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ABSTRACT
BACKGROUND
Proteins are versatile biomolecules whose functionality 
is intrinsically linked to their structural hierarchy—
primary, secondary, and tertiary organization. Advanc-
es in structural genomics and integrative structural 
biology have significantly improved our ability to de-
termine protein structures experimentally and compu-
tationally. However, challenges remain in translating 
structural novelty into functional understanding, par-
ticularly across diverse protein superfamilies.
OBJECTIVE
This narrative review synthesizes the state-of-the-art 
experimental and computational methodologies used 
in protein structure elucidation, highlighting their im-
plications for understanding structure–function rela-
tionships, functional divergence, and the predictive 
challenges associated with structural genomics.
METHODOLOGICAL SCOPE
Primary structure: Classical sequencing techniques 
(Edman degradation, dansyl chloride assays) and mod-
ern mass spectrometry-based peptide mapping.
SECONDARY STRUCTURE
Circular dichroism spectroscopy for probing α-helices 
and β-sheets, monitoring conformational transitions, 
and evaluating thermostability.
TERTIARY STRUCTURE
High-resolution approaches, including X-ray crystallog-
raphy, nuclear magnetic resonance spectroscopy, and 
cryo-electron microscopy, complemented by structur-
al classification frameworks such as SCOP, CATH, and 
SFLD.
ILLUSTRATIVE FRAMEWORKS
Representative workflows are provided to demonstrate 
standard experimental pipelines. These highlight how 
structural data at multiple levels—from amino acid se-
quence to three-dimensional fold—inform the study of 
active-site geometry, protein–protein interactions, and 
functional divergence within superfamilies.
CONCLUSION
Integrating experimental methods with computational 
prediction creates a robust framework for annotating 
novel proteins, identifying structure-based determi-
nants of specificity, and exploring evolutionary tra-
jectories. Such insights are critical for drug discovery, 
understanding disease mechanisms, and advancing 
functional genomics. Continued development of AI-
based prediction tools and curated functional databas-
es (e.g., SFLD and PANTHER) will further enhance the 
translation of structural data into biological insight.
Keywords: Alphafold2-assisted molecular replace-
ment, Circular dichroism spectroscopy, ECD, ETD 

disulfide mapping, Protein structural genomics, 
Structure–function linkage database

Abbreviations
CD: Circular Dichroism
Cryo-EM: Cryo-Electron Microscopy
PDB: Protein Data Bank
NMR: Nuclear Magnetic Resonance
AI: Artificial Intelligence
MR: Molecular Replacement
PTM: Posttranslational Modification
plexDIA: Parallel Multiplexed Data-Independent 
Acquisition

Introduction
Proteins are indispensable macromolecules that medi-
ate virtually all biological processes, including enzy-
matic catalysis, molecular signaling, scaffolding, and 
regulation. Their diverse functions are governed by 
three-dimensional (3D) conformations, which arise 
from the hierarchical folding of polypeptide chains 
dictated by amino acid sequences. Understanding the 
link between sequence, structure, and function re-
mains a cornerstone of structural biology, molecular 
medicine, and bioinformatics-driven drug discovery.1

Over the past two decades, structural genomics 
initiatives have dramatically advanced our ability to 
decode protein structures at atomic and near-atomic 
resolution. Programs such as the Protein Structure 
Initiative have enriched the Protein Data Bank (PDB) 
with numerous novel folds.2,3 Yet, many deposited 
structures lack corresponding experimental functional 
annotation.4 This gap underscores the complexity of 
the structure–function paradigm, where proteins with 
similar folds may diverge in activity due to subtle vari-
ations in loop regions, domain architecture, or binding 
interfaces.5

To address this, the field has shifted toward targeting 
domain families of biomedical and functional impor-
tance, often focusing on underrepresented structural 
classes.6,7 While protein sequences continue to grow 
exponentially, domain expansion has progressed more 
slowly, revealing that proteins are built from a limited 
set of reusable structural modules.8 When recombined 
or embellished, these modules create functional diver-
sity—a principle central to evolutionary and structural 
bioinformatics.9

Protein structure determination typically proceeds 
through three hierarchical levels:

Primary structure: Linear amino acid sequences 
determined by biochemical methods such as Edman 
degradation and dansyl chloride assays, supported by 
enzymatic cleavage and disulfide bond mapping.10,11
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Secondary structure: Local motifs such as α-helices 
and β-sheets, assessed using circular dichroism (CD) 
spectroscopy, which offers rapid solution-based eval-
uation of folding, thermostability, and conformational 
changes.12,13

Tertiary structure: Complete 3D folding patterns 
resolved by X-ray crystallography, nuclear magnetic 
resonance (NMR) spectroscopy, or cryo-electron mi-
croscopy (Cryo-EM), enabling visualization of catalytic 
sites, ligand-binding pockets, and protein–protein in-
terfaces.14,15

However, structural data alone do not guarantee 
functional insight. Proteins sharing high structur-
al similarity may perform divergent functions due 
to small sequence-specific insertions, deletions, or 
adaptive changes, particularly in catalytic or binding 
regions.16–18 Consequently, emphasis has grown on 
subdividing superfamilies into functionally coherent 
subgroups using computational and evolutionary 
models.

Databases such as SFLD, SCOP, and CATH provide 
hierarchical frameworks for classifying domains and 
predicting function based on evolutionary lineage and 
biochemical context.19 At the same time, computation-
al methods—including entropy-based models, geo-
metric potential mapping, and machine learning—are 
increasingly integrated with experimental pipelines to 
enhance structural annotation at the proteome scale.2

The convergence of computational predictions with 
experimental validation now represents the frontier of 
structural biology. Integrative approaches expand the 
scope, accuracy, and efficiency of structure determina-
tion, while global repositories like the PDB facilitate 
cross-comparison and predictive analysis.20 For overall 
statistics on the distribution of structures by method in 
the PDB, see Figure 5 and the related discussion section.

Unlike earlier surveys that primarily emphasize ei-
ther experimental or computational pipelines,21,22 this 
review provides an integrative synthesis across all lev-
els of protein structure determination. We highlight 
hybrid workflows that combine experimental precision 
with computational speed, incorporate very recent 
AI-driven advances such as AlphaFold2-guided mo-
lecular replacement and nanopore-based sequencing, 
and emphasize methodological controversies that re-
main unresolved. This combination offers a distinctive 
and timely perspective beyond descriptive catalogs of 
available methods.

This review consolidates current experimental 
and computational methodologies for protein struc-
ture determination, illustrates standard workflows 
(Figures 2–6), and emphasizes their importance in re-
solving the structure–function paradigm.

Illustrative Examples of Structural Workflows
To demonstrate how experimental and computation-
al methodologies are applied in practice, selected 
workflows are presented here as illustrative examples. 
These examples are not new experimental findings but 
representative case studies highlighting standard ap-
proaches in protein structure determination.

Fig 1 | Literature retrieval and screening process. A PRISMA-style flow diagram illustrating 
the number of records identified (n = 1320), screened (n = 720), excluded (n = 90), and 
finally included (n = 220) in this review

Table 1 | Primary structure techniques
Method Purpose Reference
Ion-exchange/Affinity Chromatography Protein purification 23
Disulfide Cleavage (DTT, β-ME) Subunit dissociation 24
ECD/ETD Mass Spectrometry Disulfide mapping 25,26

Enzymatic/Chemical Cleavage + HPLC-MS Fragmentation and sequence 
reconstruction 27–29
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Search Strategy
Relevant literature was identified by searching 
PubMed, Web of Science, and Scopus databases be-
tween January 2000 and January 2025 using the 
Boolean query: (“protein structure determination” OR 
“protein sequencing” OR “Cryo-EM” OR “X-ray crystal-
lography” OR “NMR spectroscopy” OR “AlphaFold”) 
AND English[lang]. A total of 1320 records were re-
trieved, of which 720 were screened based on title and 
abstract, and 220 studies were included in the final 
review. Inclusion criteria comprised peer-reviewed 
articles in English with direct relevance to protein 
structure determination. Exclusion criteria included 
non-peer-reviewed sources, conference abstracts with-
out full texts, and non-English publications. Quality 
assessment was performed by prioritizing studies 
published in indexed journals with rigorous methodol-
ogy and high citation relevance. The screening and se-
lection process is summarized in a PRISMA-style flow 
diagram (Figure 1). Quality assessment was opera-
tionalized using the SANRA (Scale for the Assessment 
of Narrative Review Articles) checklist. Articles scoring 
≥10/18 were considered eligible. This ensured that the 
included studies demonstrated methodological rigor, 
clarity of reporting, and relevance to the objectives of 
this review.

Primary Structure Determination
Protein sequencing traditionally combines biochemi-
cal and mass spectrometric approaches. Typical work-
flows include protein purification (ion-exchange and 
affinity chromatography), end-group analysis (Edman 
degradation for N-terminal residues; carboxypeptidase 
digestion for C-terminal residues), and fragmentation 
(enzymatic cleavage with trypsin or chymotrypsin, 
or chemical cleavage with cyanogen bromide). LC 
analyses resulting peptide fragments-MS/MS, and 
overlapping sequences are aligned computationally 
to reconstruct the full amino acid sequence. In addi-
tion to classical sequencing and mass spectrometry 
approaches, emerging next-generation sequencing 
technologies are beginning to extend protein anal-
ysis into the single-molecule domain. Nanopore-
based protein sequencing enables direct reading of 
amino acid chains by monitoring ionic current disrup-
tions as polypeptides translocate through nanopores. 
Although still under active development, these ap-
proaches offer the promise of resolving long sequences 
and posttranslational modifications that are challeng-
ing for conventional methods. Recent advances in pro-
teomics workflows such as plexDIA further highlight 
the potential of high-throughput, quantitative peptide 
mapping strategies. Together, these innovations com-
plement established techniques and may redefine the 
landscape of primary structure determination in the 
coming decade. Disulfide mapping, using electron cap-
ture or electron transfer dissociation (ECD/ETD) mass 
spectrometry, further informs us about stabilizing link-
ages and contributes to understanding protein stability 
(Table 1). A generalized workflow for determining pro-
tein primary structure is shown in Figure 2, integrating 

Fig 2 | General workflow for primary protein structure determination. Schematic illustration 
of a typical workflow used to establish the primary structure of proteins: purification and 
subunit dissociation, end-group analysis (N- and C-terminal identification), fragmentation 
through enzymatic and/or chemical cleavage, chromatographic separation, and sequence 
reconstruction via Edman degradation or mass spectrometry. Disulfide bond mapping is 
often integrated to identify stabilizing linkages
Note: This figure was created de novo by the authors using BioRender/Adobe Illustrator and is provided for educational 
purposes only. It does not depict new experimental data.

Table 2 | CD-based secondary structure techniques
Technique Application Reference
Far-UV CD Spectroscopy Secondary structure analysis 30
BeStSel/DichroWeb Tools Spectral deconvolution and quantification 31,32
Bayesian/SOMSpec Models Enhanced structural classification accuracy 33,34

Fig 3 | Representative CD spectrum for secondary structure analysis. Illustrative example 
of a typical far-UV CD spectrum (190–250 nm), showing characteristic negative bands at 
208 and 222 nm for α-helices, a shoulder near 218 nm for β-sheet content, and a positive 
peak near 192 nm corresponding to π-π transitions. Spectral deconvolution methods 
(e.g., BeStSel and DichroWeb) are commonly applied to estimate relative contributions of 
α-helix, β-sheet, and random coil
Note: This figure was created de novo by the authors using BioRender/Adobe Illustrator and is provided for educational 
purposes only. It does not depict new experimental data.
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classical sequencing with modern mass spectrometric 
techniques.

Secondary Structure Determination
CD spectroscopy remains the most widely used method 
for probing α-helices and β-sheets in solution. Far-UV 
CD spectra (190–250 nm) typically show characteris-
tic negative bands near 208 and 222 nm for α-helices 
and shoulders around 218  nm for β-sheets. Modern 
deconvolution tools such as BeStSel and DichroWeb 
allow quantitative estimation of structural composi-
tion, while Bayesian and machine-learning classifiers 
further enhance accuracy. Thermal unfolding profiles 
obtained from CD spectra provide insights into protein 
stability under physiological and stress conditions 
(Table 2). Far-UV CD spectra typically display charac-
teristic signals for α-helices and β-sheets (Figure 3), 
which can be deconvoluted into secondary structure 
proportions using computational tools.

Tertiary Structure Determination
High-resolution 3D structures are most common-
ly obtained through X-ray crystallography, which 
can achieve resolutions of 0.8–3.5  Å, but requires 
high-quality crystals. X-ray crystallography typically 
yields atomic-resolution models accompanied by elec-
tron density maps, enabling detailed analysis of active 
sites and noncovalent interactions (Figure 4).

NMR spectroscopy, which provides solution-state in-
formation on folding and dynamics, is typically suited 
to small and medium-sized proteins. Cryo-EM, which 
has transformed the analysis of large complexes and 
membrane proteins, often achieves sub-3 Å resolution 
without the need for crystallization (Table 3).

Computational approaches such as AlphaFold2 
complement these methods by rapidly generating 
high-confidence structural models, which can be used 
to guide experimental studies (e.g., as templates for 
molecular replacement in crystallography). The PDB 
remains dominated by X-ray crystallography entries, 
with Cryo-EM and NMR contributing smaller but grow-
ing shares (Figure 5 and Table 4).

The general workflow of protein crystallography 
from crystallization and data collection through phas-
ing, model refinement, and PDB deposition is summa-
rized in Figure 6.

Discussion
Protein structure determination remains central to 
structural biology, with complementary methods of-
fering distinct advantages and limitations. The nov-
elty of this review lies in its integrative framing: it 
not only catalogs experimental and computational 
techniques but also critically examines their intersec-
tions, limitations, and the unresolved debates shaping 
current practice. Compared with other recent reviews 
(Table 5), this work places greater emphasis on hybrid 
approaches, methodological controversies, and future 
innovations at the interface of AI and experimental 
pipelines.

Fig 4 | Representative X-ray crystallography output. Illustrative example of a high-
resolution (≈2.0 Å) electron density map and corresponding atomic model. This figure 
was created de novo by the authors for educational purposes only and does not represent 
newly determined data

Table 3 | Tertiary structure techniques
Method Application Reference
X-ray Crystallography Atomic-resolution 3D structure determination 35,36
NMR Spectroscopy (CYANA, Rosetta) Solution-state structure prediction 37,38
Cryo-EM (RELION, CryoSPARC) High-res maps of large or noncrystallizable proteins 39,40
AlphaFold2, CATH, SCOPe In-silico modeling and domain function inference 41–43

Fig 5 | Distribution of protein structures in the PDB by experimental method (as of 2025). 
The majority of deposited structures derive from X-ray crystallography (~80%), followed 
by Cryo-EM (~13%) and NMR spectroscopy (~5%), with other methods contributing <1%. 
This distribution highlights the historical dominance of crystallography and the recent 
rapid growth of Cryo-EM
Data source: PDB (accessed January 2025).
Note: This figure was created de novo by the authors using BioRender/Adobe Illustrator and is provided for educational 
purposes only. It does not depict new experimental data.
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Primary structure analysis defines amino acid com-
position and highlights motifs that contribute to sta-
bility or specificity. For instance, N- and C-terminal 
residues often modulate protein folding and intermo-
lecular interactions,44,45 while intrachain disulfide 
bonds are well known to enhance thermostability and 
extracellular resilience.46–48

At the secondary structure level, techniques such as 
CD spectroscopy provide rapid insights into α-helical 
and β-sheet content. High α-helical fractions are of-
ten associated with rigidity or allosteric regulation,49 
and thermostability profiles derived from CD data can 
inform potential industrial applications.50 Indeed, 
α-helical dominance is a hallmark of many DNA-bind-
ing proteins and engineered helical scaffolds.21,51

Tertiary structure determination remains dominat-
ed by X-ray crystallography, which offers unmatched 
atomic detail, though its reliance on high-quality 
crystals is a limitation.22,52 NMR spectroscopy com-
plements this by capturing solution dynamics, albeit 
with size restrictions.37,38 Cryo-EM has become trans-
formative for large complexes, delivering near-atomic 
resolutions.39,40 Importantly, computational approach-
es such as AlphaFold2 increasingly complement these 
methods: AI-derived predictions now guide molecular 
replacement in crystallography and provide reliable 
fold-level models, though caution is warranted for flex-
ible proteins and multimeric assemblies.53–55

As of January 2025, ~81% of PDB entries derive 
from crystallography, ~13% from Cryo-EM, and ~5% 
from NMR, reflecting both the historical dominance of 
crystallography and the rapid expansion of Cryo-EM. 
The field of protein structural biology has advanced 
remarkably, progressing from early Edman sequencing 
in the 1950s to the modern AI-driven predictions of the 
2020s (Figure 7).

Looking forward, challenges remain in addressing 
intrinsically disordered proteins, membrane proteins, 
and dynamic conformational landscapes. Future prog-
ress will likely depend on hybrid workflows, such as 
AlphaFold-guided crystallography or combined NMR + 
Cryo-EM pipelines, which reduce bias and enhance 
coverage across diverse protein families.

Methodological Controversies and Conflicting Evidence
Despite significant progress, several controversies 
remain unresolved. AI-based predictions such as Al-
phaFold2 achieve remarkable accuracy for globular 
proteins but are unreliable for intrinsically disordered 
proteins, flexible regions, and multimeric complexes.1,2 
Cryo-EM has transformed the study of large assemblies, 
yet preferred particle orientation and beam-induced 
motion continue to introduce systematic errors in some 
reconstructions.55 Similarly, nanopore-based protein 
sequencing promises single-molecule resolution but 

Table 4 | Comparative overview of protein structure determination methods
Level Method Typical Resolution Strengths Limitations Notes

Primary Edman degradation, Mass 
spectrometry Sequence level Accurate for short peptides Limited for long/

modified proteins Legacy + modern hybrid use

Secondary CD spectroscopy Approx. % helix/sheet Rapid, solution-based Low resolution Often used for folding and stability
Tertiary X-ray crystallography 0.8–3.5 Å High atomic detail Needs crystals Majority of PDB entries

Tertiary Cryo-EM 2–5 Å (sub-2 Å possible) No crystals, large complexes Low res. for small 
proteins Rapid growth

Tertiary NMR 1.5–3.5 Å (small proteins) Captures dynamics, solution 
state Size limited Complementary to X-ray

Computational AlphaFold2, homology 
modeling Variable, sub-Å predictions Fast, proteome-wide Less accurate for 

complexes Hybrid integration growing

Fig 6 | Generalized workflow for protein structure determination by X-ray crystallography. 
Schematic overview of a standard crystallography pipeline: protein crystallization → X-ray 
diffraction data collection → data processing and scaling → phase determination (MR/
MIR/MAD/SAD) → electron density map calculation → model building and refinement → 
validation and PDB deposition. This figure summarizes widely applied methodologies and 
serves as an illustrative guide rather than reporting novel results
Note: This figure was created de novo by the authors using BioRender/Adobe Illustrator and is provided for educational 
purposes only. It does not depict new experimental data.
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currently suffers from high error rates and limited ca-
pacity to resolve posttranslational modifications. A 
balanced appraisal of these limitations is essential to 
contextualize ongoing technological advances.

Limitations and Outlook
Despite significant methodological progress, each 
protein structure determination technique carries in-
herent limitations. At the primary level, conventional 
sequencing struggles with large proteins and posttrans-
lational modifications, while nanopore-based methods 
remain in early development. Secondary structure 
techniques such as CD spectroscopy are rapid but 
inherently low resolution and provide only average 
conformational estimates. At the tertiary level, X-ray 
crystallography depends on obtaining high-quality 
crystals, NMR is restricted to proteins typically below 
40 kDa, and Cryo-EM, although transformative, deliv-
ers lower resolution for smaller proteins and can suffer 
from beam-induced artifacts. AI-based predictions 
(e.g., AlphaFold2) offer remarkable fold-level accura-
cy but remain less reliable for intrinsically disordered 
proteins, flexible regions, and multimeric assemblies. 
Moving forward, the integration of complementary 
methods is expected to mitigate these limitations. Hy-
brid workflows—such as AlphaFold-guided crystal-
lography, NMR–Cryo-EM integration, and molecular 
dynamics simulations—represent the most promising 
route to capture both the static architecture and the 
dynamic landscapes of proteins.

Looking forward, three concrete research directions 
appear particularly promising:

1.	 Time-resolved Cryo-EM—capturing transient con-
formations on the millisecond scale to illuminate 
folding dynamics and catalytic intermediates.

2.	 Integrative modeling of membrane assemblies—
combining Cryo-EM, NMR, and AI-based predic-
tions to overcome challenges in studying dynamic 
and hydrophobic complexes.

3.	 Next-generation AI for functional prediction—
moving beyond static structure prediction to in-
fer enzyme activity, mutational tolerance, and 
protein–protein interaction landscapes. Together, 
these directions offer a roadmap for structural biol-
ogy to progress from descriptive cataloging toward 
predictive and functional integration.

Conclusion
This review consolidates experimental and computa-
tional strategies for elucidating protein structure across 
hierarchical levels. Illustrative workflows (Figures 2–6) 
demonstrate how primary sequencing, secondary struc-
ture spectroscopy, and tertiary structure methods are 
applied in practice. Together, these approaches enable 
more accurate annotation of structure–function rela-
tionships, provide critical insights for drug design, and 
advance structural genomics initiatives.

The field is rapidly moving toward integration of 
experimental precision with computational speed. 

Table 5 | Comparative table
Review Scope AI Integration Hybrid Methods Critical Appraisal Future Outlook
Nat Rev Mol Cell Biol 
(2024)

Experimental and 
structural genomics Limited Minimal Descriptive Broad trends

Curr Opin Struct Biol 
(2024) Emerging technologies Moderate (AI mentions) Some Technical focus Methods expansion

This review Full hierarchy (primary–
tertiary + computation)

Extensive (AlphaFold, AI 
MR, nanopore, plexDIA)

Strong (multimethod 
workflows)

Explicit controversies (e.g., AlphaFold 
limits and Cryo-EM bias)

Concrete, prioritized 
directions

Fig 7 | Historical progression of protein structure determination technologies. The timeline illustrates key milestones in structural biology, beginning 
with Edman sequencing in the 1950s, which enabled stepwise protein sequencing. The advent of X-ray crystallography (1970s–1990s) provided 
atomic-resolution 3D structures, followed by solution-state insights from NMR spectroscopy (1990s). The “resolution revolution” of Cryo-EM in the 
2010s enabled visualization of large macromolecular complexes without crystallization. Most recently, AI-driven methods such as AlphaFold2 (2020s) 
have transformed the field, enabling proteome-wide structure prediction with unprecedented accuracy
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Hybrid approaches that combine crystallography, 
Cryo-EM, NMR, and AI predictions are increasingly en-
abling robust structural and functional inference.

Future directions include:

•	 Improved computational deconvolution for CD 
spectra31,32

•	 Incorporation of ligand-binding and environmental 
effects into structural workflows56

•	 Application of molecular dynamics simulations to 
capture flexibility beyond static structures

•	 Stronger links between experimental structures and 
functional assays to validate biological relevance.57,58

In sum, structure determination is no longer the 
domain of a single dominant method. Instead, it has 
become a synergistic discipline, where orthogonal 
techniques collectively uncover how protein architec-
ture underpins stability, specificity, and adaptability.
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