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Abstract

The crucial function of neurotransmitter:sodium symporters (NSS) in facilitating the reuptake of neuro-
transmitters into neuronal cells makes them attractive drug targets for treating multiple mental diseases.
Due to the challenges in working with eukaryotic NSS proteins, LeuT, a prokaryotic amino acid trans-
porter, has served as a model protein for studying structure–function relationships of NSS family proteins.
With hydrogen–deuterium exchange mass spectrometry (HDX-MS), slow unfolding/refolding kinetics
were identified in multiple regions of LeuT, suggesting that substrate translocation involves cooperative
fluctuations of helical stretches. Earlier work has solely been performed at non-native temperatures
(25 �C) for LeuT, which is evolutionarily adapted to function at high temperatures (85 – 95 �C). To address
the effect of temperature on LeuT dynamics, we have performed HDX-MS experiments at elevated tem-
peratures (45 �C and 60 �C). At these elevated temperatures, multiple regions in LeuT exhibited increased
dynamics compared to 25 �C. Interestingly, coordinated slow unfolding/refolding of key regions could still
be observed, though considerably faster. We have further investigated the conformational impact of bind-
ing the efficiently transported substrate alanine (Ala) relative to the much slower transported substrate leu-
cine (Leu). Comparing the HDX of the Ala-bound versus Leu-bound state of LeuT, we observe distinct
differences that could explain the faster transport rate (kcat) of Ala relative to Leu. Importantly, slow unfold-
ing/refolding dynamics could still be observed in regions of Ala-bound LeuT. Overall, our work brings new
insights into the conformational dynamics of LeuT and provides a better understanding of the transport
mechanism of LeuT and possibly other transporters bearing the LeuT fold.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

Neurotransmitter:sodium symporters (NSSs) are
an important group of membrane proteins,
responsible for regulating signal transmission and
maintaining neurotransmitter homeostasis. NSS
proteins utilize the energy stored in the Na+

gradient to transport solute against its chemical
gradient.1 Mammalian members of the NSS family
or(s). Published by Elsevier Ltd.This is an op
include the transporters for dopamine (DAT), sero-
tonin (SERT) and norepinephrine transporter
(NET). Due to their essential physiological function,
NSSs are key targets for treating neurophysiologi-
cal diseases such as depression, anxiety and
ADHD. They are also primary targets for illicit drugs
including cocaine and amphetamine.2 Despite their
importance, attempts in studying the structure and
function has proven challenging as the mammalian
en access article under the CC BY license (http://creativecommons.org/
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D. Calugareanu, I.R. Möller, S.G. Schmidt, et al. Journal of Molecular Biology 434 (2022) 167356
NSSs are difficult to purify to sufficient concentra-
tion due to limited stability and expression.3

The hydrophobic amino acid transporter, LeuT,
from Aquifex aeolicus is a prokaryotic NSS, which
does not possess the challenges of its mammalian
cousins. It can be easily expressed from E. coli in
large quantities and is highly stable in a detergent
solution. With more than 70 crystal structures of
LeuT in the Protein Data Bank, it has become the
model protein for the study of all LeuT-fold
transporters, including the NSS family. It
comprises 12 transmembrane domains (TM),
where the first five TMs (1 to 5) share an
antiparallel symmetry with the next five TMs (6 to
10), also known as the LeuT fold. The primary
binding site for substrate (S1) and two sodium-
binding sites (Na1 and Na2) are located in the
center of the protein between TM1, 3, 6 and 8.
Substrate translocation in NSS is believed to
occur via the “alternating access” model, where a
transporter can occupy at least two distinct
structural states that allow the transporter to be
open to the extracellular side with no immediate
access to the intracellular environment, or vice
versa.4,5 Supporting this model, crystal structures
of LeuT in the outward-facing open,6,7 outward-
facing occluded8 and inward-facing open6 confor-
mations have been reported. In recent years, hydro-
gen deuterium exchange (HDX) coupled with mass
spectrometry (MS) has become a well-established
technique for elucidating the conformational
dynamics of proteins in solution by measuring the
exchange of hydrogen to deuterium at the protein
backbone amides when a protein is placed in
deuterated solvent.9,10 We previously used HDX-
MS to study the conformational dynamics of LeuT11

as well as eukaryotic members of the NSS fam-
ily.12,13 An interesting feature of LeuT11 and dDAT13

is that most regions whose dynamics aremodulated
by substrate binding also undergo slow and coordi-
nated unfolding/refolding motions that result in HDX
according to a less common exchange regime,
referred to as EX1 kinetics. These slow unfolding/
refolding dynamics are revealed by HDX-MS as
low- and high-mass isotopic envelopes in the mass
spectra, representing a yet-to-unfold, non-
exchanged protein population and an already-
unfolded, exchanged protein population, respec-
tively.14,15 The transition of the low-mass isotopic
envelope towards the high-mass isotopic envelope
during the exchange reaction reports on the rate
of conformational opening (i.e. the rate of local
unfolding, kop).

14 For LeuT, we showed that a slow
unfolding/refolding of key TM helices occurs and
that these dynamics are modulated by binding
ligands and ions. Based on these findings, we pro-
posed a viable mechanism of function for substrate
translocation by LeuT through partial unwinding of
helical regions in TM 1, 5, 6 and 7 aswell as in extra-
cellular loops 2 and 4.11 However, this work was
performed at a non-native temperature (25 �C) for
2

LeuT. LeuT originates from A. aeolicus, ther-
mophilic bacteria found at the outflow of hot springs
(85–95 �C).16 As most techniques in the study of
structural biology are unable to operate at those
extreme temperatures, information about LeuT
has so far only been acquired at lower temperatures
(4–25 �C). Thus the impact of temperature on the
conformation and dynamics of LeuT is not known.
Furthermore, in our previous HDX-MS study of
LeuT, Leu was used as a substrate mimic. How-
ever, Leu is a poor substrate,17,18 verging on inhibi-
tory, and HDX-MS studies using better substrates
could be highly interesting.
We were thus motivated to investigate the

conformational dynamics of LeuT at higher
temperatures closer to the native state of the
protein and furthermore study how LeuT dynamics
was impacted by the better substrate Ala.
Accordingly, we used HDX-MS to evaluate the
impact of temperature (45 �C and 60 �C) on the
conformational dynamics and how it is influenced
by Ala relative to Leu. We find that both Ala- and
Leu-bound states induce changes in HDX in
regions that have previously been reported to play
a role in initiating the intracellular release of
substrate but also in regions that, to our
knowledge, have not been previously reported to
be important for the function of LeuT. In particular,
the difference in the ligand-induced dynamics of
TM511 and in the N-terminal20 suggests possible
involvement of these regions in determining the
transport rate of LeuT. Furthermore, after account-
ing for effects on chemical exchange rates, we find
that increasing the temperature only induces an
increase in the conformational dynamics of LeuT
in a subset of regions, some of which have been
shown to be key to function, including TM6a, TM7.
Importantly, at higher temperatures, several TMs
of LeuT still undergo slow correlated unfolding/re-
folding motions. However, some of these concerted
motions are accelerated by increasing temperature,
indicating that the conformational states of LeuT
observed at room temperature are also present at
higher temperatures albeit the transport is overall
more dynamic when operating at its native
temperature.

Results

Ligands have distinct impact on the
conformational dynamics of LeuT

The difference in LeuT transport of substrates
with high and low kcat such as Ala and Leu,
respectively, has previously been investigated by
the insertion of probes in specific domains of LeuT
known to move during transport.18 Here, we wished
to compare the conformational dynamics of LeuT
under the influence of the two substrates. To do
this, we performed HDX of the transporter in the
presence of either Ala or Leu and compared it to
the sodium-bound reference state. Online pepsin
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proteolysis yielded 89 peptides covering 73.2% of
the protein sequence, allowing for comprehensive
comparison between the relevant experimental
states (Na+, Na+ + Ala and Na+ + Leu).
Binding of Ala induced significant changes in the

HDX of multiple segments of LeuT relative to the
Na+ state (Figure 1). The effects were mostly
centered around the bundle domain (i.e. TM1, 2,
6, 7), but several interconnecting loops (i.e. IL1,
IL2, EL3 and EL4), as well as TM5, were also
affected. We observed decreased HDX of TM1a
(residues 15–28), TM6b (residues 253–260) and
intracellular part of TM7 (residues 275–296).
These regions have been suggested to participate
in the opening and closing motions of the
intracellular vestibule.6,21,22 Thus, the observed sta-
bilization of intracellular segments suggests a clo-
sure of the inner gate in the presence of Ala.
Moreover, these results are in agreement with data
reported on dDAT where similar effects were found
in TM1, 6 and 7 upon binding DA.13 Decreased
dynamics were also observed for peptides covering
TM1b (residues 29–34) and TM2/IL1 (residues 60–
81). TM1b is positioned right above the substrate
pocket and its engagement in a salt bridge with
Asp404 in TM108 can restrict access of the binding
pocket from the extracellular environment, thus sta-
bilizing the transporter in a conformation occluded
to the extracellular environment.
On the extracellular side, Ala induced increased

HDX for EL4 (residues 312–324), EL3 (residues
216–229) and parts of EL3 and TM6a (residues
229–244). The increased dynamics in these
regions have been connected to an outward-
facing conformation of LeuT,11 as well as in SERT12

and DAT13, when in the presence of their natural
substrates. Intriguingly, the binding of Ala induced
destabilization in the extracellular region of TM7
(residues 297–305) at first measured time points
(i.e. 0.25 min and 1 min) and stabilization at the lat-
est time point (i.e. 60 min).
Apart from the above-mentioned extracellular

regions, the binding of Ala induced structural
destabilization of the N-terminal (residues 1–16)
and the intracellular half of TM5 (residues 184–
199). Residues from the N-terminal have been
suggested to form multiple interactions with the
intracellular parts of TM6b and TM8, limiting the
access to the binding pocket of LeuT,8 whereas
TM5 has previously been proposed to participate
in substrate translocation in transporters of the
LeuT fold, by unwinding its GlyX9Pro motif
(Gly190 to Pro200 in LeuT) to facilitate the intracel-
lular release of the Na2 ion.23 Furthermore, we have
previously reported the presence of slow correlated
unfolding/refolding (EX1) kinetics in the proximity of
Phe194.11 Overall, the observed effects of Ala in
these regions suggest structural rearrangements
beneath the substrate-binding site, that favor iso-
merization towards the inward-facing state and the
3

release of the substrate to the intracellular
compartment.
Binding of Leu impacted the HDX of many of the

same regions of LeuT also impacted by Ala,
however, we observed distinct differences in the
N-terminal and TM5 regions (Figure 2).
Furthermore, the nature of the impact (i.e.
reduced or increased HDX) and the magnitude of
the change differed between the two ligand states
in several regions including the N-terminal, TM1a,
TM2, TM5, and IL3. Compared to Ala, Leu
induced increased stabilization of the N-terminal
region and the intracellular segment of TM5.
Moreover, the magnitude of the stabilization effect
induced by Leu was approximately 2.5-fold and
0.5-fold larger in TM1a (residues 15–28) and TM2
(residues 61–81), respectively, when compared to
Ala. At the same time, Leu induced a stabilizing
effect on IL3 (residues 266–277), relative to the
Na+ alone and Ala states. The effect on IL3 has
been previously reported for DAT in the presence
of dopamine.13 Lastly, slow correlated unfolding/re-
folding (EX1) kinetics were observed for multiple
regions in all experimental states, as will be
described separately in a later section. Notably,
the slow kinetics were visible in all the regions
exhibiting Leu/Ala-induced changes in HDX, with
the exception of a segment covering TM2/IL1.
Impact of temperature on the conformational
dynamics of LeuT

Next, we performed HDX of LeuT at higher
temperatures (45 �C and 60 �C) to see how the
conformational dynamics would be affected by the
increased temperature. Online pepsin proteolysis
yielded 78 peptides covering 71% of the protein
sequence that were used to measure local HDX
across all employed temperatures. At each
temperature, the sampling of the HDX reaction
was adjusted to compensate for the known effect
of increased temperature on the chemical
exchange rate (kch) (Table S5).24,25 The HDX of
LeuT in the presence of K+ at 25 �C was used as
a reference state to evaluate the effect of tempera-
ture on the transporter’s conformational dynamics,
thus making our results here comparable to previ-
ous work.
At 60 �C, increased HDX (i.e. structural

destabilization) was observed in multiple regions
of LeuT including TMs 2/3/4/5/6a/7/10/11 and
interconnecting loops IL1/IL5/EL4b (Figure 3).
Significant variations in HDX between the elevated
temperature states and the reference state were
observed for the time points correlating to 60 min
at 25 �C, whereas fewer significant differences
were found for the time points correlating to the
0.25 min time point at 25 �C. Increased HDX was
seen after 0.25 min HDX at 60 �C (compared to
its correlated time point at 25 �C) for regions



Figure 1. The effect of Ala binding on the local HDX of LeuT. (a) Difference plots illustrating the difference in HDX
between the Na+ state and Ala state for the 89 peptides identified from LeuT at four time points (yellow – 0.25 min; red
– 1 min; blue – 10 min and black – 60 min). Positive values indicate increased HDX in the reference state compared to
the Ala state (i.e. stabilization in the presence of Ala), while negative values illustrate decreased HDX (i.e.
destabilization in the presence of Ala). Structural motifs of LeuT are displayed along the x-axis, accompanied by
orange bars representing peptides following the EX1 kinetic regime. The dotted line (±0.41 Da) indicates a 98% CI
threshold value for significant differences in HDX. The stars indicate peptides exhibiting EX1, where bimodal
deconvolution shows differences above CI between employed functional states. (b, c) Regions showing significant
increase (red) and decrease (blue) in deuterium uptake have been represented on (b) a crystal structure (PDB ID:
2A65) and (c) a snake diagram of LeuT. Segments of LeuT colored light grey in the snake diagram (c) indicated
regions that did not show differences in HDX between the experimental states, whereas segments colored in dark
grey indicates segments of protein sequence not covered by peptides. Lines at the top and the bottom of the crystal
structure and snake diagram of LeuT illustrate an approximation of the extracellular (Out) and intracellular (In) border
of the membrane.
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covering TM4 and TM7. Interestingly, with the
exception of peptides covering TM2/IL1, TM3 and
extracellular part of TM10, all regions exhibiting
differences in HDX between the temperature
states also displayed slow cooperative unfolding/
4

refolding motions (i.e. EX1 kinetics). Most of the
regions exhibiting increased HDX at 60 �C
involved parts of both the bundle domain (TMs 2,
6 ,7) and of the scaffold domain (TMs 3–5 and
10). Intriguingly, TM1a and TM6b, which are both



Figure 2. The effect of Leu on the local HDX of LeuT. (a) Difference plots illustrating the difference in HDX between
the Na+ state and Leu state for the 89 peptides identified from LeuT at four time points (yellow – 0.25 min; red – 1 min;
blue – 10 min and black – 60 min). Positive values indicate increased HDX in the reference state compared to the Leu
state (i.e. stabilization in the presence of Leu), while negative values illustrate decreased HDX (i.e. destabilization in
the presence of Leu). Structural motifs of LeuT are displayed along the x-axis, accompanied by orange bars
representing peptides following the EX1 kinetic regime. The dotted line (±0.38 Da) indicates a 98% CI threshold value
for significant differences in HDX. The stars indicate peptides exhibiting EX1, where bimodal deconvolution shows
differences above CI between employed functional states. (b, c) Regions showing significant increase (red) and
decrease (blue) in deuterium uptake have been represented on (b) a crystal structure (PDB ID: 2A65) and (c) a snake
diagram of LeuT. Segments of LeuT colored light grey in the snake diagram (c) indicates regions that did not show
differences in HDX between the experimental states, whereas segments colored in dark grey indicates segments of
protein sequence not covered by peptides. Lines at the top and the bottom of the crystal structure and snake diagram
of LeuT illustrate an approximation of the extracellular (Out) and intracellular (In) border of the membrane.
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involved in substrate coordination and transport did
not exhibit changes in HDX at elevated
temperatures.
Despite no specific function having been

assigned to TM4, we observed destabilization in
the region (peptide 168–183) at 45 �C and 60 �C.
5

Peptides 209–215 and 210–215 covering the
extracellular part of TM5 also exhibited increased
HDX at higher temperatures. Also, a part of TM6a
(peptide 245–252) showed increased HDX at
higher temperatures, this region immediately
preceding residues involved in accommodating
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substrate and Na1 in the central binding site.
Correlated exchange in TM6 has been connected
with partial unwinding of its helices allowing for
intracellular release of substrate.11 Peptides cover-
ing the binding site of TM6 (peptide 253–259, 253–
260, 254–260) did not show significant changes in
HDX upon increased temperature. Substantial
temperature-induced destabilization was observed
for peptides spanning the entire TM7. This struc-
tural motif participates in Na1 coordination and pre-
sents an interruption in the TM7 (Gly294), inferred
to facilitate accommodation of neighboring motifs
during substrate transport,8 and we have previously
connected EX1 kinetics in TM7 with slow localized
helical unwinding that could assist in substrate
transport.11 Lastly, segments covering TM10 and
TM11 (peptide 405–411 and peptides 450–459,
453–460, respectively) displayed increased HDX
at increased temperatures. Both structural motifs
present helical interruptions, which are inferred to
facilitate movements of neighboring TM1, 3, 6 and
8.8 Additionally, Asp 404 of TM10 participates in
forming a salt bridge with Arg 30 directly above
the substrate-binding site.26

We note that LeuT did not show typical signs of
aggregation at elevated temperatures during the
HDX experiment, e.g. corresponding to a loss of
ion signal with time. We did, however, notice that
a bimodal peak distribution, which did not
interchange with time, did emerge in TM2/IL1 after
prolonged exposure at 60 �C, which could indicate
a partial irreversible denaturation in this region of
LeuT at 60 �C – and thus this phenomenon could
have an impact on the HDX behavior of LeuT at
60 �C. In any case, any such impact would
necessarily be quite localized in nature as we did
not observe similar behavior in neighboring
regions of LeuT at 60 �C. We did, however,
observe that at prolonged incubation times
(>10 min) at higher temperature (primarily 60 �C),
a significant loss of activity of LeuT occurs
(Figures S4–S6). While the nature of this loss of
activity and binding competency is not known, it
could be due to a partial aggregation or
denaturation with time at high temperature despite
the absence of clear signs of this in the HDX data.
Thus, in order to account for this partial loss of
activity of LeuT at 45 �C, and particularly 60 �C
and to ensure that it did not interfere with our
analysis, great care was taken to base our
conclusions from the elevated temperature HDX
experiments only on timepoints sampled < 10 min
(i.e. Figure 3(a)).
Slow cooperative unfolding events in LeuT
helical domains

Multiple regions were observed to exchange
according to a EX1 regime, which has previously
been connected to a slow unfolding/refolding of
structured regions of LeuT (e.g. transmembrane
6

helices), which is connected to the transport rate
of LeuT.11

Regions in both Na+ , Na+ + Leu and Na+ + Ala
states of LeuT which exchanged according to the
EX1 regime included N-terminal (residues 1–16),
TM1a (residues 15–28), TM5 (residues 184–199),
TM6 (residues 253–260), TM7 (residues 275–289)
as well as EL4 (residues 312–324). Furthermore,
possible EX1 kinetics were identified in TM1b
(residues 29–34), TM2 (residues 44–59), EL2
(residues 123–148), TM4 (residues 168–183),
TM5 (residues 209–215), EL3/TM6 (residues
229–244), TM6a (residues 245–252), TM7
(residues 297–305), TM8 (residues 357–366),
TM10 (residues 405–411), TM11 (residues 450–
460), IL3 (residues 265–277) and EL4 (residues
325–331) (Figure 4(a) and (b)).
Providing a clear link to function, the rate of

opening (kop) in all regions exhibiting EX1 was
modulated by ligand binding, meaning each of the
ligand states affected the transition from the low-
mass isotopic envelope towards the high-mass
isotopic envelope (Figure 4(c)). The binding of Ala
induced an increase in the kop (i.e. faster
structural unfolding) of the N-terminal, TM5, EL4b
and EL3/TM6a, relative to the Na+ state.
Oppositely, the binding of Ala decreased the kop
(i.e. slower structural unfolding) for TM1a, TM6,
TM7. By contrast, the binding of Leu increased
the kop in EL4b and EL3/TM6a, and decreased it
for the N-terminal, TM1a, TM5, TM6, TM7, relative
to the Na+ state.
Bimodal deconvolution of peptides covering these

regions allowed calculation of the number of
residues participating in slow correlated exchange.
In the peptide covering the N-terminal (residues
1–16), the two isotopic envelopes differed in mass
by 3.4 Da, meaning that after taking back-
exchange into account, approximately six residues
underwent correlated exchange in this segment.
As fewer residues underwent EX1 exchange in an
overlapping peptide (residues 1–14), it appears
that the correlated exchange measured in the N-
terminal, is at least partly originating in TM1a.
Similarly, the EX1 observed in a peptide covering
TM1a (residues 17–28) revealed that
approximately six residues were participating in
the correlated motion. Overlapping peptides (15–
22 and 15–28), which could not be subjected to
bimodal deconvolution due to low signal quality,
indicated that the correlated exchange mainly took
place in the peptide spanning residues 15–22 of
TM1a. The two peptides covering TM5 (184–194
and 184–199) both showed approximately five
residues undergoing EX1, allowing the correlated
exchange to be traced to the intracellular region of
TM5 (i.e. peptide 184–194). The peptide covering
TM6 (residues 253–260) had four to five residues
undergoing EX1 exchange, confirmed by
overlapping peptides (253–259 and 254–260).
Similarly, correlated exchange was observed in
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peptides 275–282, 278–287 and 278–289,
revealing approximately four, seven and eight
residues, respectively, undergoing EX1 exchange.
The three peptides cover the entire intracellular
segment of TM7, indicating that substantial slow
concerted unfolding/refolding motions take place
in the region. Lastly, EX1 exchange was observed
in two peptides covering EL4b (312–324 and 314–
324). In both peptides, five residues underwent
EX1 exchange, meaning the correlated exchange
takes place within residues 314–324. Apart from
the new observation in this study of EX1 also in
the N-terminal, the regions otherwise identified to
undergo EX1 in LeuT are in good correlation with
our earlier work.11

While many regions of LeuT were unaffected by
temperature (Figure 3), most regions displaying
EX1 kinetics in LeuT were impacted by the
increasing temperature, with an increase in the kop
at 60 �C compared to 25 (Figure S1). These
regions included TM1b (residues 29–34), TM2
(residues 44–59), TM4 (residues 168–183), TM5
(residues 209–215), TM6a (residues 245–252),
TM7 (residues 275–305), TM8 (residues 357–
366), TM10 (residues 405–411), TM11 (residues
450–460) and EL4b (residues 325–331). Bimodal
deconvolution allowed us to observe distinct mass
envelopes in peptides covering the extracellular
part of TM5 (peptides 209–215 and 210–215),
where approximately four and three amide
hydrogens, respectively, underwent EX1
exchange. In TM6a (peptide 245–252),
approximately six residues were seen participating
in correlated exchange. Similarly, bimodal
deconvolution of a peptide covering EL4b
(residues 325–331) revealed approximately three
residues undergoing EX1 exchange. Intriguingly,
probing the effect of elevated temperatures on
LeuT allowed us to identify possible EX1
exchange in regions not previously reported to
exhibit this type of kinetics, such as TM2, TM4,
TM8, TM10 and TM11. However, despite
observing EX1 kinetics for single peptides
covering the above-mentioned regions, the mass
spectra covering these segments were not
amenable to bimodal deconvolution due to
extremely slow unfolding kinetics or insufficient
separation of the two mass isotopic envelopes on
the m/z scale.
Discussion

Crystal structures of LeuT in multiple functional
states,6–8 complemented by a multitude of biophys-
ical techniques22,27–30 has established a basis for
understanding the structure and mechanism of
LeuT and its eukaryotic NSS counterparts. More-
over, the application of HDX-MS has provided
important insights into the in-solution conforma-
tional dynamics of this class of proteins. We
recently reported that LeuT in the presence of K+,
7

Na+ and Leu exhibits unusually slow unfolding/re-
folding kinetics, relevant for the translocation
process.11

Here, we sought to build on earlier work to
compare how Ala and Leu affect the
conformational dynamics of LeuT and how the
conformational dynamics are affected by
increasing the temperature to more native levels
for LeuT. Relative to the Na+ reference state, the
presence of Ala perturbed the dynamics of LeuT
in many of the same regions as Leu.
Nevertheless, we observe clear differences in the
magnitude of HDX effects induced by ligand
binding as well as in some cases opposing effects
of ligand binding (stabilization versus
destabilization). Based on these findings, we
propose that Ala and Leu shift the conformation of
LeuT to different extents within the substrate
translocation cycle (Figures 1 and 2). The binding
of Ala and Leu to residues in TM1 induced
structural stabilization in the region, indicating
stabilization of the intracellular gate of the
transporter. The magnitude of the stabilization
was greater for Leu. While Leu has a 20-fold
lower Kd than Ala (20 nm for Leu and 512 nm for
Ala),17 this cannot explain this difference in magni-
tude as all binding experiments were done under
conditions that ensure > 99% binding occupancy
of LeuT. Thus, binding of Leu induces a more pro-
nounced conformational impact to this region than
binding of Ala. According to Singh et al., 2008,17

both Leu and Ala engage in similar direct interac-
tions with TM1 (i.e. L25 and G26), as well as to
TM6 and TM3. A clear difference between Leu
and Ala is, however, the longer aliphatic side chain
of Leu, which forms stronger van der Waals interac-
tions within the hydrophobic pocket of the LeuT sub-
strate binding site, compared to Ala.17 Thus,
increased hydrophobic interactions and a resulting
overall stabilization of the binding site region could
explain the more pronounced HDX change in
TM1a observed upon binding Leu relative to Ala.
Furthermore, stabilization in TM6b and TM7
induced by both ligands supports a stabilization of
the intracellular gate of LeuT. Intriguingly, these
regions also undergo stabilization in the eukaryotic
DAT from Drosophila melanogaster in the presence
of its natural substrate dopamine.13 Also, stabiliza-
tion in parts of TM1a and TM1b was reported for
human SERT in the presence of serotonin (5-
HT),12 and thus this highlights a common dynamic
feature of NSS proteins upon binding substrate.
Decreased dynamics were observed in TM2 of

LeuT in the presence of both Ala and Leu. Similar
to TM1a, TM2 was more stabilized by Leu than by
Ala. The connection in conformational dynamics of
TM1 and TM2 has been previously reported,
highlighting the importance of a conserved motif
between these domains and their movement
during the transport cycle.8 Ala and Leu ligands also
induced destabilization in several other key regions



Figure 3. The effect of elevated temperature on the conformational dynamics of LeuT. (a) Difference plots illustrating
thedifference inHDXbetween the60 �Cstate and25 �Cstate (topplot) and45 �Cstate and25 �Cstate (bottomplot). The
difference in HDX was measured for 78 LeuT peptides at two correlated time points (top: green – 0.25 min and blue –
2min 56 s for 60 �C, equivalent to 5min 7 s and 60min at 25 �C, respectively); bottom: yellow – 0.25min and blue – 9min
52 s for 45 �C, equivalent to 1min 31 s and 60min at 25 �C, respectively). Positive values indicate increased HDX, while
negative values illustrate decreasedHDXcompared to the 25 �C reference state. Structuralmotifs of LeuTare displayed
along the x-axis, accompanied by orange bars indicating peptides exhibiting EX1 kinetics. The black dotted line
(±0.58 Da and ±0.53 Da for 45 �C state and 60 �C state, respectively) indicates a 98% CI threshold value for significant
differences in HDX. The stars indicate peptides exhibiting EX1, where bimodal deconvolution shows differences above
CI between employed functional states. (b, c) Regions showing significant differences in deuterium uptake (red)
illustrated on (b) a crystal structure (PDB ID: 2A65) and (c) a snakediagramof LeuT.Segments of LeuTcolored light grey
in the snake diagram (c) indicates regions that did not show differences in HDX between experimental states, whereas
segments colored in dark grey indicates segments of protein sequence not covered by peptides. The outer and inner
boundaries of the membrane are approximated by black (b) and grey (c) lines.
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Figure 4. Slow unfolding kinetics of LeuT. (a, b) Regions of LeuT displaying EX1 kinetics (orange) or possible EX1/
EXX kinetics (yellow) were plotted on the (a) crystal structure of LeuT (PDB ID: 2A65) and (b) snake diagram of LeuT.
(c) Representative mass spectra for peptide 17–28, which covers TM1a is shown for the Na+, Ala and Leu states
across measured time points (i.e. 0.25–60 min). The bimodal isotopic envelopes were fitted to a low- (blue) and high-
(red) mass envelope using HX-express and the depletion of the low mass envelope as a function of time was fitted to
obtain the rate of opening (kop) for each region. Compared to the Na+ reference state, kop of TM1a was decreased by
the presence of Ala and Leu, and most prominently so for the Leu state. For peptide 17–28 in all examined states, the
Dmax sample (spectrum and average deuterium content) was similar to that of the Na+-state at 60 min. Segments of
LeuT colored light grey in the snake diagram (b) indicates regions that did not show differences in HDX between the
experimental states, whereas segments colored in dark grey indicates segments of protein sequence not covered by
peptides. Lines at the top and the bottom of the crystal structure (a) and snake diagram (b) of LeuT illustrate an
approximation of the extracellular (Out) and intracellular (In) border of the membrane.

D. Calugareanu, I.R. Möller, S.G. Schmidt, et al. Journal of Molecular Biology 434 (2022) 167356
of LeuT. Increased dynamics observed in EL3,
EL4b and the extracellular segment of TM7 indi-
cates structural rearrangements likely involved in
the closing of the extracellular gate. In parallel to
the eukaryotic NSS members, destabilization of
EL4 induced by dopamine in DAT13 and Na+ in
SERT12 illustrates the importance of this region in
closing of the extracellular gate. An intriguing differ-
ence in the type of dynamics (i.e. stabilization and
destabilization) was observed in various regions of
LeuT by the presence of either ligand. As such,
the binding of Ala led to structural destabilization
9

in the N-terminal region and in the intracellular part
of TM5, whereas Leu stabilized both regions in
accordance to our previous report.11 Notably, a
structural destabilization, similar to that observed
here upon Ala binding to LeuT, has also been
observed for the N-terminal of SERT12 and DAT13

upon binding substrate, suggesting an important,
yet hitherto largely unrecognized, role of this region
in the transport mechanism. MD simulations indi-
cate that the phosphorylation of the N-terminal of
hDAT31,32 has a strong tendency to associate with
IL4, suggesting that the N-terminal is a significant
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allosteric modulator of the functional inward-
opening of hDAT. In LeuT, Arg5 and Trp8 located
in the N-terminal region are known to form
intramolecular interactions with residues from the
TM8 (Asp369) and the IL4 (Ser267 and Tyr268)
on the intracellular side of the transporter. As this
bonding blocks the access to the binding site from
the cytoplasmic side and stabilizes the conforma-
tion of adjacent TM1a and TM6b, we propose that
disruption of these bonds and resulting destabiliza-
tion of this region could be part of internal structural
rearrangements of LeuT, required to shift the trans-
porter towards the intracellular release of substrate.
Similarly, the structural destabilization of the neigh-
boring intracellular segment of TM5, induced by Ala
binding, supports a conformational shift towards an
inward-facing conformation of the transporter. A
similar structural destabilization was also observed
for LeuT in the presence of K+.11 It is noteworthy
that this intracellular segment of TM5 undergoes
slow correlated unfolding (EX1) and an increase in
these conformational dynamics has been previ-
ously linked to the intracellular release of Na+, mark-
ing the onset of the inward isomerization of
LeuT.11,23

As stated earlier, it was not possible to calculate
the precise rate of opening (kop) of many regions
of LeuT due to an incomplete transition or
insufficient separation of the two mass envelopes
(i.e. too few amides undergoing correlated
exchange). Even so, spectra analysis clearly
indicated accelerated unfolding motions upon
binding Ala in the N-terminal region, TM1a and
TM5 compared to the Leu-bound state. We
propose that this indicates that the energy barriers
associated with establishing an intracellular
passage for substrate is lower for Ala, allowing an
accelerated transition towards the inward state,
thus providing a rationale for the much higher
transport rate of Ala compared to Leu. The
observed bimodal isotopic envelopes seen for
peptides covering the substrate binding sites in
TM1a and TM6b, revealed that both Ala and Leu
induced stabilization of the regions, which can be
connected to closing of the extracellular face of
the transporter and/or indicate that the binding site
is still occupied by ligand. Additionally, similar rate
of opening was induced by Ala and Leu in TM6b
and in the intracellular segment of TM7, showing
that the dynamics of these regions were stabilized
to the same extent by both ligands. The dynamics
of TM6b and TM7 were previously reported as the
rate-limiting step in the transport cycle,11 which is
consistent with our current data. In conclusion, we
propose that while in the presence of Leu, LeuT is
trapped in an outward-facing occluded state,
whereas binding of Ala allows LeuT to adopt an
inward-occluded conformation.
While comparison of LeuT with Ala and Leu was

done to identify a possible explanation for the
difference in their rate of transport, this work was
10
performed at a non-native temperature (25 �C) for
LeuT, which is evolutionarily optimized to function
at the higher temperatures native to A.aeolicus.16

Our HDX analysis of LeuT at higher temperatures
show that increased temperature induces destabi-
lization in regions covering both bundle and scaffold
domains. Increased dynamics in the extracellular
part of TM6 point to a potential shift in the structural
assembly of LeuT towards an outward-facing con-
formation. Considering that at 25 �C, LeuT favors
an inward-facing conformation in the K+ state,19

used for these experiments, it can be inferred that
increased temperature accelerates the rate of tran-
sition between the outward-facing state and the
inward-facing state of the transporter. Interestingly,
no differences were observed in the conformational
dynamics of the intracellular parts of TM6 and TM1
(i.e. TM1a -TM6b), which have previously been
reported to undergo slow unwinding motions,11

allowing the substrate passage to the intracellular
compartment. As the experiments were carried
out only in the presence of K+, it can be speculated
whether these regions would also have shown
altered dynamics upon increasing the temperature
if substrate and the co-transported Na+ have been
present.
The part of TM10which is adjacent to Asp404 and

is known to form a water-mediated salt bridge with
Arg30 in TM1b, exhibited temperature-induced
structural destabilization. The conserved Asp404-
Arg30 charged pair interaction is believed to
stabilize the transporter in an outward-facing
occluded conformation, shielding the substrate
and sodium binding sites from the extracellular
environment.8 The increased dynamics in TM10
may be caused by this linkage being disrupted
and the transporter visiting a conformationmore fre-
quently open towards the extracellular solution. Fur-
thermore, destabilization at higher temperature was
observed in the extracellular part of TM2, which is
adjacent to a highly conserved interaction motif
between TM1b and TM2. This is consistent with
SERT accessibility studies that have indicated
TM2 movements during the transport cycle.33 Fur-
thermore, the helical interruptions formed by highly
conservedGly 55 and Pro 57 kinks in TM2 has been
shown to accommodate movement of the neighbor-
ing TM6 helix and thus the temperature-increased
dynamics in TM2 may be linked to the similarly
increased dynamics in the extracellular part of
TM6. Increased conformational dynamics at higher
temperatures were also observed in the intracellular
core formed by the intracellular parts of TM2, IL1
and TM3, which suggests rearrangement of these
TMs at higher temperatures. However, LeuT did
display signs of partial irreversible denaturation
after prolonged exposure at 60 �C in these regions,
meaning that further interpretation should be
approached with caution (Figure S2). Increased
conformational dynamics were also observed in
the extracellular part of TM5, whichmay be a further
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indication of LeuT possibly transitioning towards an
outward-facing conformation. Intriguingly, similar to
previous reports of slow correlated unfolding in the
intracellular part of TM5,11,23 at increased tempera-
ture it becomes apparent that EX1 exchange also
occurs in the extracellular part of TM5. Possibly,
these EX1 kinetics were present but too slow to
be observed at the lower non-native temperature
of 25 �C and this part of TM5 instead simply appear-
ing to not exchange significantly.
The most pronounced temperature-induced

destabilization was observed for peptides
spanning TM7. The magnitude of the
destabilization thus appears to underscore the
importance of TM7 in supporting the transition of
LeuT between different conformations. However,
previous studies have only reported the
mechanistic involvement of the intracellular part of
TM7, whereas here we also observed
destabilization in its extracellular part.
Temperature-induced increase in dynamics in the
extracellular part of TM7 points to LeuT sampling
an outward-facing conformation more often. Thus,
the increased dynamics at higher temperatures in
both the intra- and extracellular parts of TM7
indicates that LeuT is transitioning between its
functional states at an accelerated rate, which
correlates nicely with the expected higher kcat of
transporters of thermophilic microorganisms at
higher, more native temperatures.34 EL4b, located
in the loop region between TM7 and TM8, also dis-
played increased dynamics at elevated tempera-
tures. This region has been previously reported to
move towards TM10 upon binding of K+19 and,
unlike in the presence of K+ at 25 �C, where we
reported decreased HDX of EL4b11 in an inward-
facing conformation of the transporter, we observe
that temperature may induce an outward-open con-
formation of LeuT. The temperature-induced desta-
bilization in TM7 and EL4b further suggests the
importance of these regions in driving the structural
rearrangements between distinct functional states
of LeuT, and highlights that they are sensitive to
the temperature of LeuT’s environment and their
dynamics are closely linked to the kcat of the trans-
porter. Elevated temperature led also to increased
dynamics in TM11, which has only been suggested
to be involved in multimerization in eukaryotic
NSS.35 Our observations could suggest that the
conserved helical kink caused by Pro457, could
be involved in accommodating rearrangements in
TM11 linked to the transport cycle of LeuT, but we
note that mere sensitivity to temperature does not
necessarily imply that the corresponding region
plays a role in substrate translocation.
With the exception of peptides covering TM2/IL1,

TM3 and the extracellular part of TM10, all other
regions that exhibited temperature-induced
destabilization also displayed EX1 kinetics. The
number of regions of LeuT exhibiting EX1 kinetics
indicates that the transporter samples different
11
conformational states relatively slowly at least
when it is embedded in detergent micelles. The
presence of EX1 kinetics in several key functional
regions in the transporter has been suggested to
describe the slow concerted movement required
for successfully translocating the substrate across
the membrane. Previously identified key regions
of LeuT involved in the transport cycle, such as
TM1a/6b/5/7, retained their EX1 signature at all
tested temperatures. However, apart from TM7,
increased temperature did not affect the
distribution of the bimodal mass envelopes in any
of these regions, meaning that the kop in these
helical domains was not perturbed. It is possible to
speculate whether including the substrate would
lead to the kop of regions involved in substrate
binding (e.g. TM1a and TM6b) being affected by
temperature. However, in the tested conditions,
TM6b would remain as the limiting factor in the
substrate translocation cycle, with a previously
reported kop of 0.0007 s�1.11 Similarly, increased
temperature did not perturb the rate of EX1 kinetics
in the conserved intracellular motif in TM5, which
may also suggest the importance of substrate and
Na+ occupying the substrate-binding pocket for
impacting these slow unfolding events. Strikingly,
the intracellular part of TM7, however, did display
accelerated EX1 kinetics with increasing tempera-
ture. Considering that molecular dynamics simula-
tions have shown that the absence of Na+ in the
Na1 site results in an outward tilting of TM7,30 the
accelerated EX1 kinetics in the intracellular part of
TM7, as well as in its extracellular segment, might
indicate that LeuT becomes inherently more
dynamic when approaching its native temperature
conditions. In a similar manner, elevated tempera-
tures increased the rate of correlated exchange in
several other regions, including TM10/11. It is note-
worthy that at 25 �C, less than half of the protein
population had undergone exchange in these
regions, even after being exposed to deuterium for
72 h, and though more dynamic, the regions had
not yet managed or barely exchanged 50% of their
backbone amide hydrogens in the other tempera-
ture states either. Although we presently observed
accelerated dynamics in these regions as a function
of temperature, one should not necessarily infer that
they thus play an important role in the transport
cycle and additional studies will be needed to clarify
the functional role, if any, of TM10/11.We note how-
ever that in the case of DAT, parts of TM8, TM9,
TM10 and TM12 displayed changes in HDX upon
binding substrate, linking these regions to function
for this eukaryotic NSS protein.
Taken together, our results show that Leu and Ala

binding induce distinct changes in HDX in regions
that have previously been reported to play a role
in initiating the intracellular release of substrate.
Additionally, we also observe changes in HDX in
regions that, to our knowledge, have not been
previously reported to be important for the function
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of LeuT. In particular, the difference in the ligand-
induced dynamics of TM5 and in the N-terminal
suggests possible involvement of these regions in
determining the transport rate of LeuT.
Furthermore, Ala appears to allow LeuT to
transition further along the conformational
coordinate of the transport cycle than LeuT,
inducing conformational features indicative of an
inward-facing state of the transporter. We find that
increasing the temperature induces an increase in
the conformational dynamics of LeuT in multiple
regions. Importantly, at higher temperature key
regions including several TMs of LeuT still
undergo slow correlated unfolding/refolding
motions, however, some of these concerted
motions are accelerated by increasing
temperature. This indicates that conformational
states of LeuT observed at room temperature are
also present at higher temperature. The
transporter is, however, more dynamic when
operating at its native temperature, which
correlates with our initial hypothesis of increased
dynamics at LeuT’s native temperature.
Materials and Methods

All chemicals were bought from Sigma Aldrich
and were of purity suitable for molecular biology or
higher unless otherwise specified.
Expression and purification of LeuT

Wild-type LeuT was overexpressed in E. coli C41
(DE3) transformed with pET16b vector encoding C-
terminally His-tagged protein (expression plasmid
was kindly provided by Dr. E. Gouaux, Vollum
Institute, Portland, Oregon, USA). The membrane
fraction was isolated and solubilized in 1% (w/v)
DDM and subsequently purified by nickel-affinity
chromatography into buffer containing 20 mM
Tris-HCl (pH 8.0), 200 mM KCl, 300 mM
imidazole, 0.05% (w/v) DDM and 20% (v/v)
glycerol as previously described.19 Lastly, purified
LeuT was dialyzed against imidazole-free buffer
and subsequently frozen and stored at �80 �C until
further use.
Scintillation proximity assay

The activity of purified LeuT was assessed by
measuring its saturation binding to [3H]leucine
using scintillation proximity assay, as described
previously.19 Briefly, the binding assay was per-
formed by mixing 0.5 mg/mL of purified LeuT with
0.125 mg/mL YSi-Cu His-Tag SPA beads (Perki-
nElmer). Binding was assessed by adding increas-
ing concentrations of [3H]leucine to the bead-bound
LeuT. Nonspecific background was determined in
the presence of unlabelled leucine. The activity
was monitored by MicroBeta scintillation counter
(PerkinElmer) and the data was fitted using Graph-
12
Pad Prism 6 software to a one-site saturation to
obtain Kd and EC50.
HDX of LeuT as a function of temperature

Protein samples were separately incubated at
25 �C, 45 �C and 60 �C for 10 minutes with their
corresponding aqueous buffer, which allowed for a
constant pH of approximately 8.0 across all
employed temperatures (25 �C buffer: 20 mM Tris
(pHread 8.0), 200 mM KCl, 0.05% DDM; 45 �C:
34.5 mM Tris (pHread 8.1), 200 mM KCl, 0.05%
DDM; 60 �C: 52.45 mM Tris (pHread 8.08),
200 mM KCl, 0.05% DDM) (Figure S3). Following
equilibration, HDX was initiated by diluting the
equilibrated samples 1:6.6 with pre-warmed
deuterated buffer to a final D2O content of 85% (v/
v) (25 �C buffer: 20 mM Tris (pHread 8.1), 200 mM
KCl, 0.05% DDM; 45 �C: 22 mM Tris (pHread 7.9),
200 mM KCl, 0.05% DDM; 60 �C: 8 mM Tris
(pHread 8.1), 200 mM KCl, 0.05% DDM). At
selected time points (Table S1) a 50 mL aliquot of
HDX sample was extracted and quenched by
mixing it with precooled quench solution (219 mM
potassium phosphate (pHread 2.3), 6 M urea) in
1:1 ratio. Subsequently, the samples were placed
in a bath consisting of dry ice and ethanol mixture
until fully frozen (approx. 11, 13 and 17 seconds
for the 25 �C, 45 �C and 60 �C, respectively). The
frozen samples were transferred to a �80 �C
freezer for storage until further use. All samples
were prepared and measured in triplicate.
Maximally labeled control samples were prepared
by incubating an HDX sample for 72 h at 25 �C.
HDX of LeuT with Ala and Leu.

Protein samples were equilibrated in the
presence of L-alanine, L-leucine and Na+ alone for
30 min at 25 �C prior to initiating the HDX reaction
(20 mM Tris (pHread 8.0), 200 mM NaCl, 0.05%
DDM). The ligands were added in a concentration
that allowed for > 99% binding occupancy of LeuT
during equilibration (400 mM L-alanine and 25 mM
L-leucine) and HDX. Following equilibration, HDX
was initiated by diluting the equilibrated samples
1:6.6 with deuterated buffer (20 mM Tris (pHread

8.0), 200 mM NaCl, 0.05% DDM) to a final D2O
content of 85% (v/v), to initiate the HDX reaction.
At selected time points (15 s, 1 min, 10 min and
60 min) a 50 mL aliquot of HDX sample was
extracted and quenched by mixing it with
precooled quench solution (219 mM potassium
phosphate (pHread 2.3), 6 M urea) in 1:1 ratio and
immediately frozen in a �80 �C freezer. All
samples were prepared and measured in
duplicate (n (Na+) = 3, n (Na+ + Ala) = 3, n (Na+ +
Leu) = 2). Maximally labeled control samples were
prepared by incubating an HDX sample for 72 h at
25 �C in the presence of Na+.
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Liquid chromatography and mass
spectrometry

Frozen quenched samples were thawed and
immediately injected into a cooled (0 �C)
NanoAcquity UPLC system (Waters) with HDX
technology. The samples passed through an in-
house packed pepsin column containing pepsin
immobilized agarose resin. The generated
peptides were trapped on a C18 trap column
(ACQUITY UPLC BEH C18 Vanguard Pre-
column, 130 �A, 1.7 mm, 2.1 � 5 mm, Waters) for
3 min at a flow rate of 200 mL/min solvent A
(0.23% formic acid in MQ water, pH 2.5).
Subsequently, the peptides were separated using
a C18 analytical column (ACQUITY UPLC BEH
C18, 130 �A, 1.7 mm, 1 mm � 100 mm, Waters)
with a C18 trap column in front by employing a
linear gradient from 8 to 50% solvent B (0.23%
formic acid in acetonitrile) over 9 min at a flow rate
of 40 mL/min. A C18 trap column was placed in
front of the analytical column to act as a guard
column. The separated peptides were eluted
directly into a hybrid Q-TOF SYNAPT G2-Si high-
resolution mass spectrometer (Waters), with
electrospray ionization in positive mode and lock-
mass correction done with Glu-fibrinopeptide B.
The mass spectrometer was operated with 2.8 kV
capillary voltage, 30 kV sampling cone voltage,
90 �C source temperature, 150 �C desolvation
temperature, 600 L/h desolvation gas flow, and
30L/h cone gas flow. The peptides were further
separated by ion mobility by using a nitrogen flow
of 90 ml/min, wave velocity of 580 m/s and wave
height of 40 V.

Peptide identification criteria and HDX data
analysis

Peptide identification was performed by collision-
induced dissociation and acquired either in a data
dependent (data dependent acquisition: DDA) or
data independent (DIA) manner. DDA files were
processed with ProteinLynx Global Server (PLGS)
version 3.0 and had to have a mass error lower
than 10 ppm and pass manual inspection of PLGS
generated fragment spectrum. DIA identified by
PLGS were filtered in DynamX version 3.0 and
had to have a mass error lower than 10 ppm
(maximum MH + error of 10 ppm), minimum 0.2
products per amino acid and the peptide had to be
identified by PLGS in at least three out of four DIA
files. The presence of precursor ion and all
subsequent HDX analysis was done in DynamX
version 3.0. Peptides displaying EX1 kinetics upon
deuteration were analyzed with HX-express 2.0.
The number of backbone amide hydrogens
undergoing correlated exchange were calculated
using the following equation:

#NH ¼ DHDX � 100%

100%� BE
ð1Þ
13
whereDHDX is the difference in HDX between the low-
and high-mass isotopic envelope (DHDX , n = 3), and
corrected according to the measured back-exchange of
the respective peptide.

BEð%Þ ¼ ð1�mmax �m0%

N � Dfrac

Þ � 100% ð2Þ

wheremmax is the mass of the maximally labeled peptide,
m0% is the mass of the non-deuterated peptide, N is the
number of amide hydrogens in the peptide (excluding N-
terminal and prolines) and Dfrac is the fraction of
deuterium in the HDX labeling buffer.
To determinewhether a difference in theHDX of a

peptide between two experimental states was
significant or not, the standard deviation (SD) of
deuterium uptake for each peptide, across all time
points and performed in triplicate, was used to
calculate a confidence interval. The standard
deviation of a state was calculated by using the
root-mean-square (RMS) (Eq. (3)), which was
then used to calculate the pooled standard
deviation (SDpool ) of the difference between State
A and State B in Eq. (4), which allowed for
calculating the 98% confidence interval (CI) (Eq.
(5)):

SDRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiP

s2
i

N

r
ð3Þ

SDpool ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SD2

RMSA þ SD2
RMSB

q
ð4Þ

CI ¼ x
� �t � SDpoolffiffiffi

n
p ð5Þ

where si represents all the SD within an experimental
state, N is the total number of peptides measured in

triplicate, SD2
RMSA is the root-mean-square of state A,

SD2
RMSB is the root-mean-square of state B, t is a table

value for a two-tail 98% CI with two degrees of
freedom (t98% = 6.965), n is the number of replicates
(n = 3).
To allow access to the HDX data of this study, the

HDX Data Tables (Tables S3-4) and the HDX Data
Summary Table (Table S2) are included in the
Supplementary Information according to the
community- based recommendations.36 Deuterium
uptake plots are available as Figures S7 and S8 in
the Supplementary Information.
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