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(Oxychlorobacteria) 

Photosystcm I and Pholosystcm I! plus associated chlorophyll a/b-protein complexes were isolated from washed thylakoid 
membranes of the nxychlorob,lctcrium (prochlorophytc) Prochhn'othrLr holhmdica. Separation was achieved by solubilization with 
Zvvittcrgcnt 14 and sucrose gradient ccntrifugation. Characterization involved non-denaturing and SDS- gel elcctrophorcsis, 
immunod,:coration, pigment content estimation by HPLC and analysis by absorbancc and fluorescence spectroscopy. The data 
nhtaincd indicate a functional positioning of the chlorophyll a/b antennae in the vicinity of Photosyst," r 11. Fractions enriched 
in these antennae contain at least h~ur polypcptidcs, of 28 to 30, 32. 34 and 36 kDa. The chlorophyll a to h ratio of the separated 
antennae was estimated to bc about 4. As opposed to higher plant and green algal chloroplasts, Photosystem I of Prochlorolhrix 
does not appear to have its own separate chlorophyll b containing antenna. 

Introduction 

Oxychlorobactcria (prochlorophytcs), e.g., Proclilo- 
roll and Prochhn'othrLr, are oxygenic phototrophic 
prokaryotcs containing chlorophylls a and b [1.2,3]. 
Because of this evolutionary interesting set of p roper  
tics prochlorophytes have been related to both higher 
plant and green algal chloroplasts as well as to cyano- 
bactcria [1.2]. This classification has raised questions 
about the architecture of PS 1 and PS !! and thc 
adjoining chlorophyll-protein complexes. In chloro- 
plasts, thc lateral heterogeneity of PS ! and PS 11 has 
been explained to be the rc~.alt of the hydrophobic 
interaction of the LHC 11 complexes [4]. Interestingly, 
such a lateral heterogeneity has also been documented 
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for Prochhn'on and Prochlorothrix [5,6,7]. in contrast, 
PS ! and PS !! in cyanobactcria are fully mixed in a 
regular pattern [8]. 

In chloroplasts, most of the Chl b is incorporated in 
the light-harvesting complex 11 (LHC 1I), which has a 
Chl a to b ratio of about unity and comprises up to 
50% of the total Chl. Three minor PS 11 associated Chl 
a/b-binding complexes (CP 29, CP 26 and CP 24) have 
becn described as well [9-11]. Approx.15% (as calcu- 
lated from [12]) of the Chl b is associated with PS 1. 
LHC i has a Chl a/b  ratio of about 3.5 and is 
comprised of apoproteins with molecular masses rang- 
ing from 211 to 24 kDa [9,11]. In cyanobacteria such a 
separate PS 1 antenna is not present [13,14]. 

Prochlorophytes have been portrayed as possible 
ancestors of higher plant chloroplasts [15,16]. Compari- 
son of the antennae with various antibodies indicated a 
distinct diversity in that the complexes of Prochloron 
and Prochlorothrix were shown to be related [17], but 
to be both different from chloroplast LHC !!. Even if 
antenna polypeptides are different, functional alike- 
ness would require a major role for Chi b as antenna 
pigment of PS I1. However, experimental data obtained 
by different groups rather surprisingly pointed to an 
appreciable association of Chl b with P S I  [18,19]. 
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Maltoside solubilisatio of thylakoids from Prochloro- 
thrix hollandica yicldcd five chlorophyll containing 
complexes on non-denaturing ( 'green')  gels [19]. The 
excitation spectrum of the 717 nm fluorescence emis- 
sion of the excised PS ! area revealed a peak at 468 
nm. This was interpreted as a functional coupling of 
Chl b t o P S i .  

LHC ll  phosphorylation is a way in which light 
energy distribution towards P S I  and PS il  can be 
regulated in chloroplasts [2(I-22]. In a study on the in 
vitro phosphorylation of antenna polypeptides in 
Prochloron the activity of the kinase appeared to be 
independent of the light conditions [23]. This phe- 
nomenon was interpreted as an adaptation to the light 
conditions in the habitat of Prochloron [23], it remains 
arrested in state 2, with part of the antenna located in 
the unstacked regions associated with PS ! [23]. An- 
tenna phosphorylation in Prochlorothrix has also been 
shown [24-26]. The model proposed for Prochloron 
[23] would suggest a constant association of the phos- 
phorylated antenna with PSI .  In case of Prochlorothrir 
an in vivo reversibly phospho~ylated 35 kDa polypep- 
tide was found to copurify with PS I [26]. The dephos- 
phorylated form of this protein was found to be pre- 
dominantly associated with PS l [25]. The phosphoryla- 
tion of this polypeptide coincided with state transitions 
[26]. This would imply that it is the phosphorylated 
antenna that moves away from PS I, opposite to the 
state 2 conditions suggested to be prevalent in 
Prochloron [23]. 

With reference to these observations, a study on the 
actual presence of Chl a / b  antennae near P S l  or PS 
!! was addressed in this work. We present evidence 
that the major Chl a/i  binding antenna is associated 
with PS li.  No antenna was found to be associated with 
P S I .  

Materials and Methods 

Prochlorc~,,, fix hollandica (PCC 9(106) [3] was grown 
in aerated BG 11 mineral medium [27] at 20°C under 
continuous illumination at 30/,rE m -2 i s -  . Cells were 
spun at 3000 × g and washed twice in buffer A (20 mM 
Hepes-NaOH, 2P,0 m~,'~ sorbitol, 10 mM NaCl, 2 mM 
EDTA, 0.1 mM PMSF). All preparative procedures 
were done at 0 to 4°C. Cells were broken in the French 
press at 70 MPa, unbroken cells were pelleted at 
5000 × g. The supernatant was layered on a cushion of 
1.5 M sucrose in buffer A. After  centrifugation at 
40000 × g  for 1 h the green material above the sucrose 
cushion was collected and pelleted at 200000 × g. The 
pellet was resuspended in buffer A to a chlorophyll 
concentration of 1 mg/ml .  To remove extrinsic poly- 
peptides, thylakoids were washed in 10 mM CHAPS 
(Sigma) [28]. Thylakoids were resuspended in buffer A 
containing 5 mM MgCI 2 instead of EDTA at a chloro- 

phyll concentration of 2 mg/ml ,  quickly frozen and 
stored at -70°C. 

For the isolation of photosystcms, frozen mem- 
branes wcrc quickly thawed, pelleted and dissolved in 
buffer B (buffer A without sorbitol). After addition of 
detergent (Zwittcrgent 14 was selected in this study, cf. 
Results), membranes were kept on ice for 31) min. The 
dissolved complexes were separated on a 0.1 to 0.8 M 
sucrose gradient containing (1.1)5% Triton X-Ill0 (Bio- 
Rad) and buffer B at 270000 × g  tot 18 h. The col- 
lected green bands were bound to Fraetogel TSK 
DEAE-650 (S) (Merck) which was preequilibrated with 
buffer  B containing 0.02% dodecyl  maltoside 
(Calbiochem). The bound material was washed with 
buffer B containing 50 mM NaCI, 0.02% dodeeyl mal- 
toside, which did not release any green material, and 
eluted by a final NaCI concentration of 251) mM. Dode- 
cyl maltoside (11.2%) was added to the green fractions 
and these were fractionated on a second sucrose gradi- 
ent containing buffer B and 0.02% dodecyl maltoside. 

Room tempera tu re  absorpt ion spectra  were 
recorded on an Amiz,co DW 2000 spectrophotometer. 
77 K absorption spectra were recorded on a Cary 219 
speetrophotometer. 77 K fluorescence spectra were 
measured on a laboratory built apparatus, as described 
in Ref. 29. For measurements at 77 K, samples were 
adjusted to 50% glycerol in buffer B contaiiiing 0.02% 
dodecyl maitoside. For fluorescence measurements, 
samples with a maximal absorbance of 0.3 between 435 
and 440 nm were used. 

Sucrose density was measured on an Abbe refrac- 
tometer. P700 content was estimated from reduced 
minus oxidized spectra according to [30], a mmolar 
extinction coefficient of 64 was used for calculations. 
Cytochromes were estimated according to [31]. 

The polypeptide composition of the isolated bands 
was analysed by SDS-polyacrylamide slab gel elec- 
trophoresis on 15% acrylamide, 0.2% bisacrylamide 
gels containing 0.75 M Tris-HCI (pH 8.8) [32] and 10% 
glycerol. The gels were washed twice with 5ok acetic 
acid, fixed for 1 h with 12q~, trichloroacetic acid, stained 
with Coomassie Brilliant Blue G 250 in 2% phosphoric 
acid, 8% ammonium sulphate and 29% methanol [33] 
and destained with 5% acetic acid. Gels were shrunk in 
poly(ethyleneglycol) 2000 before photographing [34]. 
Chlorophyll-protein complexes were analysed by non- 
denaturing electrophoresis [19] on pre-chilled 2 mm 
thick 7.5% acrylamide, 0.1% bisacrylamide slab gels 
using a Mini Protean 1I apparatus (Bio-Rad). During 
electrophoresis the buffer tank was placed on ice. 
Green bands were excised from the gel, and the 
chlorophyll-protein complexes were eluted overnight in 
buffer B containing 0.02% dodecyl maltoside. After 
concentration in Centricon 30 microconcentrators 
(Amicon), pigments were extracted with 90% actone 
for pigment analysis. Immunological analysis was es- 



scntially done according to [35]. Blots were stained 
with Ponccau Red in 5c/ acetic acid to indicate molec- 
ular mass marker,; and transfer efficiency. The antibod- 
ies against the reaction ccntrcs of P S I  and PS 11 from 
maize wcrc a kind gift by Dr. Robcrto Bassi. Antibod- 
ies against the apoprotcins of the oxygen-evolving com- 
plex wcrc made available by Dr. H. Pakrasi. Chl con- 
ccntrations wcrc determined in 8()c; acetone [36] 

Pigments were analysed by HPL(" on a ODS-hypcr- 
sil colunm 12511 × 4.6 ram) with 5 # m  particles. Sam- 
ples were extracted with 911% acetone and spun at 
120(X) × g for 2 min. To aliquots of the supernatant 1).3 
vol. of an ion-pairing mixture (tetrabutylammonium 
acetate (1.55~. w/v)  and ammonium acetate 17.7%, 
w/v))  was added 3 min before injection into the HPLC. 
Gradient clution was achieved by linear mixing of 
phase A comprising 9lWi methanol (Merck, gradient 
grade) and lilt',; water with phase B containing 811¢~ 
methanol and 211c; - acetone reaching 1(111¢,~ phase B in 
15 rain, and subscque..t elution with phase B during 16 
min. A flow rate of 1.5 ml /min  was used throughout. 
Phase A contained a I()-fold dilution of ionpairing 
reagents with respect to the sample. Peak areas were 
used to calculate pigment contents. 

Zwittcrgcnt (chainlength n = 8 to 161. dodecyl mal- 
tosidc and octyl glucosidc wcrc purchased from Cal- 
biochcm. Deriphat 161) was obtained from Serva. Digi- 
toninc was obtained from Merck and was rccrystallized 
twice from ethanol. All other chemicals were analytical 
grade. 

R e s u l t s  

Several detergents, including dodecyl maltosidc, 
octyl gluco,,;idc, lithium dodecyl sulphate. Deriphat 1611 
and digitonin were used in a first attempt to achieve 
solubilization and fractionation of the photosystcms of 
Prochhm)thriv holhmdica on a sucroscgradient. None 
of these detergents yielded satisfactory results. With 
dodccyl maltosidc or octyl glucosidc the complexes 
were not very well separated. Prolonged exposure to 
LIDS, as accurs during ccntrifugation, induced forma- 
tion of phcophytin. With Dcriphat 160 or digitonin 
solubilization was very poor (not shown). Out of a 
series of zwittcrgent-typc detergents with different alkyl 
chain length (n = 8 to n = 16) solubilization and sepa- 
ration of isolated thylakoid membranes  from 
Prochlorothrix was successful with Zwittergent 14. It 
was used in different detergent to chlorophyll ratios to 
determine the optimal solubilisation o:  '=,vlakoids with- 
out loss of complex integrity. Two discrete green bands 
with different polypeptide composition were obtained 
on a sucrose gradient (Fig. 1). The upper band at 13% 
sucrose was enriched in PS 11 and Chl b; the lower 
band at 14.5q sucrose was enriched in PS 1 (chloro- 
phyll to P701) ratio of 135 as compared to the ratio of 
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Fig. I. P~lypeptidc compoMti~,n of membranes solubilizcd v, ith SB 14 
at a detergent to chlorophyll ratio of 4 to I and separated ,.m the 
(first) sucrose gra:licnt containing (I.115r,: Triton X-I(X). Fractions of 
300/1.1 ~.~.crc collected. Only green fractions (fraction II Io 3(I)were 

analysed. 

21(1 in who'.c thylakoids} and depleted in Chl b (not 
shown). At detergent to chlorophyll ratios above 8 an 
additional band appeared on top of the gradient at 
111.3% sucrose. This band was enriched in carotenoids 
and contained some Chl. A further increase of the SB 
14 to chlorophyll ratio correlated with an increase in 
the chlorophyll content of this band at the expense of 
the PS Ii enriched band. Apparently,  higher SB 14 
concentrations affected the complex integrity of the PS 
11 enriched fraction. For an ootimal solubilization a 
detergcnt to chlorophyll ratio of 6 was negc' iated.  

Since Triton X-II)0 was ::. wn to affect the spectro- 
scopic characteristics of is,,.,;teJ chlorophyll-protein 
complexes [37,38], wc replaced Tr i to ,  X-101) by malto- 
side during the further purification steps, in order to 
concentrate the samples, to remove sucrose and to 
exchange the detergent, the selected fractions were 
bound to Fractogcl and eluted with 25(1 mM NaCI. The 
elutcd material was further purified on a second su- 
croscgradicnt containing dodecyl maltoside. The P S I  
fraction produced one green band with a chlorophyll to 
P7()() ratio of 911 at 14.5% sucrose (PS !-2) and a thin, 
yellow green band at 111.3% sucrose (PS 1-1). The PS It 
fraction yielded a yellow green band at 10.3% sucrose 
(P~ I1-11 and a green band at 12.6% sucrose (PS 11-21. 
In some cases a faint green band at 13,2% sucrose 
could be detected (PS 11-31. No cytochromes could be 
detected in the PS 1 enriched fraction (PS 1-21. In the 
PS l l -antenna fraction (PS 11-2) cytochrome b-559 (low 
potential) could be demonstrated at a chlorophyll to 
cytochrome b-559 ratio of 165. No other cytochromes 
were detectable in this fraction. 

The polypeptide pattern of the major green bands is 
displayed in Fig. 2. The yellow green bands on top of 
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Fig. 2. Polypeptide composition of PSI and PS II enriched fractions. 
Lanes were loaded with 8 /.tg chlorophyll of the photosystem frac- 
tions and 20 ~g chlorophyll of the thylakoids. (I) Molecular mass 
markers: (2~ thylakoids (Thyl): (3) PS II enriched fraction PS 11-2 (PS 

I1): t4) PS I enriched fraction PS 1-2 (PS !). 

the gradients barely contained polypeptides (not 
shown), confirming the assumption that these bands 
are comprised of free pigment. The PS I! tPS 11-2) 
fraction was dominated by polypeptides of 58, 38, 34 
and 32 kDa and a broad band at 28-30 kDa. Notable is 
the absence of polypeptides in the 20 to 28 kDa area. 
in chloroplasts this area is dominated by the antenna 
apoproteins [9-11], in contrast th: antenna apopro- 
teins from Prochlorothrix all hart molecular masses 
above 28 kDa [19, this study]. By this coincidence, the 
antenna polypeptides, the reaction centre polypeptides 
DI and D2 and the 33 kDa apoprotein of the oxygen- 
evolving complex all appear in the same molecular 
mass range. Furthermore, immunoblot analysis with 
antibodies directed against the 33, 23 and 17 kDa 
apoproteins from the oxygen-evolving complex in 
chloroplasts indicated that the 23 and 17 kDa polv- 
peptides are absent in Prochlorothrix (not shown). 
These two polypeptides are part of the oxygen-evolving 
complex in chloroplasts, but appeared ab~nt in cyano- 
bacteria [39]. To exclude accidental loss ¢,f these extrin- 
sic polypeptides during the isolation steps, this analysis 
was also done with extracts from whole cells. 

The PS 1 fraction was dominated by a broad band 
centering at around 6(J kDa, the psaA and psaB gene 

products which are not well separated, and minor 
polypeptides at 16.5, 14.5, 11 and 9 kDa. This polypep- 
tide composition is similar to the one l~mnd in eyano- 
bacteria I13,14] and Prochlonm 14(I]. The polypeptides 
of 55 and 5¢~ kDa are either the a and /3 subunits of 
the ATPase or the apoproteins of the carotenoid-bind- 
ing complex [41], which were not completely removed 
during the isolation and washing of the thylakoids. In 
thylakoids which were not washed in EDTA or CHAPS 
~hese two polypeptides are among the most abundant 
bands, apd during non-denaturing electrophoresis they 
comigrate with P S I  derived bands (not shown). Pre- 
sumably these two polypeptides were erroneously iden- 
tified as the psaA and psaB gene products in a first 
attempt to analyse the chlorophyll-protein complexes 
of Prochlorothrix [19]. 

To establish the purity of the preparations, the 
different fractions were challenged with antibodies di- 
rected agains! core complexes of PSI  and PS li from 
maize (Fig. 3). With an antibody preparation directed 
against a PS I1 core complex, Prochlorothrix thylakoids 
showed strong crossreaction at 34 and 32 kDa (D2 and 
DI). The band at 58 kDa is probably the DI-D2 dimer 
[42]. The PS 11 enriched fraction showed the presence 
of Dl, D2 and a major band at 14 kDa, probably 
cytochrome b-559. The PS 1 enriched fraction did not 
show crossreaction with the PS II antibody. On a blot 
decorated with antibodies against the PSI  core in the 
PS l fraction the polypeptides at 60 kDa showed cross- 
reaction (Fig. 3B, lanes l and 3). but the PS 1I fraction 
lacked this crossreaction (lane 2). 

The pigment contents of the bands from the second 
sucrose gradient were determined by HPLC. The PSl  
and the PS ll fractions both contain fl-carotene (Table 
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Fig. 3. Immunological characterizalion of  the PS I  and PS II en- 
riched fractions. Thylakoid membranes of Pr~a'hhJrothr~ and the PS 
1 and PS II enriched fractions ~,ere challe~,,,ed with an t i l~ ies  
against reaction eentres of PS ! and PS II from maize. ThyX: 

thylakoids. 
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TABI.E I 

Pig'/lIt 'I l l t 'O/tl/lOsllhvl Of  I]IU btlflt/s tI'o111 I/It ' ~t'('olld ~IH'FOM" l~l'~IdlUhl 

Pigments v, ere determined b~ IIPI ('. PSI- I and PSII-I: upper ycl- 
Io~-grccn bands from )hc PS I and PS II llaclioll,, rcspcclivcl.v, 
thmlinantlx comprised of Ircc pigmcnl. PSI-2 and PSII-2: major 
green bands lrom the PSI  and the PS II fractions, these band,, ~erc  
used fl~r further analyses. PSil-3: faint green band lrom the PS II 
fraction, which v, as not subjected to further anabsis.  All data arc 
cxprcsncd pe~ 1011 molecules Chl a. n.d.. not detemlined. The 
detection limit li*r the chlorophyll to P700 ra|io and the chlorophyll 
)o cyt b-559 ratio ~,crc estimated to be 211111) and IIlll~). respectively. 

PS I-I PS I-2 PS I1-1 PS 11-2 PS 11-3 

( 'hi a IIX).O I00.0 tOtl.O I(lO.O I(l().O 
Chl h 5.7 1.9 6.~, ~ 1(~.5 IN.4 
Zeaxanlhill 94.7 1,4 78.7 111.3 17.8 
//-( 'arotenc 36.0 16.7 13.q 8,2 14.2 
( 'h i \  P7tI(I n.d. riO n.d, > 2000 ILd. 
('hl\,cyl h-Sqt~ ll.d. I)lllll n.d. 165 ll.d. 

1), the results point to a somewhat larger distribution 
in the PS 1 fraction, in the PS 1 fraction some Chl h 
and zeaxanthin were present. The frcc pigment zones 
were enriched in carotcnoids. The PS II bands were 
enriched in chlorophyll b (Chl a to b ratios of 5 to 6). 

Thc composition of the PS I and PS I I /antenna 
fractions from the second sucrose gradients was anal- 
ysed by non-denaturing elcetrophoresis (Fig. 4A). The 
PS II fraction was resolved into 3 bands. PS 1 yielded 
two bands. Even by illumination with ultraviolet light, a 
sensitive method to detect PS II or antennae com- 
plexes, no fluorescence could be seen on the g~ he 
P S I  fraction (not shown). The same 'oaditions in- 
duced brigh fluorescence of all bands ' he PS 11 

A 

% 
B -  
C -  

FP 

B 

45- 

31-  
21-- 

14-- 

, l i  

I t t l  

PSI PSi 1 2 3 4 5 

Fig. 4. Analysis of  the chlorophyll-protein complex composition of 
the PSI  and PS 11 enriched fractions. (A) Separation of chlorophyll- 
protein complexes from the P S I  and PS II enriched fractions from 
the second suerosegradient containing dodecs'l maltoside on a non- 
denaturing gel. LiDS was added to the sample at a final concentra- 
tion of ().lr~ before electrophoresis. FP, free pigment. (B) Polypep- 
tide composition of the separated chlorophyll protein complexes. 
Green bands were excised and subjected to denaturing electrophore- 
sis. Lane l to 3: PS II-A to PS lI-C. Lane 4: PS l-A. Lane 5: PS I-B. 

TABIJ7 Ii 

I'it:mcnt COmlnJ~ition O/ the chhnoldzyllqJrolcm (+omph~t¢~ iso/uted hy 
Ho/t-th'/ltllltri/lg clcctrophorc~i~ /Fig. 4) 

(;re¢ll bands were cut from the gel. chlted overnight ill hul ler  A plus 
IUI2 ~ ; malloside, concentrated and extracted v, ilh 9(Iti acetone for 
pigmenl analysis (see Materials and Methods). The thin free pigment 
zone from PS I ~as  not analysed. 

( 'hi a ( 'hi  h /J-( 'arotcne Zeaxanthin 

PS I-A 10IL0 1.5 6.2 1.4 
PS 1-13 101L0 1.7 13.S I.I 
PS II-A I)M).t) 24.8 10.7 4.2 
PS II-B I00.0 21.0 9.8 5.6 
PS II-(" 100.0 4.8 I I.I 2.4 
PS II-FP I(~HI 46.5 82.6 133.3 

fraction. After excision, the polypeptide composition of 
these green bands was analysed on non-denaturing gels 
(Fig. 4B). The PS l  derived bands showed the dimer at 
6t) kDa and the small apoprotcins connected with PS I. 
In one of the grccn bands, PS I-A, the 16.5 kDa 
component is missing. This polypeptidc, presumably 
the psaD gcne product, is apparently loosely attached 
to thc P S l  reaction centre. It has been demonstrated 
for spinach [43] and for Synechococcus [44] that the 
psaD gene product is an extrinsic polypeptide, that can 
be removed from the P S l  complex. 

In the PS 11 derived bands at least three poly- 
pcptides can be attributcfl to the Chi a/b binding 
antenna, a major band between 28 and 30 kDa and two 
weaker bands at 32 and 34 kDa. A fourth band at 36 
kDa, visiNc in PS ll-C, is presumably an antenna 
apoprotcin too. The band PS ll-C in addition con- 
tained pGypeptides at 44 and 48 kDa, presumably CP 
43 and CP 47. 

The pigment composition of the green bands from 
the non-denaturing gel (Fig. 4A) was analysed by HPLC 
(Table ll). The PS 1 derived bands both contained 
/J-carotene. Both green bands contained trace amounts 
of Chl b and zeaxanthin, similar to the Chl b content 
of thc PS l enriched fraction isolated from the su- 
crosegradient. This indicates that no specific Chl b or 
:-eaxanthin containing component has been removed 
from the PSI  complex during electrophoresis. The PS 
II derived bands all contained Chl b. The antenna 
band PS II-A contained Chl b in a Chl a to b ratio of 
approx. 4, the Chi a to b ratio of PS II-B is slightly 
higher. Thc higher Chl a to b ratio of band PS II-C 
confirms the presence of Chl a-binding complexes in 
addition to the antenna, as was judged from the 
polypeptide composition of this band. All green bands 
contained /J-carotene as well. During electrophoresis 
relative more Chl b, /~-carotene and zeaxanthin were 
removed from the complexes (PS II-FP). As a result of 
conversion of chlorophyll to pheophytin during elec- 
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In lluorc~,ccncc studies at 77 K. thc emission spcc- 
trurn of the PS I1 band showed a peak ill 687 11111 (Fig. 
7A). The usually encountered lluorcsccncc emission 
wavelength in chloroplasts (77 K) arc at 6NI)(IJtC II), 
~N5 (PS I! core, CP 43) and 605 nm (('P 47, PS !i core) 
respectively [46]. Prochhn'othrLr does not display a clear 
separation of these peaks, regardless of the wavelength 
of excitation (434. 47(1 or 51)5 nm) except fllr a small 
additional shouldcr around 6711 nm in the 434 nm 
excited sample duc to some uncoupled pigment (Fig. 
7A). Illumination of PS ! with 434 nm light demon- 
stratcd the typical peak at 718 nm associated with PS I 
in cyanobactcria and chloroplasts (in which the LHC i 
antenna additionally cmits at about 735 nm [46]) and a 
broad emission centering at 677 nm including it minor 
emission at 687 nm which prcfcrentially appears after 
4711 and 5115 nm cmission (Fig. 7B). The former peak 

trophorcsis and clution of the complcxcs, the rclativc 
/3-carotene content aftcr clcctrophoresis appears to be 
increased (compare Tablcs 1 and il). For unknown 
reasons, the PS !1 fraction is more susceptible to phco- 
phytin formation. As judged from control cxperimcnts, 
the estimated Chl a to Chl h ratio is not altered as a 
result of pheophytin formation (not shown). Band PS 
ll-C, which is relatively depleted in antenna poly- 
peptides (Fig. 4B) as compared to bands PS II- A and 
B, contained less zeaxanthin. Because the absence 111" 
lutein in Prochlorothrix has been reported [2]. it might 
be that zeaxanthin is associated with the Chl a/h 
binding antenna, rather than lutein as is the case in 
LHC 11 from chloroplasts [45]. Also given thc ubiqui- 
tous presence in Piochlorothrix [41], the apparent loss 
of zeaxanthin during the isolation hampers furthcr 
conclusions on the function of zeaxanthin in thc photo- 
synthesis of Prochlorott'rix to be drawn. 

The room temperature absorbance spectra pre- 
sented in Fig. 5 demonstrate the differences between 
the thylakoid membranes and the PS 1 and PS 11 
fractions. PS II demonstrated Chl b and zcaxanthin 
plus fl-carotene as a peak at 465 nm and a shoulder at 
500 nm. The chlorophyll peak in the rcd ccntercd at 
671 nm. The spectrum of the PS ! band was red 
shifted. The chlorophyll peak in the red centered at 
680 nm. A peak at 497 nm indicated the presence of 
fl-carotene in the PS I band. The differences were 
more prominent in the 77 K absorbance spectra (Fig. 
6). in the PS il fraction, the presence of Chl b was 
indicated by a small shoulder around 650 nm. The 
absorption maximum in the red centered at 6711 nm, 
the spectrum of the PS I fraction showed a red shift of 
10 nm, the usually attributed positions of thcse compo- 
nents in the red spectral region. 
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reflects emission due to uncoupled ( 'h i  a. the latter 
peak eorre.4ponds ~,ith minor  P S I  emission at 61'15 nm 
as .4hown ill a P.~, I core prepara l ion  o f  barley wi th  90 
Chl a per P7illi I471. The 715 nm emission i i f  |l~ I w;i,4 
excited by peaks at aroulltl 4711 nm alld 505 nm ill 
addition to the main peak at 43h nm (Fig. SA). The 
excitation spectrum of PS II tcmi:,sion at fig5 nm) 
showed peaks at 432 and 4hS nm and a shoulder at 4011 
nm (Fig. 8B). A comparison between the excitation 
spectra shown in Fig. 8 clearly shows two differences. 

A PS II 

' 1 i 

0 5- 

r 

1, J' I 
0 ° 

650 670 690 710 

- -  exc 434 nm 

. . . .  exc 470 or 505 nm 

730 . . . . .  i 7,50 

Wavelength (nm) 

B P S I  - - e x c  434 nm 
~ _  - - - - e x c  470 nm 

L 
-. exc 5 0 5 n m  

1 i i 1 i 

6,50 67(3 690 710 730 750 

Wavelength (nm) 

Fig. 7. Fluorcr, ccncc clnis~,ion ~,pcclra of the I)S I and PS It enriched 

preparations.  (A) 77 K ' ,pcclrum of PS II. - -  (ext. al 434 nil]). 

. . . . . .  (cxc. tit 4711 ~lr 5115 rim). (B) 77 K ',pc¢lra of PS I. - -  (cxc. 

al 434 n m ) . -  . . . . .  (cxc. ;.It 4711 nm). • . . . . .  (cxc. :.it 5115 rim). All 

spectra arc normalized. The maximal absorbance of  the prcparal iom, 
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Fi,~tly. in the PS i fraction the broad band centreed at 
470 nm displays a shoulder at 460 nm. which is absent 
in thc PS Ii fraction. Secondly, thc difference between 
thc spectra around 5115 nm indicated coupling of /3- 
earotcnc to PS 1. 

Discussion 

Chl b has bccn found to be associated with the 
antennae derived bands on grccn gels of both 
Procllh.'on and ProchlorothrL~ holhmdica: however, its 



functional role in light harvesting has not yet been 
sufficiently revealed [18.19]. Typical diffcrcnccs in the 
p~dypcptidc composition and structural assembly of the 
Chl a /h  protein complexes of the proch!orophylcs on 
the one hand and of chloroplasts from higher plants 
and green algae on the other hand have bccn estab- 
lished. For cxamplc, the majc~r polypcptidcs of thc Chl 
a/b-protcin complexes demonstrate apparent molccu- 
:ar masses bctwccn 28 and 37 kDa (Rcfs. 18.19: this 
work), as opposed to the usual range of 25 to 29 kDa in 
chloroplasts [9-11]. The isolatcd complexes contain 
Chl a and b in a ratio estimated at about 2.4 for 
Prochloron [ 18] and about 4 for I'rochh,'othrLr [19, this 
work] in contrast to the ratio of about unity encoun- 
tered in LHC !! in chloroplasts. 

Thus far no functional rolc for Chl I, in 
ProchlorothrL~ has bccn cstablishcd. Bullcrjahn ct al. 
[19] dcmonstratcd a substantial content of Chl h in the 
upper bands on green gels of maltosidc solubilizcd 
thylakoid mcmbrancs from Prochhm~thrix. Thcsc bands 
wcrc demonstrated to contain PS 1 and some poly- 
peptidcs with a molecular mass similar to thc apt,pro- 
teins of the antenna. The observed cxcitatitm peak in 
77 K fluorescence spectra at around 470 nm present in 
these bands from green gels has bccn tentatively ex- 
plained to indicate a functional rolc for Chl h in PS I 
activity, in contrast to this study as discussed below. 

Detergents of the Zwittcrgcnt type have been ap- 
plied in the isolation of PS I! and PS ! from ~vm'- 
chococcus [48,49]. In the present study Zwittcrgcnt 14 
has been used as a suitable detergent for the isolation 
of the Chl-protcin complexes from l¥ochlorothri.r on a 
preparative scale. The results obtained were different 
from those arrived at by [19] in that the fraction 
containing PS ! was isolated nearly devoid of the Chl 
a/b-protcin complex, as judgcd by SDS gel clcc- 
trophorcsis and HPLC analysis. Thus, the peak at 4711 
nm in the PS ! fluorescence excitation spectrum its 
secn in [19] and in Fig. 8A cannot bc duc to Chl h. The 
additional pcak at 5115 nm and thc prcsencc of ~-caro- 
tene would rather point to inw~lvement of ~-carotcnc 
in PS 1 photosynthesis [45,511]. 

The comigration of PS !1 reaction ccntrc and the 
Chl a/b  -protein complex on two subsequent sucrose 
gradients indicates their possible association. PS I1 
fluorescence excitation, as compared to PS I, shows a 
more pronounced peak at 470 nm, but only a small 
shoulder around 5110 nm. This, on the one hand points 
to a minor contribution of/3-carotene in PS II photo- 
synthesis, and on the other hand demonstrates involve- 
ment of Chl b in PS il  excitation. This contribution of 
Chl b matches with the absorbance spectrum of PS I1. 
The Chl a to b ratio in the preparations of PS II plus 
adhering antennae was cstimated at about 6, the Chl a 
to b ratio of the antennae is about 4. Assuming 511 
molecules of Chl a per PS I1 corc [11], the total Chl a 
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plus h per !%80 is calculated t¢~ bc 175. This Iils "" ". nl~t.g iv 

with the cstimati~m of one cyt h-55 t) [o~ potcmial per 
each Ih5 molecules of chh~rophyll (Table I). assuming 
,.111c cytochr¢~mc h-55~; pet  reaction centre [42]. 

A major role of Chl b in the excitation of PS I 
seems unlikely. Wc have found no indication for poly- 
pcptidcs in the m~lccular mass range usually corre- 
sponding to a P S I  associated ('hi h binding antenna. 
Interestingly, in l'rochhn'on a coasidcrablc amount of 
Chl b wits li~und to bc associated with PS I after 
SDS-sucrosc gradicnt ccntrifugation [18], despite the 
lack of any polypcptidcs other than a 711 kl)a band, 
presumably composed of the psaA and psaB products. 
The low molecular mass subunits of PS I. which wcrc 
demonstrated in I'rochhmm [411] and l'rochh,'othrix 
([19] and this study) wcrc not present in the study by 
Hiller and l.arkum [18]. Thc harsh treatment with SDS 
used in Jig] likely rcmovcd these components. From 
this. if ( 'hi  b wcrc to bc associated with PS 1 in 
I'roclthmm ~r l'roctlhn'othrix, it would be bound to a 6tl 
to 70 kl)a band. tt i lhcrlo, such an association of Chl b 
with the reaction centre polypcplidcs of P S I  has not 
bccn reported. The chlorophyll to P71tll ratio of 90 in 
our PS i enriched fraction is in the range usually found 
for P S I  core preparations with the psaA and psaB 
products its the sole chlorophyll binding polypcptidcs 
[I 3.14]. A coincidental ovcrlap of the apparcnt molccu- 
lar masses of the psaA and psaB products and a special 
PS I antenna polypcptidc in Pr¢Jchh,'othrix cannot be 
excluded by our studies. Howcvcr. an antenna with 
such high molecular weight would bc unique givcn 
detailed studies on all polypcptidcs of various PS 1 
preparations [14]. ProchlorothrLr appeared to contain 
one or at most two Chl b per PSI  (this study~, instead 
of unique binding to the PS I core. wc tend to assume 
that the minimal contents of Chl h and zcaxanthin 
found, arc entrapped in detergent miccllcs that copu- 
ril~, with PS I. In that case. the antenna organization in 
ProchlorotJoi.v is similar It) the onc cm:ountcrcd in 
cyanobactcria, which lack a specific PS 1 antenna. 
Interestingly. Prochhn'othrix adapts to different ligl~t 
intensities by varying thc PSI  to PS il ratio [51], likc in 
cyanobactcria [52]. In conclusion, with rcgard to Chl h 
in t¥ochlorothrix, we propose a model in which it is 
associated with PS Ii. These observations on the 
photosynthetic apparatus of Prochhm~thrL~- mark its 
interesting position in between two other groups of 
organisms with oxygenic photosynthesis, the Chl b con- 
taining cukaryotcs and the cyanobacteria. 
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