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THE WILL REACTION OF CHLOROPLASIS
TSOLATED FROM GLUTARALDEHYDE FIXED SPINACH LE/M;_S*
| by
Rn&eric B, Park, Jeffrey Kelly, Susan Drury and Hennéth,Sauer
Departments of Fotany, Chemistry, and Lawrence Radiation

Laboratory, University of California, Berkeley 4, California
Communicated by Melvin Calvin
In the course of studying effects of various hydrolytic enzymés

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

plasts from leaves previously fixed in neutral 6% glutaraldehyde;l

- Chloroplasts isolated in this way were not only morphologically indis-
tinguishable from in vivo chloroplasts, as viewed by light microscopy

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

retained the apticalvrotatory dispersion and absorption spectra of

unfixed chloroplasts, These initial observations indicated that the

envircnment of chlorophyll was not greatly changed during glutaraide-

h)ede fixatdion, and encouraged us to leok for phétochmiéal activity

in these chloroplésts. In this paper”we‘show that chloroplasts iso-

lated from glutaraldehyde fixed leaves perform hoth the ferricyanide

~ Hill reaction, as assayed manometrically by O evolution, and indo-

phenol reduction, : The liill reaction of these fixed chloroplasts is

sensitive to,reageuts,such as DCMU,** methylamine, andvthSPhorylation'

2This work was supported in part, by NSF Grant GB-4245, AIH Granm
GM 1394301 and the Atomic Lnergy Lummission.

_'"Ahbrwiatigns-: nepIP, 2 t‘)-dit.hlorophermlindophmnls DCAMRS, 3. (3 4-
; &ichldrophehyl)-l,l-dimethylurea; AP, adenosine diphosphate,
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‘ébféctofsg andrprQCeeds with an efficiency 25% that of unfixed chloro-
vfplaSts, The Hill reaction capacity of the fixed chioroplasts is almost
unchanged after stofage neriods of many weeks. Theée results indicate
.that qﬁaﬁtum conveisian and electron transport in phﬂtoSynthesis'are
explainable in térmé of é rigid protein framework with,lipid.disperséd
'thxaugh jt, Conformational changes aé such are apparently not neces-
'sary for quantum comvarsion, Oz evolution and electron transport,

Materlals and Methods.--The glutaraldehyde used for f1xat1on was

_ prepared by diluting the concentrated reagent with water to 6% (v/v),
| ;passing it through a Dowex-1 (C1) column, and finally titrating it with
" KOH to pif 7.5, | - -
fixatx@n. kp1n;ch leaves were cut with a razor blade into 1-2 cm:_
squares and placed in a beaker which contained an equal volume of 6%
'sglutaraldehyde at room tenperature. The beaker was then placed in a
Vvacuim desiccator, puaped for about 2 minutes, and then returned to
- atmospharie presgure, . This operatian was repeated four times to com-'

pletely fill the interceliular'Spaces of the leaf with fixative, The

. beaker containing the leaves and glutaraldehyde solution was then

- placed in the dark at room temperature for periods of time ranging
- from 20 minutes to 3‘h0urs. Fixstion times in excess of one hour
' yieldad no furthsr changes in the photochemical properties of the
ch&oreplasts as indlcated by retentibn of Hill reaction effzciency.

tharonlast isolation. After fization, the leaves were ground

}axth&r with sand in a mmrtar or in the micro attachment for the ering
' Blendar ﬂﬂbfatkd at low ﬁpwﬁd These Upﬁrationﬂ were performed at

roon ﬁwmparntura without buffer, hut with addition of & small whount
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of vater to the residual 6% alutarald@hyae. Grinding times from 2 to

'10 mlnutes were adequate to disperse the fxmed tissue, The slurry

was then poured through 8 layers of cheesecloth and centrxfhged at
top speed (about 300 xg) in a clin1ca1 centr:fuhe fer 2-3 minutes at
raam temperature. The nrecipitate contained heautifully pr&served

chloroplasts, nucled and some mitochondrlu. This crude preparation

“was then washed 4 times in dlstilled water, which brought abaut no’
bdetectable1norpholng1ca1 changes in the or'anelles (see Fig. 1).
 Washing was necessary to Yemove an unidentified reductant present in
“the hamogenate. Otherwise the reductant reacted in the dark with the
| Hill oxidants. ‘This washed precipitate was used for the cxperxments
‘reported below. Althnugn no effort was made to separate th@ various
f'organelles. such qenaratlon qhould be easily acbieved in a density

gradient,

Unfixed chloraplasts for control cxperiments were isolated by

| homogenizing either in-0.5 i sucrose, 0.1 (K) POy pH 7.4, or in.

distilled vater followed by fractional centrlfugatlon.g

Reagentst wtnck solutions of ferricyanide, ferrocyanide, and DCPIP

-(K § K Laboratories, Jamaica, N, Y.) were prepared on the day of the
' experiments., ‘The NCPIP qolutaan was prepared at pH 7.5, and the con-

'vcentration determxned using the axtinction coefficients of Armstrong.>

ADP was ubta1ned from the Pabst hrewing Company, Milwaukee, Wisconsin,

and DCMU from du?qnt de Newmours, Wilmington, Delaware. Methylamine
hydrochloride wasld155oivéd in distilled water and titrated to pH 7.4

‘with dilute HaOll,

Heaction mixtures: For'the ferficyunide Hill reaction, the standard’
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reaction mixture (3 ml) contained the following in micromoles per'mlz

'patassium ferricyanide 5, potassium ferrocyanide §, methylamine 10,

potassium phownhate pit 7.4 30, plutaraldehyde fixed chloroplasts con=

taining 0.05-0.36 mg chlorophyll and, when added, DCMU. 1.9 x 1072,

: Sucrose (0.3 M) was included in some reaction mixtures. Its absence -

had no noticeable effect on oxygen evolution. The manometr ic detef-

mination of O, evolution was performed at 23° C. For the DCPIP #ill

. reaction, the standard reaction mixture contained in micromoles per ml

the foilawing: DCPI? 0,03, methvlamihe 10, potassium phosphate pH 7.4’

A. 35, &ﬂd; when added, ADP 5, MgCly 2.5, and sucrose, when present, 1000,
~ This reactien Wi s perfarmed at room temperature. A Cary Hodel 14 spectro-
 photameter, modified according to Sauer and B1wg1ns,4 was used to deter-:

- mine quantum requirements for\the DCPIP Hill resction.

C-ﬁ@w}ts.. -

'LigptfmicresCapy of fixed ehlerqplastﬁ- Chloroplasts and nﬁalei

in the homogenate from glutaraldehyde fixed leaves showed no morphmlngical

. response to changes in osmotic environment, but maintained their in viﬂﬁ

shapes, as shown xn Fig. la. ~P1g‘ 1b is a photomxcrograph ef thc same

; rraparat1on after extraction of the pigments and lipids with 80% and

";vlﬁﬂ% aCetwne. nxcept for color, the nreparationﬁ in Figs, la anﬁ lb

are indistingulshgble wh&n.obssrved'tw phase microscopy. The phncani-
¢rograph in Fig. 1¢ is an ﬁnfixed preparation of‘SFinach chioroplasts
after aéetane ﬂéitractipn. The fact that the marphological integfity |
of the protein framevork of fhﬁ Fixéd mémbrana is wreamrvad after 1lipid

axtracti@n opens the p@snibi]ity of performing ﬂmuerhnents on reconsti-

tution of lipid and prntciu fractions and subsequent assay of ﬁhoto-

* chemical properties.
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"Hill reaction 6’:‘ fixed chlofo;vlastsz ig 2 presents the results

of a mannometric assay of the ferrlcyanide Hill reaction by glutaralde-

h)tle zfimd chloroplasts. These data show that exygen evalu‘.ion by

: _b fixed chloroplasts is hght: dependent, and is inhibited by 1.9 x 103 Mo

DOMIJ. -Subsequent experiments have shown that the rate of O, evolution

after the dark period is stimulated by \adglifion of ferricysnide, oven

“though only two thirds of the iritial ferricyanide has been reduced

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

in thnse; experiments until saturation was achieved. At a light ixitéensity

of 3000 foot-candles, 0.17 g chlorophyll/3ml of reaction mixture in R |

7 5tm\dard 15 ml Warburg vessels appeared to: yield a saturation rate, B

| In this case the rate was 200 ul ¢ —,/hr/mg chlorophyll, T—l*mgh the

saturatmn rate is low compared to attamanle rates in unflxed chlero- :

:plmts,s thﬂ effirie-ncv of quantum conversion at lower light im:c:nsio

ties is surprisingly high, Cfficiencies were determined for the DCPIP
ﬁill reaétion on bét_h fixed and unfixed chloroplasts as & 'ﬁmétion_ of
light intensity, Tliese results are prqsentéd in Fig., 3. The mm.

intensity cmaﬁtum réquirment for DCPIP reduction by unfixed chloraplas‘ts '

at 68() my 15 2.4 amstems/eqawalent (a value in dg,remnt with pmvmus

results), while that “for; fixed’ chloroplasts is 8. 4 Chloro;alasts iso-

lated fram leaves‘f-:xed only 20 minutecs yielded a zero intensity quantum

vrmimmsnt of 3.4 for the Hill reaction with methylamine, while those

from leaves fixed for 1 hour and 3 hours yielded cquantum requlr@nents
of 8.7 -aud 10 0 respectively, DCPIP reductirm by the fixed chloro«

plasts wag umpletely inhibited by 1.9 x 10°° M DO, Preliminary

m:mﬂnmnm mwes-a?mwn that thc» quantum Tﬂqul’rcmﬂm;t ~ e Plf‘wmmﬂnﬂm
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m:'eam at wa\relengths greater than 680 mu. This red clrojk was also
a evidem: in fiked (’hloralla cells (see Fig. 5). | | '
‘I'he data in Fig. 3 also show that the intensity depmmence of ‘the
w L cmanmﬂ requiranmt for fixed chloroplasts is strengly affected by '
addit‘.lan of methylmmne or the cofactors of photosynthetic phosphory-
lation, We previously reported this effect,? first observed by Lumry
st gﬂ@'ﬁfcr unfixed chloroplasts in the ferricysnide Hill reaction
and to a lesser extent in the indophenol Hill reaction. We inter-
 preted this to mean that the light saturation of the Gill feaction
Beg ins at much higker intensity when phos;;hdfylation either occurs
irapicily or is uncoupled. 79 We supposed that the decreased effect of |
. methylmnine in the PCPIP H{ill reaction was due to the uncoupling action
l _{af DCPIP dtself az‘: ‘the concentration used;-. 1t 1$ surprising that this |
effect remains in ;}\e fixed éhloroplas’és. Though we m\fe nrot yet dono .
exper iments directly demonstrating phosphorylation by fixed chloeroplasts,
 the above results do indicate that at least certain portions of the .
_«phe«zphorylation machlnerv remam coupled to. electron tmnsport. .

evolution m the fernc:yanide Hill

_ The samtwn rates of a;:‘j
r{eac’tioh and DCPIP reduction in the DCPIP Hill resction eppear, within
exper imental s:rror; to be the same. The rates are squivalent to
aplvx‘-oz;jrzately 8 uM Oy/hr/mg c-hloropﬁyll. This relativelyrlew'sa.tuﬁ—

iit_m rate indicamé that the fixation of the chloroplasts has imposed

tY

_ | a rate """limiting step on the Hill reaction which is not eliminated by '
v oL methylaming, Ffficiencies, however, are fairly high at lower light

intensities wlwm this step 1s no longer rate 1imiting as ahmm for th«a

e - DCPIP 1L reaction.
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at 4° C under air. A period of 24 days produced only a 30% decrease
P

7=
h’e ‘also inVeﬁtigate*d tbe effect of agin@ on the quanmn requ:tre-
mem: of the DCPIP mn reéaction. Thesc results are shown in Flg. 4,

and are plotted as quantum yields (the reciprocal of r;uantwu require<

" ments) rather than quantum requirements, to show the loss of efflc_iency

with time. The experiments with unfixed c¢hioreplasts, prepared in water

or sucrose-phogphate, were discontinued after the first week, since -
these wx‘epwatmns became totally i'nact ive and produced cndogenecus

reductants which produced large umk BCPIP reduction rates, The

chlorog:slasts from leaves fixed for one hour or lonber retained

' activity for very long perieds of time even though stored in mter :

P

in quantum yield in chloroplasts from the one hour £ ixatlon. Our

‘gtorage tond‘itions". for »ti}p experiments were not optimalyand can easily

be improved. For exjmpl,é, it is known that the fixation reaction

itself 'isz"rev-ersi.ble, particularly under acidic conditions, én_d we

stored ’tbe ch:lmmplm'ts in camplete absence of fixative, Also, the i

pigment absorpt wn of the one hour sample decreased almost 508 during

-‘the 24 day storagge under. mr. In the red regmn of the spectrum this

lose occurred priﬂanly as a decrea*ae and broadenms of the 678 my

peak of chlomphyll. Storage under nitrogen in the presence of lo\v |

jeénc-aﬁtréttor'm of glutaraldéhyde should produc;e preparations with

o ostill ’gmatgr .1mngevit:y.

Hill reaction in_ intact organisms: A suspension of the green

alg,a, Chlm'cna mfrenolclosu, was fixed for 30 minutes in 6% glutaraldehyde._ -

I‘iw eells were them waghed 4 times with dlﬂtillad water and were SUs~

pended in tlm'_.r_mlle’ reuction mi‘xt@re.- The results of this experimant
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" cedures.

-§-
are shown in Fig. 5. The cells becone permeable to DCPIP during the-

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

very similar to those fUUnd with chloroplasts from f1xed leaves, - There
is a higher quanvwn roquiremort at 680 than at 668 my, 1ndicat1ng that
the red drcp phenomenon is still present, 1h1q method should Have con= .

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

,pigment is easily lost during conventional chloroplast'preparationjpro-i

System 1 reactions§ The educed qu]nonc-cvtochrome ¢ reaction

f;mcdi&ted by'system 1 was not detectable with fxxed chlorOplasts. We

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

mesbillty barrler for cytochrome ¢, or whether system 1 is inactivated

by fixation, Though no permeability barrier appears to @xiqt for small

‘moieéules, such a barrler may still exist’ for molecules as large as

'cytochrome Ce

€0, tednctian: These chloroplasts do not incorperate 14062.into

_ organic compounds in either light or dark. We"da not know the extent

to w&ich this inactivxty results from denaturatzen of carbon cycle

enzymes,'lnss of carton cycle intermediates during distilled water

~washing of the chloroplasts, the inability of seluble cofactors to .

commnicate emony the reactive sites, or some cembination of these
effects,

Supmary. --These axperiments show that quantum conversian laading

to Qq evolution in the Hill raactiou can occur in chlnrcplaats 139-
loted From aiunaruljmhydw fixed leuven with about Za% the- effﬁdi@n&y

of unfixed chloroplasts. ‘The Hill reaction seoms normul in that it
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' DC%U inhlbited its rate is dependent on the presence of QhesphorylatianT
: acceptarb or uncouplers, and it exhibits a red drop in eif;c;enCV. The
fixed éhlorovlasts do not change morphology upon acetone extraceian, and.

'tharefore offer the possibility for performing lzpia reconstntuticn

exper;mgnts. Glutaraldehyde fixed Chlorella cells are also actxve 1n

the DCPIP Hill reaction, These results indicate not only that quagxum

" conversion and electron tramsport in photosynthesis is explainable in

terms of a rigid protein framoword with lipid dispersed through it,

but also that contormational changes as such areé not necessary for

quantum converswn leadmg to oxygen evolutnon and dye re&ucticm.

Acknowle&gwents.--lhc authors wish to thdnk Miss Ann Hughes fer

technical assistance in this work.
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Chloroplasts isolated from glutaraldehyde fixed (3 hrs,
25°C) spinacn leaves., Mitochondria (m) are still attached
to some chloroplasts (c), and one nucleus (n) is present.

Magnification 6200 x.

Fig. la.



Preparation snown in Fig. la after extraction with 80%

Fig. 1bs
and 100% acetone. Magnification 6200 x.



Figs lee

Unfixed, sucrose phosphate isolated spinach chloroplasts
after extraction with 80% and 100% acetone. Magnifica-

tion 6200 X.
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Manometric mmnmgw_:wﬂwos_ of oémm: o.<o§ﬁo: by chloroplasts isolated from mucnmgwﬁm:v&m
,nmunﬁwos‘swwgﬁm .nog._m.az_ma 1.09:mg chlorophyll in:3 ml., Other components.




48 | DCPIP HILL REACTION BY ONE DAY ol
| OLD SPINACH CHLOROPLASTS AT 53 a

40 - o
O Fixed — methylamine
| @ Fixed + methylamine

'O Fixed + ADP, Mg2t, P;

A Unfixed + methyiamine

32
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. einsteins) T . . : ‘
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! 24 Q
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, S | | A W S | L

INCIDENT INTENSITY (nanoeinsteins - crrp'-2 —_sec“)

' 3 o MUB-9698 '
f Fig, 3 Quantum requirements for DCPIP reductmn by fixed and unflxed‘ >_
| spmach chloroplasts. ’ )
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QUANTUM YIELD

equivalents \.
'éinstein obsorbecb :

0.40

Unfixed chlorbplosts
-~ — —Glutaraldehyde fixed chloroplasts

Isolated in HZO ,

0.30 :
Isolated in sucrose, P’
Fixed in glutaraldehyde for
| hour ;
Fixed in glutaraldehyde for
0.20 3 hours
Q.IOi- e o=~ |
S — ~‘

Y - | MU B-9696

'Fig. 4. The longevity of DCPIP reduction capécity of spinach_thlordplasts '
. isolated f_rém fixed and uhfixed_ leaves. Activity is reported as the"

” 'eXtr;ipoiAted zero in;ensity quantum yields,
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" 48 I~ DCPIP HILL REACTION IN GLUTARALDEHYDE .
FIXED CHLORELLA

40
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o Fig. 5.-. | Quantum r'équiremehts' for DCPIP reduction by fixed Chlorella

‘cells as a function of light intensity_;
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