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ABSTRACT

Natural products continue to be a vital source of novel bioactive compounds for pharmaceutical,
agricultural, and biomedical applications; however, their discovery and characterization are often
hindered by the structural complexity and diversity of small molecules. SMART-Enabled Small-
Molecule Recognition Technology (SMART) offers a high-precision framework to improve the
accuracy, speed, and reliability of natural product research. This approach integrates advanced
molecular recognition algorithms, spectral analysis, and data-driven modeling to enable precise
identification and differentiation of structurally similar small molecules. By enhancing sensitivity and
selectivity, SMART reduces false positives and accelerates compound screening and annotation
processes. The technology supports efficient dereplication, structural elucidation, and bioactivity
correlation, thereby streamlining natural product discovery pipelines. Overall, SMART provides a
robust and scalable solution for high-precision small-molecule recognition, significantly advancing
the efficiency and impact of modern natural product research.
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I.  INTRODUCTION
Natural products have long played a crucial role in drug discovery and biomedical research, serving as
a rich source of structurally diverse and biologically active small molecules. Compounds derived from
plants, microorganisms, and marine organisms have contributed significantly to the development of
antibiotics, anticancer agents, and therapeutic leads. Despite their importance, natural product
research faces major challenges related to the complexity of chemical mixtures, low compound
abundance, and the presence of structurally similar molecules, which complicate accurate
identification and characterization.
Small-molecule recognition is a critical step in natural product research, influencing processes such as
compound screening, dereplication, structural elucidation, and bioactivity assessment. Conventional
analytical techniques, including chromatography, mass spectrometry, and nuclear magnetic resonance
spectroscopy, although powerful, often require extensive time, expert interpretation, and large
datasets. Moreover, distinguishing closely related molecular structures remains a persistent challenge,
leading to redundancies and inefficiencies in discovery pipelines.
To address these limitations, Small-Molecule Accurate Recognition Technology (SMART) has
emerged as an advanced approach that integrates computational intelligence with high-resolution
analytical data. SMART leverages pattern recognition algorithms, machine learning models, and
molecular databases to enhance the precision and reliability of small-molecule identification. By
enabling rapid comparison and classification of molecular features, SMART improves selectivity and
reduces false identifications, particularly in complex natural product matrices.
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The adoption of SMART in natural products research offers significant advantages, including
accelerated screening, efficient dereplication, and improved correlation between chemical structures
and biological activities. This study focuses on the role of SMART in enhancing small-molecule
recognition accuracy, highlighting its potential to transform natural product discovery and support the
development of novel bioactive compounds for pharmaceutical and biotechnological applications.

I. METHODOLOGY
The SMART framework is designed as an intelligent, end-to-end recognition system that integrates
advanced spectroscopic data acquisition with deep learning—based molecular pattern analysis. Its
architecture mimics expert-driven structure recognition while operating at a scale suitable for high-
throughput natural products research. The methodology consists of two tightly coupled components:
high-fidelity spectral data acquisition and an Al-driven recognition engine.
A. Data Acquisition
Heteronuclear Single Quantum Coherence (HSQC) nuclear magnetic resonance spectroscopy serves
as the primary data source for SMART due to its ability to provide a highly information-dense
molecular fingerprint. HSQC spectra encode one-bond correlations between proton (*1H) and carbon
(*13C) nuclei, offering a direct and unambiguous representation of a molecule’s carbon—hydrogen
framework. Unlike one-dimensional NMR techniques, HSQC minimizes signal overlap and captures
structural features that are highly specific to individual molecular scaffolds. This makes HSQC
particularly well suited for distinguishing closely related natural product analogs and identifying
subtle structural variations.
To address the challenge of limited sample availability, especially in marine and rare terrestrial
extracts, Non-Uniform Sampling (NUS) is employed during NMR data acquisition. NUS enables the
collection of high-resolution, high-quality HSQC spectra from microgram-scale samples by
strategically undersampling the indirect dimension and reconstructing the spectrum using advanced
algorithms. This approach significantly reduces acquisition time while preserving critical structural
information, allowing SMART to operate effectively even when compound quantities are scarce.
B. The Deep Learning Model
The core analytical engine of SMART is a deep learning model based on convolutional neural
networks (CNNs), specifically implemented using a Siamese network architecture. Rather than
classifying spectra in isolation, the Siamese network is trained on pairs of HSQC spectra to learn
similarity relationships between molecules. Each branch of the network processes an HSQC spectrum
independently, extracting hierarchical features such as peak distribution, correlation density, and
spatial patterns. The network then learns to quantify how closely two spectra—and by extension, two
molecular structures—are related.
Training is performed using the curated “Moliverse” database, which consists of thousands of HSQC
spectra derived from structurally diverse, well-characterized natural products. The Moliverse
encompasses a wide range of chemical classes, including alkaloids, polyketides, terpenoids, peptides,
and glycosides, ensuring broad chemical coverage. This extensive training set enables the model to
recognize known scaffolds while remaining sensitive to novel structural motifs.
Following feature extraction, each HSQC spectrum is transformed into a numerical representation
within a high-dimensional embedding space. In this space, structurally similar molecules cluster
closely together, while dissimilar compounds are positioned farther apart. This embedding map
functions as a multidimensional chemical landscape, allowing SMART to rapidly identify nearest
neighbors, detect analog families, and flag potentially novel compounds that fall outside known
clusters. By operating within this learned embedding space, SMART achieves fast, accurate scaffold
recognition without requiring full structure elucidation at the initial screening stage.
I1l.  RESULTS & DISCUSSION
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The performance of Small Molecule Accurate Recognition Technology (SMART) was evaluated
through real-world dereplication and scaffold identification scenarios using complex natural product
extracts. The results demonstrate that SMART significantly accelerates molecular recognition while
maintaining high accuracy, even with minimal sample quantities. The discussion below highlights a
representative case study, comparative workflow analysis, and recognition accuracy levels.
Case Study: Rapid Dereplication of a Marine Natural Product
In a representative marine extract analysis, a newly isolated compound was subjected to HSQC-based
SMART screening immediately after preliminary purification. Upon input of the HSQC spectrum,
SMART embedded the spectral fingerprint into the learned chemical space and compared it against
the Moliverse database in real time. Within seconds, the compound was accurately positioned within a
well-defined cluster corresponding to the viequeamide structural family.
The proximity of the new isolate to known viequeamide analogs within the embedding space
indicated a high degree of scaffold similarity, despite minor substituent variations. Traditional
dereplication of this compound would have required extensive 1D and 2D NMR analysis, mass
spectrometric interpretation, and literature comparison, often spanning several weeks. SMART
effectively bypassed this bottleneck by providing immediate contextual placement, allowing
researchers to make informed decisions on whether to pursue full structure elucidation or redirect
resources toward more novel candidates.
Comparative Analysis: Traditional vs. SMART-Assisted Workflow
To quantitatively assess efficiency gains, the SMART-assisted workflow was compared against
conventional natural product identification methods. Table 1 summarizes key performance metrics
across both approaches.

Table 1: Comparison of Traditional Structure Elucidation and SMART-Assisted Identification

Metric Traditional Workflow SMART Workflow

Data Required 1D/2D NMR, MS, UV, IR | 2D HSQC (Minimal)

Time per Molecule | Weeks to Months Seconds to Minutes

Required Sample | 1-5mg <100 pg

Success Rate High (Human error prone) | High (90%-+ for known families)

The comparison clearly illustrates that SMART dramatically reduces both time and material
requirements while maintaining high reliability. By eliminating the need for multiple complementary
spectroscopic techniques during early-stage screening, SMART enables rapid triage of large
compound libraries.

Accuracy Levels and Recognition Confidence

SMART categorizes molecular recognition outcomes into three confidence levels: Exact Match, Close
Match, and Structural Family Match. An Exact Match corresponds to near-identical embedding
vectors, indicating the compound is already present in the reference database. Close Matches reflect
minor structural modifications, such as side-chain substitutions or stereochemical differences.
Structural Family Matches identify compounds that share a common core scaffold but exhibit broader
structural diversity.

Experimental validation showed that SMART achieves over 90% accuracy for known natural product
families, with most misclassifications occurring between closely related analogs rather than unrelated
structures. Importantly, compounds that fall outside established clusters are automatically flagged as
potential novel scaffolds, providing a powerful mechanism for novelty detection. This tiered accuracy
framework allows researchers to balance confidence with exploration, ensuring both efficient
dereplication and discovery of new chemical space.

Overall, the results confirm that SMART functions as a reliable Al associate capable of reproducing
expert-level pattern recognition at unprecedented speed and scale. By integrating minimal data
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requirements with deep learning—based spectral interpretation, SMART redefines early-stage
decision-making in natural products research and significantly enhances discovery efficiency.

IV.  APPLICATIONS IN NATURAL PRODUCT RESEARCH

Applications in Natural Product Research

The integration of Small Molecule Accurate Recognition Technology (SMART) into natural product
workflows enables transformative advances across multiple research domains. By combining rapid
spectral recognition with deep learning—based pattern analysis, SMART supports efficient exploration
of chemically complex biological systems and accelerates the discovery of bioactive small molecules.
Marine Drug Discovery

Marine ecosystems represent one of the richest yet most underexplored sources of structurally unique
natural products. However, the scarcity of biological material from rare marine sponges, tunicates,
and cyanobacteria often limits traditional structure elucidation approaches. SMART addresses this
challenge by enabling accurate scaffold recognition from microgram-scale samples using HSQC
fingerprints. This capability allows rapid dereplication and prioritization of extracts containing novel
or biologically relevant scaffolds, even when compound availability is extremely limited. As a result,
SMART significantly enhances the feasibility of marine drug discovery programs by reducing
rediscovery rates and directing experimental efforts toward high-value chemical entities.

Genome Mining and Biosynthetic Insight

Genome mining has emerged as a powerful strategy for predicting natural product biosynthesis
through the identification of biosynthetic gene clusters (BGCs). SMART complements this approach
by providing structure-informed predictions that can be correlated with genomic data. By matching
HSQC-derived structural embeddings with predicted biosynthetic outcomes, SMART facilitates the
linking of observed small-molecule scaffolds to specific BGCs. This integration strengthens
structure—gene relationships, supports functional annotation of orphan gene clusters, and accelerates
the discovery of cryptic or silent metabolic pathways. The synergy between SMART and genome
mining thus enables a more comprehensive understanding of natural product biosynthesis.

Mixture Analysis and SMART 2.0

Recent advancements in SMART 2.0 have extended its capabilities to the analysis of complex
mixtures and crude extracts without the need for full compound purification. By deconvoluting
overlapping HSQC features and projecting composite spectra into embedding space, SMART 2.0 can
identify dominant scaffolds and structural families directly from mixtures. This represents a
significant breakthrough in natural products research, as it allows early-stage recognition of bioactive
components during extract screening. The ability to analyze mixtures reduces purification bottlenecks,
conserves valuable samples, and further accelerates discovery pipelines.

V. CONCLUSION

This work highlights the significance of Small-Molecule Accurate Recognition Technology
(SMART) in advancing natural products research by addressing key challenges associated with the
identification and characterization of complex small-molecule mixtures. By integrating intelligent
recognition algorithms with high-resolution analytical data, SMART enables precise differentiation of
structurally similar compounds and minimizes redundancy during the discovery process. The
technology significantly improves the accuracy, speed, and reliability of small-molecule
identification, supporting efficient dereplication and structural analysis.

Furthermore, the adoption of SMART enhances the overall productivity of natural product research
by streamlining compound screening and facilitating better correlations between chemical structures
and biological activities. Its scalable and data-driven framework makes SMART suitable for large-
scale natural product databases and high-throughput workflows. Overall, SMART represents a
powerful and innovative approach that can accelerate natural product-based drug discovery and
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contribute substantially to future developments in pharmaceutical, biomedical, and biotechnological
research.
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