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SUMMARY 

Factors which affect the stability of light-induced 

atebrin fluorescence quenching activity in chloroplast 

membranes, a measure of the electron transport dependent 

fo:r:mation of energy-linked H+ gradients, were investigated 

in vitro. Class II spinach chloroplast membranes were 

isolated and stored at 0-4°C and aliquots were subsequent-

ly tested for their retention of energizing capacity. The 

main factors which increase the stability of this activity 

were found to be a) isolation iri.a potassium-containing 

medium but storage in a sucrose medium containing a low 

concentration of electrolytes; b) the presence of butylated 

hydroxytoluene (an antioxidant), and a protein such as 

bovine serum albumin to remove free fatty acids in the 

medium during storage. Under these conditions, the ener-

gization capacity of chloroplasts is retained for more 

than 40 days. 
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INTRODUCTION 

Biomembranes are relatively unstable in vitro. In-

stability is particularly evident in functionally complex 

membranes such as the inner chloroplast membrane which 

possesses a photochemical system for electron transport 

and an energy-generating system for ion transport and ATP 

synthesis. It is known that chloroplasts are more stable 

.. 1 2 
in the dark ' and that high rates of co 2 fixation are 

manifested by illuminated chloroplasts only shortly after 

3 
isolation . In this investigation we study the factors 

which affect the stability of the chloroplast thylakoid 

membrane system devoid of the soluble components of the 

stroma which are largely removed during preparation 

(Class II chloroplasts). The capacity of these membranes 

to develop H+ gradients by means of their photochemical 

electron transport system provides a means of assessing 

the efficiency of this membrane system with respect to 

energ ization. 

The quenching of atebrin fluorescence in illuminated 
4_8 

chloroplasts is a sensitive and rapid measure of their 

capacity to develop H+ gradients. We have analyzed ate-

brin fluorescence l~velt, light-induced'quenching and dark 

recovery of fluorescence to assess the factors which are 

involved in the preservation~d stabilization of chloro-

plast thylakoid membranes in vitro. We have evaluated 

the influence of various isolation and storage media, 

the presence of an antioxidant, and the removal of free 

fatty acids on the retention of energization capacity. 
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MATERIALS AND METHODS 

Isolation and Storage 

Class II chloroplasts were· isolated from Spinacia 

oleracea L. leaves in several media as described else-

9 
where and the final pellets we:te resuspended in various 

storage media and stored in the dark at 0-4°C (Fig. l). 

Chlorophyll concentrations were determined in various 

stored chloroplast preparations according to the method 

of Kirk
10 

and were found in all cases to be similar to 

those obtained immediately following isolation. To pre-

vent inactivation by galactolipasoo 

and phospholipase D all procedures were carried out at 

11 12 
pH 8.0 I 

The isolation and storage media were I) 175 mM 

NaCl plus 50 mM Tris-HCl, pH 8.0; II) 175 mM KCl plus 

50 mM Tris-HCl, pH 8.0; and III) 200 mM sucrose, 20 mM 

NaCl, 3 mM MgCl2 and 10 mM TES (N-tris(hydroxymethyl-2-

aminoethane sulfonic acid)), pH 8.0. 

In some cases additions of bovine serum albumin or 

butylated hydroxytoluene were made as indicated in the 

figures. Prior to use, bovine serum albumin was defatted 

by acetone extraction. Butylated hydroxytoluene was dis-

solved in ethanol and when diluted into the storage media 

the ethanol concentration was always less than 1%. At 

this concentration ethanol had no detectable effect on 

atebrin fluorescence parameters. 
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Assay of Light-induced Energization 

Atebrin fluorescence changes were assayed as described 

. 7 13 00 
prev~ously , at 2 . c. The reaction mixture was medium 

III to which pyocyanine, atebrin, and chloroplasts were 

added as indicated in the figure legends. 

RESULTS 

Upon addition of atebrin to a chloroplast suspension 

in the dark, there is a large increase in the relative 

fluorescence intensity (Fig. 2, insert). When chloroplasts 

are illuminated with red actinic light, fluoresc:ence is 

quenched. The rate of quenching is exponential and reaches 

a steady-state level. When the activating light is turned 

off an exponential passive recovery of the original fluores-

cence level is observed. From such data the time constants 

with light on (T
0

n) and off (Toff), and the percentage of 

the light-induced atebrin fluorescence quenching relative 

to the dark stead-state level can be determined. Fig. 2 

shows that the percentage of quenching and the values of 

Toff are only dependent on chloroplast concentration below 

the equivalent of 20 ~g chlorophyll/ml. Therefore, experi-

ments were performed at chloroplast concentrations below 

the equivalent of 20 ~g chlorophyll/ml, i.e. , in the range 

of atebrin/chlorophyll ratios > 0.1 ~moles/mg. 

various combinations of the isolation and storage 

media employed were investigated in order to improve chloro-

plast stability during and after isolation (Fig. 3). Iso-

lation followed by storage in medium I does not preserve 
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atebrin fluorescence quenching activity as well as isola­

tion and storage in medium.II (Fig. 3A). The addition of 

250 ~M butylated hydroxytoluene during storage in medium 

II improves retention of atebrin fluorescence quenching 

activity. Isolation in medium II followed by storage in, 

mediUm III led to better preservation. In the presence 

of butylated hydroxytoluene, chloroplasts in medium III 

maintained high levels of atebrin fluorescence quenching 

activity for 20 days (Fig. 3B). 

As shown in Fig. 3C, improvement in the preservation 

of activity was attained by the further addition of 0.1% 

bovine serum albumin to both the isolation medium II and 

storage medium III containing 500 ~M butylated hydroxy­

toluene. With this procedure, significant levels of light­

induced atebrin fluorescence quenching activity were main­

tained for 36 days. Isolation in medium II and storage 

in medium III supplemented with hydroxytoluene leads to 

retention of energization for 40 days. However, the com­

bination of isolation in medium II plus bovine serum albu­

mine and storage in medium III plus bovine serum albumin 

and butylated hydroxytoluene, allows chloroplast to main­

tain lower atebrin fluorescence" quenching levels for 28 

days after isolation. If butylated hydroxytoluene is ab­

sent during storage, energization capacity is lost after 

19 days but the presence of bovine serum albumin still im~ 

proves stability in the early phases of incUbation, i.e. 

during the first 14-15 days. 



The effect of butylated hydroxytoluene on atebrin 

fluorescence is shown in Fig. 4. During the first phases 

of storage in the presence of butylated hydroxytoluene 

the Values of toff are progressively decreased by buty­

lated hydroxytoluene (Fig. 4A). Fig. 4B demonstrates 

that the efficiency of chloroplasts in reaching maximum 

light-induced atebrin fluorescnece quenching levels, i.e. 

energization, decreases with storage, as detected by 

longer Ton values with increasing in vitro storage. The 

initial percentage of atebrin fluorescence quenching 

(Fig. 4C) is also progressively decreased by butylated 

hydroxytoluene. Fig. 4C also shows that although the 

initial percentage of atebrin fluorescence quenching is 

lower af.ter storage in the presence of 1 mM butylated 

hydroxytoluene, higher levels of this parame~~are main­

tained after 38 days of storage. 

In other experiments we have found that the loss 

of light-induced pH gradients closely parallels that 

of atebrin fluorescence, and pH gradients are present 

even after fluorescence can no longer be quenched upon 

illumination. We have also found that valinomycin has 

no effect on light-induced quenching but accelerates 

the rate of the passive recovery of fluorescence'after 

the light is removed.· These results indicate that changes 

in. the potassium permeability do not account for the 

decline in atebrin fluorescence quenching activity. 

f 
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. 4-8 
Both results are consistent with previous stud1es 

that quenching of ateb~in fluorescence occurs as a result 

of the development of a pH gradient across the membrane 

causing the uptake of the amine into the membrane phase. 

Photophosphorylation (assessed by the pH assay 

method) is also lost considerably earlier than atebrin 

fluorescence and pH gradients. 

DISCUSSION 

The findings of this investigation are consistent 

4-7 8 
with previous studies from Kraayehof's and Avron's 

laboratories that light-dependent atebrin fluorescence 

quenching in chloroplasts is a fairly accurate measure 

of the development of a pH gradient that depends upon 

the ability of chloroplast membranes to couple light 

+ 
·~ energy. Other activities as K gradients, the develop-

ment of membrane potentials, or photophosphorylation, 

are not sensed by the atebrin fluorescence assay. The 

main factors which appear to affect the stability of 

the chloroplast thylakoid membrane with respect to its 

capacity to be energized by light as judged by the 

atebrin fluorescence quenching assay are: a. isola-

tion of the chloroplasts in the KCl-containing medium 

but subsequent storage in a sucrose medium containing 

low concentrations of electrolytes; b. the presence of 

an antioxidant and the removal of free fatty acids 

by defatted bovine serum albumin. 
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a) Influence of isolation and storage media 

14 15 
Nobel and Dilley and Vernon have demonstrated 

that K+ is the major cation which is transported in illu-

minated chloroplasts. The presence of K+ in the isola-

tion but not in the storage medium may be an important 

factor in the maintenance of atebrin fluorescence quench-

ing activity because this activity depends upon H+ trans-

port which requires the presence of a counter-ion to main­

tain charge neutrality
16

• Hence, the presence of high 

concentrations of internal K+ favors retention of light-

induced energization as assayed by the system which de­

tects H+ gradients. The beneficial effect of subsequent 

storage in sucrose (rather than a KCl.;..containing) medium 

may be due to prevention of denaturation of membrane pro-

teins by prolonged contact with high salt concentration. 

b) Antioxidant effects and removal of free fatty acids 

Dark and photoinduced lipid peroxidation has been 

reported to destroy photochemical-mediated activities in 

1,2 
Class II spinach chloroplasts . Stabilization by buty-

17 
lated hydroxytoluene, a widely used antioxidant , is 

therefore not surprising. The action of butylated hydroxy-

toluene on atebrin fluorescence parameters may be explained 

by a dual action of this antioxidant. The molecule would 

readily partition in the hydrophobic membrane phase and 

at high concentrations would be expected to perturb mem-

brane structure. It inhibits fluorescence quenching when 
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added to the storage medium in the concentration range 

of 250-1000 uM. Hence, its concentration in the chloro-

plast preparations must be critically poised in order to 

exert its beneficial effect at high concentration during 

storage, but it is reduced in concentration by at least 

60-fold in the test medium when the stock chloroplast 

suspension is diluted. 

Butylated hydroxytoluene lowers the percentage of 

atebrin fluorescence quenching and hastens the light off 

reaction. This action is similar to that of uncouplers 

• 6 . 
l~ke S-13 • s~nce the restoration of atebrin fluores-

cence intensity in the dark is due to its release from 

the membrane, the "uncoupling" action of butylated hydroxy-

toluene may be explained by promoting the loss of membrane-

bound atebrin. Thus a combination of its antioxidant ac-

tion and membrane perturbing effect would seem to afford 

a satisfactory explanation for its effect to lower the 

initial level of atebrin fluorescence but, on the other 

hand, to preserve the capacity of chloroplasts to retain 

light-induced atebrin fluorescence quenching activity 

during storage. 

The mechanism whereby peroxidation of membrane lipids 

1,2,18-20 
leads to structural alterations is complex . One 

aspect of their action on membrane lipid is to cleave gly-

colipids and phospholipids to release free fatty acids. 

Previous studies have demonstrated that free fatty acids, 

particularly unsaturated fatty acids, exert marked 
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deleterious effects on structure-function parameters in 

chloroplasts1 •2 •20- 22 The release of free fatty acids is 

mostly due .to the action of galactolipases,' enzymes normally 

latent in chloroplasts but which, during isolation and storage, 

can be activated. 11 Thus , McCarty and . Jagendorf found large 

increases in linolenic acid in homogenates of bean chloroplasts 

ground at pH 6.0 which led to a loss of Hill reaction activity. 

Since galactolipases and phospholipase D are normally inactive 

at alkaline pH11 •12 , we performed experiments at pH 8.0 where 

these enzymes are relatively inactive. 

According to Heise and Jacobi23 as much as 30% of phospho-

and sulfolipids are released from spinach thylakoid membranes 

under alkaline conditions, but only if incubated in salt media. 

The beneficial effect on preservation of energization capacity 

of thylakoid membranes stored in sucrose in the presence of 

defatted bovine serum albumin is most likely explained by the 

removal of low levels of fatty acids released by the action of 

galacto- or phospholipases and dark peroxidation processes24- 27 

combined with the suppression of lipid release by sucrose rather 

than salt medium. 

Since energy dependent maintenance of ion gradients in 

other membrane systems, such as erythrocytes and mitochondria 7 , 

can also be assessed by atebrin fluorescence quenching, it sug-

gests that this probe may be generally useful for studying the 

factors that affect the stability of biomembranes. 



-12-

ACKNOWLEDGMENTS 

This research was supported by the National Science Foundation 

(G.B. 20951), by a fellowship (to T.T.) from Hiroshima University, 

Hiroshima, Japan, and by a fellowship (to J. T.-P.) from the 

University of Luanda, Angola, Portugal, and the U.S. Atomic Energy 

Commission. 



-13-

FOOTNOTES 

*On leave from the Botanical Institute, r,aculty of Science, 

Hiroshima University, Hiroshima, Japan. 

** h . . On leave from t e Department of B1ology, Faculty of Sc1ences, 

University of Luanda, Angola, Portugal. 

*** .. Please address reprint requests to Lester Packer, Department 

of Physiology-Anatomy, University of California, Berkeley, 

Ca. 94720, U.S.A. 



-14-

REFERENCES 

1 Heath, R. L. and Packer, L. (1968) Arch. Biochern. 

Biophys. 125, 189-198 

2 Heath, R. L.· and Packer, L. (1968) Arch. Biochern. 

Biophys. 125, 850-857 

3 Jensen, R. G. and Bassham, J. A. (1966) P:ioc. Natl. 

Acad. Sci. u.s. 56, 1095-1107 

4 Kraayenhof, R. (1970) FEBS Letters 6, 161-165 

5 Kraayenhof, R. (1971) Uncoupling of Energy Conserva­

tion in Chloroplast and Mitochondrion (Thesis), Uni­

versiteit van Amsterdam, Mondeel-Offsetdrukkerij, 

Amsterdam 

6 Kraayenhof, R., Katan, M. B. and Grunwald, T. (1971) 

FEBS Letters 19, 5-10 

7 Kraayenhof, R., Izawa, s. and Chance, B. (1972) Plant 

Physiol. 50, 713-718 

8 Schuldiner, s., Rottenberg, H. arid Avron, M. (1972) 

Eur. J. Biochern. 25, 64-70 

9 Murakami, S. and Packer, L. (1970) J. Cell Biol. 47, 

332-351 

10 Kirk, J. T. o. (1968) Planta {Berl.) 78, 201-207 

11 McCarty, R. E. and Jagendorf, A. T. (1965) Plant 

Physiol. 40, 725-735 

12 Kates, M. (1970) Advances in Lipid Research, Acaderni 

Press, New York, vol. 8, pp. 225-265 

13 Torres-Pereira, J., Mehlhorn, R., Keith, A. D. and 

Packer, L. (1974) Arch. Biochern. Biophys. 160, 90 ... 99, 

14 Nobel, P. S. (1969) Biochirn. Biophys. Acta 172, 134-143 



-15-

15 . Dilley, R. A. and Vernon, L. P. (1965) Arch. Biochem. 

Biochern. 111, 365-375 

16 Murakami, s., Torres-Pereira, J. and Packer, L. (197) 

Bioenergetics of Photosynthesis (Govindjee, ed.), Academic 

Press, New York (in press) 

17 Emanuel, N. M. and Lyaskovskaya, Yu. N. (1967) The 

Inhibition of Fat Oxidation Processes, Pergamon Press'· 

Oxford, chap. IV, pp. 256-264 

18 Siegenthaler, P. A. (1969) Plant Cell Physiol. 10, 

801-810 

19 Siegenthaler, P. A. (1969) Plant Cell Physiol. 10, 811-

820 

20 · Siegenthaler, P. A. (1972) Biochim. Biophys. Acta 

275, 182..,.191 

21 Murakami, s. (1968) z. Physiol. Chern. 349, 861-862 

22 Cohen, W. S., Nathanson, B., White, J. E. and Brody, 

M. (1969) Arch. Biochem. Biophys. 135, 21-27 

23 Heise, K.-P. and Jacobi, G. (1973) z. Naturforsch. 

28c, 120-127 

24 ·Wasserman, A. R. and Fleischer, s. (1968) Biochim. 

Biophys. Acta 153, 154-169 

25 Constantopoulos, G. and Kenyon, c. N. (1968) Plant 

Physiol. 43, 531-536 

26 Friedlander, M. and Neuman, J. (1968) Plant Physiol. 

43, 1249-1254 

27 Burnstein, c., Kandrach, A. and Racker, E. (1971) J. 

Biol. Chern. 246, 4083-4089 

Ill Ill 



-16-

FIGURE LEGENDS 

Fig. 1 - Diagram summarizing chloroplast isolation and 

storage procedures. 

Fig. 2 - Dependence of atebrin fluorescence on chloroplast 

concentration. Chloroplasts were isolated in medium II 

and resuspended in medium III. The reaction mixture 

was medium III plus 2 ~M pyocyanine, and 2.~M atebrin. 

The insert shows a typical example of the kinetics 

of light-induced atebrin fluorescence quenching and 

dark recovery. The solid arrow indicates the point 

of addition of atebrin. 

Fig. 3 - Dependence of atebrin fluorescence quenching ac­

tivity on the conditions of chloroplast isolation 

and storage. For composition of media see Materials 

and Methods. 

A - Comparison between isolation and storage media 

I and II. Reaction mixtures as in Fig. 2 plus 

chloroplasts equivalent to 15 ~g chlorophyll/ml. 

B - Comparison between the isolation medium II and 

III. Reaction mixturesas in 3A. 

c - Effects of the addition of bovine serum albumin 

and butylated hydroxytoluene on retention of ate­

brin fluorescence. Reaction mixtures as in Fig. 2 

plus chloroplasts equivalent to 10 ~g chlorophyll/ml. 
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FIGURE LEGENDS (Continued) 

Fig. 4 - Effect of butylated hydroxytoluene on the kine­

tics and steady-state levels of atebrin fluorescence 

parameters. 

The determination of T values is accurate only 

when the fluorescence quenching levels are >20%; 

thus T values below these levels were omitted. Re­

action mixtures as in Fig. 3A. 

A - Time constant for recovery of fluorescence. 

B - Time constant for fluorescence quenching. 

C - Relative fluorescence quenching. 
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ISOLATION PROCEDURE 

Spinach leaves 

t"'. [Isolation medium I 
Homogenate 

. ~ 
Filtrate through 4 layers 

of cheesecloth 

1500xg, 2min 
I.. I 
p s 

11500xg,5min 
I . I 
p s 

1500 x gJ 5min 
Storage medium I 

p s 
t--E [ Storage medium I 

Resuspension 
(Stored in ice) 

XBL 745-837 

Fig. l . 
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