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Both photosystems, PS 370 and PS 565, controlling behavioral responses in H alobacterium halobium [E. Hildebrand and N. Dencher, Nature 2 5 7 ,4 6 — 48 (1975)] are reversibly inhibited when
bacteria are grown in the presence o f 1 m M nicotine which is known to block biosynthesis o f reti
nal.
Photobehavior can be restored within som e minutes to hours by adding retinal to nicotinetreated bacteria, PS 370 thereby reappearing earlier than PS 565. The reconstitution rate depends
on the concentration and on the kind o f retinal isomers applied. A \\-trans retinal is m ost effective.
PS 370 becomes fully sensitive if reconstituted in the presence o f nicotine. This rules out the possi
bility that the alkaloid may directly inhibit steps o f signal transmission follow ing photoreception.
The action spectrum o f PS 370 regenerated with retinal alone o f H. h., strain RjLg (a mutant
deficient in carotenoids), fails to show all secondary peaks around 450 nm which in strain Rj occur
besides the prominent maximum at 370 nm. A ddition o f carotenoids (m ainly a-bacterioruberin)
to reconstituted cells o f R ,L3 restores the sensitivity in that spectral region. Carotenoids or flavin
solely added to nicotine-treated bacteria cannot restore photobehavior.
We conclude that the active pigm ent o f PS 370, which m ediates the photophobic response to
increase o f light intensity (step-up response), represents a retinal protein com plex and that carote
noids participate in photoreceptor function as accessory pigments. The biochem ical relation o f the
UV-absorbing retinal protein com plex to bacteriorhodopsin is discussed.

Halobacteria became interesting after the role of
bacteriorhodopsin (BR) in light energy conversion
had been discovered by Oesterhelt and Stoeckenius
[1, 2]. It turned out that they are suitable objects also
for studying photosensory processes in bacteria. A
characteristic behavioral response of Halobacterium
is controlled by two photosystems (PS) which are
different with respect to spectral sensitivity, adap ta
tion and other im portant features [3], H alobacteria
are bipolarly flagellated and swim equally well in
both directions parallel to their long axis. Tem poral
changes of incident light trigger a sudden reversal of
swimming direction which, from tim e to time, also
occurs spontaneously. Decrease o f yellow-green light
elicits the “step-down photophobic response” (for
terminology see re f [4]) which is m ediated by
PS 565, whereas increasing light intensity in the ulAbbreviations: BR, bacteriorhodopsin; PS, photosystem;
UV, ultraviolet; BO, bacterio-opsin; H. h., Halobacterium
halobium; PM, purple membrane.
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traviolet (UV) and blue triggers the “step-up photo
phobic response” through PS 370.
Several lines o f evidences led to the assumption
that the active pigment o f PS 565 is BR [3], a chro
moprotein which contains retinal (vitamin A aldehyd) covalently linked to a lysine residue of a pro
tein, bacterio-opsin (BO) [1]. The nature, however,
of the UV-absorbing pigm ent of PS 370 was not
known up to now. A flavin protein together with ca
rotenoids, the latter acting as shielding pigments, has
been considered as well as a retinylidene protein [3],
The experiments reported here show that most likely
the latter is true and that carotenoids act mainly as
accessory pigments thereby participating in the
quantum catch o f PS 370.
Materials and Methods
Bacteria
Halobacterium halobium (H. h.), strains Rj and
R ,L3 , were grown in sterile culture medium [5]
semiaerobically at 40 °C under illum ination with
white light of 1 mW cm -2 as described elsewhere

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung 4.0 Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
für Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution
4.0 International License.

842

N. A. Dencher and E. Hildebrand • Sensory Transduction in Halobacterium

[6]. Bacteria of the stationary growth phase (about
109 cells/ml) were used for experiments.
Retinal-free cells were obtained by culturing bac
teria in the presence of 1 m M nicotine until photo
phobic responses could no longer be evoked. For
this purpose 500 ml nicotine-containing growth m e
dium was inoculated with 1 ml suspension o f bacte
ria. With bacteria grown under these conditions this
procedure was repeated every 5 to 6 days, altogether
usually 5 times. Bacteria treated in this way, which
will be referred to as “nicotine cells” , were used di
rectly from the culture and w ithout further dilution
tested immediately after the transfer to the experi
mental chamber.
Chemicals

Retinal isomers (&\\-trans and 13-ds) were obtain
ed from Fluka and purified by high pressure liquid
chromatography. 11 -cis retinal was a gift o f Dr. W.
Sperling. L-nicotine and riboflavin were purchased
from Fluka and Merck, respectively.
Reconstitution o f photoresponses

Restoration of photosystems after nicotine treat
ment was examined either after removal of nicotine
or after addition of different chrom ophores. In the
first case nicotine cells were harvested by 1.5 min
centrifugation at 10,000 x g (Eppendorf type 5412),
washed and resuspended in nicotine-free culture m e
dium. Thereafter bacteria were stored at 38 °C in
the dark until use. Artificial regeneration of photo
pigments was studied as follows: Ethanolic solution
of different retinal isomers an d /o r carotenoids or ri
boflavin, respectively, was added to a suspension of
nicotine cells in nicotine-containing culture m edium
at 32 or 38 °C in the dark. Samples used for deter
mination of action spectra were incubated for at
least 12 h under these conditions.
If not otherwise stated the retinal concentration in
the samples was 1.8 x 10-6 m . Riboflavin in aqueous
and ethanolic solution was used in a sim ilar final
concentration. Carotenoids were extracted from H.
h., strain R , , with m ethanol/acetone (1/1, v/v) after
the purple mem brane (PM) had been separated and
discarded, and added in a 2- to 3-fold excess (as
compared to the content of R t) to the sample. The
ethanol concentration in all samples tested was usu
ally 0.1%, but never exceeded 0.5%.

Observation and measurements

Bacteria were observed in a small quartz cham ber
of about 4 x 6 mm width and 0.2 mm depth covered
by a quartz slide under a phase contrast microscope
(Leitz, Ortholux, objective: Zeiss, N eofluar 63 x or
U ltrafluar 100 x, respectively). Background illum i
nation of A > 645 nm which is not absorbed by reti
nal was applied through the condensor. Monochro
matic stimulating light (half width ^ 10 nm), vari
able with respect to wavelength and intensity could
be generated either by a xenon lamp (Hanovia,
150W) in connection with a high intensity grating
monochromator (Bausch and Lomb, UV/visible
range) or a high pressure mercury lamp (Osram,
HBO 200) connected with a quartz prism monochro
mator (Zeiss, M 4 QIII). Light stimuli were applied
by an incident light illuminator through the objec
tive lens of the microscope and controlled by an elec
tronic shutter. Usually the stimulus was kept on until
the response occurred. In order to measure sensitivi
ty of bacteria towards light, single cells were observ
ed and the latency, the time elapsed between onset
of stimulus and the first observable response (stop
response), was determined by a stop watch. Either the
latency measured upon a constant stimulus or the
stimulus intensity necessary to elicit a standard re
sponse (constant latency) was used as a measure of
sensitivity. Light intensity was measured by means
of a light detector (UDT 40) connected with a cali
brated pin 10 UV. Each measurement was repeated
several times with different specimens (see figure leg
ends).
In the reconstitution experiments every sample or
at least area of the sample was exposed only once to
a light stimulus to avoid photoisomerization of reti
nal prior to the measurement.
Tem perature of the preparation was kept constant
(± 0.2 °C) by means of a thermostatic microscope
stage equipped with Peltier elements. Kinetic m ea
surements and determ ination of action spectra were
performed at 32 °C.
Absorption spectra were measured either by a
Cary 17 spectrophotometer or a Cary 118 with scat
tered transmission accessory.
Results
Effect o f nicotine on photophobic responses

Nicotine is known to inhibit retinal synthesis by
blocking cyclization of lycopene to /7-carotene [7],
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Fig. 1. Recovery o f PS 370 in nicotine-grown bacteria after
removal o f the alkaloid. Ordinate: sensitivity given as the
reciprocal o f light intensity which evokes a standard re
sponse. Each data point was determ ined after the stim ulus
intensity had been readjusted several times until at least 19
out o f 20 specimens examined showed the response within
a given latency o f 1.9 to 2.0 s. Stim ulating light, X = 370
nm. Temperature, 38 °C. Sensitivity o f RjL3 cells before
nicotine treatment was 8.3 x 10~12 m m 2 s/hv.

Fig. 2. Reconstitution o f PS 370 after addition o f all-trans
retinal (final concentration I.S x IO ^ m ) to nicotine cells.
Ordinate: latency between onset o f stimulus (4.7 x 1011
h v • m m -2 • s-1, k = 370 nm) and stop response o f bacteria.
Different symbols belong to two series o f experiments.
D ata points and vertical bars represent mean x SD o f 4
to 14 measurements. Arrow depicts reappearance and final
latency o f PS 565 (1.5 x 1013 h v • m m -2 • s_1, k = 565 nm).
Temperature, 32 °C.

Consequently halobacteria grown in the presence of
nicotine did not form PM which contains BR as the
only protein.
Examination of light-dependent behavioral re
sponses revealed that both photosystems becam e in
active after nicotine treatment. However, normal
movement, swimming rate, and the ability to carry
out spontaneous reversals were not influenced. Pho
tophobic responses could be evoked neither by de
creasing the light intensity at 565 nm nor by a sud
den illumination with UV-light o f 280 or 370 nm,
respectively. Even stimuli which were about 1000fold as strong as normally required were found to be
ineffective.
The inhibitory effect of nicotine was completely
reversible in the case of PS 370 (Fig. 1). A fter rem ov
al of nicotine the photophobic response reappeared.
The sensitivity o f PS 370 was m onitored at 370 nm,
and the first response could be detected 30 min after
the washing procedure. M aximum sensitivity was re
stored after about 200 min and was as large as before
nicotine treatm ent and as in untreated Rj cells
(Fig. 4).

after the photobehavior had been blocked by nicoti
ne treatment as described above. To simplify the
procedure recovery of PS 370 occurring under these
conditions was measured by monitoring the decrease
o f latency of the photophobic response elicited by a
constant light stimulus of k = 370 nm.
Addition of all-trans retinal completely restored
PS 370. After a delay of less than 10 min a fast in
crease in sensitivity (decrease in latency) occurred
which levelled off after 30 to 40 min (Fig. 2). Sensi
tivity of PS 565 could first be detected 60 to 80 min
following retinal incubation (depicted by the arrow
in Fig. 2). Its final sensitivity, however, was only
about one tenth of the value measured in control ex
periments, i. e. 0.6 x 10-13 mm2 s/hv instead of
5 x 10~13 m m 2 s/hv at a given latency of 2.0 s.
Varying the concentration of all -trans retinal re
sulted in a change of the time elapsed between incu
bation and the reappearance of PS 370. A response
with a latency o f 3 s was observed about 6, 12, and
45 min after incubation with 9.0 x lO -6, 1.8 x lO -6,
and 3.6 x 10-7 m , respectively, all -trans retinal. In the
latter case the original sensitivity was not completely
restored even after 150 min.
A similar increase of the lag period was observed
if 13-c/s retinal or 11 -cis retinal was used instead of
all-trans retinal. At equal concentrations o f these iso
mers and constant stimulus strength a response with a

Reconstitution o f photosystems after nicotine treat
ment

In a series o f experiments different isomers o f reti
nal were added to suspensions o f H. h., strain R jL 3 ,

844

N. A. Dencher and E. Hildebrand • Sensory Transduction in Halobacterium

Action spectra

Fig. 3. Reconstitution o f PS 370 after addition o f all-tram
(A ), 13-cis (O, • ) , and 11-cm retinal (□ , ■ ), respectively
(final concentration 1.8 x 10~® m). Open and solid symbols
represent different series (n = 4 — 12). Ordinate as in Fig. 2.
Stimulating light, 8 x 10u h v ■m m -2 • s_I, X = 370 nm. Tem 
perature, 38 °C.

latency of 3 s could be evoked after about 70 or
110 min, respectively, instead of 10 min in the case
of all -trans retinal (Fig. 3). All reconstitution experi
ments were successful in the presence of 1 m M nico
tine (besides retinal).
Addition of riboflavin and of carotenoids extract
ed from H . h., strain R x, to nicotine-treated cells did
not restore either PS 370 or PS 565: No photophobic
responses could be evoked under these conditions.

The sensitivity at 370 nm of H . h., m utant strain
RjL3 , was almost unchanged as compared to that of
R j . However, in contrast to the latter no step-up
photophobic response could be elicited at wave
lengths beyond 450 nm.
The action spectrum obtained from nicotine cells,
strain RjL, , after reconstitution of PS 370 is given in
Fig. 4 (open circles) as com pared to the action spec
trum of the untreated strain Rj (dotted curve). It
shows a marked band with a maximum sensitivity at
370 nm, as in strain R j , but no response beyond
450 nm. Moreover, the 370 band appears much
broader than in the case of Rj and sensitivity at
280 nm is significantly reduced.
The light intensity required to elicit a standard re
sponse (latency 2 s) at 370 nm was 1.8 ± 0.2 X 1011
h v m n r 2s_1 (SD, n = 5) in reconstituted nicotine
cells as compared to 1.5 ± 0.2 x 1011 hv mm~2 s_1
(n = 7) in strain R j .
Effect o f carotenoids

Halobacteria, strain R ^ , with reconstituted
PS 370 as described above were incubated with caro
tenoids from strain R t . As a result of this treatm ent
bacteria were markedly sensitized against light of
wavelengths between 450 and 570 nm. The action
spectrum obtained under these conditions (Fig. 4,
solid circles) resembles fairly well that of R j , al
though some distinct deviations are obvious around
450 nm and beyond 550 nm. Sensitivity at 280 nm is
somewhat enhanced as com pared to reconstituted
R jL3 without carotenoid treatm ent but not as high as
in R j .

Discussion
Receptor pigm ent o f P S 370

W a v e l e n g th [ n m ]

Fig. 4. Action spectra o f step-up photophobic response
(PS 370) obtained from strain R ,L3 nicotine cells incubated
with all-tram retinal (O ) and incubated with a.U-trans reti
nal and carotenoids ( • ) . For comparison action spectrum
obtained from carotenoid-rich Rj cells (dotted line, from
Ref. [3]). Ordinate as in Fig. 1. Background illumination,
A > 645 nm. Data points were determined as described in
the legend to Fig. 1.

The results reported here indicate that the active
pigment in PS 370 of H .h . is a UV-absorbing retinal
protein complex. Moreover, they support our as
sum ption [3] that the step-down photophobic re
sponse (PS 565) is mediated by BR.
Inhibition of PS 370 by nicotine which is known to
block retinal synthesis at the stage of /7-carotene for
mation from lycopene [7] and the ability of retinal to
restore this PS point towards a retinylidene protein
as the active receptor molecule. The alternative ex
planation that some step of signal transmission follow-
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ing photoreception by PS 370 requires BR or reti
nal seems unlikely though this possibility cannot be
ruled out with certainty. The action spectrum obtain
ed from retinal-reconstituted
cells (Fig. 4) ex
cludes a flavin protein which has been suggested as
the only alternative candidate for the prim ary photo
receptor of PS 370 [3]. Moreover, no reason
able mechanism is conceivable by which retinal or BR
may function in the following process o f signal trans
mission. The fact that the photobehavior can be re
stored in the presence of nicotine excludes the possi
bility that the alkaloid itself might block certain
steps of signal transmission between stim ulus recep
tion and flagellar activation.
Although it seems evident that a retinal protein
complex is responsible for sensory transduction of
PS 370 the molecular structure of the pigm ent re
mains obscure. We were so far unable to detect the
pigment spectroscopically or biochemically. How
ever, it is not an uncommon feature o f sensory pig
ments of microorganisms to be present only in very
small amounts making it easier to characterize them
by means of action spectra than to isolate them.
The action spectrum obtained from bacteria whose
PS 370 was reconstituted by retinal (Fig. 4, open
circles) matches fairly well the absorption spectrum
of a retinylidene protein which can be obtained in
vitro after treatment o f PM with 10 mM CTAB * at al
kaline pH [1] (Fig. 5, solid curve). In this complex
those non-covalent interactions between chrom opho
re and protein moiety which are thought to cause the
bathochromic shift o f the absorption spectrum of
BR and visual pigments are obviously absent. The
pronounced band at 370 nm in the action spectrum
of PS 370 is probably due to the absorption by the
unprotonated Schiff-base linkage.
In nicotine-treated cells no behavioral response
could be induced at 280 nm even at strongly in
creased light intensity. This observation indicates that
a protein by itself cannot trigger the response. Retinal
is obviously necessary for sensory transduction and
only that energy which is absorbed by a specific pro
tein coupled to the chrom ophore contributes to exci
tation.
Reappearance o f photoresponses 30 min after
washing the cells free o f nicotine (Fig. 1) indicates a
fast resumption of retinal synthesis. In the reconsti
tution experiments all -trans retinal was most effec* Cetyltrimethyl-ammonium bromide, a detergent.

W a v e l e n g t h [ nm ]

Fig. 5. Absorption spectra o f a retinylidene protein obtain
ed after treatment o f PM with 10 m M CTAB at pH ~ 8.5
(solid curve) and o f carotenoids extracted from H. h., strain
R, in ethanol (dashed curve).

tive in restoring PS 370. We conclude from this that
the apoprotein preferentially or solely combines
with this isomer and that catalytic isomerization of
13-cis and 11 -cis retinal to the trans configuration
may take place prior to reconstitution as indicated
by the lag time observed in the case of cis isomers
(Fig. 3). Photoisomerization by background or stim 
ulating light can be excluded (see M aterials and
Methods) as well as noncatalytic dark-isomerization,
which is negligible at temperatures below 60 °C.
Relation to bacteriorhodopsin

In the growing culture of H. h., strain R x, PS 370
appears about 10 h earlier than PS 565. It shows max
imal sensitivity immediately, whereas PS 565 devel
ops more slowly paralleling the formation of PM [3].
Also in the reconstitution experiments the reappear
ance of PS 370 preceded that of PS 565 (Fig. 2),
which attained only about one tenth of its original
sensitivity. The latter is in agreement with the find
ing that BO inhibits its own synthesis [8]. Therefore,
in nicotine cells the concentration of regenerable
BO is much smaller than the concentration of BR in
untreated cells. The sequence of appearance of pho
tosystems might be a hint that the pigment of PS 370
represents a precursor of BR. This would imply that
the protein part of both pigments is identical or
principally identical. But also different pathways of
biosynthesis are possible.
The result that PS 370 can be fully restored by alltrans retinal although a much smaller concentration
of regenerable BO was found in nicotine cells as
compared to the amount of BR in untreated halobacteria [8] argues against an identical protein of
both retinal protein complexes.
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The rate o f sensitivity increase of retinal-reconstituted PS 370 is com parable to the form ation rate of
BR from BO and al \-trans retinal in vitro. However,
reappearance of the first inducible step-down photo
phobic response, m ediated by PS 565, is slower than
regeneration of BR [9], but faster than PM assembly
[8]. The latter fact m ight indicate that a hexagonal
crystalline lattice o f BR is not a prerequisite of
PS 565.
Role o f carotenoids

The m utant strain R jL3 of H. h. used in our exper
iments contains a considerably smaller am ount of
carotenoids (mainly a-bacterioruberin) as compared
to strain Rj . The missing sensitivity around 500 nm
of R jL3 cells points to an accessory function of caro
tenoids in PS 370. Another mutant, RjMj , which
lacks carotenoids too, also does not show the step-up
photoresponse at wavelengths beyond 460 nm [10].
As demonstrated above (Fig. 4, solid circles) caro
tenoids extracted from H. h., strain R t , (Fig. 5, dash
ed curve) cause a distinct increase in sensitivity to
light o f wavelengths between 420 and 570 nm if add
ed to a suspension o f bacteria after PS 370 has been
restored with retinal. This result supports the conclu
sion that carotenoids, at least in part, contribute to
PS 370 as accessory pigments provided that the retinylidene protein is present. Carotenoids by themselves
cannot trigger the behavioral response, but transfer
the absorbed energy to the retinal protein com
plex. This energy transfer from a compound o f lon
ger wavelength absorption towards a compound of
shorter wavelength absorption may result from a triplet-triplet or exciton interaction. W ith regard to
the relative concentrations o f both substances in the
living bacterium the efficiency of energy migration
seems to be low.
Qualitatively, the absorption spectra of the in vitro
m odified BR (retinylidene protein) and o f extracted
carotenoids (Fig. 5) agree with the action spectrum
of PS 370 of strain R! (Fig. 4, dotted line). The slight
differences in the position of maxima around
500 nm are in accordance with the spectral blue shift
of carotenoids observable in ethanolic solution.
Furtherm ore, selective loss o f m embrane-bound ca
rotenoids by the extraction procedure applied can
explain the differences between action spectra of R,
and reconstituted cells (Fig. 4, solid circles). A b
sorption spectra of nicotine cells reveal that also
synthesis o f carotenoids absorbing beyond 380 nm is

inhibited under these conditions. As can be seen in
Fig. 4 the band at 370 nm in the action spectrum of
R! and carotenoid-reconstituted cells of R XL3 is sharp
er as com pared with that o f cells solely reconstitut
ed with retinal. One possible explanation is that
part o f the carotenoids act as shielding pigments in
this spectral region. However, at present we have no
direct experimental proof for this assumption.
C ollaboration of a retinal protein complex and ca
rotenoids in photoreceptor function is not a unique
feature. The m ajority of om m atidia of the fly com
pound eye contains, besides rhodopsin, a photosta
ble dichroic pigment, possibly a carotene, embedded
in the m em brane of the central rhabdom ere. It is
suggested that this carotene acts as antenna pigment
transferring energy to the UV-sensitive visual pig
ment [11].
Localization o f P S 370

The PM contains BR as the only protein em bedd
ed in the lipid matrix of the cell m em brane of Ha
lobacterium [1, 12]. N either carotenoids nor a UVabsorbing retinylidene protein have been detected in
this m em brane fraction. W ith respect to its sensory
function PS 370 is most likely also an integral part of
the cytoplasmic membrane. We therefore conclude
that the active retinal protein complex together with
accessory carotenoids, in a special molecular arrang
ement, are located in m em brane areas not occupied
by the PM. With respect to the high content of caro
tenoids in the so-called red m em brane [13] we sup
pose that PS 370 is part of this m em brane fraction.
Sensory transduction

We have so far no direct experimental proof how
excitation of the photoreceptor molecule might be
coupled to flagellar activity in H. h. The similarity
of behavioral responses elicited by both photosys
tems suggests a sim ilar mechanism at least of late
steps o f signal transmission. A sudden decrease of
m em brane potential, in different ways caused by the
photosystems, could well serve as a common signal
which triggers flagellar activation [14]. Membrane
depolarization is also thought to be involved in be
havioral responses o f bacteria towards chemical
stimuli [15],
In the case of PS 565 depolarization could result
from a decrease in electrogenic proton pum ping ac
tivity o f BR after a sudden decrease in light intensity.
A sim ilar drop in potential across the membrane
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may be generated by PS 370 if the retinylidene pro
tein acts as a m em brane pore or m ediates the open
ing of a pore for a certain ion species [14, 16]. In con
trast to PS 565 the sensitivity of PS 370 was found to
be independent of the pH in the m edium (Dencher
and Jankovic, unpublished results). This may indica
te that in the latter case protons are not directly in
volved in the transduction mechanism. Increasing
the external K + concentration so as to depolarize the
membrane [17] inhibits both photosystems equally
well (Hildebrand and Jankovic, unpublished re
sults).
While the predom inant function o f PS 565 is o b 
viously photocoupling, i. e. energy conversion, PS 370
acts only as sensory transducer. However, the biolog
ical relevance of PS 370 is not clear. It may, togeth
er with PS 565, enable the organism to find optim al
places for utilization o f light energy and to stay
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