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Activation by manganese of photochemical oxygen evolution and NADP + 
photoreduction in chloroplasts 

The chloroplasts washed with o.8 M Tris-HC1 buffer (pH 8.o) (Tris-washed 
chloroplasts) are known to exhibit no Hill reaction activity with water as electron 
donor 1,2. 3-(3,4-Dichlorophenyl)-I,I-dimethylurea (DCMU)-sensitive NADP + photo- 
reduction 1 with an artificial electron donor such as ascorbate plus p-phenylenediamine 
and DCMU-sensitive photobleaching of carotenoids 3 in Tris-washed chloroplasts have 
been interpreted as indicating that  the t reatment  with Tris buffer blocks the photo- 
synthetic electron transport  on the oxidizing side (the water side) of System I I  at 
a site between water and an electron carrier designated as Y (see the scheme in 
ref. 3 or 4). The oxidized form, Y+, which accumulates in Tris-washed chloroplasts 3 
or in chloroplasts with carbonyl cyanide m-chlorophenylhydrazone 4 on illumination 
and is consumed by  ascorbate plus phenylenediamine causes the carotenoid bleaching. 
On the other hand, it was demonstrated 3 that  Mn in chloroplasts is removed by the 
Tris t reatment  and that  2,6-dichlorophenolindophenol (DCIP) photoreduction once 
lowered by Tris t reatment  is greatly restored by  addition of Mn 2+. The restoration of 
DCIP photoreduction by  Mn was accompanied by  suppression of carotenoid bleaching. 
I t  was postulated 3 from these results that  Mn, like ascorbate plus phenylenediamine, 
donates electrons to Y+. This supposition is consistent with the effects of added Mn 
on the fluorescence yield of Mn-depleted chloroplasts 3, s. In the present study, NADP + 
photoreduction and photochemical O 2 evolution were measured with Tris-washed 
chloroplasts in the presence or absence of added Mn in order to see whether the 
electron transport  from water to NADP+ is supported by Mn. 

Tris-washed chloroplasts and normal (control) chloroplasts without the treat- 
ment  with Tris buffer were prepared from spinach leaves as described previously 1, 3. 
These samples were suspended in 50 mM Tris-HC1 buffer (pH 7.8) containing 0. 4 M 
sucrose and Io mM NaC1 and were subjected to the measurements of NADP + re- 
duction and 0 2 evolution. NADP + reduction in the chloroplast suspension illuminated 
with blue light (4000 lux) obtained with a combination of glass filters with maximum 
transmission around 480 m/* was estimated from the light-induced absorbance in- 
crease at 34 ° m/* of the suspension measured with a Shimadzu Multipurpose recording 
spectrophotometer model MPS-5o (temperature, 20 4- 2°). Ferredoxin and ferre- 
doxin-NADP + reductase, which are requisites for NADP + photoreduction in isolated 
chloroplasts, were prepared from spinach leaves according to the methods of SAN 
PIETRO e and KEISTER AND SAN PIETRO 7, respectively. 0 2 evolution was measured 
with a Clark-type O, electrode as described previously 4. In the experiment, chloro- 
plasts in a semi-closed lucite vessel were illuminated with white light (I,  IO ~ lux) 
at 17 ° . 

Curves A and B in Fig. I show the time-courses of NADP + photoreduction in 
normal and Tris-washed chloroplasts, respectively. The rate of reduction obtained 
for normal chloroplasts, which was estimated from the absorbance increase at 34 ° m/* 
during 3 rain of illumination with blue light, was 8.8/,moles NADP+ per mg chloro- 

Abbreviations: DCMU, 3-(3,4-dichloropheny 1)-z,I-dirnethylurea; DCIP, 2,6-dichloro- 
phenolindophenol. 
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phyll per h (Curve A). The rate obtained for Tris-washed chloroplasts was lower 
(2. 9 vmoles NADP + per mg chlorophyll per h, see Curve B), being in agreement with 
previous observations1, 2. The NADP + photoreduction once lowered by  treatment  
with Tris buffer was greatly activated by  addition of Mn 2+. The rate of reduction 
obtained for the Tris-washed chloroplasts supplied with o.i mM MnC12 was 8.0/~moles 
NADP+ per mg chlorophyll per h (Curve C in Fig. I), which is as high as 91% of 
the rate for normal chloroplasts. As described previously 3, addition of o.I mM MnC12 
to Tris-washed chloroplasts caused a similar degree of activation in DCIP photo- 
reduction. I t  should be noted that  the reduction of NADP + in the presence of Mn 
proceeds as long as 3 rain in the light (Curve C in Fig. I), whereas DCIP reduction in 
the presence of Mn proceeds only for 2o sec in the light 3. The NADP + photoreduction 
restored by  Mn was inhibited completely by  io/zM DCMU (Curve D in Fig. I). 

Tris-washed chloroplasts show a decreased activity of photochemical O 2 evo- 
lution with NADP + as electron acceptor. The rate of evolution for normal chloroplasts 
and that  for Tris-washed chloroplasts, which were estimated from the amount of 02 
evolved during 5 min of illumination with white light, were 13.2 and o.95/,moles O 9 
per mg chlorophyll per h, respectively (Curves A and B in Fig. 2). Addition of o.I mM 
MnC12 to Tris-washed chloroplasts caused a further decrease in the rate of evolution. 
This is probably due to the fact that  the photochemical 0 2 uptake observable in 
the absence of NADP + is accelerated by  Mn 2+ at such a high concentration (see also 
ref. 8). However, an accelerating effect of Mn on 02 evolution was demonstrated 
for the Tris-washed chloroplasts which were incubated with 0.3 mM MnCI 2 for IO rain 
in the dark and then resuspended in 5 ° mM Tris-HC1 buffer (pH 7.8) containing 
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Fig.  I. The  t ime-courses  of t he  l i gh t - i nduced  absorbanee  change  a t  34 ° m/z in the  presence of 
0.33 m M  N A D P  + plus i /~M fer redoxin  plus a s a t u r a t i n g  a m o u n t  of f e r r e d o x i n - N A D P  + reduc tase .  
Curve  A, no rma l  chloroplas ts ;  Curve  B, T r i s -washed  chloroplas ts ;  Curve  C, Tr i s -washed  chloro- 
p las t s  w i th  o . i  m M  MnCI~; Curve  D, Tr i s -washed  chloroplas ts  w i th  o.1 m M  MnC12 plus IO/~M 
DCMU. The  chloroplas t  su spens ions  con ta ined  17. 5/~g of chlorophyl ls  per  ml. Blue  l i gh t  (4o00 lux) 
was  t u r n e d  on or off as ind ica ted  b y  arrows. Absorbance  increase (upward  change)  ind ica tes  
N A D P +  pho to reduc t ion .  

Fig. 2. The  t ime-courses  of t he  l i gh t - induced  O 3 evolu t ion  in t h e  presence of 0.33 m M  N A D P  + 
plus I / *M fer redoxin  plus a s a t u r a t i n g  a m o u n t  of f e r r e d o x i n - N A D P  + reduc tase .  Curve A, n o r m a l  
chloroplas ts ;  Curve  ]3, T r i s -washed  chloroplas ts ;  Curve  C, Tr i s -washed  chloroplas ts  p re t rea ted  
w i t h  0. 3 m M  MnCI2; Curve  D, Mn- t r ea t ed  chloroplas ts  in t he  presence of 5 ° / * M  DCMU. The  
chloroplas t  suspens ions  (vol., 3 ml) con ta ined  262/*g of chlorophylls .  W h i t e  l igh t  ( I . lO  5 h x )  
was  t u r n e d  on or off as i nd i ca t ed  b y  arrows.  U p w a r d  change  in t he  figure corresponds  to evo- 
lu t ion  of 02 . 
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o. 4 M sucrose and IO mM NaC1 after centrifugation. In fact, the chloroplasts pre- 
treated with Mn by  such a procedure showed an enhanced 0 3 evolution when illumi- 
nated in the presence of NADP + (Curve C in Fig. 2). The rate of evolution obtained 
for the Mn-treated chloroplasts was 2.0/~moles 0 2 per mg chlorophyll per h (Curve C), 
which is 2.1 times higher than the rate for Tris-washed chloroplasts. 0 2 evolution in 
Mn-treated chloroplasts was strongly inhibited by  50/zM DCMU (Curve D in Fig. 2). 
I t  should be noted that  the pretreatment of Tris-washed chloroplasts by the above 
procedure increased the NADP÷ photoreduction in blue light by 43 %. 

The accelerating effect of Mn on 0 2 evolution was also observed with 3 mM 
p-benzoquinone as electron acceptor in place of NADP +. In the presence of quinone, 
the rate of evolution in ~moles 0 2 per mg chlorophyll per h was 144 for normal 
chloroplasts, 26 for Tris-washed chloroplasts and 40 for the Tris-washed chloroplasts 
pretreated with 0.3 mM MnC12. 

As fully discussed previously ~, Mn in chloroplasts functions as a donor of electron 
to Y÷. The observed acceleration of NADP ÷ photoreduction by Mn is consistent with 
this proposition. The acceleration of 03 evolution by  Mn indicates that  the electron 
transport  from water to Y is mediated by Mn. In conclusion, electrons from water 
migrate in photosynthesis to NADP + through Mn. 
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