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SUMMARY 

I. The preparation of chloroplasts and chloroplast fragments from swiss-chard, 
which were active in photophosphorylation is described. A chloroplast preparation 
stable for 24-48 h could be obtained. 

2. A sensitive assay for the ATP formed was adopted. It  allowed the measurement 
of very small amounts of ATP formed, and avoided several difficulties encountered in 
other assays. 

3- The requirements in the homogenizing medium and in the reaction mixture 
were studied. Factors studied included: ascorbate, gas phase, pH, cofactors, magne- 
sium, phosphate, nucleotide specificity and light intensity. 

4. The chloroplasts could phosphorylate ADP, GDP, or IDP at high rates, 
UDP at low rates, and CDP not at all. Nucleoside diphosphokinase(s) in the prepa- 
rations was demonstrated. 

5. No adenyl kinase activity could be found in washed or fragmented swiss-chard 
chloroplasts. 

6. Rates of 2000-2500/,moles ATP formed/rag chlorophyll/h were obtained 
under optimal conditions, which included low chloroplast concentrations, short 
reaction times, appropriate ascorbate concentration, and very high light intensities 
(approx. 15o,ooo lux). 

7. Confirmation was presented for the ineffectiveness of 2,4-dinitrophenol and 
effectiveness of ammonium ions as uncoupling agents, and the lack of exchange 
between inorganic phosphate and ATP in swiss-chard chloroplasts. 

8. No exchange between ADP and ATP could be demonstrated. 

INTRODUCTION 

Photophosphorylation catalyzed by particulates isolated from higher plants was 
first demonstrated by ARNON et al. 1, and reviewed by him 2. I t  is believed to be re- 
presented by the equations: 

H20 light, chloroplasts ~- (H) -- (OH) (I) 

Abbreviations to be used include: Pi, inorganic phosphate;  AMP, adenosine monophosphate;  
ADP, adenosine dipbosphate;  ATP, adenosine t r iphosphate;  GDP, guanosine diphosphate; 
IDP, inosine diphosphate;  UDP, uridine diphosphate; CDP, cytidine diphosphate; Tris, tris- 
(hydroxyrnethyl)aminomethane;  PMS, phenazine metho-sulfate; FMN, flavin mono-nucleotide; 
TCA, trichloroacetic acid. 
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Almost all the work conducted in the e]ucidation of the requirements, poten- 
tialities, mechanism, a~d function of the system utilized spinach particulates ~-~°. 

Several consideraUons prompted the present investigation with chloro?]asts and 
chloroplast fragments from swiss-chard. I t  was thought  desirable to make a thorough 
s tudy of the photophosphoryla t ive  capaci ty  of cMoroplasts from ~ differe~t plant  so 
as to emphasize the similarities and differences which one may find in a reaction. 
which, is considered to be a basic o~e, common to all plants ~'. iln. ~'.ddition, sir~ce 
spinach is a long-day j?lant ~, Jt will. flower and terminate leaf product/on ;~s soon as 
the critical day length is reached. This makes its growing in a greenhouru.~ for leaf 
material difficult during a substantial par t  of the 5rear. Swiss-chard o~ the oth~,'r hand, 
is quite insensitive to day-length and can continuousiy supply leaves for very  long 
periods of time. Thirdly, chloroplasts isolated from spinach possess certain dis-- 
advantages,  which it was hoped, might  be overcome by  tlne use of ch]oropla-ts isolated 
from a different plant. Two such disadvantages-- the fast decrease of act ivi ty  ~,.vit]~ 
storage time at o °, and the adherence of the adenyl-kinase a.ctivF-v to !7-~e chloro- 
p l a s t s - w e r e  indeed overcome by the use of these chloroplasts. 

METHODS 

t)reparado~1, el chlo~'@L~.sis 

Chloroplasts are generally prepared by grinding the leaves b.~ hand Jn a mor ta r  
and pestle, followed by  differential centrifugatJon ~ ~0. I t  was thought  desirable I:o 
have a more standardized grinding procedure and tiros severs] altars?stirs: methods 
were tried. The VirtJs "45" homogenizer (Virtis Co., z6o Ashburton Ave., "Sonkers, 
New York), under optimal conditions, was found to provide chloroplasts ,¢<~]~ich x.,:~;re 
just as active as those prepared by mortar  and pesth~ grinding, and ws s conseauentiy 
adopted in the s tandard prepara tory  technique. 

In  addition, it w a s  t h o u g h t  desirab]e to sedimel~t the chlorop]asts ,.:dthi~ th,~ 
smallest range of gravi ty  forces practicable. The usual range of ;mo-x:ooo g wa~- 
therefore narrowed down. to 5oo-rooo >( g with only a n-litter losk; o2~ chlorophyll 
containing materJah 

The s tandard  procedure adopted consisted of the following stages: 5 g of a 1ear, 
whose midrib had bee~ removed, was cut into small pieces (appro~. ~ ). z c m m  size) 
and put  within a zoo ~1 capaci ty Virtis cup, placed in the ice water bath of the 
instrument.  4 ° m l  of chilled h.omogenizing medium (o. 4 3(/ sucrose, o.05 ;."[ Tris, 
o.oz M NaC1, o.o2 M sodium aseorbate, pH 7.8) were added a~d the homogenizer 
run for 5 see at 5o on its variac, followed by 25 sac with the variac set on 2o. The slurry 
was squeezed through a double layer of cheese cloth and centrifuged at o.-2 ° for 9 ° sac 
at 5oo /, g. The upper, light colored, layer was sucked off and the supernatar~t 
centrifuged for 7 rain at ~ooo :~ g. The pellet from this eentrifugation was so~)~etimes 
resuspended in a small volume (2-3 ml) of homogenizing medium ~nd used directly 
(unwashed chloroplasts). Usually it was washed by  resuspension Jn 4.0 ml of the 
homogenizing medium and recentrifugation at 500 : g for 9o see, fallowed by  
transfer of the supernatant  and its centrifugatio~ at 20oo ".( g for 7 ~)in. Tt~/,: pellet 
was resuspended in 2 ;? ml of homogenizing medium (once washed e]:iioropJ~ists). 
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For the preparation of chloroplast fragments the latter pellet was resuspended 
in 4o ml of lO .2 M Tris, pH 7.8, put within the Virtis homogenizer and homogenized 
for 5 min with the variac set at o, at o-2 °. The resulting suspension was centrifuged 
for 2 min at 2ooo × g, the supernatant transferred and recentrifuged at IO,OOO x g 
for 7 min. The pellet of the latter eentrifugation was resuspended in a small volume 
of homogenizing medium and used (chloroplast fragments). 

Reaction conditions 

The standard reaction mixture contained in ~moles : Tris, pH 7.8 - 45 ; NaC1, 6o ; 
MgC12, 12 ; Na ascorbate, 3o ; Na, K phosphate, pH 7.8 - 12 ; adequate amounts of a2p 
(5" lO4-2" lO5 counts/min) ; ADP, 12 ; phenazine methosulphate, o.o 9, chloroplasts or 
chloroplast fragments containing less than 3o/xg chlorophyll, and water to a total 
volume of 3.o ml. The reaction was started by turning the light on, and terminated 
by turning the light off and adding o.3 ml of 2o To trichloroacetic acid to the reaction 
mixture. The flask contents were transferred to small centrifuge tubes, and after cen- 
trifugation a sample of the supernatant was analyzed for ATs2P as described below. 

The reaction was carried out in one of two ways: (a) In an illuminated Aminco- 
Warburg apparatus, fitted with two rows of 15o W Mazda spot lights (4 to a row). 
The reaction mixture was placed in 5o-ml t~rlenmeyer flasks, mounted on a metal  
rod connected to the Warburg shaker, and shaken at IOO rev./min with an amplitude 
of 4 cm. For anaerobic runs, the flasks were closed with rubber stoppers fitted with 
glass tubing and nitrogen gas was continuously run through the flasks. The flask 
bot toms were approximately ~7 cm from the light. Maximum light intensity at flask 
level in this setup was 45,0oo lux. (b) For higher light intensities an aquarium was 
constructed (14 x 16 x 8 cm) with an inlet and an outlet for a continuous flow of 
water. Two of the sides were made of glass, and the aquarium was placed between 
two 15o W Mazda lamps, IO cm from each other. Water flowing through it from the 
Warburg bath maintained the temperature throughout the experiments at 16-17 °. 
4 spectrophotometer cuvettes (3 ml capacity) were placed within a holder especially 
contructed to allow full illumination of the two optical surfaces. The holder was placed 
within the aquarium, and reaction started by turning the light on. Maximum light 
intensity in the cuvette under these conditions was I54,ooo lux. 

For time course studies, samples of o.5 ml were removed at specified times and 
placed into test tubes containing o.o5 ml of 2o To TCA. After centrifugation, o.3 ml 
of the supernatant was analysed for its AT32P content as described below. 

Assay o~ A TP /ormatior~ 

The progress of photophosphorylation is generally followed by either measuring 
the change in the inorganic phosphate content of the reaction a-7,10, or by measuring 
the radioactivity incorporated from inorganic 32p into the organic phosphate 
fraction s, s. The first and most commonly used method possesses several disadvantages. 
The main ones are: (a) The initial phosphate concentration is the highest measured 
and thus one is starting with a high reading which decreases with time. This lowers 
the sensitivity and makes it very difficult to measure small amounts of Pi uptake. In 
addition, one cannot measure the reaction in the presence of high phosphate concen- 
trations. (b) The addition of reducing agents, such as ascorbic acid, interfered greatly 
in the measurements. (c) Arsenate behaves similarly to phosphate in the color reactions 
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involved.  The me thod  adap t ed  overcomes all these difficulties and i> still ra ther  simple 
and  rapid.  

The assay  is based on the procedure  of NIELSEN AN]) LEHNINGERla: an appropri~'te 
sample  of the super lmtan t  from the TCA dena tu red  reaction-mJxtr~re w a s  placed 
within a. s8 ; z5o mm O.D. tube,  ~.2 ml acetone added,  contents  mixed and aliow~:d 
to s t and  for xo rain. The water  content  of the tube  was made  up to e.5 mJ with wa~er 
s a tu ra t ed  with a z / x  mixture  of i sobntanol  and benzene. 7.o mi oi a. z / i  mi>zture of 
i sobutanol  and benzene sa tu ra t ed  with water  was added,  and  the tu! 'e  contents  
mixed.  Af ter  phase separat ion,  o. ° ml of mo lybda t e  reagent  (made 1)3; dissol,-ing 5 g 
ammonium m o l y b d a t e  in 40 ml of ~o ,h r H2SO, I and making  it up t o  xeo  m,] w i t h  w a t e r )  

were added  to the side of the  tube,  the water  layer  gen t ly  mixed,  ~md aEowed to 
s t and  for 5 min. Each tube  was now vigorously  mixed for 30 sec. Af ier  phas,'.~ separa-  
tion the upper  layer  was sucked off in to  a t rap.  o.o2 nql of 0.02 ,Tf I<H~PO~ were added 
to the aqueous layer,  followed 1)37 7.0 ml of the i sobutanol -henzene  and the tube  
contents  vigorously mixed for 3 ° sec. After  phase separat ion the :u)per layer  was 
again sucked off and z.o ml of the water  phase placed in a staJr~iess-+;teeJ pianche!  
and counted  direct ly.  

All mixings  th roughou t  the procedure  were made  with a glass rod thickened a~ 
one end to form a smalI ba]l whose d iameter  was sl ightly smaller  than t]}< di~u~eter 
of the  glass tuhe.  Moving this rod up and down the tube provided very  good mixing 
of phases and  avoided the  necessi ty of using sepa ra to ry  funnels. 

For  each react ion two extra  samples  were connted.  One was a ze ro - t i~e  eontro] 
for the react ion mixtur'>. This value was subs t rac ted  from all counts / ra in  to give the 
corrected counts/rain.  The second was a, sample  of ihe  supe rna t an t  fronq !.he WC,4. 
t r ea t ed  react ion mixture ,  di luted to z.o m] with waier  s a tu ra t ed  ,.vit}~ Jsobutano] - 
benzene,  and  counted dh:ectly to give the to ta l  counts/rain introduced.  T}m /J,mo]es 
of ATP formed can be ca lcula ted  from the following equat ions:  

/tmoles AT]? formed = (coTr. counts/rain in pla.nchet) >I 3-3 )( 

.7 (volun]# J!]_fi_rsk a.fter "!'(sA addition) (/(pi,'qes ]>iils 9~isk', 
. _ v 

, {tds a COIIJ l tS/~2}i!?  i13 FlaS4"t ~'o1 nne lined for assay) ' '~ i 

I t  was found ini t ia l ly  tha t  signilqeant amoun t s  of counts co~!d be :;-ccovered 
in the  zero- t ime sample  (o.z.-0.2 % of the to ta l  in t roduced) .  This could I x  eo.'sr~p]etc'ty 
overcome b y  first t r ea t ing  the aePi as it  was received in I X  HC] ~i z o o  for 7 h, 
followed b y  the addi t ion  of acid washed charcoal  and fi l trat ion.  After  such t r ea tmen t  
zero-t ime values  decreased to o .oz-o .oe  % which ",~as completeJy neglJgibie fi:~ the 
s t anda rd  assay.  

Chlorophyl l  was d e t e r m i n e d  by the modif icat ion of ARNON :u;. 

M a l e r . i a i s  

Phenazine  methosul fa te  was synthesized by  the me thod  of D~c;-::::,:s :~5.> 

MCILLw~IN ~a according to direct ions k ind ly  supplied by  Dr. T. P, s~:,#<;~;2. Ali other  
chemicals  were commercial  prepara t ions .  

S w i s s - c h a r d  (Betu vzggar is)  w a s  g r o w n  in p o t s  in  a grecni~ouse.  ~,:e,--so p l a n t s  

suppl ied  sutiicient leaves for several months  of work. 
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RESULTS 

Preparatory requirements 
It was noticed early in the preparation of chloroplasts from swiss-chard that 

when the leaves were homogenized in the sncrose-Tris-NaC1 mixture used for 
spinach 1° the homogenate would rapidly darken. In addition the swiss-chard chloro- 
plasts lost their activity very fast upon standing at o °. Both of these effects could be 
overcome by the inclusion of ascorbate in the homogenizing medium. Table I illustrates 
the stability with time, shown by chloroplasts prepared in this manner. Although 
not all preparations maintained activity for such long periods, they will usually 
maintain it for 24-48 h. o.o2 M ascorbate seemed optimal and was thus adopted in 
the standard preparative technique. 

Since spinach chloroplasts never showed such stability, a comparative experiment 
was run using spinach and swiss-chard chloroplasts prepared in the identical manner 
and tested together for their activity. Table II shows that the effect was indeed, 
much more marked in swiss-chard chloroplasts. In the absence of ascorbate spinach 
chloroplasts lost activity slowly, as shown earlier l°, while chloroplasts prepared from 
swiss-chard lost it rapidly. The addition of ascorbate to the homogenizing medium 
had a marked effect in the swiss-chard chloroplasts but small to no effect in spinach. 

T A B L E  I 

EFFECT OF ASCORBATE IN HOMOGENIZING MEDIUM 

React ion  condit ions  as described under  METHODS. React ion  t ime,  15 m i n .  Light  in tens i ty  ap- 
proximate ly ,  4o,ooo lux. Chloroplasts once washed.  Chlorophyl l  1 2 - 1 8 / ~ g / m l .  T e m p e r a t u r e ,  25 ° 
gas phase-a ir .  Chloroplasts kept  at o ° in the  dark be tween  runs.  All  react ion mixtures  contained a 

tota l  of  i o / * m o l e s  ascorbate/ml .  

Time after homogenization at which activity was tested 
Ascorbate 

in medium Hours 

M z 23 46 7 ° 94 214 
l~moIes A T P  ]ormed/mg chlorophyll/h 

o 230  64 O 20  O o 
o . o i  368  362  336  356  274  128 
0 .02  4 9 6  508  468  464  386  164 
0 .04  432  396  37 ° 386  302 178 

T A B L E  I I  

EFFECT OF ASCORBATE IN HOMOGENIZING MEDIUM-SPINACH VS. SWISS-CHARD 

React ion  condit ions  as described under  METHODS. React ion  t ime,  i o  m i n .  Light  in tens i ty  ap- 
prox imate ly ,  4o,ooo lux. Chloroplasts once washed.  Chlorophyl l :  Spinach, I 4 - i  5 /~g/ml ,  swiss- 
chard-6-7  #g /ml .  Temperature ,  25 °. Gas phase-air.  Chloroplasts kept  at  o ° in the  dark between  

runs.  All  react ion mixtures  contained a total  of i o / x m o l e s  ascorbate /ml .  

Hours after homogenization at which 
A scorbate activity was tested 

Source o[ chloroplasts in medium 
0.5 23. 5 56 

11I l~moles A T P  ]ormed/mg chlorophyll/h 

Swiss-chard o 272 14 2 
Swiss-chard o.o2  356  342 165 
Spinach o 297  165 6 
Spinach 0.02  218  117 35 

B i o c h i m .  B i o p h y s .  A c t a ,  4 ° (196o) 2 5 7 - 2 7 2  
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Occasionally spinach chloroplasts showed some response to ascorbate iJ~ the ho~-~o -, 
genizing and storage medium, b ~t the effect was ah, vavs smal! a.la 
contilmously decreased Jn all cases. 

The stabili ty of s~iss-chard chloroplasts prepared in the suc::ose-Tri~-NaCi-- 
ascorbate medium was also emphasized by  the maintainance of act ivi ty  dtn-ir~g 
washing and subfragmentation.  Table I I I  shows thai: 3 washes or stffffragn~entatior~ 
did not change the activity peJ unit chlorophyll of tile tn:eparatio~. 

TA B L E  H t  

~]FFEC']7 OF \ V A S H i N G  A N D  S U B F R A G M E N T A T I O N  

Reac t ion  condi t ions  as descr ibed unde r  e,,IJ~THODS. Reac t ion  t i m e :  Expl;. ~, 3 ° ] b ?  ]{xpi;. 2. 
~5 rain. L igh t  i n t e n s i t y  a p p r o x i m a t e l y  40,ooo]ux.  Chloro?hyI] :  E x p t .  J,7-1~ ffgheq]; Exp t .  ?, 

Jo-~a fig/m!. Tempera tu re ,  25 ° . Gas phase -a i r .  

/~mo~c~ A TP ,to~meg'me 
Evl%riment 7 l'~(*l~,el~! chloro/)hyli, h 

t No wash 39:' 
t One wash 38o 
:I Three washes  372 
2 O ~ e  wasL 456 
2 8u]) f ragmented  460 

I t  could be mentioned at this point tha t  microscopically the chior.~p]a:~t prepara- 
tion can be seen to be composed maJnlv of whole chloroplasts:. The fragmented 
chloroplasts have the appearance of small oval shaped dark particles of a rather  
definite size. The latter preparation contains, however, a few -vhoie chloroplasts. 
Both  preparations contain a small amount  of cell fragments of ind~afinite shape, other 
than chloroplasts or their fragments. 

Requirement, is i~, medium 

Ascorbate: In addition to the requirement for ascorbate in tl~e homogeniziJ~,g 
medium, it soon becam*" apparent  tha t  its addition to the reaetio~ mixture markedly  
increased the rates of phosphorylatiou. Closer examination of the latter effect revealed 
tha t  it was strongly time-dependent.  Fig. I illustrates a t]mc cour:~c' stud,,., in ~,he 
presence of increasing concentrations of ascorbate. I t  ea.a~ be seen tha i  at v ; rv  short 
time intervals the addition of ascorbate had no significant effect. However,  if the 
reaction was allowed to proceed for longer time periods the effect becan]e ' ,ery marked. 
Ascorbate seemed to act in maintaining the act ivi ty of the chloroplasts for ]or;get 
time periods. I t  should he noted that  the act ivi ty of ascorbate is rat!~cr specific. I t  is 
not  at all replaced by  other reducing agents such as glutathJone or cvsteine. In  ad- 
dition, the requirement for ascorbate is just as pronounced with fragment<d cl~]orc- 
plasts as it is with whole ones (see Fig..3), indicating that  whatever  it act~ on is very 
closely associated with t]~e enzymic complex responsible for photopho~phoryJation. 

The t ime-dependent requirement for ascorbic acid in the medium is just as 
apparent,  in our experience, with spinach or swiss-chard chloroplasts. 

Gas phase: Fig. 2 illustrates a lqme course s tudy  of the reaction ul~d,,v nitrogeJ~ 
or air, in the presence or absence of ascorba.te. I t  is clear that  nitr.oRen and a:;corbale 
act in a similar manner, prolonging the maintainance of act ivi ty Jp. the ch]oroplasb~. 
Under nitrogen ascorbate has little to r~o effect. 

]¢i,~ch.im. lSioph,)'s. A ci<~. 40 ~, ~ 6o', £57 27,z 
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pH: As previously shown for spinach Is, swiss<hard chloroplasts aiso possess 
rather sharp pH opt imum around 7.6-7.9 (Fig. 3). We were not able 1:o {q>_:er-,:e the 
peak at pH 7.o reported by  \'VAL]{ER AXD HILL '{~ in several of these e:. perirnents, 

Co/ador: Swiss-chard chloroplasts show the same lack of sp(;cificit}: for a c:ofacl:or 
as do spinach chloroplasts ~°, Table ]V  illustrates the act ivi ty c,f the chiorop]asts 
wi th several different cofactors, lit ]s evident that ]?henaz]ne methosulfate ]-~ermJts 
by far the highest rates of phosphory]atJon, As pre\ Jously show~b the ce~3centrr~2ion 
range for maximal  activi ty is rather narrow, FMN, mena, dione and b~digo c s r m b e  
all catalyse the reaet:io]s at about half to a thh:d the rate a]lowed b }  i)]}e:nazh:y,s methe- 
sulfate. With the seusJ1:ive assay used it is possJbJa to detect so;sac pl}osphoryiation 
in the absence of a.n';~ cofactor, i ts rate is about :~o p:moies ATP forrs~edir?.g ch]oro- 
phylJ/h, hut it Js defir, Jtc]y present, 

TA BI.E IV 

ACTIVJTY IVITI{ SEVERAL COFACTORS 

R e a c t i o n  c o n d i t i o n s  as  d e s c r i b e d  u n d e r  5'-rETHO])S. ]~ea.C£JO]] t h n e ,  ]o  mJn.  LJ£h t  h2tcns]!:7. 45,ooo 
]ux.  C h l o r o p l a s t s ,  one  ~a .shed.  C]Jo rophy] ] ,  ~.5 / tg / ln] .  Ten~.]oerafiure, 25 ° Gas ~:ha.se ab:. 

Co~cen~vai?o;~ (,IS/ 

Colacmr 
i 

/u!~rJics d 7"p io;'m:d,'~Tg chlorr@kylf /D 

PMS 428 7 s 2 366 34 ° 3~ 

]?)'IX ] 94 272 358 346 £7 ~ o 
~%lenadionc ~ 86 304 290 246 ; ;?c 

II](]]gO 68,1-112i190 ] 9~i 226 2J 6 2 I O ; 40 

TABLE V 

REQUIRE)4ENT FOR 3IAGNES]U?,{ 

R e a c [ i o n s  c o n d i t i o n s  as  d e s c r i b e d  u n d e r  mETHODS. ]gea.ction t i m e ,  ro  rP, in  Lig]M: J]~t:ensity 
45,ooo ]ux.  C h l o r o p l a s t s  once  washed .  C h l o r o p h y l l ,  7 u g / n z } .  Tempers t ; 'm'e ,  25 Gas  p}-sa,se air .  

.lI<~gsu'si~tm it:,s~oles ,4 TP .ior}szed/tKg 
:;o~ceJ~fsafios~ c]i/orol@yiZU' 

o 7 ° 

5 ~3" ] o ~ ]ff 52 o 
4 '  ] o-8 /~:/ 640 

"2 • ] o - ~ / I  ] 5 2 o 

Mag1#esi~l,m" An optimal amount  of 4.:re 8 3'] magnesium is required (Tab]e-\:~ , . / 

significant act ivi ty is present in the absence of any added Mg. 
Phosphale: I t  was previously noted]< ~° tha t  for maximal act ivi ty mud l  more 

phosphate was required than the amount  necessary for ATP produetior~. With  the 
assay employed this could be retested with greater ease. T a l j e V ]  illustrates the 
continuously increasing rates obtained with increasing phosphate  concentrations, 
Higher phosphate concentrations could not be conveniently used at present because 
of assay difficulties. In all cases the uptake  of phosphate was not greater than Io % 
of the total phosphate present in the reaction mixture. The high rates shown ,.w:re 
due to the high light intensity and the short reaction time (see be]ow). 
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Nuc l~o t idc :  In contrast with phosphate, the ADP concentration required for 
saturation is very low. Fig 4 illustrates a time course study in the presence of in- 
creasing concentrations of ADP. It is clear that, for the concentrations used, the 
initial rate of the reaction is independent of the ADP concentration. The reaction 
seems to proceed at the maximal rate until almost all the ADP is utilized. In view 
of the absence of adenyl-kinase and ATPase in these preparations (see below) the 
reaction could serve as a very sensitive assay for small quantities of ADP, in the 
presence of AMP and/or ATP. 

T A B L E  V I  

REQUIREMENT FOR PHOSPHATE 

React ion  condit ions  as described under METHODS. React ion  t i m e ,  2 ra in .  Light  in tens i ty  approx-  
i m a t e l y  too ,ooo lux. Chloroplasts,  once washed.  Chlorophyll ,  8.6 # g / m l .  T e m p e r a t u r e ,  I 6  °. 

Gas phase-a ir .  

Phospahte ltmoles A TP ]o~'med;mg 
concentration chlorophyll/h 

1.4 '  IO 3 3~/ 9OO 
4 .2 '  IO 3 M IOO4 
8. 4" IO 3 j]~r 121o 
1 .7"IO 2 M 129o 

T A B L E  V I I  

NUCLEOTIDE SPECIFICITY 

React ion  condit ions  as described under METI-IODS. React ion  t ime,  i o  r a m .  L i g h t  i n t e n s i t y ,  45 ,000 
lux .  Ch lo rop las t s ,  E x p t .  I ,  once washed,  E x p t .  2, w a s h e d  3 t imes .  Chlorophyll:  I9  ]~g/ml.  T e m -  

p e r a t u r e ,  25 ° . Gas phase-a ir .  

Experiment Nueleo t ide  Concentration ilmoles A TP  ]ormed/mg 
t~moles/'ml chlorophyll/h 

I A M P  6 o 
I A D P  6 42o 
I A T P  o, 7 o 
I A M P  + A T P  6 + o.7 o 
2 A D P  1.6 796 
2 I D P  i ,6 640 
2 G D P  i .6 514 
2 U D P  i ,6 196 
2 C D P  i .6 2 

It is now accepted by all workers in the field that ADP, rather than AMP, is 
the actual acceptor in the photophosphorylation by chloroplastsa,6,10. This can be 
very beautifully demonstrated with swiss-chard chloroplasts since they are virtually 
free of adenyl kinase activity. Table vi i ,  experiment I shows that even with once 
washed whole chloroplasts, activity is seen only in the presence of ADP. This is in 
striking contrast with spinach chloroplasts, where only after exhaustive washings 
can one achieve a relatively adenyt-kinase free preparation 3,10, is. 

The specifity of the reaction for nucleosides diphosphate other than ADP, has 
not been thoroughly tested. KRALL et al. ~ reported that UDP, GDP, IDP and CDP 
can be phosphorylated by spinach chloroplasts, but at lower rates than ADP. 

B i o c h i m .  Biophys.  Acta, 4 ° (196o) 257-272  
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T a b l e V I I ,  experiment e, illustrates the act ivi ty  of swiss-chard chlorop!asts with 
these phosphate acceptors. I t  is evident  tha t  thrice washed chloroplas~ w,.'re capable 
of phosphory]ating I ] )P  and GDP at almost as fast a rate as AD}.  U D P  was utilized 
at a lower rate, while CDP was inactive. The same resu]ts were obtained with trag-- 
mented  chloroplasts. 

The question arose whether tim results were a reflection of .... ~",,~e . . . . .  ~D~,HqH~, ..~ :.:r'" o[ the 
enzyme combining with ADP. i t  could also be consequence of the e.<teri§catJos o_ ~ 
small amounts  of con tamina t ing  ADP ]n the preparations of the other nuc!eosides 
diphosphate, fo]iowe.d by nucleoside diphospho-kLn.ase activity. The lat ter  possibJiJty 
was tested in the foI!owJng manner :  chloroplasts were incubated Jn t]~e usua] rea.etion 
mix ture  and  alIowed to synthesize ATa2p in the light. After pract:icai]y ~:.]I of the 
ADP was phosphorylated,  the light was turned off and another  nnc]eodde. .. &pn" ' ,)spnate 
added to the reactiol~ mJ×ture. The reaclion was a]iowed to proceed for anolher  30 rain 
in the dark, after which denatura t ion  and paper chromatography was carried out. 
"]?lie radioact ivi ty  distr ibution between the adenine nncleotide spo~ and the other 
n uc]eotide in quest]o>, at the end oJ the reaction Js recorded m TabJe ~' ~ 
nucleoside diphosphokinase act ivi ty  was ]?resent all the radioact ivi ty  shouJd have 

. T - ) , )  been recovered in the 'gl"aeP spot. However, it Js seen that  in ti~e case of J~ ~, GDP: 
and  U D P  a substa~atJa] part  of the radioact ivi ty  has been transf,'~rrcd to their tri- 
phosphates. In the case of CDP, however, only a small percentage has bee~ trans-  
ferred. This percentage might  even be accounted for by  other contan~,inathag nudeo-- 
tides in the CDP prepara t ion .The reiative inac t iv i ty  of the nucheosJde diphospho]dnase 
for CDP is in agreement with the inabi l i ty  of the chloroplasts to phosphorvbJ:e CDP. 

TABLE VIII 

N U C L E O S I D ] £  D I T ? H O S P H O I < ! N A S ] £ S  I N  C H L O R O P L A S T ! : "  

Reaction conditions as described under MEr~-~ODS. Reactiol~ tbne: ligh% to rain. Dark, 3 ° mJn. 
Light intensity, 4o,ooo ]ux. Chlorop]asts, once washed. Chlorophyll, _05/. g/n)~. Temperature, =5-. 
Gas phase-air. See text for details. One dimensional paper c womatography according to the 
method of [ B E R O K V I S ' F  A N D  D E U T S C H  20 with sa.turated ammonium su]f,q, te, ~a!cr Jsopropano] 

(79 :~9 :'2; v/v)  as the deve oping agent. 

[Codloactivi ly  dis~;'~Bt~ ,;,J> 
1/o o ~ / o m t  ~, 

Nuc l eo t l de s  (;~ daH~ <eact~r ~ 

.4 TP Ot~e~" ~z~edeo~ide 

! -3' zo a 3f ATaet " zo,q o 
• 3"Jo aj,fA3"a~p + ~.3-Jo aM IDP 63 37 
• 3" ~o-a M ATasp -F ~,3"~o-a 3I GI)P 6r 39 
• 3"~o a3,/ ATaeP 4 ~.3"~0-a3I UI)P 59 4 
• 3"~° a j~f A T a ~ p  q_ ~ . 3 . i o  a 3I C])P 8 8  ~= 

These data  do not  al]ow a definite conclusion a.s to the specificity of the nuc!eotide 
combining  enzyme of photophosphorylat ion.  They seem to indicate, however, that: 
the act ivi ty  observed with nucleotides other than ADP ma y  be accounted for by 
the nucleosJde diphospholdnase(s) present in the chloroplasts  The preparat ion oJ 
chloroplast fragments, free of the la t ter  enzyme, is being at tempted.  Such a prepa- 
ra t ion would provide means of testing the specificity of the m~cleoiide combining 
enzyme of photophosphorylat ion.  

Light: As soon a.~ light in tens i ty  studies were begun ]t became apparent  tha t  

J~ioch i*~. P, io/~M,,,< A ,,::&< .4 o 9 g 6 o :  ~ 5, 7 - "~ ~? 
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the intensity of 45,000 lux used, on the basis of the requirements previously deter- 
mined for spinach chloroplasts a°, was not sufficient. Fig. 5 illustrates the light intensity 
requirements as measured with the set up described under methods (b). I t  is evident 
tha t  the reaction was not approaching saturation until at least IOO,OOO lux were 
supplied. Complete saturation does not seem to have been attained even at 154,ooo 
lax, the limiting intensity with that  apparatus. The obvious result of this finding 
was the extremely high rates of photophosphorylation recorded. Under I54,ooo lux 
of light we have continuously observed rates of 13oo-2ooo ~moles phosphate esterified 
/rag chlorophyll/h. 

Several other factors emerge as important in the at tainment of these high rates. 
As can be seen in all time-course curves presented, the activity in the preparations 
is not linear with time. Even under the best conditions attained to date, the rate 
.continuously decreased as time proceeds. I t  is thus important to measure the reaction 
a t  short intervals for maximal rates. A second factor can be seen in Fig. 5- Although 
it was previously found that  the effect of ascorbate in the reaction mixture is apparent 
only at longer time intervals, it is clear that  it is also dependent on the intensity 
of the light supplied. Thus in a 5-rain reaction (Fig. 5), ascorbate has little to no effect 
up to about 40,000 lux, but the effect is increasingly marked thereafter. A third 
factor can be seen in Fig. 6. I t  illustrates chloroplast concentration curves measured 
a t  several light intensities. The statement is often made on the basis of one such 
curve that  the concentration of chloroplasts used was below the limit of light satura- 
tion (see, for example, ref.3), meaning in the lowest portion of the curve illustrated. 
Although this is reasonably sound, Fig. 7 illustrates that  even at the lowest portion 
of the curves, at chlorophyll concentration of 3/~g/ml, light saturation was certainly 
not reached until 154,ooo lux were supplied. I t  is therefore important to run a light 
concentration curve of the type shown in Fig. 5 to determine the level of light 
saturation under the particular conditions in question. 

At the lowest chlorophyll concentrations, highest light intensity, in a 2-minute 
reaction time, and with optimal ascorbate concentration the data of Fig. 6 represents 
a specific activity of 2500 zmoles ATP formed/rag chlorophyll/h. 

Inhibitors 

Arsenate: I t  has previously been shown that  arsenate was a competitive inhibitor 
for phosphate in photophosphorylation by spinach chloroplastsaL Since the strictly 
competitive nature of the effect was valuable as a tool in several investigations 
concerning the mechanism of ATP formation aT, as, it was thought important to confirm 
it with chloroplasts isolated from swiss-chard. Fig. 7 represents a LI~,'EWEAVER-BuRI( 
plot of the effect of arsenate on the reaction. I t  is evident that  here, too, arsenate 
inhibits ATP formation only by virtue of its competition with phosphate. 

Uncou~Slers: The classical uncoupler of phosphorylation from electron transport, 
2,4-dinitrophenol, was shown to be ineffective in uncoupling the non-cyclic photo- 
phosphorylation of spinach chloroplasts is, and effective in inhibiting its cyclic 
phosphorylation only at high concentrations 4, a9 As indicated in Table IX, swiss-chard 
chloroplasts were even less sensitive than spinach to dinitrophenol. Whereas spinach 
chloroplasts were inhibited 60-80 % by lO -3 M dinitrophenol 4,19, only 20 % inhibition 
is seen with the swiss-chard preparation. 

By contrast, ammonium ions, which were previously shown to uncouple noncyclic 

Biochim. Biophys. ,4cta, 4 ° (196o) 257-272 
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Fig. 5. Requirement  for iigl:t inte~sit 3 . Re,ration 
conditions as described under M/':THOI)S. Reaction 
time, 5 rain. Light intensity, as marked. Chloro- 
plasts, once washed. Chh)rophyll, 7 pg/mJ. Ten> 

perature z6 °. Gas :phase air, 

Fig. 6. ]iffect of chloroplast concentration at  
several light intensities. Reaction conditions as 
described under ~IETHOI)S. Reactio]~. time, ~ rain. 
Light intensity, as maN<ed, Chlorop]asts, o~ce 
washed. Clnlorophy]l, as marked. Temperatl]re 

J6% Ga~ phase-air. 

Fig. 7- Arsenate as a, compet i th  e inhibitor, ?Reac- 
tion conditions as described under METHODS. 
Reaction time, 5 rain. L, ight intensi ty 4o,ooo 
lnx. Chloroplasts, once ,~:ashed. Chlorop]~yl], 6.6. 

ffg/ml Temperature, ~(/L Gas phase-air.  
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p h o t o p h o s p h o r y l a t i o n J ,  s a n d  i n h i b i t  cycl ic  p h o s p h o r y l a t i o n  ~ of s p i n a c h  prepara t ions ; ,  

b e h a v e  in t h e  i den t i ca l  m a n n e r  w i t h  s w i s s - cha rd  ch lo rop la s t s ,  T a b l e  I X  ilustra,t,~: 

t h e  s t r o n g  i n h i b i t i o n  p r o d u c e d  b y  a m m o n i u m  chlor ide .  T h e  c o n c c n t r a l i o n  r e q u i r e d  

for  5 ° 7o i n h i b i t i o n  was  a b o u t  O ' I o  --4 M ,  a n d  t he  h~hib i t ion  seemed, to  be  d i r e c t l y  

p r o p o r t i o n a l  to  t h e  l o g a r i t h m  of t h e  a m m o n J m l l  ion c o n c e n t r a t i o n .  

M c c h a n i s m  

f)e-A T t  ) cxcha~,gc and  A T P a s c  : T h e  s u r p r i s i n g  l ack  of A T P a s e  or P J - A T I ? - e x c h a n g e  

in s p i n a c h  c h l o r o p l a s t s  was  p r e v i o u s l y  s how n] L  I t  is he r e  s t rong i  3 cow, f i rmed  wRl" 
c h l o r o p l a s t s  fi-om s w i s s - cha r d .  T a M e  X i l l u s t r a t e s  the  c o m p l e t e  i~ck of ~my reactio~e 

~iochi~z. Riophys . /c /a .  ,~o, " . , 25; 27: 
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TABLE IX 

E F F E C T  OF 2 , 4 - D I N I T R O P H E N O L  A N D  A M M O N I U M  C H L O R I D E  

Reaction conditions as described under METHODS. Reaction time, 5 min. Light intensity, 45,ooo lux. 
Chloroplasts, once washed. Chlorophyll: dinitrophenol experiment, 4.8 #g/ml; NH4C1 experiment, 

6.6/~g/ml. Temperature, 25 °. Gas phase-air. 

Concentration /~raoles A TP  /ormed/mg % o/control 
Inhibitor M chlorophyll/h 

2,4-dinitrophenol o 625 (IOO) 
2,4-dinitrophenol I.O. I o ~.5 630 I oi 
2,4 -dinitrophenol i.o. I o -4 700 I 12 
2,4-dinitrophenol i .o. IO -3 500 8o 
NH4C1 - -  630 (ioo) 
NH4C1 5 .0. lO-4 375 60 
NHaC1 1. 3 • IO -3 186 3 ° 
NH4C1 5.0- lO -3 15 2 

TABLE X 

LACK OF Pi-ATP EXCHANGE AND ATPAsE 

Reaction mixture contained the usual components (see METHODS), except for ADP and inorganic 
phosphate being replaced by the materials indicated under vessel contents. Reaction performed 
in test tubes in the dark, with once washed chloroplasts. Total volume, i.o ml. Chlorophyll, 
25 #g/ml. Temperature, 25 °. Gas phase air. In the first and second experiments samples of o.2 ml 
were taken out at the indicated times, and transferred into tubes containing o.o2 ml of 2o o/ 
trichloroacetic acid. The samples were applied to Whatman No. i paper and chromatographed 
by the method of BURROWS et al. ~1, using acetone, 15 % trichloroacetic acid (65:35, v/v). Samples 
of the third experiment were analyzed as described under METHODS. The AT32P used was synthesized 
with swiss-chard chloroplasts, adsorbed on charcoal, and extracted from it with 5 ° % ethanol, 
0.2 % NtI4OH. The extract was applied to \Vhatman No. i paper and developed by the method 
of I~REBS AND HEMS 22, using isobutyric acid concentrated ammonium hydroxide-water (66 : i : 33, 

v/v). After drying, the ATaep strip was cut out and eluted with water. 

Reaction time Vessel contents (min) 

% o/total radioactivity in 

A TP  Pi 

I /~mole AT32P o 

60 
I ftmole AT32P + 2 #moles Pi o 

6o 
I /tmole ATP + 4/~moles a2Pi o 

6o 

81 19 
80 20 
82 I8 
82 18 

O IOO 

O IOO 

in 6o min ,  w h i c h  was  suff ic ient  to  p h o s p h o r y l a t e ,  u n d e r  t h e  s a m e  cond i t ions ,  m a n y  

t i m e s  t h e  a m o u n t  of A T P  suppl ied .  

T h e  a d d i t i o n  of A D P  a n d  changes  in t h e  r eac t i o n  c o m p o n e n t s  d id  n o t  a l te r  t h e  

resul ts .  

A D P - A T P  cxchangc: Since t h e s e  ch lo rop la s t s  are  free of ad en y l  kinase ,  t h e y  

p r o v i d e  exee! len t  m a t e r i a l  for t he  s t u d y  of t h e  e x c h a n g e  b e t w e e n  A D P  a n d  ATP.  

Th is  e x c h a n g e  was  f o u n d  in m i t o c h o n d r i a  2a a n d  was  r e l a t e d  to  t he  las t  s t ep  in o x i d a t i v e  

p h o s p h o r y l a t i o n ,  I t s  r a te  was  severa l  fo ld  f a s t e r  t h a n  t h a t  of t h e  P i - A T P  exchange ,  

w h i c h  in i t se l f  is m a n y  fold f a s t e r  t h a n  t h e  p h o s p h o r y l a t i n g  reac t ion .  

T h e  d a t a  of Tab le  X I  i l lus t ra te  t h e  c o m p l e t e  lack  of s u c h  an  e x c h a n g e  in p h o t o -  

p h o s p h o r y l a t i o n  b y  swi s s - cha rd  ch lo rop las t s .  The  ab s en ce  of a d e n y l  k inase  is i n d i c a t e d  

Biochim. Biophys. Acta, 4 ° (196o) 257-272 
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b y  t h e  l ack  of a n y  s i m u l t a n e o u s  i nc r ea se  in the  A M P  a n d  A T P  i>' a n y  el the exp,:~;i-- 

m e n t s .  T h i s  was  t r u e  even  w h e n  t h e  r e a c t i o n  was  r u n  w i t h  w a s h e d  cb_!orop]asts. ]?7~e 

t h i r d  e x p e r i m e n t  i n d i c a t e s  t h a t ,  in t h e  l ight ,  t h e  r e a c t i o n  condi t ioJ]s  ::.sed were  

suf f ic ien t  to  c o m p l e t c l y  e s t e r i fy  t h e  A D P  s u p p l i e d  in ~o rain.  Howe: : e r ,  i~ t he  da rk ,  

e v e n  60 ra in  o~: r e a c t i o n  d i d  n o t  s h o w  a n y  m e a s u r a b l e  e x c h a n g e  b e t w e e n  A D P  a n d  

A T P  u n d e r  t h e  i den t i ca l  c o n d i t i o n s .  

TABLE X1 

L;,c~: oF ADP ATP EXCHANG]; 

lReaction mixture contained the usual components (see ,v>'r~]o:?s) exce?i fc-~ A D ?  a,,:d inorganic 
phosphate being replaced by the materials indicated under vessel contents. ]hn addition,', all vessels 
contained e. :o a 3J ATP. The reaction was carried out Jn small test  tubes, ,.:,~li: chloroplast 
fragments. Total vo]ume, o.3 ml. Chlorophy}l, ~-9 #g/ml. Temperature,  a5 °. Ga,'s please-air. Sa,nj?les 
of o.o 5 m] were ta,ken at  the indicated t imes and transferred into tubes contadning o.oo 5 ml of 
eo °. o trichloroaeetic acid. The samples were applied to XVhatn:an No. : paper, together wJlJ] a 
marker  for AMP, and chromatographed by tlne method of KR~ms AXD fIE:,:S :'s, CiSi~:g isobutyric 
acid-concentrated a.mmonJum hydroxide-water  (66: :  :33, viv). After thorough drying, the spm~s 
were marked under  an ::.',:. ia.mp, cut olJt and their  radioa.ctivit:y determirmd in a. gas ~tcw countog. 

]!l~w~,~aHon 
Pessd  conteP4s ('v~:) 

2' : o -a 3:/ [1~C :",DP None 

e-~o -a 3:[ [:~C]ADP g 5" Io -:~ 3S ]?i None 

2"~o a 31 [l~(;[A]ll? q 5's:o .s ,31 17>7 45,ooo 

(~+ l'n) A )  f i  ) A D i '  A T P  

o 9 ;! z 9 
6 o  ~ J 79 : '; 

o 0 3"2 9 
6 o 8 8:3 t~ 

o ~ o 8 1 9 
:o S 0 86 

1)IscussfoN 

T h e  effects  of a s c o r b a t e  in  t h e  p h o t o p h o s p h o r y l a t i o n  s y s t e m  ha : : e  bee:J a source  of 

c o n t i n u o u s  a n d  c o n t r a d i c t i n g  r epo r t s .  I t  was  f i rs t  r e p o r t e d  b y  Am<o:< a n d  his  g r o u p :  

t h a t  i t  was  e s s e n t i a l  for  m a x i m a l  r a t e s  of p h o t o p h o s p h o r y ] a t i o n .  A~,:~o?.:, J aoJ~N>o~<I~" 

AND EVANS 15 c o n f i r m e d  t h e  r e q u i r e m e n t ,  b u t  o b s e r v e d  ~:o s u c h  :~eed ,rhea: p h e n a z i n e  

m e t h o s u l f a t e  was  u s e d  as a co fac to r  ;°. ARNOX et aZ. 2~ r e p o r t e d  t h a t  t h e  inc lus ion  o{ 

o .oz  M a s c o r b a t e  h~ t h e  p r e p a r a t o r y  m e d i u m  i n c r e a s e d  t h e  s t a b i l i t y  of spi]~aeh 

ch lo rop l a s t s .  OtIMURA 4 c o n f i r m e d  b o t h  effects  of a s e o r b a t e ,  s t a b i l i z i n g  a n d  increasip, g 

t h e  r a t e s  of p h o t o p h o s p h o r y l a t i o n ,  H e  f u r t h e r  s h o w e d  t h a t  t h e  k,~crease in r a t e  was  

a p p a r e n t  o n l y  w h e n  t h e  r e a c t i o n  w as  c a r r i e d  o u t  for  l onge r  pe r i ods  of t ime .  WJ~ss::~s ~ 

also o b s e r v e d  t h e  a s c o r b a t e  a n d  t i m e  d e p e n d e n t  i nc r ea se  of r a t e .  1:,~ additior~ h e  

r e p o r t e d  t h a t  t h e  effect  was  a b s e n t  w h e n  t h e  r e a c t i o n  was  :Jun u n d e r  a m m r o b i c  

c o n d i t i o n s .  
All  of t h e s e  o b s e r v a t i o n s  are  m u c h  m o r e  c l ea r ]v  see:: w i t h  the  sw i s s - cha rd  

c h l o r o p l a s t s  as d e m o n s t r a t e d  u n d e r  resu l t s .  I t  w o u l d  seen:  t h a t  w h e r e  t h e  effect  

of a s c o r b a t e  was  n o t  o b s e r v e d ,  s h o r t  t i m e  pe r i ods  were  used  TM. Tim hlcxease  in r a t e  

due  to a s e o r b a t e  w as  n o t ,  t h e r e f o r e ,  c o f a e t o r  d e p e n d e n t ,  as i t  ~;eemed a t  first  ~°. I t  5% 

h o w e v e r ,  t i m e  d e p e n d e n t  (Fig. : ) ,  a n d  t h e r e f o r e  w h e n  a c o f a c t o r  p e r m i t t i ~ g  h i g h e r  

r a t e s  was  used ,  s h o r t e r  t r ine  i n t e r v a l s  were  r e q u i r e d  a n d  t h e  respoy~se could  : :o t  b< 

seen.  H o w e v e r ,  u n d e r  v e r y  h i g h  l i gh t  i n t ens i t i e s ,  a n d  c o n s e q u e n i ! y  v e r y  i- igh Tates, 

a r e q u i r e m e n t  for  a sco l :ba te  w as  a p p a r e n t  eve::  a t  s h o r t  t i m e  i r i t e rva ls .  

17ioc]~7m. P7o751%<-. ~icia, 4o : ~76o) :,57 .: 7:': 
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I t  is difficult to define the mode of action of ascorbic acid. Attempts to relate 
its effect to an inhibitory action of polyphenol oxidase, which can be demonstrated 
in these preparations, have not succeeded. Although sodium diethyl dithio carbamate,  
a potent inhibitor of the latter enzyme, causes an increase in the rate of photophos- 
phorylation, it does so independent of the presence of ascorbate. One can only say 
that  both actions of ascorbate can be attributed to a stabilizer, rather than a cofactor 
function. I t  is also clear that  this stabilizing action is related to its ability to prevent 
or correct some deleterious oxidative effect, since no increase of rate was observed 
under anaerobic conditions (Fig. 2). 

The requirements in the medium for swiss-chard chloroplasts were, in general, 
quite similar to the ones previously described for chloroplasts from spinach. The high 
concentration of phosphate needed for saturation was strongly confirmed with these 
chloroplasts. Although no explanation can, as yet, be given to this phenomenon, it is 
especially striking when compared to the very high affinity of the same chloroplasts 
for ADP. 

The presence of nucleoside diphosphokinase(s) in the chloroplasts, makes it 
difficult to reach a conclusion regarding the final identification of the primary phos- 
phate aceeptor. The data presented, however, would place ADP or GDP as the only 
likely candidates. 

Most workers in the field seem to employ relatively low intensity light for the 
reaction 3 5,8. Although light is recognized by all to be an essential component, it was 
rarely given a thorough study, and its intensity is often expressed in non-comparable 
terms. I t  is clear, however, from the results presented herewith, and earlier 10, that  
under optimal conditions it often was the limiting factor in the reaction. The rates 
reported here of 2ooo/~moles ATP formed per mg chlorophyll per h, could be obtained 
only at very high intensities around 15o,ooo lux. I t  might be worthwhile to call 
attention again to the inconclusiveness of chloroplast concentration curves, when 
interpreted as indicating saturation by  light (see Fig. 7 and text under RESULTS). 

The continuous increase in maximal rates of photophosphorylation as obtained 
by different workers in the field was quite remarkable. In units of /,moles ATP 
formed/mg chlorophyll/h, the initial observations 1 reported rates of 3, which were 
improved by the addition of FMN or menadione to 34. Close study of the requirements 
of the system resulted in another increase up to a rate of 2oo la. ALLE,,T et al. 3 upon 
further study, obtained rates of 36o-5Io. Rates in the same order of magnitude were 
also reported by OHMURA 4. The use of phenazine methosulfate as a cofactor 1°, resulted 
in rates of 7oo-9oo , and in this report the rate has been boosted another 2-3 fold to 
2ooo-25oo. I t  was obtained as a result of a higher light intensity, higher phosphate 
concentration, lower chloroplast concentration, a very short reaction time, and a 
sensitive assay permitting the accurate measurement of the small amounts of ATP 
formed. 

The demonstration of no exchange between ADP and ATP emphasizes again the 
difference between the mechanisms of oxidative and photophosphorylations ~7. I t  
is in agreement with the mechanism previously proposed ~7,23 and a consequence of 
the irreversibility of such a step as has been predicted from earlier, unrelated data 17. 
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T H E  ROLF; OF T H E  S U L F H Y D R Y L  G R O U P S  IN T t I E  

S T A B I L I S A T I O N  OF T H E  S T R U C T U R E  ()]: 

T H E  > - G L Y C E R A L D E H Y D E - 3  - P H O S P H A T E  D E H Y D R O G E N A S E  

IL:k 1~ E L 0 ] ) I  

. , ~ - . . , > ¢ 

( R e c e i v e d  J u l y  a o t h ,  z959)  

SUMMARY" 

The effect of the blocking of the SH groups on the spatial s ~ r u c t u r e  ©[ the swine 
muscle D-glyceraldehyde-3-phosphate dehydrogenase was studied. 7he treatnqeni 
with 2p-chloromercuribenzoate resulted in significant changes in ~,he opi{e;~l rotaiion 
and the intrinsic viscosity of the protein, the >-g]ycera]dehyde-3-phosphate dehydro- 
genase molecule being altered in the direction of denaturation F!7o~1~ these data it ~s 
assumed that. the SH groups may play an important role b~ the sta!)i]itv of the 
secondary structure of the enzyme. 

A b b r e v i a t i o n s  : P(TA D = n g l y c e r a , l d . e h y d e - 3 - p h o s p h a t e  d e h y d r o g e n a  sc ; DIP>7 - d,i]:,!~ospho- 
p y r i d i n e  ~ u c l e o t i d e :  ]?C]\fB = >~) c h l o ~ m e r c u r J b e n z o a . t e .  

] ~ / o ( : } n : ~ .  i ? i ohhys .  _,,I I ; ,  ~e, ( ~ q 6 o ]  . . . . . .  "; 7 ~ - ~. - 


