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ABSTRACT: ZnT8 is a human zinc(II) transporter expressed at the membrane of
secretory granules where it contributes to insulin storage importing zinc ions from
the cytosol. In the human population, the two most common ZnT8 variants carry an
arginine (R325) or a tryptophan (W325) in position 325. The former variant has the
most efficient kinetics in zinc transport and has been correlated to a higher risk of
developing insulin resistance. On the contrary, the W325 variant is less active and
protects against type-2-diabetes. Here, we used molecular dynamics (MD)
simulations to investigate the main differences between the R325 and W325
variants in the interaction with zinc(II) ions. Our simulations suggested that the
position of the metal ion within the transport site was not the same for the two
variants, underlying a different rearrangement of the transmembrane (TM) helices in
the channel. The W325 variant featured a peculiar zinc environment not detected in
the experimental structures. With respect to conformational dynamics, we observed
that the R325 variant was significantly more flexible than W325, with the main role played by the transmembrane domain (TMD)
and the C-terminal domain (CTD). This dynamics affected the packing of the TM helices and thus the channel accessibility from
the cytosol. The dimer interface that keeps the two TM channels in contact became looser in both variants upon zinc binding to the
transport site, suggesting that this may be an important step toward the switch from the inward- to the outward-facing state of the
protein.

■ INTRODUCTION
Zinc is a key element for all kingdoms of life and is ubiquitous
within cells, where it can be found in the cytoplasm, nucleus,
and organelles.1 Many important cellular functions require
zinc, such as gene expression, DNA synthesis, immune
response, hormone storage and release, neurotransmission,
memory, and apoptosis.2 It has been estimated that
approximately 10% of human proteins bind one or more zinc
ions as a catalytic or structural cofactor.3 The correct zinc
concentration in cells and organelles is maintained by a fine-
tuned homeostasis regulation system.4−6 Specific protein
families transport zinc ions inside or outside cells and cellular
compartments. Proteins of the cation diffusion facilitator
(CDF) family remove zinc from the cell or from organelles,
whereas ZRT/IRT-like proteins (ZIPs) are responsible for zinc
uptake in the cytoplasm from extracellular space and
intracellular compartments.7−9 Members of both families
feature tissue-specific expression and respond differentially to
zinc overload and deficiency.10,11 Humans have 14 ZIP/Slc39
proteins and a specific CDF subfamily named ZnT/Slc30 of
which 10 members are known so far.12 ZnT proteins can be
separated into four groups based on their sequence similarity.4

Among them, ZnT2, ZnT3, ZnT4, and ZnT8 belong to
subfamily 2, which transports zinc ions from the cytosol into
intracellular vesicles. In particular, ZnT8 (SLC30A8) is
localized to the membrane of insulin secretory granules of

pancreatic β-cells, where it mediates zinc enrichment by
importing ions from the cytosol.13 Inside secretory granules,
zinc triggers insulin storage through the formation of insoluble
hexamers in which insulin molecules are complexed with zinc
and calcium ions in a 6:2:1 stoichiometry.14,15 Defects in
insulin secretion have been linked to an altered risk of
developing type-2 diabetes (T2D).16 ZnT8 might also be
involved in glucagon release from pancreatic α-cells.17 A
nonsynonymous single nucleotide polymorphism in the ZnT8
gene causes the replacement of arginine with tryptophan in
position 325. The resulting variants have a different prevalence
in the human population, with the most common R235 in a
range of 60−95% and the less common W325 in a range of 5−
40%.18 Which variants confer protection against T2D has been
a matter of debate. Less frequent variants with modest effects
had been initially associated with an increased risk of
developing T2D.19,20 More recently, a number of loss-of-
function mutations were correlated to protection against
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diabetes.21 In studies of zinc transport activity, using the
radioactive isotope 65Zn in human embryonic kidney cells
(HEK293), no detectable differences were found between the
high-risk R325 and low-risk W325 variants as well as between
two W325 isoforms differing for the presence of a 49 residues
N-terminal extension.22 Instead, in proteoliposomes, the R325
variant exhibited higher zinc transport activity than W325 and
has been correlated with an increased risk of T2D.23

Recently, the first cryo-electron microscopy (cryo-EM)
structures of the ZnT8 protein have been solved.24 This, in
combination with structural and functional studies on the
prokaryotic CDF homologues, provides insights into the
structure and function of the family.25−27 Studies on the YiiP
transporter from Escherichia coli revealed a cation−proton
antiporter exchange mechanism in which a zinc(II) ion is
exported outside the cell, and a proton is imported in a 1:1
stoichiometry.28 The outward-facing (OF) state of the YiiP
protein was characterized by X-ray crystallography revealing a
Y-shaped homodimer structure, common to other CDF
proteins, consisting of a transmembrane domain (TMD)
connected to a C-terminalcytosolic domain (CTD).29,30 Each
arm of the TMD consists of six transmembrane (TM) helices
grouped in a four-helix bundle (TM1−TM2−TM4−TM5)
and a helix pair (TM3−TM6). The TM3−TM6 helix pair
connects the TMD to the cytosolic region and is splayed apart
in the outward-facing state, giving the Y shape to the YiiP
transporter. In addition, the cryo-electron microscopy structure
of the YiiP homologue from Shewanella oneidensis is available in
its inward-facing (IF) state with the two TM3−TM6 forming
an extensive dimeric interface in the transmembrane region.31

The comparison of the three-dimensional (3D) structure of
the inward- and outward-facing states suggested a zinc-for-
proton exchange relying on the so-called alternating mecha-
nism that requires the switch between the two states.32 This
conformational switch is triggered by an allosteric mechanism
that connects the CTD to the TMD through a zinc-dependent
reorientation of the TM3−TM6 helix pair.30 Notably, CTD-
truncated versions such as ZitB from E. coli and CzcD from
Cupriavidus metallidurans can still transport zinc, although with
a decreased activity.33 Recent studies of the inward-facing state
of YiiP suggested that a motion of the four-helix bundle relative
to the static TM3−TM6 scaffold is sufficient to allow zinc
transport.34 This is known as the rocking-bundle mechanism
and is present also in other secondary active transporters.35,36

MD simulations revealed that these conformational motions
occur upon zinc binding to the transport site without breaking
the dimer interface.37 Overall, these findings suggest that
different CDF members might adopt different mechanisms for
zinc transport. In this context, biophysical studies on the CTD
of the R325 and W325 variants of ZnT8 revealed small
discrepancies between the two variants, as well as a different
zinc-binding stoichiometry between ZnT8 and YiiP.38 This
might underlie distinct transport mechanisms and environ-
mental conditions in which the two proteins operate, since the
bacterial protein exports an excess of zinc, while there is no
evidence for an excess of zinc in the cytosol of eukaryotic cells
when exporting into secretory granules.39,40 Thus, only ZnT8
has to work against a concentration gradient.
Here, we explored the conformational dynamics of the R325

and W325 variants of the human ZnT8 by MD simulations of
the inward-facing state in the presence of zinc(II) ions. We
observed that the channel of the two variants had a similar
attraction for the metal ions. Instead, the zinc coordination in

the transport site was different. The W325 variant appeared to
be quite rigid, whereas the R325 variant sampled significant
conformational motions. The overall dynamics was accom-
panied by coordinated CTD motions. Our work highlighted
some clear differences in the overall dynamics of the two most
common variants of human ZnT8 in the presence of zinc ions.

■ METHODS
Because the first cryo-EM structures of human ZnT8 have
been released24 when this paper was already in revision, we
exploited the YiiP cryo-EM structure from S. oneidensis (PDB
ID: 5VRF)34 to build a homology model of the dimeric model
of the inward-facing (IF) state of human ZnT8. The structural
alignment between our IF ZnT8 model and the experimental
IF subunit (PDB ID 6XPF chain A, solved at 5.90 Å
resolution) is very good (Figure S1), with a root-mean-square
deviation (RMSD) between the two aligned TM domains and
the two CTD domains of 1.9 and 2.3 Å, respectively. Our
model was generated by providing the template and
coevolution contacts as distance restraints to the I-Tasser
server.41 The coevolution contacts were computed with
Gremlin, which adopts an unsupervised method to predict
residue−residue contacts.42 The protein was capped to the N-
and C-termini of each chain with the acetate (ACE) and N-
methyl (NME) caps, respectively. The first model built was the
protein in its most active and most frequent variant R325. To
build the less active variant, we duplicated the R325 protein
and mutated the arginine residue in position 325 to a
tryptophan (W325).
The membrane builder module of the CHARMM-GUI was

used to embed the protein in a rectangular lipid bilayer
composed of a mixture of 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE), and 1,2-dioleoyl-sn-glycero-3-phospho-(1′-
rac-glycerol) (DOPG) with a 2:1:1 stoichiometry.23,43,44 The
system was then solvated with TIP3P water molecules; 11 zinc
ions were added manually in the proximity of the CTD by
substituting water molecules, and the charge of the system was
neutralized with NaCl. All of the histidine residues were kept
neutral and protonated on the Nε tautomer. All of the
simulations exploited the same force fields (FFs) for the lipid
and the protein portions of the system, the Amber LIPID17
and the Amber ff14SB, respectively.45,46 The calculations were
performed with the AMBER molecular dynamics (MD)
package using the pmemd software,47,48 with the same
equilibration protocol. An initial minimization step was carried
out using the Steepest Descent algorithm followed by
Conjugate Gradient. Langevin dynamics with a collision
frequency of 1 ps−1 was used to linearly heat the system in
constant volume for 1 ns, during which the protein and the
ions are restrained with a force constant of 10 kcal/(mol Å2).
The equilibrium temperature was set to 310 K. The
physiological density of the system was achieved by carrying
out an NPT simulation in which the anisotropic pressure
scaling is controlled by the Berendsen barostat (pressure
relaxation time of 2 ps). Covalently bonded hydrogen atoms
were constrained with the SHAKE and SETTLE (for water
molecules) algorithms. A long-range cutoff of 10 Å was applied
to compute electrostatic interactions with the particle mesh
Ewald (PME) method. After the equilibration and prior to the
production run, a brief MD of 2 ns was carried out to relax the
protein and reach convergence. The production runs were
performed on Nvidia Pascal Xp GPGPU in the same NVT
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conditions reported above for the heating step but without
restraints.49

For each variant, we performed 120 short simulations of 10
ns. Sixty simulations were computed with the compromise set
(CMset) of parameters for divalent ions (available from the
frcmod.ions234lm_126_tip3p file of the AMBER18 package);
these parameters are based on the use of the TIP3P water
model in combination with the classical 12-6 Lennard-Jones
(LJ) nonbonded model.50 The other 60 runs were performed
with nonbonded parameters for the zinc(II) ion and its protein
ligands incorporating polarization effects (newFF set).51 In the
R325 runs, the latter partial charges and LJ parameters were
applied to the residues previously predicted and recently
observed to coordinate the zinc ion in the transport site of
human ZnT8 (D110−D224−H106−H220).24,52 In the W325
runs, the parameters of residues E88 and D103 were
additionally changed to the newFF set.
The last frame of three short CMset runs was used as the

starting point for three different long simulations. For the
W325 and R325 variants, we extended run 5 and run 31,
respectively, both featuring a zinc ion in the channel.
Moreover, for the R325 variant, we elongated an additional
run (run 17) that did not present any zinc ion in the channel,
hereafter called R325-NoZinc. The R325-NoZinc was carried
out for 800 ns. Instead, the two holo simulations were carried
out for 2 μs, of which the first half as classical MD and the
second half as accelerated MD (aMD). The bias potentials to
be applied, both the whole protein and the dihedrals, were
calculated by averaging the potential energy in the first half of
the trajectory. The resulting values and the inverse strength
boost factors for the total and dihedral potential energy can be
found in the “prod.in” file deposited in the Zenodo database
(see below). Among the newFF W325 short runs, we extended
run 14 and run 15 until 200 ns and run 56 until 1 μs. Instead,
among R325 runs, run 27 was extended to 1 μs. In this
simulation, the zinc distance from the coordinating atoms was
restrained with a flat-based potential having a null force in the
range of 2−2.2 Å for 2 ns, to drive the zinc(II)−donor
distances within a reasonable range, and then removed. After
the removal, the Zn−Asp and Zn−His distances converged to
1.8 and 1.9 Å, respectively.
RMSD values were calculated on the protein Cα atoms from

the starting conformation. Distance calculations as well as the
radial distribution function (RDF) were computed on the zinc
coordinating atoms. The distance between V219 and I266 was
calculated between the centers of mass of the atoms of the side

chain. The root-mean-square fluctuation (RMSF) in the long
CMset runs was computed only in the second half of the
trajectories, where convergence was clearly achieved. The
RMSF of the TM helices and the CTD were computed
separately by fitting the target residues on the average
trajectory coordinates in turn calculated by fitting all frames
on the Cα, C, and N atoms of the first frame.
Although the core of this work is based on the model built

on the bacterial template, we also generated a full-length model
using the human ZnT8 cryo-EM structure (PDB 6XPF) as a
template. The template, and consequently the final model, has
a hybrid channel configuration composed of one channel in the
IF state and the other one in the OF state. The first 49 residues
missing in the template structure were built ab initio with
Quark.53 The whole model, including the four zinc ions
coordinated at the CTD, was built with RosettaCM.54 The
protein side chains were repacked and minimized with the
fastRelax mover in Rosetta.55 The missing loops were modeled
by selecting the lowest energy conformation generated with the
kinematic loop modeling protocol in Rosetta.56 The protein
was then embedded in the membrane and equilibrated as
described above. One classical simulation of 500 ns was
performed for each variant with the parameters reported
above; in particular, the parameters used in the newFF
simulations were applied to all of the residues coordinating a
zinc ion in the experimental structures.24

All models, MD trajectories, and parameter files are freely
available from the Zenodo website at url (DOI: 10.5281/
zenodo.4381998).

■ RESULTS

The dimeric model of the ZnT8 protein in the inward-facing
(IF) state was built using the YiiP inward-facing state (PDB
ID: 5VRF) as a structural template. To improve the prediction
of the structure of the cytosolic domain of ZnT8, we included
coevolution contacts computed with an unsupervised method
as distance restraints in the I-Tasser fragment assembly
procedure. The resulting model had an RMSD from the
experimental structure of the subunit in the IF configuration
(PDB ID 6XPF, chain A) of 2.0 Å over the entire subunit
(Figure S1).
The dimeric protein model was embedded in a lipid bilayer,

solvated, and 11 zinc(II) ions were added in the proximity of
the CTD (Figure 1). By construction, the structural models of
the two protein variants were identical, except for residue 325
(inset of Figure 1). For each variant, we have carried out 60

Figure 1. ZnT8 model embedded in the membrane (dashed lines). Zinc(II) ions are shown as orange spheres. The tryptophan and arginine
residues 325 are shown as magenta and green sticks, respectively.
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runs of 10 ns each by applying two different force fields, hence
computing a total of 120 short simulations per variant; the FFs
used were the CMset for divalent cations and a recent FF
(newFF) in which new partial charges and Lennard-Jones
parameters were derived to take into account the polarization
effects of the cation on the coordinating residues.51,57

Short Simulations with the CM Parameter Set. About
20−25% (13/17 out of 60) of the short simulations featured a
zinc ion in one of the two transmembrane channels at the end
of the trajectory. Instead, none of them presented a zinc ion in
both channels simultaneously. The percentage of runs with a
zinc ion in the channel was similar between the two variants,
suggesting a comparable affinity for the metal. In most cases,
the zinc ion was bound within the transport site. The radial
function of the distance between the zinc ion in the channel
and the aspartate residue pair D110−D224 of the transport site
reveals that 11 runs for each variant sampled a detectable zinc
interaction in the transport site (Figure 2). The R325 variant
has higher peaks than W325, suggesting that this interaction
might be less stable in the less active variant.
The comparison of the two snapshots of the transport site

region at 10 ns, one for each variant (Figure 3), pointed out a

slightly different metal environment between the two variants.
Indeed, the zinc ion in the R325 snapshot is in the proximity of
only the residue pair D110−D224. Instead, in the W325 frame,
the zinc ion is close also to E88−D103, in addition to D110−
D224, thus identifying a pocket above the transport site, i.e.,
closer to the top exit of the channel.
We assessed whether the E88−D103−D110−D224 pocket

was consistently populated by computing the radial function
between the zinc ion and the residue pair E88−D103 in all of
the 11 simulations where the zinc ion reached the transport
site (Figure 4). The presence of peaks only in the W325 panel
shows that the pocket is accessible only in this variant, albeit to
a different extent among the runs.
To investigate the reasons for the different zinc environ-

ments between the two variants, we computed the normalized
frequency distribution of the distance between the transport
site residues D110 and D224, which are located, respectively,
on the TM2 and TM5 helices, for the same 11 runs (Figure
5A). On average, the W325 runs sampled higher values than
those of R325. Figure 5B shows the superimposition of the
channels of the two variants, computed by fitting the long
TM3−TM6 helix pair. The position of D110 is maintained in
the two variants, whereas D224 is displaced and is more distant
from D110 in W325. Moreover, in W325, the E88 residue on
TM1 is positioned closer to the D110−D224 pair (Figure 5B).
The bottom and top view of the TM helices show a different

arrangement of the four-helix bundle TM1−TM2−TM4−
TM5 between the two variants (Figure 5C). In particular,
TM5 is more distant from TM2 in the W325 variant; the lower
part of TM2 itself has a different orientation in the two
variants. The latter structural difference explains why D224 is
more distant from D110 in W325 than in R325. The higher
TM2−TM5 distance in W325 can in turn depend upon the
different orientation in the lower/middle portion of TM4−

Figure 2. Radial function of the distance between the zinc ion in the channel and the aspartate pair D110−D224 of the transport site.

Figure 3. Zinc coordination in the transport site.

Figure 4. Radial function between the zinc ion in the channel and the residue pair E88−D103.
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TM5 that causes a different tilt of the helices in the two
variants. Consequently, TM1 in W325 is closer to the inner
part of the channel than in R325, bringing E88 nearer to the
transport site.
In summary, in the W325 variant, the different orientation of

TM4−TM5 results in a larger distance of D224 from D110
and makes the upper part of the channel less packed than in
R325. These two phenomena, together with the repositioning
of TM1, may be responsible for the formation of the E88−
D103−D110−D224 pocket and the access of zinc to it.

Short Simulations with the newFF Parameters. Sixty
runs of 10 ns were performed for each variant using a recent
FF, developed to take into account the polarization effects of
the zinc(II) on the coordinating residues.51 The radial function
of the distance between the zinc ion in the channel and the
transport site residues reveals that 11 and 8 runs sampled an
interaction in the R325 and W325 variants, respectively
(Figure 6). At variance with what was observed with the
CMset, here both variants sampled a metal environment
involving all of the four residues of the transport site, including
the two histidine residues H106−H220 (Figure 6).

Figure 5. Structural differences in the channel of the two variants. (A) Normalized frequency distribution between D110 and D224 performed on
the runs coordinating a zinc ion in the transport site. (B) Zinc coordination in the two variants. The fitting was performed on the Cα atoms of TM3
and TM6. (C) Structural alignment of the TM helices in the channel. Bottom view on the left, top view on the right. Gray = W325, blue = R325.

Figure 6. Radial function of the distance between the zinc ion in the channel and the four residues of the transport site. The bottom panels show
the zinc environment in the transport sites of run 27 and run 56 for the R325 and W325 simulations, respectively.
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To verify whether the W325 variant could sample the same
pocket observed with the CMset, we extended three runs and
measured the zinc distance from the group of residues D110−
D224 of the transport site and E88−D103 located above the
transport site (Figure 7). The zinc ion behaved similarly in all
three runs, translocating from the transport site to the pocket
above it. In this process, the metal lost contact with D110,
whereas D224 remained at a stable distance. By superimposing
the TM helices of the three runs, one can compare the position
of the zinc ion in the channel. Notably, at 10 ns, the zinc
position in the W325 runs is already significantly deeper in the
channel than for R325 (Figure 7). In the time range from 10 to
200 ns, the metal ion covered 3.5 and 5.3 Å in run 15 and run
56, respectively, eventually reaching E88 and D103.
In summary, with the newFF force field, some simulations

sampled zinc coordination involving all of the four residues
belonging to the transport site as observed in the cryo-EM
structures of ZnT8. Some of the W325 simulations featured
zinc coordination in a pocket above the transport site, defined
by residues E88−D103−D110−D224, similarly to what was
also observed with the CMset but on a longer time scale.
Long Simulations. We carried out four long simulations

for each variant, two of 2 μs with the CMset and two of 1 μs
with the newFF. In the CMset simulations, the first half of each
trajectory was performed by applying a classical MD method,
instead, the second half was accelerated by applying a biased
potential that enhanced the conformational sampling. In
addition, we performed 800 ns of classical MD starting from
an R325 frame without zinc ions in the channel (named R325-
NoZinc). The RMSD of the long trajectories shows that
convergence was reached in all of the simulations (Figure S3).
As observed in the short simulations, the radial function of

the zinc distance from either D110−D224 or E88−D103
reveals that in the R325 variant with the CMset, the zinc ion
interacted only with the residue pair in the transport site
(D110−D224) (Figure S4). Instead, in the W325 variant the

zinc ion interacted with both pairs. Various movies were
collected to show the main structural features sampled by these
simulations. First, the movie of the zinc permeation in the
channel of the W325 variant shows the metal ion translocating
directly from the cytosol to the pocket above the transport site,
interacting with all four residues (E88−D103−D110−D224)
simultaneously (Movie S1). Instead, the corresponding movie
for R325 shows the zinc ion binding only the transport site
residues D110−D224 (Movie S2). Interestingly, in the second
half of the R325 simulation with the CMset, the zinc ion leaves
the transport site to move back to the cytosol. To verify this,
we measured the distance between the zinc ion and the
transport site residues D110−D224 along time (Figure 8A).
This analysis shows that the metal ion first loses contact with
D224 and afterward with D110 at about 1.4 μs. The same
analysis of the W325 simulation shows that the zinc ion
remained in the channel (Figure 8B). The relationship
between the zinc release in the R325 simulation and the
channel dynamics was then correlated to the distance between
V219 and I266 (Figure 8C). These two residues are located in
the middle of TM5 and TM6, which are the two helices
constituting the front line of the channel gate. The
experimental distances between V219 and I266 taken from
the recent cryo-EM structures of ZnT8 in the IF and OF
states24 are shown in the plot as dashed lines. In the R325
simulation with the CMset, the channel started to close shortly
after the first wide zinc fluctuations (between 1 and 1.2 ns),
ending up with a complete channel closure. Once the channel
is closed, the V219−I266 distance in the simulation and in the
OF state channel is very similar. Subsequently, the zinc ion is
released and the channel opens again, reaching a width
comparable to that of W325 as well as of the R325-NoZinc
simulation, and also quite similar to the cryo-EM structures in
the IF state (Figure 8C). The distances observed in the
trajectories sampled with the newFF are shorter than those
observed with the CMset. In particular, for the R325 variant,

Figure 7. Translocation of the zinc ion in the W325 newFF simulations. The distance between the zinc ion in the channel and the surrounding
negatively charged residues is shown on the left. D110 and D224 belong to the transport site, E88 and D103 belong to the pocket above the
transport site. To better appreciate the difference in behavior with respect to the R325 simulations, the position of the zinc ion from one of these
runs at 10 ns is shown (blue sphere).
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where we pushed the zinc ion to closely approach the
interacting residues, the trajectory converged to a V219−I266
distance very similar to that measured in the experimental
structure in the OF state.
The movie of the zinc release in the R325 CMset simulation

shows that V219 and I266 get in contact at the moment of the
maximum closure of the channel (Movie S3). During the
overall process of closing and reopening, the helices of the
four-helix bundle rotate and tilt, ending up with a different
orientation that can be described as a switch from a tilt to the
left to a tilt to the right with respect to the TM3−TM6 helix
pair.
The dynamics of the whole protein dimer in the long CMset

simulations can be visualized in the movies of the full trajectory
(Movies S4 and S5). In general, the W325 variant appears
more rigid than the R325 variant where, on the contrary, the
protein undergoes remarkable conformational motions. This is
also documented by the RMSF of the TM helices (only in the
channel with the zinc ion) and the CTD (Figure 9). In
particular, the W325 variant has a constantly open channel in
the presence of the zinc ion (Figure 8C) and a CTD stuck in
the starting orientation (Movie S4). Instead, as already
described, in the R325 variant the channel closes upon zinc
binding in the transport site and becomes accessible again
when the metal ion returns to the cytosol (Movie S5).
Interestingly, the movie points out that this rearrangement is
accompanied by two main conformational motions of the
CTD, which somehow have complementary behavior during
the “channel closing” and “channel reopening” steps. In fact,
the CTD moves toward the channel experiencing the closing
process while this is ongoing and, instead, moves toward the
other empty channel during the reopening. Accordingly, in the
newFF R325 simulation, the CTD moves toward the channel
that becomes closed (Movie S6), whereas in the newFF W325
simulation the CTD is fluctuating around the starting
orientation (Movie S7).

Figure 8. Conformational changes upon zinc interaction in the
transport site. (A) Distances between the zinc ion in the channel and
the two transport site aspartate residues D110 and D224. (B)
Distance between V219 (TM5) and I266 (TM6) in the second half of
the R325 and W325 simulations. (C) Distance between V219 (TM5)
and I266 (TM6) during the long simulations and in the cryo-EM
structures53 (dashed lines, IF = inward-facing, OF = outward-facing).

Figure 9. RMSF of the TM helices in the channel affected by zinc binding and in the CTD. The protein regions where R325 has the highest
difference from W325 are colored in magenta in the 3D structure.
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The comparison of the RMSF values shows that all of the
TM helices of R325 are more flexible than those of W325,
except for the first portion of TM1 that constitutes the N-term
of the protein. The highest difference is in the first portion of
TM2, TM3, and TM5 and in the last portion of TM4 and
TM6. Within the CTD, the largest difference is in the small
helix that connects the CTD to the TM6 helix and in three
residues (322−323−324) next to the variation site. The
mapping of the residues that are more flexible in the R325
variant on the protein structure (colored in magenta in Figure
9) shows that these regions are close in space. Therefore, the
higher flexibility induced by the R325 mutation may transfer
from the CTD to the TM helices through this pathway,
suggesting a more efficient communication from the CTD to
the transport site in R325 than in W325. Notably, the channel
not affected by zinc permeation features a very low flexibility in
both variants (Figure S4).
From the movies, it is possible to observe a partial separation

of the two transmembrane channels along their dimeric
interface. To characterize this process, we monitored the
distance between the residue V153 located on each monomer
in the middle of the dimer interface (Figure 10). At the starting

point of the simulations, the two V153 residues are in close
contact. Then, they start to split apart at 200 ns in the R325
simulation and 200 ns later also in the W325 run. After a
constant and similar increase in the first half of the simulations,
in the second half of the W325 run, the distance seems to

continue to increase, even if more slowly and with wide
oscillations. On the contrary, in the R325 run, the distance
reaches a plateau of 12 Å from 1 to 1.4 μs and then, at this
simulation time, i.e., when the zinc ion leaves the channel, the
two residues slightly reduce their distance. Of note, in the
R325-NoZinc run, the dimer interface remains intact
throughout the whole 800 ns of simulation. In the newFF
simulations, the distance increases less than in the CMset
simulations. For reference, in the cryo-EM structures the
dimeric interface does not change with the structural state of
the channel, the V153 distance being 8.3 Å in all of the
deposited models.
In summary, the zinc environment observed in the short

simulation is conserved in the long simulations. The W325
protein binds the zinc ion in a site composed of the residue
pair E88−D103 and the D110−D224 residues from the
transport site. The trajectories point out that the W325 variant
is more rigid than the R325 variant, which instead shows
relevant conformational motions, such as the closing of the
channel after zinc binding to the transport site. The RMSF
analysis indicates that the largest difference in dynamics occurs
within the channel affected by zinc permeation and in a small
helix of the CTD that, intriguingly, is located in direct contact
to the mutation and connects the CTD to TM6 through a
loop. Finally, we observed that after the zinc ion reached the
transport site, the dimer interface started to dissociate in both
variants. However, this dissociation process was less evident in
the newFF simulations and did not take place in the R325-
NoZinc simulation where the zinc ions did not enter the
protein channel.

Simulations of the Full-Length Model (Based on
the6XPFStructure). For each variant, we carried out one
simulation of 500 ns with the zinc ions bound to the CTD, as
proposed in the 6XPF structure,24 and 11 free zinc ions in
solutions. In these simulations, none of the free zinc ions
permeated the accessible IF channel. The conformational
dynamics of the structures along time was assessed by
calculating the RMSD from the starting conformation
separately for the TMD and the CTD (Figure S6). In this
regard, the W325 TMD appears more stable than R325, with
the latter featuring greater fluctuations (Figure S6A). The
CTD is more stable than the TMD in both the variants, with
the conformation of R325 being more distant from the starting
model than that of W325 (Figure S6B). The superimposition
of the TMD conformation at 500 ns and the starting structure
shows that the IF channel is open in the R325 variant but
closed in W325 (Figure 7A). Interestingly, in the R325 variant,

Figure 10. Dimer interface dissociation along the simulations. The
distance was measured between the V153 (TM3) residue of the two
subunits, shown as green sticks in the protein structures on the right.
The dashed line represents the corresponding distance in the cryo-EM
structures.53 (A) Snapshot at the beginning of the simulation. (B)
Snapshot at 1 μs.

Figure 11. Superimposition between the TM channels at 500 ns and the starting model. The starting model is shown in gray, the R325 and W325
models at 500 ns are shown in green and in magenta, respectively. (A) IF channel. (B) Top view of the whole TMD.
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the OF channel sampled large helical motions that moved it
away from the IF channel (Figure 7B). The same super-
imposition shows that the CTD is more tilted toward the OF
channel in the R325 variant with respect to W325 (Figure
S7A,B respectively). To visualize the main protein motions, we
recorded a movie of the R325 trajectory showing the
significant flexibility of the open IF channel while the CTD
is moving toward the OF channel (Movie S8). The
corresponding W325 movie instead shows the channel closure,
while the CTD slightly rotates on its Y axis (Movie S9).
In summary, the full-length model trajectories show

dynamical properties similar to the ones observed in the
previous simulations where the model was built on the
bacterial template. In fact, the W325 in general appears more
rigid than the R325 variant in which the IF channel is always
open and accessible. The enhanced flexibility of the TMD
region of the R325 variant also resulted in a large rearrange-
ment of the OF channel (Figure 11).

■ DISCUSSION
In this study, we built a model of the whole ZnT8 dimeric
protein in its IF state to investigate by MD simulations how the
two most common variants in the human population, R325
and W325, interact with zinc(II) ions. Previous work on the
kinetics of zinc transport by ZnT8 suggested that activity
depends on the lipid environment, concluding that a mixture of
DOPC, DOPE, and DOPG at a 2:1:1 ratio yielded the top
Vmax.

23 With such a lipid composition, which is close to that of
insulin secretory granules, the R325 variant exhibited
accelerated zinc transport kinetics with respect to the W325
variant. Thus, we used the same ratio of these three classes of
lipids in our simulations. Recently, cryo-EM structures of
human ZnT8 have been released, showing the protein in both
the full OF state and in a hybrid configuration with one
channel in the IF state and the other in the OF state.24 Despite
our model was built using only the bacterial YiiP as a template,
the IF channel is very similar to the ZnT8 experimental
structure (Figure S1).
One remarkable difference between the two variants in our

simulations was in the position of zinc within the transport site.
The active R325 variant displayed zinc bound in the transport
site. With the CMset parameters, the zinc ion interacted only
with residues D110 and D224, which are conserved among all
ZnT members and in YiiP.27 Replacing D110 and D224 with
asparagines indeed abrogates zinc binding in this site.24 The
process by which the zinc ion permeated the open channel
from the cytosol and approached the transport site is
analogous to what we observed for the bacterial homologue
YiiP.37 However, zinc coordination in the transport site of
ZnT8 also involves residues H106 and H220,24 which are
conserved in all ZnT members, except in ZnT6, ZnT9, and
ZnT10.27 By applying new parameters51 for zinc−His and
zinc−Asp interactions, we successfully reproduced the zinc
coordination in the transport site of the R325 variant. Instead,
with both parameter sets, we observed that for the less active
W325 variant, the zinc ion reached a pocket delimited in the
lower part by the two aspartate residues of the transport site
and in the upper part by E88 and D103. Despite the zinc ion
arrived at the same final position in the CMset and the newFF
simulations, its trajectory within the channel was somewhat
different from the two force fields. In the CMset runs, the zinc
ion reached directly into the pocket above the transport site,
and in the newFF runs, it first bound in the transport site and

then diffused to the pocket above it. Interestingly, similar to
the H106 and H220 pair on TM2 and TM5, residues E88 and
D103 are conserved in all of the ZnT members, except for
ZnT6 and ZnT9.4 Moreover, site-directed mutagenesis of the
homologue ZnT2 protein identified the same E88 and D103 as
the two residues most likely interacting directly with zinc
during its transport activity.58 ZnT2 transports zinc from the
cytoplasm into intracellular vesicles and carries a neutral
threonine in position 325, hence having biophysical features
more similar to W325 than to R325 in that region. Thus,
residues E88 and D103 can be crucial for zinc transport also in
the W325 variant of ZnT8, as reported for ZnT2.
The different zinc coordination between the two variants

reflects a different rearrangement of the TM helices occurring
already in the 10 ns of the short simulations. In this regard, a
number of observations in the long simulations pointed to the
R325 variant being more flexible and more responsive to zinc
binding in the channel than the W325 variant. Indeed, the
latter maintained the same channel conformation throughout
the trajectory, with the channel open and accessible even after
zinc permeation. On the contrary, after the zinc ion reached
the transport site, the channel of the R325 variant became
narrower, eventually leading to a closure.
Since the two variants differ for a CTD residue and feature

different zinc transport activity, one would expect that the
mechanism of function of the ZnT8 protein involves allosteric
communication between CTD and TMD. However, how this
communication works is still unknown. Here, we observed that
the CTD of the R325 variant moved toward the channel
permeated by the zinc ion and then moved in the opposite
direction after the same ion returned to the cytosol and the
channel reopened. Instead, in all of the W325 simulations, the
CTD was rather stable in its initial configuration. Thus, we
observed a correlation between the dynamics of the TMD and
the CTD in the R325 protein. A communication between
TMD and CTD was also suggested by the RMSF analysis,
which showed a highly flexible R325 protein in most of the
TM helices and in part of the CTD, whereas the W325 protein
was more rigid. The highly flexible regions in the R325 could
be part of an allosteric communication pathway that connects
the region around residue 325 with the transport site.
During the revision of this article, a structural investigation

of human ZnT8 by cryo-EM methods was published, providing
three structures solved under different conditions.24 The cryo-
EM structures revealed two sites occupied by zinc ions, site B
formed by H137-H345, and site C, which is located on the
CTD. Site B is occupied by zinc ions only in the fully OF
structure, whereas in site C two zinc ions are bound to a
sequence stretch involving residues from an HCH motif in the
N-terminal region as well as C361 and C364 from the other
subunit. The latter long C-terminal loop is truncated at D360
in our YiiP-based model. These observations might explain
why we never found zinc ions bound to site B or the CTD in
our simulations. We modeled the full-length protein using
6XPF as the template, including the initial 49 amino acids that
are missing in the experimental structure, and performed two
simulations of 500 ns with zinc stably bound to the CTD.
Notably, the6XPFstructure, and therefore our model, features
one of the channels in the IF state and the other in the OF
state. For this system, our simulations did not sample any zinc
permeation in the IF channel. These fundamental differences
prevent a detailed comparison with the previous simulations.
Nevertheless, the simulations with the new model confirmed
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that the R325 variant is significantly more flexible than the
W325 variant. Similar to what is observed in the R325-NoZinc
CMset simulation, the R325 IF channel is always open and
accessible, whereas the W325 IF channel sampled a closure. An
additional structural and experimental investigation of human
ZnT8 appeared in 2020,59 which suggested that the removal of
the N-terminal part of the protein does not affect protein
dimerization or the transport activity significantly. Instead, the
deletion of the HCH motif markedly reduces zinc uptake
activity.24 Site C is presumably the site with the highest affinity
for zinc in ZnT8, as it is the only one populated with the metal
in preparations without added zinc.24 It is therefore unlikely
that zinc ions can migrate from site C to the transport site,
suggesting a regulatory role for the HCH motif rather than its
direct involvement in the transport mechanism. In this frame, it
is quite relevant that all our simulations, including those
starting from the model of the protein based on the cryo-EM
structure of human ZnT8, point to the R325 variant being
more flexible than W325. The regulatory role of site C could
also explain why in the latter runs no zinc ions entered the
channel within 500 ns of simulation.
Previous simulations37 and experimental data on the

bacterial YiiP transporter indicated that this protein can
transport zinc while the membrane maintains a persistent
dimer interface through the so-called rocking-bundle mecha-
nism, in which the four-helix bundle formed by TM1−TM2−
TM4−TM5 rearranges with respect to a static TM3−TM6
helix pair.34,37 In line with this, the IF and OF channels feature
the same conformation for the TM3−TM6 pair in the cryo-
EM structure.24 Our simulations on ZnT8 showed instead that
in both the variants the dimer interface became looser upon
zinc binding to the transport site, whereas there was no
dissociation along the dimer interface in the absence of zinc
ions in the channel. This process took place despite our initial
model had a dimeric interface significantly more compact than
the experimental structures and can possibly reflect a difference
in the details of the transport mechanism between the human
and bacterial transporters.
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(18) Boesgaard, T. W.; Žilinskaite, J.; Van̈ttinen, M.; Laakso, M.;
Jansson, P. A.; Hammarstedt, A.; Smith, U.; Stefan, N.; Fritsche, A.;
Har̈ing, H.; Hribal, M.; Sesti, G.; Zobel, D. P.; Pedersen, O.; Hansen,
T. The Common SLC30A8 Arg325Trp Variant Is Associated with
Reduced First-Phase Insulin Release in 846 Non-Diabetic Offspring of
Type 2 Diabetes Patients - The EUGENE2 Study. Diabetologia 2008,
51, 816−820.
(19) Sladek, R.; Rocheleau, G.; Rung, J.; Dina, C.; Shen, L.; Serre,
D.; Boutin, P.; Vincent, D.; Belisle, A.; Hadjadj, S.; Balkau, B.; Heude,
B.; Charpentier, G.; Hudson, T. J.; Montpetit, A.; Pshezhetsky, A. V.;
Prentki, M.; Posner, B. I.; Balding, D. J.; Meyre, D.; Polychronakos,
C.; Froguel, P. A Genome-Wide Association Study Identifies Novel
Risk Loci for Type 2 Diabetes. Nature 2007, 445, 881−885.
(20) Kim, I.; Kang, E. S.; Yim, Y. S.; Ko, S. J.; Jeong, S. H.; Rim, J.
H.; Kim, Y. S.; Ahn, C. W.; Cha, B. S.; Lee, H. C.; Kim, C. H. A Low-
Risk ZnT-8 Allele (W325) for Post-Transplantation Diabetes Mellitus
Is Protective against Cyclosporin A-Induced Impairment of Insulin
Secretion. Pharmacogenomics J. 2011, 11, 191−198.
(21) Flannick, J.; Thorleifsson, G.; Beer, N. L.; Jacobs, S. B. R.;
Grarup, N.; Burtt, N. P.; Mahajan, A.; Fuchsberger, C.; Atzmon, G.;
Benediktsson, R.; Blangero, J.; Bowden, D. W.; Brandslund, I.;
Brosnan, J.; Burslem, F.; Chambers, J.; Cho, Y. S.; Christensen, C.;
Douglas, D. A.; Duggirala, R.; Dymek, Z.; Farjoun, Y.; Fennell, T.;

Fontanillas, P.; Forsén, T.; Gabriel, S.; Glaser, B.; Gudbjartsson, D. F.;
Hanis, C.; Hansen, T.; Hreidarsson, A. B.; Hveem, K.; Ingelsson, E.;
Isomaa, B.; Johansson, S.; Jørgensen, T.; Jørgensen, M. E.; Kathiresan,
S.; Kong, A.; Kooner, J.; Kravic, J.; Laakso, M.; Lee, J. Y.; Lind, L.;
Lindgren, C. M.; Linneberg, A.; Masson, G.; Meitinger, T.; Mohlke,
K. L.; Molven, A.; Morris, A. P.; Potluri, S.; Rauramaa, R.; Ribel-
Madsen, R.; Richard, A. M.; Rolph, T.; Salomaa, V.; Segre,̀ A. V.;
Skar̈strand, H.; Steinthorsdottir, V.; Stringham, H. M.; Sulem, P.; Tai,
E. S.; Teo, Y. Y.; Teslovich, T.; Thorsteinsdottir, U.; Trimmer, J. K.;
Tuomi, T.; Tuomilehto, J.; Vaziri-Sani, F.; Voight, B. F.; Wilson, J. G.;
Boehnke, M.; McCarthy, M. I.; Njølstad, P. R.; Pedersen, O.; Groop,
L.; Cox, D. R.; Stefansson, K.; Altshuler, D. Loss-of-Function
Mutations in SLC30A8 Protect against Type 2 Diabetes. Nat.
Genet. 2014, 46, 357−363.
(22) Carvalho, S.; Molina-López, J.; Parsons, D.; Corpe, C.; Maret,
W.; Hogstrand, C. Differential Cytolocation and Functional Assays of
the Two Major Human SLC30A8 (ZnT8) Isoforms. J. Trace Elem.
Med. Biol. 2017, 44, 116−124.
(23) Merriman, C.; Huang, Q.; Rutter, G. A.; Fu, D. Lipid-Tuned
Zinc Transport Activity of Human ZnT8 Protein Correlates with Risk
for Type-2 Diabetes. J. Biol. Chem. 2016, 291, 26950−26957.
(24) Xue, J.; Xie, T.; Zeng, W.; Jiang, Y.; Bai, X. Cryo-EM Structures
of Human ZnT8 in Both Outward- and Inward-Facing Conforma-
tions. Elife 2020, 9, No. e58823.
(25) Chao, Y.; Fu, D. Kinetic Study of the Antiport Mechanism of an
Escherichia coli Zinc Transporter, ZitB. J. Biol. Chem. 2004, 279,
12043−12050.
(26) Wei, Y.; Fu, D. Selective Metal Binding to a Membrane-
Embedded Aspartate in the Escherichia coli Metal Transporter YiiP
(FieF). J. Biol. Chem. 2005, 280, 33716−33724.
(27) Cotrim, C. A.; Jarrott, R. J.; Martin, J. L.; Drew, D. A Structural
Overview of the Zinc Transporters in the Cation Diffusion Facilitator
Family. Acta Crystallogr., Sect. D: Struct. Biol. 2019, 75, 357−367.
(28) Wei, Y.; Li, H.; Fu, D. Oligomeric State of the Escherichia coli
Metal Transporter YiiP. J. Biol. Chem. 2004, 279, 39251−39259.
(29) Lu, M.; Fu, D. Structure of the Zinc Transporter YiiP. Science
2007, 317, 1746−1748.
(30) Lu, M.; Chai, J.; Fu, D. Structural Basis for Autoregulation of
the Zinc Transporter YiiP. Nat. Struct. Mol. Biol. 2009, 16, 1063−
1067.
(31) Coudray, N.; Valvo, S.; Hu, M.; Lasala, R.; Kim, C.; Vink, M.;
Zhou, M.; Provasi, D.; Filizola, M.; Tao, J.; Fang, J.; Penczek, P. A.;
Ubarretxena-Belandia, I.; Stokes, D. L. Inward-Facing Conformation
of the Zinc Transporter YiiP Revealed by Cryoelectron Microscopy.
Proc. Natl. Acad. Sci. U.S.A. 2013, 110, 2140−2145.
(32) Jardetzky, O. Simple Allosteric Model for Membrane Pumps.
Nature 1966, 211, 969−970.
(33) Anton, A.; Weltrowski, A.; Haney, C. J.; Franke, S.; Grass, G.;
Rensing, C.; Nies, D. H. Characteristics of Zinc Transport by Two
Bacterial Cation Diffusion Facilitators from Ralstonia metallidurans
CH34 and Escherichia coli. J. Bacteriol. 2004, 186, 7499−7507.
(34) Lopez-Redondo, M. L.; Coudray, N.; Zhang, Z.; Alexopoulos,
J.; Stokes, D. L. Structural Basis for the Alternating Access Mechanism
of the Cation Diffusion Facilitator YiiP. Proc. Natl. Acad. Sci. U.S.A.
2018, 3042.
(35) Shi, Y. Common Folds and Transport Mechanisms of
Secondary Active Transporters. Annu. Rev. Biophys. 2013, 42, 51−72.
(36) Gupta, S.; Chai, J.; Cheng, J.; D’Mello, R.; Chance, M. R.; Fu,
D. Visualizing the Kinetic Power Stroke That Drives Proton-Coupled
Zinc(II) Transport. Nature 2014, 512, 101−104.
(37) Sala, D.; Giachetti, A.; Rosato, A. An Atomistic View of the YiiP
Structural Changes upon Zinc(II) Binding. Biochim. Biophys. Acta,
Gen. Subj. 2019, 1863, 1560−1567.
(38) Parsons, D. S.; Hogstrand, C.; Maret, W. The C-Terminal
Cytosolic Domain of the Human Zinc Transporter ZnT8 and Its
Diabetes Risk Variant. FEBS J. 2018, 285, 1237−1250.
(39) Maret, W. Analyzing Free Zinc(II) Ion Concentrations in Cell
Biology with Fluorescent Chelating Molecules. Metallomics. 2015,
202−211.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://dx.doi.org/10.1021/acs.jcim.0c01139
J. Chem. Inf. Model. 2021, 61, 901−912

911

https://dx.doi.org/10.3945/an.112.003210
https://dx.doi.org/10.3945/an.112.003210
https://dx.doi.org/10.1016/j.febslet.2015.04.007
https://dx.doi.org/10.1016/j.febslet.2015.04.007
https://dx.doi.org/10.1039/c4cc10174j
https://dx.doi.org/10.1039/c4cc10174j
https://dx.doi.org/10.1152/physrev.00035.2014
https://dx.doi.org/10.1152/physrev.00035.2014
https://dx.doi.org/10.1152/physrev.00035.2014
https://dx.doi.org/10.3945/an.112.003038
https://dx.doi.org/10.3945/an.112.003038
https://dx.doi.org/10.1074/jbc.R600011200
https://dx.doi.org/10.1074/jbc.R600011200
https://dx.doi.org/10.1038/sigtrans.2017.29
https://dx.doi.org/10.1038/sigtrans.2017.29
https://dx.doi.org/10.2337/diabetes.53.9.2330
https://dx.doi.org/10.2337/diabetes.53.9.2330
https://dx.doi.org/10.2337/diabetes.53.9.2330
https://dx.doi.org/10.1016/j.tem.2014.03.008
https://dx.doi.org/10.1016/j.tem.2014.03.008
https://dx.doi.org/10.1007/s10534-005-3685-y
https://dx.doi.org/10.1007/s10534-005-3685-y
https://dx.doi.org/10.2337/db09-0551
https://dx.doi.org/10.2337/db09-0551
https://dx.doi.org/10.2337/db09-0551
https://dx.doi.org/10.1186/s12986-016-0104-z
https://dx.doi.org/10.1186/s12986-016-0104-z
https://dx.doi.org/10.1186/s12986-016-0104-z
https://dx.doi.org/10.1007/s00125-008-0955-6
https://dx.doi.org/10.1007/s00125-008-0955-6
https://dx.doi.org/10.1007/s00125-008-0955-6
https://dx.doi.org/10.1038/nature05616
https://dx.doi.org/10.1038/nature05616
https://dx.doi.org/10.1038/tpj.2010.22
https://dx.doi.org/10.1038/tpj.2010.22
https://dx.doi.org/10.1038/tpj.2010.22
https://dx.doi.org/10.1038/tpj.2010.22
https://dx.doi.org/10.1038/ng.2915
https://dx.doi.org/10.1038/ng.2915
https://dx.doi.org/10.1016/j.jtemb.2017.06.001
https://dx.doi.org/10.1016/j.jtemb.2017.06.001
https://dx.doi.org/10.1074/jbc.M116.764605
https://dx.doi.org/10.1074/jbc.M116.764605
https://dx.doi.org/10.1074/jbc.M116.764605
https://dx.doi.org/10.7554/eLife.58823
https://dx.doi.org/10.7554/eLife.58823
https://dx.doi.org/10.7554/eLife.58823
https://dx.doi.org/10.1074/jbc.M313510200
https://dx.doi.org/10.1074/jbc.M313510200
https://dx.doi.org/10.1074/jbc.M506107200
https://dx.doi.org/10.1074/jbc.M506107200
https://dx.doi.org/10.1074/jbc.M506107200
https://dx.doi.org/10.1107/S2059798319003814
https://dx.doi.org/10.1107/S2059798319003814
https://dx.doi.org/10.1107/S2059798319003814
https://dx.doi.org/10.1074/jbc.M407044200
https://dx.doi.org/10.1074/jbc.M407044200
https://dx.doi.org/10.1126/science.1143748
https://dx.doi.org/10.1038/nsmb.1662
https://dx.doi.org/10.1038/nsmb.1662
https://dx.doi.org/10.1073/pnas.1215455110
https://dx.doi.org/10.1073/pnas.1215455110
https://dx.doi.org/10.1038/211969a0
https://dx.doi.org/10.1128/JB.186.22.7499-7507.2004
https://dx.doi.org/10.1128/JB.186.22.7499-7507.2004
https://dx.doi.org/10.1128/JB.186.22.7499-7507.2004
https://dx.doi.org/10.1073/pnas.1715051115
https://dx.doi.org/10.1073/pnas.1715051115
https://dx.doi.org/10.1146/annurev-biophys-083012-130429
https://dx.doi.org/10.1146/annurev-biophys-083012-130429
https://dx.doi.org/10.1038/nature13382
https://dx.doi.org/10.1038/nature13382
https://dx.doi.org/10.1016/j.bbagen.2019.06.001
https://dx.doi.org/10.1016/j.bbagen.2019.06.001
https://dx.doi.org/10.1111/febs.14402
https://dx.doi.org/10.1111/febs.14402
https://dx.doi.org/10.1111/febs.14402
https://dx.doi.org/10.1039/c4mt00230j
https://dx.doi.org/10.1039/c4mt00230j
pubs.acs.org/jcim?ref=pdf
https://dx.doi.org/10.1021/acs.jcim.0c01139?ref=pdf


(40) Hessels, A. M.; Chabosseau, P.; Bakker, M. H.; Engelen, W.;
Rutter, G. A.; Taylor, K. M.; Merkx, M. EZinCh-2: A Versatile,
Genetically Encoded FRET Sensor for Cytosolic and Intraorganelle
Zn2+ Imaging. ACS Chem. Biol. 2015, 10, 2126−2134.
(41) Yang, J.; Zhang, Y. I-TASSER Server: New Development for
Protein Structure and Function Predictions. Nucleic Acids Res. 2015,
43, W174−W181.
(42) Balakrishnan, S.; Kamisetty, H.; Carbonell, J. G.; Lee, S. I.;
Langmead, C. J. Learning Generative Models for Protein Fold
Families. Proteins: Struct., Funct., Bioinf. 2011, 79, 1061−1078.
(43) Wu, E. L.; Cheng, X.; Jo, S.; Rui, H.; Song, K. C.; Dav́ila-
Contreras, E. M.; Qi, Y.; Lee, J.; Monje-Galvan, V.; Venable, R. M.;
Klauda, J. B.; Im, W. CHARMM-GUI Membrane Builder toward
Realistic Biological Membrane Simulations. J. Comput. Chem. 2014,
35, 1997−2004.
(44) Jo, S.; Kim, T.; Iyer, V. G.; Im, W. CHARMM-GUI: A Web-
Based Graphical User Interface for CHARMM. J. Comput. Chem.
2008, 29, 1859−1865.
(45) Gould, I. R.; Skjevik, A. A.; Dickson, C. J.; Madej, B. D.;
Walker, R. Lipid17: A Comprehensive AMBER Force Field for the
Simulation of Zwitterionic and Anionic. Lipids, in preparation, 2021.
(46) Maier, J. A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.;
Hauser, K. E.; Simmerling, C. Ff14SB: Improving the Accuracy of
Protein Side Chain and Backbone Parameters from Ff99SB. J. Chem.
Theory Comput. 2015, 11, 3696−3713.
(47) Case, D. A.; Cheatham, T. E.; Darden, T.; Gohlke, H.; Luo, R.;
Merz, K. M.; Onufriev, A.; Simmerling, C.; Wang, B.; Woods, R. J.
The Amber Biomolecular Simulation Programs. J. Comput. Chem.
2005, 26, 1668−1688.
(48) Case, D. A.; Ben-Shalom, I. Y.; Brozell, S. R.; Cerutti, D. S.;
Cheatham, T. E. I.; Cruzeiro, V. W. D.; Darden, T. A.; Duke, R. E.;
Ghoreishi, D.; Gilson, M. K.; Gohlke, H.; Goetz, A. W.; Greene, D.;
Harris, R.; Homeyer, N.; Izadi, S.; Kovalenko, A.; Kurtzman, T.; Lee,
T. S.; LeGrand, S.; Li, P.; Liu, J.; Luchko, T.; Luo, R.; Mermelstein, D.
J.; Merz, K. M.; Miao, Y.; Monard, G.; Nguyen, C.; Nguyen, H.;
Omelyan, I.; Onufriev, A.; Pan, F.; Qi, R.; Roe, D. R.; Roitberg, A.;
Sagui, C.; Schott-Verdugo, S.; Shen, J.; Simmerling, C. L.; Smith, J.; R,
S.-F.; Swails, J.; Walker, R. C.; Wang, J.; Wei, H.; Wolf, R. M.; Wu, X.;
Xiao, L.; York, D. M.; Kollman, P. A. AMBER; University of
California: San Francisco, 2018.
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