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Summary 

The effects of glycerol, ethylene glycol and sucrose on the redox properties 
of  spinach Photosystem I particles prepared with Triton X-100 were investi- 
gated. It was found that  in 50% glycerol low temperature illumination of  
ascorbate reduced particles results in extensive reduction of  iron-sulphur 
Centre B as well as of iron-sulphur Centre A. Only Centre A is seen in aqueous 
samples. The oxidation reduction potentials of Centres A and B were signifi- 
cantly altered in 50% glycerol. Centre A midpoint  potential Eml0 ~- --510 mV 
compared to --540 mV in aqueous medium and Centre B Eml 0 ""--545 mV 
compared to --590 mV in aqueous medium. 

When Centres A and B are reduced P-700 photo-oxidation with the com- 
ponent  X as electron acceptor is reversible at low temperature. The kinetics of 
the back reaction are altered in glycerol (tl/2 = 210 ms in aqueous medium, 
tl/2 = 110 ms in 50% glycerol). Glycerol was also found to affect the satura- 
t ion characteristics of  the EPR signal of P-700 and probably Centres A and B. 
Ethylene glycol has similar effects. 

It is concluded that  variations in the redox potential at which P-700 photo- 
oxidation becomes reversible and of  the kinetic behaviour of Photosystem I 
reported in the literature are the result of  the use of  glycerol media. These 
results confirm that  Centre B is involved in electron transfer in Photosystem I, 
acting between X and Centre A. 



90 

Introduction 

The properties of  the Photosystem I reaction centre have been extensively 
investigated by  optical and electron paramagnetic resonance (EPR) measure- 
ments at low temperature  (see Ref. 1 for recent review). While it is clear that 
the reaction centre chlorophyll  (P-700) is the electron donor identification of 
the 'primary'  electron acceptor  has proved more difficult, the electron acceptor 
complex containing three or four components  which function even at low 
temperature 

P-700 Light) [ I ]  -~ X --> B -~ A 

Electron transfer to centres A and B (four-iron four-sulphur centres) is essen- 
tially irreversible at t o w  temperatures [2,3,8],  but  when Centres A and B are 
reduced the electron transfer from P-700 to X is rapidly reversible even at 6 K 
[3--5].  There is good agreement [6,7] on the redox potentials of  A (Era10.0 = 
--540 mV) and B (Era10.0 = --590 mV) but  there is considerable disagreement 
about  the role of  centre B in Photosystem I electron transport,  and the poten- 
tial at which the photo-oxidat ion of  P-700 becomes reversible rather than 
irreversible. We have shown [8],  using EPR measurements that  centre B can 
be photoreduced at cryogenic temperatures when centre A has already been 
reduced,  that  centres A and B are present in Photosystem I particles in roughly 
equivalent amounts,  and that P-700 photo-oxidat ion becomes reversible with 
Era10.0 = --590 mV in parallel with the reduction of  centre B. This has led us 
to conclude that  centre B is a component  of  the electron transfer chain in 
Photosystem I, and that it acts between X and centre A. 

However other  workers have had difficulty preparing samples in which B 
can be photoreduced [ 1 ]. A number  of  workers have used optical techniques 
to measure the potential  at which irreversible P-700 oxidation is lost and have 
obtained a value of  --530 mV [9,10],  a similar value was also obtained using 
EPR measurements of  signal 1 [11].  These results have led some authors to 
conclude that only Centre A can act as acceptor and that Centre B is not  
involved in contrast  to our conclusion that Centre B is a component  of  the 
chain. The main experimental factor  affecting the two groups of  results is that 
our experiments were performed in aqueous media while the other  workers 
have used glycerol media. It has recently been reported that  organic media, 
such as ethylene glycol, can produce large effects on the redox properties of  
proteins [12].  We have therefore investigated the effect  of  glycerol on the 
properties of  the electron acceptor  complex in Photosystem I particles 
prepared with Triton X-100. 

Materials and Methods 

Photosystem I particles with a P-700 : Chlorophyll ratio of  1 : 30 to 1 : 50 
were prepared from spinach chloroplasts using the non-ionic detergent Triton 
X-100 as described previously [13].  Samples in 50% glycerol were prepared 
by suspending the particles at twice the required concentrat ion in double- 
concentration reaction medium, adjusting the solution to the  required pH and 
then diluting with an equal volume of glycerol. Samples for a small number of  
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experiments with higher (75%) or lower (25%) concentrations of glycerol, or 
with ethylene glycol or sucrose were prepared in a similar manner with 
appropriate adjustments of  concentration. 

Oxidation-reduction potent iometry  was carried out by the method of 
Dut ton [14] as described previously [15]. EPR spectra were recorded using 
a Jeol JES FE1X spectrometer, interfaced with a Tektronix 4051 micro- 
processor for calculation of  theoretical curves for redox ti tration and produc- 
t ion of  light minus dark difference spectra, and a Nicolet 1020A signal averager 
for kinetic measurements. Samples were cooled to liquid helium temperatures 
using an Oxford Instruments cryostat  and monitoring system. The computat ion 
involved in fitting the microwave power saturation data to theoretical curves 
was carried out  on a Hewlett-Packard 9830A calculator, by kind permission of 
Dr. R. Cammack, King's College, University of  London. Tetraquat,  Triquat and 
Diquat were a gift provided by Imperial Chemical Industries Ltd. (Bracknell, 
Berkshire, U.K.). Tris, Triton X-100 (octylphenoxypolyethoxyethanol)  were 
from Sigma (London) Chemical Co. (Kingston Upon Thames, U.K.). Other 
chemicals were from BDH Ltd. (Poole, Dorset, U.K.} using Analar-grade 
reagents where possible. 

Results 

Fig. 1 shows the light minus dark difference EPR spectra for Photosystem I 
particles prepared and frozen in the dark in aqueous media and in 50% glycerol. 
Fig. l a  shows an EPR spectrum with peaks at g = 2.05, g = 1.95 and g = 1.86 
characteristic of  the reduced form of iron-sulphur centre A, which is normally 
observed to be irreversibly photoreduced on illumination of  Photosystem I 
paticles at cryogenic temperatures, together with a signal at g = 2.00 due to the 
photo-oxidised electron donor P-700. The spectrum presented in Fig. l b  is 
clearly different with additional peaks at g = 2.07, g = 1.93 and g = 1.89. The 
signals at g = 1.93 and g = 1.89 arise from the photoreduct ion of centre B, 
which suggests that  glycerol is affecting the relative redox potentials of centres 
A and B such that  some reaction centres will now transfer an electron from 
P-700 to centre B upon illumination at cryogenic temperatures. The EPR 
spectrum of  centre B is normally only observed in Photosystem I particles 
when centre A has already been reduced, and then has peaks at g = 2.05, g = 
1.93 and g = 1.89. The reduced centre B spectrum seen in Fig. l b  probably has 
a low field peak at g = 2.07 rather than g = 2.05 because centre A is not  already 
reduced, and therefore there is no magnetic interaction between the two iron- 
sulphur centres. It seems unlikely that  glycerol is altering the interaction 
between the two centres, as in samples where both centres A and B are reduced 
there is a single low field peak at g = 2.05 and the high-field peak of  centre A 
at g = 1.86 has shifted .to g = 1.89 as previously described [6] (see Fig. 2 
below). The apparent difference in size of  the signals in Figs. l a  and lb  
results from changes in saturation characteristics of the centres in glycerol, and 
may also reflect greater light penetration of  the clear glycerol sample leading 
to more complete photoreduct ion of  the bound iron-sulphur centres. 

Fig. 2 shows the EPR spectra in the g = 2.00 region of  Triton Photosystem I 
particles poised at different oxidation-reduction potentials in aqueous and 
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Fig.  1. L i g h t  i n d u c e d  E P R  s p e c t r a  o f  P h o t o s y s t e m  I pa r t i c l e s  in a q u e o u s  a n d  g l y c e r o l  m e d i a .  P h o t o -  
s y s t e m  I pa r t i c l e s  (0 .5  m g  c h l o r o p h y l l / m l )  we re  s u s p e n d e d  in 0 .1  M Tris-HCl b u f f e r ,  p H  8 .0 ,  1 0  m M  
s o d i u m  a s c o r b a t e  w i t h  (a)  a q u e o u s  m e d i a  o r  (b)  5 0 %  g l y c e r o l .  T h e  s a m p l e s  w e r e  f r o z e n  in  t h e  d a r k  a n d  
i l l u m i n a t e d  a t  2 0  K f o r  3 0  s. S p e c t r a  we re  r e c o r d e d  a t  2 0  K w i t h  t h e  f o l l o w i n g  i n s t r u m e n t  se t t ings :  
m i c r o w a v e  p o w e r  5 roW: m o d u l a t i o n  a m p l i t u d e  0 . 5  roT,  i n s t r u m e n t  ga in  2 5 0 .  L i g h t  m i n u s  d a r k  d i f -  
f e r e n c e  s p e c t r a  are  s h o w n .  
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Fig .  2. E P R  s p e c t r a  o f  P h o t o s y s t e m  I pa r t i c l e s  p r e p a r e d  a t  d i f f e r e n t  r e d o x  p o t e n t i a l s .  Le f t  in  a q u e o u s  
m e d i u m ,  R i g h t  in 50% g l y c e r o l .  P h o t o s y s t e m  I pa r t i c l e s  we re  s u s p e n d e d  in  0 .1  M g l y c i n e - K O H  b u f f e r ,  
p H  10 ,  w i t h  1 0 0  ~M m e t h y l  v i o l o g e n ,  1 0 0  ~ M  b e n z y l  v i o l o g e n ,  1 0 0  ~M D i q u a t ,  1 0 0  ~M T r i q u a t  a n d  
1 0 0  ~M T e t r a q u a t  as m e d i a t o r s  a n d  t i t r a t e d  to  t h e  r e q u i r e d  p o t e n t i a l  u s i n g  2% (w/v)  s o d i u m  d i t h t o n i t e  
( in 0 .1  M Tr is -HCl  b u f f e r ,  p H  9 .0 )  as  r e d u c i n g  a g e n t .  E P R  s p e c t r a  we re  r e c o r d e d  as in  Fig .  1.  
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glycerol media. It is clear from these spectra that  the reduction of  both  centres 
A and B begins at more oxidised potentials in the presence of  glycerol. Fig. 3 
shows the results of  complete  oxidation-reduction potential  t i trations of  A and 
B in the presence and absence of  glycerol. The midpoint  potential (Era) of  both  
centres A and B is shifted to a more oxidised potential in the presence of  
glycerol, centre A from --540 mV to --510 mV and centre B from --590 mV 
to --545 mV. The effect  is thus greater for centre B, as suggested by  the results 
presented in Fig. 1. Titrations in glycerol are relatively difficult because of  the 
high viscosity of  the medium and variation in results was somewhat  greater 
(+20 mV) than we usually obtain from titrations in aqueous media (+10 mV). 
The glycerol titrations showed slightly anomalous behaviour at very low poten- 
tials with a 20--30% increase in signal size occurring when excess dithionite 
was added to samples which had been equilibrated at the lowest measurable 
redox potential.  This may indicate that  not  all of  the iron-sulphur centres in 
the Photosystem I particles preparations are equally affected by  glycerol. 

There have been some discrepancies in the decay times reported for the 
back-reaction between P-700 ÷ and X- after illumination at cryogenic temper- 
atures [4,16].  Fig. 4 shows the decay kinetics of  signal I (P-700 ÷) following a 
10 ps Xenon flash at 21 K in Photosystem I particles frozen with both  centres 
A and B reduced in the presence and absence of  glycerol. It is clear that  the 
decay is considerably faster ( t ~ / 2  = 110 ms) in 50% glycerol than in aqueous 
media (t~/2 = 210 ms}. The decay in the presence of  glycerol is a mixture of  a 
fast and slow component ,  probably because glycerol has not  affected all of  the 
Photosystem I reaction centres. The same results were obtained if the decay 
of  X- was measured at 10 K. 

Glycerol was also found to have an effect on the microwave power satura- 
tion characteristics of  signal I (P-700), as shown in Fig. 5. The variation in 
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Fig. 3. O x i d a t i o n - r e d u c t i o n  p o t e n t i a l  t i t ra t ions  o f  c e n t r e s  A and  B in a q u e o u s  m e d i u m  a n d  5 0 ~  glycerol .  
T h e  t i t ra t ions  were  carr ied ou t  a n d  s pec tra  r e c o r d e d  as d e s c r i b e d  in t h e  m e t h o d s  and  l e g e n d  to  Fig. 2. 
T h e  curves  d r a w n  are t h e  t h e o r e t i c a l  curves  for a o n e  e l e c t r o n  t rans i t i on  giv ing the  b e s t  f i t  to  t h e  data  
po in t s .  ~, 50% glycerol ;  A, a q u e o u s  m e d i u m .  Le f t :  Centre  B,  m i d p o i n t s  o f  t h e  curves  - - 5 9 0  m V  and 
- - 5 4 5  rnV. R i g h t :  Centre  A ,  m i d p o i n t s  o f  t h e  curves  - - 5 4 0  m V  and  - - 5 1 0  m V .  
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Fig. 4. Kinet ics  of  the  back - r eac t ion  b e t w e e n  P-700  + and  X -  at  21 K in P h o t o s y s t e m  I par t ic les  in the  
p resence  and absence  of  glycerol .  P h o t o s y s t e m  I par t ic les  (0 .2 m g  c h l o r o p h y l l / m l )  in a q u e o u s  med ia  
(a) or  50% glycerol  (b)  were  i l l umina ted  for  2 rain at  r o o m  t e m p e r a t t t r e  wi th  the  add i t ion  of  d i th ion i te  
(0.1% w / v ) ,  t he  l ight t u r n e d  off  for  30 s, and then  f rozen  in the  dark .  The  change  in P-700  fo l lowing flash 
i l lumina t ion  was m e a s u r e d  at  21 K. I n s t r u m e n t  set t ings:  m i c r o w a v e  power~ 0.1 mW~ m o d u l a t i o n  ampl i -  
t ude ,  0 .5  mT~ i n s t r u m e n t  gain,  500.  The  field was set  at  the  posi t ive peak  of signal I in the  first der iva t ive  
s p e c t r u m .  The  t races  p r e s e n t e d  are  the  average  of  128  10 ps x e n o n  flashes,  spaced apa r t  by  10 s. 

signal size of  signal I with microwave power at 77 K has been plot ted as log 
(signal size/(power) 112) vs. log power.  In such a plot  the line of points will be 
horizontal at microwave powers that  are non-saturating. Using the method 
described by  Rupp et al. [17] a curve based on the equation S ~: P' /2/{1 + P/  
P1/2) b/2 has been fit ted to these points by  a weighted least-squares procedure,  
which allows a quantitative determination of  change in saturation charac- 
teristics in terms of  P1~2 (power at which the signal is half the size it would have 
been if not  saturated) and b (a inhomogeneity parameter which is 1.0 for a 
homogeneously  broadened signal to 4.0 for a inhomogeneously broadened 
signal). This is necessary since a perturbation of  a paramagnetic centre may 
change its saturation behaviour both  by  changing the half-saturation power 
P1/2 or by  changing the degree of  homogeneous/ inhomogeneous broadening. 
The curves fi t ted to the points displayed in Fig. 5 suggest that  the  presence 
of  50% glycerol alters the  P,/2 for signal I at 77 K in these particles from 
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Fig. 5. The  m i c r o w a v e  p o w e r  sa tu ra t ion  charac ter i s t ics  of  signal 1 a t  77 K in P h o t o s y s t e m  I par t ic les  in the  
p resence  and  absence  of  g lycerol .  P h o t o s y s t e m  I par t ic les  (0 .6 m g  c h l o r o p h y l l / m l )  were  d i lu ted  wi th  an  
equal  v o l u m e  of  50 m M  Tris, pH 8.0 (A)  or  50% glycerol  (B), kep t  in the  d a r k  for  30  rain and f rozen  
in the  dark .  Af te r  i l lumina t ion  at  77 K the  var ia t ion  of  the  peak - to -peak  signal in tens i ty  of  signal I w i th  
m i c r o w a v e  p o w e r  was m e a s u r e d  a t  77 K wi th  the  fol lowing i n s t r u m e n t  set t ings:  m o d u l a t i o n  a m p l i t u d e ,  
0 .2  roT; scan ra te ,  5 roT/ ra in .  The  da t a  was p lo t t e d  as s ho wn  above ,  and  the  theore t i ca l  curves  f i t ted  
to t h e m  as desc r ibed  in the  t ex t .  

50/~W to 90/~W, and changes b from 1.2 to 1.42. Care was taken to ensure 
that  the sampleS for this comparison come from the same Photosystem I 
particle preparation, since we have recently found that the concentration of  
Triton X-100 present also affects the saturation characteristics of  signal I. 
It is clear from Figs. 1 and 2 that  glycerol is probably having an effect on the 
saturation characteristics of  the bound iron-sulphur centres, since the signals 
from the Photosystem I particles prepared in glycerol are larger than those 
from the same particles in aqueous media. However it was not  possible to 
quant ify this effect,  since at tempts  to fit curves to the saturation data gave 
inhomogenei ty parameters of  less than 1.0. This is due to the presence of  
centres with different saturation characteristics, and confirms that not  all the 
bound iron-sulphur centres are equally affected by  the presence of  glycerol. 

Discussion 

These experiments clearly show that glycerol has extensive effects on the 
environment and components  of  the Photosystem I reaction centre. It seems 
likely that  the variation in potential of  the 'primary electron acceptor '  in 
Photosystem I measured by  optical and EPR procedures arises form this effect.  
The results of  Ke and coworkers [ 10,11 ] were obtained using glycerol solutions, 
Lozier and Butler [9] do not  give details of  sample preparation but  presum- 
ably used the same technique as in a second paper published simultaneously 
[18] in which the samples contained 50% glycerol. The value of  about  --530 
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mV measured by optical techniques [9,10] probably reflects the potential of 
centre B in glycerol and these results can therefore be interpreted as con- 
firming that  centre B acts in the Photosystem I electron transfer chain between 
X and centre A as described in the introduction to this paper. 

We have carried out  preliminary investigations using ethylene glycol and 
sucrose which are also used to prepare samples for low temperature optical 
work. Ethylene glycol appears to have the same or greater effects than glycerol 
on the light-induced spectra and kinetics. Sucrose has little or not effect on the 
light-induced spectrum and a small effect on the kinetics. 

Considerable caution should therefore be used in interpreting the results of 
experiments on chloroplast preparations in glycerol or ethylene glycol and the 
use of these results to predict the in vivo mechanism of photosynthesis. 
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