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ABSTRACT: Metformin is considered as the go-to drug in the treatment of
diabetes. However, it is either prescribed in lower doses or not prescribed at all to
patients with kidney problems. To find a potential explanation for this practice, we
employed atomistic-level computer simulations to simulate the transport of
metformin through multidrug and toxin extrusion 1 (MATE1), a protein known to
play a key role in the expulsion of metformin into urine. Herein, we examine the
hydrogen bonding between MATE1 and one or more metformin molecules. The
simulation results indicate that metformin continuously forms and breaks off
hydrogen bonds with MATE1 residues. However, the mean hydrogen bond lifetimes
increase for an order of magnitude when three metformin molecules are inserted
instead of one. This new insight into the metformin transport process may provide
the molecular foundation behind the clinical practice of not prescribing metformin to
kidney disease patients.

■ INTRODUCTION
Even after half a century of use and experience, metformin is
still the gold standard in the treatment of diabetes,1,2 despite
the discovery of numerous new antidiabetic drugs. Metformin
has a multitude of advantages for the patient: it is inexpensive,
safe, and available in an immediate release or as an extended
release form that can be given orally once or twice daily.1,2

Metformin is not only the go-to therapy in glucose control,3

but it also has beneficial effects on weight gain4 and
cardiovascular mortality.5−7

In addition to its antidiabetic effects, metformin has shown
numerous pleiotropic effects.8−10 Studies demonstrated
decreased risk of the occurrence of various types of cancers,
especially pancreas cancer, colon cancer, and hepatocellular
carcinoma.11−13 This observation was also confirmed by the
results of many meta-analyses.14−16 Metformin is also
garnering attention for its potential in treating polycystic
ovary syndrome.9,17

However, experience has shown that metformin does not
work for every patient and some may experience unwanted
side effects, like abdominal discomfort, bloating, and diarrhea.1

Moreover, serious adverse events, such as lactic acidosis, have
been linked with very high circulating levels of metformin.18

Since the drug is cleared by renal filtration, this complication is
known to occur in the cases of either overdose or acute renal
failure. According to the FDA Drug Safety Communication
from 2017, metformin may be safely used in patients with
reduced estimated glomerular filtration rates (eGFR), where
eGFR ≥ 30 mL/min/1.73 m2. However, metformin is
contraindicated in patients with eGFR < 30 mL/min/1.7
m2.19 From the point of view of the physician prescribing the

drug, it is very important to determine the maximum optimal
daily dose of the drug, which is often unnecessarily and
unreasonably underdosed, leading to poorer antihyperglycemic
and anti-inflammatory effects. Yet, the physician must be
mindful of patients that exhibit some forms of kidney disease.
To understand why metformin has such an effect on patients
with advanced kidney disease, we must elucidate the
mechanism of metformin expulsion from the body, which
has been given less attention in the literature.
Due to its wealth of hydrogen-bonding functional groups,

metformin has low lipid solubility and requires transporters to
get to its target destinations.20 The two families of transporters
mentioned in this regard are organic cation transporters
(OCTs)21 and multidrug and toxin extrusion (MATE)
proteins.22 Whereas OCTs are required to transport metformin
into the liver, gut, and kidneys,20,21 the excretion of metformin
into bile and urine via kidneys is controlled by MATE1.20

In this paper, we are focusing on MATE1 and its role in the
transport and expulsion of metformin via molecular dynamics
(MD) simulations. We discuss the interaction between
MATE1 and metformin with the emphasis on the hydrogen
bonding between the two. To our knowledge, there has not
been an MD study on the transport of metformin through this
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particular protein. In fact, there are a few examples of
metformin simulations in the literature, either of the molecule
itself or in solutions and biomacromolecular complexes.23−27

The most recent example of a simulation study involving
metformin was from Akcȩsm̧e et al.,28 where the authors
presented the results of metformin and human organic cation
transporter (hOCT 1−3) interactions. This investigation is the
most relevant to ours, as it demonstrates a stable simulation of
metformin and transport proteins.
As for MATE1, the X-ray structure of the mammalian

protein has not been resolved yet, but it is generally predicted
as having 13 transmembrane helices (TMHs) with an
extracellular C terminus.29,30 However, the X-ray structure of
its prokaryotic counterpart, NorM from Vibrio cholerae, is
known and consists of 12 TMHs.31 Zhang et al.32 did a
combined experimental and theoretical study on the
mammalian MATE1 and concluded that the functional core
of the protein is made up of 12 TMHs, i.e., the 13th TMH is
not essential for its transport purpose. In the same study, the
authors propose a theoretical model of the mammalian
MATE1, obtained by homology modeling from NorM. This
homology model of MATE1 was then studied via MD
simulations, the results of which indicated that the modeled
MATE1 was at least as stable as the NorM X-ray structure
from which it is derived. The paper of Zhang et al. provides the
foundation for the MATE1 structure in this current work.

■ RESULTS AND DISCUSSION

The detailed simulation protocol and force field information
are contained in the Methods section. We started from the
theoretical structure of MATE1 embedded in a model
membrane containing 119 molecules of dipalmitoylphospha-
tidylcholine (DPPC). This system was then surrounded by
water molecules that mimic both the extracellular space and
the cytoplasm. The initial system is depicted in Figure 1, with
the protein represented with ribbons, DPPC with gray lines,
and water with cyan lines.

The MATE1−DPPC−water system then underwent an
equilibration run of 50 ns and a production run of 20 ns. The
latter run was used to calculate the root-mean-square
displacement (RMSD) and the radius of gyration (Rg) of the
backbone of MATE1. The temporal evolution of both
quantities is presented in Figures S1 and S2 in the Supporting
Information, Section 2. The value for RMSD increases up to 5
ns, after which it fluctuates around the average value of (0.22 ±
0.01) nm. The radius of gyration fluctuates around the average
value of (2.17 ± 0.01) nm throughout the 20 ns run. The
stability of the protein model during the simulation enabled us
to carry out further simulations that involved inserting
metformin into the existing system.
For subsequent simulations, we inserted one molecule of

metformin into the pocket of MATE1. The exact position of
the molecule can be seen in the leftmost panel of Figure 2 at 0
ns. Snapshots of the molecule were taken at 50, 100, and 200
ns, respectively. The images of metformin at these points in
time may give the impression that the molecule is rather static.
However, this impression changes when we look at the video
rendered from the 200 ns trajectory, the link for which is in the
Supporting Information, Section 1. The video reveals that
metformin moves quite freely within MATE1 during the
course of the simulation.
Since metformin is highly hydrophilic and relies on

transporters to move through membranes, we assumed that
hydrogen bonding (Hbonding), a very frequent mechanism of
interaction between proteins and ligands33−35 and proteins and
proteins,36−39 is involved. We turned to hydrogen bond (HB)
analysis to quantify the observations from the video. The HB
analysis used in this paper is a staple in the research of liquids
and liquid mixtures and workers in the field have used this
methodology for quantifying the hydrogen bonding process in
water,40−43 alcohols,44 and related mixtures.45−48 This same
analysis is relevant for studying the interaction of proteins with
water, for example, in protein hydration.49,50 In this work, we
primarily focus on the interaction between metformin and the
protein via Hbonding.
Other interactions that involve only the protein, such as salt

bridges, do occur throughout the simulation. For the sake of
completeness, we have included a short discussion on them in
the Supporting Information, Section 2, but the main target of
our study is the Hbonding between metformin and MATE1.
First, we calculated the number of hydrogen bonds formed

between metformin and MATE1 residues according to the
geometric criteria of hydrogen bond formation. To account for
the weakest hydrogen bonds, which, on average, have a
characteristic length of 3.4 Å,51 we chose the cutoff radius of
3.5 Å. All of these data are collected in Figure 3, with each
panel representing the number of Hbonds between metformin
and a residue of MATE1.
Throughout the simulation, metformin forms Hbonds with

the following AA residues: Gln-49, Asn-82, Glu-273, Trp-274,
Tyr-277, Glu-278, Tyr-299, Ala-302, Ile-303, Tyr-306, Glu-
389, and Tyr-416. The positions of these residues, alongside
metformin at 200 ns, are depicted in Figure 4.
The distributions of the number of Hbonds in Figure 3 show

that metformin simultaneously forms at most one bond with
Ile-303 and Tyr-416, two bonds with Gln-49, Asn-82, Tyr-277,
Tyr-299, Ala-302, and Tyr-306, and three bonds with Trp-274,
Glu-273, Glu-278, and Glu-389. The fact that metformin
displays a heightened interaction with the glutamine residues
corroborates the suggestion of Zhang et al.32 that these

Figure 1. MATE1 proteins (ribbons) embedded into a DPPC bilayer
(gray lines) and surrounded by water molecules (cyan lines). The
MATE1 TMHs are color-coded from the N terminus as follows: 1,
blue; 2, red; 3, gray; 4, orange; 5, green; 6, black; 7, pink; 8, magenta;
9, brown; 10, yellow; 11, cyan; 12, lime green.
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residues form the assumed translocation pathway for a
substrate. Also, this result agrees with a previous experimental
study by Matsumoto et al.,52 which concluded that these
specific residues are a part of the substrate binding site. Glu-
273 is also mentioned in the study by Otsuka et al.29 as being
essential for transport.

To quantitatively describe the data in Figure 3, we have
expressed the number of Hbonds formed between metformin
and the MATE1 residues in terms of the percentages of
simulation times. The four residues that contribute least
significantly to the number of Hbonds are Ala-302, Ile-303,
Tyr-306, and Tyr-416, which form one Hbond with metformin

Figure 2. Temporal evolution of the passage of metformin through MATE1. The side view of the protein (top row) and its corresponding top view
(bottom row) are presented for particular simulation times. The color code of the protein’s TMH is the same as in Figure 1, whereas metformin’s
sites are as follows: nitrogen, blue; hydrogen, white; carbon, cyan.

Figure 3. Number of hydrogen bonds formed by metformin and residues of MATE1 over the span of 200 ns. The residue name is given in the top
right corner of each panel.
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for 0.05−0.01% of the simulation time. Ala-302 and Tyr-306
have also formed two Hbonds with metformin, but this event
has happened rarely, 0.002−0.001% of the simulation time.
The other eight residues show a higher frequency in Hbonding
with metformin, considering either one or more bonds. Tyr-
299, Tyr-277, and Glu-389 hold the middle ground, as they
experience one Hbond with metformin for 3.2, 4.2, and 5% of
the 200 ns simulation, respectively. The remainder of the
residues spends more than 10% of time each forming one
Hbond with metformin. Gln-49 has one Hbond 11% of the
time, followed by Glu-273 (12.5%), Trp-274 (14.3%), Asn-82
(22.4%), and finally Glu-278 (30%).
When we consider the residues that form two Hbonds with

metformin simultaneously, we see that the time percentage
dwindles noticeably, with only the glutamine residues
contributing more significantly. They go in ascending order:
Gln-49 (0.04%), Tyr-277 (0.05%), Trp-274 (0.07%), Tyr-299
(0.09%), Asn-82 (0.1%), Glu-389 (0.4%), Glu-273 (1.4%), and
Glu-389 (1.7%).
As for the residues that have presented the possibility of

having three Hbonds at the same time, the percentages of the
glutamine residues are the only ones of note: Glu-273 and Glu-
278 (both 0.02%) and Glu-389 (0.08%).
The analysis of the hydrogen bond number points to the fact

that metformin has a proclivity to bind to multiple residues at
the time. However, Figure 3 might lead one to conclude that
metformin spends tens of nanoseconds bound to the same AA
residue once it forms an Hbond. This is not true because the
number of hydrogen bonds is a static quantity, which merely
counts the number of hydrogen bonds between two species at
certain points in time when we collected the trajectory. To find
out the dynamics of binding between metformin and MATE1,
we must first calculate the probability distribution of hydrogen
bond lifetimes, P(t).40,42 This is a quantity that describes the
rate of survival probability for a newly generated Hbond and is
described in more detail in the Methods section.

In our case, we have examined the probability distributions
of Hbond lifetimes for metformin−MATE1 residue pairs, and
these data are presented in Figure 5. We note that each curve is

monotonously decaying, which is even more visible in the
magnified inset of Figure 5. This means that the hydrogen
bonding between metformin and the MATE1 residue always
follows the same trend, with the Hbond starting at one point in
time and then gradually tapering off to 0 in the time span of 10
to 40 ps.
However, to obtain the numerical value known as the mean

hydrogen bond lifetime ⟨τ⟩, we need to do a temporal integral
of the product of P(t) and t42 (also described in more detail in
the Methods section). Our calculations of the mean hydrogen
bond lifetimes for each metformin−MATE1 residue pair are
provided in Table 1. Asn-82 has the longest mean Hbond

lifetime of 13.3 ps, followed by Gln-49, which has a ⟨τ⟩ of
11.49 ps. The glutamine residues have Hbond lifetimes of 6.13,
4.05, and 3.62 ps. For the other seven residues, the Hbond
lifetimes range from 3.02 to 1 ps.
The numbers in Table 1 indicate that metformin’s Hbond

formation with individual MATE1 residues is a short process
that lasts picoseconds. Thus, metformin continuously “clicks
on” and “clicks off” Hbonds with different residues; however, it
stays in the vicinity of certain residues for tens of nanoseconds,
continuously forming and breaking Hbonds with residues that
are in the assumed translocation pathway. This explanation
accounts for the jerky motion of metformin in the Supporting
Information video.

Figure 4. Snapshot of metformin with the AA residues it Hbonds with
during the simulation. The name and number of the residue are
featured for all visible residues.

Figure 5. Probability distributions of Hbond lifetimes for AA
residue−metformin. The color code for each residue is given in the
figure legend.

Table 1. Mean Hydrogen Bond Lifetimes ⟨τ⟩ between
Metformin and Specific MATE1 Residues

residue ⟨τ⟩ [ps] residue ⟨τ⟩ [ps]

Ala-302 1.00 Ile-303 1.27
Asn-82 13.30 Trp-274 3.02
Gln-49 11.49 Tyr-277 2.80
Glu-273 4.05 Tyr-299 2.77
Glu-278 6.13 Tyr-306 2.02
Glu-389 3.62 Tyr-416 2.54
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To put the calculated numbers into perspective, we have also
determined the mean hydrogen bond lifetime for other
constituents of the system. Water can Hbond with metformin
but also with MATE1 residues and other water molecules. The
water−water combination has a mean Hbond lifetime of 0.27
ps, 2.2 ps for water−metformin, and 46.8 ps for water−
MATE1 (with the MATE1 residues on average).
During the 200 ns simulation, metformin has not passed

through MATE1, but we speculate that this process requires
more computational time, perhaps in the range of micro-
seconds. It is also possible that the passage of metformin
through MATE1 is modulated by the number of metformin

molecules present. With more metformin molecules in the
protein, there are a larger number of Hbond donors and
acceptors that may compete for binding with residues in the
presumed translocation pathway. This may affect the quantities
related to hydrogen bonding and, consequentially, the time
necessary for metformin to be excreted.
To examine that notion, we returned to the initial MATE1−

DPPC−water system and inserted three metformin molecules
into the cleft of MATE1. Figure 6 gives us snapshots of the
system during 200 ns of the simulation. Just like in Figure 2, we
present the configurations of the system at 0, 50, 100, and 200
ns. The motion of the molecules can be examined further in

Figure 6. Temporal evolution of the passage of three metformin molecules through MATE1. The side view of the protein (top row) and
corresponding top view (bottom row) are presented for a particular simulation time. The color code is the same as in Figure 2.

Figure 7. Number of hydrogen bonds formed by three metformin molecules and residues of MATE1 over the span of 200 ns. Metformin molecule
1 (red) is in the top row, molecule 2 (green) is in the middle row, and molecule 3 (blue) is in the bottom row. The residue name is given in the top
right corner of each panel.
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the video available on the link in the Supporting Information,
Section 1, just like in the case of one metformin in the cleft.
Similarly, we performed the same type of Hbond analysis as for
the system with one metformin. The results of the Hbond
number for each metformin molecule are shown in Figure 7.
To get a better grasp of the labeling of each metformin, we
provide Figure 8.

The first metformin molecule (top row of Figure 7, in red)
formed Hbonds with nine MATE1 AA residues during the
simulation. For the most part, it formed one Hbond with the
residues, out of which 58.7% of the time with Gln-49 and
40.6% with Lys-176. The second metformin (middle row of
Figure 7, in green) bonded with six AA residues, most notably
one Hbond with Glu-273 (57% of the time), Ser-56 (47% of
the time), Trp-274 (31% of the time), and Asn-82 (13.4% of
the time). The second metformin also significantly forms
multiple Hbonds, two bonds with Glu-278 (22% of the time)
and Ser-56 (3.5% of the time) and even three bonds with Glu-
278 (3.7% of the time). The third metformin, on the other
hand, only forms one Hbond for notable amounts of time: with
Gln-49 for 22.7% of the 200 ns simulation and Glu-273 for
5.8%. The distributions of the number of Hbonds over
different AA residues underscore the activity and importance
that certain residues like Glu-273, Glu-278, and Gln-49 have in
the pocket of MATE1.
Since the probability distributions of hydrogen bond

lifetimes for each metformin−residue follow the same trend
as in Figure 5, we only present the calculated mean hydrogen
bond lifetimes in Table 2. All three metformin molecules
experience mean Hbond lifetimes in the range of tens, and for
certain AA residues, hundreds of picoseconds, which is a
significant increase in comparison to the situation with only
one metformin (Table 1). This is particularly prominent for
the second metformin molecule, which has a mean Hbond
lifetime of over 100 ps for two residues, Ser-56 and Trp-274. It
seems that the increased number of metformins in the MATE1

cleft slows down the Hbond dynamics of all the molecules with
the protein residues. The metformins still “click on” and “click
off” Hbonds with the AA residues, but those processes take, on
an order of magnitude, more time than in the case of a single
metformin molecule.
With the metformin molecules in close proximity, it is

important to examine if there are any Hbond interactions
between them. We calculated the number of Hbonds between
all the possible pairs of metformins. This information is
contained in the Supporting Information, Section 2, Figure S4.
Throughout the simulation, metformin molecules 1 and 2 do
not form hydrogen bonds at all, whereas the number of
Hbonds between the two other pairs is almost entirely 1. In
addition to that, the molecules form Hbonds for only 0.13 and
0.07% of the total simulation time. As for the mean hydrogen
bond lifetime, we calculated it to be 1.04 and 1.05 ps for the
metformin 1−3 pair and metformin 2−3 pair, respectively. The
simulation points to the idea that when multiple metformin
molecules are within MATE1, the molecules will interact more
with the protein residues than with other metformin molecules
and these bonds will have a longer mean lifetime. This trend is
also present when we consider water molecules, the mean
hydrogen lifetimes of which align with the numbers presented
for the simulation with only one metformin. This information
is very interesting from the clinical aspect of prescribing the
drug. The longer-lasting Hbonds between multiple metformins
and MATE1 can mean that more time is necessary for the
expulsion of more metformin molecules. This sheds new light
on the fact that the implementation of metformin therapy to
more advanced stages of chronic kidney disease (eGFR < 30
mL/min/1.73 m219) is potentially dangerous.

■ SUMMARY
In summary, the present study showed that computer
simulations reveal a wealth of information about the
interactions of metformin and MATE1 on the atomistic level
of detail. First, we have further confirmed that the theoretical
model of MATE1, first presented by Zhang et al.,32 is stable
throughout MD simulations of even longer duration than in
the original study, thus making it an excellent basis for studying
the interactions with small organic molecules. This enabled us
to perform novel simulations of MATE1 with one or more
metformin molecules inserted in its pocket and analyze the
results with particular emphasis on the hydrogen bonding
between metformin and the protein.
In the case of one metformin, the results indicate that

metformin continually forms and breaks off hydrogen bonds
with MATE1 residues, the mean hydrogen bond lifetime being

Figure 8. Three metformin molecules in the MATE1 cleft, labeled
(1/2/3), as they were subsequently referenced.

Table 2. Mean Hydrogen Bond Lifetimes ⟨τ⟩ between Each
Metformin and Specific MATE1 Residues

metformin 1 metformin 2 metformin 3

residue ⟨τ⟩ [ps] residue ⟨τ⟩ [ps] residue ⟨τ⟩ [ps]

Ala-45 42.50 Asn-82 49.41 Ala-302 20.00
Ala-310 26.43 Glu-278 94.87 Asn-82 81.05
Arg-400 23.64 Ile-78 25.03 Gln-49 51.56
Asp-97 20.00 Ser-56 159.93 Glu-273 43.35
Gln-49 101.23 Trp-274 104.02 Ile-303 30.59
Glu-273 33.33 Tyr-277 54.95 Trp-274 21.90
Lys-176 71.24 Tyr-277 20.00
Ser-94 27.41 Tyr-306 24.00
Ser-313 42.22
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from 1 to 13.3 ps. However, metformin tends to hydrogen-
bond to specific MATE1 residues, among which are Glu-278,
Asn-82, Trp-274, Glu-273, Gln-49, Glu-389, Tyr-277, and Try-
299. Metformin’s heightened bonding preference toward
glutamine residues was previously noted by Matsumoto et
al.,52 so our results confirm that these residues play a part in
the presumed translocation pathway in MATE1.
Inserting more metformin molecules in the cleft of MATE1

slows down the dynamic of hydrogen bonding between
metformin and the AA residues, as witnessed by the mean
hydrogen bond lifetime that increased to tens and even
hundreds of picoseconds in some cases. The metformin
molecules bond more to the protein than to themselves, with
the choice of AA residues for bonding influenced by the
available space in the pocket, i.e., the other metformin
molecules hinder the mobility in the pocket. If metformins
hydrogen-bond among themselves, those bonds are short-lived,
the mean lifetime being hardly more than 1 ps. However, the
picture of constant hydrogen bond formation and destruction
still persists, despite the slowdown in the hydrogen bond
dynamics.
Since the metformin molecules did not pass through

MATE1 during our 200 ns simulations, we speculate that
more simulation time is necessary to observe that process,
possibly in the range of microseconds. Further studies are
required to examine that point. Nonetheless, this present study
gives new insight into the interaction between metformin and
MATE1, emphasizing the role of hydrogen bonding. It may
serve as a stepping stone toward understanding the excretion
mechanism of the versatile and important drug that is
metformin.

■ METHODS
Simulation Details. The creation of the systems and

subsequent simulations were performed in the Gromacs
program package, version 5.1.4.53 The structure of the
multidrug and toxin extrusion protein 1 (MATE1) was
embedded into a pre-equilibrated DPPC bilayer (containing
119 DPPC molecules), and the rest of the simulation box was
filled with water molecules. To retain the electroneutrality of
the system, one chlorine ion was added into the water
surrounding the MATE1−DPPC bilayer structure.
This system was then energy-minimized, followed by a 1 ns

NVT equilibration and a 50 ns NpT equilibration. Since DPPC
has a phase transition at 315 K,54 the temperature of choice for
simulating a system with this bilayer has to be above that value.
To get the system to the desired temperature of 323 K, the v-
rescale thermostat55 was used in the NVT stage of
equilibration, whereas the Nose−Hoover thermostat56,57 was
used during the NpT equilibration. The Parrinello−Rahman
barostat58,59 was employed to keep the pressure at 1 bar. In
both algorithms, the time constant was set to 0.5 ps. The time
step for equations of motions was 2 fs. The long-range
electrostatics were handled with the particle mesh Ewald
(PME) method.60

After the equilibration step, one metformin molecule was
inserted in the simulation box, in the MATE1 pocket. A
production run of 200 ns was performed, with the temperature
of 323 K and the pressure of 1 bar being regulated by the
Nose−Hoover thermostat56,57 and the Parrinello−Rahman
barostat,58,59 respectively. The other specifications are the
same as in the NpT equilibration step. The trajectories of the
atoms were collected every 2 ps.

A second system with three metformin molecules in the
MATE1 cleft was created. The specifications of the production
run are the same as in the case with one metformin molecule.
The Gromos 54a7 force field61 was used for the MATE1

protein, the DPPC bilayer, and metformin. The details about
the metformin model are provided in the Supporting
Information, Section 3. The theoretical model of multidrug
and toxin extrusion protein 1 (MATE1) was taken from the
Swiss model repository (Q96FL8 (S47A1_HUMAN)).62 This
model was obtained via homology modeling from the X-ray
crystal structure of a MATE family protein derived from
Camelina sativa at 2.3 Å (PDB code 5YCK).63 In the
Supporting Information, Section 3, we discuss the salient
points of the bioinformatic analysis and compare the MATE1
model featured in this paper with the NorM model from
Zhang et al.32

The paper of Kukol64 was useful for modeling the DPPC
bilayer. The structure of metformin originates from the
Automated Topology Builder.64−67 For water, we used the
SPC/e model.68 The snapshots and videos of the MATE1−
DPPC−water system with one and three metformin molecules,
respectively, were created with VMD version 1.9.1.69,70

Theoretical Details. The root-mean-square displacement
(RMSD) of a structure is calculated as62,71
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where M = Σimi with mi being the mass of atom i, ri(t) is the
position of atom i at time t, and ri

ref is the position of atom i in
a reference structure. Hence, RMSD is a quantity that tells us
the average distance between two structures.
The radius of gyration (Rg) is calculated as71
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where mi is the mass of atom i, and ri is the position of atom i
in relation to the center of mass of the molecule.
The number of hydrogen bonds in time is calculated based

on geometric criteria: the distance of donor−acceptor (which
we took as 3.5 Å) and the angle between hydrogen−donor−
acceptor (30°).
The probability distribution of hydrogen bond lifetimes,

P(t), is calculated as40,42

= −P t
s t

t
( )

d ( )
d

where s(t) is the survival probability for a newly generated
hydrogen bond.
The probability distribution of hydrogen bond lifetimes,

P(t), is used to calculate the mean hydrogen bond lifetime
⟨τ⟩:42

∫τ⟨ ⟩ = · ·
∞

P t t t( ) d
0

The salt bridges for MATE1, which are featured in the
Supporting Information, Section 2, are calculated based on
geometric criteria. The salt bridge exists between any of the
oxygen atoms of acidic residues and the nitrogen atoms of
basic residues within the standard 3.2 Å cutoff distance.72,73
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