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SUMMARY 

The Emerson  enhancement  effect using red i l luminat ion  supp lemen ted  by far- 
red  l ight  is a character is t ic  phenomenon of pho tosyn the t i c  oxygen evolut ion by  p lan t s  
and  algae. I t  has been ci ted as an impor t an t  evidence in suppor t  of the  inechanism of 
pho tosyn the t i c  electron t r a n s p o l t  involving two light react ions opera t ing  ill series. 
The present  study, confirms the occurrence of enhancement  in isolated,  broken spinach 
chloroplas ts  for the  photoreduc t ion  of NADP~ by water :  [H20 ~ NADP-~  reaction.  
Fa r - r ed  l ight  at  7oo nm is supp lemen ted  op t imal ly  wi th  wavelengths  of 65 ° or 07o nm. 
Diva len t  cat ions such as magnes ium or manganese  are shown to be required for 
enhancement  to occur. The op t imum concentra t ions  of added  MgC12 or MnCI., are 
about  7-5 mM; at  concentra t ions  below 3 mM enhancement  is not  obta ined.  The 
cri t ical  dependence  on d iva len t  ion concentra t ion  is felt to be the  reason why the 
enhancement  phenomenon has not  been observed in some previous s tudies  using 
broken chloroplasts .  A role for Mg 2~ is proposed  in which i t  al ters the  s t ruc ture  of 
the  ac t ive  chloroplas t  membranes  in a manner  which controls  the  t ransfer  of electronic 
exci ta t ion  be tween the two pho tosyn the t i c  p igment  sys tems.  These findings faw)r 
the  series two- l ight  react ion mechanism over the  a l t e rna t ive  paral le l  scheme. 

INTRODUCTION 

The na ture  of electron t r anspor t  in pho tosyn thes i s  has been ex tens ive ly  in- 
ves t iga ted  1, but  there  still  remain  some very  impor t an t  differences of opinion with 
regard  to  the  re la t ionship  of the  l ight react ions and the two pho tosys tems  to electron 
t r anspor t  in chloroplasts .  In  Pa r t  I of this  report ,  we addressed  the quest ion of the  
number  of photons  requi red  to ca r ry  out  P h o t o s y s t e m  I, Pho tosys t em I I  or Photo-  
sys tem (I + II) reaet ionsZ In  this  paper  we repor t  exper iments  des igned to answer 
the  quest ion whether  Pho tosys t em I and P h o t o s y s t e m  I I  are both required to t ransfer  
electrons in a series fashion in the  [H~O ~ N A D P  += react ion I ~. An a l te rna t ive  lnech- 
anism has been proposed  by  KNAFF AND ARNON 5 in which both  of the  pho tosys te ins  
opera te  in independen t  pa thways  and only Photosys ten l  I I  (Photosyste in  i I a - -  

Abbreviations: DCIP {DCIPH2), z,O-dichlorophcnolindophenol, oxidized {reduced); 
1)CMU, 3-(3,4-dichlorophenyl)-w, i-dimethylurea. 
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Photosystem IIb) is involved in the [H20-~ NADP+_~ reaction. In  this reaction elec- 
trons are transferred from water to NADP% leading to oxygen evolution and the re- 
duction of NADP~ to NADPH.  The phosphorylat ion of ADP to ATP can be coupled 
to the i H 2 0 - ,  NADP+~ reaction. 

In Part  I we reported that  the ascorba te  -k DCIPH2 ~ N A D P  ~" reaction, 
characteristic of Photosys tem I, requires only one quan tum of light at 70o nm or 
longer wavelengths in order to transfer one electron from D C I P H  2 to NADP* in tile 
presence of 3-(3,4-dichlorophenyl)-I ,I-dimethylurea (DCMU) 2. The iH20= ,  DCIP~ 
Hill reaction is characteristic of Photosys tem II  and requires only one quan tum of 
63o to 66o nm light to transfer one electron from water to 2,6-dichlorophenolindo- 
phenol (DCIP), provided that  the reaction conditions are adjusted to give efficient 
spillover of excitation from Pigment system I to Pigment system II .  The -H,,O - 
N A D P  + reaction requires two quanta  from 62o to 678 nm to transfer one electron 
from H~O to N A D P  + under the same conditions favoring spillover 2. AVRON A:,'D 
BEN-HAYYIM 6 reported nearly identical values for these or similar reactions. How- 
ever, it is impossible on the basis of action spectra and quan tum requirement measure- 
ments  alone to answer the question of whether the i H ~ O ~  NADP+~ reaction is 
driven bv Photosys tem (I -f- II) or Photosys tem (IIa  + I I b ) .  One wav of providing 
conclusive evidence that  the H20 ~ N A D P :  i reaction involves Photosys tem (I --  II) 
is to demonstrate  the occurrence of the Emerson enhancement effect for this reaction 
in chloroplasts. 

Using whole cells of Chlorella and of Chroococcus, E~mRSON AXD LEXVlS ;,s 
found a sharp decrease in the efficiency of photosynthesis  with actinic light of wave- 
lengths longer than 685 nm (red drop in efficiency). By  adding a weak background 
of green light to the far-red light, EMERSON et al. 9, ~o found that  the combined wave- 
lengths produced higher photosynthet ic  rates than the sum of the rates for the two 
lights used separately. This Emerson enhancement effect is the subject of a recent 
reviewlL The series formulation involving two light reactions ~2 gained support from 
these experiments. The basic idea was that  far-red light, absorbed predominant ly  
by Photosys tem I, could be supplemented or " e n h a n c e d "  by adding light tha t  was 
preferentially absorbed by Photosys tem II .  This enhancement has been demonstra ted 
to occur in whole cells or intact  leaves in a wide variety of oxygen-evolving orga- 
nisms:~-,1, la-.16. Nevertheless, it was argued that  the origin of enhancement  in whole 
cells is not in the pr imary light-driven electron t ransport  reactions, but  is a conse- 
quence of feedback loops in the dark reactions involving the requirements of CO._, 
fixation for N A D P H  and ATP. N A D P H  is produced v i a  non-cyclic electron t ransport  
and ATP is produced, at least in part, v i a  cyclic electron flow involving only Photo- 
system i. In order to resolve the origin of enhancement,  it is necessary to find out 
whether enhancement occurs in isolated broken chloroplasts, where CO 2 fixation is not 
coupled and only the immediate consequences of the light reactions would be observed. 

The occurrence of significant enhancement  in the [H20 ~ NADP*~ reaction by 
isolated broken chloroplasts has been reported by GOVINDJEE t'l al.  17, 's ,  GORDON,9, 
.IoLIOT Ct al.  20 and AVRON AND BEN-HAYYIM 6. On the other hand, GIBBS el al.  ~5 and 
MCSWA~X axl) ARNON 21 studied the reduction of N A D P  + (and of ferricyanide) by 
HeO in isolated chloroplasts and found no measurable enhancement.  The lack ot 
enhancement  was interpreted as indicating no cooperation between photosystem: 
Photosys tem I and Photosys tem II .  AR:X'ox 22 proposed that  either the !ascorbate -k 
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DCIPH2-~  NADP* 1 or the [ H 2 0 ~ N A D P " ~  reaction is driven by' a single light 
reaction, Photosys tem I for the former and Photosys tem II  for the latter. The hypo- 
thesis was tha t  only one photon per electron transferred was required in each of these 
reactions. I t  was subsequently modified in the light of the behavior of a new photo- 
reactive chloroplast component  C55o2a, 2~. The latest version of this hypothesis a 
suggests tha t  three light reactions are involved in photosynthesis;  two are in Photo- 
system II  and are short-wavelength light reactions, and one is in Photosys tem I 
and is a long-wavelength reaction. The hypothesis  also states tha t  there is no direct 
cooperation between Photosys tem I and Photosys tem II,  and only Photosvs tem II  
(a --  b) is involved in activating the basic reaction of photosynthesis,  i.e. the H..,O 
NADP+q reaction. 

In the present s tudy we present further evidence that  Emerson enhancement  
does occur in broken spinach chloroplasts for the [H20 . NADP~ i reaction. We 
believe, however, tha t  our findings do more than simply add one more publication 
to the side favoring the assignment of this reaction to the Photosys tem (I ~- II) 
scheme. \Ve have also found what we believe to be the reason why some laboratories 
have been unable to observe enhancement  in isolated chloroplasts despite apparent ly  
extensive and painstaking efforts. The discovery, of the cause of this variabiIitv in 
turn uncovers an important  new phenomenon relevant to photosynthet ic  control 
mechanisms. 

MATERIAI .S  AN1) M E T H O D S  

spi,zach amt pr@aratio~z of chloroplasls 
Spinach (Spi~lacia oleracea var. early hybrid No. 7) was grown in vermiculite 

in a growth chamber under controlled conditions similar to those of SAVER AND 
PARK2'~: light intensity approximately  3eoo ft candles in zo h light/z 4 h dark cycles, 
temperature approx, z8°, leaves harvested 6 8 weeks after germination. Chloroplasts 
isolated with sucrose isotonic solution were prepared as described previously 2. Chloro- 
plasts isolated with NaC1 isotonic solution were prepared similarly,, except tha t  the 
buffer solution for the isolation was o.35 M NaC1 and o.o2 .~I Tris buffer at pH 8.o; 
o.o35 1~I NaC1 solution was used for resuspension. Chlorophyll a and b concentrations 
were determined as in Par t  12. 

Rcag,',lils 
In addition to those chemicals described in Part  12, 5InC12 was obtained from 

J. T. Baker Chemical Co., Phillipsburg, N.J., and tr izma base from Sigma (ihemieal 
Co., St. i.ouis, Mo. 

Apparatus a,zd i,ztcnsilv measurement 
Tile apparatus  for monitoring NADP+ reduction, based on a Cary 14 spectro- 

photometer,  was similar to tha t  used previously 2. Actinic lights from two identical 
monochromators  (Bausch and Lomb, 5oo mm, red-blaze grating) were t)rought to 
approximate focus on the same side of the cuvette  in tile sample beam. Apart  from 
the converging lenses and an intermediate mirror in one beam, each monochroinatic 
beam was supplemented with appropriate short-wavelength cut-off filters ~. The in- 
tensities of the actinic lights were measured as previously 2. 

l?iochim, lgiophys. Acta, _,56 ( i972)  4o9  4 a 7  
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Reaction mixture and preparation of ferredoxi~z, NADP~ reductase and plastocvauin 
The react ion mix tures  of the :ascorbate  + DCIPH.,--> N A D P  +] reaction,  of the 

i H 2 0 - ~  DCIP]  react ion and of the  [ H 2 0 +  N A D P  +] react ion were the same as de- 
scr ibed previously  2 except  for those s ta ted  specifically in the tex t  under  special con- 
dit ions.  Sa tu ra t ing  amounts  of p las tocyanin  were added  to each of the three react ion 
m i x t u r e s  and sa tu ra t ing  ferredoxin and f e r r e d o x i n - N A D P  + reductase  were added  to 
the  [H20-+  N A D P  +] and the [ascorbate  + D C I P H ~ - ~  N A D P  +] reactions,  except  for 
those cases s ta ted  specifically in the  text .  Ferredoxin,  p las tocyanin  and NADP+ re- 
ductase  were p repared  from commercial  spinach as described previous ly  2. 

R E S U L T S  

iH~O ~ X A D P *  1 reactio~z and enhancement studies 
The rate of photoreduction of NADP~ as a function of incidel# intensity 
As descr ibed previously  2, the  q u a n t u m  requi rements  for the  EH20 -~ NADP~ 7 

react ion increased g radua l ly  as a l inear function of the  incident  l ight  in tens i ty  within 
the  range s tudied.  The q u a n t u m  requi rements  a t  650 nm and the  rates  of photore-  
duct ion of N A D P  + at  650 nm and 700 mn within th is  in tens i ty  range are shown in 
Fig. I.  Inc ident  l ight in tens i t ies  from zero to approx.  3.0 nEins te ins ,  cm -2. see -x were 
used in the  s tudy  of enhancement  effect. Only v e r y  act ive chloroplasts ,  as in Fig. I,  
were used. 

Patterns of sequential presentation of two acti~ffc lights 
In order  to obvia te  possible biases, we examined  four different sequences of 

presenta t ion  of the  act inic l ights.  (A) F i r s t  i l luminat ion wi th  a red  l ight  (650 nm) to 
ob ta in  the  ra te  of the reaction,  RR at  in tens i ty  IR;  da rk  in te rva l  (approx.  3 rain) 
unt i l  the  ra te  of the  back  react ion became cons tan t ;  i l luminat ion  with  700 nm light 

150 
T 

o 

T I 0 o  

a 
< 
z 50 

o: 

0 0 

t i I i 

@ 6 5 0  

R 7 0 0  

0 I.O 2.0 3.0 

I N C I D E N T  I N T E N S I T Y  

- -  3 . 0  

2 . 0  
,'n 

.E 

5 

LO 

< 
g 

( nEin steins • cm - 2  , sec -I  ) 

Vig. , .  Q u a n t u m  r e q u i r e n l e n t s  a t  650  n m  ( © )  a n d  t h e  r a t e s  of  p h o t o r e d u c t i o n  of N A D P  + a t  
6 5 o  n m  ( ~ )  o r  7oo  n m  ( A )  in  t h e  [ H 2 0 - ~  N A D P + ]  r e a c t i o n  b y  b r o k e n  c h l o r o p l a s t s  ( i s o l a t e d  in 
s u c r o s e )  as  f u n c t i o n s  of t h e  a c t i n i c  l i g h t  i n t e n s i t y .  T h e  r e a c t i o n  m i x t u r e  ( S o l u t i o n  A) is g i v e n  in  
t h e  t e x t .  T h e  r a t e  of  N A D P  + r e d u c t i o n  w a s  m e a s u r e d  as  t h e  c h a n g e  in  a b s o r b a n c e  a t  34 ° n m  p e r  
u n i t  t i m e .  C h l o r o p h y l l  c o n c e n t r a t i o n ,  2 7 / i g / m l .  
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of in tens i ty  IFR to obta in  a ra te  RFg;  i l lunfination witil  red l ight of in tens i ty  IR 
added  to the  far-red light,  giving the ra te  RFR+R. This pa t t e rn  is des ignated  !RR; 
RFR, RFR+RI. A typica l  t ime course of these ra tes  is shown in Fig. 2. (B) Using the 
no ta t ion  adop ted  above, we then modified the  act inic i l luminat ion to provide  the  
sequence RFR, RFR+R; RR~. (C) A th i rd  pa t t e rn  used was ]RFR; Rm RR_]~'R]. (D) 
A four th  pa t t e rn  used was IRa, RR+FR; RFR!. The objec t ive  of using these different 
pa t t e rn s  was to demons t r a t e  tha t  enhancement  can be observed regardless of the  
order  in which the  act inic wavelengths  are presented.  

Several  different  measures  of enhancement  are used in the  l i te ra ture  on this  
subjec t  26. In  order  to faci l i tate  comparisons wi th  other  results,  we have calcula ted 
enhancement  ra t ios  based  on a por t ion of our resul ts  in three  different ways, according 
to  the  following equat ions :  

R F R + R  - -  R R 
E 1 - - - -  

RFR 

R F R + R  - -  RFR 
g 2 - -  - -  

RR 

RFR+R 

E 3 -- RE R + RR 

where RR : the  ra te  of the  react ion with red  actinic l ight  alone;  RFR --  the  ra te  of 
the  react ion with far-red light alone;  RFR+R = the ra te  of the  react ion when both  
red and  far-red l ights were incident  simultaneously,.  

The ra tes  of the  react ion ob ta ined  with a single sample  are used to calculate  
the enhancement  values, El, E 2 and E a. The enhancement  values shown in Table I 
were ob ta ined  using an incident  l ight in tens i ty ,  IR, about  1. 4 nEins te ins ,  cm-" .  sec -a 
a t  65 ° nm and  IFR about  2.3 nEins te ins ,  cm -2. sec -1 at  7oo nm. At  these  intensi t ies ,  
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Fig. 2. Typical time course for the photoreduct ion of NAI )P  ~ by broken chloroplasts (isolated 
in sucrose) in the [H20 -> NADP+~ reaction using two actinic wavelengths.  The reaction mixture  
(Solution A) is described in the text.  The il lumination pa t te rn  -RR; RFR, RFR*R is i l lustrated in 
this experiment;  incident intensi ty of far-red light at 700 nm, 2. 3 nEins te ins -cm ~, sec t; incident 
intensi ty of red light at 65o nm, 1. 4 nI{insteins .cm 2. sec 1. Chlorophyll concentration, 27 ffg/ml. 
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RR is nearly four t imes greater  than  Rvm and the value of E~ is significantly larger 

than  E_o or Ea. At  lower relat ive light intensit ies at 65o nm, when the denominators  

hecome smaller, values of E 2 and E a close to 2.o are obtained. Because values of 

El ,  E 2 and E a are essentially describing the same enhancement  phenomenon,  we have 

chosen E~ as the preferred parameter  to characterize the enhancement  effect for the 
remainder  of this s tud \ .  

In Table II the values of E~ are shown for the four different sequences of il- 
luminat ion described above. The E t  values obtained in the i l lumination sequences 

(A) and (B) are very  similar, but E 1 of (A) is ahvavs slightly smaller than tha t  of (B). 
The E l values obtained in the i l lumination sequences (C) or (D) are always larger than  

those obtained in (A) or (B). Therefore the i l lumination order (A) is the most  conserva- 

t ive way to measure the enhancement  effect among the four. We use this as the stan- 

dard i l lumination sequence in our subsequent  experiments.  

A b s e n c e  o f  e n h a n c e m e n !  w i t h  two ac t in i c  l ights  at @ o  n m  

In order to confirm the absence of unsuspected contr ibut ing effects in the 
enhancement  study, we carried out the following control exper iment :  \Ve first il- 

lunfinated the sample with actinic light i at 700 nm and actinic light II  at 650 nm, 

to obtain the E 1 value, as described in Table I. Then we changed the wavelength of 

the actinic light I monochromator  from 700 to 650 nm and carefully adjusted its 
intensi ty  to about  0.3 nE ins t e in . em-2 . sec  a, which gave the same rate of N A D P "  
reduct ion as when the actinic light i at 700 nm was 2.3 nEins te ins -cm .2.see 1. We 

then repea ted  the exper iment  and obtained Ea in the same way as described before. 

The  only difference is that  actinic light I in the first case is at 700 nm and in the second 

case, is at 650 nm. The results are shown in Table I I I .  The enhancement  value E 1 

obta ined  with actinic light I at 700 nm and II  at 650 nm is 2. 4 to 2.6. But  E~ is less 
than  I.o when both actinic lights i and II are at 650 nm. Apparent ly  there is an en- 

hancement  effect in the former but  no such effect in the la t ter  experiment .  Because 

the rate of the reaction is not quite  a linear function of the incident light intensi ty,  
as shown in iqg. I, the " e n h a n c e m e n t "  ratio is found to be sonlewhat less t haa  Lo 

when the two actinic lights are both at 65o nm. 

TAI~LE 1 

E N H A N C E M E N T  C A L C U L A T E D  AS .b]l, 1~2 2 OR E a F O R  T H E  [H20~ NADP +~ R E A C T I O N  B Y  C t I L O R O -  

PLANTS 

Spinach chloroplasts (isolated in sucrose/ in 45 mM Tricine (pH 7.5), 7.5 mM MgC12, o.67 mM 
NADP ÷, plastocyanin, ferredoxin and ferredoxin-NADP+ reductase, added in saturating amounts. 
Experimental conditions as m Fig. 2. Hlumination pattern: IRa; Rva, RFR+R]. Incident inten- 
sities: 1. 4 and 2.3 nEinsteins'cm-2"sec 1 at 650 and 70o nm, respectively. Definitions of El, E~ 
and 1- a given in the text. 

Samph Rate of NA D P  ~ reduction l- 1 1"22 E a 
J.43~o,.,,/miu 

l~65[)l~llt R700nm /~700+650'tt m 

l O.ll 7 0 .0306  o.zor 2.43 ~.3 S 1.3o 
2 O.lO 7 0 .0305 o.182 2.40 1.42 1.32 
3 o.o99 0 .0240  o.102 2.60 1.4I 1.33 

l?iochim. Biophys. Acta, 256 (1972) 409 427 
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Repeatability of the enhancement effect in the [H20 ~ NADP+~ reactio,z 
The rate of the reaction and the red-far-red enhancement effect are closely 

correlated with the activity of the chloroplasts. When the rate of the reaction is 
within 20 °o of the rate shown in Fig. i under identical experimental conditions, the 
enhancenlent values, E~, are very reproducible, 2.4 ~ 0.3. The rate of the reaction 
decreases steadily, but slowly, when the same sample is illuminated repeatedly. For 
Sample i in Table III the rate of the reaction is/]Aa40n111/min = o.o95 at the first 
illunlination; it decreased to 0.09 ° at the ioth illumination. High light intensities 
and long illuminations tend to decrease the rate of the reaction more rapidly than do 
low light intensities and short illuminations. Chloroplasts studied immediately fol- 
lowing isolation tend to retain their activity better than do those that have been 

" I ' A B L I (  I I 

ENHANCEMENT OBTAINED USING D I F F E R E N T  PATTERNS OF ILLUMINATION FOR THE ! H 2 ( ) >  N A D P '  
REACTION BY CHLOROPLASTS 

R e a c t i o n  c o n d i t i o n s  a s  i n  T a b l e  1, but  w i t h  dif ferent  i l lu in inat ion  pa t t erns ,  as ind icated .  R, rate  
o f  N A D 1)- r e d u c t i o n ,  .~ A a40nm/ra in .  

Sample llhtminalio1~ pattern 

(A)  [ R R ;  RFI~', RVR+R] (B) []~t,'R, RFR+R; RRI 

1~6511 n m t~700n m ~700 +650*~ m ]~'~1 RT()0 n n~ 1t~700+650 n m 1~'650 n m 1~1 

I o.1 IO 0 . 0 2 8 8  o . 1 8 6  2 .04  o . o 2 8 8  o. I 8 0  O. lO 5 2 .84  
2 o. IO 5 0 . 0 2 7 0  o . 1 7 9  2 .71 0 . 0 2 8  4 o . 1 8 9  O. lO 9 2.82 
3 o. i o o  0 . 0 2 8 2  O.172  2 .58  0 . 0 2 8 4  O . I 8 2  /) .105 2 .74  

(C) [REly;  RR, Rn+vn] (D) [RR, RI~+FR; RFR] 

R700 n m /~65(I n m R650~ 700 n m E1  

r o . o 2 8 4  /1.o92 o . i S i  3 .13  
"2 0 . 0 2 7 8  o . o 9 o  o .181  3 . 2 7  
3 0 . 0 2 7 9  0 . 0 9 5  o . 1 8 6  3 . 2 8  

t~650 n m R650+700 n m R700 n m /5"1 

o . o 9 2  o . 1 8 I  0 . 0 2 9 4  3 . 0 2  
O.1OI o. I 8 1  0 . 0 2 8  4 2 .8  3 
o. I o 9  o . i 8  7 o , o 2 8 o  2 . 8 r  

T A B L I  5 i l l  

ENHANCEMENT E 1 WITH T~VO ACTINIC LIGHTS AT D I F F E R E N T  OR AT THE SAME XVAVELENGTH FOR 
THE ! H i ( )  -~  N A D P + ]  REACTION BY CHLOROPLASTS 

R e a c t i o n  c o n d i t i o n s  a s  i n  T A b l e  [ .  W a v e l e n g t h s  o f  i l l u m i n a t i o n  are i n d i c a t e d  ill the  table .  T h r e e  
c h l o r o p l a s t  s a m p l e s  were  m e a s u r e d  a n d  12 i n e & s u r e l n e n t s  o n  each  were  lnade  s u c c e s s i v e l y  ill t i l t '  
order  of p r e s e n t a t i o n .  R, rate  of  N A D P  + reduc t ion ,  A A  a*0 nm/n l in "  

.,S'am/~[c R650 nm R700 n;';'~ ~700+650 n m ]Z1 /~650 n m /~'650 n *:t 1~650 ~ 650 ~'t m ];1 

t 0 . 0 9 5  0 . 0 3 0 7  o. 174 2 . 5 9  o - 0 9 9  0 . 0 3 2  ~ o. 13 o o . q o  
2 . . . .  11.o99 o . o 3 1 4  o. I 2 8  o .91  
3 o . o 9 5  o . o 2 8 8  o. i 6 8  2 .53  o . o 9 1  o . o 3 o  2 o. I 17 0 . 8 6  

l 11.o92 0 . 0 2 8 7  o . 1 6 5  2 . 5 4  o.o9/1 o . o 3 I I  o. I 1 8  0 . 8 8  
2 0 . 0 9 3  0 . 0 2 8 6  o. 162 2 .42  0 . 0 9 0  o . o 3 o i  o. r 15 (9.84 
3 0 . 0 8 9  0 . 0 2 7 4  o. 157 2.4(0 0 . o 9 o  0 . 0 2 9 6  o. I 13 0 .7£ 
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s tanding  in the  dark  at  o ° for 6 h. In  our experience when the chloroplasts  are fresh 
and thei r  ac t iv i ty  is high, the  ra te  of the  react ion does not  decrease more than  2o o.o 
of the  ra te  at  the  first i l lumina t ion  dur ing the course of an exper iment  last ing 3o rain. 
A typ ica l  example  is shown in Table  IV. The ra te  of the  react ion was/lA..~o nm/min = 
O.l l  7 a t  the  first i l luminat ion;  i t  decreased to o.o95 at  the  I o t h  i l luminat ion.  Never- 
theless,  E~ at  the  first i l luminat ion  is 2.43, and  i t  is 2.33 at  the  I3th.  When  the ra te  
of the  react ion decreased to AAa4onm/min = o.o86 at  the  16th i l luminat ion,  E a de- 
creased to 1.7o. We dis regard  the  resul ts  when the ra te  of the react ion decreases 
below zJAa~onm/min = o.o95; i.e. 2o °o below the ra te  at  the  first i l lumination.  

T A B L E  1V 

R E P E A T A B I L I T Y  O F  T H E  E N H A N C E M E N T  E F F E C T  F O R  T H E  [ H 2 0  > N A D P  +] R E A C T I O N  B Y  C t t L O R O -  

P L A S T S  

R e a c t i o n  c o n d i t i o n s  as in T a b l e  I.  T h e  o r d e r  of t h e  1 8 m e a s u r e m e n t s  on a s ingle  c h l o r o p l a s t  s an lp l c  
w a s  t o p  to  b o t t o m  in e a c h  c o l u m n ,  t h e n  lef t  t o  r i g h t .  R, r a t e  of r c d u c t i o n  of N A D P  +, 21A aau nm/nlin.  
I l l u m i n a t i o n  p a t t e r n s  as d e s c r i b e d  in t h e  t e x t .  

Illumination .~leasuremen! index number 
pattern 

z -3  4-6 7-9 lO-12 z3-15 16-18 

A 
B 

t~650 nm o. I 17 0. I I I O. ] o 7 0.095 O.OS8 O.OS0 
RT00nm 0.0305 0.030.5 0 .0237 0.0253 0 .0230 0.o247 
R70o+~50n m o. I91 o . ]8S  o.159 o.1.54 o.137 o . t z S  

E 1 2.43 2.33 2.22 2.33 2.13 1.7o 
E 1 - -  2.63 2.45 2.73 2.60 2.20 

Comparison of the enhancement effect with different chloroplasts and reactio~t mixtures 
There  are two major  differences be tween our exper iments  and those in which 

the enhancement  effect fails to occurl~,2L Chloroplasts  i sola ted in NaC1 were used 
in those studies,  whereas we used chloroplasts  i sola ted  in sucrose in our initial  s tudies  2. 
The second difference is in the  react ion mixtures .  Therefore,  we inves t iga ted  the  en- 
hancement  effect wi th  different react ion mix tures  and using chloroplasts  isolated ei ther  
in sucrose or NaC1. We call our s t anda rd  react ion mix ture  Solution A. The second 
react ion mixture ,  Solution B, is af ter  McSwAIN AND ARNON 21. The three  major  dif- 
ferences be tween Solutions A and ]3 are:  Solution A:  45 mM Tricine buffet (pH 7.5), 
7.5 mM MgC12, (ADP + Pd not  added ;  Solution B:  33 mM Tricine (pH 8.2), 1. 7 mM 
MgC12, 3.3 mM (ADP + Pi). 

We examined  the effect on the  enhancement  for each chloroplast  p repara t ion  
and for each react ion mix ture  in turn.  The results  are shown in Table  V. We find t ha t  
chloroplasts  i sola ted in sucrose and  in NaC1 were equal ly  act ive in Solut ion A with 
sa tu ra t ing  p las tocyanin  and ferredoxin N A D P  + reductase .  The enhancement  values  
E~ are all in the  range 2.3 ~ o.2, as shown in Column I of Table  V. When  Solution A 
is not  supp lemen ted  with p las tocyanin  or f e r r edox in -NADP+ reductase ,  the  sucrose- 
isola ted chloroplasts  are not  so act ive as in the  former condit ion °', and  E 1 was ap- 
prox. 1.5. However ,  the  chloroplasts  i sola ted in NaC1 are as act ive in both condit ions,  
and E 1 values are 2.4 ~_ o.3. I t  is possible tha t  the  NaCI isolat ion process produces  
be t te r  re tent ion  of endogenous p las tocyanin  and/or  ferredoxin NADP~ reductase .  
Because the  enhancement  effect could be demons t r a t ed  with  both  types  of chloro- 

l?,iochim. Biophys..4eta, 256 (1972) 409 -427  
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plasts,  the d iscrepancy in the  enhancement  results  cannot  be due solely to the dif- 
ference in the  chloroplast  prepara t ions .  

Next,  we examined  the enhancement  effect using sucrose-isolated chloroplasts  
or NaCl-isolated chloroplasts  in e i ther  Solution A or B. The results  are shown in 
Columns I and 5 of Table  V. We find tha t  both types  of chloroplasts  exhib i t  enhance- 
men t  in Solut ion A with or wi thout  p las tocyanin  and ferredoxin N A D P -  reductase ,  
but  no enhancement  is ob ta ined  when the same chloroplast  p repara t ions  are used in 
Solution B ei ther  wi th  or wi thout  p las tocyanin  and f e r r e d o x i n - N A D P -  reductase.  
These resul ts  clearly show tha t  the  crit ical factors control l ing enhancement  reside in 
the three  differences between Solutions A and B. When  we change the p H  fronl 7.5 
to 8.2 or add  (ADP + Pi) in Solution A (Columns 2 and 3), the  values of E 1 decrease 
to 1.4-1. 9 but  enhancement  is still  evident .  When  we change the p H  from 8.2 to 
7.5 or do not  add  the  (ADP + Pi) in Solution B (Columns 6 and 7), the E 1 values 
were below I.O and no enhancenlent  could be observed.  When  we changed the ~IgCl., 
concentra t ion  from 7.5 mM to 1.67 mM in Solution A (Column 4), we find tha t  all 
E 1 values decrease to i .o  or below. On the other  hand,  when we change the MgC12 
concentra t ion from 1.67 to 7.5 mM in Solution B (Column 8), the  E 1 values  increased 
from below 1.o to about  2.o. These results  clearly show tha t  the  higher concentrat ion 
of MgC12, 7.5 raM, is necessary for the  enhancement  effect in the  [ H 2 0 - -  NADP+~ 
react ion using broken spinach chloroplasts.  

Depe~de~ce of elz, hancemc~zt on the MgCl,, concentration 
We repor ted  previously  2 tha t  the  ra te  of photoreduet ion  of N A D P  in the  

H z O - ,  NADP~]  reacton is dependen t  upon the MgC12 concentrat ion.  Fu r the r  s tudies  
now indicate  a complex re la t ionship  be tween the opt imal  MgC12 concentra t ion  and 
the wavelength  and in tens i ty  of the  actinic light. The results  in Fig. 3 (upper curves) 
show tha t  the  ra te  of the  [H20 ~ NADP+I  react ion reaches i ts m a x i m u m  at  1.5 mM 
5{gCl 2 when the incident  act inic l ight at  65 ° n m  is 1.4o nEins te ius ,  cm -2. sec --~, hut  
the  nmx inmm ra te  of the  react ion occurs a t  7.5 mM MgC1 z when the actinic l ight a t  
678 nm is 2.4 nE ins t e in s - cm 2.sec 1. 

The enhancement  effect of fa t - red (70o nm) l ight on red (65o nm) l ight for the  
H,,O ~ NADP~-? react ion of broken chloroplasts  is also a function of the  MgCIo 

concentra t ion  (Fig. 3, lower curve). No significant enhancement  is observed when 
5igClz is below 3.0 mM. Enhancemen t  reaches a m a x i m u m  at 7.5 mM ~IgC1,_, (E t -= 
2.4 ± o.3), which is the same concentra t ion of MgC12 tha t  gives a m a x i m u m  rate,  
R6v8 nm, using 678 nm light alone. At  higher MgC1 z concentra t ions  (up to 15 raM) both 
the ra te  of the  H 2 0 - ,  N A D P  < react ion at  678 nm and the enhancement  value 
decrease. The s imilar  dependence  on 51gCl2 concentra t ion of both  the  ra te  and the 
enhancement  effect suggest  t ha t  these two features  arise from a common origin 
affecting the s ta te  of the broken chloroplasts.  

DOeJzdence of e~zha~cemeut o~ 3lnCl 2, NaCI and sucrose 
Because of the  welt known ab i l i ty  of 5'in 2+ to replace 5Ig 2+ in enzvnaatic reac- 

t ions 2:, we inves t iga ted  the  effect of 5InC12 (as a rep lacement  for 5IGC12) on the ra te  
and  the enhancement  effect for the  H,,O ~ NADP+~ reaction.  As shown in Fig. 4, 
we find tha t  3'InC12 dupl ica tes  the  behavior  of MgC12 (Fig. 3) in both respects.  

The effect of NaC1 on the ra te  and enhancement  of the  H20- -~  N A D P  i' ' reac- 
t ion is shown in Fig. 5- The ra te  increases from AAa4onm/min o.I 4 at  zero concen- 
t ra t ion  to the  m a x i m u m  /IAa4onm/min = o.25 at  75 mM NaCI, then decreases  at  

Hiochim. Biophys. ~4cla, 256 (I972) 409-427 



ELECTRON TRANSPORT IN CHLOROPLASTS 419 

higher concentrations. The enhancement  ratio E~ also increases from 0.5 --  o.x at 
zero concentrat ion to I . I  ~L o . I  at 75 mM NaC1 and decreases at higher concentrations. 
Although both the rate and the enhancement  are affected by NaCI concentration, no 
enhancement  significantly greater than uni ty  could be observed throughout  the range 
o 35 ° mM. 

We also studied the effect of sucrose, in lieu of MgC12, on the rate and the en- 
hancement  of the [H20-~ NADP+]  reaction. The rate of the reaction is about 
AA 3~0nm/min o.17 ~ o.o2, under the experimental conditions described in Fig. 5, at 
sucrose concentrations up to 125 mM. No enhancement effect (E~ ~< I.O) can be 
observed in this sucrose concentration range. At sucrose concentrations higher than 
25o mM the rate as well as the enhancement  ratio decrease markedly.  

D@endence of enhancement on light intensity, 
The effect of the intensi ty of red light (630, 650 or 670 nm) added to a fixed 

intensi ty of far-red (700 nm) light in producing enhancement  is shown in Fig. 6. 
With reference to the intensi ty dependence of the rate of reaction at 65o nm shown 
in Fig. I, the enhancement  value increases as long as the rate of the reaction is in 
the relatively linear region of intensity dependence. The enhancement value starts 
to decrease as the rate of the reaction approaches light saturation at higher intensities. 
The enhancement  effect reaches its maximum, E 1 = 2. 4 ± 0.3, when the red light 
incident at 65 ° n m  is 1.4-1.8 nEinsteins,  cm -2.see 1. When the red light at 670 mn 
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Fig. 3- Kffect of the  MgC12 concen t ra t ion  on the  ra te  (A, upper  curves) and  Oil the  enhancemeu t  
E 1 (B, lower curve) of the  [H20 ~ N A D P  +] reac t ion  by  broken  chloroplas ts  ( isolated in sucrose). 
E x p e r i m e n t a l  condi t ions  as descr ibed in Fig. 2, excep t  MgC12 concen t ra t ion  va r i ed ;  inc ident  in- 
t e n s i t y  of 678 nm l ight ,  2. 4 n E i n s t e i n s . c m  '2.see-1. Vert ical  bars  show s t a n d a r d  dev ia t ions  of 
rep l ica te  measuremen t s .  

Fig. 4- Effect  of the  3.lnCle concen t ra t ion  on the  ra te  (A, upper  curve) and  on the  e n h a n c e m e n t  E 1 
(B, lower curve) of the  [H20  --> N A D P  ~] reac t ion  by  broken  chloroplasts .  E x p e r i m e n t a l  condi t ions  
as in Fig. 3, using MnC12 in place of MgCI 2. 
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is z.2-I. 4 nEinsteins.cm-2.sec -~ the maximum is Et  1.8 4:: 0.2. When the red 
light is at 630 nm the maximum enhancement effect was not reached, as shown iu 
Fig. 6. It presumably occurs at higher incident light intensities than those we studied. 

Fig. 7 shows the alternative enhancement ratio, E2, a s  a function of the incident 
light intensity, IR, at 650 and 670 nm. At high intensities both RFR+R and Rx are 
very large compared with RFR, and the enhancement ratio E.) is close to I.O. As the 
actinic light intensity, Im is lowered, the denominator decreases faster than the 
numerator and the enhancement E,, increases. We observe limiting values for E 2 

of 2.0 and 1.6 at low light intensities when the red actinic light is at 650 nm and 
670 nm, respectively. 

Action spectrum of enhancement 
We find positive enhancement when red light at any wavelength from 620 to 

678 nm is coupled with far-red light at 7oo nm, but the intensity dependence is dif- 
ferent at each wavelength. Fig. 8 is a plot of E~ values measured under conditions 
of approximately equal absorbed intensities at several wavelengths from 62o to 
69o nm. We find optimal enhancement at 65o and 67o nm, where the values are Et  = 
2.4 ~ 0.3 and 1.8 ± o.25, respectively. A mininmm occurs near 66o nm (E 1 = 
I. 4 ~ 0.2). 

E uhancement viewed as an effect on the qua~tum requirement for red light 
In the traditional scheme for interpreting the two light requirement of electron 

transport in chloroplasts as a Photosystem (I + II) reaction, enhancenlent can be 
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Fig .  5- E f fec t  of t h e  NaC1 c o n c e n t r a t i o n  on  t h e  r a t e  (A, u p p e r  curve)  a n d  on  t h e  e n h a n c e m e n t  E 1 
(B, l ower  curve)  of t h e  [ H 2 0  --~ N A D P + ]  r e a c t i o n  b y  b r o k e n  c h l o r o p l a s t s .  E x p e r i m e n t a l  c o n d i t i o n s  
as  in  Fig .  3, u s i n g  NaC1 in p l ace  of MgC1 e. 

F ig .  6. D e p e n d e n c e  of t h e  e n h a n c e n l e n t  E 1 on  a c t i n i c  l i g h t  i n t e n s i t y  of r e d  l i g h t  for t he  [ H 2 0  
N A D P + j  r e a c t i o n  b y  b r o k e n  c h l o r o p l a s t s .  E 1 = (RT00nm+l~ --  RR)/RToonIn. E x p e r i m e n t a l  condi -  
t i o n s  as  in  Fig .  2, e x c e p t  t h e  i n c i d e n t  r e d  l i g h t  i n t e n s i t i e s  I R  a r e  x~axied IxQm zcro  to  3,2 n E i n -  
s t e i n s . c m  2.sec-1 .  T h e  t h r e e  c u r v e s  a re  for  r ed  l i g h t  a t  63 o, 65o a n d  67o nm,  r e s p e c t i v e l y ,  as  
i n d i c a t e d .  

Biochim. t3iophys. Acta, 256 (1972) 4o9 -427  
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viewed as resulting from a deficiency of photons entering Photosystem I when only 
a single wavelength of actinic light in the region 62o to 678 nm is used. Throughout 
this wavelength range we observed zero-intensity quantum requirements for the 
[ H 2 0 ~  NADP+] reaction close to 2.o photons absorbed per electron transferred 2. 
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Fig .  7- D e p e n d e n c e  of t h e  e n h a n c e m e n t  E~ on  a c t i n i c  l i g h t  i n t e n s i t y  of r ed  l i g h t  for  t he  ! H e ( ) - >  
N A I ) P ~ ]  r e a c t i o n  b y  b r o k e n  c h l o r o p l a s t s .  E 2 = (RTOOnm+ R RTOOnm)/Rt~. E x p e r i i n e n t a l  con-  
d i t i o n s  as in Fig .  6. 

F ig .  8. A c t i v a t i o n  s p e c t r m n  of t h e  e n h a n c e m e n t  E 1 for t h e  [ H 2 0 - ~  X A D P  ~ j r e a c t i o n  b y  b r o k e n  
c h l o r o p l a s t s .  E 1 - -  (/~700nm+R -- ER)/RToonm" M e a s u r e m e n t s  m a d e  a t  a p p r o x i m a t e l y  e q u a l  ab -  
s o r b e d  i n t e n s i t i e s  0 . i 5  ± o.I  5 n E i n s t e i n s - c m - a - s e c  -1) of r ed  l i g h t  a t  w a v e l e n g t h s  f r o m  62o to  
09o nm.  A b s o r b e d  i n t e n s i t y ,  o.37 n E i n s t e i n . c m  -3 . s ec  ~, a t  7oo n m  for a l l  m e a s u r e m e n t s .  O t h e r  
r e a c t i o n  c o n d i t i o n s  as in  Fig .  "~. 
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F ig .  9. Q u a n t u m  r e q u i r e m e n t s  u n d e r  n o r m a l  (©)  a n d  u n d e r  e n h a n c e d  (G)  c o n d i t i o n s  for t h e  
[ H 2 0  --> N A D P + 7  r e a c t i o n  b y  b r o k e n  c h l o r o p l a s t s .  R e a c t i o n  c o n d i t i o n s  as  in  Fig .  6. D e f i n i t i o n s :  
I /~6a0 nm (no rma l )  = I~.~0 nm (absorbed)/R6~0 nm ; a n d  ]/~6.50 nm ( enhanced )  = I6a 0 nm ( a b s o r b e d ) /  
(R700+650 nm --  ]~7on nm)" 
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When far-red light, which activates primarily Photosys tem I, is added at sufficient 
intensity tha t  Photosys tem I is no longer strongly rate limiting, we expect to observe 
a corresponding decrease in the quan tum requirement for the utilization of red light. 
The quan tum requirement under enhanced conditions can be expressed by the ratio 
[R (absorbed)/(RFt{+a - -  R~'R). 

A comparison of the quan tum requirements under normal conditions (65o nnl 
light alone) with those under enhanced conditions (65o + 7o0 nnl light~, as defined 
above, is shown in Fig. 9 over a range of iucident intensities Ia .  The intensity of far-red 
light used (2.3 nEinsteins,  em-". sec -1 incident) did not saturate the [H,_,O ~ N A D P  
reaction by itself (Fig. i) ; it was sufficient to achieve only 15 % of the saturation rate 
for the ~ascorbate + D C I P H  2 ~ NADP+~ reaction, which does not inw~lve the par- 
ticipation of Photosys tem II .  

At  low intensities of red light, a significant decrease in the quan tum require- 
ment  of the 7H,20+ NADP+~ reaction occurs in the enhanced vers~fs the normal 
condition (Fig. 9)- The quan tum requirement under enhanced conditions approaches 
a value of 1.2 ± o.2 Einsteins absorbed.equivalent  -~ at zero intensi ty of red (65o urn) 
light. At  higher intensities of red light, the difference between the two quan tum 
requirements disappears. The explanation for this disappearance is probably the same 
as tha t  for the behavior of E 2 shown in Fig. 7- 

Photos3,stem I I  [H20 ~ D C I P !  rcactio~z and I)hotosystem I [.ascorbate + D C I P H  2 =- 
N A D P =  i reaction 

The enhancement  values, E 1 or E,,, in the LH20 , DCIP  l reaction are i .o i  ~: 
o.o5 from 620 to 690 nnl at various incident light intensities with which a background 
light at 70o nm at 2.3 nE ins t e ins ' cm-a ' s ec  ' was coupled. Thus, no appreciable 
enhancement  effect nor any difference between the normal and enhanced quan tum 
requirements is observed for the photoreduction of DCIP,  in confirmation of previous 
studies in our laboratory 25. 

For the ~ascorbate + DCIPH~ ~ NADP~-] reaction run in the presence of 

I 0  I i 
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0 0 5  I .O 

A B S O R B E D  I N T E N S I T Y  ( n E i n s t e i n s  . c m  - 3  .sec - I  ) 

l:ig. ]o. The enhanceme n t  ra t io  E 1 as a func t ion  of i n t e n s i t y  of red l ight  absorbed for the  a s -  
corba te  1 )CIPH 2 ~ NADP+} react ion.  Measured values  using red l igh t  a t  65o mn (U) or 
67o n m (  2 ) a t  var ious  in tens i t i es  supp lemen ted  by  far-red l igh t  a t  7oo nm and  cons t an t  absorbed  
i n t ens i t y  (o.43 nE ins t e in . cm-3 . s ec -1 ) .  The curves  are ca lcu la ted  a s suming  no ac tua l  enhance-  
ment ,  bu t  t a k i n g  account  of the  approach  to s a tu r a t i ou  of the  reac t ion  b y  red l igh t  alone. Chlor- 
ophyl l  concent ra t ion ,  13 / tg /ml .  
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DCMU the observed enhancement  ratio is always less than unity. The values are a 
strong function of the intensity of the red light, as seen for 65o (squares) and 67o nm 
(circles) in Fig. IO. This behavior can be shown to be a result of the approach toward 
saturation of the rate of the reaction with increasing intensities of red light alone. 
Assunling that  65o-nul photons, which are parti t ioned about  equally between the 
two phot()systems under these reaction conditions, are only half as effective as 7oo-nm 
photons and utilizing the linear dependence of the quan tum requirement of the reac- 
tion as a function of intensity of red ligllt 2, it is possible to calculate E t  ratios which 
take into account  the approach to saturat ion for the two wavelengths together. The 
agreement between the experimental points and the calculated curves (Fig. Io) is 
good evidence that,  within experimental uncertainties, there is no two-wavelength 
enhancement  for this reaction. 

1) ISCUSSI()N 

The occurrence of the Emerson red-far-red enhancement effect in isolated chloro- 
plasts has been the subject of repeated studies n. For the ;H20 ~ NADP*I  reaction, 
which is the principal focus of the present study, definite enhancement  has been 
reported by GOVINDJEE el al. 1L 18, by JOLIOT et al. 2° and by AVRON AXD BEx-HAVYIM 6. 
On the other hand, GIBBS et al. 15 and MCSWAIN AND ARNON 21 reported no measurable 
enhancement  for the same reaction. Our studies suggest tha t  the concentration of 
divalent cations (e.g. Mg 2+) in the reaction mixture is the principal controlling factor 
in determining whether enhancenlent can be observed. 

The results summarized in Table V show that  enhancement  values can be af- 
fected by (i) alterations in the chloroplast preparation procedure, (2) tile addition 
of plastocyanin and fer redoxin-NADP + reductase, (3~ the pH of the reaction mixture, 
and (4) the addition of A D P  and inorganic phosphate. Nevertheless, each of these 
factors can be overcome and enhancement  can always be restored in the presence of 
7.5 nlM MgCI 2. By  contrast,  we have been unable to find any set of reaction conditions 
which will give enhancement when the divalent cation concentration is below about  
3 raM. In retrospect, the lack of agreement in the literature reports on chloroplast 
enhancement  can be understood largely on this basis. GOVINDJEE el al. 1L is and AVRON 
AND BE-X-HA','YIM 6 were able to observe enhancement using Mg 2+ concentrations of 
7.5 and 2 7 raM, respectively. No enhancement  was observed by GIBBS et al. 15 or by 
McSwalx AXD ARNON 2t using Mg 2+ concentrations of 2 and I. 7 mM, respectively. 
The results of JOLIOT el al. 2°, who did observe enhancement  in the presence of only 
I mM Mg 2-, are the only ones tha t  do not correlate in this way. I t  may  be that  there 
is some synergistic effect involving the high concentration of other salts (o.o5 M phos- 
phate buffer + o.I M KC1) that  distinguishes the reaction conditions of JOLIOT el al. 2° 

from those of GIBBS el al. 'a and MCSWAIN AND ARNON 21. This possibility remains to be 
investigated. 

As shown in Figs. 3 and 4, added divalent cations produce an opt imum not only 
in the enhancement  effect, but also in the velocity of the [ H 2 0 - ,  NADP+ 1 reaction 
in red light alone. I t  might be argued that  tile absence of divalent cations serves only 
to sh)w down tile rate-limiting step that  results in light intensity saturation. In this 
view, the absence of enhancement  at zero added divalent ion would be the fortuitous 
result ()f a compensatory decrease in E 1 because of the closer approach to light satura- 
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tion in the absence of added divalent cations. Fig. 6 shows examples of the decrease of 
E 1 as saturating light intensities are approached. The results of McSwAIX AND 
ARNO?< 21 argue against this interpretation of the divalent cation effect, however. At 
low (1. 7 mM) concentrations of added MgCle they found no enhancenlent to occur 
over a wide range of incident light intensities, such that the overall rate, R6~ 0 ~7oo nm, 
varied by as much as 9-fold. Furthermore, added NaC1 is able to increase the rate 
of the I H20 =~ NADP+~ reaction (Fig. 5) even somewhat more effectively than added 
MgC12 or MnC12, but no enhancement values significantly greater than i.o are ob- 
served using NaC1. It is apparent from these results and those using added sucrose 
that the occurrence of enhancement depends on something more specific than the 
ionic or osmotic strength of the medium. 

A special role for divalent cations has been proposed by 5IURATA 2s. He observed 
that relatively low concentrations (2-3 mM) of Mg 2+, Ca 2~ or Mn 2+ served nlarkedly 
to increase the yield of chlorophyll fluorescence fronl chloroplasts at room tempera- 
ture. Added Mg 2+ (3 mM) also served to decrease the quantum yield (extrapolated 
to zero incident intensity) of the ascorbate + DCIPH2-+ NADP+" reaction activated 
at 48o nm, and to increase the quantum yield of the [H20 - ,  DCIPI reaction, slightly 
at 48o nm, but markedly when activated at 695 nm. It should be noted, however, that 
the highest quantum yields reported by MURATA 2s are less than half those reported 
for the same reactions in Part I of this series 2. Murata concluded on the basis of his 
findings that the role of Mg 2=- and other divalent ions is to suppress the spillover of 
excitation energy from Pigment System II to Pigment System I. 

The alternative view, namely that added Mg 2+ enables excitation transfer be- 
tween the two pigment systems, is supported by the observations of AvRox AND 
]3EN-HAYYIM 6 and of RURAINSKI et al. 29, ao that added MgCI 2 serves to increase signif- 
icantly the quantum yield of the [H20 ~ NADP+ 1 reaction extrapolated to zero light 
intensity. Under the assumption that excitation transfer (spillover) between the two 
pigment systems tends to equalize the rates of the two photoreactions, the increased 
quantum yield for the Photosystem (I ~ II) reaction can be explained most readily 
if spillover occurs in the presence of MgC12 rather than in its absence. M~'~ATA's 2s 
own experimental findings can be rationalized satisfactorily using this alternative 
view of the role of Mg 2+. Spillover fronl Pigment System I to Pigment System I1 in 
the presence of divalent cations can account for (I) increased fluorescence yield, (2) 
increased quantum yield for the [H20-+ DCIP! reaction, and (3) decreased quantum 
yield for the [ascorbate q-DCIPH2-+ NADP+I reaction. Spillover from Pigment 
system I to Pigment system II  will be efficient only for excitation resulting from red 
light, where there is no enelgy barrier to reaching the Photosystem II  trap. Spillover 
in this direction might seem to be an unlikely process in competition with trapping 
within Photosystem I. Nevertheless, such spillover must occur in order to account for 
the observed quantum yields of I.O for the ~H20--, ferricyanide~ 6 and [H20 ~ DCIPi" 
reactions using red actinic wavelengths. 

SHAVlT AND AVRON 31 have reported divalent cation-dependent shrinking and 
light scattering changes by illuminated broken chloroplasts. Similar results have been 
observed by MURAKAMI AND PACKER 32. It is reasonable to suppose that these con- 
formational changes induced by divalent cations are the basis for the effects on ex- 
citation transfer. 

Models which account for the enhancement effect in the [H20 -~ NADP~ reac- 
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tion and for the dependence on divalent cations can be constructed using either 
MURATA'S 2s interpretation (Model A) or its converse (Model B). The models differ in 
the role assigned to the divalent cation and in the restrictions placed on the relative 
intrinsic absorptions (i.e. in the absence of spillover) of Pigment System I and 
Pigment System II  in the red region from 62o to 68o nm. Table VI gives a listing of the 
postulates of the two models. 

TABLE VI 

A L T E R N A T I V E  M O D E L S  FOR T H E  R O L E  OF D I V A L E N T  C A T I O N S  IN E N A B L I N G  R E D - - F A R - R E D  E N H A N C E -  

M E N T  FOR T H E  ~H20 ~- NADP] R E A C T I O N  B Y  B R O K E N  C H L O R O P L A S T S  

Model A Model B 

I. Excitat ion transfer  between Pigment  System I I  i. Exci tat ion transfer  between Pigment  System I 
and Pigment  System I occurs in the 
absence of divalent cations; not  in their 
presen ce 

e. Intrinsic absorpt ion of Pigment  System I I  
is greater t han  tha t  of Pigment  System I 
in the region 620 to 68o nm 

Both models : 

and Pigment  System I I  occurs in the 
presence of divalent cations; not  in their 
absence 

2. Intr insic absorpt ion of Pigment  System I I  
is equal to t ha t  of Pigment  System I in 
the region from 62o to 68o nm 

3. Intr insic absorpt ion of Pigment  System I is greater  than  tha t  of Pigment  System I I  at wave- 
lengths longer than  69o nm 

4. Excitat ion transfer,  when it is allowed, will occur predominant ly  in the direction which will 
enhance the act ivation of the reaction center tha t  would otherwise be rate limiting 

In Model A enhancement occurs in the absence of spillover because Pigment 
System II  absorbs more than half the photons in the red region of the spectrum, 
and Pigment System I absorbs preferentially in the far red. This is the traditional 
view basic to the detailed mathematical analyses of BANNISTER AND VROOMAN 3a, 
MALKIN a4, WILLIAMS as, and DELRIEU AND DE KOUCHKOVSKY ~6. In the presence of 
spillover red light is equilibrated between the two reaction centers, and there is no 
deficiency to be remedied by supplementary far-red light. 

In Model B no enhancement occurs in the absence of spillover because the in- 
trinsic absorptions of the two pigment systems are postulated to be identical in the 
red region of the spectrum. There is no imbalance to be rectified by far-red light. 
Addition of divalent cations, which enables spillover in this model, provides conditions 
favoring enhancement. The distribution of red photon excitation between the two 
reaction centers, which is equal for red light alone, is altered in the presence of far-red 
light via the spillovei of some of the red excitation from Pigment System I to Pigment 
System II. This is in keeping with Postulate 4 of Table VI and results in the observed 
enhancement. That spillover is an efficient process in the enhancement studies (regard- 
less of the model considered) is demonstrated by the results shown in Fig. 9, where 
red photons approach unit efficiency at low intensities and in the presence of supple- 
mentarv far-red light. 

Neither of the two models described above is entirely satisfactory, and which- 
ever proves to be closest to the truth will require further modifications as more is 
learned about the related phenomena. We have already mentioned the apparent 

Biochim. Biophys. Acta, 256 ([972) 4o9-427 



420 A. S. K, SUN, K. SAUER 

inconsistencies between MURATA'S es interpretation of tile role of divalent cations 
(incorporated into Model A) and the effect of MgC12 on the quan tum yield of the 
[H20--> NADP+ 1 reaction 6, 29, ~0 In  addition, it is not  clear why enhancement should 
not also be observed in the absence of divalent cations under the postulates of Model A. 
Spillover should permit a redistribution of red photons in the presence of far-red 
light, according to Postulate 4 of Table VI, in which case some enhancement would 
be expected. None is observed. Neither the quan tum yield of uni ty  in red light for 
the ~H,aO -~ DCIP!  reaction in the presence of 4.5 mM MgCl,, (ref. 2) nor the decrease 
in the quan tum yield in the red in going from o to 27 mM MgC1., for the ascorbate  --' 
D C I P H  2 ~ NADP+~ reaction 6 (:an be reconciled with Model A. The alternative view 
of Model B also has its drawbacks. The assignment of equal intrinsic abs~rbances in 
the red to Pigment System I and Pigment System II  appears to be quite arbi t rary 
and difficult to reconcile with the different absorption spectra of physically separated 
Photosys tem I and Photosys tem I I  fractions~6,aL Both  the pronounced dependence 
of enhancement  on the wavelength of red light (Fig. 8) and the increase in quantum 
yield of the H20 ~ NADP-J  reaction upon addition of MgCle (refs. 6, 2~), 3o) are 
difficult to reconcile with postulate (2) of Model B. Neither model can account for 
the observation of AVRON AND BEN-HAvYL~¢ that  the transfer of electrons from 
ascorbate to diquat or FMN occurs with a quan tum yield of I.O in either red or 
far-red light and is unaffected by added MgC12. 

I t  seems clear tha t  further experimental results are required before all ~)f these 
difficulties can be resolved. Recent reports tha t  Photosys tem I activi ty max" occur 
in two kinetically distinct locations in broken chloroplasts as need to be considered 
in future models of enhancement and excitation transfer. 

Our findings are more conclusive with respect to the parallel two photosystem 
hypothesis of ARNON et al. a9 and as modified by KNAF~" AND ARNOX 5. The parallel 
hypothesis, by contrast  with the traditional Z scheme where the two light reactions 
operate in series, cannot be reconciled with the observation of red-far-red enhancement 
using isolated broken chloroplasts for the IH20-~ NADP+i  reaction. The failure of 
MCSWAIN AND ARXOX 21 to observe enhancement  for this system, an observation which 
was an essential part  of the justification of the parallel mechanism, is now seen to 
be probably the consequence of the low MgC12 concentration used in their experi- 
ments. Under their conditions, we do not observe enhancement either. Our system 
contained broken chloroplasts, had no added carbon source, and did not require the 
components of phosphorylat ion in order for enhancement to be observed. Thus, it 
cannot be argued that  enhancement  occurs only in relief of an unbalance of cvclic 
and non-cyclic electron flow with respect to the requirements of the carbon reduction 
pa thway for ATP and reductant.  The simplest explanation of the results presented in 
this paper is tha t  non-cyclic electron t ransport  from H20 to N A D P  + proceeds v ia  

two different light reactions characterized as Photosys tem I and Photosvs tem II  
operating in series. 
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