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Table 1 Composition and functions of class II general transcription factors
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Figure 1 Structure and assembly model of the transcription pre-initiation complex. (a) Structure of TBP-based PIC structure (PDB: 7NVY). (b)
Structure of TFIID-based PIC (PDB: 7EGB). (c) Schematic model of PIC assembly. Generated using UCSF ChimeraX
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Figure 2 Schematic model of transcription initiation-to-early elongation transition
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Figure 3  Structure of PIC-Mediator complex. (a) Cryo-EM structure of the PIC-Mediator complex and the proposed CTD-gating model. (b) Cryo-EM
structure of +1 nucleosome—bound PIC-Mediator complex. Generated using UCSF ChimeraX
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Figure 4 Schematic model of transcription pre-initiation complex assembly on chromatin
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RNA polymerase II (Pol II)-mediated transcription is a tightly regulated process central to gene expression, governing
cellular differentiation, development, and disease. This review synthesizes recent structural advances in Pol II-driven
transcription initiation, focusing on promoter recognition, stepwise assembly of the preinitiation complex (PIC), transition
to elongation, and chromatin-mediated regulation.

Transcription initiation involves the assembly of a megadalton-scale PIC, comprising Pol II, general transcription factors
(GTFs: TFUA, TFIIB, TFIID, TFIE, TFIIF, TFIIH), and coactivators such as the Mediator complex. Cryo-electron
microscopy (cryo-EM) has resolved near-atomic structures of PICs at distinct assembly stages. TFIID, a 20-subunit
complex containing TATA-box binding protein (TBP) and TBP-associated factors (TAFs), nucleates PIC assembly by
binding diverse promoters, including TATA-less promoters. Structural studies reveal TFIID’s modular architecture (TFIID-
A/B/C), enabling flexible promoter engagement. Subsequent recruitment of Pol IT and GTFs positions the promoter near
Pol II’s active site, with TFIIH’s XPB translocase unwinding DNA and its CDK?7 kinase phosphorylating Pol II’s C-
terminal domain (CTD) to initiate transcription. The transition from initiation to elongation involves dynamic
conformational changes. Structural snapshots of transcribing complexes—open complex (OC), initial transcription
complex (ITC), and early elongation complex (EEC)—reveal RNA-DNA hybrid stabilization, template-strand scrunching,
and TFIIB displacement as critical steps.

Mediator, a 30-subunit coactivator, bridges sequence-specific transcription factors (TFs) and the PIC. Cryo-EM
structures of PIC-Mediator demonstrate the Mediator’s “CTD-gating” mechanism: its Head and Middle modules stabilize
Pol II’s CTD, facilitating phosphorylation by TFIIH, while coordinating enhancer-promoter communication. Mediator also
stabilizes TFIIH within the PIC, ensuring efficient CTD phosphorylation. Notably, +1 nucleosomes downstream of the
transcription start site (TSS) interact electrostatically with PICs, enhancing assembly and activation. Histone variants (e.g.,
H2A.Z) and modifications (e.g., H3K4me3, acetylation) at promoter-proximal nucleosomes further modulate PIC
recruitment and activate transcription.

Unresolved questions persist, including the precise sequence of PIC assembly—whether TFIID initiates recruitment or
preassembled Pol II-GTF modules integrate into the complex. Furthermore, how chromatin architecture, 3D genome
looping, and epigenetic modifications spatiotemporally regulate initiation in vivo requires integration of cryo-electron
tomography (cryo-ET), single-molecule imaging, and native chromatin templates. Recent studies using Widom 601
nucleosomes highlight +1 nucleosome-PIC interactions but emphasize the need for physiological models to recapitulate
endogenous regulatory complexity.

In summary, structural breakthroughs have elucidated the mechanistic basis of Pol II transcription initiation, from PIC
assembly to elongation transition. These insights provide a framework for understanding transcriptional regulation. Future
interdisciplinary approaches combining high-resolution structural biology, live-cell imaging, and functional genomics will
further unravel the spatiotemporal dynamics of this fundamental process.

transcription pre-initiation complex, mediator, transcription initiation, transcription regulation
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