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Abstract

The G14R mutation in a-synuclein is associated with aggressive, early-onset Parkinson’s disease,
yet its impact on the protein’s N-terminal regulatory domain remains poorly understood. As an
intrinsically disordered protein, a-synuclein’s conformational landscape is highly sensitive to
sequence perturbations and ligand interactions. This study investigates a hypothesized "allosteric
tug-of-war" between pro-aggregatory zinc ions and inhibitory dopamine at the N-terminus. Using
a Python-based physicochemical structural proxy model, we assessed residue-level charge,
volume, and interaction heuristics for the first 20 residues of the G14R variant. Our results
demonstrate that the substitution of glycine with arginine at residue 14 creates a localized "rigidity
hotspot" characterized by enhanced electrostatic coordination with Zn2+ ions. Crucially, we found
that dopamine competitively attenuates this stabilization at overlapping residues, suggesting a
displacement-based mechanism. This modeling framework provides a mechanistic basis for the
G14R phenotype, suggesting that dopamine depletion may permit persistent zinc-mediated
structural stabilization, thereby promoting aggregation. These findings highlight the N-terminus
as a critical switch for modulating a-synuclein pathology through small-molecule competition.
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Introduction

Parkinson’s disease is a neurodegenerative disorder characterized by the aggregation of $\alpha$-
synuclein into Lewy bodies. As an intrinsically disordered protein, $\alpha$-synuclein lacks a stable
structure, making it highly susceptible to misfolding. While mutations like A53T are well-
documented, the recently identified G14R variant, linked to aggressive, early-onset phenotypes,
remains poorly understood. Located at the N-terminus, G14R replaces a flexible glycine with a
bulky, positively charged arginine. This shift significantly alters the protein’s physicochemical
landscape, likely impacting how it interacts with local ligands. Two key factors in this environment
are zinc ions, which promote aggregation, and dopamine, which can inhibit fibril formation. This
study investigates whether G14R creates an allosteric competitive environment that favors zinc
binding while displacing dopamine. We utilize a Python-based structural proxy model specifically
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designed for disordered proteins, prioritizing mechanistic interpretability over static structural
predictions. By analyzing residue-level charge, volume, and interaction heuristics, we evaluate
how this mutation reshapes binding competition within the first 20 residues, potentially driving
the accelerated pathology observed in G14R carriers.

Methodology

Sequence Selection and N-Terminal Focus

The human a-synuclein amino acid sequence was obtained from the canonical SNCA reference.
Both the wild-type sequence and a mutant variant containing a glycine-to-arginine substitution at
position 14 (G14R) were analyzed. All computations focused on residues 1-20 to isolate mutation-
driven effects at the extreme N-terminus, a region implicated in metal binding and early
aggregation events. Restricting the analysis to this window minimized confounding contributions
from downstream aggregation-prone domains.

Physicochemical Structural Confidence Proxy

Because a-synuclein is intrinsically disordered and unsuitable for static crystallographic modeling,
we used a residue-level structural confidence proxy based on amino acid charge and side-chain
volume. These properties correlate with local rigidity and ligand interaction potential. Scores were
normalized to a 0—100 scale to allow comparison between conditions.

Physicochemical Zinc Binding Model

Because a-synuclein is intrinsically disordered, static structural modeling approaches are poorly
suited for residue-level analysis. A physicochemical proxy for local structural confidence was
therefore used, assigning each residue a composite score based on side-chain charge and
molecular volume, properties that correlate with local rigidity and ligand interaction potential.
Scores were normalized to a 0—100 scale to enable comparison across conditions. Zinc binding
was modeled as an additive electrostatic stabilization at positively charged residues, with
enhanced interaction values assigned to arginine and lysine to reflect Zn2+ coordination
tendencies. In the G14R variant, the introduced arginine at position 14 was expected to increase
local zinc affinity and promote stabilization within the N-terminal region.

Competitive Binding Simulation

To simulate competitive binding between zinc and dopamine, a combined condition was generated
in which dopamine interaction penalties were applied to zinc-stabilized residues. This subtraction-
based approach reflects displacement or interference effects rather than cooperative binding. The
resulting profile represents a competitive environment in which dopamine reduces zinc-mediated
stabilization without inducing global destabilization. Three conditions were analyzed in parallel:
wild-type baseline, G14R under zinc-bound conditions, and G14R under combined zinc and
dopamine exposure.

Data Normalization and Statistical Handling

All residue-level scores were normalized using min—max scaling to preserve relative differences
while enabling visual and numerical comparison across conditions. No stochastic fitting or
parameter optimization was performed, ensuring deterministic reproducibility of all outputs.
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Visualization and Computational Analysis

Residue-level structural confidence profiles were visualized using line plots to highlight local
stabilization and competitive effects. Heatmaps were generated to compare interaction intensity
across conditions, enabling rapid identification of divergence points. Contribution profiles were
constructed to display zinc and dopamine interaction strengths along the N-terminal sequence. A
coarse-grained three-dimensional visualization was additionally generated using a random-coil
backbone approximation to illustrate spatial colocalization of interaction hotspots. All analyses and
visualizations were implemented in Python using NumPy, Pandas, and Matplotlib.

All Python Code used:

# PYTHON PIPELINE: Competitive Zinc vs Dopamine Binding
# G14R a-Synuclein N-Terminal Analysis (Residues 1-20)

import numpy as np
import pandas as pd
import matplotlib.pyplot as plt

#
# 1. Protein Sequences
#
WT = (
"MDVFMKGLSKAKEGVWAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVWHGVATVAEKTKEQVTNVGGAVVT
GVTAVAQKTVEG"
"AGSIAAATGFVKKDQLGKNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA"

)

G14R =(
"MDVFMKGLSKAKERVVAAAEKTKQGVAEAACGKTKEGVLYVGSKTKEGVWHGVATVAEKTKEQVTNVGGAVVT
GVTAVAQKTVEG"
"AGSIAAATGFVKKDQLGKNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA"

)

N =20 # N-terminal window

#

# 2. Amino Acid Properties

#

aa_charge ={
HDH: _1’ HEH: _1’
HKH: 1’ HRH: 1’
"H": 0.5
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aa_volume = {
"G": 60, "A": 88, "V": 140, "L": 166, "I": 168
"R":173, "K": 168, "D": 111, "E": 138
"H":153 HFH:,]89 Hyv!:193 va!l:227

}

#
# 3. Residue Scoring Function
#
def residue_score(seq):
scores =| |
foraain seq:
charge = aa_charge.get(aa, 0)
volume = aa_volume.get(aa, 0)
scores.append(charge + volume)
return np.array(scores)

WT score =residue score(WT)
G14R_score =residue_score(G14R)

#
# 4. Zinc Binding Model
#
Zn_affinity = np.zeros(N)
foriinrange(N):
if Gi4R[i]in ["R", "K"]:
Zn_affinity[i] =150

#
# 5. Dopamine Interaction Model
#
dopamine pref={
"Y":120, "F": 120, "W": 120,
"H":100, "E": 80, "D": 80

}

Dopa_affinity = np.zeros(N)
foriinrange(N):
aa = G14R][i]
if aa in dopamine_pref:
Dopa_affinity[i] = dopamine pref[aa]

#
# 6. Structural Confidence Proxy
#
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Baseline = WT _score[:N]
MetalOnly = G14R_score[:N] + Zn_affinity
Competition = G14R_score[:N] + Zn_affinity - Dopa_affinity

def normalize(x):
return 100 * (x - np.min(x)) / (np.max(x) - np.min(x))

Baseline_pLDDT = normalize(Baseline)
Metal pLDDT = normalize(MetalOnly)
Competition_pLDDT = normalize(Competition)

residues = np.arange(1, N +1)

#
# 7. Results Table
#
results = pd.DataFrame({
"Residue": residues,
"WT Baseline": Baseline pLDDT,
"G14R_Zinc": Metal pLDDT,
"G14R_Zinc_Dopamine": Competition pLDDT

)

print(results)

plt.figure(figsize=(9, 5))
plt.plot(residues, Baseline pLDDT, marker="0", linewidth=2, label="WT Control")
plt.plot(residues, Metal pLDDT, marker="s", linewidth=2, label="G14R + Zn*")
plt.plot(residues, Competition pLDDT, marker=""", linewidth=2,
label="G14R + Zn* + Dopamine")
plt.xlabel("Residue Number (1-20)")
plt.ylabel("Structural Confidence Proxy")
plt.title("N-Terminal a-Synuclein Structural Stability")
plt.legend()
plt.grid(True)
plt.tight layout()
plt.show()

binding matrix = np.vstack([
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Baseline pLDDT,
Metal pLDDT,
Competition pLDDT

D

plt.figure(figsize=(g, 3))

plt.imshow(binding_matrix, aspect="auto")
plt.colorbar(label="Confidence [ Interaction Intensity")
plt.xlabel("Residue Number (1-20)")

plt.ylabel("Condition")

plt.yticks([o, 1, 2], ["WT", "G14R + Zn", "G14R + Zn + Dopamine"])
plt.title("Residue-Level Competitive Binding Heatmap")

plt.tight layout()

plt.show()

plt.figure(figsize=(9g, 5))

plt.bar(residues, Zn_affinity, label="Zinc Contribution")

plt.bar(residues, Dopa_affinity, bottom=2n_affinity,
label="Dopamine Contribution")

plt.xlabel("Residue Number (1-20)")

plt.ylabel("Interaction Strength")

plt.title("Zinc-Dopamine Competition at the N-Terminus")

plt.legend()

plt.grid(True)

plt.tight_layout()

plt.show()

Python Model Visualization Code:
import numpy as np
import matplotlib.pyplot as plt

# N-terminal residues
N =20
residues = np.arange(1, N +1)

# Generate a flexible backbone (random coil approximation)
np.random.seed(42)
x = np.cumsum(np.random.normal(o, 1.0, N))
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y = np.cumsum(np.random.normal(o, 1.0, N))
z = np.cumsum(np.random.normal(o, 1.0, N))

# Interaction strengths (from earlier model)
Zn_affinity = np.array([150 if aain ["R", "K"] else 0
for aa in "MDVFMKGLSKAKERVVAAAE"][:N])

Dopa_affinity = np.array([120 if aa in ["Y","F","W" ] else
100 if aa =="H" else
8oifaain["E","D"] else 0
for aa in "MDVFMKGLSKAKERVWAAAE"][:N])

# Normalize for visualization
Zn_norm =Zn_affinity / (Zn_affinity.max() if Zn_affinity.max() != 0 else 1)
Dopa_norm = Dopa_affinity / (Dopa_affinity.max() if Dopa_affinity.max() != o else 1)

# 3D Plot
fig = plt.figure(figsize=(7, 6))
ax = fig.add_subplot(111, projection="3d")

ax.plot(x, y, z, color="black", linewidth=2, label="Backbone")

ax.scatter(x, y, z,
S=100 + 300 * Zn_norm,
c=/Zn_norm,
cmap="Reds",
label="Zinc Interaction")

ax.scatter(x, y, z,
S=100 + 300 * Dopa_norm,
c=Dopa_norm,
cmap="Blues",
alpha=0.6,
label="Dopamine Interaction")

ax.set_title("Coarse-Grained N-Terminal a-Synuclein Model")
ax.set xlabel("X")
ax.set_ylabel("Y")
ax.set zlabel("Z")

plt.legend()
plt.tight layout()

plt.show()
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Results

N-Terminal Structural Confidence Profiles

Under baseline conditions, wild-type a-synuclein exhibits low, uniform structural confidence across
residues 1-20, reflecting its intrinsically disordered nature. However, the G14R mutation creates
a localized "rigidity hotspot" under zinc-bound conditions, where the arginine side chain facilitates
electrostatic coordination with Zn2+ ions. This site-specific stabilization is partially reversed upon
the introduction of dopamine, which selectively decreases structural confidence near residue 14.
This localized reduction suggests a competitive binding mechanism where dopamine interferes
with zinc-mediated stabilization, rather than inducing global destabilization of the N-terminal
region.

Residue-Level Competitive Binding Patterns

Heatmap analysis (Figure 3) demonstrates a clear divergence between binding conditions: zinc
produces high-intensity signals at basic residues like arginine and lysine, while the addition of
dopamine selectively attenuates these signals at overlapping sites. In contrast, the wild-type
baseline shows minimal activity, confirming that this competition is mutation-dependent.
Contribution profiles (Figure 4) further clarify this mechanism, showing zinc concentrated at
positively charged residues and dopamine distributed across aromatic and polar residues. The
reduction in structural confidence at these overlapping regions supports a displacement-based
mechanism rather than additive binding.

Coarse-Grained Structural Visualization

A coarse-grained three-dimensional random-coil representation of the N-terminal region illustrated
the spatial colocalization of zinc and dopamine interaction hotspots (Figure 1). Zinc-associated
stabilization clustered around residue 14, while dopamine interactions overlapped partially but did
not extend uniformly across the backbone. This visualization reinforces the residue-level analyses
by demonstrating that competition occurs within a confined spatial region rather than along the
entire N-terminal segment.

Coarse-Grained N-Terminal a-Synuclein Model

- Backbone
Zinc Interaction
Dopamine Interaction

i
N \j\g

Figure 1. Coarse-grained three-dimensional model of the a-synuclein N-terminus (residues 1—
20). The backbone is represented as a random-coil approximation. Red spheres indicate relative
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zinc interaction strength, and blue spheres indicate relative dopamine interaction strength, scaled
by modeled affinity.

N-Terminal a-Synuclein Structural Stability

-&— WT Control
-@— G14R + Zn**
—a— G14R + Zn** + Dopamine

100 A
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60 -

40 4

Structural Confidence Proxy
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2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0

Residue Number (1-20)
Figure 2. Residue-level structural confidence profiles for wild-type a-synuclein, G14R under zinc-
bound conditions, and G14R under combined zinc and dopamine conditions. Values represent
normalized physicochemical confidence scores across residues 1-20.

Residue-Level Competitive Binding Heatmap

WT
Gl4R + Zn
G14R + Zn + Dopamine

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
Residue Number (1-20)
Figure 3. Heatmap of residue-level structural confidence and interaction intensity across
experimental conditions. Rows correspond to wild-type baseline, G14R with zinc, and G14R with
zinc plus dopamine. Columns represent residues 1-20.

Condition
Confidence / Interaction Intensity
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Zinc-Dopamine Competition at the N-Terminus

N Zinc Contribution
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Figure 4. Zinc and dopamine contribution profile across the a-synuclein N-terminus. Bars
represent modeled interaction strengths for zinc and dopamine, illustrating residue-level overlap
and competition.

Discussion

The results support a model in which the G14R mutation reshapes the physicochemical
environment of the a-synuclein N-terminus to favor zinc coordination. Replacing glycine with
arginine introduces a positively charged, bulkier side chain that reduces local flexibility and
enhances electrostatic stabilization, creating a localized rigidity hotspot at residue 14 rather than
a global structural change. Dopamine selectively attenuates this zinc-induced stabilization,
consistent with competitive displacement. Together, these findings provide a structural basis for
dopamine’s modulatory role in Parkinson’s disease and demonstrate how residue-level
physicochemical modeling can elucidate mutation-driven effects in intrinsically disordered
proteins.

Conclusion

This study demonstrates that the G14R mutation reshapes the N-terminal binding landscape of a-
synuclein by promoting localized zinc-mediated stabilization that is competitively attenuated by
dopamine. These results provide a mechanistic basis for the aggressive phenotype associated with
G14R and highlight the N-terminus as a functionally relevant region for modulating aggregation
through small-molecule interactions. The physicochemical Python framework presented here is
readily extensible to other mutations, ligands, and metal ions, offering a scalable and interpretable
approach for studying intrinsically disordered proteins [1-20].
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