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ABSTRACT
Leptospirosis is an infectious disease caused by pathogenic Leptospira spp. To enable

early detection, DNA aptamers (LepDapt) were developed to target LipL32, the most abun-
dant outer membrane protein in pathogenic Leptospira. Among the identified candidates,
LepDapt-5a exhibited the strongest binding affinity. Molecular dynamics (MD) simulations
show that LepDapt-5a forms a stable G-quadruplex (G4) structure. While the G-quadruplex
serves as the primary contributor to LepDapt-5a’s interaction with LipL32, the adjacent dou-
ble helix enhances binding affinity by increasing the interaction surface. Analysis of per-
residue binding energy via MM/PBSA highlights the significant roles of T19 and G24 in tar-
get interaction. To assess the impact of these residues, we used AlphaFold3 to predict the 3D
structure of the DNA aptamers and docked them to LipL32 via HADDOCK2.4 webserver.
MD simulations of all complexes were performed using the AMBER ff14SB and OL15 force
fields for protein and nucleic acids, respectively. While the mutants preserved G4 formation,
the G24 mutation disrupted the double helix structure but strengthened binding to LipL32. In
contrast, mutation at T19 preserved the helical structure but weakened binding. The binding
free energy (Δ𝐺) of LepDapt-5a, computed via the MM/PBSA method, was estimated to
be –12.45 ± 12.99 kcal/mol. This value is consistent with experimental data of dissociation
constants (Kd) of 33.97 ± 5.30 nM.
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1. Introduction
Leptospirosis is a tropical disease

caused by Leptospira spp., typically trans-
mitted through contact with contaminated
water or soil. While most cases are mild,
severe manifestations such as Weil’s syn-
drome and severe pulmonary hemorrhage
syndrome can be fatal, with mortality rates
as high as 70% in the latter [1]. Early detec-
tion is critical, yet current diagnostic meth-
ods often lack sensitivity during early infec-
tion [2].

LipL32, the most abundant outer
membrane protein found in pathogenic Lep-
tospira spp., is surface-exposed, highly
conserved across virulent strains, and has
strong immunogenicity [3]. It is known
to bind extracellular matrix components
such as fibronectin, laminin, and collagens
I, IV, and V; suggesting a role in host-
pathogen interaction [4]. LipL32 has been
widely used in serological diagnostics [3,
5] and vaccine research [6, 7]. These
characteristics also make it an ideal target
for aptamer-based molecular recognition.
Aptamers, short single-stranded oligonu-
cleotides, offer advantages over antibodies,
including stability and specificity. To this
end, Yeoh and co-workers developed a se-
ries of LipL32-binding aptamers, notably
LepDapt-5a [8], though its structure and
binding mechanism remain unclear.

This study investigates the structural
dynamics of the LepDapt-5a aptamer, with
a focus on its hypothesized G-quadruplex
(G4) formation and its interaction with
LipL32, using MD simulations, with Am-
ber forcefields ff14SB andOL15 for protein
and nucleic acids respectively.

2. Computational Methods
2.1 Lepdapt-5a structure predicted with
alphafold3

Conventional 2D structure predictors
such as mFold, RNAstructure, and Vien-
naRNA cannot model Hoogsteen base pair-
ing. To address this limitation, we em-
ployed AlphaFold3 [9] to predict the struc-
ture of LepDapt-5a. The structure with the
highest PLDDT score was selected.

2.2 Docking to LipL32
The predicted model was then

docked to LipL32 (UniProt ID: O34094)
using HADDOCK2.4 webserver [10] with
default settings. The cluster with the lowest
score was used for MD simulations.

2.3 Systems preparation
All systems were placed in dodeca-

hedral simulation boxes. Each box was sol-
vated using the TIP3Pwater model and neu-
tralized with 0.15 MNaCl. Periodic bound-
ary conditions were applied, with a 10 𝐴
cutoff for non-bonded interactions. Bonds
involving hydrogen atomswere constrained
using the LINCS algorithm. The simula-
tion protocol included: (a) 5000 steps of
steepest descent energy minimization, (b)
500 ps of NVT equilibration to heat the sys-
tem from 0 K to 300 K using V-rescale tem-
perature coupling, (c) 500 ps of NPT equi-
libration at 300 K and 1 bar with harmonic
restraints and C-rescale pressure coupling,
and (d) 150 ns of production MD with 2.0
fs time step. The final 100 ns of each tra-
jectory were analyzed using GROMACS
2023.2 [11] and visualized with ChimeraX
version 1.9. [12]
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2.4 Free energy calculation with
MMPB/GBSA

Binding free energies were computed
using gmx_MMPBSA v1.6.3 [13], apply-
ing MM/PBSA and MM/GBSA methods
[14] with a single-trajectory approach. The
following equations were used:

Δ𝐺𝑏𝑙𝑖𝑛𝑑 = ⟨𝐺𝐶𝑂𝑀⟩ − ⟨𝐺𝑅𝐸𝐶⟩ − ⟨Δ𝐺𝐿𝐼𝐺⟩,
(2.1)

⟨𝐺𝑥⟩ = ⟨𝐸𝑀𝑀⟩ + ⟨𝐺𝑆𝑂𝐿⟩ − ⟨𝑇𝑆⟩, (2.2)

where ⟨𝐺𝐶𝑂𝑀⟩, ⟨𝐺𝑅𝐸𝐶⟩, ⟨Δ𝐺𝐿𝐼𝐺⟩ are de-
fined in Eq. (2.2); ⟨𝐸𝑀𝑀⟩ corresponds to
the molecular mechanical energy changes
in the gas phase. ⟨𝐺𝑆𝑂𝐿⟩ is the solvation
free energy which can be divided into po-
lar and non-polar contributions. ⟨𝑇𝑆⟩ is En-
tropy contribution.

3. Results and Discussion
3.1 Lepdapt-5a has a stable G-
quadruplex structure

The root mean square deviation
(RMSD) of unbound LepDapt-5a averaged
0.38 ± 0.09 nm, as shown in [Fig. 1(f)] and
Table 1, indicating that the aptamer main-
tains a stable overall structure. The torsion
angles of each tetrad [Fig. 1(d)] remained
close to 06◦, and the inter-tetrad distances
[Fig. 1(e)] were approximately 0.5 nm, fur-
ther confirming the formation of a stable
G4 structure, regardless of binding state,
thereby supporting the hypothesis proposed
by Yeoh et al.

Although AlphaFold3 represents
a major advancement for protein-nucleic
acids structural prediction. It still faces
limitations due to a sparse and biased train-
ing set, which includes only approximately
7,800 RNA/DNA structures compared to
over 216,000 protein structures [15]. This
leads to incomplete modeling of key nucleic
acid features such as non-Watson-Crick
base paring, base stacking geometry [15];

Table 1. The average RMSD of LepDapt-5a at
bound and unbound states with LipL32.

Components RMSD (nm)
Bound

RMSD (nm)
Unbound

Complex 0.37 ± 0.06 -
LipL32 0.30 ± 0.05 0.47 ± 0.10
LepDapt-5a 0.55 ± 0.11 0.38 ± 0.09
G-quadruplex 0.23 ± 0.04 0.36 ± 0.09
D-helix 0.63 ± 0.17 0.41 ± 0.10

ions- and pH- dependent folds behaviors
[15, 16]; and DNA structural variations
beyond the canonical B-form [9, 15, 17].
Nonetheless, AlphaFold3 demonstrates
reasonable accuracy for nucleic acid se-
quences shorter than 300 nucleotides (nt),
with a sharp drop in accuracy for sequences
exceeding 500nt [18, 19]. In our study,
the LepDapt-5a aptamer is relatively short,
consisting of only 28 nt; therefore, we se-
lected AlphaFold3 to predict its structure.
However, the best recommended practice
is to compare AlphaFold3 predictions with
alternative structure predictors, followed
by MD simulations for further validation,
as we have done and shown in Fig. 1.

Upon complex formation with
LipL32, the protein exhibited increased
structural stability, while LepDapt-5a
showed a slight increase in flexibility,
particularly in the D-helix region, where
the RMSD increased from 0.41 ± 0.10
nm to 0.63 ± 0.17 nm. As shown in [Fig.
1(g)], the quadruplex structure is the main
binding contributor toward LipL32 with
key hydrogen bonding and electrostatic
interactions were observed between DG1–
ASP195, DG10–LYS202, DG11–LYS202,
DG14–TYR217, DG18–ASN176, and
DG24–ASN188. An average of 6.52 ±
1.83 intermolecular hydrogen bonds were
maintained during the simulation, further
supporting the stability of the LepDapt-5a–
LipL32 complex. The computed binding
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Fig. 1. LepDapt-5a structure (a) predicted by mFold. (b) predicted by AlphaFold3. (c) tetrad of G4
structure. (d) the torsion angle of each tetrad, (e) the inter-tetrad distances. (f) the RMSD of LepDapt-
5a at bound and unbound (UB) states in respect to the structure at 50ns. (g) intermolecular H-bonds
between LepDapt-5a and LipL32.
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free energy via MM/PBSA was estimated
to be –12.45 ± 12.99 kcal/mol, which
agrees with the experimental dissociation
constant (Kd) of 33.97 ± 5.30 nM [8].

3.2 Mutation on sequence on LepDapt-
5a

The per-residue decomposed con-
tribution of residues of LepDapt-5a (Ta-
ble 2) revealed three categories of contri-
bution: strong binding contributors (e.g.,
DT19: – 2.25 kcal/mol, DC25: – 1.12
kcal/mol, DG27: – 0.42 kcal/mol), strong
anti-binding contributors (DG21: + 0.72
kcal/mol, DG22: + 1.30 kcal/mol, DG24:
+ 1.22 kcal/mol), and residues with min-
imal contribution (|Δ𝐺 | < 0.1 kcal/mol).
Based on this, we hypothesized that mu-
tating residues with strong binding contri-
butions (like DT19) would reduce bind-
ing affinity, while modifying residues with
anti-binding effects (like DG24) could im-
prove it. To preserve the core structural in-
tegrity, residues essential for G-quadruplex
formation were not considered for muta-
tion.

To test this hypothesis, we introduced
single-point mutation at two representative
positions: DT19 was mutated to its comple-
mentary base adenine (denoted as T19A),
and DG24 to cytosine (G24C). These vari-
ants were selected to evaluate the struc-
tural and energetic consequences of altering
residues with opposite binding roles.

3.3 Effects of T19C mutation
While the T19A mutation preserved

the structure of LepDapt-5a, it led to over-
all destabilization of the aptamer, particu-
larly in the D-helix region, which showed
an increased RMSD of 0.79 ± 0.25 nm (Ta-
ble 3). This mutation also reduced the in-
teraction between LepDapt-5a and LipL32,
leaving only the G4 core involved in bind-

Table 2. The decomposed contribution of
LepDapt-5a’s residues to its binding affinity.

ID Res-Name Avg. (kcal/mol)
6 DA -0.07
7 DG -0.06
18 DG★ 0.003
19 DT -2.25
20 DG★ -0.05
21 DG★ 0.72
22 DG★ 1.30
23 DT 0.56
24 DG 1.22
25 DC -1.12
26 DT -0.06
27 DG -0.42

Note: ★ residue that is crucial for G-quadruplex formation.

Table 3. RMSD of wild type, T19A, and G24C.
Components WT T19A G24C
Complex 0.37 ± 0.06 0.38 ± 0.08 0.33 ± 0.06
LipL32 0.30 ± 0.05 0.32 ± 0.08 0.34 ± 0.07
LepDapt-5a 0.55 ± 0.11 0.55 ± 0.17 0.27 ± 0.05
G4 0.23 ± 0.04 0.20 ± 0.04 0.27 ±0.06
D-helix 0.63 ± 0.17 0.79 ± 0.25 -
Head - - 0.18 ± 0.04
Tail - - 0.34 ± 0.10

ing (Fig. 2).
3.3.1 Effects of G24C mutation
The G24C mutation caused the D-

helix of LepDapt-5a to break into distinct
head and tail segments. This structural rear-
rangement increased the interaction surface
and enabled the formation of new hydrogen
bonds between both segments and LipL32,
resulting in a decrease in RMSD across all
components as shown in Table 3.

On average, 14.75± 1.92 intermolec-
ular hydrogen bonds were maintained dur-
ing the simulation, indicating improved in-
teraction stability. However, the binding
free energy computed via MM/PBSA was
estimated to be 53.20 ± 21.02 kcal/mol,
which unexpectedly indicates a reduction
in binding affinity. This is likely due to
increased entropic penalties arising from
the flexible, fragmented D-helix. This
discrepancy highlights a limitation of the
MM/PBSA method, particularly in sys-
temswith high entropic contributionswhich
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Fig. 2. (a) Structural comparison of T19A and
G24C single-point mutations in LepDapt-5a.
(b)-(c) Binding interface of the T19A mutant
and G24C mutant.

will be explored in future studies using al-
chemical MD methods such as nonequi-
librium approaches, free energy perturba-
tion (FEP), and thermodynamics integra-
tion (TI). These methods evaluate the free
energy change when the ligand is trans-
formed from the original structure (state
A) to its mutated structure (state B). The
double-delta free energy difference (ΔΔ𝐺)
will indicate whether the mutation is ener-
getically favorable.

4. Conclusion
This study provides computational

evidence that LepDapt-5a forms a sta-
ble G-quadruplex structure, supporting
prior experimental assumptions regarding

its molecular conformation. The G-
quadruplex serves as the primary recog-
nition element for LipL32, while the ad-
jacent D-helix enhances binding through
additional surface interactions. Structural
changes due to single-point mutations, al-
though not disrupting the core G4 motif,
significantly alter binding interfaces and
flexibility. While this work provides mech-
anistic insights through molecular dynam-
ics and free energy analysis, additional ex-
perimental validation such as structural or
binding assays on the mutants would fur-
ther strengthen these conclusions. Such
studies are currently in progress and will
be addressed in future publication. These
findings offer a deeper understanding of
aptamer-target interactions and support the
development of LepDapt-5a as a potential
diagnostic tool for leptospirosis.
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