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STELLINGEN

I

Gegevens omtrent fotosynthetische reacties onder fysiologische omstandigheden
kunnen niet zonder meer verkregen worden uit extrapolatie van meetresultaten
verkregen hij temperaturen beneden 200 K.

Dit proefschrift, hoofdstuk III en IV.

II

Zowel de reactiecentra van fotosysteem 1 als die van fotosysteem 2 zijn
heterogeen.

Dit proefschrift, hoofdstuk III en IV.

III

De metingen van Ben-Hayyim en Malkin en van Takahama e.a. zijn niet uitgevoerd
onder omstandigheden, die het.mogelijk maken de kinetiek van licht-geïnduceerde
absorptieveranderingen te vergelijken met die van veranderingen in fluorescentie—
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Ben-Hayyim, G. en Malkin, S. (1971) in: Proc. 2nd Int. Congr. Photosynth.
Res., Stresa (Forti, G., e.a. eds.) Vol. I, pp. 61-72, Den Haag.
Takahama, U., e.a. (197^) Plant Cell Physiol. 15» 979—986.
Dit proefschrift, hoofdstuk II.

IV

Het meten van actiespectra met een bij iedere golflengte gelijke intensiteit
van actinisch licht kan tot onnodig moeilijk interpreteerbare resultaten leiden.

Heath, R.L. (1972) Biochim. Biophys. Acta 256, 6^5-655.
Clark, J.B. en Lister, G.R. (1975) Plant Physiol. 55, U0 I-U0 6 .

V

Het door Zabirova e.a. gemeten verband tussen fotofosforylatiesnelheid en de
grootte van een EPR—signaal bij g = 2.002 in chloroplasten van spinazie is veel
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Zabirova, I.G., e.a. (1973) Studia Biophysica, Berlin 39» 237-2U1.
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CHAPTER I
GENERAL INTRODUCTION

1.1. The electron transport scheme of photosynthesis.

Green plants and other chlorophyll-containing organisms contain an effi­
cient machinery for the conversion of solar energy into "chemical" free ener­
gy hy means of the process of photosynthesis. The ultimate products of this
process, oxygen and various cellular components (e.g. carbohydrates, fats and
proteins) are essential for all life.

The photosynthetic process consists of many steps. Fig.1.1 shows the
temporal sequence of events in four stages . (1) Light is absorbed by pigment
molecules and the energy of light is conveyed to photoreactive molecules, the
so-called reaction center chlorophylls. (2) An electron is transferred rapid­
ly from such an excited reaction center chlorophyll to a primary acceptor
molecule. (3) The charge separation is stabilized by secondary electron
transport towards the oxidized chlorophyll and from the reduced primary accep­
tor. (U) The ultimate electron acceptor of this chain of oxidation-reduction
reactions, NADPH, diffuses into the Calvin-cycle for fixation of C0_; the
oxygen diffuses out of the'cells into the environment.

In green plants and algae there are two types of reaction centers be­
longing to photosystem 1 and photosystem 2, respectively. These systems

(1) (2) (3) (4)
hv pigments I

R C
—► —» Calvin cycle

■*- * —  oxygen evolution
I______|______|__________-310 T ime (s )

Fig.1.1. Schematic representation of photosynthesis. RC, reaction center com­

plex-, P, reaction center chlorophyll; A, primary electron acceptor. Num­

bers between parentheses denote different stages of the process, as des­

cribed in the text. The time scale indicates the rates of transfer of

energy and electrons at the different stages. Horizontal arrows indicate

the direction of electron transport.
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E Ó.V
- 0 .5 0  -

-0 .2 5

SYSTEM I

P700 SYSTEM 2
+ 0.50

P680

f ig . 1.2. General scheme o f  photosynthetia electron transport in  oxygen-evol­
ving organisms. The arrows point out the direction o f  electron transport.
Vertical arrows indicate photoreactions (primary reactions). The v e r ti­
cal scale indicates the midpoint po ten tia ls o f  the electron carriers at
pH 7. Fd, (soluble) ferredoxin (refs. 3-5); PC, plastocyanin (refs. 6-8);
Cyt f ,  cytochrome f  (refs. 9-11); PQ, plastoquinone (refs. 12-14); Z and
S are unknown intermediates (e.g. re fs . 15, 16). According to some inves­
tigators (ref8. 17, 18) the sequence o f  PC and Cyt f  i s  opposite to  that
shown here.

p
o p e ra te  i n  s e r i e s  ( F ig .1 .2 ) .  The e le c t r o n  g e n e ra te d  in  pho tosystem  2 i s

t r a n s f e r r e d  to  th e  donor s id e  o f  pho tosystem  1 v ia  a  ch a in  o f  c a r r i e r  mole­

c u le s  ( f o r  a  rev iew  see  r e f s .  19, 20 and 2 1 ). V ia in te rm e d ia ry  r e a c t io n s  th e

e le c t r o n  donor s id e  o f  pho tosystem  2 evo lves oxygen and th e  a c c e p to r  s id e  o f
pho tosystem  1 reduces CC^.

1.2. Primary and associated reactions.
T his t h e s i s  d e a ls  m ain ly  w ith  p rim ary  r e a c t io n s :  th e  charge t r a n s f e r

hetw een th e  r e a c t io n  c e n te r  c h lo ro p h y ll and i t s  a c c e p to r  m olecu le ( s te p  2 in

F i g . 1 .1 ) .  The r e a c t io n  c e n te r  c h lo ro p h y lls  o f  pho tosystem s 1 and 2 a re  c a l le d
P O - P S

PTOO (o r  Chi a ) and P6Ö0 (o r  Chi aTT) , r e s p e c t iv e ly  , th e  p rim ary  e le c -
^  . 2 6 27t r o n  a c c e p to rs  a re  deno ted  by X and Q, r e s p e c t iv e ly  ’

The i d e n t i t y  o f  X i s  n o t known w ith  c e r t a in ty  (see  review s in  r e f s .  21
and 2 8 ). S ince  P700 i s  p h o to o x id iz e d  a t  77 K ( r e f s .  29-31)»  one o f  th e

f e a tu re s  o f  X has t o  be i t s  p h o to re d u c tio n  a t  t h a t  te m p e ra tu re . M alkin and
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32. 33
Bearden r e c e n t ly  d isc o v e re d  t h a t  in  sp in a ch  c h lo ro p la s ts  a  non-haem ,
iro n -s u lp h u r  p r o te in  "bound f e r re d o x in "  w ith  e le c t r o n  p aram ag n e tic  resonance

(EPR) l in e s  a t  g -v a lu e s  o f  2 .05» 1.9** and 1.86 i s  p h o to reduced  a t  77 K. This
su g g e s ts  t h a t  X i s  a  bound f e r re d o x in .  However, th e  o b se rv a tio n  o f  p h o to re ­

d u c tio n  o f  fe r re d o x in  a t  77 K i s  n o t s u f f i c i e n t  t o  p ro o f  i t s  i d e n t i t y  w ith

X. In  pho tosystem  2 th e  o cc u rre n ce  o f  secondary  (d a rk )  e le c t r o n  t r a n s p o r t  a t

77 K has been  d em onstra ted2 * 3**’ 35. S im ila r ly  i t  may be s p e c u la te d  t h a t
f e r re d o x in  i s  reduced  in  a  dark  r e a c t io n  w ith  X” a t  77 K.

The p rim ary  e le c t r o n  a c c e p to r  o f  pho tosystem  2 , Q, i s  p ro b ab ly  bound

p la s to q u in o n e  which i s  reduced  to  p la s to se m iq u in o n e  in  th e  p rim ary  r e a c t io n

w ith  P680 ( r e f s .  36 , 37 and 3 8 ). U n ti l  now, d i r e c t  ev id en ce  f o r  th e  p h o to ­

re d u c tio n  o f  p la s to q u in o n e  a t  77 K has n o t been  r e p o r te d ;  a t  t h a t  te m p e ra tu re ,

how ever, th e  o x id a t io n - re d u c t io n  s t a t e  o f  Q may be assay ed  by abso rbance d i f ­

fe re n c e  m easurem ents n e a r  550 nm: upon re d u c tio n  o f  Q a t  77 K an a b s o rp tio n
band p eak in g  a t  5k6 nm s h i f t s  t o  51*1» nm ( r e f .  3 9 ) . The id e n t i t y  o f  th e  com­

ponent r e s p o n s ib le  f o r  t h i s  band i s  n o t known y e t .  I t  has been p ro p o sed **0 ’1*1

to  be a  B- c a r o te n e -p r o te in  complex and , more r e c e n t ly ,  t o  be p h eo p h y tin 3^.

The su b s ta n c e , which i s  c a l le d  C550 ( r e f s .  1+2 and 1*3) i s  p ro b ab ly  n o t an e le c ­
tr o n  c a r r i e r ,  b u t an " in d ic a to r  p igm ent" t h a t  shows a  b lu e  s h i f t  o f  i t s  ab­

s o r p t io n  band a t  5U6 nm upon r e d u c tio n  o f  Q, perh ap s due to  a  change in  th e

lo c a l  e l e c t r i c a l  f i e l d 3^ ’ . S ince  Q i s  a  quencher o f  c h lo ro p h y ll  f lu o r e s ­
ce n ce , w hereas th e  red u ced  form , Q , i s  n o t ,  r e a c t io n s  o f  Q may a l s o  be

s tu d ie d  by m easurem ents o f  th e  f lu o re s c e n c e  y i e ld  o f  c h lo rp h y l l2^ . This

m ethod, how ever, cannot alw ays be u sed  a t  77 K, s in c e  a t  t h a t  te m p e ra tu re  an

o x id iz e d  sp e c ie s  a t  th e  donor s id e  o f  system  2 may accum ulate w hich a l s o
quenches c h lo ro p h y ll fluorescence** '’ .

The secondary  r e a c t io n s  ( s te p  3 in  F i g . 1 .1 ) may be c o n s id e re d  as  chem ical
p ro c e sse s  th e  r e a c t io n  r a t e s  o f  which depend on th e  te m p e ra tu re . At 77 K th e s e

r e a c t io n s  a re  g e n e ra l ly  to o  slow  to  be o b se rv e d . However, i n  a d d i t io n  to  th e

p rim ary  p ro c e sse s  m entioned above, th e  p h o to o x id a tio n  o f  cytochrom e b has

a ls o  been observed  a t  77 K ( r e f s .  2k,  3k,  k6 and 1+7). F loyd e t  a l 2** r e p o r te d

t h a t  cytochrom e b ^  red u ces P+680 w ith  a h a l f  tim e o f  1+.2 ms a t  te m p e ra tu re s

betw een 77 and 210 K. T his in d ic a te s  t h a t  th e  p h o to o x id a tio n  o f  cytochrom e
b 559 i s  a  secondary  r e a c t io n ,  a n d , th e r e f o r e , th a t  some secondary  e le c t r o n

tr a n s p o r t  i s  s t i l l  p o s s ib le  a t  th e s e  te m p e ra tu re s . S ince  p h o to o x id a tio n  o f

cytochrom e b ^  has n o t been  o bserved  un d er p h y s io lo g ic a l  c o n d itio n s  a t  room

te m p e ra tu re  ( r e f s .  1+8 , 1+9i  th e  r e s u l t s  a ls o  in d ic a te  t h a t  r e a c t io n s  o c c u rr in g
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a t  low te m p e ra tu re s  do n o t n e c e s s a r i ly  ta k e  p la c e  a t  room te m p e ra tu re  to o .
T h e re fo re  a c a r e f u l  s tu d y  o f  th e  te m p e ra tu re  dependence o f  th e  r e a c t io n s  i s

n e c e s sa ry  w hich may make p o s s ib le  a  v a l id  e x t r a p o la t io n  from  low te m p era tu re s

to  room te m p e ra tu re . ,

1 .3 . Purpose o f  the experiments.
The p r e s e n t  s tu d y  was u n d erta k en  to  o b ta in  in fo rm a tio n  about e le c t ro n

t r a n s p o r t  i n  and n e a r  th e  r e a c t io n  c e n te rs  o f  pho tosystem s 1 and 2 by m easure­

m ents o f  th e  r e a c t io n s  o f  th e s e  system s a t  low te m p e ra tu re s . With r e s p e c t  to
pho tosystem  1 th e  experim en ts w ere fo cu sse d  on th e  r o le s  o f  bound f e r re d o x in

(g  = I . 9U) and o f  p la s to c y a n in .  These experim en ts w ere perfo rm ed  in  co-ope­

ra tio n  w ith  Mr. C .P. R i jg e r s b e rg ,  and most o f  th e  r e s u l t s  have a l s o  been  pu­

b l i s h e d  e l s e w h e r e E x p e r i m e n t s  on pho tosystem  2 d e a l t  w ith  th e  k in e t i c s

o f  th e  p h o to c o n v e rs io n  o f  Q, P68O and cytochrom e b ^ ^ .  The m easurem ents i n d i ­

c a te d  t h a t  i n  a d d i t io n  t o  th e s e  t h r e e ,  o th e r  compounds may a l s o  ta k e  p a r t  in

th e  r e a c t io n s  o f  system  2 a t  te m p e ra tu re s  betw een 10 and 180 K. The p r o p e r t ie s

o f  th e s e  compounds w ere a l s o  in v e s t ig a te d .  Some o f  th e  e a r ly  experim en ts were

done in  c o l la b o r a t io n  w ith  P ro f .  W.L. B u t le r ,  a s s i s t e d  by Mr. H.L. Sim onsj

Mr. C.P. R ijg e rs b e rg  and Mr. P . G ast p a r t i c ip a t e d  a t  a  l a t e r  s ta g e .  Some o f
52-55

th e  r e s u l t s  co n cern in g  system  2 have a ls o  been  r e p o r te d  p re v io u s ly

I  am in d e b te d  to  many p eo p le  f o r  t h e i r  c o n tr ib u t io n s  t o  th e  i n v e s t i ­

g a tio n s  r e p o r te d  in  t h i s  t h e s i s .  1 would l i k e  t o  th a n k  Dr. J .  Amesz and P ro f .
Dr. L.N.M. Duysens f o r  t h e i r  s t im u la t in g  d is c u s s io n s  and v a lu a b le  su g g e s tio n s ,

as w e ll  as f o r  a  c r i t i c a l  r e a d in g  o f  th e  m a n u sc rip t. D r. B .F . van G elder and

Dr. R. Wever made me en joy  EPR m easurem ents and p la c e d  t h e i r  a p p a ra tu s  a t  my

d is p o s a l .  P ro f .D r . W.L. B u t le r  in tro d u c e d  me to  th e  s p e c ia l  problem s in v o lv e d
w ith  p h o to s y n th e tic  r e a c t io n s  a t  low te m p e ra tu re s , and s t im u la te d  th e  e a r ly

phases o f  th e  work. D isc u ss io n s  w ith  Mr. P . G e ld o f, Mr. H .J . van Gorkom,
Mr. M .P .J. P u l l e s ,  Mr. C .P. R ijg e rsb e rg  and Mr. B.R. V elthuys have in s p i r e d

me to  many e x p e r im e n ts . The te c h n ic a l  and a d m in is t ra t iv e  s t a f f  o f  th e  B io­

p h y s ic a l  L ab o ra to ry  have g iv en  in v a lu a b le  a s s i s ta n c e .
The work was su p p o rte d  i n  p a r t  by  th e  N eth e rlan d s F oundation  f o r  Chemical

R esearch  ( S . O. N. ) ,  and by th e  N e th e rlan d s F oundation  f o r  B io p h y s ic s , b o th

f in a n c e d  by th e  N e th e rlan d s  O rg a n iz a tio n  f o r  th e  Advancement o f  Pure R esearch

(Z.W.O. ) .
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CHAPTER II
MATERIALS AND METHODS

2.1, Photosynthetio organisms.
Algae were grown in liquid culture media as described elsewhere .

Chlorella vulgaris, Euglena gracilis var. bacillaris and Scenedesmus obliquus ,
were grown in the media given by refs. 2 (M.C. medium), 3 and ^respectively;
the growth media for Anacystis nidulans and' Porphyridium aerugineum are given
in ref. 1. The algae were harvested by centrifugation, usually at 3000 x g
during 10 minutes. Subsequently, they were either stored in concentrated
suspension atO °C in the dark until about 5 minutes before use, or they were
diluted in fresh growth medium, gassed with air and 5 % C01.

The concentration of the algal suspensions was determined from the
absorbance at 680 nm in a 1-mm cuvette, measured with a Zeiss PMQ II absor­
bance spectrophotometer equipped with opal glass. The apparent absorbance at
7U0 nm was subtracted from the absorbance measured at 680 nm in order to
correct for light scattering . To determine absorbances of concentrated sus­
pensions , aliquots were diluted such that accurate measurements could be per­
formed.

Chloroplasts were obtained from market spinach. Leaves (60 g) were washed
and ground in a blendor (Braun MX 32) for 30-60 s in an. ice-cold solution
(80 ml) of pH 7*8 containing 50 mM tricine, 0.U M sucrose, 10 mM KC1 and 2 mM
MgClp. The homogenate was filtered during 3-** minutes through 1 or U layers of
nylon gauze (mesh width 20 vim x 20 pm or 20 pm x 80 pm, respectively) and the
filtrate was centrifuged at up to 8000 x g (duration about 5 min) 'the rotor
of the centrifuge being cooled at +2 °C. The chloroplast pellet was resuspended
in 1 - U ml of the same cold, buffered solution, and stored at 0 °C in the
dark.

The time elapsed between grinding of the spinach leaves and resuspension
of the chloroplasts was 10 - 15 minutes. The concentration of chlorophyll was
determined according to Arnon . The stored suspension usually contained 3-7 mg
chlorophyll per ml. The chloroplasts were resuspended shortly before use in a
small volume of the buffered solution to the concentration of chlorophyll which
was suitable for the measurement.



2 .2 . Apparatus fo r  measurements o f  changes in  absorbance,  flu o rescen ce  and
e le c tro n  paramagnetic resonance.

2 .2 .1 . S in g le  beam spectrophotom eter.
P h o to m etric  m easurem ents o f  l ig h t - in d u c e d  absorbance changes w ere p e r f o r ­

med w ith  two d i f f e r e n t  sp e c tro p h o to m e te rs . F i r s t l y ,  a s in g le -b ea m  a p p a ra tu s ,

d es ig n ed  by Dr.L.IJ.M . D uysens, was used  in  com bination  w ith  a c u v e tte  h o ld e r
and dewar e n a b lin g  o p t i c a l  m easurem ents a t  te m p e ra tu re s  betw een 77 and 280 K.

C ontinuous (non-m odulated) m easuring  l i g h t  was p ro v id e d  by a  Bausch and Lomb

monochromator (f/U .U , 500 mm f o c a l  le n g th ,  s l i t  h e ig h t  20 mm, 1200 lines/m m

g r a t in g ,  d is p e rs io n  1 .6  nm/rnfii) and a  tu n g s te n  halogen  lamp (Osram, 2b V, 250

W) powered w ith  a  c u r r e n t - s t a b i l i z e d  d .c .  powér su p p ly  (O ltro n ix  B32-10R). The

w avelength  in d ic a to r  o f  th e  monochromator was c a l ib r a t e d  r e g u la r ly  a g a in s t  th e

em issio n  l in e s  o f  a  m ercury a r c .  The m easuring  beam was fo c u sse d  on th e  sample

c u v e t te .  The m easuring  l i g h t  t r a n s m it te d  by th e  sam ple (1 o r  2 mm o p t ic a l

pathway) was m easured w ith  a  S-20 o r  S-20 m o d ified  p h o to m u l t ip l ie r  (EMI 9558
o r  9658) p ro v id e d  w ith  s u i t a b le  f i l t e r s  t o  m inim ize s t r a y  l i g h t  from  th e  mono­

chrom ator and to  b lo c k  a c t in i c  i l lu m in a t io n .  The v o lta g e  s ig n a l  developed

a c ro ss  th e  1 MSI lo a d  r e s i s t o r  o f  th e  p h o to m u l t ip l ie r  was ta k e n  d i r e c t l y  t o  an

o s c i l lo s c o p e  which was co n n ected  to  a  1 kHz s t r i p - c h a r t  r e c o rd e r  (2 -c h an n e l

Siemens o sc illo m in k )  f o r  d a ta  re c o rd in g . W ith some experim en ts th e  o s c il lo s c o p e

was connected  to  a  s ig n a l  av e ra g e r (D a ta lab  DL 1 0 2 .S .) .  W ithout av e ra g in g  th e

s e n s i t i v i t y  o f  th e  a p p a ra tu s  was found to  b e  de term ined  by th e  n o ise  i n  th e

p rim ary  c u r re n t  o f  th e  p h o to m u l t ip l i e r . W ith sam ples h a v in g  an ap p a ren t ab­

so rbance  o f  O.87 (see  S e c tio n  2 .U.1 )  th e  s e n s i t i v i t y  was about 5 x 10- ** ab­

so rbance  u n i t s  betw een b20 and 700 nm, th e  tim e c o n s ta n t o f  th e  a p p a ra tu s

b e in g  1 kHz. L im itin g  th e  frequency  re sp o n se  by means o f  e l e c t r i c a l  f i l t e r s

th e  s e n s i t i v i t y  co u ld  be im proved; t h i s  was u s u a l ly  done w ith  m easurem ents o f

r e l a t i v e l y  slow  s ig n a l s .  Care was ta k e n  n o t t o  a f f e c t  th e  m easurem ents o f
k in e t i c s  by th e  use  o f  th e  f i l t e r s .

F i l t e r e d  a c t in i c  l i g h t  p ro v id ed  by a  tu n g s te n  h a lo g en  lamp (Osram, 2k V,
250 W) p la c e d  in  a  L e itz  P ra d o lu x , ty p e  37052 condensor s e t  o r  by a  xenon

f la s h  lamp (FT 230, G enera l E l e c t r i c ,  C=10 pF, V=2U00 V) was in c id e n t  on th e
f ro n t  s u r fa c e  o f  th e  c u v e tte  a t  a  sm a ll an g le  ( 1 )  t o  th e  m easuring  beam.

The h a l f  w id th  o f  th e  f la s h  was ty p i c a l ly  7 P S . The f la s h  l i g h t  was f i l t e r e d

by a b ro a d  g reen  f i l t e r  com bination  c o n s is t in g  o f  a B a lz e rs  F i l t r a f l e x  DT

in te r f e r e n c e ,  a S c h o tt 0G U c u t - o f f  and a  B a lz e rs  C a lf le x  C h e a t  r e f l e c t i n g

f i l t e r ,  u n le ss  n o te d  o th e rw ise . T h is com bination  was choosen in  o rd e r  to  have
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a  homogeneous d i s t r i b u t io n  o f  s a tu r a t in g  l i g h t  th ro u g h  th e  depth  o f  th e  c u v e tte

w ith o u t c a u s in g  "double h i t s "  o f  th e  r e a c t io n  c e n te rs  by one f l a s h .  With t h i s

com bination  o f  f i l t e r s  th e  energy o f  th e  f la s h  a t  th e  c u v e tte " s u r fa c e  was
—2 • Jde te rm in ed  to  be a p p ro x .100 yJ.cm  . The i n t e n s i t y  o f  l i g h t  p ro v id e d  by th e

tu n g s te n  lamp was c a l ib r a t e d  w ith  a Yellow S p rin g s ra d io m e te r  (model 65) and

m o n ito red  c o n tin u o u s ly  w ith  a  p h o to d io d e . The rad io m ete r  was c a l ib r a t e d  a g a in s t

a  s ta n d a rd  Eppley th e rm o p ile .
M easurements a t  te m p e ra tu re s  betw een 77 and 280 K w ere perfo rm ed  by means

o f  a  c u v e t te  h o ld e r , w hich was co o led  by l i q u i d  n i t r o g e n ,  as i s  i l l u s t r a t e d  in

F ig .2 .1 .  A therm ocoup le  ( i ro n —c o n s ta n ta n )  a t ta c h e d  to  th e  c u v e tte  was used  to

m o n ito r th e  te m p e ra tu re . T em peratures above 90 K w ere o b ta in e d  by c o o lin g  th e

sam ple a t  77 K w ith  l i q u i d  n i tro g e n  and su b se q u en tly  b lqw ing  a  s trea m  o f  dry

n i tro g e n  gas th ro u g h  th e  dewar. T em peratures betw een 77 and 90 K were o b ta in e d
by c o o lin g  to  77 K and w a it in g  f o r  some m in u te s : th e  h e a t in g  r a t e  was about

2 deg rees p e r  m inute w ith  l i q u i d  n itro g e n  p re s e n t  a t  th e  bo tto m  o f  th e  dewar.

M easurements a t  a  c o n s ta n t te m p e ra tu re  o f  7 7 Kwere made w ith  th e  c u v e tte  sub­

merged com ple te ly  in  l i q u i d  n it r o g e n .  Only f lu o re sc e n c e  co u ld  be m easured in

t h i s  case  and s m a ll ,  s h o r t  d is tu rb a n c e s  ap peared  on th e  f lu o re sc e n c e  t r a c e ,

when b u b b le s  o f  n i t ro g e n  gas p a s se d  th e  windows o f  th e  dewar.

P ig .2.1. Lew-temperature cuvette
holder. A te flo n  l id  (a) pro­
vided w ith holes was attached
to  a metal bar (b) , the end o f
which was submerged in  liqu id
nitrogen. The sample cuvette
(c) was fastened by use o f
springs (d) upon a gap in  the
bar. The bar was placed in  a
s ilv e red  cy lin d rica l dewar (e)
w ith windows a t the sample
position .
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2 .2 .2 . Sp lit-beam  spectrophotom eter.

TKe second sp e c tro p h o to m e te r  u sed  to  m easure l ig h t - in d u c e d  absorbance

changes was a ls o  c o n s tru c te d  in  our la b o ra to ry  a c co rd in g  to  th e  same p r in c ip le
. *7

as one d e s c r ib e d  e a r l i e r .  The ap p a ra tu s  was o f  th e  " s p lit-b e a m "  ty p e ,  eq u ip ­

ped w ith  two independen t m easuring  beams by u se  o f  two m onochrom ators, two

choppers and two p h o to m u l t ip l ie r s  as i s  i l l u s t r a t e d  i n  F ig .2 .2 .  We w i l l  r e f e r

to  th e  two d i f f e r e n t  beams as beam A and beam B. The o p t i c a l  geom etry o f  b o th
beams was th e  sam e, on ly  one o f  th e s e  w i l l  be d e s c r ib e d  (beam A).

M easuring l i g h t  was p ro v id ed  by a m onochrom ator, s im i la r  t o  th e  one

s p e c i f ie d  above, and a  tu n g s te n  r ib b o n  f ila m e n t lamp (6 V, 18 A) o r  a tu n g s te n

h alo g en  lamp (Osram, 2k V, 250 W) o p e ra te d  on s t a b i l i z e d  d .c .  power s u p p l ie s .

Measurements in  th e  u l t r a - v i o l e t  w aveleng th  re g io n  w ere perfo rm ed  u s in g  a
h ig h -p re s s u re  xenon a rc  (Osram 900 W). A f te r  p a s s in g  th e  monochromator and

le n s  L1 th e  l i g h t  was s p l i t  in to  two beams (A1 and A„) o f  abou t eq u a l i n t e n s i t y

by means o f  a  beam s p l i t t e r  m ir ro r .  T his c o n s is te d  o f  a  s ta c k  o f  t h i n  h o r i ­

z o n ta l  g la s s  p l a t e s , s i l v e r e d  on t h e i r  edges and s ta g g e re d  a l t e r n a t e l y  r ig h t

and l e f t ,  so  as t o  r e f l e c t  h a l f  th e  l i g h t  one way and h a l f  th e  o th e r .  Each

beam th e n  was r e f l e c t e d  by a  concave m ir ro r  (M1 and M^) which fo c u sse d  an

image o f  th e  e x i t  s l i t  o f  th e  m onochrom ator upon a  r o t a t i n g  d isk  p ro v id e d

w ith  f iv e  h o le s  a t  eq u a l d is ta n c e s .  T h is l i g h t  chopper ( 1 , c . )  was d r iv e n  by a
synchronous m otor (Dunker k2 x 6 0 -2 ) and r o t a t i n g  a t  a  speed  o f  50 r . p . s .

The chopper was p o s i t io n e d  such t h a t  b o th  beams w ere m odulated  w ith  th e  same
frequency  (250 Hz);  th e  phases o f  th e  beam s, how ever, w ere d i f f e r e n t  by

it r a d ia n s .  S u b seq u e n tly , th e  beams p a s se d  th e  le n s e s  I g and and w ere de­

f l e c t e d  upwards by means o f  m ir ro r  M a t  an an g le  o f  53° t o  th e  o r ig in a l

d i r e c t io n .  Each beam p a s se d  a  d i f f e r e n t  h o r iz o n ta l ly  mounted c u v e tte  ( c 1 and

c2 ) f i l l e d  w ith  su sp e n s io n , one o r  more f i l t e r s  F^ and f i n a l l y  rea ch ed  th e

pho toca thode  o f  a p h o to m u l t ip l ie r  (EMI 9558 o r  9658) .  The p h o to m u lt ip l ie r

was p o s i t io n e d  a t  th e  i n t e r s e c t io n  o f  th e  two beams (A1 and Ag) a t  a d is ta n c e

o f  abou t 7 cm from  b o th  c u v e t te s .  The h o r iz o n ta l  c ro ss  s e c t io n s  o f  th e  beams

were about 20 mm x 10 mm a t  th e  sam ple p o s i t i o n s ,  a lm ost in d e p en d e n tly  o f

th e  s iz e  o f  th e  e x i t  s l i t  o f  th e  monochromator ( g e n e ra l ly  20 mm h ig h  and
1 -  3 mm w id e ) . U su a lly  th e  in n e r  th ic k n e s s  o f  th e  c u v e tte s  was 1 o r  2 mm.

Due to  th e  o b liq u e  in c id e n c e  o f  th e  m easuring  beam th e  o p t i c a l  pathway th ro u g h

g la s s  and p le x ig la s s  c u v e tte s  f i l l e d  w ith  w a te r  was 12 % lo n g e r  th a n  th e
c u v e tte  th ic k n e s s .
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Fig. 2.2 Schematic diagram o f  the double split-beam spectrophotometer. The
apparatus consists o f  two completely independent split-beam spectro­
photometers, which have only the two cuvettes in  common. A and B are
two independently modulated measuring beams; L, lenses; M, m irrors;
F lo p t ic a l  f i l t e r s ;  S, shu tte rs ; D, diafragms; a t, l ig h t  attenuators;

l . o . t  l ig h t  choppers; P.C., pho toce ll; c^ and c^, sample cuvettes; PM,
pho tom u ltip lie rs . F ig .a  represents a top view o f  the to ta l apparatus
w ithout the pho tom u ltip lie rs ; F ig .b : a side view o f  the p a rt where
the photom ultip lie rs  are mounted; and Fig. c: a cross section perpen­
d icu la r to  Figs, a and b in  the plane o f the path o f  the a c tin ic
illu m in a tio n . The l ig h t  paths laying in  the plane o f  the figu res are

given by s o lid  lines.
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The anode s ig n a l  o f  th e  m u lt ip l i ie r  was fe d  t o  an a . c .  a m p l i f ie r  (Brook-
d e a l ,  ty p e  1*50), which t r a n s m it te d  a  band o f  0 .1  -  1 kHz. The a . c .  s ig n a l  was

smoothed hy a window a m p li f ie r  e l im in a t in g  p e a k s , which o c c u rre d  d u rin g  th e

change o f  th e  l i g h t  beams (A^ and A2 ) c a u s in g  th e  m u l t i p l i e r  c u r r e n t .  Subse­

q u e n tly  th e  s ig n a l  was r e c t i f i e d  (B ro o k d ea l, ty p e  U11) and re c o rd e d  on a
C le v ite  Brush s t r i p - c h a r t  re c o rd e r  (mark 2 2 0 ), o r  by a  1+-channel s ig n a l

av e ra g e r (N uclear C hicago, model T100). The r e c t i f i c a t i o n  was perform ed by

use o f  an a . c .  c u r re n t  in  phase  w ith  th e  pho to  c u r re n t  e f f e c te d  by one o f

th e  two beams (A1 o r  Ag ) and p ro v id e d  by a  ph o to d io d e  and a  p h a s e s h i f t e r , th e  .

p ho tod iode  b e in g  i l lu m in a te d  th ro u g h  th e  h o le s  o f  th e  r o t a t i n g  chopper by a
l i g h t  e m it t in g  d io d e . The t o t a l  c u r re n t  from  th e  p h o to m u l t ip l ie r  was m easured

by a pA m e te r . A b lo c k  diagram  o f  th e  e l e c t r o n ic s  i s  shown in  F ig .2 .3 .  The

independen t beams (A and B) w ere m easured by means o f  s e p a r a te  a m p l i f ie r s ,

phase  s h i f t e r s  and r e c t i f i e r s .  The r e c o rd e r  had  two c h a n n e ls ,  one f o r  each
beam.

By means o f  l i g h t  a t te n u a to r s  th e  i n t e n s i t y  o f  each  beam co u ld  be a d ju s te d
s e p a r a te ly .  The a t te n u a to r s  c o n s is te d  o f  h o r iz o n ta l  p a r a l l e l  w ire s  ( a t . )  o r

la m e lla e  ( a t g ) ,  which w ere a t ta c h e d  a t  eq u a l d is ta n c e s  in  a  r e c ta n g u la r  f r a ­

me, and th e  number o f  which c ro s s in g  th e  l i g h t  beam co u ld  be v a r ie d  by tu r n in g

th e  fram e around a  h o r iz o n ta l  a x i s .  To c a l ib r a t e  th e  e x te n t  o f  absorbance

changes a  s l i d e  o f  known absorbance was b ro u g h t i n to  one o f  th e  beams ( A . ) ,

photo­
multiplier

— lb

t
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testing
oscilloscope
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Fig. 2.3. Block diagram o f the electronics o f the split-beam spectrophotometer.
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causing a decrease of the intensity of that team* The transmission of this
slide was determined by use of a Zeiss PMQ II spectrophotometer. With samples
of low absorbance the sensitivity of the apparatus was 2 - 1 x 10 absorbance

units, with a response time of 300 ms. This sensitivity was rather independent
of the intensity of the measuring light at wavelenghts between 100 and 800 nm,

. -2
where the intensity of light incident on the cuvettes was 0 . 1 - 1  vW.cm .

Since, generally, scattering suspensions were used, the light of each
beam was incident on both photomultipliers. Therefore, the light choppers of
both beams (A and B) could be' set such that the phase of the modulation of
both beams differed by ir/2 radians. Thus the changes of the light intensity
of each beam were only converted into deflections of the recorder traces be­
longing to that beam.

The actinic light was provided by tungsten halogen lamps placed in
projector condensor sets (Leitz Pradolux, type 37852), or by a xenon flash
tube, as shown in Pig.2.2. Lens L. focussed images of diafragms D1 and Dg
(both 37 mm x 37 mm) upon the sample cuvette (c2 ). The size of the image was
about 20 mm x 20 mm. After passing L. part of the actinic light was reflected
upwards by a partially reflecting mirror (Mg). The light transmitted by that
mirror was focussed (by L^) upon a calibrated vacuum photocell (p.c.) (RCA 925)
serving to measure continuously the intensity of the radiation. The intensity
of actinic light could be varied by use of neutral density filters (F^ and
F ) or by changing the lamp voltage. Filters (F^ and F^) provided also the
desired spectral composition of the actinic light. Two independent actinic
light sources could be used simultaneously by use of a half reflecting mirror
(M_). Close to each lamp a shutter (S) (Gitzo) was mounted, which was operated
by electro—magnets (Robot, 3361 Sagib). The power for the magnets could be
switched on and off by automatic timers. These timers could also be used to •
trigger the‘ignition of the xenon flash tube. The half times of opening and
closing of the shutters were 10 and 7 ms, respectively.

Vibrations of the optics of the apparatus due to chopper motors, lamp
ventilators and shutter movements were avoided by fastening the optics rigidly
upon a heavy iron beam, which rested upon reinforcements ribs. These ribs were
mounted upon another beam, on which also the moving parts of the apparatus
were mounted.

For some purposes (e.g. fluorescence yield measurements, double beam
absorbance difference measurements) the beam splitter could be replaced by a
mirror, which reflected the measuring light from the monochromator towards the
concave mirror, Mg. Thus only the sample cuvette, Cg, was illuminated by
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m odulated  l i g h t .

The sp e c tro p h o to m e te r  co u ld  be connected  w ith  a  PDP-9 com puter v ia  a

1 -channel a n a lo g u e - to - d ig i ta l  c o n v e r to r  (1*0 Hz, 12 b i t s ) .  T h is com puter co u ld
a ls o  be used  to  d r iv e  th e  w avelength  o f  one o f  th e  m onochrom ators a t  s te p s
o f  1 nm. M easurements were s to r e d  on a m agnetic  ta p e  u n i t  and t r e a t e d  con­
v e n ie n t ly  in  th e  d e s ire d  manner.

Low temperature attachement.

W ith th e  s p l i t  beam a p p a ra tu s  d e s c r ib e d  above m easurem ents a t  tem pera­
tu r e s  betw een 80 and 300 K co u ld  be perfo rm ed  by use  o f  a  c u v e tte  h o ld e r

which i s  i l l u s t r a t e d  in  F ig .2.1*..The su sp e n sio n  was c o n ta in e d  betw een two

p le x ig la s s  p l a t e s ,  p in ch ed  a t  a  b ra s s  b lo c k . The two sam ple com partm ents w ere

1 mm x 10 mm x 25 mm, th e  o p t i c a l  pathway b e in g  1 mm. By means o f  a  c o n t ro l le d

flow  ó f  l i q u i d  n itro g e n  th ro u g h  th e  b lo c k  th e  su sp e n sio n  co u ld  be co o led  to

any d e s ire d  te m p e ra tu re  above 80 K. The flow  r a t e  was a d ju s te d  by a  v a lv e
t h a t  was d r iv e n  by an au to m atic  te m p e ra tu re  c o n t r o l l e r  (C ryoson, TR). The

te m p era tu re  was m easured w ith  a  therm ocouple (c o p p e r-c o n s ta n ta n )  p o s i t io n e d

in  th e  sam ple. The sam ple h o ld e r  was su rrounded  by a  box o f  p o ly s ty re n e  foam

w ith  p le x ig la s s - o r  q u a r tz  windows a t  th e  sample p o s i t io n s .  The windows were
k ep t f r e e  o f  co n d en sa tio n  by a s trea m  o f  n i t ro g e n  g a s . A ll  p le x ig la s s  was
s e le c te d  f o r  h ig h  t ra n s m is s io n  a t  290 nm.

Fig. 2 .4. Lew-temperature cuvette holder used w ith  the double split-beam  spectro
photometer: and B^, top and bottom parts  o f  a polystyrene foam box,
resp ec tive ly ; W, window; F , brass frame; C3 cuvette; T, cooling tubes. For
fu r th er  d e ta ils  see te x t .
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2.2.3. EPR spectrometers.

Electron paramagnetic resonance measurements were recorded at the B.C.P.
Jansen Institute, Amsterdam, using a Varian E-3 or E-9 spectrometer, operating
near 9 GHz. The microwave frequency was calibrated by use of a frequency
counter (Hewlett-Packard 52U6 L) with frequency convertor (5255 A). The field
strength was calibrated using an AEG Magnetfield meter (GA 11-22.2). First
derivative EPR spectra were obtained by 100 kHz modulation of the magnetic
field. Samples in standard quartz tubes (3 mm inner diameter) were cooled to
the desired temperature by a stream of nitrogen, provided by a variable tem­
perature accessory (Varian, E-25T), for measurements at 90<T<200 K and by a
stream of helium, provided by a liquid transfer system (Air Product Inc.,
LTD-3-100) with automatic temperature controller (0C-20) for measurements at
10<T<90 K. These lower temperatures could also be obtained using a helium
flow system as described in ref. 8. The temperature was measured with a
carbon resistor, previously calibrated against a calibrated germanium resistor

The sample was illuminated in the cavity by a slide projector (Aldis,
500 W). The beam passed through a cuvette (5-mm pathway) filled with water
and through suitable lenses to illuminate the slotted front side of the cavity
The intensity in the cavity was determined by use of a calibrated Yellow__o
Springs radiometer (model 65) to be about 100 mW-cm . Continupus illumination
with this intensity generally caused an increase of the temperature, which
amounted to 2 - k 0 near 80 K using the nitrogen gas device and 5 - 10 0
near 10 K with the helium gas stream, depending on the flow rates of the gas­
ses .

Some experiments were recently performed using another Varian E-9 spectro
meter (at our laboratory), the output of which could be fed into a signal
averager (Nuclear Chicago Model 7100) and which was equipped with an illumina­
tion set-up as described below. The light was provided by a tungsten halogen
lamp fitted into a projector or by a xenon flash tube (for details see Section
2.2.1). A lens focussed the image (20 mm x 20 mm) of the projector diafragm
upon the slotted front side of the cavity. Two projectors could be used si­
multaneously by means of a half reflecting mirror, similarly as can be seen
in Fig.2.2 for the actinic light device of the split-beam apparatus. Each
light beam could be filtered to obtain the desired spectral distribution.
The intensity of- each beam could be varied by use of neutral density filters
or by changing the lamp voltage. Shutters provided with electro-magnets were
used to turn the light on and off. The halftime of opening and closing was
h and 15 ms, respectively. The electro-magnets were triggered by automatic
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t im e rs  t o  en ab le  a v e rag in g  o f  th e  k in e t i c s  of- l ig h t - in d u c e d  s ig n a l s .  The

in t e n s i t y  o f  i l lu m in a t io n  was m easured w ith  a  c a l ib r a t e d  Yellow S p rin g s  r a d io ­
m eter (model 6 5 ) .

2.3. Experimental methods.

2.3.1.  Measurements o f  absorbance changes.
S ince th e  tim e resp o n se  o f  th e  s p l i t —beam sp e c tro p h o to m e te r  was much low er

th a n  th e  frequency  o f  th e  l i g h t  m odu la tion  (250 H z), f la s h - in d u c e d  absorbance
changes w ere g e n e ra l ly  m easured by means o f  th e  s in g le  beam a p p a ra tu s ,  des­

c r ib e d  in  S e c tio n  2 .2 .1 .  M easurements were made by a d ju s t in g  th e  p h o to m u lti­

p l i e r  power supp ly  t o  g iv e  a  1-V s ig n a l .  The s e n s i t i v i t y  o f  th e  o s c il lo s c o p e

a m p lif ie r  was th e n  in c re a s e d  100- f o l d  and a d .c .  v o lta g e  o f f s e t  was u sed  to

p o s i t io n - th e  t r a c e .  A bsorbance changes were c a lc u la te d  from  th e  m easured t r a n s ­
m iss io n  changes w ith  AA= -0.1+3 AT/T. The i n t e n s i t y  o f  th e  m easuring  l i g h t  was

_2
k e p t l e s s  th a n  1 pW.cm , which was to o  weak to  a c t i v a t e  s i g n i f i c a n t l y  p ho to ­

s y n th e t ic  r e a c t io n s .  M easurements o f  abso rbance changes induced  by con tin u o u s

i r r a d i a t i o n  co u ld  a l s o  be perfo rm ed  u s in g  th e  s in g le  beam a p p a r a tu s , ex cep t
a t  w aveleng ths ^between 61+0 and 7Ö0 nm due to  f lu o re s c e n c e  e x c i te d  by th e

a c t in i c  l i g h t .  With m easurem ents o f  f la s h - in d u c e d  changes i n  t h i s  s p e c t r a l

re g io n  th e  f lu o re sc e n c e  e x c i te d  by th e  a c t i n i c  f la s h  caused  an o v e r lo a d  o f
th e  a p p a ra tu s  d u rin g  abou t 30 ms.

Absorbance changes betw een 61+0 and T80 mm in d u ced  by con tinuous i r r a ­

d ia t io n  w ere m easured by means o f  th e  s p li t-b e a m  sp e c tro p h o to m e te r  d e s c r ib e d

above (S e c tio n  2 .2 .2 ) .  The p h o to m u l t ip l ie r  power supp ly  was a d ju s te d  t o  g ive

a  1 -  5 liA m u l t i p l i e r  c u r r e n t .  Then th e  i n t e n s i t i e s  o f  th e  m easuring  beams

were a tten u a te d  so as t o  g iv e  th e  same c u r re n t and th e  m easurem ents w ere made.

S ince th e  a c t i n i c  l i g h t  was n o t m odu la ted , th e  f lu o re s c e n c e  e x c i te d  by t h i s
i l lu m in a t io n  d id  n o t cause a re c o rd e r  d e f l e c t i o n ,  ex cep t f o r  d is tu rb a n c e s
as d e s c r ib e d  in  r e f .  7 .

Due to  th e  two ind ep en d en t m easuring  beams th e  ap p a ra tu s  co u ld  b e  used

to  m easure s im u lta n e o u s ly  absorbance changes a t  two d i f f e r e n t  w aveleng ths
( e .g .  r e f .  9 ) .  S ince  th e  re c o rd e r  was equ ipped  w ith  a  d i f f e r e n t i a l  in p u t i t

was a ls o  p o s s ib le  t o  m easure changes ac co rd in g  to  th e  d u a l w aveleng th  method

( r e f s .  1 0 -1 2 ), an example o f  which i s  g iv en  in  F ig .2 .5 .  The f ig u r e  a ls o  shows

t h a t  th e  r e s u l t s  o f  t h i s  f re q u e n tly  a p p l ie d  te c h n iq u e  may be m is le a d in g  i f  th e

d if fe r e n c e  betw een th e  absorbance changes a t  on ly  two w aveleng ths i s  m easured.

M easurements o f  absorbance changes n e a r  680 nm w ith  p h o to s y n th e tic
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Fig. 2.5. Light-induced absorbance changes at 540 and 552 nm and the difference
between these changes with spinach ahloroplasts (0.4 mg chlorophyll/ml in

“2l-mm cuvette) a t room temperature. Actinic ligh t: (676 + 6) nm, 10 mW-cm
and (715 ± 6) nm, 3.0 mW-cm . Light on a t upward, o f f  at downward
pointing arrows. Open arrows: 680 nm, and closed arrows: 715 nm ligh t. The
upper tracings were recorded simultaneously; ~ ^ 5 4 0  Was vegistrated
by use o f the d iffe re n tia l input o f  the recorder o f  the split-beam
apparatus. This figure may serve to illu s tr a te  that double beam recordings
in  th is  spectral region at room temperature may be caused by re la tive ly
small differences between large absolute absorbance changes at two
d ifferen t wavelengths.

organism s may be d i s t o r t e d  s i g n i f i c a n t ly  by changes in  th e  y i e l d  o f  th e  f lu o r e s ­

cence e x c i te d  by th e  m easuring  beam ( e .g .  r e f s .  13, 1^0 • In  o rd e r  t o  m inim ize
t h i s  d i s t o r t i o n  narrow  band  p ass  in te r f e r e n c e  f i l t e r s  were p la c e d  in  f ro n t  o f

th e  p h o to m u l t ip l ie r  and (o x id iz e d )  dibromothym oquinone (DBMIB), a p o te n t

quencher o f  th e  f lu o re sc e n c e  y i e ld  o f  p igm ent system  2 in  sp in ach  c h lo ro p la s ts

( r e f s .  15, 16)-, was added to  th e  sam ple. A d d itio n  o f  DBMIB may a ls o  low er th e

quantum e f f ic ie n c y  o f  pho tosys tem -2  r e a c t io n s .  The p ro p o r t io n a l  d ec rease  o f

t h i s  e f f i c i e n c y ,  how ever, i s  r e l a t i v e l y  l e s s  th a n  t h a t  o f  th e  f lu o re sc e n c e
. .  J 7



2 .3 .2 . Fluorescence measurements.

Measurements o f  f lu o re sc e n c e  y i e ld  changes were g e n e ra l ly  perfo rm ed  w ith
th e  s in g le  beam sp e c tro p h o to m e te r  d e s c r ib e d  in  S e c tio n  2 .2 .1 .  F la sh - in d u c e d

changes w ere m easured u s in g  th e  s te a d y  l i g h t  p ro v id ed  by tu n g s te n  ha logen

lan® and m onochrom ator, t o  e x c i te  f lu o re s c e n c e .  The in t e n s i t y  o f  t h i s  l i g h t
_p

was k e p t e s s e n t i a l l y  n o n -a c t in ic  ( l e s s  th a n  1 pW.cm-  ) :  i l lu m in a t io n  w ith  t h i s

l i g h t  f o r  two m inutes a t  77 K o f  sp in ach  c h lo ro p la s ts  caused  an in c re a s e  o f

th e  f lu o re sc e n c e  y i e l d  w hich was s m a lle r  th a n  3 % o f  th e  m axim ally o b ta in a b le

y i e ld .  Xenon f la s h e s  w ere u sed  to  induce changes^ o f  th e  f lu o re sc e n c e  y ie ld .

I f  sam ples w ere i r r a d i a t e d  w ith  a c t i n i c  con tinuous l i g h t  th e  power supp ly  o f

th e  m u l t ip l i e r  was sw itch ed  o f f  i n  o rd e r  t o  p r o te c t  th e  p h o to tu b e , o r  th e

number o f  dynodes and th e  power supp ly  w ere a d ju s te d  t o  m easure th e  f lu o r e s ­
cence e x c i te d  by th e  i r r a d i a t i o n .

F lu o rescen ce  y i e l d  changes co u ld  a l s o  be m easured w ith  th e  s p li t-b e a m

sp ec tro p h o to m e te r  d e s c r ib e d  in  S e c tio n  2 .2 .2 .  In  t h a t  case  on ly  th e  sam ple
c u v e tte  was i l lu m in a te d  w ith  m odulated  l i g h t  (250 Hz) o f  low i n t e n s i t y  ( le s s

th a n  1 uW.cm ) .  The f lu o re sc e n c e  e x c i te d  by t h i s  i l lu m in a t io n  was d e te c te d

by one o f  th e  p h o to m u l t ip l ie r s  su p p lie d  w ith  a p p ro p r ia te  f i l t e r s . The m u lt i­

p l i e r  c u r re n t  was co n v e r te d  v i a  th e  dem odulator i n to  a r e c o rd e r  d e f le c t io n  as

f o r  m easurem ents o f  absorbance changes. Changes o f  th e  f lu o re sc e n c e  y i e ld  were
induced  by con tinuous l i g h t  o r  by xenon f la s h e s  and w ere d e te c te d  by th e

m odulated  beam ( r e f .  18). The f lu o re sc e n c e  e x c i te d  by th e  s te a d y  a c t in i c

i l lu m in a t io n  d id  n o t cause a  r e c o rd e r  d e f l e c t i o n ,  ex cep t f o r  t r a n s i e n t  d i s t u r ­

bances as d e s c r ib e d  in  r e f .  J. With th e  s p li t-b e a m  ap p a ra tu s  th e  f lu o re sc e n c e

y ie ld  changes co u ld  a l s o  b e  m easured u s in g  th e  non-m odulated  a c t i n i c  i l l u ­

m in a tio n  as e x c i t a t io n  l i c h t .  For t h a t  p u rpose  th e  tu n g s te n  h a lo g en  lamps

p ro v id in g  th e  a c t in i c  l i g h t  were powered w ith  s t a b i l i z e d  power s u p p lie s  and

th e  m u l t i p l i e r  c u r re n t was fe d  d i r e c t l y  in to  th e  r e c o rd e r  ( e .g .  r e f .  19) .

E v id e n tly  i t  was a l s o  p o s s ib le  t o  m easure s im u lta n e o u s ly  absorbance

and f lu o re sc e n c e  y i e l d  changes u s in g  th e  sp li t-b e a m  a p p a r a tu s .

2 .3 .3 . Lew tem peratures.

For o p t i c a l  m easurem ents below  0 °C th e  c u v e tte  h o ld e rs  d e sc r ib e d  in
S e c tio n  2 .2 .1  and 2 .2 .2  were u sed . S h o rtly  b e fo re  lo w erin g  th e  te n ® e ra tu re

sam ples w ere suspended in  g ly c e r o l  o r  e th y le n e  g ly c o l ( f i n a l  c o n c e n tra tio n s :

5° “ 55 % v /v )  f o r  m easurem ents a t  te m p era tu re s  below  200 K o r  betw een 200 and

270 K, r e s p e c t iv e ly .  EPR m easurem ents w ere perfo rm ed  w ith o u t th e s e  s o lv e n ts ,
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u n le ss  s t a t e d  o th e rw ise . To m inim ize e f f e c t s  o f  th e  p re se n ce  o f  g ly c e ro l  o r

g ly c o l ( e .g .  r e f s .  20 and 21) th e  su sp e n sio n s  w ere , g e n e r a l ly ,  p re p a re d  in
th e  dark  w ith in  5 m inu tes b e fo re  th e  f re e z in g  was s t a r t e d .  However, m easure­

ments o f  th e  f lu o re sc e n c e  o f  pigm ent system  2 w ith  sam ples o f  C h lo re l la

v u lg a r i s  suspended  in  g ly c e ro l  s h o r t ly  b e fo re  f re e z in g  in d ic a te d  a  dec rease
2 0 , 21

o f  th e  f lu o re sc e n c e  y i e ld  s im i la r ly  as d e s c r ib e d  by Frackcw iak w ith

C h lo re l la  p y ren o id o sa  suspended  in  g ly c o l .  With sp in ach  c h lo ro p la s ts  th e

f lu o re s c e n c e  y i e l d  was found to  be th e  same w ith  and w ith o u t g ly c e r o l  o r

g ly c o l .  These s o lv e n ts  w ere u sed  -  in  s p i t e  o f  t h e i r  p o s s ib le  e f f e c t s  on
th e  phenomena s tu d ie d  — in  o rd e r  t o  o b ta in  h ig h ly  t r a n s p a r e n t  sam ples upon

f re e z in g .  Measurements o f  th e  tra n s m is s io n  a t  550 nm o f  a sam ple o f  sp in ach

c h lo ro p la s ts  (1 mg c h lo ro p h y ll/m l i n  a  1-mm c u v e tte )  suspended  in  g ly c e ro l

in d ic a te d  t h a t  th e  s c a t t e r in g  o f  th e  m easuring  l i g h t  was th e  same a t  room

te m p e ra tu re  and a t  80 K. W ithout g ly c e ro l  o r  g ly c o l th e  c u v e tte  c o n ten t

c r y s t a l l i z e d  when th e  te m p e ra tu re  was lo w ered , g iv in g  an in t e n s i f i c a t i o n  o f
22

absorbance b a n d s , as had  a l s o  been  o bserved  by K e il in  and H a rtre e  • The
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e f f e c t  i s  due t o  an in c re a s e  o f  th e  o p t i c a l  p a th le n g th  . The e x te n t  o f  th e

i n t e n s i f i c a t i o n ,  how ever, was found to  be dependent u p o n , f i r s t l y ,  th e  tem­

p e r a tu re  o f  th e  sam p le , an d , s e c o n d ly , th e  r a t e  o f  f re e z in g  th e  sam ple ,

p ro b ab ly  s in c e  shape and s i z e  o f  th e  c r y s ta l s  a re  a l s o  dependent on th e s e

p a ra m e te rs . T h e re fo re , on ly  sam ples t h a t  rem ained t r a n s p a r e n t  g la s s e s ,  due

to  th e  p re se n c e  o f  g ly c e ro l  and g ly c o l ,  were u sed  f o r  th e  m easurem ents. The

e f f e c t  o f  c r y s ta l s  on m easurem ents o f  absorbance changes a t  low te m p era tu re s

w i l l  a ls o  be d is c u s se d  in  C hapter IV.

2.3 .4 . Oxidation-reduetion p o ten tia l measurements.
P o te n tio m e tr ic  t i t r a t i o n  cu rves f o r  o p t i c a l  and ESR s ig n a ls  a t  te m p e ra tu re s

n e a r  110 K w ere de term ined  as  fo llo w s . D ark -adap ted  sp in a ch  c h lo ro p la s ts
(S e c tio n  2 .1 )  w ere suspended  in  darkness  in  2 ml i s o l a t i o n  b u f f e r ,  a  m ix tu re

o f  p o ta ss iu m  f e r r i -  and fe rro c y a n id e  (2 mil) and g ly c e r o l  (5 m l) . The sum o f
th e  c o n c e n tra t io n s  o f  f e r r i — and fe rro c y a n id e  was ap p rox im ate ly  th e  same in

every  sam ple (m olar r a t i o ;  F e(C N )^ /ch lo ro p h y ll = 300 ). I f  d es ire d , a l iq u o ts

(<20 p i )  o f  o x id a n t (0 .5  M ^ [ F e  (CN)g]) o r  re d u c ta n t (0 .5  M [ Pè (CN)g])
were added to  a d ju s t  th e  p o t e n t i a l  s l i g h t l y .  The su sp en sio n  was s t i r r e d  in  an

open b e a k e r  a t  25 °C in  th e  d a rk . The redox  p o te n t i a l  o f  th e  medium was

m easured w ith  a  com ibination o f  a  p la tin u m  f la g  and a calom el ( s a tu r a te d  KC1)
e le c tro d e  (R adiom eter ty p e  P 101 and K 1*01, r e s p e c t iv e ly ) .  The e le c tro d e  was

c a l ib r a t e d  a g a in s t  a  s a tu r a te d  quinhydrone e le c tro d e  a t  25 C and th e
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p o t e n t i a l  was found to  tie 225' + 10 mV. T his v a lu e  was u sed  to  co n v e rt th e

p o te n t i a l  measurement t o  th e  s c a le  b ased  on th e  hydrogen e le c t r o d e .  The p o te n ­
t i a l  was found to  be s t a b le  a f t e r  about two m in u te s . Then a sam ple o f  th e

su sp en sio n  was ta k e n  and f ro z e n  in  a c u v e tte  t o  77 K in  d a rk n e ss . A d i f f e r e n t
su sp e n sio n  was used  f o r  each m easurem ent. The r a t e  o f  c o o lin g  was k ep t th e

same f o r  each sam ple t o  av o id  d if fe r e n c e s  betw een sam ples caused  by th e  tem­

p e r a tu re  dependence o f  th e  p o t e n t i a l  o f  th e  f e r r i - f e r r o c y a n id e  redox  b u f f e r 2 5 .

Care was ta k e n  to  p erfo rm  m easurem ents in v o lv in g  th e  a b s o rp tio n  o f  l i g h t

a t  w aveleng ths where th e  c o n t r ib u t io n  o f  th e  f e r r i -  and fe r ro c y a n id e  t o  th e
a b s o rp tio n  was n e g l ig ib l e .-

With our e le c tro d e  w e 'd e te rm in e d  th e  m idpo in t p o t e n t i a l  (E ) o f  th e

f e r r i - / f e r r o c y a n id e  system  in  g ly c e ro l-w a te r  (55 -  1*5 % v /v ,  r e s p e c t iv e ly )
and in  w a te r  to  be 380 and 1»30 mV, r e s p e c t iv e ly ,  a t  20 °C , th e  io n ic  s t r e n g th

b e in g  0 .6  M. The l a t t e r  v a lu e  o f  Em i s ,  w ith in  th e  l im i t s  o f  th e  accu racy  o f

ou r m easurem ents (+ 10 mV), s im i la r  t o  v a lu es  r e p o r te d  i n  th e  l i t e r a t u r e

( e .g .  r e f s .  25 and 2 6 ). The d ec rease  o f  th e  p o t e n t i a l  by  th e  a d d i t io n  o f

g ly c e r o l  was a l s o  ob se rv ed  w ith  c h lo ro p la s ts  p r e s e n t .  The phenomenon may be

due to  a change o f  th e  s o lv a t io n .a s  has been  re p o r te d  f o r  th e  [ Fe (CN)g ] -
-K^ [ Fe ( CB)g ] system  in  v a r io u s  o rg a n ic  so lv e n t-w a te r  m ix tu re s  ( r e f .  2 7 ) .

I t  w i l l  be c l e a r  t h a t  due t o  th e  p re se n ce  o f  g ly c e ro l  as w e ll  as due

to  th e  use o f  te m p e ra tu re  changes th e  r e s u l t s  o f  o u r m easurem ents canno t be

c o n s id e re d  to  g ive  a b s o lu te  v a lu es  o f  th e  p o t e n t i a l  b e h a v io r  o f  th e  phenomena

s tu d ie d .  S in c e , how ever, th e  c o n d itio n s  w ere th e  same f o r  each  ex p e rim en t,

th e  r e s u l t s  may be u sed  to  compare th e  e f f e c t  o f  th e  re d o x p o te n t ia l  on v a r io u s
phenomena o c c u r r in g  a t  low te m p e ra tu re s .

2.4. Theoretical.
We w i l l  d e s c r ib e  a  m a th em atica l p ro ced u re  t o  c a lc u la t e  th e  k in e t i c

p ara m e te rs  o f  p h o to re a c tio n s  from  m easurem ents o f  absorbance changes u s in g

o p t i c a l ly  dense su sp e n s io n s . Analogous p ro ced u res  have been  d e s c r ib e d  p r e ­

v io u s ly  . F urtherm ore i t  w i l l  be shown, t h a t ,  under c e r t a in  c o n d i t io n s ,  t h i s

p ro ced u re  may a l s o  be a p p l ie d  to  m easurem ents o f  f lu o re sc e n c e  y i e l d  changes.

2.4.1. Precision o f measurements as function o f absorbance.
The s ig n a l - to - n o is e  r a t i o ,  S/N , o f  m easurem ents o f  absorbance changes

w ith  su sp en sio n s  which (contain s c a t t e r in g  p a r t i c l e s  depends on th e  absorbance
o f  th e  sam ple in  th e  fo llo w in g  m anner. For a  p h o to m u lt ip l ie r  S/N i s  l i n e a i r l y

p r o p o r t io n a l  t o  th e  sq u a re  ro o t o f  th e  ca thode c u r r e n t .  I  i s  p r o p o r t io n a l  to
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the light intensity; the proportionality factor depends on the quantum yield
of the light-sensitive layer.

S/N -v- 1̂  2̂‘1^
A change of the signal, AS, is due to a change of the measured intensity, AI,
or:

AS/S = AI/I .... (2.2)
Hence from (2.1) and (2.2)

With light-induced absorbance changes, AI/I is caused by.a change of the con­
centration, Ac/c, of one or more of the compounds present in the sample.
Furthermore, in photosynthetic organisms generally,

AC ^ c (2.U)
where C is the sum of the concentrations of all compounds absorbing the
measuring light. With homogeneous suspensions of cubic, colored particles for
not too concentrated suspensions the extinction is lineairly proportional to
the concentration2"̂: log [lQ/l(a)] = E(a) **» p C where is the light inten­
sity incident on the sample cuvette; I (a) is the light intensity transmitted
by the cuvette and detected by the photodetector, which catches only light
vith a deviation from the incident beam of less than the angle cx; E(ct) is the
absorbance measured with such a photodetector. For cubic particles p is equal
to the total area of all particles in the light beam projected on a plane
perpendicular to this beam, divided by the illuminated area of this beam.
In samples of different concentration only p varies; p is linearly propor­
tional to the concentration of the particles in the cuvette.

Then from (2.U): AE(a) ~ E(a). So that in first approximation

Al(a) * dI^ -AE(a) * E(a) <U^ -
dE(a) dE(ct)

Thus from (2.3) we find:

AS ^ E(a) dl(a) (2.5)
N r(a) dE(a)

This function has a maximum if its derivative with respect to E(a) equals zero.
This yields E(a) = 0.87. Borisov et al. obtained the same value for the
optimal precision of measurements of absorbance changes as a function of the
concentration, although they did not account for the particle flattening.
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The same r e s u l t  i s  o b ta in e d  f o r  m easurem ents o f  abso rbances i f  th é  ab so rb an ce-

c o n c e n tra t io n  dependence obeys B e e r 's  law  ( e .g .  r e f .  3 1 ) . T hus, f o r  d i lu t e

s c a t t e r i n g ,  as w e l l  as f o r  n o n - s c a t te r in g  su sp e n s io n s , th e  b e s t  c o n c e n tra t io n
o f  th e  sam ple f p r  m easurem ents Of absorbance changes i s  t h a t  c a u s in g  1U % o f

th e  l i g h t  in c id e n t  on th e  sam ple t o  be caught by th e  p h o to d e te c to r .

2.4.2. Kinetic parameters o f ph.otoreaoti.ons.
W ith sam ples h av in g  an absorbance o f  0 .8 7  th e  i n t e n s i t y  o f  th e  m easuring

l i g h t  a t  th e  f ro n t  s id e  o f  th e  sam ple c u v e tte  i s  J . k  tim es h ig h e r  th a n  a t  th e

back  s id e .  G e n e ra lly , th e  absorbance a t  th e  w aveleng th  o f  measurem ent i s

d i f f e r e n t  from  t h a t  o f  a c t i n i c  i l lu m in a t io n .  With sam ples h av in g  an absorbance

o f  0 .8 7  a t  th e  w avelength  o f  th e  m easurem ent, th e  r a t i o  o f  th e  i n t e n s i t i e s  o f
a c t in i c  l i g h t  a t  th e  f ro n t  and back s id e  o f  th e  sam ple c u v e tte  may amount to

f a c to r s  o f  100 o r  more i f  th e  absorbance i s  h ig h e r  f o r  a c t i n i c  th a n  f o r

m easuring  l i g h t .  C o nsequen tly , th e  r a t e  o f  p h o to re a c tio n s  o c c u rr in g  in  th e

c u v e tte  may depend s tr o n g ly  upon th e  p o s i t io n  o f  th e  r e a c t in g  compounds in  th e

c u v e tte  w ith  r e s p e c t  to  th e  a c t i n i c  beam. F ig .2 .6  shows an example o f  an

i r r e v e r s i b l e  l ig h t - in d u c e d  absorbance change, r e f l e c t i n g  th e  p h o to re d u c tio n
o f  th e  p rim ary  e le c t ro n  a c c e p to r  o f  pho tosystem  2 a t  90 K, b ro u g h t abou t by

a c t in i c  i l lu m in a t io n  o f  d i f f e r e n t  w aveleng ths a t  v a r io u s  c o n c e n tra tio n  o f

sample m a te r ia l .  F i g . 2 .7  i l l u s t r a t e s  t h a t  th e  d e v ia tio n  o f  th e  m easured ab­

so rbance  change from th e  e x p o n e n tia l b e h a v io r  ex p e c ted  f o r  su sp e n sio n s  w ith

a sm a ll absorbancè o f  a c t i n i c  l i g h t ,  i s  more pronounced th e  h ig h e r  th e  a b so r­
bance a t  th e  w aveleng th  o f  th e  a c t i n i c  l i g h t  o f  th e  m a te r ia l  in  th e  sam ple.

The i n t e n s i t y  o f  l i g h t  i n  th e  c u v e tte  d e c re a se s  w ith  in c re a s in g  d is ta n c e
from  th e  f r o n t  la y e r  ac co rd in g  to  th e  form ula:

J x = l o  f ( x )  = z 0  f exp ( -4 x )  ̂ ( 2 .6 )

where x i s  th e  d is ta n c e  from th e  f ro n t  la y e r  and q i s  th e  e x t in c t io n  c o e f f i ­

c ie n t  o f  th e  sam ple a t  th e  w aveleng th  o f  i l lu m in a t io n .  In  a t h in  la y e r  o f

th ic k n e s s  dx a t  d is ta n c e  x t o  th e  f ro n t  th e  number o f  ab so rb ed  q u an ta  p e r  u n i t
th ic k n e s s  i s  eq u a l t o  th e  p ro d u c t o f  th e  i n t e n s i t y  a t  t h i s  la y e r  and th e

e x t in c t io n  c o e f f i c ie n t  (q  1 ^ ) . I f  th e  quantum y ie ld  (y ) f o r  an abso rbed  photon

does n o t depend on th e  amount o f  p h o to re a c tiv e  c e n te rs  (Y),  th e  r a t e  o f  th e

r e a c t io n ,  which in  p h o to sy n th e s is  i s  a charge t r a n s f e r  betw een two sp e c ie s  in
one r e a c t io n  c e n te r ,  i s  ex p re sse d  by:
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A A = 0.005

AA=0005

F ig .2.6. Time course o f  absorbance
a t 542 ran during ir ra d ia t io n  o f
spinach ahlorop lasts  in  a 1-mm
cuvette a t 90 K. A c tin ic  l ig h t
on a t upward arrows;  open
arrows: (676 + 6) run, 0.6 mW-

_ O
cm ; closed arrows: (630 + 6)

— 9

run, 0. 7 mW*am . Chlorophyll
concentration: upper curves:
1.5 mg/ml; lower curves: 0.4 mg/
ml. V e rtica l lines on curves
ind ica te  h a lf  times.

- 0.25

- 0.75

Time in sec.------ ►

Fig. 2.7. Semilogarithrric p lo ts  o f  data in  Fig. 2.6. Log (1-5) vs time where A

is  the fra c tio n  o f  maximal change. Open and closed symbols: 676 and 630 ran
ir ra d ia t io n , respective ly . Chlorophyll concentration in  mg/ml; c irc le s ,

1.5; squares, 0.9 and tr ia n g le s , 0.4.
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or:

Y = Yq [ exp (- y<iIt/Yo )]

where Yq is the total number of reaction centers. In a small layer at distance
x from the front layer:

Y = Yq [exp (- yq.Ixt/Yo)] (2.7)

If the reaction causes absorbance changes (AE) then in a thin layer of thick­
ness dx:

AJ2. = e AYdx = e (Y - Y)dxdx y y o
where e is the specific differential extinction coefficient of one of the
reactants Y at-the wavelength of measurement. Thus, substituting (2.7) in
this egression:

AEdx = eyYcJ1 " exP(” Y4 lxt/Yo )]dx
and with (2.6) we find

AEdx = eyY°t1 " exP (" V4l0e"qXt/Yo)Jdx

For t -*■ <»: AE = eyYodx, which is independent on the distance x. This shows
that each layer dx contributes to the same amount to the total extent of the
absorbance change. In the course of the change, however, the contributions
of the different layers is not the same. The time course of the absorbance
change is expressed by an integration of exponential functions over the layers

Integration over dx gives the absorbance change for the cuvette with
optical pathway d.

AE = eyYo o/dt1 " exp(“ Y<Hoe"qxt/Yo)]dx

= EyYod " eyY° o/dexp(- YqIoe"qXt/YQ )dx
In first approximation q is independent of x. Substituting a = yql e-<lxt/Y ,
(so aQ = yqIot/Y= and » yqIQe ^ t/YQ = aQT^. where Tj ip the transmittancy
of the cuvette at the wavelength of actinic illumination):

AE = eyYo*d " âY° a 1e~a<ia]/q) (2.8)d
By splitting the integral term into two terms

/° a ^e ada = f a"1e”ada - /°°a-1e~ada,
ad ad ao
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( 2 .8 )  may be w r i t t e n :

AE = e YQ{d -  [G (ad ) -  G(aQ) ] / q )  -  ( 2 .9 )

w ith  G(x) = ƒ a  e a da.

V alues o f  G(x) can be found in  ta b le s  ( e .g .  r e f .  31 ) .
From m easurem ents o f  th e  tim e co u rse  o f  a  l ig h t - in d u c e d  absorbance change

AE i s  known as a  fu n c tio n  o f  th e  tim e . F urtherm ore by s u b s t i t u t i n g  x = d in

e q u a tio n  (2 , 6 ) ,  q can be c a lc u la te d  from  m easured v a lu es  o f  I ^ ,  I  and d ,

and a l s o  th e  r a t i o  a  / a .  i s  o b ta in e d  from  T . (= I . / I  ) .  I f  e i s  known, Y^ cano d a  a  o y  o
be found from  th e  f i n a l  v a lu e  o f  th e  e x te n t  o f  AE ( a t  t  “ ) ,  i f  th e  r e a c t io n

i s  i r r e v e r s i b l e  o r  i f  c o r r e c t io n s  can be made f o r  back  r e a c t io n s . I  can be

m easured by means o f  a c a l ib r a t e d  p h o to d e te c to r .  By means o f  th e  ta b le s  o f

G (x ) i t  i s  th e n  p o s s ib le  t o  c a lc u la te  y , th e  quantum e f f ic ie n c y  o f  th e

p h o to r e a c t io n .
I t  i s  c l e a r  t h a t  y may a l s o  be de term ined  from  m easurem ents o f  th e  i n i t i a l

s lo p e  o f  th e  absorbance change. However, th e  method d e s c r ib e d  above has th e

advan tage o f  ta k in g  in to  accoun t th e  f u l l  tim e co u rse  o f  th e  change. T able 2.1

p r e s e n ts  th e  v a lu es  o f  y as de term ined  w ith  b o th  methods from  th e  measurem ents
— 1 —1shown in  F ig .2 .6 ,  and w ith  e choosen to  be T nM *cm

The v a lu e s  o f  th e  e s t im a te d  e r r o r  g iv e n  in  th e  t a b le  f o r  y a re  m ainly

due to  in a c c u ra c y  o f  m easurem ents o f  T . .  G e n e ra lly , t h i s  e r r o r  i s  s m a lle r  th a n

t h a t  o f  m easurem ents o f  th e  i n i t i a l  s lo p e ,  which f o r  th e  g r e a te r  p a r t  d e te r ­

m ines th e  accu racy  o f  v a lu e s  o f  Y^-

Table 2 . 1 . Values o f  the quantum e ffic ie n c y  (in  electron  equivalents per
quantum) o f  the photoreduction a t 90 K o f  the primary electron  acceptor
o f  photosystem 2 as determined from data in  Fig. 2 .6  by use o f  methods
des'cribed in  Section  2 . 4 . 2,  y ; from measurements o f  the i n i t i a l  slope

■ - 2 - 2y. was calculated, e was taken to  be 7 mM • cm .b y

w aveleng th  o f
a c t i n i c  l i g h t Yb

630 nm 0.11* + 0 .02 0 .1 8  + 0 .05

676 nm 0.10  + 0.01 0 .15  + 0.0U
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Eq. 2.9 may also be used to calculate the efficiency of photoreactions
occurring in highly scattering suspensions, e.g. in samples containing a micro-
crystalline mass due to freezing (see Section 2.3.3). It has to he emphasized
that the value of d then has to he determined differently. With scattering
suspensions the distribution of the actinic light does not obey eq. 2.6.
According to refs. 33 and 3^ reflections within the sample tend to increase
the length of the optical path. Therefore with scattering suspensions eq. 2.6
has to be replaced by

1 = exp (- Bqx) ] ,

where g is the ratio of the pathlength of a scattering suspension and of a
clear solution, both containing the same concentration of pigment. Therefore,
g has to be determined from measurements of the absorbance of the sample with
and without scattering due to crystallization in order to obtain the value of
d. This can be done by comparison of the absorbance of samples with and without
glycerol (see Section 2.3.3).

2.4.3. Time course of fluorescence yield changes.

The charge separation mentioned in the previous paragraph may also cause
18a change of the fluorescence yield . In order to make the kinetic comparison

between light-induced changes of the absorbance and of the fluorescence yield,
it is useful to perform both measurements with identical samples, actinic
light and optical geometry. In a relatively dense sample (e.g. of absorbance
O.87) one other condition should also be met. Absorbance changes give an
average of the changes occurring at the different actinic light intensities
throughout the sample (previous section). Fluorescence measurements are more
complex. With the geometry of the spectrophotometer described in Section 2.2.1,
where the direction of the measured fluorescence and of the excitation light
is almost the same, the following has to be taken into account. Strong ab­
sorption of the excitation light will cause greater weight to be given to
changes occurring in the front part of the cuvette, where actinic intensities
are higher than average. On the other hand self absorption of the fluorescence
will cause greater weight to be given to changes occurring in the rear of the
cuvette, where intensities are less than average. These two effects cancel
each other when the absorbance of the sample to the excitation light is equal
to the absorbance to the fluorescence pass band (e.g. refs. 35 and 36).

The increment of fluorescence, dF, emanating from a thin layer of thick-
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n ess  dx a d is ta n c e  x from th e  f r o n t  la y e r  w i l l  he

&  = I xcea <l> ( exP [ - c e f (cL -  x ) ]} d x , i  (2 .1 0 )

where I x i s  th e  i n t e n s i t y  o f  th e  e x c i t a t io n  l i g h t  a t  x ; c i s  th e  c o n c e n tra tio n
o f  th e  sam ple c o n te n t;  e& i s  th e  e x t in c t io n  c o e f f i c ie n t  o f  t h i s  c o n te n t fo r

th e  e x c i t in g  p ass  h an d ; (J> i s  th e  quantum y i e l d  o f  f lu o re s c e n c e ;  e_ i s  th e

e x t in c t io n  c o e f f i c i e n t  f o r  th e  f lu o re sc e n c e  p ass  hand ; and d i s  th e  o p t i c a l
p a th  le n g th  o f  th e  sam ple , o<x<d. S in c e , I  = I  exp ( -c e  x ) ,  where I  i sx o a  o
th e  a c t i n i c  i n t e n s i t y  a t  th e  f r o n t  s u r fa c e  o f  th e  sam ple , (2 .1 0 )  becomes:

^  “  I 0oea l(l [ exP ( - c e f d ) ]  {exp [ c ( e a -  e )x] }dx.

i f  ea  = th e  dependence on sam ple dep th  i s  e l im in a te d  ( c f .  r e f s .  35
and 3 6 ) . Under t h i s  c o n d i t io n  f lu o re sc e n c e  r e p re s e n ts  a  t r u e  average o f

changes o c c u r r in g  th ro u g h  th e  sam ple. A f te r  th e  p h o to re a c tio n s  have heen  com­

p le te d  ( t  -*• » ) ,  each  th in  l a y e r ,  dx , c o n t r ib u te s  t o  th e  same e x te n t  t o  th e

t o t a l  amount o f  m easured f lu o re s c e n c e .  And, i f  th e  f lu o re sc e n c e  y i e l d  i s

l i n e a i r l y  p ro p o r t io n a l  t o  th e  amount o f  charge s e p a ra t io n  o r  o f  c lo s e d  r e a c t io n

c e n te rs  (see  p re v io u s  s e c t i o n ) ,  th e  tim e co u rse  o f  th e  f lu o re sc e n c e  change

m easured a t  th e  o n se t o f  a c t i n i c  i l lu m in a t io n  i s  dependent on I  and th e r e fo r e

on c o n c e n tra t io n  and abso rbance o f  th e  sam p le , in  t h e  same way as m easurem ents
o f  absorbance changes (eq . 2 .9 ) .  F ig .2 .8  compares th e  k in e t i c s  o f  th e

f lu o re s c e n c e  y i e l d  in c re a s e  m easured such th a t  e = w ith  a  c o n c e n tra te da  f
(1 mg c h lo ro p h y ll/m l)  and a  d i l u t e  (0 .0 5  mg c h lo ro p h y ll/m l)  sample o f  dark

ad a p te d  sp in a ch  c l i lo ro p la s ts  a t  77 K. The" h a l f  tim e f o r  th e  f lu o re sc e n c e  in ­
c re a se  i s  1» tim es sm a lle r  w ith  th e  d i l u t e  sample because o f  th e  g r e a te r

average i n t e n s i t y  o f  th e  a c t i n i c  l i g h t  in  th e  d i l u t e  sam ple . For th e  same

re a s o n , due to  s e l f a b s o r p t io n ,  th e  t o t a l  amount o f  th e  m easured f lu o re sc e n c e
a f t e r  one m inute o f  i l lu m in a t io n  ( t  «•) was abou t 3 tim es h ig h e r  in  th é

d i lu t e  th a n  in  th e  c o n c e n tra te d  sam ple. I t  w i l l  be shown l a t e r  t h a t  t h i s  tim e

co u rse  does n o t r e f l e c t  a  p h o to r e a c t io n ,  b u t presum ably  a dark  r e a c t io n
fo llo w in g  a  l ig h t - in d u c e d  r e a c t io n .

The th e o r e t i c a l  c o n s id e ra t io n s  d e sc r ib e d  above a ls o  in d ic a te  t h a t

com parison o f  th e  k in e t i c s  o f  l ig h t - in d u c e d  changes o f  absorbance and o f

f lu o re sc e n c e  y i e l d  can on ly  be perfo rm ed  a c c u ra te ly  u s in g  an o p t i c a l  geom etry

where th e  f lu o re sc e n c e  i s  m easured which i s  e m itte d  in  th e  same d i r e c t io n

as th e  e x c i t a t io n  l i g h t  and where th e  d i r e c t io n  o f  th e  a c t i n i c  l i g h t  makes th e

same an g le  t o  t h a t  o f  th e  m easuring  beam f o r  b o th  changes (se e  a ls o  r e f .  37 ).

U nless th e  absorbance o f  th e  sam ple a t  th e  w aveleng th  o f  th e  e x c i ta t io n  l i g h t

i s  low , th e  f lu o re sc e n c e  s ig n a l  m easured from a n o th e r  d i r e c t io n  o r ig in a te s
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Fig. 2 .8 . Sem ilogarithm ia ’p lo ts  o f  lig h t- in d u c e d  flu o rescen ce  (692 ran) increase
o f  c h lo ro p la s ts  a t  77 K due to  ir r a d ia tio n  w ith  broad band b lue  a c tin ia
l ig h t  fo r  a concen tra ted  (1 .0  mg ch lo ro p h y ll/m l) and a d i lu te  (0.05 mg
ch lo ro p h y ll/m l) ch lo ro p la s t sample (1-mm c u v e tte ) .

pred o m in an tly  from th e  la y e r s  w ith  h ig h e s t  l i g h t  i n t e n s i t y .  T h e re fo re  th e

k in e t i c s  w i l l  be f a s t e r  th a n  th o s e  o f  l ig h t - in d u c e d  absorbance ch a n g es , which
g iv e  th e  average over many o r  a l l  l a y e r s .
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CHAPTER III
PHOTOSYSTEM 1 AT LOW TEMPERATURES

3.1. Introduction.

The available data concerning the reversibility of the photoconversion of
the primary electron donor of photosystem 1, P700 and of bound ferredoxin
(EPR signal at g = 2.05, 1.9^ and 1.86) at low temperatures are contradictory.

1- 1*Some authors observed a partial reversibility of the photoconversion of
5-9P700, others reported a completely or nearly completely irreversible

photooxidation at temperatures near 80 K. If P700 is photooxidized reversibly,
one would expect a reversible photoreduction of the primary electron acceptor.
However, bound ferredoxin, which has been proposed to be the primary electron
acceptor of photosystem 1, has been reported to be photoreduced practically
irreversibly at 77 K (ref. 10).

The main purpose of the experiments reported in this chapter was a com­
parative study of the kinetics of P700 and ferredoxin, both by EPR and by
optical methods at temperatures between 10 and 200 K. The results are in
agreement with the hypothesis that ferredoxin is the primary electron acceptor
of photosystem 1. They showed a stoichiometry between P+700 and reduced ferre­
doxin under various conditions and indicated that the only dark processes
that occurred were back reactions between these two compounds. At least three
different back reactions were observed with different time constants. Each
of these reactions takes place at a different type of reaction center. With
decreasing temperature in an increasing fraction of the reaction centers no
back reaction occurred at all.

We shall also discuss the results of measurements of the absorbance
difference spectrum of P700 oxidation at different temperatures. Analyses
of these spectra support the hypothesis that P700 consists of a dimeric

11 12chlorophyll molecule, as was also concluded from EPR 9 , ENDOR (ref. 13;
Hoff, A.J., personal communication) and C D ^  measurements .

An EPR signal was observed near g = 2.05 in the low temperature spectra
of intact cells of green, red and blue-green algae and of spinach chloroplasts.
The g-value and the shape of the signal were similar to that of purified,
soluble plastocyanin. Experiments with far-red and red illumination showed that
the site of the copper protein in vivo is in the electron transport pathway
between photosystems 1 and 2. Plastocyanin is not oxidized by illumination at
77 K, indicating that no electron transfer occurs between P700 and plastocyanin
at that temperature.
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3.2. M aterials and methods.
Suspensions o f  sp in a ch  c h lo ro p la s ts  and a lg a e  were p re p a re d  as d e sc r ib e d

in  S e c tio n s  2.1 and 2 .3 .3 .  For o p t i c a l  m easurem ents a t  low te m p e ra tu re s  g ly ­

c e ro l  o r  g ly c o l ( f i n a l  c o n c e n tra tio n  55 % v /v )  was added to  th e  su sp e n s io n .
A bsorbance changes induced  by con tin u o u s l i g h t  w ere m easured w ith  th e

s p li t-b e a m  sp e c tro p h o to m e te r  d e s c r ib e d  in  S e c tio n  2 .2 .2 .  The ap p a ra tu s  t o

m easure f la s h - in d u c e d  absorbance changes and l ig h t - in d u c e d  f lu o re sc e n c e  y i e ld

changes i s  d e s c r ib e d  in  S e c tio n  2 .2 .1 .  The a c t in i c  l i g h t  was f i l t e r e d  by a

f i l t e r  com bination , c o n s is t in g  o f  S c h o tt BG 12 and BG 18 g la s s  f i l t e r s  t o  g ive

a band w ith  a  maximum a t  U60 nm and bandw idth 80 nm. In  some experim en ts a

f i l t e r  com bination  c o n s is t in g  o f  a  S c h o tt RG 695 c u t - o f f  and AL 718 i n t e r ­

fe re n c e  f i l t e r  was used  t o  p ro v id e  p ho tosystem  1 l i g h t .  A B a lz e rs  h e a t  r e ­

f l e c t i n g  C a lfex  C f i l t e r  was added to  each f i l t e r  com bination . A p p ro p ria te

com binations o f  S c h o tt BG o r  RG f i l t e r s  and B a lz e rs  in te r f e r e n c e  f i l t e r s

(bandw idth 12 nm) were p la c e d  in  f r o n t  o f  th e  p h o to m u l t ip l ie r  i n  o rd e r  to

b lo c k  s t r a y l i g h t  from  th e  monochromator and to  d im in ish  a r t i f a c t s  due to

changes in  th e  f lu o re sc e n c e  y i e l d  o f  pigm ent system  2 . For th e  same purpose

absorbance m easurem ents in  th e  r e d  s p e c t r a l  re g io n  w ere perfo rm ed  in  th e

p rese n ce  o f  dibromothym oquinone (DBMIB), w hich quenches c h lo ro p h y ll  f lu o r e s -
15 . . . . . .cence . DBMIB was a  k in d  g i f t  o f  D r .A .T re b s t, R u h r -U m v e rs i ta t ,  Bochum.

M easurements o f  f lu o re sc e n c e  were perfo rm ed  w ith  th e  p h o to m u lt ip l ie r

b lo c k ed  by a  f i l t e r  com bination  which c o n s is te d  o f  a  Corning U-77 c o lo re d

g la s s  f i l t e r  w ith  a  S ch o tt AL 692 in te r f e r e n c e  f i l t e r  o r  w ith  a  com bination

o f  a  S c h o tt RG 715 and AL 730.
EPR m easurem ents w ere re c o rd e d  w ith  th e  sp e c tro m e te r  a t  th e  B .C .P . Ja n sen

I n s t i t u t e ,  Amsterdam (S e c tio n  2 .2 .3 ) ,  ex cep t f o r  F ig s .3 .8  and 3.9* U nless

o th e rw ise  n o te d  no g ly c e ro l  and DBMIB w ere added to  sam ples u sed  f o r  EPR ex­
p erim en ts  .

S o lu b le  o x id iz e d  p la s to c y a n in , i s o l a t e d  from  sp inach^ , was a g i f t  o f

D r.J .S .C .W e sse ls  (N atuurkundig  L aborato rium  P h i l ip s  N .V ., E indhoven). The

absorbance in d e x , o f  th e  sample was 2 .3 .  The c o n c e n tra t io n  was c a l ­

c u la te d  w ith  = 9*8 mM cm ( r e f .  17).

3.3. R esult8.

3 .3 .1 . Absorbance d iffe rence  spectra.
F ig .3 .1 .  shows absorbance d if f e r e n c e  s p e c t r a  o f  sp in a ch  c h lo r o p la s t s ,

i l lu m in a te d  a t  low te m p e ra tu re . F ig .3 .2  shows th e  k in e t i c s  o f  th e  changes a t
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W av elen g th , nm

Fig.Z.1. Absorbance difference spectra upon illumination of dark-adapted
spinach chloroplasts (0.22 mg chlorophyll/ml) a t low temperature. Left
hand spectra a t 90 K; actin ic illumination: c irc les , 718 nm, 80 nEinstein.

“2 —1 'am .8 ; squares, absorbance changes induced by 660 nm ligh t (40 riEin-
• —2 ~~18tein.am .s  ). with far-red (718 nm) background illumination. Right hand

spectra a t 110 K and in the presence o f DBMIB (SO \iM); actin ic illumination:
. . —2 —1420 -  S00 nm, 10 riEinsteun. am .8 .A ,  spectrum obtained upon the f i r s t

illumination; B, spectrum of a S s ligh t -  1 min dark illumination cycle;
C, spectrum o f the changes induced by system 2 (see tex t) .

a number o f  w a v e le n g th s . The c h lo ro p la s ts  were k e p t in  th e  dark  a t  0 °C f o r

a t  l e a s t  10 m in, f ro z e n  in  th e  d a rk , and th e n  i l lu m in a te d .  In  th e  re d  re g io n

th e  f i r s t  i l lu m in a t io n  a t  110 K induced  absorbance in c re a s e s  a t  around  683 and
690 nm and d e c re a se s  n e a r  676, 686 and 702 nm (spec trum  A). A fte r  s e v e ra l

l ig h t - d a r k  p e r io d s ,  how ever, i l lu m in a t io n  caused  a  d ec rease  in  th e  re g io n

680 -  687 nm and th e  band a t  702 nm was about 35 % sm a lle r  (spec trum  B ). These
r e s u l t s  show t h a t  a t  l e a s t  two d i f f e r e n t  r e a c t io n s  a re  r e s p o n s ib le  f o r  th e

absorbance c h a n g es -in  th e  s p e c t r a l  re g io n  betw een 670 and 715 nm. C h lo ro p la s ts
i l lu m in a te d  in  th e  p re se n c e  o f  DCMU (10 J  M) and hydroxylam ine ( 10-  M)

s h o r t ly  b e fo re  f r e e z in g  gave a  l ig h t - in d u c e d  d if f e r e n c e  spectrum  s im i la r  to
spectrum  B. S ince  p h o to re a c tio n s  o f  system  2 a re  b lo c k ed  by t h i s  t r e a tm e n t ,
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A A 703

A A 690

A A 683

F ig.3.2. Time courses o f tight-induced
absorbance changes a t 7033 690 and
683 ran. a3 c, d, see Fig. 3.1; b3 as
(a) without DBMIB, but in  the pre­
sence o f 10~° M DCMU and 10~2 M
NHgOH, and with blue pre-illum ination
(5 s) before freezing. Actinic
tig h t on a t upward3 o f f  a t downward
pointing arrows.

18due to  accum ula tion  o f  th e  red u ced  e le c t r o n  a c c e p to r  , t h i s  in d ic a te s  t h a t
spectrum  B i s  caused  by system  1 o n ly , and i s  a p p a re n tly  due to  p h o to ­

o x id a tio n  o f  P700. The k in e t i c s  a t  703 nm were th e  same w ith  and w ith o u t

hydroxylam ine and DCMU (F ig '.3 .2 ) .  In  b o th  ca se s  th e  f i r s t  i l lu m in a t io n  a t

110 K produced  an absorbance d e c re a se  t h a t  was about 35 -  ho % l a r g e r  th a n

t h a t  o b ta in e d  upon subseq u en t i l lu m in a t io n ,  even w ith  an in te rv e n in g  dark

p e r io d  as long  as  1*0 m in. T h is in d ic a te s  t h a t  about tw o - th i r d  o f  th e  a v a i la b le

P700 was r e v e r s ib ly  p h o to o x id iz e d ; th e  rem ain ing  r e a c t io n  c e n te rs  w ere i r ­
r e v e r s ib ly  p h o to c o n v e rted .

On b a s is  o f  th e s e  o b se rv a tio n s  th e  c o n t r ib u t io n  o f  pho tosystem -2

d riv e n  changes t o  spectrum  A was c a lc u la te d  by s u b tr a c t in g  spec trum  B , n o r­
m a lized  a t  703 nm. Spectrum  C, th u s  o b ta in e d ,  co u ld  a l s o  be re c o rd e d  d i r e c t l y ,

i f  p ho tosystem -1 a c t i v i t y  was e l im in a te d  by f a r - r e d  background  i l lu m in a t io n .

R ecent m easurem ents o f  L o z ie r  and Butler** a t  77 K and o f  van Gorkom1^ a t

room te m p e ra tu re  in  th e  p re se n c e  o f  d eoxycho la te  in d ic a t e  t h a t  absorbance
changes in  th e  re g io n  680 — 690 nm a re  caused  by re d u c tio n  o f  th e  p rim ary

a c c e p to r  o f  pho tosystem  2 . The shape o f  th e  absorbance d if fe r e n c e  spectrum
o b ta in e d  by L o z ie r  and B u t le r ,  however i s  d i f f e r e n t  from  t h a t  shown h e r e ,  and

was in te r p r e te d  as a narrow ing  and in c re a s e  o f  an a b s o rp tio n  band a t  683 nm.
A ccording t o  o u r spectrum  (C) how ever, th e  in c re a s e  a t  683 nm i s  m ain ly  due

to  a  s h i f t  o f  an a b s o rp tio n  band  n e a r  686 nm tow ards s h o r te r  w av e len g th . The

1*1



spectrum  o b ta in e d  by van Gorkom can be s im i la r ly  i n te r p r e te d  as th e  b l u e - s h i f t

o f  an a b s o rp tio n  band . The sm a ll d ec rease  a t  677 nm in  spectrum  C i s  p ro b ab ly
caused  by f lu o re sc e n c e  y i e l d  ch an g es , t h a t  rem ained  in  th e  p re se n c e  o f  DBMIB.

Ommission o f  t h i s  quencher enhanced b o th  th e  v a r ia b le  f lu o re sc e n c e  y i e l d  and

th e  677 nm abso rbance change by a f a c to r  o f  f i v e ,  b u t had a  sm a lle r  e f f e c t
upon th e  changes a t  683 and 690 nm.

The absorbance changes in d u ced  by f a r  r e d  i l lu m in a t io n  (718 nm) were

r a th e r  sm a ll in  th e  l*30-nm re g io n  a t  low te m p e ra tu re s  ( F ig .3 .1 ) .  At 90 K a
b ro ad  b le a c h in g  around  1*30 nm was o b se rv e d , am ounting to  o n e - th i rd  o f  th e

702 nm d e c re a s e . The changes w ere p a r t l y  r e v e r s i b l e ,  l i k e  th o se  in  th e  re d

re g io n . S ince  b o th  P700 and f e r re d o x in  ("Pl*30", r e f .  20) may c o n tr ib u te  to

absorbance changes n e a r  1*30 nm, and s in c e  t h e i r  s e p a ra te  d if fe re n c e  s p e c t r a

a t  low te m p e ra tu re s  a re  n o t known, a  p r e c is e  a n a ly s is  o f  th e  spectrum  i s  n o t

p o s s ib le .  I t  may be n o te d , how ever, t h a t  th e  d if f e r e n c e  s p e c t r a  o f  F ig .3.1 a re
n o t c o r re c te d  f o r  p a r t i c l e  f l a t t e n i n g 2 1 » 22 . With sp in a ch  c h lo ro p la s ts  th e

absorbance changes a t  1*35 and 703 nm a re  d ec re a se d  by f a c to r s  o f  3 .5  and 1. 0 ,

r e s p e c t iv e ly ,  due t o  t h i s  f l a t t e n in g  ( r e f .  23; P u l l e s ,  M .P .J , p e rs o n a l  com-

T=105 K

) 690 7(
Wavelength, nm

Fig. 3.3. Difference spectra (Light minus dark) o f the reversible absorbance
changes a t 105 K in the presence of DBMIB (150 yM) of in tact ce lls  of O,
C. vulgaris; D,  P . aerugineum; A, A. nidulans. Actinic illumination: 420 -
500 nm, 90 nEinstein.cm 2.e 1, in a 5 s ligh t -  1 min dark cycle. Absor­
bance per mm a t 680 nm, corrected for scattering: O, 0.7; □ , 0.3; A ,  1.0.
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m u n ic a tio n ). T h e re fo re , th e  r a t i o  o f  th e  e x te n ts  o f  th e  changes a t  1*35 and

703 nm a f t e r  c o r r e c t io n  f o r  t h i s  e f f e c t  i s  abou t one ( F ig .3 .1 ) .  A s im i la r
20r a t i o  has been  found by Ke w ith  sm a ll photosystem -1  p a r t i c l e s  (a lm o st no

f l a t t e n in g )  a t  room te m p e ra tu re .

I l lu m in a t io n  w ith  re d  l i g h t  on a background o f  f a r r e d  l i g h t  (F ig .3 .1 )

caused  a d d i t io n a l  absorbance changes a p p a re n tly  due t o  e x c i t a t io n  o f  p h o to ­

system  2 . The band a t  U27 nm, which was n o t o bse rved  in  th e  p re se n c e  o f  3 ®M

f e r r ic y a n id e  (n o t show n), c l e a r ly  r e f l e c t s  o x id a tio n  o f  cytochrom e b ^ ( C h . I V ) .
R e la t iv e ly  sm a ll absorbance changes around nm su g g e st th e  r e d  s h i f t  o f  a

band  p eak in g  a t  UUU nm.

R epeated  i l lu m in a t io n  o f  i n t a c t  c e l l s  o f  C h lo re l la  v u lg a r i s ,  Porphyrid ium

aerugineum  o r  A n acy stis  n id u la n s  a t  105 K induced  absorbance d i f f e r e n c e  s p e c t r a

s im i la r  to  spectrum  B ( F ig .3 .3 ) .  J u s t  l i k e  w ith  c h l o r o p l a s t s , on ly  p a r t  o f
P700 co u ld  be r e v e r s ib ly  o x id iz e d . A pparen tly  t h i s  phenomenon r e f l e c t s  a  b a s ic

p ro p e r ty  o f  th e  photosystem -1  r e a c t io n  c e n te r .

P700 ferredoxin

Fig. 3.4. EPR spectra a t 11 K o f spinach chloroplasts (2 mg chlorophyll/ml) near
g -  2.00 and g — 1.94. a, sample frozen in  the dark; b3 sample frozen in
the dark and illuminated fo r about 30 s  with white tig h t at 77 K; c ,  sample
b during subsequent illumination with white tigh t at 11 K. Instrument
se ttings: frequency: 9.080 GHz; power: 2 mW (P700) and 10 mW (ferredoxin);
modulation amplitude: 5 G (P700) and 10 G (ferredoxin); time constant:
0.3 8; scan time: 1 G/s. The righ t hand spectra (ferredoxin) were recorded
with four times increased se n s itiv ity . Control experiments shewed the same
behaviour fo r  the ferredoxin bands a t g = 2.05 and 1.86 as a t g = 1.94.



3.3.2. EPR spectra o f  P700 and ferredoxin
The most obvious way to  e x p la in  th e  p a r t i a l  i r r e v e r s i b i l i t y  o f  P700

o x id a tio n  would he by means o f  a  dark  r e a c t io n  t h a t  s t a b i l i z e d  th e  charge

s e p a r a t io n  ( c f .  r e f .  !+) i n  an analogous way as p roposed  fo r  pho tosystem  2

( r e f .  2h) . For system  2 a  secondary  e le c t r o n  donor was p o s tu la te d  in  o rd e r

to  e x p la in  th e  i r r e v e r s i b i l i t y  o f  C550 r e d u c t io n ;  f o r  system  1 a  secondary

e le c t r o n  a c c e p to r  m ight be in v o lv e d , t h a t  o x id iz e s  th e  reduced  a c c e p to r  in

some o f  th e  r e a c t io n  c e n te r s ,  th u s  p re v e n tin g  a back r e a c t io n  w ith  P+700. As

fe r re d o x in  was r e p o r te d  to  be reduced  p r a c t i c a l l y  i r r e v e r s ib l y  a t  low tem -
10

p e r a tu re s  t h i s  compound co u ld  be th e  secondary  a c c e p to r  in  such a m odel.

T h e re fo re , we s tu d ie d  th e  k in e t i c s  o f  th e  photosystem -1  r e a c t io n s  a t  low tem­

p e r a tu re  in  more d e t a i l  by means o f  EPR m easurem ents o f  S ig n a l X (P700) and

o f  th e  fe r re d o x in  s ig n a l  a t  g = 1 .8 6 , I . 9I* and 2 .0 5 . F ig .3 .U  shows s p e c t r a ,

m easured w ith  a  sam ple t h a t  was i l lu m in a te d  a t  77 K and su b se q u en tly  a t  11 K.
The s p e c t r a  o f  a d a rk - fro z e n  sam ple a re  a l s o  g iven  t o  show th e  e x te n t  o f

S ig n a l I I  ( r e f ,  2 5 ) .  I f  we ta k e  th e  s ig n a l  h e ig h t in  th e  s p e c t r a  which were

m easured d u rin g  i l lu m in a t io n  a t  11 K, to  in d ic a te  100 % r e d u c tio n  and o x id a tio n

o f  f e r re d o x in  and P700 r e s p e c t i v e ly ,  i t  i s  c l e a r  from  F i g .3 .4  t h a t  a t  77 K

170 K

/ ‘V" Y ----------------------------—

r * * » *  1----

Fig. 3.5. Time courses o f  ligh t—induced
changes o f  the lew f ie ld  maxima o f  the
signals a t g = 2.002 and 1.946 o f  sp i­
nach chloropla8t8 (1 mg ahlorophyll/ml)
at the temperatures indicated. White
lig h t on a t upward, o f f  at downward
pointing arrows. Left hand curves:
changes induced by the f i r s t  illum i­
nation; righ t hand curves: changes
a fte r  several 5 s ligh t -  1 min dark
cycles. Instrument se ttings: a t 170
and 100 K: frequency: 9.084 GHz;
power: 2 mW; modulation amplitude:
S G; time constant: 0.1 s; a t 11 K: as
in  Fig. 3.4. Receiver gain: at 170 and
100 K: 8 x  10S; a t 11 K fo r P700:
5 x  10 , and fo r  ferredoxin: 10^.



about TO % o f  th e  t o t a l  amount o f  P700 i s  i r r e v e r s ib l y  p h o to o x id iz e d  and a ls o
abou t TO % o f  th e  f e r re d o x in  p h o to red u ced .

The s p e c t r a  b o f  F ig .3.1* were o b ta in e d  w ith  a  dark  tim e o f  3 min a t  77 K
a f t e r  th e  i l lu m in a t io n .  More P700 and f e r re d o x in  w ere found to  be in  th e

o x id iz e d  and reduced  s t a t e ,  r e s p e c t iv e ly ,  when sam ples w ere co o led  to  11 K

im m ediate ly  a f t è r  th e  i l lu m in a t io n .  The r e l a t i v e  amount o f  P+700 and reduced
fe r re d o x in  were always eq u a l in  th e  same sam ple.

The r e v e r s i b i l i t y  o f  P700 o x id a tio n  and f e r re d o x in  re d u c tio n  was found

to  be te m p e ra tu re  dependent ( F ig .3 .5 ) .  At 11 K on ly  20 % o f  th e  amount o f  P700
was p h o to o x id iz e d  r e v e r s ib ly .  Measurement o f  th e  EPR s ig n a l  a t  g = 1.95 in d i ­

c a te d  t h a t  s im i la r ly  20 % o f  th e  amount o f  f e r re d o x in  was r e v e r s ib ly  p h o to -
red u ced .

Comparison o f  th e  k in e t i c s  a t  much low er i n t e n s i t i e s  showed t h a t  a ls o  th e

l ig h t - o n  s ig n a ls  o f  f e r re d o x in  and P700 w ere th e  same ( F ig .3 .6 )  w ith  sp in ach
c h lo ro p la s ts  which w ere f ro z e n  in  th e  dark  and th e n  i l lu m in a te d  a t  11 K w ith

_p
weak (2 mW.cm ) a c t i n i c  i l lu m in a t io n .  At h ig h  i n t e n s i t i e s  (100 mW.cm- 2 ) th e

r a t e  o f  fe r re d o x in  re d u c tio n  may be s l i g h t l y  s lo w er th a n  t h a t  o f  P700 o x id a­

t i o n ;  th e  tim e r e s o lu t io n  o f  o u r ap p a ra tu s  was n o t s u f f i c i e n t  t o  compare th e s e

r a te s  in to  more d e t a i l .  F ig .3.6 a ls o  shows b ip h a s ic  k in e t i c s  a t  th e  o n se t o f

i l lu m in a t io n  a t  11 K. Comparison o f  F ig s .3.5 and 3.6 in d ic a te s  t h a t  th e  r e l a ­
t i v e  e x te n ts  o f  b o th  phases depends on th e  l i g h t  i n t e n s i t y .  T h is i s  in  a g re e ­
ment w ith  th e  o cc u rre n ce  o f  a back  r e a c t io n  a l s o  a t  11 K.

T = 11 K

Fig. 3.6. Time courses at 11 K o f  the tight-induced changes o f  P700 and ferre -
doxvn measured as in  Fig.3.5. L e ft hand curves: changes a t the f i r s t  i t l u —

• • • 2mination period (I  = 2mW.cm ). Right hand curves: changes a t the second
illumination period (I  = 100 mW.cm2) a fte r  a dark period o f  1 min.



If the intensities of the signals of reduced ferredoxin and of P TOO were
decreased at 11 K with respect to their extents at slightly higher temperatures
(e.g. due to power saturation) a partial reversibility as shown in Figs.3.5
and 3.6 could he caused by heating of the sample in the light. Therefore, we
measured the intensities of both signals at temperatures between 8 and 25 K
with chloroplasts which had been illuminated with strong continuous light at
8 K. The microwave power was the same as that used for Fig.3.5. The extent of
both signals was found to decrease rather than increase upon raising the tem­
perature. This indicates that the partial reversibility of the signals as
shown in Figs.3.5 and 3.6 is not due to heating of the sample.

The experiments described above show that both at 77 and 11 K there was
always a stoichiometric relation between the amount of P+700 and reduced
ferredoxin, both in the light and in the dark. This suggests, in contrast to
the above-mentioned model that ferredoxin is the only electron acceptor and
that secondary reactions do not occur at these temperatures. Apparently in
some reaction centers reduced ferredoxin and P TOO are able to react back with
each other, in others they are not. Our data do not exclude the occurrence of
a primary electron acceptor which is not identical with ferredoxin if the
(secondaiy) reaction between that acceptor and ferredoxin is very rapid (us -
ms). Since in part of the reaction centers ferredoxin is reduced reversibly
(Figs.3.U and 3*5)» in such a model the charge separation in photosystem 1
in these reaction centers is not stabilized by secondary electron transport.

3.3.3. Temperature dependence.

The temperature dependence of the fraction of reversibly photooxidized
P700, measured from the EPR kinetics as in Fig.3.5s is depicted in Fig.3.7.
With increasing temperature gradually more P700 was reversibly photooxidized
between Uo and 170 K. Between 10 and Uo K this fraction remained constant at
20 %. Experiments at 90 and 180 K indicated the same temperature dependence
for intact cells of C. vulgaris, P. aerugineum and A. nidulans (Fig.3.7). The
same temperature dependence was also obtained with optical measurements. A
typical experiment with chloroplasts at 110 K is shown in Fig.3.2. These re­
sults demonstrate that the phenomenon is not affected by the presence of
glycerol. Remarkably, the fraction of irreversibly photoconverted P700 and
ferredoxin seemed to be dependent on the temperature only and not on the pre­
ceding treatment of the sample. Chloroplasts illuminated at 10 K showed 80 %
irreversibly converted P700 and ferredoxin, but after subsequent warming to
77 K, this amount decreased to 70 %, the same number as given in Fig.3.7 for
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Fig. 3. 7. Temperature dependence o f  the  fr a c tio n  o f  re v e r s ib ly  ph o to o x id ized
P700j measured as i n  F ig. 3 .5 . A ^ ^ .- e x te n t  o f  the  change a t  f i r s t  i l l u ­
m ination; A .* e x te n t o f  the dark decay. Open symbols r e fe r  to  d i f f e r e n t
batches o f  spinach a h lo ro p la s ts ,  s o l id  symbols were ob ta ined  w ith  C. v u l­
g a ris  (* )} A. n idulans (9) and P. aerugineum (u).

t h i s  te m p e ra tu re .

U sing th e  same t r e a tm e n t ,  Ke e t  a l .  * ^  r e c e n t ly  a ls o  r e p o r te d  a  tem­

p e r a tu re  dependent i r r e v e r s i b i l i t y  f o r  p h o to c o n v ers io n  o f  P700 and fe r re d o x in

w ith  d a rk -a d a p te d  photosystem -1  p a r t i c l e s  o b ta in e d  from  sp in ach  c h l o r o p l a s t s .

They re p o r te d  a  s l i g h t l y  low er f r a c t i o n  o f  r e v e r s ib le  P+700 and red u ced  f e r r e

doxin  a t  te m p e ra tu re s  betw een 10 and 200 K th a n  t h a t  shown in  F ig .3 .7 -  T his

d if f e r e n c e  may be due to  th e  use o f  low er l i g h t  i n t e n s i t i e s  i n  r e f s .  26 and 27
. 28 29th a n  f o r  F ig .3.7* B o lton  and cow orkers ’ r e p o r te d  a l s o  a  p a r t l y  r e v e r s ib le

p h o to o x id a tio n  o f  P700 a t  6 K. They, how ever, d id  n o t obse rve a  te m p e ra tu re

dependence o f  th e  r e v e r s i b i l i t y  betw een 6 and 170 K. The rea so n  f o r  t h i s  d i s ­

crepancy  may be th e  p re i l lu m in a t io n  o f  th e  sam ples u sed  by B o lto n , w hereas

d a rk -a d a p te d  sam ples w ere used  in  r e f s .  26 and 27 and f o r  F ig .3 .7 .

The p e a k - to -p e a k  w id th , AH , o f  S ig n a l I  (P+700) was a l s o  found to  be

te m p e ra tu re  dependen t. At 10, 1*0, 110 and 200 K AH was 1 0 .5 , 9 .0 ,  8 .0  and
PP 30

7-5 G, r e s p e c t iv e ly .  T h is e f f e c t  was a l s o  o bserved  by F eh er e t  a l  , who ex­

p la in e d  t h i s  te m p era tu re  dependence by th e  assum ption  o f  a  te m p e ra tu re -d e -
penden t e le c t r o n  d e n s ity  on CH_-groups o f  P 700.
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3.3.4.  Pate constants o f  the hack reaction.
At tem peratures below 150 K th e hack re a c tio n  between P+700 and reduced

ferred ox in  was m u ltip h asic  ( F ig .3 .5 ) .  F ig .3 .8  shows an example o f  th e  decay
o f  S ig n a l I  in  th e  dark a f te r  continuous illu m in a tio n  o f  spinach ch lo r o p la sts
a t 100 K. At le a s t  th ree  phases cou ld  be d is t in g u ish e d  in  th e  decay k in e t ic s ;
th e  h a l f  tim es o f  th e se  phases are 20 -  30 ms, 0 .2  -  0.!* s and 2 Q -  Uo s .  The
20 -  30 ms decay phase i s  c le a r ly  seen  in  F ig .3 .9 A  a ls o .  This phase was not

I # |
observed in  e a r l ie r  experim ents , because at th a t tim e we d id  not have an
apparatus w ith  s u f f ic ie n t  tim e r e s o lu t io n . The ex ten t o f  th e  low est phase was
30 -  50 % o f  th e  t o t a l  r e v e r s ib le  change. Between 10 and 150 K, t h i s  percen­
ta g e  , as w e ll  as th e  h a l f  tim e was independent o f  temperature and o f  th e

duration  o f  th e  preced ing illu m in a tio n  (up to  20 s ) .  The ex te n ts  o f  th e
20 -  30 ms and 0 .2  -  0.!* s decay components ( F ig .3 .8 )  were both about 30 % o f
th e  t o t a l  r e v e r s ib le  change. These r e s u lts  show th a t d if fe r e n t  types o f
r e a c tio n  cen ters can be d is t in g u ish e d , which are d iffe r e n t  w ith  resp ect to
the r a te  o f  th e  back r e a c t io n . Otherwise r e a c tio n  cen ters w ith  a low ra te
con stant would accumulate during prolonged illu m in a tio n . For C. v u lg a r is ,
P. aerugineum and A. n id u la n s , measurements o f  th e  dark redu ction  o f  P+700
a t 100 K s im ila r ly  in d ic a te d  th a t 50 -  70 % o f  th e  r e v e r s ib ly  o x id ized
fr a c t io n  decayed w ith in  1 - 3  secon d s, and th e  rem aining p art more s lo w ly .

A fourth  component, which was tem perature-dependent, was observed in
th e  decay o f  th e  changes at tem peratures between 150 and 200 K. The h a lf
tim es o f  th e  r e a c tio n  a t 160 and 200 K were 5-5 and 0 .3  s ,  r e s p e c t iv e ly .  The
a c t iv a t io n  energy o f  t h is  back r e a c tio n  was U.7  k c a l.  A c a lc u la t io n  shows
th a t th e  h a l f  tim e o f  t h i s  r e a c tio n  w i l l  be 20 ms a t 300 K in  reasonable

•  •  20agreement w ith  th e ra te  o f  back re a c tio n  reported  by Ke fo r  sy stem -1 par­
t i c l e s  .

28Warden e t  a l.  have reported  a s im ila r  a c t iv a t io n  energy (6 .3  k ca l)  fo r
a tem perature-dependent component in  th e  decay o f  S ig n a l I ,  between 150 and
270 K. They, however, observed a monophasic dark decay o f  th e  s ig n a l a t tem­
p eratu res below 150 K. Ke e t  a l? ^ ’ ^  reported  a b ip h a sic  decay at tempera­
tu r es  below 150 K s im ila r  to  th a t shown in  F ig .3.5*

3.3.5.  Quantum yie ld .
The ex ten t o f  S ig n a l I  induced by a 7-Vs, sa tu r a tin g  f la s h  at 170 K was

about 90 % o f  th a t  induced by stron g ,con tin u ou s illu m in a tio n  ( F i g . 3.9)* This
was a lso  found a t 100 K fo r  th e f i r s t  as w e ll  as fo r  subsequent illu m in a tio n
p e r io d s .
U8



-70 ms

2 min

Fig. 3.8. Time course o f  the decay o f
Signal I  a fte r  continuous i l l u ­
mination o f  spinach chloroplasts
at 100 K. Instrument se ttings:
power: 2 mW; modulation amplitude:
8 G; time constants: A, 3 ms;
Bj 10 ms; C, 1 8. Time scales are
d ifferen t fo r  each curve. Curves
A and B are the average o f  250
and 50 measurements, respectively .
A ll curves were measured with the
same sample. Actinic lig h t (white,

—2200 mW.cm ) o f f  a t downward ar­
rows; A and B, 2 s lig h t - 5 s
dark cycles. Relative am plifi­
cation: A, B, C: 7, 3 and 2
respectively .

Fig. 3.9. Change o f  Signal I  induced
by a 7-ySj saturating flash  (A)
and by continuous lig h t (200 mW.

—2cm ) (B) in  spinach chloroplasts
at 170 K. Continuous lig h t on at
upward arrow, o f f  a t downward
arrow. Instrument se ttings:
power: 4 mW; modulation amplitude
8 G; time constants: A, 3 ms; B,
0.1 s. Curves A and B are the
average o f  64 and 4 measurements,

4 s __ , respectively. Dark time between
illum ination periods or flashes:
5 s.

0.3 S
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I f  i t  i s  assumed t h a t  l i k e  in  system  2 (C hap ter IV) "doub le" ( r e f .  32) o r

" m u ltip le "  h i t s  do n o t o c c u r , th e s e  d a ta  in d ic a te  t h a t  th e  quantum y ie ld  o f

th e  o x id a tio n  o f  P700 i s  alm ost u n i ty  f o r  r e v e r s ib le  and f o r  i r r e v e r s ib l e

charge s e p a r a t io n ,  and a l s o  t h a t  th e  y i e ld  i s  te m p e ra tu re —in d ep en d en t. In

r e f .  31 we have r e p o r te d  a v a lu e  o f  0 .6 ?  e g ./h v  f o r  th e  quantum y i e l d  o f  th e

charge s e p a r a t io n .  T h is v a lu e  was o b ta in e d  from th e  e x te n t o f  th e  P700 ab so r­

bance change in d u ced  by a s h o r t  f l a s h  in  com parison w ith  t h a t  induced  by con­

tin u o u s  l i g h t .  The tim e  r e s o lu t io n  o f  th o s e  m easurem ents, how ever, was n o t

s u f f i c i e n t  to  o b se rv e  th e  20 -  30 ms component in  th e  dark  decay o f  th e  s ig n a l

( F ig .3 .8 ) .  T h e re fo re , t h a t  v a lu e  o f  th e  quantum y i e l d  was de term in ed  30 I  to o
low.

A h ig h  quantum e f f ic ie n c y  f o r  th e  p h o to o x id a tio n  o f  P700 a t  low tem pera­
tu r e  i s  a l s o  in d ic a te d  by a n a ly s is  o f  th e  l i g h t  i n t e n s i t y  dependence .o f th e

e x te n t  o f  th e  s ig n a l .  The i n t e n s i t y  dependence o f  th e  s te a d y  s t a t e  d e f le c t io n

o f  th e  r e v e r s ib le  abso rbance change a t  703 nm upon i l lu m in a t io n  (10 s dark  -

7 s l i g h t  c y c le s )  o f  A. n id u la n s  w ith  1+75-nm l i g h t  a t  105 K i s  p lo t t e d  in
F i g . 3 .1 0 . S im ila r  d a ta  w ere o b ta in e d  w ith  sp in a ch  c h lo r o p la s t s .  I t  can be

c a lc u la te d  (se e  f o o tn o te )  from  F i g .3 .10  t h a t  1+0 % o f  th e  c e n te rs  which a re

r e v e r s ib le  in  a  dark  p e r io d  o f  10 s r e a c t  back  w ith  a  f i r s t - o r d e r  r a t e  con-

s ta n t  o f  1 .5  s and 60 % w ith  18 s . E x p erim e n ta lly  from EPR k in e t i c s  we

o b ta in e d  r a t e  c o n s ta n ts  o f  0 .0U , 1 .7  and 20 a . S ince  th e  d a ta  o f  F ig .3 .10

w ere o b ta in e d  w ith  a  dark  tim e o f  10 s betw een i l lu m in a t io n  p e r io d s ,  th e

s lo w e s t phase  (0.0l+ s ) i s  n o t o bse rved  in  F i g .3 .1 0 . F or th e  m easurem ents

o f  F i g .3 .1 0 , p was m easured to  be 75 % and $ was ta k e n  to  be 0 .8  e q . /h v .
33Goedheer has a l s o  r e p o r te d  a  h ig h  quantum y ie ld  f o r  photosystem -1  r e a c t io n s

in d u ced  by 1+75-nm a c t in i c  i r r a d i a t i o n  in  b lu e -g re e n  a lg a e .  Measurements w ith

sp in ach  c h lo ro p la s ts  a s  f o r  F ig .3 .10  in d ic a te d  a  y i e ld  o f  abou t 0 .3  e q ./h v

----------------------  1
* The r e a c t io n  system  A B where k . i s  l i n e a r  w ith  l i g h t  i n t e n s i t y  has an

e q u il ib r iu m  w ith :  [A] / [BJ = k ^ / k ^ l )  = k _ ^ /o I ,  where a = fcp/lA j , 4> i s

th e  quantum e f f i c i e n c y ,  p i s  th e  a b s o rp ta n c y , [ Aq] i s  th e  c o n c e n tra tio n  o f
A in  th e  d a rk , and I  i s  th e  number o f  pho tons in c id e n t  on th e  sam p le . T here­

f o r e ,  th e  fo llo w in g  r e l a t i o n  betw een [B] and I  can be o b ta in e d :

1 /  [ B 3 = 1 / [  AqJ + k ^ /a  [Aq] I .  A p lo t  o f  1/ [B ]  v e rsu s  1/1 th e n  g iv e s  a

s t r a i g h t  l i n e  w ith  s lo p e  k . / ( a [A oJ )  w hich in t e r s e c t s  th e  1/[B] a x is  a t  th e

v a lu e  o f  1/[A q] . T h e re fo re , i f  0 and p a re  known k . can be c a lc u la te d .
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F ig .3 .10. P lo t o f  the  rec ip ro ca l o f  the  steady s ta te  e x te n t  o f  the re v e r s ib le
absorbance change a t  703 ran versus th e  rec ip ro ca l o f  the  l ig h t  in te n s i ty
w ith  A. n idulans a t  105 K. A c tin ic  l ig h t:  475 ran3 in  a 10 s dark - 7 s
l ig h t  c y c le . Absorbance a t  680 ran,  co rrec ted  fo r  s c a tte r in g :  1 .0  mm-  .

f o r  U75-nm l i g h t .  W ith sp in ach  c h lo ro p la s ts  most o f  t h i s  l i g h t  i s  a h s o r te d  by

c h lo ro p h y ll b ( r e f .  3*0» which t r a n s f e r s  th e  abso rbed  energy  m ain ly  t o  p h o to ­

system  2. I t  was assumed t h a t  no energy  t r a n s f e r  betw een p h o to s y n th e tic  u n i t s

o c c u rre d  and t h a t  th e  d i f f e r e n t i a l  e x t in c t io n  c o e f f i c ie n t  o f  P700 o x id a tio n

a t  703 nm i s  70 mM cm  ̂ a t  105 K. The l a t t e r  v a lu e  gave a  r a t i o  o f  390

c h lo ro p h y ll m olecu les p e r  o x id iz e d  P700 in  sp in ach  c h lo ro p la s ts  (see  F i g . 3 .1 ) .

The b ip h a s ic  k in e t i c s  o f  th e  decay as concluded  from F i g . 3 .10  ag re es  w ith

th e  r e s u l t s  o f  d i r e c t  m easurem ents o f  th e  EPR k in e t i c s  f o r  dark  tim es  s h o r te r

th a n  10 s ( F ig .3 .8 ) ,  ex cep t t h a t  th e  h a l f  tim es  c a lc u la te d  from F ig .3 .10  a re

s l i g h t l y  lo n g e r  th a n  th o s e  o f  F i g . 3 .8 .  T his may be due to  a  d i f f e r e n c e  betw een

th e  r e a c t io n  c e n te rs  o f  sp in ach  c h lo ro p la s ts  and th o s e  o f  i n t a c t  c e l l s  o f  A.
n id u la n s .

3 .3 .6 . P lastocyanin  o x id a tio n .
The experim en ts r e p o r te d  in  th e  p re v io u s  s e c t io n  in d ic a te d  t h a t  P+700

i s  n o t reduced  by a  secondary  e le c t r o n  donor a t  low te m p e ra tu re s . T his ag rees

w ith  d i r e c t  m easurem ents on cytochrom e f ,  which show t h a t  cytochrom e f  i s  n o t

p h o to o x id iz e d  in  sp in a ch  c h lo ro p la s ts  below  abou t 2l*0 K ( r e f .  3 5 ) . H ere , we

s h a l l  d e s c r ib e  experim en ts co n cern in g  th e  r e a c t io n s  o f  p la s to c y a n in .  O x id ized
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Fig. 3.11. EPR spectra taken at 20 K. (A) oxidized plastocyanin (36 \iM) in
phosphate-Tris buffer pH 7.8, (B) spinach chlorcpla8ts (1 mg chlorophyll/
ml), illuminated at room temperature for 10 s with 705-nm light in  the
presence o f 0.1 mM methylviologen, then kept in darkness for 10 s and
subsequently frozen, (C) S. obliquus, illuminated at room temperature
and. during the in i t ia l  freezing for about 30 s with 718-nm light, (D)
P. aerugineum, illuminated with 705-nm light as for (C), (E) A. nidulans,
illuminated as for (D). Instrument settings: frequency 9.11 GHz; power
10 mW; modulation amplitude, 10 Gj time constant, 1.0 8; scan rate 1 G/s.
Receiver gain settings: (A) 2.0 x 104, (B) 2.0 x  105, (C) 2.5 x 10S, (D)
5.0 x 10 and (E) 1.5 x 10S. The signal near g = 2.00 o f (B) and (E) was
recorded with a modulation amplitude o f 5 G. Absorbances per ntn at 680
run, corrected for scattering were: 3.5, 2.2, 1.0 and 4.2 for B, C, D
and E, respectively.
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p la s to c y a n in  can' be ob se rv ed  by EPR measurem ent w ith  s u f f i c i e n t  s e n s i t i v i t y

on ly  a t  te m p e ra tu re s  below  1*0 K ( r e f s .  36 and 3 7 ).

Ooeuvvence of plastocyanin in algae.
The upper spectrum  o f  F i g .3.11 shows th e  l a r g e r  l i n e  (g ± = 2 .0 5 ) o f

th e  EPR spectrum  o f  p u r i f i e d  p la s to c y a n in  in  th e  o x id iz e d  s t a t e  a t  20 K. At a

low er f i e l d  s t r e n g th  fo u r  h y p e rf in e  l in e s  o f  g^, were ob se rv ed  (n o t shown)

w ith  s im i la r  g -v a lu e  (g / /  = 2.2U) and h y p e r f in e  s p l i t t i n g  c o n s ta n t { k / ;  =

190 M c y c le s /s )a s  r e p o r te d  in  th e  l i t e r a t u r e 3 5 3^ . These fo u r  l in e s  a re  to o

weak to  be d e te c te d  in  th e  i n t a c t  c e l l s  and th e r e f o r e  we w i l l  r e p o r t  on ly

about th e  l i n e  a t  g = 2 .0 5 . Spectrum  B was m easured w ith  sp in ach  c h lo r o p la s t s ,
i l lu m in a te d  w ith  f a r - r e d  l i g h t  a t  room te m p e ra tu re , th e n  k e p t i n  th e  dark  f o r

10 s and f ro z e n  to  20 K. In  t h i s  spectrum  a  s ig n a l  (g  = 2 .0 5 )  can b e  seen

a t  th e  same p o s i t io n  and s im i la r  in  shape as in  th e  spectrum  o f  p u r i f i e d
p la s to c y a n in .  The s ig n a l  i s  a l s o  o bserved  in  i l lu m in a te d  c e l l s  o f  Scenedesmus

o b liq u u s  (F ig .3 .1 1 C ), P . aerugineum  ( F i g .3 .11D)» A. n id u la n s  (F ig .3 .1 1 E ) and

C. v u lg a r i s  (see  F i g .3 . 12 ). T h e re fo re , i t  i s  l i k e l y  t h a t  t h i s  s ig n a l  i n  s p i ­

nach c h lo ro p la s ts  and in  th e  organism s t e s t e d ,  o r ig in a te s  from  p la s to c y a n in .

As f a r  a s  we know, t h i s  i s  th e  f i r s t  o b se rv a tio n  o f  th e  o cc u rre n ce  o f  p la s to ­

cyan in  in  r e d  a lg a e .
In  a l l  s p e c t r a ,  ex cep t th e  one o f  p u r i f i e d  p la s to c y a n in ,  th e  s ig n a l  n e a r

g = 2 .00  i s  due t o  S ig n a l I  a n d /o r  S ig n a l I I .
From th e  h e ig h ts  ( to p -b o tto m ) o f  th e  copper s ig n a l  i n  s p e c t r a  A and B

(F ig ."3.11) i t  was c a lc u la te d  t h a t  th e  c o n c e n tra t io n  o f  th e  copper p r o te i n ,

c a u s in g  th e  s ig n a l  a t  2 .0 5  in  c h lo ro p la s ts  was one mole p e r  1*00 m oles o f

c h lo ro p h y l l ,  i n  f a i r  agreem ent w ith  th e  r e s u l t s  o f  M alkin and Bearden and
w ith  th e  amount o f  p la s to c y a n in  p r e s e n ts  in  c h lo ro p la s ts  as de term in ed  chem i-

17c a l ly  "by Katoh e t  a l .  .
The c o n c e n tra t io n  o f  c h lo ro p h y ll  i n  th e  su sp e n sio n s  o f  th e  a lg a e  was

d i f f i c u l t  to  d eterm ine by e x t r a c t io n  and t h e r e f o r e , th e  c o n c e n tra tio n  was

c o r r e la te d  w ith  t h a t  i n  th e  c h lo ro p la s t  su sp e n sio n  u s in g  th e  absorbance a t

680 nm, c o r re c te d  f o r  s c a t t e r in g .  From t h i s  and from th e  s p e c t r a  o f  F ig s .3.11
and 3 .12  th e  c o n c e n tra t io n  o f  p la s to c y a n in  r e l a t i v e  t o  t h a t  o f  c h lo ro p h y ll  in

th e  a lg a e  was c a lc u la te d .  On t h i s  b a s i s  th e  amounts o f  p la s to c y a n in  o x id iz e d

by f a r - r e d  l i g h t  b e fo re  and d u rin g  f r e e z in g  w ere found to  be th e  same (w ith in

20 % )  i n  i n t a c t  c e l l s  o f  C. v u lg a r i s ,  S . o b liq u u s ,  P ,  aerugineum  and A.

n id u la n s 3^ .
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Fig. 3.12. C. vulgaris (A) sample illuminated with 643-nm ligh t (B) with 705-nm
lig h t3 (C) with 643-rrn lig h t in  the presence o f  0.1 mM DCMU, (D) sample
kept in  the dark fo r  about one min before and duping the freezing3 (E)
sample kept in  the dark as fo r  (D) 3 and illuminated a t 77 K fo r  about
2 min with white ligh t. Conditions and instrument se ttings as in  Fig. 3.113
except fo r  (A) 3 (B) 3 (C)3 receiver gain se ttin g  2.0 x 10^3 (D) and (E)
receiver gain se ttin g  6.2 x  10°3 temperature 10 K and frequency 9.13 GHz
Absorbance a t 680 nm3 corrected fo r  scattering: 2.2 rm~* fo r  (A), (B)
and (C); and 7.0 urn  ̂ fo r  (V) and (E).

S p e c tra  as  f o r  F i g s .3.11 and 3 .12  o b ta in e d  w ith  i n t a c t  c e l l s  o f  Euglena
g r a c i l i s  d id  n o t show th e  p re se n c e  o f  o x id iz e d  p la s to c y a n in .  T h is su g g e s ts

t h a t  th e  copper p r o te in  i s  a b sen t in  E. g r a c i l i s  and t h a t  th e  e le c t r o n  t r a n s ­

p o r t  ch a in  o f  t h i s  a lg a  i s  d i f f e r e n t  from t h a t  o f  o th e r  a lg a e .  This i s  a ls o
su p p o rte d  by o p t i c a l  m easurem ents r e p o r te d  in  r e f s .  39-1*1.

S ite  o f  ac tion .o f plastocyanin in  vivo.
In  F i g s .3.11 and 3 .1 2  i t  i s  shown t h a t  p la s to c y a n in  was in  th e  o x id iz e d

s t a t e  when sp in ach  c h lo ro p la s ts  and c e l l s  o f  S. o b liq u u s , P . aerugineum ,

A. n i.d u la n s , and C. v u lg a r i s  had been i l lu m in a te d  w ith  photosystem -1  l i g h t  a t
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room temperature and during freezing. Plastocyanin was found to be reduced in
the dark (Fig.3.12D) as well as after photosystem-2 illumination. The latter
reduction.was•inhibited by DCMU as can be seen in Fig.3.12 for C. vulgaris.
It is clear that plastocyanin was oxidized after far-red illumination (spec­
trum B), but tjiat it was partially in the reduced state in the absence of
DCMU after 61+3-nm illumination (spectrum A). In the presence of DCMU, however,
plastocyanin was found to be oxidized after red illumination (spectrum C).
Similar results were obtained with spinach chloroplasts (see also ref. 37)
and with P. aerugineum. These results indicate that plastocyanin is a com­
ponent of the electron transport chain between photosystems 1 and 2 in vivo,
and that it is located at the photosystem-1 side of the DCMU block. In order
to obtain more definite proof about this site of action of plastocyanin it
will be necessary to measure rates of reduction and oxidation, as has been
done for other components by optical methods 2 . Measurements of flash-induced
absorbance changes^3, ^  at 703, 58U and 553 nm with spinach chloroplasts
suggested that at room temperature 85 % of photooxidized P700 is reduced by
plastocyanin and only 15 % by cytochrome f.

As is shown in Fig.3.12E plastocyanin is not oxidized upon illumination
at 77 K in C. vulgaris. P700 is oxidized in these conditions (Sections 3.3.1
and 3.3.2), as is also indicated by the line at g = 1.91* of reduced ferre-
doxin in the same EPR spectrum. This shows that P700 does not oxidize plasto­
cyanin at 77 K. The same results, but not shown, were obtained with spinach
chloroplasts and with A. nidulans. This agrees with the conclusion obtained
in Sections 3.3.1 - 3.3.U, that P700 is the only reactant of photosystem 1
which is photooxidized at 77 K.

3.4. Discussion.

3.4.1. The hack reaction.

The results described above support the hypothesis of Malkin and Bearden
(refs. U5 and U6) that the primary electron acceptor of photosystem 1 is a
ferredoxin with EPR signals at g = 2.05, 1.9^ and 1.86. Below 150 K, the only
dark reaction that was observed in our preparation was a back reaction of
P 700 and reduced ferredoxin: even though we observed that the reaction
centers of photosystem 1 are heterogeneous with respect to this back
reaction, in all types of centers the redox state of ferredoxin was stoichio-
metrically related to that of P700. Yang and Blumberg by comparison of
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th e  r a t e  o f  P+700 decay w ith  t h a t  r e p o r te d  f o r  f e r re d o x in  by M alkin and

Bearden a r r iv e d  a t  a  d i f f e r e n t  c o n c lu s io n , and su g g e s ted  t h a t  fe r re d o x in
m ight n o t be th e  p rim ary  a c c e p to r  o f  system  1. Our r e s u l t s ,  how ever, show

a  c l e a r  S to ich io m e try  f o r  dark  tim es  o f  up to  s e v e r a l  m in u te s . Yang and

Blumberg a r r iv e d  a t  an e rro n eo u s co n c lu s io n  because th e y  assumed t h a t  th e

r e v e r s i b i l i t y  o f  th e  p h o to re a c tio n  was th e  same a t  10 -  20 K as a t  77 K
As was shown in  S e c tio n  3 .3 .3  th e  f r a c t i o n  o f  r e v e r s ib le  r e a c t io n  c e n te r  i s

te m p e ra tu re  dependen t. Yang and Blumberg1*^ ob se rv ed  t h a t  th e  i n i t i a l  decay

o f  P?00 a t  77 K i s  n o t o f  f i r s t  o rd e r .  In  S e c tio n  3.3.1* i t  was d is c u s se d  t h a t
th e r e  a re  th r e e  d i f f e r e n t  ty p e s  o f  r e a c t io n  c e n te r s ;  in  each ty p e  a f i r s t -

o rd e r  r e a c t io n  occu rs  betw een P+700 and reduced  f e r r e d o x in ,  th e  h a l f  tim es
a re  20 -  30 ms, 0 .2  -  0.1* s and 20 -  1*0 s .

A p o s s ib le  e x p la n a tio n  f o r  th e s e  d i f f e r e n t  tim e c o n s ta n ts  m ight be b ased
on th e  assum ption  t h a t  th e  d is ta n c e s  betw een fe r re d o x in  and P700 a re  n o t th e

same in  a l l  r e a c t io n  c e n te r s .  The te m p e ra tu re  independence o f  th e  r a t e  con­

s t a n t s  su g g e s ts  t h a t  th e  back r e a c t io n  occu rs by way o f  a  tu n n e l l in g  p r o c e s s .
The tu n n e l l in g  r a t e  i s  known to  depend e x p o n e n tia l ly  on th e  d is ta n c e  betw een
th e  r e a c t in g  sp e c ie s  ( e .g .  r e f .  1+8):

.  J a a _ (2 B 4E) l ]  ,

where t i s  th e  h a l f  tim e o f  th e  r e a c t io n ,  vQ i s  th e  frequency  o f  th e  e le c t ro n

ap p roach ing  th e  b a r r i e r ,  h i s  P la n c k 's  c o n s ta n t ,  d and AE a re  th e  w id th  and

h e ig h t o f  th e  b a r r i e r ,  r e s p e c t iv e ly ,  and m i s  th e  mass o f  an e le c t r o n .  Sub­

s t i t u t i n g  f o r  AE th e  e s t im a te d  excess energy o f  th e  abso rbed  p h o to n , 0 .8  eV
and f o r  vq , 10 5 s ( t h i s  number i s  n o t very  c r i t i c a l  as th e  e x p o n e n tia l

te rm  dom inates th e  e x p re s s io n ) ,  d is ta n c e s  o f  3 5 , 37 and 1*1 2 ,  r e s p e c t iv e ly

a re  o b ta in e d  f o r  P700 and f e r re d o x in  f o r  t = 0 .0 3 ,  0 .3  and 25 s ,  r e s p e c t iv e ly .

Because o f  th e  assum ptions in v o lv e d  in  th e  d e r iv a t io n  o f  th e  e q u a tio n  u se d ,

th e  d is ta n c e s  a re  on ly  rough ap p ro x im atio n s . N e v e r th e le s s , th e y  a re  q u i te
com patib le  w ith  p re s e n t  th e o r ie s  abou t th e  s t r u c t u r e  o f  th e  th y la k o id  mem­
b ra n e . The d if f e r e n c e  in  d is t a n c e ,  2 -  6 2 , i s  more r e l i a b l e  th a n  th e

d is ta n c e  i t s e l f .  On th e  o th e r  hand th e  d i f f e r e n t  h a l f  tim es m ight a l s o  be due
to  a  d if f e r e n c e  in  h e ig h t (AE) o r  in  b o th  h e ig h t and w id th  o f  th e  b a r r i e r .

D if fe re n c e s  o f  0 .2  eV o r  l e s s  would accoun t f o r  th e  d if fe r e n c e s  o f  th e  h a l f

tim es  f o r  d = 1+0 2. Such d if fe r e n c e s  m ight be due t o  d i f f e r e n t  su rro u n d in g s
o r  o r ie n t a t io n s  o f  th e  p rim ary  r e a c ta n t s .

F or sp in ach  c h lo ro p la s ts  i t  i s  known t h a t  two ty p e s  o f  sy s te m -1 r e a c t io n

t = voexp
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c e n te rs  can be d is t in g u is h e d ,  v iz .  th o se  lo c a te d  in  th e  g ran a  and in  th e
strom a l a m e l l a e ^ 5 However, we ob se rv ed  about th e  same th r e e  h a l f  tim es

f o r  th e  back  r e a c t io n s  i n  sp in ach  c h lo ro p la s ts  and in  A. n id u la n s , which

have d i f f e r e n t  s t r u c tu r e s  o f  th e  th y la k o id  sy stem s.
Ke e t  a l .  ’• 2? have r e p o r te d  b ip h a s ic  k in e t i c s  f o r  th e  re d u c tio n  o f

P+700 in  th e  dark  a t  te m p e ra tu re s  below  225 K m easured w ith  p h o to sy s te m -1

sub c h lo ro p la s ts  p a r t i c l e s . The e x te n ts  o f  b o th  phases w ere app rox im ate ly

e q u a l,  and th e  h a l f  tim es  o f  th e  phases w ere about 3 and 75 s ,  r e s p e c t iv e ly .

The d if f e r e n c e  betw een th e s e  h a l f  tim es  and th o s e  g iven  in  S e c tio n  3 . 3 . 1* may

be due t o  s t r u c t u r a l  changes in  th e  f e r re d o x in -c h lo ro p h y ll  complex caused

by th e  d e te r g e n t ,  T r i to n  X -100, which was vised by Ke t o  o b ta in  su b c h lo ro -

p l a s t  p a r t i c l e s . I t  w i l l  be c l e a r  from  th e  c a lc u la t io n  above t h a t  a  s l i g h t
d i s t o r t i o n  o f  th e  s t r u c tu r e  may cause  la rg e  d if fe r e n c e s  in  h a l f  t im e s .  McElroy

e t  a l .  and Romijn ( to  be p u b lis h e d )  s im i la r ly  showed t h a t  th e  h a l f  tim e o f

th e  back r e a c t io n  in  w hole c e l l s  and r e a c t io n  c e n te rs  o f  th e  p u rp le  b a c te riu m

Rhodopseudomonas sp h e ro id e s  may be d i f f e r e n t  depending on th e  d e te rg e n t

tre a tm e n t u sed  f o r  th e  i s o l a t i o n  o f  th e  r e a c tio n , c e n t e r s .
F loyd e t  a l ? 2 r e p o r te d  t h a t ,  a f t e r  a  s h o r t  l a s e r  f l a s h ,  about tw o - th i r d

o f  P700 decayed very  r a p id ly  a t  l i q u i d  n i tro g e n  te m p e ra tu re , w ith  a h a l f

tim e  o f  30 p s . W hatever th e  cause  o f  t h i s  r a p id  r e a c t io n ,  i t  seemed to  be
a b sen t in  ou r c o n d i t io n s ,  ju d g in g  from  th e  f a c t  t h a t  th e  t o t a l  amount o f

o x id iz a b le  P700 we o bserved  was th e  same as t h a t  ob se rv ed  by  F loyd  e t  a l . ,

r e l a t i v e  to  t h a t  o f  cytochrom e b__g .

3.4.2.  The 'primary acceptor.
The h e te ro g e n e ity  o f  th e  r e a c t io n  c e n te rs  w ith  r e s p e c t  t o  th e  i r r e v e r ­

s i b i l i t y  o f  th e  p h o to c o n v e rs io n  has been  d is c u s se d  above (S e c tio n  3 .3 .2 )  in

term s o f  a  model in v o lv in g  a secondary  r e a c t io n  in  p a r t  o f  th e  c e n t e r s . I t

was concluded  t h a t  such a model does n o t e x p la in  ou r r e s u l t s ,  s in c e  th e

redox  s t a t e  o f  fe r re d o x in  was s to ic h io m e tr ic a l ly  r e l a t e d  t o  t h a t  o f  P700.
A s im i la r  s to ic h io m e try  betw een th e s e  redox  s t a t e s  a t  te m p e ra tu re s  betw een

13 and 225 K w ith  photosystem -1  s u b c h lo ro p la s t  p a r t i c l e s  h as  been  r e p o r te d

r e c e n t ly  be Ke e t  a l ?  ’ 2^ . Our r e s u l t s  as w e ll  as th o s e  o f  Ke a re  in  ag re e ­

ment w ith  th e  fo llo w in g  model f o r  th e  r e a c t io n  c e n te rs  o f  pho tosystem  1 a t

te m p e ra tu re s  below  150 K: (hv)
1

P700.Fd P+700.Fd“ ( I )

where Fd i s  "bound" f e r re d o x in  (g = 1.9^0- Our r e s u l t s  in d ic a te  t h a t  a t  l e a s t
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fo u r  k in d s  o f  r e a c t io n  c e n te rs  can be d is t in g u is h e d  w ith  r e s p e c t  t o  th e  h a l f
tim es  o f  th e  back  r e a c t io n :  t i = 20 -  30 ms, 0 .2  -  0 . U s ,  20 -  1*0 s and

> 30 min (S e c tio n s  3.3.1» and 3 .I+ .1 ). The e f f ic i e n c y  o f  th e  charge s e p a ra t io n
( r e a c t io n  1) was found to  be c lo se  to  u n i ty  (S e c tio n  3 .3 .5 ) .

C on tra ry  to  our r e s u l t s  M cIntosh e t  a l .53 and Evans and Cammack5\  very
r e c e n t ly  r e p o r te d  t h a t  S ig n a l I  was p a r t i a l l y  r e v e r s ib le  a t  te m p era tu re s

below  30 K w ith o u t a  concom itan t r e v e r s i b i l i t y  o f  th e  s ig n a l  o f  fe r re d o x in

(g = 1 .9*0 . M cIntosh e t  a l .  o bse rved  t h i s  in  photosystem -1  s u b c h lo ro p la s t
p a r t i c l e s  which w ere f ro z e n  d u rin g  i l lu m in a t io n .  At 6 K th e y  observed  two

r e v e r s ib le  components a t  g -v a lu e s  o f  1 .75 and 2 .0 7  which th e y  a t t r i b u t e d  to
th e  p rim ary  e le c t r o n  a c c e p to r  o f  system  1. Evans and Cammack5^ observed  an

alm ost com p le te ly  r e v e r s ib le  S ig n a l I  a t  te m p e ra tu re s  below  30 K in  p h o to -

system -1 p a r t i c l e s  w hich had been  exposed to  d i t h i o n i t e  f o r  *»5 -  60 min a t

pH 10 in  o rd e r  t o  reduce  th e  fe r re d o x in s  ch em ica lly  p r i o r  t o  f r e e z in g .  No

r e v e r s i b i l i t y  o f  th e  f e r re d o x in s  was o bserved  w ith  th e s e  sam ples. I r r e v e r ­

s i b l e  p h o to re d u c tio n  o f  a  f e r re d o x in  m olecu le w ith  g -v a lu e s  o f  2 . 0 5 , 1.92
and 1.89 was ob se rv ed  by Evans and Cammack w ith  s u b c h lo ro p la s ts  which were

p o ise d  a t  -560 mV b e fo re  f r e e z in g .  At t h i s  redox  p o t e n t i a l  most o f  th e

fe r re d o x in  w ith  a  g—v a lu e  o f  1. 9*» i s  red u c ed ; th e  fe r re d o x in  w ith  g = 1 . 9 2 ,

how ever, i s  on ly  p a r t i a l l y  re d u c e d , s in c e  i t s  m idpo in t p o t e n t i a l  i s  about

-590 mV a t  pH 10 ( r e f s .  55 and 56) .  Under s im i la r  c o n d i t io n s ,  how ever. Ke
27 .

e t  a l .  d id  n o t ob se rv e  p h o to re d u c tio n  o f  th e  l a t t e r  f e r re d o x in  (g = 1. 9 2 ) .

A lthough i t  has t o  be confirm ed by o p t i c a l  m easurem ents o f  absorbance
changes n e a r  700 nm t h a t  th e  r e v e r s ib le  s ig n a ls  n e a r  g = 2 .00  o bserved  by

M cIntosh e t  a l 53 and by Evans and Cammack51* a re  due to  P700 o x id a t io n ,  th e s e

d a ta  su g g e s t t h a t  th e  f e r re d o x in  w ith  g = I . 9U may n o t be th e  on ly  e le c tro n

a c c e p to r  o f  system  1 a t  c ry o g en ic  te m p e ra tu re s . The r e s u l t s  may a l s o  su g g est

t h a t  t h i s  f e r re d o x in  i s  n o t th e  p rim ary  e le c t r o n  a c c e p to r  o f  pho tosystem  1.
5 3M cIntosh e t  a l . p roposed  th e  fo llo w in g  model f o r  th e  r e a c t io n  c e n te rs  o f

pho tosystem  1:

( h v )
1

j  + 2 o
P700 X Y^Y2 p  700 X"Y1Y2 -*■ P 700 X Y“Y2 P+700 X YJ£~ ( n )

where X i s  an unknown m olecu le which fu n c tio n s  as p rim ary  e le c t r o n  a c c e p to r ;
Y1 i s  a  f e r re d o x in  w ith  EPR l in e s  a t  g = 2 .0 5 , 1-92 and 1 .8 9 ; and Y2 i s  a

f e r re d o x in  w ith  l in e s  a t  g = 2 .0 5 ,  1.9*» and 1 .8 6 . The m idpo in t p o te n t i a l s  o f
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th e s e  fe r re d o x in s  a re  —590 and -550 mV, r e s p e c t iv e ly ,  a t  pH 10. A ccording to

t h i s  model th e  charge s e p a ra t io n  in  pho tosystem  1 i s  s t a b i l i z e d  by re d u c tio n

o f  Y. and Yg. As shown in  S e c tio n  3 .3 .2  t h i s  model does n o t ag ree  w ith  our

r e s u l t s  and th o s e  o f  Ke e t  a l?  • 2^ ; w ith  ou r p r e p a ra t io n s  th e  charge

s e p a ra t io n  i s  n o t s t a b i l i z e d  i f  th e  fe r re d o x in  w ith  g = 1■9*+ i s  p h o to red u ced .
53In  su p p o rt o f  t h e i r  m odel, M cIntosh e t  a l .  a l s o  r e p o r te d  t h a t  th e

quantum y ie ld  o f  P700 o x id a tio n  a t  6 K i s  about 2 .5  tim es  h ig h e r  th a n  t h a t
o f  f e r re d o x in  re d u c t io n .  A gain , t h i s  o b s e rv a tio n  does n o t ag ree  w ith  our

r e s u l t s  and th o s e  o f  Ke2^ o b ta in e d  a t  somewhat h ig h e r  te m p e ra tu re s : th e  r i s e

o f  th e  fe r re d o x in  s ig n a l  a t  11 -  13 K was found to  have th e  same tim e co u rse

as t h a t  o f  S ig n a l I  a t  h ig h  and a t  low i n t e n s i t i e s .  These d a ta  in d ic a te  t h a t

th e  quantum y i e l d  i s  about th e  same f o r  p h o to c o n v e rs io n  o f  P7Q0 and o f  f e r r e ­

doxin  (g = 1.9U ). T his i s  su p p o rte d  by th e  o b se rv a tio n  o f  Bearden and M alkin
( r e f .  b 6 ) t h a t  a  s h o r t ,  s a tu r a t in g  f la s h  co n v e r ts  eq u a l amounts o f  P700 and

o f  f e r re d o x in  a t  20 K. In  analogy w ith  th e  model o f  sy stem  2 (S e c tio n  k . k . 3 )

th e  d isc re p an c y  betw een th e  v a lu e s  o f  th e  quantum y i e l d  may be e x p la in e d  by a

te m p e ra tu re  dependence o f  th e  r a t e  c o n s ta n ts  k2 o r  k „ , w hich may be l a r g e r

a t  11 -  13 K th a n  a t  6 K. We d id  n o t f in d  ev idence  f o r  a  te m p e ra tu re  depen­

dence betw een 10 and 200 K.
I f  i t  i s  assumed t h a t  th e  p rim ary  e le c t r o n  a c c e p to r  i s  n o t one o f  th e

fe r re d o x in s  w ith  g -v a lu e s  o f  1.92 and 1 . 9*+» r e s p e c t i v e ly ,  th e  s to ic h io m e try

o f  th e  amounts o f  P+700 and reduced  f e r re d o x in  (g  = 1 .9 1*) a t  te m p e ra tu re s

betw een 10 and 225 K (S e c tio n  3 .3 .2  and r e f s .  2 6 , 27 and *+6 ) may be ex­

p la in e d  by th e  h y p o th e s is ,  t h a t  f i r s t l y ,  k g and k^ (se e  model I I )  a re  r e ­

l a t i v e l y  la r g e ;  s e c o n d ly , t h a t  th e r e  a re  a l s o  back  r e a c t io n s  -2  and - 3 ,  o r
t h a t  th e r e  occu rs  a  d i r e c t  back  r e a c t io n  1* betw een P+700 and red u ced  f e r r e ­

doxin  (y2 ).
In  n e i th e r  o f  th e  two models we have a  ready  e x p la n a tio n  f o r  th e  tem ­

p e r a tu re  dependence o f  th e  h e te ro g e n e ity  w ith  r e s p e c t  t o  th e  r a t e  c o n s ta n ts

f o r  th e  back  r e a c t io n  ( F ig .3 .6 ) ,  e s p e c ia l ly  in  view o f  th e  o b se rv a tio n  t h a t
th e  e f f e c t  i s  independen t o f  th e  p re c e d in g  t r e a tm e n t .  One m ight s p e c u la te

t h a t  th e  e f f e c t  i s  r e l a t e d  t o  th e  te m p e ra tu re  dependence o f  th e  m agnetic

s u s c e p t i b i l i t y  o f  f  e r r e d o x i n ^ , w hich i s  due t o  a n t i  fe rro m a g n e tic  c o u p lin g

betw een th e  two (h ig h  s p in )  i r o n  atom s. S ince i t  i s  known t h a t  th e  EPR s ig n a l
rQ

o f  f e r re d o x in  (g = I . 9U) may r e f l e c t  b o th  i r o n  atoms o f  th e  m olecu le , i t
m ight he p o s tu la te d  t h a t  a  d i f f e r e n t  i r o n  atom i s  red u ced  in  th e  r e a c t io n

c e n te rs  t h a t  a re  i r r e v e r s ib l y  p h o to c o n v e rted  th a n  in  th o s e  in  which a hack
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r e a c t io n  betw een P+700 and red u ced  f e r re d o x in  o c c u rs . T his may be su p p o rted
by th e  c o n c lu s io n  from  NMR sp e c tro sc o p y 59 t h a t  th e  two ir o n  atoms o f  f e r r e ­

dox in  a re  n o t i d e n t i c a l  w ith  r e s p e c t  t o  t h e i r  e l e c t r o n  a c c e p tin g  p r o p e r t ie s .

F u rth e rm o re , th e  e x is te n c e  o f  two d i f f e r e n t  a c c e p to r  s i t e s  on th e  f e r r e ­
doxin  m olecu le may cause  th e  d if f e r e n c e s  in  th e  r a te s  o f  th e  back  r e a c t io n

betw een P 700 and red u ced  f e r re d o x in  i f  th e  o r i e n t a t io n  o f  th e  l a t t e r  m olecu le

w ith  r e s p e c t  t o  P700 i s  d i f f e r e n t  in  d i f f e r e n t  r e a c t io n  c e n te r s .  The d is ta n c e

betw een th e  i r o n  atoms o f  th e  i r o n - s u l f u r  p r o te in  o f  Chromatium vinosum i s

3 .0  -  3.1 A ( r e f .  6 0 ) . As was d is c u s se d  in  th e  p re v io u s  s e c t io n  a  s im i la r

d i f f e r e n c e  in  th e  d is ta n c e s  betw een P700 and f e r re d o x in  may e x p la in  th e  o b se r­
ved d if f e r e n c e s  o f  th e  r a t e  o f  th e  back r e a c t io n  a t  te m p e ra tu re s  below  150 K.

The o cc u rre n c e  o f  a  te m p e ra tu re  dependent back r e a c t io n  a t  h ig h e r  te m p era tu re s

th e n  may be due to  th e rm a l p o p u la tio n  o f  th e  r o t a t i o n a l  o r  v ib r a t io n a l  energy
le v e ls  (G e ld o f, P .A .,  p e rs o n a l com m unication; c f .  r e f .  6 1 ).

C o n f l ic t in g  v a lu e s  have been r e p o r te d  f o r  th e  f r a c t i o n  o f  i r r e v e r s ib l y

p h o to c o n v e rted  r e a c t io n  c e n te r s  in  c h lo ro p la s ts  a t  low te m p e ra tu re 1" 9 . S ince
most a u th o rs  d id  n o t s p e c ify  th e  ex p e rim e n ta l c o n d itio n s  in to  s u f f i c i e n t

d e t a i l ,  i t  i s  im p o ss ib le  t o  e x p la in  t h e s e 'd i f f e r e n c e s  w ith  c e r t a in t y .  However,
i t  sh o u ld  be p o in te d  o u t t h a t  th e  u se  o f  low a c t in i c  i n t e n s i t i e s  and o f  s tro n g

m easuring  l i g h t  w i l l  a f f e c t  th e  (a p p a re n t)  f r a c t i o n  o f  i r r e v e r s ib l y  co n v e rted
r e a c t io n  c e n t e r s .

3.4.3. The absorbance difference spectrum of P700.
A f i n a l  p o in t  d is c u s se d  h e re  i s  th e  shape o f  th e  d if f e r e n c e  spectrum  o f

P700 a t  low te m p e ra tu re . N egative  bands a t  700 -  705 nm have been  observed
1 2  5 7

r e p e a te d ly  ’ * 9 More r e c e n t ly , bands a t  s h o r te r  w aveleng ths w ere a l s o
o b se rv ed . Our spectrum  B i s  s im i la r  t o  t h a t  o b ta in e d  by L o z ie r  and Butler**

w ith  a  sc an n in g  method. T his a l s o  a p p l ie s  t o  th e  spectrum  r e p o r te d  by F loyd
e t  a l .  ex cep t t h a t  th e y  n o te d  a  n e g a tiv e  band a t  680 -  682 nm in s te a d  o f

685 nm, which th e y  a t t r i b u t e d  to  P68O, th e  p rim ary  e le c t r o n  donor o f  system  2 .

W itt9 r e c e n t ly  r e p o r te d  an i r r e v e r s i b l e  in c re a s e  a t  695 nm, in s te a d  o f  690 nm,

and a  d ec rease  a t  710 in s te a d  o f  703 nm. The re a so n  f o r  t h i s  d isc re p an c y  i s

n o t c l e a r .  He p ro p o sed  t h a t  th e  in c re a s e  would r e f l e c t  th e  re d u c tio n  o f  a

c h lo ro p h y ll m o lecu le . T his h y p o th e s is  i s  made u n p la u s ib le  by a t  l e a s t  two ob­

s e rv a t io n s  : f i r s t l y  t h a t  th e r e  i s  a  s to ic h io m e try  betw een P+700 and reduced
fe r re d o x in , as m easured by EPR, and seco n d ly  t h a t  th e  in c re a s e  in  a b s o rp tio n

a t  690 nm i s  a l s o  p re s e n t  i n  th e  d if f e r e n c e  spectrum  o f  ch em ica lly  o x id iz e d
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P700 ( r e f .  U).
Two p ro p o sa ls  have "been p u t fo rw ard  to  e x p la in  th e  shape o f  s p e c t r a  o f

P700 o b ta in e d  a t ;  room te m p e ra tu re . A ccording to  th e  f i r s t  one ’ th e  spec­

trum  i s  composed o f  a b le a c h in g  c e n te re d  a t  abou t 700 nm and a  re d  s h i f t  o f
a  band lo c a te d  a t  s h o r te r  w av e len g th . In  a  second  p ro p o s a l  o f  van Gorkom e t

a l .  th e  spectrum  was e x p la in e d  by a b le a c h in g  n e a r  680 nm and a b l u e - s h i f t

o f  a pigm ent a b so rb in g  n e a r  693 nm. The b le a c h in g  was th o u g h t t o  be due to

th e  co n v e rs io n  o f  th e  P700 dim er t o  i t s  m onocation . A n a ly s is  o f  th e  d i f f e r e n ­

ce spectrum  o b ta in e d  a t  110 K by th e  f i r s t  method was found to  be im p o s s ib le ,

u n le s s  th e  fo rm a tio n  o f  a t h i r d  band a t  about 690 nm (broken  l i n e )  was p o s­

t u l a t e d  ( F ig .3 .1 3 4 ) . The second ty p e  o f  a n a ly s is  gave th e  r e s u l t  shown in

F ig .3 .13E b In  t h i s  ca se  i n  a d d i t io n  t o  a  b lu e  s h i f t  c e n te re d  a t  698 nm, a
two—banded absorbance d ec rease  a t  680 — 700 nm (d o t te d  l i n e )  was o b ta in e d ,

which cou ld  co n ce iv ab ly  be e x p la in e d  by th e  assum ption  t h a t  th e  a b s o rp tio n

band  o f  th e  dim er c a t io n  i s  n arrow er and somewhat low er th a n  t h a t  o f  th e
6U\reduced  dim er (as  a ls o  seems to  be t r u e  a t  room te m p e ra tu re  ) ,  and t h a t  b o th

bands a re  lo c a te d  n e a r  690 nm. A ccording to  t h i s  a n a ly s i s  th e  bands o f  th e

P700 d im er, th e  dim er c a t io n  and o f  th e  s p e c ie s  c a u s in g  th e  band  s h i f t  a t

698 nm would a l l  be s h i f t e d  t o  lo n g e r  w aveleng th  by lo w erin g  th e  te m p e ra tu re

v iz .  by 2k ,  26 and by 5 nm, r e s p e c t iv e ly .  The same r e s u l t  i s  o b ta in e d  from

a n a ly se s  o f  th e  d if f e r e n c e  s p e c t r a ,  shown in  F ig .3 .3 ,  o f  P700 in  i n t a c t  c e l l s

o f  C. v u lg a r i s ,  P . aerugineum  and A. n id u la n s  a t  105 K. Red s h i f t s  o f  th e

680 690 700 710 6
Wavelength,

F ig , 3 .1 3 . A n a ly s is  o f  spectrum  B o f  F ig . 3 .1  (see  t e x t ) .
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a b s o rp tio n  bands o f  b u lk 6 5 » 66 and r e a c t io n  c e n te r  6 5 » 6 7 » 68 b a c te r io c h lo ro -
p h y l l ,  and o f  c h lo ro p h y ll  in  s o lu t io n 69 upon c o o lin g  have been o bserved  e a r ­

l i e r .  I t  th u s  ap p ears  t h a t  th e  h y p o th e s is  o f  van Gorkom e t  a l 61+ f i t s  n o t on ly
th e  d a ta  o b ta in e d  a t  room te m p e ra tu re  b u t a l s o  th o s e  o b ta in e d  a t  low tem­

p e r a tu re  i f  a llow ance i s  made f o r  th e  r e d  s h i f t s  and narrow ing  o f  ban d s .

I f  a  c o r r e c t i o n ' i s  made f o r  p a r t i c l e  f l a t t e n i n g 2 1 » 22 th e  absorbance de­
c re a se s  a t  686 and 695 nm (F ig .3 .1 3 B ) b o th  have th e  same e x te n t  as th e

b le a c h in g  m e asu red .a t 703 nm. F la t t e n in g  f a c to r s  o f  2 .0 ,  1.1*, and 1 .0  ( P u l l e s ,

M .P .J . ,  p e rs o n a l com m unication; and r e f .  23) w ere ta k e n  f o r  absorbance d i f -
fe re n c e s  a t  68^ ,  690 and 703 nm, r e s p e c t iv e ly .

V arious in v e s t ig a to r s  have p re s e n te d  models o f  c h lo ro p h y ll complexes

which absorb  a t  700 nm ( r e f s .  11, 7 0 , 71 ) in  an e f f o r t  t o  e lu c id a te  th e  s t r u c ­
tu r e  o f  P700. N o rr is  e t  a l .  1 p roposed  a  model where P700 c o n s is ts  o f  two

c h lo ro p h y ll m olecu les com plexed by a  w a te r  m o lecu le . Tu70 su g g e sted  t h a t  P700

i s  a  complex o f  c h lo ro p h y ll  and f l a v i n .  Fong71 assumed th a t  P700 c o n s is t  o f  a

c h lo ro p h y ll dim er c o n ta in in g  two w a te r  m o le c u le s . Our a n a ly s is  o f  th e  abso rp ­

t i o n  d i f f e r e n c e  s p e c t r a  a t  110 K and t h a t  o f  van Gorkom e t  a l 61* a t  room tem­

p e r a tu re  in d ic a te  t h a t  th e  p h o to re a c tiv e  c h lo ro p h y ll ab so rb s a t  s i g n i f i c a n t ly

s h o r te r  w avelength  th a n  700 nm, e s p e c ia l ly  a t  room te m p e ra tu re . This in d ic a te s
t h a t  an a b s o rp tio n  band  n e a r  700 nm i s  n o t a  p ro p e r  c r i t e r i o n  f o r  a model o f
a  s p e c ia l  P700 d im er.
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CHAPTER IV

PHOTOSYSTEM 2 AT LOW TEMPERATURES

4.1. Introduction.
The m easu rem en ts  o f  l i g h t - i n d u c e d  r e a c t i o n s  o f  p h o to s y s te m  2 a t  low  tem ­

p e r a t u r e  w hich  h a d  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  c o n c e rn e d  m a in ly  t h e  ex­

t e n t  o f  t h e  a b s o rb a n c e , f lu o r e s c e n c e  an d  EPR ch an g es c a u se d  b y  th e  r e a c t a n t s

( r e f s .  1 - 8 ) .  A lth o u g h  s e v e r a l  p r o p e r t i e s  o f  p h o to s y s te m  2 w ere  e l u c i d a t e d  by

th e s e  m easu rem en ts  ( s e e  Ch. I ) ,  t h e  f i r s t  s tu d y  o f  t h e  k i n e t i c s  o f  s e v e r a l

f l a s h - in d u c e d  a b so rb a n c e  ch an g es  a t  low  te m p e ra tu re s  b y  F lo y d  e t  a l ?  i n d i c a t e d

t h a t  m easu rem en ts  o f  t h e  k i n e t i c s  may p ro v id e  u s e f u l  a d d i t i o n a l  in f o rm a t io n

a b o u t t h e  p h o to s y s te m .

I n  t h e  p r e s e n t  c h a p te r  r e s u l t s  o f  k i n e t i c  m easu rem en ts w ith  sp in a c h

c h lo r o p l a s t s  a t  10 — 180 K b y  o p t i c a l  and  EPR m ethods w i l l  b e  r e p o r t e d .  The

d a ta  i n d i c a t e  t h a t  t h e  r e a c t i o n  c e n te r s  o f  p h o to s y s te m  2 a r e  h e te ro g e n e o u s

w ith  r e s p e c t  t o  t h e  u l t i m a t e  e l e c t r o n  do n o r a t  low  te m p e r a tu r e .  F u r th e rm o re ,

th e  quantum  y i e l d  f o r  t h e  o x id a t io n  o f  th e s e  d o n o rs  was fo u n d  t o  b e  te m p e ra ­

t u r e  d e p e n d e n t and  r e l a t i v e l y  low  a t  low  te m p e r a tu r e s .  T h is  phenom enon w i l l

b e  e x p la in e d  by  t h e  o c c u r r e n c e  o f  a  b ack  r e a c t i o n  b e tw een  th e  o x id iz e d  p r i ­

m ary e l e c t r o n  d o n o r , P+6 8 0 , an d  th e  re d u c e d  p r im a ry  a c c e p t o r ,  Q“ . The r o l e  o f

an  in te r m e d ia r y  e l e c t r o n  dono r t o  P 680 w i l l  a l s o  b e  d is c u s s e d .

U nder s t r o n g ly  o x id i z in g  c o n d i t io n s  i r r e v e r s i b l e  p h o to o x id a t io n  o f

c h lo r o p h y l l  was d e te c te d  b y  o p t i c a l  and  EPR m e th o d s . T h is  r e a c t i o n  was a t t r i ­

b u te d  t o  p h o to o x id a t io n  o f  c h lo r o p h y l l  m o le c u le s ,  w h ich  fu n c t io n e d  as  u l t i ­

m ate  e l e c t r o n  d o n o rs  t o  p h o to s y s te m  2 u n d e r  c o n d i t io n s  w here no o th e r  dono r

was a v a i l a b l e .  Hew t r a n s i e n t  EPR s i g n a l s  n e a r  g = 2 w ere  o b se rv e d  a t  1 5 , 100

and  180 K ..T h e s e  s i g n a l s  a r e  a t t r i b u t e d  t o  P 6 8 0 , w h ich  was p h o to o x id iz e d
r e v e r s i b l y .

F i n a l l y , a  m odel f o r  t h e  e l e c t r o n  t r a n s p o r t  i n  and  n e a r  th e  r e a c t i o n

c e n te r  o f  p h o to s y s te m  2 w i l l  b e  p r e s e n te d .

4.2. Materials and methods.
C h lo r o p la s t s  w ere  o b ta in e d  from  m a rk e t s p in a c h  as d e s c r ib e d  e a r l i e r

( S e c t io n  2 . 1 ) .  O x id a t io n - r e d u c t io n  p o t e n t i a l s  o f  th e  s u s p e n s io n s  w ere  d e t e r ­

m ined a s  d e s c r ib e d  i n  S e c t io n  2 .3 .^* . W ith o p t i c a l  m easurem en ts and  a l s o  w ith

EPR m easu rem en ts  g ly c e r o l  was ad d ed  t o  t h e  su s p e n s io n s  i n  o r d e r  t o  o b ta in

sam p les w h ich  re m a in e d  c l e a r  g la s s e s  upon f r e e z in g  ( S e c t io n  2 . 3 . 3 ) .
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A bsorbance changes in  th e  re d  s p e c t r a l  re g io n  w ere m easured (s e e  S e c tio n

2 .3 .1 )  w ith  th e  sp li t-b e a m  sp e c tro p h o to m e te r  d e s c r ib e d  in  S e c tio n  2 .2 .2 .  The

a c t in i c  l i g h t  was f i l t e r e d  by a b lu e -g re e n  f i l t e r  co m b in a tio n , c o n s is t in g  o f

a  C orning U-96  g la s s  f i l t e r ,  a  585-nm s h o r t  p a s s  in te r f e r e n c e  f i l t e r ,  and a
C a lf le x  C h e a t  r e f l e c t i n g  f i l t e r .  For rea so n s  g iven  in  S e c tio n  3 .2  a p p ro p r ia te

com binations o f  S ch o tt RG and B a lz e rs  in te r f e r e n c e  f i l t e r s  were p la c e d  in  f r o n t

o f  th e  p h o to m u l t ip l ie r .  A bsorbance changes betw een 500 and 570 nm w ere m easured

w ith  th e  a p p a ra tu s  d e s c r ib e d  in  S e c tio n  2 .2 .1 •  The co n tin u o u s a c t i n i c  l i g h t
was f i l t e r e d  by a  re d  com bination  c o n s is t in g  o f  two 630 -nm in te r f e r e n c e  f i l ­

t e r s  , a  6hh -nm s h o r t  p ass  in te r f e r e n c e  f i l t e r  and a  C a lf le x  C h e a t  r e f l e c t i n g

f i l t e r .  In  some experim en ts we u sed  a n o th e r  r e d  f i l t e r  co m b in a tio n , which

tr a n s m it te d  a  h ig h e r  l i g h t  i n t e n s i t y  c e n te re d  n e a r  6U5 nm: B a lz e rs  K6 b ro ad

band  in te r f e r e n c e  f i l t e r , two S ch o tt RG 630 c u t - o f f  and a  C a lf le x  C f i l t e r .

The p h o to m u l t ip l ie r  was b lo c k ed  by  a  b ro a d  band b lu e —green  f i l t e r  com bination

(two C orning U-96  g la s s  f i l t e r s  and a 583 -nm s h o r t  p a s s  in te r f e r e n c e  f i l t e r ) .

F lu o re sce n ce  was m easured by use o f  th e  s in g le  beam a p p a ra tu s  (S e c tio n

2 .2 .1 )  as d e s c r ib e d  in  S e c tio n  2 .3 .2 .  The p h o to m u lt ip l ie r  was p ro v id e d  w ith

a  C orning U-77 c o lo re d  g la s s  f i l t e r  and a  S ch o tt 692-nm in te r f e r e n c e  f i l t e r .

EPR m easurem ents w ere perform ed as d e s c r ib e d  in  S e c tio n  2 .2 .3 .  The

m easurem ents d e s c r ib e d  in  S e c tio n s  U .3 .6  and U .3 .7  w ere a l l  perfo rm ed  a t  th e

B .C .P . Ja n sen  I n s t i t u t e ,  Amsterdam; th o s e  g iv en  in  S e c tio n  U .3 .5  w ere m ainly

done a t  ou r la b o ra to r y .

4 .3 . R e su lts .

4 .3 .1 . CSS03 cytochrome b55g and flu o rescen ce  y ie ld  changes a t  90 K.

C550 and cytochrome b ggg
The d i f f e r e n c e  spectrum  o f  absorbance changes n e a r  550 nm produced  by

i r r a d i a t i n g  a sam ple o f  dark —ad ap ted  sp in a ch  c h lo ro p la s ts  a t  90 K i s  shown in

F ig .U .1  (spec trum  A ). The spectrum  o b ta in e d  in  th e  p re se n c e  o f  0 .1 M p o ta ss iu m

f e r r ic y a n id e  i s  a lso  g iv e n  (spec trum  B ). We s h a l l  f i r s t  d is c u s s  spectrum  A.

The b le a c h in g  a t  556 nm i s  due to  th e  p h o to o x id a tio n  o f  cytochrom e b^
( r e f .  1 ) w h ile  th e  b le a c h in g  a t  5^7 and th e  absorbance in c re a s e  a t  5^3 nm in d i ­
c a te  th e  p h o to re d u c tio n  o f  Q ( r e f s .  2 , 10, 11) ;  th e  su b s tan ce  r e s p o n s ib le  f o r

th e  l a t t e r  changes i s  g e n e ra l ly  c a l l e d  C550 ( r e f .  2 ) .  At th e  s h o r t  w aveleng th

s id e  o f  th e  spectrum  r a th e r  la r g e  absorbance changes o c c u rre d  upon i l lu m in a ­

t i o n .  These a re  due to  l o c a l  f i e l d  e f f e c t s  (n e a r  518 nm) and to  absorbance

67



540
Wavelength, nm

F ig .4 .1 . Spectra  o f  l ig h t—induced absorbance changes o f  dark-adapted dhloro-
p la s t8  (1 mg chlorophyll,/m l) a t  90 K. A,  co n tro l;  B, +0.1 M K7Fe (CN)..

• • • • _  O  P
A c tin ic  i r r a t ia t io n :  A, 630 ran, 330 uW-cm ; B, broad band red  l ig h t3
630 -  710j 3 mW'Cm ,

• 12ch an g es , w hich a r e  caused  by photosystem -1  a c t i v i t y  (around  530 nm) , p robab­

ly  by p h o to o x id a tio n  o f  P700 ( c f .  r e f s .  13, 1U). The e x te n t  o f  th e s e  changes
i s  r e l a t i v e l y  sm a ll i n  th e  5^0 -  560 nm re g io n  . S ince th e  t o t a l  change ob­

se rv e d  a t  5^3 nm i s  abou t 20 % g r e a te r  th a n  tfc.at a t  5**7 nm (F ig .l+ .1 ) we assume

t h a t  th e  changes due to  P 700 e n la rg e d  th e  change a t  5^3 and d im in ish ed  th a t

a t  5^7 nm by abou t 10 %. With h ig h e r  i n t e n s i t i e s  o f  a c t i n i c  i l lu m in a t io n  th e

e f f e c t  o f  th e  changes due to  p h o to o x id a tio n  o f  P700 on th e  spectrum  betw een

5^0 and 560 nm may b e  somewhat g r e a te r  ( c f .  S e c tio n  3 .3 .^ ) .

In  th e  p re se n c e  o f  f e r r i c y a n id e  (F ig .U .1 , spectrum  B) th e  b le a c h in g  a t

556 nm was a b s e n t ;  cytochrom e (Em = 365 mV, r e f .  15) was o x id iz e d  p r io r
to  f r e e z in g .  The e x te n t o f  th e  C550 ch an g es , how ever, was th e  same. The
f e r r i c y a n id e  k ep t th e  redox  p o t e n t i a l  o f  th e  c h lo ro p la s t  su sp e n sio n  ( in  g ly ­

c e r o l )  a t  20 °C a t  +5^0 mV. Okayama and B u t l e r ^  have r e p o r te d  t h a t  th e  ex­

t e n t  o f  C550 changes d id  n o t depend on th e  redox  p o t e n t i a l  up to  UUo mV.

L o z ie r  and B u tle r^  have ob se rv ed  a s i g n i f i c a n t  d e c re a se  o f  t h i s  e x te n t  a t

p o t e n t i a l s  n e a r  800 mV. Curve B shows t h a t  such a  d e c re a se  does n o t o cc u r a t

5^0 mV. T his in d ic a te s  t h a t  a t  t h i s  p o t e n t i a l  Q i s  pho to red u ced  i r r e v e r s ib l y

to  th e  same e x te n t  as w ith o u t f e r r i c y a n id e .
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From th e  e x te n t  o f  th e  changes one may c a lc u la te  th e  amounts o f  Q and

cytochrom e b ^ g  which a re  p h o to c o n v erted  by th e  i l lu m in a t io n  a t  90 K i f  th e

s p e c i f ic  d i f f e r e n t i a l  e x t in c t io n  c o e f f i c ie n t s  a r e  known. A ccording to  r e f s .

17-19 th e  v a lu e  o f  t h i s  c o e f f i c ie n t  f o r  cytochrom e b_,-Q a t  room te m p e ra tu re
' _ i  _  1 > t  1 — 1

i s  16 mM -cm ; we assume t h i s  v a lu e  in c re a s e s  to  20 mM -cm due to  band

sh a rp e n in g  on co o lin g  to  90 K. The e x t in c t io n  c o e f f i c ie n t  f o r  th e  d if f e r e n c e

5^0-m inus-550 nm o f  C550 abso rbance changes a t  room te m p e ra tu re  was c a lc u -
1 “ 1

l a t e d  to  be 2 .2  mM -cm ( r e f .  13 ). At 90 K th e  C550 changes show a  maximum

a t  51*3 and a  minimum a t  5̂ *7 nm ( F ig .4 .1 ) ;  a t  room te m p e ra tu re  th e  maximum and

minimum a re  lo c a te d  a t  5^0 and 550 nm, r e s p e c t iv e ly  . This in d ic a te s  t h a t

th e  absorbance band  w hich , by a  sm a ll s h i f t  t o  s h o r te r  w av e len g th , causes th e
c

C550 absorbance changes0 , narrow s 2 .5  tim es  upon c o o lin g  from  room te m p e ra tu re

to  90 K. I f  th e  band  shape i s  G aussian  o r  L o re n tz ia n , and i f  th e  a r e a  under

th e  cu rve o f  th e  absorbance band  and th e  band s h i f t  a re  th e  same a t  room tem­

p e r a tu re  and a t  90 K, t h i s  im p lic a te s  t h a t  th e  e x te n t o f  th e  C550 absorbance

change in c re a s e s  (2 .5 )  tim es upon c o o lin g . T hus, th e  e x t in c t io n  c o e f f i c ie n t

f o r  th e  d if f e r e n c e  5^3-m inus-5^7 nm w i l l  be 13 mM ^cm  ̂ a t  90 K. U sing t h i s
v a lu e  and th e  d a ta  o f  Fig.1*.T we d e te rm in ed  th e  amount o f  p h o to red u ced  Q a t
90 K to  be one p e r  1+00 c h lo ro p h y ll m o le cu le s . From th e  same f ig u re  we l i k e ­

w ise  de term ined  th e  amount o f  p h o to o x id ize d  cytochrom e b ^ ^ . t e  be one p e r

815 c h lo ro p h y ll m o le c u le s . T h e re fo re  th e  m olar r a t i o  o f  p h o to c o n v e rted  Q and

cytochrom e b ^ g  appears t o  be 2 ; an d , i f  th e  c o n c e n tra t io n  o f  pho tosystem -2

r e a c t io n  c e n te rs  i s  eq u a l t o  t h a t  o f  Q, th e n  cytochrom e b ^ g  i s  p h o to o x id iz e d

in  o n ly  h a l f  o f  th e  t o t a l  amount o f  r e a c t io n  c e n te r s .  As can be seen  in
T able U .1 t h i s  r a t i o  may a ls o  be c a lc u la te d  from  th e  r e s u l t s  o f  m easurem ents

r e p o r te d  by s e v e r a l  o th e r  in v e s t i g a to r s ,  u s in g  th e  e x t in c t io n  c o e f f ic ie n ts

g iv e n  above.
The v a lu e s  o f  th e  r a t i o s  c h lo ro p h y ll  p e r  Q and c h lo ro p h y ll  p e r  cytochrom e

bj.^g w ere found to  be w id e ly  d i f f e r e n t  f o r  d a ta  o b ta in e d  a t  low te m p e ra tu re s

a t  v a r io u s  la b o r a to r ie s  (Table U. 1 ) . T his i s  p ro b ab ly  due to  d i f f e r e n t  f re e z in g
te c h n iq u e s  g iv in g  d i f f e r e n t  amounts o f  c i y s t a l l i z a t i o n  o f  th e  sam ples. As has

31been  d isc u sse d  by B u t le r  th e  o p t i c a l  p a th le n g th  i s  s t r o n g ly  dependent on
th e  amount o f  s c a t t e r in g  (se e  a l s o  S e c tio n  2 .U .2 ) . We have m easured th e  ab­
so rbance  a t  550 nm w ith  sam ples c o n ta in in g  sp in ach  c h lo ro p la s ts  w ith  and

w ith o u t g ly c e r o l ,  which w ere f ro z e n  s low ly  o r  r a p id ly .  The absorbance was

found to  vary  betw een 0 .1  and 1 .5  f o r  th e  same c o n c e n tra t io n  o f  c h lo ro p la s ts

(0 .1  mg c h lo ro p h y ll/m l)  in  a  1-mm c u v e t te .  The f i r s t  number was o b ta in e d  a f t e r
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Table 4.1. MOLAR RATIO OF Q TO CYTOCHROME Bcc .559
Amounts o f  Q and cytochrome b55g per chlorophyll were ca lcu la ted  from
measurements o f  ligh t-induced  absorbance changes between 540 and 560 ran
w ith  (spinach) chloroplasts as reported in  the l i te ra tu re . E xtinction
c o e ffic ie n ts  used were: C550 a t  room temperature: 2.2 mtf^cnT1 fo r  the
d ifference  540-minus-550 ran; C550 a t  77 -  100 K: 7 and 13 rrM^crn1 fo r
543 ran and fo r  the d iffe ren ce  543 minus 547 ran, re sp ec tiv e ly ;  20

•“2 — ^

mM •am a t 556 ran fo r  cytochrome f c . . .  a t 77 -  100 K.
o o 9

A, room  te m p e ra tu re

C hl/Q rem ark s r e f s .

100 a 2

l+oo a 1 3 , 2 0 , 21
200 a 2 2 , 23

200 f 2k

B, 77 -  100 K

C hl/Q C h l/c y t c y t/Q rem ark s r e f s .

1+00 815 0.1+9 b t h i s  t h e s i s
1+00 81+0 0.1+8 b 2 5 , 26
100 190 0 .5 2 c , 27 ,  28
180 350 0 .51 b ,  c 16

10 19 0 .5 3 c 15
126 169 0 .7 5 c ,  e 3
26 33 0 .8 c 29
- - 1 .0 c 5
- - 1 .0 c , d 30

1+75 280 1 .7 b 2

x  a ,  + f e r r i c y a n i d e

b , su sp e n d e d  i n  g ly c e r o l

c ,  w ith  e s t im a te d  b a s e l in e

d ,  i n t a c t  sp in a c h  le a v e s

'■ e ,  p e a  c h lo r o p la s t s

f ,  + DCMU p r e i l l u m i n a t e d

TO



slow  c o o lin g  in  th e  p re se n c e  o f  g ly c e r o l ,  th e  second one a f t e r  r a p id  f re e z in g

w ith o u t g ly c e r o l .  T his in d ic a te s  t h a t  an in c re a s e  o f  th e  o p t i c a l  p a th le n g th

hy a  f a c to r  o f  up to  15 may he o b ta in e d  by c r y s t a l l i z a t i o n .  As in  o u r sam ples

th e  p a th le n g th  was th e  same a t  room te m p e ra tu re  and a t  77 K (S e c tio n  2 .3 .3 ) ,
we may assume t h a t  ou r v a lu e s  o f  th e  r a t i o s  c h lo ro p h y ll p e r  Q and p e r  cytochrom e

11(.
t> a re  n o t a f f e c te d  by t h i s  phenomenon. I t  has b een  n o te d  t h a t  th e  p re se n c e

o f  g ly c e ro l  co n v e r ts  abou t one h a l f  o f  th e  cytochrom e b ^  from  th e  h ig h
p o t e n t i a l  (E = 365 mV) to  a lo w e r - p o te n t ia l  form . The p re se n ce  o f  g ly c e r o l ,
* m _
how ever, does n o t in f lu e n c e  th e  r a t i o  o f  o x id iz e d  cytochrom e b „< j p e r  Q , as

can b e  seen  in  T able U .f .  From th e  d a ta  g iv en  in  some r e p o r t s  a  r a t i o  o f  about

ope can b e  c a lc u la te d  f o r  th e  amounts o f  p h o to c o n v erted  Q and cytochrom e b < .^

a t  77 -  100 K. The re a so n  f o r  t h i s  i s  n o t c l e a r .
S e v e ra l in v e s t ig a to r s  have r e p o r te d  d a ta ,  o b ta in e d  a t  room te m p e ra tu re ,

from w hich a r a t i o  o f  abou t 200 c h lo ro p h y ll m olecu les p e r  Q can be c a lc u la te d

(w ith  - q = 2 .2  mM- ^cm” ^) .  F or c h lo ro p la s ts  which were n o t t r e a t e d  w ith

d e te rg e n t th e  d i f f e r e n c e  s p e c t r a  a re  n o t as c l e a r  as a t  low te m p e ra tu re s , so

th e  c o n t r ib u t io n  o f  o th e r  components to  th e  absorbance changes canno t b e  ex -
13 •e lu d ed . The spectrum  ob se rv ed  by van Gorkom e t  a l  w ith  d e o x y c h o la te - tre a te d

c h lo ro p la s ts  a t  room te m p e ra tu re  i s  c l e a r ly  due to  C550 o n ly . F u rth e rm o re ,

th q ro b ta in e d  r a t i o s  o f  one to  one f o r  th e  amounts o f  Q (C550) p e r  reduced

p la s to se m iq u in o n e  and p e r  o x id iz e d  r e a c t io n  c e n te r  c h lo ro p h y ll  w ith  e^ q_ ĉ q

eq u a l t o  2 .2  mM- 1 cm- 1 . T h e re fo re , t h i s  v a lu e  f o r  th e  e x t in c t io n  c o e f f i c ie n t

o f  C550 a t  room te m p e ra tu re  was ta k e n .

Changes in  fluorescence y ie ld ; k in e tic s .
Time co u rses  o f  th e  absorbance changes a t  5**3 and 556 nm and o f  th e

f lu o re sc e n c e  y i e ld  change a t  692 nm d u rin g  i r r a d i a t i o n  o f  sam ples o f  c h lo ro ­

p l a s t s  (w ith o u t f e r r i c y a n id e ) w ith  (630 nm) a c t in i c  l i g h t  a t  90 K a re  shown

in  F ig .U .2 . The absorbance d e c re a se  o f  C550 a t  5^7 nm o c c u rre d  w ith  e x a c t ly

th e  same k in e t i c s  as th e  absorbance in c re a s e  a t  5**3 nm (n o t shown). The r a t e

o f  b le a c h in g  a t  556 nm was a p p re c ia b ly  slow er th a n  th e  r a t e  o f  absorbance

in c re a s e  a t  5U3 nm. The k in e t i c s  o f  th e  f lu o re sc e n c e  y i e l d  change were

e s s e n t i a l l y  th e  same as  th e  k in e t i c s  o f  th e  556-nm abso rbance change. The
p h o to re d u c tio n  o f  Q appears t o  be f a s t e r  th a n  th e  p h o to o x id a tio n  o f  cytochrom e

b a t  90 K, and th e  f lu o re sc e n c e  y i e l d  in c re a s e  appears t o  fo llo w  th e
p h o to o x id a tio n  o f  cytochrom e b c[-0 , n o t th e  p h o to re d u c tio n  o f  Q.

. 15
T h is i s  in  agreem ent w ith  th e  o b se rv a tio n  o f  Okayama and B u t le r  t h a t

th e  f lu o re sc e n c e  y i e l d  o f  sp in ach  c h lo ro p la s ts  a t  te m p e ra tu re s  n e a r  80 K i s
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A A 543
A A=0.002

A A 556

■10sec— h

Fig.4.2. Time course of absorbances at 543 and 556 ran and of fluorescence at

692 ran during irradiation of chloroplasts (1 mg chlorophyll/ml) with 630

ran actinic light (165 \iW-cm ) at 90 K. Actinic irradiation on at upward

arrows. Vertical lines indicate half times. Downward changes reflect ab­

sorbance increases.

not only determined by the redox state of Q, hut also hy the state of the donor
side of photosystem 2.

The measurements of the absorhance and fluorescence presented in Fig.4.2
were all made with identical samples, actinic light and optical geometry so
that the rate of change of absorbance and fluorescence could be compared (see
Section 2.4.3). In our experiments the 630-nm actinic light was absorbed some­
what more strongly than the 692-nm fluorescence band, so that fluorescence
measurements might favour regions of the sample that had a slightly higher
than average light intensity (and therefore slightly faster kinetics). Thus,
if there is a discrepancy in the comparison of the absorbance and fluorescence
kinetics, fluorescence changes will appear faster than the corresponding ab­
sorbance changes. Experimental tests comparing the kinetics at different
fluorescence wavelengths, however, indicated that this discrepancy is negli­
gible with the actinic and fluorescence passbands used.

The effect 'of ferricyanide (Efa = 540 mV) on the kinetics of the changes
of the absorbance at 543 nm and of the fluorescence yield upon illumination
with continuous 630-nm light at 90 K are shown in Fig.4.3. The upper curves
demonstrate that the reduction of Q was not significantly affected by the
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control

A A=0.002

control

I—  10s

Fig.4.3. Time course o f dbsorbanoe at 543 m  and o f relative fluorescence
yield  at 692 m  measured at 90 K with samples with and without 80 mM

. 0
K7Fe(CN)„ present. Actinia irradiation: 630 m 3 150 \iW-cm . The ampli-

o 0
fication for the lover fluorescence curve was twice that o f the upper
curve. Note also the differences in  time scales.

p rese n ce  o f  th e  o x id a n t.  The average o f  s e v e r a l  experim en ts in d ic a te d  t h a t ,
g e n e r a l ly ,  th e  h a l f  tim e  o f  th e  absorbance change was s l i g h t l y  lo n g e r  (20 %)

w ith  th a n  w ith o u t f e r r i c y a n id e .  The f lu o re sc e n c e  y i e l d  change was sm a lle r  and

f a s t e r  w ith  th a n  w ith o u t f e r r ic y a n id e  (n o te  th e  d i f f e r e n t  a m p lif ic a t io n  f o r

th e  two low er c u rv e s ) .  The i n i t i a l  f lu o re sc e n c e  l e v e l ,  F , how ever, was no t

a f f e c te d .  A d e c re a se  by a  f a c to r  o f  two f o r  th e  e x te n t  o f  th e  f lu o re sc e n c e

y ie ld  change due to  th e  p re se n c e  o f  f e r r ic y a n id e  has a ls o  b een  r e p o r te d  by
1 C OA AA 1 C

o th e r  in v e s t ig a to r s  3 * ’ . Okayama and B u tle r  3 e x p la in e d  th e  phenomenon
by th e  assum ption  t h a t  th e  f lu o re sc e n c e  y i e ld  may a l s o  b e  de term ined  by th e

redox  s t a t e  o f  th e  donor s id e  o f  p ho tosystem  2.

The o b se rv a tio n  o f  a s h o r te r  h a l f  tim e w ith  th a n  w ith o u t f e r r i c y a n id e  i s
. 32m  c o n t r a s t  w ith  m easurem ents r e p o r te d  by Mur a t  a e t  a l ,  . The absence o f  an

e f f e c t  o f  f e r r ic y a n id e  on F i s  in  agreem ent w ith  m easurem ents o f  Okayama and
15 33 ^B u tle r  . M alkin e t  a l .  , how ever, r e p o r te d  a  d e c re a se  o f  th e  Fq l e v e l  in  th e
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p re s e n c e  o f  f e r r i c y a n i d e ,  w h ich  was e x p la in e d  hy  t h e  h y p o th e s is  t h a t  a  se c o n ­

d a ry  d o n o r w i th  a  m id p o in t o x id a t io n - r e d u c t i o n  p o t e n t i a l  o f  1+75 mV ( r e f s .  ^
and  8 )  q u en ch es  f lu o r e s c e n c e  i n  i t s  o x id iz e d  s t a t e .  We h av e  a l s o  o b se rv e d  a

d e c re a s e  o f  t h e  Fq l e v e l  ( s e e  F i g . 5 i n  r e f .  3h) upon a d d i t i o n  o f  f e r r i c y a n i d e

i f  we u s e d  l+60-nm l i g h t  t o  e x c i t e  t h e  f l u o r e s c e n c e .  A bout t h e  same w a v e le n g th

o f  e x c i t a t i o n  (1+75 -  U80 nm) was u s e d  i n  r e f s .  32 and  3 3 ; Okayama and  B u t l e r

( r e f .  1 5 ) ,  h o w ev e r, u s e d  630-nm  l i g h t  l i k e  we d id  f o r  F ig .l+ .3 .  T h is  w ou ld

s u g g e s t  t h a t  t h e  e f f e c t  i s  due t o  l i g h t  a b s o r p t io n  b y  f e r r i c y a n i d e .  M a lk in ,

h o w e v e r, o b s e rv e d  a l s o  a  lo w e r in g  o f  f lu o r e s c e n c e  by  f e r r i c y a n i d e  upon e x c i ­

t a t i o n  w ith  l i g h t  o f  lo n g e r  w a v e le n g th s  ( p e r s o n a l  co m m u n ic a tio n ) .

A b so rp tio n  by f e r r ic y a n id e  may a l s o  e x p la in  th e  d isc re p an c y  betw een th e  h a l f
32

tim e s  g iv e n  by  M u ra ta  e t  a l .  an d  th o s e  i n  F ig .l+ .3 .  I n  a c c o rd a n c e  w ith  t h i s ,

t h e  Fq l e v e l  i n  r e f .  32 was r e p o r te d  t o  b e  s l i g h t l y  d e p re s s e d .

I n te n s i ty  dependence.

The i n t e n s i t y  d ependence  f o r  t h e  r a t e  o f  t h e  ch an g es o f  t h e  a b so rb a n c e  a t

5 1 8 , *5l+3, 5l+7 and  556 nm and  o f  t h e  f lu o r e s c e n c e  y i e l d  a r e  shown i n  Fig.l+,1+.

Che ch an g es  a t  51+3 and  51+7 nm h a d  t h e  same h a l f  t im e s  o v e r  t h i s  ra n g e  o f  i n -

0.5 1.0 1.5
Intensity (mW-cm"2)

F ig .4 .4 . I n te n s i ty  dependence o f  the  ra te s  (rec iproca l h a l f  tim es) o f  the
changes o f  the  absorbance a t  518 (O), 543 (o) ,  547 (5) and 556 nm (a)
and o f  the  flu o rescen ce  a t  692 nm (V). I r ra d ia tio n  w ith  the  broad band
red  a c t in ic  source or w ith  630-nm t ig h t .
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t e n s i t i e s ,  which dem onstra ted  t h a t  th e s e  changes w ere no t s ig n i f i c a n t ly  in ­

flu e n c e d  hy o th e r  p h o to re a c tio n s  th a n  th o s e  o f  Q (C550). F u rth e rm o re , th e

changes o f  th e  absorbance a t  556 nm and o f  th e  f lu o re sc e n c e  y i e l d  w ere a ls o
found to  have th e  same h a l f  tim es a t  th e s e  i n t e n s i t i e s .  At i n t e n s i t i e s  below

—20 .5  mW-cm-  th e  changes a t  518 and 5^3 nm had  s im i la r  h a l f  t im e s .  V erm eglio
• 12and M athis have r e p o r te d  t h a t  th e  k in e t i c s  o f  th e  change a t  518 nm a re  n e a r­

ly  i d e n t i c a l  t o  th o se  a t  5̂ *2 nm. F ig .U .U , how ever, shows t h a t  th e  518 nm

change may be tw ic e  as f a s t  as t h a t  a t  5^3 nm a t  h ig h e r  i n t e n s i t i e s . At th e
“•2low er i n t e n s i t i e s ,  below  0 .2  mW-cm , th e  q u as i r a t e  c o n s ta n ts  ( r e c ip r o c a ls

o f  th e  h a l f  t im e s )  o f  th e  p h o to c o n v ers io n  o f  b o th  Q and cytochrom e b___ w ere

p ro p o r t io n a l  t o  l i g h t  i n t e n s i t y .  I t  can be seen  t h a t  th e  p h o to re a c tio n s  had

d i f f e r e n t  r a t e  c o n s ta n ts  even a t  th e  lo w es t i n t e n s i t i e s .  A ccording t o  M athis
28e t  a l .  t h i s  ty p e  o f  r e s u l t  i s  no t c o n s is te n t  w ith  models o f  pho tosystem  2

28w ith  on ly  one l i g h t  r e a c t io n ;  th e  d a ta  w ere ta k e n  to  in d ic a t e  t h a t  th e

c o n v e rs io n  o f  Q and o f  cytochrom e b u p o n  i r r a d i a t i o n  o f  sp in ach  c h lo ro -

p l a s t s  a t  90 K in v o lv e s  two d i f f e r e n t  p h o to r e a c t io n s .  E rixon  and B u tle r^  have

dem o n stra ted  t h a t  th e  a b i l i t y  t o  p h o to o x id iz e  cytochrom e b ^ .^  a t  77 K i s  c o r ­

r e l a t e d  w ith  th e  e x te n t  o f  th e  .0550 change in  th e  dark  upon chem ical re d u c tio n

o f  Q p r i o r  to  f r e e z in g .  T his may in d ic a te  t h a t  th e  two l i g h t  r e a c t io n s  have a

common p rim ary  e le c t ro n  a c c e p to r .  We w i l l  show l a t e r  t h a t  th e  p rim ary  e le c t r o n

donor i s  a l s o  th e  same in  a l l  c e n te r s .  T h e re fo re , i n  c o n t r a d i s t i n c t io n  to
28M athis e t  a l .  we conclude t h a t  th e r e  i s  one l i g h t  r e a c t io n ,  b u t t h a t  th e re

a re  two d i f f e r e n t  ty p e s  o f  r e a c t io n  c e n te rs  w ith  d i f f e r e n t  secondary  e le c t ro n

d o n o rs . A model o f  pho tosystem  2 to  accoun t f o r  th e s e  and o th e r  r e s u l t s  w i l l

be d is c u s se d  in  S e c tio n  U .U .3.
—2At i n t e n s i t i e s  above 0 .3  mW-cm (F ig .U .U ) th e  p h o to re a c tio n s  ap peared  to

be l e s s  e f f i c i e n t .  One would expect t h a t  th e  r a t e  o f  p h o to re d u c tio n  o f  Q sh o u ld

be l i n e a r l y  p r o p o r t io n s !  t o  l i g h t  i n t e n s i t y  and t h a t  th e  r a t e  o f  o x id a tio n  o f

cytochrom e b^^„ sh o u ld  l e v e l  o f f  a t  a  maximal r a t e  de term ined  by th e  r a t e

c o n s ta n t o f  t h i s  r e a c t io n .  The d ec rease  o f  th e  s lo p e  o f  th e  r a t e - v e r s u s - in te n -

s i t y  cu rve o f  C550 a t  h ig h e r  i n t e n s i t i e s  would be e x p la in e d  by a back  r e a c t io n

betw een th e  p h o to p ro d u cts  w hich i s  s t im u la te d  a t  h ig h e r  l i g h t  i n t e n s i t i e s .  We
have no d i r e c t  ev idence  f o r  such a  pho tochem ica l p ro c e s s .  The s lo p e  o f  th e

r a t e - v e r s u s - i n t e n s i t y  cu rve  o f  th e  absorbance change a t  518 nm d ec reases  l e s s

w ith  in c re a s in g  i n t e n s i t y .  T h is may b e  e x p la in e d  by a  c o n t r ib u t io n  t o  t h a t

change o f  a photosystem -1 r e a c t io n .  In  agreem ent w ith  t h i s  ( s e e  S e c tio n  3 .3 .1 ) ,

i t  was ob se rv ed  t h a t  th e  change was p a r t l y  r e v e r s i b le .
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28M athis e t  a l .  have a l s o  re p o r te d  m easurem ents o f  th e  in t e n s i t y  depen-

They d id  n o t observe a  d e p a r tu re  from  l i n e a r i t y  f o r  th e  re d u c tio n  o f  C550

a t  th e  h ig h e r  i n t e n s i t i e s .  S ince th e  average l i g h t  i n t e n s i t y  th ro u g h  a

sam ple i s  s t ro n g ly  a f f e c te d  by l i g h t  s c a t t e r in g  (S e c tio n  2 . I t.2 ) ,  t h i s  d i f ­

fe re n c e  may p a r t l y  be due t o  th e  u se  o f  c r y s t a l l i z e d  sam ples by M athis e t  al.,

w hereas c l e a r  g la s s  sam ples w ere u sed  f o r  F ig .U .It. T h is i s  su p p o rted  by a

com parison o f  th e  h a l f  tim es  shown in  F ig .l t .i t  and in  r e f .  28 a t  a g iven

l i g h t  i n t e n s i t y :  th e  h a l f  tim es w ith  th e  c r y s t a l l i z e d  sam ples a re  3 -  It tim es
lo n g e r  th a n  th o s e  o f  th e  t r a n s p a r e n t  sam ples.

4 .3 .2 . Secondary e le c tro n  donors a t  170 K.
The e f f e c t  o f  te m p e ra tu re  on th e  low te m p e ra tu re  p h o to re a c tio n s  i n  th e

range  from  90 — 170 K i s  in d ic a te d  in  F ig s .I t .5 and I t.6 . The p h o to re d u c tio n  o f

Q ( F ig . I t .5 , C550) showed l i t t l e  te m p e ra tu re  dependence o v er t h i s  ra n g e . The
absorbance change may be somewhat l a r g e r  a t  90 K because  th e  a b s o rp tio n  band

o f  C550 i s  s h a rp e r  and n arrow er a t  th e  low er te m p e ra tu re . The average o f  a
number o f  ex perim en ts  in d ic a te d  t h a t  th e  r a t e  a t  170 K was ap p ro x im ate ly  30 I
f a s t e r  th a n  th e  r a t e  a t  90 K. The te m p e ra tu re  dependence o f  th e  p h o to o x i­

d a t io n  o f  cytochrom e b _ ^  i s  a l s o  shown in  F ig .U .5  (n o te  th e  d i f f e r e n t  tim e

s c a l e s ) .  The maximal absorbance change a t  556 nm was g e n e ra lly  found a t  tem -

dence o f  th e  r a t e  o f  p h o to c o n v ers io n  o f  C550 and cytochrom e b

C 550

AA=Q002

F ig .4 .5 . Time course o f  absorbance
a t 543 and 556 nm during ir r a -

W -2 s —»t d ia tio n  w ith  630-nm a c t in ic  l ig h t

cytochrome b^gg
a t  the tem peratures in d ica ted .
V e r tic a l l in e s  in d ic a te  h a l f
tim es. Downward changes r e f l e c t
absorbance in crea ses .

t
17HK f

M= 0.002
t

* - 5 s  -w
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p e r a tu re s  'below 110 K. Less cytochrom e b w a s  o bserved  above 110 K and l i t t ­

l e  o r  no o x id a tio n  o f  cytochrom e o c c u rre d  a t  170 K. At a g iven  l i g h t  in te n ­

s i t y ,  th e  h a l f  tim e o f  th e  p h o to o x id a tio n  r e a c t io n  was e s s e n t i a l l y  independen t

Of te m p e ra tu re  betw een 80 and 170 K.

In  agreem ent w ith  r e s u l t s  o b ta in e d  by o th e rs  a t  220 K ( r e f s .  2 7 , 35) we
o bserved  p h o to o x id a tio n  o f  th e  "norm al" amount o f  cytochrom e b a t  170 K

w ith  c h lo ro p la s ts  t h a t  had been p r e i l lu m in a te d  w ith  two f la s h e s  j u s t  b e fo re

c o o lin g .
The e f f e c t  o f  te m p e ra tu re  on th e  l ig h t - in d u c e d  f lu o re sc e n c e  y i e l d  change

i s  shown in  F ig .k .6 .  The r a t e  o f  th e  f lu o re sc e n c e  in c re a s e  showed an ap p re­

c ia b le  te m p e ra tu re  dependence b e in g  about 3 -  ** tim es f a s t e r  a t  170 K th a n  a t

90 K. The approach to  th e  f i n a l  l e v e l  F was a l s o  much s lo w er a t  th e  low er
®  36 37

te m p e ra tu re s . I t  has been  r e p o r te d  by J o l i o t  and J o l io t" 3 9 J  and by Amesz
35 .e t  a l .  t h a t  th e  h a l f  tim e o f  th e  f lu o re sc e n c e  y i e ld  changes a t  230 K was

3 -  4 tim es s h o r te r  w ith  d a rk -a d a p te d  c h lo ro p la s ts  th a n  w ith  c h lo ro p la s ts
w hich had  been  p r e i l lu m in a te d  w ith  two s a tu i a t i n g  f la s h e s  p r i o r  t o  f r e e z in g .

35Amesz e t  a l .  showed t h a t  t h i s  a l s o  occu rs a t  170 K. Comparison o f  F ig .U .5

and k .6  shows t h a t  a t  170 K w ith  d a rk -a d a p te d  sp in ach  c h lo ro p la s ts  th e  tim e

co u rse  o f  th e  f lu o re sc e n c e  y i e l d  in c re a s e  i s  v ery  s im i la r  t o  th e  tim e cou rse
o f  th e  p h o to re d u c tio n  o f  Q.

F ig .U .7  shows th e  dependence o f  th e  f lu o re sc e n c e  r i s e  curve on th e  tem­

p e r a tu r e .  A r a th e r  la rg e  change in  th e  r a t e  o f  f lu o re s c e n c e  in c re a s e  o c c u rre d

betw een 110 and 170 K. A s im i la r  te m p e ra tu re  dependence o f  th e  f lu o re sc e n c e

170 K

Fig. 4 .6 . Time course o f  flu o rescen ce  o f  ch lo ro p la s ts  (1 .0  mg ch lo ro p h y ll/m l in
1-mm c u v e tte )  a t  692 ran during ir r a d ia tio n  w ith  630-ran a c t in ic  l ig h t  (0.1

—2mW-cm ) a t  the tem peratures in d ic a te d .
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Fig. 4. 7. Half times o f light-induced fluorescence increase as a function o f
temperature. The fluorescence was measured with dilute (0.05 mg ahloro-
phyll/ml in  1-mm cuvette) samples, therefore the half times are about 4
times faster than those shown in  Fig. 4.6. Actinic light: 630 ran, 0.1
mW'Cm .

in d u c t io n  c u rv e  h a s  been  r e p o r t e d  p r e v i o u s l y ^  ^ . Our r e s u l t s  show t h a t  con­

t r a r y  t o  t h e  e a r l i e r  h y p o th e s e s ^   ̂ t h e  e f f e c t  i s  n o t  r e l a t e d  t o  t h e  e f f i ­

c ie n c y  o f  t h e  p r im a ry  p h o to r e a c t i o n ,  s i n c e  th e  p h o to r e d u c t io n  o f  t h e  p r im a ry

a c c e p to r  h a s  no su ch  te m p e ra tu r e  d ependence  h u t  t h a t  i t  i s  c o r r e l a t e d  w ith

th e  o x id a t io n  o f  a  s e c o n d a ry  e l e c t r o n  do n o r t o  p h o to s y s te m  2 . At te m p e ra tu re s

be lo w  110 K cy toch rom e b_,_g i s  t h e  e l e c t r o n  d o n o r , t h e  r a t e  o f  i t s  d o n a tio n

i s  te m p e ra tu re  in d e p e n d e n t . Our d a ta  i n d i c a t e  t h a t  a s  t h e  te m p e ra tu re  i s  i n ­

c r e a s e d  i n  t h e  ra n g e  from  110 t o  170 K a n o th e r  e l e c t r o n  d o n o r , D „, w h ich  h a s

a  te m p e ra tu r e  d ep en d en t r a t e  o f  d o n a tin g  e l e c t r o n s  t o  p h o to s y s te m  2 ,  ta k e s

o v e r  from  cy toch rom e b  ̂  ̂  • Above 170 K th e  c h a rg e  s e p a r a t i o n  i n  th e  p h o to ­

sy s te m  2 r e a c t i o n  c e n te r  i s  s t a b i l i z e d  b y  o n ly .  A t 170 K , th e  r a t e  con­

s t a n t  f o r  Dg o x id a t io n  i s  3 -  U t im e s  h ig h e r  th a n  t h a t  f o r  th e  o x id a t io n  o f

cy toch rom e b • I t  s h o u ld  b e  n o te d  th a t; t h e  o b s e r v a t io n  o f  a  te m p e ra tu re  i n ­

d ep en d en t r a t e  f o r  t h e  o x id a t io n  o f  cy tochrom e b ^ a n d  o f  a  te m p e ra tu re

d ep en d en t e l e c t r o n  d o n a tio n  t o  p h o to s y s te m  2 in d i c a t e s  t h a t  D_ does n o t  r e a c t

w i th  t h e  same o x id iz e d  s p e c ie s  as cy tochrom e b _ „  does a t  90 K. T h e r e f o r e ,  one

m ig h t assum e t h a t  t h e  p h o to o x id a t io n  o f  cy toch rom e b,-,-^ o c c u rs  v i a  an i n t e r ­

m e d ia te  se c o n d a ry  d o n o r w hich  com petes w ith  Dg. From th e  d a ta  o f  F i g . 1+.7 an
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2 sec

Fig. 4.8. Time course of fluorescence increase of ahloroplasts (0.05 mg ckloro-

phyll/ml) at 170 K frozen without (FI.A.) and with (FeCN) 2 mM potassium

ferricyanide.

activation energy of about' 1.0 kcal can be calculated for the oxidation of Dg.
The above results on the temperature dependence of cytochrome b _ „  photo­

oxidation could be taken to suggest that the donor which functions above 170 K
is the normal physiological donor to photosystem 2 and that electron donation
by cytochrome b a t  lower temperature is an artificial reaction. If so, we
would expect ferricyanide (2mM) to have no effect on fluorescence induction
at 170 K, as such a low concentration was also found to have no effect on the
fluorescence curve with chloroplasts in the presence of DCMU (10 M) at room
temperature (not shown). Fig. 4.8 shows that the ferricyanide effect on flu­
orescence is essentially the same at 170 K as it was at 77 K (ref. 15»
Fig.U.3); in the presence of ferricyanide added before freezing the ratio
F /F is decreased from about 4.0 to 2.0. The basis of the ferricyanide effectm o
on fluorescence is thus subject to the same speculations that were given pre­
viously (ref. 15).

4.3.3. A slow recovery of photo system-2 reactions at 90 K.

A dark decay of the high fluorescence yield condition at low temperatures
was shown in Fig.4.6. There was a slow decrease of the fluorescence yield even
at 77 K as shown by the effect of a 30-s dark period. A slow dark oxidation of
the photoreduced Q, concomitant with the decrease of fluorescence yield
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recovery

o C 550
°  F 692

^8 0  min.300
Darktime (s)

Fig. 4.9. Kinetics upon darkening o f absorbance at 543 and 547 nm (0, C550)
and o f the fluorescence yie ld  at 692 nm (a, F692) a fter illumination

"*2(630 ran, 1 mW-am , 30 s) at 90 K with spinach chloroplasts. Extents are
given as percentages o f the change in  signal obtained at the f i r s t  light
period at 90 K.

(F ig .U .9 ) ,  a l s o  o c c u rre d  under th e s e  c o n d i t io n s .  The decay seemed t o  be f i r s t -

o rd e r , th e  h a l f  tim e was found to  be 1 .5  m in. The e x te n t  o f  th e  decay was about

50 % o f  th e  e x te n t  o f  th e  t o t a l  change a t  th e  f i r s t  i l lu m in a t io n  p e r io d  a t
32

90 K. M urata e t  a l .  have r e p o r te d  a s im i la r  tim e co u rse  o f  dark  reco v ery  o f

f lu o re sc e n c e  in d u c tio n  a t  77 K. No reco v ery  o f  cytochrom e b „ g  r e a c t io n s  was
o b se rv ed . The decay was n o t a f f e c te d  by DCMU o r  f e r r i c y a n id e .

The tim e co u rse  o f  th e  f lu o re sc e n c e  y i e ld  upon a  second i l lu m in a t io n  a t
90 K (F ig . l t .6 )  was much f a s t e r  th a n  t h a t  upon th e  f i r s t  i l lu m in a t io n  p e r io d .

The h a l f  tim e o f  th e  r i s e  was found to  be s im i la r  t o  t h a t  o f  th e  absorbance

changes a t  5^3 and 5^7 nm. T h e re fo re , a t  th e  second l i g h t  p e r io d  th e  f l u ­

o re sc en c e  y i e ld  seemed to  be quenched by th e  a c c e p to r  s id e  o f  pho tosystem  2
o n ly .

The o b se rv a tio n  t h a t  on ly  h a l f  o f  th e  changes o f  C550 and o f  th e  f l u ­
o resc en c e  y i e l d  re c o v e r  in  th e  dark  a t  low te m p e ra tu re s ,  su p p o rts  th e  hypo­

t h e s i s  t h a t  th e r e  a re  two ty p e s  o f  pho tosystem -2  r e a c t io n  c e n te rs  a t  low tem­

p e r a tu re s  , which a re  p re s e n t  in  eq u a l am ounts, and which a re  d i f f e r e n t  w ith
re s p e c t  to  t h e i r  donor s id e s  o n ly . T his i s  a ls o  su p p o rted  by th e  absence o f
a rec o v e ry  o f  th e  p h o to o x id a tio n  o f  cytochrom e b g „ .
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F u rth e rm o re , on ly  r e a c t io n  c e n te rs  w hich p h o to o x id iz e  cytochrom e b^,.^ a t

90 K seem to  have a  f lu o re sc e n c e  y i e ld  w hich depends on th e  redox  s t a t e  o f

th e  donor s id e .
The c lo se  r e l a t io n s h ip  betw een th e  e x te n ts  o f  th e  decay o f  th e  changes o f

th e  absorbance a t  5I+3 and 5U7 nm and o f  th e  f lu o re s c e n c e  y i e l d  in d ic a t e  t h a t

a t  90 K th e r e  i s  no energy  t r a n s f e r  betw een p h o to s y n th e tic  u n i t s ,  as has  been
1+2 1+3p roposed  by J o l i o t  and cow orkers * . T h is  may a l s o  be concluded  from th e

m easurem ents o f  th e  f l a s h —induced  changes as g iv e n  in  th e  p re v io u s  s e c t io n .

4 .3 .4 .  Quantum e f f i c i e n c i e s .

In  C hapter I I ,  T ab le 2 .1 some v a lu e s  were g iv en  f o r  th e  p h o to re d u c tio n  o f

Q w ith  sp in ach  c h lo ro p la s ts  a t  90 K i r r a d i a t e d  w ith  co n tin u o u s 630-nm l i g h t .

The quantum y i e l d  was found to  be r a th e r  low : 0.11+ + 0 .0 2  e l . e q . / h v ,  on b a s is
” 1 "1o f  a  d i f f e r e n t i a l  e x t in c t io n  c o e f f i c ie n t  o f  7 mM -cm a t  5̂ +2 nm. As was

shown in  Fig.l+.1+, th e  r a te s  o f  th e  p h o to c o n v e rs io n  o f  Q and cytochrom e b „ ^

a re  n o t l i n e a r l y  dependent on th e  i n t e n s i t y  o f  th e  a c t i n i c  l i g h t . A n a ly s is

(a c c o rd in g  to  S e c tio n  2.1+.2) o f  th e  tim e co u rse  o f  th e  absorbance changes a t
5I+3 and 556 nm in d u ced  by con tin u o u s 630-nm i r r a d i a t i o n  o f  two d i f f e r e n t  in ­
t e n s i t i e s  gave v a lu es  f o r  th e  quantum e f f ic ie n c y  o f  p h o to c o n v ers io n  o f  Q a t

T ab le  4 .2 .  QUANTUM EFFICIENCY OF PHOTOCONVERSION OF Q AND CYTOCHROME Bs s g .

The quantum y i e l d  f o r  th e  p h o to r e d u c tio n  o f  Q (y ) a t  90 and 170 K and
Q

f o r  th e  p h o to o x id a tio n  o f  cytochrom e b ggg ^ c y t  ^ WaS a a ^ou~
la t e d  by  m ethods d e s c r ib e d  i n  C h ap ter  I I ,  2 . 4 . 2  from  m easurem ents o f

th e  tim e  co u rse  o f  th e  absorban ce  changes a t  543 and 556 nm w ith

sp in a c h  c h lo r o p la s t s  (1 mg c h lo r o p h y l l /m l  i n  1-mm c u v e t t e )  a s  f o r
-1 ~1F ig . 5 . 2 .  E x t in c t io n  c o e f f i c i e n t s  u se d  w ere  7 and 20 mM -am f o r  th e

changes o f  Q a t  543 and o f  cy tochrom e b ggg a t  556 nm, r e s p e c t i v e l y . The

i n t e n s i t y  o f  a c t i n i c  i l lu m in a t io n  was 0 . 1 5  o r  2 . 0  mW’Cm

i n t e n s i t y

(mW -cm )
yq

( e l . e q . / h v )
Ycy t

( e l . e q . / h v )

T

,(K)

0 .1 5 0.31+ 0 .15 90

2 .0 0 .0 7 0 .0 3 90

0 .15 0 .50 — 170

2 .0 0 .10 — 170
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90 and 170 K and of cytochrome b̂ ,-^ at 90 K as given in Table 1*.2. The dif­
ferential extinction coefficient for C550 at 5̂ *3 nm at 170 K was taken to he
!*.5 mM -cm . This value was calculated from measurements as in Fig.l*.5, with
the assumption that the amount of C550 converted in the light was the same
at 90 and at 170 K. It is clear from this table that also at 170 K the rate
of the photoreduction of Q is not linearly dependent on the intensity of ac­
tinic irradiation.

As shown in Figs. 1*.5 and !*.6 the kinetics of the light-induced fluores­
cence yield increase follows closely the kinetics of the photoreduction of. . uuQ at 170 K. According to Duysens and Sweers the fluorescence yield at room
temperature indicates the redox state of Q. Fig.U.10 shows the kinetics of
the fluorescence yield increase measured at room temperature and at 170 K in
the presence of DCMU. The half time for the light-induced fluorescence yield
increase, which is taken as an index of the quantum requirement for the
photoreduction of the primary electron acceptor, is 2’. 5 times longer at 170 K
than at room temperature. If we assume that the quantum yield is unity at
room temperature, the quantum yield at 170 K would be O.UO (from Fig.!*. 10).
This figure is consistent with our measurements (Table 1*.2).

0

The quantum efficiency of the charge separation in the photosystem-2

-100’C

H— 1sec

Fig.4.10. Time course of fluorescence at 692 nm of chloroplasts (0.1 mg

chlorophyll/ml) in the presence of 10 DCMU during irradiation with
—2 . .

630-nm actinic tight (120 vW- cm ) at the temperatures indicated. Ver­

tical lines on curves indicate half times.
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F 692

190 K

W— 10sec— H

Fig.4.11. Time course of the fluorescence at 77 and 190 K of spinach chloro-

plasts (0.1 mg chlorophyll,/ml) upon illumination with a series of flashes.

Fluorescence exciting light (460 nm) on at upward arrows, off at downward
arrows. A 7-\is flash was given at every upward transient in the curves.

At the intersections, the sample was irradiated with strong^ actinic^ white

light for 30 s. Broken, lines represent the time course if only one flash

was given. Transient spikes are artifacts caused by the fluorescence

excited by the flashes.

reaction center may also be studied by measurements of the changes of absor­
bances of C550 and cytochrome bCI-0 and of the fluorescence yield induced by

55y 1*5short» saturating flashes. It has been reported that at low temperature a
saturating flash caused an increase in fluorescence yield which was much
smaller than that caused by either continuous light at 77 K or by a flash at
room temperature. Fig. 1*. 11 shows the effect of saturating flashes on the flu­
orescence yield at 77 and 190 K. The increase of the fluorescence yield as
measured 1 s after the first flash was 27 % of the total variable yield at
77 K, it was 1*0 % at 170 K. If the intensity of the flash was lowered by a
factor of 2 by the use of neutral density filters, these percentages were al­
most the same (25 and 38 %), which indicates that the flash was closely sa­
turating. The broken lines represent the slow part of the decay of the flu­
orescence yield after the first flash. At 77 K the half time of the decay was
about 1 min, the extent was about half that of the increase brought about by
the first flash. At 190 K this decay could not be observed.
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shows th e  e f f e c t  o f  one f la s h  on th e  re d u c tio n  o f  Q ( 51*3 and
5^7 nm) and on th e  o x id a tio n  o f  cytochrom e b ^  (556 nm) a t  low te m p e ra tu re s .

Some seconds a f t e r  th e  f la s h  th e  sam ple was i l lu m in a te d  w ith  con tinuous

l i g h t ,  which caused  an a d d i t io n a l  ab so rbance change a t  th e s e  w av e len g th s . The

t o t a l  ab so rbance change, induced  by th e  f l a s h  p lu s  th e  con tin u o u s l i g h t ,  had

th e  same s iz e  as th e  change in d u ced  by con tinuous l i g h t  o n ly . The f ig u re

shows t h a t  o n ly  p a r t  o f  Q and cytochrom e b ^ ^  were p h o to c o n v e rted  by one

f l a s h .  Compared to  th e  change in d u ced  by co n tin u o u s i l lu m in a t io n  a t  90 K
30 % o f  Q was red u ced  by th e  f la s h  a t  90 K and 1*3 % a t  170 K. Only 15 % o f

th e  t o t a l  amount o f  p h o to o x id iz a b le  cytochrom e b was o x id iz e d  by th e

f la s h  a t  90 K. In  accordance w ith  o u r e a r l i e r  f in d in g s  (F ig .l+ .5 ) cytochrom e

was no t p h o to o x id iz e d  a t  170 K n e i th e r  by th e  f la s h  n o r by con tinuous
l i g h t .

The d if f e r e n c e  spec trum  o f  th e  f la s h - in d u c e d  absorbance changes a t  90 K
(n o t shown) was found to  b e  s im i la r  to  t h a t  o f  th e  changes induced  by con­

tin u o u s  i r r a d a t io n  ( F ig . l* . l ) .  The o n ly  d i f f e r e n c e  betw een th e  s p e c t r a  was th e
r e l a t i v e  e x te n t  o f  th e  C550 changes in  com parison w ith  th o s e  o f  cytochrome

t>559 a ls o  w ith  th o s e  n e a r  520 nm. The e x te n t  o f  th e  absorbance change a t
520 nm induced  by th e  f i r s t  f l a s h  was about 50 % o f  t h a t  induced  by con-

A A 556

A A 547

A A = 0.003

A A 543

170 K

A A 543

A sec.

Fig. 4.12. Time course o f  absorbance a t 556, 547 and 543 nm a t  90 K and a t
543 nm a t 170 K during irra d ia tio n  o f  spinach ahloroplasts (1 mg chloro-
phyll/m l) w ith  a 7-vs, sa tura ting  f la sh , follow ed by 645-nm continuous

• —ol ig h t (2.5 mW-am ) . Continuous l ig h t on a t upward arrows; fla sh  a t
downward arrows.
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tin u o u s  i r r a d i a t i o n  (n o t shown). T his i s  in  agreem ent w ith  th e  r e s u l t s  g iven
in  F ig .lt.U , which in d ic a te d  t h a t  th e  520 nm change induced  by con tinuous

l i g h t  may he a t  l e a s t  tw ic e  as f a s t  as th e  change a t  5^3 nm. As was shown in

S e c tio n  3 .3 .5  th e  e f f ic i e n c y  o f  a  f l a s h  to  induce a  charge s e p a r a t io n  in

pho tosystem  1 was found to  approach u n i ty .  T h e re fo re , th e  o b se rv a tio n  t h a t  a

f la s h  i s  r e l a t i v e l y  more e f f i c i e n t  a t  90 K to  induce a  change a t  520 nm th a n

a t  5^3 nm, su g g e s ts  t h a t  a t  l e a s t  p a r t  o f  th e  520 nm change i s  cau sed  by

p h o to sy s tem -1 a c t i v i t y  a t  t h i s  te m p e ra tu re . T his i s  n o t in  agreem ent w ith  th e
. 12h y p o th e s is  o f  V erm eglio and M athis , who r e p o r te d  t h a t  th e  520 nm change a t

100 K i s  due to  pho tosystem -2  a c t i v i t y  o n ly .

The r e l a t i v e l y  low e f f ic i e n c y  f o r  th e  charge s e p a ra t io n  r e p o r te d  h e re

can be e x p la in e d  by th e  assum ption  o f  a  back  r e a c t io n  betw een  th e  p h o to p ro ­
d u c ts  , which competes w ith  a " s t a b i l i z i n g "  r e a c t io n  w ith  secondary  donors

m entioned in  S e c tio n  k.3.2. D ire c t ev idence  f o r  such a back r e a c t io n  w i l l  be

d isc u s se d  in  th e  n ex t s e c t io n .

4.3.5. The baak reaction.

EPR signal o f P+680.
F ig .I* .13 shows k in e t i c  t r a c e s  o f  f la s h - in d u c e d  EPB s ig n a ls  o bse rved  a t

Fig. 4.13. Time course o f EPR changes
at 3249 G upon flash illum i­
nation o f spinach chloroplasts
(0.5 mg ohlorophyll/ml) at 100 K.
Ay control; B} +0.1 M K̂ Fe(CN)
C, +10~5M DCMU+10~2M hydroxylamine
preilliminated for 5 s  with white
light (100 mW'cm 2) before
freezing; D, control preillumi­
nated with 10 flashes at 100 K.
Each curve is  the average o f the
changes induced by the f i r s t  three
flashes, except D, which is  that
o f the 11th un til the 40st flash.
Instrument settings :power: 8 mW;
modulation amplitude: 10 G.

100 K 3249 G

control
(dark -a d a p te d )

♦ K3 Fe (C N) g
(dark - adapted)

/vim > , ♦ DC MU
c , n h 2 oh

(preilluminated at
room temperature)

ish t

control
( preilluminated

at 100 K )

10
Time ( ms )
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the field position (321*9 G) of the low-field maximum of the P+700 signal.
Each trace (except curve D) is the average of the signals induced by the
first three flashes at 100 K. Curve A was measured with dark-adapted chloro-
plasts. The signal rose within the 100-ps time constant of the apparatus.
The decay was multiphasic. About 20 % of the signal was irreversible on this
time scale and partly reversible at longer times. These 20 % are supposed
to be due to P TOO, which is oxidized practically irreversibly on this time
scale. The half time of the decay of the reversible part was 2.0 + 0.1 ms
(average of 35 measurements). Curve B was measured with samples containing
additionally 0.1 M potassium ferricyanide. In such samples photosystem-1
activity is blocked due to chemical oxidation of P700 before freezing. It
can be seen that the kinetics of curves A and B were similar, except that
the extent of the irreversible change was smaller in the presence of ferri­
cyanide. In samples of spinach chloroplasts containing DCMU and hydroxylamine,
which were preilluminated before freezing, the reversible EPR signal was
observed to the abolished (curve C). This treatment with DCMU and hydro­
xylamine blocks reactions of photosystem 2 (ref. 1*6). The irreversible change
in curve C was the same as that in curve A, which indicates that the ir­
reversible change reflects P700 oxidation. Curve D shows the average of the
signals induced by 1*0 subsequent flashes after the tenth flash in samples
of chloroplasts without addtitions. The extent of the reversible signal was
about 30 % of that in curve A; the half time of the decay was similar. The
same result was obtained in the presence of ferricyanide. This reversible
change was not observed in samples which had been illuminated with strong
continuous light (20 s) at 77 K (not shown).

It is clear from these measurements that the reversible signals are
due to photosystem—2 reactions at 100 K. Since Q is reduced irreversibly
after continuous illumination (Fig.l*.l) without causing an EPR signal near
g = 2 (cf. Section 3.3.2), the signals are not due to Q- . Therefore, we as­
sume that the transients are due to P 680, the oxidized primary electron
donor of system 2. The rapid decay of the EPR signal after the flash might
be conceivably due to a back reaction with Q-. This is supported by measure­
ments of Mathis and Vermeglio^’ of absorbance changes of C550 (Q) which
indicated a rapid decay (half time 3 - 5 ms) after a flash. The correspondence
between the EPR signal and the absorbance changes of C550 also emerges from
the observation that the extents decreased within a series of flashes^
(curve D). Photooxidation of cytochrome b „ ^  with a half time of 1* - 6 ms has
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also been reported^’ ^ . The extent of the flash-induced absorbance change
at 556 nm was 15 - 25 1 of that induced by continuous light. These data sup­
port the notion that the cytochrome is oxidized in a secondary reaction with
the oxidized primary donor and that the rate of this reaction is U - 7 times
slower than that of the back reaction.

The kinetics shown in curve B (Fig.1*. 13) indicate that also in the pre­
sence of ferricyanide (E, = 5)+0 mV) a back reaction occurs at 100 K. This
observation, which is not in agreement with models of photosystem 2 proposed
by Knaff et a l . w i l l  be discussed in the next section.

Fig.U.lU compares the EPR spectrum of the reversible changes measured
with samples as used for Fig.U.13 with the light-minus-dark spectrum due to
P+700. The spectra were found to be slightly different. The g-values were
the same; AH^ , however, was somewhat smaller for the 2.0-ms component (6 G)
than for P+700 (8 G). From the EPR signal height at non-saturating microwave
power levels, the extent of the 2.0-ms changes was determined to be larger
(1.3 times) than that of the P 700 signal. The 2.0-ms component saturated
at a microwave power of 8 mW, the P 700 signal at 2 mW at 100 K. From these
data the ratio of the number of spins causing the reversible 2.0-ms signal
and Signal I, respectively, was calculated to be 0.7 + 0.3. This figure is
in agreement with the occurrence of a back reaction in only 70 % of the
reaction centers and of stabilizing secondary reactions in the other centers.

100 K

3260

0 A 'oH (Gauss)

Fig. 4.14. Spectrum of light-induced EPR signal shewn in Fig. 4.13 A, and light-
minus-dark spectrum due to P 700 (solid line). Instrument settings:power:

8 mW; modulation amplitude: 5 G. Spectra are normalized at 3249 G.
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From the AH -value of Signal I it has heen concluded that P700 is a
dimeric chlorophyll molecule5 . Similarly, the slightly smaller AH -value. PPof the 2.0-ms signal with respect to that of Signal I may he taken to in­
dicate that P680 is a trimeric chlorophyll molecule or a complex of a
(dimeric) chlorophyll molecule with another compound. It may be speculated
that this other compound is Z, the electron donor to P+680 at room tempera­
ture, which then functions also at cryogenic temperatures. This will be
discussed in Section k.k.2.

EPR measurements in continuous light.

Fig.U.15 shows the EPR kinetics near g = 2.00 upon illumination with
strongj continuous light of dark—adapted spinach chloroplasts (as used for
Fig.1*. 13A) at 100 K. A transient signal can he seen which is superimposed
on the steady EPR change due to PJ00 photooxidation. The spectrum of the
transient was similar to that of Fig.1*. 11*.. The signal decayed in the light
with a half time of 30 ms (Fig.1*. 15). pt was observed only at the first il­
lumination period at 100 K. The signal observed in subsequent light periods
can be attributed to P700 (Section 3.3.2). Fig.1*. 153 shows that the
transient is absent in spinach chloroplasts in the presence of ferricyanide.
This experiment will be discussed in the next section. Fig.l*.15C shows that
the transient is absent in spinach chloroplasts which were illuminated in

100 K

250ms

Fig. 4.15. Time course of EPR signals

at 100 K of chloroplasts illu­

minated with strong (200 mW-anT

continuous light. Light on at up­

ward arrows. Left hand curves:

first illumination period; right

hand curves: subsequent illumi­

nation after 20 s dark. A, B and

C as for Fig. 4.15 A, B and C

respectively. Instrument settings

as for Fig.4.12, except for am­

plification.
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the presence of DCMU and hydroxylamine prior to freezing in order to block
photosystem—2 activity^^. This indicates that the transient is due to photo-
system 2. The change which can he seen in Fig.U.15C is apparently due to
photooxidation of P700. In Chapter III, the transient signal was not observed,
since the opening time of the light shutter used with those experiments was
too slow and the intensity of actinic irratiation was too low to obtain the
signal. The extent of the transient signal was found to be strongly dependent
on the intensity of actinic irradiation. With the maximal intensity of illu—
mination (300 mW-cm ) in the present experiments the extent of the 30-ms
transient was found to be only 30 % of that of the 2.0—ms change. This
suggests that also the maximal intensity of continuous light is not
saturating.

Reactions of photosystem 2 with a half time of 20 - Uo ms have been at­
tributed previously to secondary electron donation to P+680 at 77 - 110 K

Op . .
(refs. 26, 32). Murata et air has also observed a 35-ms reaction in measure­
ments of the fluorescence induction at 77 K. Our results provide independent
evidence for a secondary reaction which occurs with a half time of 28 + 8 ms
(average of 22 measurements) at 100 K.

Kinetics at 170 K.

The 2.0 and 30-ms EPR signals shown in Figs.U.13 and U.15» were not ob­
served in dark—adapted spinach chloroplasts at 180 K (Fig.U.16). With chloro—
plasts, which were illuminated with two 7—vs, saturating flashes shortly
before freezing, both transients could be observed again. This indicates that
at 180 K with dark-adapted chloroplasts either the back reaction as well as
the secondary reaction occurred too fast or that no EPR signals were generated
by the reactions. The half times of the back reaction and of the secondary
reactions then have to be shorter than 0.5 and 5 ms, respectively. From the
data of Fig.U.7 and from ref. 51 the half time of the secondary reaction at
170 K may be calculated to be 1 - 3 ms. This is too fast to be observed with
our apparatus due to the opening time (U ms) of our light shutter. The effect
of preillumination at room temperature on the EPR kinetics (Fig.U.16 ) is

35-37similar to that on the kinetics of the variable fluorescence yield at
• • 27170 K and on those, of the cytochrome b o x i d a t i o n  at about 210 K.
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— 10 s — *  N 0.2 s —«H

Fig.4.16. Time course o f  EPR signals a t 180 K w ith  samples (curves A and B)
as fo r  Fig.4.13A3 and w ith  s im ila r  samples pre illum ina ted  w ith  two
flashes 10 s before freezing  (curves C and D). Curves A and C were
measured as curve A in  F ig. 4.13; B and V as curve A in  Fig. 4 .IS. Ampli­
f ic a t io n  fo r  curve A was twice tha t fo r  curve C. Closed arrows: flashes;
open arrows: continuous lig h t .

g=2.00

Fig. 4.17. EPR spectra a t 110 K w ith
spinach ahloroplasts (O.S mg
ch lo rophy ll/m l). A, sample frozen
in  the dark; B, sample A during
illu m in a tio n ; C3 sample frozen in
the dark in  the presence o f
(0.17 M K,Fe(CN)e;  D3 sample C
a fte r  illu m in a tio n  fo r  7 s w ith
white l ig h t  (100 mW-cm ^ ) .  In ­
strument se ttings : power: 2 mW;
modulation amplitude: 5 G; f re ­
quency: 9.080 GHz.
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4.3.6. PhotooxidaMon of chlorophyll at 110 K.

EPR measurements.
In the previous section it was shown (Figs.U.13B and 1+.15B) that also

with chloroplasts in the presence of ferricyanide at 100 K, which show no
photosystem-1 activity due to chemical oxidation of P700, light—induced EPR
signals near g = 2 are present. Fig.^.17 shows EPR spectra near g = 2 of
spinach chloroplasts, frozen in the dark and subsequently illuminated at
110 K. Without ferricyanide (A and B) the spectra were similar to those at
11 K (Fig.3.U) of Signal II and P+700. As discussed in Chapter III (Section
3.3.3) the signal height in spectrum B (minus A) indicates 100 % photooxi­
dation of P700. Comparison of spectra B and C indicates that in the presence
of ferricyanide P700 is completely oxidized in the dark. In agreement with
this, EPR measurements at 15 K indicated that in the presence of ferricyanide
(0.17 M) photoreduction of ferredoxin (at g = 2.05, 1.9^ and 1.86) did not
occur (not shown). Spectra C and D show that at 110 K in the presence of
ferricyanide continuous illumination caused also an irreversible increase in
the extent of the signal near g = 2.00. The extent of the light-induced
signal (spectrum D minus C) was about equal to that of the signal of P 700.
Values of g and AH were also the same. These results confirm the EPR

PP_ 7 5 to 53
measurements of Malkin and coworkers ’ ’ and also of Ke et al. con­
cerning the irreversible light-induced signal near g = 2.00 with samples
at high redox potentials. These authors, however, attributed the signal to
+ . . 1+9P 680 which was photooxidized irreversibly at 77 K. Knaff et al. have re­
ported that the signal is reversible at temperatures above 170 K. Since Q
is known to be photoreduced irreversibly at 90 K (Fig.U.1) also in the pre­
sence of ferricyanide, it will be clear, that the occurrence of irreversibly
oxidized P680 does not agree with models involving a back reaction between
P+680 and Q .

The ratio between the number of spins causing this EPR signal and that
X +of P 700 was calculated tó be 1.1 + 0.2. Since the amount of P 700 was found

to be one per 390 chlorophyll molecules in spinach chloroplasts (Section
3.3.5) the amount of oxidized chlorophyll causing the EPR signal in the pre­
sence of ferricyanide was about one per 350 chlorophyll molecules.

Fig.U.18 shows the kinetics of the change of the EPR signal upon illu­
mination at 110 K in the presence of ferricyanide, measured with the magnetic
field fixed at the maximum of the low field line. At the onset of irradiation
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Fig. 4.18. Time course of the light-induced EPR signal at g = 2.00 in the

■presence of potassium ferricyanide (0.17 M) at 110 K. Light on at upward,

off at downward pointing arrows. Conditions as for Fig. 4.17C.

a fast and a slow rise component can be distinguished. Only part (15 %) of
the signal was found to be reversible after prolonged illumination
(Fig.U.18A); the halftime of the decay was about three seconds. However, as
can be seen in Fig.4.l8B, about 30 % of the signal decayed rapidly
(tj < 100 ms) in the dark after a short (0.5 s) illumination period. If the
sample was illuminated again after a dark period of three seconds (Fig.4.l8B)
the signal increased until the level obtained during the first, short il­
lumination period, and subsequently more slowly as in Fig.4.l8A. The decay
in the dark after a light period of 6.5 s was also equal to that in Fig.4.18.
The rapid decay of part of the signal after a short light period (Fig.4.l8B)
indicates that also at 110 K a back reaction occurs at least in part of the
reaction centers in the presence of ferricyanide. This was also concluded
from Fig.4.13B.

We interpret the EPR kinetics shown in Fig.4.18 as being due to the
formation of two different radicals, which have slightly different EPR spectra
(Figs.4.14 and 4.17). At the onset of irradiation the change is due to P 680
which can react back rapidly with Q- . During prolonged irradiation P+680 is
reduced by another chlorophyll molecule in a dark reaction which stabilizes
the charge separation.
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Absorbance changes.
S p e c tra  betw een 655 and 705 nm o f  i r r e v e r s i b l e  absorbance changes in ­

duced by con tinuous i l lu m in a t io n  a t  110 K w ith  c h lo ro p la s ts  in  th e  p re se n ce

o f  f e r r ic y a n id e  and DBMIB a re  shown in  F ig .U .1 9 . The spec trum  o f  th e  band

s h i f t  due t o  re d u c tio n  o f  Q (spectrum  A, w ith o u t f e r r ic y a n id e )  was ta k e n

from F ig .3 .1 .  W ith f e r r ic y a n id e  p r e s e n t ,  th e  shape o f  th e  spectrum  was found

to  depend on th e  i n t e n s i t y  and d u ra tio n  o f  a c t in i c  i r r a d i a t i o n .  G e n e ra lly ,
” 2 \a t  h ig h  l i g h t  i n t e n s i t i e s  (above 5 mW*cm ) a  f a s t  and a  slow  phase co u ld

be o bserved  betw een 668 and 695 nm (F ig .U .2 0 ) . The shape o f  th e  spectrum  o f

th e  f a s t  phase was d i f f e r e n t  from t h a t  o f  th e  slow  ph ase  ( s p e c t r a  B and C).

The e x te n t  o f  th e  676-nm d e c re a se  was g r e a te r  w ith  th a n  w ith o u t f e r r i ­

cy an id e . T h e re fo re , t h i s  change was n o t due t o  f lu o re s c e n c e  y i e l d  changes ,
w hich w ere s m a lle r  w ith  th a n  w ith o u t f e r r ic y a n id e  ( e .g .  F ig . U.3 ) .  L o z ie r  and

B u t l e r ^  have r e p o r te d  s p e c t r a  o f  i r r e v e r s i b l e  l ig h t - in d u c e d  absorbance

changes n e a r  680 nm a t  low te m p e ra tu re  m easured w ith  a  sc an n in g  method.

These s p e c t r a  a re  s ig n i f i c a n t ly  d i f f e r e n t  from  F ig .U .19  (B and C) in  th e

676-nm re g io n  due to  an im p o rta n t c o n t r ib u t io n  o f  th e  f lu o re sc e n c e  e x c i te d

by th e  m easuring  beam. P robab ly  f o r  t h i s  re a so n  th e y  d id  n o t o b se rv e  an

a d d i t io n a l  absorbance d ec rease  n e a r  676 nm in  th e  p re se n c e  o f  f e r r ic y a n id e

a t  77 K.
The e x te n t  o f  th e  absorbance in c re a s e  a t  683 nm was sm a lle r  w ith  f e r r i ­

cyan ide p re s e n t th a n  w ith o u t.  I t  was shown in  F ig .U .1  t h a t  th e  absorbance

changes o f  C550 in  th e  g ree n  re g io n  a re  n o t a f f e c te d  by th e  p re se n c e  o f  th e

o x id a n t.  T h e re fo re , we assume t h a t  th e  band  s h i f t  around  686 nm, which i s

a ls o  due to  C550 ( r e f s .  13, 16) ,  o c c u rre d  to  th e  same e x te n t  w ith  and w ith o u t
f e r r i c y a n id e .  The d i f f e r e n c e  betw een s p e c t r a  m easured w ith  and w ith o u t f e r r i ­

cyan ide i s  shown a t  th e  r i g h t  hand s id e  o f  F ig .U .1 9  (B minus A ). This d i f ­

fe re n c e  spectrum  resem bles t h a t  o f  P 700 as o b ta in e d  by th e  a n a ly s i s  g iv en

in  F ig .3 .1 3  a t  110 K ex cep t f o r  th e  p o s i t io n  and f o r  th e  absence o f  th e  band

s h i f t .  T h e re fo re , th e  d if f e r e n c e  spectrum  (B minus A) i n  F ig .U .19  may be
in te r p r e te d  in  a  s im i la r  way as th e  spectrum  o f  P 700 as b e in g  due to  th e

o x id a tio n  o f  a c h lo ro p h y ll dim er a t  110 K (se e  a l s o  r e f .  1 3 ). S ince  th e  ab­

so rbance  changes were i r r e v e r s i b l e ,  th e y  canno t be a t t r i b u t e d  t o  P 680,

which i s  supposed to  r e a c t  back  w ith  Q a ls o  a t  110 K. We i n t e r p r e t  t h i s

c h lo ro p h y ll b le a c h in g  as b e in g  due to  secondary  e le c t r o n  d o n a tio n  by a

c h lo ro p h y ll dim er t o  P+680.
EPR m easurem ents in d ic a te d  t h a t  th e  p re se n ce  o f  DBMIB in  th e  sam ples
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Wavelength (nm)

H g . 4.19. Spectra o f  lig h t- in d u c e d  absorbance changes a t 110 K w ith  ch lo ro -

p la s ts  (0.2 mg ch lo ro p h y ll/m l) in  the presence o f  10~4M DBMIB and w ith

(B and C) o r w ith o u t (A) 85 rriM K^Fe (CN)g. Spectrum A was taken from

F ig .3 .1. A c t in ic  ir r a d ia t io n :  440—  570 nm, 7 mW-cm~2. Curves B and C

are the spectra  o f  the changes a f te r  1 and 10 s o f  i l lu m in a t io n ,
re s p e c tiv e ly .

L A = 0.005

1

t 1

«------10s

F ig .4.20. Time course o f  absor­

bance a t 664, 676, 683 and

683 nm a t 110 K measured fo r
F ig . 4.19.
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a f f e c t s  th e  k in e t i c s  o f  th e  c h lo ro p h y ll o x id a t io n .  F ig . 1*.21 shows a b ip h a s ic

tim e co u rse  f o r  t h i s  r e a c t io n  in  th e  p re se n ce  o f  DBMIB. The f a s t  phase oc­

c u rre d  to  a  sm a lle r  e x te n t w ith  DBMIB th a n  w i th o u t . S ince th e  e x te n t  o f  th e

f a s t  phase  was s tr o n g ly  dependent on th e  l i g h t  i n t e n s i t y ,  t h i s  may be ex­

p la in e d  by th e  a s s u m p tio n ^  t h a t  w ith  DBMIB th e  amount o f  l i g h t  a v a i la b le  f o r

pho tosystem -2  r e a c t io n s  i s  l e s s  th a n  w ith o u t DBMIB. The r a t e  o f  th e  slow

phase  was l i n e a r l y  dependent on th e  l i g h t  i n t e n s i t y  (n o t shown). T h is was

a ls o  o bserved  f o r  th e  slow  phase  o f  th e  absorbance changes shown in  F ig .4 .1 9 .

The slow phase  a ls o  went on f o r  a t  l e a s t  s e v e r a l  m inu tes d u rin g  con tinuous

i l lu m in a t io n .  The r e a c t io n  p ro ceed ed  a f t e r  c lo s u re  o f  a l l  pho to system -2

t r a p s ,  as in d ic a te d  by th e  absorbance changes due t o  r e d u c tio n  o f  Q (683-nm

in c r e a s e ) .  T his su g g e s ts  t h a t  th e  r e a c t io n  occu rs  d i r e c t l y  betw een (b u lk -)

c h lo ro p h y ll and (o x id iz e d )  DBMIB m o le cu le s . P h o to re a c tio n s  betw een quinone

and c h lo ro p h y ll m olecu les in  v i t r o  a t  low te m p e ra tu re  have been  r e p o r te d  in

th e  l i t e r a t u r e ^ . One m ight a l s o  s p e c u la te  t h a t  o x id iz e d  DBMIB i s  a p o te n t

quencher o f  th e  f lu o re sc e n c e  y i e l d ^  due t o  i t s  a b i l i t y  t o  ac ce p t e le c tro n s

from e x c i te d  c h lo ro p h y ll m o le cu le s . As can be seen  in  F ig .U .19 a  slow
b le a c h in g  o c c u rre d  a ls o  a t  th e  absorbance band  o f  monomeric c h lo ro p h y ll

110 K 3248 G

♦ K3 Fe (CN)g

♦ K, Fe (C N)
3 6

.DBMIB

F ig .4.21. Time course o f  EPR change upon illum ina tion  a t 110 K w ith  samples_4 . . .as fo r  Fig.4.17C w ith and w ithout 10 M DBMIB. The magnetic f i e l d  was
s e t  a t the maximum o f  the signa l o f  P 700 (3248 G). Light on a t upward
arrows. Instrument se ttin g s  as fo r  F ig .4.17.
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(66k run; r e f s .  57 , 58) .  We i n t e r p r e t  t h i s  slow  change a t  66k nm and a t  o th e r

w aveleng ths as b e in g  due to  o x id a tio n  o f  c h lo ro p h y ll by DBMIB. The f a s t  r i s e

ph ase  a t  676 nm th e n  i s  a t t r i b u t e d  to  c h lo ro p h y ll m olecu les d o n a tin g  e le c ­
t r o n s  t o  pho tosystem  2 .

The e x te n t  o f  th e  f a s t  c h lo ro p h y ll b le a c h in g  in  F ig .U .19 (B minus A) i s

abou t UO % o f  t h a t  due t o  p h o to o x id a tio n  o f  P700 a t  703 nm in  F ig .3 .1 .  The

e x te n ts  o f  th e  f a s t  EPR changes due t o  c h lo ro p h y ll o x id a tio n  in  th e  p re se n ce

o f  f e r r i c y a n id e  and to  P700 o x id a tio n  w ith o u t f e r r ic y a n id e  w ere found to  be
th e  same. T his in d ic a te s  t h a t  th e  f l a t t e n i n g  f a c t o r ^ ’ a t  676 nm i s  about

2*5 tim es  g r e a te r  th a n  a t  703 nm. S ince  th e  f l a t t e n i n g  f a c to r  i s  e s s e n t i a l l y

eq u a l t o  u n i ty  a t  703 nm, th e  v a lu e  o f  t h i s  f a c to r  i s  about 2 .5  a t  676 nm a t

110 K. A s im i la r  v a lu e  has been  c a lc u la te d  ( P u l l e s ,  M .P .J . ,  p e rs o n a l communi­

c a t io n ;  r e f .  61) f o r  sp in ach  c h lo ro p la s ts  a t  room te m p e ra tu re  a t  th e  ™«v-i rmim

o f  c h lo ro p h y ll a b s o rp tio n  (683 nm). T his in d ic a te s  t h a t  th e  p igm ented p a r ­
t i c l e s  i n  o u r su sp e n sio n  d id  n o t ag g re g a te  o r  change s i z e  upon c o o lin g .

E = 430 mVmjb □

(mV)

Fig. 4.22 . E f fe c t  o f  o x id a tio n -red u c tio n  p o te n t ia l  on change o f  absorbance a t
556 (b) and 676 nm (o )3 o f  the  flu o rescen ce  (fc) and o f  the  ir r e v e r s ib le
EPR s ig n a l near g = 2 (a) o f  dark-adapted ch lo ro p la s ts  a t  110 K. Con­
tr ib u t io n  o f  changes due to  P700 o x id a tio n  are su b tra c ted  from the r e s u l ts
o f  EPR measurements and o f  o p tic a l measurements a t  676 nm. The flu o rescen ­
ce a t  E-̂  = 450 mV was su b tra c ted  from the  flu orescence  y ie ld  measured a t
lower E .. The s o l id  and broken lin e s  are o n e-e lec tro n  Ne rn s t curves.

96



O xida tion-reduction  t i t r a t io n .
F ig . 1*.22 shows redox  t i t r a t i o n  cu rves f o r  th e  e x te n ts  o f  th e  l i g h t - i n ­

duced changes a t  110 K o f  th e  ahsorhance a t  556 and 676 nm, o f  th e  f lu o re sc e n c e
y i e l d ,  and o f  th e  i r r e v e r s i b l e  pho tosystem -2  EPR s ig n a l  n e a r  g = 2 .0 0 . The

f ig u re  shows, f i r s t l y ,  t h a t  th e  e x te n t  o f  th e  v a r ia b le  f lu o re sc e n c e  y i e ld

fo llo w s c lo s e ly  t h a t  o f  th e  amount o f  p h o to o x id iz a b le  cytochrom e b__Q. This
15i s  in  agreem ent w ith  m easurem ents o f  Okayama and B u t le r  who d em onstra ted

t h a t  th e s e  cu rves a re  o n e -e le c tro n  N ernst cu rves w ith  E = 365 mV. Our Em m
v a lu e  i s  low er due to  th e  p re se n ce  o f  g ly c e r o l  (S e c tio n  2 .3 .M .  F u rth e rm o re ,
F ig .U .22 shows t h a t  th e  change o f  th e  absorbance a t  6j6  nm and o f  th e  EPR

s ig n a l  a t  g = 2 .0 0  a re  s im i la r  w ith  r e s p e c t  t o  t h e i r  e x te n ts  a t  v a r io u s  redox

p o te n t i a l s  (n = 1, E = ^30 mV). T h is p ro v id e s  s tro n g  ev id en ce  t h a t  th e s e  twom
changes r e f l e c t  th e  p h o to c o n v ers io n  o f  th e  same compound. On th e  b a s i s  o f  th e

p o s i t io n  o f  th e  o p t i c a l  b le a c h in g  as w e ll  as o f  th e  shape and g -v a lu e  o f  th e
EPR s i g n a l ^  t h i s  compound i s  p ro b ab ly  a  d im eric  c h lo ro p h y l l-a  m o le c u le , which

i s  p h o to o x id iz e d  i r r e v e r s i b l y  a t  77 -  110 K in  sp in a ch  c h lo ro p la s ts  in  th e
U8p re se n c e  o f  f e r r i c y a n id e .  R e c e n tly , M athis and V erm eglio have ob se rv ed  i r ­

r e v e r s ib le  l ig h t - in d u c e d  absorbance in c re a s e s  n e a r  820 nm w ith  c h lo ro p la s ts  in

th e  p re se n c e  o f  f e r r ic y a n id e  a t  100 K. S ince c h lo ro p h y ll  c a t io n s  a re  known

to  absorb  n e a r  820 nm ( r e f .  57» 58) th e s e  changes may be due to  th e  p h o to ­

o x id a tio n  o f  th e  same c h lo ro p h y ll w hich causes th e  676-nm change and th e

EPR s ig n a l .

4 .3 .7 . T ransien t lig h t- in d u c e d  EPR s ig n a ls  near g = 2 a t  10 -  SO K.
At th e  o n se t o f  s tro n g , con tin u o u s a c t i n i c  l i g h t  a t  te m p e ra tu re s  below

77 K w ith  d a rk -a d a p te d  sp in a ch  c h lo ro p la s ts  EPR k in e t i c s  as shown in  F ig .U .23

w ere ob se rv ed  n e a r  g = 2 .0 0 . Superim posed on th e  EPR s ig n a l  o f  P+700 a  t r a n ­
s i e n t  s ig n a l  can be se en  a t  1U K (cu rve  A ), w hich decays d u rin g  i l lu m in a t io n

w ith  a  h a l f  tim e  o f  500 + 30 ms (av erag e  o f  13 m easurem ents). The t r a n s i e n t

o c c u rre d  on ly  a t  th e  f i r s t  i l lu m in a t io n  p e r io d .  T h e re fo re , th e s e  k in e t i c s  can

n o t b e  a t t r i b u t e d  to  a  s ig n a l  d ec rease  due to  h e a t in g  by l i g h t  a b s o rp tio n .

Curve B was m easured w ith  sp in ach  c h lo r o p la s t s , which w ere i l lu m in a te d  in  th e

p rese n ce  o f  DCMU and hydroxylam ine p r i o r  t o  f r e e z in g .  The t r a n s i e n t  s ig n a l

i s  a b o lish e d  by t h i s  t r e a tm e n t ; th e  k in e t i c s  shown in  curve B a re  due to

p h o to o x id a tio n  o f  P700 on ly  (Ch. I I I ) .  T h is  dem onstra tes  t h a t  th e  t r a n s i e n t
i s  due t o  pho tosystem -2  a c t i v i t y . Curve C shows th e  k in e t i c s  o f  th e  EPR s ig n a l

upon a  s h o r t  l i g h t  p e r io d  (abou t 0 .1  s ) .  As can be se en  most o f  th e  s ig n a l
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Fig.4.23. Time course of EPR signals at 3230 G of chlorop lasts at 14 K. A and

C, no additions; with DCMU and hydroxy lamine as for curve C of Fig. 4.13.

Left and right hand curves: first and subsequent light periods, respec­
tively. For recording C the first light period was 0.1 s. Continuous

light on at upward arrows, off at downward pointing arrows. Instrument

settings .-power 2 mW; modulation amplitude: S G; frequency: 9.077 GHz.

decays rapidly upon darkening (ti < 0.1 s). In a subsequent light period the
kinetics of the signal are similar to those shown in curve A. This suggests
that a back reaction between the primary reactants of photosystem 2 may also
occur at 1U K. Furthermore, the rate of the back reaction seems to be high
in comparison with that of the secondary dark reaction which stabilizes the
charge separation. If it is assumed that the back reaction has the same rate
as at 90 K, comparison of Figs.U. 15 and h.23 indicated that the quantum yield
for irreversible photoreactions of system 2 at 1U K is about 0.02 eq. per
quantum.

The spectrum of the transient and óf the P 700 EPR changes are shown in
Fig.4.24. The transient signal appeared to be somewhat asymmetrical, but its
g-value was the same as of P 700. It is not clear which compound caused the
transient signal. Since the shape of the spectra was not the same, the method
described in ref. 62 was used to calculate the number of spins of the tran­
sient signal: a ratio of 0.8 + 0.2 was found relative to that of P 700.
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Fig. 4.24. Spectrum (closed circles) o f the transient EPR signal which decays
with a ha lf tine o f 0.5 s during illumination o f dark-adapted chloroplasts
at 15 K. The spectrum o f P 700 is  also given (open circles, so lid  line).
Instrument settings as for Fig.4.23. Spectra are normalized at 3230 G.

Temperature (K)

Fig.4.25. Temperature dependence o f the transient EPR signal at 3230 G. A,
extent (arbitrary units); B, ha lf time o f decay. Conditions and instru­
ment settings as for Fig. 4. 23A.

S ince t h i s  500-ms t r a n s i e n t  was n o t ob se rv ed  a t  100 K (p re v io u s  s e c t io n )

one may ex p ect a  te m p e ra tu re  dependent h a l f  tim e f o r  t h i s  r e a c t io n .  The e x te n t

o f  th e  t r a n s i e n t  was found to  he te m p e ra tu re  dependent ( F ig . i t .2 5 ) ,  h u t th e

h a l f  tim e o f  i t s  decay was independen t o f  te m p e ra tu re  betw een 10 and it5 K. The

99



e x te n t  o f  th e  t r a n s i e n t  was maximal a t  10 -  20 K. Above 60 K th e  t r a n s i e n t

was n o t o b se rv ed . U n fo r tu n a te ly , th e  tim e r e s o lu t io n  w ith  th e  EPR m easure­

m ents a t  te m p e ra tu re s  below  80 K was to o  poo r to  d e te c t  p o s s ib ly  f a s t e r  de­

cay ing  t r a n s i e n t s . The d a ta  a v a i la b le  su g g e s t t h a t  on lo w erin g  th e  tem pera­

tu r e  in  an in c re a s in g  number o f  r e a c t io n  c e n te rs  o f  pho tosystem  2 th e  30-ms

secondary  e le c t r o n  d o n a tio n  (S e c tio n  U.3 .5 )  i s  r e p la c e d  by one w ith  a h a l f

tim e o f  500 ms. T h is secondary  r e a c t io n  i s  n o t te m p e ra tu re  dependen t. As was

d is c u s s e d  in  S e c tio n  U .3 .2  t h i s  may be e x p la in e d  by a te m p era tu re  dependent

o x id a tio n  o f  an in te rm e d ia ry  donor.

S ince th e  h a l f  tim e o f  o x id a tio n  o f  cytochrom e b ^ ^  was found to  be

ind ep en d en t o f  th e  te m p era tu re  betw een 90 and 180 K (S e c tio n  3 .3 .2 ,  and r e f .

9 ) ou r d a ta  a l s o  su g g e st t h a t  a t  1U K cytochrom e b ^ ^  i s  n o t p h o to o x id iz e d .

T h is  has n o t been  d em onstra ted  d i r e c t l y  s o f a r ,  b u t i t  m ight e x p la in  th e

f a i l u r e  t o  obse rve an EPR spectrum  o f  an o x id iz e d  cytochrom e a t  6 -  20 K in

c h lo ro p la s ts  w hich w ere i l lu m in a te d  a t  low te m p e ra tu re s  (V isse r  and R i jg e r s -

b e r g ,  u n p u b lish ed  o b s e rv a t io n s ) .

4.4. Discussion

4.4.1. Two d ifferent types o f reaction centers in  photosystem 2 at low
temperatures.

S e v e ra l r e s u l t s  d e s c r ib e d  above p ro v id e  argum ents in  fav o u r o f  a

h e te ro g e n e ity  o f  th e  pho tosystem -2  r e a c t io n  c e n te r s .  F i r s t l y ,  in  S ec tio n

1*.3.1 i t  was co n c lu d ed , t h a t  a t  77 -  100 K cytochrom e b -,.^  was p h o to o x id ize d
in  on ly  h a l f  o f  th e  r e a c t io n  c e n te r s .  S econd ly , th e  r a t e  o f  th e  p h o to o x i­

d a t io n  o f  cytochrom e b was  found t o  be d i f f e r e n t  from th a t  o f  th e  reduc­

t i o n  o f  Q a ls o  w ith  low i n t e n s i t i e s  o f  a c t i n i c  l i g h t .  T h is in d ic a te d  t h a t

th e r e  a re  two ty p e s  o f  r e a c t io n  c e n te rs  w hich d i f f e r  by th e  quantum y ie ld

f o r  i r r e v e r s i b l e  charge s e p a r a t io n .  T h ird ly ,  th e  o b se rv a tio n  t h a t  th e  ex­

t e n t  o f  th e  f lu o re s c e n c e  y i e l d  change d ec reased  by a f a c to r  o f  two and t h a t

th e  r a t e  in c re a s e d  upon a d d i t io n  o f  f e r r ic y a n id e  p r i o r  t o  f re e z in g  may a ls o

be e x p la in e d  by th e  o cc u rre n ce  o f  two ty p e s  o f  r e a c t io n  c e n te r s . In  S ec tio n

U .3 .3  i t  was concluded  t h a t  th e  c e n te rs  a re  he tero g en eo u s w ith  r e s p e c t  t o  a

slow  back  r e a c t io n .  H a lf  th e  e x te n t  o f  th e  changes o f  f lu o re sc e n c e  y i e l d  and

o f  th e  absorbance a t  5̂ *3 nm was found to  be slow ly  r e v e r s ib le  a t  90 K. The

p h o to o x id a tio n  o f  cytochrom e b ^ ^  was i r r e v e r s i b l e .
I t  w i l l  be c l e a r  from  th e s e  r e s u l t s  t h a t  th e  C550 absorbance changes
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in d ic a te  th e  re d u c tio n  o f  th e  p rim ary  e le c t r o n  a c c e p to r  in  b o th  ty p e s  o f
c e n te r s .  T h e re fo re , t h i s  a c c e p to r  i s  p ro b ab ly  th e  same in  a l l  c e n te r s .  Cy­

tochrom e b__n i s  th e  u l t im a te  e le c t r o n  donor o f  one ty p e  o f  th e  c e n te r s .  I t

has been  shown by Bearden and M alkin t h a t  a t  77 K a  compound w ith  a  m idpoin t

p o te n t i a l  o f  1*65 mV may fu n c tio n  as e le c t r o n  donor (see  a ls o  S e c tio n  U .3 .6 ) .

T his may be th e  donor o f  th e  c e n te rs  which do n o t o x id iz e  cytochrom e b ^ ^ .

The f lu o re sc e n c e  y i e l d  may be de term ined  by b o th  ty p e s  o f  c e n t e r s . The o b se r­

v a t io n  th a t  th e  changes o f  th e  f lu o re sc e n c e  y i e ld  and o f  th e  absorbance a t

556 nm have th e  same r a t e  ( F ig s .4 .2  and 1+.1+), how ever, in d ic a te s  t h a t  th e

c e n te r s , which show cytochrom e o x id a tio n  a f f e c t  th e  v a r ia b le  f lu o re s c e n c e  more

s tro n g ly  th a n  th e  o th e r  c e n te r s .

The t r a n s i e n t  EPR s ig n a l ,  which decayed w ith  a h a l f  tim e o f  2.0  ms

(S e c tio n  1+.3.5) a t  100 K was o bserved  in  about JO % o f  th e  r e a c t io n  c e n te r s .

T his i s  in  agreem ent w ith  th e  o b se rv a tio n  th a t  about 30 % o f  a l l  r e a c t io n

c e n te rs  a re  c lo s e d  by th e  f i r s t  f la s h  a t  100 K, and t h a t  in  70 % o f  th e

c e n te rs  a back r e a c t io n  occu rs  a f t e r  t h i s  f l a s h .  T h e re fo re , th e  t r a n s i e n t  EPR
s ig n a l  seems to  be p re s e n t  in  b o th  ty p e s  o f  r e a c t io n  c e n te r s .  And as th e

s ig n a l  i s  due t o  P 680 t h i s  in d ic a te s  t h a t  th e  p rim ary  e le c t r o n  donor i s  th e

same in  a l l  c e n te r s .
The on ly  d if fe r e n c e s  betw een th e  two ty p e s  o f  r e a c t io n  c e n te rs  th e n  seems

to  be th e  i d e n t i t y  o f  th e  u lt im a te  e le c t r o n  donor and th e  r a t e  o f  th e  i r ­

r e v e r s ib le  charge s e p a ra t io n .  The d if fe r e n c e  betw een th e  r a te s  may be due to

d i f f e r e n t  r a t e  c o n s ta n ts  f o r  th e  e le c t r o n  d o n a tio n  by th e  d i f f e r e n t  secondary

d onors . This p o in t  w i l l  be d isc u sse d  in to  more d e t a i l  i n  th e  n ex t s e c t io n .

4.4 .2 .  In term ed ia te  rea c tio n s  a t  tew tem peratures.
I l lu m in a t io n  o f  c h lo ro p la s ts  w ith  a s h o r t  s a tu r a t in g  f la s h  a t  90 K caused

an o x id a tio n  o f  15 -  25 % o f  th e  t o t a l  amount o f  p h o to o x id iz a b le  cytochrom e

b „ _  (S e c tio n  1+.3.1+, and r e f s .  9 ,  16 , 1+7) w ith  a  h a l f  tim e o f  3 -  5 ms ( r e f s .

9 ,  1+7, 1+8). S ince t h i s  h a l f  tim e  i s  th e  same as t h a t  o f  th e  back r e a c t io n

( r e f s .  1+5, 1+7, 1+8) (S e c tio n  1+ .3 .5)» i t  i s  l i k e l y  t h a t  th e  same o x id iz e d
s p e c ie s  i s  reduced  e i t h e r  by a back r e a c t io n  w ith  Q-  o r  by a secondary

r e a c t io n  w ith  cytochrom e b „ g .  From th e  d a ta  o f  S e c tio n  1+.3.5 and o f  r e f s .
1+7 and 1+8 one w ould ex p ect t h i s  o x id iz e d  s p e c ie s  t o  be P 680. However, den

63Haan e t  a l .  have dem onstra ted  t h a t  th e  f lu o re sc e n c e  y i e l d  a t  77 K in c re a s e s

w ith  a  h a l f  tim e o f  l e s s  th a n  20 us upon f l a s h - i l lu m in a t io n  o f  c h lo r o p la s ts .

The f lu o re sc e n c e  y i e l d  d id  n o t change betw een 1+0 us and s e v e r a l  seco n d s. The
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extent of the change after the first flash was 20 % of the maximum increase
attained after a large number of flashes. These data suggest that in 20 % of
the reaction centers the reduction of P+680 occurs faster than 20 ys at 77 K
after the first flash. Since neither Q~ nor cytochrome b<-^ are (re-)oxidized
that fast, this indicates that the reaction centers contain an intermediary
donor which, at 77 K, is able to reduce P+680 and to oxidize cytochrome b .
In the following this intermediate will be denoted by Z.

The occurrence of a reaction ZP 680 -*• Z+P680 with tj < 20 ys has con­
sequences for the hypothesis of a back reaction (with t -i = 2 - ^ ms) between
P 680 and Q , which explains the relatively low efficiency of the irreversible
charge separation at low temperatures (Section 1k 3A). Since the fluorescence
yield did not show a time constant of 2 - 1+ ms (ref. 63), it is not likely
that Z may react back with Q . Therefore, it would appear to be fortuitous
that the half time of the back reaction and of the oxidation of cytochrome
b^-- after a flash at 77 K are about the same. However, if it is assumed that
the state Z P680 is in rapid equilibrium with ZP 680 due to a fast (ys)
reaction of Z+ with P680, the similarity of the half times of (re-)oxidation
of Q and cytochrome b ^ ^  as well as the relatively low quantum yield of the
irreversible reactions can be explained with the back reaction model. From
the extent of the 2.0-ms EPR component (Section U.3.5) and from the fluores-
cence yield changes upon flash-illumination J at 77 - 100 K it may be con­
cluded that the equilibrium of the reaction ZP 680 with Z P680 is such that
the amount of P+680 is U times higher than that of Z+ at the first flash and
still more at subsequent flashes. This also explains the ratio of U or more
between the half times of the back reaction and those of the charge stabi­
lizing secondary reactions, which was proposed to explain the relatively low
quantum yield of irreversible charge separation (Section 1*.3.U).

The hypothesis of a rapid equilibrium between ZP 680 and Z+P680 is sup­
ported by the observation that the AH -value of the P 680 EPR signal at
100 K is only 6 G (Section U.3.5).

It may be speculated that the equilibrium is temperature dependent. At
room temperature the quantum yield of the irreversible reaction is close to
unity, at 10 K this reaction is about 0.02 (Section lt.3.7). As has been
discussed by Joliot  ̂ the half time of charge stabilization is temperature
dependent between room temperature and 220 K (Q-|q = 1.3). From Fig. 1+.7 an
activation energy of about 1.0 kcal was calculated for temperatures between
77 and 180 K. Extrapolation of these figures to lower temperature, however,
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was n o t c o n s is te n t  w ith  a ir  ob se rv ed  h a l f  tim e  o f  0 .5  s a t  15 K (S e c tio n  I+.3 . 7 )

T h e re fo re , we.asèume t h a t  a t  1U K Z+ i s  reduced  by a n o th e r  donor th a n  a t  77 K.

The d isp lacem en t o f  th e  e q u i l ib r iu m  in  fa v o u r o f  ZP 680 upon lo w erin g  th e

te m p e ra tu re s  would su g g e st t h a t  th e  EPR spectrum  o f  th e  t r a n s i e n t  s ig n a l  a t

1U K i s  due t o  P 680. However, th e  spectrum  seems t o  b e  d i f f e r e n t  from  t h a t  o f

a c h lo ro p h y ll c a t io n " ^ .  C le a r ly ,  EPR m easurem ents w ith  b e t t e r  tim e r e s o lu t io n

th a n  th o s e  o f  S e c tio n  ^ .3 .7  as w e ll as o p t i c a l  m easurem ents a t  10 -  Uo K w i l l
have to  be perfo rm ed  b e fo re ' a  com plete u n d e rs ta n d in g  o f  t h i s  t r a n s i e n t  s ig n a l
w i l l  be p o s s ib le .

4 .4 .3 . Summary: a model o f  the  pho tosystem -2 rea c tio n  cen ter .
The d a ta  and c o n s id e ra t io n s  g iven  in  t h i s  c h a p te r  may be summ arized in

th e  fo llo w in g  model o f  pho tosystem —2 r e a c t io n s  a t  low te m p e ra tu re s .
(hv)
X + 2

Z.P.Q  Z.P .Q“ . Z .P .Q "
w ith  in  h a l f  o f  th e  c e n te rs  a t  77 -  110 K:

_ ♦  -4cytochrom e b . Z' ^2 (cytochrom e b „ . )  -Z

and in  th e  o th e r  h a l f :

D2 ' Z+ H  D2 ,Z
Under s tr o n g ly  o x id iz in g ; c o n d i t io n s :

c h lo ro p h y ll .Z+ ( c h lo r o p h y ll)+ .Z .

P and Q a re  th e  p rim ary  e le c t r o n  donor and a c c e p to r ,  r e s p e c t iv e ly ;  Z i s  an

in te rm e d ia ry  r e a c ta n t  and I>2 i s  one o f  th e  secondary  e le c t r o n  d o n o rs . Z , P and
Q a re  th e  same in  a l l  r e a c t io n  c e n te r s .  Q i s  p ro b ab ly  a  bound p la s to q u in o n e

m olecule 5 * . I n  a l l  c e n te rs  Q becomes com p le te ly  red u ced  in  th e  l i g h t ,

as in d ic a te d  by th e  C550 s h i f t  (S e c tio n  U .3 .1 , and r e f .  5 ) .  P i s  presum ably  a

d im eric  c h lo ro p h y ll m olecu le (S e c tio n  U .3 .5 ) ,  ab so rb in g  n e a r  680 nm ( r e f s .  13,

6 6 ) .  Z i s  an unknown m o lecu le ; th e  m idpo in t p o t e n t i a l  o f  Z i s  h ig h e r  th a n

5^0 mV (p re v io u s  s e c t io n ) .  Z i s  n o t ch lo ro p h y ll, o th e rw ise  th e  2.0-m s EPR com­

ponen t d e s c r ib e d  in  S e c tio n  l j .3 .5  would be l a r g e r .  At 90 K in  h a l f  o f  th e

c e n te rs  cytochrom e b^ ,.- i s  th e  u l t im a te  e le c t r o n  don o r, in  th e  o th e r  h a l f  an

unknown don o r, D^, fu n c tio n s  as  such (S e c tio n s  U .3.1 and U .3 .3 ) .  may have a

m idpoin t p o t e n t i a l  o f  + 1*65 mV (S e c tio n  U .U .1 , and r e f .  8 ) .  A lthough Q i s
p h o to red u ced , a t  180 K cytochrom e b „ g  i s  n o t p h o to o x id iz e d  in  d a rk -a d a p te d

c h lo r o p la s t s . T his in d ic a te s  t h a t  th e n  a n o th e r  m olecule fu n c tio n s  as u l t im a te
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donor. This molecule may be identical with (ref. 8). In preilluminated
chloroplasts at 180 K the secondary donor is cytochrome b ^ ^  (refs. 27, 35,
67). The donor system at 10 - 1+0 K may also be different from that at 77 -
100 K (Sections 1+.3.7 and 1+.1+.2) In spinach chloroplasts at E, = 5^0 mV then
ultimate donor was found to be chlorophyll at 77 - 110 K (Section U.3.6 and
refs. 8, 1*8), and also at 180 K and at 10 - 1+0 K (refs. 8, 1+9; Visser and
Rijgersberg, unpublished results). It seems likely that Z/Z+ or p680/P+680
is so electropositive that also a bulk chlorophyll molecule in the neigh­
bourhood of an oxidized Z may become oxidized if no other electron donor is
available. The various donor molecules are assumed to be present in each
reaction center, but are oxidized by Z only if they are in the right redox
state, and if the center is in the right conformational state.

Assuming that the reactions discussed are first or pseudo-first order
reactions, we obtained rate constants as given in Table 1+.3. Furthermore, the
quantum yield of the light reaction, 1, was found to be unity (Section 1+.3.1+).
Due to the occurrence of the back reaction -1 the quantum yield for oxidation
of the secondary donors and for irreversible charge separation was much lower
than unity. Since k Is  ̂and k  ̂are small, the latter yield depends on the
equilibrium k ^ / k _ ^ as well as on the ratios k^Ak^ + k ^), kj+/(kjt + k and
k^/(k^ + k_.|). Thus this yield depends on the identity of the ultimate elec­
tron donor. At 10 - 1+0 K the rate constant of the reduction of Z was found
to be 1.1+ s  ̂ (Section U.3.7)• At these temperatures the quantum yield of ir­
reversible charge separation was very low: 0.02 el.eq./hv (Section 1+.1+.2).
This low efficiency may also be due to the temperature dependence of the
equilibrium k^/k ^. As photosynthetic energy conversion occurs efficiently
under physiological conditions, at room temperature k_ is greater than k
(see e.g. ref. 68). With decreasing temperature, however, seemed to become
smaller than k ^.

Our results indicate that the electron transport in and near the reaction
center of photosystem 2 involves different reactions at 10 - 1+0 K, at 77 -
110 K and at 170 - 200 K. This may be explained by a temperature dependence
of the molecular properties of the reacting compounds. For chlorophyll mole­
cules in vitro important shifts of energy levels upon freezing have been re-

69ported . Such changes will also affect electron transport (ref. 70, and
P. Geldof, personal communication). Since little is known about the tempera­
ture dependence of the molecules, conclusions about the electron transport at
room temperature cannot be derived from low-temperature experiments by simple



Table 4 . 3 .  RATE CONSTANTS OF FHOTOSISTEM-2 REACTIONS.

Rate co n sta n ts  dn s  ) o f  th e  re a c tio n s  d e s c r ib e d  in  S e c tio n  4 . 4 . 3  a t

th e  tem pera tu res in d ic a te d .  I t  i s  assumed th a t  th e  r e a c tio n s  a re  f i r s t
o r  p s e u d o - f i r s t  o rd e r  r e a c tio n s .  Numbers betw een  p a re n th eses  in  th e

r ig h t  hand column in d ic a te  r e fe re n c e s  from th e  l i t e r a t u r e .

R e fs . /S e c tio n s  o f  Ch. IVtem perature 77 -  110 K 170 -  190 K

k . h . 23 x 103 x el 0
6 x 10 It.It.2

It.It.2

and k . 3.5

160 ?

e x tr a p o la tio n . With t h i s  r e s t r ic t io n  our data su ggest th e  fo llo w in g  about the
e le c tr o n  tran sp ort under p h y s io lo g ic a l c o n d itio n s . F i r s t l y ,  both  at 90 and at
180 K two typ es o f  cen ters could  be d is t in g u ish e d  by t h e ir  secondary donors.
This su g g ests  th a t th e re  are s im ila r ly  two typ es o f  cen ters at room tempera­
tu r e . S econdly , th e  tem perature dependence o f  and k  ̂ ( see  above) in d i­
ca tes  th a t a t room temperature th e red u ction  o f  P 680 occurs w ith  a h a lf  tim e

71 72sh o rter  than 25 p s. The a v a ila b le  data ’ in d ic a te  th a t in  most o f  the
cen ters P+680 i s  reduced w ith  a h a lf  tim e o f  35 ps at room tem perature. How-

. 73 7Ue v e r , recen t r e s u lts  o f  measurements o f  f lu o rescen ce  and lum inescence *
su ggest redu ction  o f  P 680 w ith in  35 P S .  T h ird ly , a lso  a t room tem perature
P68O i s  probably a dim eric ch lo rp h y ll m olecule bound t o  Z. The primary e l e c ­
tron  donor o f  th e b a c te r ia l  r e a c tio n  ce n te r , P870 , as w e ll  as th a t o f  photo­
system  1 were a lso  found to  be dimers o f  b a c ter io ch lo ro p h y ll and o f  ch lo ro -

CH 'TC 17O
p h y l l ,  r e sp e c t iv e ly  ’ . T herefore, i t  may be sp ecu la ted  th a t  the

dim eric stru ctu re  i s  e s s e n t ia l  fo r  p h o to sy n th etic  l ig h t  r e a c t io n s .
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SUMMARY.

The s t u d i e s  r e p o r te d  h e r e  w ere  p e rfo rm e d  i n  o r d e r  t o  o b ta in  in f o rm a t io n

ab o u t e l e c t r o n  t r a n s p o r t  i n  and  n e a r  t h e  p h o to c h e m ic a l ly  a c t i v e  c e n te r s  in

p h o to s y n th e t ic  o rg a n ism s . A t e c h n i c a l  d i f f i c u l t y  i n  s tu d y in g  p r im a ry  and

se c o n d a ry  p h o to r e a c t io n s  a t  room te m p e ra tu re  i s  t h a t  t h e  p r im a ry  r e a c t io n s

a r e  v e ry  r a p i d .  By lo w e r in g  t h e  te m p e ra tu re  p a r t  o f  t h e  r e a c t io n s  becam e slow

enough so  t h a t  th e y  c o u ld  b e  m easu red  b y  t h e  m ethods a v a i l a b l e  t o  u s .

C h a p te r  I  c o n ta in s  a  c o n c is e  g e n e r a l  i n t r o d u c t i o n .  C h a p te r  I I  d e a ls  w ith

t h e  e x p e r im e n ta l  m ethods u s e d . A d e t a i n e d  d e s c r i p t i o n  o f  s e n s i t i v e  a p p a ra tu s

f o r  m easurem en ts o f  l i g h t - i n d u c e d  changes o f  f lu o r e s c e n c e  and  a b so rb a n c e  a t

low  te m p e ra tu re s  i s  g iv e n .  F u rth e rm o re  a  m ethod  i s  d e s c r ib e d  t o  c a l c u l a t e  th e

quantum  y i e l d  o f  p h o to r e a c t i o n s  from  m easurem en ts o f  t h e  k i n e t i c s  o f  l i g h t -

in d u c e d  a b so rb a n c e  changes i n  su s p e n s io n s  w ith  a  h ig h  a b so rb a n c e  o f  t h e  a c ­

t i n i c  l i g h t .  F i n a l l y ,  t h e  m e th o d ic a l  p ro b lem s o f  i n t e r p r e t i n g  k i n e t i c

m easurem ents o f  a b so rb a n c e  and  f lu o r e s c e n c e  h av e  b e e n  d is c u s s e d .

C h a p te r  I I I  d e a ls  w i th  t h e  e l e c t r o n  t r a n s p o r t  o f  p h o to s y s te m  1 in

s p in a c h  c h lo r o p la s t s  and  i n  i n t a c t , u n i c e l l u l a r  a lg a e .  A n a ly s is  o f  a b so rb a n c e

d i f f e r e n c e  s p e c t r a  b e tw een  670 an d  720 nm a t  110 K gave in d e p e n d e n t s u p p o r t

f o r  t h e  h y p o th e s is  t h a t  i n  t h e  p r im a ry  r e a c t i o n  a  c h lo r o p h y l l  d im er w ith  an

a b s o r p t io n  maximum a t  690 nm i s  o x id i z e d ,  an d  t h a t  a d d i t i o n a l l y  an a b s o r p t io n

b a n d  p e a k in g  n e a r  700 nm s h i f t s  t o  s h o r t e r  w a v e le n g th . B oth  phenom ena r e f l e c t

o x id a t io n  o f  t h e  p r im a ry  e l e c t r o n  d o n o r , P70Ö. F u r th e rm o re  i t  was fo u n d  t h a t

i n  a  f r a c t i o n  o f  th e  r e a c t i o n  c e n te r s  t h i s  p h o to o x id a t io n  was c o m p le te ly  r e ­

v e r s i b l e ;  t h i s  f r a c t i o n  was 0 .9  a t  200 K and  0 .2  a t  10 K. I n  t h e  decay  o f  th e

r e v e r s i b l e  p a r t  t h r e e  p h a s e s  c o u ld  b e  d i s t i n g u i s h e d  w i th  t j  = 20 -  30 m s,
0 .2  —0.U s and  2 0 ~ U 0  s .  The e x te n t s  o f  th e s e  p h a se s  w ere  a b o u t t h e  same (30 -

*10 % o f  t h e  t o t a l  r e v e r s i b l e  f r a c t i o n ) .  B etw een 10 and  150 K th e  r a t e s  o f

th e s e  b a c k  r e a c t i o n s  w ere  in d e p e n d e n t o f  te m p e r a tu r e .  The p h o to r e d u c t io n  o f

an  i r o n - s u l p h u r  p r o t e i n ,  "bound  f e r r e d o x in " ,  w ith  EPR l i n e s  a t  g -v a lu e s  o f

2 .0 5 ,  1.9*1 and  1 .8 6  was a l s o  r e v e r s i b l e  i n  p a r t  o f  t h e  c e n te r s  and  th e  k in e ­

t i c s  w ere  i d e n t i c a l  t o  th o s e  o f  t h e  p h o to o x id a t io n  o f  P 700 . T hese  r e s u l t s

i n d i c a t e  t h a t  d i f f e r e n t  ty p e s  o f  p h o to s y s te m -1  r e a c t i o n  c e n te r s  o c c u r  be low

150 K. I t  i s  c o n c lu d e d  t h a t  f e r r e d o x in  i s  t h e  o n ly  p r im a ry  e l e c t r o n  a c c e p t o r ,

b u t  t h a t  t h e  r a t e s  o f  t h e  b a c k  r e a c t io n s  b e tw een  re d u c e d  f e r r e d o x in  and

P 700 a r e  d i f f e r e n t  f o r  e a c h  ty p e  o f  r e a c t i o n  c e n t e r .  By means o f  EPR m easu re ­

m ents a t  20 K i t  was a l s o  shown t h a t  t h e  c o p p e r - c o n ta in in g  p r o t e i n ,  p l a s t o -
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c y a n in , o ccu rs  in  about eq u a l amounts in  v a r io u s  a lg a e  and in  sp in ach  c h lo ro -

p l a s t s , and t h a t  a t  room te m p e ra tu re  i t  can be o x id iz e d  by system  1 (PTOO)

and red u ced  by system  2 . These r e a c t io n s  d id  n o t occu r a t  77 K.

M easurements o f  e le c t ro n  t r a n s p o r t  r e a c t io n s  in  and n e a r  pho tósystem  2
a re  d e s c r ib e d  and a  model f o r  th e  r e a c t io n  c e n te r  2 i s  d is c u s se d  in  C hapter

IV. By a s tu d y  o f  l ig h t - in d u c e d  absorbance changes i t  i s  found t h a t  i n  about

50 I  o f  th e  r e a c t io n  c e n te rs  cytochrom e b _ „  i s  o x id iz e d  v ia  P 680 , th e  o x i­

d iz e d  p rim ary  e le c t r o n  donor o f  system  2 . In  th e  o th e r  c e n te rs  a  d i f f e r e n t ,
unknown compound a c ts  as secondary  donor. At 180 K in  none o f  th e  c e n te rs

cytochrom e b „ ^  i s  b e in g  o x id iz e d . At t h i s  te m p e ra tu re , how ever, th e  p h o to -

o x id iz e d  P680 i s  red u ced  by an u n id e n t i f ie d  secondary  don o r, D„. T his donor

may be th e  same compound t h a t  i s  o x id iz e d  a t  90 K in  th o s e  c e n te rs  which do

n o t o x id iz e  cytochrom e b 559' The quantum y ie ld  o f  th e  p h o to re d u c tio n  o f  th e

p rim ary  e le c t r o n  a c c e p to r  (Q) o f  sy stem  2 ap peared  to  be low . T h is co u ld  be

e x p la in e d  by a  back  r e a c t io n  betw een P 680 and Q , which i s  more' r a p id  th a n

th e  r e a c t io n  o f  P 680 w ith  secondary  d o n o r (s ) .  From EPR m easurem ents i t  f o l ­

lowed t h a t  th e  h a l f  tim e o f  t h i s  back r e a c t io n  was 2 .0  ms in  sp in a ch  c h lo ro -

p l a s t s  a t  110 K. The dark  r e a c t io n  betw een P 680 and th e  secondary  donors had

h a l f  tim es  which depended on th e  i d e n t i t y  o f  th e  donor. With cytochrom e b ^ ^

and Dg t i  was eq u a l t o  10 -  Uo ms. Between 10 and 50 K in  a number o f  r e a c t io n

c e n te rs  a l s o  a  dark  r e a c t io n  w ith  t i  eq u a l to  0 .5  s was ob se rv ed . The amount

o f  th e  c e n te rs  w ith  th e  0 .5 - s  dark  r e a c t io n  was g r e a te r  a t  10 th a n  a t  50 K.

The EPR s ig n a l  o f  P+680 a t  110 K had  th e  same g -v a lu e  as t h a t  o f  P 700
(g  = 2 .0 0 2 6 ) , b u t th e  p e a k - to -p e a k  w id th  was on ly  6 G f o r  P 680 as compared to

8 G f o r  P 700. At 110 K-, w ith  c h lo ro p la s ts  in  th e  p re se n c e  o f  th e  o x id iz in g

agen t f e r r i c y a n id e , EPR and o p t i c a l  s p e c t r a  were m easured w hich in d ic a te d
th e  i r r e v e r s i b l e  p h o to o x id a tio n  o f  a  c h lo ro p h y ll m o le c u le . This c h lo ro p h y ll

m olecu le was found n o t t o  be P680 , b u t i t  may be o x id iz e d  by P+680, i f  th e

o th e r  donors a re  o x id iz e d  ch e m ic a lly  p r i o r  t o  f r e e z in g .
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SAMENVATTING,

H et h i e r  b e s c h re v e n  o n d e rzo ek  i s  v e r r i c h t  m et h e t  d o e l  gegevens o m tre n t

h e t  e l e c t r o n  t r a n s p o r t  i n  en  n a b i j  de fo to c h e m isc h  a c t i e v e  c e n t r a  i n  fo to s y n -

t h e t i s c h e  o rg an ism en  t e  v e r k r i j g e n .  Een te c h n i s c h e  m o e i l i jk h e id  b i j  o n d e rzo ek

b e t r e f f e n d e  de p r im a i r e  en s e c u n d a i r e  f o t o r e a c t i e s  b i j  k a m e r te m p e ra tu u r  vorm t

de g r o t e  s n e lh e id  van  de p r im a i r e  r e a c t i e s .  D oor te m p e ra tu u r  v e r l a g in g  w erd

een  d e e l  van  de r e a c t i e s  z o d a n ig  v e r t r a a g d  d a t  ze  gem eten  konden  w orden  met
de ons t e r  b e s c h ik k in g  s ta a n d e  m ethoden .

H o o fd stu k  I  b e v a t  e en  b e k n o p te  a lgem ene i n l e i d i n g .  H o o fd stu k  I I  b e h a n ­

d e l t  de g e b r u ik te  e x p e r im e n te le  m e th o d es . Een g e d e t a i l l e e r d e  b e s c h r i j v i n g

w o rd t gegeven  van  g e v o e lig e  a p p a r a tu u r  v o o r h e t  m eten  van  l i c h t - g e in d u c e e r d e

f l u o r e s c e n t i e -  en  a b s o r p t ie v e r a n d e r in g e n  b i j  l a g e  te m p e ra tu re n .  V o o rts  w o rd t

een  m ethode b e sc h re v e n  om u i t  m e tin g e n  van  de k i n e t i e k  van  l i c h t - g e ïn d u c e e r d e

a b s o r p t ie v e r a n d e r in g e n  i n  s u s p e n s ie s  met een  hoge a b s o r p t i e  van  h e t  a c t i n i s c h

l i c h t ,  de q u an tu m o p b ren g st van  f o t o r e a c t i e s  t e  b e r e k e n e n . T e n s lo t t e  v o lg t  een

besch o u w in g  o v e r  de p ro b lem en  b i j  m ethodes v o o r h e t  v e r k l a r e n  van  k i n e t i s c h e

m e tin g e n  van  a b s o r p t i e — en f l u o r e s c e n t ie v e r a n d e r in g e n .

H o o fd stu k  I I I  g a a t  o v e r  h e t  e l e c t r o n  t r a n s p o r t  van  fo to s y s te e m  1 in

c h lo r o p la s t e n  van  s p i n a z ie  en  i n  i n t a c t e ,  e e n c e l l i g e  a lg e n .  A n a ly se  van  a b -

s o r p t i e v e r s c h i l  s p e c t r a  t u s s e n  670 en  720 nm b i j  110 K g a f  o n a f h a n k e l i jk e

s te u n  aan  de h y p o th e s e  d a t  i n  de p r im a i r e  r e a c t i e  e e n  c h lo r o f y l  d im ee r m et

een  a b s o r p t i e  maximum b i j  690 nm g eo x y d ee rd  w o rd t ,  en  d a t  b o v e n d ie n  e e n  ab ­

s o r p t i e  b an d  met maximum n a b i j  700 nm n a a r  k o r t e r  g o l f l e n g t e  v e r s c h u i f t .

B e id e  v e r s c h i jn s e l e n  geven  o x y d a t ie  van  de p r im a i r e  e l e c t r o n  d o n o r , P 7 0 0 ,

w e e r . V o o rts  w erd  gevonden  d a t  deze  f o to o x y d a t i e  i n  e e n  d e e l  van  de r e a c t i e

c e n t r a  g e h e e l  r e v e r s i b e l  w a s ; d i t  d e e l  was 90 % van  de c e n t r a  b i j  200 K en

20 % b i j  10 K. I n  de t e r u g r e a c t i e  van  h e t  r e v e r s i b e l e  d e e l  w aren  d r i e  fa s e n

t e  o n d e rs c h e id e n  met h a lfw a a rd e  t i j d e n  van  20 -  30 m s, 0 ,2  -  0 ,U s en  20 -

U0 s .  De g r o o t t e  van  d eze  f a s e n  was o n g e v e e r  h e t z e l f d e  (30  -  Uo % van  h e t

t o t a l e  r e v e r s i b e l e  d e e l ) .  T u ssen  10 en  150 K w aren  de s n e lh e d e n  van  d eze

t e r u g r e a c t i e s  o n a f h a n k e l i jk  van  de te m p e ra tu u r .  De f o t o r e d u c t i e  van  e e n  i j z e r -

zw avel e i w i t ,  "gebonden  f e r r e d o x i n e " , m et EPR l i j n e n  b i j  g -w aa rd en  van  2 ,0 5 ,

1,9** en  1 ,8 6  was ev en een s  r e v e r s i b e l  i n  een  d e e l  van  de c e n t r a  en  de k i n e t i e k

was id e n t i e k  aan  d ie  van  de f o to o x y d a t i e  van  P 700 . Deze r e s u l t a t e n  to n e n  aan

d a t  b en ed en  150 K v e r s c h i l l e n d e  ty p e n  r e a c t i e c e n t r a  van  sy s te m  1 voorkom en.

G eco n c lu d ee rd  w o rd t d a t  f e r r e d o x in e  de e n ig e  p r im a i r e  e l e c t r o n  a c c e p to r  i s ,

113



maar dat de snelheden van de terugreacties van gereduceerd ferredoxine en ge-
oxydeerd P700 verschillend zijn voor ieder type reactiecentrum. Met behulp
van EPR metingen bij 20 K werd voorts aangetoond dat het koper-houdende eiwit,
plastocyanine, in verschillende algen en in spinazie chloroplasten in ongeveer
dezelfde hoeveelheden voorkomt, en dat het bij kamertemperatuur geoxydeerd kan
worden door systeem 1 (P700) en gereduceerd door systeem 2. Deze reacties ver­
liepen niet bij 77 K.

Metingen van electron transport reacties in en nabij fotosysteem 2 en een
model voor reactiecentrum 2 worden besproken in hoofdstuk IV. Door onderzoek
van licht-geïnduceerde absorptie veranderingen werd gevonden dat bij 90 K in
ongeveer 50 I van de reactiecentra cytochroom b,_ ̂  wordt geoxydeerd via het
reactiecentrum chlorofyl P 680, de geoxydeerde primaire electron donor van
systeem 2. In de andere centra fungeert een andere, onbekende stof als secun­
daire donor. Bij 180 K wordt in geen van de centra cytochroom b „ ^  geoxydeerd.
Bij deze temperatuur wordt het door licht geoxydeerde P68O echter door een
niet-geïdentificeerde, secundaire donor, D^, gereduceerd. Deze donor is mis­
schien dezelfde stof, die ook bij 90 K geoxydeerd wordt door de centra die
geen cytochroom b ^ ^  oxyderen. De quantumopbrengst voor fotoreductie van de
primaire electron acceptor (Q) van systeem 2 bleek laag te zijn. Dit kon ver­
klaart worden door een terugreactie tussen P 680 en Q , die sneller is dan de
reactie tussen P 680 en de secundaire donor(en). Uit EPR metingen volgde dat
de halfwaarde tijd van deze terugreactie in spinazie chloroplasten 2,0 ms was
bij 110 K. De (donker-)reactie tussen P 680 en de secundaire donoren had half­
waarde tijden die afhingen van de identiteit van de donor. Met cytochrome b ^ ^
en met Dg was ti gelijk aan 10 - Uo ms. Tussen 10 en 50 K werd in een aantal
reactiecentra ook een donkerreactie met ti van 0,5 s waargenomen. Het aantal
centra met een 0,5-s donkerreactie was groter bij 10 K dan bij 50 K.

Het-EPR signaal van P 680 bij 110 K had dezelfde g-waarde als dat van
P+700 (g = 2,0026), maar de piek-piek breedte was slechts 6 G voor P 680
terwijl dit 8 G was voor P+700. Bij T10 K werden met chloroplasten in aan­
wezigheid van het oxydant kalium-ferricyanide EPR en optische spectra gemeten
die duidden op de irreversibele fotooxydatie van een chlorofyl molecule. Dit
chlorofyl molecule bleek echter niet P68O te zijn, maar het kan geoxydeerd
worden door P+680, als de andere donoren voor het afkoelen chemisch geoxy­
deerd zijn.
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ABBREVIATIONS AND SYMBOLS.

CD
C550

DBMIB
DCMU
ENDOR
EPR
NADP
P680

P700

Q
tricine
X
Z

circular dichroism
compound showing a hand-shift near 550 nm upon reduction of the
primary acceptor of photosystem 2
2,5-dihromo-3-methyl-6-isopropyl-p-benzoquinone
3- (3 ,l+-dichlorophenyl)-1,1 -dimethylurea
électron-nuclear double resonance
electron paramagnetic resonance
nicotinamide-dinucleotide phosphate;(triphosphopyridine-nucleotide)
reaction center chlorophyll absorbing near 680 nm, primary electron
donor of photosystem 2
reaction center chlorophyll absorbing near 700 nm, primary electron
donor of photosystem 1
primary electron acceptor of photosystem 2
N-tris (hy dr oxy me t hy 1) met hy lg ly c i ne
primary electron acceptor of photosystem 1
donor to the primary electron donor of photosystem 2
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