
Light-Induced Structural Changes Occur in the Transmembrane Helices of the
Natronobacterium pharaonisHtrII Transducer†

Chii-Shen Yang and John L. Spudich*

Department of Microbiology and Molecular Genetics, UniVersity of Texas Medical School at Houston, 6431 Fannin Street,
Houston, Texas 77030

ReceiVed May 14, 2001; ReVised Manuscript ReceiVed September 21, 2001

ABSTRACT: The Natronobacterium pharaonisHtrII (NpHtrII) transducer interacts with its cognate
photoactive sensory rhodopsin receptor, NpSRII, to mediate phototaxis responses. NpHtrII is predicted to
have two transmembrane helices and a large cytoplasmic domain and to form a homodimer. Single cysteines
were substituted into an engineered cysteine-less NpHtrII at 38 positions in its transmembrane domain.
Oxidative disulfide cross-linking efficiencies of the monocysteine mutants were measured with or without
photoactivation of NpSRII. The rapid cross-linking rates at several positions support that NpHtrII is a
dimer when functionally expressed in theHalobacteriumsalinarummembrane. Thirteen positions in the
second transmembrane segment (TM2) exhibited significant light-induced increases in cross-linking
efficiency, and they define a single face traversing the length of the segment when modeled as anR-helix.
Four positions in this helix showing light-induced decreases in efficiency are clustered on the cytoplasmic
side of the protein. One of the monocysteine mutants, G83C, showed loss of phototaxis responses, and
analysis of double mutants showed that the G83C mutation alters the dark structure of the TM2-TM2′
region of NpHtrII. In summary, the results reveal conformationally active regions in the second
transmembrane segment of NpHtrII and a face along the length of TM2 that becomes more available for
TM2-TM2′ cross-linking upon receptor photoactivation. The data also establish that one residue in TM2,
Gly83, is critical for maintaining the proper conformation of NpHtrII for signal relay from the photoactivated
receptor to the kinase-binding region of the transducer.

Archaeal sensory rhodopsins I and II (SRI and SRII) are
membrane-embedded phototaxis receptors that modulate the
motility apparatus ofHalobacterium salinarumand related
haloarchaeal species (1, 2). The SRI and SRII proteins
transmit signals to their cognate transducer proteins, HtrI and
HtrII, respectively. The Htr proteins consist of two trans-
membrane segments and a cytoplasmic portion homologous
to the methyl-accepting chemotaxis receptor/transducers
(MCPs) widely found in motile eubacteria, for example, the
aspartate receptor Tar ofEscherichia coli(3, 4). Also, like
their eubacterial counterparts the Htr transducers control a
histidine kinase and phosphoregulator protein that modulates
motor function (5).

Biochemical and spectroscopic evidence is compelling that
there is close interaction between the SR and Htr components
of the signaling complex both in the light and in the dark
(2); i.e., they are subunits of a molecular complex. Further,
chimera experiments showed that the interaction specificities
of SRI with HtrI and SRII with HtrII are determined by the
transmembrane helices of the Htr subunits (6). These results
indicated that interaction occurs within the membrane
domain, providing an opportunity to study the largely
unknown mechanisms by which membrane proteins com-
municate with each other.

A model for transmission of signals from SR to Htr
proteins was put forth on the basis of studies of the SRI-
HtrI and SRII-HtrII complexes ofH. salinarum(7). The
model was derived in part from the observation that SRI
pumps protons but only when it is free of its transducer (8).
The HtrI protein was found to inhibit SRI pumping by
closing a cytoplasmic proton-conducting channel during its
photocycle (9, 10). A tilting of helices, primarily helix F,
contributes to opening a cytoplasmic channel in the latter
half of the photocycle in the homologous light-driven proton
pump bacteriorhodopsin (11-13). The unified model, so
named because it is based on the view that transport and
sensory signaling use the same retinal-driven protein struc-
tural change, proposes that the Htr transmembrane helices
are coupled to this same light-induced helix tilting motion
in the SR receptors. The location of activating mutations in
SRI and SRII further supported the model (14, 15).

Recently, several results satisfy predictions of the unified
model. Electron and X-ray crystallography of the receptor
(16, 17) confirmed that the seven helices of SRII are arranged
very similarly as those of bacteriorhodopsin in the dark, and
a site-directed spin-labeling study demonstrated a transient
light-induced tilting of helix F in NpSRII,1 similar to that
which occurs in bacteriorhodopsin (18). Electrophysiological
and ion flux studies of SRI and SRII confirmed that HtrI
blocks SRI transport (19) and that, furthermore, light-driven
transport by NpSRII, which was more difficult to demon-
strate, is also blocked by NpHtrII interaction (19, 20). These
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results show that both SRI and SRII receptors contain, under
appropriate conditions, open cytoplasmic channels during
their photocycles and strongly suggest that their respective
transducers block channel opening, a basic tenet of the
unified model.

An additional prediction of the model is that, since SR
helix tilting is proposed to be physically transmitted to the
Htr protein by helix-helix contacts, alterations in structure
must occur in the Htr transmembrane domains between the
receptor interaction sites and the cytoplasmic domain of the
transducer, where the activity of the bound histidine kinase
is controlled. Our goal in this work was to first confirm that
these structural changes occur, to localize them, and to
develop a method to detect and monitor the transducer
responses to the photoreceptor signal in the membrane
domain. Several laboratories studying bacterial chemotaxis
have used disulfide formation from introduced cysteines in
adjacent helices to probe aspects of the structure (21-25),
and some studies have shown alterations in efficiency and
extent of disulfide formation in the presence of ligands or
methylation (21, 23, 26, 27). Therefore, we reasoned that
this approach may reveal the hypothesized structural changes
in the transmembrane helices of the Htr proteins in response
to light activation of the receptor subunit.

We choose the NpSRII-NpHtrII complex for this study
because it can be functionally expressed inH. salinarum(28,
29), for which efficient molecular biological protocols have
been developed, and the NpSRII protein has been well
characterized (16, 19, 20, 30-33).

MATERIALS AND METHODS

Reagents.Poly(ethylene glycol) 600, 1,10-phenanthroline,
formamide, andN-ethylmaleimide were from Sigma, the
ECL Western blotting kit was from Amersham Pharmacia
Biotech, and thePfuDNA polymerase used in PCR reactions
was from Stratagene (La Jolla, CA).

Strain for Transformation. H. salinarumstrain Pho81Wr-

[carotenoid-deficient, BR-, HR-, SRI-, HtrI-, SRII-, HtrII-,
and restriction system deficient (34)] and its transformants
were grown at 37°C in flasks with rotary shaking at 240
rpm. Poly(ethylene glycol)-mediated spheroplast transforma-
tion of halobacteria was performed as described (35).

Plasmid Construction and Site-Directed Mutagenesis.All
of the single-cysteine substitution mutants were constructed
from the pCY4 plasmid using site-directed mutagenesis
carried out by PCR according to Chen and Przybyla (36).
The pCY4 plasmid was modified from an unpublished
plasmid, pJS004 (constructed by Dr. Jun Sasaki and Dr.
Kwang-Hwan Jung, University of Texas at Houston), which
contains the ferredoxin (fdx) promotor fromH. salinarum
(37) followed by the gene pair encoding NpHtrII (NphtrII)
and the NpSRII apoprotein (NpsopII), mutated to encode
C173S NpHtrII to make a cysteine-less NpHtrII and six

histidines at the carboxyl terminus of NpHtrII to introduce
an epitope for immunoblotting assays (Figure 1).

Six oligonucleotides were used as sense and antisense
primers to clone three consecutive parts to contain the genes
NphtrII and NpsopII from the genomic DNA ofNatrono-
bacterium pharaonis, a generous gift from Dr. Jun Otomo
(Hitachi Ltd., Saitama, Japan). Primers PHTRII-FOR (5′-
CAATAACACCATATGTCGCTGAACGTATCACGGCT-
CC) and PHTRII-REV (5′-GATACCTCGCCGATTTCGCG-
GACGTCTTCG) were used to clone the first 966 bp of the
NphtrII gene with aKpnI site at the 5′ end andSacI site at
the 3′ end. Primers PSRII-FOR (5′-GAGGACCGAACAG-
GCAGTCGCGTCGATGG) and PHTRSRII-REV (5′-GTC-
GACAATACGCTCGAGAGCGTCGACGGTATCTTCGA-
CC) amplified the following 312 bp on aSacI-XhoI frag-
ment. The remaining fragment containing 327 bp of NpHtrII
and 720 bp of NpSRII gene was cloned with primers
PHTRSRII-FOR (5′-CGACGCTCTCGAGCGTATTGTC-
GACAGCGTCGAGCGGACC) and PSRII-REV (5′-GTAC-
CGCTATCTAGAATAACGACGGGACGTTC) withXhoI
and XbaI. The three fragments were then ligated with the
6697 bp fragment ofKpnI-XbaI-treated pKJ301 (14) and
197 bp fragment offdx promotor with theKpnI-NdeI site
(clone fromH. salinarum) (37).

The PCR-generated fragments encoding single-Cys sub-
stitutions (using the codon TGC in all cases) were then
cloned to pCY4 asKpnI-SfiI fragments. Each mutant was
confirmed to be identical to that of the original clone (pCY4)
except for the desired base changes by sequencing the entire
length of subcloned double-stranded DNA through the
ligation junctions. All mutants in this report are in the pCY4
background (i.e., Cys173Ser NpHtrII) unless otherwise noted.

Membrane Preparation.Membranes were isolated from
sonicated stationary phase cells as described (38) and
suspended at 2-4 mg of protein/mL in sonication buffer (4
M NaCl, 25 mM Tris-HCl, pH 6.8).

Phototaxis Index Calculations.The phototaxis index was
calculated in hertz as the integral of the swimming reversal
frequency measured by the ExpertVision program (Motion-
Analysis Corp., Santa Clara, CA) over the first 2 s after the
stimulus minus the integral over 2 s starting from 6 s after
the stimulus was initiated (39).

Disulfide Bond Formation Assay.Oxidation reactions were
performed as follows: A membrane sample was divided into
two reaction tubes (MicroAmp reaction tubes from Perkin-
Elmer) with (dark) or without (light) aluminum foil wrapping.
Samples at room temperature were illuminated from a 100
W tungsten/halogen lamp focused on the light sample tube
after passing through a 5% CuSO4 solution (path length, 3
cm), four heat absorbing filters, and a band-pass interference
filter transmitting 500( 20 or 600( 20 nm light. For each
reaction, 15µL of membrane protein suspended in sonication
buffer was added to 100µL of low-salt membrane buffer
(250 mM KCl, 20 mM Tris-HCl, pH 8.0) to reach a protein
concentration of 0.26-0.52 mg/mL, and then a fraction of
108 µL was added to the reaction tube. After 3 min of
illumination with 500 or 600 nm light, 18µL of membrane
sample was drawn from the tube and added to wells labeled
time 0 containing 22µL of stop solution [2% SDS, 50 mM
NEM (N-ethylmaleimide) and 5 mM EDTA]. The oxidation
reactions were then initiated by addition of 5µL of 60 mM
1,10-phenanthroline (in ethanol) and 5µL of 30 mM CuSO4

1 Abbreviations: NpSRII, sensory rhodopsin II (also known as
phoborhodopsin) fromNatronobacterium pharaonis; NpHtrII, the HtrII
transducer associated with NpSRII; HsSRI and HsHtrI, sensory
rhodopsin I and its associated HtrI transducer fromHalobacterium
salinarum, respectively; TM1 and TM2, the N-terminal proximal and
distal transmembrane segments of haloarchaeal and eubacterial taxis
transducers. Mutant forms of NpHtrII are designated with the single
letter code; for example, C173S indicates substitution of the cysteine
residue at position 173 with a serine residue.
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(in H2O) simultaneously and were quenched at 10, 30, 60,
and 180 s by transferring 20µL aliquots from the reaction
mixture to wells containing 20µL of stop solution. Samples
were incubated at room temperature for 30 min before being
loaded onto a 7% SDS-PAGE gel for electrophoretic
separation. Proteins were electrotransferred to PVDF mem-
brane at 4°C, 100 mA overnight, and NpHtrII was detected
using His-tag monoclonal antibody (Clontech) and treatment
with goat anti-mouse IgG coupled to horseradish peroxidase
(Bio-Rad) followed by Luminol (ECL) incubation before
being applied to films. Linearity of the signals was tested
by comparing bands of serially diluted samples.

Quantification of Cross-Linking.Films from the immu-
noblots were first captured as electronic files using the Alpha
Image 950 documentation system (with AlphaEase version
3.24). After each band was quantified, the percentage of
cross-linked protein,C, at each time point, was determined
by C ) 100D/(M + D), whereD ) the band density in the
dimer position andM ) the band density in the monomer

position. The values for dark (Cdark) and light (Clight) were
used to calculate the light-induced change percentage for each
mutant as 100(Clight - Cdark)/Cdark.

Software.Film quantification was performed using Image-
Tools 2.0 (published by The University of Texas Health
Science Center at San Antonio), and graphics were by Prism
2.01 (from GraphPad).

RESULTS AND DISCUSSION

Phototaxis Responses.Single-cysteine substitutions were
introduced into two different regions of the NpHtrII pro-
tein: a portion of transmembrane segment 1 (TM1) and
transmembrane segment 2 (TM2) as illustrated in Figure 1.
Immunobloting showed only moderate differences ((55%)
in expression level among all TM1 and TM2 monocysteine
mutants except for the lack of detectable expression in F36C.
The expression level was also similar to that of the wild type
in G83A, G83F, and double mutants G66C-G83F and L75C-

FIGURE 1: pCY4 plasmid (top) and the predicted locations of TM1 and TM2 mutations. Single-cysteine-substituted NpHtrII were constructed
in the pCY4 plasmid (see Materials and Methods). Hydrophobicity analysis and sequence alignment with other proteins (35) predicted two
continuous hydrophobic regions in NpHtrII from residue 30 to residue 88, designated transmembrane segments 1 and 2 (TM1 and TM2).
Residues 32-40 and 60-88 were therefore selected as target regions for construction of single-cysteine mutants.
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G83F. The comparable levels of expression permit compari-
son of the phototaxis signaling activity of the various
mutants.

Each of the mutants was tested for its phototaxis response
(Figure 2). All mutants except for two exhibited a similar
repellent phototaxis response to stimulating light (500 nm)
as wild type. One that showed no response, F36C, was
expected since the transducer was not expressed at a
detectable level, while the second mutation, G83C, that
inactivated the signaling had a normal level of expression.
We conclude that Phe36 is important for NpHtrII expression
and that, of all positions mutated, only Gly83 is vital for
functionality in NpHtrII. Further studies of the role of Gly83
are described below.

Photoinduced Changes in Disulfide Formation.To test that
conformation changes occur in the transmembrane domain
of NpHtrII in response to NpSRII photoactiavtion, we
measured the efficiency of formation of intermolecular
disulfide bonds between pairs of homologous cysteine
residues in each mutant in the dark and in the presence of
500 nm light, which activated NpSRII. Figure 3A shows
immunoblot examples of cross-linking reaction results. In
T81C, 500 nm light reduced the cross-linking efficiency,
whereas in L75C, light increased the efficiency. Cross-linking
efficiency was determined as described in Materials and
Methods, and values at the 30 s points were chosen for
evaluating the efficiency of cross-linking, to avoid saturation
observed in the 60 and 180 s points for many of the reactions.

To confirm that effects of light on cross-linking efficiency
were caused by NpSRII receptor photoactivation, we tested
the cross-linking of G66C with 500 nm light, near the
NpSRII absorption maximum (left, Figure 3b), in the dark
(middle), and with 600 nm illumination, where NpSRII
absorption is negligible (right). An increase of cross-linking
efficiency can be observed only in the 500 nm light case.
Also, to rule out a contribution of temperature change to
the cross-linking reactions during light exposure, tempera-
tures inside the reaction tubes were measured with a
thermocouple probe. Increases of 0.1 and 0.2°C were
observed after 5 min of illumination with 500 and 600 nm
light, respectively. We conclude that our measurements are
sensitive to NpSRII receptor activation by 500 nm light, not
temperature change, and are thus capable of detecting the
photoactivation-dependent conformational change.

The same procedure applied to all other single-cysteine-
ubstituted mutants, and significant light-induced increases
of cross-linking efficiency were observed (Figure 4) espe-

cially at positions in TM2, including A60C, A63C, I64C,
G66C, L67C, L70C, L71C, N74C, L75C, V78C, L82C,
D85C, and A88C,while four mutants, all in TM2, showed a
decrease of cross-linking efficiency, namely, G76C, L77C,
A80C, and T81C. These results indicate that receptor
photoactivation causes a structural change in the TM2 region
of the transducer.

To explore further the observation that the G83C mutation
was unique in destroying the activity of NpHtrII to transduce
the NpSRII photosignal, G83A, with a residue smaller than
cysteine, and G83F, with a larger residue, were constructed.
The G83A cells showed phototaxis responses comparable
to wild type whereas no phototaxis response was observed
in G83F (Figure 5A), suggesting an effect of size of the
residue in this position.

Two double mutants, G66C-G83F and L75C-G83F, were
constructed to further address the question of whether the

FIGURE 2: Phototaxis responses in all cysteine-substituted mutants. The number on thex-axis represents the residue number mutated to
Cys; W represents the wild type. The stimulus was a 0.4 s pulse of 500 nm light. Swimming reversal frequencies were monitored, recorded,
and analyzed with the ExpertVision 3.2 program (from Motion Analysis Corp.) running under SUNOS 4.1.1., and the phototaxis index was
calculated as described (39).

FIGURE 3: Cross-linking reactions of monocysteine-substituted
NpHtrII. (A) In T81C (top), light reduced the cross-linking rate,
whereas in L75C (bottom), light accelerated the rate. To calculate
the cross-linking efficiency, the films of the immunoblots were first
captured and saved as electronic files, quantified, and analyzed as
described in Materials and Methods. (B) Immunoblots of cross-
linking reactions of G66C illuminated with 500 nm light (left),
illuminated with the same intensity of 600 nm light (right), and
maintained in the dark (middle).
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lack of phototaxis response in G83F had an effect on the
receptor-induced cross-linking efficiency changes observed.
The expression level of the photoreceptor NpSRII was not
altered in the Gly83-series mutants since membranes from
each mutant were determined to have essentially the same
flash yield as wild type (data not shown). These two double
mutants showed no phototaxis response (Figure 5A), and the
cross-linking efficiency averaged over the 3 min of the
measurement (Figure 5B,C), both with and without the
activation of receptor, had decreased from 80( 0.6% in
L75C to 0.8( 0.1% in L75C-G83C in the dark and from
97 ( 2% in L75C to 19( 0.1% in L75C-G83C in the light.
In G66C-G83F, the cross-linking efficiency was decreased
to a nearly undetectable level both in the dark and in the
light. These data show that the loss of function of NpHtrII
caused by the G83C mutation involves a change in the dark
structure of the TM2-TM2′ region of NpHtrII and this
change reduces dramatically the reactivity of the cysteines
at the 66 and 75 positions, consistent with G83F causing a
separation of the two TM2 helices in the dimer.

Residue Gly83 in NpHtrII therefore can be concluded to
be important for maintaining the NpHtrII in a functional
conformation. First, no phototaxis response could be detected
when Gly83 was mutated to Cys and Phe while phototaxis
remained normal when changed to Ala. Our interpretation
is that replacement of Gly83 with a more bulky residue
eliminates the phototaxis response. Second, a large decrease
compared to wild type in cross-linking efficiency in the dark
was measured in G66C-G83F and L75C-G83F, which
suggests that the two helices TM2 and TM2′ have become
more separated or have become more flexible as a result of
the G83F mutation. In fact, G66C-G83F exhibited no
detectable cross-linking in the dark and only a slightly
detectable level after 3 min in the light. In NpHtrII containing
L75C-G83F, for which the efficiency could be measured,
light still increases the cross-linking efficiency, showing that
the NpSRII and NpHtrII are still functionally coupled. We
concluded that Gly83, or at least a small residue at the Gly83

position, is important for NpHtrII to maintain the proper
structure for signaling.

Two peaks in the cross-linking efficiencies in the dark
occur in TM1 at residue positions 33 and 37 (Figure 4),
consistent with anR-helical pattern (3.6 residue period). A
partially R-helical pattern is also evident in TM2 mutants of
NpHtrII. Cross-linking efficiencies fit reasonably well with
local maxima at positions 61-62, 66, 69-70, and 73 on the
periplasmic side of TM2. On the cytoplasmic side of TM2,
the pattern is less clear with local maxima at positions 75,
79, 81, 85, and 87. The extents ofR-helical pattern that we
observed with NpHtrII are very similar to those obtained
with eubacterial taxis transducers. A periodic pattern in cross-
linking efficiency consistent withR-helical secondary struc-
ture has been observed in monocysteine cross-linking
measurements with TM1 of both the aspartate receptor Tar
(22) and the ribose/galactose transducer Trg ofE. coli (24,
40), while a much less clear pattern ofR-helical structure in
TM2 has been observed (22, 24, 40). The lack of a
pronouncedR-helical structure pattern in TM2 in NpSRII
and in the eubacterial transducers may be attributed to several
factors. One major consideration is that the distance in the
native structure between cysteine-containing positions is not
the only factor that determines the propensity for disulfide
formation. The flexibility of the structure (22), local chemical
environment influenced by the neighboring side chains,
accessibility of the catalyst, the orientation of reactive side
chains, and the potential structural changes caused by the
substitutions of cysteine potentially contribute to the ef-
ficiency of disulfide cross-linking. Furthermore, the NpHtrII
dimer associates with another protein, NpSRII. Since the
binding stoichiometry of NpSRII and NpHtrII appears to be
1:1 both in detergent solution (Martin Engelhard, personal
communication) and in halobacterial membrane (Chen and
Spudich, in preparation), it is likely that the complexity of
interaction of the TM2 segment with the receptor protein as
well as with the adjacent NpHtrII monomer complicates the
cross-linking pattern.

FIGURE 4: Cross-linking efficiencies in the dark and light-induced changes in monocysteine-substituted NpHtrII. Cross-linking efficiencies
of membranes from each mutant at 30 s in the dark (bottom graph) and light-induced changes at 30 s, assessed as described in Materials
and Methods. Note that the F36C and I39C mutants showed no detectable cross-linking (see text). The length of an error bar is one standard
error of the mean based on two to four independent determinations.
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However, locations of the light-induced cross-linking
efficiency changes in NpHtrII do exhibit a clear pattern when
analyzed in terms of anR-helical net diagram (Figure 6).
This study identified several residues located in the TM2
region that undergo conformational or environmental changes
upon receptor activation, including Ile64, Gly66, Asn74,
Leu75, Leu82, and Ala88, which exhibited the greatest light-
induced increases of cross-linking efficiency, and Gly76,

Leu77, Ala80, and Thr81, which showed light-induced
decreases. In Figure 6, the TM2 segment of NpHtrII is shown
as anR-helical net, consistent with the expected structure
of taxis transducers (22, 24). A face (dot-shadowed region)
containing all residues shown to exhibit a local maximum
in light-induced increase of cross-linking efficiency can be
drawn, while all of the residues exhibiting a local maximum
in light-induced decrease form a cluster. It is likely that these

FIGURE 5: Phototaxis responses and cross-linking reactions. (A) Phototaxis responses measured as swimming reversal frequency changes
to a 400 ms 500 nm photostimulus (arrow). See text for more details. (B) Immunoblots for the receptor activation-dependent change of
cross-linking efficiencies in single mutants G66C and L75C and double mutants G66C-G83F and L75C-G83F. (C) TheY-axis represents
the mean (values from 10, 30, 60, and 180 s) cross-linking efficiency, and a decrease from 97( 2% (L75C) to 19( 0.1% (L75C-G83F)
in the light and from 80( 0.6% (L75C) to 0.8( 0.1% (L75C-G83F) in the dark was observed.
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faces represent functionally important regions in TM2 for
transferring the signal from the activated receptor to the
downstream cytoplasmic components of the phototaxis
system.

NpHtrII is likely to form homodimers in the membrane.
The homologous Tar transducer was concluded to form
homodimers in detergent, in mixed micelle systems, and in
reconstituted membrane vesicles, based on the effects of
dilution of monocysteine Tar with cysteine-less Tar with a
method that statistically distinguishes dimers from trimers
and tetramers (41). Crystallography of chemotaxis transduc-
ers (42, 43) and cross-linking studies of Tar inE. coli
membranes (22, 24, 26, 40) argue for functional homodimer
complexes. In vitro evidence has also been presented that
homodimer formation is required for high CheA kinase
activity (44-46). The rapid cross-linking of introduced
cysteines observed in this report and in HtrI (35) are
consistent with Htr homodimers in theH. salinarummem-
brane as well.

Given the similarity of HtrI and HtrII to eubacterial MCPs,
a homodimer structure is therefore likely. However, our
results do not distinguish between dimers and higher order
oligomers, and our conclusions would apply as well to higher
order oligomeric assemblies if they exist. Higher order
structures as well as dimers were observed in vitro with the
soluble signaling domain of the Tar by gel filtration
chromatography (47, 48), and electron microscopic examina-
tion of active complexes containing the cytoplasmic domains
of Tar indicated a well-defined bundle composed of numer-
ous receptor filaments (49). Taxis transducers have been
shown to be physically clustered in localized regions of the

cell membrane (50), and functional clustering of receptors
in 2-D lattices has been proposed to explain the measured
sensitivities and response range ofE. coli to aspartate
(51-53).

CONCLUSIONS

The results above demonstrate the following: (i) Structural
changes occur in the transmembrane helices of NpHtrII upon
photoactivation of NpSRII, as predicted by the unified model
for transport and signaling (7). (ii) Photoinduced conforma-
tion changes in TM2 identified an interface composed of 13
residues, mostly in a single face of the helix, that become
more reactive, while a cluster formed by four residues on
the cytoplasmic side becomes less reactive. Evidently light
activation of NpSRII alters the proximity or local environ-
ment of these residues. (iii) Gly83 is shown to be critical
for maintaining the proper conformation of NpHtrII for
transferring the signal from the photoactivated receptor to
the cytoplasmic kinase-binding domain of NpHtrII. Further-
more, the experiments in this report establish a method to
detect and monitor the transducer responses to the receptor
signal in the membrane domain.
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