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The ratio of bacterinddoruphyll a (BChl) to carotenoid ill both the B890 light-harvesting plgment-proteln 
complex of RhodaspldUum mbmm, strain SI, and the B800--850 complex of Rkodobaet~r (formerly called 
Rhodopseudomonas) sphaerddes, strain 2A.I, has been determined by HPLC and two other methods. We 
report that the BChl-to-cm'otenoM ratio for both complexes is 2: !. 

]ntcodnetion 

Under anaerobic conditions lisht-srown purple 
bacteria devrlop photr.~ymhetic membranes which 
contain a high proportion of pigment-protein 
complexes. Most of these are antenna complexes 
which harvest the incident light and fmmcl the 
resulting excitation energy to the reaction c~ntres 
where it is ' trapped'. The structures of the reac- 
tion centres from Rhodopseudomona~ viridis ['1,2] 
and Rhodobacter sphaeroides Pc26 [3-5] have been 
determined by X-ra~, crystallography to a resolu- 
tion of less than 3 A. The structures of the light- 
harvesting antenna complexes are less well de- 
fined. Each complex is known to comprise 
oligomeric pairs of small transmembrane proteins 
to which BCId and carotenoid pigments are non- 
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covaiently attached [6,7]. The pigments are held in 
the hydrophobic interior of the membrane by 
specific interactions with the polypeptide side- 
chains, and arc positioned in a way which allows 
efficient energy transfe~ between them. The trans- 
membrane ~x-helical arrangement of the 
apoprot¢ins is well documented [6-8] but little is 
known about the interaction of these proteins with 
their associated pigment molecules. For a com- 
plete understanding of the structure and function 
of antenna complexes the ratios of the individual 
components must first be determined. Most of the 
antenna complexes studied so far contain a- and 
~-pdypeptide subunits in a ratio of 1 : 1 [9]. In the 
B890 antenna type two BCld molecules bind to 
each a/l~polypeplide pair [7,101, whereas three 
are bound in BS00-850-complexes [10,1]l. The 
ratio of BChl to carotenoid in the B890 complex 
of R. rubrum has been consistently determined to 
be 2:1 [9,12,13]. However, there have been con- 
flitting reports about the ratio of the B800-850 
antenna tYpe. The ratio was originally determined 
in Rb. ~,ohaeroides by Cogdell and Crofts to b¢ 3 
BChl a : 1 carotenoid [14,15]. Since then the ratio 
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in the analogous B800-850 complex of Rb. 
capsulatus has been determined to be both 3:1 
[16] and 2:1 [17], and Radcliffe et at. [181 have 
reported a ratio of 2:1 in Rb. sphaeroides, al- 
though iJt the latter case no experimental data 
were given. Most recently the ratio in Rb. 
sphaeroides has been determined to be 3 : 1 [12]. 

A 2: l ratio was assumed by Kramer et al. [8] 
in their well-known model for the B800-850 com- 
plex of l~b. sphaero[des. Beck-use of the conflict 
over the pigment content of this complex, we set 
out to obtain an mlequivocai value for this ratio, 
with the aim of testing the validity of thc 
smichiometry implied by the Kramer model. Using 
three entirely different methods, we determined 
the disputed ratio for the B800-850 complex of 
Rh. sph,~ero~des and then checked the accuracy of 
the methods by repeating each procedure for the 
B890 complex of R. rubrum which is generally 
accepted to have a ratio of 2 : 1. 

Exl~rlmem~ 

Wild-type cells of R. rubrum (strain S1) and 
Rlx sphaeroides (strain 2A.1) were grown photo- 
s3mthetically with suecinate as a carbon source 
[19] and were harvested by centrifugation during 
the log phase of growth. The cells were either used 
immediately or stored at -20°C until required. 
Chromat0phores of cells treated ,~th DNA~se 
and MgCl~ were prepared by a single passage 
through a French pressure o¢11 at 154 MPa [20,21]. 
Unbroken cells and cell wall debris were removed 
by cemrifugation at 12000 X g for 15 rain. The 
supernatant was further centrifuged at 18000 × g 
for 1 h and the chromatophor¢ pellet was res~s- 
pended in Tris-HCi (pH 8.0) to give an Ama x in 
the near-lnfra-red region (NIR) of 50 cm -1. After 
solubilisation with the detergent lauryl- 
dimethylamine N-oxide (LDAO) (0.25g v/v), re- 
action centres were obtained by a low speed spin 
at 12000×g followed by a centrifugation of the 
supernatant at 1$0000×g [9]. The reaction 
centre.depleted pellets from the two spins were 
oombined, resuspended in 20 mM Tris-HCl (pH 
8,0) to give a NIR A,,~ of 50 cm -t, and made to 
1% LDAO (v/v). After a final low speed spin, 
antenna complexes wore isolated from the pellets 
by DEAF,-cellulose column chromatography [22]. 

The integrity of all antenna preparations was 
checked by recording their absorption spectra. 

BChl-to-earotenoid ratio by HPLC Preparation 
of extracts. Aliquots (100-200 id) of antenna com- 
plex (ANmm~ = approx. 30 cm-1) were extracted 
exhaustively with approx. 5 ml acetone/methanol 
7:2 (v/v) and the extracts were evaporated to 
dryness under nitrogen in the dark. The extracts 
were completely dissolved in HPLC grade :.;.eh!o- 
romethane (100-~0 # )  and 20 Itl samples, con- 
raining approx, 10 -9 tool pigment, were injected 
immediately into the HPLC. 

The HPLC equipment comprised Kontron LC- 
3"414 pumps, Hcwlctt-Packard 85B intedac,¢ and 
1040A diode array detector. Suitable pigment sep- 
aration was achicced with a Zorbax ODS (Du 
Pont) reversed uhase columr~ (25 x 0.46 cat) [23 I. 
A 1 ml/min flaw rate and a linear gradient of 
0-100% B over 25 min was u ~ l  (A~-90% 
acctonitrile/water, 0,5% triethylamine; B == ethyl 
acetate). The time taken to prepare and run each 
extract was approx, 45 rain. 

Determination of pigment absorption coefficients 
in eluting HPLC solvent, To calculate the molar 
amounts of each pigment ehted from the column 
it was necessary to know the absorption coeffi. 
cients of BChl and ~he major catotenoids in the 
eluting HPLC solvent. 

The concentration of BChl was determined from 
• ~r ~. Q, absc~rpt~ion bnnd. The milfimolar absorption 
coefficient (es~) in acetone/methanol 7:2 (v/v) 
was first calculated from its peak height relative to 
that of the Qy (772 nm) band, and the published 
E772 value of 76 mM-l .cm -] [24]. This was 
repeated several times to give an average e~ 0 of 
18.5 + 2.0 nLM- cm- i. The millimolar absorption 
coeffident of BChl in the during HPLC solvent 
mixture was then determined by recording the 
Am~ of several samples in acetone/methanol, 
evaporating them to dryness, redissolving them in 
the same volume of during HPLC solvent and 
then by calculating the coefficient from the 
changes in A~,~. 

The millimolar absorption coefficients of the 
main carotenoids at their ?tm~, were similarly 
calculated in the ltPLC solvent mixture from the 
following pubfished e l~Z, :m values: spirillo- 
xanthin, 2500 in light petroleum [25]; spheroidene, 
2630 and spheroidenone 2065 in acetone [26], The 
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final millimolar absorption coefficients usod in the 
ratio determinations were: BChl ess0 = 17.4 cm-1; 
spirilloxanthin e497 ~-165 cm 1; spheroidene e4, 

149 cm -1 and spheroidenone e4s ~ -- 120 cm -1. 
Quaniitalwe analysis, The diode array detector 

was programmed to monitor simultaneously the 
absorbance at the ~1~., of each carotenoid and at 
the Qx band of BChl. The absorbance area of each 
pigment peak in the chromatogram w~ automati- 
cally U.t,'~ated to give the total ahsorbanee for 
~ch  pigment. The molar amounts of each pig- 
ment m the sample were then calculated using 
thoi~ absorption coeffidents. For each ratio de- 
termin,,tion 10-17 different antenna extracts, pre- 
pared from more than one batch of cells, were 
used. 

Bef ,"  the BChl-to.carotenoid ratios v~,ere 
calculated, the HPLC system was calibrated for 
pigment losses. BChl and the major carotenoids 
were isolated, and spectrophotometrically de- 
termined known amounts of each pigment were 
injected onto the column. The molar amounts of 
each pigmont eluted from the column, according 
to the HPLC analysis, were then compared to the 
actual amount injected and the apparent pigment 
losses were calculated. This was repeated 10-15 
times for each major pigment. 

Determinalion of the BChl-to-carotenoid ratios 
by solvent extraction. Samples of antenna complex 
were extracted in acetone/methanol and centri- 
fuged at about 2000 × g for 5 rain. The super- 
natant was poured off and the extraction repeated 
until the pellet was co]oufless (usually about three 
times). The molar amount of BChl in the super- 
natant was then determined spectrophotometfi- 
cally from the light absorbance of the extract at 
772 am, whore there is no interference from caro- 
tenoid absorption, and the tote! extract was trans- 
ferred into light petroleum 40-60°C b.p. The 
acetone/methanol mixture was removed by wash- 
lag with water and the pigment-contai-f~:/, petro- 
leum layer (epiphase) was dried with amhydm-as 
sodium sulphate. The carotenoid was separated 
from the BChl by quantitative partitioning with 
95~ methanol/water [27]. The total amount of 
earot~:toid was then determined spectrophotomet- 
rically from average aUsorpfion coefficients (R. 
rubram ~497 = 158 mM I I  -cm -1 and Rb. 
sphaeroides e4.--145 mM -1. cm -~) which were 

calculated from the carotenoid compositions (see 
Table II) and their individual coefficients. 

Determination of tke BCht-lo-carolenoid ratio by 
difference spectroscopy. Samples of antenna com- 
plex were extracted with acetone/methanol 7 :2  
(v/v) as before and absorption spectra were re- 
corded to give the molar amount of BChl in the 
samples. A spectrum of BChl, from an extract of 
the earotenoidless mutant Rb. sphaeroides R.26, 
was then recorded over the first spectrum. Increas- 
ing amounts of llChl were added to the sample 
cuvette until the Area x at 772 and 590 nm were 
identical to those in the extract of the antenna 
spectrum. Because of the presence of bacterio- 
phaeophytin which absorbs at 772 nm it was 
usually impossible [o match the two samples per- 
fectly at both 590 and 772 nm but the difference 
was only small. The molar amount of carotenoid 
was then determined from the antenna extract 
minus i~h l  ¢xtraot, difference spectrum, at the 
carotenoid ~m~ using the average carotenoid ab- 
sorption coefficients. This gave a very quick 
method for detemfining pigment ratios. 

Resalts and Discussion 

ttPLC of pigmems 
The separation of BChl and the main 

earotenoids is demonstrated by the multi-channel 
chromalogram (Fi 8. 1) of a total pigment extract 
of R& spkaeroides. The second, smaller compo- 
nent of the main ItCM peak was assumed to be a 
IICid isomer, possibly the Cd0 epimer, because its 
absorption spectrum was identical to the main 
peak. It was only noted in some extracts of Rh 
spkaeroides B800-850 complexes and cells, and 
when it was found the contribution of its peak 
area (10-15~ of the main peak) was included in 
the ratio calculations, ~cteriophaeop'aytin, which 
is a sensitive indicator of pigment degradation, 
was not detected in arty of the antenna complex 
samples, llaeteriophaeophytin, prepared from Rb. 
sphaeroides R26 BChl, was shown to have a reten- 
tion time of 18.1 rain. 

Chromatograms of the B890 complex of R. 
rabmm and the B800-850 complex of lib. 
spkaeroides are illustrated in Figs. 2 and 3. The 
average retention times (rain) of each pigment 
were as follows: spheroidene 17.'] :1: 0.5, spheroid- 
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Fig. 1. ' Multi-channel' HPLC c h t o m a t o g r a m  of tot al p i g m e n t  

extract of Rb. spl~aeraldes B800-[~50 complex (se = 
sph~roid¢~; so= spheroidenone; hsc = hydroxyspheroidenc)+ 
Solvent system: O-i00~ B over 25 rain (/~. - 90~ a~cl~nitrile/ 

water, 0.5~ tricthylandne, B ~ ethyl acetate). 
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Fig+ 3. Chromatogram of total pigFnent catr,'~t of/<. rubrum 
B$90 complex monitored at 497 nm (,:h = rhodovibrin: sp 
spirilloxanthin" arh - anhydrorhodovihfin). ~tvent system as 

Fig 1, 
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m,r.mton ~me tm.,] 
Fig, 2+ (~omalogra.ql  o[ toea] pigment extract of Rb, 
s,~aer~de~ B800-850 ¢ompt¢g monitor¢0 at 4~i3 run (so = 
spheroidene; so = sphecoidenone; hsc = hydrox~,sphcroiden¢)~ 

Solvent system as Fig. I. 

enonc 16,9 :t: 0.3, hydroxysphcroidene 15.8 + 0.2, 
hydroxyspheroidenone 12.5 -I- 0.I+ ~hodovibrin 
14.9 :[= 0.4, ~pL";-llox..~'~thin !5.~ =k 0.3, anhydrorho- 
dovibtin 17+3 + 0,3, BChl from R. rubrum 11.4 + 
0.2 and from Rb. sphaeroides 15.2 4- 0.1. The rea- 
son for the different retention times of the BChIs 
from the two species will be discussed later. 

BChl-to-carotenoid ratios 
The carotenoid recoveries in extracts from both 

species approached 1005 (Table I), as do higher 
plant carotenoids on sirmlar HPLC systems [23J. 
Recoveries of the respective BChls of Rb, 
sphaeroides and g rubrum wcrc 64 ± 3~ and 72 
± 11~, The unexpectedly high losses were propor- 
tional to sample size and were quite consistent. 
When ¢orrcctod for these losses, the BChl-to- 
carotenoid ratios of total pigment extracts from 
R, rubrum B890 compIex and Rb, sphaeroides 
B800-8S0 complex were calculated at 1.9 and 2.0, 
respectively (Table I). To verify these results, BCId 
and total carotenoid from each species were iso- 
lated and then mixed together in a known 2:1  
ratio and injected into the HPLC. The ratios 
which were calculated directly from the HPLC 
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TABLE I 
BACTER|OCHLOROPHYLL-CAROTENOID RATIOS 

n = sample number. 

n R. rubrum n R& sphaeroide~ 
B890 complcx B800-850 complex 
rat io 4- S.D. ratio + $.D. 

% recovery carotenoid 15 95 ±11 10 96 ±4 
recovery BChl l0 72 +11 l0 64 ±3 

BChl/¢arotcn~:d ratioby HPLC 17 1.3:1:0.2 15 1.3_+0.1 
BChl/carotenoid ratio corrected 

for le~ses " 1.95:0.2 2.0±0.1 
BChl/carotenoid ratios ot 2: [ 

,-nixlum~ t;2,, HPLC 11 1.5 5:0.3 l0 1.3 ± (I.l 
BChl/camtenoid ratio by 

solv~t extraction 9 1.7+ 0.4 tO 2.25:0A 
BCM/carolenoid ratio by 

difference spectroscopy 3 2.0 5:0.3 3 2.0 + 0.2 

Assuming 100% earot~oid recovery. 

data as before, were 1.5 and 1.3 for R. rubrum 
B890 complex and Rb. ~phaeroides B800-850 
complex, respectivdy. When corrected for BCM 
losses these gave BChl-to-earotenoid ratios of 
2,08:1 and 2.06:1. In addition, the results ob- 
tained by the two traditional methods provided 
further confirmation of a 2 : 1 ratio for both com- 
plexes. 

Carotenoid com,rosition 
HPLC analysis of antenna complex pigment 

TABLE it 

CAROTENOID COMPOSITION OF WHOLE. CELLS AND 
COMPLEXES 

n = sample number. 

n Complex n w/cells 
%±S.D. ~ ±S,D. 

BS~O 
& rubmm 

spirilloxanthin 7 89.4~:0.2 3 83.4+03 
rhodovibrin 7 7A:t:0.5 3 9.6±0.1 
anhydrorhodo~ibdn 7 3,2 -l- 0.3 3 7.0 + 0.2 

BS00-M0 
Rh sphaeroldes 

spheroidene 14 93.6±1A. 8 71 +0.5 
spheroidenon~ 14 4.55~1A 8 16 +03 
hydroxyspberoidene 14 1.7±0.2 8 9 +0.1 
hydroxyspheroidenone 14 0 8 4 20.2 

extracts provided the data on their carotenoid 
compositions (Table II) which were used in de- 
termining the average absorption coefficients of 
the total carotenoid. The compositions of whole 
cell extracts were also determined for comparison 
and were found to be similar to those previously 
reported for R. rubrum (91% spirilloxanthin, 6% 
rhodovibrin, 2% anhydrorhodovibrin and 1% 
rhodopia) [28] and anaerobically grown Rb, 
sphaerofdes (90% spheroidene and 10% spheroid- 
enone) [29], Rb. sphaeroides cells which have been 
exposed to oxygen during growth have carotenoid 
compositions of 95% spheroidenone, 5% neuro- 
sporene (Britton, G., unpublished results). Many 
other minor carotenoids are also present in calls of 
both species [301. 

Bacteriochlorophyll analysis 
l) has been reported that the esterifying C2o 

alcohol side-chain of Rb, sphaeroides BChl is phy- 
tol whereas that of R. n~brum BChl is 
geranylgeranio| [31-33]. During the quantitative 
work it was noted that the BChls from ,~. rubrum 
and Rb. spfiaeroides ran with different retention 
times. To investigate this furtheJ BChi samples 
were extracted from the carotenoidless mutants R. 
rubmm 139 and Rb. sphaeroides R26, mixed to- 
gether, and injected into the HPLC. A two-step 
solvent system separated the two BClds by 4 rain 
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Fig. 4. Chromatogranl of rmxed exuacls of the ¢arotenoidless 
mutants R. rl~rum G9 and Rb. rptmroides R26, monitored at 
~80 rim. Solver system: 35~ B for 20 rata, 35-40% B over 10 
rain (A ~ 90~ auetonitfile/water, 0.$% ttiethylamm~ B - ethyl 
acetate). Inset: idential absorption spectra of BChls from R. 

rubrum and Rh. sphaeeoides. 

(Fig. 4A) although the absorption spectra of the 
two molecules were identical (Fi D 4B). This sug- 
gests that the basis of the chromatographic sep- 
aration lies in the structure of the isoprenoid 
side-chain aad not the chromophore macrocycle 
and substantiates the above reports, A previous 
report of  reversed-phase HPLC of phacophytins 
estefified with different alcohols [3,*] has  dem- 
onstrated that chlorophyll-type moiecules can be 
separated on reversed phase HPLC on the basis of  
the length of the isoprenoid side chain. 

In conclusion, the ratio of BChl to carotenoid 
in the B800-850 complex of Rb. sphaeroides (and 

probably also Rb. capsulatus) is 2 :1  and is the 
same as that of  the B890 complex of R. rubruJn 
these resl|lts agree with ,he stoichiometry used in 
the Kramer model. 
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