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CHARACTERIZATION OF CHLOROPLAST PHOTOSYSTEMS 1 AND 2 SEPARATED BY A

NON-DETERGENT METHOD ,

P. V. SANE D. J. GOODCHILD* AND Re B. PARK
Botany Department and Laboratory of Chemical Biodynamics, Lawrence
, Radiation‘Laboratory, University of California, Berkeley, California,

94720 (U.S.A,

| SUMMARY |
Class'II spieach chlerpplasts vere fragmehted.by passage through
the Prench pressure cell (French press), and the.fraéments were
separated'by fractionel.centrifugation; Fragments sedimenting betweenv
1000 x g and 10,000 x g (10K) have a lower chl a/chl b ratio and lower '
P-700 cont:ent than whole chloroplaats.. Fragments 'sedimenting between .
40 ooo X g and 160,000 x g (160K) have a much higher chl a/chl b ratio'
.(6.0) and a-much highervr-700 contenp Q1 P-7OQ/105 ehlorophylls) than
whole.ehierqpiascs. The chlorephyll and cytochrome.eontents of the
Frenehdpress fractions are s;milarA;o thoee foend'in freetions iso~
Ieted.efter digitonin d;sruption. ’ | |
| The 160K fraction performs photosystem 1 but not photosystem 2
| reactibns.. The 10K fraction contaies both photoeystems. Electro-
ﬁhbresie of sodium dodecylsulfate solubilized 10K and 160K fractions

gives further evidence for this distribution of photosystems,

*On.leave from Division of Plant Industry, CSIRO, Canberra, Australia,
‘Abbreviations: chl a, chlorophyll aj chl h, chlorophyll b; DCIP,

_ dichlordphenolindophenol; TCIP, trichlorophenolindophenol; cyt, cytochrome.
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Thin sectioning and freeze fracturing sho&.fhét the 160K fraction
originatesnfrom stroma lamellae.énd the end meeranes of grana s;acks
and éontains only 110A particles. The 10K fractiqh{originates from
the ﬁagtition regionp of grana stacks and'ééntainswboth 110A and 175A
particles. This distribution of particles on_fracfure fa@es of stroma
versus‘g:ana,lamellae 1s shown to exist in freéze £ractured clafs 1
chloroplasts.

_Thesé data éemonsc:gte that both d;gitOninvanQ French press treat=
méaté of,ghloropiasts 1nitiaily break stroma 1aﬁellge and end membranes

_ to yield_émall_vesiglep;which contain only pho:qéystem 1.

INTRODUCTION
© In 1968 the Miéhels reborted ﬁhat,thé':wo:pﬁdtOCEemical systems

" of épinééh’éhlbidplaéts cbuld $e'pa;§i§lly sebara#ed'bnva density
gtadiént fdllowing éhloropl#ét 5rea§hge in a‘Ffench pfessure celll..

" They obtéihed'ah'Eniichmeét of phbtqsysteﬁ 1 1§ the light fractibﬁ and
avsma117eprichment of photosystem 2 in a heaviér.fraction with éorres-

: chl a/chl b ratios.
ponding high and low . /7

/

The phoﬁocﬁemical activities of
these fractions have been further charaétefized;BQ'Mnrété and-Brownz.
Initiéliy we had‘difficulty tepea;ing thege experiments, and our light
fracﬁiop yieided chl a/chl b ratios only slightly higher than whble
chloréﬁlaéts. A recent publication by Jacobi3 indicated ;hat separa-
tion of fractions with high chl a/chl b ratio from aonitally treated

chloroplasts was possible only with very:short sonication times. Longer

sbnication_times obscured this fraction with material of much lower

~
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ratio, ‘Wé:feasoned that a siﬁilar effect might occur with our French
_ press tféaféd éhiéroﬁiaété and suBsequehfly de§eiopéa a relétively mild
Ftenéh’p¥é9s treatment followed by fréc;ional céﬁtrifdgaﬁidn. These
fractioﬁb'éfé highly active in the light reactions and, éontrasted_with
ffactio@é prepared by detergent treatment, arevparticuiarlﬁ suited for
sfudies'on the’relationship of the Iight reacti@hs to the original
thylakoid structure, | |

© In this pépér‘we’repOrt the chemidal,‘photochemical and ultra-
- structural.charactefization of fractions céﬁtrif@gaily separated from
a'French:p}ess homégenate;\NThe fraction sedimenting at high g values
has a highﬁP-700 cbntéht and high photosystem lvacfivity. The more
tapidly‘éédimenting fraction has high photosystem 2‘activ1t§, reduced
ﬁhofobyétéﬁ 1 aetivity and feduced P-700‘content. The yields of chloro-
ﬁhyll; chl a/chl b ratios,vchlérophyil difference specéfa, cytochfome
contents and photdcﬁeﬁicai activities of fractions‘seﬁéfated b§ our
physical_téchniques are very similar to the reSulﬁs obtained with the‘
chemicaljtechnique qf digitonin extractionéas. That digitonin extraction
and‘French press breakage are réleasing the same fraction with high
chl a/chl b ratio is indicated by extracting the French press heavy
‘ fracfion”wifh digitonin, This extract ylelds only‘small amounts of
éﬁotosystem 1 matefial. We have found that the principal effect of -
French press treatment on class II chloroplasts is to break stroma
lamgllaé;connecting grana stacks, The releaséd grana stacks constitute
the r#pidly.sgdimenting.fractions which contain all the photosystem 2 and

some photoéystem 1 activity, The stroma lamellae connecting the stacks ’

N
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and some pf»ﬁhe single membranes which terminate thé.grana stacks (end
membranes)ﬁyield vesicles exclusively photosystem 1 in character. We

vconclude_fﬁat ndn appressed membranes (stromavlémei;ae and end membranes
of graﬁé.s:aéké)'in spinach cﬁlofbplasté“are btimarily photosysfem 1
membfanes,gwhile-the appressed membrane régions'(paftitioﬁs) of ghe

‘grana stacks contain both photosystems, As a cohséqﬁence,'the thyla=-
koid.sysfem is completeiy'surtdunded by'photosystem 1, Furthef,'fteeze
fractdring éhows ‘that the photosystem 1 membranes contain only 110 A
particlea, whereas the partitions with both photochemical activities_
contain both 175 A and 110 A particles. e
MATERIALS AND METHODS

‘iPreparétion of French press fractions

Commercially obtained spinach leaves (150 g) were homogenized

- 30 sec in a ‘Waring Blendor containing 250 ml of 0,05 M K(Poa) pH 7. 4
0;01 M KCl, 0.5.M sucrose. The slurry was passed‘chrough 8 layers of
cheesecloth and centrifﬁgéd for 5 min at 200 x,g. _Thé'precipita;e was
diecardg& and the supernatant was centrifuged.A: 1000 x g for 15 min.
This crude chloroﬁlast precipitate was resuspended in 20 ml of 0.15 M'_”
'kC1, 0,05 M K(PO,) pH 7.4, and consisted‘predominantly'of class II
plastids, The preparation of class II plastids was then passed once
through an Aminco French pressure'cell at 1560 lblinzvat approximately
.20 ml/min, Further passes through the celilgave only slight increasé#

. in yieldg of the high g fractions. With our prgas;B passes at 12,500 1bs
(the Carnegie technique)1 never yielded high'g.fractions with a

~chl a/chl b ratio greater than 3.5. The French press homogenate (FP)
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f was then frectionally separated by centrifugation at 1000 x.g 10'min,"
10,000 x g 30 min, 40,000 x g 30 min, 160 000 x - g 60 min (designated
1K, 10K, 40K, and 160K fractions), The resulting precipitates were
resuepended'in 0,05 M K(POA) pH 7.4, 0,01 M KCl. 'Less than 2% of the
total chlorophyll remained in the 160, 000 X g supernatant after this
treatment. | .

Chl a and chl b were determined using the spectrophotometric method
of Arnon . P=700 was determined by the ferricyanide method of Yamamoto
and-Vernon7 NADP reductase and purified ferredoxin were prepared fol-

8 and Tagawa and Arnong. Plastocyanin ,‘

was purified by the procedure of Katoh et al.lo. Photosystem 1 reduction

lowing ‘the methods of Shin et al,

of NADP from Na isoascorbate was followed spectrophotometrically in the

apparatus described by Sauer and Biggi_ns11

vusing the reaction mixture
of'Anderson‘and Boardmnnai exeept thatrtricine,(0¢L M) was used as
buffer; VOptimum amounts of ferredoxin, plastoeyenin and NADP reductase
vere added to the reaction‘mixture. Photosystemd2 activity was followed
spectrophotometricellp using water as reductant ‘and DCIP as oxidant in
: the‘preaence of methylamine_as described by Sauer and'Parklzr The
extinctionbcoefficients for DCIP according to Armstrongwere used to
calculete DCIP reduetion rates at various pH 1eve1913. Cytochrbmee
were quantitatively determined at room tempereture using difference
spectra of unextracted materiel following the methods of Boardman and
Andersons. Manganese was determined'by standard digestion and atomic
abaorption techniques, Electrophoresis of sodium dodecylsulfate (SDS)

solubilized lamellae was conducted according to the method described

by Clarkla. The electrolyte was modified to contain 0.2% SDS,
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ElectrdﬁvmicrOSCOpe methods

Fraétions were resuspended in buffer‘containing 3% glutaraldehyde,
Each fracfién was cdmpletely pelleted in a 1‘m1 ¢én::ifuge tubevin a
_microéeﬁffifuge or in adaptors in the swinging.bucket rotor of a Servall
centrifuge so that é 0.5 mm thick pellet was formed, The total time for
fixation'aﬁdwpelieting was 1 hr, The pellet§ véfé_fhen washed 4 times
| by replacing the fluid above each with 0,025 M_phdsphate buffer (pH 7.2)
and were ﬁost—fixed in 2% osmium tetroxide in the phosphate buffer,
These'procedures were carried out at 0°C. After fhfther wasﬁing'in
cold-buffef, pellets were dehydrated in ethaﬁol and propyleﬁé oxide
at room.#emberature. The end of the cnetrifugeifubé was then cut off
and the pe;let extruded and eﬁbedded in epon, 1E§fﬁsectioning the epon
”embeddgd pellets were oriented aﬂd trimmed so that each seétidn con-
tained a raﬁge of matériai f:om thé fop to thé bot;om of the peliet.
Sectionq were stained with sgturated'uranyi éce:até in 50% ethanol for
Z‘ﬁr deIowed By Fiske'sls4léad c1trate for 20 min before examination in
a Siéhéns"ELmiSkop 1A electron micfoscopé: Fré;ge fracturing and deep
et'.chin'g; of the fractions were carried out a's dvescribed by Park and
?feifhofef16. Class I chloroflasﬁs for freeze fracturing were prepared
by théAmethod of Jensen and Basshaml’,. o ‘
BIOCHEMICAL RESULTS

In our initial experiments we p:epared theiFrenéh press homogenate
as described under METHODS and separéted it into fractions using a dis- |
continuous sucrose density gradient as a modification of the Carnegie

prdcedure. Further experiments showed that the fractions were separating

on the basis of size rather than density, Therefore wezreplaced sucrose

~
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deﬁéitf'graQients with fractional centfifugationtas a separation pro-
cedure.'.Thé absence.of'sucrose in fhese fréctionf was a gréat'advantage
for_the.sﬁsseqhent analygses and ultraétructurﬁl‘studiés.' The characteristics
of fragtiOns aebarated'by fractional centrifugagidh a;e'31Vén in Table I.

Thé sﬁ$l1 fragﬁents; while depleted in Mg‘éfe éfeatly enriched in
chl a ahd»P-700'éompared with the starting material. There is a corres=
ponding:ehfichment df Mn and depletion of chl avaﬁva-700 in the 1K and
'10K'fra£tion. 'Thesé data sﬁggest a.separation‘of ﬁhe two photosystems

has occurred, More evidence for such a separation is presented in

Table'II;-;There is an immediate decrease in botﬁ photochemical activi- SO

" ties upoﬁ'passage through the French press. waévef, the remaining
activities demonstrate stabilities with time éqmparable to those of the
Joriginal*éhloroplast material. 'The 160K'fragﬁ;n:s_afe twice as active
in phoﬁosy;tem 1 activity as the starting matefiéi'(FP). 'Thef possess
no detecﬁable'phdtosystem 2 aéfivity, whereas the 1K and 10K fractions
are en;iqhéd in phoﬁoéyétem 2 activity but are'slightly depleted in

| photosystem 1 activity. The data iﬁ Tables I*@nd‘iI indicate that the
160K-fra§t16n,ia relatiVely pure photosystém 1; .fhe 1K and 10K fractionms,
on thé‘other hand, contain both photosystems though they are relatively
* enriched in photosystem 2 and depleted in photosystem 1 compared with
.the starﬁing ﬁomogehate. ‘Further evidence for this distribution of the
two photosystme§ was obtained by-electrophoretic separation of the frac-
tions following solubilization in SDS, The 166K fraction yielded pre~
dominantly-'l‘hornberh18 complex 1 with é chl a/cﬁl b ratio of 8,-while

the 10K fraction yielded both complexes 1 and 2,

¥
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~ Total cyt b io the 160K_fraction is ohly-352 that of the starting
' ﬁaterial'on a chloroohyll basis.. The residual cft b in this fraction
-gave a difference.spectruﬁ'peak at,563 nm indioating it 4s primarily
cyt b6.' The eyt b content of the 1K and 10K fractions,on the other
hand, does not differ greatly from the FP fraction and consists of both
cyt b6 and cyt 559 in about equal_proportions._ Our_data does not show
marked variatiooa of‘th f abhndahce'to_ehioroph§11 between the various
vfraétiooeki. | |

" The solid line in Figure 1 1s a difference spectrum of the 160K
fraction minueltheblox fraction with tﬁe:absorbancesquualized at 678 nm
with‘ayralue’of 1.65. The ﬁain features of this spectrum are the peak
at 688 nm and the trough at 650 nm, This againdindicates the relatire
denrichment of long wavelength absorption in the lGOK fraction. Most
remarkable ‘is the extraordinary similarity between these data and those
published‘by‘Anderson and Boardman“, in which they giVe the difference
.spectrum of their 144,000 x g fraction minus their 10, 000 x g fraction.
The Andersoo-Boardman data is plotted on Figure l as a dashed line. o
Since they did not glve the absorbance of the suspensions on which the
difference'spectra were performed, these two curves are comparable only
in'ehaoe,'not in magnitude, - |

'fhough a nqmter of similarities exist beteeen our French press
"data,and those of Andersoo and'Boardmao, the qdestion remains, is the
sodrce of photosystem 1 materiallidentioal for both treatments?
If the same source'proyidee the photoSystem 1 material in both

treatments, we would predict that avFrench preSS'fraetioo depleted in

photoeystem 1 (IOK)'would not yield appreciable‘additional photosystem 1

~
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material upon digitonin extraction., If different sources provide the
photosysten.l'naterial isolated in the 2 treatments,vdigitonin extraction
',of the French press 10K fraction would be expected to yield a photosys- |
tem 1 frsction correSponding to about 10% of the ohlorophyll initially
present., This expectation is based on our observation that 30 min
'1ncubation of whole:chloroplasts with O.SZ-digitontn yielded an auerage
of 10 of the chlorophyll in photosystem‘l fraCtions with a high
chl a/chl b ratio. To‘teat these two poSsibilities;the 10K fraction
from an FP homogenate was resuspended in the standard buffer for French
' presa'treatment and passed once more through the French press. This_
material was centringed at 10 000 x g for 30 min, The supernatant con-
. tained 3% of the chlorophyllwit? 8chl a/chl b ratio of 4, The resulting
precipitate (10K FP2) was used for digitonin extraction. The datayin |
Table 1v show that digitonin treatment of the IOK FPZ fraction yields
only 0. 62 of the starting material as a photosystem 1 fraction. The
inabilityhof digitonin treatment of the French,press 10K fraction to
remove apprec1Ab1e’photosystem 1 material in addition to that already |
removed'by_the.French press supports our initial hypothesis--namely, the
.source of photosystem 1 is the same for both treatments.

' -'ULTRASTRUCTURAL RESULTS AND INTERPRETATION

. Thin sections of the class II,spinach'chloroplast preparation before
and after passage through the French press are compared.in'Figures 2 and "
3. In Figure 2 the grana stacks within the class II chloroplasts are
1nterconnected by a network of stroma lamellae. After French press
treatment most of the grana stacks are intact, Howe&er, the network of

stroma.lanellae has been destroyed to yield various sized vesicles, Some
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of these'vesicles'may also have originated from;one of the single mem=
branes which terminate a grana stack. we‘shall_call auch terminal
single membranes end membranes. | |

Thin sections of the 10K and 160K fractions from the FP homogenate

‘are cOmpared in Figures 4 and 5. The 10K fraction consists primarily
‘of grana atacks while ‘the 160K fraction. consists primarily of small
vesicles. The vesicles of the 160K fraction are often collapsed

(Fig. Sb) yielding small fragments with regionaﬂhaving the appearance
of a partition. We.believe these are not-fragmented'partitions but are
'cbllapSed vesicles, , for the following reasonst»il)»ihe.vesicles were
pelletedlat'16Q,OOO x g,'which might be eapected'tovflatten them,

2) As'-'v“liill be evident from Figures 6 and 8, th.e':v. do not containﬁ the
large 175 A particles associated with the Spinach grana partitiona.

Freeze fractured ‘and deep etched preparations of the 10K and 160K fractions -
are compared in Figures 6 and 7. Both fractions were resuspended in
water to allow deep etching; This'treatment canses'some unfolding of
.the_granaﬁas seen in Figure 6. Nomenclature:forfthe fracture faces
and,membrane surfaces used here is that given inzthe ‘model presented
in Figure l.of reference 16, The 10K fraction contains both large
(175 A) and amall (110 A) particles on B and C fracture faces

~ respectively, whereas the 160K fraction possesses only 110 A particlea
. on its fracture planes, Both A' and D surfaces are seen in.the'deep
etched'regione of the 10K fraction, wnereas only A' surfaces are seen.
4n the 160K fraction, 'Finally;‘Figure 8 shows that two kinds of
particles exist on B fracture faces in class I chloroplasts. In.class I

chloroplasts the 1arge_(175-A) B face particle exists only in the
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partition regipn of grana stacks, As the B fracture face extends into
a’stfdh; 1amellé or on to an end membrane, only small 110 A particles
are’sééﬁ;  In Figure 8a two typical B fracture faces in a grana stack
are connected by a stroma léﬁalla which has‘onlyfsmall particles. In
Fighfe.ébﬁthe”foldihg of an end membrane to forﬁza typical partition
regibﬁ is“éVfdent.},Ouf eaglier 6bservationsl6_sﬁdwgd ;hat 175 A particles
. can égisf'in single membranes, H&wever, thesé obaefvatidns were hade
on'vatef‘wéshed material to be used for deep etching. Apparently
-.exténsivé unfolding of grana stacks in low salt produced the single
membrane regions Qith 175 A éarticles. In mature class I spinach chloro-
plasts the 175 A particles appeat4to:be restricted_td thé paftitibn
iegiéna » | -

| .‘Sin¢é the 160 K membrane vesicles confain only 110 AvpartfclebApn
théir‘fraéture.planee, we conciudéd they muét ﬁave origiﬁatéd from
Qtroma lamellae and end membranés. That che'iGOvaractioh did nét:
ofigiﬁéte'frbm fragmeﬂtatioﬁ of the pértitions-is‘based on the followihg
: observafions: - the 160K fraction contains only small 110 A particles

on the ffacture faces and no D surfaces, If wﬁole grana were being
fragmgntéd,-small vesicles containing both pafticle gizes and D surfaces
would be obtained. This prediction was verified by suspehding_the 10K
»grana‘fraétion in water, passing it through the French press once more
and isolating a 160K fraction. When observed'b& freeze fracturing |
this ffacfioh contained the expected abundance of large and smail particle
fac;s. ‘It,could be argued that if‘ﬁhole gfana are not being fragmented

to yield the small vesicles of the 160K fraction, perhaps just the small

.

~
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particle layer ia:being stripped from the grana stacks. We believe this
is not the case for two reasons. First, we fail'to,see how mild shearing
forces whicn leave grana stacks intact in.an aqueons environment would
bring abont such aplitting. Second, such splitting‘wonld give rise to
another popnlation of large 175 A particle vesicies‘whichpcame from the
other'sidecof the memnrane. ‘No such population is-observed_

It 1s our conclusion that in mature class I spinach chloroplasts,
stroma’ 1ame11ae and end membranes are unique and contain only 110 A .
‘_particles, whereas the partitions in ‘the grana contain both the 175 A
and 110”Avpartic1es. We further conclude that»the 160K fraction from
the FP homogenate consists of stroma lamellae vesicles with some end
membranes. These vesicles have only system 1 activity, high chl a/chl b
ratioa, and high P-700 content. The 10K fraction consists primarily of
partitions and’ has both light reactions and both kinds of particles.
DISCUSSION | | o

“The similarity of our French press fractions to those prepared by

digitonin'extraction 1s most striking. A comparison of our results with

Boardman and Anderson's data is given in Table V. ‘Digitonin solubilizes
‘almost 112 of the total chlorophyll into a 144K supernatant fraction,
:whereas tne corresponding fraction fromethe French press material neveré"
exceeds 2%. Also, the chl a/chl b ratio of the digitonin material is

E lower tnan corresponding-fractions from the French press, Tnese_dif-
ferences can be explained when the methods of breakagexby the two

| methods are compared. It.is our contention that snearing forces in the
French press release vesicles from those stroma lamellae and swollen |

end membranes vhich extend over a sufficient shear gradient. Small

N
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stroma 1ane11ae and unswollen end membranes would not be released
'readily by_the French press. Digitonin would be expected to attack all
 stroma lamellae and end membranes equally, as well as starting to
soluhiliZe’thebgrana lamellae; Such solubilitation 1s indicated
particularly by the low chl a/ehl_b'ratiovof the’léh,ooo X g super—
natant fromvdigitonin extraction, fhis'node of~action would explain
both the inCreaeed’yield and lower chl a/chl b ratios obtained by the
digitonin method compared with the French press - method
| The cyt b ‘content of the 160K French press fragment is inter-
mediate between the digitonin fragments prepared by standard and |
dilution techniques. The P-700 content of the FP fraction isvsimilar
to the‘digitonin fractions'encept for increased'P-760.in the French press
160Kﬂfraction19' In the final analysis. e are much more impreseed by
the similarities than the differences in the above data, '

 An ultrastructural ‘comparison between the French press and digi—
tonin fractions is nore.difficult to make becaueeidigitonin does not
preserve~the'norphological relationships in the grana fraction nearly so
well ae‘the FP preparationi The published sectioned material by'Murahamizo,
'and Arntzen'et al.21 both show that the high chl'a/chl b fraction con=-
tains small vesicles while the low chl a/chl b fraction contains inter-
connected thylakoids which have been highly modified by the presence of
i digitonin andvhave no readily apparent relationship to intact thylakoids.
Our evidence for the similarity of French press and digitonin actiOn,
'preeented in Tahles IV and V and in Figure 1, etrongly snggests that

the modified thylakoids in the rapidly precipitated digitonin fractions

also originated from grana regions.
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Are the fractions obtained from the French press and digitonin
treatment of spinach thvlakoids prOperly termed particles? With the
possible exception of the digitoninvl44K supernatant, the answer |
appears‘to be an émphatic'no. Both treatments yield an assortment of
membrane fragments usually appearing in vesicle form. Thesevvesicies
demonstrate a complete range of sizes from modified grana stacks to very
'small fragments of the single membranes making'up stroma lameilae.

This range'of fragment asizesbprecludes'the name'particle;.which
implies;agfixed size, for alllfractions with the'possible ekceptiOn of
‘the veryvsmaII fragments in the 144K supernatant from digitonin
extractions. | ” .

Freeze fracturing data also support = our view of ‘thylakoid breakage.
We have shown that stroma lamellae and the end membranes appear to
- possess only the 110 A particles while both the 110 A and 175 A par—
ticles are found on the fracture faces of partitions in grana stacks.
Thus, the 160K fraction which contains only 110 A particles and no D
‘surfaces is presumed to come only from stroma lamellae and end mem~
branes, while the 10K fraction with both types of particles and with
D surfaces is presumed to come from grana stacks. Though it is
tempting to'immediately associate 110 A particles with photoSystem 1
.mhich occurs in both membrane systems and the 175 A particle with
photosystem 2 which occurs only in theﬁgrana. other interpretations
are possihle. In particular, we do not know whether such Iarge'par-
ticies might result from purely physical factors in appressed membranes

and might have'nothing to do with either photosystem, Freeze fracturing '

)
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of digitonin fractions by:Arntzen‘ESQELL?I also ehowsthat the small
‘ photoeystemll fragments'contain only small particlee. They have stated
that their71arge fragment fraction contains a preponderance of large
narticiee;ithough the areas of large and small particles appear to '
be about equal in their report. All freeze fracturing of detergent
treated,membranes is subject.to the criticiem tnat:the hydrophobic
.regions'of the;membrnne”nave been greatly modified and that corres~=
-ponding”cnanges in fracture faces might be expected. ' |
Anderson and Boardmen interpreted digitonin action on thylakoids
ae solubilizatiOn of external particles from a membtane system‘.
Arntzen et a1 21 have interpreted the action of digitonin primarily
| as splitting along membrane hydrophobic regionS'in a way analagous to
thatdéhich occurs during'freeze fracturing. Though ‘such processes may
, become operative during advanced stages of digitonin solubilization of
thylakoids, our data-supportn a different mechanism. That this
mechanism is equally applicable to digitonin and French press frac-
tionation is supported by the great chemical and enzymntic similaritiee
::of fractions obtained by the two processes, The mechanism of fractiona-
‘tion for‘the French press material appears to oe aelective breakage and
’removai of stroma lamellae and some'end'membranes.from the grana;
' :These membranes are primarily photosystem 1 in character., The
E residual grana with their partitiOn regions contain both photosystems
1 and 2 Digitonin fractionation as performed by Wessels22 Anderson‘
andeoardmana. and Huzisige 55_31&?3, in our view, does not invo}Ve
removal,of,photosystem 1 from a'closelﬁ associated photosystem 2 by

selective solubilization., It involves instead the selective breakage

~
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of stroma lamellae and end membranes to yield a:photopystem 1 vesicle
frection.f The lower g digitonin fractions'arevgrans derived andvcon-
tain’both.photosystems'l and 2, probably in close physical association.
Huzisige_snd his coworkers23 have shown that these heavier fractions
‘can be treated'with Triton X~100 to yield a fraction enriched in photo-
_s&sten 2:activity.‘ However,.the relatively‘highVChl a/chl b rstio'(z.O)
of this fraction suggests that selective destruction of photosystem l |
may be involved as well as enrichment of photosystem 2

- The model we have proposed for the distribution of photosysteusl
and 2 in spinach chloroplasts yields a number of predictions concerning
the relationships of the two systems. Some of these are supported by
our data and some are still untested experimentally. These predictions
and the evidence suppotting them are as follows. |

'l; - There are two kinds of photosystem 1 in spinach chloroplasts.
One of these, in grana regions; exists in close association with photo-
systeanQ, The second type exists in stroma 1amellae and 1s not in close
physical association with photosystem 2, Evidence for the two kinds of
.photosystem 1 in this study 1s obtained from the relative.P-?OO con~-
tents of»vhole chloroplasts as compared with the 160K and 10K fractions,
Whole spinach chloroplasts contain 1 P-700/425lchlorophylls. Quantum )
yieli'neasurements on the two photosystems by'Saner and Park!2? and by
Relly and Sauer? show that the chlorophyll of whole chloroplasts‘is
about‘eQually.distributed between the two photosystems. On thie basis,
the'aversge ratio of P-700 to photosystem 1 ehlorophylls in whole chloroplasts

would be l‘P-700/212 chlorophylls, However, the 160K fraction which accounts
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- for 10% of the toﬁal chlorophyll (20% ofithé pﬁotdaystem 1 chlorophﬁll)
* contains 1 P-700/105 chlorophylls, The remaining 80% of photosystem 1
in thé graga fraction 1s»re1at1vely’dep1eted in P-700 and.both by cal-
éulatidﬁ;and observation coﬁfaine about 1 P-700/300‘ch10rophylls; Our
evidence dﬁ P=700 distribution supports the notion”th#t the two kinds
of ﬁhoﬁbsyétem 1 have very different unit sizes. The unit ﬁithiﬁ the
gfaha‘hés:2;5A3r£iﬁes’moré chlorophyll per P-700 tfabping site than the
corresponding unit ;n-the'étroma lamellae, This 1s barticularly
intéreqting sinée the light intensity in the Bﬁfomé régiong will be
-higﬂef'than that in the grana stack.and there appears to be a corres-
ponding decrease in unit size.
2.._If the photosystem l.sites in.stroma lamellae and end membranes

aréfinvdlved in electron transport as well as photosynthetic phosphory-
lgtion;'they much be connected via aAdiffueioﬁ pathway to photosystem 2
1n‘the.grana stacks, Though no direct evidence for.diffusiOn carriers
exists, the feasibility of such a path can be éﬁdéidered. In spinach
a diffusiéh paéh ffom a'grﬁnum to the extremities of a stroma lamella _
pxoﬁably doesn't exceed 2 ﬁicrons. If one assuméé theAcarrier has a
diffusion"coefficienc of about 1075 em?/sec (within a factor of 2 for
',most'gﬁali molecules and ions), the time for the concentration at
2 microns from the graﬁum to becpmerlle or 37% the value at the origin
can be calculated from.the relationbxz = 4Dt, whete.xe 18 the disﬁance
traveled, D is the diffusion coefficlent, and t is the time in seconds.
This time is 10~3 sec, a value witﬁin'the measured dark reactions times

for some'photosynthetic electron tranaport reaction824s25.' Thus, the

)
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existence of such a path is poesible though no direct evidence exists
1 ! . .
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~ for i; atlﬁresent.

' Whgt' f&oefs the model elxplain besides the digitonin data? It indi- |
eates‘why excessive breakage by sonication willlcentaminate eh initially
- released fraction with high chl a/chl b ratio vith material of a lower
racie; "Ceﬁtinue& sonication will break graea ee7weil‘es stroma lamellae.
Jacobi’has'elfeady offered this interpretation_te:explain his data3,

It:ieeeompetible ﬁith the eBserVation of Weif;>S;ocking and:.
ShumWay26 fﬁat iight dependentitetrazolium reduefien by.chlogoplasts
epﬁeats'ﬁq oceuf‘only.in partition regions. It'ie also consistent with j
the eytelbéiCal'end’biophyeical obserVatioﬁ‘ﬁhaf'meet chloro?ﬁyll fluoree—
cehee in chleroplasts.ef 20°C originates from the grane regioes aﬁd is
emitted by photosystem 227 =29 "Tﬁis would be expected if photosystem 2
1s restricted to grana regions as we have found; :The‘exﬁent.to.whieh
fluoreseehee is enhanced by chloroﬁhylleaesocieted with partitiens
.;ersus»non'eppressed membranes is a topic forvfetnre 1n¢eetigafion.

The model is also consistent with association of the Catt dependent
ATPase with the high g digitonin fractions2l, |

The preparation of non detergent treated ftactions of grana or
stromailamellae allows a new aéproach to eertain other problems. Pri-ejd
metf among these_is an investigation of the_origie and significance of_
‘grana, . A comparison of tﬁe lipids and p;oteins in these fractions
should give an indication of the factors which,ere‘important in

infiuencing partition formation. These fractions should also be useful

for 1ow;ang1e X-ray diffraction studies since the fraction contaiﬁing
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~ only the émaller partiéies'can'béchmpéféd with tﬁe frécfion con-
~ taining both sizes. | | |

.We_ha§é not‘coﬁsidered in>det§il the rela;idnship of our déta to
,detergeﬁt>déﬁalother“than the digitonin e#périmenﬁs; 'We'adficiﬁaté that
the-e#teﬁsive work by Vefnon gg.glL30, Briantais3l.and others on Triton
X-100 fractionation is probably related to the Rindé Qf_bfeakage Qe have
: »observed.here; but at pfesénﬁ we have no data eithér'for or against such
. é reiationship. In conclusion, non detergent chyiakoid breakage by the
French press giveg us féactions similar to those bbtained by digitoqin
| breakage, but with the added advantage that théy can be ultrastructurally
related tb the intact thyiékoid system, | -
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TABLE I~ ':
:, DISTRIBUTION OF CHLOROPHYLLS P-700 AND MANGANESE IN FRENCH PRESS
AFRACTIONS .
VCIass II chloroplasts were passed through the French press at
1, 500 lb/in and separated into fractions by differential centri-

fugation.'*Chlorophylls; P-700 and manganese'were‘determined as described

-in METHODS.

Fraction . Chl a/b % Chl Chl/P-700 - Chl/Mn
FP 2.9 100 423 136
IKHIOK - 2.4 67,1 650 127
4K 3,0 23,7 253 .
160K 6,0 1.4 105% 845
160K super- 4.7 1.8 = EE

natant : '

* Thevtangé_of values observed for this fraction were 100-130,



_ TABLE'iI

©-23-

PHOTOCHEMICAL ACTIVITIES OF FRACTIONS SEPARATED BY DIFFERENTIAL

CENTRIFUGATION OF A FRENCH PRESS HOMDGENATE

Reaction‘mixtures and conditions for photochemical assays are

described in METHODS,

- Fraction

uMoles reduced/mg chl per h

'DCIP. (pH 7.0)

NADP+ (pH 7. 4)

”Originai ¢hiotop1asts
FP homogeﬁate |
TS
10K
40K

160K S

174
52
100
74

172

87

62

_—

87
169

£



TABLE 11T _
VCYTOCHROMES IN FRACTIONS SEPARATED BY DIFFERENTIAL CENTRIFUCATION
OF A FRENCH PRESS HOMOGENATE

Cytochromes were determined by difference spectra as described by

Boardman and Andersons.

f:aetion R Chl/totei cyt b> Chl/cyt f
R | o109 10
: 1‘x’(' R 160 P |635
T 113# 575
4R 18 a5
: 1601(-’ ST 2sem 530
106K supernatant o | No detectable cytochromes _

* 10K ffnetien relatively enriched in °Yt559 |

a 160K”£faction relatively enriched in’cytyys -



-25-~
TABLE IV
DIGI‘I‘ONIN FRACTIONATION OF 10K FP2 FRACTION ACCORDING '1‘0 ANDERSON
AND BOARDMAN® PROCEDURE | |
10K FPZ fraction was prepared by passing the 10K fraction through
_the Ftench press at 1,500 1b/in and collecting a fraction sedi-

menting at 10,000 x 8s 30 min.

Fraction Chl a/chl b Percent chl
0k 2,2 98,3
50K - 2.8 1

50K aupernatant . . 5.0 - 0.6

............................................................




TABLE V , |
‘COHPARISON OF ANDERSON BOARDMAN4'5 DATA ON DIGITONIN FRACTIONS (IN BRACKETS) AND DAIA ON

| FRENCH PRESS FRACTIONS FROM THIS PAPER - R s
Activities given in pmoles of NADP reduced/mg chl/hr (photosystem 1) or‘pmbles DCPIP reduced/mg |

‘ chl/hr (photosyatem 2), Comparison of 160K (144K) -10K difference ‘spectra, 13 given 1n Figure 1.

Chemical or enzymatic property

Photoszatem 1l Photosystem 2 Chl a + chl b ~eytb

Fgeet;on I."thla/chl_b_“Percent chl ASC - NADP+ DCIP | TC;P eyt b ' "vcyg.f'l..
Starting 2.9 (2.8) 100 (100) . 87 (18) 52 (81) 100 (118) - 4.7 (3.6)
material _ v ' S | o | ‘ ' .
KX - - @A) - (9.0) 62 () 1.0 @9 - - - - T
10K e (2.3) - (46.2) 75 - (7)Y 74  (61) 113 (120) 5.1 (6,1) |
SOK (40K) - 3.0 (4.4)  23.7 (12.3) - 81 (70) - @ - - e e
160K (164K) 6,0 (5.3) 7.6 (1L.7) 169  (123) 0  (0) - 286 (390) 1.9 (2.3)

160KS (1441(8) 4.7 (308) . 108 (1008) ' f.'-, ', (103) . - (0) - . L] - '-". N
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FIGURE LEGENDS , |
Fig;‘l; ,Solidzlioefis a diffefence spectrum of;16ok'fraction,minue
10K ftactioh with absorbances equalized at 678 no;.'bashed line is a
difference specttum of 144 000 x g minus 10,000 x g digitonin fractions

from data of Anderson and Boardman“.

Fig, 2. Portion of a class II-chloroplast-beforevFrench press treat-
ment showing grana stacks (G) and interconnecting stroma lamellae (St).

X 80,000,

Fig. 3. Fraction after French press treatment showing grana stacks (G) -
and vesicles (V). Note absence of 1nterconnecting»atroma lamellae.,

X 66,000,

Fig, 4. ‘Sections‘through IOK fraction: . ‘
(a) Section showing remnants of grana (G) and large vesicles
.with partitions. X 70 000. | | | | o
(b) An example of a granum after passage through the French
press in which one end membrane (Em) is swollen and the other 1s absent.

X.132,000,

Fig. 5. Sections through 160K fractiont:
(a) Section showing predominance of vesicles of various sizes.
X 70,000,

- (b) Flattened vesicle with partition-type region (P). X 140,000.

Fig. 6, 'Freeze-fractured and deep-etched 10K fraction showing A' and
D surfaces and B and C faces. X 64,000, B .

(ditection of shadow -—; )
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Fig. 7,‘{Preeze-fracturgd and deep-etched:160Kufr;étion:
| 7 (;) Freeze fracture facevof vesicle sﬁoﬁiﬁg only 110 A
-barticies; _x:70,000. |
, _:(b) Freezeiftactuted ﬁnd deep~etched vesicle showing only
'Aé 110'A_garti§1es_and‘A type surfaces, X 70,600,,'*

(direction of shadow == )

| Fig. 8." Ffeeze-fractured Jenaen and\Bassham17:ty§é chloroplasts:

_:.(é) F:dcﬁnre face sﬁowing 110 A aﬁd”iZSaA parcic1es on the
same B‘face.v The 175 A particlea appear'onli'ih‘paftition regions while
thevllofgiéarticles éppeét on a'typicgl 1n:etc§nn¢¢ting‘stroma'lamella .
(st) andiend.membranes (Em), X 110,000, o |

; | vg(ﬁ) Eqd membrane (Em) cohtinﬁous with_a §§roma lamella (St)
and with partition B face. X 110,000, o

{direction of shadow =3 )
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Fig. 4(b)
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Fig. 5 (a) (b)
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Fig. 7 {a)

Fig. 7 (b)
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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.

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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