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a b s t r a c t 

Alzheimer’s disease (AD) is closely linked to the accumulation of amyloid-beta peptides (A 𝛽), which impair synap- 
tic plasticity and contribute to cognitive decline. Among the fragments of A 𝛽, the CT16 peptide (the equivalent 
of A 𝛽16, derived from soluble amyloid precursor protein 𝛼, sAPP 𝛼) has been shown to interact with the 𝛼7 nico- 
tinic acetylcholine receptor ( 𝛼7nAChR), potentially enhancing synaptic plasticity. However, the concentration- 
dependent modulation of CT16 on 𝛼7nAChR and its underlying mechanisms remain poorly understood. We em- 
ploy molecular dynamics simulations to investigate how varying concentrations of CT16 affect the conformation 
and function of the 𝛼7nAChR, and establishes the proportional relationship between CT16 concentration and 
𝛼7nAChR receptor function regulation at the molecular level, finding a stoichiometric ratio of 1:3 for maximum 

activation of 𝛼7nAChR by CT16, and establishing the first demonstration that the constriction geometry of the 
pore within extracellular domain (specifically its minimal cross-sectional area) serves as the dominant structural 
determinant for ion permeation pathways at stoichiometric CT16: 𝛼7nAChR binding (1:1 ratio), a phenomenon 
contrasting sharply with scenarios at higher ratios (CT16: 𝛼7nAChR > 1:1). The presence of CT16 not only induces 
significant conformational changes, stabilizes specific receptor regions, but also modulates the ion channel’s pore 
geometry in a concentration-dependent manner. These findings shed light on the potential role of CT16 in regu- 
lating synaptic plasticity and offer theoretical insights into its dual role as a positive allosteric modulator at low 

concentrations and an inhibitor at higher concentrations, which may have implications for therapeutic strategies 
targeting 𝛼7nAChR in AD and other neurodegenerative diseases. 
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. Introduction 

Amyloid-beta peptide (A 𝛽) is intimately associated with the pathol-
gy of Alzheimer’s disease (AD), manifesting as cognitive dysfunction
nd progressive memory loss [ 1 ]. The aggregation of A 𝛽 can directly
mpair synaptic plasticity, contributing to the onset of AD. A 𝛽 is derived
rom amyloid precursor protein (APP) through the cleavage by 𝛽- and
-secretases ( Fig. 1 (b)), containing approximately 37–49 residues, with
 𝛽40 and A 𝛽42 being the most abundant [ 2 ]. The aggregation of A 𝛽42
ligomers has been demonstrated to directly impair synaptic plasticity.
oluble APP alpha (sAPP 𝛼, the 1–612 fragment of APP) and C-terminal
ragment alpha (CTF- 𝛼, the 613–695 fragment of APP) are products of
he APP structural domain (1–695 of APP) cleaved and hydrolyzed by
-secretase. CTF- 𝛼 can be further cleaved by 𝛾-secretase to produce ex-
racellular P3 fragments (truncated fragments, A 𝛽17–40, A 𝛽17–42) and
he intracellular domain AICD(APP Intracellular Domain) [ 3–5 ] that ul-
imately flows into the cytoplasm [ 6 ]; whereas sAPP 𝛼 can be cleaved fur-
her by 𝛽-secretase to yield CT16 (the 597D-K612 fragment), which cor-
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esponds to the C-terminal 16 amino acid residue fragment of sAPP 𝛼 [ 7 ].
his is just the N-terminal 16-residue fragment of exogenous A 𝛽40/A 𝛽42
renumbered as 1D-K16, A 𝛽16). Extensive researches have confirmed
hat sAPP 𝛼 plays a crucial role in the neuroprotection of APP and the
odulation of synaptic plasticity [ 8 , 9 ]. sAPP 𝛽, which lacks the CT16
resent in sAPP 𝛼, has been shown to be sufficient to promote long-term
otentiation (LTP), a process that depends on the functional 𝛼7 nico-
inic acetylcholine receptor ( 𝛼7nAChR) [ 10 ]. This suggests that CT16
cts as an effective fragment to interact with 𝛼7nAChR. Impairments in
he function of 𝛼7nAChR are associated with a variety of neuropsychi-
tric and neurological disorders, such as schizophrenia and AD [ 11 , 12 ].
or neuroprotective effects, the N-terminal 16-peptide fragment of A 𝛽

A 𝛽16), which is also the CT16 fragment of sAPP 𝛼, is the most abundant
 𝛽 fragment found in human cerebrospinal fluid (CSF) [ 13 , 14 ]. Studies
ave indicated that CT16 can enhance synaptic plasticity and memory
ormation by increasing the release of presynaptic neurotransmitters at
hysiological concentrations, and it regulates the synaptic vesicle (SV)
ool by phosphorylating the nicotinic receptor 𝛼7nAChR, thus exerting
2025 
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Fig. 1. (a) Structures of the a7nAChR receptor (grey) bound to CT16 (green), in 
which E120 is shown in red, L270 in magenta. (b) Various functional domains 
of APP695, in which CT16 is highlighted and residues are displayed. 
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europrotective functions similar to full-length sAPP 𝛼 [ 15–17 ]. The lat-
st research further revealed that the A 𝛽16, rather than the C-terminal
 𝛽17–40/42, possesses all the regulatory functions of a high-quality
 𝛽1–40/42 and is a sufficient and necessary condition for modulating
resynaptic recycling [ 17 , 18 ]. Therefore, CT16 shares similar physio-
ogical functions with A 𝛽1–40/42 when binding the 𝛼7nAChR. 

The 𝛼7nAChR is composed of five identical subunits surrounding
 central axis, forming a typical pentameric structure ( Fig. 1 (a)). The
7nAChR in complex with the antagonist 𝛼-bungarotoxin ( 𝛼-bgt) ex-
ibits a resting-like closed channel conformation, while binding to the
gonist epibatidine and the positive allosteric modulator PNU-120596
esult in a stable activated open channel conformation. It will form a de-
ensitized closed channel conformation when complexed with epibati-
ine alone. Significant conformational changes occur among these three
tates. Cryo-electron microscopy structures have successfully captured
he 𝛼7nAChR molecular PDB structures in these different states and the
istinct binding domains accommodated with their ligands [ 19 , 20 ]. In
he resting state, the aperture of the lipid-bound 𝛼7nAChR is located
t the position of residue L270 ( Fig. 1 (a)) in the M2 helix of the trans-
embrane domain (TMD), with a radius of approximately 1.4 Å, which

s too narrow to pass for hydrated cations, indicating a closed channel
onformation [ 21 ]. In this structure, the molecular architecture is rel-
tively compact, with the helices within the TMD maintaining a state
f relative immobility, and the arrangement of amino acid side chains
ithin the channel rendering the pore closed [ 20 ]. When bound by a

igand(s), such as acetylcholine (ACh), the conformation of the receptor
ill change, leading to the opening of the channel pore (with a radius at
270 greater than 1.4 Å) and the activation of the receptor [ 20 , 21 ]. De-
ensitization typically occurs after continuous or prolonged activation
y the ligand, which will result in the channel non-permeable again
lthough the receptor is still bound by the ligand [ 21 ]. The primary
inding site for selective ligands was identified at the interface between
he main chain of the extracellular domain (ECD) of 𝛼7nAChR and the
omplementary subunit [ 22 , 23 ]. Each 𝛼7nAChR subunit comprises a N-
erminal ECD, which serves as the primary ligand-binding region of the
eceptor and is responsible for recognizing and binding acetylcholine
nd other ligands [ 12 ]; a TMD, consisting of several 𝛼-helical trans-
embrane segments that form the main structure of the ion channel,
59
nd a small ligand-binding region (such as ivermectin), where confor-
ational changes in the TMD upon ligand binding lead to the opening

f the ion channel, allowing the passage of ions such as sodium and cal-
ium through the membrane; and a large, flexible intracellular loop do-
ain (ICD), primarily involved in the internal signaling and regulation

f the receptor [ 24 ]. This region can be regulated by post-translational
odifications (such as phosphorylation) to modulate the function and

xpression of the receptor [ 25 ]. The 𝛼7nAChR responses to ACh or its
ydrolysis product, choline, inducing rapid cation influx [ 26 ]. There-
ore, this receptor is one of the promising therapeutic targets for the
reatment of cognitive disorders and certain cancers, particularly those
elated to AD, schizophrenia, and depression [ 27–30 ] and becoming a
ovel drug target for restoring cognitive function in patients with AD
 31 ]. 

Multiple studies have demonstrated that A 𝛽42 directly binds to
7nAChR, and acts as a direct agonist or antagonist of 𝛼7nAChR in
 concentration-dependent manner [ 32–34 ]. A consensus exists those
ow concentrations of A 𝛽42 (picomolar) activate 𝛼7nAChR, acting as
 positive allosteric modulator, while higher concentrations (micromo-
ar) exert an inhibitory effect [ 35–37 ], triggering neurotoxic effects and
eading to synaptic damage, behavioral deficits, and apoptosis [ 38 ]. The
ual roles, an agonist and a negative modulator, especially the latter in-
uced by the higher A 𝛽 concentrations may lead to cholinergic signaling
eficits and could be involved in the onset and progression of AD [ 39 ].

Conformational studies indicate that low concentrations of solu-
le A 𝛽42 modulate 𝛼7nAChR through a biphasic mechanism [ 40 ]. At
anomolar levels, A 𝛽42 binds to the ECD of 𝛼7nAChR, inducing asym-
etric subunit rearrangements that destabilize the closed state and tran-

iently stabilize an open-channel conformation [ 33 , 40 ]. Upon increas-
ng A 𝛽42 concentrations by a thousand fold to the picomolar range, this
ctivation is mediated [ 39 ]. In contrast, micromolar concentrations of
 𝛽42 disrupt inter-subunit coupling and promoting desensitized non-
onductive states [ 39 ]. Therefore, these conformational changes and
 𝛽42 concentrations come into close association, underlying the study
n the structure-function relationship of 𝛼7nAChR-A 𝛽 complex, benefit-
ng us to raise following questions. What the specific concentration of
T16 can provide optimal activation or begin to inhibit 𝛼7nAChR, and
hat is the allosteric mechanism underlying these modulatory effects? 

. Methodology 

.1. Model preparation 

The structure of 𝛼7-apo (PDB: 7eki) [ 21 ] is taken as the 𝛼7nAChR
odel by retaining only the full protein coordinate. To ensure biologi-

al relevance, the simulated stoichiometries of 𝛼7nAChR to CT16, rang-
ng from 1:1 to 1:5, were calibrated using A 𝛽 concentrations observed
n Alzheimer’s disease microenvironments. Experimental studies have
hown that A 𝛽1–42 levels in the cerebrospinal fluid of AD patients typi-
ally fall within the range of 0.04 to 0.1 μM [ 41 , 42 ], while synaptic A 𝛽

ligomers can accumulate to much higher local concentrations, reach-
ng up to 10 μM due to spatial confinement. Considering a typical neu-
onal membrane receptor density of approximately 1000 receptors per
quare micrometer, these concentration ranges correspond to ligand-to-
eceptor ratios from 1:1 to 5:1. This alignment confirms that our sim-
lated systems effectively represent the pathophysiological conditions
panning from early to advanced stages of Alzheimer’s disease. CT16
imerization may occur at high concentrations and have conducted ad-
itional simulations to explore the dimer binding. To investigate this,
he monomeric conformation was first docked. Then five CT16 ligands
nd the dimer ligands were successively docked onto it through the
DOCK 2.0 website [ 43 ] and five 𝛼7nAChR-(CT16) i ( i = 1, 2, 3, 4, and
) complexes were sequentially selected based on the docking score, pri-
ritizing those that aligned with the ligand-protein binding positions as
he evaluation criteria and termed them as 𝛼7–1, 𝛼7–2, 𝛼7–3, 𝛼7–4, and
7–5, respectively. The five 𝛼7- i ( i = 1, 2, 3, 4, and 5) complexes and
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7-apo (resting state) were prepared for submitting to the "CHARMM-
UI" website [ 44 ] to build models of all-atom molecular dynamics (MD)

imulations. 

.2. Molecular dynamics simulation protocol 

All the proteins were surrounded by cubic periodic bounding boxes
ith initial dimensions of 120 Å × 120 Å × 120 Å, where the distance
etween the complexes and the box boundaries was set as 10 Å, and
he TIP3P water model was employed. Subsequently, 0.15 M NaCl was
dded for mimicking the physiological condition [ 45 ]. Energy minimiza-
ion was performed using the steepest descent algorithm with a con-
ergence threshold of 1000 kJ·mol− 1 ·nm− 1 (Emtol) to eliminate atomic
lashes. To further stabilize the system, a 1.0 ns equilibration run was
ropagated under the NVT ensemble, followed by 1.0 ns production run
n the NPT ensemble. The constant temperature 310 K was maintained
sing Nose-Hoover ( 𝜏T = 1.0 ps) [ 46 ] in the NVT ensemble and the
onstant pressure was maintained at 1 bar using the Parrinello-Rahman
 𝜏P = 5.0 ps) [ 47 ] pressure coupling algorithm in the NPT ensemble.
he integration time step was set to 2 fs for all MD simulations [ 48 ].
ystem coordinates and energies were stored in trajectories at 2-ps in-
ervals for subsequent analysis. In the whole simulation process, LINCS
lgorithm[ 49 ] was used to constrain the bond length of hydrogen atom,
TEETLE algorithm [ 50 ] was used to constrain the geometry, and PME
lgorithm at 1.2 nm cutoff was used to calculate the long-range electro-
tatic interaction [ 51 , 52 ]. To conserve computational resources, three
eplicate MD trajectories were run for the 𝛼7–1/ 𝛼7–3, in which the three
nitial structures for these replicates were derived from the snapshots at
0, 60, and 100 ps, respectively, during the 1.0 ns production run in
he NPT ensemble, as multi-replicate sampling from early-equilibrium
napshots was confirmed to enhances conformational coverage without
equiring extended simulation durations [ 53 ]. All these all-atom MD
imulation were performed by using GROMACS 2020.4 software [ 46 ]
n combination with CHARMM36m force field [ 54 ]. 

In the hydrogen bond calculations, a cutoff distance of 0.35 nm and
 bond angle cutoff of 30° were set [ 55 , 56 ]. HOLE was used to esti-
ate pore diameters [ 57 ], structural visualization and figure prepara-

ion were conducted using software packages Chimera [ 58 ], VMD [ 59 ],
nd PYMOL [ 60 ]. 

.3. Calculation of binding free energy 

Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) is
mployed to perform binding free energy ( ΔGbind ) calculation, which
s a widely utilized approach for post-processing molecular dynamics
MD) trajectories to estimate binding free energies [ 61 ], with the spe-
ific formula as follows [ 62 , 63 ], 

𝐺bind = Δ𝐻 − 𝑇 Δ𝑆 ≈ Δ𝐸MM 

+ Δ𝐺sol − 𝑇 Δ𝑆, (1)

𝐸MM 

= Δ𝐸ele + Δ𝐸vdW 

, (2)

𝐺sol = Δ𝐸pb + Δ𝐸np , (3)

𝐸ele 
𝑖𝑗 

= 𝑖 𝑗 

q𝑗 𝑞𝑖 
4π𝜀0 𝜀in 𝛾𝑖𝑗 

, (4) 

𝐺SA = 𝛾 ⋅ SASA + b (5)

𝐺bind∕f it t ed = 0 . 05402
(
Δ𝐸COU + Δ𝐺PB 

)
+ 0 . 14852Δ𝐸vdW 

+ 0 . 05584Δ𝐺SA +
 . 11351(− 𝑇 Δ𝑆) − 4 . 77148 , 

(6) 

d = ln 
Δ𝐺bind ∕f it t ed 

𝑅𝑇 
. (7) 

Here, ΔGbind can be divided into three parts: the gas-phase molec-
lar mechanics energy ( ΔEMM 

), the solvation free energy ( ΔGsol ) and
60
he conformational entropy upon ligand binding ( T ΔS ). ΔEMM 

includes
he electrostatic energy ( ΔEele ) and the van der Waals energy ( ΔEvdW 

).
Gsol is the sum of the polar contribution energy ( ΔGPB ) and the nonpo-

ar contribution energy ( ΔGSA ). SASA represents the change in solvent-
ccessible surface area, 𝛾 is the surface tension coefficient, and b is a
onstant. 𝛾 and b were set as 2.27 kJ·mol− 1 ·nm and − 23.85 kJ·mol− 1 ,
espectively. qi and qj are the charges of atom i and atom j in the protein,

ij is the distance between atom i and atom j, 𝜀0 is the dielectric con-
tant in vacuum, and 𝜀in is the relative dielectric constant. ΔGbind/fitted 
as proposed [ 64 ] to fit binding free energy so that it can be con-

istent well with experimental results and Kd is the dissociation con-
tant, where R is a constant with the value of 8.314 J·mol− 1 ·K− 1 and
 is 310 K. 

. Results and discussion 

.1. MD simulations of 𝛼7-apo/ 𝛼7nAChR different ratio with CT16 

omplexes 

We denote the resting state of 𝛼7nAChR as 𝛼7-apo, the complex with
ne bound CT16 as 𝛼7–1, and so forth, up to the complex with five
ound CT16 ligands as 𝛼7–5, thereby constructing a total of six dis-
inct systems. Subsequently, we conducted 100 ns simulations on the
tructures of 𝛼7- i complexes. The simulations revealed that the overall
tructural integrity of all complexes was maintained. Fig. S1 illustrates
he fluctuation behavior of Root-Mean-Square Deviation (RMSD) with
ncreasing CT16 concentration. It can be observed that the six systems
eached equilibrium within approximately 60 ns, and the RMSD values
xhibited relatively stable fluctuations ( < 2 Å) during the last 10 ns, in-
icating that all systems had achieved equilibrium so far. Additionally,
revious studies have demonstrated that a simulation length of 100 ns
s sufficient to effectively capture the key conformational dynamics in
rotein-protein systems of comparable scale [ 65–67 ]. Fig. S2 illustrates
he fluctuation of the three replicate MD trajectories for the 𝛼7–1/ 𝛼7–
, and the RMSD values exhibited relatively stable fluctuations ( < 2 Å)
uring the last 10 ns, indicating that systems had also achieved equilib-
ium. 

.2. Locations of CT16 molecules on the 𝛼7nAChR and induced allosteric 

ffect of ECD 

Fig. 2 illustrates the interaction domains of CT16- 𝛼7nAChR com-
lexes at distinct stoichiometric ratios (CT16: 𝛼7nAChR = 1:1, 2:1, etc.).
ocked results suggested that the first CT16 molecule binds at the inter-

ace between subunits D and E of the ECD region of 𝛼7nAChR ( Fig. 2 (a1)
nd domain 1 in Fig. 2 (g)), also the primary binding domain for other
igands, such as A 𝛽42 and its short peptide fragments (A 𝛽1–11, A 𝛽1–
6, A 𝛽10–20, A 𝛽12–28, A 𝛽22–35) [ 18 , 68 , 69 ]. The spatial distribution
f CT16 along the Y-axis extends from its C-terminal residue K16 to
ts N-terminal D1 ( Fig. 2 (f)), adopting a continuous and fully extended
hain conformation ( Fig. 2 (a1)) to bind the receptor. 

In 𝛼7–1, the residue E211 within the loop C of 𝛼7nAChR interacts
ith D7 of CT16 through a hydrophobic network, while the residue
214 of loop C can form π-cation interactions with F4 and a hydro-
en bond with E3 ( Fig. 3 (a1)). Both E211 and K214 are adjacent to
he residue Y210, which is a key residue in the presynaptic modula-
ion mediated by A 𝛽 through aromatic side-chain interactions, located
n the loop C region of subunit D [ 70–74 ]. These interactions result in a
reat decrease in the RMSF values in the loop C region of subunit D by
.0334 nm, relative to that of 𝛼7-apo, thereby enhancing the stability
f this region (Fig. S3(d)). 

In 𝛼7–2, the second CT16 is located in between subunits A and E
 Figs. 2 (b)(g)(b2)), becoming the neighbor of the first CT16 and in the
imilar orientation. Y210 and R208 within loop C on subunit E form
ydrogen bonds and hydrophobic interactions with Y10 of CT16, re-
pectively ( Fig. 3 (b2)), enhancing rather than the decreasing the dy-
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Fig. 2. Interaction domains of CT16 in 𝛼7- i ( i = 1, 2, 3, 4, and 5) complexes. (a)–(e) represent the top views of 𝛼7- i , in which the CT-16 is highlighted in magenta 
surface, and 𝛼7nAChR receptor is displayed in grey. (a1)–(e5) depict the side views of the complexes 𝛼7- i , in which ith CT-16 bound is shown in pink with two 
terminal residues (D1 and K16) to mark the orientation of the CT16 peptide chain. ECD of 𝛼7- i is shown in gray cartoon. Loops C and F, and 𝛽 j ( j = 3, 7, or 9) are 
displayed in blue and yellow, and green surfaces, respectively, to constitute the binding pockets. (f) Three-dimensional structure of CT16 and its charged residues in 
pink. (g) Pentameric skeleton drawing of 𝛼7nAChR is displayed in (g) to define the specific site of ith CT16 location, and the relative orientation of the five subunits, 
A, B, C, D, E. (h) Ribbon representation of two neighboring subunits of 𝛼7nAChR, viewed parallel to the membrane plane, in which the secondary structural elements 
and loops are labeled. “LC ” and “LF ” in (a1)–(e5) stand for Loops C and F. 
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amics of loop C on subunit E ( ΔRMSF at Y210 = + 0.031 nm) (Fig.
3(e)). Meanwhile, the binding of the first CT16 is impacted and al-
ered ( Figs. 2 (b)(g)(b1)), and only a Y210-R5 hydrogen bond is observed
 Fig. 3 (b1)), recovering the loop C of subunit D to its initial state, i.e.,
n 𝛼7-apo (Fig. S3(d)). 

In 𝛼7–3, the third CT16 binds between the loop C of subunit C
nd loop F of subunit D ( Figs. 2 (c)(g)(c3)), the clockwise neighbor
f the first CT16 and in a similar orientation to the first and second
T16. K214 within loop C on subunit C form a salt bridge with E3
 Fig. 3 (c3)), destabilizing the closed-state conformation and increasing
exibility of adjacent residues C213 ( ΔRMSF = + 0.14 nm) and Y210
 ΔRMSF = + 0.21 nm) compared to that in 𝛼7-apo (Fig. S3(c)). I191
ithin the loop F of subunit D forms a hydrophobic interaction with Y10,
hich also forms a hydrophobic interaction with Y151, reducing the
MSF value at this point by 0.014 nm compared to 𝛼7-apo (Fig. S3(d)).
eanwhile, the binding case of the first CT16 also changes accordingly

 Figs. 2 (c)(g)(c1)). In addition to the observed originally Y210-D7 hy-
rogen bond ( Fig. 3 (c1)), a salt bridge is formed between R208 within
he loop C of subunit D and E11 of the CT16, resulting in an increased
exibility of the loop C in subunit D ( ΔRMSF at E211 = + 0.034 nm)
Fig. S3(d)). For the second CT16 ( Figs. 2 (c)(g)(c2)), the R208-E11 salt
61
ridge is still kept, while the previous R208-Y10 hydrophobic interac-
ion and Y210-Y10 hydrogen bond disappear. Instead, Y10 participates
n 𝜋-stacking and hydrophobic interactions with Y115 and W171 within
ubunit E, and hydrophobic interactions with W7 and P143 located in
ubunit A, and forms a hydrogen bond with L141 located in subunit A
 Fig. 3 (c2)). These residues form a cavity around Y10, tightly encircling
t, increasing flexibility of adjacent residues G194 on loop F ( ΔRMSF = +
.13 nm) and C212 on loop C ( ΔRMSF = + 0.20 nm) compared to the
ounterpart in 𝛼7–2 (Fig. S3(e)), respectively, which contributes to the
tabilization of the complex structure and enhancement of binding speci-
city [ 71–74 ]. 

In 𝛼7–4, the fourth CT16 located between subunits A and B
 Figs. 2 (d)(g)(d4)), in the meta position of the first CT16 in the coun-
erclockwise direction. Y210 within loop C on subunit A form hydrogen
onds with H6 of CT16 ( Fig. 3 (d4)), recovering the loop C of subunit A
o its initial state, i.e., in 𝛼7-apo (Fig. S3(a)). Meanwhile, the first CT16
hanges its original conformation from its original bent state to a nearly
inear one ( Figs. 2 (c)(g)(c1)), resulting in the distinction of the contacts
f key residues. For example, compared to the counterparts in 𝛼7–3, the
alt bridge of R208-E11 ( Fig. 3 (d1)) is still kept, the hydrogen bond of
210-D7 is lost however. Additionally, Y10 forms hydrophobic interac-
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Fig. 3. Map of contact between ligand CT16 and key residues within loops C/F of two adjacent subunits of ECD in 𝛼7–1 (a1), 𝛼7–2 (b1)(b2), 𝛼7–3 (c1)–(c3), 𝛼7–4 
(d1)–(d4) and 𝛼7–5(e1)–(e5), respectively. The orange, black, red, and yellow dashes represent H bond (Å), hydrophobic interaction, salt bridges, and π- π/ π-cation 
interaction generated between CT16 and subunits. H-bond interactions were analyzed at a cutoff of 3.5 Å for two heavy atoms. Five subunits of 𝛼7- i ( i = 1, 2, 3, 4, 
and 5) were represented in gray color, and ligand CT16 is represented in purple color. The residues within one subunit are colored in green, and the complementary 
residues within the other subunit are colored in cyan, respectively. 
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ions with I191 within the loop C of subunit E and L60 with the 𝛽1 of
ubunit E ( Fig. 3 (d1)), enhancing the dynamics of loop C on subunit D
 ΔRMSF at E211 = + 0.23 nm) (Fig. S3(d)). Likewise, the second CT16
ransforms into a mirror-image isomeric state ( Figs. 2 (d)(g)(d2)) com-
ared to that in 𝛼7–3 ( Fig. 2 (c2)). Correspondingly, the salt bridge of
208-E11 becomes a hydrogen bond connection, retaining only the 𝜋-
tacking interaction between R208 and Y115. Y210-Y10 hydrogen bond
Fig. 3(d2)) decreases the dynamics of loop C on subunit D ( ΔRMSF at
212 = − 0.15 nm) (Fig. S3(e)). The binding of the third CT16 is also

mpacted and altered (Figs. 2(d)(g)(d3)). The region near N-terminal
1 of CT16 changes to an 𝛼-helix structure, resulting in the salt bridge
etween K214 and E3 disappears and a hydrogen bond and hydropho-
ic interaction produce between Y210 within loop C on subunit C and
3/A2 of CT16 ( Fig. 3 (d3)), decreasing the dynamics of loop C on sub-
62
nit C ( ΔRMSF at C213 = − 0.14 nm) (Fig. S3(c)). Simultaneously, S188
nd G189 within loop F on subunit D form hydrogen bonds with Y10
f CT16 ( Fig. 3 (d3)), with the RMSF in the loop F region similar to the
ounterpart in 𝛼7–2 (Fig. S3(c)). 

In 𝛼7–5, the fifth CT16 is located in between subunits B and C
 Figs. 2 (e)(g)(e5)), becoming the meta position of the first CT16 in the
lockwise direction, exhibiting a reversed amino acid sequence orien-
ation compared to the first four CT16 molecules, while maintaining
n extended Y-axis alignment from N-terminal D1 to C-terminal K16
 Fig. 2 (e5)). D219 within 𝛽10, K165 and K167 within 𝛽7 on subunit
 form salt bridges interactions with R5, D1, and E3 of CT16, respec-
ively (Fig. 3(e5)). The absence of direct residue interactions within
oop C appears to confer enhanced dynamics to this region, as evi-
enced by the increased RMSF observed for subunit B at residue C212
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Table 1 

Binding free energies (kcal mol− 1 ) of complexes using MM/PBSA. 

Name ΔEPB ΔESA ΔECOU ΔEvdW T ΔS ΔG ΔGbind/fitted 

𝛼7–1–1 270.93 − 14.02 − 193.39 − 89.36 38.97 13.13 − 10.21 
𝛼7–2–1 200.62 − 13.37 − 140.55 − 80.74 36.74 2.70 − 10.09 
𝛼7–2–2 142.07 − 14.06 − 59.14 − 103.73 27.89 − 6.97 − 13.32 
𝛼7–3–1 177.97 − 11.08 − 126.67 − 61.95 29.57 7.85 − 8.46 
𝛼7–3–2 117.33 − 11.01 − 68.59 − 69.62 31.69 − 0.21 − 9.50 
𝛼7–3–3 226.86 − 13.04 − 154.25 − 74.57 42.20 27.21 − 7.86 
𝛼7–4–1 208.71 − 14.24 − 122.81 − 87.37 27.19 11.49 − 10.82 
𝛼7–4–2 162.95 − 11.02 − 95.34 − 63.74 32.41 25.26 − 7.52 
𝛼7–4–3 233.62 − 12.31 − 163.31 − 72.88 17.17 2.29 − 10.54 
𝛼7–4–4 263.94 − 12.34 − 177.46 − 65.31 27.49 36.33 − 7.37 
𝛼7–5–1 165.10 − 13.94 − 82.43 − 92.45 16.89 − 6.83 − 12.90 
𝛼7–5–2 104.37 − 10.23 − 45.71 − 63.93 30.97 15.47 − 8.15 
𝛼7–5–3 238.56 − 12.98 − 146.34 − 93.58 21.50 7.16 − 11.97 
𝛼7–5–4 262.86 − 13.42 − 169.73 − 71.21 20.90 29.41 − 8.69 
𝛼7–5–5 156.23 − 13.00 − 84.91 − 79.12 35.20 14.40 − 9.40 
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 ΔRMSF = + 0.15 nm) (Fig. S3(b)). Notably, this binding event also in-
uces allosteric rearrangements for pre-bound four CT16 molecules. For
he first CT16, only two N116-Y10 hydrogen bonds and one Y115-Y10
 hydrophobic interaction is observed ( Fig. 3 (e1)), decreasing flexibil-
ty of adjacent residues E211 on loop C ( ΔRMSF = − 0.063 nm) within
ubunit D compared to that in 𝛼7–4 (Fig. S3(d)). For the second CT16, it
hanges from an original distribution along the Y-axis to the X-axis, and
ransitions from an extended to a crescent shape, a notable change in
ontact means. Especially, R208, a positively charged residue located in
oop C of subunit E, forms a salt bridge with negatively charged E11 of
T16, as opposed to a hydrogen bond observed in 𝛼7–4, resulting in en-
anced Loop C dynamics ( ΔRMSF at E211 = + 0.057 nm, Fig. S3(e)). For
he third CT16, it adopts a mirror-image enantiomer of the third CT16 of
7–4 (Fig. 2(d3)), with several key changes observed. R208 of subunit
 forms a salt bridge with E3 and a hydrogen bond with R5 of CT16,
elieving the hydrophobic interaction of A2 with Y210 ( Fig. 3 (e3)), re-
erting Loop C in subunit C to a conformation like that within 𝛼7–4
Fig. S3(c)). Meanwhile, the dynamics of Loop F within subunit D are
educed, as S188 and I187 form hydrogen bonds with G9 of CT16, re-
ucing the ΔRMSF at D186 by − 0.055 nm (Fig. S3(d)). For the fourth
T16 binding, the binding pattern largely remains consistent with that

n 𝛼7–4 ( Fig. 2 (e4)). Notably, K165 forms a salt bridge with E11, and
115 engages in a hydrophobic interaction with Y10 ( Fig. 3 (e4)). The
bsence of interactions between Loop C and CT16 in this context leads
o increased Loop C dynamics in subunit B ( ΔRMSF at C212 = + 0.06 nm,
ig. S3(a)). 

.3. Binding free energy between 𝛼7nAChR and CT16 in 𝛼7- i complexes 

ΔGbind is decomposed into five terms, ΔEvdW 

, ΔECOU , ΔGPB , ΔGSA ,
nd − T ΔS . These ΔGbind values in Table 1 of the 15 systems are all
egative, indicating strong binding between CT16 and 𝛼7nAChR. To
larify the binding energy for specific CT16 molecule, these 𝛼7- i com-
lexes are renamed as 𝛼7- i - j , where ‘ j ’ indicates the ordinal position of
he bound CT16 molecule and the binding energy calculated is also just
or it. For example, 𝛼7–2–1 and 𝛼7–2–2 in Table 1 stand for the binding
nergies of first and second CT16 respective to the remaining complex
7–1 part of the 𝛼7–2 complex. The dissociation constant Kd = 9.0 μM
as measured in the experiment [ 75 ] for 𝛼7nAChR-A 𝛽1–42 interaction,

ust corresponding to binding energy of − 12.10 kcal·mol− 1 , converted by
q. (7) in the Section 2.3 . The value is less than that (− 13.32, vs− 12.90
cal·mol− 1 ) of 𝛼7–2–2 and 𝛼7–5–1, larger than others of 𝛼7- i - j complexes
redicted in the present paper (see details in Table 1 ). 

This study demonstrates that the interaction between CT16 ligands
nd 𝛼7nAChR is significantly influenced by a site-specific energy-driven
attern. In the contribution of binding energy, electrostatic interac-
ions and van der Waals forces play predominant roles. For example,
lectrostatic interactions in the 𝛼7–1–1 site reaches ΔECOU = − 193.39
63
cal·mol− 1 , accounting for 68% of the total contribution, indicating a
ominant contribution to the initial ligand binding. This is primarily
ue to the complementary interactions between charged residues at the
ubunit interface, such as the salt bridge formed between K214 and the
igand E3 at the d -E interface ( Fig. 3 (a1)). Van der Waals forces, on
he other hand, facilitate subsequent ligand binding, as in the 𝛼7–2–
 site, where ΔEvdW 

(− 103.73 kcal·mol− 1 ) constitutes 64% of the to-
al energy. This promotes stable binding through the formation of hy-
rophobic cavities, such as the π- π stacking between Y210 and Y10 at
he A-E interface ( Fig. 3 (b2)). Notably, the third ligand site ( 𝛼7–3–3) ex-
ibits electrostatic dominance again ( ΔECOU accounting for 67%), due
o the reformation of the salt bridge between K214 and E3 (Fig. 3(b3)).
his indicates that allostery can reshape the pattern of energy contri-
ution. This finding further elucidates how 𝛼7nAChR achieves multi-
igand cooperative binding through dynamic adjustment of different
ypes of interaction forces. Additionally, the impact of the sequential
ature of ligand binding on binding strength reveals a non-linear reg-
latory characteristic ( Figs. 2 (g) and 5 ). The second ligand ( 𝛼7–2–2)
orms a peak in binding energy ( ΔG = − 13.32 kcal·mol− 1 ), primarily
enefiting from its spatial coupling effect with the first ligand (adja-
ent d -E and A-E interfaces inducing cooperative binding). The binding
f the fifth ligand triggers a global conformational rearrangement (Fig.
(e5)), resulting in a 32% reduction in the van der Waals interaction
f the first ligand ( ΔEvdW 

= − 92.45 kcal·mol− 1 for 𝛼7–5–1 compared
o − 89.36 kcal·mol− 1 for 𝛼7–1–1), revealing the presence of negative
ooperativity. 

Ultimately, the spatial differences in binding sites determine the lig-
nd binding affinity (Fig. 2(g)). High-affinity sites are primarily located
t the subunit interface regions, including the d -E interface (first lig-
nd site, ΔG = − 10.21 kcal·mol− 1 ) and the A-E interface (second lig-
nd site, ΔG = − 13.32 kcal·mol− 1 ), which exhibit both electrostatic
omplementarity and hydrophobic cavities, thereby supporting strong
inding interactions. In contrast, low-affinity sites are distributed in the
onomer core region, where the A-B interface ( 𝛼7–4–4, ΔG = − 7.37

cal·mol− 1 ) and the B-C interface ( 𝛼7–5–5, ΔG = − 9.40 kcal·mol− 1 )
ave a contribution of van der Waals interactions of < 50% due to steric
indrance. 

.4. Analysis of PCA and FEL 

To further evaluate the conformational dynamics of 𝛼7nAChR un-
er different ligand-bound states, we performed principal component
nalysis (PCA) on the MD trajectories. The first two principal compo-
ents (PC1 and PC2), which together accounted for > 70% of the total
ariance, were used to construct the free energy landscapes (FELs). As
hown in Fig. 4 , the ligand-free 𝛼7nAChR (Fig. 4(a)) displays a broad
nd diverse conformational ensemble with multiple local minima scat-
ered across the PC1–PC2 space, suggesting substantial conformational
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Fig. 4. 3D/2D free energy landscapes of the 𝛼7nAChR conformation in 𝛼7-apo (a), 𝛼7–1 (b), 𝛼7–2 (c), 𝛼7–3 (d), 𝛼7–4 (e) and 𝛼7–5(f), respectively. PC1 and PC2 are 
the two largest eigenvectors. Color bars in orange and black represent the conformational space with maximum energy (conformational instability) and minimum 

energy (conformational stability), respectively. 
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lasticity. Upon increasing ligand occupancy (Figs. 4(b)–(f)), the free
nergy minima become progressively deeper and more localized, indi-
ating a reduction in conformational entropy and a tendency toward
pecific metastable states. 

Notably, the three to five ligand bound systems (Figs. 4(d)–(f)) ex-
ibit a clear convergence to a dominant low-energy basin, implying
hat ligand binding imposes structural constraints that stabilize specific
ating-related conformations. Furthermore, comparative analysis of the
ominant PC vectors revealed that PC1 primarily represents a collec-
ive twisting motion of the ECD, while PC2 reflects an inward-outward
reathing of the ICD (see details in Fig. 8 ). 

Overall, these PCA-FEL results provide mechanistic insight into how
ncreasing ligand concentration modulates the dynamic landscape of
7nAChR, restricting its flexibility and favoring the transition into func-
ionally relevant conformational substates. 

.5. Pore radius changes in 𝛼7-apo/ 𝛼7- i complexes 

To further estimate pore diameters structural visualization and fig-
re preparation, we performed pore radius for 𝛼7-apo/ 𝛼7- i ( i = 1, 2, 3,
, and 5) using the Hole website [ 57 ] and software packages Chimera
 58 ], and then showed the results in Fig. 5 . Within these 𝛼7-apo/ 𝛼7-
 complexes, the pore diameter varies as the ion permeates from the
CD, TMD, to ICD regions. Across the whole ion channel, the pore ra-
ius changes along with both the pore sites (goes down from ECD to
CD) and the number of bound CT16 ( Fig. 7 ). Notably, in the ECD re-
ion, there are two notable chambers observed in 𝛼7–2 and 𝛼7–3, (Figs.
(c)(d)), and one chambers observed in 𝛼7-apo, 𝛼7–1, 𝛼7–4, and 𝛼7–5
Figs. 5(a)(b)(e)(f)), which are associated closely to the number of CT16
indings and poses of CT16 binding with the Loops C/F. Correspond-
ngly, two narrowest pore diameters (d1 and d2, in Fig. 5 ) reported ex-
erimentally [ 71–74 ], are also observed at the sites of residues E120 and
270, respectively ( Figs. 5 , 6 ). As the two narrowest pores, especially the
2 pore, were identified as the key channel gating for ion permeability
64
 19 ], both d1 and d2 will be discussed in detail for their changes as the
atio of CT16 increase. 

Despite the experimental confirmation that diameter d2 (L270) is
arrower than d1 and identified as the primary determinant for the pas-
age of a hydrated cation [ 21 ], present result reveals that things are not
lways the case, dependent on the ligand species, concentration and so
n. In 𝛼7–1, d1 (1.31 × 2 Å) (Figs. 6(a)(b)) is smaller than d2 (1.51 × 2 Å)
 Figs. 6 (a)(c)) but larger than d1 of 𝛼7-apo. Furthermore, d2 of 𝛼7–1
s also larger than that of 𝛼7-apo, indicating that one CT16 does en-
ble to activate the 𝛼7-apo and the residue E120 in the ECD rather than
270 within TMD region is the primary determinant for ion permeabil-
ty. This finding is consistent with the conclusion that ACh can acti-
ate the 𝛼7nAChR by occupying just one neurotransmitter-binding site
 26 ], which are sufficient to destabilize the closed state and stabilize the
pen state. Unfortunately, which residue is the primary determinant for
he ion permeability remain unknown so far in the presence of ligand
Ch. Although experimental data lack conclusive evidence that the E120
esidue directly governs molecular size selection in the 𝛼7nAChR chan-
el, they suggest this evolutionarily conserved residue plays a structural
nd functional role in modulating the ion permeation pathway [ 19 ], in-
icating that d1 does be possible to the primary determinant for ion
ermeability in some case. 

The pore radius at residue L270 (d2) of 𝛼7-apo measured as only
.30 Å (see the bottom of Fig. 5(a) and Fig. 6(c)), with a pore diameter
f 2.60 nm, are consistent well with two experimental results (2.8 Å
 21 ] and 2.4 Å [ 19 ]), indicating a closed channel state [ 21 ] and the
eliability of the present predication. When ligand CT16 ratio increases
rom 1 to 5, the diameters d2 grows up from 3.02, 3.04, 3.22, 3.10,
nd 2.88 Å, respectively, with the maximum of 3.22 Å in 𝛼7–3, and
inimum 2.88 Å in 𝛼7–5 (larger than 2.6 Å in 𝛼7-apo), indicating the

hannel is activated and potential multifunctional modifier, when the
T16 ligand with multi-ratio is bound. The activated effect is different

rom ACh, which was once identified that 1:1 ratio of ACh: 𝛼7nAChR is
ufficient for the channel activation and increased concentration of ACh
ill hardly produce a maximal response [ 26 ]. 
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Fig. 5. Permeation pathway depicting hydrophobicity and pore diameter of (a) 𝛼7-apo, (b) 𝛼7–1, (c) 𝛼7–2, (d) 𝛼7–3, (e) 𝛼7–4, and (f) 𝛼7–5. Top panel: Two/three 
chambers are highlighted in red or orange, which are wrapped in ECD and ICD regions. Two regions with the narrowest pore diameter are marked in red and black 
lines, corresponding to the sites of residues E120 (d1) of ECD region and L270 (d2) within TMD region, respectively. Bottom panel: two M2 helices of the TMD region 
are selected to characterize their conformation and clarify the site of residue L270 and corresponding pore diameters (Å), in line with the points of interest indicated 
by black dashed lines in top panel. 

Fig. 6. (a) The pore profile traces comparing 𝛼7-apo/ 𝛼7 different ratio with CT16 state structure. (b) Aperture magnification at E120; (c) Aperture magnification at 
L270. 
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Of particular note is that these activated diameters are all far less
han the actual ones observed experimentally. For example, 10 Å and
.2 Å diameters were determined by Zhao et al. [ 21 ] and Noviello et al.
 19 ], respectively, in which different ligands, EVP-6124 and agonist
pibatidine 𝛼-bgt, in combination with similar positive allosteric mod-
lator PNU are, respectively, employed. Zhao et al. [ 21 ] investigated
65
n increase in the diameter of the transmembrane pore near L270 to
pproximately 10 Å in EVP-6124/PNU-bound 𝛼7nAChR, which is ap-
roximately 2.8 Å larger than the pore diameter mentioned previously.
herefore, the larger difference in the activated diameter not only de-
ived from the different ligand bound but also the presence or absence
f positive allosteric modulator, as it enables to enhance the likelihood
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Fig. 7. (a0) The radius correspondence of the narrowest pores (1/2d1 vs 1/2/d2) in the regions of ECD and TMD, as the CT16 ratio increases in 𝛼7-apo/ 𝛼7- i ( i = 1, 
2, 3,4, and 5). (a)–(e) Side views of the pore lining M2 helices of TMD are shown for pairs of 𝛼7-apo (green) and 𝛼7–1(blue) (a), of 𝛼7–1 and 𝛼7–2(magenta) (b), of 
𝛼7–2 and 𝛼7–3 (yellow) (c), of 𝛼7–3 and 𝛼7–4(orange) (d), of 𝛼7–4 and 𝛼7–5(light blue) (e), in which the hydrophobic gated residues of L270 in the five subunits 
are shown as sticks. (a1)–(e1) Top-down views of the pore lining M2 helices of TMD, where the L270 residues can be confronted to highlight the conformational 
changes within the channel pore. the distance between five adjacent residues of L270 in the 𝛼7-apo/ 𝛼7- i ( i = 1, 2, 3, 4, and 5) structure. (a2)–(e2) The changes are 
displayed and compared for the side length in pentagons formed by connecting the innermost heavy atoms of the five residues L270 across the five subunits, so that 
an allosteric mechanism can be proposed from the symmetric shift of pentagon as the CT16 ratio increases. 
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f agonist-induced channel activation, prolong open-channel durations,
nd mitigate desensitization phenomena. Therefore, the addition of a
ositive allosteric modulator is necessary [ 21 ]. Nonetheless, our results
without a positive allosteric modulator employed) still provide insights
nto the influence of concentration changes of CT16 on the receptor
7nAChR. 

Additionally, our result reveals that binding of one to five CT16
olecules can activate 𝛼7nAChR, with the pore diameter initially in-

reasing and then decreasing as the number of ligands increases, reach-
ng maximum activation with three CT16 molecules bound. This finding
s consistent with the conclusion that ACh can activate the 𝛼7nAChR
y occupying just one neurotransmitter-binding site [ 26 ]. However, it
iffers somewhat from the conclusion that low concentrations of A 𝛽 (pi-
omolar) can activate 𝛼7nAChR, while high concentrations inhibit it
 39 , 76 ]. 
66
The distinction derive from the supersaturated A 𝛽 reactants in the ac-
ual experimental operation, no matter the low concentrations or higher
oncentrations of A 𝛽− 1–16/CT16 defined for the interaction of CT16-
7nAChR, suggesting that A 𝛽1–16 can activate 𝛼7nAChR at low concen-
rations (pM–nM) [ 40 , 76 ], while it exhibits inhibitory effects at higher
oncentrations (μM–mM) [ 39 ]. For example, in the experiment con-
ucted by Matíaset al. [ 39 ], A 𝛽1–42 at concentrations of 0.1 nM and
00 nM was incubated with Torpedo membranes or BOSC-23 cells ex-
ressing 𝛼7nAChR at a protein concentration of 100 μg/mL, resulting
n a molar ratio close to 15:1. Therefore, the concentration-dependent
idirectional regulation of A 𝛽 observed experimentally is primarily at-
ributed to the dynamic interplay between A 𝛽 supramolecular assembly
tates (rather than individual monomers) and 𝛼7nAChR conformational
lasticity [ 77–79 ] a mechanism which exceeds the explanatory scope of
urrent stoichiometric modeling approaches. 



C. Wang, J. Mei, M. Jia et al. ChemPhysMater 5 (2026) 58–70

Fig. 8. Dynamical network analysis of the 𝛼7-apo/ 𝛼7- i ( i = 1, 2, 3, 4, and 5). Vector arrows in dark red, red and green stands for the twist orientation and strength 
(arrow length) of the ECD, TMD and ICD regions, respectively. 
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.6. Structure-activity relationship of influencing pore size distribution 

How CT16 concentration gradients orchestrate inter-domain al-
osteric networks to achieve bidirectional ECD-TMD conformational
ynchronization during gating transitions remains a fundamental un-
esolved question. The presence of CT16 with different ratio can trigger
he conformational changes of the ECD region directly, as dissected in
ection 3.2 . The outcome of the conformational changes is associated
losely to the changes of the narrowest pore diameter (d1) in the re-
ion, and as a result of the d2 in the TMD region. The association of d1
nd d2 is displayed in Fig. 7(a0) by summarizing the data presented in
igs. 5 , 6 . The result shows that d1 changes within ECD are positively re-
ated with, but not a linear correlation with the d2 changes in the TMD.
oth d1 and d2 results in 𝛼7- i are larger than the counterparts of 𝛼7-
po, suggesting that both narrowest pores are activated in the presence
f the CT16 with ratio of 1–5. More notably, the pore size (d1) in the
CD domain increases very rapidly with the increase of CT16 concen-
ration, much faster than the pore size in the TMD domain. This may
e related to the direct interaction between the ECD domain and CT16.
learly, the change in pore size (d2) in the TMD domain is caused by
onformational changes transmitted by the binding of CT16 in the ECD
omain. Although the change in pore size in the TMD domain is not as
ignificant as that in the ECD domain, it still shows a consistent pattern
ith the change in pore size in the ECD domain as the CT16 concentra-

ion varies. 
Therefore, we propose that CT16 binding to the ECD domain in-

uces conformational changes in the TMD domain, consequently mod-
lating the pore size. For detailed mechanistic insights, we constructed
entagons by connecting the innermost heavy atoms (CD2) of the five
esidues L270 across the five subunits (Figs. 7(a1)–(e1)) in the TMD re-
ion (Figs. 6(a)–(e), top view). Figs.7(a2)–(e2) displays the side lengths
f the five pentagons of 𝛼7-apo/ 𝛼7- i , in which pairs of 𝛼7-apo and 𝛼7–1,
f 𝛼7–1 and 𝛼7–2, …, of 𝛼7–4 and 𝛼7–5 are overlapped and compared
ith each other, respectively. For 𝛼7-apo/ 𝛼7- i systems, the correspond-

ng side lengths in the Figs. 7(a2)–(e2) were employed to calculate stan-
ard deviation (SD). SD is widely employed to evaluate the regularity
f geometric shapes (e.g., consistency in polygon side lengths) as it di-
ectly quantifies data variability [ 80 ]. In the analysis of regular poly-
ons, an SD of 0 represents the ideal state, and values closer to 0 indi-
ate higher regularity. The SD was calculated using the formula of SD√ 

[ 1 
𝑁 

𝑁 ∑
𝑖 =1 

(𝑥𝑖 − 𝜇) 2 ] , where μ denotes the mean value, xi represents in-

ividual side length measurements, and N is the number of data points
here, N = 5). The resultant SD values in 𝛼7- i were 0.172, 0.178, 0.167,
.075, 0.185, and 0.223 respectively, when i = 1, 2, 3, 4, and 5. No-
ably, the SD values progressively decreased from 𝛼7–1 to 𝛼7–3 (reach-
ng minimum), followed by a gradual increase. This dynamic trajectory
67
uggests that CT16 binding triggers a reversible symmetry shift within
he TMD, progressing through an intermediate symmetric state before
e-establishing structural asymmetry. These findings align with previ-
us reports by Mackenzie et al. [ 81 ], demonstrating that agonist binding
riggers global ECD movements, facilitating conformational transitions
rom asymmetric to symmetric states during channel opening. 

To further validate this symmetry transition and characterize global
onformational fluctuations, we performed dynamical network analy-
is (DNA) [ 82 ] for 𝛼7-apo/ 𝛼7- i ( i = 1, 2, 3, 4, and 5) using the iMODS
 83–85 ] website, and shown the results in Fig. 8 . With the increase in
he number of ligands bound, the 𝛼7nAChR receptor exhibits significant
onformational dynamics. In 𝛼7-apo, the ECD undergoes an inward de-
ection, while ICD undergo a coordinated outward expansion, indicat-

ng a tightened rotation of the conformation through the TMD. Interest-
ngly, the rotation orientation is opposite to that of the helix bundles in
he TMD. Upon binding a single ligand ( 𝛼7–1), The vector arrows in 𝛼7–
 become longer than that in 𝛼7-apo in combination with an increased
wist from the TMD (see red arrow in Fig. 8 𝛼7–1), indicating a more
ightened rotation of the receptor conformation, but a more open state
f the pore formed by the M2/M3 helices in the TMD due to the pulling
ffect of ligand binding on the local ECD structure. In the presence of
wo ligands ( 𝛼7–2), the deflection of the ECD region is significantly en-
anced, with the C-loop further retracting towards the receptor’s cen-
er, the opposite deflection of the TMD region along with attenuated
ffset from the deflection of the ICD drive the continuous increase in
he M2/M3 helix spacing in the TMD region, indicating an increased
robability of channel opening. When the number of ligands increases
o three ( 𝛼7–3), the two reverse vector arrows from respective ECD and
CD become shorter, and almost equivalent to each other, indicating a
entle twist of the TMD only derive from the itself domain, favoring the
elix expansion in the TMD region, and resulting in a maximum open
onformation for efficient ion permeation. 

Notably, at higher ligand loading states ( 𝛼7–4/ 𝛼7–5), the confor-
ational adjustment of the ECD tends to stabilize. In 𝛼7–4, the degree

f C-loop inward movement diminishes while the twists in both TMD
nd ICD remains highly and almost equally but reversely expanded, in-
icating a restrained open of the ion channel, relative to that in 𝛼7–
; in 𝛼7–5, there is a stagnation in ECD deflection and a plateau in
MD expansion, suggesting that the receptor becomes locked in a sta-
le state upon saturation with ligands. Therefore, the DNA reveals a
T16-concentration dependent ECD-TMD-ICD allostery coupling mech-
nism, realizing the entire process of gate transition from initial activa-
ion (single ligand), progressive opening (dual ligands), complete con-
uctance (triple ligands), to steady-state maintenance (four to five lig-
nds), providing a molecular conformational basis for understanding the
igand concentration-dependent activation mechanism of the 𝛼7nAChR
eceptor. 
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.7. Comparing the binding effects of the monomer and dimer with the 

7nAChR 

To address potential dimerization effects at high CT16 concentra-
ions, we simulated the binding of two CT16 monomers. Results show
ore dilation at L270 site in the dimeric complex ( 𝛼7–11) increases to
.10 Å (Fig. S4(c)), becoming larger than that of 3.02 Å in 𝛼7–1 and
.60 Å in 𝛼7-apo, respectively. Therefore, high concentrations of CT16
ndicate not only multi-site binding preference of the ligand but also
ossible local single-site binding. Regarding the dimer binding under
urrent investigation, it promotes pore opening more effectively than
onomer binding, thus enhancing ion transport through channels. 

. Conclusions 

This study provides a detailed molecular dynamics simulation anal-
sis of the concentration-dependent effects of CT16 on the 𝛼7nAChR.
ur findings demonstrate that CT16 binds to the 𝛼7nAChR at its ECD

egion in a particular sequence and specific patterns, inducing confor-
ational changes that affect the receptor’s structural integrity and ion
ermeability. 

The present result predicted for the first time that the narrowest pore
d1) in the ECD would be the major determinant for the ion permeation
hen the 𝛼7nAChR:CT16 stoichiometry is low at 1:1. From 1:1 to 1:5,

he narrowest pores in both the ECD and TMD are larger than the coun-
erparts in 𝛼7-apo, of indicative of the activated effect of these different
T16 ratios, and the pore in TMD (d2) become the major determinant

or the ion permeation, aligning well with the experimental observations
 19 , 21 ]. 

MD simulations demonstrated that CT16 binding progressively re-
hapes receptor symmetry and pore geometry. Intermediate occupancy
3 ligands) maximizes pore dilation (3.22 Å), whereas high occupancy
5 ligands) induces near-complete closure (2.88 Å), which clearly de-
ne the relationships of structure-function, as well as the CT16 dose
ffect. These results highlight the potential of CT16 as both a modula-
or of 𝛼7nAChR function and a therapeutic target for AD and related
eurodegenerative disorders, revealing a triphasic activation-inhibition
echanism governed by ligand stoichiometry. Mechanically, the mod-
lation effect of different CT16 ratios on pore alteration depends on the
egree of receptor symmetry impairment and restoration caused by the
umber of ligands, in which opposite twist of the ECD and ICD is the
otential regulator. 

This study acknowledges certain limitations, primarily the insuffi-
ient consideration of the influences of positive allosteric modulators
nd membrane environmental factors on the outcomes, which may have
ontributed to substantial discrepancies between the simulated results
nd actual experimental data. Nonetheless, the simulation analysis re-
ealed trends that were consistent with the experimental observations,
hereby substantiating the critical role of CT16 concentration in the reg-
latory process. Future research endeavors will aim to refine the model
y incorporating a broader range of influencing factors to enhance the
redictive accuracy. 
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