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The trimeric Na+-coupled betaine symporter BetP from Corynebactrium glutamicum adjusts transport activity
according to the external osmolality. BetP senses the increasing internal K+ concentration, which is an imme-
diate consequence of osmotic upshift in C. glutamicum. It is assumed that BetP specifically binds potassium to
yet unidentified binding sites, thereby inducing conformational changes resulting in activation. Atomic struc-
tures of BetP were obtained in the absence of potassium allowing only a speculative glimpse on a putative
mechanism of K+-induced transport activation. The structural data suggest that activation in BetP is crucially
linked to its trimeric state involving an interaction network between several arginines and glutamates and
aspartates. Here, we describe the effect of K+-induced activation on the specific ionic interaction sites in ter-
minal domains and loops and on the protomer–protomer interactions within the trimer studied by ATR-FTIR
spectroscopy. We suggest that arginine and aspartate and/or glutamate residues at the trimeric interface
rearrange upon K+-induced activation, although they remain assembled in an interaction network. Our
data propose a two-step mechanism comprising first a change in solvent exposure of charged residues and
second a modification of their interaction sites in a partner-switching manner. FTIR reveals a higher
α-helical content than expected from the X-ray structures that we attribute to the structurally unresolved
N-terminal domain modulating regulation. In situ 1H/2H exchange studies point toward an altered exposure
of backbone regions to buffer solution upon activation, most likely due to conformational changes in both ter-
minal domains, which further affects ionic interactions within the trimer.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

BetP from the soil bacterium Corynebacterium glutamicum is a
secondary betaine transporter of the Betaine–Choline–Carnitine Trans-
porter (BCCT) family [1–3]. It couples the transport of two Na+ ions
to the uptake of one betaine molecule. Betaine is an efficient osmolyte
that is accumulated to high intracellular amounts by BetP in response
to an up-shift in the external osmolality [1]. BetP is activated above
~200 mOsmol/kg in C. glutamicum cells [4,5] triggered by an increase
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in internal K+ concentration as a consequence of immediate cell
shrinkage [6].

The positively charged C-terminal domain was identified as a
K+-sensor [7]. Regulatory properties of BetP depend strongly on the
surrounding membrane, e.g., on the presence of negatively charged
lipids [8], a concept that was also observed for other osmoregulated
transporters such as the ABC transporter OpuA from Lactococcus lactis
[9]. However, the strict activation specificity by potassium ions is a
unique feature of BetP.

The atomic structure revealed that BetP shares a LeuT-like fold of
two inverted, topology-related repeats of 5 transmembrane helices1

(TMH) [10] (Fig. 1). Helices from both repeats contribute to
an iris-shaped 4-TMH bundle and a C-shaped scaffold of 6-TMH
(Fig. 1), which form a tightly packed 10-TMH transporter core. In
BetP, conformational changes involve a gating-like flexing mecha-
nism of periplasmic ends of TMH8 and TMH12 and of the cytoplasmic
ends of TMH3 and TMH7 together with a bending of TMH5 and
TMH10, which are both involved in the coordination of sodium ions
[11]. In addition, BetP comprises an amphiphatic helix (H7) that
runs parallel to the periplasmic membrane linking both repeats.
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Fig. 1. (A) Side view on a BetP monomer. The two structural repeats are colored in red and blue and form the 10 TMH transporter core consisting of a 4 TMH bundle and a C-shaped
scaffold of 6 TMH. The repeats are inverted with respect to each other. (B) Top view of a BetP trimer from the periplasmic side. The main trimerization contacts are formed by res-
idues located in H7 (red) and TMH 2. (C) Intratrimeric interaction networks on the periplasmic side (top inset) and on the cytoplasmic side (bottom inset) depicted in a side view
on two BetP protomers. On the cytoplasmic side, Arg558 in the C-terminal domain interacts with Asp131 in loop2 of the counterclockwise adjacent protomer. The neighbor Glu132
interacts with Arg390 of loop8, which subsequently positions Arg392 in this loop to maintain a cation-π interaction with Trp141 in TM3. On the periplasmic side of BetP, Asp356 in
loop7 is interacting with Tyr166 in loop3 of the clockwise adjacent protomer and thereby facilitating a cation-π interaction of Arg167 located in the cytoplasmic end of TM3 with
Trp431 in loop9. Both networks are in close proximity to TM3, which coordinates coupled binding of betaine and sodium (11) and link all three protomers together.
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This helix contains the main trimerization contact sites (Fig. 1B, top
view) and provides a platform for two intratrimeric ionic interaction
networks (Fig. 1C, side view and insets). In the trimeric assembly,
the C-terminal domain of each protomer is interacting with cytoplas-
mic loops of the adjacent protomer [12]. This ionic interaction
is maintained by positively charged residues located in the
C-terminal domain (Arg552-Arg568) and a negatively charged res-
idue located in loop2 (Asp131) (Fig. 1C). A second ionic network
between loop2 (Glu132) and loop8 (Arg390) transduces the cyto-
plasmic intratrimeric interactions to bundle helices that are key
players in the alternating-access mechanism of BetP [11]. Nearly
all residues in the α-helical C-terminal domain between Tyr550
to Ala580 are critical in K+ sensing and activation, and any point
mutation disturbing the helical motif results in deregulation of
BetP [13]. A similar ionic interaction network was identified at the
periplasmic side contributing to the stability of H7 [14] (Fig. 1C, inset).
A cation-pi interaction between Arg167 and Trp431 is linked here to
the interaction of Tyr166 with Asp356 from the adjacent protomer.
Although structural and functional data suggest the impact of the
C-terminal domain and H7 on regulation, only little is known on
how these elements dynamically change their conformation upon
K+-induced activation. Recently, studies on single molecule force spec-
troscopy [15] and EPR [16] have shed some light on the dynamical
process of BetP activation. The crucial question remains whether
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K+-binding to BetP will result in major re-arrangements of these
networks or even of the trimeric architecture and how different are
the active and inactive conformation in BetP.

Here, we investigate the effect of K+- activation on the conforma-
tional state of distinct structural elements of BetP, in particular
intratrimeric and intramolecular interactions, by attenuated total
reflection (ATR)-FTIR spectroscopy [17–21]. We have used a specifi-
cally developed ATR-FTIR microdialysis cell [22], which enabled us
to track changes in protein secondary structure, to monitor side
chain interactions and to perform 1H/2H exchange upon K+-induced
activation. Moreover, close-to-natural conditions in the absence of
any restricting crystal contacts and conformational changes upon
activation can be scanned simultaneously [22–26].

2. Experimental procedures

2.1. Protein expression and purification

Escherichia coli DH5 αmcr [27] was used for the heterologous
expression of strep-betP. Cells were grown at 37 °C in LB medium
supplemented with carbenicillin (50 μg/ml) and induction was initi-
ated with anhydrotetracycline (200 μg/l). Cells were harvested at
4 °C by centrifugation and resuspended in buffer containing 100 mM
Tris–HCl (pH 8) and protease inhibitor Pefabloc at 0.2 mg/ml.
Membranes were isolated from disrupted cells and solubilized with
2.5% β-dodecyl-maltoside (DDM). The protein was then loaded on
a StrepII-Tactin macroprep® column, washed with 50 mM Tris–HCl
(pH 7.5), 500 mM NaCl, 8.6% Glycerol, 0.05–0.1% DDM, and eluted
with 5 mM desthiobiotin, 50 mM Tris–HCl (pH 7.5), 200 mM NaCl,
8.7% glycerol and 0.05% DDM. Prior to FTIR measurements the protein
was loaded onto a Superose 6 (GE Healthcare) size-exclusion column
equilibrated with 20 mM Tris–HCl (pH 7.5), 200 mM NaCl and 0.1%
DDM and concentrated at 4 °C to approx. 10 mg/ml at 3000 g in a
Vivaspin tube (Vivascience) with a 100 k-molecular-weight cut-off.

2.2. ATR-FTIR measurements

5 μl of purified, detergent-solubilized protein sample (0.1 mM
final concentration) was placed on the diamond ATR cell of a Bruker
VECTOR 22 FTIR- Spectrometer (Bruker Optics, Ettlingen, Germany),
equipped with an MCT detector. The protein compartment of this
perfusion ATR cell was separated from the perfusion buffer by a dial-
ysis membrane with cut-off at 25 kDa. Details of the perfusion
microcell have been described elsewhere [22]. 0.1 M potassium
phosphate (KPi) buffer, pH 7.4 with 0.1% n-dodecyl beta-D-maltoside
(DDM) was perfused for at least 2 h across the protein sample to
change the buffer of the purified protein. The perfusion rate was set to
~1.5 ml/min. 0.1 M KPi buffer, p2H 7.4, 0.1% DDM buffer including
0.5 MNaCl was then perfused for 24 h in order to ensure maximal deu-
terium exchange. A total of 256 scans were averaged and Fourier-
transformed using a zero-filling factor for a spectral resolution of
2 cm−1. The last spectrum recorded after 24 h was used for secondary
structure determination, representing the fully deuterated inactive
state conformation (Fig. 3A). BetP activation was induced by replacing
NaCl with 0.5 M KCl in the perfusing 2H2O-buffer [6,28] and spectra
were recorded at 2 min time intervals for 2 h, averaging 128 scans for
a spectral resolution of 2 cm−1. Difference spectra were recorded by
using spectra of the fully deuterated protein in the inactive state condi-
tions as background. This step is referred to as the “first cycle of activa-
tion”. 0.5 M NaCl was used again to induce the inactive state, in which
the protein was equilibrated for 2 h and was activated again with
0.5 M KCl for the second time, which is referred to as the “second
cycle of activation” within the text. In order to discriminate the effect
of deuterium change from the structural changes upon activation, this
cycle of buffer change was performed twice. The last spectrum recorded
after the second cycle of activationwas used for structure determination
analysis, representing the fully deuterated active state conformation. In
order to ensure the structural stability of the protein throughout the ex-
periment, the temperature was set to 4 °C via a circulating water bath.

2.3. Processing of spectra

2.3.1. Side chain subtraction
Residual side chain subtraction, in principle, requires the exact

knowledge of the protonation state of each side chain. However,
only vibration modes of expected protonation states at pH 7.4 could
be considered for subtraction, resulting in residual side chain absor-
bance due to protonated/deprotonated amino acids. In general, the
C–C stretching mode of Tyr-signal at 1515 cm−1 can be exploited as
an internal reference to scale the total side chain absorption with
the calculated sum of side chain signals [29–31]. However, in the
BetP spectra, subtraction of the Tyr-signal indicated the existence
of protonated tyrosine residues, which, then, did not give a reliable
spectral rationing factor. Therefore, the shoulder at 1583 cm−1 in
the amide II region (Fig. 2B) originating from asymmetric stretching
mode of deprotonated carboxyl groups of aspartate and glutamate
residues and the symmetric stretching mode of CN3H5

+ from arginine
was taken as the internal reference for side chain subtraction in BetP
spectra [19]. Complete disappearance of this shoulder indicated
successful subtraction of the side chain contribution (Fig. 2B). Sub-
traction of side chain contributions from the IR spectrum of the
protein was performed according to the method documented previ-
ously [32–34]. Since BetP was equilibrated in 2H2O-buffer, the side
chains in the hydrophilic region are in deuterated form but those
in hydrophobic region are not affected by 2H2O-buffer. Therefore,
the number of amino acids in the hydrophilic region and in hydro-
phobic region was counted from the crystal structure and their
spectral contributions were subtracted separately from the BetP
spectrum.

2.3.2. Curve fitting
The positions of minima in the second derivative profile of the

spectrum were used to determine the number and position of the
individual signals underlying the region between 1780 and 1490 cm−1.
This spectral window includes amide I and II regions as well as
the C_O stretching modes originating from side chains. Fitting
such a large region of the spectrum is definitely challenging; howev-
er, the sub-bands located in the border regions from amide I to amide
II and from amide I to higher wavenumber regions are better deter-
mined. Generating a straight line between the two sides of Amide I
for secondary structure analysis can also be applied for this purpose;
however, great care should be taken in the analysis of the fit results,
particularly at wavenumbers close to the end points of the region of
interest. Although this method of generating a straight line also gives
reliable information regarding the relative sub-band areas, and thus
giving relative contribution of different secondary structure ele-
ments, the results do not always match with the crystallography
data. Therefore fitting a larger area was preferred in this study.
Potentially this method is more prone to user-oriented mistakes, in
which one misidentified sub-band leads to a cascade of mistakes. In
order to rule out the ‘user’ factor, the success of the curve-fit was
determined by comparing the second derivative profile of the sam-
ple spectrum and the fit envelope, which is basically the sum of fitted
sub-bands.

A built-in iterative macro in the software OPUS 4.2 (BRUKER
Optics, Ettlingen, Germany) was used for curve-fitting routine. The
number and position of sub-bands were entered to the software
and the software did not allow their change during iterations. The
software optimized band height, width and shape until a good
match between the second derivative profiles were obtained while
minimum root mean square (RMS) error was achieved.



Fig. 2. (A) IR absorbance spectrum of detergent solubilized BetP in 0.1 M KPi, 0.1% DDM, 0.5 M NaCl pH 7.4 (blue) and in deuterated buffer with 0.1 M KPi, 0.1% DDM, 0.5 M NaCl
p2H 7.4 (dotted-green). (B) BetP in 2H2O-buffer before (green line) and after side chain subtraction (dotted-black). Side chain contributions of deuterated BetP located in the hy-
drophilic regions (grey) and those located in the hydrophobic region (dotted-grey) were calculated separately and subtracted from the raw spectrum. Disappearance of the shoul-
der at 1583 cm−1 was taken to be the internal control of complete side chain subtraction (dotted-black).
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2.3.3. Deconvolution
Fourier Self Deconvolution was used to deconvolve the overlapped

bands with a built-in macro in the software OPUS 4.2. A Lorentzian
bandshape with 28 cm−1 bandwidth was used.

2.3.4. 1H/2H exchange
The protein spectra in 1H2O and 2H2O buffer were corrected using

a built-in macro in the OPUS software [22]. In order to calculate the
1H/2H exchange rate of the protein, amide I and II bands were inte-
grated from spectra. The amide II areas at both buffer conditions
were compared by using integrated amide II/I ratio. The ratio was
set to 0% for the sample spectrum in 1H2O buffer, so that a complete
disappearance of the amide II band would correspond to 100%
exchange with 2H2O.

3. Results

We performed FTIR spectroscopy experiments on detergent solu-
bilized full length wild type BetP that was activated by addition of
500 mM K+. The characteristic IR signals were analyzed and assigned
to secondary structure elements. Subsequently, these assignments
enabled us to interpret the difference spectra recorded with the
ATR-FTIR perfusion microcell. In an infrared spectrum, the C_O
stretching vibrational mode, originating from the protein backbone,
gives rise to the amide I band (1700–1600 cm−1) providing informa-
tion on the peptide bonds of ordered structure elements, e.g. the
secondary structure (Fig. 2A). The C–N stretching and N–H bending
modes give rise to the amide II band (1600–1500 cm−1) reflecting
the quaternary structure and is used to monitor the amount of hydro-
philic parts and the solvent accessibility of the protein. Side chains are
seen in the 1750–1400 cm−1 region of the spectrum and allow the
survey of protein-ligand/lipid interactions if proper assignment was
applied (see below) [22,23]. Experiments were performed in 2H2O
buffer in order to discriminate secondary structure elements and
side chain contributions, since different molecular groups shift to
different spectral regions during a change from 1H2O to 2H2O
allowing for an unambiguous band assignment.

Proteins having mostlyα-helical or β-plated sheet structure as the
main folding motif differ in the amide I and II peak positions in the IR
spectrum. The secondary structure composition of BetP yielded an
amide I band positioned at 1654 cm-1 in H2O-buffer and at
1652 cm−1 in 2H2O-buffer, while the amide II peak is observed at
1546 cm−1 in both conditions (Fig. 2A). Absorbance contributions
from amino acid side chains were subtracted prior to further spectral
analysis. Curve fitting of Amide I band revealed the underlying signals
that originated from ordered structure elements (Fig. 3), which were
distinguished under inactive (Fig. 3A, 0.5 M Na+) and active (Fig. 3C,
0.5 M K+) conditions. Most studies in literature use the RMS devia-
tion of the fit result from the raw spectrum to validate the
curve-fitting analysis [29,35,36], although, it is possible to have
more than one fit solution with quite similar RMS values. Therefore
we considered the second derivative profiles of the fit envelope in
comparison to the original spectra as well (Fig. 3B and D).

The band located at 1655 cm−1 is attributed to the α-helical con-
tent [20,37], while the bands at 1634 and 1639 cm−1 are assigned to
unordered structure, and/or loops in hydrophilic regions outside the
membrane as well as solvated short helices and/or 310 helices
[20,38,39]. The peak at 1681 and 1674 cm−1 can be attributed to
hydrogen bonded turns or closed loops buried in the hydrophobic
region, located most likely in the membrane, thus unaffected from
2H2O-buffer. Inter-monomer contacts and/or intermolecular β-sheet
structures give rise to the signals at 1623, 1629 and 1688 cm−1.
Residual side chain absorbance was observed at 1616 and 1605 cm−1,
resulting from protonated side chain states since normal modes were
subtracted prior to curve-fitting analysis, particularly due to the pro-
tonated Tyr C–C stretching mode (Fig. 3). Therefore these signals
were not considered for the secondary structure composition calcu-
lations presented in Table 1.

The relative proportion of each band with respect to the total
amide I area is presented in Table 1. Since each sub-band represents
an ordered structural element, relative proportion of each band
gives the relative proportion of a specific secondary structure with
respect to the complete protein. The secondary structure determina-
tion by FTIR differed from the distribution of structural elements
observed in the crystal structures of BetP (pdb entry code 2WIT)
(Fig. S1) [10]. Under inactive conditions, FTIR spectroscopy detected
21.5% in unordered elements, 310 helices and/or short helices, while
these contributed only 18% to the X-ray structure andmight addition-
ally be caused by stabilizing crystal contacts. The α-helical content
was also found to be significantly higher with 71.5% as compared to
65% observed in the structure.

3.1. Secondary structure

We assume that a large fraction of the increased α-helical content
with respect to the X-ray data is attributed to the 60 a.a.-long
N-terminal domain. Well-diffracting crystals required truncation of
the N-terminal domain by at least 29 residues [10], and thus, this
part of BetP could not yet be resolved in X-ray studies (Fig. S1C). In
total, the truncated residues together with the unresolved residues
account very well for the 6% difference in the α-helical content.
Indeed the N-terminal domain shows some propensity for a helical
organization according to the secondary structure prediction using
PSIPRED [40]. According to IR data, we suggest that at least half of
the N-terminal domain might be in α-helical conformation.

Upon activation, we detected small number of re-arrangements in
the secondary structure of BetP (Table 1). The total fraction of
α-helical elements and of hydrophobic loops/turns decreases by
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Fig. 3. Curve-fitting of IR spectra of deuterated BetP in inactive (A) and active (C) state. Activation is induced by adding 0.5 M KCl to the 0.1 M KPi p2H 7.4, 0.1% DDM buffer. Agree-
ment between the second derivative profiles of the original spectrum (black line) and the sum of fitted curves (red dashed line) in inactive (B) and active state (D) is used for val-
idation of the curve-fitting procedure. The root mean square (RMS) errors of the fits are 0.000174 and 0.000194 for the inactive and active state, respectively.
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0.8% and 1%, respectively, under activation, while the amount of
unordered elements, 310 helices, short helices, and/or hydrophilic
loops increases by 1.8%. These changes correspond to approx. 10–12
residues in BetP. Increasing and decreasing percentage fractions are
consistent. Taken into account the satisfying fit RMS errors (see
Fig. 2 legend) and the match between the raw spectrum and the fit
envelope in their corresponding second derivative profiles (Fig. 3B
& D), we are confident that these changes are significant. In overall,
these changes indicate either a partial unfolding of helices or some
helices becoming solvated upon activation.

3.2. K+-effect on ionic networks

In order to investigate conformational changes of arginines, gluta-
mates and aspartates during BetP activation, difference spectra of
BetP have been recorded using ATR-FTIR perfusion system. Side
chain subtraction was evidently not applied in these experiments. Ac-
tivation of deuterated inactive BetP was induced by adding 0.5 M KCl
to the 2H2O-buffer and the difference was recorded with respect to
Table 1
Secondary structure composition of BetP in active and inactive states as deduced from IR spe
the total Amide I area for the given percentage fractions.

IR signal position Assigned secondary
structure

BetP —

state (

1634 cm−1 1639 cm−1 Unordered; 310 helix; short helix; open loops 21.5
1655 cm−1 α-helix 71.5
1674 cm−1 1681 cm−1 loops and turns 4.9

2.1
1623 cm−1 Inter-monomer contacts and/or intermolecular β-sheet 6.9
1629 cm−1 5.8
1688 cm−1 2.5

a The number of amino acids giving rise to the indicated band in each row was calculated b
a.a.

b PDB entry: 2WIT. The published secondary structure percentage is calculated with resp
the percentages were recalculated with respect to 595 residues in order to compare with IR

c In the published structure 84 residues (14%) are unassigned, corresponding to unordere
helix EL2, having 9 residues (1.5%), is also included in the given percentage fraction.
the inactive state (Fig. 4, black spectrum). To avoid the structural al-
terations due to electrostatic shielding and unspecific ionic strength
effects induced by the addition of high concentration of salt, inactiva-
tion of BetP was induced by replacing KCl with NaCl, thus keeping the
salt concentration constant at all time. Since the experiment was
performed in 2H2O-buffer, the first cycle of activation includes spec-
tral signatures due to both activation and further deuteration; i.e. pro-
tein regions newly accessible by 2H2O upon activation. To distinguish
between the two effects, a second cycle of activation was performed,
where the recorded spectra consequently reflected only changes due
to activation (Fig. 4, red spectrum).

All difference peaks were very broad suggesting that they com-
prise overlapping signals. Deconvolution and derivative formation
are the most commonly used spectral enhancement methods for
overlapped signals in IR spectroscopy. The deconvoluted and the re-
ciprocal of the second derivative profile of difference spectra are
shown in Fig. 5A and B, respectively, for better distinction of the un-
derlying signals. Since deconvolution enhances the spectral noise as
well, the second derivative profile was also used in the analysis and
ctroscopy in comparison to X-ray data. The band area of each signal is proportioned to

inactive
%)

Approximate number
of a.a. involveda

BetP — active
state (%)

Approximate number
of a.a. involveda

X-ray datab

(%)

128 23.3 139 18c

425 70.7 421 65
29 3.7 22 7
13 2.3 14
75 6.8 76 4 [14]

6.0
2.5

y forming the ratio of the band area to the total amide I area, which corresponds to 595

ect to 566 residues (29 a.a. truncated from N-terminus). For the given fractions above,
spectral data.
d structure and loops; 14 residues (2%) are assigned to 310 helices. The solvated short
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Fig. 4. IR difference spectra of BetP showing the first cycle (black) and the second cycle
(red) of activation in 2H2O-buffer (see text). Difference spectra are recorded taking the
inactive state as reference, thus positive peaks are associated with the active state and
the negative peaks are associated with the inactive state of the protein. The first cycle
shows conformational changes with activation and the backbone regions/side chains of
the protein newly exposed to 2H2O-buffer. The second cycle shows only the conforma-
tional changes due to activation of the protein.
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only the peaks that appear in both profiles were taken into consider-
ation. A list of all the peaks shown in Fig. 5 is given in Table S1.

Deconvolution revealed a negative peak at 1677 cm−1, which is
resolved into two negative peaks at 1681 and 1670 cm−1 by the
second derivative (Fig. 5B) in the first cycle of activation. Although
both peaks can be assigned to loops and turns, 1670 cm−1 is more
likely to represent Arg residues based on the positive 1608 cm−1

signal. The antisymmetric stretching mode of CN3H5
+ group in Arg

has been previously reported to be located at ~1672 cm−1 in H2O
buffer; and thus, the positive peak at 1608 cm−1 is assigned to sol-
vent exposed Arg residues in 2H2O buffer [32,33]. These signals
argue that there are Arg residues shielded from buffer solution in in-
active state, which are deuterated only upon activation. Out of 25
arginines in BetP, most are located in the hydrophilic region and
among them, half are located in the C-terminal domain and in the cy-
toplasmic loops 2 and 8. The FTIR difference spectra propose a change
in Arg residue solvent accessibility upon K+ induced activation,
Fig. 5. Deconvoluted difference spectra (A) and the reciprocal of the second derivative profi
Deconvolution is performed with a Lorentzian bandshape with 28 cm−1 bandwidth. In B, th
deconvoluted spectra.
suggesting a modification in the interactions of the C-terminal
domain.

The changes in the spectral region 1800 and 1700 cm−1 are due to
changes in the H-bonding properties of carboxylic groups of Asp and
Glu (Fig. 5B). Based on the width of the signal(s), it is evident that
several amino acids are involved in the activation of BetP.
Deconvolution of this large band reveals six underlying signals
located at 1739 (+), 1733(−), 1725(+), 1717(−), 1710(+) and
1697 cm-1 (−). These series of positive and negative signals indicate
a change in the H-bonding properties of Asp and Glu upon activation
of BetP [23,41,42]. The asymmetric stretching vibrational modes of
the deprotonated carboxylic groups are located at 1584, 1567 cm−1

[32]. In deconvoluted difference spectrum of the first cycle of activa-
tion (Fig. 5A-black line) two positive signals are located in the
amide II region at 1582 and 1566 cm−1. These signals are located at
comparable positions with published data. Positive signals at these
positions suggest that upon activation, some of the Asp and Glu are
deprotonated and some are protonated based on the positive signals
in 1750–1700 cm−1 region. The change in the protonation states of
Arg, Asp and Glu might suggest salt bridge formations that are altered
upon K+ induced activation. This is also in agreement with the inter-
actions between Arg–Asp and Arg–Glu observed in the X-ray struc-
ture (Fig. 1C, inset) [10,12].

In order to understand the relative amount of interchange be-
tween different peaks in the 1700–1750 cm−1 region, curve-fitting
analysis has been applied to the absorbance spectra in 2H2O buffer,
in active and inactive conditions of the protein (Fig. 6). The carboxylic
groups of protonated aspartic and glutamic acid residues gave rise to
a broad peak centered at ~1735 cm−1, extending from 1700 to
1770 cm−1. The curve-fitting analysis revealed three peaks in this
region of the IR spectrum (Fig. 6). The position of the peaks remained
unaltered under inactive and active conditions; however, the per-
centage fraction of each sub-band changed by 2–5%, corresponding
roughly to 12–30 aa. Based on the positions of the three underlying
peaks, it is possible to classify the hydrogen bond protomer–
protomer interactions involving Asp and Glu residues in three groups
as weak, medium and strong (Table 2). The majority of the protonat-
ed carboxyl groups interact moderately as deduced from the relative
fraction of the 1729 cm−1 band. By switching from inactive to active
les (B) of the first (black) and second (red) cycle of activation of BetP in 2H2O-buffer.
e reciprocal of the second derivative profiles is given for easier visual comparison with
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Fig. 6. Curve-fitting analysis results of the C_O region (1770–1700 cm−1) of the IR spectrum of BetP in the inactive (A) and the active (B) state. This region represents the hydrogen
bonded — C_O groups originating from aspartic or glutamic acid.
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state, the contribution of the signals at 1706 and 1744 cm−1

decreased by 2% and 3%, respectively, while we observed an increase
at 1729 cm−1 by 5%. From the results of curve-fitting analysis, we
propose that upon BetP activation the interaction partners within
the ionic interaction network are changing.

Two cation-pi interactions (Trp141-ARg390 and Trp431-Arg167)
were suggested to play important roles in the stabilization of the reg-
ulatory ionic networks (Fig. 1C, insets). We tentatively assign the
interchange between 1475/1470 cm−1 and 1468/1464 cm−1 seen
in the 1st/2nd cycle of activation in Fig. 5B to tryptophan residues
undergoing reorientations upon K+-activation [43]. This interchange
between the two signal positions is common for both cycles; there-
fore we assume that reorientations of tryptophan residues are
correlated with activation but not with further deuteration.

3.3. Protomer–protomer interactions

In the region of the amide I band, curve-fitting analysis revealed a
broad high frequency signal at 1688, and two low frequency signals at
1629 and 1623 cm−1 (Fig. 3A & C). Assuming that the broad high
frequency component results from two overlapping component sig-
nals, we assign these signals to intra- or intermolecular contacts as
their signals are often found in pairs; one at ~1630 cm−1 and the
other at ~1685 cm−1 [26,44,45]. In this region bands at 1688, 1629
and 1623 cm−1 reflect either protomer–protomer contacts within
an oligomeric assembly or contacts among ordered structures within
a monomer, which is termed as “intermolecular β-sheet” [46]. Since
side chain contributions were subtracted prior to curve-fitting analy-
sis and there is no β-sheet structure in BetP, intermolecular β-sheet is
the only candidate for the assignment of these signals. To detect an
intermolecular β -sheet signal, two secondary structure segments
should approach one another without the interference of lipids or
detergent similar to what can be observed as intermolecular interac-
tion in e.g. a β-barrel. In BetP, close interactions among TM helices
occur along with the 4-TM helix bundle and the scaffold domain
(Fig. 1A). Therefore a split in frequency (1623 and 1629 cm−1)
would reflect differences in interaction properties and/or strengths
either within the trimeric transporter structure or within an
Table 2
C_O modes of protonated Asp and Glu give rise to a composite band in the
wavenumber region 1700–1760 cm−1. According to the nature of the interaction be-
tween the H-bond donor and acceptor, the bands are denoted as strong, medium and
weak. Sub-band positions were determined from the second derivative of the IR spec-
trum and curve-fitting analysis was performed on deuterated BetP in active and inac-
tive states. The percentage fraction of a fitted band was calculated by forming the
ratio with the total band area.

IR signal position H-bonding Assignment BetP-inactive
(%)

BetP-active
(%)

1706 cm−1 Strong Protonated Asp/Glu 7.0 5.2
1729 cm−1 Medium 79.9 84.6
1744 cm−1 Weak 13.1 10.2
individual protomer [36]. Higher wavenumbers represent weaker
interaction, whereas a shift to lower wavenumbers accounts for
stronger interaction. A very likely interpretation is that appearance
of multiple bands in the context of protomer–protomer contacts indi-
cates different trimeric assemblies, e.g. populations of trimers that
might exhibit differences in the contact distance along the trimeric
interface (Fig. 1C). While in the context of intermolecular interactions
within an individual protomer, we have to assume differences in
transporter conformations. The total band area of the split signals
with respect to the total amide I band area was only slightly
influenced due to K+ activation (Table 1), i.e., the total number of
interacting residues was unaltered between the active and inactive
state of BetP. However, the contribution of the band at 1629 cm−1

is increased while the contribution of the band at 1623 cm−1 is de-
creased upon activation, indicating that the interactions among the
contacts are stronger when the protein is in inactive state (Table 1).

Difference spectra recorded with activation shows a positive peak
at 1628 cm−1 and a negative peak at 1620 cm−1 (Fig. 5B), indicating
a change in the properties of interactions among ordered structure
elements. Upon activation, intermolecular interactions get weaker
as compared to the inactive state of BetP, as the curve-fitting analysis
has suggested.

3.4. Backbone accessibility during activation

When proteins are equilibrated in 2H2O-buffer, N–H interactions
in the backbone become deuterated if accessible to 2H2O-buffer. The
N–2H mode has a vibration frequency ~100 cm−1 lower than that
of the N–Hmode, and thus, can be easily differentiated in the IR spec-
trum. Amide II band arises from N–H bending and C–N stretching
modes. When the buffer is switched to 2H2O, amide II band is de-
prived of N–H modes of amides that are accessible by buffer solution.
Thus, comparing the initial and final band areas of amide II band is an
indicator of how much of the protein is exposed to a hydrophilic en-
vironment, allowing the estimation of protein backbone accessibility
to buffer solution. This calculation yields that 55% of the protein back-
bone is accessible to 2H2O after 24 h of equilibration under
inactivated conditions (Fig. 2A-blue spectrum and Fig. 2B-black spec-
trum). In the presence of excess K+ in the buffer solution, further
exchange to 2H2O was observed accounting for about 11%, i.e. 65 ad-
ditional residues. Percentage fractions depend strongly on how the
baseline is drawn before the integration. In this study, a baseline
drawn from the left edge of amide II was used. Therefore deducing
the number of amino acids in hydrophilic regions requires careful
calculation; however comparison of different states at different
times is quite reliable as long as the integration method applied is
the same. Consequently, activation of BetP causes residues that
were previously inaccessible to buffer to be accessible. Judged from
the quite high number of additional residues, we assume that this
concerns mostly the residues buried within the transmembrane part
of BetP, probably together with a few hydrophilic residues that are
part of rigid helical segments.

image of Fig.�6


1188 F. Korkmaz et al. / Biochimica et Biophysica Acta 1828 (2013) 1181–1191
3.5. Helix solvation and conformation

The most dramatic change in the deconvoluted spectrum of the
first cycle of activation was the decrease of the band at 1662 cm−1

and the concomitant increase at 1644 cm−1 (Fig. 5A). Furthermore,
in the corresponding second derivative profile (Fig. 5B) the positive
band is seen to be well resolved into three components; 1650, 1644,
and 1634 cm−1. It has been previously reported that long/solvated
helices absorb at lower wavenumbers compared to shorter/membrane-
located helices [36,39,47,48]. It is evident from the shift of the band at
1658 cm−1 to 1650 cm−1 (Fig. 5B) that some parts of long helices
make additional hydrogen bonds with the buffer solution upon activa-
tion, thus shifting to lower wavenumbers. In the second cycle of activa-
tion (Fig. 5B) a similar shift was also observed, where the band at
1660 cm−1 shifts down to 1647/1650 cm−1. Based on the fact that
this spectral shift was observed every time the protein is activated
argues that hydration of helices is not due to 1H/2H exchange but due
to BetP activation. Helices in hydrophobic region are also suggested to
absorb at higher wavenumbers compared to solvent-exposed helices
[48]. The interchange between the two types of helices in BetP, in
switching from inactive to active state, does not change the overall
peak position of amide I (data not shown). Therefore it is possible that
the orientation of helices changes with respect to the membrane
normal by solvation upon activation as it was previously reported for
the melibiose transporter MelB [38].

4. Discussion

4.1. Regulation and trimeric state

Accumulation of compatible solutes by osmotically controlled
uptake systems is a major bacterial stress response strategy to ensure
a physiologically acceptable level of cellular hydration and turgor at
high osmolarity [1]. The betaine transporter BetP from C. glutamicum,
which functions both as an osmosensor and osmoregulator, became a
paradigm for regulated transport since its crystal structure has been
solved [10]. Based on the structure and the wealth of biochemical
data on BetP regulation, a first correlation between the stress sensing
and regulation of transport activity has been drawn [10,14]. However,
a crystal structure represents a molecular snapshot depicting just one
population of a whole ensemble of different conformational states. In
addition, this conformational state might be restricted in functional
and/or dynamical interactions by crystal contacts. Therefore, we
recognize a gap between our molecular static knowledge and the
functional and biochemical data, especially when we wish to describe
the dynamic behavior of BetP during stress-induced activation.

Transport regulation in BetP is crucially linked to the trimeric state
[14] and supposable other trimeric transporters, e.g. the glutamate
transporter, might exploit their oligomeric state for functional
purposes, too [49]. The monomeric form of BetP as well as the
C-terminal truncated form of trimeric BetP is not activity regulated
[12]. Mutagenesis and computational studies revealed that the tri-
meric state of BetP provides the platform for at least two regulatory
ionic interactions. They are part of the protomer–protomer contacts
although they are not dominantly contributing to trimer stabilization
[12]. The most obvious consequence of this interaction in the context
of regulation of transport would be a restriction of the mobility of
TM3, which undergoes a major conformational change during the
transport cycle [11]. Assuming that these networks have a restrictive
effect on BetP under inactivating conditions they should subsequently
be loosened or released during activation.

The assumption of a dynamical intra-trimeric ionic network,
which changes upon activation, was recently discussed based on
EPR studies on BetP [16] indicating that the trimeric interface at the
cytoplasmic side is affected by K+-activation. Here, we applied FTIR
spectroscopy to tackle the question on conformational changes in
the secondary structure of BetP upon K+-induced activation. FTIR al-
lows the investigation of secondary structure elements without con-
straints of crystal contacts addressing even very subtle changes in
side chain conformation during the dynamic process of activation.
FTIR difference spectroscopy was used successfully in studies on
membrane proteins [38,50,51], e.g. to investigate substrate-induced
conformational changes in the melibiose carrier MelB from E. coli
showing the coupling between the ion- and sugar-binding sites [52].

The way we analyzed our FTIR spectra allowed for an assignment of
the individual signals to changes in secondary structure, protomer–
protomer interactions and backbone accessibility. Moreover, ionic inter-
actions could be monitored quantitatively for individual side chains.
FTIR provides very detailed biophysical information of partial elements
in a protein; however, in small ‘packages’ that have to be combined
like puzzle pieces based on structural and the detailed biochemical
knowledge to reveal the entire picture of a molecular mechanism.

Neither secondary structure elements nor the protomer–protomer
interactions changed dramatically upon activation. FTIR data reveal
that regulation involves only subtle changes of the secondary struc-
ture of about 1–2%. At the same time, the total amount of residues
involved in protomer–protomer interactions within the trimer re-
mains unaltered, but FTIR suggests a change in the nature of interac-
tion. This is an important finding, indicating that the intraprotomeric
ionic network is maintained although individual residues might
switch interaction partners upon activation. Difference spectra of
K+-induced BetP activation showed spectral signatures indicating
salt bridges formation between Arg and Asp/Glu, which is in very
good agreement with the regulatory interaction networks already
described previously [10]. The changes in protonation states of Asp
and Glu upon activation/deactivation correlate well with the interactions
between Arg–Asp and Arg–Glu observed in the X-ray structure [10,12].

FTIR might also contribute a new detail on BetP's conformationally
asymmetric protomer architecture [11]. Two populations of BetP tri-
mers adopting either different protomer–protomer interaction
strength or protomer conformation distributions were detected. The
populations differ with respect to side chain interaction distances
characterized by either strong or weak interactions involving ~30 res-
idues. It is tempting to speculate that we observe here the conse-
quences of the asymmetric trimer architecture [53], which in the
absence of crystal contacts allow one trimer to adopt a dynamic dis-
tribution of conformational states. Our crystallographic data have
indicated that during alternating access cycle BetP performs a transi-
tion between outward-facing and inward-facing state via an interme-
diate closed state [12]. This closed state is significantly different in
main chain arrangement from outward- and inward-facing state,
e.g. there is an increase in secondary structure interactions to occlude
cytoplasmic and periplasmic pathways [12]. In this context, we
assume that the split signals might reflect both a flexible trimer inter-
face and a distribution of protomers that adopt a closed state.

As the population is shifted toward weaker interactions upon
K+-induced activation, we suggest that the closed state is less popu-
lated during activation. Simultaneously the trimeric interface might
adopt a more flexible architecture.

Moreover, our FTIR data point toward significant contributions of
charged residues suggesting that we predominately detect the ionic
interaction of terminal domains with cytoplasmic loops [10]. The
amount of interacting residues indicated by FTIR is three times higher
than ionic interaction sites identified in the structures [10]. However,
we have to consider that the C-terminal domains are not entirely
resolved in BetP X-ray structures. Very recent EPR studies on BetP
propose that K+-activation triggers changes at the trimeric interface
around Tyr550 rather than a rigid-body reorientation of the entire
C-terminal domain [16]. Considering also putative interaction sites
in the range of 4–5 Å and assuming a similar architecture of the two
C-terminal domains (Fig. 7) we identified multiple interaction
modes of the C-terminal domains with other C-terminal domains
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with each other, with loop4 and with loop6. Peptide array analysis as
well as a functional competition assay in proteoliposomes clearly
shows that residues in loop4 and loop6 strongly interact with the
C-terminal domain [13]. In addition, we identified two lysines,
Lys214 in loop4 and Lys300 in loop6, which are potential interaction
partners for the α-helical C-terminal domain (Fig. 7). ATR-FTIR data
revealed unambiguously a strong effect on the amount of solvent
exposed arginines. Out of 25 arginines in BetP, half of them are locat-
ed in the C-terminal domain and a cluster of 8 arginines is located at
the very end of the C-terminal domain (R574-R595). This domain
shows low helical propensity and is not resolved in the structure.
The FTIR difference spectra propose an increase of accessibility upon
K+ induced activation, which would point toward an effect on
unfolding of exactly this region.

4.2. Folding and unfolding during activation

We assume that the decrease in helical content in secondary struc-
ture is attributed to the C-terminal domain that is the key player in
transport regulation. FTIR results show strong evidence for a regulated
unfolding event of the osmosensing C-terminal domain that is in agree-
ment with the molecular switch activation model [13] of BetP. This
model suggests a conformational change of the C-terminal domain,
switching interactions between cytoplasmic loops and negatively
charged lipids from the surrounding membrane [13].

A detailed site-directed mutagenesis analysis on the impact of
charged residues within the α-helical C-terminal domain on the
regulatory properties of BetP suggests that the majority of charged
residues in this domain are involved in regulation [13]. In fact,
most of the residues we identified based on the FTIR results as candi-
dates for protomer–protomer interaction are crucial for regulation
in E. coli membranes (Fig. 7, residues colored in orange). For their
functional availability, the α-helical fold of the C-terminal domain
seems to be required. Interestingly, only a few residues in the
C-terminal domain were sensitive to single point mutation of charged
Fig. 7. Top view on the cytoplasmic side of the BetP trimer. The C-terminal domain of protom
orientation and interaction with the perimeter of the corresponding adjacent protomer. Posi
ulatory properties in E. coli membranes are colored in orange and those in C. glutamicum me
last 20 amino acids, which are colored in red. The N-terminal domain and TM1 is colored i
residues to proline (Fig. 6, colored in yellow) with respect to deregu-
lation in negatively charged membranes. Unfolding of the C-terminal
domain might occur at the last 20 amino acids. These residues are not
important for regulation directly [13], but their interactions with
either lipids or cytoplasmic loops, e.g. loop4 or loop6 (Fig. 7) have
an impact on the fold of the mid-region of the C-terminal domain.
Based on the hypothesis that additional interaction partners were
proposed from peptide array analysis and competition studies [13],
the possible interaction of the C-terminal with the N-terminal domain
comes into the center of attention.

4.3. Structure of the N-terminal domain

In this study, a detailed analysis of the amide I band region
(1700–1600 cm−1) provided spectral evidence that the α-helical
content of BetP is significantly higher than anticipated from the
X-ray data, suggesting that indeed the N-terminal domain has at
least partial α-helical order (Table 1). There is low propensity for
two α-helical structures (P17-L30 and A43-L49) but most likely heli-
cal folding requires further stabilizing interactions with other parts of
BetP. Hypothesizing that the N-terminal domain interacts with the
C-terminal domain of a neighboring protomer, e.g. the C-terminal
domain of protomer A with the N-terminal domain of protomer C
(Fig. 7). The N-terminal domain might require an ordered helical
fold to position the two charged clusters (E24E25 and E44E45E46)
in an appropriate orientation. The second cluster was identified
in the peptide array analysis to interact specifically with the
C-terminal domain [13]. In addition, AFMdata revealed an intermolecular
interaction site close to the triple-glutamate cluster 44EEE46 that is
reacting to activating K+ concentrations [15]. Based on the FTIR data we
speculate that the N-terminal helical segments might fold to provide a
stabilizing interaction interface in the helical segment 2 (Fig. 7), which
in turn affect the helical fold of the C-terminal domain in a given orienta-
tion and most importantly in competition with the negatively charged
lipids. The consequence of such an alternative (yet fictive) helical
er A is overlaid on the domains of protomer B and protomer C to demonstrate a possible
tions of charged residues within a helical ordered C-terminal domain, which affect reg-
mbranes are colored in yellow. Unfolding of the C-terminal domain might occur at the
n blue.
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orientation, as it is depicted for the C-terminal domain of protomer B
(Fig. 7), would be that the cytoplasmic interaction network is restricting
the movement of TM3 by an altered interaction with loop2, rendering
the substrate pathway into a more accessible state, which is exactly
what FTIR solvent accessibility studies of the backbone and onhelix solva-
tion are indicating.

4.4. Terminal interactions render substrate-binding sites more accessible

BetP has an α-helical content of ~70% and we cannot rule out that
small stretches of about 3–4 residues can unfold within a helix.
In fact, BetP comprises a glycine and proline-rich belt along the
pseudo-twofold axis running in the middle of the membrane, which
relates both inverted structural repeat domains [10]. Certainly, this
might provide a higher flexibility of the midsection of the twelve
TM helices. In TM3, which exhibits a glycine rich stretch halfway
across the membrane, flexibility is definitely an important element
to facilitate both betaine and sodium binding [11]. Our results might
provide some evidence that activation alters the hydrophobic core
of BetP. The short, less tilted and/or membrane-buried helices (type
I-helix) become solvated and/or tilted (type II-helix) upon K+-induced
activation. This result is further supported by the results of 1H/2H
exchange. In fact, activation causes more protein backbone regions to
be exposed to buffer solution. In the presence of excess K+ in the buffer
solution, about 11%, i.e. 65 additional residues become more accessible
to buffer. AFM measurements have recently shown that under activat-
ing conditions conformational changes at the periplasmic side result
in the formation of a second binding site [15], whichwould be in agree-
mentwith reorientations of tryptophan residues detected by FTIR. Judg-
ing from the reasonable high number of additional residues we assume
that this concerns not only membrane-buried parts, but also some of
the hydrophilic residues. BetP comprise a hydrophilic short helix in
the periplasmic loop9 and the 310 helix in the intracellular loop4. Both
elements are structurally conserved in other LeuT-fold transporters
[10]. Very recently it was proposed that in the corresponding loop9 of
LeuT, the two short hydrophilic helices are critically involved in confor-
mational changes to open and close the periplasmic substrate pathway
[54].We assume that the increased number of buffer accessible residues
monitored by FTIR reflect conformational changes in both loops. The
same holds for orientation changes in the C-terminal domains as a con-
sequence of the putative partner switching mechanism, which might
even open the central cavity of the trimer to some extent.

The proposed folding/unfolding of C-terminal domain and a possible
interaction with the membrane surface will be the subject of future
studies by FTIR spectroscopy, which has proven to be a powerful meth-
od simultaneously analyzing lipid–protein interactions [19,23,45].

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2013.01.004.
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