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Acid Sensing lon Channels (ASICs) are one of the most studied channels of the Epithelial Sodium
Channel/Degenerin (ENaC/DEG) superfamily. They are responsible for excitatory responses following
acidification of the extracellular medium and are involved in several important physiological roles. The
ASIC1 subunit can form a functional homotrimeric channel and its structure is currently the most
characterised of the whole ENaC/DEG family. Here we computed the free energy profiles for single ion
permeation in two different structures of ASIC1 using both Na* and Cl~ as permeating ions. The first
structure is the open structure of the channel from the PDB entry 4NTW, and the second structure is
the closed structure with the re-entrant loop which contains the highly conserved 'HG" motif form PDB
entry 6VTK. Both structures show cation selective free energy profiles, however the profiles of the
permeating Na™ differ significantly between the two structures. Indeed, whereas there is only a small
energetically favorable (—0.5 kcal mol™) location for Na™ in the open channel (4NTW) near the end of
the pore, we observed a clear ion binding site (—7.8 kcal mol™) located in between the ‘GAS’ belt and
the 'HG' loop for the channel containing the re-entrant loop (6VTK). Knowing that the '‘GAS’ motif was
determined as the selectivity filter, our results support previous observations while addressing the
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Acid-Sensing Ion Channels (ASICs) are proton-gated trimeric
cation channels mainly permeable to sodium (Na*) and, to a
lesser extent, calcium (Ca®*) as well." They are members of
the amiloride-sensitive ion channels superfamily ENaC/DEG. In
mammals, ASICs are encoded by four genes from which at least
two of them (ASIC1 and ASIC2) exist as splice variants leading
to different isoforms.>® They are widely expressed in the
nervous system where they play several different roles. They
are involved in pain, synaptic plasticity, neurodegenerative dis-
eases, ischemia, and cancer.>”” The mammalian ASIC1a subunit
and its avian ortholog chicken ASIC1 are the most studied of the
family. They can be functional as either homotrimers or hetero-
trimers. The structure of cASIC1 homotrimers has been thor-
oughly characterized in several different conformations.®™"

For decades, the selectivity filter of the ENaC/DEG super-
family was determined as the ‘G/SxS motif’, where ‘X’ is a non-
conserved residue, which constitutes a constriction belt inside
the pore of the channel.'®® However, the last published
structure of ASIC1 shows a pre-TM1 re-entrant loop near the
‘GAS’ belt, suggesting new insights regarding the selectivity
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importance of the 'HG" motif for the interactions between the pore and the permeating cations.

filter."* This re-entrant loop constitutes the ‘HG’ motif,
conserved in all channels of the ENaC/DEG superfamily. Loss-
of-function mutations located at these two residues in the
Epithelial Sodium Channel (ENaC) are known to be responsible
for pseudohypoaldosteronism type 1 (PHA-I).> The role of pre-
TM1 and TM1 residues in ion selectivity have recently been
shown, supporting the structural observations.*?

Here, in order to study the impact of the re-entrant ‘HG’ loop
on ion permeation, we calculated single ion free energy profiles
of two ions, Na" and chloride (Cl7), using two different ASIC1
structures. The first structure used is the open structure of
ASIC1 stabilised with a snake toxin (PDB entry 4ANTW, method
X-ray diffraction, resolution 2.07"°). The second structure used
is the closed structure of ASIC1 solubilised by styrene maleic
acid with the re-entrant ‘HG’ loop (PDB entry 6VTK, method
cryogenic electron microscopy, resolution 2.82''). There are
differences between the two structures, yet the main differences
seem to be found at the transmembrane region, with a different
structure of the gate (open or closed) and the absence or
presence of a re-entrant loop containing the conserved ‘HG’
motif. The free energy calculations have been widely used to
study ion permeation and ion selectivity in ion channels."*™"”
Our results suggest that the ‘HG’ loop is a key element for
binding cations and, together with the ‘GAS’ belt, constitute an
ion binding site, which most likely represents the actual
selectivity filter of the channel.
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1 Materials and methods
1.1 Systems construction and comparison

The 3D structures of the channel were obtained from the
protein data bank (PDB entries 4NTW and 6VTK).'>'" Both
structures were embedded in a heterogeneous lipid bilayer
membrane constituted of dipalmitoylphosphatidylcholine
(DPPC) lipids and palmitoyloleoylphosphatidylcholine (POPC)
lipids in a 50: 50 ratio (648 lipid molecules for ANTW, and 642
lipid molecules for 6VTK) using the CHARMM-GUI Membrane
Builder input generator."®>* Then, systems were solvated in
water (156 304 molecules for ANTW, and 196 833 molecules for
6VTK) and neutralised with 120 mM NaCl (410 Na* and 353 CI~
for 4ANTW, and 415 Na* and 364 Cl~ for 6VTK). The water model
used is the TIP3P model,>® and the force field used is the all
atom CHARMM36 force field with specific parameters for
tryptophan, tyrosine and phenylalanine (WYF) n—-cation inter-
actions available on CHARMM-GUL>*** Systems were minimised
for 15000 steps using the steepest decents algorithm with
position restraints of 4000 k] mol ' nm™> for the backbones,
2000 kJ mol ! nm™? for the side chains, and 1000 k] mol™* nm >
for lipids and dihedral angle restraints of 1000 k] mol ™" rad > for
the lipids’ head (C2) and unsaturations (carbon-carbon double
bond for POPC). Following the minimisation, systems were
equilibrated by 6 equilibration steps for a total of 1.875 ns.
Systems were first set in a canonical ensemble (NVT) by using
the Berendsen thermostat to keep the system at a constant
temperature of 310.15 K with the same restraints as the mini-
misation. Then, the restraints were slightly released before setting
the systems into isothermal-isobaric ensembles (NPT) by using
the Berendsen barostat in addition to the Berendsen thermostat
to keep the systems at a constant pressure of 1 bar as well. Finally,
the restraints were further released until a production run of 1 ns
without any restraints with a Nose-Hoover thermostat and a
Parrinello-Rahman barostat. The timestep used was 1 fs until
the systems were set up in NPT ensembles, then it was increased
to 2 fs for all the following molecular dynamics (MD) simulations.
All simulations were run using the LINCS algorithm for the
covalent hydrogen bonds, the Particle Mesh Ewald (PME) method
for the electrostatic interactions, and a cut-off of 1.2 nm for the
van der Waals (vdW) radius with a switching radius of 1 nm.
Simulations were run using GROMACS (GROningen MAchine for
Chemical Simulations) version 2020.3.

Equilibrated structures were converted from GRO format to
PDB format using gmx trjconv command. Original and equili-
brated PDB files were used for comparison of the structures.
Comparison of the different structures were realised by calcu-
lating the root mean squared difference (RMSD) of ‘Aligned’
and ‘Superposed’ structures using MOE 2020.09 (Molecular
Operating Environment).”” Overall structures were compared,
then extracellular domain, transmembrane domain and ‘GAS’
motif were compared separately to scale the differences for
different regions of the channel. The radius of the pores of the
different systems was computed using the HOLE program.>®
The visualisation of the systems was performed using both
MOE and VMD 1.9.4a51 softwares.””"*
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1.2 Steered molecular dynamics

From equilibrated systems, the closest ion of interest (Na' or
Cl7) to the pore was moved toward the top of the pore using
a position restraint on the ion with a short MD simulation
of 2 ps. Then, the ion of interest was pulled through the
pore (i.e. in the Z-axis) using a harmonic spring constant of
1000 k] mol~" nm ™~ at a rate of 0.01 nm ps ™" for 400 ps (pulled
by 4 nm). The harmonic spring constant chosen here is almost
similar to the force constant used by Lynagh T. et al., (2017)"°
of 2.5 keal mol™* A™% To pull a single Cl~ through the
closed pore of ASIC1 (6VTK), a harmonic spring constant of
4000 k] mol~* nm ™2 needed to be used. The center of mass of
both transmembrane domains (TM1 and TM2) of the channel
for both structures was used as reference for the pulling steered
molecular dynamics (SMD) to ensure that the ion was permeating
through the pore. The trajectories generated from the SMD
provided the reaction coordinates for the free energy calculations
of single ion permeation. SMD simulations were run using
GROMACS version 2020.3.>°

1.3 Free energy calculations

To compute free energy of single ion permeation, the umbrella
sampling (US) method was used.** Windows were generated
using snapshots from the pulling SMD every 10 ps for both ions
(Na" and Cl7) and both structures (4NTW and 6VTK), for a
spacing of approximately 1 A. For the open structure of ASIC1
(4NTW) every single window was used for a total of 40 windows.
For the closed structure (6VTK), only windows starting from the
bottom of the gate were used for a total of 28 windows. The
permeating ion was restrained inside the pore near its Z-axis
position using the same force constant used for the pulling
SMD. Each window was equilibrated first for 2 ns, then were
sampled for 10 ns, for a total of 1632 ns for US simulations.
Potential of mean force (PMF) profiles were computed using
WHAM with bootstrap analysis for statistical errors.>'* US

Gate
--|'GAS’
HG'

Fig. 1 Comparison of ASIC1 structures. Both ASIC1 structures (PDB entry
4ANTW in red and PDB entry 6VTK in blue) are represented by Ribbons. On
the left panel, the overall superposition of both equilibrated structures.
RMSD between equilibrated 4NTW and equilibrated 6VTK is 2.88 A. On the
inset, the superposition of the equilibrated transmembrane domain with
dotted lines showing the location of the gate, the 'GAS’ motif and the 'HG’
motif respectively. RMSD between equilibrated transmembrane domain of
4ANTW and equilibrated transmembrane domain of 6VTK is 5.83 A (3.55 A
for the gate only and 2.85 A for the ‘GAS' motif only). Structures were
rendered using MOE.
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simulations and WHAM analyses were run using GROMACS
version 2021.3.%°

1.4 Radial distribution function

Analysis of the coordination number of the ion was performed
by using the radial distribution function (rdf) calculated by
GROMACS version 2021.3.>° The coordination number of the
single permeating Na“ was obtained for each window by
integrating (1) the radial density function using the ion of
interest as reference and either water molecules, oxygen atoms
from the carbonyl group of the backbones, oxygen atoms from
hydroxyl or carboxyl group of the side chains and specific
carbon atoms from the ring of aromatic residues (with specific
atom name in the topology) as selected atoms.

"'min

g(r)rdr 1)
0

n(r) = dmp |

With n(r) the coordination number, p the bulk density (number
of atoms over volume of the simulation box), i, the distance
at the first minimum, g() the radial density function and r the
distance from the reference atom.

2 Results and discussion
2.1 Comparison of ASIC1 structures

The different structures of ASIC1 have been compared before
running umbrella sampling simulations (Fig. 1). First, the
RMSD between the original structure and the equilibrated

[

View Article Online

Paper

system have been calculated. For 4ANTW, the RMSD between
the original structure and the equilibrated system is 1.66 A.
For 6VTK, the RMSD between the original structure and the
equilibrated system is 1.54 A, showing that both structures have
been well equilibrated and are stable. Secondly, the structure of
the PDB entry 4ANTW and its equilibrated system have been
compared to the structure of the PDB entry 6VIK and its
equilibrated system. The RMSD between the overall original
structures and between the overall equilibrated structures were
3.39 A and 2.88 A respectively. To get a complete comparison of
the two structures and understand where the differences are
located, RMSD of the different structures have been calculated
for the extracellular domain and for the transmembrane
domain only. For the extracellular domain only, the RMSD
between both original structures and equilibrated structures
decreased considerably and were 1.49 A and 1.96 A respectively.
However, for the transmembrane domain only, the RMSD were
8.05 A and 5.83 A respectively. These results support that the
main differences between both structures are located at the
transmembrane region and thus could impact free energy cal-
culations of ion permeation. In order to further describe where
the differences are located within the transmembrane domain,
RMSD of the gate only and of the ‘GAS’ motif only have been
calculated. For the gate, the RMSD are 4.43 A and 3.55 A between
the original and equilibrated structures respectively. For the
‘GAS’ motif only, the RMSD are 4.23 A and 2.85 A respectively.
These results and the superposition of the structures show that
the gate, as well as the re-entrant ‘HG’ loop (for which the RMSD
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Fig. 2 Single ion free energy profile in a open structure of ASIC1 (PDB 4NTW). (A) Simulation box of the system with the channel represented with
‘ribbons’ (a-helices in red, B-sheets in yellow, turns in blue and coils in white), the heterogeneous membrane constituted of DPPC and POPC lipids
represented in ‘dynamics bonds’ with ‘glass’ materials for transparency, ions are represented in purple and cyan spheres for Na* and Cl™ respectively, and
water molecules represented by red ‘points’. (B) Pore structures of ASIC1 with the two transmembrane domains of each subunit. The scatter plot was
generated using the HOLE program. (C) Graph plot of the radius of the pore of ASIC1 generated by the HOLE program. The O coordinate in the Z-axis
correspond to the Z-coordinate of the ‘GAS’ belt. (D) PMF of the permeation of two different ions (Na* in purple and CL™ in cyan). The reaction coordinate
of the PMF matches to the Z-coordinate of the pore plot. Structures and HOLE scatter plot were rendered using VMD.
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could not be calculated as it is lacking in the PDB entry 4ANTW),
are the main differences contrary to the flexible ‘GAS’ belt

(Fig. 1).

2.2 Na' and CI™ free energy profile in PDB 4ANTW

The PMF of single ion permeation has been computed for Na',
the naturally permeating cation, and Cl, a non-permeating
anion. For both energy calculations, the same equilibrated
system was used (Fig. 2A). The chosen structure of ASIC1 was
the open structure from PDB 4NTW. This structure allows a full
permeation of both ions through the open pore without using
large forces as the narrowest part of the pore is 2 A. The pore of
the channel did not change after the equilibration process,
showing a stable system (Fig. 2B and C).

The PMF obtained for both ions is quite different (Fig. 2D).
First, for C17, the free energy of permeation consists of an almost
symmetrical barrier of +8.77 kcal mol™!, with a maximum
located around the ‘GAS’ belt, thus around the narrowest part
of the pore. This result was expected for a cation-selective
channel. Secondly, for Na*, the permeation profile in the open
structure of ASIC1 has already been computed (Lynagh T.,
et al.),"”” using different parameters (different force field, differ-
ent temperature, different sampling time and homogeneous
lipid membrane). Here, the free energy profile of Na' in the
open channel using the CHARMM36 WYF force field at 310.15 K
in a system constituted of a heterogeneous lipid membrane for
10 ns is shown. Despite the differences between the two set ups,

20
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the PMF of Na* obtained here display some similarities with the
one from Lynagh T., et al’® Indeed, both profiles are quite
similar as they both possess a succession of three small barriers,
where the gate and the ‘GAS’ belt are located, and a well lower
down in the pore, where there are negatively charged residues
located. Moreover, the overall reaction asymmetry for the per-
meation of Na* is —3.3 kcal mol ', which is quite close to the
published profile too."”> Globally, the profiles obtained strongly
demonstrate an easier permeation for Na' compared to CI-,
which supports the experimental observations of ASIC1 as a
cation selective channel.

2.3 Na' and CI™ free energy profile in PDB 6VTK

Secondly, the closed channel with the re-entrant loop (6VTK)
has been studied. This structures can only allow an analysis of
ion permeation from the bottom of the gate to the end of the
pore. There is not enough free space to restrain the ion in place
at the gate coordinate without involving large forces, even after
solvation and equilibration of the channel (Fig. 2B and C).
Indeed, in order to pull a Cl™ ion through this close channel,
the pulling force needed to be 4 times stronger than the force
used for Na' or for both ions through the open channel
(4NTW). With smaller force, the CI~ would rather cross the
lipid bilayer than the closed channel itself (data not shown).
The most important difference between both structures is
the presence of the re-entrant loop containing the highly
conserved ‘HG’ motif. This loop is located bellow the ‘GAS’
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Fig. 3 Single ion free energy profile in ASIC1 with 'HG' loop (PDB 6VTK). (A) Simulation box of the system with the channel represented with ‘ribbons’
(a-helices in red, B-sheets in yellow, turns in blue and coils in white), the heterogeneous membrane constituted of DPPC and POPC lipids represented in
‘dynamics bonds’ with ‘glass’ materials for transparency, ions are represented in purple and cyan spheres for Na* and Cl™ respectively, and water
molecules represented by red ‘points’. (B) Pore structures of ASIC1 with the two transmembrane domains and the re-entrant loop of each subunit. The
scatter plot was generated using the HOLE program. (C) Graph plot of the radius of the pore of ASIC1 generated by the HOLE program. The 0 coordinate
in the Z-axis correspond to the Z-coordinate of the center of ‘GAS’ belt. (D) PMF of the permeation of two different ions (Na* in magenta and Cl~
in turquoise). The reaction coordinate of the PMF matches to the Z-coordinate of the pore plot. Structures and HOLE scatter plot were rendered
using VMD.
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belt, and thus bellow the gate, which makes it possible to analyse
with umbrella sampling. The difference of PMF between Cl~ and
Na' for 6VTK (Fig. 3D) is relatively similar to the one for ANTW
(Fig. 2D). For Cl7, the free energy consists of a huge barrier
(+16.7 keal mol ™). This barrier is more important than the open
structure (4NTW) and this could be explained by size exclusion
around the gate. However, by looking at the coordinates around
the ‘HG’ motif (—5 A), the barrier for CI™ is still high (around
+14.2 keal mol ") which could imply that the ‘HG’ motif further
enhances anions exclusion in this cation-selective channel.
Then, for Na', the PMF shows an energetically favorable permea-
tion of Na" with a well of —7.77 kcal mol ' located below the
‘GAS’ motif and near the ‘HG’ motif (around —5 A). These results
suggest that, like for the 4ANTW, the 6VTK structure of ASIC1
represents a cation selective structure which can be correlated
with experimental observations.

2.4 Comparison of free energy profiles: the ‘HG’ loop is
crucial for binding the permeating cation

Now that it has been shown that different structures of ASIC1
are good representations of the channel for cation selectivity
over anion, comparison of the PMF regarding Na', the naturally
permeating ion, is described here. First, by looking at the pore
size from the bottom of the gate until the end of the pore, some
differences can be observed. In fact, even after the gate, the
pore of the channel with the re-entrant loop (6VTK) is globally
narrower than the pore of the open structure (4ANTW) (Fig. 4A).
The presence of the re-entrant loop decreases considerably the
size of the pore with, for example, a pore radius of about 4 A in
6VTK compared to about 8 A in 4NTW at —15 A in the Z-axis.
However, this does not change the minimum radius of the
pore below the ‘GAS’ motif for both channels (around 2 A).
These observations are in agreement with previous studies of
pore structures (open and closed) containing the re-entrant
loop.'** Both structures can then be compared from the
gate to the end of the pore, which represents the last 28
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windows of the umbrella sampling for 4NTW, and every
window for 6VTK.

As described before, the PMF for Na* permeation in 4ANTW
consists of a succession of small barriers followed by a well at
the location of negatively charged residues. Two of the three
barriers correspond to the coordinates of residues of the gate,
and the last barrier corresponds to the coordinates of the
residues of the ‘GAS’ motif. The well describes an energetically
favorable position of the ion of —0.54 kcal mol~*. Contrarily,
the Na" permeation after the gate for 6VTK, consists mainly of a
wide well located just below the ‘GAS’ motif and just above the
‘HG’ motif coordinates. The well described an energetically
favorable position of the ion of —7.77 kecal mol™', which is
about 8 times bigger than the well observed for 4ANTW (Fig. 4B).
This well describes a potential cation binding site inside the
pore of ASIC1 involving both the ‘GAS’ and the ‘HG’ motifs.
By looking at the structure corresponding at this reaction coordi-
nate, Na' seems to be coordinated by the side chain of one of the
three histidine of the ‘HG’ motif and by the carbonyl of the
backbone of one of the three glycine of the ‘GAS’ motif (Fig. 4C).

To validate if Na' is indeed coordinated by these atoms,
the coordination number of the ion has been calculated for
each window (Fig. 5A and B). For both structures, Na* has a
coordination number of 6 throughout its permeation, which is
consistent with coordination studies of Na*,>**” and is mainly
coordinated by water. These observations are in agreement with
the hypothesis about a hydrated permeation of Na' through
ASIC1."*%° For 4NTW, the ion is mostly coordinated by water
and does not really interact with the channel, except from
windows 19 until 25 for which the ion is interacting with water
molecules and oxygen atoms from carbonyl groups and/or
hydroxyl groups of residues of the ‘GAS’ motif (Fig. 5A).
Conversely, for 6VTK, Na' is mainly interacting with water
molecules but is also interacting with at least one atom from
the channel (Fig. 5B). From windows 5 to 9, Na" is coordinated
with 4 water molecules, 1 oxygen from the carbonyl group of the
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Fig. 4 Single Na* free energy profile in two different structures of ASIC1. (A) Graph plot of the radius of the pore of ASIC1 generated by the HOLE
program (ANTW in red, 6VTK in blue). The O coordinate in the Z-axis correspond to the Z-coordinate of the centre of ‘GAS’ belt. (B) PMF of the
permeation of Na* in the open structure 4NTW (purple) and in the close structure with the re-entrant loop 6VTK (magenta). The reaction coordinate of
the PMF matches to the Z-coordinate of the pore plot. (C) Pore structure of a snapshot of the window corresponding to the well of the PMF in 6VTK. The
pore is represented with ‘ribbons’ (a-helices in red and coils in white), residues of the ‘GAS’ (glycine, alanine and serine) and 'HG' (histidine and glycine)
motifs are represented with ‘licorice’ (carbons in cyan, hydrogens in white, oxygens in red and nitrogen in blue), permeating Na™ is represented in purple

sphere. Structure was rendered using VMD.
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glycine of the ‘GAS’ belt and 1 aromatic ring from the side chain
of the histidine of the ‘HG’ motif. Histidine can coordinate Na"
with its aromatic ring via m-cation interaction, but it can
also coordinate the ion via the basic nitrogen of the ring.*>*!
The strength of the interaction between histidine and Na* are
dependent on the protonated state of the histidine, which can
be interesting to investigate in this case as ASICs are activated
by protons. In term of ion transport, while the hydrated ion is
approaching the narrowest part of the pore, two water mole-
cules need to be substituted by the oxygen of the carbonyl
group of one glycine of the ‘GAS’ belt as well as the ring or the
basic nitrogen of one histidine of the ‘HG’ loop. This loss of
part of the hydration shell in favour of residues of the pore is
energetically favourable for Na'. These results support the
structural observation from the snapshot of MD in Fig. 4C,
and highlight the importance of the ‘HG’ re-entrant loop for the
cation binding site of ASIC1 pore.

3 Conclusions

Many different structures corresponding to different configurations
of the homotrimeric channel ASIC1 has been determined. Here,
the only open structure and the only structure with the con-
served ‘HG’ loop (PDB entries ANTW and 6VTK respectively) has
been used to investigate the free energy of single ion permea-
tion. Even if the ‘HG’ containing structure is closed, partial
permeation of ion from the gate until the end of the pore can be
computed. Both structures show cation selective profiles which
is in agreement to experimental observations. However, the

This journal is © the Owner Societies 2022
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PMF profile for Na* differ significantly between both structures.
Indeed, there is no clear interactions between the ion and the
protein in the open channel (4NTW), whereas there is an
evident ion binding site in the channel with the re-entrant
‘HG’ loop (6VTK). These results suggest, not only that the ‘HG’
motif plays a crucial role for ion permeation, but also that the
selectivity filter of ASICs can be redefined as the combination of
the ‘GAS’ motif and the ‘HG’ motif.
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