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S U M M A R Y  

When chlorophyll-hpid mjcrovesides under aerobic conditions were dluml- 
nated with Intense white hght; (a) the media became more acidic, (b) the lipid micro- 
vesicles bleached from green to yellow and (e) oxygen was taken up from the bathing 
solution. The bleaching, which was followed spectrophotomemcally, resulted m a 
decrease m the total chlorophyll content as well as the chlorophyll a : b ratio Some 
bleaching, which was slowed by the presence of electron donors, occurred in the dark. 
Water-soluble electron donors were shown to increase the rate of oxygen consumption 
with the order of effectiveness being; control ---- KI = ferrocyamde < hydroquinone 
< thlourea < cysteine < NADI-I < Fe +2 < ascorblc acid < phenylhydrazme. 
Chlorophyll mediated electron transfer from donors to oxygen ts similar to that of the 
well known Krasnovsky reactions (m organic solvents and aqueous detergent suspen- 
sions) and Mehler reactlon (m chloroplast suspension). Electron acceptors and fl- 
carotene had no effect on the oxygen consumption. Lipid-soluble qulnones and ~- 
tocopherol affected the oxygen reactmn to different extents. The reactions reported 
here are closely related to those prewously described for chlorophyll m organic 
solvents, "quantasomes" and chloroplasts. The demonstration of these reactions in 
chlorophyll-llpld mlcrovesscles is an advance in making the chlorophyll-lipid micro- 
vesicles a better model of the thylakold membrane. 

INTRODUCTION 

Photochemzcal reactions involving chlorophylls have received much attention 
[1 ] because of thelr possible relevance m understanding the properties of these plg- 
m~nts in photosynthesis. In the past such photochemical reactions have been studied 
m aqueous media [2], organic solvents [3], on solid substrates [4] or at the air/water 
interface [5]. However, recent chloroplast research has revealed that chlorophylls (and 
other pigments) are located in a lamellar bilayer structure known as the thylakoid 
membrane [6]. Thus, a logical approach to m vitro study of the photochemical reac- 
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tlons of chlorophyll is to use artificially constituted bdayer hpid membranes containing 
chlorophylls and other photosynthetic constituents. Two types of artificial bilayer 
hpld membrane systems have been used m such studies. The first consists of a planar 
bllayer hpld membrane separating two aqueous solutions where hght-mduced effects 
can be readdy measured electrically [7]. The results obtained on pigmented bllayer 
hpld membranes of planar configuration and their use as a model for the thylakold 
membrane have been reviewed [8] 

The second system of bdayer hpld membranes was introduced by Bangham [9 ] 
and others [10, 11 ]. This system is comprised of hpld mlcroveslcles, also known as 
"hposomes", in which the bilayer hpld membrane of spherical configuration encloses 
a volume of aqueous solution. Recently, several workers have incorporated chloro- 
phyll a [12-16], chlorophyll b [17] and a chloroplast extract [18] into these hpid 
mlcroveslcles. Of primary concern has been the method of preparatlons and spectral 
properties of the chlorophylls m hpld mlcroveslcles A 10-nm red shift of the Soret 
band with respect to organic solvents was noted m the lipid mlcroveslcles [12-18]. In 
addition, Mangel [18] has reported the appearance of absorbance peaks beyond 
700 nm, implying the presence of chlorophyll aggregates. The spectral properties 
indicate that chlorophyll in hpid-mlcrovesicles is in an enwronment more s~mdar to 
its m VlVO location in a thylakold membrane than when dissolved in organic solvents. 
Upon dlummaUon of chlorophyll-hpld microveslcles, Trosper et al. [13] demon- 
strated the chlorophyll-sensitized, membrane-dependent photoreductmn of cyto- 
chrome c by hydroqumone. 

Mangel [18] has shown that hpld mlcrovesicles containing chlorophyll and 
carotene are photosensitive, as has been shown previously m planar bdayer lipid 
membranes [8]. If a redox gradient existed across these artificially constituted bllayer 
membranes, dluminatlon resulted in charge transport. The quantum efficiency for 
such reactions are much higher than in the corresponding planar bdayer lipid mem- 
branes Oettmeier et al. [16] demonstrated that chlorophyll-hpid mlcroveslcles can 
serve as a good model for photosynthetic electron transport. 

Photoreductlon of ubiqumone 30 by N,N,N',N' tetramethylphenylenediamme 
(TMPD) was catalyzed by their chlorophyll-lipid microvesicles [16]. These studies 
were a contmuatmn of the work started with planar bdayer lipid membranes and are 
the first steps m attempting to duphcate functional thylakold membranes using 
chlorophyll-containing bdayer hpld membranes as a model. The work presented here 
is a further step toward this objectwe. 

Ltght-drwen, chlorophyll medmted electron transfer from electron donors to 
electron acceptors in both organic solvents and Triton X-100 aqueous chlorophyll 
dlspersmns have been studied by Krasnovsky [19, 20]. Among the electron donors 
used in Krasnovsky's models have been ascorbic acid, cysteme, phenylhydrazme, 
NADH, hydroqumone, and various ferrous compounds; electron acceptors include 
ferric compounds, quinones, methyl viologen and oxygen The Krasnovsky reactions 
have been extensively used to model photosystem I. In addition, Mehler [21] first 
reported the hght dependent transfer of electrons from several electron donors (later 
experiments included ascorbic acid and cysteme [22]) to oxygen, producing hydrogen 
peroxide in chloroplast suspensions [23] In the present paper, the Krasnovsky and 
Mehler reactions, using various electron donors and oxygen as the electron acceptor, 
are shown to b." operational in chlorophyll-lipid mlcroveslcles. The effect of various 
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electron donors, electron acceptors and membrane assocmted compounds on oxygen 
uptake and the photobleachmg of the plgments an chlorophyll-hpid microveslcles are 
reported. Demonstratmn of photoreactlons, including Krasnovsky and Mehler 
reacnons m chlorophyU-microvesicles, is another advance m constructmg a model 
system which duphcates the functmn of a thylako~d 

MATERIALS 

The spinach used m the chlorophyll preparation was obtained fresh locally. 
The egg lecithin used in m~croveslcle preparation was from Sigma. The electron 
donors and acceptors were purchased from Szgma (ascorbic acid, cysteine, menadmne, 
NADI-I), Fisher (potassmm ferncyanide, thmurea), Aldrich (benzoquinone-purlfied 
by subhmatmn, 1-ammo-4-hydroxyanthroqumone, 2-hydroxy-1, 4-napthoqumone), 
K and K Laboratories (chloranfl, methyl viologen), Eastman (hydroqumone, phenyl- 
hydrazine), Baker (potassmm ferrocyanlde) and Pfaltz and Bauer (dehydroascor- 
bate). D, L-~-tocopherol was purchased from Sigma and fl-carotene from ICN. The 
water soluble chlorophylhn was from Pflatz and Bauer. Catalase was S~gma C-30 and 
had an actlwty of 20 000 umts/mg 

METHODS 

Chlorophyllpreparation. A chlorophyll extract was made from fresh spinach by 
the method previously reported [8]. As calculated by the method of Macklnney [24], 
the extract contained chlorophyll a, chlorophyll b and several yellow xanthophylls- 
carotenes with the rano 1.0 : 0.72 : 0.02 The extract was spotted on Slhca Gel thin 
layer sheets (Polygram Sil G -  Brmkmann Instruments, Inc.) and developed m the 
solvent petroleum ether-acetone, 7 : 3 [25]. Traces of pheophytin and allomenzed 
chlorophyll were also noted Similar chlorophyll a : b ranos were obtained by scraping 
the individual bands off the TLC sheets and measuring the absorbance in H20/ 
acetone, 2 : 8 at 663 and 645 nm. 

L,.ptd microvesicle preparation. Llpzd mlcroveslcles were prepared by drying a 
chloroform solunon of egg lecithin (300 rag) and the chlorophyll extract (approx. 
10 mg of chlorophyll per experiment) under mtrogen, in the dark, on the reside of a 
50 ml round bottom flask. 30 ml of the test solution (usually 100 mM KCI, and 10 mM 
of either trls or potassmm acetate at pH 7 5 or 5 0, respectively, to which water soluble 
electron donors or electron acceptors were added) and 4 glass beads were added and 
the solution was vigorously mixed m the dark on a vortex mixer for 15 mln The 
pigmented hpld mlcroveslcles were then somcated m the dark for 1.5 mm on the top 
pow-'r setting of a Bronson model W140D sonlcator. The chlorophyll-hpld mlcro- 
veszcles were stored m the dark. 10-ml samples were removed and added to 140 ml of 
th~ test solution and mixed thoroughly. This diluted hpld mlcrovesicle preparation 
was usually used in the illumination experiments. A 60 ml sample of these hpid micro- 
vesicles contained 40 mg of egg lecithin and about 1.3 mg of chlorophyll. 

Illumination. 60 ml of the dilute chlorophyll-hpld mlcroveslcles were placed in 
th~ chamber of a YSI Model 5302 Macro Bath (Yellow Springs Instrument Co.). The 
bath was k~pt m a dark box which was surrounded by a bank of 5 lights. (See below.) 
Th: temperature was controlled at 25 °C~:0.2 by a constant temperature circulating 
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water bath. The actual chlorophyll-hpld mlcroveslcle temperature was measured on 
a YSI 581C Digital Thermometer  with a YSI model 701 Thermflmear Probe (Yellow 
Springs Instrument Co.) Throughout  the experiment the mlcroveslcles were constantly 
rmxed with a magnetic stirrer. 60 ml of  the plgmented-hpld mlcroveslcle preparation 
was also added to a totally dark chamber located outside of  the box and was kept at 
the same temperature as the chamber reside the box by the same circulating water 
bath The dark-control mlcroveslcle temperature was also monitored by a YSI 
Thermfllnear Probe Prior to the experiments both dark and light chlorophyll-lipid 
mlcroveslcle preparations were either purged with nitrogen for 15 mm to give aneroblc 
conditions or else were bubbled with air for 5 mln to air saturate the mlcroveslcle 
suspension. The pigmented mlcrovesicles reside the box were sealed in their chamber 
by a YSI Model 533 oxygen probe and lucite plunger All air bubbles were carefully 
removed from the solution The mlcroveslcles were then ready for Irradiation. The box 
was surrounded by 5 lights (a 500-W CZX DAB Sylvania projection lamp at 20 cm, a 
150-W D F G  GE projection lamp at 30 cm and 3 Sylvania F4T5/D florescent hghts at 
8 cm) Direct heating of the chlorophyll-lipid mlcroveslcles was reduced by the 
circulating water bath as well as the intervention of 2 cm water heat filters between the 
lamps and the sample. 

Actd~ficatton expertments. At various times equal samples were taken from 
the light and dark chlorophyll-lipid mlcroveslcles. The p H  of both samples was 
determined by either a Beckman Expandomatlc p H  meter or else a Sargent-Welch 
Model NX Digital p H  meter The dark sample was then tltrated wlth a known dilute 
acid until the p H  matched that of  the hght sample. The micromoles of  protons pro- 
duced m the light reaction was then calculated. 

Bleachm9 expertments. Upon aerobic illumination the chlorophyll-hpld micro- 
vesicles slowly bleached f rom green to yellow. At various times of illumination, sam- 
ples of the chlorophyll-lipid mlcrovesicles were extracted with petroleum ether and ana- 
lyzed for their chlorophyll a and chlorophyll b content as reported above. For rapid 
routine analysis a standard curve was made. Chlorophyll-lipid mlcroveslcles were 
removed at various times of Irradiation and the absorbance at 660 nm measured. The 
absorbance was shown to decrease as the p~gmented microves~cles bleached. At the 
same illumination times that the mlcroveslcles absorbance was determined, the chloro- 
phyll content was accurately determined after petroleum ether extraction A plot of 
absorbance at 660 nm of the chlorophyll-lipid microveslcles vs. chlorophyll content 
yielded a straight line for each spinach extraction batch. F rom this curve a qmck 
measurement of  the absorbance of mlcrovesicles at 660 nm gave an exact determina- 
tion of chlorophyll content. 

Oxygen consumption At time zero, m the dark, the chlorophyll-hpld micro- 
vesicles were saturated with air to give the 100 % air saturation level on the YSI 
Model 53 oxygen monitor. The chamber was sealed and all mr bubbles carefully 
removed. The amount  of  oxygen remaining m the sample was measured with a YS1 
Model 533 Oxygen Probe continuously throughout the period of illumination (usually 
100 mm)  The /~mol of  oxygen m the sample was calculated from Murray and 
Riley [26]. 
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RESULTS 

When aerobic suspensions of  chlorophyll-lipid mlcroveslcles were illuminated 
with intense white light: (a) the media became more acidic, (b) the mlcrovesicles 
bleached f rom green to yellow, and (c) oxygen was consumed by the microveslcles 
(Fig 1). These three prop:rties,  acidification, bleaching and oxygen consumption 
were studied in detail. 

Acidtficatton. Upon illumination with white hght, under aerobic conditions, a 
slight acidification of the chlorophyll-lipid microvesicle suspension was noted (Fig. 1 - 
Curve A). This ApH-acidtc was measured at p H  7.5, 6 25 and 5.0 in both unbuffered 
solutions and solutions slightly buffered with Tns,  potassium phosphate and potas- 
smm acetate, respectively. Potassium iodide was shown to mhzblt this acxdlficatIon 
A very large acidification (about 4 times that of  the unmodified chlorophyll.hpid 
microveslcles) was noted at p H  7.5 in the presence of ascorblc acid. Thls large ApH 
was not inhibited at all by potassium iodide and appears to be a different reaction than 
the one producing a small d p H  m the absence of ascorbic acid. No acidification could 
be measured when the chlorophyll-lipid mtcrovemcles were kept in the dark for several 
hours or were sealed under mtrogen and illuminated. Also, the egg lecithin micro- 
vesicles without chlorophyll resulted in no acidification upon illumination. From 
these experiments it was concluded that photooxldatlon of  the chlorophyll-hpld 
mlcroveslcles resulted in production of protons. The reaction depended on the pres- 
ence of  air, light and chlorophyll. 

Bleachiny. Upon illumination with white light the chlorophyll-lipid micro- 
vesicles rapidly bleached f rom green to yellow (Fig. 1). This bleaching was followed 
spectrophotometrically as well as by thin layer chromatography. During the bleaching 
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Fig. 1 Acidification (Curve A), chlorophyll bleaching (Curve B) and oxygen consumption (Curve 
C) when chlorophyll-hpid microveslcles were aerobically irradiated under intense whxte hght. 1VIlcro- 
vesicles were made from egg lecithin and the chlorophyll ertract as described, in 0 1 M KCI un- 
buffered solutJon adjusted to pH 7 5. 60 ml of vesicles in the irradiated sample initially contained 
40 mg of egg lecithin and l 18 mg of chlorophyll 
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Fig 2 Bleaching of chlorophy]l-hpld mlcroveslcles m the dark Mlcroveslcles were made as reported 
m either 100 mM KCI, 10 mM Trls, pH 7.5 buffer or 100 mM KCI, l0 mM potassmm acetate, pI-{ 
5 0 buffer 300 #1 of mlcroveslcles were added to 6 0 ml of buffers to which 2 mM concentraUon of 
the following electron donors were included (A) no electron donor added, pH 7 5, (B) ferrocyamde, 
pl-[ ? 5, (C) cysteme, pH 7 5, (D) NADIK, pH 7 5, (E) th:ourea, pI-[ 7 5, (F) ascorblc acid, pH 7 5 
and (G) no electron donor, pI-[ 5 0 The absorbance change from Ume zero at 660 nm is reported 
vs the t~rne the m~croveslcles were kept m the various buffers 

chlorophyll  a to chlorophyl lb  ratio cont inuously decreased. The photobleachlng could 
not  be reversed by the later addit ion of  ascorbate When  sealed under nitrogen, little 
bleaching could be detected upon  Illumination, again lmpheatlng a photooxldat lon.  
Aerobically, in the dark, a slow bleaching occurred (Fig. 2). This bleaching was 
noticeably slowed by the presence o f  electron donors  (Fig 2). Later  addit ion o f  
ascorblc acid reversed the dark  bleachmg by about  25 ~ The dark  bleaching was 
followed at pH  5 0 and also p H  7.5 Chlorophyll  in mlcroveslcles is much more stable 
to the dark  oxidation at the higher pI-I (Fig. 2) 

Oxygen consumptton. U p o n  illumination in white hght  the chlorophyll-lipid 
mlcroveslcles rapidly absorbed oxygen f rom the media. This oxygen consumpt ion  was 
dependent on the amount  o f  chlorophyll  in the mlcroveslcles (Fig. 3). I l lumination o f  
egg lecithin mlcroveslcles without  chlorophyll  resulted m the consumpt ion  of  very 
little oxygen (Fig 3) Upon  ageing m the dark, chlorophyll-hpld mlcrovesicles in- 
creased their abdlty to absorb oxygen upon  subsequent illumination. Chlorophyll-  
lipid m~crovesicles at p H  7.5 were more resistant to oxidation than were identical 
chlorophyll-hpld mtcroveslcles at p H  5.0 (Fig. 4). At  p H  7.5 chlorophyll-hptd micro- 
vesicles remained very much  the same in terms of  oxygen consumption,  even after 
ageing 23 5 hours in the dark  whde at p H  5 0, a noticeable change occurred in 3 45 
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Fig 3 Oxygen consumption upon =rradmt=on of  chlorophyll-hptd m=croves~cles of  varmus chloro- 
phyll content. Egg leclthm mlcroveslcles with chlorophyll (ehlorophyll-hp=d macroves=cles) and w=th- 
out (E.L -mmroveslcles) were made m 100 mM KC1, 1.0 mM Tns, 0.5 mM MnCI2 buffer at pH 7 5 
The m]croveslcles were m~xed m the following proportions and then the rate of oxygen consumptmn 
measured 

Expt E L -mlcroveslcles Chlorophyll-hpld macroveslcles Buffer 

A 15 0 45 
B 10 5 45 
C 5 10 45 
D 0 15 45 

All experiments contained 40 mg of egg lecithin per 60 ml The chlorophyll content vaned from 
0 to 5 mg of chlorophyll 

hours. One of the major objectives of  the experiments presented here was to study the 
photoreductlon of  oxygen by several electron donors sensitized by chlorophyll-con- 
taming hpld-microveslcles (Krasnovsky and Mehler reactions). The rate of  oxygen 
reduction m chlorophyll-hpid mlcrovesicles m the presence of various electron donors 
(Fig. 5), electron acceptors (Fig. 6) and membrane associated components (Fig. 7) is 
reported Electron transfer f rom a series of  donors to oxygen was measured and the 
relative rates reported in Table I. The rate of  oxygen reduction in the presence of 
electron donors resulted in the followmg series: control (no added electron donor)  
K I  = ferrocyamde < hydroqumone < thiourea < cysteme < N A D H  < Fe +2 < 
ascorblc acid < phenylhydrazine. As the chlorophyll-hpld mlcrovesicles absorbed 
oxygen, a concomitant bleaching of  the pigments was noted. The rate of  bleachmg as 
a function of  oxygen consumption is reported in Fig 8. 

Water-soluble chlorophyll. The effect of  water-soluble chlorophylhn on acidifi- 
cation, bleachmg, and oxygen consumption in the presence and absence of egg lecithin 
mlcrovesicles was measured. Water-soluble chlorophylhn is known to give large 
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F~g 4 The  effect o f  ageing chlorophyll-hp]d mlcroveslcles at pI-[ 5 0 and  7 5 on  the  abdRy to consume 
oxygen  m the hght  Mlcroveslcles were m a d e  m 100 m M  KCI/10 m M  po tass ium acetate, pI-[ 5 0 
buffer or  100 raM KCI/2  m M  T n s ,  p H  7.5 buffer. Microveslcles contained 50 m g  of  egg lecithin and  
abou t  1 7 m g  o f  chlorophyll  in each 60 ml  sample.  The  mlcroveslcles were s tored m the dark  and  were 
tested for oxygen c o n s u m p t m n  at  t~me 0, 3 47, and  5 08 h after prepara t ion  at pI-[ 5 0 and  at t~me 0, 
5 25 and  23 5 h at p ~  7.5 The  mltml  rate o f  oxygerL c o n s u m p t m n  upon  l l l ummatmn  for the var ious  
ehlorophyll-hpld mlcroveslcles is reported m the insert 
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Fig 5 The effect of  electron donors on the rate of oxygen consumptlon when chlorophyll-hpld 
mlcroveslcles were irradlated wlth whlte hght Mlcroveslcles were made m I00 mM KCI/10 mM 
T n s ,  p H  7 5 buffer (the Fe +2 exper iment  was run  in 100 m M  KCI/10 m M  p o t a s s m m  acetate, p H  
5 0 buffer because Fe +2 lS not  soluble at p H  7 5) Each  60 ml  exper iment  contained 40 m g  of  egg 
lecithin and  1 17 m g  of  chlorophyll  Electron donors  tested were (A) 10 m M  ascorblc nod ,  (B) 1 
m M  phenylhydrazme,  (C) 1 m M  ascorblc acid, (I))  1 m M  Fe +2 (pI-[ 5 0), (E) I m M  N A D H ,  (F) 
1 m M  cysteme, (G) 1 m M  thmurea ,  (H) 1 m M  hydroqumone ,  (I) no addRlon control,~(J) I m M  
ferrocyamde,  and  (K) 10 m M  KI  
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F~g 6 The effect of electron acceptors on the rate of oxygen consumption when chlorophyll-lipid 
mlcroveslcles were Irradiated with white hght M]croveslcles were made m 100 mM KCI/10 mM Tns, 
pH 7.5 buffer Each 60 ml mlcroveslcle sample contained 40 mg of  egg lecithin and 1.21 mg of 
chlorophyll Electron acceptors were (A) 1 mM dehydroascorbate, 03) 1 mM methyl wologen, (C) 
no ad&tlon control, (D) 1 mM ferncyamde and (E) 1 mM benzoqumone 
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Fig. 7 The effect of lipid soluble, membrane assocmted components on oxygen consumption when 
chlorophyll-hptd mlcroveslcles were ]rra&ated with white hght M]croveslcles were made as usual, 
however, the following hpld soluble components were added to the egg lecithin, chlorophyll, chloro- 
form solution before drying (A) 2-hydroxy-l,4-napthoqulnone (0 05 mM), (B) chlorand (0 05 raM), 
(C) ct-tocopherol (0 05 mM), (D) mena&one (0 05 mM), (E) fl-carotene (0.05 mM), (F) no addition 
control, and (G) 1-amlno-4-hydroxyanthroqumone (0 05 mM) The lrra&ated chlorophyll-lipid 
m~crovesJeles with hpld soluble components contained 40 mg of egg lecithin, 1 37 mg of chlorophyll 
and 0 0067 mM of each membrane component per 60 ml 
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T A B L E  I 

Effect o f  water-soluble electron donors  and  acceptors on  the  rate of  oxygen  consumpt ion  when  
chlorophyll-hpld mlcroveslcles were l r radmted  with white hght  The m m a l  oxygen uptake  rate was 
determined f rom Figs 7 and  8 

C o m p o u n d  O2 consumption.  ( ~ m o l / m m )  

Electron donors  
Cont ro l  (no addi t ion)  0 37 
KI  (10 m M )  0 34 
Fer rocyamde 0 36 
I-[ydroqumone 0 48 
Th~ourea 0 50 
Cysteme 0 66 
NADIr[ 0 95 
Fe +2 (pH 5 0) I 16 
Ascorba te  1 24 
Phenylhydrazme 2 46 

Electron acceptors  
Benzoqumone  0 18 
Fe rncyamde  0 33 
Methyl  wologen 0 38 
Dehydroascorba te  0 43 

I0 

A 

0 I0 2o 30 40 5o 60 

0 2 (/=moles) 

Fig 8 Chlorophyl l  degradat ion  vs oxygen consumpt ion  in the presenc~ of  var ious  electron donors  
when chlorophyll-hpld mlcroveslcles were irradiated with white hght  Microveslcles were mad~ m 
100 m M  KCI/10 m M  T n s ,  pI-I 7 5 buffer (except for Fe +z which was m 100 m M  K.CI, 10 m M  
p o t a s s m m  acetate at p H  5 0) Each  60 ml  exper iment  conta ined 40 m g  o f  egg lecithin and  1 17 m g  o f  
chlorophyll  Electron donors  were (A) 10 m M  ascorblc acid, (B) 1 m M  phenylhydrazme,  (C) 1 m M  
ascorbic alcd, (D) 1 m M  Fe +2 (pt-[ 5 0), (E) 1 m M  NADFI ,  (F) 1 mlV[ cysteme, (G) l m M  thiourea,  
(H) 1 m M  hydroqumorte ,  (I) no addt t lon - control,  (J) 1 m M  ferrocyamde and  (K) 10 m M  KI 
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Fig 9 Oxygen uptake when water-soluble chlorophyllln was dlumlnated m white hght Egg lecithin 
mlcroveslcles (containing no chlorophyll) and normal chlorophyll-hpld mlcroveslcles were made m 
100 mM KCI/1 mM Trls, pH 7 5 buffer Solutions of E L -mlcroveslcles, chlorophyll-hpld mlcro- 
vemcles and E L -mlcroveslcles plus water-soluble chlorophylhn were made as follows 

Expt EL-mlcroveslcles Tns buffer 
(ml) (ml) 

Trls buffer+water Chlorophyll-hpld 
soluble chlorophylhn (ml) mlcroveslcles (ml) 

A 5 55 - 

B 5 5 5  - - 

C 5 - 55 - 
D - 55 - 5 

Water-soluble chlorophyll concentration was 3 33 mg/60 ml of solution The egg lecithin was 50 
mg/60 ml of solution whde the chlorophyll content of the chlorophyll-hpld mJcroveslcles used m D 
was 1 67 mg/60 ml of soluUon 

photopotent la ls  m p lanar  bimolecular  hpld membrane  systems [27]. The water- 
soluble chlorophylhn,  however, proved to be very inert. Neither a ApH nor  bleaching 
could be measured with or without  egg lecithin mlcrovesicles u p o n  i l luminat ion.  A 
shght oxygen consumpt ion  was measured (Fig. 9) U p o n  i l luminat ion,  oxygen con- 
sumpt ion  was noticeably Increased m the presence of  egg lecithin microvesIcles. Light- 
dr iven electron transfer f rom ascorblc acid to oxygen m the presence of water-soluble 
chlorophylhn could be measured,  however, only at about  5 ~ of the rate for chloro- 
phyll-hpld mlcroveslcles. 

DISCUSSION 

The main  objective of  these experiments has been to demonstra te  that  reactions 
(acidification, bleaching and  oxygen consumpt ion)  occurring in vivo and  in other 
photosynthet ic  model  systems can also occur in p igmented  lipid mlcrovesIcles In  the 
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experiments reported here, lllummatton of chlorophyll-hpld mlcroveslcles with white 
hght resulted in actdtficatlon of the media (Fig. 1). The production of pH gradients 
upon lllummatlon of chloroplasts has b~en well documented [28] and is beheved to be 
the drtvlng force for photophosphorylatlon. 

Bleaching of photosynthetic pigments m organic solvents [3, 29], in "quanta- 
somes" [30] and in vwo [31 ] have been studied for many years (In thts paper "quan- 
tasomes" are used only as an example of an intermediate step in complexity of the 
chlorophyll environment between that of simple hposomes and that of the thylakold 
membrane. We are not implying any physiologtcal function for the "quantasomes".) 
In the exp:rtments reported here a comparable oxidative photobleachlng was mea- 
sured m the chlorophyll-lipid microvesicles (Fig. 8). Upon bleachmg, the amount of 
chlorophyll as well as the ratto of chlorophyll a to chlorophyll b decreased, Indicating 
the more labile nature of the chlorophyll a to oxldatton. The rate of bleaching was 
shown to be partly Inhibited by benzoqumone. A much slower aerobtc dark bleaching, 
similar to that reported for "quantasomes" [30], was measured for the chlorophyll- 
hpld mlcroveslcles (Fig 2) As in "quantasomes", the dark bleachmg in mtcroveslcles 
was mhlbtted by electron donors and was partly reversed (up to 25 %) by the later 
addmon of ascorblc acid. 

It has been previously demonstrated that chlorophyll is most stable to photo- 
oxidation m vtvo [31 ] and it is less stable in "quantasomes" [30] and very unstable m 
orgamc solvents [29]. The stablhty of chlorophyll to bleaching depends on the environ- 
ment that chlorophyll is in It is pH and oxygen sensltwe [29, 30, 32]. The chlorophyll- 
hpld microvesicles used in the expertments reported here were more stable to photo- 
bleaching at pH 7.5 than at pH 5.0 (Fig. 4) and were very stable when illuminated 
under nitrogen The chlorophyll-hpld mtcroveslcles were shown to be more resistant 
to photooxldatlon than was chlorophyll in organic solvents but was less stable than 
chlorophyll a in "quantasomes" or m vivo. 

Krasnovsky has suggested that the photobleaching of chlorophyll is less in 
chloroplasts than in organic solvents because of the close association of chlorophyll to 
hpids and proteins in vivo [19]. In addition, one of the suggested roles of carotene has 
been as aprotectlngagent for thephotooxldation ofchlorophyll [33] Smcethe chloro- 
phyll extract used in the synthesis of the chlorophyll-lipid microveslcles m the experi- 
ments reported here contained a considerable amount of carotene, the increased 
stabihty of chlorophyll to photobleachlng in microvesicles is understandable. How- 
ever, an additional experiment was run to test if the phosphohpids used in making the 
chlorophyll-hpid microvesicles could have added to the stability of chlorophyll. The 
rate of bleaching of chlorophyll was shown to be markedly decreased in the presence 
of egg lecithin and dipalmotylphosphatldylcholine (Table II). 

A further increase m stability of chlorophyll-hpld microvesicles towards photo- 
oxidation was noted if a CHCIs/CHaOH extract of spinach containing some prote- 
llpids was used instead of the normal petroleum ether/CHsOH extract. In terms of 
mod~hng a thylakoid with relation to chlorophyll stability, the following sequence is 
suggested- 

Chlorophyl l in  phosphohplds > lipid hpoprotelns 
organic solvent carotene mlcroveslcles > "quarttasornes" aqueOUSextract ">" thylakoid 
(least stable) (most stable) 

Pigmented lipid microvesicles were shown to catalyze the transfer of electrons 
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TABLE II  

The effect of  egg lecithin and d~palmltoylphosphandylchohne on the rate of  bleaching ofchloroph311 
m chloroform The samples were irradmted with a 500W lamp at 20 cm The change m absorbance 
at 665 nm per minute for the various samples as reported 

Expt  Egg lecithin (mg) Dlpalmltoylphosphatldylchollne (mg) lmtml AA665/mjn 

A 0 0 0 087 
B 5 05 - 0 066 
C 25 05 - 0 052 
D - 5 05 0 044 
E - 25 25 0 022 

f rom a series of  electron donors to oxygen in light. These Krasnovsky reactions are 
shown in Fig. 5 and Table I. The donors varied from KI and ferrocyamde which has 
no effect on oxygen consumption to ascorbic acid, Fe +2 (pI-I 5) and phenylhydrazme 
which were the most active. With the exception of  benzoquinone, water soluble elec- 
tron acceptors had no effect on the rate of oxygen consumpnon (Fig. 6). The effect of 
the hydrophoblc compounds qumones, fl-carotene and ~-tocopherol on oxygen con- 
sumption is shown in Fig. 7. Additional fl-carotene had no effect on the oxygen 
uptake, however, a considerable quantity of carotene was contained in the chlorophyll 
extract. With chlorophyll-hpld mlcrovesicles containing c~-tocopherol (a known anti- 
oxidant) an initial rapid uptake of oxygen occurred which slowed upon prolonged 
irradiation The qumones tested all demonstrated an mlnal slow oxygen consumption 
followed by a rapid oxygen reaction and a slow period (Fig. 9). The s~gmficance of 
this anomalous behavior is unknown. 

Illuminated chlorophyll-hpld mlcroveslcles were demonstrated to reduce 
oxygen with various electron donors in Mehler type reactions (Fig 5). Included in 
this list of Mehler electron donors tested in the chlorophyll-hpld mmroveslcles were 
ascorblc acid and cysteme. Sine H202 is predicted by the Mehler reactton to be a pro- 
duct of photoreductlon of oxygen, the addition of  catalase to the chlorophyll-lipid 
mlcroveslcles should release oxygen trapped as H202, if any H202 is present [22] In 
fact, the addition of catalase had no effect on the amount of oxygen appearing m the 
illuminated chlorophyll-lipid mlcrovesicles when ascorb~c acid was used as the electron 
donor and so it was concluded that free H202 was not produced m the reaction. 

Water-soluble chlorophylhn was tested for its ability to: (a) acidify the media, 
(b) bleach, and (c) take up oxygen, when lrradmted. Brune and San Pletro [35] have 
used chlorophylhn a in the photoreductlon of  wologen dyes (a Krasnovsky reaction). 
In the present system, however, water-soluble chlorophylhn was shown to be very 
ineffective in acidlficanon, bleaching or oxygen consumption Even in the presence of  
ascorblc acid, oxygen consumptmn was very small compared to the chlorophyll-hpld 
microvesmle system. Although chlorophylhn alone or egg leclthm mlcrovesicles (with 
no chlorophyll) alone did not take up oxygen from the medm, when the two compo- 
nents were m~xed a noticeable increase in oxygen consumption could be measured 
(Fig. 9). This implies that part of  the oxygen consumptmn reaction as measured here 
may b~" a surface phenomenon of chlorophylhn and the lipid bilayer of the micro- 
vesicles. 

In summary, several ob3ervatmns prewously made on organic solutions of 
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chlorophyll ,  " q u a n t a s o m e s "  and chloroplasts  have now been demons t ra ted  in the 

chlorophylMlpld  mlcroveslcles Electron transfer  similar to  that  m the Krasnovsky  

react ions and the Mehler  react ion is readily exhibited by the chlorophylMlpld  micro-  

vesicles Pigment  b leachmg m this mode l  is also similar to that  repor ted  in o rgamc  

solutmns and " q u a n t a s o m e s " .  Even the p roduc t ion  of  pro tons  may be related to p H  

gra&ents  known to have signlficancz in VlVO These observat ions  are an ad&t iona l  

step m modehng  a funct ional  thylakold  membrane  using chlorophyl l -hpld  macro- 

vesicles. 
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