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THE HILL RLACT ION 01 CHLOROPL\S 

ILATPD tRN GLUTARALDFHYDL 1-JXbJ) sr'I\AcH LEAVBS* 

by 

Ioderic B. Park, Jeff rev Kelly, Susan iirurf and Kenneth Sauer 

Depsrtrnents of Botany, Chemistry, and Lawrence Radiation 

Laboratory, University of Cal ifornia, Berkeley 4, California 

Communicated by Melvin Calvin 

Iii the coure of studying effects of various hydrolytic enzyme.s 

on chloroplast fine structure, we found it useful to isolate chioro-

plasts from leaves previously fixed in neutral 6% glutarauehyde) 

Chioropiasts isolated in this way were not only niorphologically indis-

tinguishable from in vivo chioroplasts, as viewed by light microscopy 

or by electron microscopy on freeze-etched preparations, it also 

retained the optical rotatory dispersion and absorption spectra of 

unfixed chioroplasts. These initial observations indicated that the 

environment of chlorophyll was not greatly dnged during glutaralde-

.h$e fixatioh, and encouraged us to look for photochcnical activi,ty 

in these chioreplasts. In this paper we show that chioroplasts iso-

lated from glutar4dehyde fixed leaves perform both the ferricyanide 

Hill reaction, as assayed rnanonietricálly by 02  evolution, and iiio-

phenol reduction. The hill reaction of these ±ized chioroplasts is 

sensitive to reagents auch as DQ4J, methylamine,, and pi.osphorylaton 

*Fhis work was supported, in part, by NSV (irant GB-4245, NIH Grant 
• GM 13943-01 and the Atcedc Unergy Commission. 

**jThbravJations: ICPIP, ., 6-d lLhloroh lindophewl; DGMU, 3- (3,4. 

d ichiorophenyl) -1 , 1 -d lmnethylurea; 'DP, adenos inc d Iphosphate. 



cofactors, and proceeds with an efficiency 25% that of unfixed chioro-

plasts. The Hill reaction capacity of the fixed chioroplasts is almost 

unchanged after storage periods of many weeks. These results indicate 

that quattum convorsion and electron transert In photosynthesis are 

explainable in terms of a rigid protein framework with lipid dispersed 

th:gh it. (onfonnational changes as such are apparently not neces- 

sary for quantum conversion, 02 evolution and electron transport. 

Materi21S and Methods. --The glutaraldehyde used for fixation s 

prepared by diluting the concentrated reagent with water to 6% (v/v), 

passing it through a Dowex-1 (Cl) column, and finally titrating it with 

KQH to nH 7 • S 

Fixation: .pinach leaves were cut with a razor blade into 12 an 

squares and placed in a beaker which contained an equal volume of 6% 

giutaraldohyde at room temperature. The beaker was then placed in a 

vacum desiccator, pumped for about 2 minutes, and then returned to 

atmospheric pressure. This operation was repeated four times to cam-

p.letely fill the intercellular spaces of the leaf with fixative. The 

beaker containIng the leaves and glutaraldehyde solution was then 

pieced in the dark at rocn tenperature for periods of time ranging 

from 20 minuteS to 3 hours. Pixation times in excess of one hour 

yielded no further changes in the photochem lea! properties of the 

chioroplasts as in4icated by retenti&%n of 11111 reaction efficiency. 

Chioroplast isolation. After fixation, the leaves were gruwi 

oitber with sand in a mortar or in the micro attaclipent for the Waring 

t3lendt erated at low 	ed.. These operations were perfensed at 

ronm tnporriture without buffor o  hut with ahi:1t ton Of a.mnall amount 
a 
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of water to the residual 6 htara1dohydc. Grtnding times from 2 to 

10 inute were adequate to disperse the I txed tissue. The slurry 
i'  

wüs then poured through 8 layers of cheesecloth and centrifuged at 

top speed (about 300 xg) in a clinical centrifuge for 2-3 minutes at 

rxn temperature. The precipitate contained beautifully preserved 

chloropi5tS, nuclei and some mitochondria. This crude preparation. 

was then wa-shed 4 times in distilled water, which brought 
about no 

detectable morphological changes in the organelles (see F1. 1). 

shng waS necessary to remove an unidentified reductant present in 

the bnogonatO. Otherwise the reductant reacted in the dark with the 

Hill oxidaflts. This washed precipitate was used for the experiments 

reported below. Althpugil no effort ies made to separate the various 

organelies, such separation should be easily achieved in a density 

grad tent. 

Unfiedcb1OrOPlast5 for control experiments were isolated by 

hmiogenizing either irt 	r sucrose, 0.1 If (K.) iO4  pH 7.4, or in 

distIlled water followed by fractional centrifugatiofl. 2  

1e4efl! Stock solutionS  of ferricyar ide, terrocyanide, and DCPIP 

(K F K Laboratories, Jamaica, N. Y.) were prepared on the day of the 

experiments. The  DCP1P solution was prepared at p11 7.5 0, and the con-

centration determined using the extinction coefficients of Armstrong. 3  

MW was  obtained from the Pabst 3rewing Company, Milwaukee, Wisconsin, 

and DCMU frm diPcnt de Nemours, Wilmington, Delaware. Methylamthf 

hydrochloride was dlsOlVcd in distilled water and titrated to pil 7.4 

with dilute 110I1. 

Reaction rnlxtuies For the ferricyanido 11111 reatthn, the standard 



-4- 

reaction mixture (3 ml) contained the following in microinoles per ml: 

potassium ferricyanido 5, potassium ferrocyinicte 5, .metby1mine IN 

potassium phosphate pH 7.4 30, glutaraidehyde fixed ckloroplasts con-

taining 0.05 -0.36 mg chlorophyll and, when added, DCV. 1.9 x 12. 

Sroso (0.3 M) uas included In some reaction mixtures. Its ahse 

ha no noticeable off oct on oxygen evolution. The manometric dete-

mination of 0 evolutior, s perfomcd at 23 °  C. For the DCPJP hill 

react ion, the standard reaction mixture contained in migroniol.es per ml 

the following: DCIP 0.03, methylamino 10, potassium phosphate ph 7.4 

35, afld, when added, ADP 5, MAC12 2.5, and sucrose, when preSent, 1000. 

This reaction is performed at room temperature. A Cary Model 14 spectra- 

• 

	

	photometer, modified according to Suer and Bigins, 4  was used to deter 

mine quantum requirements for the DCPIP Pill reaction. 

• 	 •os 

Liht mkroscopy of fixed chlorop1ast: Chioroplasts and nuclei 

in the homogenate from glutaraldehyde fixed loaves showed no morphological 

respOnse to changes in osmotic environment, but maintained their in viVO  

shapes, as shown in Pig. la. Fig. lb is a photondcrograph of the same 

preparation. after extraction of the pigments and lipids with 80% and 

100% acetone. Except for, color, the preparations in Figs. l.a and lb 

• . 	 are indistinguishable when. observed by phase microscopy. The photomi- 

crograph in Fig. ic Is an unfixed preparation of spinach chioroplasts 

after acetone Otraction. The fact that the morphological integrity 

of the protein famerk of the fixed membrane Is preserved a. tar lipid 

extraction opens the possibility of performing experiments on reconsti 

that lo OfTi11e 	 d subsequent n ssay . of photo - 

chemical properties. 
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Hill reaction of fixed chloroplasts: Fig. 2 presents the realts 

of a majinoaetric assay of the ferricyanide .1(ill react ion by g1utaralde 

h)ide fixed chioroplasts. These data show that oxygen evolution by 

fixed chlortpiasts is light dependent, and is inhibited by 1.9 x 	M 

DCMJ. •&ihsequent experinents have shown that the rate of 02  evolution 

after the dark period is stbnulated by addition of ferricyani4e, even 

though only to thirds of the initial ferricyanide has been reduced 

(as calculated from 0evolved). Chlorophyll concentration was reduced 

• 	in these experiments until saturation was achieved. At a light intensity 

• 	of 300() foot-candles, 0.17 rng chiorophyll/3inl of reaction mixture In 

'tandard 15 ml Warburg vessels appeared to: yield a saturation rate. 

Uk this case the rate was 200 tl 0 7/hr/pg chlorophyll. Though the 

saturation rate 'Is'low compared to attainable rates in unfixed chioro- 

'p1at5, 5  the efficiency of quantum conversion at lower light Intensi-

ties is surprisingly high. Efficiencies were determined for the DCPIP 

Hill reaction on both fixed and unfixed chioroplasts as a function, of 

light intensity. These results are presented in Fig. 3. The zero 

Intensity quantum requireaent for DCPIP reduction by unfixed chioroplasts 

at 680 mu is 2.4 einsteins/equivalent (a value in agreeaent with previ8 

results), while that for, fiXed chioroplasts is 8.4. Chioroplasts iso-

lated from leaves, fixed only 20 minutes yielded a zero intensity quantum 

requireuentbf 3.4 for the Hill reaction with methy1nine, while those 

from leaves fixed for 1 hour and 3 hours yiólded quantum requirements 

of 0.7 and 10.0 respectively. DCPTP reduction by the fixed chloro 

1lasts was mip1nte1y inhibitod by 1.9 x 10 M J)CIJ. Preliminary. 

rnthaveshown thHt t'i etuantun 
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ineroase at wavelengths greater than 680 inp. This red drop was also 

:rjdeijt in fixed Chiorella cells (see Fig. 5). 

The data in Pig. 3 also show that the intensity depience of the 

• 	quantum requirement for fixed chioroplasts is strongly affected by 

addition of methylaznine or the cofactors of photosynthetic phosphory-

let ion. We previously reported this effect, first observed by Lumry 

at al 	for unflxeá chioroplasts in the ferricyanide Hill reaction 

• 	and to a lesser extent in the indophenol Hill reaction. Ve inter- 

preted this to mean that the light saturation of the Hill teaction 

begins at much higher intensity when phosphorylation either occurs 

rapidly or iiuncoup1d. 79  We supposed that the decreased effect of 

methylamine in the DCP.IP lull reaction was due to the uncoupling action 

• 	of DCPIP itself at the concentration used, it is surprising that this 

effect remains in the fixed chloroplasts. Though we have not yet done. 

experiments directly demonstrating phosphorylation by fixed chloreplasts 1  

the above results do indicate that at least certain portions of the 

phesphorylatio machinery remain coupled to electron transport. 

The saturation rates ofevolution in the ferricyanide Hill 

reaction and DCPTPreducticn In the i)CPIP Hill reaction appear, within 

experrnental error, to be the se. The rates are equivalent to 

approximately B pM 02/hr/mg chlorophyll. This relatively low satura-

tion rate indicates that the fixation of the chioropiasts has imposd 

a rate'linit1ng step on the Hill reaction which is .rt eliminated by 

• 	mothylaMne. hffMioncios, however, are fairly high at lower light 

• 	inttttes where this ate1s no 1oner rate limiting as shorn for the 

• 	• • 	• DCPTP Hill reaction. • • 	 • 
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also iuvestigatd the effect of aging on the quantum require-

ment of the flCPIP HIll reaction. These reilts are shom in Fig. 4, 

and are plotted as quantum yields (the reciprocal of quantum require-

merits) rather than quantum requirements, to show the loss of efficiency 

with time. The experiments with unfixed chioroplasts,, prepared in iter 

or sucrose-phosphate, were discontinued after the first week, since 

these preparat ions becmme totally iiactive and produced eiidogeneous 

reductants which produccd large uaik. JCPIP reduction rates. The 

• chioroplasts from leaves fixed for one hour or lcnjer retained 

act ivity f or, very long peiod of time even though stored in iter.' 
51 

• at 40  C under. air. A period of 24 days produced only a 30% decreaSe 

in quantum yield in chioroplasts front the one hour fixation. Our 

storage conditions f or tp cxperLnonts were not optiiva1and can easily 

be iirnpraved1 For example, it is known that the fixation re'ict ion 

Itself is reversi.hle, particularly under acidic conditions, and we 

store4 the chlor, lasts in cnplete absence of fixative.. Also, the 

pigment absorption of the one hour sarnple decreased almost 5O. during 

• the 24 day storag wider. air. In the red region of the spectrum this 

loss occurre4 priiariiy as a decrease and broadening øf .  the 678 MV 

peak of chlorophyll. Storc1e under nitrogen in the preserxe of 16i 

concentrations of glutaraldeh)410 should produce preparatIons with 

• still greater .lon.evity. 

Hill 2.Kti!n in bt 	MWASMV. A suspension of the green 

alga, Chiorella pyrenoidosu., was F ied for 30 minuteS in % glutaraldehyde. 

the Llj' te thii washeti 4 tnnes with distilled water and were sus-

penüd in Owl. IP r*ct ion Uxt4re. The reroults of thi opxbent 
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are shou in Fig. 5. The cells become permeable to DCI'IP du'r.in the 

fixation, by contrast with unfixed Chiorella cells, and yield results 

very similar to those found with chioroplasts from fixed leaves. There 

is a higher quuitun requiremeflt at (8O than at 668 inp, iwiicating that 

the red drop phenomenon is still present. This method should have con-

siderable use in studies of enhancement in cells in which the accessory 

pigment is easily lost during conventional chioroplast preparation prom. 

cedures. 

• 	 Syst1 reactions: fl reduced quinone-cytochrome c reaction 

nediated by system 1 was not detectable with fixed chioroplasts. We 

have not yet determined whether this lack of activity is due to a per-

meability barrier for cytochrome c, or whether system 1 is inactivated 

• 	 by fixation. Thigh no permeability barrier appears to 	st for small 

ióiees, such a' harrier may still exist for molecules as large as 

cytohrome C. 

• 	reduction: Thcse chioroplasts do not jucorporate 140O2 into 

orgnc compunds in either light or dark. We do not know the extent 

to which this inactivity results from denaturatiøn of carbon cycle 

enzymes, loss of carbon cycle Intermediates during distiiled.Witer 

• shlng of the chioroplasts, the inability of soluble cofacters to 

com*nicato emon' the reactive sites, or some coahlnation of these 

effects. 

mary. --These experiments show that quantum conversion leading 

to O, evoltitWn in the Hill. reaction can occur in cl4oroplasts Lao" 

lutod FrOri vlutaralfjohyvul. fixod 10owl with A(Vt 25' t),effkincy 

of unfixed chlorolasti. The Hill reaction semtws norinni in tbat it 
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D(MJ inhibited, its rate Is depéndert on the prSence of phosphQryIati 

acceptors or uncouplers, and it ekhibits a red drop in eif3.clency. The 

iixed thloroplast5 do not chrnge rnorpiology upon Llcetone extraction, and 

therefore offei the possibility for perforiiun,. lipici reconstitution 

experrnents. Glutaraldehyde fixed CUorella cell5 are aLso active in 

the DCPIP Hill reaction. These results indicate not only that quantum 
I 

conversion and electron transport in phOtosynthesis is explainable in 

tcts of a ricid 1'rotein fraiieworc1 with itpil dispersed through it, 

but also that confornationtl changes as such are not necessary for 

qumitum conversion leading to oxygen evolution and dye reduction. 

Acknowledgaents --The uuthor wish to thank Miss Ann Uughes for 
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Fig. la. Chioroplasts isolated from glutaraldehyde fixed (3 hrs, 
25° C) spinach leaves. Mitochondria (m) are still attached 
to some cnioroplasts (c), and one nucleus (n) is present. 
Magnification 6200 x. 
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Fig. lb. Preparation sriown in Fig. la after extraction with 80% 
and 100% acetone. Magnification 6200 x. 



Fig. ic. Unfixed, sucrose phosphate isolated spinach chioroplasts 
after extraction with 80% and 100% acetone. f'lagnifica-
tion 6200 x. 
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