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The inhibitory mechanism of aurintricarboxylic acid targeting
serine/threonine phosphatase Stpl in Staphylococcus aureus:
insights from molecular dynamics simulations
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Serine/threonine phosphatase (Stp1) is a member of the bacterial Mg>™- or Mn®"- dependent protein phosphatase/protein

phosphatase 2C family, which is involved in the regulation of Staphylococcus aureus virulence. Aurintricarboxylic acid (ATA) is a
known Stp1 inhibitor with an IC50 of 1.03 uM, but its inhibitory mechanism has not been elucidated in detail because the Stp1-ATA
cocrystal structure has not been determined thus far. In this study, we performed 400 ns molecular dynamics (MD) simulations of
the apo-Stp1 and Stp1-ATA complex models. During MD simulations, the flap subdomain of the Stp1-ATA complex experienced a
clear conformational transition from an open state to a closed state, whereas the flap domain of apo-Stp1 changed from an open
state to a semi-open state. In the Stp1-ATA complex model, the hydrogen bond (H-bond) between D137 and N142 disappeared,
whereas critical H-bond interactions were formed between Q160 and H13, Q160/R161 and ATA, as well as N162 and D198. Finally,
four residues (D137, N142, Q160, and R161) in Stp1 were mutated to alanine and the mutant enzymes were assessed using
phosphate enzyme activity assays, which confirmed their important roles in maintaining Stp1 activity. This study indicated the
inhibitory mechanism of ATA targeting Stp1 using MD simulations and sheds light on the future design of allosteric Stp1 inhibitors.
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INTRODUCTION

The increasing problem of antimicrobial resistance has attracted
the public’s attention for more than a decade [1]. Serious health
complications can be caused by infections with antimicrobial-
resistant bacteria [2-4], whose rapid evolution has been accom-
panied by the slowed development of antibiotics [5]. Antibiotics
are widely used and overused in human medicine and livestock
production [6], which has led to the spread of antimicrobial
resistance. Bacterial resistance mechanisms can be divided into
three categories based on the defense mechanism or the site of
action of the antibiotic [7]. Bacterial biofilm formation is the first
defense mechanism to protect bacterial cells and increase their
resistance to antibiotics. The second line of defense includes the
cytoderm, cytomembrane, and encased efflux pumps. Through
these mechanisms, mutations result in alterations in the structural
organization of the cell wall that prevent antibiotic molecules,
such as vancomycin, from accessing the biosynthesis site [8].
Multiple adaptations provide resistance to antimicrobial agents
that target the cell membrane, including reduced permeability of
the outer membrane and reduced negative charges on the
membrane resulting from modifications to phosphatidylglycerol

headgroups [9]. The membrane also regulates the resistance to
fosfomycin by decreasing uptake of the drug [10], and the
activation of efflux pumps has also been shown to lead to
resistance to many other antibiotics [11]. Intracellular alterations,
which include gene mutations and alterations of antibiotic target
sites, are the third line of defense [12]. As the problem of
antimicrobial resistance becomes increasingly severe, the devel-
opment of new antibiotic mechanisms and targets is extremely
urgent.

In response to the problem of antimicrobial resistance, the
development of treatments for bacterial infections in recent years
has been focused on anti-virulence agents, which target pathways
and proteins related to virulence [12]. Multiple strategies have
been applied to the development of anti-virulence agents,
including regulating virulence expression, inhibiting toxin function
and delivery, and interfering with bacterial adhesion [12-14].
Staphylococcus aureus is a major medical pathogen that causes
various infectious diseases, which range from mild skin infections
to endocarditis and bacteremia [15-17]. Research has identified
several S. aureus anti-virulence agents, including MAE4, which has
been reported to block virulence [18], and the serine/threonine
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phosphatase (Stp1) and kinase Stk1, which have been suggested
to be involved in regulating virulence [19-22]. Stp1 and Stk1 can
regulate the phosphorylation level of the cysteine that is highly
conserved in the virulence regulatory proteins, including SarA,
MgrA, and SarZ [21]. The absence or mutation of the stp7 gene
results in elevated cysteine phosphorylation of MgrA/SarA family
proteins and significantly reduces S. aureus virulence [21]. In
addition, it has been reported that Stp1 plays a role in decreasing
both the virulence and susceptibility to vancomycin of S. aureus
[22]. These studies suggest that Stp1 is a promising target for anti-
virulence agents.

Stp1 is a member of the Mg?*- or Mn?"- dependent protein
phosphatases/protein phosphatase 2C (PPM/PP2C) family, [23, 24]
which is a large family of Phospho-Ser/Thr protein phosphatases
[25]. Structural analysis of PPM/PP2C protein phosphatases
suggests that three or four metal ions are embedded in the
catalytic site and that a flap subdomain that contains helices and
flexible loops is located next to the metal 3 (M3, the third
manganese ion or magnesium ion in the PPM/PP2C family)
binding site [26-32]. In addition, studies of the PP2C phosphatase
tPphA from Thermosynechococcus elongatus report that the
flexible flap subdomain is involved in the regulation of
enzyme activity [27] and that it plays an important role in
substrate specificity [28].

To date, 5,5'-methylenedisalicylic acid (MDSA), aurintricarboxylic
acid (ATA), and aurin (a derivative of ATA) (Table 1) are the only
known inhibitors that target S. aureus Stp1, with half maximal
inhibitory concentration (ICso) values of 9.68 uM, 1.03 uM, and
19.42 uM, respectively [33, 34]. A structure-activity relationship
study and surface plasmon resonance experiments showed that
ATA directly binds with Stp1 [34]. These experiments also showed
that the Stp1l variants N162A and D198A both exhibited
attenuated ATA inhibition ratios and weakened stabilization
between ATA and Stp1, thus confirming that N162 and D198
play important roles in ATA binding [34]. In addition, ATA was
found to inhibit Stp1 mainly via noncompetitive mechanisms, as
indicated by enzymatic-kinetic assays [34]. However, the mechan-
ism of ATA inhibition of the activity and biological function of Stp1
has not previously been determined in detail due to the lack of a
crystal structure of the Stp1-ATA complex.

Because of the dynamic nature of biomolecules, a single-crystal
structure is insufficient for predicting putative mechanisms or
binding modes [35]. MD simulation is a powerful research approach
in drug discovery that can be used to calculate the dynamics and
time-dependent behavior of macromolecular models [36-38].
Multiple molecular conformations obtained by MD simulations can
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be used to explain the dynamics of molecular structures [35]. In
addition, the combination of docking and MD simulations has been
used to investigate the mechanisms of molecules that target
proteins, [39, 40] prediction of protein-ligand binding [41], and drug
design [42, 43].

Herein, we have run 400 ns molecular dynamics (MD) simula-
tions for the apo-Stp1 model and Stp1-ATA complex model, with
the aim to determine the inhibitory mechanism of ATA. These MD
simulations enable us to observe conformational changes in the
flap subdomain of Stp1-ATA complex models and clearly provide
insights into the inhibitory mechanism of ATA targeting Stp1. In
addition, we have designed mutation studies, which verified the
critical roles of several residues for the first time. These results will
contribute to the development of new anti-virulence agents
against severe S. aureus infections.

MATERIALS AND METHODS

Structural comparisons and sequence alignments

Crystal structures were obtained from the Research Collaboratory
for Structural Bioinformatics (RCSB) Protein Data Bank (PDB;
https://www.rcsb.org/) and superimposed using PyMOL [44]
(Schrodinger Inc., LLC, New York, NY, USA, https://pymol.org/).
Multiple sequence alignment was performed using Clustal Omega
[45, 46] (https://www.ebi.ac.uk/Tools/msa/clustalo/) and prepared
using ESPript 3.0 [47] (http://espript.ibcp.fr).

MD simulations of apo-Stp1 and Stp1-ATA complex models

Model construction and preparation. In this study, two molecular
models were constructed: an apo-Stp1 model and a Stp1-ATA
complex model that combined Stp1 with an ATA molecule. For the
apo-Stp1 model, the crystal coordinate of 5F1IM was obtained
from the RCSB PDB [48]. The Stp1-ATA complex model was built
with molecular docking simulations using Glide [49] in the
Maestro package (Schrédinger Inc, LLC, New York, NY, USA,
2015) [50]. First, the Stp1 crystal structure 5F1M obtained from the
RCSB PDB [48] was prepared using the Protein Preparation Wizard
panel in Maestro. The initial Stp1 structure was prepared by
assigning the bond order, adding missing hydrogen and disulfide
bonds, and deleting water molecules but retaining the metal ions,
followed by impref minimization. Several residues, such as Asp37,
Asn162, and Asp198, which play critical roles in molecule binding,
located at the catalytic site were then selected to conform to the
docking site, followed by grid generation with enclosing box of 16
A by using Maestro. The ATA molecule was prepared using the
LigPrep module in Maestro with the OPLS_2005 force field and a

Table 1. Inhibitors targeting Stp1 of S. aureus
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Stp1 serine/threonine phosphatase, MDSA 5,5'-methylenedisalicylic acid, ATA aurintricarboxylic acid
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target pH 7.0+2.0. The protonation state of ATA is shown in
Supplementary Figure S1. Finally, a molecular docking simulation
was performed using Glide in extra precision mode (GlideXP) [51].
The GlideXP mode enables dockings of flexible ligand with rigid
receptor side chains. As a result, the GlideXP docking produced
five binding poses, from which the proper pose with a docking
score value of -7.143 was selected as the initial binding mode of
Stp1 and ATA. Moreover, the proper pose was similar to the
binding pose proposed by Zheng et al. [34]. The other four poses
were bad with poor docking greater than -5. PyMOL viewer
(http://www.pymol.org/) was used to visualize structures and
generate molecular images. In addition, the protonated states of
the titratable amino acids in the two previously described models
were set according to the pKa values predicted by Propka [52, 53]
at a neutral bulk pH.

The structure and coordinates of ATA were obtained from the
initial binding mode. The parameters for ATA were subsequently
produced by antechamber [54]. Epik module [55] in the
Schrodinger suite was used to predict the protonated state of
ATA. Optimal quantization of ATA was performed with Gaussian
09 software (Gaussian, Inc.) at the HF/6-31 (d, p) level of theory.
The Restrained Electrostatic Potential (RESP) charges of ATA were
obtained using antechamber. The two simulation systems were
subsequently constructed with tleap in AmberTools 13. Both the
apo-Stp1 model and the Stp1-ATA complex model were solvated
in a cubic water box of TIP3P water molecules [56], maintaining a
distance of 10 A from any protein atom. A suitable number of
counterions (Na* and CI7) was added to neutralize the charge of
the entire simulation model. The ff14SB force field [57, 58] was
used for each protein, and the general Amber force field [59] was
used for the ATA molecule. Finally, ACPYPE (AnteChamber PYthon
Parser interfacE) [60] was used to convert the amber topology of
both systems into Gromacs format.

Conventional MD simulations. All conventional MD simulations
were carried out using Gromacs version 5.0.2 [61] (http://www.
gromacs.org/) with standard periodic boundary conditions, which
were used to avoid problems with boundary effects caused by
finite size. During the first process of energy minimization, a
conjugate gradient algorithm was used. A 1ns MD simulation
using a canonical (NVT) ensemble [62] was then performed to
equilibrate the structures by gradually heating the system to 300
K. Another 1 ns MD simulation with an isothermal-isobaric (NPT)
ensemble [62] at 1 bar was then carried out to equilibrate the
system density. Finally, 400 ns MD simulations were performed.
During the production run, which had a coupling time (T) of 1.0
ps, a V-rescale thermostat [63] was used to maintain the system
temperature at 300K, while the Parrinello-Rahman barostat
method [64] was used to maintain a system pressure of 1 bar.
For each production run and each model, coordinates or
conformations were extracted every 10 ps.

Analysis of MD trajectory. The trajectories were initially processed
to correct for periodicity with the Trjconv tool in Gromacs 5.0.2.
The atomic characteristics of the apo-Stp1 model and Stp1-ATA
complex were subsequently compared using a series of analysis
tools in Gromacs 5.0.2 software. The root mean square deviation
(RMSD), radius of gyration (Rg), and root mean square fluctuations
(RMSF) are critical indicators of the stability of trajectories. The
RMSD, Rg, and RMSF values of the Ca backbone of the entire
models and the flap subdomain were, respectively, calculated
using the initial structure as references. Furthermore, the
trajectories of the apo-Stp1 model and Stp1-ATA complex model
were clustered into 10 classes using the Class tool of Gromacs
5.0.2 with cut-offs of 0.15nm and 0.18 nm, respectively. The
central conformation of each cluster was extracted for super-
imposition. In addition, accurate hydrogen bond (H-bond) analysis
was performed using the H-bond tool in Gromacs 5.0.2.

SPRINGERNATURE

Mutation studies

Expression and purification of Stp1 and variants. The materials
used in the mutation studies were purchased from Sigma-Aldrich.
The wild-type (WT) stpT1 gene was cloned into the vector Pet28a.
The primers used to produce the four variants (D137A, N142A,
Q160A, and R161A) are shown in Supplementary Table S1. The
expression of WT-Stp1 and N-His-tagged variant proteins in
Escherichia coli BL21-Gold (DE3) was induced with 0.1 mM
isopropyl-B-p-thiogalactopyranoside (IPTG). One liter of cells was
diluted 1:100 in Luria-Bertani (LB) medium and cultured at 37 °C.
Following overnight culture, 0.5 mM IPTG was added to the liquid
medium to induce cells until the optical density at 600 nm
reached 0.6-0.8. After overnight growth at 16 °C with shaking,
cells were collected by centrifugation and resuspended in 30 mL
Ni-NTA buffer A (50 mM Tris-HCI [pH 8.0], 100 mM NacCl, 50 mM
imidazole, 2mM MgCl,, and 1 mM dithiothreitol [DTT]) that
contained the protease inhibitor phenylmethanesulfonyl fluoride.
The samples were then purified using Ni-NTA (GE Healthcare) with
gradient washing using buffer B (50 mM Tris-HCI [pH 8.0], 100 mM
NaCl, 400 mM imidazole, 2 mM MgCl,, and 1 mM DTT). Eluted
target fractions were further purified using Superose 75 gel
filtration chromatography (GE Healthcare). The fractions were
collected, concentrated, and further purified using a gel filtration
column and desalting buffer (50 mM Tris-HCl [pH 8.0], 100 mM
NaCl, 2 mM MgCl,, and 1 mM DTT). The purity of the final proteins
was assessed using sodium dodecyl sulfate polyacrylamide gel
electrophoresis on a 12% (wt/vol) gel and was determined to be >
90%.

Phosphatase activity assay. Phosphatase activity assays were
performed at room temperature and were based on the formation
of p-nitrophenol from para-nitrophenylphosphate (pNPP). Each
reaction was performed in a 200 pL mixture that contained 0.3 pM
WT-Stp1 or Stp1 variant in buffer (100 mM Tris-HCI [pH 7.5],
1mM EDTA, 5mM MnCl,, and 0.02% p-mercaptoethanol) and
1mM pNPP and was incubated for 15min. In the control
experiments, pNPP was replaced with dimethyl sulfoxide. Finally,
the reactions were quenched by the addition of 20 uL of 5M
NaOH, and the absorbance at 405 nm was measured.

Experimental data were analyzed using GraphPad Prism soft-
ware (GraphPad Software Inc.). All reactions were carried out in
triplicate.

RESULTS AND DISCUSSION

Structural comparisons and sequence alignments

The Stp1 crystal structure (PDB code: 5F1M) has previously been
published with a resolution of 2.32 A (Fig. 1a) [34]. To observe
structural differences, particularly those in the flap subdomain, the
crystal structures of the PP2Cs that include Stp1, tPphA (PDB code:
5ITl), PstP (PDB code: 1TXO), and human PPM1A (PDB code: 1A6Q)
were aligned. The results showed that the flap subdomain
conformations were similar among the different bacteria strains;
however, the conformation of the flap subdomain of the human
protein differed from that of the bacterial proteins (Fig. 1b). In
contrast, multiple sequence alignment indicated that the flap
subdomains of the bacterial PPMs have a low sequence identity
with a value of 26.92% (Fig. 1¢). Based on sequence alignment
with the tPphA flap domain (T138-L163) [65], the S. aureus flap
subdomain is located between residues S139 and 1164. Given the
flexibility of the flap subdomain, its conformation should be
variable. However, no conformational changes have previously
been reported, and the biological function of the S. aureus flap
subdomain has not previously been elucidated.

As previously discussed, N162/D198 might participate in the
binding of ATA and Stp1 [34]. ATA inhibits Stp1 in a mainly
noncompetitive manner [34]. Furthermore, the flexible flap
subdomain located next to the M3 site plays an important role
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Structural comparisons and sequence alignments of multiple PPM/PP2C protein phosphatases. a Representation of serine/threonine

phosphatase (Stp1) structure (Protein Data Bank (PDB) code: 5F1M) showing two main functional domains: the active site (surface) and the
flap subdomain (dark blue). b Three-dimensional (3D) structural comparisons between PPM/PP2C structures, including Stp1 (dark blue), tPphA
(PDB code: 5ITl; pink), PstP (PDB code: 1TXO; yellow), and human PPM1A (PDB code: 1A6Q; gray). ¢ Multiple sequence alignment of flap
domains of diverse bacterial PPM, including Stp1, tPphA, PstP, and SaSTP (PDB code: 2PKO0)

in enzyme activity and substrate binding [26-28]. Therefore, we
speculated that the introduction of ATA causes conformational
changes in the flexible flap subdomain, which result in the loss of
Stp1 function. To investigate the conformational changes in the
flap domain and the ATA inhibitory mechanism, this study ran 400
ns all-atom MD simulations of the apo-Stp1 and Stp1-ATA
complex models.

Conformational changes in the flap subdomain

To explore the stability and dynamics of the two models, the
RMSD, Rg, and RMSF values of each model were calculated using
Gromacs tools. Figure 2 shows that the flap subdomain of the
apo-Stp1 model remained stable, whereas that of the Stp1-ATA
complex model was flexible and unstable. The RMSD values
(Fig. 2a) showed that the apo-Stp1 model remained stable
throughout the entire MD simulation, whereas the Stp1-ATA
complex model experienced conformational changes in the first
200 ns simulation and then remained stable during the 200-400
ns simulations. In particular, the RMSD values of the complex
model exhibited apparent fluctuations during 0-100 ns and less
obvious fluctuations during 150-200 ns. The Rg values (Fig. 2b)
suggested that the Stp1-ATA complex model expanded during
the 0-100 ns simulations and contracted during the 150-200 ns
simulations, thus indicating that the complex model is relatively
unstable at 0-200 ns. In addition, the RMSF values shown in Fig. 2c
demonstrated that the flap subdomain (residue 139-164) of the
Stp1-ATA complex model rather than the other domains under-
went fluctuations in the range from 0.3 nm to 0.9 nm. Thus, the
RMSD and Rg values of the flap subdomain in both models were
calculated (Figs. 2d, e). The results indicated that the flap
subdomain in the Stp1-ATA complex model was changeable,
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whereas it was stable in apo-Stp1. Furthermore, the comparison
of the RMSF values of the Stp1-ATA complex model during the
first 200 ns and the subsequent 200 ns was performed, which
suggested that the flap subdomain was stable during 200-400 ns
(Fig. 2f). This analysis confirmed that the flap subdomain was
stable in the apo-Stp1 model during entire MD simulations and
was unstable in the Stp1-ATA complex model during 0-200 ns
simulations.

To investigate conformational changes in the structure of the
flap subdomain during the first 200 ns of MD simulations, five
frames of conformations were extracted for each model (Fig. 3).
The flap subdomain in the apo-Stp1 model retained its stability
(Fig. 3a), whereas the flap subdomain of the Stp1-ATA complex
fluctuated between a horizontal and a nearly vertical position
(Fig. 3b). Based on the influence of the flap subdomain on the
active site, the horizontal position of the flap subdomain is
considered as the open state because the active pocket is open,
whereas the vertical conformation is considered as the closed
state. These conformational changes in the flap subdomain
(Fig. 3) are in line with the value changes shown in Fig. 2.
Overall, the conformations of each model throughout the MD
simulations were clustered into 10 classes. For each model, the
central conformations of every cluster were superimposed, as
depicted in Supplementary Figure S2a and S2b. Moreover, their
fluctuation extents were quantified (Supplementary Figure S2c¢).
The distance between residue Pro152 in orange ribbon (open
state) and residue Pro152 in cyan ribbon was 16.16 A (Supple-
mentary Figure S2c). However, compared with the Stp1-ATA
complex, the conformations of the flap domain of the apo-Stp1
model fluctuated limited fluctuations, changing from a yellow
conformation to cyan conformation (Supplementary Figure S2a).
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Fig. 2 Values for the apo-serine/threonine phosphatase (Stp1) model (blue) and Stp1-aurintricarboxylic acid (ATA) complex (red) model were
calculated using Gromacs version 5.0.2. a Root mean square deviation (RMSD) values of Ca backbone in both models. b ATA complex Radius
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Fig.3 Conformational changes in the flap subdomains of the apo-serine/threonine phosphatase (Stp1) and Stp1-aurintricarboxylic acid (ATA)
complex models in 200 ns molecular dynamics (MD) simulations. a Flap domain of apo-Stp1 model. Conformations remained horizontal
during the former 200 ns simulation. b Flap domain of the Stp1-ATA complex model. Conformational changes from the horizontal position to

the nearly vertical position occurred during the first 200 ns simulation

The distance of residue Pro152 between the two conformations
was 7.48 A (Supplementary Figure S2c), half as long as the
distance in the Stp1-ATA complex model. Therefore, the
transformation of the apo-Stp1 model was termed as changing
from an open state (Supplementary Figure S2a, yellow) to a
semi-open state (Supplementary Figure S2a, cyan). One poten-
tial explanation for these distinct differences in the flap
subdomain conformation between the two models is that the
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introduction of the ATA molecule causes changes in the
interaction mode.

Changes in the interaction mode of the flap subdomain in the
Stp1-ATA complex model

The initial conformation (0 ns) and stable conformation (400 ns) of
the Stp1-ATA complex model were analyzed to investigate
changes in the interaction mode. The ions M1/M2/M3 located in

Acta Pharmacologica Sinica (2019) 40:850 - 858
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Fig. 4 The initial conformation (0 ns) and stable conformation (400 ns) of the serine/threonine phosphatass (Stp1)-aurintricarboxylic acid
(ATA) complex model. The flap subdomain is shown in dark blue. Residues located at the active site are shown in light cyan. a The initial
interaction mode (0 ns) of Stp1 with ATA. b The interaction mode of Stp1-ATA complex is shown at 400 ns. ¢ The conformation of ATA in the
active pocket is shown at 0 ns. d At 400 ns, ATA was surrounded by Q160 and H13

the catalytic site were clearly involved in ATA binding, similar to
the binding mode of the simulation models in the study of Zheng
et al. [34]. The observations were in accordance with the roles of
metal ions in the published PPM/PP2C. There was little difference
in the metal ions binding after MD simulations. Therefore, the
binding poses of ATA with the flap subdomain were mainly
investigated.

Figures 4a, b show the binding mode of ATA with the flap
subdomain in the Stp1-ATA complex at Ons and 400ns,
respectively. The surface of the complex model is also shown at
0 ns (Fig. 4c) and 400 ns (Fig. 4d). First, N162--D198 formed at 400
ns (Fig. 4b) but not at Ons (Fig. 4a). Moreover, the atomic
distances of the residue pair (N162 and D198) (Supplementary
Figure S3a) became shorter as the simulation time increased. More
obviously, the H-bond analysis (Supplementary Figure S4) shows
that two types of H-bonds between N162 and D198 were formed
in the later part simulations. Their occupancies were 19.5% and
23.3%, respectively, during the 400 ns simulations. These observa-
tions are consistent with previous mutation studies of N162A
and D198A [34], which have been shown to weaken the
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stabilizing effect of ATA on enzymes and attenuate the inhibition
of ATA.

Second, the flap residues R161 and N162 interact with ATA at 0
ns (Fig. 4a), whereas Q160 and R161 interact with ATA at 400 ns
(Fig. 4b). As the conformation of the flap subdomain changes, the
Q160 residue stretches over the catalytic site and interacts with
H13, surrounding the ATA molecule within the Stp1 catalytic site
(Figs. 4b, d). Although four pairs of Q160--H13 are present with
low occurrences (Supplementary Figure S4), the atomic distance
between them becomes shortened with simulations (Supplemen-
tary Figure S3). These results indicate that residues Q160 and R161
may play important roles in Stp1 enzyme activity. These changes
in H-bond interactions support that residues Q160, N162, and
D198 exert critical roles in the catalytic activity of Stp1 and ATA
inhibition.

The changes in the interaction between D137 and N142, which
are located at the back of the flap subdomain, were also assessed.
In the Stp1-ATA complex model, an H-bond D137--N142 was
present in the initial conformation (0ns; Fig. 5a); however, it
disappeared at 400ns (Fig. 5b). Figure 5c suggests that the
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Fig. 5 The interactions and conformations of several residues located at the back of the flap subdomain of the serine/threonine phosphatase
(Stp1)-aurintricarboxylic acid (ATA) complex model. a The initial interaction mode (0 ns) of several residues. b The interaction mode of
residues at 400 ns. ¢ The distance between residues D137 and N142 changed over time. The distance was 3 A in the initial conformation and 7

A in the final conformation

distance between residues D137 and N142 also changed with the
MD simulation time. In the initial conformation, the distance was
3A, which is consistent with the presence of an H-bond
interaction (Fig. 5a). However, this space flattened as the
conformation stabilized, which resulted in a distance of 7 A and
the absence of an H-bond (Figs. 5b, c). The changes in D137--N142
are more clearly shown in the H-bond existence map (Supple-
mentary Figure S4). The map indicated that D137--N142 pairs
were only presented in the first part simulations. In contrast,
the flap subdomain of apo-Stp1 was relatively stable, with
D137--N142 H-bonds that were similar to those observed in
the initial conformation of the Stp1-ATA complex. Therefore,
residues D137 and N142 may participate in maintaining
the stability of Stp1, and the interaction between D137 and
N142 may explain the stability of the flap subdomain in the
apo-Stp1 model.

Mechanism of ATA inhibition

Based on the previously described analyses, an inhibitory
mechanism of ATA targeting Stp1 was proposed. As a mixed-
type inhibitor, the ATA molecule occupies the catalytic site of
Stp1 [34], first in a competitive role, interacting with R161 in the
flap subdomain, and second in a noncompetitive manner, with
ATA causing the Q160 residue to stretch over the catalytic site
and interact with H13 and the ATA molecule. The H-bond
interaction between D137 and N142 subsequently disappears.
At the same time, the distance between N162 and D198
becomes shorter, which leads to the formation of an H-bond.
Finally, the flap domain transitions from the initial open state to
a stable closed state. As a result, the ATA molecule becomes
tightly wrapped in the active pocket, inhibiting the biological
function of Stp1.

The important roles of D137, N142, Q160, and R161

To confirm the key roles of residues D137, N142, Q160, and R161,
four variants (D137A, N142A, Q160A, and R161A) and WT-Stp1
were constructed, cloned, and purified, followed by phosphate
enzyme activity assays. As shown in Fig. 6, compared with the
enzyme activity of WT-Stp1, the D137A and R161A variants lost
their enzyme activity almost completely, whereas the N142A and
Q160A mutations reduced their enzyme activity by 40 and 90%,
respectively. These mutation studies indicated that these four
residues play extremely important roles in maintaining the
dephosphorylation activity of Stp1. Moreover, D137 and N142
are related to the stability of the Stp1 structure. The results for
these four variants are in accordance with the interactional
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changes observed in MD simulations (Figs. 4 and 5), further
supporting our proposed mechanism.

CONCLUSIONS

In this study, conventional MD simulations of the apo-Stp1 and
Stp1-ATA complex models were run to explore the mechanism of
ATA inhibition of the activity and biological function of Stp1. The
RMSD, Rg, and RMSF values of each model indicated that the flap
subdomain of the Stp1-ATA complex was substantially more
flexible than that of the apo-Stp1 model. Conformational changes
during 0-200 ns MD simulations suggested that the flap domain
of the Stp1-ATA complex fluctuated between horizontal (open
state) and vertical (closed state) positions. The analysis of the
interaction modes and atomic distances subsequently showed
that two H-bonds (N162--D198 and Q160--H13) formed near the
active site, and the H-bond between D137 and N142 disappeared
in the 400 ns conformation. Therefore, a mechanism of inhibition
of Stp1 by ATA was proposed from the MD simulation perspective.
Variants and phosphate enzyme activity assays verified that four
residues (D137, N142, Q160, and R161) play critical roles in
maintaining the dephosphorylation activity of Stp1 and that D137
and N142 also contribute to flap subdomain stabilization.
Furthermore, the mutation studies confirmed the proposed ATA
inhibitory mechanism. Initially, ATA acts as a competitive inhibitor,
interacting with not only the residues in the Stp1 active site but
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also the R161 residue located in the flap subdomain. ATA
subsequently caused a series of changes, including the stretching
of Q160 over the active site, the interaction of N162 with D198,
and the disappearance of the H-bond between D137 and N142. As
a result, the conformation of the flap subdomain changed to the
closed state, tightly wrapping ATA into the active site and making
it a noncompetitive inhibitor.

In summary, this study indicated the inhibitory mechanism of
ATA targeting Stp1 and provided a model for the binding
interactions between ATA and Stp1 using MD simulations. Four
residues were shown to play important roles in maintaining Stp1
activity. The present study provided useful information for the
future discovery and design of allosteric inhibitors targeting flap
subdomains.
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