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ARTICLE INFO ABSTRACT

Handling Editor: Natalie Strynadka The human equilibrative nucleoside transporter 1 (hENT1) is an effective controller of adenosine signaling by

regulating its extracellular and intracellular concentration, and has become a solid drug target of clinical used

Keywords: adenosine reuptake inhibitors (AdoRIs). Currently, the mechanisms of adenosine transport and inhibition for
hENT1 . hENT1 remain unclear, which greatly limits the in-depth understanding of its inner workings as well as the
E::ﬁ:’:if: transport development of novel inhibitors. In this work, the dynamic details of hENT1 underlie adenosine transport and the
Dilazep inhibition mechanism of the non-nucleoside AdoRIs dilazep both were investigated by comparative long-time

unbiased molecular dynamics simulations. The calculation results show that the conformational transitions of
hENT1 from the outward open to metastable occluded state are mainly driven by TM1, TM2, TM7 and TM9. One
of the trimethoxyphenyl rings in dilazep serves as the adenosyl moiety of the endogenous adenosine substrate to
competitively occupy the orthosteric site of hENT1. Due to extensive and various VDW interactions with N30,
M33, M84, P308 and F334, the other trimethoxyphenyl ring is stuck in the opportunistic site near the extra-
cellular side preventing the complete occlusion of thin gate simultaneously. Obviously, dilazep shows significant
inhibitory activity by disrupting the local induce-fit action in substrate binding cavity and blocking the transport
cycle of whole protein. This study not only reveals the nucleoside transport mechanism by hENT1 at atomic level,
but also provides structural guidance for the subsequent design of novel non-nucleoside AdoRIs with enhanced
pharmacologic properties.

Inhibition mechanism

1. Introduction some organellar membranes. Thus, nucleoside transport systems play key

roles in many aspects of physiological and pathological regulation of

Nucleosides are the main components of nucleic acids and play crit-
ical roles in human metabolism, physiology and pharmacology (Wright
and Lee, 2020). As important salvage metabolites, nucleosides can be
readily converted to nucleotides via phosphorylation, providing raw
materials for nucleic acid synthesis (Van Rompay et al., 2000; Yegutkin,
2014). Nucleotide biosynthesis is an energy intensive process that uses
multiple metabolic pathways across different cell compartments and
several sources of carbon and nitrogen (Lane and Fan, 2015). Although
most proliferating cells (such as bone marrow cells) synthesize nucleo-
tides and nucleic acids de novo, cells may also transport nucleosides from
the extracellular environment (Downie et al., 2008). Owing to the hy-
drophilic nature of nucleosides, specialized transport systems are
required to facilitate their penetration through plasma membrane and

living organisms. Moreover, nucleoside transport systems are directly
responsible for the absorption, delivery, metabolism, and excretion
(ADME) of some common nucleoside analogue drugs, such as ribavirin,
remdesivir, penciclovir, gemcitabine, azidothymidine, etc (Seley-Radtke
and Yates, 2018; Yates and Seley-Radtke, 2019). Some of them have
already demonstrated early potential in the treatment of novel corona-
virus disease 2019 (COVID-19) (Wang et al., 2020; Sheahan et al., 2020;
Grein et al., 2020).

In mammalian cells, nucleoside transporters are classified into two
major genetically distinct protein families: sodium-dependent concen-
trative nucleoside transporters (CNTs) corresponding to human SLC28
family and sodium-independent equilibrative nucleoside transporters
(ENTs) corresponding to the SLC29 family (Young et al., 2013). Three
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human CNT isoforms (hCNT1-3) are respectively encoded by human
SLC28A1, SLC28A2 and SLC28A3, while SLC29A1, SLC29A2, SLC29A3,
SLC29A4 genomes are responsible for encoding four human ENT iso-
forms (ie., hENT1-4). The spatial expression of CNTs and ENTs is
different in many human tissue types, indicating complementary and
coordinated functional characteristics (Govindarajan et al., 2007). Ac-
cording to phylogenetic analysis, ENT family has a long evolutionary
history, and its members are confined to eukaryotes, except for a special
virus-derived subtype (see Fig. S1). Among them, hENT1 has attracted
increasing attention of pharmaceutical chemists due to its wide distri-
bution, especial its crucial role in adenosine and nucleoside analog drug
transport in the human body (Young et al., 2008; Griffiths et al., 1997;
Molina-Arcas et al., 2009).

At present, the nucleoside transport mechanism of CNTs has been
extensively studied (Krishnamurthy et al.,, 2009; Jardetzky, 1966;
Yamashita et al., 2005; Hirschi et al., 2017; Faham et al., 2008; Weyand
et al., 2008). Based on a series of structural and computational biology
studies on CNT, a multistep elevator-like nucleoside transport mecha-
nism has been widely recognized (Hirschi et al., 2017; Duan et al., 2021).
Although many functional analyses of ENTs have been performed
experimentally, more structural advancements and conformational
transition details still need to be further explored (Downie et al., 2008;
Huang et al., 2017; Sundaram et al., 2001; Engel et al., 2004; Arastu--
Kapur et al., 2003, 2005). It is worth mentioning that hENT1 is an
effective controller of adenosine signaling by regulating extracellular and
intracellular concentration, which has become a drug target of adenosine
reuptake inhibitors (AdoRIs)—commonly used clinical vasodilators and
antithrombotic drugs for cardiopathy, renal disease and hypertension
(Nam et al., 2013; Nam et al., 2012; Asatryan et al., 2011; Ruby C et al.,
2010; Lindberg et al., 2015). The lack of in-depth understanding of
hENT1 inhibition mechanism by AdoRIs greatly restricts the develop-
ment of such novel inhibitors.

Until recent years, Wright et al. constructed a functional variant of
hENT1 with high biochemical stability, and also determined two crystal
structures in complex with the non-nucleoside AdoRIs dilazep (a clini-
cally used vasodilator) and the adenosine analog AdoRIs NBMPR (Wright
and Lee, 2019). These two static outward-facing structures have laid the
foundation for revealing hENT1-mediated adenosine transport and its
inhibition mechanism. However, the nucleoside transport facilitated by
hENT1 is a dynamic and continuous process; the structure of hENT1 in
complex with the endogenous adenosine substrate is still unknow; there
are few studies on the inhibition mechanism of AdoRIs at the atomic
scale. Therefore, the following meaningful scientific challenges remain to
be further elucidated: (1) what are the structural features and confor-
mational changes of hENT1 during the endogenous adenosine substrate
transport? (2) AdoRIs increase extracellular concentration of adenosine
by inhibiting hENT1's function, but the exact action mechanism and
dynamic details are unclear.

Dilazep, a non-nucleoside AdoRI commonly used in clinic, was
selected as the research object to explore the detailed mechanism of
inhibiting hENT1. Then, comparative long-time unbiased molecular dy-
namics (MD) simulations were performed for the three hENT1 systems
embedded in the lipid bilayer (i.e., hENT1 complexes with dilazep and
adenosine, ligand-free hENT1). Principal component analysis (PCA), free
energy landscape (FEL), cluster and channel analyses were combined to
investigate slow functional motions and conformational changes in the
three hENT1 systems. The key residues of protein-ligand recognition
were mined with molecular mechanics/generalized born surface area
(MM-GBSA) method; the averaged independent gradient model (alGM)
was also used to graphically investigate their dynamic weak interactions.
Several representative conformations of hENT1 during adenosine trans-
port have been observed through the exhaustive analyses of global mo-
tion, channel features and molecular recognition, and the possible
inhibition mechanism of dilazep has been proposed. The nucleoside
transport and dilazep inhibition results in this paper not only contribute
to an in-depth understanding of hENT1 working mechanism, but also
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provide theoretical guidance for the design of novel non-nucleoside
AdoRlIs based on receptor structure.

2. Materials and methods
2.1. Preparation of simulation systems

The crystal structure of human equilibrative nucleoside transporter 1
(hENT1) complexed with dilazep was obtained from the Protein Data
Bank with entrance code 60B7 (Wright and Lee, 2019). Then, three
site-directed mutations (i.e., L168F, P175A and N288K) for enhancing
biochemical stability were recovered to prepare the wild-type hENT1.
The missing extracellular and cytosolic loops both were completed by
homology modeling package SWISS-MODEL (Waterhouse et al., 2018).
Subsequently, the hENT1 structure at apo state can be obtained by
removing the ligand molecule (ie., dilazep). In order to acquire a
reasonable hENT1 model in complex with adenosine, an adenosine
molecule was bound into the transporter's orthosteric site by molecular
docking. The above three systems are referred to as hENT1_apo, hEN-
T1_adenosine and hENT1 _dilazep, respectively. The pK, values of ioniz-
able groups in macromolecules were calculated by H++
(Anandakrishnan et al., 2012), and the missing hydrogen atoms were
added with reference to environment pH value of 7.4.

2.2. Molecular docking

Molecular structure of adenosine was constructed using ChemBio3D
Ultra 12.0 (Cambridge Soft, Cambridge, MA, USA), and was structurally
optimized under the B3LYP-D3/6-311G (d, p) calculation level inte-
grated into Gaussian 09 software (Frisch et al., 2013; Mayo et al., 1990;
Grimme et al., 2010; McLean and Chandler, 1980). Molecular docking
was carried out with AutoDock vina 1.2.2 package, where Lamarckian
genetic algorithm (LGA) sampling was adopted, and a semiempirical
potential function was used to rank the intermolecular energy scores
between the receptor and ligand (Trott and Olson, 2010). The receptor
was programmed to remain rigid while the ligand was considered flexible
allowing the single bond to rotate. According to the coordinates of
adenosine analog NBMPR in the crystal structure (PDB code: 60B6
(Wright and Lee, 2019)), the rectangular box center was determined with
size of 20 A x 20 A x 20 A and grid space of 0.375 A. The conformation
with the lowest energy in the largest cluster was defined as the near
native structure, and used for the subsequent MD simulations.

2.3. Molecular dynamics simulation

To explore the mechanism of hENT1-mediated adenosine transport
and its inhibition by dilazep, three comparative unbiased molecular dy-
namics (MD) simulations at 300 K were performed for hENT1 apo,
hENT1 adenosine and hENT1 dilazep with Amber 20 package (Case
et al., 2020). The above three systems were respectively embedded in the
explicit lipid bilayer environment (box size: 101 A x 102 A x 128 A) with
a ratio of 3:1 between 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoetha-
nolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycer-
0-3-phospho-(1'-rac-glycerol) (POPG) (Jo et al., 2009) (see Fig. 1A).
Parametrization of adenosine, including atomic RESP charges, was ob-
tained using Antechamber module of Amber 20 package (Bayly et al.,
1993). Here, Amber ff14SB, GAFF2 and LIPID17 force fields were
respectively applied to hENT1 protein, ligands (i.e., adenosine and dila-
zep) and membrane (i.e., POPE/POPG bilayer) (Maier et al., 2015; Wang
et al., 2004; Dickson et al., 2014). TIP3P water and 0.15 M NacCl both
were added to solvate and neutralize the membrane protein systems with
Joung/Cheatham ion parameters (Jorgensen et al., 1983). The solvated
systems totally contained ~120,000 atoms and the simulation details
were mentioned in Table S1.

Before MD simulations, a three-step energy optimization was carried
out as follows: (1) all solutes were constrained with the force constant of
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Fig. 1. (A) Overview of hENT1 embedded in the lipid bilayer. The hENT1
protein is shown in cartoon representation. POPE and POPG are shown in lines,
and counter ions are illustrated by spheres (purple for Na* and blue for Cl7).
Water molecules are not displayed for clarity. (B) The postures of adenosine and
dilazep in binding cavity are shown in sticks (blue for adenosine and green for
dilazep). (C) Molecular structures of adenosine and dilazep. The overlapping
moieties in the orthosteric site are marked in red. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version
of this article.)

100 keal mol™! - A72, containing 20000 steps of steepest descent and
20000 steps of conjugate gradient minimization; (2) the solute-membrane
system was optimized based on the same force constant and steps; (3) after
removing all geometry constraints, the same minimization steps were
followed to optimize the structure of the protein-membrane-water system.
The convergence criterion of three minimizations is energy difference of
neighboring conformations less than 1.0 x 10~* kcal mol ! - A2,

After energy minimization, the system was then slowly heated to 300
K through two sequential processes, during which all solutes are fixed
with the force constant of 10 keal mol™' - A2 Specifically, the system
was heated to 100 K in 5 ns using Langevin thermostat (Izaguirre et al.,
2001); subsequently, the production temperature was raised to 300 Kin 5
ns, and the anisotropic Berendsen weak-coupling barostat was used to
regulate the pressure simultaneously (Berendsen et al., 1984). In order to
reduce atomic crash, 50 ns (5 ns x 10 times) equilibration was performed
under the NPT ensemble; next, three non-restraint MD simulations at
300 K were performed for 1 ps adopting SHAKE algorithm to constrain
the hydrogen-containing atoms (Ryckaert et al., 1977). The particle mesh
Ewald (PME) method was employed to evaluate the electrostatic in-
teractions with cut-off of 16 /0\, and van der Waals interactions were
computed with cut-off of 16 A (Essmann et al., 1995). The integration
step was set as 2 fs, and the conformational snapshots were collected
every 20 ps, so total 50,000 conformations were obtained during each
productive MD simulation. The simulated trajectories were monitored by
VMD 1.9.4, and the conformational analyses were performed using
CPPTRAJ module embedded in Amber 20 package (Humphrey et al.,
1996; Roe and Cheatham, 2013).

194
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2.4. Principal component analysis

Principal component analysis (PCA) is a standard method for finding
global, correlated motions from MD trajectories through dimensionality
reduction. PCA has been successfully applied to some functional motion
studies in many biological systems (Wu et al., 2020, 2022). The PCA is
mainly based on the construction and diagonalization of the covariance
matrix, whose element Cj is given by:

Cij= ((x,- - <xi))(xj - (%‘)))

where x; / x; is the coordinate of the i th/ j th atom of the systems, and
(---) denotes an ensemble average. The matrix is diagonalized to get a
set of eigenvectors (i.e., principal components) and eigenvalues, which
determine the directions and magnitudes of the corresponding mo-
tions. Principal components (PCs) are sorted in terms of the eigenvalue
contribution to the whole motion. In generally, the large-scale motions
are often related to biological function; while for other PCs with lower
eigenvalues, the corresponding motions are composed of high-
frequency local vibrations. To get the functional motions from a MD
simulation, the entire MD trajectory must be projected along the di-
rections described by the first few selected eigenvectors to filter out
non-functional motions. Through superimposing the two extreme pro-
jection structures to the initial one, the detailed functional motion
information can be distinctly revealed with the porcupine map, where
the length and orientation of cone in each C, atom respectively
represent motion magnitude and direction. In this work, PCA was
performed for the C, atoms in hENT1_apo, hENT1_adenosine and
hENT1 dilazep based on their MD trajectories.

2.5. Free energy landscape

Free energy landscape (FEL) is mainly used to investigate molecular
motions and conformational changes for biological systems. Free energy
basins determine the population and stability of functionally distinct
states, while the inter-basin barriers correspond to the transient states
connecting them. The first (PC1) and second principal component (PC2)
both serve as reaction coordinates for the mapping of free energy surface
diagram (Maisuradze et al., 2010). The relative free energy between two
states is defined as follows:

AGpci, pey = — kgT In Pipc, pea)

where kg is the Boltzmann constant, T expresses the absolute tempera-
ture in Kelvin and Ppc1, pco) is the probability distribution of systems
along with the PC.

2.6. Cross-correlation analysis

The internal motion modes of proteins play a significant role in
allosteric processes. The dynamical cross-correlation map (DCCM) is
an efficient way for determining the internal dynamics of proteins.
DCCM can effectively reveal the detailed movements of a residue
relative to another residue in proteins. The cross correlation coeffi-
cient C; between C, atoms of residues i and j is estimated based on an
ensemble average extracted from MD trajectories (Ichiye and Karplus,
1991):

(Ar; - Ary)
((ar2yar))?

where Ar; / Ar; represents the displacement of the i th/ j th C, atom
relative to its average position. In this work, Cj fluctuates from —1 to 1,
among which a positive Cj value characterizes the positively correlated
motion between residues i and j, while a negative value represents the
opposite motion of residue i relative to j. To visually observe motion



Z. Wu et al.

modes, color-coded modes were utilized to display the extent of corre-
lated movements between residues.

2.7. Prediction of binding free energies

Binding affinity of the three complexes (i.e., hENT1 _apo, hENT1_a-
denosine and hENT1 _dilazep) was evaluated using MM-GBSA method
(Sun et al., 2014a, 2014b). The conformations were extracted from their
MD trajectories every 5 ns intervals from the last 200 ns simulations.
Based on the total 40 snapshots, the average binding free energy was
calculated using the following equation:

AGpina=AH — TAS = (AEypw + AEgr + AGgp + AGgpsur) — TAS

where AH represents the total enthalpy change and T is absolute tem-
perature in Kelvin. AS refers to the total entropy change calculated using
normal mode method (Genheden et al., 2012); AEypw refers to the
non-polar fraction of intramolecular energy under vacuum, while AEg g
indicates the electrostatic section. AGgg and AGgpsyr correspond to the
hydrophilic and hydrophobic parts of solvation free energy, respectively.
The former is computed using GB model developed by Onufriev et al.
(2004) and the latter is solved using the following empirical equation:

AGgpsur =7 X ASASA +

where y and ASASA characterize surface tension and difference in
solvent-accessible surface areas (SASA), respectively. In this work, the
empirical parameters y and  were 0.005 kcal mol™ - A72 and 0 keal
mol %, respectively. The solvent and solute dielectric constants were set
to 80 and 1, respectively.

2.8. Weak interaction analysis

The interactions in biochemical systems are mainly divided into
bonded and nonbonded interactions. Bonded interactions consist of co-
valent and ionic bonds, which are defined as having relatively high bond
strength. Nonbonded interactions are generally an order of magnitude
weaker and are often referred to as weak interaction, mainly involving
hydrogen bonds, halogen bonds, pi-pi stack, van der Waals forces and
steric hindrance, etc. The weak interaction from single frame cannot fully
reflect dynamic information between protein-ligand, but the average
value calculated from continuous trajectory of MD simulation can offer
more intuitive and smooth isosurfaces. In this work, the protein-ligand
complex (i.e., hENT1 adenosine and hENT1_dilazep) after 1 ps MD
simulation was set as the initial structure; an extra 1 ns MD simulation
was performed with fixed ligand, and total 1000 conformations were
collected for subsequent calculation of ensemble averaging.

Averaged independent gradient model (alGM) was adopted for
studying the average weak interaction between protein-ligand, which has
been embedded in Multiwfn package (Lu and Chen, 2012). In aIGM, a
real space function Sgg;;e’ was defined. The average interaction between a
set of self-defined fragments {A} can be calculated with the following
equation (Lefebvre et al., 2017):

g (r) =gl ™ (1) — g (r) =[S abs(S V(1))
- Vem)
A i€A

where i is atomic index, p; is the built-in spherically symmetrized electron
density of atom i at its isolated state, and the (- - -) symbol stands for an
ensemble average. p and A refer to promolecular electron density and the
second largest eigenvalue of Hessian matrix, respectively. The result of
alGM analysis was plotted with Sgg;g”(r) isosurface map colored by

averaged sign(4z)p.
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3. Results and discussion
3.1. Structures of hENT1 systems

Fig. 1 shows the overall architecture and substrate binding site of the
hENT1 system. hENT1 contains eleven transmembrane helices (TMs),
which can be divided into two major domains referred to as the N-ter-
minal domain (NTD, TM1-6) and C-terminal domain (CTD, TM7-11). The
NTD and CTD are almost symmetrical (see Fig. 1A), similar to the major
facilitator superfamily (MFS) (Quistgaard et al., 2016). Two large
disordered loops are located between TM1-2 and TM6-7, denoted as
extracellular loop and cytosolic loop, respectively. The initial structures
of hENT1 apo, hENT1 adenosine and hENT1 dilazep are all in an
outward-facing state.

In order to verify the rationality of molecular docking, the predicted
model of hENT1_adenosine and the crystal structure of hENT1_NBMPR
were superimposed together (see Fig. S2A). It could be seen that adenosine
almost completely overlaps with the adenosyl moiety of NBMPR, indi-
cating this docking strategy is reliable. The detailed interaction mode of
adenosine was shown in Fig. S2B. Three polar residues D341, R345 and
N407 are involved in ribose recognition. Comparing the binding posture
of adenosine with that of dilazep, it is found that one of trimethoxyphenyl
rings in dilazep serves as adenosyl moiety in the endogenous adenosine
substrate to competitively occupy the orthosteric site of hENT1. In addi-
tion, the other trimethoxyphenyl ring occupies the opportunistic site near
the extracellular side, which may be the crucial factor for its significant
inhibitory activity against hENT1 (see Fig. 1B and C).

3.2. Overall structural convergence

Three comparative unbiased 1 ps MD simulations were carried out for
hENT1 apo, hENT1 adenosine and hENT1_dilazep. The stability of
simulation process was firstly monitored by potential energy analysis.
Although potential energy only acts as an assistant factor in determining
the convergence of simulation, all three systems achieve energy equi-
librium in the production MD simulations with low fluctuations (see
Fig. 2E). Fig. 2A and B shows root mean square deviation values (RMSDs)
of C, atoms relative to the initial structure, as well as their probability
distributions. The sudden increase in RMSD around 0.7 ps is caused by a
combination of local folding of the extracellular loop and disordered
swing of the cytosolic loop (the hENT1 _apo system, see below). The last
0.8 ps MD trajectories of the three systems keep comparatively stable,
and are used for subsequent flexibility and conformation analyses. As
shown in Fig. 2A and B, the average RMSD value of hENT1_adenosine is
obviously greater than hENT1_apo and hENT1 _dilazep, which indicates
that the binding of adenosine increases the flexibility of the whole sys-
tem. While after binding dilazep, the average RMSD value of hENT1_-
dilazep declines to about 5 A, indicating that the inhibitor significantly
constraints the overall motion of hENT1 and leads to a static non-
functional state. To sum up, the rank of molecular flexibility for the
above three systems is: hENT1_adenosine (~8.1 10\) > hENT1 _apo (~6.7
A) > hENT1 _dilazep (~5.0 A).

Asanimportant complement to the global motion convergence, Fig. 2C
shows the variation of the gyration radius versus simulation time in the
three systems. At the beginning of MD simulations, the upward trend of
gyration radius is related to solvent effect, being extended under solution
condition. Subsequently, with the formation of thermodynamically stable
conformation, the investigated systems gradually shrink. The significant
rise in radius of gyration around 0.4 ps corresponds to the opening
movement of the extracellular loop (the hENT1_apo system, see below).
Interestingly, the rank of gyration radius is exactly opposite to that of
RMSD in the three investigated systems (i.e., hRENT1_dilazep > hENT1_apo
>hENT1_adenosine). With reference to the current working model of MFS
transporters (Deng et al., 2015; Nomura et al., 2015; Qureshi et al., 2020),
it can be inferred that the structural contraction in hENT1_adenosine may
be closely related to functional conformational transitions.
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Fig. 2. Comparative MD analyses of the hENT1_apo, hENT1_adenosine and hENT1 dilazep systems. (A) RMSD values of all the C, atoms. (B) The probability dis-
tribution of RMSDs. (C) Radius of gyration over simulation time. (D) The correlation of calculated B-factors with experimental data. (E) Potential energy over
simulation time. (F) RMSF values of all the C, atoms. (G) The flexibility distribution of hENT1. Pink and blue colors represent high and low flexibility regions,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

To further investigate protein flexibility at residue level, the root
mean square fluctuation values (RMSFs) were compared for the three
hENT1 systems. There is high correlation between experimental and
calculated B-factors with a positive correlation coefficient of 0.53, and
the reliability of MD trajectories is proven again (see Fig. 2D). As shown
in Fig. 2F, the RMSF distributions at TMs appear to be similar with low
fluctuations in the three systems. High RMSF regions are basically
located in the extracellular loop, cytosolic loop and the connection areas
between different TMs (see Fig. 2G). Among them, the extracellular loop
is characterized with the largest RMSF value and its flexible rank is
consistent with that of gyration radius (i.e., hENT1_dilazep > hENT1_apo
> hENT1_adenosine). It means the large-scale flexible movement of the
extracellular loop may be directly involved in the functional structural
contraction of hENT1. Previous studies have suggested that the extra-
cellular loop contains N-linked glycosylation sites and is involved in
membrane trafficking and protein folding (Sundaram et al., 2001; Bicket
and Coe, 2016). Here, simulation data suggests that the extracellular loop
may play an important role in the functional structural contraction of
hENT1 and will be further clarified in the following analyses.

To further explore the structural contraction in hENT1_adenosine,
residue contact map was used to describe the motion status of the three
hENT1 systems. If the distance between two residues in a bio-
macromolecular system is less than 4.5 A, they are considered to have a
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contact. Fig. 3 shows the differences of contact residues between the
initial (at O ps) and the final (at 1 ps) snapshots in hENT1_apo, hEN-
T1_adenosine and hENT1 dilazep. In the above three systems, the
numbers of contact residues in initial structures are 524/544/567,
increasing to 544/604/586 in each final structure. Common contact
residues are 363/399/397, while the specific contact residues are 161/
181, 145/205 and 170/189, respectively. In this work, two parameters
(i.e., contact similarity and reduction rate) are defined to characterize the
conservativeness of contact residues, as well as the contraction degree of
the systems. The contact similarity is calculated by common contacts
divided by all contacts that contain common and specific contact in
initial and final structures. The reduction rate is calculated with the
difference value between the number of specific contacts in the two
structures divided by the total number of contacts in the initial structure.
As a highly flexible protein, the contact similarity of hENT1_apo, hEN-
T1_adenosine and hENT1 _dilazep is relatively low and close to each other
(51.49%/53.27%/52.51%), showing that the inherent contact network is
prone to rearrangement. Compared with hENT1_apo and hENT1 _dilazep
(—3.82%/—3.35%), hENT1 adenosine possesses an obviously higher
reduction rate (—11.03%). It is consistent with the previous analysis of
gyration radius, together demonstrating that hENT1 adenosine un-
dergoes a function-related contractive movement.
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3.3. Functional conformational changes

As mentioned above, the consistent rank of gyration radius with
extracellular loop flexibility in the three hENT1 systems (i.e., hENT1 -
dilazep > hENT1 _apo > hENT1 _adenosine) implies that the large-scale
flexible movement of extracellular loop may have a correlation with
functional structural contraction of the protein. Then, PCA was per-
formed to further discuss the impact of ligands on the motion mode and
conformational change of hENT1. The top principal components (PCs)
usually contain the most critical conformational information, and can
reveal its functional movements. Fig. S3 shows the distributions of the
top 50 eigenvalues for hENT1_apo, hENT1 _adenosine and hENT1 dila-
zep. With the increasement of PC index in each system, the proportion of
eigenvalues rapidly decreases towards zero. In the hENT1_apo, hEN-
T1_adenosine and hENT1 dilazep systems, the first two PCs together
cover approximately 62.09%,/60.93%,/64.21% of the conformational
information.

To further investigate the conformational distributions along PC1 and
PC2, Fig. 4A-C shows free energy landscapes (FEL) in the hENT1 apo,
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hENT1 _adenosine and hENT1_dilazep systems, respectively, with deeper
color indicating lower free energy. The FEL of hENT1_apo and hENT1 -
dilazep are more divergent, with six and four energy basins, respectively
(see Fig. 4A and C). However, hENT1_adenosine has three adjacent low
free energy regions, and is more compact in conformational space (see
Fig. 4B). As shown in Fig. 4D-F, the domains with obvious conforma-
tional differences are mainly located in the extracellular loop, as well as
the cytosolic loop. In detail, the cytosolic loop folds up and contacts with
the intracellular side of membrane. The different conformational changes
of the extracellular loop in the three systems seem to represent a mean-
ingful substrate-regulated gating strategy of the central cavity. In apo
state, the extracellular loop has an obvious open-close movement (see
Fig. 4D and Fig. S4). After the association with adenosine, the extracel-
lular loop inclines to be closed conformations which already exist in apo
state (i.e., M1 and M4), and further shrinks to prevent substrate disso-
ciation (see Fig. 4E and Fig. S4). hENT1 has been shown to mediate low-
affinity transport of nucleobases (Ward et al., 2000; Yao et al., 2011), but
previous studies also indicated that the absence of extracellular loop does
not affect general functional properties of transport and inhibition
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(Aseervatham et al., 2015). Therefore, the observed functional closed
movement of extracellular loop seems to be an extra auxiliary insurance
to ensure that the endogenous adenosine is firmly locked in the transport
cavity. It is worth mentioning that such substrate-regulated loop gating
strategy is ubiquitous in many proteins, like p-lactamase NDM-1 (Zhang
and Hao, 2011). On the contrary, when binding to dilazep, the extra-
cellular loop remains open (i.e., M1”-M4") rather than closed confor-
mations, which also exist in hENT1 _apo (i.e., M2, M5 and M6). It can be
inferred that the rapid opening of the extracellular loop provides a
dissociation channel for dilazep, reflecting the specific repelling of
hENT1 to exogenous substrates, which may be one of the evolution
self-rescue pathways during the process of inhibition (see Fig. 4F and
Fig. S4).

To further clarify motion magnitudes and directions of the most
critical conformational changes, the 1st and 2nd slowest motion modes of
the three systems were described with cone model. As shown in Fig. 5,
the major conformational changes occur in the extracellular side of
eleven TMs. By observing the 1st and 2nd slowest motion modes of
hENT1 apo (see Fig. 5A and D), the motion magnitudes of TMs are
relatively small except for TM8, whose motion direction is towards the
inner side of hENT1. Compared with hENT1_apo, the motive magnitudes
of the two slowest motions in hENT1 adenosine are dramatically
enhanced (see Fig. 5B and E). For example, the functional movements of
TM1, TM2, TM4 and TMS8 are relatively obvious and point to central axis,
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representing a large-scale inward contractive tendency near the extra-
cellular side. It is in line with the above analyses of gyration radius and
residue contacts. The inward contractive motion model of TMs fits well
with the current working mechanism of MFS transporters, namely
rocker-switch model (Drew and Boudker, 2016). There are an obvious
inter-domain motion in the two symmetric bundles (i.e., NTD and CTD)
during the transition between gate-formation and gate-disruption steps,
allowing the substrate to alternate into either side of the membrane
(Mitchell, 1957). Therefore, the inward structural contraction of hEN-
T1_adenosine can be corresponded to the conformational transitions
from the outward-facing to occluded state in rocker-switch model. In
addition, the magnitudes of the 1st and 2nd slowest motion modes in
hENT1 dilazep are greatly suppressed relative to hENT1_adenosine (see
Fig. 5C and F). The inhibitor dilazep hinders the inward contractive
movement of TMs and breaks the functional conformational transitions
of hENT1, which is consistent with the currently inferred inhibitory
mechanism (Wright and Lee, 2019).

3.4. Internal dynamics of hENT1

Insights into the internal dynamics of hENT1 induced by ligand
binding help to reveal the inhibitory effect by dilazep. To comprehen-
sively explore the internal dynamic-dependent differences of hENT1
binding with different ligands, the dynamical cross-correlation map
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Fig. 5. The 1st and 2nd slowest motion modes in the hENT1 apo (A, D), hENT1 _adenosine (B, E) and hENT1 _dilazep systems (C, F). For clarity, the extracellular and

cytosolic loops are not displayed.

(DCCM) analysis was performed based on the MD trajectories of hEN-
T1_apo, hENT1_adenosine and hENT1_dilazep, respectively (see Fig. 6).
The correlated motion of a certain region relative to itself is characterized
by the diagonal, while the off-diagonal regions represent the relative
movement between different residues.

As shown in Fig. 6, ligand binding has a notable impact on the
structural dynamics of hRENT1. All three systems have two distinct motion
correlation regions (i.e., NTD and CTD), showing clear inner motion
positive correlation. In addition, there is obvious negative motion cor-
relation between the extracellular loop and all TMs (i.e., R1-R7), which
refers to the open-close movements of the extracellular loop. Compared
with hENT1_apo and hENT1_adenosine (see Fig. 6A and B), the negative
correlation motions in the R1 to R4 regions of hENT1 dilazep were
significantly increased. The stronger inverse-synergistic movement
reproved that dilazep can induce a large and rapid opening of the
extracellular loop (see Fig. 6C). The presence of adenosine strengthens
the positive correlated motions in the region R8 relative to hENT1 _apo,
which is related to the synergistic movements between NTD and CTD (see
Fig. 6B); while the binding of dilazep not only greatly enhances the
negative correlation motions in the region R8 to break the inherent

synergistic effects, but also extremely boosts the inner positive correla-
tion motions of NTD (see Fig. 6C).

In conclusion, the binding of different ligands can significantly
change the internal dynamic behavior of hENT1. Dilazep can disrupt the
normal synergistic movements between NTD and CTD.

3.5. Conformational transitions in the transport cycle of hENT1

The analytical results of gyration radius, residue contacts and slow
motion modes together indicate that the hENT1_adenosine system un-
dergoes a functional contraction during the MD simulation, which is
closely related to its conformational transitions from the outward-facing
to occluded state. The inhibitor dilazep hinders the inward contractive
movements of TMs to break the normal nucleoside transport function of
hENT1. To reveal the details of adenosine transport and the exact
inhibitory mechanism of the non-nucleoside AdoRIs dilazep, it is neces-
sary to capture the representative conformations in the transport cycle of
hENT1. In the two available inhibitor-bound crystal structures (i.e.,
hENT1 in complex with dilazep and NBMPR), the narrowest constriction
point at the extracellular side occurs between M33 of TM1 and P308 of
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TM?7, and this region was named the extracellular thin gate. Meanwhile,
some hydrophobic residues of TM4, TM5, TM10 and TM11 form the
intracellular thick gate, occluding access from the cytosolic side. Notably,
in the crystal structure of hENT1 in complex with NBMPR, the thin gate
blocks NBMPR from releasing into the extracellular side freely, repre-
senting the only outward occluded conformation captured
experimentally.

According to the rocker-switch alternating access model of hENT1
transport (Deng et al., 2015; Nomura et al., 2015; Qureshi et al., 2020;
Drew and Boudker, 2016; Mitchell, 1957), the extracellular thin gate is
occluded first upon substrate binding (i.e., the outward occluded state);
then, the extracellular side of hRENT1 further shrinks to reach the occluded
state; finally, the conformational rearrangement of cytosolic side yields
inward-facing states. It means the occlusion of the extracellular thin gate is
aprerequisite for the formation of occluded and even inward-facing states.
Due to the occluded state is considered to be metastable, this conformation
has only been observed in three cases so far (Qureshi et al., 2020; Yinet al.,
2006; Fukuda et al., 2015). To capture the key conformers including the
outward open, outward occluded and occluded states from 50,000 frames,
the full occlusion of the extracellular thin gate was set as a time node to
distinguish different functional states in the transport cycle of hENT1.
Therefore, the distance between the C, atoms of the narrowest constric-
tion points M33 and P308 in hENT1_apo, hENT1 adenosine and
hENT1 _dilazep were monitored during the MD simulations to find the
time window when the extracellular thin gate is completely occluded.

As shown in Fig. 7A-C, the average distance between the C, atoms of
M33 and P308 in the investigated three systems is basically similar;
nevertheless, the distance fluctuates greatly in hENT1 apo and hEN-
T1_adenosine, while remains very stable in hENT1 dilazep; more
importantly, the distance in the apo and adenosine-bound systems de-
creases significantly to about 7 A in a specific period. Fig. 7D and E
respectively show the representative structures with the narrowest thin
gate in hENT1 _apo and hENT1_adenosine, where the extracellular thin
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gate is completely occluded, preventing the uptake of nucleoside sub-
strates. In Fig. 7F, dilazep is stuck in the thin gate, contacting tightly with
M33 and P308 in the opportunistic site.

Subsequently, the conformational cluster analyses were performed
based on the trajectories corresponding to the thin gate occlusion to find
the potential metastable occluded state (i.e., 300-400 ns for hENT1_apo
and 700-900 ns for hENT1_adenosine). To capture the outward open
state, the same cluster analyses were performed based on the remaining
equilibrium trajectories of the above two systems (i.e., 400-1000 ns for
hENT1 _apo and 200-700 ns for hENT1_adenosine). Meanwhile, as a
comparison, the whole equilibrium trajectory of hENT1 _dilazep was also
used for clustering to find possible important conformers (i.e., 200-1000
ns). The cut-off value in the cluster analysis was set to 2 A to distinguish
small differences in conformations. As a result, a large number of clusters
are obtained for the long-time trajectories (see Table S2 and Figs. S5-S7).

As depicted in Fig. 8, by examining the representative conformation
of each cluster, we captured the outward open and outward occluded
states of the hENT1_apo system, as well as the outward occluded and
occluded states of the hENT1_adenosine system. The outward occluded
state is found in both hENT1_apo and hENT1_adenosine, suggesting that
hENT1 possesses the inherent conformational transition ability from the
outward open to outward occluded state in the absence of binding li-
gands. Notably, the metastable occluded state only exists in hENT1 _a-
denosine, which is consistent with the previous studies that the absence
of ligand will greatly increase the energy barrier reaching the occluded
conformation in the MFS family GLUT transporter (Drew et al., 2021).
Due to the limitation of sampling interval, the fully outward open state in
hENT1 adenosine was not captured, but an unstable intermediate
conformation between the outward open and outward occluded states
was found unexpectedly. In this intermediate, the extracellular thin gate
is not completely occlude.

Through superimposition of the occluded state in hENT1_adenosine
with the outward open state in hENT1_apo, it is found that the transitions
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from the outward open to occluded state are mainly driven by TM1, TM2,
TM7 and TM9 (see Fig. S8). Different from the 6 + 6 topology of MFS
transporters (i.e., TM1-12), TM12 is absent in hENT1 and TM9 is ar-
ranged to fit into the space occupied by both TM9 and TM12 in MFS
(Wright and Lee, 2019). Thus, the large-scale inward movement of TM9
reflects its substantial role in the conformational transitions of hENT1. In
a word, the representative structure in hENT1_dilazep tends to a
non-functional conformation located between the intermediate and
outward occluded states of hENT1_adenosine, ie., outward occlusion
blocked state.

The captured conformers can effectively depict the dynamic transi-
tion process of hENT1 from the outward open to occluded state after
binding with adenosine. To quantitatively explore the transition details
between different functional states, Fig. 9 shows the spatial variation of
the potential transport channel from the outward open (empty) to
occluded (adenosine-bound) state. When hENT1 is ready to bind the
substrate in the outward open state, the entire extracellular transport
channel is fully open (see Fig. 9A), and the maximum diameter point
appears at the substrate binding site (see Fig. 9F). After binding adeno-
sine, hENT1 goes through a transient intermediate state in which the
extracellular thin gate rapidly narrows, but the transport channel diam-
eter at the substrate binding site only drops by about 0.5 A (see Fig. 9B
and F). Subsequently, the extracellular thin gate is occluded to prevent
the substrate from releasing into the extracellular side freely, and the
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transport channel diameter at the substrate binding site shows a cliff-like
decrease about 6 A (see Fig. 9F). With the sequential induce-fit action
between adenosine and the outward occluded hENT1 to form local
complementary conformations, the extracellular side continues shrinking
inwardly to transform into the occluded state. The intracellular thick gate
always remains closed in all conformations, and it is clear that the real
inward-facing state is not captured, possibly due to inadequate samping.

By comparing the variation tendencies of channel diameter on the
extracellular side, the outward occlusion blocked conformation of
hENT1 dilazep is more similar to the unstable intermediate present in
hENT1 _adenosine. In this special conformation, the transport channel
diameter at substrate binding site is still close to 6 A. One of dilazep's
trimethoxyphenyl rings occupies the opportunistic site to prevent the
complete occlusion of thin gate, which not only disrupts the above local
induce-fit action, but also blocks the conformational transitions of the
whole protein, thus exhibiting distinct allosteric inhibition
characteristics.

3.6. Molecular recognition between hENT1 and its ligands

Even though the rapid opening of the extracellular loop provides a
dissociation channel for dilazep as we mentioned above, the previous
experimental data has shown that the affinity of dilazep to hENT1 is
much higher than that of adenosine (Huang et al., 2017; Vlachodimou
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et al., 2020), suggesting a possible competitive inhibition mechanism. To
further investigate molecular recognition of hENT1 by adenosine and
dilazep, their binding free energies were predicted (see Fig. 10A).

The predicated binding free energies (—3.17 adenosine and —14.34 gjlazep
keal - mol™) agree well with experimental data (Huang et al., 2017;
Vlachodimou et al., 2020) (—4.56 adenosine and —11.88 gilazep keal - mol 1.
For the hENT1 _adenosine and hENT1 _dilazep systems, electrostatic inter-
action energies (AELE) in the gas phase provide a beneficial contribution to
the associations with adenosine and dilazep, but adverse solvation free
energies (AGB) produce complete offset on this beneficial term. On the
whole, polar interaction (AELE 4+ GB) is not conducive to their binding.
The entropy components (-TAS) are also the detrimental factors weakening
the binding strength of adenosine and dilazep to hENT1. AVDW and
AGBSUR, separately representing van der Waals interactions and nonpolar
solvation energies, both provide beneficial hydrophobic contributions for
ligand bindings. Specifically, the hydrophobic component (AVDW +
GBSUR) of the hENT1 dilazep system is greatly improved by 53.32 kcal
mol ! relative to the hENT1_adenosine system. In terms of binding
enthalpy (AH), hENT1_dilazep is 21.6 kcal mol™! higher than hENT1_a-
denosine. In summary, the binding free energy of dilazep to hENT1 is
raised by 11.17 keal mol ™}, showing a higher affinity than adenosine.

Obviously, VDW force plays a decisive role in the high affinity of
dilazep, accounting for over 90% of hydrophobic contribution. To un-
derstand the essence behind the significant differences in VDW in-
teractions between adenosine and dilazep with hENT1, both of their
AVDW components were decomposed at the residue level. The obtained
difference terms (A4VDWiilazep-adenosine) can effectively identify the hot
residues involved in VDW interactions. As shown in Fig. 10B, these hot
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residues with AAVDW value greater than —1 kcal mol~! include N30,
M33, M84, P308, F334 and D341, which is almost consistent with the
result of global binding energy decomposition (see Fig. S9). In fact, D341
is a negative-charged polar hydrophilic residue, which is unlikely to form
strong VDW interactions with hENT1. The decomposed AVDW terms of
D341 in hENT1_dilazep and hENT1_adenosine are a small negative and
positive value, respectively. Therefore, the difference term of D341 can
easily reach the setting threshold of —1 kcal mol ™!,

Subsequently, weak interaction analysis was performed to graphically
reveal the detailed recognition mechanism of hENT1 hot residues with
VDW interaction differences to adenosine and dilazep (see Fig. 10C and
D). In Fig. 10C, the blue mixed with green isosurface between adenosine
and D341 indicates that a strong charged H-bond is a key factor in their
recognition (see the following analysis), conditionally tolerating an un-
favorable positive value for the decomposed AVDW term of D341 in
hENT1 _adenosine. Apart from this, no other apparent weak interactions
are found between adenosine and the hot residues. In Fig. 10D, extensive
VDW interactions are formed between dilazep and the identified hot
residues in the opportunistic site of hENT1. The large-area green iso-
surfaces between M33, F334 and the trimethoxyphenyl ring of dilazep
represent classic pi-alkly and pi-pi stacking interactions, respectively.
There is another set of pi-alkly interactions between M84, P308 and the
diazepane linker of dilazep. Moreover, a weak neutral H-bond is formed
between N30 and the methoxy group on trimethoxyphenyl ring, which is
mainly driven by dispersion force and electrostatic interactions together
(Emamian et al., 2019).

Electrostatic interaction plays a dominant role in the binding of
adenosine, and the electrostatic component (AELE) of hENT1_adenosine
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Fig. 10. Binding affinities of adenosine and dilazep to
hENT1 calculated with MM-GBSA method (A). The
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T1_adenosine (C, D). Only the identified VDW hot
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is improved by 22.6 kcal mol ! relative to hENT1_dilazep (see Fig. 10A),
although it doesn't reverse the affinity preference for hENT1 to dilazep.
To elucidate molecular basis behind electrostatic interactions, the AELE
components of hENT1_adenosine and hENT1_dilazep were decomposed
into each residue. Q158, D341 and R345 are minded due to their AAELE
values exceeding —1 kcal mol™! (see Fig. S10A). The alGM analysis re-
veals that adenosine and dilazep both can form a neutral H-bond with
Q158 (see Figs. S10B and C). However, the blue isosurface between
adenosine and Q158 suggests that this H-bond exhibits more polar
electrostatic properties in the hENT1_adenosine system (see Figs. S10B
and C). Consistent with previous electrostatic calculation, the strong
electrostatically driven H-bond between adenosine and D341 can be
corresponded to the large AAELE value over —10 kcal mol™! (see
Fig. 10C, S10A and S10B). Combined with the result of global binding
energy decomposition (see Fig. S9), it can be inferred that D341 is a
determining factor for the electrostatic association of adenosine. R345

Steric repulsion effect
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not only participates in this extensive isosurface, but also forms an
additional medium H-bond with the ribose hydroxyl of adenosine (see
Fig. S10B). Notably, D341 and R345 have almost no interactions with
dilazep.

To sum up, hENT1 prefers binding dilazep to adenosine, exhibit-
ing a more negative binding free energy. The above alGM analysis
indicates that dilazep can form extensive and various VDW in-
teractions with N30, M33, M84, P308 and F334 of hENT1 owing to
the occupying effect of trimethoxyphenyl ring. It is the basis of stable
interactions between dilazep and hENT1, as well as competitive in-
hibition mechanism.

4. Conclusion

To investigate dynamic structural features of hENT1 in adenosine
transport and the inhibition mechanism of dilazep, three comparative
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long-time unbiased MD simulations were performed. The key conformers
in the transport cycle of hENT1 were captured by cluster analysis,
revealing the dynamic transitions of hENT1 from the outward open to
metastable occluded state mainly driven by TM1, TM2, TM7 and TM9.
According to transport channel analysis, the sequential induce-fit action
between adenosine and the outward occluded hENT1 results in a cliff-like
decrease in the channel diameter at the substrate binding site, followed
by further inward contraction of the extracellular side. One of the tri-
methoxyphenyl rings in dilazep serves as the adenosyl moiety of the
endogenous adenosine substrate to competitively occupy the orthosteric
site of hENT1, while the other is stuck in the opportunistic site near the
extracellular side preventing the complete occlusion of thin gate simul-
taneously. Indeed, dilazep not only disrupts the local induce-fit action,
but also blocks the transport cycle of the whole protein, thus exhibiting
distinct allosteric inhibition characteristics.

The combined results of PCA, FEL and DCCM reveal a substrate-
regulated gating strategy of extracellular loop, ensuring the endoge-
nous substrate adenosine is firmly located in the transport cavity. Even
though the rapid opening of the extracellular loop provides dilazep for a
dissociation channel, the binding affinity of dilazep to hENT1 is still
much higher than that of adenosine. From binding free energy calcula-
tions and weak interaction analyses, dilazep can form extensive and
various VDW interactions with N30, M33, M84, P308 and F334 in hENT1
owing to the occupation effect of its trimethoxyphenyl ring. In a word,
dilazep exerts its special hENT1 inhibitory function through competitive
binding and allosteric regulation. Actually, cooperativity and induced fit
are critical in molecular recognition and biological function. Our study
indicates that the fragment-based ligand design strategy may be appli-
cable to discover molecules with favorable properties that bind hENT1.
The adenosine-mimicking fragment guides the inhibitor to bind firmly at
the orthosteric site, and the sterically hindered fragment can block the
conformational changes of hENT1 at the opportunistic site. Therefore,
rational design of each individual fragment according to the different
electrostatic and van der Waals environments and connecting them with
an appropriate linker is the most critical step. This simulation not only
provides nucleoside transport of hENT1 and the inhibition mechanisms
of dilazep, but also supports the subsequent structure-based design of
novel non-nucleoside AdoRIs.
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