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Peptide transporters (PTRs) of the large PTR family facilitate the
uptake of di- and tripeptides to provide cells with amino acids for
protein synthesis and for metabolic intermediates. Although
several PTRs have been structurally and functionally characterized,
how drugs modulate peptide transport remains unclear. To obtain
insight into this mechanism, we characterize inhibitor binding to
the Escherichia coli PTR dipeptide and tripeptide permease A
(DtpA), which shows substrate specificities similar to its human
homolog hPEPT1. After demonstrating that Lys[Z-NO2]-Val, the
strongest inhibitor of hPEPT1, also acts as a high-affinity inhibitor
for DtpA, we used single-molecule force spectroscopy to localize
the structural segments stabilizing the peptide transporter and
investigated which of these structural segments change stability
upon inhibitor binding. This characterization was done with DtpA
embedded in the lipid membrane and exposed to physiologically
relevant conditions. In the unbound state, DtpA adopts two main
alternate conformations in which transmembrane α-helix (TMH) 2
is either stabilized (in ∼43% of DtpA molecules) or not (in ∼57% of
DtpA molecules). The two conformations are understood to repre-
sent the inward- and outward-facing conformational states of the
transporter. With increasing inhibitor concentration, the confor-
mation characterized by a stabilized TMH 2 becomes increasingly
prevalent, reaching ∼92% at saturation. Our measurements fur-
ther suggest that Lys[Z-NO2]-Val interacts with discrete residues in
TMH 2 that are important for ligand binding and substrate affinity.
These interactions in turn stabilize TMH 2, thereby promoting the
inhibited conformation of DtpA.
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The peptide transporter (PTR) family hosts polytopic mem-
brane proteins that occur in all living organisms. They belong

to the class of secondary active transporters and use the proton
motive force for uptake of di- and tripeptides into cells (1, 2).
Therefore, the PTR family also is referred to as the “proton-
dependent oligopeptide transporter” (POT) family. This uptake
of di- and tripeptides provides cells with amino acids that act as
building blocks for protein biosynthesis but also as sources of
nitrogen, sulfur, and carbon for the synthesis of various metab-
olites. During the past years several PTR family transporters
have been functionally well characterized (3–12). All these di-
and tripeptide transporters share unique specificities (2). On the
one hand, they are unspecific, because virtually every possible di-
and tripeptide composed of L-amino acids can serve as substrate.
On the other hand, the affinity of different peptides to trans-
porters may differ and thus confers each transporter with certain
selectivity (2). Peptide transporters also may mediate the trans-
location of various peptide-like compounds. The mammalian
peptide transporters PEPT1 and PEPT2 have been of special
interest because they are important for both nutrition and the

uptake of orally administered (pro)drugs, e.g., β-lactam antibiotics,
the Parkinson’s prodrug L-DOPA-Phe, and the antiviral prodrug
Val-acyclovir (13, 14).
Sequence analysis of PTR family members reveals that they

differ in sequence and size [∼450–850 amino acids (aa) in
length], but all contain small, highly conserved protein stretches
known as “PTR motifs” (1, 15). Mutations in these motifs fre-
quently result in loss of peptide transport (16, 17), indicating the
importance of these sequences for the formation of the sub-
strate translocation pathway and the protein–substrate in-
teraction. The PTR family belongs to the structurally and
functionally diverse major facilitator superfamily (MFS) whose
members contain usually 12 but sometimes 14 transmembrane
α-helices (TMHs). For DtpT from Lactococcus lactis and human
PEPT1 (hPEPT1), 12 TMHs have been verified experimentally
(18, 19). The crystal structures of bacterial peptide transporters
from Shewanella oneidensis (PepTSo and PepTSo2), Streptococcus
thermophilus (PepTSt), and Geobacillus kaustophilus (GkPOT)
revealed 14 TMHs (10, 20–22). In Escherichia coli, four PTR
family members have been characterized: dipeptide and tripeptide
permease A (DtpA, formerly named YdgR or TppB) (3, 4, 23),
DtpB (formerly YhiP) (3), DtpC (formerly YjdL) (11, 24–26), and
DtpD (formerly YbgH) (27). Among these transporters, DtpA
shows peptide selectivity very similar to that of hPEPT1 (3, 4).
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These crystal structures and functional studies provided important
insight into the working mechanisms of peptide transporters.
However, few experimental results helped explain the interactions
by which an inhibitor modulates the functional state of PTR
family members.
Atomic force microscopy (AFM)-based single-molecule force

spectroscopy (SMFS) allows the forces that are generated by
inter- and intramolecular interactions of membrane proteins to
be quantified and localized (28, 29). SMFS characterizes native
membrane proteins at physiologically relevant conditions, in-
cluding embedding in a lipid bilayer and exposure to buffer so-
lution at ambient temperature. The interaction forces, or simply
the “interactions,” detected by SMFS can be assigned to struc-
tural segments stabilizing the membrane protein. Such stable
structural segments can represent single parts or combinations of
secondary structural elements such as transmembrane α-helices,
β-strands, or polypeptide loops. In the past, SMFS has been used
to characterize interactions in membrane proteins induced by
ligand or inhibitor binding (30–34), by signal transduction (35),
by mutations (36–38), by oligomeric assemblies (39), or by the
lipid composition of the bilayer membrane (40). In this work we
applied SMFS to localize the interactions that stabilize structural
segments of DtpA and to characterize the mechanisms an in-
hibitor uses to modulate the functional state of the peptide
transporter. Therefore, we first investigated the inhibitory effect
of the compound Lys[Z-NO2]-Val, the strongest known inhibitor
for hPEPT1 (41, 42), on DtpA by in vivo peptide-uptake
experiments. Using SMFS, we then characterized the interaction
forces that stabilize DtpA at physiologically relevant conditions
in the absence and presence of Lys[Z-NO2]-Val. This compar-
ative approach allowed us to localize the structural segments
stabilizing individual DtpA molecules, to quantify the interaction
forces stabilizing each structural segment, and to observe which
structural segments of the peptide transporter changed stability
upon inhibitor binding. The results show that in the unbound
state DtpA has two alternate conformational states, one of which
is stabilized by the inhibitor to block peptide transport.

Results
Identifying Lys[Z-NO2]-Val as an Effective Inhibitor of the Peptide
Transporter DtpA. The substrate selectivity of DtpA is very simi-
lar to that of its human homolog hPEPT1 (3, 4). Thus, it seems
likely that both peptide transporters can be inhibited by the same
chemical compound. To investigate this possibility, we used an
in vivo uptake assay and determined whether Lys[Z-NO2]-Val,
the strongest known inhibitor of hPEPT1 (41, 42), also affects
the activity of DtpA (Fig. 1). The assay, which characterized the
uptake of [3H]-Ala-Ala into E. coli cells overexpressing DtpA,
showed that DtpA was gradually inhibited by increasing concen-
trations of Lys[Z-NO2]-Val. The inhibition constant of Lys[Z-NO2]-
Val as revealed by the uptake assay was Ki = 0.043 mM. After
having found that Lys[Z-NO2]-Val serves as an effective inhibitor
of DtpA, we characterized the interactions that lead to the de-
activation of substrate transport by using AFM-based SMFS.

AFM Imaging of Reconstituted DtpA. For SMFS we purified and
reconstituted different N- and C-terminally elongated and His-
tagged DtpA constructs into dimyristoyl phosphatidylcholine
(DMPC) lipid bilayers (SI Appendix 1, Table S1 and Fig. S1). The
resulting DtpA proteoliposomes (SI Appendix, Fig. S2) were
adsorbed onto freshly cleaved mica (43) and imaged by contact-
mode AFM in buffer solution (Fig. 2A). Single-layered mem-
brane patches of varying sizes were found, which suggest that the
proteoliposomes opened by adsorption onto mica. At low mag-
nification, the membranes showed two distinct features of dif-
ferent height and roughness. Some areas of the membranes
appeared smooth; others appeared rough (Fig. 2A). The smooth
areas corresponded to lipid void of membrane proteins, with

a height of 4.4 ± 0.3 nm (n= 24, mean ± SD). The rougher areas
had a height of 6.6 ± 0.4 nm (n= 23). AFM imaging of the rough
area at higher magnification revealed densely packed assemblies
and small 2D nanocrystals of DtpA (Fig. 2B) in which DtpA
molecules were arranged in parallel rows. Repeatedly imaging of
the sample showed that the membranes were stable and did not
change shape or ultrastructure.

SMFS of DtpA.We used AFM-based SMFS to detect and quantify
the interactions established in DtpA. To do so, we located DtpA-
containing membranes by contact-mode AFM imaging (Fig. 2 A
and B). The tip of the AFM cantilever then was pushed onto the
membrane with a force of ∼1 nN for 0.5–1 s to facilitate un-
specific attachment of the membrane protein to the tip. In
∼0.05% of all attempts (n ∼ 5.5 × 106), a transporter adhered
nonspecifically via one of its terminal ends to the AFM tip (Fig.
2C) (28, 44). When the cantilever was retracted from the
membrane, the terminal polypeptide was stretched, and a me-
chanical force was applied to DtpA. At sufficiently high force,
a structural segment of the transporter unfolded, and the AFM
cantilever relaxed. Further separation of the tip from the
membrane stretched the previously unfolded polypeptide and
loaded the next structural segment of DtpA with force. Each force
peak in a force–distance (F–D) curve (Fig. 2D) recorded the
unfolding of a structural segment of DtpA and denoted the tran-
sition from one unfolding intermediate to the next (28). Thus, DtpA
unfolded step by step from the lipid membrane via several unfolding
intermediates. The magnitude of each force peak quantified the
strength of the inter- and intramolecular interactions that stabilized
the corresponding structural segments of DtpA.

Unfolding of Different DtpA Constructs Reveals Specific SMFS Spectra.
Using SMFS, we unfolded three different constructs of DtpA
by SMFS (Fig. 3 and SI Appendix, Fig. S3) that differed in the
way the His-tag was engineered to DtpA and in the length of
the polypeptide linker connecting the His-tag to the trans-
porter (SI Appendix, Table S1). In the first construct, a 20-aa
polypeptide containing a His6-tag was engineered to the N
terminus (N-DtpA); in the second, a short, 2-aa peptide and
a His6-tag were attached to the C terminus (C-DtpA); and in
the third, a 12-aa polypeptide and a His10-tag were attached to
the C terminus (Clong-DtpA). Unfolding of N-DtpA resulted
in two classes of F–D curves, one of which was predominant,
occurring in >90% of cases. Likewise, the unfolding of each of
the C-DtpA versions resulted in two classes of F–D curves,

Fig. 1. Lys[Z-NO2]-Val–dependent peptide uptake by E. coli cells over-
expressing DtpA. [3H]-Ala-Ala (54 μM, 0.074 Ci/mmol) uptake was inhibited
with increasing concentrations of Lys[Z-NO2]-Val (0, 0.0023, 0.0077, 0.025,
0.083, 0.28, 0.91, and 3 mM). The nonlinear fit yields a Ki of 0.043 mM (95%
confidence interval: 0.025–0.075 mM). Data points represent means of
triplicates ± SEM. One of two similar experiments is shown.
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one of which occurred in >90% of cases. The predominant
force-peak patterns of N-DtpA and C-DtpA are markedly
different (Fig. 3). However, the force-peak patterns of the
predominant classes of C- and Clong-DtpA exhibit the same
characteristics (compare Fig. 3B and SI Appendix, Fig. S3).
Comparison of the classes obtained from N-DtpA and Clong-
DtpA revealed that F–D curves that were rarely detected upon
unfolding of Clong-DtpA (SI Appendix, Fig. S3 Middle) had the
same force-peak pattern as the F–D curves that were pre-
dominantly detected upon unfolding of N-DtpA (SI Appendix
2 and Fig. S3), and vice versa.
The overall lengths of the force-peak patterns of all F–D

curves suggested that the different DtpA constructs were un-
folded mechanically into a fully extended conformation (Meth-
ods), because the unfolded polypeptide can be fully extended
only if the protein is attached to the AFM tip by one terminal
end and not via any other surface-exposed feature (e.g., a loop
connecting TMHs) (28, 44). The two force-peak patterns detec-
ted for each DtpA construct indicate that the transporters have
been unfolded from the N-terminal end (one pattern) or the
C-terminal end (the other pattern) by the pulling of the AFM tip.
However, the ratio of these patterns depends on the modification
of the DtpA termini (SI Appendix 3).

Assigning the SMFS Spectra to the Terminal Unfolding of DtpA. Next,
we assigned each of the force-peak patterns (or classes) of F–D
curves to the stepwise unfolding of DtpA from either the N-
terminal or C-terminal end (SI Appendix 4). Therefore, we un-
folded the DtpA construct Clong-DtpA that carried a much longer
artificial C-terminal extension than the C-DtpA construct.

Fig. 2. AFM imaging and SMFS of DtpA reconstituted in DMPC lipid
membranes. (A) Overview AFM topography of C-DtpA proteoliposomes.
Adsorption to mica (marked 1) opened the proteoliposomes, which appeared
as single-layered membrane patches. These membranes appeared smooth if
composed of lipid only (marked 2) or rough if densely packed with C-DtpA
(marked 3). (B) Higher-magnification AFM topography of the boxed area in
A. Red arrows indicate areas of densely packed C-DtpA; blue arrows indicate
small areas of C-DtpA organized in 2D nanocrystals. Full color ranges corre-
spond to vertical height scales of 30 nm in A and 7 nm in B. (C) Schematic
representation of SMFS on DtpA. The tip of the AFM cantilever picks up one
terminus of the membrane-embedded transporter. As the distance, D, be-
tween the AFM cantilever and the sample surface increases, the polypeptide
tethering the tip of the AFM cantilever to DtpA is stretched, and a force, F, is
applied to the transporter. During this process an F–D curve is recorded. (D)
Examples of F–D curves corresponding to C-terminal unfolding of C-DtpA (gray
curves) and N-terminal unfolding of N-DtpA (black curves). Although every F–D
curve shows unique features, all curves share common force peaks at certain
tip–sample distances. AFM imaging and SMFS were performed in buffer so-
lution [10 mM Tris–HCl (pH 7.4), 150 mM NaCl] at room temperature. The
cartoon in C showing the DtpA homolog PepTSo from S. oneidensis (Protein
Data Bank ID 2XUT) (10) was prepared using PyMol.

Fig. 3. Predominant unfolding force-peak patterns of N-DtpA and C-DtpA.
Density plot representations of superimposed F–D curves corresponding to
the predominant classes obtained from N-DtpA (A) and C-DtpA (B). (C)
Contour-length histograms of N-DtpA (dark gray) and C-DtpA (light gray
shading) compiled after fitting every peak in every F–D curve using the WLC
model. The gray lines in A and B represent WLC curves that correspond to
the mean contour length of each peak as obtained from fitting the contour-
length histograms of N-DtpA and C-DtpA using a sum of Gaussian dis-
tributions (light gray and black dashed lines in C). The numbers next to each
WLC curve represent the contour length in amino acids. Data from all six
pulling velocities (160, 320, 630, 1,120, 2,230, and 4,570 nm/s) have been
pooled. n gives the number of F–D curves used for the superimpositions in
A and B and analyzed for the contour-length histograms in C.
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Unfolding of the elongated transporter Clong-DtpA showed
that one force-peak pattern of F–D curves shifted to longer
distances but did not change its characteristic sequence of force
peaks. Because this shift corresponded to the differences in the
length of the C-terminal extensions of C-DtpA and Clong-DtpA,
we could demonstrate that the predominant force-peak pattern of
F–D curves corresponds to unfolding of DtpA from the terminus
carrying the His-tag (SI Appendix 4). Next we focused on ana-
lyzing and interpreting the predominant classes of F–D curves
recorded for N-DtpA and C-DtpA.

Interactions Stabilizing the Unfolding Intermediates of DtpA Depend
on the Unfolding Direction. F–D curves recorded upon the
unfolding of both N-DtpA and C-DtpA showed seven charac-
teristic force peaks (Fig. 3 A and B). Each force peak from each
F–D curve was fitted using the worm-like-chain (WLC) model to
reveal the contour length of the unfolded and stretched trans-
porter polypeptide (35, 45). Histograms were generated showing
the contour length at which the force peaks predominantly oc-
curred (Fig. 3C). To reveal the mean contour lengths of the
characteristic force peaks, all peaks of each histogram were si-
multaneously fitted using a Gaussian mixture model (46). The
contour length of a force peak described the length (in amino
acids) of the already unfolded and fully stretched polypeptide.
This unfolded polypeptide stretch tethered the AFM tip and
the membrane-embedded unfolding intermediate of DtpA. Upon
further pulling, the stretching of the unfolded polypeptide trans-
duced the mechanical pulling force from the AFM cantilever to
the unfolding intermediate until the next structural segment of
the transporter unfolded. Thus, the contour length of every force
peak allowed us to localize the interactions stabilizing a structural
segment of the transporter (28, 44).
When DtpA was unfolded from the N-terminal end (N-DtpA),

the seven characteristic force peaks occurred at mean contour

lengths of 80, 109, 184, 247, 307, 403, and 484 aa. When DtpA
was unfolded from the C-terminal end (C-DtpA), the seven
characteristic force peaks occurred at contour lengths of 100,
170, 207, 251, 316, 391, and 450 aa (Fig. 3). The contour length
of each force peak localizes an interaction stabilizing a structural
segment of the peptide transporter, and the amplitude of the
force peak describes the strength of the stabilizing interactions.
At a pulling velocity of 640 nm/s, the mean forces required to
unfold the individual structural segments of N-DtpA ranged
from 38 ± 8 to 71 ± 11 pN (mean ± SD); for C-DtpA unfolding,
these forces ranged from 53 ± 9 to 81 ± 22 pN (SI Appendix 5
and Table S2). Thus the mechanical unfolding of DtpA from the
C terminus required, on average, slightly more force than the
unfolding from the N terminus. Such differences in the in-
teraction strengths are expected, because the mechanical force
applied directs the membrane protein along the unfolding
pathway in the unfolding energy landscape (28, 29, 47). Thus,
unfolding from the C- and the N-termini directs the membrane
protein along different unfolding pathways. Each unfolding
barrier (i.e., unfolding step of the transporter) taken along these
pathways represents a unique set of stabilizing interactions.

Localizing the Interactions That Stabilize DtpA. Next we used the
contour lengths obtained from fitting the contour-length histo-
grams to localize the interactions that stabilize structural segments
of DtpA (Fig. 4). To do so, we generated a secondary structure
model of DtpA using the software tool TMHMM (SI Appendix 6)
(48). The first force peak in an F–D curve records the unfolding of
a stable structural segment and localizes the interactions stabilizing
this structural segment. The subsequent force peaks localize the
interactions stabilizing the next structural segments. We used
the mean positions of the unfolding force peaks obtained
from the contour-length histograms to determine the position
of the stabilizing interactions in the secondary structure model.

Fig. 4. Mapping the interactions stabilizing DtpA. Stabilizing interactions detected upon unfolding DtpA are mapped onto the model of the secondary
structure of DtpA. The mean interactions were localized (colored arrows pointing to amino acids) using the mean contour length of force peaks (Fig. 3). The
numbers at the arrows indicate the contour lengths at which the interactions primarily occur. Numbers in parentheses indicate amino acid positions in the
wild-type DtpA sequence. Green and blue colors indicate interactions determined from N- and C-terminal unfolding, respectively. Light colored amino acids
represent the SD of the mean contour length of the force peak detecting the stabilizing interactions. Circles with split colors indicate overlapping SD ranges
for interactions detected upon unfolding DtpA from the N- and C terminus. If an interaction is located within the membrane plane or on the support-facing
side of the membrane, a membrane compensation procedure was applied to estimate the position within the secondary structure (Methods). Light gray circles
highlight the N- and C-terminal extensions. TMHs are labeled 1–12 and A–B. TMHs 1–12 correspond structurally to the TMHs observed in other MFS trans-
porters. TMHs A–B are an insertion between the two protein domains set up by TMHs 1–6 and TMHs 7–12. The function of TMHs A–B is not yet known. In the
crystal structures of homologous transporters (PepTSo and PepTSt) these TMHs are located at the periphery of the transporter (10, 20). The secondary structure
of DtpA was predicted using the TMHMM algorithm (SI Appendix 6) (48). In vivo, both termini are located on the cytoplasmic side of the membrane.
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For N- and C-terminal unfolding, we started counting from the
corresponding terminus. To obtain the correct location of the
stabilizing interactions, we had to consider the length of His-tags
and polypeptide linkers. If a stabilizing interaction was located on
the mica-facing side of the membrane or within the lipid mem-
brane, we applied a membrane-compensation procedure, which
ensured that the thickness of the membrane was taken into ac-
count when a stabilizing interaction was localized (49, 50).
After all interactions stabilizing DtpA on the putative secondary
structure were mapped, it became evident that upon unfolding
from the N- and C terminus the transporter was stabilized by the
interactions being differently localized (Fig. 4). This different
localization of stabilizing interactions has been described pre-
viously and is not surprising, because a membrane protein un-
folded from different terminal ends follows different unfolding
pathways (50, 51).

Inhibition of DtpA by Lys[Z-NO2]-Val Affects TMH 2. Previously, we
showed that the interaction of transporters with ligands or
inhibitors can change the appearance of force peaks detected by
SMFS (30–33). This interaction can change the amplitude and/or
the frequency at which a force peak occurs. To examine which

interactions and structural regions of DtpA are affected by
inhibiting the peptide transport with Lys[Z-NO2]-Val, we ap-
plied SMFS to characterize N-DtpA and C-DtpA in the absence
and presence of 100 μM Lys[Z-NO2]-Val (Fig. 5 and SI Appendix
7). For C-DtpA, the F–D curves recorded in the presence and
absence of the inhibitor did not show significant changes (SI
Appendix, Fig. S7). Consequently, the amplitude and the fre-
quencies of the force peaks did not change. In the presence of
100 μM Lys[Z-NO2]-Val, N-DtpA investigated by SMFS showed
the same seven characteristic force peaks as observed in the
absence of the inhibitor (Fig. 5A). Thus inhibitor binding did not
alter the position or the amplitude of the force peaks in either
C-DtpA or N-DtpA. In N-DtpA, however, Lys[Z-NO2]-Val af-
fected the frequency of the force peak located at a contour
length of 80 aa. This effect is reflected by the significantly in-
creased density of the force peak in the density plot of super-
imposed F–D curves (Fig. 5A). Contour-length histograms
calculated after fitting every peak of every F–D curve corrobo-
rated the increased occurrence of that force peak (Fig. 5B). To
quantify the effect, we determined the probability for all seven
characteristic force peaks at six different pulling velocities in-
dependently and then calculated the average occurrence of every

Fig. 5. Detecting the interaction of Lys[Z-NO2]-Val with DtpA by SMFS. (A) Density plot representation of superimposed F–D curves of N-DtpA in the absence
(Upper, n = 584) and presence (Lower, n = 579) of 100 μM Lys[Z-NO2]-Val. Solid gray lines indicate WLC curves; contour lengths (in amino acids) are indicated at
the top of each curve. (B) Contour-length histograms compiled after fitting all force peaks in all F–D curves recorded for the unfolding of N-DtpA in the
absence (light gray, n = 644) and presence (dark gray, n = 644) of 100 μM Lys[Z-NO2]-Val. Light and dark gray dashed lines represent the envelope of the sum
of the Gaussian distribution function fitted to the histograms. Numbers next to each peak give the average contour length obtained from the sum of
Gaussian fit. (C) Probability of peak appearance (± SD) of the seven characteristic force peaks detected in each F–D curve. For N-DtpA in the absence (light
gray bars) and presence of 100 μM Lys[Z-NO2]-Val (dark gray bars), the probability of force peak appearance was calculated separately at each of the six
pulling speeds (160, 320, 640, 1,120, 2,230, and 4,570 nm/s) used to unfold N-DtpA and was integrated. Black bars represent the probability of peak ap-
pearance in presence of 1 mM Lys[Z-NO2]-Val at a pulling velocity of 1,120 nm/s (n = 126). Values given above the columns represent the P values obtained
from Mann–Whitney–Wilcoxon rank tests. For superimpositions and contour-length histograms, data from the six pulling speeds were pooled. n gives the
number of F–D curves superimposed (A) and analyzed (B and C). Experiments were performed in buffer solution [10 mM Tris·HCl (pH 7.4), 150 mM NaCl] at
room temperature and at the inhibitor concentration indicated.
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force peak (Fig. 5C). The probability of occurrence was increased
significantly only for the force peak detected at a contour length of
80 aa, which shifted from 43 ± 9% (mean ± SD) in absence of Lys
[Z-NO2]-Val to 64 ± 7% in presence of 100 μM Lys[Z-NO2]-Val
(P = 0.006). To see whether this effect depends on the concen-
tration of the inhibitor, we also unfolded N-DtpA in the presence
of 1 mM Lys[Z-NO2]-Val (SI Appendix 7 and Fig. S8). At this fully
saturated inhibitor concentration (Fig. 1), the probability of
detecting the force peak at 80 aa reached 92% (Fig. 5C).

Discussion
Lys[Z-NO2]-Val Is a High-Affinity Inhibitor of DtpA. DtpA shows
a substrate specificity very similar to that of hPEPT1 (4). For
example, the antibacterial compound alafosfalin and the cancer
therapeutic compound 5-aminolevulinic acid show similar af-
finities for the human hPEPT1 and the bacterial DtpA (4, 42).
Both transporters also mediate uptake of the same subset of
β-lactam antibiotics (3). Furthermore, both transporters share
a sequence identity and similarity of 24% and 29%, respectively
(SI Appendix 6). Therefore we investigated whether the in-
hibitor Lys[Z-NO2]-Val, which shows the highest affinity to
hPEPT1, also inhibits DtpA. Our in vivo uptake experiments
using E. coli overexpressing DtpA revealed an inhibitory con-
stant of 43 μM. In comparison, in vivo uptake experiments
using Pichia pastoris expressing rabbit PEPT1 and a human
colon carcinoma cell line (Caco-2) expressing hPEPT1 revealed
a Ki of 2 μM for Lys[Z-NO2]-Val (41). Thus, Lys[Z-NO2]-Val
displays an ∼20-fold lower affinity for DtpA than for hPEPT1.
The structurally related compound Lys[Z-NO2]-Pro also shows
an approximately fourfold reduced affinity to DtpA as com-
pared with hPEPT1, with Kis of 30 and 7 μM, respectively (4,
41). Although the affinity was lower for Lys[Z-NO2]-Val than
for Lys[Z-NO2]-Pro, they show the same trend and remain the
two strongest inhibitors for DtpA known to date.

Inter- and Intramolecular Interactions Stabilize Certain Structural
Regions of DtpA. To localize structurally the interactions stabi-
lizing DtpA in the absence and the presence of the inhibitor,
we conducted SMFS. The F–D curves recorded revealed re-
producible patterns of force peaks, indicating that the inter-
actions stabilizing DtpA against unfolding were established in
a highly reproducible manner. Each force peak of this pattern
describes the unfolding of a structural segment stabilizing DtpA.
The amplitude of the force peak describes the strength of the
stabilizing interactions, and the contour length of this force peak
allows the interaction to be localized structurally. Therefore we
generated a secondary structure model of DtpA (Fig. 4 and SI
Appendix 6). To judge the quality of the secondary structure
prediction, we aligned the sequences of DtpA with those of
PepTSo, and PepTSt whose crystal structures have been solved.
The prediction fits the secondary structures of PepTSo and
PepTSt remarkably well (SI Appendix 6). Using the mean contour
lengths of the force peaks recorded from N-DtpA and C-DtpA
(SI Appendix, Table S2), we mapped the stabilizing interactions
to the predicted secondary structure of DtpA (Fig. 4). In both
cases the stabilizing interactions are located at or close to one
end of a TMH (Fig. 4). However, these interactions sometimes
stabilized regions in the middle of a TMH or of a polypeptide
loop. A comparison of the locations of the stabilizing inter-
actions established in N- and C-terminally unfolded DtpA shows
that their precise location depends on the direction of unfolding.
This behavior is expected, because the interaction forces detec-
ted by SMFS represent the sum of inter- and intramolecular
interactions, which depend on the direction of the applied me-
chanical force (44, 52–54).

Inhibitor Binding Stabilizes the Functionally Important TMH 2.
Unfolding of DtpA in the presence of 100 μM and 1 mM Lys

[Z-NO2]-Val significantly increased the probability of detecting
the force peak at a contour length of 80 aa (Fig. 5C). This force
peak locates the interactions that stabilize TMH 2. Force peaks
detected at all other positions remained virtually unaffected by
inhibitor binding (Fig. 5C and SI Appendix 7).
TMH 2 is one of the most interesting structural segments in

peptide transporters of the PTR family. Early studies suggested
that TMHs 1–4 and TMHs 7–9 are important for transport ac-
tivity and are involved in forming the ligand-binding site (55–58).
Notably, the recently obtained crystal structures revealed that
TMH 2 packs closely with TMH 1, TMH 7, and TMH 8 in the
inward-facing conformational state when the closed extracellular
gate seals the ligand-binding site from the extracellular space (SI
Appendix 6) (10, 20–22). A comparison of the crystal structures
of the inward-facing occluded PepTSo with the inward-open
conformational states of PepTSt and the E. coli lactose permease
LacY reveals that, during the opening of the intracellular gate,
TMH 10 and TMH 11 bend at defined pivot points, and TMH 7
displaces toward TMH 2 (10, 20, 59). These structural changes
include a localized movement of the extracellular end of TMH
11, which packs TMH 2 and TMH 7 more closely. TMH 7 itself is
stabilized through conserved salt-bridge interactions with TMH
1. Overall, these rearrangements observed between the occluded
inward-facing conformational state of PepTSo and the inward-
open conformational state of PepTSt strengthen the interactions
of TMH 2 with its surroundings to close the extracellular gate.
Like PepTSo, the crystal structure of EmrD in the occluded
conformational state shows tight interactions between the ex-
tracellular ends of TMH 2 and TMH 7 that block access to the
ligand-binding pocket (60). Complementarily, the crystal struc-
ture of the E. coli fucose transporter FucP in the outward-open
conformational state exhibits a large cavity on the extracellular
surface that is thought to be the entry route of fucose to the li-
gand-binding site (61). In the case of FucP, little interaction is
observed between TMH 2 of the N-terminal six-helix bundle and
TMH 7 and TMH 11 on the C-terminal bundle. Kaback and co-
workers (62, 63) could identify the interface between TMH 2 and
TMH 7 to establish the extracellular gate in LacY using chemical
cross-linking and cysteine-labeling assays. Furthermore, a com-
parison of the crystal structures of PepTSo in the occluded in-
ward-facing conformational state (10) with LacY in the inward-
open conformational state (59) suggests that the region around
the functionally important H61 in PepTSo (S64 in DtpA), which
is located at the bottom of the ligand-binding pocket, undergoes
large conformational changes when switching between the oc-
cluded inward-facing and inward-open conformational states.
Although in PepTSo H61 is completely buried in the interface
between TMH 2 and TMH 7, the corresponding residue in LacY
is fully exposed to the interior of the ligand-binding pocket (10,
59). In summary, conformational changes taking place during
closure of the extracellular gate lead to stabilization of the ex-
tracellular half of TMH 2.

Inhibitor Binding Shifts the Equilibrium Between Two Conformational
States. The presence of 100 μM or 1 mM of Lys[Z-NO2]-Val
increases the frequency of detecting the force peak at 80 aa that
characterizes the stability of TMH 2 of DtpA. In the model of
the secondary structure, the stabilizing interaction characterized
by this force peak is centered at F66 and extends to I60 and G72.
Three functionally important residues (F63, S64, and Y71) (SI
Appendix 6) lie very close to the stabilizing interaction detected
by the force peak at 80 aa. This force peak detecting the stability
of TMH 2 also was detected in the absence of the inhibitor.
However, binding of the inhibitor clearly increased the frequency
of detecting a stabilized TMH 2 but did not change the strength
of the interactions stabilizing TMH 2 (SI Appendix, Fig. S9).
Thus, we propose that inhibitor binding alters the conforma-
tional equilibrium of DtpA: In the absence of inhibitor, DtpA
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can interconvert dynamically between two conformational states
that differ in whether additional interactions stabilize TMH 2
(force peak at 80 aa). In the absence of inhibitor, the confor-
mation showing a stabilized TMH 2 is slightly less prevalent
(∼43% vs. ∼57%). Upon inhibitor binding, DtpA assumes the
conformation stabilizing TMH 2. As the concentration of the
inhibitor increases, the probability that DtpA will have the con-
formation characterized by a stabilized TMH 2 increases, reach-
ing ∼92% at saturation (Fig. 5C).
The SMFS data suggest that the presence or absence of the force

peak at 80 aa can be attributed to two different conformations of
TMH 2 within DtpA. It may be speculated that these two con-
formations reflect the inward- and outward-facing conforma-
tional states of the transporter (Fig. 6). The frequency with which
these two conformations occur depends on inhibitor binding and
hence on the concentration of the inhibitor. Thus, it is reason-
able to assume that, from the perspective of an energy landscape
describing the two conformational states of the transporter, the two
states populate different energy wells (Fig. 6) (47). Binding of the
inhibitor stabilizes the inhibited (i.e., inward-facing) conformational
state and consequently shifts the conformational equilibrium.

Conclusions
We applied SMFS to quantify and localize the interactions sta-
bilizing the peptide transporter DtpA and to characterize to
which extent these interactions change upon binding of the
strong inhibitor Lys[Z-NO2]-Val. In the unbound state DtpA
resides in or dynamically interconverts between two con-
formations, which differ mainly in whether TMH 2 is stabilized.
In the unbound state ∼43% of all DtpA molecules adopted the
conformation showing a stabilized TMH 2, and ∼57% of DtpA
molecules adopted a conformation showing no particular stabi-
lization of TMH 2. Inhibitor binding significantly affected the
interactions stabilizing TMH 2, and the probability of detecting
the stabilized TMH 2 increased as the concentration of the in-
hibitor increased, reaching ∼92% at saturation. This result shows
nicely how inhibitor binding shifts the populations of DtpA
conformational states. One may speculate whether the two DtpA
conformations observed reflect the so-called inward- and out-
ward-facing conformations that describe alternate conforma-
tional states of the transporter during substrate translocation (64,
65). In the inhibitor-bound state, DtpA preferably resides in one
conformational state, which is characterized by interactions sta-
bilizing the extracellular half of TMH 2. The crystal structures of
DtpA homologs in the inward-open and occluded inward-facing
conformational states indicate that the closure of the extracel-
lular gate to the ligand-binding pocket requires structural rear-
rangements in the vicinity of TMH 2 and interactions of TMH 2
with other TMHs. Therefore, the inward-facing conformational
state may be characterized by a stabilized TMH 2 representing
the Lys[Z-NO2]-Val–inhibited state.
The alternating-access model of membrane transporters is

widely supported by biochemical bulk studies (64–66). During
the past decade, atomic models obtained by X-ray crystallogra-
phy have contributed significantly to the understanding of the
alternating-access mechanism of MFS transporters. However, it
is noteworthy that 3D crystals are commonly grown from mem-
brane proteins under nonnative conditions; i.e., membrane
proteins are detergent-solubilized and crystallized, preferably in
one conformation. In marked contrast to X-ray crystallography,
SMFS characterizes transporters that are embedded in the lipid
membrane and are exposed to buffer solution and to ambient
temperatures. In this respect, SMFS provides insight into the
dynamic nature of the conformations that single-peptide trans-
porters assume in the absence and presence of inhibitors. The
quickly progressing SMFS methodology soon will allow the in-
teraction forces of membrane proteins to be detected with much
improved sensitivity (∼1 pN) and spatial accuracy (∼0.1 nm) and

with significantly improved statistics (67, 68). In the future these
advances may provide much more detailed information about
the interactions that stabilize coexisting conformational sub-
states of membrane proteins residing in their physiologically
relevant environment.

Methods
Materials. Unless stated otherwise, all chemicals were of analytical grade and
were purchased from Sigma-Aldrich. All buffers were prepared using nanopure
water (18 MΩ/cm). Lys[Z-NO2]-Val was synthesized as described previously (41).

Cloning of the DtpA Versions C-DtpA, Clong-DtpA and N-DtpA. To obtain
C-DtpA, the DtpA gene was cloned as described previously into a modified
version of the pET-21 vector resulting in the construct pET-21b-rbs-T7-DtpA-
His (4). This cloned DtpA version had the C-terminal amino acid extension
LEHHHHHH. To generate Clong-DtpA, a point mutation was first introduced
into pET-21b-rbs-T7-DtpA-His (C-DtpA) after the STOP codon to generate

Fig. 6. Model of the inhibitor changing the stability of TMH 2 and the con-
formational state of DtpA. According to the alternate-access model for
membrane-embedded transporters (64–66), the ligand-binding site of a trans-
porter is sequentially accessible from the extracellular and the cytoplasmic side
of the cell membrane. Thus, the transporter adopts outward-facing and in-
ward-facing conformational states (shown on the left and right sides of the
cartoon, respectively). In this model we speculated that the inward-facing
conformational state is stabilized by TMH 2, because additional interactions
between TMH 2 with its surroundings are required for closure of the extra-
cellular gate (20). Our SMFS measurements quantified that unliganded DtpA
coexists in two conformations that differ depending on whether the stability
of TMH 2 is enhanced. The probability of detecting DtpA residing in the
outward-facing conformation characterized by the less stable TMH 2 is ∼57%,
and the probability of detecting DtpA residing in the inward-facing confor-
mation characterized by a stable TMH 2 is ∼43%. Thus, from the perspective of
an energy landscape, the outward-facing conformational state resides in
a lower energy well as compared with the inward-facing conformational state.
Unliganded DtpA can interconvert dynamically between the inward- and
outward-facing conformations. Inhibitor (Lys[Z-NO2]-Val, indicated by stars)
binding stabilizes TMH 2 and shifts the probability of detecting a stabilized
TMH 2 to ∼92%. Accordingly, inhibitor binding lowers the energy well stabi-
lizing the DtpA conformation stabilized by TMH 2.
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a SacI restriction site using the forward primer 5′-CAC CAC CAC CAC TGA
GCT CCG GCT GCT AAC-3′ and the reverse primer 5′-GTT AGC AGC CGG AGC
TCA GTG GTG GTG GTG-3′ and the QuikChange Site-Directed Mutagenesis
Kit (Stratagene). Next, the construct was digested with HindIII and SacI to
remove the DtpA gene and the C-terminal extension. The two prehybridized
complementary oligonucleotide fragments, which have HindIII- and SacI-
compatible ends, then were inserted into the vector: Upper, 5′ (HindIII) AGC
TTG CGG CCG CAC TCG AGC TGG AAG TTC TGT TCC AGG GGC CCG TCG ACC
ATC ACC ACC ATC ATC ACC ATC ACC ACC ACT GAG CT (SacI) 5′ and Lower,
3′ (HindIII) CAG TGG TGG TGA TGG TGA TGA TGG TGG TGA TGG TCG ACG
GGC CCC TGG AAC AGA ACT TCC AGC TCG AGT GCG GCC GCA (SacI) 5′.
Reinsertion of the DtpA gene using the HindIII and XhoI restriction sites into
this new vector (pZUDF21-rbs-3C-10His) resulted in a DtpA version (Clong-DtpA)
with the C-terminal amino acid extension LELEVLFQGPVDHHHHHHHHHH. The
N-DtpA version was created by cloning the DtpA gene from the carrier construct
pET-21b-rbs-T7-DtpA-His into the pET-15b vector using the restriction enzymes
NdeI and BamHI, and the forward primer 5′-CCA AAA CAT ATG TCC ACT GCA
AAC CAA AAA CC-3′ and the reverse primer 5′-CCA AAA GGA TCC TCA CGC TAC
GGC TGC TTT CGC CGC-3′. This cloned DtpA version had the N-terminal amino
acid extension MGSSHHHHHHSSGLVPRGSH.

Overexpression, Purification, and Reconstitution of C-DtpA, Clong-DtpA, and
N-DtpA into Proteoliposomes. Overexpression was carried out with freshly
transformed E. coli BL21(DE3)pLysS cells harboring the plasmids encoding
C-DtpA, Clong-DtpA, or N-DtpA. Cultures were grown in lysogeny broth (LB)
medium supplemented with 0.1 mg/mL ampicillin at 37 °C in an orbital
shaker. Expression of the different DtpA versions was induced at an OD600 of
0.6 with 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 3 h. Cells
then were harvested by centrifugation (7,200 × g; 25 min; 4 °C), resuspended
in 20 mM Tris·HCl (pH 8), 450 mM NaCl, DNase I from bovine pancreas
(Sigma; 400 μg for cells from 12 L of culture), and lysed by four passages
through a microfluidizer (M-110P; Microfluidics Corp) at 16,000 psi. Un-
broken cells were removed by centrifugation (12,000 × g; 10 min; 4 °C).
Membranes were collected from the supernatant by ultracentrifugation
(150,000 × g; 1 h; 4 °C), homogenized in 20 mM Tris·HCl (pH 8), 450 mM NaCl,
and ultracentrifuged. This membrane-washing procedure was repeated
once. Pellets then were homogenized and resuspended in the same buffer,
aliquoted into 2- to 3-mL fractions (corresponding to membranes from 2 L of
LB medium), flash frozen in liquid nitrogen, and stored at −80 °C until use.

For purification, one aliquot ofmembrane suspensionwas solubilized for 2 h
at 4 °C under gentle agitation in 2% (wt/vol) N-dodecyl-β-D-maltopyranoside
(Affymetrix; Vtot = 7 mL) in Buffer S [20 mM Tris·HCl (pH 8), 300 mM NaCl,
250 mM betaine, 10% (vol/vol) glycerol, 0.01% NaN3]. After ultracentrifuga-
tion (100,000 × g; 1 h; 4 °C), the supernatant was diluted twofold with 5 mM
histidine in Buffer S and incubated with 0.5 mL preequilibrated Ni-NTA Super-
flow beads (Qiagen) for 2 h at 4 °C on a rotational shaker. The beads then were
transferred into a column and washed with 21 mL of 5 mM L-histidine, 0.04%
N-dodecyl-β-D-maltopyranoside in Buffer S. DtpA was eluted from the Ni-NTA
beads with 400 mM imidazole in Buffer S. For C-DtpA, Clong-DtpA and N-DtpA,
the yields were between 0.6–1.2 mg of pure protein per 2 L of cell culture.

For reconstitution into proteoliposomes, purified DtpA versions were mixed
with DMPC (Avanti Polar Lipids Inc.) solubilized in N-decyl-β-D-maltopyranoside
[stock solution: 5 mg/mL DMPC, 1% N-decyl-β-D-maltopyranoside, 20 mM Tris·HCl
(pH 8), 150 mMNaCl, 10% (vol/vol) glycerol, 0.01%NaN3] (Affymetrix) to achieve
lipid:protein ratios of 0.85 and 0.9 (wt/wt). The final protein concentration of
each DtpA version after the addition of lipids was adjusted to ∼1 mg/mL. To
promote reconstitution of DtpA into proteoliposomes, samples were dialyzed
against detergent-free buffer [20 mM Tris·HCl (pH 8), 150 mM NaCl, 250 mM
betaine, 10% (vol/vol) glycerol, 0.01% NaN3] for 1 wk at room temperature.

In Vivo Peptide Uptake Assay. E. coli BL21(DE3)pLysS cells were transformed
with the Clong-DtpA vector pZUDF21-rbs-DtpA-3C-10His or with the empty
vector as a control. Cells were grown to an OD600 of 0.8, and protein ex-
pression was induced by addition of 0.1 mM IPTG. After 3-h induction time,
OD600 was measured, and a volume corresponding to the cell amount of
1 mL at OD600 15 was pelleted (5,000 × g; 15 min; 4 °C) and resuspended in
2 mL of cold uptake buffer [50 mM Hepes-NaOH (pH 7.5), 150 mM NaCl,
5 mM glucose]. Then 30 μL of cold cell suspension was added to a reaction
vial containing 10 μL with 0.2 μCi [3H]-Ala-Ala (0.074 Ci/mmol) (Moravek
Biochemicals) and 10 μL of a 5× stock of Lys[Z-NO2]-Val (0, 0.0023, 0.0077,
0.025, 0.083, 0.28, 0.91, 3 mM end concentration in 50 μL) and was incubated
for 1.5 min at room temperature. Uptake was stopped by the addition
of 450 μL cold uptake buffer followed by centrifugation (15,000 × g; 1 min;
4 °C). The pellet was resuspended in 50 μL 5% (wt/vol) SDS, transferred to
a white 96-well plate, and mixed with 150 μL Microscint-40 liquid scintilla-

tion mixture (PerkinElmer). The signal was read in a Topcount scintillation
counter (PerkinElmer). Data were analyzed using the “one site – Fit Ki”

equation in Prism5 (Graphpad software) with a Kd of Ala–Ala for DtpA set
to 470 μM (4) and Ala–Ala concentration at 54 μM. For each data point the
respective background uptake of control cells was subtracted.

AFM Imaging. Proteoliposomes (0.3 μL) containing ∼1 mg/mL of the corre-
sponding DtpA version were adsorbed in 30 μL SMFS buffer [10 mM Tris·HCl
(pH 7.4), 150 mM NaCl] on freshly cleaved mica for 25 min (43). After ad-
sorption, the buffer was exchanged several times to remove loosely bound
membranes. Contact-mode AFM imaging was performed using a Nanoscope III
Multimode AFM (Bruker) in buffer solution. The liquid cell was equipped with
soft cantilevers (Bruker SNL, 200 μm length, nominal k = 0.06 N/m; Bruker).
During AFM imaging, contact forces applied to the AFM cantilever tip were
minimized (<100 pN), and gains were optimized to minimize the signal error.

SMFS. SMFS was conducted at 25 °C in buffer solution using a Nanowizard II
Ultra AFM (JPK Instruments) equipped with BioLevers (60-μm length, nom-
inal k = 0.03 N/m) (Olympus). Before adsorption, 0.5 μL of DtpA proteoli-
posomes (∼1 mg/mL DtpA) were mixed with 20 μL SMFS buffer and were
incubated for 10 min at 4 °C. For experiments in the presence of inhibitor,
the buffer was supplemented with 100 μM or 1 mM Lys[Z-NO2]-Val. Pro-
teoliposomes in SMFS buffer were adsorbed to freshly cleaved mica for
20 min. The buffer was exchanged several times to remove loosely bound
membranes and debris. Membrane patches containing DtpA were located
by contact-mode AFM imaging. Eventually, proteoliposomes or double-lay-
ered membrane patches were dissected by the scanning AFM tip (69) to yield
single-layered membranes of densely packed DtpA for SMFS.

DtpA was unspecifically attached to the AFM tip by pushing the tip onto
the membrane with a force of ∼1 nN for 0.5–1 s. Subsequently, the cantilever
was retracted from the membrane at different velocities (160, 320, 640,
1,120, 2,230, and 4,570 nm/s), and the cantilever deflection and the distance
between tip and membrane surface were recorded. The interaction force at
each distance was calculated from the cantilever deflection using Hook’s
law, which resulted in F–D curves. Before each experiment the spring con-
stant of each cantilever was estimated using the equipartition theorem (70).

SMFS Data Selection and Analysis. In contrast to the unfolding of soluble
proteins, in which the last force peak of an F–D curve corresponds to de-
tachment of the peptide from either the cantilever tip or the support, the
last force peak in the unfolding of membrane proteins denotes the
unfolding of the last stable structural segment that remained anchored in
the lipid bilayer (49, 51). When the stability of this last segment has been
overcome, the membrane protein has been unfolded completely, and the
entire polypeptide is extracted from the lipid membrane. This unique
unfolding behavior can be used as criterion to select F–D curves that are
sufficiently long to describe the complete unfolding of a membrane protein
(49). As selection criteria, we assumed for DtpA that either TMH 11 and TMH
12 together or TMH 12 alone established the last structural segment to be
unfolded. Based on the prediction of the secondary structure and sequence
alignment to transporters of known topology (SI Appendix 6), we expected
the last force peak to appear at a contour length (Lc) of 400–490 aa.
Therefore, we selected F–D curves for analysis that showed an overall dis-
tance of 110–140 nm (assuming that one amino acid is ∼0.36 nm long). The
selected F–D curves were superimposed, and every force peak of each F–D
curve was fitted with the WLC model (45) using a persistence length of 0.4
nm and a monomer length of 0.36 nm per amino acid (71). Contour lengths
and rupture forces were analyzed statistically, and contour-length histo-
grams were created. Peaks in these histograms were simultaneously fitted
using a sum of Gaussian distributions (46). This procedure revealed the mean
contour lengths of the unfolded and stretched polypeptides of DtpA and
indicated the border positions of the stable structural segments that were
mapped on the secondary structure of DtpA. Membrane compensation was
applied for borders that occurred on the support-facing side of the mem-
brane or within the membrane plane (49, 50). Force histograms were com-
piled for each force peak determined from contour-length histograms.
Additionally, the probability of occurrence was calculated for each force
peak. Data visualization, statistical analysis, and calculations were per-
formed using custom and built-in procedures for IgorPro 6 (Wavemetrics).
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