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E. halochloris thylakoids and spheroplasts were treated with trypsin, thermolysin or proteinase
K to determ ine which proteins are exposed at the different m embrane surfaces. B ased on SD S
polyacrylamide analysis, all 9 polypeptides are exposed on the cytoplasm ic side. O nly one
(28 k D a) is accessible from the periplasmic side. This polypeptide is generally isolated as the
H-subunit o f the reaction centers of photosynthetic bacteria, but is in the case o f E. halochloris
rather isolated with the antenna (B 800/1020) (Steiner and Scheer, Biochim . Biophys. A cta 807,
278, 1983).
Proteolysis is accom panied by a shift of the absorption band at longest w avelengths from 1020
to 960 nm (B 800/960), which upon standing is shifted further to 680 nm (“B ” 800/680). The
spectral changes are similar to the ones reported earlier for treatm ent with acid, and are also
inducible with urea. The correlation o f SD S-P A G E and absorption spectroscopy show s, that the
chrom ophores absorbing at 1020 nm are transformed sim ultaneously with the degradation o f the
6.5 kD a ( — a ) polypeptide.

Introduction
Much progress has been made in recent years in
understanding the topology of photosynthetic mem
branes in purple bacteria. The techniques used in
cluded biochemical m ethods of different specifities
and advantages like labelling with antibodies [1],
radioiodonation [2], photoaffinity labelling [3], crosslinking experim ents [4—6] or proteolytic digestion
[7 —9]. They also included diffraction methods, like
high-resolution electron microscopy [10—12] and
most recently x-ray diffraction of isolated reaction
centers [13].
Most of this work was focused on only a small
num ber of closely related bacterial species. Particu
lar emphasis has been placed on the Rhodospirillales
[14] e.g. Rs. rubrum, Rp. spheroides, Rp. capsulata
and Rp. viridis. Much less is known about species
A bbreviations: Rp, R h odopseu dom on as; Rs, R hodospirillum; E , E ctothiorhodospira; bchl, bacteriochlorophyll;
SD S, sodium dodecyl sulfate; P A G E , polyacrylamide gel
electrophoresis;
PM SF,
phenylm ethylsulfonylfluoride;
E D T A , ethylendiam intetraacetate; cd, circular dichroism;
LHP, light-harvesting-protein; RC, reaction center.
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from other genera [15], and their structural relations
to the Rhodospirillales. We have recently begun to
study the photosynthetic apparatus of E. halochloris
[16], an alcalophilic and extremely halophilic bac
teriochlorophyll b containing organism.
The main difference as com pared to e.g. Rp. viri
dis is a second near-infrared absorption band besides
the common one at 1020 nm, peaking at 800 nm with
a shoulder at 830 nm. In a previous study [17], it was
shown that the native (“high-pH ”) form (X.max = 1020
and 800 nm) is reversibly transform ed below pH 6.5
to a form absorbing at 960 and 800 nm (“low-pH”
form). The 800/830 nm band rem ained unchanged by
this treatm ent [17]. The pigments relating to the
960 nm band in the “low-pH” form are not very
stable, and are oxidized irreversibly upon addition of
more acid or even incubating at am bient tem pera
ture. The newly form ed absorption peaking at about
680 nm is typical for the chlorophyll a-related oxida
tion products of bchl b [18]. Similar, albeit irrevers
ible spectral changes have now been observed upon
(partial) proteolysis of E. halochloris membranes.
H ere we wish to report results pertaining to the
orientation and exposition of the photosynthetic
m em brane proteins of this organism, and combine
data from SDS-gel electrophoresis and spectroscopy,
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in order to relate spectrally distinct chrom ophores to
certain polypeptides.

M aterial and M eth o d s

E. halochloris was grown anaerobically in the
medium of Imhoff and Triiper, with the differences
described earlier [17]. The cells were harvested by
centrifugation (14000 Xg) and washed once with
Tris-buffer (10 m M , pH = 7.5). Thylakoids in which
mainly the cytoplasmic surface is exposed, were
prepared by the m ethod of Feher and O kam ura [19]
and checked by light microscopy for hom ogeneity.
Spheroplasts (rightside-out particles) were prepared
after a modified m ethod of Michels and Konings
[20]: H arvested and washed cells were homogenized
in a glass potter in Tris-buffer. The crude extract was
treated with lysozyme (0.5 mg/ml) and E D T A (final
concentration 5.5 mM) and stirred at room tem pera
ture for about 3 hours [21]. It is necessary to check
the form ation of the particles by microscopy (charac
teristic swelling; addition of more lysozyme if neces
sary). The suspension was then sonicated twice for
one m inute, centrifuged twice like chrom atophores
and adjusted to an absorption of 50 (1020 nm; 1 cm
cuvettes).
For controlled proteolytic digestion, 500 |il of the
m em brane particles (chrom atophores or sphero
plasts) were incubated with increasing am ounts of
different proteases: proteinase K, trypsin or thermolysin. The digestion was stopped with PMSF (2 ml
saturated solution in acetone/0.5 ml incubation mix
ture), trypsin-inhibitor (400 mg/ml incubation buffer,
added as a solid) or E D T A (1.0 m final concentra
tion), respectively. The samples were then cen
trifuged (14000 Xg) washed three times with Trisbuffer and analyzed.
SDS-gel electrophoresis was done on polyacryl
amide gels (PA G E ) with a linear gradient
(11.5 —16.5% acrylam ide), modified from Laemmli
[22], as described earlier [17]. For calibration a
standard set of hydrophilic proteins was used (bovine
serum albumin; hen egg albumin; lactoglobulin; pep
sin; trypsinogen and lysozyme) and in addition
hydrophobic peptides ( R p . spheroides B 800/850 an
tenna) of known m olecular weights [23]. Gels were
scanned after staining with Coomassie brilliant blue
G on a scanner TCD (V itatron).
Absorption spectra were m easured on a D M R 22
(Zeiss. O berkochen) or a ZWS II spectrophotom eter

(Sigma, Berlin) connected to a BS 8000 intelligent
recorder (Bryans, Mitcham). CD -spectra were ob
tained on a dichograph V (ISA , U nterhaching)
equipped with a silex data handling system
(L eanord, Lille) with a modified software. Fluorescence-emission spectra were obtained on a homebuilt fluorim eter equipped with a liquid-helium cryostat as described elsewhere [24] and are uncorrected.
All chemicals were reagent grade. Trypsin and
proteinase K were purchased from M erck, D arm 
stadt, lysozyme and trypsin inhibitor from Serva,
H eidelberg, thermolysin from Boehringer, M ann
heim, and the SDS-PAGE calibration set from
Sigma, München.
R esu lts

A bsorption spectra
E. halochloris has two m ajor near infrared absorp
tions at 1020 and 800 nm. W hen thylakoids are tre a t
ed with proteases, the 1020 nm absorption is gradu
ally transform ed into a 960 nm absorption, w hereas
the 800/830 nm band remains unchanged (Fig. 1).
Qualitatively these changes are identical irrespective
of the type of protease used (trypsin, proteinase K or

Fig. 1. Titration o f E. halochloris thylakoids with increas
ing am ounts of trypsin in 10 mM Tris buffer, pH = 8.0. The
final concentration o f trypsin was 100 jj.g/2 ml thylakoid
suspension with A 1020 = 0.7/cm .

R. Steiner et al. ■The P hotosynthetic Apparatus o f E ctothiorhodospira halochloris

therm olysin). The absorption changes are similar to
the ones observed earlier upon lowering the pH [17],
with two differences: Firstly the reaction is irrevers
ible and thus due to a true proteolysis and not a pHchange induced by any action of the enzymes. Sec
ondly the effectiveness of proteolysis is strongly de
pendent on the m em brane orientation. In contrast to
the acid induced absorption change, proteolysis
works with thylakoids only, but not with spheroplasts. Similar to the pH-changes, the 960 nm form is
again only m etastable and transforms within a few
minutes to yield the chlorophyll a-related oxidationproducts of bchl b (Fig. 2) [18].
There is yet a third m eans of inducing the 1020 —»
960 nm transform ation in E. halochloris, e.g. by the
treatm ent with urea. G lobular, hydrophilic proteins
are generally fully denatured (unfolded) by treat
ment with 8 m urea. The m em brane proteins of
E. halochloris are much m ore stable, if judged from
their absorption spectra < 900 nm. However, the
1020 nm band is again sensitive and transform ed in
creasingly rapidly with increasing urea concentra
tions (4—8 m ) to the 960 nm form. The absorption
changes (Fig. 3) are identical to the ones induced by
proteolysis or acid. Only thylakoids are susceptible
to this treatm ent which is similar to the results ob-
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Fig. 3. Titration o f E. halochloris thylakoids with increas
ing concentrations o f urea (5.0, 5.5, . ., 7.5 m urea) in
10 mM Tris buffer, pH = 8.0.

tained upon proteolysis. We have also been unable
to reverse the urea-induced transform ation. Possibly
the time necessary to remove the denaturant (e.g.
10 min necessary for by filtration over a short col
umn of desalting gel) is already too long to prevent
the further and principally irreversible oxidation of
the bchl b absorbing at 960 nm.
Fluorescence spectra

Fig. 2. Transform ation o f the B 800/960 form upon standing
to the “B ” 800/680 form. Sam ple as in Fig. 1. The time be
tw een each curve was 5 m inutes.

In order to further com pare the 960 nm forms ob
tained by the different treatm ents (acid-, urea- or
protease), low -tem perature fluorescence spectra
were recorded:
The low tem perature (5 K) emission spectra of all
three forms show a single band peaking at 1007 nm
(5 K), whereas the original emission of E. halochlo
ris is at 1066 nm (Fig. 4). If the bacteriochlorophyll b
chrom ophores absorbing at longest wavelengths are
the em itters, this corresponds to Stokes-shifts of
about 46 nm, for both the original chrom ophores
(Amax, absorption = 1020 nm) and the modified ones
(Xmax, absorption = 960 nm). The fluorescence exci
tation spectra below 920 nm are identical for all four
samples with respect to band positions and intensities
(Fig. 5). This is further support that the chrom o
phores absorbing at 800/830 nm are not affected by
any of these treatm ents. In all three forms, there is
also an efficient energy transfer from the 800/830 nm
absorbing chrom ophores to the 960 nm ones, if
judged from the excitation peak around 800 nm for
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A /n m ------Fig. 5. Excitation spectra, corresponding to the em ission
spectra in Fig. 4. Em ission at 1020 (A ) and 960 nm (B , C, D ),
respectively.

A /n m ------Fig. 4. Fluorescence em ission spectra (excitation: 600 nm)
o f E. halochloris chrom atophores at 5 K. A . U ntreated
chrom atophores (Xmax, absorption = 1020 nm); B. acid in
duced “low -pH ” form (Xmax, absorption = 960 nm); C. protease treated (Xmax, absorption — 960 nm); D . urea treated
( l ma„ absorption = 960 nm).

the 1007 nm emission. In the visible and near-U V
spectral range, the excitation spectra are indicative
of (monomeric) bacteriochlorophyll b and the
absence of bacteriopheophytin b (no bands around
530 nm).
Circular dichroism

The three species modified by either low pH , pro
teolysis or urea are also identical with respect to their
circular dichroism spectra. All three 960 nm forms
show an “S”-shaped band centered around 974 nm
with extrem a around 990 and 940 nm (data not
shown). As discussed previously for the low-pH form
[17], these spectra can be rationalized by (a
minimum of) two strongly interacting bchl b
molecules absorbing around 960 nm.

The 800/830 nm region shows an M -shaped signal,
which is related to (a minimum of) three chrom o
phores. The magnitude of this band is the only indi
cation, that at least some changes take place, too, in
the pigments absorbing around 800 nm during the
transform ation of the B 800/1020 to the B 800/960
forms. The cd pattern of the latter in the 800 nm
region is similar in shape, but reduced in intensity by
about 50% as compared to the 800/1020 nm form.

SDS-gel electrophoresis

In order to relate distinct changes in the polypep
tide pattern to the spectroscopic changes and hence
to chromophores with distinct absorptions, the incu
bation with protease was followed in parallel by
SDS-polyacrylamide gel electrophoresis and absorp
tion spectroscopy. The SDS-PAGE of E. halochloris
membranes shows four bands in the “high-molecu
lar weight" range > 16 kD a (34.0, 28.0, 23.8 and
16.8 kDa). They have similar relative, but generally
higher mobilities than the polypeptides of the reac
tion center polypeptides from Rp. viridis (Table I)
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and were therefore tentatively assigned to the RC
subunits cytochrome c, H , M and L.

Table.
E. halochloris (c)

Rp. viridis (a)
38.0
33.0
27.0
24.0

11.0 (6.848, b)
8.0 (6.138, b)
6.0 (4.001, b)

cytochrom e c
H
M
L
9
7
a-L H P
ß-LH P
y-LH P

34.0
28.0
23.8
16.8
15.2
14.5
13.5 (6.5, d)
13.0 (6.0, d)
12.2 (4.5, d)

(a) S D S-P A G E data from Jay et al., 1983 [25].
(b) D ata from primary structure analysis [26].
(c) D ata from S D S -P A G E (this w ork), calibrated with
hydrophilic globular proteins.
(d) Calibrated with B 800/850 subunits from Rp.
sph aeroides.

In the low-molecular weight region (< 16 kD a)
two barely resolved m ajor bands appear in addition
to a weakly staining third band (Figs. 6, 7). Since
they are isolated with the antenna fraction, they have
been assigned to the light-harvesting complex [17].
This composition is again similar to th at of Rp. viridis
(Table I). The only exception is that a 28.0 kD a band
is isolated with the antenna from E. halochloris,
whereas a polypeptide of this size is generally iso
lated as the “H ”-subunit of the reaction center [17].

Fig. 6. S D S-P A G E o f chrom atophores from E. halochloris,
incubated with proteinase K. 3 ml o f the chrom atophores
(E 1020 = 50) were incubated with 0.5 mg proteinase K for
0, 5, 15, 30, 45 and 75 from left to right m inutes at room
temperature. See Fig. 7 for assignm ent o f the bands.

Fig. 7. SD S-P A G E of trypsin incubate chrom atophores o f
E. halochloris, that shows the degregation o f the 6.5 kD a
polypeptide. 0.5 ml chrom atophores (E 1020 = 50) were
incubated with 650, 700, 750, 800, 900, 1000 jxg trypsin
from left to right for 30 m inutes at room temperature. The
assignments o f the main bands is indicated on the left mar
gin. See text for the m olecular weights.

The apparent molecular weights of these m em brane
proteins are shown in Table I.
W hen thylakoids of E. halochloris are incubated
with increasing amounts of proteases, the polypep
tide bands were degraded in a specific sequence.
SDS-PAGE gels of the digestion with trypsin are
shown in Fig. 6, but similar results are obtained with
proteinase K and thermolysin (not shown).
In the “high molecular weight” region the cyto
chrome band disappears first, followed rapidly by H ,
L, and much more slowly by M. This means that in
the m embrane the M subunit is the most stable pep
tide of the RC (within the limits of resolution of our
gels, viz. ± 5 amino acid residues). Since the se
quence of digestion is the same with all three pro
teases used, in a first approximation only the accessi
bility of the proteins is im portant rather than a dis
tinct amino-acid sequence. It should be noted that in
the bchl a containing organisms Rp. capsulata [27]
and Rs. rubrum [28, 29] the L subunit of the RC is
the most stable one. However, the assignment of RC
bands by mobility alone is insufficient and further
confirmation of this assignment is necessary.
The lower-molecular-weight polypeptides of the
light-harvesting complex were digested much slower
than the RC polypeptides. This different time course
of the digestion has helped us to assign the fragments
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to either the RC or LH polypeptides. A gel with high
resolution in this region is shown in Fig. 6. The
6.0 kD a band is least stable. It is degraded only a
little to yield a band with an apparent molecular
weight of 5.3 kD a, while the intensity of the 6.5 kDa
band rem ains constant. Secondly, the 6.5 kDa band
is attacked. The fate of the fastest migrating y-peptide (4.5 kD a) is difficult to assess quantitatively, be
cause it stains only weakly with Coomassie blue.
W hen incubating the isolated antenna complex of
E. halochloris all bands disappear more or less
simultaneously. This can be rationalized by the pro
tection of the hydrophobic surfaces of the peptides in
the chrom atophore m em brane which is lost in the
solubilized complex.

Discussion
The spectroscopic results suggest, that the differ
ent treatm ents of E. halochloris m em branes, e.g.
lowering of the pH below 6.5 [17], proteolysis and
incubation with urea, transform the pigment ar
rangem ent within the antenna apparatus in the same
or at least in a very similar m anner. O f these reac
tions, only the one induced by acid is reversible. A
reversion may principally be possible, too, for the
treatm ent with urea. H ow ever, the fastest time
achieved for its removal ( ~ 10 min) is com parable to
the half-life of the 960 nm chrom ophores and turned
out to be ineffective. These results are summarized
in Scheme 1.
The proteolysis has been studied in more detail.
Two distinct results regarding the antenna structure
within the m em brane of E. halochloris can be drawn.
The first is a correlation of the chrom ophores ab
sorbing at different wavelengths to distinct polypep
tides. The absorption shift from 1020 to 960 nm
occurs sim ultaneous to the digestion of the 6.5 kDa
(= a-) subunit, and after the proteolysis of the
6.0 kD a antenna polypeptide and any of the reaction
center polypeptides. The chrom ophores absorbing at
1020 nm in the native antenna are thus either bound
urea
low - pH

B 800/1020 - u. u

high - pH

proteolysis
Schem e 1.

♦

u ^ B 800/960---- "B" 800/680
,

to the a-subunit or their spatial arrangem ent is at
least strongly influenced by it. The role of the ysubunit is difficult to assess because it stains only
weakly and unreliably. Like in Rp. viridis [26] it does
not carry a histidine residue (Brunisholz, unpublish
ed). Since histidine is currently assumed to be the
common binding amino acid for the chrom ophore in
the bacterial antenna polypeptides [23, 30, 31], the
y-subunit is considered a structural polypeptide, to
which the crystallinity of the m em branes [10—12] in
bacteriochlorophyll ^-containing bacteria may be re
lated [26]. The chrom ophores absorbing around
800 nm should then be bound to the other antenna
polypeptides, most likely to the ß-subunit (6.0 kD a).
However,
proteolytic
cleavage
of a small
( ~ 0.5 kD a) oligopeptide from this subunit does not
affect significantly the 800/830 nm absorption.
The relative intensities of the chrom ophores ab
sorbing at 1020 to the ones absorbing at 800 nm is
roughly 2:1 and thus similar to the relative intensities
of the chrom ophores absorbing at 850 and 800 nm,
respectively, in type I B 800/850 antenna complexes
of bchl «-containing species, e.g. Rp. spheroides [32].
In both complexes, the chrom ophores absorbing at
the longest wavelengths are bound to the heavy an
tenna polypeptide [23]. The most significant differ
ence is the coupling of the chrom ophores inferred
from the circular dichroism spectra. In the B 800/850
complex of Rp. spheroides, four excitation coupled
bacteriochlorophyll a molecules were discussed as
being responsible for the 850 nm absorption and
orientated parallel to the a-helix of the polypeptides,
and two weakly coupled chrom ophores orientated
perpendicular for the 800 nm absorption [33], In E.
halochloris , a minimum of three strongly coupled
chrom ophores is responsible for the 800 nm band
and at least 2 for the 1020 nm absorption [17]. No
data are available on their orientation with respect to
the m em brane.
The second aspect of the proteolytic digestion con
cerns the topology of the antenna of E. halochloris.
Only the H-subunit of the reaction center is digested
if spheroplasts are treated with proteases. In thylakoids having mainly the cytoplasmic side exposed,
all polypeptides of the antenna (with the possible
exception of the weakly staining y-subunit) and all
reaction center polypeptides are accessible to pro
teases. This would indicate, that only the H-subunit
is spanning the photosynthetic m em brane, as far as
its accessibility to proteases is concerned. Similar
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conclusions have been drawn from proteolytic
studies with the bchl a containing Rs. rubrum [8, 9,
34, 35], Rp. spheroides [36] and Rp. capsulata [5, 27],
as well as with the bchl ^-containing Rp. viridis [34],
In all cases, the reaction center polypeptides are
more labile than the ones related to the antennas,
and only the H-subunit has always been found to be
accessible from either side of the m em brane. The
validity of the latter results has been questioned,
however, by the x-ray data of D eisenhofer et al. [13]
on Rp. viridis reaction centers. The m ajor part of the
H-subunit is located on the cytoplasmic surface, with
only a single a-helix spanning the m em brane and less
than 10 amino acid residues being exposed on the
periplasmic side. From the x-ray data, it is rather the
L- and M-subunits which are transm em brane poly
peptides. These discrepancies may be due to (i) a
true species difference, (ii) a misassignment of the H
band from SD S-PA G E derived m olecular weights,
or (iii) a fortuitous overlap of a large H fragment
with either the M or L band. The third possibility
should be indicated by an increased intensity of

[1] D . W. R eed , D . R aveed , and M. R eporter, Biochim.
Biophys. A cta 387, 368 (1975).
[2] H. Zürrer, M. Snozzi, K. H anselm ann, and R. Bachofen, Biochim . Biophys. A cta 460, 273 (1977).
[3] E. O derm att, M. Snozzi, and R. B achofen, Biochim.
Biophys. A cta 591, 372 (1980).
[4] J. Y. T akem oto, J. Peters, and G. D rew s, FEBS Lett.
142, 227 (1982).
[5] J. Peters and G. D rew s, Eur. J. Cell Biol. 29, 115
(1983).
[6] J. Peters, J. Y. T akem oto, and G. D rew s, Biochem .
22, 5660 (1983).
[7] V. W iem ken and R. B achofen, Biochim . Biophys.
Acta 681, 72 (1982).
[8] V. W iem ken, R. Brunisholz, H . Zuber, and R. Bach
ofen, FEM S M icrobiol. Lett. 16, 297 (1983).
[9] K. Tsuji, K. Tanaka, K. Sakata-Sogawa, G. Soe, T.
Kakuno, J. Yam ashita, and T. H orio, J. B iochem . 93,
699 (1983).
[10] K. R. M iller, Nature 300, 53 (1982).
[11] H. Engelhardt, W. Baum eister, and W. O. Saxton,
Arch. M icrobiol. 135, 169 (1983).
[12] W. Stark, W. Kühlbrandt, I. W ildhaber, E. Wehrli,
and K. M ühlethaler, E M B O J. 3, 777 (1984).
[13] J. D eisenhofer, O. Epp, K. M iki, R. H uber, and H.
M ichel, J. M ol. Biol. 180, 385 (1984).
[14] J. F. Im hoff, H. G. Trüper, and N. Pfennig, Int. J.
Syst. Bacteriol. 1984, 340.
[15] J. F. Im hoff, Int. J. Syst. Bacteriol. 1984, 338.
[16] J. F. Im hoff and H. G. Trüper, Arch. M icrobiol. 114,
115 (1977).
[17] R. Steiner and H. Scheer, Biochim . Biophys. Acta
807, 278 (1985).

577
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much better known Rp. viridis is in progress.
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