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Reaction centers (RC's) with cithcr one or I~lth light-harvesting complcxcs attached (RC/I . t l  i- o~ R( / I+I!  ~/I.II i! complcxcsL 
have been isolated from the photosynlhctic purple bacteria Ectolhiorhenh~spm~ mohzh~. Rhodopwt,hmuma~ pahz~zns and 
Rhodobacter sphaeroides, using ionic and non-ionic dctcrgcnts. The is(dated o~mplcxes wcrc anal~tcd ~ith respect to Ihei! 
physical and functional properties using km'-temperatmc (77 K~ absorpthm, circular dichroism and lluorcsccncc spcetnrsct~py. 
The stability of the association between the antenna complcxcs and the RC. and con~quentb the functional interaction of thc 
RC/an tenna  complexes alter isolation, differed among thc baclcria investigated in this stud~, particularl~ v, ilh respect to 
detergent sensitivity. By using the non-ionic dctcr~cnt octyl glucosidc we wcrc able to is~+late funclionalb intact RC/antenna 
complexes from E. mob///s, while for the isolation of thcse complexes from Rps. pah+~tti.~ and Rh. sphaenu,h'~ the ionic detergent 
cholate had to be used. In the RC/an lenna  complexes from E. mohili.~, the energy Iranslcr between LH u and thc o)re antcnna 
was sensitive to detergents+ as judged by an incrcasc of the L H ,  fluorescence at 77 K. A strong incrca,,c |~ the Lit t and L H ,  
fluorescence in RC/an tenna  complexes isolated with octyl gluct~idc from Rh. sphacroidc~, indicated that in this organism the 
functional interaction between I~)th LH H and LH t. as well as bclwccn LHt and the RC ~a,, ca:,ily disrupted. In Rp~. pah+stn~. 
the functional association between the antcnna complexes and thc R(" wan stronger compared to the other lmO investigated 
species. 

Introduction 

The  photosynthet ic  apparatus  of  purplc bacteria is 
composed  of  .several l ight-harvesting (antenna)  pig- 
ment-prote in  complexes that surround and intercon- 

Correspondence Io: KJ. Hcllingwed, l:)cpartmcnt (d Micr~d~oh~/. 
University of Amsterdam. Nieu~e Achfergrach! 127. lOl~ WS Ams- 
terdam, Netherlands. 
Abbr.,~,iations: BChl. bactenochloroph~41: BH75/RH0/xq(I. |igh!- 
harvesting complex I: 13800/850. light-harvesting cl~plex I1: 
cholate-RC/LH I / L H  u. RC/LH i / L i t  u ctymplexc~ ~ dated ~'izh 
l ~  cholate; CD, circular dichroi~n: A ,~ , .  ah~,rhancc (al g[.~ nm~. 
LHt/at  r light-harvesting complex I or II; NIR. near-infrared rcgkm. 
oc1~1 glucoskle, n-octal ~0-o+glucol~ranosidc; (~.t~l glucosid~- 
RC/LHt/LHn.  RC/LH~/LH u c ~ m ~  ~la!cd with .~ ram 
+ ~llJOO~; PP~S+ N+IIP~II~+I phcna~tmium metht~utfatc; RC. 
reaction centcr. 

nect the mcmbranc-spanning  reaction centers  (R(" s )  
[I ]. and rc~idcs in specialized domains of  the c':,-topla~- 
mic membr~:nc [2]. The light-harvesting complexes are 
composed  of  bacleri(~hlorophyll  (BChl)  and carotc-  
holds, which are  spatially ar ranged I~. small poly- 
pcpt ides  (~ee Rcf. 3 for a re~icw), l i gh t  c n c r ~ '  is 
absorbed I~ the carotcnoids  and B('hl+,, and the energy 
is rapidly transferred from the light-harvesting com. 
plcxes to  the pho tochemica l  react ion center ,  where  
chargc ~ p a r a t i o n  can take place (sec Ref. 4 for a 
recent  r~ ' iew).  

The  antenna complexes o f  the purple bacteria can 
genetically and pl~.sioiogic~:ly be divided into two ma- 
jor  ~pes :  (it a core complex antenna ( I H j  or  i~75 :  
p ,g~ .  i]ks~)), which is sMr~n to be in final contact with 
the RC and always p r e ~ n t  in a fixed L H J R C  s t o f  
chiometry [5]. and: (it) a per ipheral  an tenna  comple~ 
| L H  u o r  B~NI/8~t ) .  which is a ~ c i a t c d  with the core  
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complex and synth~'sizcd in variable amounts, B~th 
types of light-harvesting complex can be fimnd in rep- 
resentatives of both pmplc sulfur (e.g., I-cte~thiorllo- 
~h~spira mohilisl and purple non-sulfur bacteria (e.g., 
Rhodoll.~e,,ulomona,s pahtslri.~ and l~llodohacter .ffglae- 
n#des ). 

In Rh. ,~;ollaeroides both i.H I and LH n arc com- 
posed of two different polypcptidcs, the et- and /:l-sub- 
units, which arc present in an 1 : I ratio C:zc Rcf. 6 for 
a recent rcvicwt. The antenna polypcplidc composition 
of Rps. pahlstris is more hctcrogcnous. The individual 
complexes in this organism appear to bc composed of 
at least two different a- and [3-polypcptidcs. For some 
complexes (i.e.. in low-light LH Ii complexes) they con- 
sist of four ~e- and /3-polypcptidcs in a molar ratio of 
I : I : 1 : 1 [7.8]. For E. tool#Its, hardly an~ iaformation is 
a~c:iilablc on the pigment-binding antenna poly- 
pcpti..tcs, but in the closely rchitcd organism Ectothio- 
rlto~bw~ira hahq~tlihi, it has been demonstrated that the 
c,;rc antenna consists of Iv.,o it- and two /3-poly- 
pcptidcs. For the 1,tt n antenna of E. ItahJpllihl. only 
one ~-pol.vpcptidc could bc detected until now [9]. 

Research on anoxygcnic photosynthesis is predomi- 
nantly locuscd tin species belonging to lhc e¢-suhdivi- 
sion [Ill] of the purple bacteria. Much less is known 
abtmt the molecular details of the photosynthetic appa- 
ratus in representatives of the Ectot/tk,'/IO~hzwirttceae 
[11]. bacteria that (in contrast to the Chromatiaceae) 
deposit elemental sulfur cxtracellularly (sec Rcf. 12 for 
a review). Ectotlliorho~h~.wiraceae normally grow under 
extreme saline and alkaline conditions [13]. These ex- 
treme growth conditions will enforce adaptations in the 
photosynthetic and biocncrgetic machinery of the cells. 

In this paper wc describe the functional properties 
of isolated RC/an t enna  complexes from three wcll- 
charactcrizctl organisms. Ectotlliorho~h)sl~ira mob(Its 
BN 99113, Rhod~qz$el.lonlonas pahtstris NCIB 8288 and 
Rllodol~¢wter .q~hm'roides 2.4.1. These latter two organ- 
isms ~'crc not only chosen for comparison, but al~o 
because a detailed spectroscopic analysis of R C /  
antenna complexes from these organisms (is~/lated with 
the aim of rcconstitution ol these complexes into lipo- 
somcsL as well as investigation of the effect of mild 
detergents on the functional coupling between the an- 
tenna complexes and the RC. has not yet bccn per- 
formed. 

The use of harsh detergents, which may disturb the 
delicate interaction between tt~e antenna complexes 
and the RC. was avoided. Mild detergents, v, ith a high 
critical miccllc concentration (i.e., easily removable by 
dialysis), were used to solubilizc R C / a n t c n n a  com- 
plexes. Such complexes offer the possibility to study 
energy transfer in reconstituted RC/LH~/LH u lipo- 
somcs. Sucrose-gradient centrifugation was used to iso- 
late the RC/an t cnna  complexes. Either a non-ionic 
detergent ~'as used. as reportcd for Rp.s. pahlslris by 

Molcnaar et al. [14] or an ionic detergent,  as reported 
for Rh..whaeroides [ 15]. 

We report on the spectroscopic properties, energy 
transfer and functional interactions between the RC/  
antenna complexes as studied with low-temperature 
(77 K) absorption. CD and fluorescence spcctloscopy. 

Mater ia ls  and  Methods  

Growth conditions and isolation of intracelhdar mem- 
I~t'tllte.~" 

Ectothiotqlodospira nlobilis strain BN 99(13 was ob- 
tained from J.F. Imhoff (Rheinischcn Friedrich- 
Wilhclms-Univcrsitiit, Bonn, Germany) and Rhodo- 
psetulomonas pahtstris strain NCIB 8288 from D.J. Kelly 
(University of Sheffield, UK). Rhodobacter sphaeroides 
strain 2,4.1, E. mob(Its and Rps. pah~stris were grown 
anaerobically under low light intensity at 30°C. The 
medium for E. mohilis was prepared as reported previ- 
ously [16]. Rps. pahtstris and Rb..whaeroides were both 
grown in the medium as described by LasceUes [17]. 
Exponentially growing cells were harvested and washed 
twice in solubilization-buffcr (A, B and C; scc below 
for the composition of the different buffers used). 
lntraccllular membranes were isolated according to 
Ref. 16. They wcrc rcsuspended in solubilization-buffer 
(A. B or C, scc below) at a concentration of ! mM 
BChl a. These chromatophores were kept on ice until 
further use. 

lsohltion of pigment-plz~tetn conlplexes 
Pigment-protein complexes were isolated with non- 

i~mic a n d / o r  ionic detergents, modified from proce- 
durcs as previously rcportcd for Rps. pah,stris [14] and 
Rh. sphaerohh's [15], respectively. The use of sucrose- 
gradient ccntrifugation during isolation of R C / a n t e n n a  
complexes yields informat.on about the physical associ- 
ation between LH n and R C / L H  I complexes, since 
both complexes band at different positions in a sucrose 
gradient when their association is disrupted. To isolate 
R C / L H I / L H  u complcxcs, with physically, as well as 
functionally, associated LH I,, wc applied only the min- 
imally required concentrations of octyl glucoside or 
cholatc and EDTA and minimized the solubilization 
time. 

Non-ionic. R C / L H I / L H  u complexes were ex- 
tracted from membranes of Rps. pahlstris and Rb. 
sphaeroide~ with 30 mM n-octyl ~8-o-glucopyranoside 
(octyl glucosidc) in 10 mM Tris (pH 7.6) (buffer A) plus 
20 mM K-EDTA for ill min (Rps. pahlstris) or 1 h (Rb. 
.~phaerokh,s) at I)°C. R C / L H  , / L H  ii complexes from 
E. mob(Its membranes were extracted with 30 mM octyi 
glucosidc in 511 mM Hepcs (pH 8.0), 500 mM NaCI, 5 
mM MgC ~-, 6.5 mM Na ,S  (buffer B) plus 7 mM 
Na-EDTA ',or I(1 min at 0°(7. 

hmic. R C / L H ~ / L H u  complexes were extracted 
from the mcmbranc~ of Rps. pahlstris and Rb. 
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sphaeroides with If/~ cholatc in 511 mM potassium phos- 
phate (pit 7.6), 51) mM K('I, N mM Mg('l 2. Ill ' ;  
sucrosc (buffer C) plus 2t) mM K-EI)TA liw 10 rain 
(Rps. pahistris) and ! h (Rb. sphaerohh's) at IF('. t:or 
the isolation of the R C / L H  ~/LH u complcxes from E. 
mobilis, I S~ cholatc in buffer B plus 7 mM Na-EDTA 
was used f()r 1(} min. For the isolation of RC/LH~ 
complexes from this organism, a second (ionic) dctcr- 
gent had to be added during the extraction of thc 
complexes from the membranes, to separate LH n from 
RC/LH~ complexes. The extract|on was pcrformcd 
using a combination of 31) mM octyl glucosidc plus !¢~ 
.sodium deoxycholate and 211 mM Na-EDTA (instead of 
7 m M )  for 1 h. 

Solubilization and sucn~sc-gradicnt ccntrifugation 
were performed as described prcviously [14-16]. The 
isolated R C / a n t e n n a  complexes wcrc kept on ice until 
further use within tw,~ days. 

Low-l eml~'ra lztr¢ .sT~ecl roscopy 
Samples for low-temperature spectroscopy ,~cre 

prepared in 66% (v/v) glycerol, dilutcd with the appro- 
priate solubilization buffer. For thc R C / L H ~ / I . H u  
complexes i~lated with non-ionic detergents from Rps. 
palustris and Rb. sphaeroides, buffer A was used, while 
for E. mobilis buffcr B was used, with omission of 
MgCI 2 and Na~S. For the R C / L H ~ / L H  n complexes 
isolated with ionic detergents from Rps. pah~stri; and 
Rb. sphaeroides, buffer C w'as used, with omission of 
MgCI z and sucrose. In case of E. mohilis buffer B was 
used, with omission of MgCI 2 and Na~S. Whc~, coup, 
and chromatophores of E. mobilis wcrc analyzed. 
buffer B was used, with omission of Na,S. 

Low-temperature (77 K) measurements were per- 
formed on a homc-built spectrophotomctcr [18]. Ab~ 
sorbance and fluorescence spectra at 77 K wcrc meas- 
ured in I cm acrylic fluorescence cuvettes. CD at 77 K 
was measured in 2-mm cclls, as described previously 
[18]. Samples were c~flcd in the dark [18]. and con- 
tained 1 mM sodium ascorbate and 10 ~M N-methyl- 
phenazonium methosulfatc (PMS) to keep the primary 
donor of the RC reduced. During fluorcsccnec mc:~s- 
urements, the absorption of the samples was kept 
below 0.2 to prevent distortion of spectra by self-ah- 
sorption. Fluore~ence-excitation spectra were cor- 
rected for spectral intensity variations of the light- 
source emittancc. Fluorescence-emission spectra wcrc 
not corrected for the spectral resl~mse curve of the 
photomultiplier (SI-EM! 9684). because it was esscn- 
tially independent of the wavelength in the region 
used. All data were analyzed on a SUN3/SUN4 com- 
puter system. 

Analytical procedures 
BChl a was dctcrmincd by the method of Clayton 

[19], using an extinction coefficient at 7711 nm of 75 

mM ' cm ' i nace tonc /me tham~l (7 :2 .~ , /~ ) . l hc  I~,(" 
concelltl i lt iOll was calculated tr~m~ Ihe [ighl-i1~ducc,t 
abs~rhanee difference at 1~115-5.J,11 IIIII u,,ing an extrac- 
tion coefficient of 37 mM ~ cm ~ [20]. 

R e s u l t s  

.,| hsorhance LVn'ctra 
The most direct w~  r ~ investigate hov, tile proper- 

ties of R ( ' /  antenna eomnlcxcs are affected by differ- 
ent isolation procedures a n d / o r  different detergents is 
to follow changes in the ahsorhance characteristics of 
the various pigments involved. In the pant [14.15] ~,uch 
studies were perfiwmed at room temperature, which 
has the disadvantage that the c~mmlcxcs display hn~ad. 
partially ovcrl:,pping, absorption peaks. lhcrc lo~:.  v,c 
decided to perfi~:m the ~pcctral investigations at 77 K. 
which allows a much holler comp~,rison hetween nalke 
and is~flalcd complexes. 

Fig. 1A shows the near-infrared ~NIR) absorba0cc 
spectra of cells, chromatophores and isolated R ( ' /  
IJ t  i / l , l l u  complexes from E. mohili.~, taken at 77 K. 
h is clear that beside,, nlinor differences, all spectra 
were very. similar with respect to peak position and 
relative peak intensities. In the 77 K ab.,awbance spec- 
trum of R ( ' / L H I / L i i  u complexes, i~flalcd ~ilh 
cholate, a small blue-shift (1-2 nm) of the absorption 
peaks of B8511 and BS~)/R(" could be observed (com- 
pared to cells), in all samples the BS(IIJ displayed an 
absorption maximum at 795 nrn (~hich ~as at the same 
position an the absorption peak obser~'cd at room tem- 
perature: of. Ref. 16). in the R ( ' / L l t l / L H  u com- 
plexes isolated with oclyl glucosidc, the iow-tcmpcra- 
lure absorption maxima of B850 and BXgO/R(" were. 
respectively. 6 and 15.5 nm red-shifted comlwred to 
their position at room temperature (of. Rcl. 16). 

In Fig. IB tile NIR absorbancc spectra of 
R ( ' / L t t  1 / l . I t .  complexes isolated irom Rp.~. I,al.stri~ 
using either ocLvl glucoside ~r chotatc, are ,h~vn. The 
77 K absorhancc spectrum of R C / I J t l / L t t  H com- 
plexes isolated with cholatc, wa~ identical lo the Io,~¢- 
t empera ture  ahsorhance spectrum ol intact cells (IIOt 
shown). The spectra implicd that the BSSII/R(" ah- 
sorption peak ii; R C / L t t J I . H  H complcxc,, is~bted 
with octyl glucosidc, has hccn blue-shifted. 

The 77 K absorbanee spcetra ol R C / L H J I ~ H ,  I 
complexes i~flatcd from Rh. v~haenmh'~ vdth c,thcr 
octyl glucoside or cholatc, arc shown in Fig. I('. The 
spectrum of complexes i~flatcd with cholatc was ~,imi- 
lar to the 77 K absorbance spectrum of cells (not 
shown). R C / LH  I / L H ,  complcxcs isolated with ~:ty! 
glucosidc displayed a somcv,'hat d;.,to,lcd spectrum, an 
indicatcd by a red-shift ~5 nm) of the BN75/RC ab- 
sorption maximum and a small blue-shift of thc B8511 
absorption hand. No changes in the peak posititm of 
BSOI) were ohser,,cd in the presence of the detergems 
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a l l d  R C / L I I ~ / L l l ,  complexes ,  i ~ l a l c d  ~vilh c h o l a l e  ( - - - - - - ) .  

Sa m p le r ,  ~vc~c p r e p a r e d  a~, d e s c r i b e d  in M a t e r i a l s  a n d  Mcthod~, .  

tcstcd. This was comparable to the situation observed 
for E. mohilis (Fig. IA) and Rps. palustris (Fig. IB). 

Fhtorescetwe-t'olission spectra 
Ah~rbance  spectra measured at Iov,' temperature 

arc indicative fiw changes in the arrangement of the 

pigments a n d / o r  proteins that may occur during the 
isolation of R C / a n t e n n a  complexes from the photo- 
synthetic membranes. To acquire information about 
the tunctional changes that might occur during this 
isolation, fluorescence spectroscopy was used. In order 
to study the energy transfer from B8(X) via B850 and 
B880 to the RC, emission spectra were recorded with 
excitation of the samples set at 8(H) nm. All samples 
were cooled in the dark to suppress RC fluore~ence.  

Fig. 2A shows the NIR fluorescence-emission spec- 
tra of cells, ehromatophores and R C / L H  n/LH n com- 
plexes isolated from E. mobilis, taken at 77 K. Cells of 
E. mohilis displayed a fluorescence spectrum with a 
peak at 927 nm due to emission from LH,.  In chro- 
matophores, weak additional fluorescence was ob- 
served arounJ 890 nm, due to uncoupled LH it- The 77 
K fluorescence spectra of R C / L H I / L H  . complexes 
isolated from E. mobilis with either octyl glucoside or 
cholate (Fig. 2A) displayed two maxima, at 889 and 
around 922 nm, due to emission from L H .  and LHx, 
respectively. 

Similar spectra of R C / L H n / L H  . complexes from 
Rps. pahtstris, isolated with either octyi glucoside or  
cholate, are shown in Fig. 2B. In both spectra a maxi- 
mum at 918 nm could be observed, due to LH I fluores- 
cence emission. In the spectrum of the complexes 
isolated with octyl glucoside, a weak L H ,  emission was 
just visible, partly hidden in the blue wing of the LH I 
emission peak. 

in Fig. 2C the T7 K fluorescence-emission spectra of 
R C / L H u / L H  . complexes isolated from Rb. spha- 
eroides with either octyl glucoside or cholatc are shown. 
Strikingly, in the complexes isolated with octyl gluco- 
side, a very, high fluorescence-emission peak at 912 nm, 
due to [ I-I I emission, could be observed. The L H .  
emission was c!c~,rly ~i~d~l, ~. a ~houldcr at the blue 
side of the LHj emission peak. in the spectrum of 
R C / L H , / L H .  complexes isolated with cholate, a 
much lower fluorescence was observed at 9(17 nm (due 
to LH t emission). Compared to the complexes i~ l a t ed  
with octyl glucosidc, the fluoremence-emission of LHI 
in complexes ia~lated with cholate, was 5 nm blue- 
shifted. Thc L H .  emission was barely visible in the 
complcxcs isolated with cholate, which is indicative of 
a tight coupling between LH n and LHnv 

Fluorescence-excitation spectra 
Fig. 3A p re~n t s  the 77 K fluore~ence-excitation 

spectra of different samples of E. mobilis. To avoid 
detection of emission due to detached L H . ,  the fluo- 
rescence was recorded at 945 nm (or at 930 nm for the 
complexes isolated with octyl glucoside), which is in the 
red wing of the LH 0 emission peak of E. mobilis {see 
Fig. 2A). The shape of the fluorescence-excitation 
spectra shown in Fig. 3A was in good agreement with 
the ab,,~arbance spectra observed at 77 K (Fig. IA). in 
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Fig. Z Low-temperature (77 K) f luore~ence-emission s ~ c t r a  in the 
NIR. Panel (A). E. mobYL~: Panel (BL ~ s ,  ~[u~rns: Panel (C), Rh. 
sphaeroides. Intact cells ( - - ) .  chromatophores ( . . . . . .  K 
R C / L H ] / L H t =  complexes isolated with oct$1 glucosidc ( . . . . . .  ) 
and R C / L H = / L H  n complexes isolated with cholatc ( - - - - - - ) .  
Excitation wavelength 800 nm. The speclra were normalized on the 
basis of absorbance at 800 nm. Samples were prepared as de.,,cribed 

in Materials and Methods (a.u.. arbitrary units). 

the fluorescence-excitation spectra of RC/LH , I LH  iI 
complexes i~lated with cholatc, the contribution of 
both B800 and B850 was decreased, compared to cells 
and RC/LH ~/LH. complexes isolated with octyl glu- 
coside, indicating that the complexes isolated with 
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cholatc had a decreased ctt'icicncy of energy Iran~,fcr 
between Lt t  u and Lt t  i. This dccrca,~ed clTicicncy was 
consistent with the higher L t I  n fluorescence emission 
of thc~c complexes, (Fig. 2A). 
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Fig. 3. L t~qempcrature  (77 K I  fluolL~sccnc¢-excitatitm spectra in the 
NIR. Panel A. E. mol~h~, emission def la ted  at 945 nm (except fi~r 
oct)i g l u c o ~ i d c - R C / L I t , / L l l  n complexes, at 9~1 nm): Panel (BL 
l~s. l~lu~tris. ¢misskm detected at 9~ l  rim: Panel (C). Rb. 
sphaer~nde~, emission detected at 9~} nm. Intacl ccll~ ( . . . .  I. 
R C / I . i t  I / L l l  u clm'lplex~.-, lw)latcd ~lth I~'t)i ~luo~Id¢ I . . . . . .  I 
and R ( ' / L I l l / L I l l l  c~mlplexc~ i~,olalf~d l i i lh  cholatc ( - - - - - - I .  
Samples were prepared as d,,:~'ribcd in Malgrials and Mlzihod~ ( a . u _  

arbitrar~ unilsL 
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In Fig. 3B the low-temperature NiR l]uoresccncc- 
excitation ~,pcclra ol R ( ' / l . l t l / i . t l j i  COml~lcxcs iso- 
lated from Rlls. I~ahrstlqs ~,'ilh either t lci) l  ghicoside or 
cholate, arc shown. The l]uorescericc ~;i,, detected at 
q31l nm. ~hich wan in lhe red wing of ihc IAt I emission 
maximum (see Fig. 2B). The lluoresccncc-cxcitation 
spectra in Fig. 311 thist ly resembled the corresponding 
absorbance spectra tit 77 K (Fig. IB) and indicated 
close to perfect excitation energy transfer frolll I J t  il to 
l . t l i  in both preparations. 

The low-temperature NIR fluorescence-excitation 
,~peelra of R C / I J t l / l . l l t t  complexes isohtlcd from 
Rh..v~lz,eroides with cilhcr octyl gluco.,,ide or cl]olate. 
arc .,,hown in I'ig. 3C. The Iluorcscence was detected al 
t}3ll nm. In conlplcxcs isohttcd with octyl glucosidc, the 
relative conlribution of Li-I~ wan much lower, com- 
pared to R C / L t t l / L t t i l  complexes isolated with 
cholate, iudicating 111;.11. in addition to Ihc di,,turbed 
energy transfer between IJl~ and lhc RC (sec Fig. 2('). 
the eUClg) tranM'cr between Ltl ii and LH I ;.il~.tl vas 
strongly disturbed. 

I-nvrgy Iran.~li'r 
Since the energy transfer bctwcc,1 BSilfl and ILt~5(i is 

more than ¢~e7 efficient and unidircetiomll at 77 K 
[21,22]. the fluorescence and ab~lrbancc data pre- 
sented in the previous sections can be umd to calculate 
the extent of energy transfer between LH,i and LH t at 
77 K. Since. in most investigated samples, the coupling 
between LH I and the RE" was intact, as judged by' a 
low LH I fluorescence-emission (see Fig. 2). the same 
data can be used as ;in illustration (if the degree of 
energy tranM'cr between the peripheral antenna and 
the RC. The only exception are the data presented for 
the R ( ' / L H  I /LH u cornplcxes isolated with octyl glu- 
cos|de from RI,. sl~ltaeroidl-s, which showed a consider- 
able disturbance of the energy transfer between I.H I 
and the RE'. its judged by the high Ll l  t fluorescence- 
emission (,sue Fig. 2C). 

in Table I the cx|cnt of energy transfer at 77 K 
bets~eerl B85|1 and LH~ (and. therefore, between I.H n 
arid the Re'. scc abo'~,e) of different samples is pre- 
sented. TI~c relatively intense B1451l fluorescence-emis- 
sion ohsci'xed for R ( ' /  antenna complexes from E. 
moNlis in Fig. 2A was duc to an uncoupled fraction of 
LH u. with a correslxmdingly high f luore~ence yield. 
The spectra may be taken to suggesf that the extent of 
energy transfer between LHn and Ltt~ has remained 
almost unaltered ( 9 1 G ) i n  the R C / L H v ' L H  u com- 
plexes isolated with octyl glucoside from E. mohili~. In 
R C / I . I t i / L t l  i, complexes isolated with cholate, a 
lower energy transfer of 75r; was ob.~rved. 

In the R C / L t !  i / L H  u complexes isolated from Rps. 
I~lhlslris. the extent of energy, transfer between LHt, 
and LH i ~as  high (up to ti3g ) and nearly independent 

TAI I I . I -  I 

Dml~ter c//hWn~'W~ hem'ce. B,~¢30 and L/I~ m dith'rent .samph'.s t~'om 
E. m./,ih~. Rps. i~a/usm~ a.d Rh. V~/uwroMcs 

I{llic'ic|lcics are estinlaled by conlparison of  the BblSO/Ll i  I pcak- 
heit:hi ratio,, in the flulltcscence-excitalion spectra (normalized tin 
bilSl". O| Ihc a|~sorbilnL'e al l'lil(| nnl) and in the ahsorbillqCe spldctra 
(ba~.cdm¢ t'orreeled). "File emission was detected at 945 nm for ~.'. 
.iobilis and at ¢130 nm for Rps. pah,.slrt~ a.d Rh. sphaerohh's. 

.~;un plc~, Tran,,fer efficiency 
BS50 ~ I J  I 
(~,)  

I-.. mol~ihs 
( 'e lN 97 
( 'hromalophores 0`5 
(k ' iy l-gluct~idc- R ( ' / L I  | ,  / LI  I n ~ I 
( 'hohae-R( ' / IJ i t / L I  I n 75 

Rp~. pah~tri~ 
()el,, I-gluco, ide-R( " / L I  [ I / L I  [ it t'~3 " 
( ' h tda te -R( ' / I . I  I I / i . I I  u I(H) 

HI,. ~phavro, h'~ 
()ct~ I -g lucos ide-R( ' /L I  I I / L I  I II h3 
( 'hola le-R( ' / i . l l  i l l . l l  II 0'4 

" Due to overlapping absorpt ion band,, of  B1450 and  R ( ' / L I t  t in 
thc~,e complexes (see Fig. IB). the calculated efficiency may be less 
aCCll[[l|e, 

of the detergents used during isolation of the com- 
plexes (Table !). 

The R C / L H t / L H i t  complexes isolated with octyl 
glucoside from Rh. sphaeroides had a remarkably low 
energy transfer efficiency between LH n and LH I 
(63<';). This corresponds to the pronounced shoulder in 
the emission spectrum UlXm 800 nm excitation (see Fig. 
2C). The connection between LH t and the RC has also 
been lost. as can be concluded from the high LH I 
emission peak. All these effects were undone by replac- 
ing octyl glucosidc for cholate, which yielded a func- 
tionally intact R C / L H  t / L H , t  unit. 

( 'D Sl~'Ctm 
CD spectra were measured to detect minor changes 

in the interactions between the chromophores that 
might have occurred during the isolation of R C /  
antenna complexes from E. mob|Its. 

The 77 K CD spectrum of R C / L H  t complexes 
i~ la t ed  from E. mob|Its (Fig. 4A) showed two biphasic 
signals with zero-crossings at 805 and 905 nm, respec- 
tively. The CD signal with a zero-crossing at 805 nm 
was due to the monomeric 13800 baeteriochlorophyll in 
the RC, whereas the signal with a zero-crossing at 905 
nm was, presumably, due to the BChl dimer in LH t. 

The 77 K CD spectrum of R C / L H t / L H  n com- 
plexes isolated from E, mob|ILl with octyl glucoside 
(Fig. 4B). showed ~vera l  additional features. Besides 
the CD signals centred around 805 and 905 nm. due to 
RC and LH i- two additional double CD bands from 
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LH,t with zero-crossings at, respectively, 796 and 865 
nm, could be observed. In this spectrum, the ratio of 
the positive and negative signals due to RC arid LH= 
differed from the R C / L H ,  complexes, but this is 
largely due to convolution of the CD b;mds in thc 
R C / L H  t /LH ~= complexes. This convolution of narrow 
biphasic signals enhances changes in a CD spectrum 
reflecting only small changes in position and intensity 
of the individual bands, it a l ~  prevents a direct esti- 
mate of the absolute increase or decrease of individual 
bands. 

These effects might also account for the small dif- 
ferences observed between the 77 K CD spectra of 
cells, ehromatophores and cells exposed to 1% octyl 
glucoside for 30 min (Fig. 5). Compared to the CD 
spectrum of R C / L H t / L H  u complexes (Fig. 4B), in 
the CD spectrum of intact cells of E. mobilis (Fig. 5, 
upper trace) the negative CD signal, with a trough at 
799 nm, was less pronounced. Furthermore, the zero- 
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Fig. 4. Low-temperature (77 K) NIR absorbance and CD .,,pectra of 
(A) RC/LH I complexes and (B) RC/Lit t /LH i: complexes i~olated 
from E. mo6/.//s. Ab.sorbance spectrum ( . . . . . .  1. CD ~,peetra 
(. ). Samples were prepared as described in Mater ia ls and 
Methods (the RC/UII/LH, , complexes were i~,~ated with oclyl 
lgluco~id¢). The inlen.~ilics (,d the CD spectra were normalii,~ed on the 
basis of A , ~  = I. the ern)r in the intensitk-s is approx. 15";" (a.u.. 

arbi trary units). 
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Fig. 5. Low-temperature (77 K) NIR ('D ~,pectra of cells and chro- 
mal(~phore~, of E. mr~ih,;. ('ell', ( ~ .  upper trace), chromato- 
phores ( . . . . . .  . middle Irace). cells trealcd with I~,: ~v.:lyl gluco~,idc 
( . . . . .  . I()~cr Iracc). Samplc~, wcrc prcparcd as de~ribcd in Materi- 
als and Method~,. The intenr, itics ()f the ('D ,,pectra ~rcrc normalized 
on had, i,, (ff A~,~,~, = I. the error in the intensities i~ approx. 15¢~ 

(a.u.. arbitra~ units). 

crossing of the LH i CD signal was observed at 911 nm 
in cells, instead of 905 nm, as observed in the 
R C / L H t / L H  t, complexes. Since Ix)th changes were 
also observed when cells of E. mobilis were expo~d to 
IG  octyl glucoside for 30 rain {Fig. 5, lower trace), 
these effects probably reflect changes that occurred 
when the complexes were solubilized by detergent, in 
chromatophorcs (Fig. 5, middle trace), an intermediate 
situation was ob~rved for both the CD signal with a 
trough at 799 nm, as well as for the position of the 
zero-crossing of the Lit t CD signal, in chromato- 
phores this zero-crossing was observed at iX)8 nm. 
instead of 911 nm, as observed in intact cells of E. 
mobilis . 

Discussion 

Absorbance- and fluorescence spectra 
In this paper the spectral properties at low tempera- 

ture 177 K) of R C / a n t e n n a  complexes from three 
purple bacteria E. mobiTis BN 9903, Rps. palustris 
NCIB 828,8 and Rb..$phaeroides 2.4.1 are de~ribed.  By 
using thc non-ionic detergent octyl glucoside, we arc 
able to i~la te  R C / L I t , / L H ,  complexes from E. too- 
bills which are functionally intact as judged by both the 
77 K absorbance spectrum and the energy transfer of 
up to 91~  between the peripheral antenna complexes 
and the RC, as well as by the observed CD spectrum 
that in many details closely resembles the 77 K CD 
spectrum of intact cells. To isolate functionally intact 
R C / a n t e n n a  complexes from Rb. spluteroides and Rps. 
palustris, the ionic detergent cholate turns out to be a 
better detergent than octyl glucoside, in P,,b. sphaeroides 
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octyl glucosid¢ induces a blue-shift of the LH I ab- 
sorbancc band and a dccoupling between LH u and 
I,H~ and between LHI and the RC. These data further 
underline that the interaction between the antenna 
complexes and the RC is different among the diverse 
bacteria. For the isolation of functionally intact RC/  
antenna complexes from different species, therefore, 
different detergents and solubilization conditions will 
have to be used. The results presented in Fig. ! indi- 
cate that isolation with both types of detergent yields 
R C / L H J L H l l  complexes from E. mobilis with 77 K 
absorbance spectra comparable to those of intact cells 
and chromatophorcs. This in contrast to the situation 
observed fi)r Rps. pahtstris and Rb. sphaeroMes, in the 
RC/antcnna complexes isolated with octyl glucoside 
from these latter organisms, noticeable blue- and red- 
shifts can bc observed. 

Distinct differences can be observed between the 
comt~lcxcs isolated with different detergents when 
low-temperature fluorescence emission of the various 
samples is measured (Fig. 2). The R C / L H J L H  n 
complexes isolated with octyl glucosidc from E. mobilis 
display less LH,  fluorescence emission compared to 
the complexes isolated with cholatc. In spite of the 
relatively intense LH H emission in the octyl-glucosidc- 
isolated complexes, compared to cells and chromato- 
phorcs of E. mobilis, the functional uncoupling be- 
tween LHu and LH I does not exceed 10% (Table 1). 
The relatively high intensity of the LH n fluorescence is 
due to the high intrinsic fluorescence of LH,  com- 
pared to LH t [23]. The occurrence of some LH,  fluo- 
rescence in the (very gently) isolated chromatophores 
of E. mohilis (Fig. 2A) indicates that the functional 
association l,;ctwcen the peripheral and the RC/core 
antenna complexes is easily disturbed in this organism. 

The strong increase of LHI and LHn fluorescence 
in RC/LHI /LHl l  complexes isolated from Rb. 
sphaeroides with octyl glucoside (Fig. 2C), shows that, 
during isolation of these complexes, the functional 
coupling between LH.  and LH I as well as between 
LH I and the RC, is disrupted. The red-shill of the 
fluorescence-emission peak of LHj, observed in the 
complexes isolated with octyl glucoside (Fig. 2C), might 
bc duc to detergent-specific enlargement of the aggre- 
gation state of LH I IVan Mourik, F. ct al.. unpublished 
results). 

Functional interaction between LHII and LH I #~ Rps. 
pahlstris 

From the low-temperature absorbance and fluores- 
cence spectra of the different RC/LHI /LH, ,  com- 
plexes (Figs. 1-3), it can be concluded that tht tight- 
ncss of the association of the antenna complexes to the 
RC is stronger in Rps. pahlstris than in Rb. sphaeroides 
and E. mobili~. The fimctional coupling between the 
antenna complexes and the RC remains up to about 

93~,,: in the RC/antenna complexes from Rps. palustris 
isolated with octyl glucoside (see Table 1). Addition of 
up to 0.5~ of the ionic detergent sodium dodecyi 
sulphate to these complexes revealed no increase of 
LH I or LHjt fluorescence before denaturation oc- 
curred (Leguijt, T. and Visschers, R.W., unpublished 
results), indicating that the coupling between the an- 
tenna complexes and the RC ~ very strong in this 
organism. 

This conclusion contradicts earlier results reported 
by Molenaar et al. [14]. They concluded that the L H ,  
antenna from RC/LH I / L H ,  complexes isolated from 
the same strain of Rps. palustris, did not significantly 
transfer excitation energy to the RC's. Additionally, 
the maximal oxidation rate of cytochrome c by the 
RC's of the RC/antenna complexes from Rps. palus- 
tris as described by Molenaar et al. [14], was only 10% 
of the oxidation rate we measured with RC/LH I / L H .  
complexes from this organism (Leguijt, T. et al., unpub- 
lished results). The contrasting results might be due to 
prolonged storage of the chromatophores and the iso- 
lated RC/antenna complexes in liquid nitrogen by 
Molcnaar et al. Preliminary experiments showed that 
the functional association between LH u and LH I as 
well as the maximal cytochrome c oxidation activity of 
our RC/LH~/LH u complexes was disrupted after 
freezing of these complexes in liquid nitrogen. 

CD spectra 
Comparison of the 77 K CD spectra of intact cells, 

cells exposed to 1% octyl glucoside, chromatophores 
(see Fig. 5) and RC/LH t /LH u complexes (Fig. 4B) of 
E. mobilis, clearly shows that they are very similar. No 
major changes in the interactions between the BChl a 
pigments can be detected, only some minor differences 
in the 800 nm region are visible. In this latter region, 
the CD signal from the B800 pigments of LH u is 
superimposed on the CD signal from the B800 
monomeric pigments of the RC. 

The 77 K CD spectrum of RC/LHI  complexes from 
E. mobilis is comparable to room-temperature spectra 
of RC/LH~ complexes isolated from Rps. palustris and 
Chromatium rmosum [24,25]. The absorbance maxima 
of the antenna complexes and the RC are, however, 
red-shifted in our experiments due to sharpening of 
the absorption bands at 77 K. The double CD band 
with a zero-crossing at 905 nm is presumably due to the 
BChl dimer of LHt, comparable to the signal observed 
in RC/LHt  complexes from Rps. palustris and Chr. 
rinomm [24.26] and the B890 antenna from Rhodospir- 
ilium rubrum [27], although it is also possible that the 
CD signal of the RC is superimposed on the CD signal 
of the B890-BChl's, as reported for Rps. palustris [25]. 

Since the intensity of the CD signals from the I]850 
and B890 pigments appear to be affected by detergent 
treatment, it would be interesting to investigate whether 
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these changes can be reversed after dialysis of the 
detergent and incorporation of the complexes into lipo- 
somes. 

The data presented in this paper demonstrate that, 
for the isolation of functionally intact RC/antenna 
complexes, different detergents have to be used, since 
the tightness of  the interaction between the antenna 
complexes and the RC is different among the investi- 
gated organisms. With the procedure described here, 
we are able to isolate functionally intact RC/antenna 
complexes from three well-characterized photo- 
synthetic purple bacteria: E. mobilis BN 9903, Rps. 
pa/ustr/s NCIB 8288 and Rb. sphaeroides 2.4.1. As 
mentioned in the Introduction, Ectothiorhodospiraceae 
grow under extreme saline and alkaline conditions. We 
did not find adaptations however, in either the struc- 
tural (cf. Ref. 16), or the functional, properties of  the 
RC/antenna complexes of  E. mob///s, that can be 
directly related to these extreme growth conditions. 

This study introduces the possibility of reconstitut- 
ing the isolated RC/antenna complexes from E. too- 
bills into liposomes, which gives us the opportunity of 
obtaining a more detailed insight in the photosynthetic 
and bioenergetic machinery of  the Ectothiorho- 
dospiraceae. 
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