Lawrence Berkeley National Laboratory
Recent Work

Title
CHLOROPLAST STRUCTURE

Permalink
https://escholarship.org/uc/item/9659r5vn

Author
Park, Roderic B.

Publication Date
1965-11-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9659r5vn
https://escholarship.org
http://www.cdlib.org/

UCRL-16531

University of California

Ernest O. Lawrence
Radiation Laboratory

CHLOROPLAST STRUCTURE

~ A
TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.

For a personal retention copy, call

Tech. Info. Division, Ext. 5545

\_ J




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or‘any agency thereof or the Regents of the
University of California. ’

o=F



UCRL-16531

UNIVERSITY OF CALIFORNIA ' ;

Lawrence Radiation Laboratory
- Berkeley, California

e
= R
kT

AEC Contract No. W-7405-eng-48

CHLOROPLAST STRUCTURE
Roderic B. Park

‘November 1965 _

v
v
_ et
,/,! o
(‘\l"; e
LI TR
‘Y\.; i
s



-4-

11 ‘The Chloroplast as a Complete let@synthetic Systenm

-There is abundant evidence that the materials within a chloroplasf
are fully competent to perform the entire photosynthetic process. The
_pmcess bagins with absorption 6f 1ight by chldropbyll O an accessory
pigment, transfer of this energy to an energy trap where quantum con-
version takes place, au the subsequent use of chemical 'enorgy.fomed
at the trap for the process of 002 fixation into carb‘ohydrate. Fvidence
that all these raéctions occur within the 'c-hloroplaét comes both from
in .V..i.’.‘..‘i ‘and in vitro experivents which are roviewed below.

Amﬁn.g the first experiments dimétly demns_tmting the association |
of photosynth;;:k? functions with chlo_mplas-is. gre those of Eagelmamm (1).
' Englmﬂarm observed & nusber of fres%; water algae under the light mcro- _
.scc.ap'e i:n the presenca of bacteria which were chenctactic along a :prasif
tive dissolved oxygen gradient. Some of his most slepant experiments

Spiroryra. A figure from Eaglemann's

were performed with the preen algs
1894 paper is reproduced in _F‘ig.‘l. ¥hen the entire filament of 4

Sp .iroﬁra' was illuminated the bacf.eria congregated all-along the spiral.
ch’ibmplast. If only portions of the filament were illuminated, bac-
teria’congregated only where the small beam of light impinged upon the
chloroplast. This result had two mpucations; The first and most
obvious was that a mamplastf mast be illuminated in order to produce
oxygen, The ~secoh?d_ ‘i,}_mplieatim was that oxygen was producedvery close
to the site of lig'ht., absorétim by c;hlomph’)rli. Prior to this time it
might have‘ been assumed thét engen'evoluticn was a reaction quite re-

mote to the site of light absorption.
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A second seri&s of eiperiients relevant to the dewonstration of
complete photosynthetic capacity by chloroplast were those of Robin
Hill (2,3) in 1937 and 1939, [ill showed that chloroplasts isolated

T mpmw

{dn isotonic buffa:/f;om leaves' and centr1t1ca11y concentrated evolved

oxygen invthe presence of light when supplied with an added electron
exceptor such.as ferric ion. This reaction, called the Hill reaction,

is shown below,

4 light
0y + 4" + 4pe”
chloroplasts® 2

 2H,0 + 4¥e
Phbtosynthesis differs from the Hill reaction in that carbon dioxide
rather than an artzflcial oxidant such as ferric ion is the electron
accaptor. Hill was not able to demonstrate that ., could serve as an
- electrun acceptor in 1solated chloroplasts, and such an experiment
awaited the develoyment of more elaborate biochemical techniques, Hill
showed, however, that the light reactions of photosynthesis leading to
the oxidation of wafer and the reduction of some added acceptor occured
withxn 1solated chloroplasts. o
Axnon et al. (4) in 1954 were the first workers to demonstrate
.conclusively that carbon dioxide could bo reduced by isolated chloro-
| plasts into int@rmadiates of the carbon cycle of photosynthesis: In |
their work they demonstrated qualitatively though not quantitively that
| chloroplasts ébntainad the entire photosynthetic appafatus 1eadinw from Eii;
light absérptian ﬁd fixation of carbon didxidé. However, one obvious |
dafic1ency existed, and continues to exist, in the accentance of the
chlorcplast as the sole site of photosynthesis_;g_x}xg, This deficiency
is that rates of phetosynthésis iﬁ isolated chloroplast on a unii chloro-

phyll basis seldom exceed 5% of the in vivo rate ). In vivo rates of
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'photasynthesis in both higher plants and algae can be as great as 200
wM 00, fixed/hr/mg chlorophyll (6). The rate of (0, fixation in iso-
lated 'chlaropls:sts seldom exceeds 10 pM/hr/mg éhl.oropl'xyll._ This dis-
crepancy mey b2 in large part due to the damage which occurs to chloro-
plé_qt during the isolaticn nrocess. Recent work by Spencer and Ut (7)
shows that diloroﬁiwsts which are carefully isolated so as to mta.in
their external membrane systems and stroma protein possess considerably
higher Cﬁz fixation capa.cit_.ies than ch]oropiasts isolsted by ordinary
procedures, Work such as th},at by Spencer and Wildman (3) and ngf-en(:er
' and.Unt (T)V may eventually lééd to isolation procedirss which yield
chloroplast capable of in wivo photosynthetic rates. Mnly then will
we have conclusive proof that the chloroplast is fully cowpetent to |
account for all aspects of photosynthesis as ohserved in intact systems,

Once the chloroplast was q\_ml:itétively ac;cap_ted as a1 totally come
petent photosynthesis .drganelle , interest in disiriﬁution of photosyn-
thetic finction among Chloroplast substructures increased. Tho Te-
" mainder of this chapter is concerned with these studies of structure
. and distribution of function in mature chloroplasts. Aspects of ‘chloro- |

plast development are counsidered in the the chapter by Bogarad,
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I1I  Structure of Chloroplasts as Revealed by Light Microscopy

Chloroplasts are easily viewed in the in vivo stats by light micro-

8COpY. As mentione& earliar;‘these organslles may assume bizzare shapes,
~ especially in some algaé. In many.plants' however, the chloroplast
‘appears as a green saucer shapad bady 5+ 10 microns in Jdismeter. In

| green algae and some bryophytes the chloroplast contains an organized

body called the pyrenoid, which 15 often surroundad by starch plates or
lipid reserves. Chlofephylln as observed by light ﬁicrosc0py, in the
chléropiasts of alga@land bryophytes appears umiformly distributed. Tn

higher plants, however, the chloroplast from top view is secen to consist

of a green field filled with small (0.2-1 u) totally absbrbing hodies
called grana. The green field in which the grana lie is referred to as

the stromﬁ'region of the chidfoplast. 8ide views of the chlaroplast

 show that the grana reglons are interconmnected by material'indistinguish-

_able from the'grana thepselves. These general observations were sum-

marized by Héitzv(Q)'in 1936. Two of his photographs illustrating
thase aspeéts of‘ehloropl&st.mnrpﬁologyfare:raprodueed inuFig. 24
Higher plant chloroplasts may be viawedfby-fiuor35cwnce microscopy
using blue a@tinic light and abservingvtha~fedff1uer@scence of chloro-
phyll, The chlorophyll fluorescance is seam to reside primarily in
the grana stacks. Speneer and Wlldman (8) have intsrpretad this to
mean thnt the: chlorophyll is lncalxzed in the grana r@gions of the
chloroplast. ﬂowever, we Ynow from alectrun microscopy that not all
membranes within the Ghileroplast are in tha gruna stacks, but that
any are membranes which run between qraﬂa stacks. Do these intergrana

membranes contain chlorophyll? It is deubtful that fluorescence obser-
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" vations of whols chloreplasts will give us thfs answer since the
electron micrographs show tiiat the membrane concentration in the
grana stack is much larger than ﬁhe mombrane concentration in the
stroma. A similar rativ of fluorescence intensities miﬁht obscure
fluéreséence.fx o the imtergrana areas. Also, 4s mentionod in the
next section, certain higher plant cells contain only large non- |
granal membranes and no grana mnmbrénes, though they appear to be
photosynthetic. Obviously in these systems chlorophyll is distributed
in the large membrane system of the chlovoplast.

Some recent experiments by Lintilhac énd Park (10) support the
arguments that chlorophyll is uniformly distributed throughout the in-
ternal membrane system. Chloroplast internal wembranes placed on an
electron micioscupe grid were observed by both fluorescence and elec-
| “tron microscopy (see Fic'. 3)‘. Allnﬁhe membranes, both smﬁgll and large
Vthflékoids, (11) are seen to contain chlorophyll. Diréct observations
of this sort are dircctly Contrary to the conclusions of Spencer and
Wildman. v
| ‘The light micros¢ep¢ has been used to study both dichrdism and
birefringence inbchloroﬁlasts. Since dichroisﬁ is considcred in the
éhapter by Putler, we are oﬁly concerned with birefringence here,
anke.(IZ) ahd Frey-Wyssling (13) both studied chloroplast birefringence
in media of varying refractive indék‘ In this way they cauid differen~
tiaﬁe-betwéen'intrinsic and form birefringencé, Form birefringence was = o’
,interpréteé as résulfing_from a layexed‘system (12,13) within the
chloroplast. Fréy*Wyssling proposed a mpdel consisting of alternate
B layérs df protein and lipid to account for the form birefringence.

This model of layered structures was to a large extent realized with.
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the application of eléctfon microscopy to chloroplast structure,
Chlobroplast structure ‘and function are closely alliéd. | Tor this
reason it is important that the biochemist is aware of the mérpholo?
gical status of the chloroplasts with which he works. (nitial studies
by Kahn and von Wettstein, (14) Spencer and sildman (8) and Spencer and

at (7) show. that chloroplasts isolatéd in 0.4 moiar sucrese buitered

with tris or phospaate tena to be of. two types. -The first type retains

its outer menbrane and refractal jacket of stroma protein around the

grana mevbrane and is called Class I chleroplast. The second type of

- chlovoplast _b@éomes ruptured chxring the isolation procedure and ioses

its outer membrane and stromu material, The latter type is referred
to as a Class II chlorxoplast. The bioehgiﬁical assays by Spencer and

Unt show that Class I chloroplasts retain to the greatest extent the

 properties of in vivo c:moroplasts - that is, comparatively high rates

of (0, fixation (10 wM/hr/mg dxlofc;ﬂwll)-, low rates of Hill reaction
due to coupled phosphorylation, and ability to form npseudapodia when |
resuspended in appropriate media. Heitz had shown that chloroplast

pseudopodia formation was 4 widespread and normal occurence in plant

~cells., A drawing of this phenomenon taken from Heiiz's paper appears
: 013 | v pap ppe

in Fig. 4, in which the pseudopodia are s;hown_extanding into the cyto-
plasmi 'I%ese observations of Heitz have heen extended by Spencer and
t?il&nm {8) and by ‘immm et al, (15). 'Iniemstmgly enc.ugh, thé rela-
tively high rates af 0, fixation in Clasé I chioroplasts are attainable

with no added cofactors. Thus it would seem that the i:ntegrity of the

-outer membrane has retained these cofactors in the chloroplasts, a situa-
P )

tion that does not occur in other biochemical preparations. In conclu-

s pn, the light microscope is and continues to be a very valuable tool
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for studving the chidoroplast ia its in vivo eavironment. Light micro-

scopy of chloroplast preparations is also a useful tool for the bio- ‘-

chemist who wishes better to understand the photosynthetic capacities
: 8 yn ]

of his material.
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1V Structure of Ciloruylasis as Revealed by LTlectron Microscopy

The électron microscope was first used to sﬁudy-chloroplaﬁt struc-
ture in 1940 (16). This early micrograph {rom Ruskas'Laboratory showed
that an isolated,dried chloroplast appeared to contain a nuﬁber of in-
ternal membranes. The development of shadowing techniques hy Williams cond Wiy h
(17) in 194l'opened the wmy for the early ultras?yucttfaa.investiﬁatlons
of chloroplast morphology ay Granick and Porter (i@?j”dﬂiethQZQ }1?) and
Steinmann (ZQ). These aarlf s;udleﬂ were made on shadowed preparations

of isolated chlorvplasts. The shadow technigue shadowed that the lamellar

system of the chloroplast was a series of membranes which were piled upon

1

~one another mich like a stack of coins. Steinmann (20) in 1952 showed

tﬁe_existence of these msmbraﬁésrin the first thin sections cf chloro~
plasts, and confirmedvtﬁ@ conclusions obtained from observation of
éhadowed greparations.: Thus, the predictions from light microscopy (12,
13) were fo a large extent confirmed. The following 15 years have pro-
duced an énorm@ue nuiber of electron micrographs of'chloroplast material,
which hd‘ “been subjected to various fixatjon .and prepnrative procedures.
In ;reneml the results from sectioning are summa rized in 3 micrographs,
shown in éigs. 5-7, in which green alga, a red alga and a higher plant
chloroplaét are compared.. Hach chloroplast is surrounded by a double
merbrane system. A high magnification picture of Chlorella double mem-
brane shows that whereas the external membrane has the same morphological
chafacteristics from'KMnO4 staining as the plaéma membrane, the internal
membrane of the double membrane appears identical in staining character-
istics to the internal membranes of the chloroplast. In all the chloro-

plasts th@’internal mexbrane system is emhedded in a matrix called the
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stroma. The internal wesbiaics are actually closed, flattensd sacks
which have been temmed thylakoids by Menke (11) and coﬁpartments by
Heier (21}. The thylakoids of algae are wach larger, in general, tf):ﬂ
those of higher plants. The thylakoids of Ted.algae are scparéted by
325 K.particles which may contain the accessory (phyccerythrin) pigment
sysfem (22). Thé thylakoids of green alcae are mpprésseﬂ in groups of
two, threé, or four, giving the structures seen in the ﬁhlorella Cross-
section., In ény'higherjplant chloroplasts, on the other hand, small
thylakoids are étagked‘ta’make grana structures, whereas the laiger
connecting membrane systems termed the large thylskoids by Menke (11)
and fret§ by Weier (21) are much less frequent than they ére in the
~alpae, .Aﬁsummaty of nomenclature given to these membranes by Weier and
Menke is given in Fig. 8. The degree of nétural variation within a
single plant'is mogt‘gréphically shown by the morphology of plastids
in the néighboring‘meSOphyl} and bundle sheath colis of many monocots.
Such a micrograph is 5howﬁ:in Fig, 9. Thé mesopayll cells are seen to
contain the same kind of chloroplast as shown for é typical higher plant
chloroplast, in Fig. 7. The adjacent bundle sheath cells, on tﬁe other
hand, containiﬁldstids which are indistinguishabls from those present‘in
certain algae. Thus, a higher plant appears to Have-a zenetic éapacity
to produce a considerable variation in the detailed membrans systen in-
side a chloroplaSt; Thompson and Weier (23) have shown that the nutri-
tional status of bean plants can markedly affect the senbrane arrangement
within the chloroplast., Under conditions of low phosphate, the plastids
“of bean plants tend to assume the morphelogy of the hundle sheath cell
plastids of monocots, -

The gross morphclopy of a éhloroplast nay alsc he seen by the frecze-

etch technique developed in Frey-Wyssling's Laboratory (24). The freeze-.
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etching of chloroplasts possibly pives the wost accurate description
of chloroplast ultrastructure yet obtained by the electron microscope,

since the nunber of artifacts under conditions of rapid freezing are

“minimal (25). A micrograph from an isolated spinach chleroplast is

nresented in Tig. 10, Tt is seen in the isclated chloroplast that
the thylakoids are somewhat swollen and that the protein and ribosomes
in the stroama are guite cvident, On the other hand, in in vivo nate-

rial, the menbranzs and stroma material asre so tightly &ppressed that

-the individual charecter ol tiie stroma proteins is not so evident.

This sweliinm which oceurs during isolation may account for the loss
of somé of the phntosynthetic activity of isolated chloreplests, The
5woilen and shrunken states seen by freeze-etching may alsb'cxplain
volume and scattoring éhanges'obgcrveé in isclated chleroplasts as a
conéequence of osmotic ghanges; pH changes, and illuminatiom, Tangen-
tial views of the internal Membranés,‘euident in the upper portions of
Pig. 10, show Subsfructure within the chl&rophyll cnniaining membrane.

Evidence for the relationship of chlorophyll to these substructures is

. presented in the next section,

In summary,'then, electron microscopy has shown fhat the chloro-
plast consists of two phaées, a thylakoid phase which we shall see
contains the chlorophyll, and a stroma phase which is ihe site of carbon
cycle enzymes andﬂother synthetic capacities of the chloroplést.

Assigmments of functions to these structures is considered next.
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v Distribution of Punction Within Chloroplasts

The work of Trebst et al. (26) and Park and Pon (27) demonstrates b
that the light reactions of ﬁhotosyntﬁesis and the associated elecﬁron
transport reactions leading from the oxidation of water to the reduction
of ferredoxin occur within the internal membrane sysiem of chloroplasts,
while the (0, fixation reactions of the carbon cycle occur within the
stroma regions of the chloroplast. It should be added at this point
that enzymatic systems other than o, fixation systehs are present in
the stroma, the most notable being specific chloroplast ribosomes (28,29
and an apparent ability to synthesize protein (35). Since these interest-
ing capacitieé are not directly related to photosynthesis aﬁd chlorophyll,
they are not cdnﬁidered here, 1If chloroplasts isolated in isotonic media
are subjected to a.hypotpnic environment, the plastidﬁ'are seen to swell
and the stroma waterial leaks from thc plastid, Centrifugation of fhis
preparation yields a green precipitate and a soluble protein supernataﬁt,
an& it is found that the protein is app:oximately equally distributed
between the two phasés (27 . The green precipitate conéists‘bf menbranes
which are about 10% chlerophyll by weight and the shpernatant which con-
sists of the 5oiubie stroma material, That both are needed for the
photoéynthatic process i$ shown iﬁ Fige Hy in which two dimensional
| chromapograms'of the CO, fixation products of membranes alone, and the
two mixed together, are shown; There is ébout a fifty fold enhancement
of €O, fixation capacity when the two systems are mixed together. These
results are diagramatically presented in Fig.ai. in which the distri-
bution of photosynthetic function between the membrane phase of the

, n . ' {
chloroplast and the stroma portion of the chloroplast ave prasented.,
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Since itvis the internal membrane system of the éhloroplast-which con-
tains chlorophyll and performs the quantum éonversion act of photosyn-
thesis, it is to the detailed description and analysis of these intemal

membranes that the remainder of this chapter will be devoted.

A, -Interﬁal.Membrane-Systems,of Chloroplasts

As already mentioned, chloroplast internal membranes are approxi-
mately 10% chlorophyll by'WGight. Wﬁen illuminated, these membranes
bring about the oxidation of water to produce oxygen gas and electron
transport with accompanying phosphorylation io the level of a reducing
agent which will reduce the soluble cofactor, spinach ferredoxin. The
| - kinds 6f infeimatioﬁ available about these membranes'are their chemical
composition and the prOpertiés’of membraﬁe proteins, their enzymology
and thﬁir morphology as seen in the light and electron microécopes and‘-
by X-réy diffraction. Ohé of the most interesting and frustrating as-
pects of studying these membranes is the process of correlating these
three féctors,.the composition, - the enzymology and the mﬁrthIOgy, into
'a unified and consistent picture. .We shall first'discuss‘morﬁhologicéi
features of these membranes, then the chemical composition and enzymology
and finally we shall sttempt to correlate these'varioﬁs'kinds of infor-
mation, | |

1. Horphology

Our lnowledge of chloroplast iﬁtarnal_membrane substructﬁre comes
from several sorts of experimehts. These involve electron and light
miCTOQCOpy and the prbcess of X-ray diffraction. The electron micro-
scope techniques are those of staining and section preparation, heav?
mﬁtalvshadowing, negative staining, and freeze-etching. Thesé will be

considered separately.
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A typical example of sectioned internal membrane systems of
chloroplasts was shown in Figs, §5-7. If electron micrbscnpy fdllow—
ing potassium permangenate staining 1is done at high magnifications,

a 75-90 X periodicity is seen along the membranes (31,32,33). This
periodicity has been described in both higher and lower plants. Such
a periodicity is also beautifully evident in the preparations of Kahn
ahd von Wettstein, (14) although these duthors do not comment ujaon it.
These experimnts, then, would tend to confimm models which have been
advanced by ‘SJostrand (34) and others, which suggests that .

membranes are built from micellumr subunits., Such periodicity, how-
ever, could be artifact caused by lipid micelle fi ormatiun during
fixation,

Heavy metal shadéwing of chleroplast internal membranes was first -
shown by Steinmann (20) to' reveal a quhqtmc‘tum on the membrane sur-
face, This substructure conslsted of a granularity with about a 200 A
periodicity. Following this, atemmamn and frey-Wyssling (39) demon-
3traﬁad similar structures in other plants and Park and Pon ‘(27',36)'
cbnt‘im:xed'tmse studies with spinach chloreplasts. ‘At times this sub- - |
| 'stmcture. becomes very highly organized to give a paracrystalline array |
such as that shown in Fig. 13 (37) The fact vremin‘a that membranes
oceur fm spinach iﬁxich are apparently comp@tent in quantum conversion
- and electron transport and yet contain no structure whatsoever, as seen
by heavy mtél shadowing., On thev other h‘_an&,‘ there is evidence that +L\a‘. |
mst efficiant .mnﬁamms,‘ in temns of gﬁahtum cbnvezrs ion, are the highly
structured ones which appear in spinach under short/day and perhaps some
mﬂmem additional conditions (38). The main subunits seen in Rig. 13I

measure 185 by 155 by 100 f\. These units are téméd quantasomes, and- '
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we have suggested that they may be the smallest units involved in

. photosynthetic conversion (37). It is also evident in the micrograph
" in ﬁig. 13 that a quahtasome cbnsists of subunits which are present on
about 75-90 ﬁ_periodicitieé., These subunits may correspond to the sub-
units seen in the histological work utilizing KMnQ4 fixation, Work
 with Phat@itis,by Park (39) indicates that the quantasome structure is
evidaht‘in this plant on the external portion of the thylakoid, whereas
-the internai portion of thevthylakoid as viewed after,sonicatian consists
of 90 . pérticies:distribﬁted along the surface. This is shown in Fig. 14,
and Qnuld indicate that the thylakoid membfane has two sides, a granular
sida with about a 90 } perioaicity which corresponds to the internal
‘regions of the thylakoid, and a large partic1e surface which corres-

ponds to the external surface‘of the thylakoid and the gquantasome
" structure. As we shall see, this small particle surface and large
‘ pariiélesﬁarevevident in both tissues in the freezé~et¢h process, >Again,
it is noi ﬁossiﬁle to exclude that these structures may in part result
from micelle fprmation or other artifact during prepafation of ﬁhe |
" specimen for microscopy; ‘ | | o |
| Negative staining of internal membranes of spinach chloroplast has
been perforned by Park (40) and Oda et al. (41) and Bronchart (42).
Th@se studies show that'there is occdsionally a 100 A particle attached
to the internal membrane system in well preservednareas. However, the
identification of such particles is.in doubt since they appear to be
indistinguishable from.the size and structural morpholegy of the'C()2
fixation enzyme of photosynthesis which is located in the stroma. Both
the particlés described by Oda gﬁ:gl. (41) and the colorless enzyme |

! o
(carboxydismitase, see Fig. 15) are 100 to 110 A in diameter and contain
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an electron dense cantrél core. It is not yet clear that Oda's mem-
branes were washed completely free from fraction I‘protein. The less
well preserved areas of nepative stained membranes do show substructure
(42) which may 5¢ related to the subunits seen in freeze-etching.

The freeze-etch ﬁechnique has been applied by.Moor (25) and by
Park and Branton (43) to spinach chloroplasts. One such picture of.a
' chlorbplast cross-section was shown earlier in Fig.-io. A different
kind of information_is-obtained if one observes the internal wmembranes
of chloroplasts in?tangéntial view rather than in‘cross-section. A
typlcal example from the work of Park and Branton is shown in Fig. 16,
In this plcture there are surfacea of small partxcles, surfaceq with
f&w or no particles and surfaces wiﬁh large particles. This view is
.ty@icai_whether one is looking at intact algal cells, intact higher
plant cé]_.ls, or isolated higher plant chloroplasts or chloroplast frag-
ments, No other preparative techniqué gives such a detailed and consis-
'tént picture Gf ﬁeﬁbrane Subsiructure. It is apparent frém work with
swollen, isolated pl&btidﬁ that the small particle surface may corress
pond to the intsrnal small particle surface seen in the Pharbitis
thylak01d Breakaqe then occurs stepwise down through & single membrane,
yielding various 1ayers within a 100 A thick membrane. The large parti-
‘cles (150 R) are located within the membrane and are exposed when the

surrounding matarial is removed by breakage.}'

Low angle X-ray scattering experiments by Kreutz (44) have shown
that there is a 37 A pericdicity along the thylakoid membrane, Menke
 has interpreted these experiments to mean that the membrane itself con-
sists of a bimolecular leaflet of lipid covered on one side by protein

in a way consistent with the Danielli-Davson model (45).
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2. Chemical composition

The. chemical composition of a'single quantasome may be calculated
‘.from the size of the quant#some, its density, and a knowledge of mem-
brane chemical composition. Such an analysis is giveﬁ in Table I. It
is seen from the data in Table I that the'quantaéome is sufficiently
large to contain at least one of each of the components of the electron
transport pathway of photosynthesis, The profeihs in these membranes
have been studied by Criddle and Park (57) and Bigzins and Park (58).
They are similar to the "structural protein' of mitochondria. FEighty
percent of the proteih recovered in a detergeﬁt solubiliied preparation
(58).gaﬁe-é¥£ a ﬁolécular'weight of 20,h00 - 40,000, The schlieren peak
was hetérogeheou§ and contained both cytochromes bﬁ and £, Whether or
not:thé’qu&ntasomé corresponds to the photosynthetic unit of Emerson and
Arnold.tsg) is less certaini_ Recéni work by Isawa and Good (60) suggests
on the basis of inhibitor evidence that the.cxygen evolving, photosyn-
ihétié unit may be consid@tab1y 1argér than the quantasome. It may he
that the nﬁmber of’e1ectr0n transport chains in photosynthesis consider-
ably exceeds the nuﬁberAéf oxygen evolution sites and that perhans a
numbéyr of quantasomes are attached to one oxygen-evolving site. These
possibilities have been discussed by Park (39). It may be canéluded,'

at any rate, that the photosynthetic unit is considerably larger than
bng;efitﬁg 75-90 A uﬁits as seén by histological'techniques, heavy metal
shadawing in Pharbitis,aud freeze-etching: On the other hand, a particle
the size of the quantasome which is seen séméfi&ms by heavy wuetal shadowe
ing and invariably by the freeze-etch procedure may correspond to a
quantum canveraion'sité in the membrane. One appealing thought that

arises from knowledge of membrane breakage concerns experiments in which
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plastids have been broken into nartlcles containinq different chloro-A
phyll a to b ratios by the process of freezing or thawing, or use of
detergents. Knowledge that under freeze-etch conditions the membrane
may break down the center rather than on either dﬁter surface is an
indication that similar breakages may occur during biochemical pre-
narations. Thus, systems one and two of photosynthesis might be on
opposite sides of the membrane, unable to transter excitation energy,
as shown by Sauer and Park (GIj.

The view of membrane structure presented in Flp. 16 ﬂust be corre-
lated with a chemical composition and onzymclopxcal data presented in
Table I. The question of how lipid and protein are localized within
the membrane is only partiaily answered, A view of an aéetone extracted .
membrane is shown in Fig. 17, and it is seen that lipid removal from the
membrane yields a series of particles corresponding to quantasome size
bﬁt in much‘yfeater relief (39). In many places it is possible to peef

right down threuvh the memarane to the plastic film back@raund Certain
%\«ow’

‘places in the membfanbkSSEH‘CGTTESpUﬁé~%0~a 90 A periodicity. Thus, it
abpears that lipid and.protéin alternate witﬁ 90 & periodicity along the
membrane and that'lipid‘may be regarded as wrapped around a protein ma-
trix, Such a model would be consistent with the biochemical experiments
of Sistry and Kates (623 who have shown that the lipid of chloroplast
membranes is readily accegsiblevfor attack by lipases and galactosidaseé

{from Phaseolus multriflorus enzyme preparations, Bamberger and Park (63)

approached this problem by partial emzymatic digestion of membranes and
study of the freeze-stched residues., These studies suggested that
chloraphyll is mainly associated with the large particles and their em-

bedding matrix, as seen in freeze-etching. The smooth surface on which
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the large particles and embedding matrix lie appears to be composed of

e

galacto\?e/s lipid. In general, however, a conclusive localization of
-
substances including chlorophyll within the membrane awaits future in-
vestigations. | |

In conclusion, we know 8 considerable amount about the chemical
composition and worphology of the internal wembrane system of the
chleroplast. .Th& greatest gap in our knowledge falls in the area
wﬁich lies Eetwaen-solution'chemistry, from which we know the chemical
composition, and present electron microscoﬁe techniques, from which we
know the morphology. It is the micromorphdlogy of associations of dis-
crete molecules within the membrane which.will finally help us to explain
not fmly thé in vivo animnmntvof chlorophyll molecules, but the entire
: ﬁhotosynthetic, quantum conversion and electron transport process, We

must count on the ingenuity of investigators in the future to solve this

problem,
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TARLE 1
The cbmpositien of the quantasome based on its volume and density
and on the chemical compositon of chloroplast internal mesbranes.
See Park and Pon (36), Lichtenthaler and Park {46) and Park aﬁd Big-

gins (37) for original references.

Lipidl (Compoesition in moles per mole of quantasome)

230 Chlorophylls

160 chloruphyll a 143,000 206,400
70 chloropiyll o 63,400
48 Carotenoids ) o ’ ’ | 27,400
14 B-carotene - 7,600
22 lutéin- o ' - 12,600
6 violaxanthin = 3,600
6 neoaxanthin | 3;600,-
46 Quinone cofpounds | o 31,800
16 plastoquinone A - | 12;900’.
8 plastoguinone B ' '._ Q@dOO
6 piastoquihpn@ ¢ ' _.3.0064:
8-10 a-tocopherol 3,800
4 a-técapherquuinone 2 OOO‘
4 vitamin. nl' ‘ | | ’A _
,116 PHOSpholiplds“ (nnosnhatidylglycerols) a 80,800
114 Digalactosyldiglyceride | o | 134,000
346 Monogalactosyldiglyceride _ . 268,000
48 Sulfolipid - R 41,000
2 Sterols . 15,000

Unidentified 1lipids 175,000
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TABLE I (continued)

| Y ' Proteln

CTOTAL - 928,000
9,380 nitrogen atoms as. protain ' ) - 928,060
2 manganeso | L S ’ 1o

12 iron includlng 1 as. cytochunme bé'

_v"l‘lovtal llpid plus ‘pr"ote'i’nv .

o and 1 as cytochroma fs o B ¥ 4
Cecoper 218
| | CTOTAL 930,000

4 ©°1,920,000 -

-

3-

,Tha fatty acxd cuntribution to the mnlacular weipht was daterm1ned“

from the analyses of Wolf at al. (47) and Debuch (48)
The 116 phospholipids include 14 molecules of glycerophosphoryl

.1nositol 52 af glycerophosphoryl glycerol 6 of clycarophoqphorvl :
x ethanolamine, 42 of glycercphnsphoryl choline, and 2 of glycero-

phosphate. -

-Lundggardh (49,50) rgpofts_tha ethténca,Of-cytochrome-bS»as-well |

as cytochromes b, and f in éhioroplasts; Other components of the

- “electron transport chain which exist in a ratio of close to 1 per

.4.‘

 quahtasomo are plhstocyanin (1 plastocyanin/300 chlorophylls,

Katch et al., Sl 52 ). farredoxin.CI ferredoxin/400 chlorophylls,
Tagawa and Arnon, bS), and P~700 (1 P-700/400 chlorophylls, Kok |

- and Hoch 54},

Amino acld analyﬁestby Weber (55) show an enfichmeht in amino acids

" with non-polar side chains similar to the amino acid analysis of

'struétural protein of mitochondria (56),
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Figure Captions

Fig. 1. localization. of photosynthetic 9, production in Spirogra

after Engelmann (1).

Fig, 2. Top view and side view of a chloroplast as seen hy light micro-
scopy. The dark regions within the chloroplasts are prana.

From data of teitz (9).

Fig. 3. Comparison of a) fluorescence, and b) electron micrographs of

the same chloroplast membrane specimen on formvar film (10).
Fig. 4. Drawing of pseudopodia formation by chloroplasts, from Heitz (9).

Fig. 5. Thin section of a KMn04 fixed Chlorella pyrenoidosa cell. The

cup shaped chloroplast contains a large pyrenoid.

Fige 6. A thin section of glutaraldehyde osmium fixed Porphyridium
‘:;w‘mu&*k" :
cruentun, Courtesy of Drs. T, /Gjerrett and S. F. Conti.

Fig. 7. Thin section of K¥nO, fixed Spinacea oleracea chloroplast.
Fig. 8., Nemenclature of chloroplast intemnal membrane systems used by

Weir (21) and Menke (11).

Fig. 9. Variation of chlorbylast internal mémbrahe structure in two ad-
jacent cells (bundle sheath cell and masophyli-Cell) in sugar

cane leaf. Courtesy of Professor W. M. Laetsch.
Fig. 10. Preeze-etch preparation of an isolated spinach chloroplast,

Fig. 11. Chromatograns of the products of c”c2 fixation by a) chloroplast
internal membrames, b) chloroplast stroma, and c) intermal mems

branes and stroma. From Park and Pon (27).
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A schematic presentation of the distribution of photosyn-

thetic function between CthTOplaSt internal wsembranes and

stroms.,

”aracrystallxna quantasome array in spinach chloroplast in-
ternal membrane, bour subunits are seen per quantasome,

From Park and Biggins (37).

Shadowed preparation of ruptured Phqrbitls thylngoxd« (39).
’ : 10\4 Tw e “#ﬁ“‘ﬂ. g&

Carboxydismutase as seen by phosphotungstic uc1@£ The pro-

teins (550,000 ij‘m&asure 80 x 110 & and have an electron

dense central core.

A tangential view of chloroplast internal membranes by freeze-

etching (43).

A spinach caloroplast thylakoid membrane after acetone ex--

tfaction (39}
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com- _
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








