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FURTHER EVIDENCE FOR STROMA LAMELLAE AS THE SOURCE OF PHOTOSYSTEM 1
FRACTIONS FROM SPINACH CHLOROPLASTS -
D. J. GOODCHILD* AND R. B. PARK

_ Bdtany Depértment and Laboratory of Chemical Biodynamics, Lawrenée

Radiation Léboratory, UniverSity_gf_Ca1ffornia,‘Berkeley, Californie

94720 (U.S.A.).

SUMMARY

| The mechanism of digitbnin action on spinach chloroplasts was
investigated by thin sectioning. ‘Evidenéé is‘bresented which shows
that digitonin continues to modi fy membranes for'many minutes after
the addition of the fixative g]utafa]deﬁyde. However, the-action of
digitohih can be stopped by simultaneous'fixation and dilution of
the detergent. Such experiments indicate that the initial action of
digitonih'is to re]éasensimea lamellae which in turn yield the Photo-
system 1. fraction. This_intérpretaton>is further supported by a sig-

nificant correlation between the chlorophyll a/chlorophyll b ratio

INTRODUCTION

Recent work'from this laboratory shbwedithat spinach chloroplasts
broken in é French:préssure.ce11 can be separated intQ-two membrane
fractions consistipg of stfomavlamellae and grana lamellae. Assays of

‘ th¢$e fractions for the two phbfosystems showed that stroma lamellae

~ *On leave from the Divisioﬁ of Plant Industry, CSIRO, Canberra, Australia.
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cdntaihedvdn]y'Photosystem 1 while the grane fraction contained both
Photosystene].

-Anderson and Boardmanz have used the detergent digitonin to
separate spinach ch]orop]asts_into membrane fractions”which are very
similar to the ‘French pressure cell fractions in chemical compesition,
photochehﬁcaisactivity and yield. Both methods yield approx1mate1y
1OA of the chlorophyll in a fraction possessing only Photosystem 1
activity and a high ch]orophy]] a/chlorophyll b ratio. Arntzen g}_51;§

extended the work of Andersen and Boardman?2 by investigating the UItra-_

structure of the_digitbnin.fractiOnsvby'sectioning and freeze etching.
They tohc]uded that digitonin had split the chloroplast lamellar mem-
~ branes 1ong1tud1na11y to yield the fraction having only Photosystem 1
activity. | | '
| The'biochemicai_simi]arity Between the digitonih and French pres-
| sure cell fractions has led.us to re-examine the ultrastructure of the
_digitbnin’fractions to find Whether our predictions or the ArntzenS3

interpretatien is correct. We conclude from the work feported here

thatlin the early stages of digitonin treatment, when the highest

yie]dvof Photosystem 1 fraction is obtained2 the digitonin and French

: pressure ce]] are acting in a similar manner and that in both methods
the Photosystem 1 fraction is derived from stroma lamellae and not
from membrane splitting. | | _

Additional support for this distribuiion of photosystems between
_ granaiahd stroma lamellae comesifrom the ebeervation that in spinach

- chloroplasts there is a significant correlation between a high
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Ch]oroPhyiT a/ch]orophy]] b rafio and a_high.proportion of stroma
1ame1]ae, " - o | | |
MATERTALS AND METHODS -

Ch]orop]asts>were isolated from fie]dugrown spinach plants in

potassium phosphte buffer (pH 7.4)-0.01 M KC1 - 0.5 M sucrose and

the pé]]et'resuspended in the same buffef1. For digitonin treatment
the ch]bfbphy11 concentration was adjusted to 0.3-0.4 ng/ml with
buffer and to this 2% digitonin was added (2x recrystallized) to a

;finaIICOnéehtration of 0.5%3. “The inéubatfoniwith digitonin was car-

ried on in an ice béth with constant‘stirring;' Chlorophyll a and
chlorophy1l b were determined Qsﬁng the specfkophotometric‘hethod of -
4 and a Cahy-Mode1 }4R spectrophotometer with a scattéred'trans—
mission éCcessory. | |

For electron microscopy of the chloroplast suspensions, samples

~were removed and pe]]eted.as cdmp1ete1y'as possible in a 1 ml centri-
fuge tube in an adaptor in the sWinging bucket rotor of a Servall

_-centrifuge at 27,500 x g for 20 min. The resulting pellets were washed

4 times'by replacing the fluidraboveveach with phosphate buffer and
fhén post-fiXihg for.1 hr in 2% dsmium tetroxide in pthphate buffef.
Thése.procedures were carried out iﬁ the cold, but the samb1es were
dehydrated in acetone and propy]ehe'oxide at room temperature; Then
thé'end.bf the centrifuge tube was cut off and the pellets wére
eXtrUded aﬁd embedded in epon. .For éectibning,'the epon embedded
pellets were.oriented and,frimﬁed so'thaf each section contéihed a

range of material from the top to the bottom of the peilet. Sections
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wére sfainEd with séturated urany] acetate'ip 50% ethanol for 90 minE L
fo]]oﬁéd:by Fi§ke'55 lead citrate for 20 min before examination in a
Siemeﬁs E]ﬁfskop 1A electron microscope.

IWhenz]éaf piecés were fiXed for e]ectkon mi croscopy a éim%]ar
Eprocedure was adopted except that pe]]ets were rep]aced by mm squares
of splnach 1eaf tissue.

EXPERIMENTAL AND RESULTS

1. Digitonin treatments

_ T1me course stud1es of photochem1ca1 act1v1ty of both ch]orop]ast
and a]gae fo]]ow1ng g]utara]dehyde addition show that complete fixation

may take up to ],hr6

.. Therefore it is unlikely that the addition of
glutaraldehyde will stop the action of digitonin ihmediateiy. qu
ekperfnénts were carried out to reveal the ultrastructural state of

the ﬁembranes at the time when the digitonin fractions are'sUbjeéted_
to d1fferent1a1 centr1fugat1on for the separation of Photosystem 1.

In the f1rst experiment the time course of d1g1ton1n act]on was. stud1ed
.by adding fixative to the 1ncubat10n m1xture In the'second exper1ment

dilution was comblned w1th fixation in an attempt to stop the action of

d1g1ton1n

A. Fixative addition experiment : o | 2
- In this eXperiment b.5 ml samples were removed Erom the.ch]orof Y
p]asf digitonin incubatfon_mikture at 5, 20, and 60 min after the |
addition of'Qigitonin. To each was added 0.5 m]_of 4% glutaraldehyde
in phésphate buffer. The sample was centrifuged and ehbeddéd as

_described in Materials and Methods. Figure 1 shows a section through

A
!‘3: N
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a pel]ef'fFom 5 min digitonin treated chloroplasts. The interconnecting

stroma lamellae are absent but grana stacks are still intact although

N most_arezswol1en;. Figuke'Z shows the'GO min digitonin treatment. Grana
~ stacks are absent and all that remains are swollen vesicles, presumably

remnaniS'of s troma lamellae and grana 1ame1]aé. The 20 min treatment

was intermediate between’these_tWo and had very few grana stacks. We
interpret these pictures to ihdicate that stroma léme11ae are separated

frdm gkana during the first few minutes of digitonin_action but that

-prolonged digitonin treatment causes;graha-to dissociate into vesicles.

B.  Fixative dilution experiment

| Cﬁlorop]asts wefe treated with digitonin as describéd previoﬂs1y,
and after 5 and 30 min tréatmentS a 1'ml sample was removed and diluted
in 100”pérts of 0.05 M potassium phosphate.buffer (pr7.4) - 0.01 M KCI
coﬁtaining 2%'glutara1deher.-‘This material was sedimented at 40,000‘x g
in 50 ml centrifuge tubes and the pe]]eté transferred té'the 1 ml tubes

for treatment as described in Materials and Methods. Figure 3 shows

a section through a pellet from the 5 min digitonin treatment which

shows intact, and re]ativeiy uhswo]len,,graha stacks but no inter-
tonnecﬁing'strqma lamellae. The 30 min diéitonin treatment yielded
.similar pictures. - Both these results indicate that dilution is neceSé

sary in addition to glutaraldehyde fixation to minimize the continued

~action of digitonin.:

A 5 min digitonﬁn treatment followed by dilution was sufficient
to separate grana and stroma lamellae. In another 5 min fixative

dilution eXperiment the fraction that sedimented between 40,000 x g
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and 160;QQO'x'g was separated'for determination of the chloro-
phy]]'e/chlorophy11 b ratio' This fract10n had a ch]orophy]] a/ch]oro-
phyll b rat1o of 5 0 and represented approx1mate1y 5% of the total
‘ ch]orophy]l 1n ‘the 1ncubat1on mixture. No such fraction was obtained
from a contro] in which dlst111ed watervrep]aced digitonjn; This
additional evidence SUpports the evidence fromtelectron microéraphs
E that chloroplast fract10nat1on was achieved w1th a 5 min digitonin
1ncubat1on followed by d11ut1on " The fact that the interconnecting _
stroma lamellae are absent (F]g, 3) again implicates them as the source
oftthe high ch]orophy11 a/ch]orbphy]] b ratio fraction which has been

shown to possess only Photosystem 1 act1v1ty

11, Ch]orqp]ast structure re]ated to ch]orqphy]] a/ch]orophy]] b ratio
In our ear11er work we showed that the Photosystem 1 fraction o
obtainedlfrom spinachtieaf ch]drop]aste by the French pre55ure cell
techn1que represented the stroma 1ame11ae of the 1ntact ch]orop]asts
This fractlon has a high ch]orophy]] a/ch]orophy]] b ratio, and as a
" consequence one would pred1ct a>51mp]e re]at1onsh1p between the:rat1o
of grana and stroma lane1lae and the chlorophle_a/ch]orophy]] b ratio
of intact spinach.eh1orop1asts._ Chloroplasts having a high ch]oroF
phyl1 a/ch]orophyiilb ratio should yie]d”a higher percentage of the
'1 Photosystem 1 fractton; Young spinacn obtained from the field near v
San Francisco fn the month of April 1970 yielded a ch]orop]ast prepara-
tion with a chlorophy11 a/chlorophyll b ratio of 3.2. The yie'id of -
Photosystem 1 fraction from theée ch]oro§1asts following French pres-
sure ce]],treatnent was 26% compared to a yield of 10% trom chloroplasts

having a.ch]orophyl1va/eh1orophy11 b ratio'of 2.6.

r/‘ v
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‘To estab11sh a corre]at1on between the ch]orophy]] a/ch]orophy]] b
ratio and the percentage of stroma lamellae in sp1nach ch]orop]asts,

use was made of the fact that in a young spinach leaf cell division

. within the 1am1na ceases at an ear]y stage of. deve]opment in the tip

reglon but cont1nues for an extended per1od at the base of the leaf/.
Th1s f1nd1ng suggested that the younger chlowoo]asts in the basal

reg1on may have a thher percentage of stroma_]ame]]ae and also a

highek'ch1orophy11 e/chlorophyll'b'ratiovthanvthe leaf as a whole.

: A-yOung leaf was.selected that was. obviously dark green at the
t1p and 11ghter green at the base. The_tekmina1'0.5 cm was removed
and one-half cut 1nto Ti;nmm squares and fiked_for e]éctron mi croscopy.
The other half was~extracted jn 80%'5cetone for chiorophy]] determina-
tions. The basal 0.5 cm. of the leaf was treated in the same manner.

The results of two such exper1ments are shown in Tab]e I. The |
total 1engthsof stroma end grana and grana lamellae were measured on

e]ectron m1crographs of single ch]orop]asts at a magnification of

'42,000x1and the results expressed as a percentage of the tota]r

lamellar 1ength. In the'first:ekperiment,'S ch]ohop]asts‘were

measured’from each of four different leaf pieces‘and the results

analyzed statistically using a t test. In the second experiment,

'_ 7 chloroplasts were measured from a leaf tip and 11 from the base.

Although some variation was evident, the differences between tip and

“base Were'sjgnificant,at the 0.1%<1eve1. This result indicates that

there is a correlation betweenlthe chlorophyl1 a/chlorophyll b ratio
and the percentage of stroma and end grana lamellae in spinach chloro-
plasts. A higher chlorophy11 a/chlorophyll b ratio is significantly

correlated with avgreéter percentage of stroma and end grana lamellae.



. DISCUSSION

~The"resu1ts reported here provide further supbort for our earlier

- observation that digitonin and French pressdre cell treatments produce

similar fractions from’sbinaéh'6h10rop]ast$]. Arntzeh'g&;gl;? showed
that the Photosystem 1 fraction'from digitonin treated spinach chloro-

p]asts”EOntained'bnly_sma11"parti¢1és on freeze fraCtured"faCéé, com-

pared wi th the small and 1arge particles observed by Branton and Park8;

in 1ntact sp1nach ch]orop]asts Sane et al. 1 have also demonstrated

sma]l part1c1es in a s1m11ar u]tracentr1fuce fraction fo]]ow1ng French

- pressure ce]] treatment. Arntzen gg_glL? believe that the chloroplast-

membranes split longitudinally to produce the'émall particle fraction.

Their'cbhtlusion is based on fiked’and sectioned digitonih treated
'sp1nach chloroplasts and their F1gure 6 resemb]es Figure 2 of this

" paper.

' The'experiments reporfed'heredsupport'the'notibn that g1utara1de— '

hyde.fikétion of chloroplast membranes is not rapidly achieved in the
.presence of'O;S% digitonid.'vlf.it were, -then the.images observed id
the 20 and 30'min treatments from the fi*ative addition and fixative
dilution egperiments should be similar. The fact thaf few; if any,
'Vestiges of grand'stacks could be observed after 20 min in the ija-
tfve addition ekperiment, while many grana stacks were observed in
the fixative dilution eXperiment, suggests that the mere addition of
fiXative is not sufficiedt to sfob the action of digitonin. Since
“Arntzen'gg;glL? added g]utdra]dehyde to their reaction mixture after

30 min incubation (our fixative addition procedure), their electron
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".nncrographs probab]y do not ref]ect the true state of the membranes
at that t1me, but an advanced stage of d1g1ton1n treatment. The
dtffereht1a1 centrlfugatlon for the preparat1on of the photochemically
‘ activevfractith'is'beguh afterhappfoximately 30Imin incubation in
digitontn when the_grana'etacks are still intact, as shown by the
fikat{Ve di]utiOn exbekiment .The resulting rapid remo?a] of the
~grana fract1on Ieaves stroma Tamellae which are subsequently precipi-
‘tated as’ the Photosystem 1 fract1on Longer digitonin treatments
‘(60 nnn, F1g 2) show almost comp]ete dissolution of the grana which
is consistent with the blochem1ca] observation that pro]onged incuba-
tion in digitonin followed by d1fferent1a1 centr1rugat1on no longer
separates the two’ photosystems2

Further evidence for the 1mp1ication of stroma lamellae as the
source of’ the Photosystem 1 fractlon is prov1ded by Nehrmeyerg. He
used concentrat1ons of d1glton1n that are 1ouer than the 0. 5/ in 0.3 ug
of ch]orophy]l used for photosystem fractionation. However, his pic-
~ tures clearly show'(Figs.-é,'4 and 5) that the primary action of digi-
“tonin is on the stroma lamellae of spinach chloroplasts. These first

swell, and as the digitonin concentration is increased the stroma

lame1lae finally form round Vesicles'between~the.grana stacke and

~ separate from them.

'Sane'gtggi;} providedvsectioning; freeze fracturing and deep
etching evidence to 1mp1icatevstroma lame1lae and end grana membranes
as the source of the Photosystem 1 fraction produced by the French

pressure cell treatment of spinach chloroplasts. Further support is
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| pronded:frdm'the neasprenents of chToropTasts from'regipns of the
sane'leat having different eh]drOphyll a/ch]orophy]i b ratios. In this
case a h1gher proport1on of stroma 1ame]1ae, and end grana membranes ,
- was present in the h1gh ch]orophy]] a/ch]orophy]] b ratio area of the
leaf. A]so French pressure cel] fractionation of ch]orop]asts from
high ch]orophy]] a/ch]orophy]] b ratio mater1a1 produced a h1gher
y1e1d of Photosystem 1_fract1onr Th1s result may explain the f1nd1ngs
" of Ohki and Takamiyalo,‘who obtained a Photosystem 1 fraction by digi-
-ton1n treatment that represented 40%. of the total ch1orophy1] in the .
reactlon mlxture They used 1so]ated spinach chloroplasts with a
chlorophy1l a/¢h1orophy11 bhratio of 3f0 compared with the ratio of
2.6 to 2'8 of Anderson and Bdardman2 ‘and Arhtzen”et'a] 3 This. chloro-
Ap]ast preparat1on may have had an unusual]y h1gh abundance of stroma
1ame11ae | 7 |
AT these resu]ts are. cons1stent with ‘the 1nterpretat1on sug-
4‘gested by Sane et al ! -that both d1g1ton1n and French pressure cell
treatments of spinach chloroplasts release stroma lamellae as the
APhotOsystem 1 fraction7 | ‘ |
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CTABLE T

RELATIONSHiP.BETWEEN CHLOROPHYLL a/ CHLOROPHYLL b:RATIO AND RELATIVE R

PROPORTIONS OF STROMA AND END GRANA LAMELLAE |

: Resu]ts from two exper1ments on the tip and basa1 reg1ons of a younq

’-sp1nach leaf showing a correlat1on between chlorophy]] a/chlorophyll b

rat1o and stroma and end grana 1ame11ae length percentages, expressed '

as percentages of tota1 ch]orop]ast lamellar 1ength

....... Tip .,  Base
Ratio ch]orophy]] a/ chlorophy]] b 2.7/2.8% . 3.5/3.5
% Stroma lame1lae o ::17.3/946 : 37.8/23.1
% Stroma.and end grana lamellae 33.8/28.1 58.2/44.1

*Values on right of / are from experiment 2.

% differences between tip. and base sig. at 0.1%.
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LEGAL NOTICE -

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: _

A. Makes any warranty .or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

~ resulting from the use of any information, apparatus, method, or
process disclosed in .this report. C .
As used in the above, "person acting on behalf of the Commission”

includes any employee or contractor of the Commission, or employee of

such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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