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The betaine transporter BetP from Corynebacterium glutamicum is activated by hyperosmotic stress critically
depending on the presence and integrity of its sensory C-terminal domain. The conformational properties of
the trimeric BetP reconstituted in liposomes in the inactive state and during osmotic activation were inves-
tigated by site-directed spin labeling and electron paramagnetic resonance (EPR) spectroscopy. Comparison
of intra- and intermolecular inter spin distance distributions obtained by double electron-electron resonance
(DEER) EPR with the crystal structure of BetP by means of a rotamer library analysis suggest a rotation of BetP
protomers within the trimer by about 15° as compared to the X-ray structure. Furthermore, we observed con-
formational changes upon activation of BetP, which are reflected in changes of the distances between posi-
tions 545 and 589 of different protomers in the trimer. Introduction of proline at positions 550 and 572,
both leading to BetP variants with a permanent (low level) transport activity, caused changes of the DEER
data similar to those observed for the activated and inactivated state, respectively. This indicates that not
only displacements of the C-terminal domain in general but also concomitant interactions of its primary
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structure with surrounding protein domains and/or lipids are crucial for the activity regulation of BetP.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Osmotic stress is one of the most common stress situations which
bacteria face in their natural habitat. Under conditions of hyperosmo-
tic stress, the uptake of compatible solutes is one of the first responses
by bacteria to counteract water efflux and thus dehydration of the cell
[1]. Beside the ABC transporter OpuA from Lactococcus lactis [2,3] and
the MFS (major facilitator superfamily) carrier ProP from Escherichia
coli [4,5] the secondary transporter BetP from Corynebacterium gluta-
micum is one of the best studied osmoregulated uptake systems to
date [6-9]. Upon the decrease of the external water activity, BetP is
activated in less than 1 s and imports its specific substrate glycine be-
taine in symport with two sodium ions to restore and stabilize the es-
sential cell turgor. BetP is an integral membrane protein with 595
amino acids forming 12 transmembrane helices, which harbor a neg-
atively charged N-terminal domain of approximately 62 amino acids
and a positively charged C-terminal domain of about 55 amino

Abbreviations: Cw-EPR, continuous wave EPR; DEER, double electron-electron res-
onance; EPR, electron paramagnetic resonance; RLA, rotamer library analysis; SDSL,
site-directed spin labeling; TM, transmembrane; DDM, n-dodecyl-p-p-maltoside;
MTSSL, methanethiosulfonate spin label
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acids, both facing the cytoplasm. Former investigations of the isolated
protein reconstituted in proteoliposomes from E. coli lipid revealed
that BetP is able to directly sense osmotic stimuli, and to respond
with modulating its catalytic (transport) activity according to the ex-
tent of osmotic stress [10]. Extensive truncation and amino acid re-
placement studies of BetP heterologously expressed in E. coli cells or
reconstituted in E. coli lipids demonstrated that the integrity, the rel-
ative orientation, as well as the fine structure of the C-terminal do-
main are essential for the osmoregulatory properties of BetP (Fig. 1)
[6,8,9]. Despite the detailed knowledge about the regulatory behavior
of BetP in relation to ion stimuli [11], membrane composition [9] and
the integrity of the terminal domains [6], the molecular mechanism of
the activation process is still unknown. The structures of BetP deter-
mined by 2D electron [12] and 3D X-ray crystallography [13] proved
a trimeric organization of the carrier in the functional state. Thereby,
the three monomers form a central conical cavity with hydrophobic
residues facing the center. Cavity and the interstitial clefts between
the monomers are most likely filled with lipids [13]. The substrate
pathway in BetP consists of a narrow, partially hydrophobic lumen
with the glycine betaine binding site that can be exposed to either
side of the plasma membrane during the activation cycle forming hy-
drophilic periplasmic or cytoplasmic vestibules [14]. On the basis of
these data, certain inter- and intramolecular C-domain/protein and/
or C-domain/lipid interactions were suggested to play a key role dur-
ing the hyperosmotic stress-induced activation of BetP. In particular,
it was shown, that the C-domains of each protomer are in direct
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Fig. 1. Structure of the N-terminally truncated glycine betaine carrier BetP from Cory-
nebacterium glutamicum. The X-ray structure of protomer A [13] in side view was com-
plemented with a cartoon representation of the C-terminal domain. A bubble spiral
between residues 550 and 589 is indicated to depict the region of a known «-helical
stretch according to Ott et al. 2008 and Ressl et al. 2009 [6,13]. Highlighted circles illus-
trate the introduced cysteine and proline residues in the constructs used for EPR
measurements.

contact with cytosolic loops of the adjacent subunit and thus may act
as an allosteric switch between neighboring protomers [13,14].

The current model for the activation process of BetP involves a
complex C-domain/N-domain/phospholipid interaction in the resting
state of the transporter [6]. Upon the stress-induced activation of
BetP, a switch-like movement of the C-domain towards the protein
environment was assumed to occur. In addition, it has to be taken
into account that BetP is a functional trimer, and the oligomeric
state may be relevant for osmosensing and/or osmoregulation as
well [12,13]. We were interested in the conformation and in confor-
mational changes of the C-terminal domain of BetP or of domains in
the close vicinity to the C-terminal domain upon BetP activation. To
further elucidate the dynamic behavior of the C-terminal domain
and its significance for the osmosensory and osmoregulatory proper-
ties of BetP, we used site-directed spin labeling electron paramagnet-
ic resonance spectroscopy (SDSL EPR) [15-17]. SDSL EPR is an
appropriate biophysical strategy for the analysis of challenging mem-
brane proteins [18-20], and has been successfully applied to define
secondary and tertiary structure elements of membrane proteins
[19,21,22], structural models of membrane proteins [23-25] and to
analyze their conformational changes [19,20]. For this purpose, we
constructed various BetP mutants with strategically located single
cysteine residues at the beginning (S545C) and close to the end
(S589C) of the C-domain, as well as a double mutant combining
these cysteine replacements (S545C/S589C) (Fig. 1). After spin label-
ing we used these recombinant forms of BetP for monitoring structur-
al changes by continuous wave and pulse EPR spectroscopy. The
combination of local and global information derived from these stud-
ies reveals insights into the structural properties of the membrane-
embedded BetP trimer and provides direct experimental evidence
for a conformational change upon activation, which involves the C
terminus.

2. Materials and methods
2.1. Bacterial strains and plasmids

The generation of single cysteine BetP variants was done by site-
directed mutagenesis using the cysteine-free BetP mutant C252T as
PCR template [10], two synthetic oligonucleotide primers containing
the desired point mutation as well as the proof-reading PfuTurbo®
DNA polymerase which replicates both plasmid strands without dis-
placing the mutant primers. In the following the PCR product was

treated with the endonuclease Dpn I that specifically digests the
methylated, nonmutated parental DNA template, and transformed
into supercompetent E. coli DH5« (endA1 supE44 thi-1N~ recAl
gyrA96 relAl deoR A(lacZYA-argF) U169 d80dlacZ AM15 mcrA A(mrr
hsdRMS mcrBC)) cells via heat shock transformation [26]. Clones
were verified by DNA sequencing.

2.2. Expression and growth conditions

For heterologous overexpression, the respective betP gene was
cloned into the vector pASK-IBA5 (IBA GmbH, Goéttingen, Germany),
in which Strep-betP is under the control of the tetA promotor. E. coli
DH5a (endA1 supE44 thi-IN" recAl gyrA96 relA1 deoR A(lacZYA-
argF) U169 ®80dlacZ AM15 mcrA A(mrr hsdRMS mcrBC)) cells were
then transformed with the resulting plasmid. Cells were grown at
37 °C in LB medium and supplemented with carbenicillin (50 pg/
ml). Induction was carried out in exponentially growing cells
(ODgpo =0.9) upon the addition of 200 pg anhydrotetracycline/liter
cell culture.

2.3. Protein purification and preparation of proteoliposomes

Membranes were prepared by threefold high pressure cell disrup-
tion in a French Press (Thermo Electron Corporation, Needham
Heights, USA) and subsequently with differential centrifugation for
30 min at 12,000 g (cell debris) and for 45 min at 210,000 g (mem-
branes) at 4 °C. Membranes were suspended in 50 mM KPi (pH 7.5),
8.6% glycerol, 1 mM EDTA. Solubilization was performed by dropwise
addition of 2% DDM (w/v) and incubation for 30-60 min at 4 °C. Re-
sidual membranes were separated by centrifugation for 20 min at
86,900 g and 4 °C, and the supernatant was diluted 1:4 with 50 mM
KPi (pH 7.5), 200 mM Nacl, 8.6% glycerol, 1 mM EDTA. Strep-tagged
BetP was solubilized and purified by Strep tag Il affinity chromatogra-
phy (IBA, Gottingen, Germany). Prior to column application, the
Strep-Tactin resin (5 ml Strep-Tactin MacroPrep, IBA, Gottingen, Ger-
many) was equilibrated by adding 5 column volumes of low-salt buff-
er (50 mM KPi, pH 7.5, 200 mM NaCl, 1 mM EDTA, and 8.6% glycerol,
0.1% DDM). Subsequent to the application, two washing steps with
high-salt (50 mM KPi, pH 7.5, 500 mM NaCl, 1 mM EDTA, 8.6% glycer-
ol, 0.1% DDM) and low-salt buffer were carried out.

From a standard cultivation, we obtained 1-1.5 mg of highly pure
Strep-BetP/liter of cell culture. Protein concentration determination
was carried out using the Amido Black method [27]. For reconstitu-
tion, liposomes (2 mg/ml phospholipids) prepared from phospho-
lipids of E. coli polar lipid extract (Avanti Polar Lipids, Inc.,
Alabaster, AL) were preformed by extrusion (19 cycles) through poly-
carbonate filters (400 nm pore size). To confirm saturation of the li-
posomes with detergent, light scattering measurements at ODsyq
were performed upon the stepwise addition of 20% Triton X-100. Sol-
ubilized BetP was added at a lipid-to-protein ratio of 20:1 (w/w) and
incubated for 30 min at room temperature. To remove excess deter-
gent, a combination of dialysis and hydrophobic adsorption onto
Bio-Beads (Biorad, Munich, Germany) was used (see supplemental
materials for details). Finally, proteoliposomes were centrifuged,
washed in 100 mM KPi (pH 7.5) and concentrated to yield a BetP con-
centration of 50-100 uM (100 uM = 6.42 mg/ml). Proteoliposomes
were frozen in liquid N, and stored at — 80 °C until use. Quantitative
depletion of the major detergent constituent DDM was tested using
an optical assay. Therefore, the DDM maltoside moiety was cleaved
with yeast maltase (Sigma-Aldrich Chemie GmbH, Munich, Germa-
ny). The resulting glucose was phosphorylated and determined in
an optical test using G6P dehydrogenase. For further details concern-
ing BetP reconstitution into liposomes see supplementary material,
section 1.
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2.4. Spin labeling

Spin labeling of BetP and pretreatment with the reducing agent
dithiothreitol (DTT) were performed with the DDM-solubilized protein
bound to the affinity column. The thiol groups were reduced with
10 mM DTT for 3 h at 4 °C and washed with degassed low-salt buffer
(see above). The reaction with the MTS nitroxide spin label ((1-Oxyl-
2,2,5,5-tetramethylpyrrolidin-3-yl) methyl-methanethiosulfonate, To-
ronto Research Chemicals, Toronto) was carried out with a spin label-
to-protein ratio of 10:1 (M/M) overnight at 4 °C. Unbound spin label
was removed by washing with 10 column volumes of low-salt buffer
and 0.1% DDM. Labeled BetP was eluted with 50 mM KPi (pH 7.5),
200 mM NaCl, 1 mM EDTA, 8.6% glycerol, 0.1% DDM and 5 mM desthio-
biotin (Sigma-Aldrich Chemie GmbH, Munich, Germany). The labeling
efficiencies have been determined to be in the range of ~40-90%.

2.5. Determination of proteoliposomal leakage and BetP orientation

To determine leaky lipid vesicles prior to the measurements and/or
to quench superimposing signals of proteoliposomes with wrongly
(inside-out) orientated BetP, we applied two different assays. The integ-
rity of BetP-R1 proteoliposomes after Bio-Bead/dialysis reconstitution
was determined by an optical quenching method using the fluorophore
calcein [28]. Proteoliposomes were slowly thawed at room temperature
and collected by ultracentrifugation. 30 mM calcein (Sigma-Aldrich,
Munich, Germany) was diluted in 100 mM KPi, pH 7.5. The pH value
of the calcein solution was adjusted to 7.2 by stepwise addition of 1 M
KOH. Proteoliposomes were then suspended in the calcein solution
and extruded 19 times through polycarbonate filters (pore diameter
400 nm). External calcein was removed by three gel filtrations using
G75 sepharose (GE Healthcare, Munich, Germany) columns. Fluores-
cence measurement was carried out with an Aminco Bowman Series 2
Spectrometer (SLM Aminco, Biittelborn, Germany) at an excitation
wavelength of 495 nm and an emission wavelength of 520 nm (slit
width of 8 nm). Free calcein migrated slowly as a yellow fluorescent
band through the column resin while the proteoliposomes with self-
quenching internal concentrations of calcein (30 mM) could be eluted
first as an orange-colored band in 1-2 ml 100 mM KP; buffer, pH 7.5.
All orange-colored samples were kept at RT for about 3-4 h and sub-
jected to another gel filtration to measure the occurrence of leaked
out calcein. If free calcein was detected, the proteoliposomes were sub-
jected to another Biobead/Dialysis cycle and/or fused with E. coli lipids
to restore their integrity.

A more convenient method to test both, the integrity of proteoli-
posomes with incorporated, spin labeled BetP and its orientation
was performed by the addition of a water soluble spin relaxant
(50 mM chromium-(Ill)-oxalate (CrOx, Cr(C,04)3 ™), Sigma-Aldrich,
Munich, Germany) to the external buffer, thus quenching the EPR sig-
nal [29]. The addition of the membrane impermeable quencher leads
to a signal decrease proportional to the amount of inside-out orien-
tated, spin labeled BetP and of spin labeled BetP incorporated in
leaky liposomes. With this method it was possible to estimate the
correct protein incorporation online during the EPR measurements
(see supplementary Fig. S3).

2.6. Transport assays

Transport activity measurements with proteoliposomes were per-
formed upon increasing the osmolality of the buffer (100 mM KP;, pH
7.5) by addition of external solutes. In the assays used, K™ is the pre-
dominant luminal cation present. Accordingly, the internal K* con-
centration increases from approximately 200 mM to 500 mM, when
the applied external osmotic upshift changes from 200 to 1000 mM
[30]. Consequently, BetP is activated with half-maximum of activation
around 200 mM K. The impact of each amino acid substitution and
modification on BetP activity was analyzed in proteoliposomes.

After thawing, proteoliposomes were extruded 19 times through a
polycarbonate filter (400 nm pore size, Whatman Inc., Newton,
USA) at room temperature in 100 mM KP; (pH 7.5), collected by cen-
trifugation and resuspended in the buffer to a lipid concentration of
~60 mg/ml lipid. An appropriate amount of proteoliposomes with
~2-2.5 pg/ul BetP was diluted 200-fold in 50 mM NaPi (pH 7.5) con-
taining 15 uM ['“C] glycine betaine and 0.5 uM valinomycin to create
an outwardly directed K™ diffusion potential. To establish hyperos-
motic conditions, proline (for EPR measurements under hyperosmo-
tic conditions also NaCl and KCl were used) was added to the
external medium. The uptake measurements were started with the
addition of proteoliposomes. Samples were taken and rapidly filtered
through 0.22 um GS nitrocellulose filters (Millipore Corp., Eschborn,
Germany) after 5 and 10 s. The filters were washed with 100 mM
LiCl, and the radioactivity was determined by liquid scintillation
counting.

2.7. EPR spectroscopy

Room temperature continuous wave (cw) X-band EPR spectra
were recorded using a MiniScope MS200 spectrometer (Magnetech).
For cw measurements, about 15-20 pl of the sample was loaded into
glass capillaries with 0.9 mm inner diameter. To avoid saturation and
to obtain high signal-to-noise ratio EPR spectra were taken at the mi-
crowave power set between 1 and 5 mW. The B-field modulation am-
plitude was set between 1 and 2 G depending on the width of the
sharpest EPR line.

Pulse EPR experiments (DEER) were performed at X-band fre-
quencies (~9.3 GHz) on a Bruker Elexsys 580 spectrometer equipped
with a Bruker Flexline split-ring resonator ER 4118X-MS3 and a con-
tinuous flow helium cryostat (ESR900; Oxford Instruments) con-
trolled by an Oxford Intelligent temperature controller ITC 503S.
40-50 Wl of the sample was loaded into glass capillaries with
2.4 mm inner diameter. All measurements were performed at 50 K
using the four-pulse DEER sequence [31, 32]: /2 (Vgps) —T1—T0
(Vobs) =t/ =10 (Vpump) — (T1 + T2 —t') — T (Vops) — T2 —echo. A two-
step phase cycling (4>, —x) was performed on /2 (Vgps). Time t’
is varied, whereas T, and T, are kept constant, and the dipolar evolu-
tion time is given by t =t’ — 7,. Data were analyzed only for t> 0. The
resonator was overcoupled to Q~100; the pump frequency Vpymp Was
set to the center of the resonator dip and coincided with the maxi-
mum of the nitroxide EPR spectrum, whereas the observer frequency
Vobs Was 65 MHz higher, coinciding with the low field local maximum
of the spectrum. All measurements were performed at a temperature
of 50 K with observer pulse lengths of 16 ns for m/2 and 32 ns for
pulses and a pump pulse length of 12 ns. Proton modulation was av-
eraged by adding traces at eight different 7, values, starting at
T1,0=200 ns and incrementing by AT, = 8 ns. The total measurement
time for each sample was 4-24 h. Analysis of the data was performed
with DeerAnalysis 2008/2009 using Tikhonov regularization [36].
Error analysis (validation) of distance distributions was carried out
with the validation tool included in the DeerAnalysis software. For
the bounds and number of trials tested with the respective datasets
the suggestions the software makes based on the result of the back-
ground correction performed, using the setting “Fine grid”, have
been taken. The parameters varied were the background density
and the modulation depth.

2.8. Rotamer library analysis

Distance distributions were simulated using a rotamer library of
spin labeled residues as described in [33]. The rotamer library con-
sisted of 98 rotamers of MTSSL bound to cysteine, which have been
used to replace the native residues at the positions of interest in the
respective BetP structural models (see Results). Energies and result-
ing populations for individual rotamers were calculated by means of
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a Lennard-Jones potential at 175 K, which is the glass transition tem-
perature for a water-glycerol mixture. This temperature most likely
reflects the ensemble of spin label conformations obtained by cooling
the sample down to 50 K. These populations were then used as
weights in the simulation of the distance distributions.

3. Results

3.1. Introduction of cysteine residues at strategic locations within the C-
terminal domain

For the analysis of the dynamic properties of the C-terminal domain
of BetP, original amino acids at strategic locations, namely at the begin-
ning (amino acid position 545) and close to the end (589) of the C-
terminal domain of the BetP-C252T mutant (Fig. 1), were replaced by
cysteines and subsequently labeled with MTSSL (in the following the
spin label side chain is abbreviated with R1). Based on the predicted
protein topology (Fig. 1) and crystal structure [13], position 545 is
close to the central conical cavity of the trimer at the beginning of the
C-terminal domain. This vestibule as well as the deep clefts between
the monomers are supposed to be filled with lipids that may influence
the local environment at position 545 of BetP reconstituted in the lipo-
somes (Fig. 5 in [13]). Position 589 is close to the end of the C-terminal
domain of BetP (Fig. 1). According to the functional model of BetP acti-
vation [6,26], pronounced conformational changes in this region of C-
terminal domain would be expected when the carrier is activated.
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Fig. 2. Activity regulation of BetP-C252T (Cys-less) and BetP variants without (A) and
with spin label (B) as function of the external osmolality reconstituted in E. coli lipid
liposomes. Uptake of '“C-glycine betaine was measured under hyperosmotic condi-
tions (see Materials and methods). The internal buffer contained 100 mM K*-phos-
phate (pH 7.5) at a total osmolality of 0.22 Osm/kg. The external buffer was
composed of 50 mM Na*t-phosphate (pH 7.5) at an osmolality of 0.1 Osm/kg. Higher
external osmolalities were adjusted by the addition of proline. Each data point repre-
sents the mean of five independent measurements. BetP variants: B C252T (control),
@ S545C, ¥ S589C.

As an essential requirement for further studies, the activity of the
two cysteine mutants in proteoliposomes was tested without
(Fig. 2A) and with the MTS spin labels bound to the protein
(Fig. 2B). Both single mutant forms of BetP showed regulation proper-
ties close to the wild type. Interestingly, in both cases the activation
optimum slightly shifted to higher osmolalities, from about 600 to
about 800 mOsm/kg (Fig. 2B). However, the attachment of the spin
label to the selected positions did not impair the transport activity,
i.e. a higher uptake rate in response to an increased osmolality.
Thus, neither stimulus perception nor signal transduction of these
BetP variants was influenced by the spin label attachment. The re-
spective double mutant was also found to be fully osmoregulated in
E. coli cells (see supplementary Fig. S4).

3.2. Mobility screening upon hyperosmotic stress-induced BetP
activation

In order to probe the local structure of the C-terminal domain we
analyzed the spin label mobility of the two cysteine mutants of BetP
solubilized in detergent and reconstituted in E. coli lipid proteolipo-
somes. A comparison of the spin label mobility before and after recon-
stitution into E. coli liposomes should provide information about C-
domain/lipid interactions in the resting state of BetP. Once reconsti-
tuted, the induced activation of BetP is thought to be accompanied
by a conformational change within the C-domain. Thus, an altered en-
vironment for the selected amino acid positions might result in
changes of the motional restriction for the attached spin label, there-
by visible as changes of the EPR spectral shape. Fig. 3 shows the EPR
spectra of the mutants in detergent and in proteoliposomes in the
presence and absence of activating amounts of NaCl or proline in
the external buffer. In detergent-solubilized BetP, the spin label at po-
sition 545 shows broad spectral lines, typical for sites with pro-
nounced mobility restrictions, e.g. at helix/helix interfaces [34].
Contrarily, the spectrum for position 589 at the end of the helix re-
veals sharp lines for the solubilized state, indicating weak motional
restrictions. Reconstitution of the spin labeled BetP mutants into pro-
teoliposomes resulted in broadening of the respective lines, indicat-
ing a decrease of the spin label mobility in both cases. Although also

S545R1 S589R1

Fig. 3. Cw-EPR spectra of MTS spin label bound to positions 545 and 589 in the C-terminal
domain of BetP in proteoliposomes. Top: In the absence (black) and presence of activating
amounts of 400 mM NaCl (red) or 800 mM proline (blue) and 40 mM CrOx in the external
buffer. Bottom: EPR spectra of the respective detergent solubilized BetP samples. Experi-
mental parameters: modulation amplitude 1G, time constant 100 ms, microwave
power 1 mW, scan time 120 s, temperature stabilized at 20 °C. All spectra are normalized
to the amplitude of the center resonance line.
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reduced upon reconstitution, the mobility of S589R1 remained signif-
icantly higher as compared to that of S545R1.

The EPR spectra of both BetP variants showed very small changes
in the spectral line shape upon the addition of activating amounts of
NaCl or proline to the external buffer, indicating that possible confor-
mational changes involving the C-terminal domain cause no signifi-
cant changes of the spin label side chain motional freedom, i.e. that
the immediate spin label environment remains unaltered.

3.3. Distance measurements in dependence of the state of BetP activity

As we were not able to observe conformational changes of the
BetP C-terminal domain upon activation by analyzing the spin label
mobility, we applied double electron-electron resonance (DEER)
[33,35] EPR spectroscopy to quantitatively measure intra- and inter-
molecular distances between spin labeled positions and to study

Non-activated
S545R1
S589R1
F(t) F(t)
cH 1L Y 1.0

S589R1

" gsesrt1 0B

Activated

global structural changes during BetP function. The results of the dis-
tance measurements are shown in Fig. 4. Pulse EPR measurements
with the corresponding DEER analyses of three different batches of
BetP-S545R1 in proteoliposomes reproducibly led to a mean distance
of 30+ 4 A between the individual 545 positions within a reconsti-
tuted BetP trimer. The minor distance increase observed upon the ad-
dition of activating amounts of NaCl was found to be within the
experimental error when comparing different datasets. Smaller
peaks in the distance distributions observed at ~45-60 A turned out
to be non-significant as judged by analyses of the data with the
build-in validation tool of DeerAnalysis 2008/2009 [36]. The signifi-
cantly reduced modulation depth for BetP-S545R1 in the activated
compared to the non-activated state is caused by a lower spin label-
ing efficiency for this particular sample. For the terminal position
589 in the activated and in the non-activated state of BetP-S589R1,
we could not resolve any spin-spin interactions within the accessible
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Fig. 4. Results of DEER measurements using single and double cysteine mutants of BetP. The DEER dipolar evolution data, F(t), have been corrected for an exponentially decaying
background arising from a three-dimensional distribution of remote spins. The corresponding distance distributions, P(r) are shown in the right column. Each mutant form was
measured in proteoliposomes both in the resting (solid line) and the activated state (dashed line). The absence of any modulation depth in the DEER data obtained with the spin
labeled mutant BetP-S589R1 in the activated or non-activated state points to a spin-spin distance far above the sensitivity range of the measurements of ~5 nm.
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distance range (Fig. 4A, F(t) in the upper left and central panel). Con-
sequently, the intermolecular distances between spin labels attached
to position 589 are >45 and >40 A for non-activated and activated
BetP, respectively.

The reconstituted double mutant with spin labels bound to positions
545 and 589 (BetP-S545R1/S589R1) again revealed a mean distance of
about 304+ 3 A, resulting from the spin-spin interaction between the
545 positions. Noteworthy, distance measurements performed on
detergent-solubilized BetP-S545R1 and BetP-S545R1/S589R1 revealed
also short-distance peaks at ~29+3 A and 2845 A, respectively (see
supplementary Fig. S5), which are attributable to the intermolecular
S545R1 pair interactions within the trimer.

In the double mutant BetP-S545R1/S589R1, distance contributions
in the >40 A range turned out to be significant as the complete set of
possible distance distributions obtained from the validation proce-
dure exhibits a non-zero probability to find contributions in this dis-
tance range (Fig. 4A, lower panels). However, it is not possible to
define the exact position and width of this long-distance peak due
to the limited length of the dipolar evolution trace. In the activated
state, this long-distance contribution is strongly decreased as is obvi-
ous from a direct comparison of the respective dipolar evolution
traces, F(t), in the region from ~0.2 to 1.0 us (Fig. 4A, lower panels).
This is clear evidence for a conformational change taking place upon
activation.

In order to study the possible influence of C-domain displacement
on the interspin distance distributions, we constructed two different
proline mutants with a single proline substitution right ahead
(BetP-S545R1/Y550P/S589R1) or in the center (BetP-S545R1/E572P/
S589R1) of a known a-helical stretch within the C-domain [6,13].
The proline replacements are assumed to introduce a ‘proline-kink’
at different sites, which are supposed to alter the intra- and inter-
protomer 545-589 distances to different extents (cf. Fig. 5A). The in-
sertion of the proline residues leads to a permanent transport activity
of BetP at a low level (see supplementary Fig. S4 and [6] for details).
Both the proline replacements did not affect the 30 A peak in the dis-
tance distribution, but revealed differences in the DEER traces corre-
sponding to differences in the long distance peak>40 A, which have
also been proven to be significant. Based on these findings we assign
the changes observed in the distance peak>40 A (Fig. 4A), to changes
of the intra- and inter-protomer 545-589 distances in the trimer.

3.4. Comparison of the DEER data with structural models of the BetP
trimer

The distance distributions obtained by DEER spectroscopy were
compared with the structural model for the BetP trimer obtained by
X-ray crystallography [13] by means of a rotamer library analysis
(RLA, see Materials and methods) for positions 545 and 589. For the
initial analysis we took the crystal structure (PDB ID: 2WIT) and
used the single fully resolved C-terminal helix (see Fig. 5, Monomer
A in [13]) to complete the other two (partially resolved) helices in
the respective orientations as present in the crystal structure
(Fig. 5A). The result of the analysis for BetP-S545R1/S589R1 is
shown in comparison with the experimental DEER distance distribu-
tion for this mutant (non-activated) in Fig. 5B. The calculated distance
distributions seem to deviate from the experimental data. Especially,
the mean distances calculated between the nitroxides of S545R1 in
the trimer are 6-8 A larger than the experimental ones. In addition,
none of the other possible spin label pairs (545-589 and 589-589 in
different combinations in the trimer) yields distance values which
would resemble the distance peak at ~45-60 A in the experimental
data. Nevertheless, the widths of the peaks in the distance distribu-
tions compare quite well between calculation and experiment, indi-
cating that the conformational space accessible for the spin label
side chain is satisfactorily reproduced by the RLA. To check if varia-
tions of the orientation of the C-terminal helices can lead to a distance

distribution as found in the EPR experiment we completely removed
the helices to release any strain on the spin label conformational
space and again calculated the distance distributions for positions
545. It turned out, that even in this case the conformational space ac-
cessible for the spin label side chain does not sufficiently include the
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Fig. 5. Rotamer library analysis for the BetP trimer. (A) X-ray structure of the BetP with
a periplasmic view on the trimer and its o-helices in cylindrical presentation (PDB ID:
2WIT) [13]. The C-terminal parts (shown in dark gray) of two of the protomers are not
resolved in the crystal structure. To allow a full rotamer analysis (X-ray™") in (B) the
two missing parts have been complemented with the structure of the fully resolved
C-terminal helix of protomer A (gray boxes with dotted frames represent the helical
parts, residues given in brackets). Residues S545 and S589 are indicated as black
balls at the positions of their respective Ca atoms. (B) Calculated distance distributions
form the crystal structure (X-ray) and from the crystal structure complemented with
the two C-terminal domains (X-ray™") are compared to the experimental (exp.) dis-
tance distribution of BetP-S545R1/S589R1 (non-activated). The intra- and intermole-
cular spin label pair contributions to the calculated distance distributions are

indicated by their residue numbers. (C) Suggested rotation of the BetP subunits within
the trimer to bring positions 545 in closer proximity (see text).
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distance range found in the experiment. We therefore conclude that
changes in the core of the BetP trimer with respect to the crystal
structure are necessary rather than a reorientation of the C-terminal
helices alone to explain the experimental results for BetP in lipo-
somes. If we assume that the packing of the proteins in the trimer
but not the core structure of the single BetP units differs from the
crystal structure a rotation of the BetP protomers by about 15°
(Fig. 5C) leads to a relative displacement of the 545 positions that re-
sults in a calculated distance distribution which satisfactorily repro-
duces the experimental one not only in the 30 A region but also for
the distance range>45 A.

4. Discussion

In order to probe the local structure of the C-terminal domain of
BetP as well as putative structural changes induced by BetP activation,
we constructed site-directed mutants of BetP carrying single or dou-
ble cysteine replacements within the C-terminal domain and applied
site-directed spin labeling in combination with EPR spectroscopy. The
results obtained by screening the mobility of the spin label side chains
indicated a strengthening of the interaction between the C-terminal
domain of BetP with adjacent structures upon reconstitution into pro-
teoliposomes. In particular, the mobility of S545R1 was strongly re-
stricted upon membrane incorporation. Based on the X-ray
structure [13] the spin label at position 545 is located near the prox-
imal end of the C-terminal domain in close vicinity to the monomer-
monomer clefts in the BetP trimer that may in general adapt a more
rigid structure upon reconstitution into lipids [13]. Also the mobility
of the spin label bound to position 589 decreases upon membrane re-
constitution but is still significantly higher than that observed for po-
sition 545. In the X-ray structure the C-terminal domain seems to
directly interact with or even bind to other protein domains of adja-
cent protomers in the BetP trimer [13]. The observed mobility de-
crease of S589R1 indicates that the C-terminal domain weakly
interacts either with other domains of BetP or with the lipid bilayer,
the latter being in line with a suggested functional model [6,37] in
which the C-terminal domain is supposed to interact with the sur-
rounding phospholipid headgroups in the resting state. However,
the slight upshift of the activation optimum observed upon introduc-
tion of a spin label side chain at either position might indicate an in-
teraction with other BetP domains [14]. A shift of sensitivity in the
same direction but to a much larger extent has been observed for mu-
tants with a truncated N-terminal domain [38]. The N-terminal do-
main is supposed to interact with the central part of the C-terminal
domain of BetP [6]. Consequently, such a sensitivity shift might indi-
cate an interference with the functional contact between the two ter-
minal domains.

According to the present data the C-terminal domain is character-
ized by high flexibility which would be in agreement with its putative
function as a molecular switch [6]. Nevertheless, osmotic stress in-
duced activation did not alter the overall spin label mobility as
would be expected for a ‘molecular switch’ movement of the whole
C-terminal domain as suggested in the above mentioned model. At
first glance, this would indicate that the secondary structure of the
C-terminal domain as well as the local environment of the investigat-
ed spin label side chains do not significantly change upon BetP activa-
tion. On the other hand, a recent publication on conformational
changes of the G-protein-coupled receptor rhodopsin demonstrated
that global structural changes may remain undiscovered by analyzing
changes of the spin label mobility only. Unlike spectral shape analysis,
distance measurements using the DEER technique revealed a distinct
outward tilt of the TM6 helix of rhodopsin during photoactivation
[39]. Thus, to analyze the structural properties of the C-terminal heli-
ces and possible conformational changes upon activation, we carried
out distance measurements using single and double spin labeled
BetP variants as well as triple mutants harboring an additional proline

in the C-terminal domain. Based on the defined spin-spin distance of
30 A for positions 545 within the BetP trimer, the proximal end of the
C-terminal domain of each protomer within the functional trimer was
confirmed to be orientated near to the core region of the trimer
(Figs. 4A and 5A). Nevertheless, a comparison of the experimental
distance value with calculated distance distributions based on the
published BetP trimer structure [13] revealed that the core structure
of the trimer in liposomes seems to differ from that in the crystal. As-
suming that the structure of the protomers is less affected by the en-
vironment in the crystal than their packing in the trimer, we find that
a clockwise rotation (if seen from the cytoplasm) of the BetP mono-
mers (Fig. 5C) leads to a calculated distance distribution which re-
sembles the experimental data. Such rotation appears to be
necessary as S545 is oriented nearly perpendicular with respect to
the line connecting C3>*> with the threefold symmetry axis, and
TM2 and L2 of the respective protomer prevent orientations of the
spin label side chain necessary to yield the experimentally observed
interspin distances. Alternatively we have to assume that TM2 and
L2 in each of the BetP monomers in liposomes have to be shifted
with respect to their positions found in the crystal structure that
would lead to the required rotation of TM12, where S545 is located.
Influences of lipids on the distance distributions due to modulation
of the accessible space for the spin label side chain cannot be exclud-
ed; however, this does not affect the lower distance limit in the
545-545 distance distributions given by the sterical interaction of
the spin label with TM2 and L2.

Positions 589 within the three protomers of the BetP-trimer were
too far apart from each other to be measurable within the sensitivity
range of the experimental setup, i.e. the intermolecular distance must
exceed 40-45 A. Indeed, our rotamer library analysis shows that the
expected interspin distances in this case are ~75-100 A. This result
clearly shows that under in vivo conditions the distal ends of the C-
terminal domains must be exposed to the exterior of the BetP trimer
and are not in close vicinity. DEER analysis of the double mutant
S545R1/S589R1 revealed, in addition to the 30 A distance, inter spin
distances in the >45 A range. Also for these distance distributions,
agreement between the experimental and the calculated distribu-
tions can be achieved, if the packing in the trimer resembles that of
the model (Fig. 5C) suggested here. Alternatively, bending of the C-
terminal helices would shift the calculated interspin distances closer
to the experimental values.

Analysis of the data for BetP in the activated state do not reveal
any significant changes in the distance between positions 545 upon
activation, indicating that neither large-scale conformational changes
at the attachment point of the C-terminal domain, i.e. the cytoplasmic
end of TM12, nor significant rotations of the protomers within the tri-
mer take place. In contrast, for the double mutant S545R1/S589R1, a
depletion of the 45-55 A distance peak, which has been assigned to
intra- and inter-protomer 545-589 interactions, is observed. Remark-
ably, the introduction of a proline right ahead of the a-helical stretch
(Y550P) led to changes in the distance distribution, which are similar
to those observed upon activation (cf. Fig. 4A lower panels and B).
This suggests that the conformational changes observed for the C-
terminal domains upon activation might be similar to those induced
by insertion of a proline at position 550, being in line with the obser-
vation that this mutant is characterized by a permanent transport ac-
tivity, however, at a low level [6]. Strikingly, the DEER trace, F(t),
obtained for the variant with a proline at position 572 in the center
of the helix, which also leads to a permanent transport activity at
low level, resembles that of non-activated BetP. Consequently, a dis-
tinct displacement of the C-domain seems to be necessary but not
sufficient for correct stimulus sensing and/or signal transduction dur-
ing BetP function. The question, however, whether and to what ex-
tent additional interactions of the C-terminal domain with
cytoplasmic loops or the N-terminal domain of the adjacent proto-
mers might be modulated upon activation is still under debate and
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might be unraveled by future DEER-EPR investigations such as C-
domain/N-domain/internal loop triangulation experiments.
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