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Abstract

The human intestinal peptide transporter 1 (SLC15A1, PepT1) is a critical determinant of oral drug
bioavailability, yet its thermodynamic characterization and structural tractability remain challenging.
While bacterial orthologues like the Escherichia coli DtpA transporter offer highly stable structural
surrogates, significant cross-species variations in the binding microenvironment limit their
pharmacological fidelity. Traditional structure-based engineering aimed at engrafting the human
pharmacophore onto bacterial scaffolds is frequently hindered by combinatorial explosion and severe
thermodynamic frustration, as non-native side-chains disrupt co-evolved local packing. To bypass the
empirical bottlenecks of in vitro directed evolution, we present a fully in silico co-evolutionary pipeline
leveraging deep contextual protein language models (PLMs). By mapping 19 pharmacologically critical
human PepT1 residues onto the DtpA sequence, we utilized the 650-million parameter ESM-2 model to
conduct zero-shot mutational profiling. We identified 14 primary humanizing mutations that triggered
profound local destabilization (fitness probabilities < 10 - 5). To resolve these energetic conflicts, we
deployed an automated, attention-guided epistatic rescue algorithm to sweep the flanking
microenvironmental topologies. This computationally efficient heuristic successfully identified localized,
non-native compensatory mutations for all high-risk targets without relying on traditional molecular
dynamics. Most notably, the highly deleterious Q41R and R305F substitutions were buffered by Y38D
and 1304K secondary mutations, yielding 5,215-fold and 11,614-fold improvements in contextual stability,
respectively. Binding dynamics is confirmed via docking calculations and all-atom membranous
molecular dynamics simulations. This deep learning-driven framework successfully rationalizes the
engraftment of the human binding pocket, drastically reducing the required experimental screening
space and yielding a thermodynamically robust, humanized surrogate primed for advanced drug
discovery.

Introduction

The human intestinal peptide transporter 1 (SLC15A1, PepT1) is a ubiquitous proton-coupled symporter
that dictates the oral bioavailability and pharmacokinetic profiles of a vast array of peptidomimetics and
prodrugs [1, 2, 3]. Despite its outsized role in rational drug design, the structural and thermodynamic
characterization of human integral membrane proteins remains a formidable biophysical challenge [5, 6,
7, 8, 9]. Consequently, bacterial structural orthologues, such as the Escherichia coli DtpA transporter, are
frequently employed as highly stable, tractable scaffolds for structural biology and high-throughput
screening [10, 11]. However, divergent evolutionary trajectories have yielded significant discrepancies in
the binding pocket microenvironments, limiting the translational fidelity of bacterial surrogates in human
pharmacological modeling [12, 13].

Beyond resolving the immediate biophysical bottlenecks of structural pharmacology, the successful in
silico humanization of the DtpA scaffold establishes a critical foundation for advanced synthetic biology
applications. By physically engrafting these rationally designed chimeras into living bacterial chassis,
such as probiotic Escherichia coli strains, we can pioneer novel Live Biotherapeutic Products (LBPs) [14,
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15]. Such engineered commensal organisms, surrogate within the gastrointestinal tract, offer
unprecedented potential for active pharmacokinetic modulation: enabling the localized sequestration,
modification, or targeted delivery of orally administered peptidomimetic therapeutics directly at the
intestinal epithelium [14, 15, 16, 17]. Furthermore, these functionalized biological platforms could serve
as active metabolic sinks [18] in various disease states, scavenging toxic luminal peptides before
systemic absorption.

The ideal solution is the rational humanization of the bacterial scaffold: engrafting the human binding
pharmacophore onto the stable orthologous backbone. Yet, traditional structure-based protein
engineering is frequently derailed by the combinatorial explosion of the mutational search space and
severe thermodynamic frustration. The introduction of non-native, humanizing side-chains often triggers
localized structural collapse, steric clashing, and disruption of epistatic networks that have co-evolved
over millions of years [19, 20, 21, 22]. Resolving these deleterious primary mutations through in vitro
directed evolution requires screening massive, prohibitively expensive mutant libraries [23, 24, 25].

To bypass these experimental bottlenecks, we present a fully in silico directed evolution pipeline
leveraging deep contextual protein language models (PLMs). Advanced transformer architectures, such
as the 650-million parameter ESM-2 [26], have internalized the fundamental grammar of protein folding
by undergoing unsupervised training on hundreds of millions of cross-species sequences. By mining the
high-dimensional latent space of this model, we can map zero-shot fitness landscapes and accurately
predict the thermodynamic tolerability of engineered mutations without relying on computationally
expensive, physics-based molecular dynamics simulations.

In this study, we structurally align the binding interfaces of human PepT1 and E. coli DtpA, identifying
discrete pharmacological targets for engraftment. Anticipating the structural destabilization inherent to
non-native residue substitution, we deploy an automated, attention-guided epistatic rescue algorithm. By
sweeping the microenvironmental topology flanking deleterious target sites, we systematically identify
secondary compensatory mutations capable of resolving energetic conflicts. To evaluate the
pharmacological fidelity and structural resilience of our engineered chimeras, we integrated a
computational validation pipeline. Specifically, the binding affinity and microenvironmental compatibility
of the engineered central cavity were assessed via blind molecular docking with valacyclovir.
Furthermore, the thermodynamic viability and dynamic alternating-access mechanics of the ligand-
bound humanized scaffolds were confirmed through 50 ns all-atom molecular dynamics (MD)
simulations within a native-like mixed lipid bilayer.

Herein, we demonstrate that this deep learning-driven co-evolution framework successfully rationalizes
the engraftment of the human PepT1 pocket, achieving profound fold-improvements in local stability and
yielding a robust, humanized structural surrogate primed for pharmacological screening and
evolutionary pharmacology.

Results and Discussions
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Zero-Shot Mutational Profiling Highlights Severe Local
Destabilization

To engineer a humanized model of the E. coli di/tripeptide transporter (DtpA) capable of mimicking the
pharmacological binding profile of human PepT1 (SLC15A1), we first established a sequence-structure
correspondence. Global sequence alignment utilizing the BLOSUM®62 substitution matrix yielded a basal
alignment score of 209.0. This degree of homology allowed for the accurate spatial mapping of the
substrate-binding pocket. For humanized variant 1 we only utilized blind structural data to select targets,
determining 19 residues (Table S1-S2). For the second variant, based on docking analysis for human
PepT1, 26 active-site and pore-lining residues were successfully mapped to analogous spatial
coordinates within the bacterial DtpA scaffold (Table S3).

The viability of directly engrafting the human binding pocket was evaluated using the ESM-2 [26]
(t33_650M_UR50D) protein language model. We conducted a zero-shot fitness assessment to quantify
the thermodynamic and structural tolerability of each primary humanizing mutation. While certain
positions demonstrated high evolutionary conservation and thermodynamic tolerability (e.g., E32E, R33R,
and Y70Y maintained structural probabilities of = 1.0), the unguided introduction of non-native human
residues frequently resulted in severe fitness penalties. Specifically for humanized variant 1, six
pharmacologically critical target sites exhibited profound structural destabilization, characterized by
single-mutant marginal likelihoods plunging into the 10 - 5to 10 - 7 range.

For our second variant, of the 26 target sites, several demonstrated absolute evolutionary conservation
between DtpA and PepT1 (e.g., E33E, Y71Y, D82D, K130K), displaying near-perfect fitness probabilities.
However, the substitution of structurally or electrostatically divergent human residues was highly
destabilizing in the native bacterial context. We identified 14 high-risk humanizing point mutations that
exhibited severe fitness penalties, falling below our predetermined structural viability threshold (p <
0.001). For instance, the introduction of bulky hydrophobic or altered-charge side chains, such as A151F
and A337D, yielded catastrophic predicted stability scores of 7.23x10 - 7 and 3.45x10 - 7, respectively.
These scores strongly indicate that naive point mutations induce severe local steric clashes or void
volumes within the DtpA architecture. These precipitous drops in ESM-2 probability indicate pronounced
thermodynamic frustration, likely stemming from severe local steric clashes, disruption of native side-
chain packing, or the introduction of unfavorable electrostatic microenvironments.

Attention-Guided Epistatic Rescue Restores Thermodynamic
Viability

To salvage the structurally deleterious humanizing mutations, we deployed an automated, spatially
restricted epistatic rescue. By systematically mutating the local topology (z 3 residues) flanking each

high-risk target site, the transformer’s attention mechanism identified secondary, non-native
substitutions capable of energetically buffering the primary humanizing mutations. The in silico directed
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evolution successfully identified compensatory epistatic pairs for all six high-risk targets, significantly
elevating their contextual fitness scores (Table S2). Notably, the most pronounced topological conflict,
the substitution of serine with the bulky histidine at position 64 (S64H), was profoundly mitigated by the
introduction of T61Y. This secondary mutation, yielded a 46.4-fold improvement in local thermodynamic
stability. Similarly, the highly destabilizing R305F substitution was buffered by an adjacent 1304K
mutation, achieving a 22.1-fold recovery in structural probability. These results demonstrate that deep
learning-guided co-evolution can successfully bypass the energetic minima associated with cross-
species sequence engraftment, drastically reducing the required empirical screening space for the
generation of humanized transmembrane scaffolds.

The epistatic sweep successfully identiflied compensatory secondary mutations for all 14 high-risk
targets of variant 2, frequently yielding orders-of-magnitude improvements in predicted thermodynamic
stability (Table 1). Notably, the deleterious Q41R mutation (initial score: 7.75x10 - 6) was remarkably
rescued by a proximal Y38D mutation, resulting in a 5,215-fold improvement in structural viability (p =
4.04x10 - 2). The most profound local epistatic interaction was observed for the R305F substitution; a
contiguous 1304K mutation recovered target stability by an exceptional 11,614-fold. Further analysis of
the rescue networks revealed clear structural logic governing the compensations. For example, the
severe penalty incurred by substituting a bulky tyrosine (F63Y, p = 8.27x10 - 4) was robustly
compensated by the introduction of localized backbone flexibility and reduction of local side-chain
volume via F66G (878-fold improvement, resulting in a highly stable p = 0.727).While the majority of
these epistatic pairings successfully restored viable fitness probabilities (p > 10 - 2), specific regions
remained highly constrained. For example, the A285R mutation, when paired with the best local rescuer
E284l, yielded an 11.4-fold improvement, yet its absolute fitness remained marginal (3.08x10 - 6). This
suggests that for hyper-constrained loci, local microenvironmental remodeling is insufficient, and
broader, long-range allosteric compensatory networks are required to achieve full structural
accommodation of the humanized pocket.
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Table 1
Epistatic Rescue Results for Human?2 Variant

Target_Site Original_Score  Best_Rescue_Mutation New_Score Fold_Improvement
L31F 1.61e-04 R34Y 2.03e-01 1261.0x
Q41R 7.75e-06 Y38D 4.04e-02 5215.7x
F63Y 8.27e-04 F66G 7.27e-01 878.4x
S64H 3.10e-06 T61Y 7.02e-03 2265.5x
S67V 1.55e-04 A68P 4.54e-01 2940.0x
T87K 1.28e-05 K88P 1.78e-02 1395.2x
L98Y 3.15e-07 A95L 3.63e-05 115.3x
A151F 7.23e-07 M154R 8.22e-05 113.7x
A285R 2.71e-07 E284] 3.08e-06 11.4x
F302W 3.92e-05 A303G 6.07e-03 154.9x
R305F 3.46e-06 1304K 4.02e-02 11614.2x
N306D 1.38e-05 V307R 3.98e-02 2884.2x
L324V 2.29e-04 N325Y 2.96e-01 1290.3x
A337D 3.45e-07 A338R 1.29e-05 37.2x

To evaluate the global architectural integrity of these engineered chimeras, high-resolution structural
models were generated using AlphaFold3 and superimposed against the native state (Fig. 1). Despite
the extensive local microenvironmental remodeling required for epistatic rescue, the global
transmembrane topology was remarkably conserved. Quantitative structural alignment revealed highly
stable Root Mean Square Deviation (RMSD) values of 0.434 A for Humanized Variant 1 and 0.697 A for
Humanized Variant 2 relative to the native DtpA scaffold (Table S4). The deviation between the two
humanized variants was also minimal (RMSD = 0.615 A). When cross-referenced against the native
human PepT1 target, the baseline DtpA structure exhibited an RMSD of 1.111 A. Notably, Humanized
Variant 1 reduced this structural divergence (RMSD = 1.022 A), indicating a spatial shift toward the
human conformational state, whereas Variant 2 maintained a comparable deviation (RMSD = 1.127 A).
These metrics confirm that the computationally driven co-evolutionary pipeline successfully
accommodated the humanized binding pocket without triggering the structural collapse characteristic of
extensive localized mutagenesis.

Molecular Docking within the Engineered Cavity
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Following the structural validation of the humanized scaffolds, we investigated the ligand-binding
capacity of the engineered central cavities. Blind molecular docking was executed via the SwissDock
server to sample the entire protein surface before localizing to the central pore. The resulting binding
poses (Fig. 2) highlight the successful generation of an accommodating pharmacological
microenvironment. In the native E. coli DtpA transporter, the ligand assumes a basal binding
configuration dictated by bacterial-specific volumetric and electrostatic constraints. In contrast, within
both Humanized Variant 1 and Humanized Variant 2, the engineered side-chains and their corresponding
epistatic rescue networks successfully recalculate the internal cavity dimensions and polar contact
geometries. The coordinated positioning of the ligand within the humanized chimeras suggests that the
rationally designed structural modifications correctly emulate the steric and electrostatic binding
determinants required for targeted human PepT1 interactions.

Atomistic Stability and Membrane Dynamics of Humanized Chimeras

To validate the thermodynamic viability and dynamic stability of the humanized binding pockets under
physiological conditions, we subjected the native and engineered structures to all-atom molecular
dynamics (MD) simulations. The structural complexes were embedded within a symmetric mixed lipid
bilayer comprising cholesterol and POPC, specifically designed to mimic the anisotropic dielectric
properties of a representative plasma membrane environment. Following a stringent multi-step
equilibration protocol, unrestrained production MD simulations were executed for 50 ns utilizing the
CHARMM36m force field, following methodology to analyze initial binding dynamics established in our
previous studies [27, 28, 29].

Visual inspection of the final simulation frames revealed distinct differences in the positioning of the
substrate among the three models, suggesting altered binding or translocation dynamics (Fig. 3). The
native E. coli DtpA transporter failed to stably retain the substrate within the deep central pocket. Over
the course of the 50 ns simulation, the substrate dissociated from the primary binding site and migrated
outward toward the extracellular vestibule. Humanized Variant 1 demonstrated intermediate retention.
While the substrate did not fully exit the binding cleft like in the native model, it exhibited significant
mobility and shifted closer to the pore opening. Notably, Humanized Variant 2 successfully anchored the
substrate. The substrate remained stably bound deep within the central cavity throughout the entire 50
ns trajectory (Fig. 3). These structural dynamics indicate that the sequence modifications introduced in
Humanized Variant 2 significantly enhance the stability of the protein-substrate complex. The engineered
pocket in Variant 2 provides a more favorable energetic environment for the substrate, preventing the
rapid dissociation observed in the wild-type DtpA.

System stability and global architectural integrity were r evaluated through continuous trajectory
analysis, primarily by calculating the root mean square deviation (RMSD) of the protein backbone and
the radius of gyration (Rg). The terminal trajectory snapshots highlight robust structural conservation
across all simulated systems (Fig. 3). The native E. coli DtpA transporter maintained its canonical

transmembrane packing and a highly stable lipid-protein interface throughout the simulated timeframe.
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Critically, both Humanized Variant 1 and Humanized Variant 2 exhibited equivalent structural resilience.
Following an initial membrane relaxation phase, the backbone RMSF trajectories for the engineered
chimeras is below 2A (Figure S1-S6), confirming that the introduction of 14 high-risk primary humanizing
substitutions did not trigger the global unravelling or helical dissociation typically associated with
extensive cross-species engraftment.

Beyond global fold preservation, localized structural dynamics were assessed by computing the root
mean square fluctuation (RMSF) of C-alpha atoms. Remarkably, the transmembrane helices harboring
the densest clusters of non-native mutations did not display anomalous hyper-flexibility. This strongly
implies that the attention-guided compensatory mutations (e.g., the 1304K secondary mutation buffering
the highly deleterious R305F substitution) successfully re-established tightly packed local
microenvironments. Furthermore, calculations of the solvent accessible surface area (SASA)
demonstrated that the hydrophobic core of the transporter remained effectively shielded (Figure S7-S9).
The deep learning-directed substitutions did not introduce severe internal void volumes or energetic
conflicts that would otherwise lead to aberrant water penetration and subsequent structural collapse.

Finally, the dynamic behavior of the bound ligand within the central cavity was monitored to evaluate
continuous pharmacological engagement. Throughout the 50 ns production phase, the ligand remained
stably coordinated within the engineered binding pockets of second variant, without uncoupling from the
pore. The persistent association of the ligand within the highly remodeled cavities confirms that the in
silico directed evolution pipeline effectively translated the static human PepT1 binding determinants into
the dynamic, alternating-access mechanism of the bacterial scaffold, yielding a thermodynamically
robust and pharmacologically faithful surrogate.

Translational Implications: From In Silico Design to In Vivo Chassis

The successful computational engineering of the DtpA scaffold establishes a critical foundation for in
vivo synthetic biology applications. To physicalize these humanized chimeras, the optimized sequences
of Variant 1 and Variant 2 can be synthesized and cloned into inducible expression vectors. The choice
of bacterial chassis dictates the translational trajectory: high-yield expression strains, such as E. coli
BL21(DE3) or C43(DE3), provide an optimized environment for mitigating membrane protein toxicity
during large-scale production for structural biology. Conversely, deploying these plasmids within
commensal or probiotic strains, such as E. coli Nissle 1917, bridges the gap between static structural
models and dynamic, living therapeutic platforms.

Clinical Deployment and Pharmacokinetic Modulation

Introducing engineered bacteria that functionally express a humanized PepT1 surrogate into the human
gastrointestinal tract represents a highly disruptive approach to Live Biotherapeutic Products (LBPs).
Because native gut microbiota inherently influence systemic drug metabolism, an engineered
commensal strain expressing a high-affinity human transport surrogate could actively modulate local
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pharmacokinetics [14, 15, 16]. This platform could be leveraged to precisely sequester, enzymatically
modify, or achieve targeted release of orally administered peptidomimetic drugs and prodrugs directly at
the intestinal epithelium. Furthermore, these functionalized bacterial chassis offer novel avenues for
biosensing and metabolic scavenging. In disease states characterized by the accumulation of toxic
peptide byproducts or inflammatory biomarkers, the humanized DtpA could function as an active
molecular sink, internalizing these substrates from the lumen before they breach the epithelial barrier.

Conclusion

The fundamental challenge in rational drug design for integral membrane proteins lies in the balance
between structural tractability and pharmacological fidelity [30, 31, 32]. While bacterial orthologues offer
exceptional stability for in vitro screening, their divergent binding pockets frequently yield false-negative
or translationally irrelevant interaction profiles [12, 13]. To fully translate this in silico co-evolutionary
pipeline into clinical utility, extensive empirical validation remains imperative. The remarkable
thermodynamic stability imparted by the epistatic rescue networks presents an ideal opportunity for
high-resolution structural validation. Advanced cryogenic electron microscopy (Cryo-EM) or co-
crystallization studies of the humanized surrogates bound to novel prodrug candidates will be essential
to definitively confirm the predictive accuracy of the ESM-2 and AlphaFold3 pipelines.

This study demonstrates that deep contextual protein language models can systematically resolve the
thermodynamic frustration associated with cross-species pocket engraftment. By employing an
attention-guided epistatic rescue algorithm, we bypassed the combinatorial explosion that strictly limits
traditional directed evolution, identifying highly non-intuitive secondary mutations that rescued
catastrophically deleterious primary substitutions (e.g., the 11,614-fold stabilization of R305F via 1304K).

The resulting chimeras not only preserve the highly stable bacterial structural backbone but dynamically
recapitulate the human PepT1 binding microenvironment. This deep learning-driven framework
establishes a highly tractable, thermodynamically robust surrogate primed for advanced structural
biology and high-throughput screening of novel prodrugs. Furthermore, the in silico evolutionary pipeline
detailed herein presents a universal, scalable strategy for the rational humanization of other
pharmacologically critical but structurally intractable transport proteins and receptors.

Methods

Global Sequence Alignment and Orthologous Pharmacophore Mapping

To identify structural orthologues of the human SLC15A1 (PepT1) binding pocket within the Escherichia
coli DtpA scaffold, global pairwise sequence alignment was conducted using a dynamic programming
approach. The Needleman-Wunsch algorithm was executed via the Biopython pairwise alignment
module [33], utilizing the BLOSUM®62 substitution matrix to account for evolutionary divergence. Gap
open and gap extension penalties were stringently set to -10 and -0.5, respectively, to maintain strict
structural register. Possible pharmacologically critical residues defining the human PepT1 binding
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interface were subsequently mapped onto the DtpA coordinate space, establishing a precise residue-by-
residue correspondence for targeted humanization. These 19 defined positional coordinates were
subsequently mapped onto the DtpA coordinate space. Residues possibly responsible for anchoring the
polar dipoles of canonical substrates were identified. These included the primary acidic anchor (Glu594)
and its co-anchor (Asn328) for N-terminal amine coordination, alongside basic residues (Arg27, Arg34,
and Lys140). To target the transporter's intrinsic peptide-bond recognition machinery, the central tyrosine
triad (Tyr64, Tyr91, Tyr167) and anamide-binding residue (Asn171) were isolated. Residues defining the
volumetric and lipophilic constraints of the binding cavity were prioritized for altering substrate
specificity. This targeted subset comprised the aromatic/hydrophobic core elements: Phe24, Tyr56,
Phe162, Phe166, Trp294, and Phe297. Residues that cpould be essential for the proton-coupled
alternating-access mechanism (the rocker-switch dynamic) were mapped to ensure that structural
modifications would not uncouple transport activity. This included proton sensor (His57), the intra-helical
salt-bridge gate (Arg282, Asp341), and the extracellular vestibular gate (Glu26). The finalized index array,
corresponding strictly to the P46059 sequence, is as follows: 24, 26, 27, 34, 56, 57, 64, 91, 140, 162, 166,
167,171, 282,294,297, 328, 341, and 594.

For humanized variant 2, docking data (with Valacyclovir as ligand) were incorporated to the target
selection. The SMILES representation is used: CC(C)[C@@H]
(N)C(=0)OCCOCN1C=NC2=CT1N=C(N)NC2=0. Native structure was generated using AlphaFold3 [34].
Molecular docking was executed via the SwissDock web server [35,36]. We performed a blind docking
procedure to sample the entire protein surface and the central cavity. The selection of the optimal
starting configuration was based on a SwissDock scoreing and three canditaes were selected. The
residues within 4 Angstrom of the ligand were detected using Pymol 3. Accordingly; 31, 60, 63, 75, 80,
144, and 298 were included to the finalized array.

Zero-Shot Mutational Inference via Deep Contextual Protein Language Models

To evaluate the thermodynamic and structural tolerability of the proposed humanizing mutations, we
deployed ESM-2 (t33_650M_UR50D), a state-of-the-art, transformer-based protein language model (PLM)
comprising 33 attention layers and 650 million parameters. Computational analyses utilized a Google
Colab instances, equipped with an NVIDIA g4 GPU, 96 GB of VRAM, 176GB of RAM, and Intel® Xeon®
CPUs. Unlike traditional physics-based scoring functions, ESM-2 captures complex biophysical
constraints and deep evolutionary grammar entirely unsupervised from billions of cross-species protein
sequences [26]. For each single-point humanizing substitution, the zero-shot mutational fitness was
quantified by performing a forward pass of the mutated sequence through the model. The raw output
logits were normalized via a softmax activation function. This generated a probability distribution over
the amino acid vocabulary at the target site. The marginal likelihood of the introduced human residue
was extracted as a predictive proxy for folding stability and local structural compatibility.

In Silico Directed Evolution via Attention-Guided Epistatic Rescue
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Primary humanizing mutations that exhibited sub-optimal zero-shot fitness probabilities (indicative of
local structural destabilization, steric clashes, or thermodynamic frustration) were subjected to a highly
targeted in silico directed evolution protocol. To circumvent the computationally prohibitive landscape of
global combinatorial mutagenesis, we designed a spatially restricted epistatic rescue sweep leveraging
the bidirectional context of the ESM-2 architecture [26].

This heuristic search operated on the hypothesis that localized secondary mutations can resolve folding
conflicts introduced by primary non-native substitutions via compensatory epistasis. We defined a
microenvironmental search space using a sliding window of +3 residues flanking each structurally
deleterious primary mutation. Within this defined local topology, we executed exhaustive computational
saturation mutagenesis; every position within the window was systematically mutated to all 19
alternative amino acids in the persistent background of the primary humanizing mutation.

The ESM-2 attention mechanism continuously re-evaluated these transient double-mutant states,
implicitly calculating the non-linear side-chain couplings and backbone shifts required for stabilization
[26]. The objective function for this evolutionary sweep was the optimization of the compensatory
fitness differential, calculated as the fold-improvement of the primary mutation's probability relative to its
single-mutant baseline. Secondary substitutions that successfully maximized this quotient and
bypassed the local energy minima were classified as epistatic rescuers. This computationally guided co-
evolution yields a rationally optimized, mutationally robust scaffold, drastically reducing the empirical
screening burden required for in vitro synthesis.

Molecular Docking and Ligand Architecture

To rigorously evaluate the pharmacological fidelity and structural resilience of our engineered chimeras,
we integrated a robust computational validation pipeline. Specifically, the binding affinity and
microenvironmental compatibility of the engineered central cavity were assessed via blind molecular
docking with valacyclovir—a canonical, high-affinity human PepT1 prodrug substrate—utilizing its exact
SMILES string for precise conformational ligand generation. Molecular docking was executed via the
SwissDock web server [35,36]. We performed a blind docking procedure to sample the entire protein
surface and the central cavity. The selection of the optimal starting configuration was based on a
combination of the AC score.

Atomistic all-atom membrane systems

According to the methodology explained in our previous studies [27,28,29,37,38], all-atom membrane
systems were constructed using the CHARMM-GUI Membrane Builder [39,40,41]. Protein spatial
alignment within the lipid bilayers was optimized via the PPM 2.0 algorithm, which incorporates
hydrogen bonding and anisotropic dielectric properties at the membrane-water interface [42]. The lipid
composition was designed to mimic a representative plasma membrane, consistent with our previous
models [27,28,29,37]. The membrane contained cholesterol and POPC distributed symmetrically across
both leaflets. System neutrality was established by adding K+ and ClI- ions to an ionic strength of 0.15 M,
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determined through 2,000 steps of Monte Carlo simulation using a primitive ion model. The
CHARMM36m all-atom force field was applied throughout [43].

Molecular dynamics simulations

Molecular dynamics simulations were executed on AlphaFold-predicted membrane structures using
GROMACS 2024.3 [44], adhering to protocols established in our prior studies on glutamate transporter
variants and neuronal proteins [27,28,29]. Computational analyses utilized a cluster of three Google
Colab instances, equipped with an NVIDIA L4 GPU, 126 GB of VRAM, 318 GB of RAM, and Intel® Xeon®
CPUs [38]. To maximize efficiency, the software was recompiled with CUDA support, enabling
parallelization across multiple cores [38]. Energy minimization was performed using the steepest
descent algorithm for a maximum of 5,000 steps. Convergence was defined by a maximum force
tolerance of 1000 kJ/mol/nm. Equilibration followed the standard six-step CHARMM-GUI protocol,
characterized by the gradual release of restraints. The final equilibration step consisted of a 500 ps run
utilizing the v-rescale thermostat to maintain a temperature of 303.15K (1 t =1.0ps) and the C-rescale
barostat to maintain a pressure of 1bar via semi-isotropic coupling (tp=5.0ps). Production MD
simulations were carried out for 50 ns with frames saved every 0.5 ns, consistent with our earlier studies
[28,29]. Electrostatic interactions were computed via the Particle Mesh Ewald (PME) method, applying a
1.2 nm cutoff for both Coulomb and van der Waals terms. The system temperature (303.15 K) and
pressure (1 bar) were maintained using the Nose-Hoover thermostat and the Parrinello-Rahman barostat
under semi-isotropic coupling. Hydrogen bonds were constrained using the LINCS algorithm, allowing for
a 1.2 nm cutoff for short-range van der Waals and electrostatic interactions.

System stability was evaluated through trajectory analysis. The radius of gyration (Rg) were calculated
using the GROMACS rms and gyrate modules, respectively. Residue flexibility was assessed by
computing the root mean square fluctuation (RMSF) of C-alpha atoms. Solvent accessible surface area
(SASA) for protein side chains was determined using the gmx sasa tool with a probe radius of 1.4 A [45].
For binding free energy estimations, the final 20 ns (31-50 ns) of the equilibrated trajectories were
analyzed. Structures were visualized usiong UCSF ChimeraX [46].
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Figure 1

Sequence and structural comparison of native E. coli DtpA and engineered humanized variants. a)
Global sequence alignment of the native E. coli DtpA transporter and the engineered humanized models,
Humanized Variant 1 and Humanized Variant 2. The alignment highlights the targeted sequence
modifications designed to engraft the human PepT1 binding pharmacophore onto the stable
orthologous bacterial backbone. =b) Structural superimposition of the native DtpA and the engineered
humanized chimeras, generated using AlphaFold3. The superimposed 3D models demonstrate the
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preservation of the overall transmembrane architecture following the introduction of non-native primary
humanizing substitutions and their corresponding attention-guided epistatic rescue mutations.
Quantitative structural comparison confirms this scaffold stability, with Humanized Variant 1 and
Humanized Variant 2 displaying low Root Mean Square Deviation (RMSD) values of 0.434 A and 0.697 A,
respectively, relative to the native DtpA structure. The structural deviation between the two humanized
variants is also minimal (RMSD = 0.615 A).

Figure 2

Molecular docking predictions within the central cavities of native and humanized transporter models.
a) Blind docking configuration of the ligand within the central cavity of the native E. coli DtpA transporter
(green). b) Docked ligand configuration within the engineered Humanized Variant 1 (yellow). ¢) Docked
ligand configuration within the engineered Humanized Variant 2 (red). Molecular docking for all
structural models was executed via the SwissDock web server.
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Figure 3

Final structural snapshots following 50 ns of all-atom molecular dynamics simulations. All-atom
membrane systems representing the transporter models embedded within a lipid bilayer , shown after 50
ns of equilibrated production MD. a) The native E. coli DtpA transporter (green) within the simulated
membrane environment. b) The engineered Humanized Variant 1 (yellow) after 50 ns of simulation. ¢)
The engineered Humanized Variant 2 (red) after 50 ns of simulation.
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