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Dl-TERTIARYBUTYLNITROXIDE , A PARAMAGNETIC MILL REAGENT 
C 

ABSTRACT 

D l  - t e r t i a r y b u t y l n i  t r ox ide  (DTBN) , which we have t r i e d  

t o  use as a t rapping agent t o  i d e n t i f y  the species g i v i ng  

r i s e  t o  the photo-induced EPR s ignals i n  photosynthetic 

mater ia ls ,  funct ions as a Hi  11 reagent w i t h  spinach chloro- 

p las ts .  Evidence i s  presented which ind icates tha t  the 

reduct ion o f  DTBN i s  ef fected by photosystem I 1  o f  the 

e lec t ron  t ranspor t  system o f  spinach chloroplasts. The 

reduced form o f  DTBN, the hydroxyl am1 ne, undergoes a photo- 

ox ida t i on  w i t h  spinach chloroplasts. Possible explanations 

o f  t h i s  apparent inconsistency are presented. A product I 
which could be ascribed t o  a chemical coupling react ion 

between the n i  t rox ide  and the rad i ca l  species g iv ing  r i s e  
, 

t o  the  photo-induced EPR signals i n  spinach chloroplasts . . :. . 
was no t  detected, even us isng rad inact f  ve t r a c e r  mthods. 
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l NTRODUCTION 

Since components essent ia l  f o r  the reduct ion o f  carbon dioxide 

t o  the l e v e l  o f  carbohydrate are easi1.v removed from photosynthet ic 

organisms, i t i s  necessary t o  accept o ther  c r i  t e r i  a f o r  the  dernon- 

s t r a t i o n  and study o f  the photosynthet ic a c t i v i t y  o f  sub-cel l u l a r  

p a r t i c f  es i s o l a t e d  from these organisms. One common probe i s  the 

I "Hi1 1 reac t ion"  which invo? ves supplving an exogenous oxidant t o  a  

suspension o f  such p a r t i c l e s  and moni tor ing e i t h e r  the photo-reductjon 

of the ox idant  o r  t he  photo-production o f  oxvgen, Quan t i t a t i ve  studies 

are d i f f i c u l t  because of the methods used t o  moni tor  these changes, 

The photo-reduction i s  normal l y  fo l lowed by spectrophotometri c 

techniques which are complicated by the l i g h t  sca t t e r i ng  and ab- 

so rp t ion  by the suspended pa r t i c l es .  The ~ r o d u c t i o n  of oxygen i s  

f o l  lowed by manometri c  o r  e l e c t r o l y t i c  techniques both o f  which are 

compf i ca ted  by oxygen uptake and by the requi nment of a r a p i d  ex- 

change between the suspension and another medi urn. 

This paper demonstrates the existence o f  a  Hi  11 ox idant  whose 

reduct l  on can be m n i  to red  by e lec t ron  paramagnetic resonance (EPR) . 
Mi th  t h i s  method the o p t i c a l  and d i f fus iona l  proper t ies  of the svstem 

cause no i n te r f e rence  w i t h  the measurements. 

I n  an e a r l i e r  comun ica t ion  ( I ) ,  i t  was shown t h a t  d i - ter t ia ry-  

buty ln i  t r o x i d e  (DTBN), a  s tab le  f r ee  rad ica l ,  and i t s  reduced form, 

dGter t i  arybuqyl hydroxyl amine (DTBNH) , both reac t  photochemical ly w i t h  

spinach ch lorop lasts .  Since the react ion s f  DTBNH was a photochemical 
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ox ida t ion  t o  the n i  t r ox i de  as evident by EPR and s ince the ox idat ion 

products o f  DTBN could no t  be detected i n  the reac t ion  mixtures 

f o l  lowing the des t ruc t ion  o f  DTBN, i t  was tentative1.v concluded t ha t  

DTBN coup1 ed chemi cal  l y  w i t h  photo-generated rad i  cals i n  cn l  oropl asts. 

Fur ther  i nves t i ga t i on  o f  the DTBN react ion i n  ch lorop lasts  Droves the 

p re l im inary  conclusion i nco r rec t .  In t h i s  paper evidence i s  given 

which shows t h a t  DTBN i s  reduced t o  DTBNH pho tosyn the t i ca l l y  by 

l i g h t  svstem I 1  o f  the  ch lorop lasts ,  a  conclusion drawn by Weaver (2) 

f rom observation o f  t he  disappearance o f  EPR s igna l  o f  a  d i f f e r e n t  

n i  t r o x i  de rad i  ca l  w i  t h  who1 e Cnl ore1 1  a. 

Since the completion o f  t h i s  work, add i t i ona l  studies w i t h  o ther  

n i  t r o x i d e  rad ica ls  and b i  r ad i  ca ls  ind ica tes  t h a t  the behavior des- 

c r i  bed above f o r  DTBN i s  no t  general f o r  t h i s  'c lass o f  r ad i  cals.  

Pre l iminary  data i n d i  cate t h a t  under some condi t ions c e r t a i n  o f  

these radtca ls  do no t  a c t  as Hi1 1 oxidan,ts.' 

MATERIALS AND METHODS 

DTBN and d i  - t e r t i  a rybuty l  hydroxyl ami ne (DTBNH) were prepared 

according t o  the procedures o f  Hoffman (3).  The s t a r t i n g  mater i  a1 , 

2-methyl -2-ni tropropane, was prepared a c c ~ r d i  ng t o  Kornbl um (3)  

f r o m  ter t ia rybuty lamine suppl ied by Matheson, Coleman and Bell. 

Radioactive DTBN was synthesized fo l low ing  the procedures o f  R i  t t e r  

and M i n i e r i  (5), Kornblum (41, and Hoffman ( 3 ) ,  from I 4 c - t e r t i  arybutyl 

a lcohol  suppl ied by New England Nuclear Corporation. E. I. du Pont 

de Nemours and Company and K & K Laborator ies suppl ied the 
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3-(3,4-di chlorophenyl ) -1  ,1-dimethyl urea (DCMU) , and 2,6-di chloro- 

phenol indophenol (DCPIP) , respect ive ly .  Sal i cylaldoxime was pre- 

pared and p u r i f i e d  according t o  reference 6. 

Chloroplasts were is01 ated from comnerci a1 spinach leaves 

according t o  the method o f  Park and Pon (7). Fol lowing t h e i r  iso-  

1 a t ions  , the ch lorop lasts  were t rea ted  i n  one o f  the fo l lowing ways: 

1)  washed three t imes w i t h  b u f f e r  (phosphate bu f fe r ,  pH-6.8 i n  0.5 M 

sucrose) so lu t ions;  2) allowed t o  age i n  a co ld  room (0°C) f o r  3 days; 

o r  3)  ruptured e i t h e r  i n  d i s t i l l e d  water o r  i n  0.05 M sucrose buf- 

fered a t  pH 6.8. Chloroplasts t r e a t e d ' i n  one o f  these three ways 

w i l l  be re fe r red  t o  as t rea ted  ch lorop lasts  i n  t h i s  paper. 

The ch lo rophy l l  (a - + - b) content o f  each ch lorop last  suspension 

was determined according t o  a method o f  Vernon (8, equations 7 and 8). 

The concentrat ions var ied between 0.5 mg t o  1.5 mg per m1 o f  suspen- 

sion. DTBN concentrat ions were ,determined from op t i ca l  absorption 

spectra having assumed the e x t i n c t i o n  coe f f i c i en t  of the n i  t r o x i  de 

i n  our  so lu t ions  t o  be the same as i t  i s  i n  water (E = 9.8 a t  420 nm). 

I n  at tempt ing t o  ascer ta in  the e f f e c t  o f  a p a r t i c u l a r  per tur -  

ba t ion  o r  chemical upon the n i  t r o x i  de-chloropl as t react ion,  a cont ro l  

I whi ch showed the des t ruc t ion  o f  the n i  t r o x i  de w i t h  the chl oropl  as t 

o r  fragment preparat ion i n  question was compared w i t h  an i d e n t i c a l  

sample which had been subject  t o  the per tu rba t ion  o f  i n t e r e s t  or 

which contained the chemical o f  i n t e res t .  This was requ i red because 

the quan t i t a t i ve  a c t i v i t y  o f  the ch lorop lasts  var ied f r o m  preparat ion 

t o  preparation, Each s e t  o f  experiments was mgeated several times. 
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The EPR data were obtained w i t h  an x-band spectrometer (9.5 GHz). 

The microwave power was non-saturat ing f o r  the concentrations of  

n i  t r ox i de  studied. The modulation amp1 i tude was 0.31 gauss, approxi- 

mately 1/3 the l i n e  w id th  of DTBN a t  the concentrat ions emploved i n  

these experiments . 
A 1000 wat t ,  115 v o l t  G.E. p ro jec t i on  lamp (tungsten f i lament)  

was used t o  i 1 luminate the EPR samples. The l i g h t  from t h i s  source 

a f t e r  having passed through a water bath 1-1/2 inches long, which 

contained f low ing  water and an i n f r a red  f i l t e r ,  was passed through 

addi t i o n a l  d i  1 t e r s  (Corning 1-69 and 3-67) and focused on t o  the 

samples through s l i t s  i n  the EPR cavi ty.  This f i l t e r  combination 

essen t i a l l y  removes 1 i g h t  of wavelength less than 5400 a ( i n t ens i  t.y 

5 2 = 7.0 x 10 ergs/cm sec). 

Measurements o f  oxygen evo lu t ion  were made w i t h  a Warburg 

apparatus. F l  ask constants were ca l  cwla t ed  having assumed the 

s o l u b i l i t y  of oxygen i n  the sucrose b u f f e r  equal t o  the sol  ubi  1 i t y  

o f  oxygen i n  water a t  the proper temperature 10.31 m l  02/ml l i q u i d  

a t  20°C) fo r  the conversion of cm pressure t o  nicmmoles o f  02. 

Product analyses were performed cn reac t ion  mixtures contain ing 

substrate amounts o f  DTBN, These mixtures, some o f  which were ex- 

posed t o  l i g h t  and some kept i n  darkness, were separated i n t o  chloro- 

p l  as t  pe l  l e t s  and water supernant by cent r i fugat ion.  The pe l  l e t s  

were ext rac ted w i  t h  co i  d methanol ( O ° C )  i n  the dark i n  a co ld  room. 

The water supernant ( o r  an e ther  ex t rac t )  and the methanol 

e x t r a c t  were analyzed by t h i n  layer  chromatography (TLC) us ing s i l i ca  

gel  G supgl i e d  by Warner Chi 1 c o t t  Laboratories. D ie thy le ther :  



petroleum ether :  t e r t i a r y b u t y l  a1 coho1 i n  a r a t i o  of 160: lOO:5, 

f resh ly  prepared, was the  solvent  system. This svstem was modi- 

f i e d  by the addi t ion o f  1 m l  o f  acet ic  acid t o  265 m l  o f  the 

mixture. The s i l i c a  thickness was 5 mm spread from a s l u r r y  con- 
I I .  

t a i n i n g  x grams t o  2x m l  o f  acetone. Radioautograohy and zonal 

mapping were employed when 1 4 ~ - l a b e l l e d  DTBN was used. A Packard 

Tri-Carb, l i q u i d  s c i n t i l l a t i o n  spectrometer, Model 3375, was em- 

ployed t o  assqy r a d i o a c t i v i t y .  

The gas phases o f  these reac t ion  mixtures were analyzed by 

vapour phase chromatography (VPC) on a molecular sieve 5-A column 

a t  55°C w i t h  a hel ium f low r a t e  o f  72 ml/min. The temperature o f  

i n j e c t o r  and de tec to r  were 18Q°C and 250°C, respect ively.  

RESULTS 

As was repor ted e a r l i e r  ( I ) ,  a photo-deskruction of DTBN as 

monitored by EPR i s  e f f ec ted  by f resh o r  aged chloroplasts o r  chloro- 

p l  as t  fragments. When mixtures canta in ing f r esh l y  is01 ated chloro- 

p las ts  o r  fragments ( f resh  o r  aged) and substrate amounts of DTBM 

are examined i n  a Warburg apparatus, the pressures i n  the systems 

increase. Typical  r esu l t s  are shown i n  Figures l and 2. Included 

i n  Figure 1 are the pressure va r ia t ions  observed i n  samples contain ing 

ch lorop lasts  wi th on ly  b u f f e r  and w i t h  K3Fe(CN)6, a known H i l l  ox i -  

dant. The samples contain ing DTBN o r  K3Fe(C!i)6 w s u l  t i n  increases 

a f  m l e c u % a ~  oxygen as evf denced by VPC (see Figure 3); the sample 
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w i t h  bu f fe red  chloroplasts,  a decrease i n  oxygen. The ox ida t ion  

products of DTBN, i sobutyl ene and 2-ni troso-2-methyl propane, are 

no t  detected i n  the atmosphere o f  samples contain ing DTBN. 

( I n s e r t  Figures 1 - 13 here) 

As shown i n  Figures 1 and 2, a f t e r  approximately 100 t o  200 

minutes o f  l i ght  exposure, oxygen product ion i n these systems stops. 

When ch lo rop las t  suspensions are exposed t o  whi te  l i g h t  p r i o r  t o  

the add i t i on  of DTBN, the i n i t i a l  r a t e  and the maximum amount o f  O2 

produced decrease; the extent  o f  decrease depending upon the  length  . 

o f  the p re - i l l um ina t i on  period. When the p re i l l um ina t i on  i s  100 t o  

200 minutes, no oxygen product ion i s  observed. 

When the i n i t i a l  concentrat ion o f  n i t r o x i d e  i s  varied, the 

i n i  ti a1 r a t e  o f  oxygen production, the amount o f  n i  t r ox i de  destroyed 

and the t o t a l  amount of oxygen produced a lso  vary and i n  a l i n e a r :  

manner t o  the i n i  ti a1 DTBN concentrat ion. Figure 4 shows t he  va r i  a- 

t i ons  o f  the amount o f  n i  t r ox i de  destroyed i n  the l i g h t  (dashed l i n e )  

and the amount of oxygen produced as a func t ion  o f  the i n i t i a l  con- 

cen t ra t ion  o f  DTBN. The r a t i o  o f  the  slopes o f  these two l i n e s  - the 

r a t i o  of n i  t r ox l de  destroyed photochemically t o  the moles o f  O2 

produced - Ps 4.6. No cor rec t ion  o f  the data  shown i n  Figure 4 was 

made to  account fo r  the uptake of oxygen by. the ch lorop lasts  (see 

Figure 1). 

( I n s e r t  Figure 4 here) 
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DCMU poisons the photo-production o f  oxygen and the nhoto- 

des t ruc t ion  of DTBN. However, i t  has no e f f e c t  ueon a dark des- 

t r u c t i o n  of DTEN which occurs i n  these systems. These ef fec ts  are 

shown i n  Table I. Also presented i n  t h i s  t ab le  are data obtained 

w i t h  DTBNH included i n  the suspensions. DTBNH does no t  ac t  as a 

Hi  1 l reagent, as evidenced by the lack o f  oxygen production from 

DTBNH-chloropl as t mixtures. DTBNH does n o t  a1 t e r  the DTBN-chloropl a s t  

react ion,  However, the photo-oxidat ion .o f  OfShH 'does. occur . in  samples 

conta in ing both DTBN and DTBNH ( c .  7.5 x lom6 moles i n  data presented 

i n  Table HI), This photo-oxidat ion i s  a1 so i n h i b i t e d  by DCMU. 

( I n s e r t  Table I here) 

Figure 2 shows a comparison o f  the oxygen product ion observed 

us ing DTBN w i  t h  f r esh l y  is01 ated chlorogl  asts , f resh  fragments and 

aged fragments. The amounts o f  n i t r o x i d e  destroyed i n  these samples 

i n  the dark and dur ing i l l u m i n a t i o n  and the quan t i t y  o f  photo-produced 

oxygen are tabulated i n  Table 11. As can be seen i n  t h i s  table,  the 

amount of DTBN which reacts i n  the dark decreases when the fragments 

o r  chloroplasts are aged i n  a co ld  room. This e f f e c t  can a lso be - 

obtained by repeated bu f fe r  washfngs. The quan t i t i es  o f  oxygen . - 
produced given i n  t h i s  tab le  are  not  corrected f o r  oxygen uptake 

which increases w i t h  age o f  the ch lorop last  o r  fragments. The r a t e  

of oxygen production i n  "Le sample contain ing aged fragments j u s t  

compensates for rate s f  oxygen uptake. 

( I n s e r t  Table ZX here) 
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Product analyses o f  DTBN-chloropl a s t  react ion mixtures us ing  

rad ioac t i ve  DTBN and t h i n  l ayer chromatography y i e l d  radioautograms 

and zonal maps showing the presence o f  on ly  two rad ioact ive compounds. 

Th is  r e s u l t  i s  obtained whether fresh ch lorop lasts  , fresh fragments 

o r  aged fragments are used. Typical r esu l t s  are shown i n  Figures 5 

and 6. 

( I n s e r t  Figures 5 and 6 here) 

One o f  these rad ioac t i ve  compounds i s  ' 4 ~ - ~ ~ ~ ~ ,  the o ther  I4c- 
DTBNH. These i dent i  f i  cations were obtained by co-chromatography o f  

the water phases o f  the reac t ion  mixtures w i t h  1 4 ~ - ~ ~ ~ ~  and non- 

rad ioac t i ve  DTBNH. The 1 a t t e r  was detected by phorphomolybdi c ac id  

i n  ethanol. Co-chromatography was performed us ing two d i f f e r e n t  

so lven t  systems t o  develop the chromatograms. The unknown product i n  

the reac t ion  mixture exh ib i ted  an Rf i d e n t i c a l  t o  the hvdroxylamine 

(DTBNH) i n  both systems. 

Small amounts o f  DTBNH are a1 so detected -i n DTBN-chl oropl  as t 

samples kept  i n  the dark, i n d i c a t i n g  t h a t  the dark react ion i s  a lso 
4 

a reduct ion o f  DTBN. DTBN i s  reduced -- i n  v i  tro by sodi um ascorbate, 

p which i s  probably the seducing agent i n  the chloroplasts which e f fec ts  
I 

t he  dark reac t ion  o f  the n i t r ox i de .  

Shown i n  Table I 1 1  are t y p i c a l  e f f e c t s  upon the photo-induced 

decay o f  DTBN by the addi t i o n  of varlous chemicals t o  DTBN-chloropl as t  

mixtures. Only those data enclosed i n  dashed l i n e s  can be compared, 

for they contain i d e n t i c a l  ch lo rop las t  preparations. As can be seen 

I 

I ( I n s e r t  Table I11 here) 

I 
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i n  t h i s  table,  DCMU, which truncates e lec t ron  f low from H20, total1.y 

i n h ~  b i  t s  the DTBN reduction. However, the add i t i on  of reduced DCPIP, 

w h i c h  i s  known t o  con t r ibu te  e lec t rons t o  photosystem I of DCMU 

poisoned ch?oroplasts,  does no t  l i f t  the DCMU i n h i b i t i o n  o f  DTBN 

dest ruct ion.  Th is  ind icates t h a t  DTBN i s  reduced by a component 

ox id ized  by photosystem 1 and seduced by photosvstem I I  o f  the chloro- 

p las ts .  The DCPIPH used was obtained by KBH4 reduct ion o f  DCPIP 

since DTBN reacts w i t h  the reducing agent normal ly used, sodium 

ascorbate, bu t  does no t  reac t  w i t h  KBH4. The p a r t i a l  i n h i b i t o r y  

effects o f  the H i l l  agents, DCPIP and K3Fe(CNI6, are due t o  competi- 

t i o n  f o r  e lec t rons suppl ied by H20 o r  t o  a d i r e c t  reac t ion  w i t h  the 

reduced form o f  DTBN r e s u l t i n g  i n  a  n e t  decrease i n  the r a t e  o f  DTBN 

reduct ion.  

The two o ther  treatments which cause an i n h i b i t i o n  of the photo- 

des t ruc t ion  o f  DTBN by chloroplasts are the ex t rac t i on  of the chloro- 

p l as t s  w i t h  heptane and heat ing the ch lorop lasts  a t  100°C f o r  15 

minutes. Heating the chloroplasts f o r  15 minutes a t  60" has no e f f ec t  
, - 

upon the photo-reduction o f  DTBN. 

A product which could be ascribed t o  a coupl ing reac t ion  between 

the n i  t r o x i  de and the rad ica l  species which g i  ves r i s e  t o  the photo- 

induced EPR s igna l  i n  spinach chloroplasts was n o t  detected. Unfor- 

tunately,  the most sens i t i ve  methods used f o r  the detect ion o f  

products (zonal mapping and radioautographv) were not  ca l ib ra ted  t o  

y i e l d  q u a n t i t a t i v e  data. However, i n  samples contain ing ca. 7% o f  

the o r i g i n a l  ' 4 ~ - ~ ~ ~ ~ ,  an intense darkening o f  an X-ray f i l m  caused 

by thds DTBN was observed i n  58 hours, I f  on l y  1% o f  the o r i g i n a l  
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1 4 ~ - ~ ~ ~ ~  had been invo lved i n  a coupl ing react ion,  the product o f  

t h i s  reac t ion  should have caused a detectable darkening of the f i l m ,  

especi a1 l y  when three-week exposure times were employed. 

DISCUSSION 

The resu l t s  reported i n  t h i s  paper show tha t  ch lorop lasts  sen- 

s i t i z e  a photo-reduction of di-tert iarybutylnitroxide t o  the corres- 

pondi ng hydroxyl amine. Oxygen i s  produced concurrent ly i n a r a t i o  

o f  approximately 1 mole o f  oxygen evolved t o  4 moles o f  n i t r o x i d e  

reduced, The resu l t s  are cons is tent  w i t h  an i n t e r p r e t a t i o n  t ha t  

DTBN reduct i  on i s  coup1 ed w i  t h  photosyntheti  c e lec t ron t ranspor t  

and t h a t  the oxygen evolved o r ig ina tes  f r o m  water which i s  ox id ized 

photosynthet i  cal  l y .  

That the reduct ion i s  e f fec ted  by photosvstem 11 i s  suggested 

by the  f o l  lowing observat i  ons: 1) DCMU which truncates photosynthet ic 
, - 

e l ec t ron  flow between water and photosystem I, i n h i b i t s  the  photo- 

reduct ion of DTBil. 2) P I  astoquinones are thought t o  be invo lved  i n  

the chain which couples the two photosystems; when these a re  p a r t i a l l y  

ex t rac ted  from ch lorop lasts ,  the r a t e  o f  dest ruc t ion o f  DTBN i s  de- 

, creased. 3) KBH4 and the reduced form o f  DCPIP which reduce p las to-  

I quinones cause a reduct ion i n  the dest ruct ion rate. 4 )  The reduced 

I form o f  DCPIP, which a's known t o  e f f e c t  the photosynthet ic reduct ion 

o f  MADP v i a  photosys tern I i n  DCMU-poisoned chloroplasts,  w i l l  no t  

I S  ft the inhib i tP 'on caused by DCMU upon the photo-destruct ion sf DTSM. 

The photochemical reduct ion of DTBN i s  accompanied by a dark 

 action whlch a lso  invo lves the mduction o f  DTBN. The species 
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w i t h i n  the cn lorop lasts  which effects the dark react ion o f  DTBN can 

be retrLovsd from the cbloropl  i s t s  by washing, aging, o r  rup tu r ing  

them. The r a t e  o f  the photochemical reac t ion  sens i t ized by a p a r t i -  

cular ch lo rop las t  preparat ion i s  a lso affected by these treatments, 

However, the same photochemical reac t ion  occurs whether f resh,  aged, 

washed, c r  fragmented chloroplasts are used. 

Observations which appear incons is ten t  w4 t h  the above inter- 

p r e t a t i o n  are the fo l lowing:  1) Heating chloroplasts a t  60" f o r  15 

minutes, which normal ly des trcys the oxygen evol v i  ng capaci t y  o f  

ch lorop l  asts , causes no i n h i b i t i o n  o f  the photo-destruct ion o f  DTSM, 

2 )  The reac t ion  oroducts from the photo-reduction o f  DTBI ,  namely 

oxygen and the hydroxylamine (DTBNH), i n t e r a c t  i n  the dark -- i n  v i t r o  

t o  produce DTBN. 3) The reduced form o f  DTBN, the hydrox,ylamine, is. 

photo-oxi d i  zed by the chloropl  asts t o  DTBN. 

A1 though hea t ing  chloroplasts a t  60°C uncouples the water t o  

oxygen mechanism, i t  has n o t  been shown tha t  such treatment d is rupts  : 

photosystem I I .  Thus, DTBN i s  probably reduced by photosystem I I  , 
, - 

b u t  another component acts as the e lec t ron  source i n  heated chloro- 

pl as ts, 

The non-occurrence o f  the reac t ion  between O2 and DTBNH i n  the. 

presence o f  ch lorap lasts  Is probably due t o  a competi t ive uptake o f  

O2 by the chloroplasts.  

The observation o f  a  DCMU sensi ti ve , shor t -  term photo-oxi dat ion 

o f  0TBNM i s  more d i f f i c u l t  t o  explain. There are two possible ex- 

planat ions fo r  t h i s :  1 )  The photo-generated ox idant  i s  no t  an 

?;sent1 al  cons t i tuen t  of photosynthet ic e i e c t m n  transport ,  i s  a v a i l -  

wb3e.iIn a l i m i t e d  quantity and -Is i r r e v e ~ s i b l y  expended. 2) The 



photo-generated oxidant i s  an essenti  a1 cons t i tuen t  of photosynthetic 

e lec t ron  t ransport ,  i s  produced by photosvstem X I ,  and i s  normally 

involved i n  the ox ida t ion  o f  water. When the svsten~ o f  DTRNH- 

chloroplasts i s  i n i  ti a1 1 y i 11 umi nated, DTBNH competes w i  t h  H20 i n  

supplying e lec t rons t o  photosystem X I .  However, w i t h  increasing 

time o f  i l Iumi n a t i  on, several fac tors  become operat ive  t o  e f f e c t i v e l y  

i n h i b i t  the photo-oxidat ion o f  DTBNH: 1)  The r a t e  o f  ox idant  pro- 

duct ion by photosystem I1 becomes 1 i m i  t ed  by the r a t e  a t  which the 

reductants formed from t h i s  system become oxid ized.  2) The sequence 

o f  const i tuents  which couple the ox ida t ion  o f  water w i t h  photosystem 

11 reaches a  steady s t a t e  so t h a t  water becomes more e f f i c i e n t  i n  

supplying e lec t rons than DTBNH. 3) The reduct ion o f  DTBN t o  DTBNH, 

which i s  e f f ec ted  by electrons abstracted from both H20 and DTBNH. 

e l  iminates the observation o f  the ox ida t ion  o f  DTBNH. 

A1 though f u r t h e r  i nves t i ga t i on  of t n i s  reac t ion  i s  requi  red 

before one could s t a t e  which o f  these i s  the co r rec t  i n t e rp re ta t i on ,  

the studies and i n t e r p r e t a t i o n  o f  Izawa, Heath and Hing (9), who . - 
have observed the photo-oxi dat ion of hydroxyl amine i t s e l  f, suggest 

t h a t  number two i s  t he  more l i k e l y .  These inves t iga to rs  worked 

w i t h  EDTA-tmated chloroplasts,  systems i n  which the water s p l i t t i n g  

mechanism i s  uncoupled so t h a t  sustained ox ida t ion  o f  hydroxyl amine 

occurs. 

I f  our  i n t e r p r e t a t i o n  of the s i t e  o f  reduct ion o f  DTBN i s  

co r rec t  and i f  we can show t h a t  DTBNH can replace water as an 

e l  ectron source fo r  photosys tern I I, the sys tern DTBN-DTBNH could 

be an exce l len t  probe w i t h  which t o  i nves t i ga te  the p roper t ies  o f  
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photosystem I I ,  Since the reduct ion o f  DTBN or the o x i d a t i o n  o f  

DTBMti can be fcllowed by EPR. 
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FIGURE CAPTIONS 

F i g .  I Pressure changes above fresh chloroplast suspensions con- 

t a i  ning 1 -10 mg chlorophyll (a - + - b)  w i t h  0.01 K3Fe(CN)6 

(open t r iangles) ,  0.009 - M DTBN (closed c i r c l e s ) ,  and buffer 

(open c i r c l e s ) .  % I  luminated with white 7 i gh t .  

Pressure changes above solutions of 0.011 - M DTBN with 

fresh chloropTasts (open c i r c l e s )  containing 1.3 mg of chloro- 

phyll ( a  - 4 - b ) ,  w i t h  fresh fragments (closed t r iangles)  con- 

taining 1.3 rng chPorophyll (a  - + - b),  and w i t h  aged ( 6  days) 

fragments (closed c i  rc les )  containing 1.7 rng of chlorophyl! 

(a  - + b-3. Sample volume equals 2.5 ml . 

F i g .  3 VPC t races  of a sample o f  the atmosphere above a chloro- 

p l a s t  suspension containing 0.92 mg chlorophyll (a + - b)  and 

0.003 - M DTBN before ( a )  and a f t e r  (b)  illumination of the . - 
sample fo r  1 hour w i t h  white l igh t .  The vessel was purged 

i n i t i a l l y  w i t h  helium. The column in jec tor  and detector were 

5 5 O ,  180°, and 250°, respectively. Helium flowwas 12 ml/min, 

F i g .  4, I Oxygen production and amount of DTBN photo-des troyed by 

spinach chloroplasts as a function of the i n i t i a l  concentration 

p f  DTBN. 

Fig. 5 X-ray f !  lrn exposed fo r  58 hours to  a thin-1 ayer chromato- 

gram conta in ing  i 4 ~ - ~ ~ ~ ~ - c h l o r o p l  a s t  reaction mixture kept  in  

the dark (Ed) and one exposed t o  l i g h t  ( E  f and the methanol 
R 



FIGURE CAPTIONS (con ti nued) 

e x t r a c t  o f  ch lorop l  asts from the s a w  1 4 ~ - ~ ~ ~ ~ - c h l o r o p l  as t  

reac t ion  mixtures kept  i n  the dark (Md) and exoosed t o  

l i g h t  (Ma). Small dark spots on r i g h t  due t o  rad ioact ive 

i n k  used t o  a l i g n  developed f i l m  w i t h  TLC p la te .  

Fig.  6 . Zonal maps of chromatograms o f  e ther  ex t rac ts  o f  water 

phases o f  1 4 ~ - ~ T ~ ~ - c h l o r o p l  as t  react ion mixtures. Sol i d  

1 i n e  mix ture  was exposed t o  l i g h t ;  dashed l i n e  mixture 

kept  i n  darkness. "a" and "b" r e f e r  t o  chromatogram fronts, 

dark and l i ght  , respect i  vely . 



TABLE f 

THE EFFECT OF DCMU AND DTBNH UPON THE PRODUCTION OF OXYGEN FROM THE 

DTBN-CHLOROPLAST SYSTEM 

l n i  ti a1 Amounts 
Oxygen DTBN 

DTBM DTBNH DCMU Condition Produced Des t royed 

0 Bark 0 1 . 4 4 ~ 1  o - ~  
II - 0 0 L ight  2 . 4 ~ 1  o - ~  2 . 8 2 ~ 1  o - ~  

A l l  quant i t i es  i n  moles. The sample volumes were 3 m l  containing 

1.21 mg o f  chlorophyll  (a  + b) except the onep marked *, which - - 
were 2.5 m l  containing 0.92 mg of chlorophyll  (a  + b).  A1 l - - 
samples were 0.5 M Sn sucrose buffered a t  pH 6.8 with phosphate. - 



TABLE I 1  

OXYGEN PRODUCTIW FROM DIFFERENT CHLOROPLAST PREPARATIONS USING DTBN 

Photosynthetic I n i  ti a1 DTBM Destroyed Oxvgen 
Materi  a1 DTBH Dark L i g h t  Produced 

Fresh ch lorop l  as t s *  2 . 7 ~ 1 0 ~ ~  0.49x10-~ 1 .9x10'~ 4 .8x10-~ 

Fresh fragments 
* . .  I) O . Z ~ X ~ O - ~  1 . O X J O - ~  1 . 6 ~ 1 0 - ~  

Aged (6 days) 

fragments** 

A l l  quan t i t i e s  expressed i n  moles. 

* Chlorophyl l  content (a + b )  was 1.3 mg. - - 
** Chlorophyl l  content (a  + b) was 1.7 mg, - - 
' A1 1 samples were 2.5 ml which were 0.5 M i n  sucrose buffered a t  pH 6.8 - , - 
I w i  th phosphate. 
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