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High degree of organization of bactcriochlorophyli c 
in chlorosome-like aggregates spontaneously assembled 
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Pigmerll aggregate 

Pigment-lipid aggregates were formed in aqueous solution by diluting a chlor~>l~orn|/mcthanol cxtract of clllorost,mc.,, of the 
green photosynthetic bacterium, Chlorobium limk'ohL The aggregates showed ab.,,~rption and fluorescence spcclra vcr~ similar to 
those of intact chlorosomes. No proteins were detected in the aggregates. Electron micrographs showed that the pigrr,¢nt+lipid 
aggregates were ellipsoidal bodies with average sizc of 130 nm along the long axis and 86 nm ahmg the short axis. The linear 
dichroism spectrum of bacteriochlorophyll c in the pigment-lipid aggregates oriented in :, stretched polyacryl:lnlidc gel was as 
strong as that in chlorosomcs. These results suggest that spontaneous assembly ot thc protcin-frcc pigments and lipids cxtractc,l 
from chlorosomcs restores not only direct chromophore-chromophore interactions uf bactcrioehlorophyll ~ molecule,; bu! also 
the ehlorosomc-like higher-order structures. 

Chlorosomcs are light-harvesting antenna b,)dics at- 
tached to the inside of the cytoplasmic membrane in 
green photosynthetic bacteria. They arc approx. 100 
nm long, 30 nm wide, 12 nm thick in Chloroflexus 
aurantiacus and are somewhat larger in Chiorobiaccac 
[1-3]. A large amount of bacteriochlorophyll (BChl)c  
(or d mr e) is contained in thc chlorosomcs, togcthcr 
with proteins, lipids and small amounts of BChl a and 
carotenoids [4]. The function of the chlorosome is to 
trap light energy and to transfer this energy to the 
reaction centers in the cytoplasmic membrane. 

The organization of BChl c in chlorosomes has 
recently been suggested to bc based on chromophorc- 
chromophore interactions among BChl c molcculcs 
without any participation of proteins [5-10]. BChl (' 
oligomers obtained in some non-polar solvents possess 
spectroscopic properties similar to those of chloro- 
sornes, and are considered to be a good model for 
BChl c in ehlotosomes [5-8]. Gricbenow and 

Abbreviation: BChl, bacteriochlorophyll. 

Correspondence: K. Matsuura, Department uf Biology. Tokyo 
Metropolitan University, Minimiohsawa, Haehioji, Tokyo 102-113, 
Japan. 

Holtzwarth [9.10] reported that whole prutein.s can bc 
extracted from Chh~roflexus chlorosomcs with SDS 
without changing the spectral properties of the BChl c. 
The reversible conversion of the aggregated spectral 
fl~rm of BChl c to the monontcric form by hcx:,tt~l in 
intact chlorosomcs further supported the absence ¢)1 
specific B('hl-¢-Ifinding iw,tcins I III. Pn~tein Iocaliz:,- 
tion in ehh~rosomc.s also gave tlo evidence for B(hl 
c-protein interactions [12]. 

Reconstit.ution of chlorosomcs from their compo- 
nents has not yet been reported, but is obvkmsly im- 
portant for clucidatior, of the detai!s of structure' and 
function of chlorosomcs. In thi.,, paper we report the 
spontaneous formation of chlorosome-like aggregates 
in aqueous solution frem protcin-frec extracts of 
chiorosomcs from Chlorobium limicola. These aggre- 
gates resemble intact chh)rosomes in terms of micro- 
scopic appearance, absorption and fluorescence spec- 
tra and well-ordered orientation of excitation transi- 
tion moment of BChl c. 

C limicola was grown as described iu Ref. 9. 
Chlorosomes were prepared by using 2 M sodium 
thiocyanate according t4~ (;erola and C)lson [131. Lipids 
and pigments of chlomsomcs were extracted with chlo- 
ro/orm/mcthanol/water  ( I : I : 2 L  and the chloroform 
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I:U'. 1 The clecmm inicr~,graph ol pigment-lipid aggregates .,,rained negatively. The pigment-liNd aggregates formed as de~ribed in the text was 
t'l~lll.'Clt'd t~' ul~raccllllifug~iti~)n 12tlt1|100× g, 21} rain) and suspended in a small vohtme of buffer. The aggregate were negatively stained on the 
colh,di~}n n~cllll~ranc grid t 15{t-i} mckh. Ohken) ~.llh 4fl phosphl,lung,~tic acid (pll 7.0~. A l lilachi tl-300 electron microsc~}pe was used. The bar 

represents 5{X) rim. 

i}h;tsc altcr cciltiilugation w'e, thicd and disst,lvcd in ;t 
small tmit)unt t,l mcthant,l. 'l'his fraction ct)ntaincd all 
of lit'hi c, B('hl a . l id  eai(llcll~litt~, in chltirilsomcs 
.lUttTing f i l l in  lhc ab~l l rp l i ( l i i  ,,pt:t ' t l t lnl. It i,,, ill,stl l ik,: iy 
ihal  all i l l  ruiln~lg~il,it'itl,,yt t l iaeylglyt 'Cl~ll ni~)lcctilc~ 
whir ' i t  W¢lC i cp t l r l cd  h, bc i irc.',cli l  al IX<.; ~ll lhc dry 
wc.ighl i l l  t'liltir()~,tinlc.,i t l l (  '. /tlni(<ohl I!41 ~lr~2 t ' l l l l l l i i l i t . 'd 
iit lhi', t:xll<Ici, !(I # l  tit the pigment-lipid mixture in 
mcthall(}t ,,v~s rapidly niixcd in 3 ml of 10 mM pi)tas- 
slum l}ho.sl)hatc buffer (pH 7.2)~.tl r()om temperature. 
' r h c  pglrliclcs fo rmed  can be , , cd in lcn tcd  by ul t l i icen-  

Iriltig;ttitill {2lt{ll)l)(t × .k', 211 rain). 

I:it~. I ,,h~ws all ¢Icc' l l i t l l  I l l iCl t igr l iph i l l  Iht' 
pit ' i l iCi l t  l i t),J ,iggrcgal,',,, l tcg~il ivcly .,,l;.iiilcd by pi]o.~- 
l~ti~iung,>tic acid. Rti t l l ld  and elliptical parii¢lc~ of wiri- 
fitlY4 Silt,~S ranging f rom 4t1 nm lt1,1(tlt r im ,verc i,b,~crvctt. 
t{x~iitlili~lti~lil i l l  3f~ll I~arliclc~ in st:vt'ral i l l lCl( lgr: l l } l l~ 
icvcalcd Ihc' i~ir l i t ' lc~ I~) lI;i~,'t" ~ivc'r~il.tc' tliliieii.MOll.,, ( l l  
131i nl l l  ti'i ~{i l l l l i .  l ' h c i r  .qlapc ,intl the ~izc st, t i l l  hi 
t'llrlC~,l)tuitt l t i  lhtt.~t: i l l  illl,ic't c'hltil~l.sltmt2s, clc~pilc 
thei r  r a the r  g lobula ,  ,slllipc l.ind wide  size distr ibuti t)n.  

The  ab.sorption spec t rum of  the a q u e o u s  aggrega te s  

i~, r emarkab ly  s imilar  t ) that  i.lf intact chlortls~,mcs (Fig. 

7). l ' hc  a l~ i l r l ) l i ( in  l,,: ixin/Ullt o f  l t ( ' h l  r i l l  i i l laCt 
t : h l o l ~ i n l c ~  ~v;i.~ 7511 il:n, ~iilJ lh: i l  ~tl' l i l t: i , ign lcn l - i i l ) id  

:ig;:,.rcgatc,s was ;it 741) nm. The smah peak at 670 nm 
l'n~,y bc duc Itl "monomcric' form ol BChl c in the 
aqueous aggrcgatcs. The stlt)uldcr ~t! 5 I{I nm belongs to 
c:trotcn(,id. 
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Fig 2. Ab,,or;}li(in spct'ir~t of the pigment-lipid aggregates (dotted 
line) ,11110 inlaid chllll~l,,t)lne,, i,~ohltcd Ir,~nl ('. [intt<ola (solid line). 
[he aggrcgalc,, and chlolo,,unle~, v~'eic .~u.~pendcd m Ill mM polas- 
~llil,i pllil,,i)halc butler (pl t 7.2). I hc two ,,pectr;i have been normal- 

i,'cd at the r|t,;if infntrcd pc~lks. 
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' ig. +t. Fhlort',,,:cn¢c cnli,~sion M~cclta ,~,1 the pigmcnl-iipitl aggrcgales 
(dotted lmc) ,ind intact chhm~somcs Irtm, ('. h m,'ola lsolid lincL 
The aggrcgatt, ~l,ld chlorosomcs were suspended in !11 mM pol;ts- 
slum phosphalt (pit 7.2) supplenlenled with a small am+rant ol 
,~.liuia dithi<milc. Fluorescence was ext'ilcd in th+ I+I.' ~,;wulcn+lh 
regi:m 1380-54ti nm) throuldl ;I br<):ld h~md p;llh tilter (('~qtllng 

4-q6). The two .~pcclr;~ have beclt norm;tilled a! the peak,,. 

Fluorescence emission spectra (Fig. 3) were mea- 
sured in the presence of sodium dithionite. Dithionite 
increased the fluorescence intensity by about 20-fl~ld m 
intact chlorosomes [15] and also by about 10-fold in the 
pigment-lipid aggregates. The emission spectrum in the 
aggregates (solid line) was similar to that of the intact 
chlorosomes (dashed line) except for the BChl a shuul- 
der around 8119 nm. "l'his shoulder was not :~bserved in 
the pigment-lipid aggregates, probably because the 
baseplatc BChl a was not reconstituted, m:d B('hi a 
which was present in a mnall amount in the aggregate 
suspension is not energetically coupled to the aggre- 
gated BChl c. The difference in emission maxima was 
only 3 nm, 776 nm in chlorosomcs and 773 nm in the 
pigment-lipid aggregates, in spite of the !(I nm diff,','- 
ence in the absorption maxima of BChl c. 'l'hi,, simihlr- 
ity in fluorescc~cc suggests that Iile main component 
responsible G~t the emission in the aggregates is almost 
identical to that in chlorosomes, although there sccm 
to be more shorter-wavelength components in the ag- 
gregates than in chlorosomes judging from the: 10 nm 
difference in the absorption spectra (Fig. 2). This means 
that the excitation energy is trt~nsferrcd eMcicntly from 
the shorter-wavelength components to the longer-wave- 
length compont.nt in the pigment-lipid aggregates. 

The pigment lipid aggregates did not contain any 
proteins am indicated by analysis after SDS polyacryl- 
amidc gel elcctrophoresis. No protein bands wcr :  de- 
tected in the pigment-lipid aggregates at the ~,ame 
BChl c content as that in the intact chlorosorncs which 
gave a densely stained band at 6.3 kDa and more than 
five minor bands (data not shown). "ll~c absence ol 
proteins in thc aqueous aggregates suggests that B('hl 
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~ amt I,pkln call lll;Ikc Clih~itv, otllc-ltkc p;itliclc', t~x 
ncll+agprc~lli~m +,'+illlq)tll Ill,.~icllls. I'hp, i', c~lI'~ixlulIl 
with Illc filldin,t, Dy (i t i t 'b¢i l~w 'dntl l i4dt/warlh I q,lltI 
lhaI all i~l',qcin. ,̀  call bc cxll'aclcd ll'tml cllhnt~,,~tilen 
wilh SI)S withtml al]cclhlg the ftmd;.unellt;.ll pr~l~crtic,, 
of chlor(~sotllcs. 

It has bccn reported that B(L'hl (' ;,llOllC forms a~gr,'- 
gates In ncm-ptdar~.,,t+lw'nts which resemble chloro- 
somcs in their ab~+fptio+'l and  lluorcsce11¢c si)cctra 
[5-8]. In our preliminary experiments, aqueous aggrc- 
gates Irl)nl purified BChl c ins(cad of the crude ex- 
trccts did not give a chlt|rostmle-like abs(~rl)lion haml 
aro, md 74!I.+.7511 nm. When ph(+spholipids were addu'd 
to purified B('FI1 c, h~wevur, the 7411 nm al~,sorpli(m 
band appeared in atlucous aggregates (studies in 
progress). We suggest, therefore  that amphipathic 
lipids are indispensable fur the ehh,r(~s~mw-like ',lggre- 
gation in aqtleot|.,, s~+iuih~n, ~+itlk'e the ;ibs~+rl+lhm "'+l)l~Cr 
ll+t1111 O[ ll('hl (' aggregate,,, in mmot~hlr s~+lvcnts is 
~lhllt)M the s;.nIlC its lh;tt ~fl the ;lilU~Otts ;.Iggrcg;ttcn 
shown in this study, the porphyrin rings ol + IR'hl <" in 
the aqueous aggreg-flcs may be h)cat..'d in the hy- 
drophobic environment furrned by tht. amphipatt~:c 
lipids. 

In intacl chlorosomcs, it has been shown thal B('hl 
(' molecules are highly ordered, i.e., the O, transition 
t)l BChi c is almost parallel It) the lung ax~s ol cl~lortt- 
somes [lfi-19]. Since the pigrncnt-lipid a~'grcgatcs lu,,,u 
also +ilipsoidal shaF~ ,,,': intact cilhm)st,nleS (Fig. 1). 
linear dichnfism .,;,., '",':',',,~red in c~ricntcd aggrcg;,tcs. 
The pigmcnt-lip;u , .,.,:cgdt'..'., crnbcddcd in a polyacryl- 
arnide gel were tmidirectionally ~ricntcd by ctmqJ'~rcs- 
s ,m o / t h e  gel J ib- i~l .  Al+st.pthm spectra were s e a  
sured with linearly pota,i+,'+:d ligh[ beams parallel and 
perpendicular to the slrctchcd direction ¢~f the gel ( Fi t, 
4). The absorbance at 740 nm v, ith the parallel b,.'am 
was abt}tlt 5-limes larger th,~n Ill,it ,,',ill+ thc iWrlWm.llc • 
ular t,c;tm. l'llis tfl'~scr~;lli~m indic.~c,, float the (), t,:~n 
sili~+rl ntonlClll ~,~'l I'l('hl (' i', almt~q par;dlcl t~ thc I<mj., 
axis {+l' ihc pignlcllt-lil'~iti itgglCg.~ltCS, ;l~ il IX ;It ilII;IUI 

chlorosomcs. 
Miller and ()lson (unputflisl~cd tl;tl:l)ha'~c ~bscr'~o,I 

that pigment-lipid aggrvgatc.'., ,':~n ,lln~ bc fttrmcd by 
dill,ling extracts o[ whole cells tfl tttc green l ilamc~g!(ms 
Lmctcrium+ ('h/orqlh'.t,+ +;lll ' t l l l l l t t( ' l t+, +ll'~c Iut+pcrtlcs tfl 
the aggregates from ¢'hhmJflcxus ;trc vcr~ simildr ,~ 
those from ('hh,+rdmm+ described i~+ thi,, I"q~cr. 

1:ro111 vh¢,.c results, we ctlltcJtlt.Jc thai the sptlllt;i + 
ncous aggregates in :~(lUCOu ~, +~dutitm Ins+ tlw , 'rudL 
pigment-lipid extracts uf chioro.',ontes rc.,t~+rcd llt,t tml,, 
the direct ehromophorc-chrtmlt>f)ht+rc intcraclit~tl ol 
BChl c molecules but also higher-order qlt lcl t l r t ,  ill 
the  ellipsoidal b(,dic.s. A pt+ssiblc m(Mcl hn + the stFt.,~- 
Iure ol + all aggrcg;lle to exphtin the l)l+C',Ctltu'tl t)t~st:rv;~- 
tit~s is a Immllc ol cylintltic;tl miccllc~ 12111 ~1 B( t,l , 
surr~mndcd by a t'ntm~flaycr t~l lipid.,,, i ,  v,l~ich (), 
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Fig. 4...\t'~,{}rplt,,n ~pc~lia ol the pigme~,ll hpid a, ggrcg ,tcs umd;rcc- 
Itopidb. ,,ricr!h:d m a ',trot;hod pol3acDlamide gul ~,ith lincarl5 
p~,hm/cd i,c,,m, para;Icl ~',.t } .rod pcrpcnd~cui,~r (.-t ) h, the 
',trt.'Iched tlff,.'Cll~lL 12'i ,,~r" i,~m~dc ~a,  p~}l.s, tllCl:/¢~] ,n a h,rll~ of a 
tub,' (U} "  l ! , ,  lit nlmt m lh~. prt.,,vnce ot Ihc p=gm~.nl-hp,t ;~ggre- 
g,tlt'",. 511'; gl~.Ct'[t+l. +ll'Ptl 5 n,M ~'la',,- lum ph,+'+phah: (pl[ 7.21. l h ¢  

.~¢1 v+a,, ct,mprc,,,,cd m a ',p,.'c~al h~,idcr imm -nc  dm.'cti~m allo,,+,h+g it 
I~ .Jtuh.'h m ,molh<.'r dire,'ti~,n unti l i l I ,,+k the lt+rm 5 ,r Z[) ,+ IO ram+ 
The ,,pcetra ',a, cre mew, ured Ihrough th,,.: lh i rd d i tcc lum mllh tile 

lenglh uI IO ram. 

transition of BChl c is almost parallel to the ,ong axis. 
The highly oriented organization of BChl c in intact 
chiorosome.~ may result from similar spontaneous elf- 
aggregalion of B(hl c. Further studies on |he 
pigmenl-lipid aggregates in aqueous solution arc in 
progress to clarify the details of ~r.mmi;,;,ti~,n of pig- 
ments and otl~t.-r componenls in chlorosomes. 
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