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ABSTRACT This work demonstrates that phototaxis stim-
uli in the archaebacterium Halobacterium halobium control a
methylation/demethylation system in vivo through photoacti-
vation of sensory rhodopsin I (SR-I) in either its attractant or
repellent signaling form as well as through the repellent
receptor sensory rhodopsin II (SR-II, also called phoborho-
dopsin). The effects of positive stimuli that suppress swimming
reversals (i.e., an increase in attractant or decrease in repellent
light) and negative stimuli that induce swimming reversals (i.e.,
a decrease in attractant or increase in repellent light) through
each photoreceptor were monitored by assaying release of
volatile [*H]methyl groups. This assay has been used to mea-
sure [*H]methanol produced during the process of adaptation
to chemotactic stimuli in eubacteria. In H. halobium positive
photostimuli produce a transient increase in the rate of de-
methylation followed by a decrease below the unstimulated
value, whereas negative photostimuli cause an increase fol-
lowed by a rate similar to that of the unstimulated value.
Photoactivation of the SR-I attractant and simultaneous pho-
toactivation of the SR-II repellent receptors cancel in their
effects on demethylation, demonstrating the methylation sys-
tem is regulated by an integrated signal. Analysis of mutants
indicates that the source for the volatile methyl groups is
intrinsic membrane proteins distinct from the chromoproteins
that share the membrane. A methyl-accepting protein (94 kDa)
previously correlated in amount with the SR-I chromoprotein
(25 kDa) is shown here to be missing in a recently isolated
SR-I"SR-II* mutant (Fix3b), thus confirming the association
of this protein with SR-I. Photoactivated SR-II in mutant Fix3b
controls demethylation, predicting the existence of a photo-
modulated methyl-accepting component distinct from the 94-
kDa protein of SR-I. We present a model in which the three
known phototaxis signaling receptor states (the attractant
receptor SR-Isg;, its repellent form S;3;3, and the repellent
receptor SR-Il,y) are coupled to two distinct transducers the
demethylation of which is controlled by one integrated signal.

Phototactic behavior by the archaebacterium Halobacterium
halobium is mediated by two retinal-containing chromopro-
teins, sensory rhodopsins I and IT [SR-I and SR-II (also called
phoborhodopsin or P480); for reviews, see refs. 1 and 2]. The
photosensory system of this primitive organism detects
changes in light intensity and color and enables the cells to
accumulate in yellow-red regions of the spectrum (attractant
light) and to avoid potentially damaging UV-blue repellent
light (3). SR-I exists in two photoconvertible forms: one
absorbs maximally at 587 nm and is an attractant receptor;
the other, a long-lived photoproduct of SR-I that absorbs in
the near-UV (species S373), is a repellent receptor (4—6). The
presence of an additional repellent receptor was strongly
suggested by repellent action at wavelengths longer than
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those absorbed by S3;3 (7-11), and the pigment was first
detected and characterized spectroscopically by flash pho-
tolysis (8, 12). SR-II absorbs light in the midvisible region
[Amax 490 nm (2)]. Study of the sensory rhodopsins has been
facilitated by isolation of H. halobium mutants lacking the
related light-driven ion pumps bacteriorhodopsin (BR) and
halorhodopsin (HR) [Flx mutants (13)]. HR and BR absorb in
the spectral region where the two sensory rhodopsins are
active, interfering with spectroscopic measurements. More-
over, photoactivated BR and HR generate transmembrane
electrical potential, which influences sensory rhodopsin pho-
tocycling rates (14) and phototaxis behavior (15).

A clue to the mechanism of information transfer from the
SR-I chromophoric protein was the finding of a methyl-
accepting protein of ~94 kDa covariant in a series of mutants
with the SR-I chromophoric protein of 25 kDa (16). The
94-kDa protein resembles the chemotaxis signal generators
(‘‘transducers’’) of eubacteria (e.g., Escherichia coli), which
transmit chemoreceptor signals from the membrane to a
cytoplasmic sensory pathway. In eubacteria methylation of
the transducers occurs by carboxylmethyl esterification of
glutamate residues in the signal-transmitting domain and
mediates adaptation to chemostimuli (17-20).

Reversible protein methylation was implicated in photo-
taxis and chemotaxis adaptation in H. halobium before the
identification of specific taxis receptors (21-25). Methyl-
accepting membrane proteins in the 90- to 150-kDa range can
be visualized by autofluorography of protein gels and are lost
in taxis~ mutants (16, 26), are regained upon reversion to
taxis* (16), and exhibit changes in extent of methylation
induced by chemostimuli (26). The lability of the methyl
linkages to mild base indicates these proteins are carboxyl-
methylated (16, 26). Hydrolysis of the carboxylmethyl ester
bonds in E. coli results in methanol production (27, 28), which
has been used to monitor methylesterase activity in vivo (29)
and to detect changes in the rate of carboxylmethyl hydrol-
ysis induced by chemostimuli (30). Applying this assay to H.
halobium, Alam et al. (26) observed increases in the rate of
evolution of volatile methyl groups after stimulation with
chemotaxis effectors. Light-induced increases were also re-
ported (26). These observations provided evidence for meth-
ylation involvement in phototaxis, but demonstration of
control of methylation by photoactivation of the known
photoreceptors was not available.

Computerized cell-tracking methods have been imple-
mented to study swimming behavior of H. halobium in
response to selective photoactivation of SR-I and SR-II (31,
32), and spectroscopic procedures have been developed to
monitor SR-I and SR-II photochemical reactions (5, 8-10,
12). In the work presented here, we have applied these
methods to characterize receptor mutants and to investigate

Abbreviations: SR-I and -II, sensory rhodopsin I and II, respec-
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the relationship of the H. halobium methylation system to
photoactivation of the signaling states of SR-I and SR-II.

MATERIALS AND METHODS

Mutant Lineage and Culture Conditions. All strains used
are BR"THR™ (Flx mutants) derived from H. halobium strain
OD2 (13). F1x3 and F1x15 are SR-I*SR-II"* (10, 32). Fix3b was
isolated from FIx3 and is SR-I"SR-II* (2). Pho81 was se-
lected from Flx15 as blind to white light and chemotaxis-
competent (33) and is SR-I"SR-II" (10). FIx5R is a retinal-
deficient mutant that produces relatively large amounts of
SR-I apoprotein and no detectable SR-II apoprotein (10).
Cultures were grown to early stationary phase as described
(13), except to obtain retinal-deficient membranes from
Fix3b, cultures were grown with vigorous aeration and
harvested in exponential phase (2-5 x 10® cells per ml) where
retinal production is minimal. '

Behavioral Assays. Cell behavior was monitored with non-
actinic infrared illumination [>700 nm (4)]. Swimming-
response video data were acquired and analyzed with a
computerized cell-tracking system, as described (32). Light
stimuli were as described in ref. 32, except a 390-nm stimulus
was used at 2 X 10° ergssem~2sec~! instead of the 400-nm
stimulus. All optical filters for the behavioral measurements
were as described below.

[*H]Retinal-Labeling of Membranes. All-trans-[*H]retinal
was purified from a mixture of [*H]retinal isomers by HPLC
[normal-phase silica, semipreparative 5-um pore column, 8%
(wt/vol) ethyl acetate in hexane]. Photoreceptor activities
were monitored by absorption and flash spectroscopy during
all-trans-[*H]retinal reconstitution, and NaCNBHj; reduction
of the pigments in sonicated membrane vesicles (10). Labeled
proteins were visualized by SDS/PAGE and autofluorography
(10).

In Vivo [*H]Methyl Labeling. Labeling with L-[methyl->H]-
methionine and processing of membrane proteins for auto-
fluorography were as described (16). The flow assay for
volatile [PH]methyl production was essentially as described
by Kehry et al. (29, 30) with the modifications introduced by
Alam et al. (26). Samples of 0.5 ml were sequentially col-
lected at a flow rate of 1.25 ml/min into 1.5-ml microcentri-
fuge tubes, which at the end of the collection were transferred
to 20-ml scintillation vials containing 7 ml of Aquasol (New
England Nuclear). The vials were incubated 18-20 hr at 23°
to allow volatile radioactivity to be transferred via vapor
phase to the scintillation fluid (34). The void volume of the
filter and outlet tubing is 0.4 ml. Data are shown after the
initial 12 min of continuous flow.

Light from a 12-V 100-W tungsten-halogen lamp was
passed through 4-mm heat-absorbing glass (Edmund Scien-
tific, Barrington, NJ) and a 600 + 20 nm (for SR-Isg; stimuli)
or 450 = 20 nm (for SR-Il49 stimuli) interference filter and
through a focusing lens to produce a uniform spot equal to the
area of the acrodisc filter. Intensities of 600-nm and 450-nm
light were 6.3 X 10° or 6.6 X 10* ergs-cm~>sec™!, respec-
tively, at the acrodisc filter surface. These photostimuli were
saturating. In Fig. 6, the 450-nm light was 1.6 X 10°
ergs'cm~2sec”! from a 200-W mercury arc lamp beam de-
livered at a 45° angle to the acrodisc filter, and the 600-nm
light was as above. The same geometry was used for the
390-nm stimulus (mercury lamp output filtered through a 400
+ 20-nm bandpass filter and a Corning 7-59 shortpass filter to
produce 6.0 x 10* ergs‘cm~2sec™!). All optical filters were
from Ditric Optics (Hudson, MA), except the 400-nm band-
pass, which was from Corion (Holliston, MA).

RESULTS AND DISCUSSION
Mutant Strains Exhibit Selective Loss of SR-I or SR-II
Phototaxis Responses. FIx15 and Pho81 have the phenotypes
SR-I*SR-II* and SR-I"SR-II-, respectively (10, 33) and
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exhibit membrane protein carboxylmethylation (16, 26).
Their behavioral responses to light stimuli designed to selec-
tively activate SR-I and SR-II are shown by motion analysis
(Fig. 1). The abrupt step-down in 600-nm light (Fig. 1 Lef?)
causes a sudden decrease in photoexcitation of SR-Isg7, the
attractant receptor form of SR-I. FIx15 cells react to this
negative stimulus by a transient increase in reversal fre-
quency (Fig. 1). The step-up in 390-nm light in a 600-nm
background photoactivates Si73, the repellent form of SR-I
(Fig. 1 Center, FIx15). The step-up in 450-nm light photoac-
tivates SR-II (Fig. 1 Right, F1x15 and FIx3b). SR-I responses
are missing in strain Flx3b (Fig. 1), confirming the SR-
I"SR-II* phenotype reported by Takahashi et al. (2). The
lack of responses by Pho81 to all of these stimuli is consistent
with the absence of both photoreceptors according to flash
spectroscopy (10, 33). In all the cases in Fig. 1 in which
reversal induction is caused by a change in light intensity, a
change in the opposite direction suppresses reversals (data
not shown). In unstimulated conditions, the mean time be-
tween reversals = SD for >100 intervals from 30-50 indi-
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F1G. 1. Reversal frequency responses to photostimuli. Video data
were processed with a computerized motion-analysis system (32) at 15
frames per sec, and population reversal frequencies (number of
reversals occurring within the 67-msec frame interval per number of
paths present in that interval) were determined. Approximately 1000
paths are used for the calculation of each frequency plot. At the
arrows, a constant 600-nm light was interrupted for 2 sec (Left), a
390-nm light was delivered for 2 sec in a constant 600-nm background
(Center), or a450-nm light was delivered for 2 sec (Right). Phenotypes:
FIx15, SR-I*SR-II*; Fix3b, SR-I"SR-II"*; Pho81, SR-I"SR-II".
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FiG. 2. Autofluorograms of [*Hj]retinal-labeled proteins. All-
trans-[*Hlretinal was added to FIXSR vesicles at molar ratios
[*H]retinal:SR-I apoprotein of 1:1 (lane a) or 3:1 (lane b), and to
retinal-deficient Flx3b vesicles at a molar ratio [*H]retinal:SR-II
apoprotein of 3:1. Retinal addition reconstituted only SR-I in FIxSR
and only SR-II in FIx3b, as determined by absorption spectroscopy.
Protéins were electrophoretically separated on an SDS/12% poly-
acrylamide gel. The 25-kDa band in FIx5R (arrow) in lane a was run
as a marker in a lane adjacent to the Flx3b lane, and its position in
that gel is marked by the arrow. (This marker and the molecular mass
standards were run in each of the two gels from which autofluoro-
graphic data are shown.) Standards (Bio-Rad) from top to bottom are
(x10? kDa): phosphorylase b, bovine serum albumin, ovalbumin,
carbonic anhydrase, soybean trypsin inhibitor, and lysozyme.

vidually tracked cells of each strain was 28 + 5Ssec,22 = §
sec, and 27 = § sec for FIx15, FIx3b, and Pho81, respectively.

The Two Known SR-I Proteins Are Missing in Fix3b. Two
proteins have been identified as associated with SR-I func-
tion: a 25-kDa chromophoric protein (10, 35) and a 94-kDa
methyl-accepting. protein (16). Membrane proteins from
FIx5R that contains SR-I only exhibit a single band corre-
sponding to the SR-I chromophoric protein when labeled with
subsaturating amounts of all-trans-[*H]retinal (Fig. 2, lane a).
Excess [*Hlretinal labels an additional band at 19 kDa and
shows light labeling at 94 kDa (Fig. 2, lane b). These latter two
retinal binding sites do not appear to generate any absorbing
or photocycling pigments (refs. 10 and 16 and unpublished
work). In FIlx3b membranes, labeled with excess retinal, a
23-kDa band is evident that is not present in FIxSR and
previously has been attributed to the SR-II chromophoric
protein (10). Thus, the properties of FIx3b confirm the
assignments of the 23-kDa retinal-labeled band to SR-II and
the 25-kDa retinal-labeled band to SR-I (10, 16).

Membrane proteins from cells labeled in vivo with L-
[methyl-*H]methionine were separated by SDS/PAGE and

FIx5R
FIx3b
Pho81

FiG. 3. Autofluorogram of [*H]methylated membrane proteins.
Cells were labeled in vivo with L-[inethyl-*H]methionine (75-80
Ci/mmol; 1 Ci = 37 GBq) in the presence of puromycin, and their
membrane proteins were electrophoretically separated on a low
bisacrylamide/SDS gel as described (16). Arrow, the position of the
94-kDa methyl-accepting protein (see text).
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examined by autofluorography. The arrow marks the position
of the 94-kDa protein in FIxSR (Fig. 3). This labeled band is
missing in FIx3b as well as in Pho81 (Fig. 3) and is present in
their respective parents FIx3 and FIx15 (ref. 16 and unpub-
lished work), confirming its association with SR-1. The other
bands have been implicated in chemotaxis by mutant and
revertant analysis (16), and some have been shown to exhibit
changes in their extent of methyl-labeling after chemotaxis
stimuli (26).

SR-I in Both Its Attractant and Repellent Forms and SR-II
Modulate Demethylation. Photostimulation of the SR-I attract-
ant form in FIx15 cells produces a transient increase in the
release of volatile [*H]methyl groups (600-nm light, Fig. 4).
When this light is abruptly decreased, a larger release of
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FIiG. 4. Volatile [*H]lmethyl release after photostimulation of the
three strains of Fig. 1. Each point corresponds to volatile cpm
contained in a 0.5-ml (24 sec) fraction. Buffer was pumped at 1.25
ml/min through the filter apparatus containing cells radiolabeled as
in Fig. 3. The continuously flowing buffer contained 200Xx excess
unlabeled methionine.
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volatile [*H]lmethyl occurs. This same stimulus does not cause
aresponse in Flx3b or Pho81, showing the effect is due to SR-I
photoactivation. A small response is seen in FIx15 to 450-nm
light, which photoactivates SR-II. SR-II photoactivation mod-
ulates [*H]methyl evolution because Flx3b is lacking SR-I and
exhibits a pronounced response to this stimulus (Fig. 4). No
response is seen in Pho81, which lacks both receptors.

An asymmetry in the response is observed in that for each
receptor, the reversal-inducing step change in intensity (for
SR-1, the step-down, and for SR-II, the step-up) has a greater
effect than the reversal-suppressing step change (Fig. 4).

Unlike in E. coli, where transient increases and decreases
in methanol evolution rate occur in response to negative and
positive chemical stimuli, respectively (30), in H. halobium
both positive (reversal-suppressing) and negative (reversal-
inducing) stimuli elicit a transient increase in the rate of
volatile methyl evolution. Increases have been reported for
other positive and negative stimuli in H. halobium (26) and in
Bacillus subtilis (36). The decrease in baseline is expected
from the cold methionine chase in the continuously flowing
buffer (29). Relative to this baseline, a period of reduced
methyl-release rate occurs after positive stimulus peaks,
whereas negative stimulus peaks are followed by a rate equal
to or higher than the baseline (e.g., 600 nm on vs. off for
FIx15, Fig. 4). For seven repetitions of the 600-nm stimulus
the ratio of the methyl-release rate at 3 min after delivery of
the stimulus to the prestimulus rate was 0.79 + 0.03 com-
pared with 0.95 = 0.05 for unstimulated cells (mean = SEM).
In E. coli the modulation of demethylation rate contributes to
increases and decreases in transducer methylation that are
responsible for adaptation to positive and negative stimuli,
respectively. The behavioral effects of methylation inhibition
in H. halobium (16, 21, 22), the phenotype of methylation
mutants (16, 26), the results presented here, and the strong
analogies with eubacterial chemotaxis, suggest the methyl-
ation system controls methyl-accepting transducers to cancel
the effect of the receptor signals (i.e., receptor signal adap-
tation). The significance of the differences in kinetics of
demethylation in H. halobium and B. subtilis comparéd with
E. coli is not clear. In B. subtilis a posttransducer methyl-
accepting component has been suggested to contribute a
second source of methyl groups in this assay (36).

Background illumination of 600 nm generates a photosta-
tionary state mixture of SR-Isg; and its long-lived intermedi-
ate S373, which is the repellent form of SR-I (4-6). Near-UV
light (390 nm), at the intensities used here, excites Sj73,
generating a repellent response, and has negligible repellent
effect through SR-II (Fig. 1). Transient methyl-release re-
sponses to the near-UV light occur in an orange (600 nm)
background-dependent manner (Fig. 5), indicating an Sj;3-
mediated effect (4—-6). Small changes are seen in the absence
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Fic. 5. Volatile [*Hlmethyl release modulated by Si7;. Assay
conditions were as in Fig. 4. Strain was FIx15.
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of 600-nm background, which could be due to 2-photon cycling
of SR-I or to a slight SR-II contribution. For S373 as for SR-Isg;
and SR-II, the reversal-inducing step change (in this case the
step-up) causes a greater methyl-release response than the
reversal-suppressing step change.

No methyl-release responses are observed in the retinal-
deficient strain FIxSR in the absence of retinal, and both
SR-Isg; and Ss373-induced (but not SR-II-induced) methyl-
release responses occur in this strain after addition of all-
trans-retinal (data not shown).

The volatile methyl label released over the course of 30 min
was 18% of that seen to be present on the taxis proteins from
the same cell suspension determined by counting the bands
from SDS/polyacrylamide gels, consistent with the decrease
in total label over 30 min seen on the bands. Therefore,
demethylation of the taxis proteins may account entirely for
the volatile label in our measurements.

An Integrated Signal from SR-I and SR-II Regulates the
Methylation System. SR-I in its attractant form and the
repellent receptor SR-II have opposing effects on swimming
behavior. When the two stimuli are delivered simultaneously,
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F1G. 6. Volatile [*H]methyl release after simultaneous SR-I and
SR-II stimuli. Assay conditions were as in Fig. 4. Strain was FIx15.
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FiG. 7. Information transfer in the phototaxis signaling system of H. halobium. SR-Isg; and S373 are the photoconvertible attractant and
repellent forms of SR-I, and SR-Il49 is a repellent receptor. Components detected biochemically are shown in solid boxes; dashed boxes indicate
components the existence of which is supported by physiological studies.

the net behavioral effect results from an integrated signal
from photoattractant and photorepellent receptor states (37,
38). Two opposing stimuli delivered through SR-I and SR-II
simultaneously have a mutually canceling effect on methyl
release, indicating the methylation system is regulated by an
integrated signal from the two receptors (Fig. 6B). This
hypothesis can be tested further by delivering reinforcing
rather than opposing stimuli through the two receptors. A
step-up in 600-nm light suppresses reversals through SR-I as
does a step-down in 450 nm light through SR-II. Both of these
reversal-suppressing stimuli delivered together produce a
greater methyl release than either stimulus delivered alone
(Fig. 6C). The same stimulus delivered repetitively with the
temporal regime of this experiment produces reproducible
responses over the period of the measurement (Fig. 64).

Model of the Photosignaling Pathway. In Fig. 7, the SR-I
chromoprotein is represented in its two photoconvertible
states, the attractant form SR-Isg; and the repellent form S373,
which exist in a photochromic equilibrium in visible light (4,
39). In the model, an attractant receptor signal is generated
by photoconversion of SR-Isg; into S373, and a repellent signal
by excitation of S;;3, which returns the molecule to SR-Isg;
(through an intermediate state S$yo). These receptor signals
are likely to be photoinduced conformational states of the
SR-I and SR-II chromoproteins that activate their transduc-
ers, most likely by protein—protein interaction. We propose
two distinct transducers because photoactivation of SR-II
modulates methylation in the absence of the intrinsic mem-
brane protein of 94 kDa, the SR-I transducer according to our
model. The transducers of SR-I and SR-II produce an inte-
grated signal controlling the flagellar motor-switching prob-
ability (37, 38). The results above show the methylation
system is also activated by an integrated signal from the
receptors. We envision that the same integrated signal mod-
ulates both the switch and methylation system, as is the case
in eubacteria (20).
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