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The structural elucidation of proteins is fundamental to understanding their
biological functions and advancing drug discovery. Recent breakthroughs
in cryo-electron microscopy (cryo-EM) and artifcial intelligence (Al)-based
structure prediction have revolutionized protein modeling by enabling near-
atomic resolution visualization and highly accurate computational predictions
from amino acid sequences. This review summarizes the latest advances
that have transformed protein structural biology from a predominantly
structure-solving endeavour to a discovery-driven science. We discuss
the complementary roles of cryo-EM and Al, including developments in
direct electron detectors, advanced image processing, and deep learning
algorithms exemplifed by AlphaFold 2 and the emerging AlphaFold 3. These
technologies facilitate detailed insights into challenging protein targets such
as membrane proteins, fexible and intrinsically disordered proteins, and
large macromolecular complexes. Furthermore, we highlight applications of
integrative approaches in drug design, enzymatic mechanism elucidation,
and functional predictions, illustrated by examples including hemoglobin,
which demonstrates both the strengths and current limitations of Al—cryo-
EM integration, and cytochrome P450 enzymes, where AlphaFold predictions
have been combined with cryo-EM maps to explore conformational diversity.
The review also addresses ongoing challenges and promising future directions
for integrating experimental and computational methods to accelerate the
exploration of protein structure—function relationships, ultimately impacting
biomedical research and therapeutic development.
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2 Foundational methods in structural
biology
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2.1 X-ray crystallography
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FIGURE 1
Schematic representation of the X-ray crystallography process for
protein structure determination. (1) The sample undergoes
crystallization to form an ordered lattice. (2) The crystal is exposed to
X-ray beams, generating a difraction pattern that provides crucial
structural information. Note: The “phase problem” arises here, as
phase information is not captured in the difraction data and must be
recovered through methods such as molecular replacement or
experimental phasing (e.g., SAD/MAD). (3) Computational methods are
used to derive an electron density map from the difraction data,
incorporating phase determination techniques. (4) The fnal atomic
model is built and refned by ftting atomic coordinates into the
electron density map, resulting in a high-resolution structural
representation of the macromolecule.
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2.2 Nuclear magnetic resonance (NMR)
spectroscopy
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2.3 Electron microscopy (EM)
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3 Recent advances in structural
characterization
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3.1 Cryo-electron microscopy (Cryo-EM)
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FIGURE 2

density map, revealing atomic-level details of the macromolecule.

This schematic illustrates the Cryo-EM process for protein structure determination. (1) The purifed protein sample is prepared for analysis. (2) Negative
staining is performed for initial visualization and sample quality assessment. (3) The protein sample is applied to a Cryo-EM grid for vitrifcation,
ensuring structural preservation. (4) The grid is imaged using a Cryo-EM microscope under cryogenic conditions. (5) Computational processing of
Cryo-EM images is performed to generate a high-resolution density map. Note: This step includes essential Contrast Transfer Function (CTF)
correction to restore contrast and improve the accuracy of structural reconstruction. (6) The fnal Cryo-EM structural model is built based on the
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FIGURE 3
Integration of Al into cryo-EM data processing.
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TABLE 1 Scope of AlphaFold3 Predictions: Current vs Emerging Capabilities.
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Interaction Currently Prospective/ Example tasks  Expected Data References
type supported/ Claimed reliability Prerequisites/
Released (emerging) Notes
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FIGURE 4

Schematic representation of the AlphaFold 2 architecture for protein structure prediction.

FIGURE 5

Schematic representation of the AlphaFold 3 architecture for protein structure prediction.
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BOX 1 Responsible use of Al-predicted structures.

Al-based tools such as AlphaFold2 (AF2) and AlphaFold3 (AF3)
have accelerated structural biology, but responsible use requires
caution. Below are practical guidelines for researchers and drug
discovery practitioners.

Confdence metrics

« pLDDT thresholds:
« >90 Overy high confdence (atomic-level reliability).
* 70—90 Umoderate confdence (secondary structure
generally correct, side chains less certain).
e <70 Otreat cautiously (often disordered or misfolded).
* PAE (Predicted aligned error):
» <5 A Oreliable domain/domain positioning.
« >10 A Orelative orientations uncertain, especially in
multi-domain or multimeric complexes.

Cross-validation with experiments

* XL-MS: checks residue—residue distances.

« HDX-MS: validates fexible or protected regions.

* SAXS: confrms overall shape/dimensions.

« Mutagenesis & biochemical assays: test pocket or interface
predictions.

IDPs and fexible regions

« Al models of intrinsically disordered proteins (IDPs) represent
hypotheses, not fxed structures.

* Use ensemble-based approaches (e.g.,
IDPConformerGenerator, ALBATROSS) + NMR/smFRET for
realistic modeling.

Pitfalls to avoid

« Training leakage: well-studied proteins may appear artifcially
“predicted.”

« Over-interpretation: confdent scores can still misplace
domains or interfaces.

« Environmental neglect: AF2/AF3 predictions usually ignore pH,
ions, ligands, PTMs.

[OIChecklist for drug discovery applications
Before applying AF2/AF3 models in drug discovery, ensure:

Binding pocket pLDDT >80.

Cross-validation with mutagenesis, soaking, or NMR CSPs.
PAE maps confrm correct inter-domain geometry.
Comparison with orthogonal data (SAXS, cryo-EM,
crystallography, homology).

Flexible loops/IDRs are not solely used for druggability.
Iterative refFnement with MD, docking, MM/GBSA is performed.

3.4 Time-resolved structural biology
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TABLE 2 Overview of major structural biology techniques.

Technique

Description

Strengths

Limitations
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4.4 Understanding disease mechanisms
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TABLE 3 Applications of structural characterization.
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TABLE 4 Seminal contributions and recent advances in structural biology.
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5.2 Integrating structural information with
functional and dynamical analysis
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5.3 Expanding the role of Al and machine
learning in structure prediction and
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5.4 Developing new technologies for in
situ structural characterization
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6.2 Al-based model standards
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