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Substrate binding-induced conformational
transitions in the omega-3 fatty acid trans-
porter MFSD2A

Shana Bergman1,4, Rosemary J. Cater2,4, Ambrose Plante1, Filippo Mancia2 &
George Khelashvili 1,3

Major Facilitator Superfamily Domain containing 2 A (MFSD2A) is a transpor-
ter that is highly enriched at the blood-brain and blood-retinal barriers, where
it mediates Na+-dependent uptake of ω−3 fatty acids in the form of lysolipids
into the brain and eyes, respectively. Despite recent structural insights, it
remains unclear how this process is initiated, and driven by Na+. Here, we
perform Molecular Dynamics simulations which demonstrate that substrates
enter outward facing MFSD2A from the outer leaflet of the membrane via
lateral openings between transmembrane helices 5/8 and 2/11. The substrate
headgroup enters first and engages in Na+ -bridged interactions with a con-
served glutamic acid, while the tail is surrounded by hydrophobic residues.
This binding mode is consistent with a “trap-and-flip”mechanism and triggers
transition to an occluded conformation. Furthermore, usingmachine learning
analysis, we identify key elements that enable these transitions. These results
advance our molecular understanding of the MFSD2A transport cycle.

Endothelial cells of the blood-brain and blood-retinal barriers are
highly enriched inMajor Facilitator SuperfamilyDomain containing 2A
(MFSD2A)1. MFSD2A is an integral membrane transporter that med-
iates Na+-dependent uptake of ω−3 fatty acids like docosahexaenoic
acid (DHA) in the form of zwitterionic lysolipids such as lysopho-
sphatidylcholine (LPC-DHA) into the brain and eyes, respectively2–5. In
humans, single nucleotide polymorphisms in MFSD2A and changes in
MFSD2A expression levels have been implicated in several severe
neurological disorders including autosomal recessive primary
microcephaly6–11, intracranial haemorrhage and Alzheimer’s disease12.

MFSD2A belongs to the Major Facilitator Superfamily (MFS) of
transporters13. Like most other members of the superfamily, this
transporter is comprisedof 12 transmembranehelices (TMs)organised
into two pseudosymmetric six-helix bundles called the N-terminal
domain (TMs 1-6) and theC-terminal domain (TMs7-12)14. Themajority
of MFS transporters mediate the import/export of water-soluble
molecules using a “rocker-switch” mechanism13. According to this
mechanism, the N- and C-terminal domains undergo rigid-body

movements around a centrally located substrate-binding site, alter-
natively exposing it to the extracellular (EC) and intracellular (IC) sides
of themembrane. These outward-facing and inward-facing states (OFS
and IFS, respectively) are connected in the context of the transport
cycle through an occluded state (OcS) in which the substrate binding
site is inaccessible from either side of the membrane15.

Recently, we determined the structure of MFSD2A from Gallus
gallus (ggMFSD2A) in an IFS using single-particle cryo-electron
microscopy (cryo-EM; Fig. 1a)14. In this conformation, two major
functional sites of the transporter, a pair of absolutely conserved and
functionally essential residues (E312 and R85) and the proposed Na+-
binding site2 (D92, Fig. 1a, b), are located in a large IC-accessible cavity,
in the central region of the protein. This cavity also harbours the
substrate LPC-18:3 in a head-down configuration with its acyl tail bur-
ied in a hydrophobic pocket that spans about two thirds of the
membrane height (Fig. 1a, b). By combining these structural insights
with functional analyses and large-scale molecular dynamics (MD)
simulations, we discovered that binding of Na+ at D92 facilitates
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opening of an IC gate between TMs 5, 8 and 10 (comprised of residues
M182, F399 andW403; Fig. 1b), through which lysolipid substrates can
be released directly into the inner leaflet of the membrane. Our MD
simulations also demonstrated that within the central region, the
substrate headgroup can be coordinated by E312 and R85, and thatNa+

can transiently interact with E312 in the absence of substrate14.
Parallel and subsequent studies have reported the structures of

MFSD2A in other conformations16,17, including one of Mus musculus
MFSD2A (mmMFSD2A) in an OFS16 (Fig. 1c-d). In this structure, E312
and R85 are exposed to the EC milieu via a vestibule lined by the EC
ends of TMs 1, 2, 5, 7, 8 and 11 (EC vestibule; Fig. 1c). Comparison of the
OFS and IFS reveals large-scale conformational changes of two helical
pairs, TM5/TM8 and TM2/TM11, each containing one helix per domain.
Indeed, in the OFS these two pairs create a right-side-up V-shape
(Fig. 1c), whereas in the IFS, they are reoriented to adopt an inverted
V-shape (Fig. 1a). Interestingly, the OFS structure featured lipid-like
cryo-EM densities within lateral openings at the membrane-protein
interface, between TM5/TM8and TM2/TM11, suggesting that theymay
provide an entrance pathway for substrates from the outer leaflet of
the membrane into the EC vestibule16.

Together, these studies demonstrate that MFSD2A utilises a
“rocker-switch” mechanism of alternating access, but it is not known
how MFSD2A has adapted its mode of substrate engagement to allow
for the transport of lysolipids – which are atypical substrates for MFS
transporters. Broadly speaking, two different models of protein-

mediated lipid transport have been proposed, the “trap-and-flip”, and
the “credit-card” mechanism18–27. In the “trap-and flip” model, lipid
substrates are recruited via themembrane andentirely enclosedby the
transporter as they are shuttled from one leaflet of the membrane to
the other. This was recently demonstrated to be the mechanism by
which the proton-dependentMFS glycolipid exporter LtaA functions27.
In contrast, in the “credit-card” model the lipid headgroups traverse
themembrane by populating a hydrophilic pathway in the transporter,
while the hydrophobic tails are maintained in the hydrophobic milieu
of the lipid bilayer. Lipid scramblases such as those from the TMEM16
family have been shown to utilise thismechanism28. Importantly, in the
context of MFSD2A, both of these mechanisms would be adaptations
of the “rocker-switch” mechanism – with the “trap and flip” or “credit
card” component describing how the lysolipid substrate engages with
the protein during the translocation process, and the “rocker-switch”
describing the conformational changes the protein undergoes to
accommodate the substrate and facilitate its transport.

In this study, we focus on several key mechanistic questions to
delineate ifMFSD2Autilises a “trapandflip”or “credit card” adaptation
of the “rocker-switch” mechanism to allow for transport of lysolipid
substrates: (i) How do substrates enter and bind to MFSD2A on the
extracellular side? (ii) What is the role of Na+ in this process? and (iii)
How does substrate binding facilitate isomerization to an OcS? To
answer these questions, we perform extensive atomistic multi-
replicate MD simulations of MFSD2A which reveal that substrate
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Fig. 1 | The IFS and OFS of MFSD2A. a Two views of ggMFSD2A in the IFS (PDBID:
7MJS14) from the plane of themembrane, related by a 180° rotation. TMs 2, 5, 8 and
11 are shown in blue, orange, red and green, respectively. The remainder of the
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sticks) the central charged residues E312 and R85, the Na+ binding site residue D92,
and the IC gate residues,M182, F399 andW403. All TMs exceptTMs 2, 5, 7, 8, 10 and
11 are omitted for visual clarity. c, d The equivalent of panels a and b, respectively,
for the homologymodel of ggMFSD2A in theOFS. The locations of the EC vestibule
and central region are highlighted in panels a and c with rectangular boxes.
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enters MFSD2A from the outer leaflet of the lipid bilayer via both the
TM5/TM8 and TM2/TM11 lateral openings. Once within the central
region, the headgroup of the substrate binds to E312 in a Na+-bridged
manner and the tail is engulfed by hydrophobic residues on the EC
side. Our machine learning-based analysis of these simulations further
demonstrate how this substrate bindingmode is allosterically coupled
to conformational changes on the IC side of the transporter that allow
for transition of MFSD2A to the OcS and then IFS. These findings
complement available structural and functional studies, provide a
comprehensive molecular-level understanding of the transport cycle,
and support the notion that MFSD2A utilises a “trap-and-flip” adapted
“rocker-switch” mechanism.

Results
Substrates enter MFSD2A via lateral openings to themembrane
To understand how the substrate enters and binds to MFSD2A, we
carried out 48 independent atomistic multi-replicate MD simulations
of an outward-facing ggMFSD2A model (Fig. 1c, constructed based on
homology to mmMFSD2A, see Methods) in a phosphatidylcholine
(POPC) bilayer containing the substrate LPC-18:1 in the EC leaflet.
During these simulations, which had a cumulative sampling time of
~79 µs, we observed multiple events of LPC-18:1 insertion into the
central region of the protein via the lateral openings between both
TM5/TM8 and TM2/TM11 (Fig. 2a, b). To quantify these insertion
events, we defined the Cα atom of F399 (part of the IC gate located on
TM10, Figs. 1c, d and 2a) as a reference point, and measured the
minimal distance along the membrane normal (z) axis (dZ), between
every LPC-18:1 lipid phosphorus atom (P) and F399Cα in each trajectory
frame. This analysis revealed three distinct populations of LPC-18:1
(Fig. 2c): one with the LPC-18:1 headgroup positioned in the bulk
membrane (dZ ~ 20 Å); a second with the LPC-18:1 headgroup posi-
tioned near E312 in the central region (dZ ~ 13 Å); and a third with the
LPC-18:1 headgroup further down towards the IC side, and in close
proximity to the IC gate (dZ ~ 5 Å, see also Fig. 2a). On the simulation
timescales, the number of LPC-18:1molecules that inserted themselves
into the central region (i.e., those with dZ ≤ 13 Å) via each lateral
entrance varied. From our 48 trajectories, we observed that LPC-18:1
entered via TM5/TM8 10 times and via TM2/TM11 21 times. Interest-
ingly, there were also 4 instances in which the central region was
penetrated by the substrates from both sides concomitantly.

In contrast to what we observed with LPC-18:1, our equally
extensive control simulations of ggMFSD2A embedded in a pure POPC
membrane (48 replicates, ~74 µs cumulative sampling time) revealed
that POPC molecules are unable to insert themselves deep into the
transporter (i.e., near the IC gate). Indeed, while POPC lipid headgroup
penetration was observed in 8 simulations – exclusively via the TM2/
TM11 entrance – the headgroup did not reach the level of F399Cα
(Fig. 2d–f). This behaviour is in line with observations from our pre-
vious MD simulations of MFSD2A in the IFS, wherein POPC could only
partially and transiently enter the intracellular cavity, but lysolipid
substrates (LPC-18:1, LPC-18:3, LPC-DHA) could extensively sample
and penetrate deeply into it14. These observations can likely be
attributed to the relatively larger size of the two-tailed POPCcompared
to the single-tailed LPC-18:1 (Fig. 2g), with estimated volumes of
~1265 Å3 and ~822 Å3 at 40 °C, respectively29. Overall, these results
demonstrate that lysolipids are more likely to insert with their head-
group deep into the transporter than glycerophospholipids, con-
sistent with the experimental observation that MFSD2A specifically
transports mono-acyl chain lipids2.

Na+ mediates interactions between the substrate headgroup
and E312
While most substrate insertion events were partial – i.e., only the
headgroup would insert into the central region while the lipid tail
would remain in the outer leaflet of themembrane –we observed two

events (trajectories) of substrate insertion via the TM5/TM8 pathway
that resulted in full substrate embedding and occlusion in the central
region. In the first trajectory (Traj-1), only one substrate was seen
penetrating (via the TM5/TM8 lateral entrance) and inserting into the
central region (Supplementary Movie 1). In the second trajectory
(Traj-2), substrate penetration via the TM5/TM8 lateral entrance
occurred concomitantly with a second substrate entering via the
TM2/TM11 lateral entrance (Supplementary Movie 2). The binding
modes of the substrates that inserted via the TM5/TM8 entrance in
these two trajectories were similar, with the substrate headgroup
coming in close proximity to E312 (Fig. 3a, b). In Traj-2, the headgroup
of the additional substrate that entered via TM2/TM11 formed con-
tacts with the fully inserted substrate (that entered via TM5/TM8),
while its tail predominantly remained in the lipid bilayer.

In both trajectories, the interaction between the substrate head-
group and the carboxyl group of E312 were long-lasting (up to
800–900 ns timescale), and – surprisingly – bridged by Na+ (Fig. 3c).
Indeed, when Na+ was within 2.5 Å of E312, the P atom of the substrate
was stably maintained at <6 Å from the E312 carboxyl carbon atom
(Fig. 3b, c). In this configuration, theNa+ bridges the carboxylmoiety of
E312 and the oxygen atoms of the LPC headgroup (Fig. 3d–f). This is
different fromwhatwe observed in the simulations without substrates
as well as in our previous simulations of substrate-free ggMFSD2A in
the IFS14, where Na+ only transiently interacted with E312 (on the
timescales of <100ns) and the LPC headgroup could directly, albeit
transiently, engage with E312. Together, these results suggest binding
of Na+ and of the substrate headgroup at E312 are synergistic and
provide mutual stabilisation at this site.

Interestingly, coordinated binding of the substrate headgroup
andNa+ by E312was accompanied by conformational shifts in E312 and
in the nearby residue F399 which constitutes part of the IC gate.
Specifically, during Traj-1, the sidechain of E312 gradually rotated from
facing TM10 to facing TM2, whereas the aromatic ring of
F399 switched from facing TM7 to TM5 (Fig. 3g). These dynamic
changesmay be required to accommodate the substrate headgroup in
the central region.

E312D substitution destabilises LPC-18:1 in the binding site
We previously demonstrated that the conservative mutation E312D is
sufficient to significantly abrogateMFSD2A-mediated transport14. This,
combined with our observation that Na+ mediates the interaction
between the substrate headgroup and E312 (Fig. 3), allows us to
hypothesise that the detrimental effect of this mutation could be due
to disruption of the E312-Na+-substrate interaction. To test this, we
introduced E312D into twodifferent frames from the Traj-1 simulations
– differing only in the rotameric state of F399 to explore if the con-
formation of this IC gate residue influences substrate binding in par-
allel – and carried out ~36 µs long multi-replicate simulations,
alongside an ~50 µs long multi-replicate simulation from the same
frames in the wild type (WT) system (Fig. 3d, e).

To quantify the differences between these simulations, we cal-
culated the root-mean-square deviation (RMSD) of the substrate
position and measured the distance between its P atom and the car-
boxyl carbon of the 312 sidechain (Fig. 4a, b). For E312D, this analysis
showed diffuse RMSD profiles for substrate position and broad dis-
tance distributions, suggesting destabilization. In contrast, the RMSD
of the substrate position in theWT system had a distinguished peak at
low values, and the P-E312 distance distribution was narrow, with a
peak at ~5 Å. These data are consistent with the substrate being more
stably bound in the WT protein.

These effects appear to be related to the different modes of Na+

binding at position 312 in the two systems. Indeed, in the WT system,
the distance between the carboxyl carbon of E312 and the nearest Na+

ion is ~2.5 Å (Fig. 4c, Peak P1), corresponding to Na+ coordination that
involves both carboxyl oxygens of the E312 sidechain (Fig. 4d). In
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contrast, for E312D, peak P1 is diminished, and a second peak P2 is
formed at >3Å separation, corresponding to a binding mode in which
Na+ is coordinated by just one carboxyl oxygen of D312 (Fig. 4e). Taken
together, these data combined with our prior functional character-
isation of E312D14, are consistent with the requirement of Na+ for
optimal coordination and stabilisation of the substrate headgroup via
both terminal oxygens of E312.

The substratehydrophobic tail is stabilisedbyaromatic residues
in the EC vestibule
While the substrate headgroup interacts with E312 as described above
(Fig. 4), its hydrophobic tail is engulfed within the transporter and
adopts multiple positions as it explores the EC vestibule (Fig. 5a and
Supplementary Movies 1 and 2). In Traj-1, following initial substrate
insertion (Fig. 5a; segment I), the terminal end of the tail is situated
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close to the EC end of TM1, whereas the region proximal to the
headgroup is located near TM10. Indeed, both the distance between
the LPC-18:1 ω−1 carbon (in IUPAC numbering) and F60, located
towards the top of TM1, and the distance between the LPC-18:1 ω−14
carbon and V395, located approximately halfway along TM10, are ~5 Å
(Fig. 5a; segment I). After ~0.4μs the substrate tail rearranges so that
the ω−1 carbon moves away from TM1 and towards TM8 (Fig. 5a;
segment II). As a result, the ω−1/F60 distance increases to ~14 Å and
conversely, the distance between the ω−1 carbon and L333 in TM8
decreases from ~10Å in segment I to ~5 Å in segment II (Fig. 5a). After
~1μs, the substrate tail repositions again so that its terminal endmoves
back towards TM1, resulting in anω−1/F60 distance of ~4 Å. In concert
with this, the headgroup-proximal region of the tail becomes sand-
wiched between TM7 and TM10, as indicated by an ω−14/V395 dis-
tanceof ~4 Åwhere it is thenmaintaineduntil the endof the simulation
(Fig. 5a, segment III).

In Traj-2 – where the central region is penetrated by two sub-
strates via the TM5/TM8 and TM2/TM11 lateral entrances con-
comitantly (Fig. 3d) – the substrate tail inserting from the TM5/TM8
entrance adopts a position similar to that observed in Traj-1 segment II
(Fig. 5b, segment IV). The terminal region of the tail then samples an
area between TM7 and TM10, as indicated by an increased ω−1/L333

distance (Fig. 5b, segment V). In contrast, the ω−14 carbon region is
less dynamic, maintaining a distance of ~5 Å to V395 throughout seg-
ments IV and V. The somewhat different positioning of the substrate
tail in Traj-2 compared to that of Traj-1 may be attributed to the fully
embedded LPC-18:1 in the former also being engaged with the head-
group of the other partially inserted substrate (Fig. 3d and Supple-
mentary Movie 2). Overall, this analysis shows that following an initial
dynamic sampling of the EC vestibule, the terminal region of the
hydrocarbon tail of the inserted substrate is stabilized by a network of
aromatic residues, whereas the headgroup-proximal region is stably
positioned between TM7 and TM10.

LPC-18:1 insertion leads to dehydration of the EC vestibule and
transition to an OcS
Next, we investigated the conformational changes in MFSD2A that
accompany substrate insertion. We reasoned that the EC vestibule
would narrow upon substrate insertion to allow its hydrophobic resi-
dues to coordinate the inserted substrate tail as described above
(Fig. 5). To probe this hypothesis, we measured the distances between
theCα atomsof residueson theECendsof TM1 (F61), TM5 (V200), TM7
(A316) and TM8 (F329) throughout the duration of Traj-1 and Traj-2.
Over the course of Traj-1, these distances contract on average by ~2 Å
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(Fig. 6a), resulting in anOcS conformation inwhich both the TM5/TM8
lateral entrance and the EC vestibule have substantially narrowed, and
the substrate is entirely surrounded by protein (Fig. 6c). Consistent
with these changes, the number of accumulated water molecules fol-
lowing substrate insertion is also reduced from ~45 to ~30 (Fig. 6b),
suggesting that this insertion results in partial dehydration of the EC
vestibule. In contrast, the extent of EC vestibule closure and dehy-
dration in Traj-2 is not as pronounced (Fig. 6a, b). This is not surprising
given the simultaneous presence of the second lysolipid, which has its
hydrocarbon tail extending through TM2/TM11 and into the mem-
brane, likely impacting the protein dynamics that enable occlusion of
the transporter. Interestingly, we found that closure of the TM5/TM8
lateral entrance upon occlusion was largely induced by a kinking
motion around the conserved residue P345 on the IC end of TM8
(Fig. 6d). Indeed, the distribution of the kink angle for the two trajec-
tories in which substrate insertion and concomitant formation of the
OcS occurred was reduced (~34° on average) compared to simulations
which led to no lipid penetration or occlusion (~40o on average;
Fig. 6e). It is possible that this kinking may be mechanistically impor-
tant for regulating the equilibrium between the open/closed state of
the intracellular TM5/TM8 lateral gateway through which lysolipids
exit the central cavity14.

To better understand how these helical movements that occur
during occlusion affect the overall distribution of waters inside the

protein, we carried out a pore analysis of both theOFS andOcS (Fig. 7).
These analyses revealed that MFSD2A contains a continuous water
pore running through its interior in both states, and that the ‘central
region’ of this channel (demarcated by residues F399 and F60; pore
coordinate 135–150) is narrower in the OcS than in the OFS (Fig. 7a–c).
Interestingly, the direction of the pore axis in this region diverges in
the OFS and OcS trajectory sets. Indeed, in the OFS, the pore axis is
relatively central, whereas in the OcS it is diverted towards the TM2/
TM11 region (Fig. 7d–f). This is likely due to the inward motion of TMs
that line the EC vestibule during occlusion (TM 1, 5, 7 and 8; Fig. 6)
which narrows the EC vestibule, consequently redirecting the water
pathway towards TM2/TM11.

TM7 is a major structural element for classification of the OFS
and OcS conformations
Next, we investigated specific conformational changes that initiate
isomerization of MFSD2A into the OcS described above (Fig. 6). To
achieve this, we discerned structural differences between the OFS and
OcS using a Deep Neural Network (DNN) classification algorithm for
pattern recognition analysis of MD trajectories that we previously
developed30. This machine learning protocol transforms function-
related, construct/state-specific differences encoded in MD trajec-
tories into visual representations recognisable by deep learning object
recognition technology. Themethod thenperformsclassification tasks
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with high accuracy and enables identification of molecular features of
the protein that are major determinants for distinct conformations30.

To perform this analysis, we extracted the first and last 4000
frames from Traj-1 (outputted every 160 ps) to represent the ensem-
bles of the OFS and OcS conformations, respectively. Each frame was
converted into a 2-dimensional rectangular image in which each pixel
represents an atom (in sequential order from top left to bottom right)
and coloured using a combination of red, green and blue (RGB) values
according to the XYZ coordinates of the atom it represents. These
visual representations were then used as input for the DNN algorithm
for training, validation and testing. The accuracy of the algorithm on
the test set was 99% for the OFS class, and 97.6% for the OcS class,
resulting in an overall accuracy of 98.3% (Fig. 8a). Throughout the 100
epochs run, the loss of function for the validation set decreased to
0.057 (Fig. 8b), suggesting that the DNN was highly successful in the
classification task.

To identify which molecular determinants were most significant
for DNN classification, we carried out visual saliency sensitivity
analysis30. This involves computing the gradient of the neural

network’s classification score for all pixels in the visual representation
of the trajectory frames, i.e., for all atoms of MFSD2A included in the
analysis. The larger the gradient for a given pixel (atom), the more
attention the neural networkpays inmaking the classificationdecision.

This saliency analysis identified residues A293, Y294 and K296
located in the IC end of TM7 as the most significant features for clas-
sification (saliency cut-off of ≥0.6; Fig. 8c–f). Indeed, when the DNN
calculations were repeated with the entire A293-K296 region excluded
from the input data, the overall accuracy decreased to ~70%, and the
loss of function score for the validation set remained above ~0.5,
indicating poor convergence and performance of the algorithm (data
not shown). This analysis suggests that classification of the OFS and
OcS ensembles was largely influenced by the conformational sampling
of this region, and in particular of A293, Y294 and K296 (Fig. 8e, f).

To identify themolecular determinants of this classification in the
context of the state-to-state transitions in ggMFSD2A, we compared
the conformations of the 293–296 region of TM7and residues residing
in the IC ends of neighbouring TMs in the OFS and OcS. In the OFS,
Y294 formsπ-π interactionswith F427andY431 fromTM11 (Y294-F427
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and Y294-Y431 distances of 2.6 Å and 2.8 Å, respectively, Fig. 4). In the
OcS state, these stacking interactions are broken as Y294 rotates away
from F427/Y431 and the IC end of TM7 shifts away from TM11
(Fig. 9b–e). We hypothesised that these conformational rearrange-
ments couldmechanistically enable structural transition of the protein
from the OcS to the IFS. Indeed, further structural analysis of this IC
region revealed that as the transporter transitions from the OcS to the
IFS, TM11 moves away from TM2 and towards TM7, so that TM11 and
TM7 are again juxtaposed, as in the OFS (Fig. 9c). Intriguing rearran-
gements of F431 and W403 were also observed upon this transition.
While in the OFS and OcS F431 points towards TM7 and W403 points
towards the central region (Fig. 9a, b), these residues switch positions
in the IFS such that F431 occupies the space previously filled byW403,

andW403, in turn, flips away from the central region, thereby allowing
it to associate with other residues that form the functional IC gate
(Fig. 9c). These results reveal a mechanistic link between conforma-
tional shifts of the IC end of TM7 that occur upon transition between
the OcS and IFS, and formation of the IC gate through which substrate
is later released into the inner leaflet of the membrane14.

Dynamic allosteric coupling between the IC ends of TM7/TM11
and substrate binding site
Intriguingly, our data demonstrate that rearrangement of the IC ends
of TM7/TM11 temporally coincides with insertion of the headgroup-
proximal portion of the substrate hydrocarbon tail between TM7 and
TM10 at ~1μs (Figs. 5a and 9e). This observation hints at a potential

di
st

an
ce

, Å
V200 - A316
V200 - F329

F61- A316

0 0.5 1.0 1.5 0 0.5 1.0 1.5 10

12

14

16

18

20

22

time, μs time, μs 

Traj-1 Traj-2

90o

OFS OcS
8 5

8
5

8 85 5

1 1
7

7

1 = F61
5 = V200
7 = A316
8 = F329

a

c

b

nu
m

be
r o

f E
C

 w
at

er
s

10

20

30

40

  60

0
time, μs 

V200 - A316
V200 - F329

F61- A316

1.20.4 0.8 1.6

50

  70

lipid insertion lipid insertion

Traj-1
Traj-2

LPC not inserted

d

15
kink angle α, degree 

4525 35 55

Pr
ob

ab
ilit

y
Traj-1
Traj-2

LPC not inserted

65
0

0.04

0.12

0.08

e

OFS OcS

P345P345

) )α α

TM5
TM8

TM5
TM8

Fig. 6 | LPC-18:1 insertion leads toanoccludedstate (OcS)ofggMFSD2A. aTime-
evolution of Cα-Cα distances between the EC ends of TM5-TM7 (V200-A316), TM5-
TM8 (V200-F329) and TM1-TM7 (F61-A316) in Traj-1 (left) and Traj-2 (right). Dashed
vertical lines represent the time-points atwhich the substrates penetrating viaTM5/
TM8 in each trajectory engaged in Na+-mediated interactions with E312. b Number
of water molecules in the EC vestibule during Traj-1, Traj-2 and a representative
trajectory in which no LPC insertion was observed.Watermolecules were classified
as belonging to the EC vestibule if any of its atoms were within 3 Å of the following

sidechains: Q52, C56, F61, L81, R85, T189, T193, G197, E312, A316, F329, L333, M337,
S439, L443 and S446. c The OFS (left) and OcS (right) of ggMFSD2A in the plane of
themembrane (top) and from the ECmilieu (bottom). Theprotein is represented as
in previous figures with yellow circles representing the locations of the four resi-
dues described in panel a. d Ribbon representations of TM5 and TM8 showing the
kink angle at P345 (α), in the OFS and OcS in TM8. Residue P345 is highlighted in
stick representation. e Distribution of the kink angle at P345 (α) in the three
trajectories.

Article https://doi.org/10.1038/s41467-023-39088-y

Nature Communications |         (2023) 14:3391 8



allosteric relationship between the IC ends of TM7/TM11 and residues
in the central region/EC vestibule which coordinate the substrate
headgroup and tail, respectively (Figs. 3 and 5). To determine if such
allostery indeed exists and to quantify its strength, we employed the
N-body Information Theory (NbIT) approach to calculate the coordi-
nation information (CI) between various sites (Supplementary Fig. 1).
CI quantifies the amount of information that is shared between two
sites of the protein called the ‘transmitter’ and the ‘receiver’31,32. We
defined the transmitter site (Ts) as the IC ends of TM7/TM11 (Y294/
F427/Y431), while receiver sites R1 and R2 were comprised of residues
from the EC vestibule (F61/V200/F329) and central region (E312/F399),
respectively (Supplementary Fig. 1a).

TheCI values betweenTs andbothR1 andR2are greater in theOcS
(last 4000 frames of Traj-1) than in theOFS (first 4000 frames of Traj-1;
Supplementary Fig. 1b). The largest CI increase occurred between Ts

and R2, whichmore than doubled in the OcS compared to the OFS. To
assess the significance of these observations, we conducted additional
NbIT calculations with receiver sites that are located on the protein’s
periphery and not predicted to be involved in substrate binding (R3-
R5; Supplementary Fig. 1a). As anticipated, the average CI values
between Ts and R3-R5 were relatively low (Supplementary Fig. 1b),

demonstrating that the allosteric coupling between these sites is
weaker than that between Ts and R1/R2. Notably, while the CI between
Ts and R3 increased from “low” in the OFS to “average” in OcS, it still
remained significantly weaker than the CI between Ts and R2 (Sup-
plementary Fig. 1b).

As a negative control, we also performed NbIT analysis on a tra-
jectory where no substrate penetration occurred. Here, the protein
remained in the OFS throughout the trajectory and the CI values
between Ts and R2-R5 in this system were similar to those observed in
the OFS ensemble from Traj-1 (i.e., before substrate penetration;
Supplementary Fig. 1a). These findings demonstrate a strong allosteric
coupling between Ts and R2 in OcS but not in OFS.

To identify allosteric communication channels between the
intracellular ends of TM7/TM11 (Ts) and the lysolipid headgroup
binding site (R2), we then quantified the mutual coordination infor-
mation (MCI) between Ts and R2. MCI measures the coordination
information shared between the transmitter and receiver sites that is
also shared by another site (i.e., a communication channel) in the
protein. MCI values for the OcS trajectory were high in various struc-
tural locations, indicating strongly correlated fluctuations throughout
the protein, whereas MCI values for the OFS trajectory were
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substantially lower (Supplementary Fig. 1e). Together, these results
demonstrate quantitatively that dynamic changes at the intracellular
end of TM7/TM11 (Ts) regulate the coordinated motions of F399/E312
(R2), which in turn coordinate the substrate headgroup within the
central region of MFSD2A.

Discussion
Highly enriched within endothelial cells of the blood-brain and blood-
retinal barriers, MFSD2A performs Na+-dependent uptake of DHA in
the form of a zwitterionic lysolipid into the brain and eyes,
respectively1. Recent reports have determined high resolution struc-
tures of MFSD2A in various states and offer valuable mechanistic
insights into how the substrate is released from the protein into the
inner leaflet of the membrane to complete the transport cycle14.
However, the molecular details regarding substrate entry and binding

on the extracellular side of the protein, and the role Na+ plays in this
process have not been elucidated. It has also not been demonstrated
how the protein transitions throughout the transport cycle, and what
molecular determinants facilitate such isomerization.

Taking the results from this study together with recent structure/
function studies of MFSD2A14,16,17, we propose that MFSD2A mediates
lysolipid transport using a “trap-and-flip” adaptation of the “rocker-
switch”mechanism13,27. According to this, the transporter begins in the
OFS where the substrate partitions into the MFSD2A central region
from the outer leaflet of the membrane via lateral openings between
TM5/TM8 and TM2/TM11, while Na+ enters from the extracellular
milieu. Once substrate is within the central region, the lateral openings
narrow, and the protein contracts – thereby allowing an OcS to be
adopted with substrate and Na+ stably bound. Here, the phosphate of
the substrate’s headgroup is engaged in Na+-bridged interactions with
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E312, while the tail is stabilized by a network of aromatic residues
including F329, F60 and F61 (Fig. 10a; Substrate Binding Site 1).
Notably, only substrates that entered via TM5/TM8wereable to bind in
this mode where the substrate is entirely engulfed by the protein and
all coordinating residues are both conserved and critical for
transport14. We hypothesise that movement of Na+ from E312 to D92
then destabilises the bound substrate, thereby causing it to slide down
to its second binding site (Fig. 10b; Substrate Binding Site 2) which we
previously determined using cryo-EM14. These events coincidewith the
transition of the protein to the IFS, after which the IC gate (F399/
W403/M182) opens, and the substrate is released into the inner leaflet
of the membrane via the TM5/TM8 lateral opening. These results are
consistent with those of our previous study which we demonstrated
using a combination of experimental and computational approaches14.

This mechanism gains further support through various experi-
mental studies. Indeed, our finding that the lateral openings between
TM5/TM8 and TM2/TM11 in the OFS provide entry pathways for sub-
strates aligns with two independent experimental investigations16,33.
Furthermore, the mechanism we propose is in line with that recently
suggested for the structurally related MFS glycolipid exporter, LtaA.
Much the same as the collective evidence forMFSD2A, LtaA appears to
recruit its substrate via the TM5/TM8 lateral opening, binds it in a
completely occluded fashion, and uses “rocker-switch” conforma-
tional changes to enter theOFSwhere the substrate is then released via
the extracellular TM5/8 and TM2/11 lateral gateways27. These simila-
rities suggest that “trap-and-flip” adaptations of the “rocker-switch”
mechanism may be a common trait amongst MFS transporters that
have adapted to transport lipidic substrates.

Our analyses have revealed that the occlusion of MFSD2A is
facilitated by a coordinatedmovement led by specific transmembrane
helices, including TM1, TM2, TM5, TM7, TM8 and TM11. These helices
have all have been previously reported as important contributors in

the function-related structural transitions in the MFS transporters for
small polar molecules, such as the lactose/H+ symporter LacY15. Our
machine learning analysis has revealed that aromatic residues located
within the IC segments of TM7 and TM11 serve as allosteric switches
that direct state-to-state transitions in MFSD2A. More specifically, in
the OFS and IFS, the IC segments of TM7 and TM11 are engaged with
each other via π-stacking interactions, while in the OcS, TM7 distances
itself from TM11 (Fig. 9). Notably, in Traj-1 the separation of TM7 from
TM11 on the IC side upon transition from the OFS to the OcS tempo-
rally coincideswith insertion of the headgroup-proximal portion of the
substrate hydrocarbon tail between the central segments of TM7 and
TM10 (Figs. 9e and 5a respectively; ~1μs), manifesting in strong allos-
teric coupling between the IC ends of TM7/TM11 and the lysolipid
headgroup binding site (Supplementary Fig. 1). This embedding forces
TM7 to tilt such that the EC portion of TM7moves inward while the IC
portionmoves outward, away fromTM11 (Fig. 6a, c). This suggests that
the stabilized insertion of the substrate hydrocarbon tail on the EC side
is allosterically connected to themovementof TM7 away fromTM11 on
the IC side, which may in-turn serve as a preparatory step that allows
TM11 the flexibility to move back towards TM7 and away from TM2 as
the protein transitions towards the IFS. Interestingly, the re-
engagement of TM7 and TM11 upon transition to the IFS directly dis-
places W403 – a key component of the IC gate – such that it swings
away from the central region and towards the area between TM5 and
TM8, thereby placing it in the correct position to function as the
IC gate.

Taken together, our work provides comprehensive mechanistic
insights ofMFSD2A-mediated transport and proposes amodel for how
MFSD2A utilises elements of both “rocker-switch” and “trap-and-flip”
mechanisms to mediate lysolipid transport. Still, several questions
remain. For example, is either of the two lateral entrances (i.e.,
between TM5/TM8 or TM2/TM11) preferred under physiological
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conditions? What mechanistic details underpin the precise temporal
relationship betweenNa+ and substrate headgroupbinding at E312 and
between Na+ binding at E312 and D92? What are the molecular
mechanismsunderlying theOcS to IFS transition andmovement of the
substrate from Site 1 to Site 2 (Fig. 10)? Furthermore, what role does a
conserved disulphide crosslink – which bridges an EC loop of the
N-domain to one of the C-domain – play in substrate selectivity and/or
transporter dynamics? Lastly, our research has not addressed the
potential impact of membrane lipid composition, including choles-
terol, sphingomyelin, or highly charged inositol lipids, on the function
of MFSD2A, despite their known ability to modulate the conforma-
tional dynamics of membrane proteins. While further studies will be
needed to address these remaining questions, our findings here have
provided substantial steps towards understanding the mechanistic
basis underpinning MFSD2A-mediated lysolipid transport.

Methods
Molecular constructs for molecular dynamics simulations
All the computations describedherewere basedon the outward-facing
cryo-EM structure of mmMFSD2A (PDBID: 7N98)16. This structure was
used to construct a homology model of an outward-facing full-length
ggMFSD2A. We chose to study ggMFSD2A since our previously pub-
lished computational work on the inward facing MFSD2A protein
structure was based on it14. Thus, consideration of the same protein in
this work allowed us to comparemore conveniently the current results
to those published in ref. 14.We note thatmmMFSD2A and ggMFSD2A
structures are expected to be similar as their sequences are highly
homologous (74% identity)14.

To build an outward-facing full-length model of ggMFSD2A, the
OFS mmMFSD2A structure (PDBID: 7N98)16 and the predicted struc-
tures of the N- and C-domains from the IFS (PDBID: 7MJS)14 were used
as structural templates. Using Modeller v934, 100 models of the full-
length ggMFSD2Awere generated and ranked according to themolpdf
energy score. The model with the lowest molpdf, which can be found
at https://zenodo.org/record/7933371#.ZF_jKOzMLQ0 repository, was
chosen for all the subsequent computational experiments. To create
E312D mutant ggMFSD2A construct, the mutation was introduced to

the models of the WT protein using CHARMM-GUI web server35 (see
also “Results” section). Protonation states of the titratable residues
were predicted at pH 7 with Propka 3.136, resulting in default proto-
nation configurations.

Atomistic MD simulations of the wild type ggMFSD2A in a pure
phosphatidylcholine membrane
The OFS ggMFSD2A model was embedded into a membrane contain-
ing 484 POPC lipids. The protein-membrane complex was then
immersed into a solution box containing 52,500 water molecules,
144 K+ ions, and 145 Cl− ions (0.15M ionic concentration). The final
simulation box had a size of ~135Åx135Åx135Å and contained ~231,000
atoms, including explicit hydrogens.

The assembled system was subjected to a short equilibration run
with NAMD2.1337 using a standard set of equilibration scripts provided
byCHARMM-GUI. After this initial equilibration, the velocities of all the
atoms were randomly regenerated and the system was subjected to
extensive multi-replicate MD simulations whereby the system was
simulated in 48 independent replicates, each replicate 1.4-1.7 µs long
(~74 µs cumulative sampling). These MD simulations were carried out
with OpenMM 7.438 and implemented Particle Mesh Ewald (PME) for
electrostatic interactions. The runs were performed at 310 K, under
isothermal-isobaric (NPT) ensemble conditions using semi-isotropic
pressure coupling, and with 4 fs integration time-step (with mass
repartitioning). MonteCarloMembraneBarostat and Langevin ther-
mostats were used to maintain constant pressure and temperature,
respectively. Additional parameters for these runs included: “friction”
set to 1.0/ps, “EwaldErrorTolerance” 0.0005, “rigidwater” True, and
“ConstraintTolerance” 0.000001. The van derWaals interactions were
calculated applying a cut-off distance of 12 Å and switching the
potential from 10Å.

Atomistic MD simulations of WT ggMFSD2A in a POPC/LPC-18:1
membrane
Since MFSD2A transports lysolipids, such as LPC-18:12, we sought to
investigate how these substrates spontaneously penetrate and bind
MFSD2A using MD simulations. To this end, we constructed a system

a bSubstrate Binding Site 1 
in OcS

Na+

LPC

LPC

TM5
TM8

TM2
TM11

TM1

TM5

TM8

TM2

TM1

TM10

TM7

TM10
TM7

TM11

F60
E312

E312

F399

W403

Substrate Binding Site 2 
in IFS

Fig. 10 | Lysolipid substrate binding sites in ggMFSD2A. Substrate binds to
ggMFSD2A at two distinct sites: a Substrate Binding Site 1 when the protein is in the
OcS, and b Substrate Binding Site 2 when the protein is in the IFS. The IFS is the
cryo-EM structure (PDBID: 7MJS)14, whereas the OcS is a representative frame from
Traj-1. The Na+ ion bridging the interactions between E312 and the substrate in the
OcS is shown as a yellow sphere The protein is represented as in previous figures

with residues within 3 Å of substrate (LPC-18:1 in the OcS and LPC-18:3 in the IFS,
both denoted by “LPC”) highlighted. These residues are: Y51, Q52, F60,M309, E312,
F315, A316, L317, T320, F329, L333, I336, M337, V395, A398, T435 in the OcS, and
M182, V186, M309, L311, E312, I336, M337, I344, Q348, V395, F399, L400 andW403
in the IFS.
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with externally placed LPC-18:1 by replacing the 15 POPC lipids on the
extracellular leaflet that were closest to the protein in the trajectory
frame after the initial CHARMM-GUI equilibration phase (described
above) with 15 LPC-18:1 molecules. This was achieved by aligning the
lysolipid model with the selected POPC lipids (using the phosphorus
atoms of the two lipids as the reference group) and then removing the
POPC lipids from the system. The LPC-18:1-containing system was
minimised (for 3000 steps) and subjected to a short equilibration
(120 ps long). After this, the velocities of all the atoms were randomly
regenerated and the system was simulated in 48 independent repli-
cates, each replicate 1.6–1.7 µs long, resulting in ~79 µs cumulative
sampling (half of the replicates were run for 1.6 µs and the other half of
the replicates – for 1.7 µs). These multi-replicate MD simulations were
performed using OpenMM 7.4 with the same run parameters descri-
bed above implemented.

Sampling of an OcS of WT ggMFSD2A in a POPC/LPC-18:1
membrane
To sample the dynamics of WT ggMFSD2A OcS in a POPC/LPC-18:1
membrane, we identified from the above-described MD simulations a
trajectory frame in which the transporter was occluded around one
LPC-18:1 molecule inserted deep into the protein (see “Results” sec-
tion). This conformation was used as the starting point for additional
sets of multi-replicate MD simulations in which the system was run in
24 replicates, each replicate ~2.1 µs long (~50 µs cumulative sampling).
These MD simulations were performed using OpenMM 7.4 with the
same run parameters described above implemented.

Atomistic MD simulations of E312D ggMFSD2A in a POPC/LPC-
18:1 membrane
E312D ggMFSD2A was embedded into the POPC/LPC-18:1 bilayer
described above. The system was minimised (for 3000 steps) and
subjected to a short equilibration (120 ps long). After this, the velo-
cities of all the atoms were randomly regenerated and the mutant
system was simulated in 24 independent replicates, each 1.5 µs long
(~36 µs cumulative sampling). These multi-replicate MD simulations
were also performed usingOpenMM7.4with the same run parameters
described above implemented.

For all simulations we used the latest CHARMM36m force-field for
proteins and lipids39, as well as recently revisedCHARMM36 force-field
for ions which includes non-bonded fix (NBFIX) parameters40. For all
the standardMDdata analyses and visualisation VMD software version
1.9.3 was used41.

Machine learning analysis of the MD data
To identify structural elements in ggMFSD2A that sample the most
divergent conformations between the OFS and OcS ensembles, we
used the Deep Neural Network (DNN) classification algorithm descri-
bed previously (https://github.com/weinsteinlab/DNN)30. Briefly,
4000 trajectory frames (with the strideof 160 ps) representing theOFS
ensemble and 4000 frames (with the stride of 160 ps) representing the
OcS ensemble of states were selected (see Results). For both sets of
data, the trajectory frames were positionally and orientationally
scrambled30 and the coordinates of the TM segments (residue 39–68,
75–101, 110–129, 137–167, 171–202, 233–263, 292–318, 328–353,
358–374, 382–416, 424–450 and 465–491) were extracted and saved
into separate trajectoryfiles. Each trajectory framewas then converted
into a visual representation suitable for input to the DNN30 (see
“Results” section).

The DNN was constructed as a Densely Connected Neural Net-
work with 4 dense blocks containing 6, 12, 36 and 24 layers respec-
tively, 96 initial filters, a growth rate of 48 filters per layer, and a
reduction ratio of 0.5, in Keras42 with a Tensorflow43 backend based on
an established implementation44. The 8000 trajectory frames were
randomly split into a training, validation, and test sets using the ratioof

56:24:20, respectively. The neural network was trained on the training
and validation sets and tested on the test set. The sensitivity analysis
was performed by computing the gradient using the visual saliency
package provided by keras-vis45 with guided backpropagation. For
more details of the algorithm, see ref. 30.

Helical kink analysis
To analyse proline kink distortions, we used ProKink46 tool in the
publicly available software Simulaid47.

Water pore analysis
To compare water distribution within the protein in the OFS and OcS,
we carried out pore analysis on the 4000-frame OFS and OcS trajec-
tories described above using the programme HOLE (http://www.
holeprogram.org/)48. For each ensemble, HOLE was run on 100 reg-
ularly spaced frames (i.e., on every 40th frame) which were aligned on
the TM segments to remove positional and translational degrees of
freedom. Due to their high flexibility, the N- and C-terminal segments
(residues 1–38 and 492–528, respectively) were not considered for this
analysis. The pore was specified to lie along the membrane normal z
axis, and the initial point for building the pore represented the (x, y, z)
coordinates of the F399 Cα atom.

N-body Information Theory analysis
To quantify the allosteric coupling between various sites on
ggMFSD2A, we applied N-body Information Theory (NbIT) analysis
(https://github.com/weinsteinlab/NbIT)31 to the trajectories of the OFS
and OcS ensembles described above, as well as to the representative
trajectory in which no substrate penetration into the protein core was
observed (i.e., the system was in the OFS state throughout the trajec-
tory, see Results). Briefly, configurational entropy H was calculated
from the covariance matrix (C) of all atomic positions (X) in the pro-
tein:

H Xð Þ= 1
2
ln∣2πeCðXÞ∣ ð1Þ

From the above, total correlation (TC) was then quantified as:

TC X 1, . . . ,XN

� �
=
XN

i = 1

H Xi

� �� H X 1, . . . ,XN

� � ð2Þ

where Xi-s represent components of 3N-dimensional vector corre-
sponding to x, y, z atomistic coordinates of the atoms in the set, and
H X 1, . . . ,XN

� �
is the joint entropy of the set. Using TC, coordination

information (CI) was obtained as:

CI fX 1, . . . ,XNg∣Xm

� �
=TC X 1, . . . ,XN

� �� TC X 1, . . . ,XN ∣Xm

� � ð3Þ

In the above, TC X 1, . . . ,XN ∣Xm

� �
represents conditional total

correlation between fX 1, . . . ,XNg, conditioning on Xm. From CI, the
mutual coordination information (MCI) was calculated as:

MCI fX 1, . . . ,XNg∣Xm,Xn

� �
=CI fX 1, . . . ,XNg∣Xm

� �
+CI fX 1, . . . ,XNg∣Xn

� �

� CI fX 1, . . . ,XNg∣Xm,Xn

� �

ð4Þ

NbIT was applied to all the non-hydrogen atoms of ggMFSD2A.
The IC ends of TM7/11, (residues Y294, F427 and Y431) were defined as
the transmitter site ‘Ts’

31. Receiver sites ‘R1’ (F61/V200/F329), ‘R2’ (E312/
F399), ‘R3’ (P119/V122/I254), ‘R4’ (S366/A367/A390) and ‘R5’ (C39/C43/
C256) were tested for allosteric coupling with Ts. R1 and R2 are com-
prised of residues that coordinate the substrate’s hydrocarbon tail and
headgroup respectively, while R3-R5 are located on the periphery of
protein and distal from Ts, R1 and R2. Residues within R3, R4 and R5
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maintained stable interactionswith other residues in the same receiver
sites in both the OFS and OcS, and thus these sites are not expected to
be strongly allosterically coupled to the Ts, R1 or R2.

CI data was clustered using a Fisher-Jenks algorithm into three
groups of sites with various levels of allosteric coordination: low
(CI < 15%), average (15% ≤ CI ≤ 28%) and high (CI > 28%) as previously
described (https://github.com/mthh/jenkspy)32.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The homology model of chicken MFSD2A in the outward facing state,
as well as the trajectory files from Supplementary Movie 1 andMovie 2
are freely available via Zenodo public repository: https://zenodo.org/
record/7933371#.ZF_jKOzMLQ0. Requests for all the additional struc-
turalmodels andMD simulation trajectories should be directed to and
will be fulfilled by the corresponding author. Any additional informa-
tion required to re-analyse the data reported in this paper is available
from the corresponding author upon request.

Code availability
The NbIT and the DNN codes used to perform allostery and machine
learning analyses described above are publicly available at the fol-
lowing github repositories: https://github.com/weinsteinlab/NbIT and
https://github.com/weinsteinlab/DNN, respectively.
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