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When the charge density is  as  high as tha t  correspond- 
ing to vinyl polymers such as  we used (where an  ionogenic 
group is  attached to  every second carbon atom of the 
chain), we would expect tha t  any polycation will precipi- 
tate any polyanion. On the other hand, by preparing 
copolymers (2) with co~ltrolled spacing of charges, it 
might be possible to  obtniii polyelectrolytes which show a 
selective precipitability, according to whether opposite 
charges can be paired off geometrically or not. It might 
thus be possible to  make a model similar to  those postu- 
lated (4) fo r  immunological reagents. 
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Is Chloride a Coenzyme of Photosynthesis? 

Daniel I. Arnon and F. R. Whatley 

Division of Plant Nutrition, 
University of  Califot-nia, Berkeley 

One of the serious obstacles in the experimental study 
of the mechanism of photosynthesis has been the im-
possibility of separating the process from the activities 
of intact green cells. The recent work of Hill (5) makes 
i t  possible, however, to  investigate outside the living cell 
the reaction most charactc,ristic of photosynthesis in 
green leaves: photolysis of water resulting in the evolu- 
tion of gaseous oxygen. The oxygen-liberating system 
resides in the chloroplasts, and remains functional when 
fragments or whole chloroplasts arc. removed from grcell 
leaves. 

The photochemical evolutio~i of oxygen by chloroplasts 
lsolated from sugar beet and spinach was recently in-
vestigated by Warbliig and Liittgens ( 6 ) ,  who reached 
the rattle1 striking roncllision that  chloride ion was a 
coenzyme essential for  photochemical reactions in photo- 
synthesis. That such a simple yet important fac t  had 
escaped the notice of all other workers in this field was 
indeed cause enough for  Warburg and Liittgens to re  
mark how rash were all previous theories on the mecha- 
nism of photosynthesis. The evidence which led these 
i~litllors to conclude tha t  chloride is  a coenzyme of photo- 
synthesis was as  follows. Isolated chloroplasts lose their 
capacity for oxygen evolution af ter  several washings in 
water. They can be reactivated, however, by adding 
sytoplasmic fluid. The factor in cytoplasmic fluid re-
spoilsible for  reactivation of the chloroplast was found 
to be heat-stable. An anal) sis drsclosed tha t  cytoplasmic 
fluid contained chloride in 0.08 molar concentration. Ad-
dition of chloride alone as  M/lTiO KC1 brought about com- 
plete reactivation. Of the other anions tried, bromide 
was almost a s  effective, iodide and nitrate much less so, 
and fluoride, sulfate, thiocyanate, phosphate, and all the 
c;rtions tried were withont effect. Since chloride was the 

effective anion found in sufficient concentration in cyto- 
plasmic fluid, Warburg and Liittgens concluded ' that  it 
was the natural coenzyme of photosynthesis. 

Impressive as  this chain of biochemical evidence is  i n  
support of chloride as  a coenzyme of photosynthesis, it 
poses a t  once a rather perplexing physiological problem 
from the standpoint of plant nutrition. Chloride is  not 
generally regarded as  an  essential element fo r  growth of 
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FIG.1. Erect of anions (10-2 &I) on oxygen evolution by 
illuminated chard chlorop1;ists. Retiction mixture : A chlo-
roplast suspension containing 0.5 rng of chlorophyll, ~ / 1 5  
[~hosphate buffer, quinone as oxidant. Illumination a t  flask 
lcvel npprox. 28,000 lux, temp= 15' ('. Other details of 
t(~chniyuewere similar to those previously described ( 4 ) .  

higher plants. I s  i t  then possible tha t  plants can get 
along in nutrient sollitions without a coenzymo required 
for photosynthesis, a process indispensable for  growth? 
The fac t  tha t  Warburg and Liittgens found appreciable 
a r n o u ~ ~ t sof chloride in their plants is not surprising. 
Chloride is  widely distributed in soils and readily ab-
sorbed by most plants. I t s  presence in the plant, how- 
ever, was hitherto regarded as incidental. 

We undertook to investigate the problem by growing 
sugar beet and chard in nutrient solutions without 
chloride. Plants were grown in a nutrient solution sup- 
plemented with the micronutrients 6, Mn, Cu, Zn, and 
Mo in amounts and from sources previously described 
( I ) ,  except tha t  MnSO, was substituted for MnC1,. As 
was expected, the plants made excellent growth in  the 
nutrient solution to which no chloride was added. The 
chloroplasts from these plants were isolated (2) and 
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their oxygen evolution under the influence of light was 
measured manometrically, by a technique similar to that  
used by Warburg and Luttgens (4).  

Our results disclosed important areas of agreement with 
those of Warburg and Luttgens, as  well as  several dif- 
ferences. An analysis of both chloroplasts and cyto-
plasmic fluid showed no chloride i n  either, as  would be 
expected in plants grown without chloride. Chloroplasts, 
even without washing, showed only feeble oxygen evolu- 
tion. I n  our experiments, in contrast to those of War- 
burg and Liittgens, the addition of rytoplasmic fluid 
failed to reactivate the chlorol~lasts, but as already noted, 
our cytoplasmic fluid contained no chloride. On the other 
hand, we fully substantiated the finding of Warburg and 
Luttgens tha t  addition of chloride brought about activa- 
tion of chloroplasts, giving us stoichiometric yields of 
oxygen in relation to  the oxidant used. The effect of 
chloride on the course of oxygen evolution by illuminated 
chlorol~lasts is  shown in Fig. 1, which also ronfirms the 

FIL. 2. Abscissas : KC1 com(*emtr;rtion. 0rdin;ites : Q$! 
Effect of KC1 concentration on rate of oxygen evolution by 

il1nmin;ited chloroplast frtigments. Q$'= mm4 of oxygen/hr 
/mg 01 (*hloroljhyll, computed from data obtained for the 
6 mim period from 1 to 7 min after turning on the light. 
TI.III~=: 20" C. Conditions not specified were similar to those 
given in the legend for Fig. 1. 

findings of these authors with regard to the influence of 
other anions on oxygen evolution. Bromide has an  acti- 
vating effect about equal to  chloride; nitrate and iodide 
are much less effective; and sulfate, phosphate, thio-
cyanate, and acetate are without effect. 

ISow should these results be interpreted? The intact 
plant is  able to  carry on normal photosynthesis without 
chloride, as  judged by its excellent growth despite absence 
of this ion either in nutrient medium or in leaf tissue. 
Yet when chloroplasts are isolated from the same plant, 
they require chloride for  vigorous progress of the photo- 
chemical reaction. One explanation would be that  chlo- 
ride acts in the leaf as  a micronutrient, and that  minute 
amounts of chloride which escape detection by usual 
chemical analysis may nevertheless be present in the 
nutrient illedium as  an  impurity and reach the leaf. This 
explanation, although it cannot be ruled out entirely, is  
rendered unlikely by the data presented in  Fig. 2. I n  
this chart, the rate of oxygen evolution by illuminated 

ch1oroj)lnsts (~g,h')is plotted against chloride concentra- 
tion. I t  will be seen that, whereas small additions of 
chloride brought about appreciable activation, a fairly 
high concentration, around 0.007 M, is required for full 
activation. This is  i n  agreement with the value of ~ / 1 5 0  
KC1, reported by Warburg and Liittgens a s  necessary for  
full activation in their experiments. Such relatively high 
concentrations of chloride are not uncommon in  soil-
grown plants, but there is strong evidence from these and 
numerous other experiments tha t  plants can make excel- 
lent growth without the presence of measurable amounts 
of chloride either i n  the nutrient medium or in the plant. 
The other anion capable of giving full  activation of 

MINUTES 

I 3 Protective effect of chloride on illumir~ated sugar 
beet chloroplast fragments. Circles-illuminated for 20 min 
in the presence of chloride. At t = 20 min, the oxidant (fer- 
ricyanide) was tipped into the manometer vrssel. Crosses-
illuminated for 20 min in the absence of chloride. At t = 20 
min, chloride and ferricyanide were added simultaneously. 
The conceritr;itiori of chloride was 0.01 M ICCl. A quantity 
01 1.5 r 10' moles of ICzRe (CN)o was added to each vessel. 
Conditions not specified were the same as those ~ i v e n  in 
legend for Fig. 1. 

photocl~emical oxygen evolution, bromide, although readily 
absorbed and tolerated by plants in appreciable amoulits, 
is  not a common constituent of plants or soils, and there 
is  even less reason fo r  suspecting i t  as  being essential fo r  
plant growth. 

I f  the view that  chloride or bromide is  a coenzyme of 
photosynthesis in vivo is  to be abandoned, how can the 
effect of these anions in vitro be explained9 We have 
formulated the hypothesis tha t  in the intact green cell 
photosynthesis goes on without participation of either 
chloride or bromide, but once the cell i s  broken there i s  
a rapid light-induced deterioration of some cellular sub- 
stance essential for the photochen~ical evolution of oxy-
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gen by chloroplasts. Chloride or bromide is  able to p ~ o -  
tect this substance against inactivation, but the in-
tact  cell accomplishes this in some other manner. This 
mould explain the superfluousness of the halide in vivo a s  
contrasted with i t s  requirement in vitro. 

The hypothesis was tested in the following manner. 
lsolated cl~loroplast fragments were illunlinatrd without, 
ho\vever, adding the oxidant (in this case ferricyanide) 
which is necessary to bring about the evolution of oxygen. 
I n  onc instance, cllloride was added to the illun~inated 
chloroplasts; the control corltained no chloride. After 20 
inin of prerxposure to light, the oxidant was added and 
the pl~otochemical oxygen evolution was measured inano- 
inetrically. '1'0 the chloroplast suspension which was ex- 
yosod to light in the absence of chloride, this anion lvns 
added simultaneously with the oxidant. The results arc 
sbown in  E'ig. 3. The preesposure to  light in the absence 
of chloride inactivated the oxygcn evolution system of the 
chloroplasts. This inactivation was nearly irreversible. 
The subsequent addition of chloride had only a slight rc- 
activating ~ f f ec t .  On tho other hand, a vigorous oxygen 
evolution, resulting in stoichiometrie' yields, was given by 
the cl~loroplasts which had rrcllived added chloride during 
their exposure to light. Thus chloride appeared to 
protect souie essential photosynthetic substance which in 
the absence of this anion was irreversibly destroyed by 
light. Chloride also seemed to exert some protective ac-
tion on tho chloroplasts i n  tho dark. There was evidence 
of inactivation from shaking chloroplasts in the Inanom- 
eter vessels a t  15" C, fo r  a period equal to the light 
exposure. Inactivation in light, however, was much more 
pronounccd. The identification of this substance woulcX 
be of great physiological interest. Experiments along 
this line have been under way in  our laboratory, but no 
conclusion is  possible a t  this time. 

The proposal tha t  ellloride is  a conenzyme of photo-
synthesis would have endowed chlorine with the status of 
an  essential element for  growthL of higher plants. I t  
would also have been the first instance in the history of 
plant nutrition where the essentiality of an  inorganic 
c~leiiient was establislred by the discaovery of i ts  biochem- 
ical function, in the absence of corroborative evidence 
frorn growth experiments according to specific criteria of 
indispensability ( 3 ) .  Our results, wllich spealr against 
the role of chloride as  a coenzyme in pl~otosyntl~esis, also 
illustrate the contribution wllicll growth experiinents can 
inalre in evaluation of biochemical data bearing on the 
essential status of an inorganic element in nutrition of 
higher plants. 
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The Action of Mineral-Ion Exchange Resins 
on Certain Milk Constituents 

C. W. Gehrlre' and E.P. Almy 

Departmeat of Agrirztltural Biochemistry, 
Obio State Unil~ersi ty ,  ColzcmBus 

With the discove~y in  1936 by Adan~s  and Holmes (1) 
that  certain artificial resinous materials possess the abil- 
i ty to act as ion exchangers, new interest was aroused ia 
this field. A large number of such synthetic ion-excl~angc 
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H'rG. 1. lon-exchange colullln. Thc, Zen-liarh 11 colum11 
n a s  initially c*onililioned w ~ t h  400 ml of 5 %  NaCl, domnflo~r 
a t  a rate of 13.7 ml/rnin, baclcwashed at  flow rale to give 
50% bed expansion lor R inin, regeneraled with 450 ml of 
0 407 N IICl at  17 ml/;uill, and washed with distilled H20 
at the same rate until free of acid The De-Acidite cohlmn 
w;~r exl1,iusted with 2,000 rnl of 0.100 N HCl, ba(>l<wabi~t.d, 
regenerated with 280 in1 of 0.73 N NanCOs a t  4.5 n~l/miii,dnd 
washed free o l  alkali. 

materials are  now commercially available, and various 
laboratories have been experimenting wit11 their proper- 
ties wlleu used to t rea t  millr. It was felt that  solne 
fundamental studies should be made also on the :~c.tion 
of typical anion-exchanger and cation-exchanger iesins 
with siinplo sol~itions of the known major inorganic milk 
constituents, a t  concentrations a s  they normally occur. 

I n  1933, Lyman and co-workers (5) discovered t l ~ t  
the action of certain natural base excl~ange mateiials 
called zeolites, the mincral constit~ients of millc could be 
modified, clliefly by decrease in calcium ion, so as to iin- 

1 Now associate professor of ngricultural rhemistry, De-
partment of Agricultural Chelnistry, University of Missouri, 
Columbia. Blissonri. 


