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Molecular Mechanisms Governing Transcription Factor Search for

Enhancers
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Abstract: It remains elusive how transcription factors (TFs) efficiently search for and localize enhancers. Unraveling
the dynamic mechanisms is not only fundamental to understanding gene regulation but also provides a critical
theoretical framework for engineering cellular signal transduction pathways. Classical models, including free diffusion
model and facilitated diffusion model, posit that TFs diffuse freely through the nucleoplasm, engage in non-specific
DNA binding, and navigate the genome via sliding, hopping, or intersegmental transfer until encountering their cognate
enhancers. While these theories are well-supported by experimental evidence in prokaryotes, they lack validation in
eukaryotes and fail to recapitulate the physicochemical complexity of the eukaryotic nucleus, particularly densely

packed chromatin environment. To address the inefficiency inherent to random diffusion, the guided exploration model
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has emerged, proposing that nuclear "signpost" elements, such as specific chromatin structures or protein assemblies,
direct TF trafficking. However, research into the identity of these signposts and the underlying "navigation
mechanisms" remains in its infancy, with fundamental questions far outnumbering definitive answers. In recent years,
the discovery of transcriptional condensates and short tandem repeats (STRs) inspired new insights. TFs harboring
intrinsically disordered regions (IDRs) can undergo liquid-liquid phase separation (LLPS) to form biomolecular
condensates. These condensates functionally mimic nuclear signposts, serving as spatial beacons that guide TF search
processes and, as supported by emerging evidence, potentiate gene transcriptional activation. Concurrently, STRs are
enriched surrounding enhancers, where they directly interact with TFs and play pivotal roles in eukaryotic gene
regulation. Here, we review the canonical TF search models, the LLPS-driven formation of transcriptional condensates,
and the functional roles of STRs in enhancer biology. We propose an integrated model wherein STRs and
transcriptional condensates act in synergy to enable rapid and precise TF targeting within complex chromatin. This
complementary mechanism, termed "guidance and enrichment, concentration and catalysis", resolves key inefficiencies
of classical diffusion models and offers a conceptual framework for deciphering enhancer selection and engineering
synthetic DNA regulatory sequences.
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Fig. 1 Existing models for transcription factor search for enhancers
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