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Abstract

Proteins, as the primary executors of life activities, derive their complex and di-
verse functions directly from their precise three-dimensional spatial configura-
tions. Structural Dbiology, a discipline dedicated to elucidating the
three-dimensional atomic structures of biological macromolecules and interpret-
ing their functions, serves as a crucial bridge connecting genetic sequences with
biological phenomena. This article systematically reviews the fundamental princi-
ple of structural biolo-gy—"structure determines function"—and elaborates on
the primary methodolo-gies, including X-ray crystallography, nuclear magnetic
resonance spectroscopy, and cryo-electron microscopy, employed to acquire pro-
tein structural information. Fur-thermore, it delves into how these structural in-
sights unveil the molecular mecha-nisms underlying essential biological processes
such as enzyme catalysis, signal transduction, immune recognition, and mem-
brane transport at the atomic level. Special emphasis is placed on the relationship
between protein dynamics and func-tional realization, as well as the core princi-
ple of allosteric regulation. Finally, the article envisions how artificial intelligence
and in situ technologies are propelling our understanding of protein function to
new heights in the era of integrative struc-tural biology. This study aims to un-
derscore that structural biology is not only cen-tral to fundamental science but
also a fundamental force in understanding disease mechanisms and driving drug
development.
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1. Introduction: From One-Dimensional Sequences to
Three-Dimensional Functions

The central dogma delineates the linear flow of genetic information from DNA to
RNA to proteins, establishing the cornerstone of life sciences. However, this
one-dimensional sequence information chain is inherently "silent." The symphony of
life—from muscle contraction to nerve impulses, from immune defense to cell divi-
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sion—is ultimately orchestrated by the molecular machinery of proteins. How can a
polypeptide chain composed of 20 amino acids in a specific sequence execute such
intricate and sophisticated functions? The answer lies concealed within the unique

and precise three-dimensional spatial structure of proteins.

Picture 1. The Primary Role of Proteins in Cellular Activities
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"Structure determines function" stands as the central paradigm of structural biology.
This principle posits that the specific functions of proteins are predetermined by the
precise spatial arrangement of their constituent atoms. The geometric configuration
and chemical properties of an active site dictate its catalytic substrates; the concavi-
ties and protrusions of a surface determine its specificity in molecular interactions;
and even a subtle conformational change can act as a molecular switch, activating or
deactivating a signaling pathway. Consequently, to truly comprehend protein func-
tionality, we must "visualize" these macromolecules, observing both their static ar-
chitectures and dynamic movements at atomic resolution.

The mission of structural biology is to decipher the atomic blueprint of life. Since the
mid-20th century, when John Kendrew and Max Perutz first elucidated the struc-
tures of myoglobin and hemoglobin [1], the field has undergone a continuous tech-
nological revolution. From X-ray crystallography and nuclear magnetic resonance
(NMR) spectroscopy to the recent advancements in cryo-electron microscopy
(cryo-EM), each technological leap has significantly expanded our ability to observe
biological molecules with unprecedented clarity and depth. This article aims to sys-
tematically elucidate how structural biology, as a discovery science, profoundly re-
veals the molecular basis of protein function and to project its future developmental

trajectory.
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2. Methodologies in Structural Biology: Visualizing the Invisible
World

2.1. X-ray Crystallography

As the most historically significant and impactful technique, X-ray crystallography
involves arranging protein molecules into highly ordered crystals. When X-rays ir-
radiate these crystals, diffraction occurs, generating unique diffraction patterns. By
analyzing the intensity and phase of these patterns, one can computationally recon-
struct the electron density map of the crystal, thereby determining the
three-dimensional coordinates of its constituent atoms.

Advantages: High resolution, capable of reaching atomic levels (<1.5 A), mature
technology, and a primary source for extensive protein structure databases.
Limitations: Requires high-quality single crystals, with crystallization itself being a
major bottleneck. Additionally, the crystalline state may not fully represent the pro-

tein's native conformation in solution.

2.2. Nuclear Magnetic Resonance Spectroscopy

NMR leverages the quantum mechanical properties of atomic nuclei in strong mag-
netic fields. By analyzing the resonance frequencies of nuclei (e.g, *H, *3C, *°N)
within proteins and the interactions between these nuclei (e.g., nuclear Overhauser
effect, NOE), the three-dimensional structure of proteins in solution can be com-
puted [2].

Advantages: Enables the study of proteins in near-physiological solution environ-
ments and provides valuable insights into protein dynamics and conformational
changes.

Limitations: Imposes molecular weight constraints (typically <50-60 kDa), generally
offers lower resolution than crystallography, and involves complex data interpreta-
tion.

2.3. Cryo-Electron Microscopy

In recent years, cryo-EM has sparked a "resolution revolution." This technique in-
volves rapidly freezing protein samples in liquid ethane, encapsulating them in vit-
reous ice to instantaneously preserve their native state. Subsequently, transmission
electron microscopy captures thousands of two-dimensional projection images of
individual protein molecules in random orientations, which are then computation-
ally reconstructed into three-dimensional structures using sophisticated algorithms
[3].

Advantages: Requires minimal sample quantities, eliminates the need for crystalli-
zation, accommodates high molecular weights and sample heterogeneity, and excels
in resolving large, flexible complexes that are challenging to crystallize.

Limitations: Demands high sample purity and homogeneity, and involves substantial
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data acquisition and processing computational loads.

These three techniques complement each other, forming the cornerstone of struc-
tural biology research. Additionally, techniques such as small-angle X-ray scattering,
hydrogen-deuterium exchange mass spectrometry, and cross-linking mass spec-
trometry often serve as supplementary methods, providing additional information

on solution conformations, dynamics, and interaction interfaces.

3. From Static Structures to Functional Mechanisms: The Core
Contributions of Structural Biology

Obtaining high-resolution structures is not the endpoint but rather the starting
point for functional exploration. Below, we elucidate how structural biology pro-
vides mechanistic insights through several key functional aspects.

3.1. Revealing Enzyme Catalytic Mechanisms

Enzymes are highly efficient biological catalysts, and their ability to lower reaction
activation energies has long been enigmatic. Structural biology offers intuitive an-
swers to this mystery.

Case Study: Lysozyme. One of the earliest enzymes to have its structure resolved.
The structure reveals that the substrate polysaccharide chain precisely fits into a
cleft on the enzyme's surface. This active site contains two critical amino acid resi-
dues: glutamic acid and aspartic acid. The structure clearly demonstrates that these
residues operate through a general acid-base catalytic mechanism, with one acting
as a proton donor and the other as a proton acceptor, synergistically hydrolyzing
glycosidic bonds [4]. The hypotheses of "strain and distortion" and "general ac-
id-base catalysis," based on structural observations, have become classic models in
enzymology textbooks.

Case Study: Serine Proteases. Trypsin, chymotrypsin, and others share a conserved
catalytic triad (Ser-His-Asp). The structure shows that these three residues are spa-
tially proximate, forming an efficient "charge relay system" that significantly en-
hances the nucleophilicity of the serine residue, enabling precise peptide bond
cleavage [5]. Differences in substrate specificity among various proteases are per-
fectly explained by variations in the shape and polarity of their active site pockets.

3.2. Elucidating Signal Transduction Pathways

Cellular communication relies on precise protein-protein interactions. Structural bi-
ology serves as a molecular-level "surveillance camera,” documenting each step of
signal transmission.

Case Study: G Protein-Coupled Receptors (GPCRs). GPCRs constitute the largest fam-
ily of membrane protein receptors, responsible for sensing extracellular signals (e.g.,
light, hormones) and activating intracellular G proteins. The structural resolution of
the B2-adrenergic receptor in complex with the Gs protein marked a milestone

DOI: 10.63313/hmt.9013

52 Health, Medicine and Therapeutics



Nuoyang Wu. Fei Wang

breakthrough. This structure vividly illustrates the entire process of transmem-
brane signal transduction: when an agonist binds to the receptor's transmembrane
region, it induces a conformational change at the receptor's intracellular end, creat-
ing an interface that perfectly complements the Gs protein's o subunit, thereby act-
ing as a "key" to unlock the G protein, prompting it to release GDP and bind GTP,
thus initiating downstream signaling [6]. This structure unveils the universal
mechanism of GPCR activation, paving the way for structure-based drug design.
Case Study: Phosphorylation and Conformational Switching. Protein kinases regu-
late their activity by transferring the y-phosphate group of ATP to specific serine,
threonine, or tyrosine residues on substrate proteins. The structure of Src kinase
reveals how phosphorylation functions as a conformational switch: when a critical
tyrosine residue at the C-terminus is phosphorylated, it folds back and binds to the
SH2 domain, resulting in the entire kinase domain being "locked" in an autoinhibit-
ed conformation; conversely, dephosphorylation releases this autoinhibition, transi-

tioning the kinase to an activated state [7].

3.3. Decoding Molecular Recognition and Immune Response

The specificity of the immune system is established through precise molecular
recognition.

Case Study: Antibody-Antigen Recognition. The structure of the antibody variable
region demonstrates the presence of several highly variable complementari-
ty-determining regions (CDRs) at its apex, which collectively form an interface that
is highly complementary to the antigen epitope in both shape and chemical proper-
ties. This "lock-and-key" or "induced-fit" interaction constitutes the structural basis
of immune specificity [8]. Structure-based antibody engineering can rationally mod-
ify amino acids in the CDR regions to optimize antibody affinity and neutralization
capacity, thereby developing more effective therapeutic antibodies.

Case Study: T Cell Receptor and MHC-Peptide Complex. How do T cells recognize in-
fected cells? Structural biology provides the answer: MHC molecules present a
pathogen-derived peptide on the cell surface, while the TCR simultaneously recog-
nizes both the MHC molecule and the peptide. The complex structure reveals that
the TCR spans across the MHC and peptide like a "bridge," with its complementarity
determining whether the T cell is activated [9]. This not only explains the MHC re-
striction of T cell immunity but also provides a blueprint for designing novel vac-
cines and immunotherapies.

Picture 2. The Mechanistic Role of Proteins in Tumor Immune Antigen Presentation and
Recognition
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3.4. Elucidating Membrane Transport and Molecular Machinery

Numerous cellular functions are executed by colossal molecular machines.

Case Study: The Ribosome. As the factory for protein synthesis, the elucidation of
the ribosome's structure (awarded the 2009 Nobel Prize in Chemistry) stands as
one of the crowning achievements in structural biology. Its structure vividly illus-
trates the spatial arrangement of the mRNA channel, A/T/E sites, and the peptidyl
transferase center. This allows us to "visualize" how tRNA shuttles, peptide bonds
form, and antibiotics specifically inhibit bacterial ribosome function [10]. This not
only significantly enriches biological knowledge but also directly propels the devel-
opment of novel antibiotics.

Case Study: Voltage-Gated Ion Channels. These channels are responsible for gener-
ating nerve impulses. Their structures reveal the movement of arginine residues
within the voltage-sensing domain under the influence of the membrane electric
field, and how this movement, through conformational changes in the "S4 helix,"
mechanically opens the pore region like a "paddle" [11]. This discovery directly
links electrophysiological phenomena to atomic motion.

4. Beyond the Static: Protein Dynamics and Functional Realiza-
tion

Early structural biology primarily provided static snapshots, but proteins are dy-
namic molecules whose functions often depend on conformational changes.

4.1. Conformational Heterogeneity and Functional States

Many proteins exist as an ensemble of conformations rather than a single structure.
By capturing structures in different states (e.g., before and after substrate binding,
before and after ligand activation), we can piece together a "molecular movie" of
protein function.

Case Study: Molecular Motors. Motor proteins such as myosin and kinesin "walk"
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along the cytoskeleton. By resolving their structures bound to different nucleotide
analogs (ATP, ADP, nucleotide-free), scientists have reconstructed the various stag-
es of their "walking cycle," revealing how they convert the chemical energy of ATP
hydrolysis into mechanical motion through conformational changes [12].

4.2. Allosteric Regulation: The Mystery of Remote Communication

Allosteric regulation is a core mechanism of protein function regulation, where a
ligand binds at one site (the allosteric site) and remotely modulates the activity of
another site (the active site) through conformational changes in the protein scaffold.
Case Study: Aspartate Transcarbamylase. This is a classic model of allosteric regula-
tion. Its structure shows that the catalytic and regulatory subunits are separate.
When the end product CTP binds to the regulatory subunit, it induces the entire en-
zyme molecule to transition from the high-activity "relaxed state" to the low-activity
"tense state,” thereby elegantly feedback-inhibiting the metabolic pathway [13].
This perfectly explains how cells achieve precise metabolic homeostasis.

Case Study: Allosteric Modulators of G Protein-Coupled Receptors. Traditional drugs
target the orthosteric site of GPCRs, but allosteric modulators target other sites, of-
fering higher selectivity and novel regulatory mechanisms (e.g., biased signaling).
Structural biology is uncovering the locations and mechanisms of these allosteric

sites, opening new frontiers for drug development [14].

5. Future Prospects: The Era of Integrative Structural Biology

Structural biology is advancing toward a more expansive and refined future.

1. Deep Integration of Artificial Intelligence: Al tools like AlphaFold2 and Ro-
seTTAFold can now predict protein structures with high precision, filling gaps in
experimental structures [15]. In the future, Al will not only predict static structures
but also conformational ensembles, interaction interfaces, and dynamic properties,
greatly accelerating the generation of functional hypotheses.

2. In Situ Structural Biology: Cryo-electron tomography combined with subtomo-
gram averaging allows us to resolve protein structures in their natural cellular en-
vironment—in situ. This will enable us to understand the true working states of
proteins in the crowded cellular milieu and their interactions with various orga-
nelles [16].

3. Multi-Scale Modeling: Integrating atomic-resolution structural information into
models at the cellular, tissue, and even organ levels to achieve a cross-scale under-
standing from atoms to phenotypes is one of the ultimate goals for the future.

4. Toward Precision Medicine: Understanding at the atomic level how dis-
ease-related mutations disrupt protein structure, dynamics, and interactions will
provide the most fundamental scientific basis for developing personalized diagnos-

tic and therapeutic approaches.
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6. Conclusion

Structural biology has profoundly transformed our understanding of the principles
of life by converting the one-dimensional sequences of proteins into
three-dimensional atomic models. It is not merely a "molecular photographer”
providing static images but a "molecular physicist" revealing dynamic mechanisms,
elucidating allosteric communication, and decoding the workings of molecular ma-
chines. From enzyme catalysis to signal transduction, from immune recognition to
membrane transport, behind every key biological process lies the solid evidence and
mechanistic insights provided by structural biology. With continuous technological
innovations, particularly the rise of cryo-EM and Al, structural biology is leading the
development of life sciences with unprecedented depth and breadth, and will play
an increasingly critical role in conquering human diseases and exploring the mys-
teries of life.
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