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We used single molecule dynamic force spectroscopy to
unfold individual serine/threonine antiporters SteT from Bacil-
lus subtilis. The unfolding force patterns revealed interactions
and energy barriers that stabilized structural segments of SteT.
Substrate binding did not establish strong localized interactions
but appeared to be facilitated by the formation of weak interac-
tions with several structural segments. Upon substrate binding,
all energy barriers of the antiporter changed thereby describing
the transition from brittle mechanical properties of SteT in the
unbound state to structurally flexible conformations in the sub-
strate-bound state. The lifetime of the unbound state was much
shorter than that of the substrate-bound state. This leads to the
conclusion that the unbound state of SteT shows a reduced con-
formational flexibility to facilitate specific substrate binding
and a reduced kinetic stability to enable rapid switching to the
bound state. In contrast, the bound state of SteT showed an
increased conformational flexibility and kinetic stability such as
required to enable transport of substrate across the cell mem-
brane. This result supports the working model of antiporters in
which alternate substrate access from one to the other mem-
brane surface occurs in the substrate-bound state.

The amino acid/polyamine/organocation (APC)? superfam-
ily comprises about 250 members that occur in all phyla from
prokaryotes to higher eukaryotes. These membrane proteins
function as solute/cation symporters or solute/solute antiport-
ers (1). One APC subfamily is established by L-amino acid trans-
porters (LATs), which correspond to the light subunits of
eukaryotic heteromeric amino acid transporters (2, 3). Hetero-
meric amino acid transporters are composed of a light subunit
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that provides transport activity and a disulfide-linked heavy
subunit that shows responsibility for plasma membrane target-
ing. Genetic defects in light and heavy subunits cause a number
of inherited human diseases. Mutations in the light as well as
the heavy subunit of system b®* lead to cystinuria (4, 5),
whereas mutations in the light subunit y"LAT1 cause lysinuric
protein intolerance (6, 7). Another light subunit, xCT that
mediates cysteine uptake and glutamate efflux (8, 9), is involved
in vivo in cocaine relapse (10) and maintenance of the plasma
redox balance (11). LAT1, the light subunit of system L, is over-
expressed in certain primary human tumors. It transports
essential neutral amino acids with long, branched, or aromatic
side chains required by tumor cells to support their unabated
growth (12). Therefore, amino acid transporters like LAT1 are
attractive anticancer drug targets.

So far a high resolution structure of a eukaryotic LAT family
member is not available. However, studies on xCT revealed a
membrane topology of 12 transmembrane helices (TMHs) with
cytosolic N and C termini and a re-entrant loop structure
between TMHs II and III (13). The identified first prokaryotic
member of the LAT family, SteT from Bacillus subtilis, is a
serine/threonine antiporter, which shows high sequence iden-
tity (~30%) to the light subunits of eukaryotic heteromeric
amino acid transporters. Moreover SteT exhibits a similar
putative membrane topology and sequential mode of obligate
exchange (14). Thus, SteT is an excellent model for studying the
structure-function relationship of LAT family members.

According to current models, transport proteins undergo
functionally related conformational changes. Transporters
alternate between two conformations to expose their binding
sites to the cytoplasmic and extracellular side (15-22). How-
ever, prior to conformational changes substrates have to be
recognized and bound. If substrates are amino acids, three main
features can be used for specific selection and binding: (i) the
negatively charged a-carboxyl group, (ii) the positively charged
a-amino group, and (iii) the electrostatic, hydrophobic, or spa-
tial properties of the side chain (22-24). a-Carboxyl and «-
amino groups of L-amino acids possess similar structural and
chemical characteristics (except for proline); however, their
side chains differ in shape, size, and electrostatic properties.
Combinations of these features are assumed to establish differ-
ent interactions within the side chain binding pocket, which
determines the substrate specificity of the transporter. The two
main substrates of SteT, L-serine and L-threonine, differ by only
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one methylene group in their side chain; thus they have similar
properties. Additionally SteT transports aromatic L-amino
acids (Trp, Tyr, and Phe) albeit less efficiently (14).

Since its invention, the atomic force microscope (AFM) (25)
has evolved from a surface imaging device to a versatile tool for
studying interactions of manifold biological systems (26 -31).
Introduced to characterize interactions between receptor-li-
gand complexes (32, 33) and complementary DNA strands (34),
AFM-based single molecule force spectroscopy (SMES) has
been exploited to explore antibody-antigen recognition (35)
and unfolding and refolding of soluble proteins (29, 36) and to
probe the adhesion of living cells at molecular resolution (37).
Applied to membrane proteins, SMES uses the AFM stylus to
exert a mechanical pulling force to the terminal end of a protein
that is embedded and anchored by the lipid membrane (see Fig.
1A) (38). Sufficiently high stretching forces initiate sequential
unfolding of the membrane protein with each step indicating
the unfolding of a structural segment (39). Recording the
applied force over pulling distance results in a force-distance
(F-D) curve in which individual force peaks represent the rup-
ture of intra- and intermolecular interactions. The height of a
force peak measures the strength of an interaction with picone-
wton accuracy, and the pulling distance, at which the force peak
occurs, allows the interaction within the membrane protein
structure to be located (38).

Besides quantification and localization of molecular interac-
tions in membrane proteins, SMFS provides information about
their energy landscape. For that purpose, the interactions of
membrane proteins are probed over a range of different time
scales by dynamic force spectroscopy (DES). Bell (40) and Evans
and co-worker (41, 42) provided the most commonly used the-
oretical framework to analyze DFS data. Their model describes
the deformation of the energy landscape by an externally
applied force, F. Such force-induced deformations reduce the
energy barriers that separate bound and unbound states (see
Fig. 2). Consequently transition rates over such energy barriers
are force-dependent. Probing the interactions at different pull-
ing velocities and thus at different force loading rates, r, leads to
aso-called dynamic force spectrum in which the most probable
force, F¥, of rupture is plotted versus the logarithm of 7. In these
dynamic force spectra, each linear regime represents an energy
barrier. Energy barriers located closer to the bound state are
probed at higher pulling velocities because the energy barriers
located further from the bound state are suppressed by increas-
ingly applied forces (see Fig. 2) (41). The slope of each linear
regime measures the distance from the ground state to the tran-
sition state, whereas extrapolation of a linear regime to zero
force provides the rate constant of crossing the corresponding
barrier in the absence of any load. These two parameters allow
an estimate of the rigidity of the probed structure (43, 44).

In this study, we applied SMFS to characterize molecular
interactions that stabilize SteT in the absence and in the pres-
ence of its substrates, L-serine and L-threonine. We used DES to
characterize how substrate binding changes the energy land-
scape and the mechanical properties of the antiporter. It was
observed that the structural regions stabilized within SteT did
not depend on substrate binding. However, substrate binding
dynamically changed the energy landscape of these structures.
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In the absence of substrate all structural regions within SteT
were stabilized by a narrow inner energy barrier and co-stabi-
lized by a second outer energy barrier. The unique properties of
these energy barriers restricted the conformation of SteT
thereby trapping the antiporter in a kinetically instable and
mechanically rigid conformation. In contrast, substrate binding
sets SteT into a different energy minimum that significantly
increased the kinetic stability and conformational flexibility of
the antiporter.

EXPERIMENTAL PROCEDURES

Cloning, Overexpression, Purification, and Reconstitution
into Proteoliposomes of SteT—SteT from B. subtilis was
cloned, overexpressed, and purified as described previously
(14). Purified SteT solubilized in #-decyl-B-p-maltopyrano-
side (Anatrace, Maumee, OH) was mixed with dimyris-
toylphosphatidylcholine (Avanti Polar Lipids, Alabaster, AL)
solubilized in the same detergent (stock solution: 5 mg/ml
dimyristoylphosphatidylcholine, 1% #-decyl-B3-p-maltopyran-
oside, 150 mm NaCl, 10% glycerol, 0.01% NaNj, 20 mm Tris-
HCI, pH 8) to achieve a lipid/protein ratio of 0.25 (w/w). The
final SteT protein concentration was adjusted to 1.5 mg/ml. To
reconstitute SteT into proteoliposomes the protein/lipid/de-
tergent mixture was dialyzed against detergent-free buffer, i.e.
150 mm NaCl, 10% glycerol, 250 mm betaine, 0.01% NaN;, 20
mw Tris-HCI, pH 8 for about 1 week at room temperature.

SMFS and DFS—SMFS was performed using a Nanoscope
IIla AFM equipped with a PicoForce module and scanner
(Veeco Metrology, Santa Barbara, CA). For a pulling velocity of
8720 nm/s, the AFM was extended with 16-bit data acquisition
hardware (NI PCI-6221, National Instruments, Munich, Ger-
many) that allowed data sampling frequencies of up to 125 kHz
using IgorPro 5 (WaveMetrics, Inc., Lake Oswego, OR). The
gold-coated 60-um-long silicone nitride (SizN,) cantilevers
(BioLever, BL-RC150 VB, Olympus Ltd., Tokyo, Japan) had a
nominal spring constant of 30 pN/nm and resonance frequency
of ~8 kHz in water. Spring constants of individual cantilevers
were determined in solution using the equipartition theorem
(45, 46) prior to experiments. SteT-containing proteolipo-
somes were adsorbed for 60 —90 min at room temperature onto
freshly cleaved mica in 150 mm NaCl, 20 mm Tris-HCI, pH 8.0.
To characterize substrate binding the same buffer was supple-
mented with 5 mm L-serine or 5 mMm L-threonine. After adsorp-
tion, the sample was rinsed several times with adsorption buffer
to remove weakly attached membranes. Buffer solutions were
prepared using nanopure water (=18 megaohms c¢cm; PURE-
LAB Ultra, ELGA LabWater) and pro analysis grade chemicals
from Sigma or Merck. After buffer exchange, the AFM was
thermally equilibrated for at least 30 min under a glass bell.
Prior to SMFS, membranes containing densely packed SteT
were located by contact mode AFM imaging. If necessary, the
AFM stylus was used as a nanoscalpel to remove aggregates or
the upper layer of the vesicles (47, 48). An unperturbed area of
the membrane patch was selected, and the AFM stylus was
pushed onto the membrane at a force of ~750 pN for 0.5-1.0 s
to promote unspecific attachment of the SteT polypeptide to
the AFM stylus. Although the nature of this unspecific attach-
ment could never be shown, it is sufficiently strong to apply
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stretching forces of ~2 nanonewtons to the attached polypep-
tide (27, 28, 36, 38, 39, 49 —52). In the following step, the canti-
lever was retracted from the surface at a constant velocity. The
polypeptide tethering stylus and membrane was stretched, an
increasing mechanical stretching force was applied, and
unfolding of SteT was induced. Unfolding of SteT was moni-
tored by simultaneously recording the cantilever deflection and
the distance traveled by the piezo. The interaction force at each
separation was calculated from the deflection using Hook’s law
resulting in F-D curves.

DEFS experiments were performed at eight pulling velocities
(145, 311, 654, 1090, 2180, 2910, 4360, and 8720 nm/s) using
substrate-free SteT and SteT in the presence of L-serine or
L-threonine. To minimize errors that may occur due to uncer-
tainties in the cantilever spring constant calibration, SteT was
unfolded using at least three different cantilevers for each pull-
ing velocity. Table 1 summarizes the number of F-D curves
recorded for each condition.

Data Selection and Analysis—We have established in the
past an approach to select F-D curves that represent complete
unfolding of membrane proteins when exerting a mechanical
stretching force to their termini (49-51, 53). Mechanically
pulling the terminal end of a membrane protein induces the
sequential unfolding of its secondary structure elements begin-
ning from the mechanically stressed terminus. Each structure
that establishes an unfolding barrier is detected as a force peak
in the F-D curve. The last force peak of an F-D curve denotes
the length of the unfolded and stretched polypeptide that has
been anchored by the last structural segment remaining
embedded in the membrane (50, 54). By overcoming the stabil-
ity of this last structural element, the membrane protein has
been completely unfolded, and the entire polypeptide will be
extracted from the membrane. In other membrane proteins
this last structural segment was established by the last TMH
remaining embedded in the membrane. Accordingly we
assumed for SteT that this last structural segment was estab-
lished by the last TMH extracted from the membrane. Based on
secondary structure prediction and because of the similar
length of the N- and C-terminal peptides, the length of the
stretched polypeptide would then correspond to a contour
length of 380-440 amino acids (aa). Therefore, we only
selected F-D curves showing overall lengths of 110-130 nm.
These curves were manually aligned to the three characteristic
force peaks observed at contour lengths of 70, 79, and 147 aa.
Every peak of each F-D curve was fitted using the WLC model
(55) with a persistence length of 0.4 nm and a monomer length
per aa of 0.36 nm (36). The WLC fit of each force peak provides
the contour length that reflects the amount of amino acids that
had been unfolded and stretched. The obtained contour lengths
and the corresponding rupture forces were statistically ana-
lyzed. Data analysis and calculations were performed using
IgorPro 5 using built-in and custom procedures.

Compensation for Hydrodynamic Drag—At high pulling
velocities, hydrodynamic friction of the cantilever causes an
underestimation of the unfolding force (56). Hence the meas-
ured unfolding forces, F, were corrected to obtain the

measured’
real unfolding force, F,.,,, using Equation 1,
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spacer

Freal = Fmeasured + Ffrick (Eq.1)

spacer + kcantilever

is the friction force, k.

spacer

where F,

fric

is the spring constant of
the stretched polypeptide, and k., ijever 1S the spring constant

of the cantilever (57). Fy,;. was half the difference between an
approach and a retraction F-D curve of a free cantilever (56).
The slope before peak rupturing was defined as kg, .., and cal-
culated from a WLC curve with the corresponding contour
length. This correction for hydrodynamic drag was applied to
force spectroscopy data acquired at pulling velocities of 1090,
2180, 2910, 4360, and 8720 nm/s.

Calculation of x,, and k, from DFS Data—According to the
Bell-Evans theory (41), the most probable unfolding force F*
plotted versus In(r/) describes the most prominent unfolding
energy barriers that have been crossed along the force-driven
reaction coordinate (42). The relation between F* and r* can be

described by Equation 2,

kT [ xurf
= In
Xu <kBTk0)
where kj is the Boltzmann constant, T is the absolute temper-
ature, r/* is the most probable loading rate, «,, is the distance
between free energy minimum and transition state barrier, and
ko is the unfolding rate at zero force. The loading rate was cal-
culated using 7, = Kg,,ce,'v where vis the pulling velocity. Exper-
imental loading rate and force histograms (supplemental Figs.
S1-S3) were fitted with Gaussian distributions. The resulting
F* was semilogarithmically plotted versus r/*. x,, and k, were
obtained by fitting Equation 2 using a non-linear least squares
algorithm. For compilation of histograms only forces and load-
ing rates corresponding to the main peaks were considered.

Calculation of Transition Barrier Heights and Rigidity—The
height of the free energy barrier, AG*, separating the folded and
unfolded state was assessed using an Arrhenius equation,

AG¢ = - kBT In(TDko)

F*

(Eq.2)

(Eq.3)

where 7, denotes the diffusive relaxation time (58). Typical
values for 7, found for proteins are in the order of 1077-10"" s
(59, 60). Therefore, assuming 7, = 10~ ® s seems to be reason-
able for determining the free energy barrier heights. This value
has also been used for molecular dynamics simulations of pro-
tein folding (61). We used 7,, = 10~ ® s throughout all our cal-
culations. Varying 7, within the above mentioned range
changes the free energy of activation by <15%. Moreover even
if 7, was wrong by orders of magnitude, the influence of the
error of 7, would be the same for all conditions and values and
hence would not affect the qualitative results. Errors in AG"
were estimated by propagation of the errors of k.

In the absence of any information on the energy potential shape,
we assume that a simple parabolic potential and the spring con-
stant k of the bond can be calculated using AG* and x,, (43, 62).

2AGH
K = 3
Xy

(Eq. 4)

Errors in AG* and x, were propagated for estimation of
errors in K.
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FIGURE 1. SMFS of SteT. A, pushing the AFM stylus onto the proteoliposomes promotes contacting single transporters to the stylus. This molecular link allows
exertion of a mechanical pulling force that initiates stepwise unfolding of SteT. During the experiments, sample and cantilever are immersed in buffer solution.
B, F-D curves recorded while unfolding single substrate-free SteT molecules. C, superimpositions of F-D curves recorded while unfolding SteT in buffer lacking
any substrate (top) and supplemented with 5 mm L-serine (middle) or 5 mm L-threonine (bottom). Superimpositions are represented as density plots, each
calculated from 60 F-D curves. Gray lines represent WLC curves with a persistence length of 0.4 nm and contour length (in amino acids) as indicated by the
numbers next to the lines. The contour lengths were obtained from the Gaussian fits shown in D. F-D curves were obtained at room temperature at a pulling
velocity of 654 nm/s in buffer solution (150 mm NaCl, 20 mm Tris-HCl, pH 8.0, substrate as indicated). D, frequency of force peaks detected at different positions
of the stretched polypeptide. Every force peak detected in individual F-D curves (B) was fitted using the WLC model with the contour length of the stretched
polypeptide as the only fitting parameter. The frequency at which the force peaks appeared is plotted in the histogram: substrate-free, n = 132; 5 mm L-serine,
n = 128;and 5 mmL-threonine, n = 127. The bin size of the histograms is 3 aa and reflects the accuracy of fitting the WLC model (55) to individual force peaks.
Error bars representing the S.E. were calculated using S.E. = (p(1 — p)/n)°> where p is the probability and n is the total number of F-D curves. The width of each
force peak distribution is given by the experimental noise, conformational variability of the structural segments, and fitting accuracy of the force peaks (53,
99-102). The gray solid curve represents the sum of seven Gaussian fits to the seven main peaks from the histograms and superimpositions (C). Numbers next
to peaks denote peak positions (measured in amino acids) obtained from Gaussian fits.

RESULTS

Interactions of SteT in the Presence and Absence of Substrates—
We applied SMES to determine the interactions stabilizing the

TABLE 1

Number of SteT F-D curves analyzed for each pulling velocity and
substrate condition

serine/threonine antiporter SteT. Briefly, SteT proteolipo- o lf,l,lé?g, Number of analyzed F-D curves :
somes were imaged using the AFM in contact mode (data not Substrate-free  5myi-serine 5 mu L-threonine
shown) and selected for SMFS. The AFM stylus was brought ;’ZZ s o o "

into contact with the proteoliposome to facilitate formation of 311 51 73 65
amolecular linkage between individual SteT molecules and the 654 132 128 127
AFM stylus (Fig. 1A4) (39). Upon retraction of the stylus, the é(l)gg Hé gg gg
deflection and separation of the cantilever were recorded 2910 106 109 86
simultaneously. Less than 5% of F-D curves exhibited a saw- gggg ;i 2(1) 1(8;3

tooth-like pattern. Because of unspecific interactions, the AFM
stylus attached at several positions of the SteT polypeptide.

Hence the resulting F-D curves varied significantly in length
and peak pattern. About 5% of these F-D curves displayed a well
defined force peak pattern that extended over a length of 110 -
130 nm (Fig. 1B). Each of these F-D curves was sufficiently long
to be correlated to the mechanical unfolding starting from one
terminal end and showed one common pattern of seven major
force peaks.

We recorded F-D curves at a pulling velocity of 654 nm/s for
substrate-free SteT (n = 132) and SteT in the presence of 5 mm
L-serine (n = 128) or 5 mMm L-threonine (n = 127; Table 1). At
first sight, the recorded F-D curves looked similar (Fig. 1B).
However, individual F-D curves differed to some extent from
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each other. These differences manifested in missing peaks and
slightly different peak positions or amplitudes. To visualize
common features, F-D curves were superimposed and con-
verted to density plots (Fig. 1C). All three superimpositions
showed a common pattern of seven force peaks. A characteris-
tic double peak occurred at the contour lengths of ~70 and ~79
aa. This feature was followed by four peaks at contour lengths of
~147, ~192, ~237, and ~302 aa. The last force peak was
detected at ~422 aa (Table 2). Force peaks at contour lengths
147,192, 237, and 302 aa showed comparable low forces (Table
2). The peaks at 70 and 422 aa exhibited an intermediate force,
whereas the segment located at 79 aa could withstand the high-
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TABLE 2

Contour lengths and rupture forces of interactions stabilizing structural segments of SteT

Contour lengths represent most probable peak positions (measured in amino acids) obtained from Gaussian fits to the contour length distributions (Fig. 1D). Forces
represent most probable forces obtained from Gaussian fits to the experimental force distributions (supplemental Figs. S1-S3). Data were recorded at a pulling velocity of

654 nm/s.
Substrate-free SteT L-Serine L-Threonine
Contour Most probable Contour Most probable Contour Most probable
length = S.D. force = S.D. length = S.D. force = S.D. length = S.D. force = S.D.
aa PN aa PN aa PN
702 £ 7.7 80 =18 69.4 £ 7.4 76 = 18 70.2 £5.0 84 =18
792 *+1.1 92 = 30 794 *1.2 107 £ 31 799 £ 1.1 112 = 24
146.8 £ 5.0 51 £15 147.3 £5.9 55+ 15 146.8 £ 6.2 63 = 16
191.2 £ 3.1 50 £ 20 1921 £54 51 £21 1931 %75 62 =27
237.0 = 4.6 49 =13 237.6 = 6.1 58 =17 2354 * 9.4 56 *= 24
303.9 £ 6.0 55 * 16 301.8 £ 5.1 60 = 14 299.5+79 66 = 18
4249 = 9.7 70 = 18 4225 *7.6 77 =12 418.7 =99 79 = 14

est forces (Table 2). From the superimpositions, we could not
reveal substantial differences between the F-D spectra.

Direction of Unfolding—Using SMFS, membrane proteins
can be mechanically unfolded pulling either the N- or C-termi-
nal end. Depending from which end the unfolding is induced
the F-D spectra show different patterns (50, 54, 63). In our
measurements, all F-D curves that exhibited lengths between
110 and 130 nm showed one common force peak pattern. This
indicated that all antiporters had been exclusively unfolded
from one terminal end. According to the secondary structure
predicted by the Phobius algorithm (64) the length of the N-ter-
minal end corresponds to 11 aa, whereas that of the C-terminal
end corresponds to 20 aa (including spacer and His, tag). The
AFM stylus can pick up the terminal end of a membrane protein
at random positions. Accordingly the superimposition of the
F-D curves showed starting points that are spread by the length
of the terminal end pulled (Fig. 1C). However, other secondary
structure prediction algorithms like MEMSAT3 (65) showed
different lengths of N- and C-terminal ends. Thus, in the
absence of a solid structural model, we could not make a
straightforward assignment from which terminal end the
mechanical unfolding of the antiporter was induced. However,
for the following study it is not important to identify from
which terminus SteT was unfolded.

Probability of Interactions—Each peak of an F-D curve
reflects interactions established by SteT. To quantify the prob-
ability of SteT to establish certain interactions in the absence
and presence of substrate, we fitted every force peak of individ-
ual F-D curves using the WLC model (55). We converted the
position of each force peak into the length of the polypeptide
that has been unfolded and stretched above the membrane sur-
face. Then the probability of a force peak to appear was plotted
versus the length of the stretched polypeptide (Fig. 1D). All
histograms showed eight peaks. The first peak occurring at con-
tour lengths between 0 and 50 aa was detected at close distances
between the stylus and membrane surface at which unspecific
interactions dominate the F-D spectra (Fig. 1B). Accordingly
the superimpositions did not show defined force peaks in the
corresponding region (Fig. 1C). In contrast, the other peaks in
the histograms correlated nicely to the well defined force peaks
in the superimpositions. To determine the most probable loca-
tion of the force peaks (Table 2) we fitted Gaussian distribu-
tions to the major peaks in the histograms (Fig. 1D, gray line; fits
for minor peaks are shown in supplemental Fig. S4). Interest-
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ingly the position of the force peaks did not change in the pres-
ence or absence of substrate. Additionally no significant
changes in the force peak pattern could be detected in the pres-
ence of either substrate.

Substrate Binding Changes the Dynamic Energy Landscape of
SteT—To examine how substrate binding influences the energy
landscape of SteT, we unfolded substrate-free SteT and SteT in
the presence of 5 mM L-serine or 5 mM L-threonine at pulling
velocities ranging from 145 to 8720 nm/s (supplemental Fig.
S5). In agreement with theoretical considerations (41, 42) and
previous studies on soluble (66, 67) and membrane proteins
(68-71), the unfolding forces increased with increased pulling
velocities. Plotting the most probable unfolding force, F*, versus
the logarithm of the most probable loading rate, r/* (Fig. 3),
gained insight into the energy profile underlying individual
structural segments of SteT (Fig. 2 and Table 3). The dynamic
force spectra of every structural segment of substrate-free SteT
showed two linear regimes (Fig. 3, left column). According to
the Bell-Evans model (41) the existence of two linear regimes
indicates that two barriers separate the folded from the
unfolded state. At low loading rates, an outer barrier was
probed, whereas at higher loading rates an inner barrier domi-
nated the dynamic force spectrum. All structural segments
exhibited inner barriers that showed ground-to-transition state
distances, x,,, from 0.21 to 0.36 nm and unfolding rates, k,, from
2.2 to 27 s~ L. In contrast, their outer barriers showed much
larger distances to the transition states ranging from 0.74 to 5
nm and much lower unfolding rates ranging from ~4-10~** to
0.1 s~ ! (Table 3).

On the contrary, the dynamic force spectra recorded in the
presence of L-serine (Fig. 3, middle column) or L-threonine (Fig.
3, right column) revealed a single linear regime for every struc-
tural segment of SteT. This suggests that a single energy barrier
stabilized the folded state of these structural segments in the
ligand-bound state. For SteT in the presence of L-serine, x,
ranged from 0.38 to 1.34 nm, and k, ranged from 2.3-10 ®to 1.6
s~ ! In the presence of L-threonine x, ranged from 0.55 to 1.34
nm, and k, ranged from 1.5-10° to 0.17 s~ ' (Table 3). Except
for the last structural segment, the energy barriers determined
for SteT in the presence of L-threonine showed slightly higher
x, values than in the presence of L-serine. Depending on the
substrate, the unfolding rate k, of some structural segments
changed by more than 3 orders of magnitude (Table 3, high-
lighted in bold). Transition states and unfolding rates deter-
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FIGURE 2. Energy landscape tilted by force. Schematic representation of
the free energy profile along the reaction coordinate and applied force
according to the Bell-Evans theory (40-42). The potential along the reaction
coordinate (vector of force) in the absence of force (black curve) exhibits two
energy barriers separating the folded from the unfolded state. Application of
an external force, F, changes the thermal likelihood of reaching the top of the
energy barrier(s). Although for a sharp barrier the position, x,, of the energy
barrier relative to the folded state is not changed, the thermally averaged
projection of the energy profile along the pulling direction is tilted by the
mechanical energy (—F-cos 0)x (long-dashed line). This tilt decreases the
energy barriers (short-dashed curve). Consequently the relevant energy bar-
rier that has to be overcome is the outermost barrier. At slow pulling veloci-
ties, the thermal contribution is higher, and therefore, the mechanical energy
required to overcome the barrier is smaller. With increasing pulling velocities,
the barriers are further lowered. At some velocity, the height of the outer
barrier will be lower than that of the inner barrier (short-dashed curve), which
then becomes the relevant energy barrier to be overcome. Each energy bar-
rier manifests as a linear regime in dynamic force spectra (Fig. 3).

mined for SteT in the presence of either substrate differed sig-
nificantly from the values obtained for the inner barrier of
substrate-free SteT.

Correlation of x,, k,, and AG'—Taking all structural segments
of SteT probed in the absence and presence of substrate into
account we found a linear correlation (r = 0.71) between the posi-
tion of the transition state x,, and the free energy of activation, AG*
(Fig. 4A). Concomitant with an increase in AG" the transition
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state shifted away from the energy minimum (higher x,; Fig. 44
and Table 3). For all structural segments x, increased along
with AG" upon ligand binding, thus showing a Hammond-like
behavior (70, 72-76). To further investigate the relationship
between x,, and AG', we plotted the ratio x,, . ,psrate/Fu inner
versus the ratio AG ..o/ AGF, .o fOT every structural segment
(Fig. 4B). Assuming a linear relationship between the ratios
xu,substrate/xu,inner and AGZLll)streate/AGTl’lner (70)’ it becomes evi-
dent from the representative fits shown in Fig. 4B that every
structural segment showed a unique energetic sensitivity
toward ligand binding as the slopes of the fits for the individual
structural segments were different.

Mechanical Properties of SteT—Rigidity refers to the resist-
ance of a material to structurally deform in response to a
mechanical force. The rigidity of a protein depends on the cur-
vature of the potential well of the energy profile, the height of
the energy barrier, AG*, and the distance x,, separating ground
and transition state (Fig. 2). The energy landscape describes the
energy as a function of the conformational entropy of a protein
structure (77-79). Accordingly decreasing (increasing) the
width of an energy valley that defines the conformational
entropy of a protein structure allows the protein to adopt less
(more) conformational substates. This decrease (increase) of
conformational substates is usually described as decreasing
(increasing) the conformational flexibility (44, 57, 62, 80). In the
absence of further information, we assumed a parabolic poten-
tial in the vicinity of the energy minimum and a sharp transition
barrier for all structural segments of SteT (44, 62). To approx-
imate the rigidity of individual structural segments we calcu-
lated their spring constants applying Equation 4. For substrate-
free SteT we calculated spring constants for each of the two
energy barriers that stabilized a structural segment (Table 3).
The outer barriers of these structural segments showed spring
constants between 0.03 and 0.07 N/m except for the segment
correlated to force peak at ~192 aa that exhibited an increased
spring constant of 0.32 N/m. In contrast, the inner barriers of
these structural segments showed much higher spring con-
stants ranging from 1.06 to 2.84 N/m. In the presence of sub-
strate, the spring constants of the individual structural seg-
ments ranging from 0.17 to 1.01 N/m for L-serine laid slightly
above the spring constants for L-threonine ranging from 0.14 to
0.64 N/m (Table 3 and Fig. 5). These spring constants indicated
that the rigidity of the structural segments within SteT was
generally lower in the presence of substrate than that deter-
mined for the inner barriers and higher than that of the outer
barriers of substrate-free SteT.

DISCUSSION

Amino Acid Binding by SteT Lacks Detectable Localized
Interactions—Previously SMES has been applied to reveal the
unfolding pathways of several membrane proteins, ie. rho-
dopsins (39, 51-53, 81) and antiporters (50, 82). Here we used
SMES to probe SteT, a member of the APC family. As for all
membrane proteins investigated so far, the F-D spectra
recorded upon mechanical unfolding of SteT showed a repro-
ducible force peak pattern (Fig. 1, C and D, and Table 2). This
characteristic F-D pattern can serve as a fingerprint of the
membrane protein (38). It was recently observed that the F-D
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TABLE 3

Parameters characterizing the energy barriers (x,, k,, and AG*) and spring constants (k) of stable structural segments of SteT

nuter)

Parameters are shown for the outer (substrate-free and inner (substrate-free

inner:

) barrier of substrate-free SteT and SteT in the presence of 5 mMm L-serine or 5 mm

L-threonine. Errors represent S.D. Changes in transition state, x,,, were considered significant when the values for x,, = 2 S.D. did not overlap. Changes in transition rate, k,
were considered significant when exceeding 2 orders of magnitude. Barrier heights, AG", and spring constants, k, were calculated as described under “Experimental
Procedures.” pos., position. Values in bold changed by more than 3 orders of magnitude.

Peak x, = S.D. ko = S.D.
POS.  Substrate-free®™*®* Substrate-free™" L-Serine L-Threonine Substrate-free®"*" Substrate-free™ " L-Serine L-Threonine
aa nm 51
70 2.71 = 2.85 0.23 = 0.03 0.57£0.05 1.10*022 14*78X10""* 155*+9 0.031 £ 0.030 1.5+ 6.4 x 107°
79 4.65 + 14.5 0.29 = 0.07 042 +0.04 057 =£0.07 4.4 * 1400 X 10°*? 22 %37 0.043 = 0.040 1.6 £2.7 %1073
147 2.68 £ 1.82 0.36 £ 0.03 0.59 = 0.05 0.67 =0.05 1.8=*39x 10" 6.7 + 24 0.14 = 0.09 0.078 = 0.049
192 0.74 £ 0.10 0.21 = 0.02 0.38 £0.02 0.55*0.06 7.7+74X107? 26.7 = 8.0 1.6 £ 0.4 0.17 = 0.14
237 2.15*+0.98 0.27 = 0.04 0.69 +£0.07 134026 73*82x107° 15.0 6.5 0.040 £ 0.034 87+31%x10°°
302 2.58 £ 1.19 0.24 *= 0.03 0.69 =0.06 0.79*+0.09 1.0*16X 102 122 =42 0.011 = 0.010 37 *+49X%X1073
422 4.98 = 4.58 0.30 £ 0.05 1.34+021 0.83*=0.07 14=110X 10 3* 33+23 23 +85x% 1078 1419 x107*
AG* K
Peak pos. - - - - -
Substrate-free®**  Substrate-free™™*"  L-Serine  L-Threonine Substrate-free®"®*  Substrate-free™*" L-Serine L-Threonine
aa kgT N/m
70 62 16 22 32 0.07 241 0.55 0.22
79 114 18 22 25 0.04 1.72 1.00 0.64
147 43 17 21 21 0.05 1.06 0.49 0.39
192 21 15 18 20 0.32 2.84 1.01 0.55
237 37 16 22 30 0.07 1.84 0.38 0.14
302 46 16 23 24 0.06 2.27 0.40 0.32
422 97 17 36 27 0.03 1.64 0.17 0.33

spectra of the Na™/H™ antiporters NhaA from Escherichia coli
and MjNhaP1 from Methanococcus jannaschii showed an addi-
tional force peak that was established upon ligand binding to
the activated transporter and could be correlated to a specific
interaction that had been established between Na™ and depro-
tonated aspartic acid residues (82, 83) at the Na™ binding site
(84). It was demonstrated that these functionally important
aspartic acid residues established localized interactions with
Na™ that caused an additional force peak in the F-D spectra. In
contrast, substrate binding to the antiporter SteT did not show
clear changes of the F-D pattern (Fig. 1, C and D). Thus, the
binding of amino acids to an amino acid antiporter may follow
different interaction patterns compared with those observed
upon Na™ binding to a Na*/H™ antiporter.

Unfortunately no high resolution structure of SteT or of a
homologue is available. However, crystal structures of other
amino acid transporters in complex with their amino acids have
been determined (20, 22). These structures revealed various
ways for a transporter to bind an amino acid. For example in
LeuT ,,, a member of the neurotransmitter sodium symporter
family, amino acids of the partially unwound TMHs I and VI
coordinate the a-amino and a-carboxyl groups of leucine,
whereas the leucine side chain resides in a hydrophobic pocket
formed by TMHs III, VI, and VIII (22). Altogether 12 amino
acids from four TMHs of LeuT , , were involved in leucine bind-
ing. Recent biochemical studies suggested that the E. coli
cadaverine/L-lysine antiporter CadB, an APC family member
(1), forms a hydrophilic cavity that requires eight of 12 TMHs to
participate (85). Assuming that the substrate binding site is
located within the translocation pathway, it seems feasible that
multiple amino acid residues from several TMHs contribute to
ligand binding. This notion is supported by the hydropathy pro-
file alignment of membrane transport proteins that showed
that APC transporters exhibit core structures similar to those of
members of the neurotransmitter sodium symporter family
(86). Therefore, it may be assumed that the interactions estab-

JULY 10, 2009+ VOLUME 284+NUMBER 28

lished between ligand and SteT are distributed such as observed
for LeuT and CadB and not highly localized such as observed
for Na*/H™ antiporters. Because our SMFS measurements did
not reveal discrete changes of the F-D spectra that would have
indicated localized interactions of the substrate with SteT, we
conclude that binding of L-serine and L-threonine establishes
rather weak interactions with multiple amino acid residues.
SteT Unfolds Differently Compared with Other Membrane
Proteins—Recent DES studies showed that structural segments
of bacteriorhodopsin, bovine rhodopsin, and NhaA are stabi-
lized by single energy barriers (44, 68, 69). In average, the tran-
sition state that separated the structural segments of these
membrane proteins from their folded state was ~0.4 nm (x,,
between 0.2 and 0.8 nm). Thus, it could be concluded that the
structural segments had to be stretched by ~0.4 nm to induce
their cooperative unfolding. This short distance to the transi-
tion state leads to the assumption that rather short ranged
inter- and intramolecular bonds had to be broken to induce
unfolding and extraction of the structural segments of these
membrane proteins. In contrast to this previous finding, the
dynamic force spectra of substrate-free SteT were dominated
by two linear regimes (Fig. 3, left column), which indicated that
every structural segment of SteT was stabilized by two energy
barriers. The two energy barriers of substrate-free SteT exhib-
ited quite different characteristics. The inner energy barrier
was located close to the native basin (x, between 0.21 and 0.36
nm), exhibited fast transition rates (k, between 2.2 and 26.7
s 1), and caused a high structural rigidity as judged by the
spring constants (k between 1.06 and 2.84 N/m; Fig. 5 and Table
3). This indicates that the substrate-free SteT formed stiff and
brittle structural segments that had been stabilized by short
ranged localized and directional interactions. The fast transi-
tion rates, which lay above those measured for other membrane
proteins (52, 68, 69), point toward a low kinetic stability of the
structural segments. In contrast, the outer barrier was located
far from the native basin (x, between 0.74 and 4.98 nm) and
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of the unsaturated bond in the ole-
oyl chain (87). Adapting this inter-
pretation to membrane proteins,
the relevant scale for hydrophobic
interactions would approximate the
thickness of the hydrophobic core
of the lipid bilayer (~2.5 nm for
dimyristoylphosphatidylcholine (91)).

. Indeed the distance of the transition
2IM L-senine: states obtained for the outer barri-
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substrate-freginner
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T ers of structural segments at 70, 147,
35 237, and 302 aa ranged between 2
and 3 nm. In contrast, the structural

segments located at 79 and 422 aa
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P showed higher x,, values of ~4.7 and
° ~5.0 nm that exceeded the thick-
_- ness of the lipidic hydrophobic core.
.- However, it should be considered
- e that TMHs of transporters, includ-
--- ing APC superfamily members, can
cross the membrane highly tilted
(20, 22, 92). Tilted helices bury lon-
ger polypeptide stretches within the
membrane and, therefore, may

A 192 aa

| | I
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AGH /NG

substrate’ inner

FIGURE 4. Correlation between x,, and AG*. A, plotting x, versus AG* reveals their linear correlation for all
structural segments of substrate-free SteT (inner barrier; black symbols) and SteT in the presence of 5 mm
L-serine (dark gray symbols) or 5 mm L-threonine (light gray symbols). Error bars represent S.D. B, changes in x,,
and AG* for SteT in the absence (inner barrier; black symbols) and presence of L-serine (dark gray symbols) or
L-threonine (light gray symbols) with respect to the values for the inner barrier of substrate-free SteT. All struc-
tural segments revealed an apparent Hammond behavior; i.e. upon ligand binding x,, increased with increasing
AG¥. Short-dashed, long-dashed, and dot-dashed lines represent linear fits to the values obtained for the struc-
tural segments at 79 (open circle), 192 (open triangle), and 422 aa (filled diamond), respectively. The different
slopes of these fits (2.31, 4.85, and 3.25 for the short-dashed, long-dashed, and dot-dashed lines) show that
ligand binding influenced each individual structural segment differently. Data are taken from Table 3.

exhibited slower transition rates (k, between 0.077 and
4.4:10~**s™%; Fig. 5 and Table 3). Thus, the structural segments
of SteT showed an altered mechanical behavior when crossing
the outer barrier compared with traversing the inner barrier.
Evans and Ludwig (87) found two energy barriers at 0.7
and 1.2 nm when extracting biotinylated distearoylphos-
phatidylethanolamine from stearolyoleoylphosphatidylcholine
bilayers. It was concluded that the hydrophobic core of the
membrane forms a barrier against the extraction of the hydro-
phobic lipid tail. If the leaflet of a stearolyoleoylphosphatidyl-
choline membrane shows a ~1.5-nm-thick hydrophobic region
(88-90), the transition state of outer energy barrier (~1.2 nm)
correlates reasonably well with the estimated thickness of the
hydrophobic core (87). The transition state position of the
inner energy barrier (0.7 nm) was correlated with the position

1.8 2.0

I I cause larger x, values. Thus, the
narrow inner and the wide outer
energy barriers observed for sub-
strate-free SteT may characterize
different unfolding processes. If this
conclusion is correct, crossing the
inner energy barrier may describe
an unfolding step that has been
induced by breaking specific short
ranged interactions stabilizing the
structural segments. Because the
transition rate of the inner barrier is
quite substantial it may be assumed
that this barrier can be also crossed in the absence of a pulling
force. In such a case the outer unfolding barrier would establish
a system that protects complete unfolding of the structural
segment. This outer barrier is kinetically much more stable
compared with the kinetically instable inner barrier. It may
be further assumed that the outer barrier is stabilized by
longer ranged interactions compared with the inner barrier.
However, applying a mechanical stress can force this struc-
tural segment to overcome its outer barrier to complete the
unfolding process.

Substrate Binding Changes the Energy Landscape of SteT—
To investigate how substrate binding changes the energy land-
scape of SteT, we conducted DFS in the presence of L-serine and
L-threonine. First of all, the position of the stable structural

FIGURE 3. Pulling velocity-dependent response of interactions that stabilize individual segments of SteT. Fitting the r-dependent F* (lines) using
Equation 2 provides the parameters of the energy barrier that stabilizes structural segments within SteT. x, measures the distance from the energy well of the
native state to the transition state, and k, describes the kinetic transition rate at which the structural segment unfolds at zero force. Error bars represent the S.E.
of force and loading rate, respectively. Fits were weighted using the S.E. of the most probable force. Experiments were performed in 150 mm NaCl, 20 mm
Tris-HCI, pH 8.0 in the absence of substrates (left column) or in the presence of 5 mm L-serine (middle column) or 5 mm L-threonine (right column). Peak positions

are in amino acids.
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FIGURE 5. Rigidity of structural segments of SteT in the absence and presence of substrate. For substrate-
free SteT, rigidity of the outer and inner energy barriers is shown. Rigidity was estimated using Equation 4 to
calculate the spring constant k from x, and AG* obtained from DFS experiments. Errors represent S.D.and were

propagated from the errors of x, and AG*.
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FIGURE 6. Energy landscape and mechanical properties of SteT changing
upon substrate binding. In the absence of substrate (SteT™e) the inner
energy barrier of SteT shows a narrow energy well exhibiting a low kinetic
stability that determines a rigid and brittle structure. The second outer energy
barrier of SteT™™ is not shown. In presence of substrate (SteT?°“"%) the two
energy barriers stabilizing every structural segment of SteT fuse into one
single energy barrier that provides SteT with very different mechanical and
kinetic characteristics. The energy barrier of SteT*°“"? is broad and shows an
increased kinetic stability that shapes resilient and flexible structural seg-
ments of SteT.

segments did not seem to depend on the substrate binding,
indicating that each structural segment unfolded independ-
ently and exhibited an intrinsic stability. However, comparison
of the dynamic force spectra showed a dramatic change of the
energy landscape. The inner and outer energy barriers observed
for substrate-free SteT changed to only one energy barrier in
the presence of substrate. Substrate binding created energy bar-
riers with transition states that were located between those
determined for the inner and outer energy barriers of substrate-
free SteT.

Distances between ground state and transition state are a
measure of the conformational flexibility that a folded structure
can adopt within the constricting energy well (93, 94). Thus, the
shift from narrow inner barriers of substrate-free SteT to wider
energy barriers in the presence of substrate indicates an
increased conformational flexibility of the structural segments
of SteT. Because in the presence of L-serine or L-threonine every
structural segment of SteT changes its mechanical properties to
favor functionally related structural changes of the antiporter
(Fig. 5 and Table 3), this structural flexibility may be required to
allow substrate transport. The alternate substrate access of an
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antiporter from one to the other
membrane surface only occurs in
the substrate-bound state (95).
Antiporters in the substrate-un-
bound state do not alternate access
from one to the other membrane
surface. ~Thus, the observed
increased structural flexibility of
SteT in the substrate-bound state
reflects the increased probability of
this state to alternate the substrate
access from one to the other side of
the membrane. In contrast, the sub-
strate-free state of SteT is trapped in
a more brittle and rigid conforma-
tion (Fig. 6). It is suggested that such
restricted conformations favor the
specific binding of substrates (96).
Substrate binding also lowered the
unfolding rate of structural seg-
ments of SteT (compare k, values in
Table 3). It can be concluded that
substrate binding sets the structural
segments into a deeper energy minimum (97) and, thus, kinet-
ically stabilizes SteT (Equation 3; compare k, and AG" values in
Table 3). Studies on soluble proteins showed that ligand bind-
ing can increase the midpoint of thermal unfolding by several
°C corresponding to stabilization of the protein (98).

Albeit L-serine and L-threonine are structurally similar
and show similar side chain properties, the additional meth-
ylene group in L-threonine seems to affect the energy land-
scape of SteT to some extent. In the presence of L-threonine,
the energy barriers of the first six segments of SteT showed
increased distances to their transition state, lower unfolding
rates, and lower spring constants (Table 3). The last struc-
tural segment, detected at a contour length of 422 aa,
revealed a smaller x,, and higher k, and « values in the pres-
ence of L-threonine compared with L-serine. Although the
differences in x, values were not significant, the unfolding
rate for three structural segments (highlighted in bold in
Table 3) changed significantly, demonstrating differential
effects of the substrates on SteT. Functional studies on L-ser-
ine transport by SteT unveiled a slightly higher stimulating
effect for L-threonine than for L-serine (14), indicating unlike
SteT-substrate interactions for L-serine and L-threonine.

Hammond-like Behavior Reflects Ground State Changes—
According to Hammond’s postulate (72) two similar structures
should exhibit similar energies. For protein folding, this leads to
correlation between the free energy of activation and the posi-
tion of the transition state on the reaction coordinate (73).
Recently DFS studies detected that the unfolding intermediates
of bacteriorhodopsin at different temperatures and of different
bacteriorhodopsin mutants show Hammond behavior (70, 76).
Here we observed that the unfolding intermediates formed by
the structural segments of SteT show Hammond-like behavior,
i.e. the distance from the ground state to the transition state
increased with the free energy of activation. In the context of
dynamic energy landscapes (93, 97), Hammond behavior can be

outer barrier

inner barrier
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explained as follows. The DFS data show that the force peaks
denoting the unfolding intermediates of SteT did not change
their position upon substrate binding. Thus, we can conclude
that substrate binding did not establish new strong localized
interactions within SteT and did not change the unfolding
intermediates of SteT. Nevertheless analysis of the DFS data
showed that the distance between the energy minimum and the
transition state changes along with the free energy of activation.
At first sight, this Hammond behavior points toward stabiliza-
tion of the folded state. As pointed out by Sianchez and Kief-
haber (74, 75) true Hammond behavior would require (struc-
tural) changes in the transition state, whereas the ground and
unfolded states would remain structurally unaffected and
retain their position on the energy landscape. Because DES
reveals the distance between transition state and ground state, a
ground state shifting away from a stable transition state would
show the same effect as true Hammond behavior. Indeed it was
shown for soluble proteins that the transition state structure
can be insensitive to changes in protein stability such as
introduced by point mutations (74). Doubtless the ground
state for SteT in the absence and presence of substrate will be
different. Combined molecular dynamics/Monte Carlo sim-
ulations showed ligand binding to cause a shift in the most
frequently populated protein conformations and, thus, to
redistribute proteins to a deeper energy well that has been
created in the energy landscape upon ligand binding (97).
Consequently the observed correlation between x,, and AG*
for SteT would be attributed to changes in the ground state
and does not reflect true Hammond behavior. The implica-
tion would be that small differences in the substrate, e.g. a
slightly longer amino acid side chain, could significantly
alter energetics and conformations of the antiporter.

Conclusions—Inter- and intramolecular interactions shape
the energy landscape that describes the conformational flexibil-
ity and kinetic stability of proteins. Using SMEFS, we investi-
gated how substrate binding establishes interactions that mod-
ify the energy landscape of the serine/threonine antiporter
SteT. Upon addition of substrate, SMFS could not detect large
changes in the interactions that stabilized the structural seg-
ments of SteT. Therefore, we conclude that substrate binding of
SteT is mediated by multiple weak interactions rather than by a
few strongly localized interactions. Although individually weak,
in summary these interactions change the energy landscape of
all structural segments. However, to which extent substrate
binding changes the energy barriers of individual structural
segments remains intrinsic to the structural region itself (Table
3). From a structural point it appears hardly possible that the
substrate interacts with all structural segments of the anti-
porter. Thus, it remains to be determined which of these inter-
actions are mediated by direct interactions with the substrate
and which ones result from indirect interactions.

In the absence of substrate, the energy landscape showed that
every structural segment of SteT was stabilized by two very
different energy barriers. The co-existence of two energy barri-
ers indicated that the structural segments were stabilized by
two different mechanisms. The first energy barrier was domi-
nated by short range interactions that shaped a very narrow
energy well and determined a short lifetime. As a result, these
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structures resemble brittle mechanical properties that were
kinetically less stable. This kinetic instability suggests a consid-
erable propensity of these structures to overcome the barrier
stabilizing their conformational states in the absence of any
applied force. Normally such a transition would lead to the
unfolding of the structural segment. However, each structural
segment of the antiporter establishes a second energy barrier
that showed an extended transition state and increased kinetic
stability. In contrast to the inner barrier this outer barrier may
be dominated by longer ranged interactions.

In the presence of substrate, this complex energy landscape
was significantly simplified, revealing a single energy barrier for
every structural segment. Thus ligand binding shifted the struc-
tural segments into a new, deeper well on the energy landscape.
Comparing the inner barriers of substrate-free SteT with the
barriers of SteT in the presence of substrate, we could reveal
that ligand binding kinetically stabilized SteT and changed
its mechanical properties from a rigid and brittle structure to
a more resilient and kinetically stable one (Fig. 6). Whereas
rigid structural segments constrain the conformational flex-
ibility and, thus, favor the specificity required for specific
amino acid binding, the enhanced conformational flexibility
may be required for the antiporters to allow substrate bind-
ing at the other membrane surface and to facilitate substrate
translocation.
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