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SUMMARY 

4- to more than Io-fold acceleration of the Hill reaction (electron acceptor: 
indophenol dyes, ferrieyanide, FMN, etc.) by C1- is consistently observed over a wide 
range of pH (5.7-8.3) when EDTA-uncoupled chloroplasts are used as experimental 
material. Using such highly C1--sensitive chloroplasts the effect of C1 was examined 
on the photooxidation of reducing agents which are capable of donating electrons to 
Photosystem II.  No e l -  effect is observed on the photooxidation of hydroxylamine (at 
substrate level with indophenol dye as electron aeceptor) or of ascorbate (FMN as 
acceptor). These observations strongly suggest that  C1- acts near the water-splitting 
end of Photosystem II.  

High concentrations of ammonia and methylamine, like low concentrations of 
hydroxylamine, block water splitting on the oxidizing side of Photosystem II.  Ap- 
parently the unprotonated forms of simple amines act as a specific inhibitor at a point 
near the site of C1- involvement. 

Upon removal of C1- the steady-state fluorescence yield of chloroplasts is 
markedly and reversibly depressed. However, the addition of a substrate level of 
hydroxylamine obliterates the C1- effect on fluorescence and the yield becomes higher 
than in the presence of C1- alone. These observations are discussed in connection with 
the site of C1- involvement and with the current model of the chloroplast fluorescence 
quenching mechanism. 

INTRODUCTION 

The st imulatory effect of C1- on the Hill reaction was discovered by WARBURG 
AND LUTTGENS 1 and confirmed by other investigators 2& The site of C1- involvement 

Abbrev ia t ions :  B D H B ,  n -bu ty l -3 ,5 -d i iodo-4 -hydroxybenzoa te ;  CCCP, ea rbonyl  cyan ide  
3 -ch lo ropheny lhydrazone ;  DCPI ,  phenol indo-2 ,6-d ich lorophenol ;  DCMU, 3-(3,4-dichlorophenyl)-  
i , i - d i m e t h y l u r e a ;  TCPI ,  o-chlorophenol indo-2 ,6-dichlorophenol ;  MES, 2- (N-morphol ino)  e thane -  
sulfonic acid;  TES,  N - t r i s ( h y d r o x y m e t h y l ) m e t h y l - 2 - a m i n o e t h a n e s u l f o n i c  acid. 

* Resea rch  carr ied ou t  a t  B r o o k h a v e n  Na t iona l  L a b o r a t o r y  u n d e r  the  auspices  of the  U.S. 
A tomic  E n e r g y  Commiss ion .  

** On leave for s u m m e r  f rom t he  D e p a r t m e n t  of Biology, Queen ' s  Univers i ty ,  K ings ton ,  ()n- 
ratio,  Canada ,  in wh ich  i n s t i t u t i on  a por t ion  of th i s  work  was  conducted .  P re sen t  address  : Depa r t -  
m e n t  of B o t a n y  and  P l a n t  Pa tho logy ,  Michigan  S ta te  Unive r s i ty ,  E a s t  Lans ing ,  Mich. 48823, U.S.A.  
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ROLE OF C1- IN PHOTOSYNTHESIS 389  

was later shown by Bov~ et al. 4 to be the segment of the electron transport  chain near 
Photosystem 115 but  no further at tempts were made to pinpoint the site. Recently, 
HIND et al. e demonstrated a marked C1- effect in chloroplasts uncoupled by various 
agents and confirmed that  the C1- is closely related to Photosystem II.  Fluorescence 
studies 7 further indicated a location for the C1- action on the oxidizing (water- 
splitting) side of Photosystem II.  

Evidence is accumulating that  various reducing compounds, such as ascor- 
bateS, 9, phenylenediamine 1°, and hydroxylamine n, can donate electrons to the 
oxidizing side of Photosystem I I  and thereby replace water as an electron donor. 
These artificial donor systems offer a way to ascertain whether the site of C1- action 
is nearer the step specifically involved in water splitting, or the photoact itself. The 
pr imary purpose of this paper is to describe the results of such experiments. 

METHODS 

Chloroplasts 
In most of the experiments chloroplasts were isolated from field-grown spinach 

(Spinacia oleraeea L.) and were then uncoupled by  EDTA treatment  12. Leaves were 
homogenized in a Waring blender with a medium containing 0.2 M Na2SO 4 and 0.03 M 
N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-NaOH buffer at 
pH 7.4. The homogenate, filtered through cheese-cloth, was centrifuged at 2500 × g for 
5 min. The sedimented chloroplasts were resuspended and washed once with a medium 
containing o.I M sucrose and 5 mM TES -NaOH  at pH 7.4, twice with 2 mM Tricine 
and 0.5 mM Na-EDTA at pH 7.8 and finally with o.I M sucrose, 5 mM TES-NaOH 
and 5 mM MgSO 4 at pH 7-4. In a few cases (fluorescence experiments) pea leaves were 
used as material, and the chloroplasts were isolated by  the method described else- 
wher#. 

Reagents 
Tricine, TES and 2-(N-morpholino)ethane sulfonic acid (MES) buffers were 

purchased from Calbiochem (Los Angeles). Indophenol dyes were purified by  transfer 
of the acid form of the dye into chloroform, extraction into dilute alkali and pre- 
cipitation of the sodium salt with excess sodium acetate. Hydroxylamine sulfate was 
recrystallized from an aqueous solution by adding excess ethanol at o °. The pH of 
hydroxylamine solutions was adjusted to the reaction pH with NaOH before use. 

Assays 
The reduction of ferricyanide and indophenol dyes was observed spectrophoto- 

metrically by recording the absorbance changes at 42o nm and 62o nm, respectively, 
during illumination. The actinic light used for ferricyanide reduction and ascorbate 
photooxidation was a broad-band red light (approx. 6oo-7oo nm) of 57o kergs, cm -2. 
sec -1 intensity, while for indophenol dye reduction a blue actinic light was used 
(37o-5oo nm) with an intensity of IOO kergs, cm-Z. sec -1. Oxygen was assayed with 
a Clark-type oxygen electrode. The reaction temperature was 2o °. 

The fluorescence of the chloroplasts was measured as previously described 7 
using a modulated exciting beam (27o Hz) of blue light (436 nm) and, where indicated, 
a continuous blue actinic light (48o-54o nm). In addition, in some experiments the 
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exciting beam was used unmodulated and the resulting signal from the photonmlti- 
plier was amplified with a DC-amplifier. The reaction temperature was 14 • 

RESULTS 

Effect of CI- on the Hill reaction of EDTA-uncoupled chloroplasts 
Previously a marked and consistent C1 effect ( R a t e + c l - / R a t e _ c l )  on the Hill 

reaction was observed only at alkaline pH (>7.5) even with chloroplasts intensively 
washed in C1--free media2,< 6. Below this pH the C1- effect was, in most cases, near 
enough to unity to cast some doubt on the interpretation that  CI- is an essential 
cofaetor of photosynthetic electron transport. However, by using EDTA-uncoupled 
chloroplasts a C1 effect of greater than unity is demonstrable over a wide range 
of pH (Fig. I). With either indophenol dye or ferricyanide as electron aceeptor, the 
electron flow is increased 4- to more than io-fold by C1 over a pH range of from 
5.7 to 8.3. Only rarely did samples of EDTA-washed chloroplasts show a poor C1 
effect (less than 2) at lower pH and these were readily rendered highly CI- sensitive 
upon exposing the chloroplast preparation to pH 8.x for several minutes at room ten> 
perature. Immediately after such treatment  the pH was brought back to the optimal 
pH for chloroplast storage, pH 7.2 7.4. 

In normal (EDTA-untreated) chloroplasts a similar and prolonged treatment  is 
often crucial for obtaining a significant C1- effect even at pH 8 (ref. 6). 

I t  appears that  the EDTA treatment  facilitates the release of internal CI- (as 
does alkaline pH (ref. 6)) presumably by making the thylakoid membrane more perme- 
able. The use of EDTA-uncoupled chloroplasts also eliminates the need for addition 
of uncouplers (or phosphorylating agents) to the reaction mixture in order to observe 
the C1- effect 6. For these reasons the EDTA-washed spinach chloroplasts are employed 
as material throughout the present work, except for a few instances where the chlor(> 

~J 800 
=> 

m 9, Boo 

5 
4-00 

> 
~) 200 

=L 

0 

Fe(ICN)~_ ] I ~  400TCiPI [ +CI- 

2 oo I- i 

- e l -  ~ F 

pH pH 

6 0 0 ~  ~ - " - -  
HILIL REACTION (+IcI-) 

400 

200 

~HILL REACTION (-CI-) 
o ~ -  , , , , 

NH20H (Mxl02 ) 

+ DCMU 
0.5 /aM 

Fig. I. The  p H  dependence  of t he  C1 effect. The  buffers used  were: p H  5.7-6.5,  MES;  p i t  7 7.5, 
T E S ;  > p H  8, tr icine.  The  react ion m i x t u r e s  (2 ml) con ta ined :  sucrose (o.I M); buffer  (25 raM); 
MgSO4 (3 raM) ; TC P I  (25/ ,M) or p o t a s s i u m  fer r icyanide  (4oo/,M) ; NaC1 (if added,  5 raM) ; and  
ch loroplas t s  (3 ° /~g  chlorophyll) .  For  o the r  condi t ions ,  see METHODS. 

Fig,  2. Effect  of N H 2 O H  concen t r a t ion  on T C P I  pho toreduc t ion .  Reac t ion  condi t ions  were es- 
sen t ia l ly  the  s ame  as in Fig. t excep t  for t he  add i t ion  of N H 2 O H  (sulfate). Reac t ion  p H  S.o. The  
lack  of 02 p roduc t ion  (or c o n s u m p t i o n  by  Mehler - type  reaction) in the  presence of excess  ( :~ r raM) 
N H e O H  was conf i rmed wi th  a Clark O~ electrode. 
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plast type is specified. The effect of C1- is always examined by restoring NaC1 (>  5 Mm) 
to C1--depleted chloroplasts. 

The lack of Cl- effect on photooxidation of hydroxylamine 
Hydroxylamine, a classical inhibitor of the Hill reaction TM, has recently been 

found capable of donating electrons to Photosystem II and, apparently, of by-passing 
its own inhibition site at high concentration 11. In the present study o-chlorophenol- 
indo-2,6-dichlorophenol (TCPI) (or phenolindo-2,6-dichlorophenol (DCPI)) was suc- 
cessfully used as an electron acceptor to follow the reaction quickly by photometry. 
Ferricyanide cannot be used because its rate of reduction by hydroxylamine is too 
rapid. The reaction rates were computed from the initial slopes of the recorder tracings. 
Corrections were made for the rate of the dark (chemical) reduction of dye by hydr- 
oxylamine, which was slow under the experimental conditions used (lO-2O % of the net 
photoreaction). 

Fig. 2 represents the effect of increasing concentrations of hydroxylamine on 
TCPI reduction. The Hill reaction in the presence of C1- is severely inhibited by low 
concentrations of hydroxylamine (< I mM). However, as the hydroxylamine concen- 
tration increases, the rate of TCPI reduction sharply increases again, indicating the 
commencement of electron flow from hydroxylamine to Photosystem II. The involve- 
ment of Photosystem II in this hydroxylamine-supported TCPI reduction is indicated 
by the high sensitivity of the reaction to 3-(3,4-dichlorophenyl)-i,I-dimethylurea 
(DCMU). In the absence of C1- the low rates of the Hill reaction can be increased by 
hydroxylamine (>  5 mM) to the + C1- level. Hence, the hydroxylamine-supported 
TCPI reduction is completely C1- independent. 

Fig. 3 illustrates the pH-activity profile for the hydroxylamine reaction, which 
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Fig. 3- p H / a c t i v i t y  profile of TCPI photoreduct ion  w i t h  N H ~ O H  as electron donor.  Exper imenta l  
condi t ions  were the  same as in Fig. I except  for the  addi t ion  of NH2OH (25 raM). 

Fig. 4. Effect of l ight  in tens i ty  on DCPI  reduct ion w i t h  water  and N H z O H  as electron donors.  
React ion  condi t ions  were the  same as in Fig. I, w i t h  NaC1 (5 mM) and NH~OH (25 mM, sulfate  
salt) where  indicated.  Light  in tens i ty  was altered by  means  of cal ibrated screen filters. The highest  
and lowest  l ight  intensi t ies  used in these  exper iments  were 67 and 3.I kergs, cm -~.sec -1, respec- 
t ively.  For explanations ,  see text.  
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is rather  similar to that  for the normal Hill reaction (see Fig. I). C1 has n() effect at 
any pH. 

Previously it was shown that  C1 has a striking effect upon the dependenc(: ,~l 
the Hill reaction on light intensity". Fig. 4 A shows that  the quan tum efficiency ,)f 
the Hill reaction of EDTA-washed chloroplasts also depends critically on the presence 
or absence of C1 . Removal  of C1- causes a very marked, reversible drop of quan tum 
efficiency of electron flow (intercepts on the abscissa) and also suppresses the rate- 
limiting dark reaction or max imum rate (intercepts on the ordinate). In sh<)rt, the 
two lines in Fig. 4 A are nearly parallel and the C1- effect is practically independent ()f 
light intensity (if the rates are expressed in relative units with both maxima equal 
to I). This si tuation was already suggested by the data  of GORHAM atx'l) CLEXDEX- 
XlN(; 2. The effect on the limiting dark reaction was not readily observed in experiments 
reported earlier 6, performed with preparations less completely deficient in C1 . 

If  water is replaced by the artificial electron donor hydroxylamine,  the quan tum 
efficiency of electron flow with or wi thout  added C1 remains at the same level as 
(or at a level slightly higher than) tha t  of the normal Hill reaction with CI- added 
(Fig. 4B). However,  the max imum rate declines somewhat.  These observations will 
be discussed in the final section. 

The lack of C1- effect on ascorbate photooxidation 
I t  is known that  ascorbate added alone to chloroplasts also undergoes a DCMU- 

sensitive photooxidationS, 9. In  our experiments FMN was used as the electron ac- 
ceptor and the electron flow measured as the reoxidation of reduced FMN (O 2 uptake). 
In  Table I the results are compared for EDTA-t rea ted  chloroplasts and for chloro- 
plasts in which the mechanism of water oxidation was destroyed. Selective destruction 
of the 02 evolution system was achieved by  ageing the chloroplasts in an alkaline 

TABLE 1 

THE LACK OF C1 EFFECT ON ])HOTOSYSTEM I I - D E P E N D E N T  OXIDATION OF ASCORBATE (FMN AS 
I~LECTRON ACCEPTOR) 

Reactions were assayed with a Clark oxygen electrode as 02 consunlpt ion result ing from the re- 
oxidat ion of reduced FMN. The H202 t rap  was found to be unnecessary because of the insignifi- 
cant  catalase act ivi ty of the chloroplast  prepara t ions  used. The reaction kinetics were linear for 
at  least 90 sec. The reaction mixtures  (4 ml) contained:  sucrose (o.i M); TES buffer (3 ° mM at 
p H  7.0); MgSO 4 (3 raM); FMN (IOO/~M); chloroplasts ( ioo/~g chlorophyll) and where added: 
sodium ascorbate (io mM); NaC1 (5 raM) ; DCMU (0. 5/~M) 

Electron donor Rate of 02uptake (12equiv/h. mg chlorophyll) 

A. H20 (Hill reaction) 
B. H20 + ascorbate 
C. Ascorbate (net)**, (B -- A) 
D. H20 -}- ascorbate + DCMU 

Normal chloroplasts Aged chloroplasts* 

--Cl- +el -  (+Cl-/Ci ) ---el- (e l  ( '~C'l-/-Ci ; 

33 37 ° (11.2) 5 44 (8.,S) 
215 53 ° (2-5) 203 265 (1.3)  
182 160 (0-9) 198 221 ( I . I )  

23 45 -- 25 37 

* For  ageing t rea tment ,  see text.  
** The computa t ion  is based on the assumpt ion  tha t  water  oxidation (Hill reaction) con- 

t inues unchanged in the presence of ascorbate. 
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medium for 3o rain at room temperature 1., *. The lack of a C1- effect on the ascorbate 
photooxidation is quite evident in EDTA-treated chloroplasts and even more striking 
in the aged chloroplasts. The last line of Table I confirms that  this ascorbate photo- 
oxidation is highly DCMU sensitive, thus ruling out the possibility that the ascorbate 
may donate electrons to some component between Photosystems I and II. 

Inhibitors of water oxidation 
The ability of hydroxylamine to donate electrons around the C1--deficient block 

suggested the use of this donor system in screening for other possible inhibitors of 
the water-splitting mechanism. Table II shows that most of the compounds tested 
appeared to act in a DCMU-like fashion, inhibiting regardless of the electron source. 

T A B L E  I I  

COMPARISON OF THE EFFECT OF VARIOUS COMPOUNDS ON TCPI  PHOTOREDUCTION WITH XVATER 
(HILL REACTION) AND WITH NH~OH AS ELECTRON DONORS 

The resul ts  shown in th i s  t ab le  are a s u m m a r y  of several  sets  of expe r imen t s  wi th  different  chloro- 
p l a s t  p repara t ions .  I n  the  runs  for a m m o n i u m  chlor ide and m e t h y l a m i n e  the  same b a t c h  of chloro- 
p las t s  was used. The reac t ion  m i x t u r e s  (pH 7.5, unless o therwise  noted) con ta ined  5 mM NaC1. 
The concen t ra t ion  of h y d r o x y l a m i n e  (sulfate) as e lectron donor  was 25 raM. For  expe r i men t a l  
condi t ions,  see Fig. I. 

Compound Concn. (M) Inhibition of TCPI  
reduction (%) 

H~O as N H 2 0 H  as 
donor donor 

DCMU 2.5" IO -7 93 82 
o -Phenan thro l ine  4" 10 -5 88 80 
n- t3uty l -3 ,5-di iodo-4-hydroxy-  

benzoa te  (BDI3H) 5" lO-5 92 9 ° 
Usnic  acid 2.5" IO -s  89 81 
CCCP i -  lO -4 88 87 
Pen tach lo ropheno l  i -  I o -4 9o 97 
Dicumaro l  5" io  4 9o 93 
NH2OH.  y2H2SO4 I .  lO -3 76 (o) 
NH4C1 3.4" 1°-2 41 3 
NH4C1 (pH 8,3) 3-4" I ° -2  87 2 

CHaNH3C1 1.5' lO-1 o 9 
CH3NH3C1 (pH 8.3) 1. 5" lO -1 7 ° o 

Ammonia and methylamine at high concentrations, however, inhibited the oxidation 
of water but not of hydroxylamine. Marked pH dependence of the amine inhibition 
suggested that the unprotonated base was the form responsible for inhibition (as for 
phosphorylation uncoupling), in confirmation of an earlier report 15. In Table I I I  it is 
shown that  the DCMU-sensitive ascorbate photooxidation is nearly completely re- 
sistant to I mM hydroxylamine which is sufficient to block water splitting by 80 %. 
Thus, ascorbate and hydroxylamine must donate electrons at very nearly the same 
site on the oxidizing side of Photosystem II, since both reaction systems are DCMU 

* The m e d i u m  con ta ined  0.o3 M t r ic ine  and  3 mM MgSO~ a t  p H  8.3. After  the  age ing  t rea t -  
m e n t  the  ch loroplas t s  were t ransfer red  to  a p H  7.2 m e d i u m  (see METHODS) for storage.  
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sensitive, hydroxylaminc insensitive, resistant t{} mild ageing treatment, and (I  
independent. 

T A B I J :  Il l  

T H E  LACK OF HSeI}ROXYLAM1NI~2 [ N I t I I t I T I O N  OK A S C O R B A T E  P H O T O O X I I ) A T I O N  (I:MN x s  E L E C T R { ) N  

A C C E P T O l l )  

The method of assay and experimental  condit ions were the same as in Table I. NaCI (5 raM) was 
added to the normal (EDTA-treated) spinach chloroplasts to restore Hill reaction activity but  not 
to the aged chloroplasts (to minimize water  oxidation). The concentrat ion of NH,,{)H (sulfate) 
was i raM. 

Ek'ctron donor 

A. tleO (Hill reaction 

B. H20 + ascorbate 

C. Ascorbate (net)**, 
(B - A )  

Rate of  ()2 uptake (l~equiv/h. mg chlorophyll) 

Normal chloroplasts ,4ged chloroplasts 

Control ~ NH,zOH Inhibition Control ~ NH.zOH Inhibition 
(%/ (%) 

372 75 (80) [2 22 * 

I76 I95 ( I I) 615 284 (54) 

-'43 204 ([6) I64 ~73 ( 5 )  

* The apparen t  lack of hydroxylamine  inhibition of the residual Hill reaction is probably  due 
to a masking of inhibition by a small contr ibut ion of electrons from the hydroxylamine  added. 

* * The computa t ions  are based on the assumpt ion  tha t  water  oxidation continues unchanged in 
the presence of aseorbate. 

Effect of tLvdroxylami~ze (as a~z electro~z donor) on chloroplast fluorescence 
I t  is clear that  replacement of water with an artificial electron donor (hydroxyl- 

amine or ascorbate) obliterates the C1- requirement of electron flow. This section 
describes the effect of hydroxylamine on the fluorescence of chloroplasts. I t  should be 
emphasized that  hydroxylamine is here used at a high concentration as an electron 
donor to Photosystem I1, the effect of low concentrations of hydroxylamine on fluo- 
rescence being already known TM. 

The most striking of adding hydroxylamine to a chloroplast suspension is an 
increase in fluorescence TM. Fig. 5 shows the dependence of tile chloroplast fluorescence 
at 684 nm (j_ 5 ran) upon the exciting light intensity. The control curve has a non-zero 
intercept with the intensity axisUL This non-zero intercept is shifted towards zero in 
the presence of hydroxylamine. The fluorescence yield (F/I) at the higher intensities 
of light is increased by hydroxylamine nearly 13 °o over that  of the control. The emis- 
sion spectrum of the fluorescence of chloroplasts is almost unchanged by the addition 
of hydroxylamine, although there is apparently a small shift of the 684-nm peak to 
a lower wavelength (1--I.5 nm). 

The excess fluorescence yield (if), defined as in HEATH AND H I N D  7, is related to 
the actinic light intensity, as shown in Fig. 6. The plot shows that  the maximmn 
fluorescence yield (intercept on the 4} axis) is increased by  C1- as previously notedL 
When hydroxylamine is added to the chloroplasts, the maximum yield increases 
dramatically. Furthermore, the presence or absence of CI does not alter this high 
yield. The quantum efficiency (~e - -  inverse slope of the curves in Fig. 6) of the fluo- 
rescence yield is higher (4 cm2"sec" kerg -~) with hydroxylamine than with either -C1 
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(0.56 cm ~. sec. kerg -1) or + e l -  alone (i.o cm 2- sec. kerg-t). In the presence of hydro- 
xylamine, the absence of C1- does not affect the quantum efficiency. 

Fluorescence kinetics, such as shown in Fig. 7, can be arbitrarily divided into 
three phases (I, II, III), .  The kinetics of the Phase I I I  fluorescence rise seems to 
indicate the difference between electron transport rates through Photosystem I and 
111. Fig. 7 demonstrates the lower rate of the Phase I I I  increase and lower steady-state 
level of fluorescence in the absence of e l -  compared with chloroplasts with added 
CI-, as previously notedL The addition of hydroxylamine substantially overcomes the 
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Fig. 5. F luorescence  of ch loroplas ts  in t he  presence of excess  NH~OH.  Pea  chloroplas ts  (C1- 
deficient, E D T A  u n t r e a t e d ;  chlorophyll ,  4 °/*g) were i ncuba t ed  in a m e d i u m  (2 ml) con ta in ing :  
sucrose (0.2 M); t r ic ine buffer  (3 ° m M  at  p H  8.4); Na~SO a (3 ° mM);  MgSO 4 (5 haM) a t  12°; a n d  
where  indicated,  NH ~OH (as sulfate),  60 mM. I n t e n s i t y  of l ight  (435 ck io nm),  I kerg.  cm  -2. sec -1 

i .oo un i t  (modula ted  a t  27o Hz). 

Fig. 6. Dependence  of f luorescence yield upon  l ight  i n t ens i t y  in the  presence  of excess NH~OH.  
For  expe r imen ta l  condi t ions ,  see Fig. 5. I n t e n s i t y  of act inic  l ight  (5 IO Jz 4 ° n m ) ,  5 kergs-  cm  -2. sec -x 
a t  •[I = I.OO. I n t e n s i t y  of measu r i ng  l ight  (435 nm),  4 ° e r g s . c m  -~-sec  -x. ~b = ~F (total  fluores- 
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Fig. 7- In i t ia l  k inet ics  of f luorescence in t he  presence of CI- and  NH~OH.  E D T A - t r e a t e d  sp inach  
ch loroplas t s  (4 ° / z g  chlorophyll)  were su spended  in a m e d i u m  (2 hal) con ta in ing :  sucrose (o.i M), 
TES  buffer  (15 m M  at  p H  7.4); Na2SO4 (25 raM); MgSO a (5 mM);  and  where  indica ted ,  NaC1 
(io raM); N H ~ O H  (50 raM). L i gh t  i n t ens i t y  (435 i io  rim), 20o ergs.  cm -2. sec -1 (nonmodula ted) .  
The  f luorescence rise curve  is d iv ided into phases  (I, II  and  III)  as p rev ious ly  defined 7. 
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T. \  HLI,; IV 

I£1"FECT OF ( ] - A N D  ~N'H2()H ON THP2 KINETICS OF Iq.UORI{SCENCI,2 

F.I)T. \ - t rea ted sp inach  chlorot)lasts (4 ° / ~g  chlorophyll)  were suspended  in a mcIl ium (2 ml) con- 
t a in ing :  sucrose (o.1 M) ; "I'ES buffer  (I5 mM at  p H  7.4); Na,,S()4 (35 raM); MgSO 4 (5 raM). \Vhcrc 
ind ica ted  N H z O H  (sulfate) (5 ° raM); NaCI (~o raM); DCMU (HI hiM); Na,~S._,t)~ (several cr~,'stals~. 
L igh t  i n t ens i t y  (436 [ ~o nm),  e60 e rg s - cm 2.see 1 (non modula ted) .  Phases  (l, l l, I l l) i lefine/1 
in Fig. 7 (see also ref. 7). 

Condition Fluorescence level (relative) 

Phase 1 Steady state 

Normal  b D C 3 t  I_ ) 7 Na2S,,()4 

In i t ia l  rate of  fluorescence ris~ 

(relativ~ zt~its/sec) 

Phase' I I 

I-CI 21.o 53 ~7 IO2 0.90 
bCl- ,  ]- NH2( )H  2I.O 07 99 1o5 0.85 

--C1 2i .o 35 ~2 lO 4 0.55 
- -CI- ,  + N H 2 O H  2o. 5 77 97 I t5  0.3o 

Phase I l l  Phase 11 
- D C M  U 

2.4.5 20.o 
6.30 30.5 
0.40 ~o. 4 
7.20 29.o 

CI- deficiency and gives a higher rate of Phase I I I  increase and a higher steady-state 
fluorescence. The same effect is seen if hydroxylamine is added after 3o sec of illumi- 
nation. 

Table IV tabulates both the steady-state fluoresescence and the rates of the 
various phases of the fluorescence rise. I t  is important  to note that both the initial 
level of fluorescence (Phase I, Fig. 7) and the maximum fluorescence level obtained 
with added hydrosulfite 1'9 are the same for all conditions employed. With added 
hydroxylamine the steady-state fluorescence level is raised for both the +C1 and 
--C1- cases, and the rates of the Phase I I I  fluorescence rise are increased. Only the 
Phase I I  rate is practically unaffected by hydroxylainine; however, the Phase I I  rate 
is difficult to determine accurately. Hydroxylamine also increases the steady-state 
level and the rate of rise of fluorescence of chloroplasts in which electron flow into 
Photosystem I is blocked by DCMU. 

DISCUSSION 

The present status of our knowledge concerning the effect of C1- on the photo- 
synthetic electron transport  chain may be summarized as follows: (I) The Hill reac- 
tion, regardless ot the electron acceptors used (quinone, NADP+, FMN, ferricyanide, 
indophenol dye, etc.) requires C1 (refs. I -4,  6). (2) Electron transport  mediated by 
Photosystem I (as observed for DCMU-insensitive cyclic photophosphorylation and 
TCPIH 2 photooxidation) does not require C1- (refs. 4, 6). (3) The modified Hill reaction 
in which artificial electron donors (hydroxylamine and ascorbate) are substituted for 
water does not require CI- (@ RESULTS). 

The site of C1- involvement seems to be on the oxidizing side of Photosystem II  
as suggested by previous fluorescence studies which showed that  C1- removal results 
in a reversible decrease in steady-state fluorescence yield in illuminated chloroplastsL 
Tris-washing of chloroplasts 1°, and removal of manganese from chloroplasts 19 also 
result in a decreased fluorescence yield. Hydroxylamine inhibition, however, does not 
change the fluorescence yield TM. The fluorescence decline caused by the blocking of 
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electron transfer on the water side of Photosystem II or a speeding of electron transfer 
to Photosystem I (e.g., by methyl viologen) is to be contrasted with the fluorescence 
rise resulting from a blocking of electron transfer (e.g., by DCMU) on the reducing 
side of Photosystem II z°. These changes in fluorescence can be best explained in terms 
of the reduction/oxidation poise of a quenching compound (Q), which is the primary 
electron acceptor from Photoact II is, 2o. A suppressed supply of electrons from water 
to the quencher will allow Q to become oxidized by Photosystem I and the fluorescence 
to fall. A block of the pathway into Photosystem I will allow Q to become reduced and 
the fluorescence to rise. 

HEATH AND HIND 7 have interpreted the dependence on light intensity of the 
effect of C1- on fluorescence as indicating that there may be a cycle through which the 
reduced Q is reoxidized by an oxidant (Y) produced on the water side of Photosystem 
II. Removal of C1- from chloroplasts is assumed to activate this cycle (e.g., by causing 
the oxidant to accumulate). The observed decrease of quantum efficiency of electron 
flow (Hill reaction) upon C1- removal could also be explained by the same mechanism 
(Fig. 4 A and ref. 6). That is, at low light intensities the cycle, stimulated by C1- 
removal, may operate fast enough, even in the presence of an electron acceptor, to 
carry electrons around the photoact, resulting in a net loss of electrons (per absorbed 
quantum) available for the acceptor. This would mean a drop in the quantum effi- 
ciency of (measurable) electron flow. If, however, substrate level hydroxylamine is 
added to Cl--depleted chloroplasts, the cycle should collapse since the key oxidant is 
now reduced. Enough electrons would be provided by Photosystem II to keep Q 
largely reduced and hence the fluorescence yield would increase. Chloroplasts under 
such conditions would be expected to photoreduce electron acceptors quite effi- 
c ient ly-poss ibly  even with a slightly better quantum efficiency than in normal Hill 
reactions (cf. Fig. 4B). A similar recovery of fluorescence yield was observed by 
YAMASHITA AND BUTLER 1° when they added an ascorbate-phenylenediamine couple 
to "Tris-washed" chloroplasts and by HOMANN TM when he added hydroxylamine or 
Mn 2+ to Mn-deficient chloroplasts. The large increase observed in the fluorescence 
quantum efficiency (be) with added hydroxylamine may also be related to a decline 
in the back (or cyclic) reaction (Fig. 6 and ref. 7). 

KATOH AND SAN PIETRO 21 reported that ascorbate photooxidation in Euglena 
chloroplasts with NADP as the Hill acceptor is sensitive to DCMU, triazines, o-phe- 
nanthroline, carbonyl cyanide 3-chlorophenylhydrazone (CCCP), and significantly, 
to hydroxylamine. Their last observation implies that either ascorbate donates 
electrons to the chain between hydroxylamine inhibition and water splitting, or 
hydroxylamine causes an inhibition at another site in their system (NADP reductase?) 
and, therefore, lowers the rate. In our system utilizing dye, it is quite clear that 
neither hydroxylamine nor ascorbate electron donations are sensitive to hydroxyl- 
amine (Table III). 

The mechanism of the cofactor action of C1- in water oxidation is still open to 
question, as is the mechanism of water splitting itself. However, an interesting fact 
has emerged from the present study; namely, that the reaction step involving C1- falls 
close to the site of hydroxylamine inhibition. Like C1- removal, hydroxylamine affects 
only the reaction steps involving water oxidation. It  does not inhibit either ascorbate 
or hydroxylamine photooxidation. Further, ammonia and methylamine act as in- 
hibitors much like hydroxylamine. The experimental results, thus far, seem to be most 
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consistent with the scheme , f  electron transport  in Photosystem 11 as t)resented in 
Fig. 8. There are two major sites of electron transport inhibition (DCMU-like and 

C1 -like) which can be easily differentiated by fluorescence kineticsL The two donors 
(ascorbate and hydroxylamine) add electrons to the chain between the C1 bh)ck 
and the photoact. The need of a by-pass, a cycle, seems to be required from fluo- 
rescence and from light-intensity studies to explain changes in quantum efficiency 
(Fig. 4). 

ascorbate 
NH,2()} I O '2 

; k . . . . . . . .  ~ electron 
H20 r " Y " Photosystem U ~ (~) ' -'~ acceptors 

N11~OH I)C~IU 
NH:~ 

Fig .  8. D i a g r a m  s h o w i n g  t h e  r e l a t i v e  p o s i t i o n s  of s i t e s  of C1- i n v o l v e m e n t ,  h y d r o x y l a n a i n e  in- 
h i b i t i o n ,  D C M U  i n h i b i t i o n ,  a n d  of i n t e r v e n t i o n  of a r t i f i c i a l  e l e c t r o n  donors .  

Further work is in progress on the identification of Y and the elucidation of 
the components of the by-pass. In addition, the question of whether the sites of -C1 
inhibition and ammonia inhibition are the same needs to be answered. 
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