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4@ Membrane Chemistry Tunes the Structure of a Peptide Transporter*
\ Tanya Lasitza-Male*, Kim Bartels®, Jakub Jungwirth, Felix Wiggers, Gabriel Rosenblum,

- Hagen Hofmann,* and Christian Low*

Abstract: Membrane proteins require lipid bilayers for
function. While lipid compositions reach enormous complex-
ities, high-resolution structures are usually obtained in artificial
detergents. To understand whether and how lipids guide
membrane protein function, we use single-molecule FRET to
probe the dynamics of DtpA, a member of the proton-coupled
oligopeptide transporter (POT) family, in various lipid envi-
ronments. We show that detergents trap DitpA in a dynamic
ensemble with cytoplasmic opening. Only reconstitutions in
more native environments restore cooperativity, allowing an
opening to the extracellular side and a sampling of all relevant
states. Bilayer compositions tune the abundance of these states.
A novel state with an extreme cytoplasmic opening is accessible
in bilayers with anionic head groups. Hence, chemical diversity
of membranes translates into structural diversity, with the
current POT structures only sampling a portion of the full
structural space.

Introduction

Membrane proteins with their ability to shuttle, pump,
exchange, and transmit signals across lipid bilayers'™ repre-
sent 30% of proteins in living organisms®®’! and 60% of
current drug targets.""') While membranes are key for their
function,">”! methods such as x-ray crystallography or cryo-
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electron microscopy often require detergent extraction for
obtaining high-resolution structures.'®2¥ Unfortunately, it is
unclear whether structure and function of these pharmaco-
logically important proteins are preserved in such artificial
environments.” 2! We address this question by comparing the
conformations of a major facilitator superfamily (MFS)
transporter between detergent and membrane-mimicking
environments using single-molecule Forster resonance energy
transfer (smFRET).

The MFS is one of the largest families of membrane
transporters in nature.””?! It mediates the uptake of a broad
spectrum of substrates and is therefore key for maintaining
cell homeostasis.”” MFS transporters work via an alternate
access mechanism®**!! that requires at least three states:*>%!
inward-open, occluded, and outward-open (Figure 1A).
Members of the MFS share a common fold:®" twelve
transmembrane helices organized in two six-helix bundles
(Figure 1B). A particularly important subfamily are proton-
dependent oligopeptide transporters (POTs)?"! that utilize
a proton gradient™! to uptake di- and tripeptides but also
peptide-mimetic drugs.***” Their remarkable substrate pro-
miscuity®**) makes them important targets for drug delivery.
Numerous bacterial POT structures have been determined
to date.*>"1 We focus on the E. coli peptide transporter
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Figure 1. Transport mechanism and functionality of DtpA. A) Schemat-
ics of the alternate access mechanism. Substrate (gray sphere) trans-
port requires alternate access of the substrate-binding center to each
membrane side. B) Structure of DtpA (gray), including the positional
distribution (see Methods in the Supporting Information) of the FRET
dyes (pink, green). C) Thermal stability of wildtype DtpA and the
variant WQ in its unlabeled (WQ) and labeled (WQp,) form in the
absence and presence of different ligands (indicated). D) Nanobody
affinity to wildtype DtpA (blue) and the variants WQ before (green)
and after labeling (orange). E) In vivo AMCA uptake efficiency of
wildtype DtpA and the variant WQ.
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DtpAP** (Figure 1B), a homolog of human PepT1 and
PepT2.5%% Tts similar substrate specificity compared to
human homologs makes DtpA an ideal prototype to under-
stand the mechanism of peptide and drug transport.*!
However, current x-ray structures of POTs in detergents
revealed mainly inward-open conformations,***31521 thys
hampering an atomic level understanding of the transport
cycle. This bias may be symptomatic for non-natural deter-
gent environments, thus calling for in-depth comparison of
POT conformations in detergent and lipid environments.

Results and Discussion

We labeled DtpA on its cytoplasmic side (Figure 1 A,B
and SI Appendix, Figure S1) using the variant W203C/Q487C
(WQ). The intrinsic cysteines were replaced by serine
residues. WQ is fully functional in binding ligands (Figure 1C
and SI Appendix, Figure S2-5) and a conformation-specific
nanobody (NO00) (Figure 1D and SI Appendix, Figure S6,7,
Table S2), and it shows high transport activity in an in vivo
uptake assay (Figure 1E and SI Appendix, Figure S8).
Similarly, labeling with donor (Alexa Fluor 488) and acceptor
(Alexa Fluor 594) neither impaired the thermal stability of
the transporter (Figure 1 C and ST Appendix, Figure S3), nor
NO0O binding (Figure 1D and SI Appendix, Figure S6,7,
Table S2). Notably, an alternative variant W203C/T351C
(WT) shows results identical to those of the WQ variant (SI
Appendix, Figure S1-3, S7-9, S10-12, Table S2).

Structure and Dynamics of DtpA in Detergent

The detergent LMNG (lauryl-maltose-neopentyl-glycol)
is commonly used to extract membrane proteins and to
determine their structure using x-ray crystallography and
cryo-EM.P%71 We therefore probed the conformation of
freely diffusing DtpA in LMNG. The FRET histogram shows
two peaks: a minor peak at high FRET (E =0.89) and a major
peak at lower FRET (E=0.48) (Figure 2A). Although the
FRET efficiency of the major peak agrees with the value
computed from the x-ray structure of the inward-open state
(0.54) (Methods), its donor fluorescence lifetime deviates
from the expected value for a single donor-acceptor distance
(Figure 2 A), suggesting a distribution instead of a defined
structure.®*! A fit with an empirical model® results in
a distance distribution width of 1.1 nm (Methods), suggesting
variability in the opening of the cytoplasmic side (Figure 2 A,
inset). Notably, a static distribution of dye rotamers on a rigid
x-ray structure would only cause a distribution width of
0.78 nm (Figure 2 A, inset). Yet, since fluorescence anisotropy
measurements show that the dyes experience sufficient
rotational freedom (Figure S12) at the timescale of the donor
fluorescence lifetime, the distribution of dye positions only
contributes moderately to the donor lifetime. Importantly, the
structural variability of DtpA is accompanied by substantial
pliability. With decreasing temperature, the FRET efficiency
of the major peak shifts to lower values, thus causing an even
wider opening (Figure 2B). The result is remarkable because
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Figure 2. SmFRET of DtpA in detergent. A) FRET histogram of WQp, in
LMNG (top). Solid lines are fits with Gaussian and log-normal peaks
to account for open (blue) and closed (red) molecules. Molecules that
lack an active acceptor are shown in gray. (bottom) 2D correlation
map between donor fluorescence lifetime and transfer efficiency. Solid
lines show the dependence for a single donor-acceptor distance (black)
and the best fit of the mean position of open molecules (white cross)
with a distance distribution (blue). Inset: The distance distribution
obtained from the fit (blue) and the expected distance distribution for
the rigid X-ray structure assuming a static positional distribution of
the dyes (orange). B) FRET histograms of DtpA at different temper-
atures. The position of the open population is indicated by the shaded
area. C,D) Same as (A,B) in the presence of NOO (8 pum).

positional shifts of FRET peaks indicate (i) reconfiguration
timescales faster than the diffusion of the protein through the
confocal spot of our microscope (< 1 ms) and (ii) large-scale
structural adaptations to external conditions, which are
known for intrinsically disordered and unfolded proteins,**%!
but not for well-folded proteins such as DtpA. Contrary to the
picture sketched by the x-ray structure of DtpA, the results
show that the inward-open form of DtpA is a flexible
conformational ensemble that is sampled at sub-millisecond
timescales. However, what is the structural origin of the minor
high-FRET population?

Given our labeling at the cytoplasmic side (Figure 1B),
molecules with high FRET exhibit a closed cytoplasmic side.
Based on the alternate access model,F***! a closed cyto-
plasmic side is indeed expected for outward-open or occluded
conformations (Figure 1 A). Unfortunately, the sensitivity of
our FRET-probes (2-8 nm) is insufficient to distinguish
between these states and we therefore used a biochemical
approach. The addition of the conformation-specific nano-
body (NO0) blocks the opening of the periplasmic side
(Figure 2C). If the high-FRET peak represents outward-
open molecules, blocking the periplasmic opening is expected
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to shift the equilibrium towards the low-FRET peak (inward-
open) due to the mutually exclusive nature of these states.

However, despite a nanomolar affinity for DtpA (Fig-
ure 1D, Table S2), NOO neither changes the abundance of the
high-FRET peak (Figure 2C) nor does it alter the temper-
ature adaptation of the inward-open ensemble (Figure 2D).
Two scenarios could explain this result: either the high-FRET
peak corresponds to an occluded conformation with simulta-
neously closed cytoplasmic and periplasmic sides, or the high-
FRET peak is not in equilibrium with the open ensemble,
suggesting that it represents kinetically trapped misfolded
species. To exclude the latter, we checked whether the high-
and low-FRET peaks are in dynamic exchange.

Here, we made use of the fact that a diffusing molecule
may enter and exit the confocal spot numerous times
(Figure 3 A). Once a molecule leaves the observation volume,
the likelihood of it returning to this volume within a short
time period is larger than the chance of detecting a new
molecule. Hence, conformational switching events between
successive transits can be identified (Figure 3 A), which allows
us to probe dynamics in the regime of several millisec-
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Figure 3. Dynamic exchange between high- and low-FRET peaks.

A) Schematics of a single-molecule time trace of donor (green) and
acceptor (red) signal. The multiple detection of two molecules due to
their recurring passages through the confocal spot (orange) is shown.
Switching between states is indicated (arrows). B) Single-molecule
recurrence histograms at two-time delays (indicated) after initially
selecting high-FRET molecules (initial) show the time-dependent rise
of low-FRET species. C) Time trace of the formation of low-FRET
molecules (blue) and a single-exponential fit (black line). Dashed line
indicates the equilibrium fraction of the low-FRET population. D) Same
as (C) in the presence of 8 um NOO. E) Relative abundance of high-
FRET molecules in the absence and presence of di- and tri-peptides
(indicated).
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onds.®®1 To extract the exchange kinetics, we binned the
photon trace (100 ps steps) and selected all molecules in the
high-FRET population (0.7 < E <1.2). We then constructed
FRET histograms of those bins that followed the original set
with a time delay. With increasing time delay, the high-FRET
population decreases and the low-FRET population increases
(Figure 3B). The kinetics of forming low-FRET molecules
from the high-FRET species follows single-exponential
kinetics with a relaxation time of ~1 ms (Figure 3C) that
clearly demonstrates an exchange between the peaks. Mis-
folding can therefore be excluded as an origin of the high-
FRET peak. Notably, full equilibration is not reached within
the accessible time window (Figure 3 C), indicating that also
slower processes contribute to the exchange. Importantly, the
exchange is also observed in the presence of NOO (Figure 3D),
which shows that opening and closing of the cytoplasmic side
is independent of locking the periplasmic side. This loss in
cooperativity between sides strongly indicates that the high-
FRET peak represents occluded molecules with simultane-
ously closed cytoplasmic and periplasmic sides. Indeed, such
states have previously been found in detergent-based x-ray
structures,[**>%! but the timescale of their formation had
been elusive.

Occluded molecules are intermediates on the path from
outward-open to inward-open states (Figure 1 A). Given the
underrepresentation of outward-open x-ray structures,*")
we utilized our smFRET approach to identify detergent
conditions that stabilize the outward-open conformation. To
this end, we screened a broad spectrum of ligands (Figure 3E
and SI Appendix, Figure S13) with the goal to shift the
balance between high- and low-FRET peaks. However, none
of the ligands and not even changes in the protonation state of
DtpA (SI Appendix, Figure S14) altered the balance between
high- and low-FRET peaks significantly, suggesting that
detergent does not provide the means to stabilize outward-
open molecules. This raises the general question of whether
outward-open states are sampled at all in the absence of
proton- and substrate-gradients. To address this question, we
studied DtpA in membrane-like nanoparticles stabilized by
the protein Saposin A (SapNPs).[¥-5]

Conformation and Dynamics of DtpA in SapNPs

We reconstituted DtpA in SapNPs composed of POPE (1-
Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-amine), the
most abundant phospholipid in E. coli® (Figure 4 A and SI
Appendix, Figure S4, S15,16). The FRET histogram of DtpA
in SapNPs differs from that obtained in detergent (Fig-
ure 4B).

While the peaks at low and high FRET efficiency are
preserved, the histograms are broader. Still, the fluorescence
lifetimes indicate that the peaks correspond to a distribution
of conformers (SI Appendix, Figure S16). Since control
experiments exclude quenching and a sticking of the FRET-
dyes to the protein surface (SI Appendix, Figure S12, S17), we
conclude that peak broadening is due to a slower sampling
within the open and closed ensembles. Compared to deter-
gent, the abundance of the high-FRET peak has nearly
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Figure 4. Conformational distribution of DtpA in SapNPs. A) Schemat-
ics of DtpA (dark gray) in a lipid SapNP stabilized by saposin A
(green). Lipids are shown in gray. B) SmFRET histogram of DtpA in
POPE SapNPs in the absence (top) and presence (bottom) of 8 um
NOO. The position and width of the low-FRET peak had first been
determined in the presence of NOO. The same parameters were then
used to fit the histogram in the absence of N0O. C) Time trace of the
formation of low-FRET molecules in POPE SapNPs in the absence
(blue) and presence (red) of NOO. Black line is a single-exponential fit
of the data. D-F) Same as B in SapNPs composed of POPS (D), POPA
(E), and brain lipid extract (F). In eukaryotic brain lipid extract, 58.7%
of the lipid composition is unspecified by the manufacturer but likely
contains >50% PC."

doubled (29%), indicating an increased population of oc-
cluded or outward-open states. Indeed, when we now add NOO
to block the opening of the periplasmic side, we find
a significant reduction of the high-FRET population (Fig-
ure 4B), suggesting that a dominant portion of the high-
FRET peak represents outward-open conformers.

Clearly, the cooperativity between the cytoplasmic and
periplasmic side has been restored, thus making the outward-
open state accessible. Apparently, a lipid environment is
required to sample outward-open states. It is unclear, how-
ever, whether occluded states are also populated in POPE
SapNPs. Yet, given the results of our experiments in
detergent, we can identify them based on their rapid milli-
second formation. Indeed, also in POPE SapNPs, we find
open-close kinetics with a decay time of 1 ms, irrespective of
the presence of NOO (Figure 4 C), indicating a fast cytoplasmic
opening and closing despite a locked periplasmic side.
Occluded conformers are therefore found under all condi-
tions whereas the outward-open conformation is only popu-
lated in POPE containing SapNPs. This finding raises an
important question: is a lipid bilayer per se sufficient to
populate outward-open ensembles or are special lipid head
groups, e.g., ethanolamine in POPE required ? To answer this
question, we reconstituted DtpA in lipid environments of
different composition (Figure 4 D-F): POPS (1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine), POPA (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphate), or BL (brain lipid) extract.
Surprisingly, the FRET histograms differ strongly among the
four membrane environments. In total, three populations can
be distinguished. The high- and low-FRET peaks are identical
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to those found in POPE. However, an additional peak with an
extremely low FRET efficiency (E =0.25+0.02) is found in
POPS and POPA (Figure 4D,E) that corresponds to an
ensemble with an extreme opening of the cytoplasmic side. In
BL-extracts on the contrary, neither high- nor low-FRET
peaks are observed and the transporter samples exclusively
inward-open conformations (Figure 4F). Hence, DtpA ex-
hibits a strong sensitivity to the lipid composition and net
negatively charged lipids (POPS, POPA) even cause an
extreme opening. Importantly, irrespective of the membrane
composition, we find a strong cooperativity between the
cytoplasmic and periplasmic side of the transporter: when
NOO binds the periplasmic side, all populations collapse to
predominantly form the inward-open ensemble (Figure 4B,
D-F). The results indicate that it is the membrane environ-
ment per se that generates the cooperativity between the
hemispheres of DtpA rather than the chemical nature of the
lipid head group. Head group chemistry on the contrary,
sensitively tunes the abundance of states. However, this is not
the case for ligands. Similar to our findings in detergent, the
addition of ligands to DtpA in POPE SapNPs did not affect
the relative abundance of inward-open and outward-open
states (SI Appendix, Figure S19). Although the detergent-
based inward-open x-ray structure with a pro-drug bound is
also similar to the apo-structure,® the lacking structural
sensitivity to ligands is surprising. However, in cells, ligand
concentrations differ significantly between periplasm and
cytoplasm, thus generating an asymmetry that is not repro-
duced in our experiments. If ligand affinities are similar at
each side of DtpA, the isotropic concentration of ligand on
both sides in our experiments will cause a structural invari-
ance of DtpA towards the ligand.

Structural Modeling of DtpA Conformations

The extreme inward-open population observed in SapNPs
containing POPS and POPA remains a conundrum. To obtain
an estimate of the domain arrangement, we started from the
existing x-ray structure of DtpA and used rigid-body rotations
of the N- and C-terminal domains (Figure 5 A-D). Current
transport models®! suggest symmetric motions around the
center axis that crosses the substrate-binding site at the
domain interface (Figure SA). We therefore rotated the
domains around this axis and determined the FRET efficiency
of the rotamers (see Methods in the Supporting Information).
We find that closing the cytoplasmic side by rotating the
domains by —40° reproduces the experimental FRET effi-
ciency (0.82) of the outward-open ensemble with only
introducing 4.8 % atomic clashes®"! (Figure 5B).

However, it is impossible to match the experimental
FRET efficiency of the extremely inward-open ensemble
without inacceptable clashes. We therefore chose an alter-
native rotation axis on the periplasmic side (Figure 5C).
Here, the extreme inward-opening can indeed be reproduced
with only 2.4 % atomic clashes (Figure 5D). Notably, we did
not optimize these structures, which shows that the domain
architecture in principle allows an extreme cytoplasmic
opening of DtpA (Figure SE).
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Figure 5. Structural models of the DtpA conformers. A) Schematics of
DtpA rigid-body rotations around the center axis. B) FRET efficiency
(black) and clash score (red) for rotations around the center axis.
C,D) Same as (A) and (B) for rotations around the periplasmic axis.
E) Models of the outward-open (left) and extreme inward-open (right)
states based on rigid-body domain rotations of the X-ray structure
(middle).

Interestingly, like all bacterial POTs, DtpA contains two
transmembrane helices (HA and HB) that are missing in
eukaryotic homologs.*s! The interaction between these heli-
ces and the core of DtpA hinders the formation of the
outward-open state via rigid body rotations and we therefore
neglected the connecting loop between HA and HB in our
rigid-body motion approach (Figure SE). Neglecting these
restraints is justified by the fact that the interface between
both helices and DtpA is rich in hydrophobic residues. We
conjecture that while these helices are strongly attached to
DtpA in the more water-rich detergent environment™! due to
hydrophobic effects, this interaction is weakened in the
strongly hydrophobic environment of a lipid bilayer. Weak-
ening contacts between the helices and the DtpA core would
release the restraints that hamper an opening of the
periplasmic side such that this mechanism explains why the
outward-open state is only observed in membrane-mimicking
SapNPs (Figure 4).

Conclusion

POTs have been extensively studied by x-ray crystallog-
raphy and biochemical transport assays over the past
years,[27:36:3:38.61.64.92.93] Nymerous structures of various bacte-
rial homologues in the absence and presence of substrates,
drugs, and prodrugs are available, highlighting crucial resi-
dues for substrate binding and proton coupling.***"! Unfortu-
nately, only inward-open and partially inward-open states of
POTs have so far been described at atomic resolution in
detergent and the influence of the membrane environment on
structure and transport has been difficult to ac-
cess,[10-41:43.44.46.49.541 A number of reports showed that the
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activity of membrane proteins is preserved in detergent
environments.”** Yet, counter examples are also frequent.
For example, G-protein coupled receptors (GPCRs) are
known to be sensitive to the sterol content of lipid bilayers'””!
and their membrane extraction is often cell-type depen-
dent.”™! Structural differences in a scramblase between
detergent and membrane-like environments have recently
been found using cryo-EM."! Hence, the way lipid compo-
sitions affect structure and function of membrane proteins in
vitro varies and it is often unclear whether a loss of function in
detergent is caused by a loss in stability or by trapping the
protein in one out of several functional conformers. While the
latter is clearly preferred, it complicates the crystallization of
all functionally relevant states. This is particularly problem-
atic for POTs whose broad substrate profile makes them key
for the pharmacokinetics of drugs. Using DtpA, we showed
that the crystallization bias of POTs results from a strong
sensitivity towards the lipid environment. Detergents do not
allow a sampling of all functional states of DtpA. Although
our smFRET experiments show that the inward-open con-
formation in detergent is similar to that in POPE nano-
particles (Figure 2A and B), the outward-open state is only
accessible in the more native environment of SapNPs.
Structurally, a weakening of the hydrophobic contacts be-
tween the helices HA/HB and the core of DtpA in the low
dielectric medium of a membrane explains this sensitivity
(Figure SE). However, structural differences are not only
observed between detergent and SapNPs but also between
SapNPs with different lipid composition. In fact, since the
aliphatic tails of POPA, POPS, and POPE are identical, the
difference in the abundance of inward-open, extreme inward-
open, and outward-open conformers (Figure 4) is caused by
the chemistry of lipid head groups. For example, the newly
identified extreme inward-open conformation is only ob-
served in POPA and POPS, i.e., lipids with net negatively
charged head groups. Given the complexity of natural
membranes in which lipid compositions can vary on sub-
micrometer length scales, e.g., in micro-domains,'” the
heterogeneity found among four membrane-like environ-
ments in our experiments may suggest a structurally hetero-
geneous DtpA ensemble in the cell membrane.

Care has to be taken when interpreting functional and
pharmacological aspects based on structures obtained in
detergents. While these structures suggest models with well-
defined states, our results sketch DtpA as an ensemble of
multiple conformers with rapid dynamics. Recent studies
showed that enzymes obey structural dynamics much faster
than the timescales required for turnover.'"1%?I Such dynam-
ics are also prevalent in DtpA, irrespective of the lipid
environment (Figure 3C,D and Figure 4C). Not only do
inward-open and occluded states interconvert rapidly with
a relaxation time of 1 ms, but the inward-open state itself is an
ensemble of conformers within which the opening of the
cytoplasmic side can vary (Figure 2 A). Although the role of
these dynamics in the substrate transport cycle is currently
elusive, fast domain closures in adenylate kinase have been
proposed to optimize the orientation of substrate for catal-
ysis!™ and a similar mechanism could guide the POT-
mediated transport of peptides across biological membranes.
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In summary, our results show that DtpA is a flexible and
highly dynamic ensemble of structures that responds sensi-
tively to its lipid environment and it will be important to
understand whether this sensitivity is a general feature of
MES transporters.
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