 mp (for the other experiments). In the
photosynthesis experiments without DCMU the intensities of the background radiation were
3 X 10-9 einstein/(sec cm 2) at 680 mp and 1 x 10-9 einstein/(sec cm2) at 620 mp; the
intensities applied for the actual measurements were between 1.7 and 3.5 x 10-1° einstein/
(sec cm 2) .  For the photosynthesis experiments with DCMU all intensities used were about
twice as high; photosynthesis at 625 mp was about 75% inhibited by the concentration of
DCMU applied. The other experimental conditions were as described already (Figs. 4 .1  and
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ro w s 1 and 2: the re la tiv e  e ff ic ien c ie s  w ere found the sam e
within the e x p e rim e n ta l e r r o r .

By m ean s  of p h o to sy n th esis  m e a su re m e n ts  i t  is  p o ss ib le  to
d e te rm in e  the ac tio n  sp ec tru m  of sy s tem  1 in an independent
way, and a lso  the ac tio n  sp e c tru m  of sy s tem  2 (82). If i t  is
a ssu m ed  tha t the p ro d u c ts  m ade by each  of the two sy s te m s
a re  su ffic ien tly  lo n g -liv ed , and th a t th ese  p ro d u c ts  have to r e a c t
in  a fixed  p ro p o rtio n  in  o rd e r  to give p h o to sy n th es is , then i t
follow s th a t the effic ien cy  of lig h t of v a r io u s  w avelengths is
d e te rm in e d  by the sy s tem  w hich ru n s  a t the lo w est ra te  (under
the cond itions of the ex p e rim en t) . If we po ison  sy s tem  2 su f
fic ien tly  w ith DCMU so  th a t th is  sy s tem  is  runn ing  a t the lo w est
ra te  a t a ll w aveleng ths, then the ac tio n  sp e c tru m  of pho tosyn
th e s is  of the po isoned  a lgae w ill be p ro p o rtio n a l to tha t of sy s tem
2. In s tea d  of DCMU we m ay  u se  a co n stan t background of s tro n g
but n o n -sa tu ra tin g  lig h t of 680 m/u, w hich w ill p re su m a b ly  cau se
sy s tem  1 to ru n  a t a  m uch h ig h e r ra te  than  sy s tem  2. The e f
fic iency  of added weak lig h t of any w avelength  w ill then be given
by the ac tiv ity  of sy s te m  2 a t th is  w avelength , so  tha t a lso  the
ac tion  sp e c tru m  of p h o to sy n th esis  thus m e a su re d  w ill be p ro p 
o rtio n a l to th a t of sy s tem  2. A nalogously , the ac tio n  sp ec tru m
of p h o to sy n th es is  m e a s u re d  ag a in s t a  s tro n g  background of 620
m/u w ill be p ro p o rtio n a l to sy s tem  1.

F ig . 4 .8  show s re c o rd in g s  of p h o to sy n th esis  a t 680 and 625

ANACYSTIS NIDULANS
PHOTOSYNTHESIS

6 2 0  m|l
background

IO min

6 8 0  mp
background

Fig. 4.8 Polarograph tracings of the rate of photosynthesis of a layer of about 4 p thickness
of 2 days old Anacystis nidulans. The first tracing was recorded in the presence
of a continuous background of light of 620 mp of an intensity of 10 9 einstein/
(sec cm^), the bottom tracing with a background of 680 mp of 3 x 10- ® einstein/
(sec cm2) . During the intervals marked by upward and downward pointing arrows
the algae were also illuminated by a second beam of wavelength 680 or 625 mp
of an intensity of 3.5 and 2.7 x 10"10 einstein/(sec cm2) respectively.
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m/j w ith d iffe ren t co n stan t b ackgrounds. T h ese  re c o rd in g s  show
that the a c tiv it ie s  of lig h t a t th ese  w avelengths a re  quite d iffe ren t
fo r d iffe ren t c o lo rs  of backgrQund lig h t. T hese  e ffec ts  a r e ,  of
c o u rse , the sam e as  those which have u su a lly  been  m e a su re d
and p lo tted  a s  "E m e rso n  en h an cem en t e ffec ts" : the E m e rso n  e f 
fec t can  be exp la ined  by the a ssu m p tio n  th a t the p ro d u c ts  m ade
in e x c e s s  by sy s tem  1 a t one w avelength  r e a c t  w ith the p ro d u c ts
m ade in  e x c e s s  by sy s tem  2 upon s im u ltan eo u s illu m in a tio n  with
lig h t of a second  w avelength  (81). Thus the lig h t en e rg y  which
is  w asted  by the e x c e s s  ab so rp tio n  in  one o r  the o th e r sy s te m ,
when e i th e r  beam  is  app lied  se p a ra te ly , is  u sed  fo r pho tosyn
th e s is  upon com bination  of th ese  b eam s.

Row s 6 -8  of Table 4 .2  show  th a t the r a t io s  of e ffic ien c ie s
fo r lig h t of 625 and 680 m u, obtained  in th re e  d iffe ren t ways
u n d er cond itions a t  w hich acco rd in g  to  the hy p o th esis  sy s tem
2 d e te rm in e d  th ese  e ffic ie n c ie s , a g re e  w ell. The r a te  of pho to 
sy n th e s is , w hich fo r unpoisoned  a lg ae  is  s tro n g ly  dependent
upon the kind of background  lig h t, is  v ir tu a lly  independent *of
the background em ployed  fo r  DCMU poisoned  a lg ae , which is
a lso  in ag re e m e n t w ith o u r h y p o th es is . H ow ever, the ra tio s  given
in row s 4 and 5 a r e  som ew hat d iffe ren t. P o s s ib le  exp lana tions of
th is  d isc re p an cy , which w as a lso  no ted  fo r  P o rp h y rid iu m  (82),
w ill be d isc u s se d  below . W hatever w ill be the cau se  of the
d isc re p an cy , ex p e rim e n ts  such  a s  those  given by ro w s 1 and 2
s tro n g ly  ind ica te  tha t the red u c tio n  of NAD(P) is  cau sed  by the
sam e pho to ch em ica l sy s tem  a s  that w hich c a u se s  cy to ch ro m e
oxidation . T h is  sy s te m , sy s te m  1, c le a r ly  can  be d is tin g u ish ed
fro m  the D C M U -sensitive  sy s te m  2.

4 .3 .5  Quantum  re q u ire m e n t fo r NAD(P) red u c tio n  and cy toch rom e
oxidation

A s d isc u s se d  (§ 3 .3 .1 )  the f lu o ro m e tr ic  m ethod, in  c o n tra 
d is tin c tio n  to the a b so rp tio m e tr ic  m ethod , cannot be u sed  fo r a
re lia b le  m e a su re m e n t of the quantum  re q u ire m e n t of coenzym e
red u c tio n , s in ce  the f lu o re scen c e  y ie ld  of the p o ss ib ly  en zy m e-
bound NAD(P)H2 is  not known. The shape of the f lu o re scen ce
ac tion  sp ec tru m  of NAD(P)H2 (205) in d ica te s  th a t in A n acy stis
the ab so rp tio n  m axim um  of NAD (P)H2 is  no t m uch sh ifted  by
binding to c e ll  co n s titu en ts . E a r l i e r  a ttem p ts  to c o r re la te  ab 
so rp tio n  changes in the n e a r  u l t r a  v io le t w ith the red u c tio n  of
coenzym e w ere in co n clu siv e , b ecau se  i t  tu rn ed  out th a t th e re
w ere  o th e r su b s tan ce s  (e .g .  cy to ch ro m e) which co n trib u ted  to
the lig h t- in d u ced  ab so rp tio n  changes in  th is  reg io n .

F ro m  the e x p e rim en ts  in  the p reced in g  sec tio n s  it  follow ed
that upon illu m in atio n  w ith lig h t of 620 m/j of not too high in 
ten s ity , the photooxidation of cy to ch ro m e in the absence  of
DCMU is  v e ry  sm a ll, so  tha t fo r ac tin ic  lig h t of 620 m/u l i t t le
in te r fe r in g  ab so rp tio n  changes in the u l t r a  v io le t from  cy toch rom e
re a c tio n s  w ere to be exp ected . F ig . 4 .9  show s the s p e c tr a  of
the s te a d y -s ta te  ab so rp tio n  changes in the n e a r  u l t r a  v io le t reg io n .
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ANACYSTIS NDULANS
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DCMU,

1 .2 3

1 - 7 8

NADPH2

X m il 3 8 0

Fig. 4.9 Difference spectrum (light minus dark) of absorption changes in the ultra violet
region in 2 days old Anacystis nidulans upon illumination. The 1.5% algal sus
pension was contained in a 1 mm cuvette. Points represented by open circles were
obtained upon illumination with light of 620 mp of an incident intensity of 7.8 x
10“*® einstein/(sec cm2). Solid circles represent measurements in the presence
of 4.3 x 10"® M DCMU at a light intensity of 23 x 10"1® einstein/(sec cm2).
The dashed line gives, on an arbitrary scale, the absorption spectrum of NADPH2
( 212) .

The f i r s t  sp e c tru m , ob tained  upon low in te n s ity  illu m in atio n
of 620 mu, c lo se ly  re s e m b le s  tha t of NADH2 o r  N AD PH 2,
while the second  one, ob ta ined  in  the p re se n c e  of DCMU, show s
an ad d itio n a l in c re a s e  a round  360 mu, p re su m a b ly  cau sed  by
a s im u ltan eo u s  oxidation  of cy to ch ro m e. T h is is  in acco rd an ce
w ith e a r l i e r  find ings tha t cy to ch ro m e ƒ  (62), c (158) and the
a lg a l cy to ch ro m e 553 (154) show only a s lig h t ab so rp tio n  d if
fe ren c e  betw een the oxid ized  and the re d u ced  s ta te  a round  340
mu, 'b u t  a co n s id e rab le  one a t h ig h e r w aveleng ths. F u r th e r 
m o re , the k in e tic s  of the u l t r a  v io le t ab so rp tio n  changes upon
illu m in a tio n  w ith lig h t of 620 mu w ere  found to be the sam e
a s  the k in e tic s  of the changes in  blue f lu o re scen c e . T hese
r e s u l ts  in d ica te  tha t the ab so rp tio n  change a t 340 mu is  m ain ly
due to NAD o r  NADP, p re su m a b ly  a lso  a t h ig h er ac tin ic  in 
te n s i t ie s  and in  the p re se n c e  of DCMU.

F ro m  the in itia l  r a te  of change in ab so rb an cy , quantum
re q u ire m e n ts  fo r coenzym e re d u c tio n  and cy to ch ro m e oxidation
w ere  ca lc u la ted , in  the sam e way as  in  § 3 .3 .3  and 3 .3 .6 .
The d iffe ren ce  in  m o la r  ab so rp tio n  co e ffic ien ts  betw een oxid ized
and re d u ced  cy to ch ro m e  was a ssu m ed  to be 70 at 420 and 42
c m '1 mM "1 a t 417 mu (cf. r e f .  154). C o rre c tio n s  fo r op tica l
e ffec ts  w ere  app lied  a s  d isc u s se d  in § 4 . 2 ,  Quantum  re q u ire m e n ts
m e a su re d  fo r th re e  d iffe ren t c u ltu re s  a re  shown in T able 4. 3.
The low  re q u ire m e n ts  ob tained  ind ica te  tha t both NAD(P) r e -
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table 4 .3

Quantum requirements of light-induced NAD(P) reduction
and of cytochrome oxidation in Anacystis nidulans.

Culture Reactant
Actinic light

1/0, hv/eq.
A, mp intens.

1 NAD(P) 620 7.8 2.1
1 NAD(P) 620 23 2 .8
2 NAD(P) 620 3.9 2 .4
2 NAD(P) 620 7 .8 2.5
2 NAD(P) 620 23 2.6
3 NAD(P) 620 7.8 3.8
3 NAD(P) 620 IS. 6 2.8
1 cyt. 680 5 .4 9 .3
i cyt. 680 7.7 8 .0
i cyt. 680 23 10.8
1 cyt. a) 680 7.7 7 .3
i cyt. a) 680 23 1Q.2
i cyt. b) 680 15.0 9 .0
2 t y t . 680 1.9 9.1
2 cyt. 680 3.9 6.7

a) in the presence of 2 .1  x 10"** M DCMU
b) in the presence of 4 .3  x 10"® M DCMU

The measurements were done with a 1 ,b°lo suspension of 2 days old Anacystis, contained
in a 1 mm vessel, and taken from 3 different cultures. The light intensities, given in 10-1°
einstein/(sec cm2) ,  are those at the place of the cuvettes. The quantum requirements, 1/0,
are calculated from the initial rate of absorption increase or decrease at 340 or around 420
mjj upon illumination and corrected for optical effects as described in S 4,2 .

duction and cytochrom e oxidation are important photochem ical
reactions in A n acystis. The im plications of the va lues found
and of the difference between the quantum requirem ents for
coenzym e reduction and for cytochrom e oxidation w ill be d is 
cu ssed  below.

4 . 3 . 6  The fluorescence y ield  of NAD(P)H2 in vivo
The fluorescence y ield  of NAD(P)H2 produced in the light by

A nacystis was m easured  in the sam e way as for Rhodospirillum
rubrum (§ 3 . 3 . 4 ) .  The y ie ld  was found to be 1 .9  tim es that of
free NADH2 or NADPH2 .

The experim ents were done with a 1.4%, 2 days old s u s 
pension. The wavelength of actin ic light was 620 mu, the in 
tensity 3 .6  x 10~9 e in s te in /(se c  c m 2 ). The m easured ab sor
bancy d ifference at 340 mju was corrected  as described  in §
4.^2. No correction  was applied for the shift of the em issio n
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sp e c tru m  of the pho to red u ced  N A D (P)H 2 in the c e lls  co m p ared
to tha t of f re e  NADH2 (75); th is  c o r re c tio n  p re su m a b ly  is  sm a ll.
The c o r re c tio n  fo r the ab so rp tio n  of ex c ita tio n  and flu o re scen ce
ra d ia tio n  in  the c e ll  was e s tim a te d  to be + 6%.

4 . 3 . 7  E ffec t of COz
In o rd e r  to  exam ine w hether lig h t- in d u ced  coenzym e re d u c 

tion a lso  o c c u rre d  u n d er cond itions of low  C O z p re s s u r e ,  the
k in e tic s  of the blue flu o re scen c e  w ere  a lso  m e a s u re d  in algae
grow n and re su sp e n d ed  in  a m edium  which was eq u ilib ra ted
with a m ix tu re  of a i r  and 0.1%  of C 0 2, in s tead  of 4%. N aH C 0 3
w as o m itted  fro m  the cu ltu re  m edium  and re p la c e d  by t r i s  buf
f e r  a t a co n cen tra tio n  of 1 g / l .  The m edium  was b rough t to
pH 7 .3  with HC1 befo re  s te r i l iz a t io n . D uring  grow th the pH
v a r ie d  betw een 7 .4  and 7 .8 ; the cu ltu re  was a e ra te d  with the
m ix tu re  of a i r  and C 0 2 a t a ra te  of about 200 m l/m in .

We found th a t the grow th ra te  of A n acy stis  was about the
sam e u n d er th ese  cond itions a s  u n d er those n o rm a lly  applied .
F o r  su sp en s io n s  of the sam e ab so rp tan cy  a t 680 m/u the am ount
of blue flu o re scen c e  in the d a rk  and the d iffe ren ce  betw een the
s te a d y -s ta te  f lu o re scen c e  in  ac tin ic  lig h t of high in ten s ity  and
in the d a rk  w ere about tw ice a s  high fo r 2 days old A n acy stis
grow n and m e a su re d  a t low C 0 2 p re s s u r e  a s  fo r a lgae  grow n
and ex am in ed  a t a high p a r tia l  p r e s s u r e  of C 0 2. The in itia l  ra te
of f lu o re scen c e  in c re a s e  p e r  ab so rb ed  quantum  w as ap p ro x im a te ly
the s a m e .

T hese o b se rv a tio n s  ind ica te  th a t in  algae grow n u n d er low
C 0 2 p r e s s u r e  the pool of pho tosyn thetic  NAD(P) is  about tw ice
as  la rg e , but tha t the e ffic ien cy  fo r  lig h t-in d u ced  coenzym e
red u c tio n  is  ap p ro x im a te ly  the sam e as  fo r  algae  grow n a t 4%
co2.
4 . 3 . 8  NAD(P) re d u c tio n  in  o th e r b lu e -g re e n  a lgae

The in c re a s e  of blue flu o re scen c e  upon illu m in a tio n  was a lso
m e a s u re d  fo r two o th e r sp e c ie s  of b lu e -g re e n  a lg ae . F ig . 4 .1 0
show s re c o rd in g s  ob tained  with the filam en to u s b lu e -g re e n  a lga
A nabaena cy lin d ric a  and with a dense su sp en sio n  (2.5%) of
S ch izo th rix  ca lc ic o la . F o r  co m p ariso n  a re c o rd in g  obtained  with
A n acy stis  is  a lso  shown, m e a su re d  a t the sam e in ten s ity  of
flu o re scen c e  ex c ita tio n  and a t the sam e se n s itiv ity  of the ap 
p a ra tu s  a s  fo r S ch izo th rix . In the e x p e rim en ts  with A nabaena
the s e n s itiv ity  was 1 .3  tim es  lo w er.

The re c o rd in g s  show, th a t, although the le v e ls  of d a rk  f lu o re s 
cence v a ry  s tro n g ly  fo r  the d iffe ren t s p e c ie s , the abso lu te
am ount and the in itia l r a te  of flu o re scen c e  in c re a s e  upon i l 
lum in a tio n  d iffe r m uch le s s .  T h is  su g g ests  tha t the effic iency
fo r coenzym e red u c tio n  and the pool of pho tosyn thetic  NAD(P)
a re  of the sam e o rd e r  of m agnitude in th ese  a lg ae . An exact
com paris  on is  not p o ss ib le  b ecau se  the flu o re scen c e  y ie ld  of
NAD(P)H2 in S ch izo th rix  and A nabaena is  not known. If th is
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NAD(P) REDUCTION

SCHIZOTHRIX CALCICOLA

SCHIZOTHRIX .DCMU

ANABAENA CYLINDRICA

A F 5°/o

NI DULANSANACYSTIS

Fig. 4.10 Recordings of the blue fluorescence increase upon illumination and decrease upon
darkening for a 2 .57» suspension of 2 days old Schizothrix calcicola (curves (a) and
(b)) , a clump of filaments of Anabaena cylindrica (c) and for a 4% suspension of
S days old Anacystis nidulans (d). contained in 1 mm quartz vessels. The fluorescence
was excited by radiation of 340 mp. The algae were illuminated with ligfit of 680
mp of an intensity of 3.5 x 10-10 einstein/(sec cm2) (curves (a), (c) and (d)) or
7 . 0  x 10-10 einstein/(sec cm2) (curve (b )). Curve (b) was obtained in the presence
of 1.5 x 10“5 M DCMU. Further details are given in the text and in the legend
of Fig. 4.2.

y ie ld  is  the sam e fo r S ch izo th rix  a s  fo r  A n a cy s tis , then  the
effic ien cy  fo r NAD(P) red u c tio n  and the pool of pho tosyn thetic
NAD(P) a re  about equal fo r  both s p e c ie s , s in ce  the ra tio  of
ab so rb an c ie s  a t 680, 340 (the w avelength  of flu o re scen c e  e x 
c ita tio n ) and around  450 a re  not v e ry  d iffe ren t fo r  th ese
a lg ae . A co m p ariso n  w ith A nabaena is  m o re  d ifficu lt, s in ce  the
su sp en sio n  was op tica lly  inhom ogeneous b ecau se  of c lum ping  of
the f ilam en ts .

DCMU d im in ish ed  the d iffe ren ce  betw een the s te a d y -s ta te  lev e l
in the d ark  and the lig h t fo r  S ch izo th rix  but had l i t t le  e ffec t on
the in itia l r a te  of coenzym e red u c tio n . W ith A nabaena no f lu o re s 
cence in c re a s e  upon illu m in atio n  w as o b se rv ed  in  the p re se n c e
of 1 .5  x 10"5 M DCMU. P o ss ib ly  p a r t  o r  a ll of the NAD(P)
was in the re d u ced  s ta te  a lre ad y  in  the d a rk  in the p re se n c e  of
in h ib ito r.
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F ig . 4 .1 1  g iv es  the re la t iv e  a c tiv it ie s  of r e d  lig h t of d iffe ren t
w avelengths in  e ffec tin g  the in itia l NAD(P) red u c tio n  in S chizo-

Schlxothrlx Action ip c c tra

O Photoxynthcili

-  0.2•  NAD(P)r«d. I

-  0.1

Fig. 4.11 Relative activities of light of different wavelengths in effecting the initial NAD(P)
teduction upon illumination in a suspension of Schizothrix calcicola, contained in
a 1 mm cuvette (solid circles), and in effecting photosynthesis in a thin layer of
algae (open circles). The measurements were done with samples of different 1 day
old cultures. The solid line gives the absorptaney of the suspension used 1'or meas
uring NAD(P) reduction; the dashed line the absorbancy of a dilute suspension of
the same algae as used in the photosynthesis experiments. The actinic light was
filtered by means of heat-absorbing and reflecting filters and of Balzers B 40
interference filters, half-width 10 to 15 mp. The other conditions were the same
as in Fig. 4.10.

th r ix . The r e s u l ts  in d ica te  about the sam e o r  a som ew hat h ig h er
ac tiv ity  of ch lo ro p h y ll a a t 680 m n than of phycocyanin  a t 620
mn, and su g g est a re la tiv e ly  high ac tiv ity  of lig h t ab so rb ed  in
the f a r .  re d  re g io n  (700 to 720 m/u). B ecau se  of the h ig h e r lev e l
of d a rk  flu o re scen c e  and the c o rre sp o n d in g  h ig h e r n o ise  lev e l
the p re c is io n  was le s s  than fo r the ac tio n  sp ec tru m  of A n acy stis
(§ 4 .3 .2 ) .  F o r  co m p ariso n  the ac tiv ity  fo r p h o to sy n th esis  was
m e a su re d  a t the sam e w avelengths fo r a thin la y e r  of S ch izo
th r ix  taken  from  a su sp en sio n  of the sam e age . A s F ig . 4 .11
show s, the re la tiv e  ac tiv ity  of ch lo ro p h y ll a a t 680 m/u and in
the f a r  r e d  re g io n  is  m ark ed ly  lo w er fo r p h o to sy n th esis  than fo r
coenzym e re d u c tio n . The a lgae  w ere not evenly  d is tr ib u te d  on
the e lec tro d e ; the inhom ogeneous d is tr ib u tio n  m ay have low ered
som ew hat the pho tosyn thetic  a c tiv ity  of s tro n g ly  ab so rb ed  lig h t
co m p ared  to lig h t of w avelengths w here l i t t le  ab so rp tio n  o c
c u r re d .  B ecau se  of th is  u n ce rta in ty  no c o r re c tio n  was app lied
fc r  re f le c tio n  a t the p la tinum  su rfa c e  (see  § 2 .6 ).
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4 . 4  D iscussion

4 . 4 . 1  A ction  s p e c tra
The e x p e rim en ts  re p o r te d  in  th is  c h a p te r a re  in  g e n e ra l a g r e e 

m en t w ith the hyp o th e tica l and g e n e ra liz e d  sch em e , m entioned
in the in tro d u c tio n  (§ 4 .1 ):

H 20 —► (sy stem  2 )—»Q —* P Q —► cytochrom e—* P —► (system 1 )—►

NAD(P)H2— ► CC^

System  1 c a u se s  upon illu m in atio n  the re d u c tio n  of NAD(P)
and the ox idation  of P , cy to ch ro m e, quinone (PQ) and Q; sy stem
2 c a u se s  a  red u c tio n  of th ese  com pounds and is  p ro b ab ly  in 
volved in  0 2 p ro d u c tio n . The red u c tio n  of P , cy to ch ro m e and
PQ  and the ox idation  of Q a re  inh ib ited  by DCMU. T his schem e
and add itiona l ev idence p e r ta in in g  to it  is  d isc u s se d  ex ten s iv e ly
e lsew h e re  (82, 84), to g e th e r with p a r tly  s im ila r  sch e m e s  p ro p o sed
by o th e r a u th o rs . T h e re fo re  the p re s e n t  d iscu ss io n  w ill be
r e s t r ic te d  m ain ly  to a sp e c ts  of the ev idence re p o r te d  in th is
ch a p te r.

The r e s u l ts  given in  T able 4 .2  in d ica te  th a t the sam e  p igm ent
sy s tem  e ffec ts  the oxidation  of cy to ch ro m e and the re d u c tio n  of
coenzym e, and, to g e th e r w ith the o th e r ev id en ce , su p p o rt the
h y po thesis  that sy s tem  1 b rin g s  about th ese  re a c t io n s . T h is is
a lso  c o n s is te n t with the ex p e rim e n ts  of o th e rs  on NADP re d u c 
tion by sp in ach  ch lo ro p la s ts  (184, 247, 148, 120) and c e llu la r
e x tra c ts  of C hlam ydom onas re in h a rd i  (182, see  a lso  re f .  181).
Support is  a lso  given by the ac tio n  s p e c tr a  of Hoch and M artin
(131a) and by the, p robab ly  m o re  d is to r te d , ac tio n  s p e c tr a  of
A rnon e t al. (19) fo r NADP red u c tio n  by c h lo ro p la s ts .

A s in d ica ted  by o u r ac tio n  sp e c tra ,  sy s tem  1 in  young c u l
tu re s  of A n acy stis  n idu lans show s an ac tiv ity  of ch lo rophy ll a
which is  about equal to o r  som ew hat h ig h e r than tha t of phycocy-
an in . S ystem  2, a s  m e a s u re d  by the ra te  of p h o to sy n th esis  in
the p re se n c e  of DCMU o r  with a background of lig h t of 680 m ^,
show s roughly  s ix  tim e s  h ig h er a c tiv ity  fo r lig h t ab so rb ed  by
phycocyanin  than  by ch lo rophy ll a. The ex p e rim e n ts  with S chizo-
th rix  c a lc ico la  y ie ld  s im ila r  r e s u l t s  and ind ica te  a roughly
equal ac tiv ity  of sy s tem  1 in  th is  a lg a  fo r quanta ab so rb ed  by
ch lo rophy ll a a t 680 m/j a s  fo r quanta ab so rb ed  by phycocyanin .
The ac tion  sp ec tru m  of p h o to sy n th esis  in d ica te s  that sy s te m  2
con tains re la tiv e ly  l i t t le  ch lo ro p h y ll. The ac tiv ity  of p h y co e ry th rin ,
a phycobilin  w hich is  a lso  p re s e n t in  re la tiv e ly  high co n cen tra tio n
in th is  a lg a , was not in v es tig a ted  b ecau se  lig h t of w avelengths
lo w er than about 600 m/u in te r fe re d  in  the m e a su re m e n t of NAD(P)H2
flu o re scen c e . In P o rp h y rid iu m  cru en tu m  sy s tem  1 con ta ins
about equal am ounts of ch lo rophy ll a and p h y co e ry th rin  and
sy s tem  2 m o re  p h y co e ry th rin  than ch lo rophy ll Cl (81, 82).

The ac tio n  s p e c tra  fo r p h o to sy n th esis  of a ll b lu e -g re e n  algae
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(w ith one excep tion  (88)), and a ll r e d  algae in v es tig a ted  (67,
123, 124, 45) a re  s im ila r  to those  of A n acy stis  and S ch izo th rix
in show ing a lo w er e ffic ien cy  of ch lo rophy ll a  than  of the
p h y cob ilin s. F o r  the b lu e -g re e n  and re d  a lgae  exam ined , ligh t
ab so rb ed  by ch lo ro p h y ll a was a lso  le s s  ac tiv e  than tha t ab so rb ed
by the p hycob ilin s in  ex c itin g  ch lo rophy ll a f lu o re scen ce  (67),
F u r th e r  it  w as found th a t com bination  of lig h t p red o m in an tly
a b so rb ed  by ch lo ro p h y ll a with lig h t m ain ly  ab so rb ed  by the
phycob ilin s gave r i s e  to enhancem en t of p h o to sy n th esis  (E m erso n
effec t) fo r  s e v e ra l  sp e c ie s  of b lu e -g re e n  and re d  a lgae (40, 45,
82, 102, 191, 150). T hese  o b se rv a tio n s  ind ica te  tha t sy s tem  1
co n ta in s  re la t iv e ly  m uch  ch lo ro p h y ll a  and sy s tem  2 re la tiv e ly
m uch phycocyanin  and p h y co e ry th rin  in  a ll  these  a lg ae .

Kok and Hoch (167-169) stu d ied  k in e tic s  of ab so rp tio n  changes
around  700 m u  in  v a r io u s  a lgae and in sp in ach  c h lo ro p la s ts .
The r e s u l t s  in d ica ted  tha t the ab so rp tio n  changes w ere cau sed
by a p ig m en t (P  700, P  in  the sch em e) w ith an ox idation  re d u c 
tion  po ten tia l E '0 of 0 .43V , which becam e re v e rs ib ly  b leached
upon oxidation  and is  p o ss ib ly  a type of ch lo ro p h y ll. A co m 
p a r is o n  w ith ou r r e s u l ts  w ith those  on P  700 changes in  A n acy stis
n id u lan s (167, 169) adds to the ev idence tha t sy s tem  1 is  the
sam e a s  the p h o to ch em ica l sy s tem  re sp o n s ib le  fo r the oxidation
of P  700.

F o r  C h lo re lla , the ac tio n  s p e c tr a  of p h o to sy n th esis  (89) and
of the E m e rso n  enhancem en t e ffec t (103, 118) ind ica te  that the
two sy s te m s  con ta in  d iffe ren t r a tio s  of ch lo ro p h y ll a types with
d iffe ren t ab so rp tio n  m ax im a (see  d isc u ss io n  in  re f .  82). T here
a re  in d ica tio n s  th a t A n acy stis  (122, 237) and o th e r p lan ts  (174,
2) a lso  con ta in  d iffe ren t types of ch lo ro p h y ll a, but o u r ac tion
s p e c tr a  of A n acy stis  a round  680 m/u a re  no t su ffic ien tly  re so lv e d
to show a d iffe ren ce  betw een the lo ca tio n  of the ch lo ro p h y ll a
bands fo r sy s tem  1 and sy s te m  2. The ac tio n  sp ec tru m  of
S ch izo th rix  (F ig . 4 .1 1 ) in d ica te s  a re la tiv e ly  high con ten t of a
ch lo ro p h y ll a type ab so rb in g  a t long w avelengths fo r  sy s tem  1
in th is  a lg a .

The fac t th a t E m e rso n  e ffec ts  have been o b se rv ed  fo r v a r io u s
sp e c ie s  of d iffe ren t g ro u p s of a lgae  (91-93, 103, 118, 194, 40),
fo r E lo d ea  (137) and fo r  in vitro re a c tio n s  of h ig h e r p lan t
c h lo ro p la s ts  (131, 120) in d ica te s  that in  a ll g re en  p lan ts  two
p h o to ch em ica l sy s te m s  w ith p re su m a b ly  s im ila r  functions e x is t.
T h ere  a re  s e v e ra l  in d ica tio n s th a t in pho tosyn thetic  b a c te r ia
only one sy s te m , s im ila r  to sy s te m  1, e x is ts  (cf. re f . 82): The
ac tio n  sp ec tru m  of b ac te rio ch lo ro p h y ll f lu o re scen c e  in R hodopseu-
dom onas sp h e ro id e s  is  p ro p o rtio n a l to tha t of NAD(P) red u c tio n
(C hap ter III) and to th a t of the photo inhib ition  of oxygen uptake
( J .C .  G oedheer and D .C . F o rk , p e rso n a l com m unication).
P u rp le  b a c te r ia  a re  unable to evolve oxygen, but, like in  a lgae ,
lig h t-in d u ced  s p e c tr a l  changes have been  o b se rv ed , due to the
red u c tio n  of NAD(P) and the oxidation of cy to ch ro m es (C hap ter
III) and of a su b stan ce  P  890, re la te d  to b ac te rio ch lo ro p h y ll (67,
71, 10, 56, 251). The oxidation  of P  890 is  p robab ly  analogous
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to the ox idation  of P  700 in  a lg ae . F u r th e r  the re a c tio n s  of
ch ro m ato p h o re  p re p a ra tio n s  from  p u rp le  b a c te r ia  a re  s im ila r  to
those of c h lo ro p la s ts  in which sy s tem  2 h as  a r ti f ic ia lly  been
m ade in o p e ra tiv e , viz. " cy c lic "  pho tophosphory la tion  and the
lig h t-in d u ced  red u c tio n  of NAD and co ncom itan t oxidation  of
d ich lo ropheno l indophenol (200), cy toch rom e C (245, see  a lso
re f .  143) o r  of o th e r su b s tan ce s  with about the sam e o r  low er
E ' 0 . A d iffe ren ce  is  tha t ch lo ro p la s ts  re q u ire  the add ition  of
red o x  com pounds, such a s  FM N, fo r "cy c lic  p h o sp h o ry la tio n " .
F in a lly , B links and van N iel (41) w ere  unable to find an E m e rso n
effec t fo r p h o to sy n th esis  of R h o d o sp irillu m  ru b ru m .

The p ho to reduc tion  of C 0 2 in the p re se n c e  of H 2 by v a rio u s
g re en , b lu e -g re e n  and re d  a lgae (see  re f .  230 fo r a re c e n t  r e 
view ), w hich is  not inh ib ited  by DCMU (31) is  p robab ly  a "b a c 
te r ia l- ty p e "  p h o to sy n th esis  and only d riv en  by sy s tem  1. T h is
is  in d ica ted  by the re la tiv e ly  high e ffic ien cy  of fa r  re d  lig h t in
S cenedesm us and A n k is tro d esm u s (33) and of re d  lig h t in  P o rp h y -
rid iu m  cru en tu m  ( L . N . M.  D uysens, J .  A m esz  and J . M .  van
Dongen, unpub lished  e x p e rim e n ts ) . It is  p o ss ib le  tha t the lig h t-
induced a s s im ila tio n  of ac e ta te  by C h lam ydobo trys, C h lo re lla
v u lg a ris  and som e o th e r algae (214, 264) is  a lso  e ffec ted  by
sy s tem  1 only.

T h ere  a re  a nu m b er of re p o r ts  about the p re se n c e  o r  ab 
sence of E m e rso n  e ffec ts  fo r  v a r io u s  lig h t-in d u ced  re a c tio n s
of iso la ted  c h lo ro p la s ts  (131, 120, 34, 25, 190). H ow ever, it
ap p e a rs  tha t the r e s u l ts  have a s  y e t not given defin ite  ev idence
about e . g .  the way of red u c tio n  of the v a r io u s  H ill-o x id an ts .
F o r  th is  re a s o n  a t th is  m o m en t a d isc u ss io n  can  b e tte r  be
postponed  u n til m o re  d a ta  becom e av a ilab le .

R 'abinowitch and G ovindjee (93, 119) re p o r te d  s o -c a lle d  negative
E m e rso n  e ffec ts  (a lo w er ra te  of p h o to sy n th esis  upon com bination
of two lig h t b eam s than the sum  of the r a te s  ob ta ined  in each
beam  se p a ra te ly )  fo r A n acy stis  n idu lans and som e o th e r s p e c ie s .
H ow ever, a s  F ig . 6 of r e f .  93 su g g ested  and a s  was la te r  con 
f irm e d  ex p e rim en ta lly  by G ovindjee (119), the e ffec t was cau sed
by a n o n -lin e a rity  w ith lig h t in ten s ity  of the ap p a ren t ra te  of
p h o to sy n th esis  in  fa r  re d  lig h t r a th e r  than by an in te ra c tio n  of
lig h t of two d iffe ren t w aveleng ths. F o r  th is  re a so n  the te rm
"negative E m e rso n  e ffec t"  is  confusing  and no t v e ry  ap p ro p ria te ;
the " tru e "  E m e rso n  e ffec t is  cau sed  by the in te ra c tio n  of two
d iffe ren t p igm en t sy s te m s . V ery  re c e n tly  Hoch et al. (132)
p re se n te d  d ire c t  and Jo n es  and M yers (150) p re se n te d  m o re
in d ire c t ev idence tha t in  A n acy stis  the e ffec t was cau sed  by an
inh ib ition  of oxygen uptake by fa r  re d  lig h t. The inh ib ition  was
s a tu ra te d  a t m uch lo w er in ten s ity  than  the ra te  of p h o to sy n th es is .
The opposite  e ffec t had been no ted  (105) fo r P o rp h y rid iu m
cru en tu m . O ur ac tio n  s p e c tr a  of p h o to sy n th esis  (F ig . 4 . 1 )  w ere
m e a su re d  a t h ig h er in ten s ity  and a re  only l i t t le  affec ted  by the
inh ib ition  of oxygen up take.

Some of o u r o b se rv a tio n s  a lso  ind ica te  tha t the sch em e d is
c u sse d  is  too sim ple.- A ccord ing  to the hy p o th esis  the ac tion
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sp ec tru m  of p h o to sy n th esis  of A n acy stis  m e a su re d  ag a in s t a
s tro n g  background of lig h t of about 620 m p should be exactly
p ro p o r tio n a l to th a t of cy to ch ro m e oxidation o r  coenzym e re d u c 
tion in the p re se n c e  of DCMU, s ince  both ac tio n  s p e c tr a  should
be p ro p o r tio n a l to the ac tio n  sp ec tru m  of sy s tem  i. H ow ever,
acco rd in g  to  Table 4 .2 ,  th e re  is  a d iffe ren c e . An analogous
d isc re p an cy  was o b se rv ed  in  P o rp h y rid iu m  cru en tu m  (82). P o s 
sib le  c a u se s  of th is  e ffec t have been  d isc u sse d  e lsew h e re  (82).
The d isc re p a n c y  m ay be due to an inhom ogeneity  of the algal
su sp en sio n , which m ight be ov erco m e by the u se  of a sy n ch ro n ized
cu ltu re  (138). A nother exp lana tion  m igh t be th a t the background
illu m in a tio n  app lied  fo r  the p h o to sy n th esis  m e a su re m e n ts , which
la s te d  fo r 10 m in  o r m o re , changed the d is tr ib u tio n  of the p ig 
m en ts  fo r the two sy s te m s . One m igh t a lso  p o stu la te  the ex is ten ce
of a th ird  sy s te m , which co n ta in s  re la tiv e ly  m uch ch lo rophy ll
and is  able to red u ce  NAD(P) and to oxidize cyt.ochrom e, but fo r
som e re a s o n  is  not ac tiv e  in p h o to sy n th es is . H ow ever, m o re
ex p e rim e n ta l ev idence is  needed , befo re  th ese  and o th e r sp ec u la 
tions becom e p ro f ita b le .

A lso  the v a r ia tio n  with w avelength  of the s a tu ra tio n  ra te  of
p h o to sy n th esis  fo r  som e algae (192, 119) and of the red u c tio n
of NADP by c h lo ro p la s ts  (95, 131a) is  not exp lained  by the sim p le
sch em e . The e ffec t m igh t be cau sed  by a p a r t ia l  in ac tiv a tio n  of
the p h o to ch em ica l ap p a ra tu s  by s tro n g  e x c ess iv e  ex c ita tio n  of one
of the two p igm en t s y s te m s . V a ria tio n  of the sa tu ra tio n  ra te  was
not o b se rv ed  fo r the H ill re a c tio n  of oat ch lo ro p la s ts  with 2 ,6 -
d ich lo ropheno i indophenol (25), which p ro c e s s  is  p o ss ib ly  d riv en
by sy s te m  2 only.

On the w hole, how ever, the e x p e rim e n ts  re p o r te d  h e re  and
m o st o th e r ev idence known to u s , m ay be s a tis fa c to r ily  d e sc rib ed
by the sch em e d iscu ssed ; it allow s a quan tita tive  in te rp re ta tio n
of v a r io u s  ac tio n  s p e c tr a  which in  g e n e ra l a p p e a rs  s a tis fa c to ry .

4 . 4 . 2  R eac tio n s  of pho tosyn thetic  in te rm e d ia te s
The in itia l r a te  of coenzym e red u c tio n  upon illu m in atio n  in

A n acy stis  is  not inh ib ited  by a re la tiv e ly  high co n cen tra tio n  of
DCMU: th is  in d ica te s  tha t the p r im a ry  p h o tochem ica l re ac tio n ,
re sp o n s ib le  fo r NAD(P) red u c tio n , is  not inh ib ited  and is  con 
s is te n t  w ith the h y p o th esis  that NAD(P) is  red u ced  by sy stem
1. The sam e ap p lies  to the e x p e rim en ts  of V ernon and Zaugg
(247) and of Jag e n d o rf and M arg u lies  (148), who re p o r te d  that
the lig h t- in d u ced  red u c tio n  of NADP by a p re p a ra tio n  of sp inach
c h lo ro p la s ts  to which d i-  o r  trich lo ro p h en o l indophenol and
a sc o rb a te  w ere added w as not inh ib ited  by DCMU o r CMU.
U nder these  cond itions no oxygen is  evolved, and red u ced
ch lo ropheno l indophenol is  p re su m ab ly  ox id ized  by sy s tem  1
(cf. r e f s .  184 and 131a).

The ra te  of reo x id a tio n  of NAD(P)H2 upon d ark en in g  a f te r  a
p e rio d  of illu m in a tio n  with m o d era te  in te n s itie s  of ligh t of 620
o r  630 mu is  ap p ro x im a te ly  the sam e as  the ra te  of red u c tio n
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upon o n se t of illu m in a tio n . T h is  in d ica te s  tha t the s te a d y -s ta te
ra te  of p ho to reduc tion  in  lig h t of 620 m/u is  about the sam e as
the in itia l r a te .  Upon illu m in atio n  with lig h t of 680 m u, how 
e v e r , the s te a d y -s ta te  r a te  is  ap p rec iab ly  lo w er than the in itia l
ra te : lig h t quanta of 680 m/u ap p ea r to be m o re  ac tiv e  in e f
fecting  the in itia l red u c tio n , but co n sid e rab ly  le s s  ac tiv e  in
m ain ta in in g  the s te a d y -s ta te  re d u c tio n  than  quanta of 620 m u.
A s im ila r  e ffec t is  b rought about by DCMU, w hich lo w ers  the
s te a d y -s ta te  r a te ,  but does not inh ib it the in itia l  re d u c tio n  ra te
of NAD(P). T hese  r e s u l ts  su g g est tha t the s te a d y -s ta te  ra te  of
coenzym e red u c tio n  is  re la tiv e ly  low u n d er cond itions w here
sy s tem  2 is  inh ib ited  o r  is  runn ing  a t a low  r a te .  The k in e tic s
of coenzym e re d u c tio n  (a few ex am p les  a re  g iven in F ig . 4 . 2)
in d ica ted  th a t th is  lo w er ra te  of the s te a d y -s ta te  pho to red u c tio n
of NAD(P) w as, u n d er the cond itions m entioned , not accom pan ied
by a  s ig n ifican tly  lo w er s te a d y -s ta te  lev e l of N A D (P)H 2 co n cen 
tra tio n  in  the lig h t. T h is su g g es ts  tha t the ra te  of d a rk  oxidation
a lso  depends upon o th e r pho top roducts  (p e rh ap s A T P ), fo r  the
g en e ra tio n  of which sy s tem  2 o r  the co o p era tio n  of both sy s te m s
is  needed .

F o r  S ch izo th rix  ca lc ic o la  the tim e c o u rs e s  of the blue fluo 
re s c e n c e  in d ica te  th a t the in itia l r a te  of NAD(P) red u c tio n  is
not in h ib ited  by DCMU, but tha t the s te a d y -s ta te  d eflec tio n  of
flu o re scen c e  is  s m a l le r  in  the p re se n c e  of in h ib ito r . In A na-
baena c y lin d ric a  the f lu o re scen c e  in c re a s e  upon illu m in a tio n
was in h ib ited  by DCMU. H ow ever, the e x p e rim e n ts  w ith the
o th e r a lgae ind ica te  th a t th is  is  p ro b ab ly  not due to a d ire c t
inh ib ition  of the pho to ch em ica l re d u c tio n . P o ss ib ly  NAD(P) was
in the re d u ced  s ta te  a lre a d y  in the d a rk .

The tim e c o u rs e s  of coenzym e re d u c tio n  in A n acy stis  in 
d ica te  th a t, a f te r  a few o r  m o re  seconds of illu m in a tio n , the
reo x id a tio n  of re d u ced  coenzym e in the d a rk  and consequen tly
the s te a d y -s ta te  ra te  of red u c tio n  in  the lig h t is  only p a r tia lly
inh ib ited  by DCMU. The d eg ree  of inh ib ition  in c re a s e d  with
lig h t in ten s ity . S ince oxygen evo lu tion  is  co m p le te ly  inh ib ited
by a su ffic ien tly  high co n c en tra tio n  of DCMU, the lig h t- in d u ced
re d u c tio n  of NAD(P) p ro b ab ly  tak es  p lace  a t the expense of the
oxidation  of an in tra c e l lu la r  hydrogen  donor, which m ay be
d ire c tly  o r  in d ire c tly  re g e n e ra te d  by re d u ced  coenzym e in a
d a rk  re a c tio n . The sam e is  in d ica ted  by the k in e tic s  of the blue
flu o re scen c e  of S ch izo th rix  in the p re se n c e  of DCMU. In A n acy stis
the pool of NAD(P) w hich can  be re d u ced  in  the lig h t is  ap p ro x i
m a te ly  1 /150  of th a t of ch lo ro p h y ll a (on a  m o la r  b a s is ) .

The ra p id  reo x id a tio n  of NAD(P)H 2 in  the d a rk  m ay exp lain
why O h-ham a and M iyachi (201) fa iled  to o b serv e  a l ig h t- in 
duced re d u c tio n  of coenzym e in illu m in a ted  C h lo re lla  e llip so id e a .
In th e ir  ex p e rim e n ts  the tim e re q u ire d  to k ill the a lg ae  fo l
low ing illu m in atio n  m ay w ell have been  su ffic ien t fo r the r e -
oxidation  of the re d u ced  coenzym e fo rm ed  in  the lig h t. The
changes in  NAD(P) and NAD(P)H 2 co n c en tra tio n s  re p o r te d  (201,
202) a re  ap p a ren tly  due to re la tiv e ly  slow  re a c tio n s , which
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m ay be not d ire c tly  connected  to the pho tosyn thetic  p ro c e s s .
The enhanced  flu o re scen c e  y ie ld  of pho tosyn thetic  NAD(P)H2

in the c e ll  in d ica te s  in a g reem en t with the e a r l i e r  o b serv ed
sh ift of the f lu o re scen c e  sp ec tru m  (75) a binding to c e ll  con
s ti tu e n ts . T h is , how ever, does not n e c e s s a r i ly  ind ica te  a
binding to a p h o to red u c ta se  (see  § 5 .4 ) o r  re la te d  enzym e:
the e ffec ts  m ay a lso  be cau sed  by a n o n -sp e c ific  binding to
c e ll p ro te in s  (96, 21).

A s m entioned  in C h ap te r III i t  is  not p o ss ib le  to obtain  sp e c -
tro p h o to m e tric  ev idence w hether NAD o r NADP is  red u ced  in
the in tac t c e ll .  H ow ever, the r e s u l ts  of in v itro  ex p e rim e n ts ,
am ong o th e r th ings on coenzym e red u c tio n  in  c e llu la r  e x tra c ts
of g re en  and re d  algae and h ig h er p lan ts  (see  C h ap te r V) and
re c e n tly  a lso  of A n acy stis  and som e o th e r b lu e -g re e n  algae (36),
ind ica te  tha t in ch lo ro p h y ll a con tain ing  o rg a n ism s  p robab ly
NADP is  re d u ced  in  the lig h t.

The k in e tic s  of the ab so rp tio n  changes a t 4-18 m v  ind icate  a
red u c tio n  of ox id ized  cy to ch ro m e upon d ark en in g  in  the p re se n c e
of DCMU. Upon sw itch ing  off the lig h t a f te r  illu m in a tio n  with
680 m v, the ra te  of red u c tio n  is  rough ly  the sam e in the ab 
sence a s  in the p re se n c e  of in h ib ito r . T his in d ica te s  that the
cy to ch ro m e is  re d u ced  a lso  by su b s tan ce s  o th e r than the red u ced
p h o top roducts  of sy s tem  2. The e ffec t m ay be r e la te d  to the
incom plete  inh ib ition  of the reo x id a tio n  of NA D (P)H2 in the
dark : p o ss ib ly  oxid ized  cy toch rom e and NA D (P)H2 r e a c t  in a
d a rk  re a c tio n . E n zy m es ca ta ly z in g  the red u c tio n  of cy toch rom e
c by NADPH2 have been ob tained  from  sp in ach  ch lo ro p la s ts  and
from  C h lo re lla  p y ren o id o sa  (189, 236, 155). C h lo ro p las t " tr a n s -
h y d ro g en ase"  (see  C h ap te r V) c a ta ly z e s  the red u c tio n  of cy toch rom e
ƒ  by NADPH2 (G. F o r t i ,  p e rso n a l com m unication).

A s m entioned , the d iffe ren ce  sp ec tru m  of A n acy stis  upon i l 
lum in a tio n  g iv es  only in d ica tio n  fo r the re a c tio n  of one cy tochrom e
in the light: a C- o r  / - ty p e  cy to ch ro m e w ith an a -b an d  a t about
554 and a y -b an d  a t about 422 m v  (§ 4 .3 .3 ) .  The pool of ox i-
d izab le  cy to ch ro m e is  rough ly  1/400 of th a t of ch lo rophy ll O.
L ike in P o rp h y rid iu m  c ru en tu m  (82) no lig h t-in d u ced  s p e c tra l
changes w ere  found which could  be a ttr ib u te d  to o th e r cy to ch ro m es.
Chance and c o w o rk e rs  (55) re p o r te d  the lig h t-in d u ced  oxidation
of a b -type cy to ch ro m e in a p a le -g re e n  m utan t of C hlam ydom onas
upon illu m in a tio n , and L undegardh  (188) o b se rv ed  lig h t- in d u ced
s p e c tr a l  changes of b-c y to c h ro m es  in  sp in ach  ch lo ro p la s ts  upon
high in ten s ity  illu m in a tio n . On the o th e r hand, O lson e t a l.
(209), co n firm in g  o u r r e s u l t s ,  o b se rv ed n o  lig h t-in d u ced  oxidation
of cy to ch ro m e b$ in  ae ro b ic  in tac t c e lls  of A n acy stis  and
E uglena , but only u n d er cond itions of a n a e ro b io s is , in  the p r e 
sence of the in h ib ito r ca rb o n y l cyanide m -ch lo ropheny l hydrazone
o r a f te r  d is ru p tin g  of the c e lls .  B onner and H ill (41a) o b serv ed
cy to ch ro m e be in  the d iffe ren ce  sp ec tru m  of e tio la ted  le a v e s ,
but a f te r  g re en in g  only cy toch rom e ƒ  was seen . It ap p e a rs  that
fro m  the ex p e rim e n ts  m entioned  a s  y e t no defin ite  co nc lusions
can  be draw n about the function of cy toch rom e bg o r  o th e r b -
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type cy to ch ro m es, and tha t up to now no d ire c t  ev idence has
been  re p o r te d  about a p a rtic ip a tio n  of th ese  cy to ch ro m es in
p h o to sy n th esis  of in tac t, ra p id ly  ph o to sy n th esiz in g  t is s u e . A s
w ü l be d isc u s se d  in  § 4 .4 .3 ,  the re la tiv e ly  low  e ffic ien cy  fo r
the / - ty p e  cy to ch ro m e in A n acy stis  su g g es ts  a  b y -p a s s  fo r th is
cy to ch ro m e in the pho tosyn thetic  cha in . F o r t i  et al. (re f . 98
and p e rso n a l com m unication) o b se rv ed  a red u c tio n , but no ox i
dation  of added cy to ch ro m e ƒ  by illu m in a ted  c h lo ro p la s ts , but
the ev idence in d ica te s  th a t the in vitro re d u c tio n  is  b rough t about
by sy s tem  1 and not by sy s tem  2 a s  in o u r ex p e rim e n ts  (see  a lso
re f .  171). It is  not y e t c le a r  if, and u n d er which cond itions, th is
re a c tio n  tak es  a lso  p lace  in  the in tac t c e ll .

S u m m ariz in g , we m ay  conclude tha t o u r knowledge about the
ro le  of cy to ch ro m es in p h o to sy n th esis  is  s t i l l  f a r  from  com plete
and th a t m o re  e x p e rim e n ta l ev idence w ill be needed  befo re
defin ite  s ta te m e n ts  about the function of th ese  com pounds can  be
given.

Lundeg& rdh (187, 188) in te rp re te d  h is  ex p e rim e n ts  on lig h t-
induced ab so rp tio n  changes in  iso la te d  ch lo ro p la s ts  a s  ev idence
ag a in s t the sch em e d isc u s se d  in th is  c h a p te r . To o u r opinion,
e sp e c ia lly  s ince  iso la te d  ch lo ro p la s ts  m ay p e r fo rm  re a c tio n s
w hich do not o ccu r in  the in tac t c e ll ,  th e re  is  in su ffic ien t re a so n
fo r th is  s ta te m e n t. A d e ta iled  in te rp re ta tio n  of the ev idence is
d ifficu lt b ecau se  of la ck  of quan tita tiv e  data , e . g. about the in 
ten s ity  and s p e c tr a l  d is tr ib u tio n  of the ac tin ic  lig h t in th ese  ex 
p e r im e n ts .

4 .4 .3  Quantum  re q u ire m e n ts
Upon illu m in a tio n , NAD(P) ap p e a rs  to be red u ced  in  A n acy stis

w ith good e ffic ien cy . A bout 2 .5  lig h t quanta of 620 m a  a r e  needed
fo r the t r a n s f e r  of one e le c tro n  o r  hydrogen . T h is n u m b er is  not
m uch d iffe ren t fro m  tha t fo r NADP re d u c tio n  by sp in ach  c h lo ro 
p la s ts  (see  C h ap te r V). A s d isc u sse d , the k in e tic s  in d ica te  that
the e ffic ien cy  fo r coenzym e red u c tio n  re m a in s  ap p ro x im a te ly
co n stan t in  lig h t of 620 m/u and does not drop  upon p ro lo n g ed  i l 
lum in a tio n  a s  is  the c a se  w ith R h o d o sp irillu m  ru b ru m  and
R hodopseudom onas sp h e ro id e s  (§ 3 .3 ). The quantum  r e q u ir e 
m en t fo r NAD(P) red u c tio n  is  in  re a so n ab le  ag re e m e n t with
th a t fo r C 0 2 red u c tio n  re p o r te d  on a v a r ie ty  of d iffe ren t algae
by a n u m b er of au th o rs  (90, 166). The e x p e rim e n ts  on blue
flu o re scen ce  of S ch izo th rix  and A nabaena in d ica te  th a t the quan
tum  re q u ire m e n t fo r  coenzym e red u c tio n  in  th ese  a lgae is  of
the sam e o rd e r  of m agnitude a s  that in  A n a cy s tis . A ll these
e x p e rim en ts  a re  c o n s is ten t w ith the conclusion  th a t the re d u c 
tion of C 0 2 p ro c eed s  so le ly  o r  m ain ly  v ia  NAD(P)H2. The sam e
is  tru e  fo r the quantum  re q u ire m e n t in C h lo re lla  v u lg a ris  (be 
tw een 2 .1  and 8 .5 ) re p o r te d  e a r l i e r  (76, 4).

S upporting ev idence tha t NAD(P) is  an in te rm e d ia te  in C 0 2
red u c tio n  is  the o b se rv a tio n  th a t NADPH2 and A T P  stim u la te  the
fixation  of C 0 2 by sp in ach  ch lo ro p la s t p re p a ra tio n s  (239, 240).
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The m axim um  ra te  of COz fixation  by iso la te d  c h lo ro p la s ts , su p 
p lied  with so lub le  e x tra c ts  is  only about 10% of the ra te  o b serv ed
in in ta c t le av e s ; but the low ra te  m ay  be due to d ilu tion  and lo s s
of en zy m es du rin g  p re p a ra tio n  (226, 125). The re p o r te d  absence
of a ld o lase  in  A n acy stis  and som e o th e r b lu e -g re e n  algae (216,
217, 94) w as in te rp re te d  a s  ev idence (cf. r e f .  152) tha t the
C alv in -B en so n  sch em e (C h ap te r I) h as  to be som ew hat m odified
fo r th ese  o rg a n ism s . A co m p le te ly  d iffe ren t m ech an ism  fo r COz
re d u c tio n  than d isc u sse d  by u s w as p ro p o sed  by W arburg  and
c o w o rk e rs  (252-254), w hich, how ever, is  not su p p o rted  by the
ev idence d isc u sse d  in th is  and the follow ing c h a p te r . W a rb u rg 's
sch em e w ill re q u ir e  m od ifica tion  anyhow, sin ce  a  quantum
re q u ire m e n t fo r  p h o to sy n th esis  of l e s s  than 4 (255) is  th e r 
m odynam ica lly  im p ro b ab le , if  not im p o ssib le  (76, 78).

S ince in  A n acy stis  a t 620 m/u only p a r t  of the lig h t is  ab 
so rb e d  by sy s te m  1 (p robab ly  m o re  quanta a re  ab so rb ed  a t th is
w avelength  by sy s te m  2 than by sy s tem  1), the n u m b er of quanta
ab so rb ed  by sy s te m  1 needed  fo r the red u c tio n  of one equ ivalen t
of NAD(P) is  p ro b ab ly  co n s id e rab ly  lo w er than 2 .5 , p e rh a p s  1.
If sy s tem  2 r e q u ir e s  a lso  one lig h t quantum  fo r ea ch  e le c tro n
tr a n s f e r r e d ,  then a t le a s t  8 quanta a re  needed  fo r the red u c tio n
of one m o lecu le  of C 0 2 and the p ro d u c tio n  of one m o lecu le  of
0 2 . T h ese  8 quanta w ill su ffice , if A T P  is  g en e ra ted  by a
re a c tio n  coupled  with pho to ch em ica l hydrogen  t r a n s f e r ,  r a th e r
than by a  "cy c lic "  p h o sp h o ry la tio n . C yclic  pho tophosphory lation
in the p re se n c e  of added c o fa c to rs , h as  been  re p o r te d  in  p r e 
p a ra tio n s  fro m  c h lo ro p la s ts  of sp in ach  (13, 14, 261, 146, 147,
143, 121) a n d o th e r  h ig h e r p lan ts  (262); n o n -cy c lic  phosp h o ry la tio n
in c h lo ro p la s ts , dependent upon the lig h t-in d u ced  re d u c tio n  of
NADP o r  of H ill-o x id an ts  and the s im u ltan eo u s evolu tion  of
oxygen o r  ox idation  of d ich lo ropheno l indophenol was a lso  r e 
p o rte d  (16-18, 184, 161, 24). H ow ever, n o n -cy c lic  phosp h o ry la tio n
in v itro  p ro d u ces  only one A T P  p e r  two re d u ced  eq u iv a len ts ,
a quantity  w hich is  p ro b ab ly  in su ffic ien t fo r  C 0 2 red u c tio n .
T h ere  is  in su ffic ien t ev idence w hether n o n -cy c lic  phosp h o ry la tio n
is  m o re  e ffic ien t in  the liv in g  ceU , o r  w hether in vivo  p a r t  of
the A T P  is  p ro d u ced  by a  n o n -cy c lic  re a c tio n . In the absence
of c o fa c to rs  the r a te  of cy c lic  ph o sp h o ry la tio n  by iso la ted
c h lo ro p la s ts  is  v e ry  sm a ll (97). R ecen tly  c h lo ro p la s t co n s titu en ts
have been  re p o r te d  a s  " n a tu ra l cofac to r s "  of cy c lic  phosp h o ry la tio n
(37, 235), but fo r  one of th ese  the o p tim al co n cen tra tio n  needed
is  high; fo r  the o th e r  i t  i s  no t known. F o r t i  and P a r i s i  (99)
o b se rv ed  a  p ro d u c tio n  of A T P  in illu m in a ted  in ta c t le a v e s  of
S p inacia  and S ax ifrag a  in  the p re s e n c e  of CMU, but i t  is  s t i l l
u n c e rta in  if the ra te  of th is  re a c tio n  is  co m p arab le  to th a t of
p h o to sy n th es is . A m in im um  quantum  re q u ire m e n t of 8 fo r
p h o to sy n th esis  o r  a l i t t le  m o re , depending upon the way of A T P
sy n th e s is , is  r a th e r  high co m p ared  to the ex p erim en taU y  d e te r 
m ined  quantum  re q u ire m e n ts .  M ainly fo r  th is  re a s o n  i t  was
hyp o th esized  tha t sy s tem  2 would need  only one quantum  fo r
two e le c tro n s  tra n s p o r te d  (170, 29). On the o th e r hand, the
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lo w est quantum  re q u ire m e n ts  fo r  oxygen p ro d u c tio n  which a re
re p o r te d  by a ll a u th o rs  (excep t W arb u rg  and .co w o rk e rs )  a re
not m uch lo w er than 8 (90, re f .  112, p . 114) and acco rd in g
to a re c e n t c r i t ic a l  rev iew  (166) the ’’t ru e "  re q u ire m e n t is
p robab ly  8 o r  h ig h er.

The quantum  re q u ire m e n t fo r  cy to ch ro m e oxidation  in A n acy stis
upon illu m in a tio n  with lig h t of 680 m u was found, both in  the
absence  and in the p re se n c e  of DCMU, to be about 7 to 10 quanta
p e r  oxid ized  cy to ch ro m e m olecu le  o r  eq u iv a len t. A lthough th is
n u m b er in d ica te s  that the p h o tochem ica l oxidation  and red u c tio n
of the cy to ch ro m e a re  im p o rtan t pho tosyn thetic  re a c tio n s , the
effic iency  is  ap p rec iab ly  lo w er than th a t of coenzym e red u c tio n .
A t lo w er in te n s itie s  than those given in T able 4 .3 ,  the in itia l
r a te  of cy to ch ro m e oxidation  in d ica ted  an  even h ig h e r quantum
re q u ire m e n t. S ince the e ffic ien cy  fo r cy to ch ro m e oxidation  fo r
lig h t of 620 mu in the p re se n c e  of DCMU is  about 1 .4  tim es
lo w er than fo r lig h t of 680 m u, the e ffic ien cy  fo r coenzym e
red u c tio n  is  roughly  5 tim e s  h ig h e r than fo r cy to ch ro m e oxidation .
T his su g g es ts  that only p a r t  of the e le c tro n s  going fro m  sy stem
2 to sy s tem  1 a re  t ra n s p o r te d  by the cy to ch ro m e . It m u s t, how
e v e r , be re m a rk e d  th a t the ca lcu la tio n  of the quantum  r e q u ir e 
m en ts  p re se n te d  is  b ased  upon the a ssu m p tio n  th a t, in  acco rd an ce
w ith o u r h y p o th esis , no lig h t- in d u ced  red u c tio n  of cy to ch ro m e
o c c u rs  im m ed ia te ly  a f te r  o n se t of illu m in a tio n  in  the p re se n c e
of DCMU. T his is  not in co n s is ten t with the d a rk  red u c tio n  of
oxid ized  cy toch rom e o b se rv ed  a f te r  sh u tting  off the lig h t, which
ru n s  a t a r a th e r  low ra te  (F ig . 4 .5 ) , even  a f te r  a la rg e  p ro p 
o rtio n  of cy to ch ro m e h as becom e oxid ized . The re la tiv e ly  high
quantum  re q u ire m e n t (about 4 .5 ) and the co m p lica ted  and v ary in g
k in e tic s  of the cy toch rom e in P o rp h y rid iu m  su g g ested  a b y -p a ss
fo r  the cy toch rom e in th is  sp e c ie s  too (80).



C H A P T E R  V

SPINACH CHLOROPLASTS

5 .1  Introduction

In th is  c h a p te r  r e s u l ts  a r e  g iven of ex p e rim en ts  on the  light -
induced red u c tio n  of NADP and NAD by iso la ted  sp inach  c h lo ro -
p la s ts .  We found th e  in c re a s e  in b lue f lu o re scen c e  upon il lu m i
nation  of in tac t leav es  of v a r io u s  h ig h er p lan ts  (S p inacia  o le ra c e a ,
C en tau rea  cyanüs, and th e  aq u a tic  p lan ts  V a lliS n e ria  s p . , C a -
bom ba s p . , H y d rilla  v e r t ic i l la ta  and H ygrophila  p o ly sp erm a) to  be
too sm a ll  fo r  the  stu d y  of the  red u c tio n  of coenzym e in th e se
t is s u e s  in vivo w ith su ffic ien t p re c is io n . T h is  m ay  be due to
the p o ss ib ly  low co n cen tra tio n  of NADP in the  c h lo ro p la s ts  of
highei ilan ts  (se e  r e f s .  176, 61) and to  the  s tro n g  s c a tte r in g
of ligh t in  th e s e  t is s u e s .

T he r e s u l ts  w ith iso la ted  c h lo ro p la s ts  re p o r te d  in th is  ch ap 
t e r  in d ica te  chat the red u c tio n  of added NADP by an illu m in ated
ch lo ro p la s t su sp en sio n  p ro c eed s  with high e ffic ien cy . A quantum
re q u ire m e n t of about 6 p e r  red u ced  NADP m olecu le  w as found.
At high in te n s ity  of illu m in atio n  the  r a te  of red u c tio n  of added
NAD w as m ark e d ly  low er than  of NADP, but the  r e s u lt s  in d i
ca ted  at v e ry  low in te n s ity  about the sam e  quantum  re q u ire m e n t
a s  fo r  NADP red u c tio n . Some e x p e rim en ts  a r e  d e sc rib e d  which
y ie ld  ev idence  about th e  p ro p e r t ie s  of the  enzym es concerned
in the  re d u c tio n  of both coen zy m es.

5 .2  Materials and Methods

"B roken  c h lo ro p la s ts "  w ere  p re p a re d  by a m ethod e s se n tia lly
s im ila r  to  th a t of A rnon et al. (15). 15-30 g of sp in ach  leav es
(Spinacia oleracea L . , ob tained  fro m  lo ca l g re e n g ro c e rs )  w ere
ground in  a m o r ta r  w ith sand and 5-10  m l of a so lu tion  of pH
8 .2 , con ta in ing  3 .5  x 10’1 M N aCl, 1 .3  x 10 ‘2 M t r i s  bu ffer,
10-2 M a s c o rb a te ,  and 6 x 1 0 '4 M M gCl2. The b re i  w as f i l 
te r e d  th ro u g h  nylon t is s u e , and th e  f i l t r a te  w as cen trifu g ed  fo r
10 m in  a t 1000 x .g. T he sed im en t of c h lo ro p la s ts  w as r e s u s 
pended in  th e  above-m en tioned  so lu tion  and cen trifu g ed  again .
D is tilled  w a te r , u su a lly  2 to  4 m l, w as added to  the  sed im en t
to  g ive a su sp en sio n , con tain ing  about 1 to  2 m g ch lo rophy ll
p e r  m l. P a r t  of th is  su sp en sio n , in  th e  follow ing to  be r e f e r r e d
to  a s  " ch lo ro p la s t su sp en sio n " , w as cen trifu g ed  again  fo r 15
m in  a t 1000 x g to  g ive a p a le  g re e n  su p e rn a tan t, in th e  fo l
low ing to  be r e f e r r e d  to  a s  " ch lo ro p la s t e x tra c t" .  D uring a ll
m an ip u la tio n s th e  te m p e ra tu re  w as kept a t a few d e g re e s  C.
C h lo ro p las t su sp en sio n  and e x tra c t  w ere  s to re d  a t 3°C b efo re
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use; the average tim e of storage was 1-1* h. The chlorophyll
concentration was m easured  by the method of Arnon (11).

U n less otherw ise indicated the reaction  m ixture contained in
a final volum e of 0. 3 ml: 0. 04 m l ch loroplast suspension , 0. 08
m l ch loroplast extract, 1 0 -2 M NaCl, 10-1 M tr is  buffer, pH
7 .9 , 1 .3  x 10~4 M MgCl2 and 8 x 1 0 “3 M ascorbate. The NADP
and NAD concentrations w ill be sp ecified  sep arately . NAD, NADH2
and NADP w ere purchased from  B oehringer, Mannheim.

Absorption changes at 350 m y upon illum ination with red light
w ere m easured by m eans of the modified Z e is s  PMQ II sp ec tro 
photom eter (F ig. 2. 5). The reaction  m ixture was contained in
a 1 mm quartz absorption v e s se l. The actin ic light was filtered
by m eans of one of the follow ing com binations of filters:
F I: w ater, 2 cm , B a lzers  C alflex AV 890 and Schott RG 1, 2
m m , which provided a broad band of high intensity, and tra n s
mitted 2.8% at 600 m y, 70% at 680 m y and 4.7% at 710 my.
F2: a com bination of F I and a B a lzers  B 40 in terference filter ,
which transm itted a band with a maxim um  at 668 my and a h a lf
width of 12 m y.
F3: a com bination of F I and a Schott AL in terference filter .
The m aximum of transm ittancy was at 672 m y, the half-width
19 my.

The light in ten sities  given are the incident in ten sities  at the
place of the cuvette.

Upon illum ination of a ch loroplast suspension  to which NADP
or NAD was added, the absorbancy at 350 mm increased  steadily .
The d ifference spectrum  of the in crea se  in absorbancy upon i l 
lum ination when NADP was added was in good approxim ation
the sam e as that of NADPH2 . Without NADP or NAD no in crease
was observed. This ind icates that the absorption in crea se  was
caused by the reduction of th ese coenzym es. It was found that
the in crea se  in absorbancy caused by addition of a known amount
of NADH2 was approxim ately equal to that caused by addition
of the sam e amount of NADH2 to the buffer solution without
ch lorop lasts B eer 's  law  was valid with su fficien t approxim ation
in the range of concentrations used in our experim ents.

In the follow ing experim ents the in crea se  in absorbancy of
the suspension  occurring in the f ir s t  15 or 30 sec  of illum ination
was taken as a m easure of the in itia l rate of NADP or NAD r e 
duction. A m olar extinction coeffic ien t of 5 .5 6  cm-1 mM"1 at
350 m y was used for NADH2 and NADPH2 (139, 212). A ll e x 
perim ents w ere carried  out at room  tem perature (approx. 2 2 °C).

The absorptancy of the suspension  in the region  660-690 my
was m easured with opal g la ss  and corrected  for scatterin g , as
described  in § 2. 3, by subtracting the absorbancy at 740 my
from  that at other w avelengths.
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5 .3  Results and Interpretation

5 .3 .1  pH, co n cen tra tio n  and light dependence
T he pH of the  re a c tio n  m ix tu re , which contained  t r i s  at a

co n cen tra tio n  of 4 x 1 0 -2 M and 1 .9  x 10 3 M NADP o r  NAD,
w as v a r ie d  by adding v a r io u s  am ounts of HC'1 o r  NaOH to  the
b u ffe r so lu tion  u sed  fo r d ilu tion  of th e  ch lo ro p la st su sp en sio n
and e x tra c t .  T he a c tin ic  ligh t was f i l te re d  by m ean s of F I : the
in te n s ity  w as 8. 1 x 10-8 e in s te in /(s e c  c m -) , which w as s e v e ra l
t im e s  above light, s a tu ra tio n . U nder th e se  cond itions the  ra te
of NAD re d u c tio n  w as found to  be about 2 .5  tim e s  s m a lle r  than
th a t of NADP red u c tio n ; the op tim a l pH fo r both re a c tio n s  was
about 8 .0 . T h is  value  is  h ig h e r than  th a t re p o rte d  fo r NADP
red u c tio n  by San P ie tro  and Lang (222) and W esse ls  (260), who
re p o r te d  v a lu es  of 6 .9  and 7 .5  re sp e c tiv e ly . T he d iffe ren ce  m ay
be cau sed  by  th e  d iffe ren t e x p e rim en ta l cond itions, e .g .  the
d iffe ren t co n c en tra tio n  of c h lo ro p la s ts  and en zy m es.

NADP

NADP

6x10"5 I.9X1CT4 6x10'
Concentration

Fig. 5 .1  The initial rate of NADP and NAD reduction by illuminated spinach chloroplasts
as a function of concentration (on a logarithmic scale) of added coenzyme.
Circles and squares represent measurements at an incident intensity of red light
of 8 x 1 0 -8 einstein/(sec cm2) (filter F I) ,  points represented by triangles were
measured at 1 .7  x 1 0 '3 einstein/(sec cm2) (filter F2, 668 m/i). The experiments
with NAD were performed with a more active preparation than those with NADP.
The other experimental conditions are given in the text.

F ig . 5 .1  g iv es  the  in itia l  r a te  of red u c tio n  of NADP and NAD
a s  a function of co n cen tra tio n  a t two d iffe ren t ligh t in te n s itie s .
T he fig u re  show 6 th a t th e  r a te  of NADP red u c tio n  is  v ir tu a lly
independent of co n cen tra tio n  betw een 6 x 10“5 M and 1 .9  x 10~3
M a t high a s  w ell a s  a t low ligh t in ten s ity , w h e rea s  the  red u c tio n
ra te  of NAD v a r ie s  s tro n g ly  w ith the  co n cen tra tio n . T he s a tu r a t-
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ing co n cen tra tio n  of NADP is  a t le a s t  30 t im e s  low er than  of NAD.

NADP

I , clnstcln /(see cm1) x IO*

Fig. 5.2 Light dependency of NADP and NAD reduction bv illuminated chloroplasts. The
concentrations of NADP and NAD were 6 x IO"4 M. Illumination was a band
around 672 mg (filter F3). The other experimental conditions are given in the
text.

T he r a te  v e r s u s  ligh t in te n s ity  c u rv e s  (F ig . 5 .2 )  showed
a low er in te n s ity  fo r  s a tu ra tio n  of NAD red u c tio n  th an  of NADP
red u c tio n . It can  be see n  th a t the  r a te  of NAD red u c tio n  a t high
in te n s ity  is  c o n s id e rab ly  lo w er than  th a t of NADP; but at the
low est in te n s ity  m e a su re d  th e re  w as m uch le s s  d iffe ren c e  betw een
the  r a te s  of red u c tio n  of the  two co en zy m es. T h is  su g g es ts  that
a t s t i l l  low er in te n s itie s  the- r a te s  of NAD and NADP red u ctio n
(too low to  be m e a su re d  w ith su ffic ien t p re c is io n )  a r e  p ro b ab ly
equal to  each  o th e r.

5 .3 .2  Q uantum  re q u ire m e n ts  fo r  NADP red u c tio n

T ab le  5 .1  show s the  quantum  re q u ire m e n t fo r NADP red u c tio n ,
m e a su re d  fo r  a nu m b er of d iffe ren t p re p a ra tio n s  of su sp en sio n s
of c h lo ro p la s ts . The quantum  re q u ire m e n t, 1 /<t>, i s  given a s  the
num ber of ligh t quanta, needed to  b rin g  about the red u c tio n  of
one equ ivalen t (ha lf a  m o lecu le) of NADP, and w as ca lcu la ted  in
a s im ila r  way as  in § 3 .3 .3 .  C o rre c tio n s  w ere  app lied  fo r  the
o b liq u en ess  of the  ac tin ic  beam  and fo r re f le c tio n s  at th e  v e s s e l
w alls and th e  opal g la s s .  It w as a ssu m ed  th a t the  opal g la ss
re f le c te d  50% of the ligh t (223); s in ce  the  su sp en sio n s  had a high
ab so rp ta n cy  (rou g h ly  0 .9 ) , the la t te r  c o r re c tio n  w as only  about
5%. The in itia l r a te  of NADP red u c tio n  w as ca lcu la ted  from  the
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table 5 .1

Quantum requirement for NADP reduction by
spinach chloroplasts.

Expt. No. Light intensity 1/0, hv/eq.

i 16.7 3 .2
2 16.7 2 .9
3 5 .0 2.9
4 17.3 2.8
s 17.9 3 .5

Tire measurements were done with different preparations. The light intensities are those
of the actinic beam at the place of the vessel and are given in 10”* einstein/(sec cm^).
The wavelength of illumination was a band around 668 mp; the light passed through filter
combination F2 and a number of wire screens. The NADP concentration was 1.9 x 10 ®

n a
M, the concentration of tris was 1.6 x 10~“ M in experiments Nos. 1 and 2, 4 x 10" M
in Nos. 3 and 4, and 10~* M in the last experiment. The pH was 8.1 in the first three
and 7 .9  in the last two experiments. The other conditions are given in the text.

in c re a s e  of a b so rb an cy  du ring  the  f i r s t  15 sec  of illu m in atio n .
As T ab le  5 .1  show s, the  quantum  re q u ire m e n t fo r  NADP red u c tio n
w as c lo se  to  3 quanta p e r  equ iva len t. T he a v e rag e  value  w as 3 .05
w ith a s ta n d a rd  e r r o r  of + 0 .1 5 .

5 .3 .3  R eduction  in m ix tu re s  of NADP and NAD

T he ligh t -induced  red u c tio n  of NADP h as  been  found to  p ro ceed
only  in the  p re se n c e  of a so lub le  enzym e, pho tosyn thetic  p y rid ine
n u cleo tide  re d u c ta s e  (PPN R ) (222), w hich w as re a d ily  ex tra c ta b le
fro m  the  c h lo ro p la s t. PPN R  w as la te r  found to  be id en tica l (64) to
th e  co fac to r fo r  the  lig h t-in d u ced  red u c tio n  of m ethaem oglob in ,
e a r l i e r  d isco v e red  by H ill and co w o rk e rs  (63). T he enzym e was
re c e n tly  re n am ed  fe rre d o x in  by T agaw a et al. (234) in view
of i ts  s im ila r i ty  to  b a c te r ia l  fe r re d o x in s . It w as found to  co n 
ta in  iro n  and to  be ab le  to  r e a c t  in an oxidation  red u c tio n  r e 
ac tio n  (234, 156, 141, 108, 263, 54); th e  E ,̂ w as re p o r te d  to  be
-0 .4 2  V (234). R ecen t ex p e rim en ts  in d ica te  the  re q u ire m e n t of
a second  enzym e in NADP red u c tio n , a flav o p ro te in  (160, 234,
225, 65). E nzym es s im ila r  to  fe rre d o x in  and the  flavopro te in
w ere  a lso  ob tained  fro m  C h lo re lla  (114), A n acy stis  (228) and
N ostoc (36). F e rre d o x in  w as re c e n tly  re p o r te d  to  s tim u la te  cyc lic
p ho tosyn the tic  p h o sphory la tion , but only  a t re la t iv e ly  high co n 
ce n tra tio n  (235). V ernon  (248) re p o r te d  a lig h t-in d u ced  red u ctio n
of N A D P ' and NAD in the p re se n c e  of a sc o rb a te  by an aqueous
co llo id a l so lu tion  of ch lo rophy ll to  w hich fe rre d o x in  w as added.

In o rd e r  to  obtain  in fo rm atio n  about the  enzym es concerned
in th e  red u c tio n  of NADP and NAD we did m e a su re m e n ts  on
the  r a te  of coenzym e red u c tio n  in p re p a ra tio n s  con tain ing  both
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NAD and NADP. In a ll experim ents it was found that the rate
of coenzym e reduction was the sam e in the p resen ce of a r e l 
a tively  high concentration of both coenzym es, as in the p resence
of NADP alone. T his was true at low as w ell as at saturating
light intensity  and during the whole tim e cou rse of the experim ent
(1 to 2 m in). The concentrations of NADP and NAD in th ese
experim ents w ere 6 x 10-4 M and 1 .9  x 10-3 M resp ectiv e ly .

i— 1 min
25 5.0,

Cone nadph2, M x  10'

Fig. 5.3 Recordings of changes in transmittancy at 350 mp of a suspension of illuminated
chioroplasts in the presence of NAD and NADP. The relative transmittancy changes
are given as fraction of the transmittancy at the beginning of the experiments. The
NAD concentration was 1.9 x 10- 3 M. Curve (1) was obtained when no NADP was
added, curves(2), (3) and (4) when NADP was added to a final concentration of 3, 5
and 8 x lO*5 M, respectively. An upward pointing arrow indicates onset of actinic
illumination; the intensity was 8 x 10-8 einstein/(sec cm2) (filter FI).

Fig. 5.4 Inhibition by NADPHg of NAD reduction in illuminated chioroplasts. The reaction
mixture contained, in a volume of 0.31 ml, 0.04 ral chloroplast suspension, 0.12
ml chloroplast extract, 1.5 x 10 ^ M NAD, 8 x 10 M NaCl, 8 x 10 ^ M tris,
10~4 M MgCl2 and 6.5 x 10-3 M ascorbate. The concentration of chlorophyll a
was 0.16 mg/ml. The light intensity was 7 x 10~8 einstein/(sec cm2) (filter FI).
Corrections varying between 0 and- 15̂ 0 were applied because control experiments
indicated a small decrease of activity during the set of experiments.

F ig . 5. 3 shows som e typ ical record ings of absorption changes
obtained upon illum ination of chloroplast suspensions containing
a high concentration of NAD and a low one of NADP. The reco rd 
ings show that, when 5 or 8 x 10-5 M NADP was added, no m ore
reduction of coenzym e was observed after the f ir s t  20 sec  of
illum ination. The in crea se  of absorbancy upon illum ination ap
proxim ately corresponded to the reduction of an amount of c o 
enzym e which was the sam e as that of added NADP. T his in 
d icates that under th ese  conditions only NADP w as reduced. The
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second  re c o rd in g  show s th a t the  red u c tio n  of NAD was slowed
down, but not co m p le te ly  stopped  when a low er co n cen tra tio n
of NADP w as added.

T he above o b se rv a tio n s  in d ica te  th a t NADPH2 s tro n g ly  inh ib its
the! re d u c tio n  of NAD. F ig . 5 .4  show s, fo r  a d iffe ren t c h lo ro -
p la s t  p re p a ra tio n , the  p e rcen tag e  inh ib ition  of NAD red u ctio n
by NADiPH2. T he p e rcen tag e  inh ib ition  w as ca lcu la ted  fro m  the
r a te  of ab so rb an cy  change, 45 sec  a f te r  o n se t of illu m in atio n ,
when NADP re d u c tio n  was com pleted .

5 .4  Discussion

T he e x p e rim en ts  w ith p re p a ra tio n s  con tain ing  both NAD and
NADP in d ica te  th a t in the  p re se n c e  of both coenzym es m ain ly
NADP is  red u ced  and th a t NADPHo in h ib its  NAD red u c tio n
s tro n g ly . An ap p ro x im a te ly  50% inh ib ition  of NAD red u c tio n  was
o b se rv ed  in the  p re se n c e  of 2 x 10 0 M NADPHZ.

E a r l i e r  (4) we in te rp re te d  th is  inh ib ition  a s  ev idence ag a in st
a  re a c tio n  sch em e  (159) fo r  coenzym e red u c tio n  in w hich NADP
was red u ced  in  the  light v ia  PPN R  and NAD was red u ced  by
NADPH2 by m ean s  of a t r a n s h y d ro g e n a s e : , NAD + NADPH2 —»
NADHo + NADP. On b a s is  of th is  hy p o th esis  one would expect a
s tim u la tio n  of NAD red u c tio n  r a th e r  than  an inh ib ition  by the
add ition  of s m a ll  am oun ts of NADP o r  NADPH2, b ecau se  of
s tim u la tio n  of the  tra n sh y d ro g e n a se  re a c tio n . H ow ever, such a
s tim u la tio n  w as n e ith e r  o b se rv ed  by us n o r by o th e rs  (159, 61).
R ecen tly  a m odified  sch em e w as p ro p o sed  (160, 179), p a r tly
b ased  on s tu d ie s  w ith a sp ec if ic  an tibody  fo r  the  tran sh y d ro g e n a se
to  be m entioned  below . It w as su g g ested  th a t th e  red u c tio n  of f re e
NADP and NAD o c c u rs  in two s tep s  and th a t the  red u c tio n  of both
coenzym es is  m ed ia ted  by the  sam e  en zy m es. By w ay of the  pho
to re d u c ta s e , bound NADP is  red u ced  and su b seq u en tly  bound
NADPH2 re d u c e s  f re e  NADP o r  NAD. T he la t te r  re a c tio n s  a r e
ca ta ly zed  by the  sam e tra n sh y d ro g e n a se , a f lav o p ro te in . The r e 
ac tio n  sch em e  is  s im ila r  to  th a t p roposed  by T agaw a et al. (234,
s e e -a lso  r e f .  65), excep t th a t the  la t te r  a u th o rs  p o stu la ted  a f l a 
v o p ro te in  ca ta ly zed  red u c tio n  of NADP by red u ced  fe rre d o x in  in 
s te a d  of by bound NADPH2. At p re s e n t the ev idence (54) fav o rs
the  la t t e r  m ech an ism .

As K e is te r  etal. (160) re co g n ized , the  above-m en tioned  re a c tio n
sch em e is  not in co n s is ten t w ith the inh ib ition  in s tead  of s t im u l
ation  of NAD red u c tio n  by NADPH2: the  e ffec t can be explained
by an inh ib ition  of the flav o p ro te in  ca ta ly zed  red u c tio n  of NAD.

T he re q u ire m e n t of about 3 quanta p e r  equ ivalen t a t 668 mm
show s th a t NADP is  red u ced  w ith r a th e r  high pho tochem ical
e ffic ien cy . T he change in Gibbs f re e  en e rg y  of the  re a c tio n
NADP + H .Ö  -*  NADPH2 + ^O z is  26 k c a l/e q u iv a le n t of NADPH2
fo rm ed  a t equal co n c en tra tio n s  of NADP and NADPH2 and an ox -
ygen p r e s s u r e  of 0 .2  a tm . Since the  en e rg y  of 3 e in s te in s  a -
m ounts to  129 k ca l a t 668 mm, 20% of the ligh t en e rg y  is  used
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in coenzym e re d u c tio n . If in the  p lan t a ll  NADPH2 is  u tiliz e d  fo r
CO5 red u c tio n , and a ll  CO,2 red u c tio n  p ro c e e d s  v ia  N A D PH ,, a
quantum  re q u ire m e n t of 3 quanta p e r  equ ivalen t fo r NADP re d u c 
tion  in the  liv ing  c e ll  would co rre sp o n d  to  a quantum  r e q u ir e 
m ent of 4 x 3 = 12 p e r  m o lecu le  of C 0 2 red u ced  in  ph o to sy n th e
s is .  T h is  value is  in f a ir  ag re e m e n t w ith the  n u m b ers  re p o r te d
fo r leav es  of h ig h e r p lan ts  (257, 111, 87), w hich w e re  about 11
o r  h ig h e r. F o r  u n ic e llu la r  a lg ae  not m uch low er v a lu es  have been
re p o r te d  by m o st a u th o rs  (§ 4 .4 .3 ) .

T he sa tu ra tin g  in te n s ity  (s e e  F ig . 5. 2) and th e  m axim um  ra te
of NADP red u c tio n  (about 200 pm ol p e r  m g ch lo ro p h y ll p e r  hour)
a r e  a lso  not v e ry  d iffe ren t fro m  th a t of p h o to sy n th esis  in in tac t
leav es  ( r e f .  215, ch . 28). So the  p re s e n t d a ta  a r e  c o n s is ten t
w ith the hy p o th esis  th a t a t le a s t  an a p p rec iab le  p a r t  of C 0 2
red u c tio n  p ro c eed s  v ia  NADP. P h o to red u ctio n  of NADP h as  not
only been re p o r te d  fo r  c h lo ro p la s ts  of sp inach , but a lso  fo r
c h lo ro p la s ts  of a v a r ie ty  of o th e r h ig h e r p lan ts  (262), a s  wel
as  fo r  c e llu la r  p re p a ra tio n s  fro m  C h lo re lla (  129), C hlam ydom onas
(182), A n acy stis  n idu lans (36) and the re d  a lg a  L a u re n c ia o b -
tu sa  (117).

When it is  a ssu m ed  th a t in sp inach  ch lo ro p la s ts  a t 668 mu
ap p ro x im a te ly  equal p a r ts  of the  inciden t light a r e  ab so rb ed  by
the  p h o tochem ica l sy s te m s  1 and 2 (the  ev idence in d ica te s  f s ee
re f .  82) th a t in C h lo re lla  and o th e r g re en  a lg ae  th e  two p igm ent
sy s te m s  about ba lan ce  each  o th e r a t th is  w avelength) a quantum
re q u ire m e n t of 3 p e r  red u ced  equ ivalen t of NADP c o rre sp o n d s
to  the t r a n s f e r  of one e le c tro n  p e r  1 .5  quanta fo r each  sy s te m
(cf. C h ap te r IV).

T he quantum  re q u ire m e n ts  fo r NADP red u c tio n  re p o r te d  h e re
a r e  ap p rec iab ly  low er than  the  nu m b er of about 8 quanta p e r
equ ivalen t re p o r te d  by San P ie tro  at (il • (221). T he re a so n  fo r
th is  d isc re p a n c y  is  not known. B lack  at at. (35) m o re  re c e n tly
found a nu m b er of about 4 .5  a t 675 m u  and v e ry  high v a lu es
in reg io n s  of low ab so rp tio n . L a te r  (95) it w as re p o r te d  that
th e se  n u m b ers  w ere  too highi when the ab so rp tio n  of the c h lo ro -
p la s t su sp en sio n  was m e a su re d  by m ean s of the  lig h t-d iffu sin g
p la te  techn ique (a s  in o u r e x p e rim en ts ) , a nu m b er of 2 .6 , which
a g re e s  w ell w ith o u r r e s u l ts ,  w as found. T he re q u ire m e n t was
re p o r te d  to  be e s s e n tia lly  independent of w avelength  fro m  380
to  680 m u. A lso in ag re e m e n t w ith o u r r e s u l ts  a r e  th o se  of
Yin et al. (268), who found a v a lu e  of 3 .2  fo r  a b ro ad  band of
re d  ligh t and about th e  sam e  o r  a som ew hat h ig h e r e ffic ien cy
fo r the  H ill re a c tio n  w ith fe rr ic y a n id e , and th o se  of Hoch and
M artin  (131a), who v e ry  re c e n tly  re p o r te d  v a lu es  of 2 and h ig h e r,

As F ig . 5 .2  in d ic a te s , the  quantum  re q u ire m e n t and r a te  of
red u c tio n  of NAD a r e  p ro b ab ly  the  sam e a s  of NADP a t low
ligh t in ten s ity , but ap p rec iab ly  lo w er a t h ig h e r in te n s itie s .  The
co n cen tra tio n  of NAD needed to  b rin g  about a s iz a b le  r a te  of
red u c tio n  is  m uch h ig h e r than  of NADP. T h is , and the inh ib ition
of NAD red u c tio n  by NADPH2 in d ica te s  th a t in ch lo ro p la s ts  of
in tac t p lan ts  only NADP is  red u ced .



S U M M A R Y

The experim ents reported here w ere perform ed in order to
obtain quantitative evidence about the photosynthetic reactions of
n icotinam ide-dinucleotide in the living c e ll .  Most experim ents
w ere done with intact unicellu lar photosynthetic organ ism s by m eans
of sen sitiv e  spectrophotom etry. The effect of various experim en
tal p aram eters, such as the wavelength and intensity of photo
synthetic illum ination, on the in tracellu lar rate of coenzym e
reduction or oxidation was m easured and com pared to the rate
of the oxidation of cytochrom es and of oxygen evolution.

Tb fir s t  chapter g ives a short introduction to the subject.
The second deals with the experim ental methods used in the present
study. A descrip tion  is  given of the culturing of algae and b ac
ter ia , of apparatus for m easuring changes in absorbancy and
flu orescen ce of algal and b acteria l suspensions occurring upon
photosynthetically active illum ination and of a polarograph for
m easuring photosynthetic O 2 production. Further a d iscu ssion
is  given of the optical e ffec ts  caused by scatterin g  of light by
the su spension s and by the fact that the light-absorbing sub
stan ces are contained within sm a ll p artic les and not hom ogeneously
d isp ersed  in solution. It is  shown that the correction  for the
la tter  effect is  re la tiv e ly  la rg er  fdr a sm a ll absorbancy change
than for the total absorbancy of the suspension .

In Chapter III the resu lts  are given of m easurem ents on light-
induced in trace llu lar NAD(P) (NAD or NADP) reduction and
cytochrom e oxidation in the non-sulphur purple bacteria Rhodo-
sp ir illum  rubrum and Rhodopseudomonas sp hero ides. The reduction
ofJNFAD(P) was m easured by m eans of the blue flu orescen ce and
by m eans of the absorbancy at 340 m/j of NAD(P)H2; the oxidation
of cytochrom es by m eans of the decreased  absorbancy of the
oxidized form s in the Soret region . The bacteria  w ere grown and
resuspended before m easurem ent in various organic m edia. The
kinetics of NAD(P) reduction upon illum ination and oxidation
upon subsequent darkening indicated that the rate of light-induced
reduction of NAD(P) was not constant during illum ination but
passed through a maxim um  after a few seconds of illum ination
and afterw ards gradually dropped to a much low er value. With
a few exceptions the low est quantum requirem ent for the r e 
duction was found to be 2 to 3 quanta per hydrogen or electron
tran sferred . On the other hand, the k inetics of the absorbancy
changes at 420 and 428 m/j in Rhodospirillum  indicated a high
tu rn -over rate of b- and c-type cytochrom es a lso  during pro
longed illum ination. 2 -hepty l-4-hydroxy-qu inoline-N -oxide and
fluoroacetate only partial! v inhibited the reduction of NAD(P).
In Rhodopseudomonas, at a few selec ted  wavelengths in the
region of carotenoids and bacteriochlorophyll absorption, the
re la tive activ ity  of light in effecting NAD(P) reduction was pro
portional to that in effecting bacteriochlorophyll flu orescen ce.
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T h is  in d ica te s  th a t both  l ig h t  p rocesses  a re  b ro u g h t about by
the sam e p ig m e n t s y s te m . These re s u lts ,  to g e th e r w ith  those
obta ined  by o th e rs , a re  d iscu ssed  in  § 3 . 4 .

C ha p te r IV  g ives  the re s u lts  o f m ea su rem e n ts  on lig h t- in d u c e d
N A D (P ) and cy to ch ro m e  re a c tio n s  in  b lu e -g re e n  a lgae . In  A n a -
c y s tis  n id u la n s , i l lu m in a t io n  w ith  re d  l ig h t  caused an in c re a s e
in  b lue  flu o re sce n ce  and an in c re a se  o f the a b so rb a n cy  around
340 m /i, w h ich  w ere  caused, as in d ica te d  by the s p e c tra  o f the
flu o re sce n ce  and the abso rb an cy  in c re a s e , b y  the re d u c tio n  o f
N AD o r  N A D (P ). Upon subsequent d a rke n in g  N A D (P )H 2 was r e 
o x id iz e d . The abso rbancy  d if fe re n c e  s p e c tru m  in  the v io le t  and
g re en  re g io n  in d ica te d  the o x id a tio n  o f a c -  o r  / - t y p e  cy to ch ro m e
upon i l lu m in a t io n .  A c t io n  s p e c tra  o f A n a c y s tis  n id u la ns  w ere
m easured  fo r  the re d u c tio n  o f N A D (P ), the o x id a tio n  o f c y to 
ch ro m e  and fo r  p ho tosyn th es is . The re s u lts ,  d iscu ssed  in  § 4 .4 ,
cou ld  be exp la ined  by m eans o f the h ypo thes is  th a t p ho tosyn thes is
in  g reen  p la n ts  is  b ro u g h t about 'by 2 p r im a r y  l ig h t  re a c tio n s ,
o p e ra tin g  in  s e r ie s  and d r iv e n  by tw o d if fe re n t  p ig m e n t s y s te m s .
P ig m e n t sys te m  1 in  A n a c y s tis  con ta ins  about equa l am ounts
o f c h lo ro p h y ll a  and phycocyan in  and causes upon i l lu m in a t io n
the re d u c tio n  o f C 0 2 v ia  N A D (P ) and the o x id a tio n  o f the c y to 
ch ro m e . System  2 con ta ins  r e la t iv e ly  m uch phycocyan in  and
l i t t le  c h lo ro p h y ll a  and causes, v ia  in te rm e d ia te  substances,
the re d u c tio n  o f the c y to c h ro m e  w ith  the co n co m ita n t e v o lu tio n  o f
O q. C o n s is te n t w ith  th is  was the e ff ic ie n c y  fo r  N A D (P ) re d u c tio n
(about 2 .5  quanta p e r  e q u iva le n t a t 620 m f x ) ;  the e f f ic ie n c y  fo r
cy to ch ro m e  o x id a tio n  is  p ro b a b ly  m uch lo w e r, w h ich  in d ica te s
a b y -p a s s  fo r  the c y to c h ro m e  in  the p ho to syn th e tic  ch a in  betw een
the 2 s y s te m s . A  few  e x p e rim e n ts  w ith  o th e r  b lu fe -g reen  algae
y ie ld e d  re s u lts ,  s im i la r  to those obta ined w ith  A n a c y s t is .

The quantum  re q u ire m e n t fo r  the re d u c tio n  o f N A D P  by i l 
lu m in a te d  sp inach  c h lo ro p la s ts  was found to be about 3 quanta
p e r e q u iva le n t (C h ap te r V ). T h is  is  in  good a g re e m e n t w ith  the
quantum  re q u ire m e n ts  fo r  p ho tosyn thes is  in  in ta c t p lan ts  and is
c o n s is te n t w ith  the co n c lu s io n  th a t N A D P H 2 is  an in te rm e d ia te
o f C 0 2 re d u c tio n  in  a lgae and h ig h e r  p la n ts . I t  was found th a t
the lig h t- in d u c e d  re d u c tio n  o f N AD is  s tro n g ly  in h ib ite d  by
N AD PH 2. The e ffe c t is  p ro b a b ly  due to  an in h ib it io n  o f the
fla v o p ro te in  enzym e w h ich  ca ta lyze s  the re d u c tio n  o f NAD  and
N A D P .
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A B B R E V I A T I O N S

ADP
ATP
CMU
DCMU
FMN
FMNHo
HOQNO
NAD

NADHo
NADP

n a d p h 2

NAD( P)
NAD(P)H2
PMS
t r i s

, adenosine  d iphosphate
, adenosine  tr ip h o sp h a te
, p  -c h lo ro p h en y l-1 , 1 -d im e th y lu rea
, 3 -(3 , 4 -d ich lo rophenyl) -1 ,1  -d im e th y lu rea
, flav in e-m o n o n u cleo tid e
, flav in e -m o n o n u cleo tid e , red u ced  fo rm
, 2 -h e p ty l-4 -hyd ro x y -q u in o lin e  -N -ox ide
, n ico tin am id e -d in u c leo tid e  (d ip h o sp h o p y rid in e-

nucleo tide)
, n ico tin am id e -d in u c leo tid e , red u ced  fo rm
, n ico tin am id e -d in u c leo tid e  phosphate

(trip h o sp h o p y rid in e  -nucleo tide)
, n ico tin am id e -d in u c leo tid e  phosphate , red u ced

fo rm
, NAD a n d /o r  NADP
, NADH2 a n d /o r  NADPH2
, phenazine m ethosu lphate
, tris(h y d ro x y m eth y l)am in o m eth an e
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Op v e rzo ek  van de F a c u lte it  d e r  W iskunde en N atuurw etenschappen
volgt h ie r  een  k o rt o v e rz ich t van het v e rlo o p  van m ijn  a c a d e 
m isch e  s tu d ie .

Na het behalen  van het e indexam en  G ym nasium  B aan  het C o o rn -
h e r t  G ym nasium  te  Gouda in 1951, begon ik  in se p te m b e r van
dat j a a r  m ijn  s tu d ie  in de scheikunde aan  de R ijk su n iv e rs ite it
te  U trech t.

Het can d id aa tsex am en  ( le t te r  g) w erd  afgelegd  in d ecem b er
1954. Mijn v e rd e re  s tu d ie  g esch ied d e  o nder le id ing  van de H oog
le r a r e n  D r. J .  T h. G. O verbeek , D r. J .M . B ijvoet, w ijlen  D r.
F .K ö g l, D r. I r .  J .  S m itten b e rg  en  van D r. L. N. M. D uysegs. H et
d o c to ra a l exam en  m e t hoofdvak scheikunde en bijvakken  fy s isch e
scheikunde en b io fy s ica  w erd  afgelegd  in a p r il  1958. In m ei 1958
begonnen m ijn  w erkzaam heden  op de afdeling  B iofysica  van het
K am erlin g h  O nnes la b o ra to riu m  d e r  R ijk su n iv e rs ite it  te  L eiden .
Van m ei 1958 to t d ec e m b e r 1960 was ik in d ien s t van de N e d e r 
lan d se  O rg a n isa tie  v o o r Z u iv e r W etenschappelijk  O nderzoek  (ZWO).
In ja n u a r i  1961 w erd  ik benoem d to t w e tenschappe lijk  a m b ten a a r
l e  k la s s e  en in  m ei 1963 to t w e tenschappe lijk  h oofdam btenaar
bij de B io fysica .
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