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Lipid–protein interactions are known to play a crucial role in structure and
physiological activity of integral membrane proteins. However, current
technology for membrane protein purification necessitates extraction from
the membrane into detergent micelles. Also, due to experimental protocols,
most of the data available for membrane proteins is obtained using
detergent-solubilized samples. Stable solubilization of membrane proteins
is therefore an important issue in biotechnology as well as in biochemistry
and structural biology. An understanding of solubilization effects on
structural and functional properties of specific proteins is of utmost
relevance for the evaluation and interpretation of experimental results. In
this study, a comparison of structural and kinetic data obtained for the
archaebacterial photoreceptor/transducer complex from Natronomonas
pharaonis (NpSRII/NpHtrII) in detergent-solubilized and lipid-reconstituted states is presented. Laser flash photolysis, fluorescence spectroscopy,
and electron paramagnetic resonance spectroscopy data reveal considerable influence of solubilization on the photocycle kinetics of the receptor
protein and on the structure of the transducer protein. Especially the
protein-membrane proximal region and the protein–protein interfacial
domains are sensitive towards non-native conditions. These data
demonstrate that relevance of biochemical and structural information
obtained from solubilized membrane proteins or membrane protein
complexes has to be evaluated carefully.
q 2006 Elsevier Ltd. All rights reserved.
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mental role in cell–cell communication, information
exchange with the environment, or energy transduction. Their properties and location within the
cell membrane have made them a valuable target
for therapeutic drugs.2 Despite their considerable
importance, the elucidation of their functional and
structural properties was, and still is, hampered by
the fact that purification procedures dissolve the
proteins out of the membrane into a milieu different
from that of the native lipid bilayer. This crucial step
is generally done by solubilization with detergent,
which, in quite a few cases, destroys the stability of
the target membrane protein. This restriction in
studying membrane proteins is one of the reasons
that only few of them have been crystallized. Only
about 95 different membrane proteins have been
deposited in the Protein Data Bank, overwhelmingly from bacterial sources. A further constraint
for the analysis of membrane proteins is that some
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biophysical or biochemical techniques afford a
solubilized sample. For example, absorption
spectroscopy, circular dichroism, and highresolution NMR are applicable only for dissolved
probes.
The difference between a detergent and a
cellular lipid environment is mainly due to two
particularities of the latter system. Membranes, in
contrast to detergents, have three distinct zones.
A non-polar hydrophobic region separates two
hydrophilic and charged boundaries facing the
aqueous solution. A second feature that influences protein function and stability is probably
the membrane potential, which is generally
around K100 mV. Clearly, voltage sensors like
the voltage-dependent potassium channel (KvAP)
belong to those membrane proteins affected. Also,
a voltage dependence was observed for the
proton pump activity of bacteriorhodopsin.3
These examples show the necessity to study
membrane proteins in conditions as similar to
the native environment as possible.
Since quite a few data have been obtained from
studying membrane proteins under non-native
conditions, it is important to address the question
of how reliable these results are and if they are
reflecting the properties of the protein in vivo. This
is especially important because a wealth of biochemical and biophysical information is available
for solubilized membrane proteins, data that has to
be shown to be relevant for the proteins in their
native environment. Although these difficulties of
data interpretation have been addressed in recent
years,4–12 very few detailed comparative studies
have been published.7,8
The membrane protein pair under investigation in
the present study, sensory rhodopsin, an archaebacterial photoreceptor from Natronomonas pharaonis
(NpSRII), and its cognate transducer (NpHtrII), has
been analyzed both in the lipid-reconstituted state
and as a solubilized probe. NpSRII, a seven
transmembrane helix (A–G) protein, mediates the
photophobic response of N. pharaonis to green-blue
light under aerobic conditions and forms a complex
with NpHtrII in a 2:2 stoichiometry in membranes
(see Figure 1).13–17 Activation by light leads to
isomerization of the retinal chromophore, which is
followed by a sequence of intermediates, finally
leading back to the original ground state. In analogy
to the bacteriorhodopsin photocycle, these intermediates were named K, L, M, N, and O. A model
of the photocycle included a spectrally silent transition between two M states (M1/M2), which has
been proposed to generate the active signaling state.18
This transition is accompanied by an outward movement of helix F,19,20 which is suggested to trigger a
conformational change of the associated transducer
molecule resulting in a rotational or screw-like
motion of its second transmembrane helix (TM2).
This signal then propagates in an unknown mechanism to the cytoplasmic apex of the transducer
molecule, where it modulates, in analogy to the
chemotactic system of enteric bacteria like Escherichia
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Figure 1. (a) A cartoon representation of the 2:2
NpSRII/NpHtrII complex. The colored ribbon represents
the X-ray structure (PDB 1H2S) of the transmembrane
domain of the complex (NpSRII, blue; NpHtrII, cyan); a
representation of the AS-1 and connector regions of the
transducer up to position 116 perpendicularly to the
membrane plane into the cytoplasmic phase is depicted in
gray. For clarity, the predicted a-helical sequence AS-1
and the extended connector region are stretched according to the number of residues. Positions in the receptor
and in the transducer subjected to the SDSL EPR study are
indicated. Side-chains on the NpSRII subjected to study
are shown (S154, K157, S158) as ball representation; the
residue V78 in the transducer is also depicted. (b) Ribbon
representation of the X-ray structure of the transmembrane domain of the complex, top view.

coli, the autophosphorylation activity of the bound
His-kinase CheA,21 and finally affects the swimming
behavior of the cell by means of a two-component
signal transduction machinery.
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The functional and structural properties of the
NpSRII/NpHtrII complex have been studied
mostly in the detergent-solubilized state, generally
by using n-dodecyl-b-D-maltoside (DDM). All
binding constants determined for the interaction
between receptor and transducer (either by means
of transducer-caused changes of the NpSRII
M-decay or calorimetric studies),22–24 as well as
for mutants of one or both of the proteins,25–27 are
obtained just for solubilized samples. Also, recent
studies addressing the structure of the transducer
linker region and its interaction with the receptor
were carried out with solubilized proteins.23,28
The complex formed by NpSRII and NpHtrII has
been crystallized in a 2:2 ratio in the membrane,29
and it has been shown by site-directed spin labeling
(SDSL) electron paramagnetic resonance (EPR) to
be at least dimeric also at room temperature and at
low temperature when reconstituted in purple
membrane lipids (PML) (see Figure 2).30 The
dimerization allows the interaction between the
long cytoplasmic regions of two adjacent transducers to take place in vivo, leading to the formation
of a four helix bundle structure analogous to the
chemotaxis receptors in E. coli.
It has been shown that detergents interfere with
the stoichiometry and stability of the receptor/
transducer complex. In contrast to reconstituted
samples, NpSRII/NpHtrII exhibits only a 1:1
stoichiometry in DDM.22,30 Considering the thermal
stability of NpSRII and the NpSRII/NpHtrII
complex, Sudo and co-workers reported that lipids
as well as the transducer have a stabilization effect
on the receptor.31 These observations provide an
opportunity to study the influence of detergents on
the functional and structural properties of
the NpSRII/NpHtrII complex in more detail.
Data from laser flash photolysis, fluorescence
spectroscopy, and EPR spectroscopy reveal that

protein–protein contacts and the protein–buffer
interface are altered by treatment with detergents.

Results
Photocycle kinetics
Flash-induced absorption changes of NpSRII and
its complex with NpHtrII157 in solubilized and
reconstituted forms recorded at representative
wavelengths are shown in Figure 3. The trace at
500 nm represents depletion and recovery of the
ground state, the tract at 400 nm displays the rise
and decay of the M-intermediate, whereas the
O-intermediate was monitored at 550 nm. The
data presented in Figure 3 do not show significant
differences in the M-formation kinetics upon
solubilization or transducer binding. On the other
hand, Sasaki and Spudich described an influence on
the L–M transition in the HsSRII photocycle upon
transducer binding.32 The most probable cause,
other than using different proteins (HsSRII versus
NpSRII in the present study) and different concentrations of salt (high versus low concentration of
NaCl, respectively), might be the different temperature dependence of the kinetics describing the
L–M transition of HsSRII with and without its
transducer. At a temperature range of 20–25 8C,
these rates become almost identical.31 Since the
present photocycle experiments were carried out at
25 8C and assuming a similar behavior of the
N. pharaonis proteins, the difference from the work
of Sasaki and Spudich can be explained.
In contrast to the first part of the photocycle, the
M-decay is much more sensitive towards external
conditions. In the solubilized forms, the decay of the
M-intermediate is slowed by a factor of 2–3 as
compared to the PML-reconstituted samples. This

Figure 2. A cartoon representation of the solubilized and reconstituted samples in the experimental procedure
adopted for the reconstitution of NpSRII (blue ribbon diagram from the PDB file 1H2S) and NpHtrII157 (a cartoon
representation of the transducer up to position 116 from Figure 1). Both proteins are first isolated independently in DDM
micelles, then mixed together to form a 1:1 complex. For reconstitution into purple membrane lipids (PML), the mixture
is shaken in a buffer containing a 40-fold excess of lipids as well as detergent-absorbing Biobeads.
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the solubilization on the equilibrium between M and
O. The observation that binding of the transducer
accelerates the O decay in the solubilized complex is
in line with previous work on HsSRII,32 but,
interestingly, this feature cannot be observed for the
reconstituted samples, where transducer binding
does not further influence the photocycle. Whether
this effect can be ascribed to the specific species
differences or to the truncation performed on the
transducer will be further investigated.
Clustering of receptor–transducer complexes
in lipids
The red-absorbing fluorophore Atto655 was
utilized to monitor the local environment of position
157 in the cytoplasmic edge of helix F (see Figure 1 for
its location). A comparison of fluorescence emission

Figure 3. Traces of transient absorption changes after
photoexcitation of NpSRII in DDM-solubilized (orange
traces) and in PML-reconstituted (red traces) forms,
NpSRII/NpHtrII157 in DDM-solubilized (gray traces)
and in PML-reconstituted (black traces) forms. Traces
are recorded at 25 8C at wavelengths characteristic of the
sensory rhodopsin photocycle: 400 nm (M state), 500 nm
(ground state) and 550 nm (O state).

observation is in line with previous results, which
were used to analyze the dissociation constant of
the receptor–transducer complex.33 The transducer
binding affects the M decay in the solubilized
samples, while no effect is observable in the
reconstituted moieties.
The rise and the decay of the O-intermediate show
some subtle changes, depending on the environment
of the receptor. Solubilization of the receptor alone
(Figure 3(c)) leads to a clear change of the decay
kinetics of this intermediate compared to the
membrane-bound protein, resulting in a prolonged
photocycle turnover of this sample (Figure 3(b)).
However, for the complex, the transient amount of the
O-intermediate changes but not the lifetime of
this state. The clear difference in the amplitude
observed at 550 nm indicates a strong influence of

Figure 4. Fluorescence emission spectra and fluorescence lifetime decays for the free Atto655 dye and for
the dye attached to position 157 in NpSRII in complex
with NpHtrII. (a) Fluorescence emission spectra of free
dye in detergent buffer (black dotted line), dye attached to
the receptor in detergent-solubilized NpSRII/NpHtrII157
complexes (gray line), and in PML-reconstituted
complexes (black line). (b) The lifetime decay of Atto655
in detergent-free buffer (black dotted line) exhibits a
mono-exponential decay (tZ1.9 ns); the dye attached to
the receptor shows a distinct deviation from monoexponential decay in both states. With respect to the
complex in detergent (with longer decay as compared to
the free dye, gray line) the complex reconstituted in PML
shows a drastically shortened lifetime decay (black line).
The broken black lines represent fits of a monoexponential decay of the free dye and multi-exponential
decays (two and three components) of the bound dye.
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spectra and lifetimes (Figure 4) of the free fluorophore
in solution or bound to the PML-reconstituted and
DDM-solubilized NpSRII/NpHtrII complex reveals
information on the local environment of position 157.
With respect to the free dye, the emission spectrum of
the dye bound to the DDM-solubilized complex
shows a slight red shift of the order of 1–2 nm. An
even more pronounced red shift is observed for the
complex reconstituted in PML with DlmaxZ4 nm
(Figure 4(a)). A distinct difference between the
solubilized and reconstituted complexes is visible
also in the dye lifetimes (Figure 4(b)). The free Atto655
in buffer solution is characterized by a monoexponential decay (tZ1.9 ns), which is rather
insensitive to the presence of detergent in the buffer
(data not shown). The fluorophore bound to the
DDM-solubilized complexes exhibits a significantly
increased lifetime, which is typically observed in
hydrophobic environments.34
In contrast, the complexes reconstituted in lipids
are dominated by a much shorter lifetime component
and show an additional longer decay component
similar to that observed in detergent samples. The
two components indicate two different populations
either on the level of the protein complex or on that of
the fluorophore. In either case, the slow component
can be explained by a hydrophobic environment like
that observed in detergents. The fast decay observed
probably arises from quenching by a nearby chromophore. It is well known that contact formation
between tryptophan and Atto655 gives rise to
significant quenching of the Atto-fluorophore
(electron transfer-based fluorescence quenching)
visible as shortened lifetimes and red-shifted emission spectra.35 Although Atto655 exhibits a spatial
extension of about 14 Å (including the maleimide
linker group), no tryptophan residue is reachable
within the receptor–transducer complex suitable for
such an energy transfer process. However, if one
assumes an inter-complex contact occurring in
membranes, the fluorophore can come into contact
with W24, which is located in helix A on the opposite
side of the receptor. This interpretation is supported
by the observation that NpSRII/NpHtrII157 reconstituted into DMPC vesicles at a much lower protein
to lipid ratio (1/10) shows a similar, but weaker,
quenching of the dye (data not shown). Similar results
were obtained from pulse-EPR measurements
(DEER), which indicate the presence of higher-order
structures in membranes (unpublished data). Apparently higher-order clusters, which are suggested to be
relevant for signal transduction, are formed only in
the presence of membranes.36,37
Effects of solubilization on the complex
stoichiometry
Oligomerization of membrane proteins in vivo has
been observed for quite a few examples, e.g.
bacteriorhodopsin, which forms a two-dimensional
crystal consisting of trimers in its native purple
membrane,38 or chemotactic receptors like Tsr or Tar
from E. coli, whose cluster formation is thought to be
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associated with the sensitivity of the signaling
cascade.39 These higher-order structures might be
severely affected by the treatment with detergents, as
it has been shown for the NpSRII/NpHtrII157
complex.24,30
In order to further investigate the effect of the
lipid bilayer on the aggregation state of the NpSRII/
NpHtrII157 complex, we first analyzed if the
transducers alone form dimers in lipid membranes.
In a previous EPR study on the NpSRII/NpHtrII157
complex it was shown that a spin label at position
78 (NpHtrII157-V78R1) is well-suited to monitor a
possible dimerization.30 In a dimer, the spin label
would be located in the transmembrane region at
the interface between helices TM2 and TM2 0 (see
Figure 1) at a distance of about 1.2 nm.30
In the present study, we compared the roomtemperature and low-temperature (160 K) EPR spectra of NpHtrII157-V78R1 in the absence of NpSRII,
being either solubilized or reconstituted in membranes. These measurements allow us to analyze
motional freedom of the spin label at this site as well
as evaluating spin–spin interactions, which provide
information about inter-site distances (Figure 5).

Figure 5. (a) Room-temperature and (b) low-temperature EPR spectra of NpHtrII157-V78R1 in DDM-solubilized (gray line) and PML-reconstituted (black line) states
in the absence of NpSRII. The room-temperature spectra
are normalized to one at the maximum of intensity, the
low-temperature spectra are normalized by spin number.
The fitting of the simulated powder spectra is superimposed on the low-temperature spectra (dotted lines; for
the parameters used, see Materials and Methods). The
distance obtained in the NpHtrII157-V78R1 PML reconstituted sample is 1.3(G0.2) nm; the fraction of the singly
labeled species amounts to 57%.
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The room-temperature spectra of NpHtrII157V78R1 in the absence of the receptor in the
detergent-solubilized and in the reconstituted
forms (Figure 5(a)) are almost identical with those
obtained in the analogous preparations of the
complex (Figure 7, right panel). The 2:2 complex
shows a spectrum indicating a high degree of
immobilization of the spin label. The restriction in
mobility for this residue, pointing to the opposite
direction with respect to the receptor, is mainly due
to the close vicinity to TM2 0 in the 2:2 complex (see
Figure 1). The higher degree of mobility observed
for position 78 in the solubilized complex (Figure 7)
indicates that this interaction is lost after solubilization, as expected. The similarities observed in
the spectra in the presence and in the absence of
receptor indicate that the intra- and intermolecular
interactions for position 78 are not affected by the
presence of NpSRII.
Moreover, we observed dipolar interaction at low
temperature for the transducer alone reconstituted
in membrane, which is not detectable in the
analogous solubilized form (Figure 5(b)). The fitting
of the simulated spectrum to the experimental one
gives a distance slightly larger (1.3(G0.2) nm) than
that obtained in the complex,30 nevertheless indicating that the transducers alone do interact and
dimerize when reconstituted in membrane, even in
the absence of the receptor. The dimer formed is less
tight than that existing in the presence of the
receptor in the complex and, similarly, it is
disrupted after solubilization.
Effects of solubilization on the structural
properties of NpSRII and NpHtrII157
In order to analyze in more detail how solubilization affects the cytoplasm-exposed NpSRII
domain, three residues in the cytoplasmic edge of
helix F (S154, K157, and S158) have been chosen
(Figure 1). The residues were mutated to cysteine,
subsequently labeled with MTS SL and analyzed by
SDSL EPR spectroscopy. Experiments were performed with solubilized and PML-reconstituted
NpSRII either alone or in complex with NpHtrII157.
It should be noted that the introduction of a spin
label at the majority of positions investigated so far
seems not to interfere dramatically with the overall
fold, the thermal stability or the function of a given
protein.40,41 Also, in the present study an effect of
spin label modification on the photocycle kinetics
was not observed at selected positions (data not
shown).
The shape of the EPR spectra measured at room
temperature reveals the degree of the nitroxide
mobility, which depends on the protein structure in
the vicinity of the spin label-binding site.40,42,43 The
term mobility is used in a general sense, and it
accounts for the rate, amplitude and anisotropy of
the spin label reorientational motion on the
nanosecond timescale. In the case of residues buried
in the interior of proteins, the motion of the spin
label is restricted, due to strong interactions with
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neighboring side-chains or backbone atoms; thus,
the EPR spectral linewidths and apparent hyperfine
splitting are large. In the case of helix surface sites,
where the spin label is exposed either to the water
or to the lipid phase, the EPR spectra are
characterized by smaller linewidths, indicative for
a relatively high mobility of the spin label sidechain.44 In loop regions, random coil structures and
helix termini, the EPR linewidths and apparent
hyperfine splittings are small due to the absence of
tertiary interactions with neighboring residues.
Additionally, the intrinsic degree of flexibility of
these secondary structures may contribute to the
observed dynamics of the spin label.45,46 When
considering small proteins in solution, their overall
tumbling (occurring on the nanosecond timescale)
can also affect the EPR spectral shape; to examine in
these cases the motion of the nitroxide relative to
the protein, the contribution of the protein rotation
to the EPR line shape can be reduced by adding 30%
(w/w) sucrose.47
Figure 6 shows the comparison between the
continuous wave (cw) X-band spectra obtained for
each mutant at room temperature in the four
different states. The spin labels at positions 157
and 158 are characterized by strong interactions
with nearby groups. The spin label attached at
position 154 near the EF loop region shows a higher
degree of mobility, thus indicating a weaker
interaction with neighboring residues.
Interestingly, all spectra show the presence of at
least two spectral components, which has already
been observed for spin labels attached at interfacial
regions in other proteins.48 Although one can
assume that one of these components represents
an unfolded or misfolded species present in the
sample, ITC measurements on solubilized samples
had shown a 1:1 stoichiometry for the transducer
binding to the receptor without any indication for
the presence of two different binding modes.24 One
can deduce from this experiment that even if two
species are present they do not have different
modes of binding to the receptor, indicating a
similar protein–protein binding interface within the
complex. Moreover, an influence of temperature
and salt concentration on the distribution of the two
spectral components has been detected. These two
states might represent different signaling states of
the transducer protein.46
Comparing the spectra from NpSRII alone, it is
evident that solubilization induces only a slight
increase in the mean mobility of the spin label,
which might arise from a slight change in the
environment surrounding the label and from the
decreased rotational correlation time of the detergent-solubilized sensory rhodopsin moiety. For the
micelle-embedded NpSRII, a rough estimate of the
rotational correlation time based on the StokesEinstein-Debye relation gives 16 ns (for the calculation we used a specific volume of 0.765 cm3 gK1
estimated for the rhodopsin/detergent complex
and a content of 0.97 g of detergent /g of protein49
leading to 50 DDM molecules per NpSRII, in accord
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Figure 6. Room-temperature EPR spectra of the NpSRII
mutants S154R1, K157R1, and S158R1 in NpSRII DDMsolubilized (orange traces) and PML-reconstituted (red
traces), NpSRII/NpHtrII157 DDM-solubilized (gray
traces) and PML-reconstituted (black traces). For clarity,
only the low-field region of the spectra is compared. The
spectra are normalized to one at the maximum of
intensity of the central peak (not shown).

with values found for solubilized BR50). When
comparing the spectra of the NpSRII/NpHtrII157 in
the solubilized and in the PML-reconstituted forms,
it is evident that the interactions, which determine
the spectral shape, are slightly changed for position
157 only. This suggests that the changes induced by
solubilization in the cytoplasm-exposed domain of
NpSRII are of minor relevance. The minimal
increase in mobility observed for positions 154
and 158 may arise from the estimated 25 ns
rotational correlation time of the 1:1 complex in
detergent.
The presence of the transducer in both the
solubilized and reconstituted complex seems not
to perturb the overall shape of the spectra, except
for position 157, which shows a slight decrease in

1213
the mean mobility in the reconstituted sample. This
indicates that the interactions restricting the motion
in the positions under investigation are mainly
intramolecular, and the interactions of this part of
the receptor with the cognate transducer are
negligible.
To further investigate the influence of the
solubilization on the overall architecture of the
NpSRII/NpHtrII 157 complex, we focused on
the cytoplasm-exposed transducer region, thought
to be crucial for the signal transduction. We chose 24
residues in the membrane-adjacent part of the
transducer, from position 78 to position 101, and
four residues in the following region (L105, D106,
D115 and E116) to apply SDSL EPR. This selection
was made on the grounds that X-ray data are
available only up to residue 82 (see Figure 1),
leaving the remainder of the cytoplasmic fragment
completely undetermined.
The spectra of the solubilized complexes show
distinct differences in comparison to those of the
reconstituted complexes (see Figure 7). Generally,
the spectral changes induced by solubilization are
distinctive for each residue, depending on their
specific location. In Figure 8(a), the mobility
parameter is plotted against the residue number
for both the solubilized (gray) and reconstituted
(black) complex.
In general, the mobility parameter is higher for
the solubilized complex than for the membraneembedded sample. The significance of these
changes arises if the relative differences (based on
1
of the reconstituted
the absolute value of DHK
0
samples) are taken. The mobility value for position
V78 is increased by 120% and all the other observed
changes are in the range of 10–50%, most of them
being about 40–50%. This indicates clearly that
significant structural changes in the side-chains are
induced by solubilization even in a region that is
thought to be located at a reasonable distance from
the membrane/micelle.
As described above, the close interaction existing
in the reconstituted 2:2 complex between the
transmembrane region of TM2 and TM2 0 ,29,30
which restricts the rotational motion of the nitroxide attached at the interfacial sites, is clearly lost
in the solubilized 1:1 complex, where helix TM2 0 is
replaced by detergent molecules. The spectral
changes expected for the residues comprising the
end of the membrane-embedded part of TM2
(V78-L82) should then reflect the absence of TM2 0 .
Indeed, a higher mobilization is observed for
residue V78, located at the dimerization interface,
while no effect is visible for residue T81 pointing
towards the receptor.
However, also the transducer residues L82–A94,
clearly protruding from the receptor–transducer
interface and the membrane–micelle region, are
affected, showing an increase in the mobility
parameter ranging from 0.5 mTK1 for residues
G83-A87 up to 1.5 mTK1 for the following region up
to residue A94. The general increase in mobility
observed in this region might be explained by the
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Figure 7. Comparison between the room-temperature EPR spectra of the NpHtrII157 mutants in complex with NpSRII
reconstituted in PML (black line) and solubilized (gray line). The spectra are scaled to equal (positive) amplitude of the
central resonance peak. The spin-labeled mutants are designated by the residue number at which the nitroxide is
introduced. The analyzed positions are located in the TM2 helix of the transducer (78–82), in the AS-1 sequence (83–101)
and in the connector region (105, 106, 115, and 116). “The box highlights the first protein segment for which a decrease in
the mobility is observed upon solubilization (positions 95–98). Selected spectra (78, 81, 97, and 116) representative of the
different spectral changes induced by solubilization are magnified on the right.

loss of tertiary contacts with the cognate transducer.
In fact, interactions between the two transducers
have been detected in the 91–94 region in the
reconstituted complexes.46 However, additional
conformational changes leading to an increase in
the motional freedom of the spin labels cannot be
excluded.
In contrast to that, for the region A95–S98,
solubilization causes a strong decrease of the sidechain mobility, with its minimum observed position
97. A slight increase in the mean mobility is again
observed for residues R99–G101, while for a consistent decrease in the main mobility after solubilization
is detected for the analyzed positions in the 105–116
region. The strong decrease in mobility is indicative
for the appearance of tertiary interactions with nearby
residues restricting the spin label motion. In the
absence of the second transducer, such interactions
might arise either from the transducer region
following the AS-1 sequence, which could bend
towards the membrane, or from residues located in
the receptor. Interestingly, the dynamics observed

clearly differ from those obtained for the same
positions in the reconstituted complex, suggesting
relevant conformational changes occurring in the
transducer upon solubilization.
To better describe the changes induced in the
transducer by solubilization, the motional analysis
performed was supplemented by measuring the
collision frequency of diffusing paramagnetic probe
molecules, quantified by the method of continuous
wave power saturation. CrOx accessibility
measurements performed on the membrane-adjacent transducer region A95–G101 clearly show that
this part of the transducer is less accessible to the
water phase in the solubilized complex, while
oxygen accessibility shows no relevant changes
with respect to the values in the reconstituted form
(Figure 8(b)). This additional information confirms
the structural changes suggested to take place in
the transducer after solubilization, indicating the
appearance of tertiary interactions between the
transducer and neighboring residues, which hinder
the CrOx accessibility towards the spin labels.
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Figure 8. Comparison of mobility, accessibility and
polarity data from selected positions of the transducer in
the NpSRII/NpHtrII157 complex in the reconstituted
(black circles) and solubilized (gray circles) forms. (a)
Plot of the mobility parameter obtained from the spectra
in Figure 7. The estimated error is G0.01 mTK1. The box
highlights the first protein segment for which a decrease
in the mobility is observed upon solubilization (positions
95–98, see Figure 7). (b) Plot of the accessibility values P
obtained for CrOx and air (21% oxygen) for positions 95–
101. The estimated error is 10%. (c) Plot of the Azz
parameter obtained for positions 90–99 from the analysis
of the low-temperature spectra (two selected lowtemperature spectra for positions 93 and 95 are presented
in Figure 9(a)). The estimated error is G0.1 mT.

Additionally, from the low-temperature EPR
spectra detected on the singly spin-labeled transducer in the region L90–R99 in the solubilized and
reconstituted complex, we measured the Azz
component of the hyperfine tensor, which is
sensible to polarity changes in the environment of
the spin label.51,52 The lower Azz parameter found
for all residues in the solubilized form indicates a
decrease in polarity of the environment of the
transducer side-chain, according to its lower
accessibility to the aqueous phase (Figure 8(c)).
To specify the entity of the structural changes
induced by the solubilization in the membraneadjacent region of the transducer, doubly labeled
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variants of the complex with R1 side-chains at
positions 154 in the EF loop of the receptor and 93 or
95 in the transducer have been analyzed. The lowtemperature spectra of the reconstituted complexes
show the absence of close interaction (!2 nm)
between the receptor and the transducer in the
two double mutants (Figure 9(b)) when compared
to the spectra of the singly labeled transducers in
analogous preparations (Figure 9(a)). In the solubilized complexes, no relevant change is seen for
the double mutant NpSRII-S154R1/NpHtrII157L93R1 with respect to the reconstituted complexes
(Figure 9(b)); the slightly higher intensity of the
central peak reveals the disruption of the 2:2
complex, hence the disappearance of the interaction
present between positions 93 and 93 0 in the
transducers (visible for position 93 in Figure 9(a)).
On the contrary, the spectrum from the double
mutant NpSRII-S154R1/NpHtrII157-A95R1 shows
the appearance of dipolar broadening in the
solubilized sample (fitting reveals distance values
of 1.5(G0.2) nm), despite the disruption of the 2:2
complex. The entity of the dipolar broadening in the
double mutant spectrum, hence the interaction
between the receptor and the transducer in the 1:1
complex, appears when comparing the height of the
central peak with that of the spectrum of the
analogous preparation of the singly labeled
complex at position 95 in the transducer. The clear
indication of an interaction between positions 154 in
the receptor and 95 in the transducer in the
solubilized complex further defines the structural
changes induced by solubilization in the transducer
region. The membrane-adjacent part of the transducer is in closer contact with the cytoplasmic

Figure 9. (a) Comparison of low-temperature (160 K)
spectra from NpHtrII157-L93R1 and NpHtrII157-A95R1 in
the reconstituted (black dotted line) and solubilized (gray
line) NpSRII/NpHtrII157 complex. (b) Analogous comparison for two doubly spin-labeled variants NpSRIIS154R1/NpHtrII 157-L93R1
and
NpSRII-S154R1/
NpHtrII157-A95R1 in the reconstituted (black dotted
line) and solubilized (gray line) complex. The spectra
are normalized by spin number. The close interaction
between the transducer and the receptor is clearly visible
in the NpSRII-S154R1/NpHtrII157-A95R1 double mutant
in the solubilized 1:1 complex by the relevant decrease in
intensity of the central peak with respect to the NpSRII/
NpHtrII-A95R1 spectrum. The broken horizontal lines are
drawn to guide the eyes to better visualize the decrease in
intensity of the central peak of the spectra.
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region of the receptor in the solubilized 1:1 complex
than in the PML-reconstituted 2:2 complex.
Taken together, the observed mobility, accessibility, polarity, and distance changes show that the
structure of the transducer in the membraneproximal region in the solubilized state clearly
differs from that in the membrane-reconstituted
state.

Effects of Solubilization on SRII/HtrII Complex

reaction cycle of NpSRII are observable after
binding of the transducer only in the solubilized
samples, thus suggesting a closer interaction
between the receptor and the cognate transducer
in the solubilized than in the reconstituted complex.
Apparently, tighter interactions might not always
be correlated to the native state optimized for
proper function.
Stoichiometry

Discussion
The critical role of lipid–protein interactions has
been investigated in a number of studies revealing
that function,4–9,53 and/or protein–protein contacts,30,54 of membrane proteins are perturbed.
Bacteriorhodopsin (BR), for example, a membrane
protein related closely to NpSRII, loosens its
trimeric structure on solubilization in detergents.53
Additionally, the well-known effect of the blue shift
of the absorption maxima of the dark and lightadapted states of BR upon solubilization is evidence
for conformational changes occurring at the level of
the retinal-binding pocket.50,55,56 Furthermore,
significant conformational changes were detected
for detergent-solubilized BR by NMR studies,53
pointing to an effect on both transmembrane helices
and connecting loops, thereby influencing the
functional properties of the protein. Another
example is the Ca2C-ATPase from sarcoplasmic
reticulum, for which it has been shown that
different detergents and, especially, different contents of native lipids in sample preparations
strongly influence the oligomerization state of the
protein, thereby altering its activity.4
The present study exemplifies further the influence of detergents on function, topology, and
structure of a membrane protein complex, namely
the signaling complex of sensory rhodopsin II and
its cognate transducer. Considering the close
relationship between BR and the sensory rhodopsin
II, strong influences on structure and function, like
those observed for BR, are to be expected.
Indeed, the main effects revealed in our study are
related to the functional properties, to the
oligomerization state, and to the interface between
membrane and cytoplasm.
Photocycle
Despite the fact that solubilization does not affect
the absorption maxima of NpSRII,18 differences are
observed in the photocycle of the receptor in the
detergent-solubilized and in the membrane-reconstituted samples, indicating that the dynamic
behavior of the protein is affected by the differences
in the molecular order and in the lateral surface
energy potential between a lipid bilayer and a
detergent micelle. The acceleration of the M decay
and the overall faster turnover rates observed for
the reconstituted moieties reflect the level of
optimization of the photoprocess efficiency in the
membrane milieu. Moreover, relevant effects on the

The lipid bilayer enables the formation of a 2:2
complex between NpSRII and NpHtrII157, which is
thought, due to the homologies of the transducer
with the dimeric chemoreceptors from enteric
bacteria, to be the functional phototactic unit and
therefore necessary to retain full functionality of the
complex. Moreover, the membrane/vesicle
environment has been shown to promote further
aggregation of the 2:2 complexes into higher-order
clusters. The presence of the membrane triggers the
dimerization of the transducer even in the absence
of the receptor, showing the structural relevance of
the membrane bilayer constraints for the correct
assembly of transmembrane proteins. On the
contrary, in the solubilized state only a 1:1
stoichiometry is observed between the receptor
and the truncated transducer, indicating that the
transducer–transducer interaction is hindered or
not supported by the detergent. Studies on the 1:1
NpSRII/NpHtrII solubilized complex are therefore
necessarily not performed on a fully functional
system.
Additionally, it is worth recalling that the
truncation performed at position 157 in the
transducer is not impairing the tight binding to
the receptor, the inhibition of the proton transfer,24
or the ability of the transducer to trigger the
formation of the dimeric functional unit, even in
the absence of receptor. On the other hand, the
missing cytoplasmic domain, responsible for the
four helix bundle formation could remarkably
increase the extent of the transducer–transducer
interaction, further stabilizing the complex.
Interface
Significant structural differences are observed
for the cytoplasmic membrane-proximal domain
of the transducer molecule, which seems to be
bound more tightly to the receptor in the
solubilized rather than in the reconstituted state,
as already suggested by the observed altered
photocycle of the solubilized complex after
transducer binding and by the absence of such
effects in the reconstituted complex. Figure 10
shows a model of the 1:1 complex in detergents
according to the mobility, accessibility and
distance relations data presented here for the
membrane-proximal region of the transducer.
A recent model presented by Spudich et al. for
the solubilized NpSRII/NptrII complex is proposing such a close proximity between position
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Figure 10. Model proposed for the AS-1 sequence of the
HAMP domain of NpHtrII157 in complex with NpSRII in
the DDM-solubilized form based on EPR data. Side view
of the 1:1 complex with the transducer modeled up to
position 101. The NpSRII/NpHtrII transmembrane
domain obtained from the X-ray data (PDB 1H2S) is
depicted as blue (NpSRII) and cyan (NpHtrII) ribbon
representation. The AS-1 sequence up to position 94 is
modeled as the a-helical extension of TM2 (gray ribbon);
the following 95–101 segment is represented in an
extended conformation (according to an EPR model
proposed for the 2:2 complex).46 The segment 95–101 is
colored according to the measured CrOx accessibility
values. To better visualize the relevant decrease in the
water accessibility observed in the solubilized complex
with respect to the membrane reconstituted moiety, the
CrOx values are scaled according to Figure 7 from
Bordignon et al.46 The membrane-adjacent region of the
transducer is suggested to interact with the cognate
receptor, leading to the observed decrease in side-chain
mobility (positions 95–98) and CrOx accessibility (positions 95–101) and to the close contacts observed between
residue A95 in the transducer and S154 in the receptor.
For clarity, the Cb atom of S154 in the receptor is depicted
as ball representation; the Cb atoms of residues L93, A95
and G101 in the transducer are also depicted and colored
according to the PCrOx values.

S154 in NpSRII and residues S91 to A95 in
NpHtrII, which is fully in agreement with our
data.28 Most likely, the structural differences
observed in the solubilized with respect to the
reconstituted complex arise from both the
absence of the second transducer in the 1:1
complex and the differences between the lipid
and detergent headgroups, leading to an altered
environment for this membrane-associated
domain. It is of relevance to note that the
membrane-adjacent part of the transducer,
thought to be responsible for the signal transduction from the light-activated receptor to the twocomponent signaling cascade, has been shown to
be strongly affected by environmental inputs also
in the reconstituted form.46 This “unstable”
functional conformation has been highly
optimized during evolution via several combined
interactions between the transducer and the
membrane, the receptor and the cytoplasmic
milieu of N. pharaonis. Disturbing even one of
such interactions may disturb the overall architecture of this functional unit and therefore
inhibit the signal transfer.
In conclusion, it has been shown that solubilization of membrane proteins can result in
impaired structure and/or function of the molecules under investigation. An important result of
the present work concerns the influence of the
lipid bilayer on the structural properties of the
boundary between membrane and water. This
interface region obviously has an important role
to confine protein secondary structure.57 Transmembrane receptors like phototaxis, chemotaxis
or tyrosine kinase receptors have to convey the
signal from the receptor domain to the cytoplasmic transmitter unit. The linker region
connecting the membrane region with the adjacent protein segment might influence both
functional correctness and oligomerization.
Dimerization of receptor tyrosine kinases has
been shown to be the trigger of signal transfer
in this class of proteins.58 This sensitivity of
membrane protein complexes towards external
conditions like solubilization into detergents has
to be taken into account, if the native structure
and function has to be evaluated. If possible,
membrane-reconstituted samples should be
investigated. Recent methodological advances in
e.g. EPR spectroscopy and solid state NMR
spectroscopy will provide the means to analyze
membrane proteins in their natural environment.

Materials and Methods
All measurements were carried out with the NpSRII and
the N-terminal fragment of NpHtrII consisting of residues
1–157 (named NpHtrII157 for simplicity), both isolated and
in complex either being solubilized in DDM or subsequently reconstituted in PML (see Figure 2). For
purification purposes, both proteins carry a C-terminal
His7 tag.
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Bacterial strains
E. coli XL1 was used as a host for DNA manipulations.
Gene expression was carried out in E. coli BL21 (DE3).
Cysteine mutants
Starting with the plasmids pET27bmod-NpSRII-His,59
and pET27bmod-t-HtrII-His (C-terminal truncated
transducer (1–157)),30 cysteine-encoding mutations
were introduced using the overlap extension method
as described.60 The final PCR products were ligated
into pET27bmod using the NcoI and HindIII restriction
sites. Positive clones were verified by DNA sequencing.
Preparation of polar lipids from PM
PMLs were isolated as described.61 After fast
injection of the lipid solution (50 mg/ml of CHCl3/
MeOH, 65:35 (v/v) into 25 mM sodium phosphate
(pH 8), the resulting suspension was homogenized by
sonification and subsequently lyophilized to remove
the organic solvents. Rehydration with water to yield a
concentration of 2 mg/ml gives a slightly turbid and
stable suspension.
Protein expression, spin labeling, and reconstitution
in polar lipids
NpSRII-His, NpHtrII157-His as well as their respective cysteine mutants were expressed in E. coli BL21
(DE3) according to Shimono et al.62 and purified as
described.59 The spin label (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate (MTS-SL;
TRC, Toronto, Canada) was covalently attached to the
cysteine residues of the solubilized NpSRII-His or
HtrII157-His mutants as described.45 Excess label was
removed by DEAE chromatography. For preparation of
the complex, both components were isolated independently and mixed in a 1:1 ratio. The solubilized 1:1
complexes prepared for EPR measurements are in
10 mM Tris–HCl (pH 8.0), 150 mM NaCl, 0.1% (w/v)
DDM. For reconstitution into purple membrane lipids
(PML), the mixtures were shaken (16 h at 4 8C in
the dark) in 10 mM Tris–HCl (pH 8.0), 1 M NaCl
containing a 40-fold excess of lipids as well as
detergent-absorbing Biobeads (SM2; 10 mg/mg of
dodecyl-maltoside (DDM); Boehringer Mannheim).
After filtration, the reconstituted proteins were pelleted
by centrifugation at 100,000g and resuspended in
10 mM Tris–HCl (pH 8.0), 150 mM NaCl.
Laser flash photolysis
The laser flash photolysis setup was essentially
identical with that described.18 The transient absorption
changes were recorded at 298 K at 400 nm, 500 nm and
550 nm. Reconstituted complexes were suspended in
10 mM Tris–HCl (pH 7.0), 150 mM NaCl; for solubilized
samples the buffer contained additionally 0.1% DDM.
Fluorescence spectroscopy
NpSRII-K157C was labeled with the maleimide
functionalized red absorbing dye Atto655 (Atto-TEC
GmbH, Siegen, Germany) following standard procedures. Excess of fluorescence dye was removed
using a gel-filtration column (Sephadex G-25, Amersham
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Bioscience). For the fluorescence measurements, the
solubilized complex was in detergent buffer (10 mM Tris–
HCl (pH 7.2), 150 mM NaCl, 0.1% DDM) at a final
concentration of 0.3–0.5 mg/ml. For the reconstitution of
the complex into PML, the procedures were applied as
described above. Fluorescence emission spectra were
recorded using an RF-1501 fluorospectrometer (Shimadzu)
with an excitation wavelength of 580 nm. Lifetime
measurements were performed with the fluorescence
lifetime spectrometer FluoTime200 (PicoQuant, Berlin)
using a sub-nanosecond LED source (emission wavelength
lmaxZ600 nm). The lifetime of the fluorophore was
recorded at an emission wavelength of 680 nm with a
repetition rate of 10 MHz. Elastic scattering of the detergent
buffer was measured in order to determine the instrument
response function (IRF). The measured data were finally
fitted using the fluorescence lifetime analysis software
FluoFit (PicoQuant, Berlin).

EPR measurements
Room-temperature continuous wave (cw) EPR spectra
were recorded using a home-made EPR spectrometer
equipped with a Bruker dielectric resonator, with the
microwave (MW) power set to 0.4–0.6 mW and B-field
modulation amplitude adjusted to 0.15 mT. Samples
were loaded into EPR glass capillaries (0.9 mm inner
diameter) at final concentrations of 15–20 mg/ml
(sample volume 15 ml). Reconstituted samples were
prepared as a suspension and the membranes were
pelleted by centrifugation in the capillary prior to the
measurements. Solubilized samples were prepared in
the same buffer containing 0.1% (w/v) DDM.
The accessibility for paramagnetic quenchers, P, was
quantified by the method of continuous wave power
saturation.63 The EPR spectrometer equipped with the
Bruker dielectric resonator was used; MW power from
0.1 mW to 30–40 mW was applied to the sample. The
protein sample was loaded into a gas-permeable TPX
capillary (Spintec). The sample was deoxygenated by a
flow of nitrogen gas around the capillary for the reference
measurements; for oxygen accessibility measurements,
nitrogen was replaced by air; for water accessibility
measurements, a chromium oxalate (CrOx) solution was
added to the same sample to a final concentration of
50 mM and the nitrogen gas flow was restored. Prior to
EPR experiments, the sample was fluxed with the proper
gas for 20 min. The errors of the P values were
determined to be in the range of G10%.
EPR spectra for interspin distance determination were
recorded at 160 K using a home-made EPR spectrometer
equipped with an AEG H103 rectangular cavity. The
magnetic field was measured with a B-NM 12 B-field meter
(Bruker). A continuous-flow cryostat Oxford ESR 900
allowed stabilization of the sample temperature. The MW
power was set to 0.2 mW and the B-field modulation
amplitude adjusted to 0.25 mT. Samples were loaded into
EPR quartz capillaries (3 mm inner diameter) at final
concentrations of 15–20 mg/ml of protein (sample volume
40 ml).
Fitting of simulated dipolar broadened EPR powder
spectra to the experimental ones detected at 160 K was
performed according to the method described in detail by
Steinhoff.64 The parameters used are gxxZ2.0086, gyyZ
2.0066, gzzZ2.0026, AxxZ0.52 mT, AyyZ0.45 mT, Azz was
variable to account for different polarity of the SL
environment.40,41 The spectra were convoluted with
a field-independent line-shape function composed of
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a superposition of 44% Lorentzian and 56% Gaussian of
0.3 mT and 0.39 mT, respectively.
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