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Summary
vhen eiiopla$s arc cxposcd io lisbt, !h. bran.hcd tubul.r laricc ol thc prolamellar body
bcconcs rbe larse ,lar dnc5 of tne primary landlae. wc sho* thar in spite of tle v{y
diffcrnr app!rcnt morlholosr of ihcsc two mcmbranous nruaueq rhen renbraics ha"c
s;mihr avd4c curvaNrc and ins;deoriiidc slrface arear. This implies that rhe pickihs or
nole.llar orsanizaiion of the lipids and proteins .an be similar in rhe rwo $rudurer, and
tfiat conreqlcidy rhe ransformation does not rquire huch high cn*gy flip flop of mem-
brinc conporcnB fiom oie side to thc othcr. \l/e also discuss rhe rclatiye physiolo8icJ
$abiliry of the rwo $rudurcs.

K.)uodi: .4!cnl Jdtd; Eriopla*s; Menbrane geomcryr Phototranslormltioni Prol.ndlir

l �  lntroduct ion

The branched rubular structure in an erioplast whidr ransforms into
the lamellar mcmbrane strucrure of a drloroplast is called the prolamellar
body (PLB) (see Fig. 1; GuNrrr,rc and S'EER 1975, KIRK and Tllrry-Bessrrr
1978). Exposure to light dranges the apparently rigid lattice of rhe pLB
into the large flat discs of the thylakoid lamellae. It was previously believed
thar.he intricate membrane strucrure of the PLB was governed by proreins
and ribosomes. However r€cenr data (RuppEL et al. 1978, KrssEr_vurn and
BuDzrKrEnrcz 1979, see aho WELLBURN e, al. 1977) ha.ve shown that the
errractcd PLB lipids alonc and steroidal saponins irr particutar rcaggrcgareinto
brandred tubular structures similar to narural pLBs, and that proteins arc not
essenrial building units in this process.
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It is still not cler whar physical mcc}anisms govern the geometry of rhe pLB
and t l re hmcl lac, nor what intervening shapes are involved in the transi t ion.
though the two strucrurcs often appear to be contiguous and the transforma-
t i o n  r c v e n i b l e  r C L N \ ' \ ,  a n J  S r r r R  1 e 7 5 ,  K r R r  a n d  T r L \ r y - B A s s r  r r  r 9 7 8 ,
Ch. 27). Ir is possible that lipids (and proteins) may be transfcrred from onc
sidc of thc membrane bilayer ro thc orher during thc transition_a process
whi& would almosr cenainly require a very high activation energy. But this
appears unlikely in view of thc apparent ease with which the two srrucrures
rnterchangc. The conclusion rhat cmerges from the calcularions prescntcd
hcre is that such an cnergerical)y expensive transfer is not neccsary. It mav
be rhown thir  rhc arcrr6c membranc curvaturc of the rwo ,rructurcs is
similar despitc the strihing norphological differences berwecn them:
thcy can thercfore bc formed from bitayers whose inner and outcr sur_
faas di f fer in rrea by a simi lar amount.  This furthcr impl ies that the
lipid pa&ing in the membranes of rhcsc two srrucrures may also be vcrv
simi ler.
The concept of nrolecular pad<ing has recentty been used to exptain rhe
obrcrtcJ propcnicr.  such ar rhc etarr ic iry.  s izc" and asymmerrtes. " i  bt tavcr,
.rnd br lryer vc( i , les ( l jRArLqcHvrr et  al .  t977, Ccnxre er al .  lqzg).  i -his
tlcory ascrlbes to eadr spccies of lipid some intrinsic geometric or padring
characterisrics-thc surface area pcr molecule ar the aqueous intcrface and
the maximum exrended length of the hydrocarbon tails. Thesc packine
prop(rr , f )  con\tr . r in rhe moleculcs to aggregatc only into a l imired numbcr oj
structures (e.9., micellcs, bil:yer vesicles, planar bilaycrs, etc.) in whidr the
pad{'ng srresses-and hence the interaction free energies_arc minimized.
fsR{}r AcHVrLr (  t977. lq78) and pLfRov pt al .  leTB) ha.e cxtcnded the con
ccpt of molecular pa&ing to lipid-protein mcmbr:nes and the fluid mosaic
model, and have used it to examinc qualitatively sud: processes as Jipid_protein
clustering, )ipid pore formation and nrembrane shaoe ctranecs.
Orre,orul lary " f  thc molccular p;.-k ins rhcory n' thi , ,  t "n a givcn .ecr ion of
bilayer rnembranc, since ,,flip-fJop,' (or exdrange of motcculs between the
two monolayero) is cxtremely slow (Bro1 and ZrrvERsMrr 1976) then durins
chanse' in nrmbrane,h.rpc the arca,. f  the roo sidc, of  rhc mcmbranc r;
unchanged fuec also Ev,rNs and Hocrvurn 1978). Thus. if a membnne
becomes benr or warpcd it can only change its shapc in such a way as to
conserve :rny origina) differencc that existed between the two areas. This is
cquivalcDr ro conscrvins tLe overal l  curvature of rhe membranc (EvANs 1974).
Wc .huw b,. low rh.rr  thi .  s irurr ion obtr ins. or ncartv ro. i . r  rhs srructurcr of
thc PLB and thc lamel iar Dcmbranc' .

r . l i  { 'mc  r i \ . s  !h .  l re r  pcr  n ro lc ru tc   r l  | l c  d ranged. rynnncr i r i l t } . i  rhu \ ,o r  c r rn rp lc  a
$ .nFc  r  ion  cor r .d ta t io r r  on  o .c  r ide  oDly  o f .  p lan f t  b i layc ,  - " " ,1 , - * . ig l ,  o . , ia " . . .s r ink l in*  t luscd  br  i .  rsymnr . t r i .  chrnre  i r  a rc .  t l -a r^D^Dl ( ) roL lo \  1976t .
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2, The Ceometry of the Prolamellar Body

The basic unirs of construction of the PLBs are illusrrared in Fits. 1 A
a,nd R.
From a detailed analysis of electron micrographs of rhe plasrids of ,4?,era
.4li!4 GUNNTNG and J^cor (1967) proposed that one of the strucrures of the
prolamellar body is as shown in Fig.1 ,4. This strucrure may be considered

F;8. r. The six-armcd (,.r) rnd fouralmed (8) bra..hcd rubulr "nodal unid of the .ubi.
aid Frlhcdral lrolamclla! bod/ $iuaurc, (aftu cuNNrNc $d SrElr 19t5)_ Tfise unils
cai join rcserhe. to form. conrinuous thre+dirensional mcmbrane la$ice which at dno$
air point ;s convex alons one axis and concave alons rhe axis ar rishi anshs @ rhc fil$

.I

-I

Fis. 2. (,4) A nodal nnit' sinilar in shape ro tbat rugg.tred b), cuNNrNc tnd J^coE (1967).
The .rms arc roroidal sction! which abur r sphere of rldius R. The toroid m;nor ridius
is hnd tfic mcmbrane rhi.kDe$ t. (8) Hce lhe toroidal sdions .re repla.ed by ax;atly
sybmdric lisues who$ radius x i5 givci br X : ?co,h(Z/P)

to comprise six-armcd "nodal unitJ' linked rogeth€r in a condnuous cubic
la.ticc. By coDtrasr the nrcmbrane srructure in thc thylakoid lamctlae is not
very diffcrent from a stadr of planar membranes wirh highly curved regions
only at the edgcs.
In the "nodal unit" in Fig. 1,4, rhe arms are symmerric abolr rheir axes.
If rhc eight approxirnately rriangular scgmenrs s wcre portions of a spherical
surface they wor:ld match smoothly and conrinuously onto the arms (dotred

21 P'ondxnr r'{,r-r

€tn-)
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circlcs), :nd so thcsc rr i rnBulrr  \cgrnenrs c.rnnot bc vcry di i fcrent in rh,roc
lrom rpherical .  l f  rhis spherical  surfacc hrs r .rdi . rs R rhcn rhc.rrcl  of  r i "
cight ncarly rriangrlar segments can be shown ty ,t-pl. g".rrl",ry ,.'|"
A.:0.4erR,.  The di f ference betwcen the "."" ,  or i . i " , igt" ,  * ; , t ,  . "a; i(R + r/: r) and (R - r/, t) is rhcrcfore 0.49 jr t(R -F V, 4' _ in _ '7, .).f :
2(0.49)rRt.  I f  the six tubular arms are toroidal in r trp.  iEg. z,aj , ' t t , "
total area of these toroidal sections can be shown ro ue

6 r 1 , . , : 6  .  2 E r  I  T f n  + , r - .  j , i ,  T .
t r  I

The difference between the areas of toroidal scctions displaccd ,/:t insidc
and r/: t ourside rhis surface is therefore

6 A A , " , : 6 x 2 , r t  
{ 2 r

Thus the total membrane arca is

A:A" + 6r\ i , . :2r {0.24 R, + 3.33 Rr- 0.91r,1

and the difference between inner and outer surface areas is

Ai\  :  AA" + 6A/\ , , , .  :  2^-t  [5.15r- 2.85R].

From the measurcmeDa of Gunning and Jigoe: (2 r  + O :  lS nnr,  and

l2 (R + r) : 59 nn. This yields, using thcir measr:red rnembrane thictrncss
o t t : 6 n m : A  -  7  X  1 0 - r $ m , , r \ A : 2  X  1 0  3 l r m r , a n d s o  \ A / A  _  O . j O .
(In comparison, a sphere which has the same rario of _\ A/A ias a diamerer
of 80nm. This is substantially larger than the size of the prolameilar body
rcpear r :nir . )  This rcsult  is ersy ro sce qu.r l i tatrrcl" :  s incc i l ,e t-o p, incipal
r .rol  or curvfrurc ot thc rncmbrrnes in rhe roroid.r l  . r rms.rre of oppositc sign
(sce also Currr .rc and JAGoE lq67) rhc ovcrr l l  curv.rrure of the.e se.t ion,,
der,ned convenr,ona y L,y f t  R, !  |  Rj) .  i ,  smalt .  The:phcnc.r l  . \ r i , rngutar. ,
scctions.are small and do not have a large curvarure; etsewhere convexiries
'" . :""  

1 ' ' i . """  . rre tourrrerb.r lanced by concavit ics.  The average curuature
ol rhc wholc unir  ;s rhercfore smatl  . rnd noL .rs di f fer.nt  f rom a i tar lame|a rs
miglr  bc crpcctcd. This conctusion ,ugge.rr  an alrcrnari"e analysis:
5uppole thc strucrure ' r  nor.  as the:kctc} of  Gunn.ng.rnd Jagoc,uggcsrs.cornposcd of toroidal and sphcrical sections, l,ur is ;d a il"p" ,r,""-, i,,
curyalure rr cvcrywhcre small or zero, vhich imp)ies rhat \ A/A _ O. Such
.r . t ructurq, shown in F,s.2 r ,  ,s pracr i . r  y indirr inguishabtc from rh.r t  in

<rrucrurc r .qurro rhar rhe , ,arm, '  hrr  e a cros sccr ion.r l  rrJ ius
which is a cosh function of the distance :lons rheir axcs, j.e., X - p cosh
(Z/P). In ordcr for thc arms to fit togethcr smoorhly, we fu*her requirc that
r r z  L _ K c u s 4 , x  -  R s r n 4 . r n d  

d ; .  \ i n h  t Z  p )  L  T h u s s e t i n d

- l

; ( R r t i s i n ; .
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that P.= R12 and L - ,  1.15 R, and thereforc thc rar io L/P is determined and
cqual to L/P: 2.3. Thc mcasuremenrs of Gunning and JaSoc Sivc
LlP : 59/(21 - 6) - r.9. The assumptions of rhi analysk are crude, and
dcpcnd scnsirively on thc exacr thi&ncss and location of the membranc sur,
faccs. Nevcrthcless, thc 'lhcoretical" and expcrimennl rados are nor too
dissinilar and, as shown above, the difference corrcsponds to an area dif-
fercnce of only 100,'0. The membraDe ;n rhe PLB is evidendy organized in
such a manner that thc difference berlr'cen its inner and outer membrane arcas
is non-zero, but not as large as rnight be expccted for such an ornate struc,

Prolamcllar bodies are more commonly observed in tetrahcdral (4-armcd)
Iartices, shown in Fig. 1 8, whose shape also suggests toroidal sections (or
perhaps cosh functions of revolution) aburting on sphcres. Indeed, a straight-
forward extension of thc above analysis readily shows that rhere exist at lcast
thrcc types of tubular lattices in whidr the mcmbranes can have small or zcro
curvarure rhroughout. These are composed of 4,armed, 6-armed and 12-armed
unirs. Further, if 0 is the angle between any rwo adjacent tubular arms
(radiating our from a nodal ccntrc) then the condition for zcro or near zcro
rncmbrane curvature and surface area difference is attained when

leneth of rLrbule L cos {e/2)
" idrtr  " f  rubule 

:  p , i , , ;0 2) r inh- '  f l  ran (0 2)).

For a 6'armcd unit ,  0 :90' ,  rhe above rar;o is 2.3 as already norcd. For a
4-armcd un;r, 0 equals the normal tetrahedral angle of 11Oo (IKEDA 1968)
and thc above equadon now gives a ratio of 1.5. Krnx and TTLNET-BASSErr
(1978, Ch.11),  and SrMPsor,r  (1978) quote values of about 50nm and
20 22 nm for rhe lenSrhs and widths respcctively of the tetrahcdral rubules in
both bean and bar)ey lLBs fthor:gh \fleunurven (1965) nreasured a smaller
rubule length of about 35 nm, and IXEDA (1968) obtained 21 nm and 9nm
for rhc lengrh and width of bern PLB rubules ur ing KMnO, f i rat ionsl .  f t
appears therefore that thc measurcd ratio of (tubute lengrh)/Gubule vidrh)
ts about s00/(200 - 60) :  3.6, whidr is c lose to the \^1\\e ol  j } tg:4.2
obtained by Gur.rnrNc and SrErR, Fi8.36e (1975).  These rat ios are hisher
rhan rhe rheorct ical"  rat io ol  L5 expccted for a membr.rne of zcro curu.r iure.
but nerertheless corrcsponds to a difference in membrane surface area I A,/A
of o.ly 40-50'r/0. Thus rhc ncmbranes of rerrahedrat pLBs have a
srructurc qualitatively sirnilar to thc cubic PLBs, both characterized by a

As alrcady mcrt ioned thc abovc anrlys;s suggests that a 12-armed tubular
htt ice can aho sat isfy rhc condit ion of a smal l  or zcro ner cur lature. w;rh
0 - 60'so thar the length/width rat io equals abour 5, though surh structures
havc nor bcen o6servcd.

211
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3. Corclusioll and Discussion

Vhatevcr the intcrrnediate transjtion states nay be, rhe above analysis shows
that the mcmbraDc of the prolanellar body can transform to the mainly flat
drylakoid hmcl lae wirhout requir ing much . . f t ip-f lop, 'of  l ip ids or prote;ns
tfom the ourcr ro inncr mcmbranc nonolayers. More importanrly,  dre
transit;on docs not require a large change in local membranc curvaru;e and
there is thercfore only a small motecular packing cnergy difference between
the two apparently very different membrane stflrcrures. These conclusions
are of some relcvance in view of the obscrvations rhat pLB rnenbranes trans
form to thylakoid membranes by a simple structural rcarrangemenr without
the production of new mcmbranes, and that the crude chemicaicomposition of
PLB membrancs is not grossly diffcreot from thar of thyla)<oid membranes
(Krrx and TrrNe,r-B,rsst r-t 1978, Ch.27). This analysis, however, does not
yct clarify tlre conditions whiri givc rise to such a rcgular structLrrc with such
ornale geomerry nor rhe possible survival advanrages conferred by rhe ability
of the plastids to make thc rransirion from pLB to rhylakoid.
The rhylakoid lamcllae havc an obviously convenient shape nor onty because
a largcr area rhan rhe I'LB may be req,rired for photon capture, but also
because they have a convenient stact<ing and unstacl,.irg responsc to osmotic
changcs probably induced by changcs in the local ionic concenrrarion (DuNrEc
ct a| .1979).  Of what use thcn is the shape of the prolamel lar body) GuNrrrc
and J^GoE (196l) argue rhar ir efficicnrly stores a largc amount of membranc
in a srnal l  spacc. Furthcr advanragcs may bc rhar plB-rvpe mcmbrareous
s.ructurcs are unrque in posscss;ng cont inuous inncr and ourer regions, whi le
maintaining a morc or less conrinuous low curvature rhroughout.
Indced, for a paracrystallinc mcmbrane whose lowest energy configuration is
a curved surface rhe PLB srructure appcars ro be the only one which allows
for a thrcc-dimensional nerworl  of  consranr cur larure ar al l  points of rbe
membrane. This is in contrast to rhe lamcltar structure which has highly
cuned (and possible highly strescd) regions at rhe edgcs. This may confcr
on.he PLB cerrain advantagcs over the discont inuous and less r igid rhylakoid
membrane strudure. Howcver, so long as the curvature or \ A/A rcmain
f ixed, the inncr and outer volume rat io of the prolamel lar body must ako
rcrnain fixed-ir cannot swcll, slrink or deform mucfi in response to osmotic
(photo-induced) strcsscs, as can the rhytakoid lamcljae and thc rod outcr
segmcnt disc membraDcs (NoRrsuyE aDd yu 1977).  perhaps an osmotic cf fcct
occasioncd by exposure to l ighr is thc simple cause of rhc rransformrt ion frorrr
the prolanrcl lar body to rhe thylakoid lamcrrae.
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