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Structural characterization of proteins is fundamental for understanding their functions and interactions 
within cellular environments. Protein footprinting has emerged as a powerful and versatile technique in 
structural biology, providing valuable insights into protein structure, dynamics, and conformational changes. 
This study comprehensively explores the principles, methodologies, and applications of protein footprinting 
as an indispensable tool in structural biology. Protein footprinting encompasses a range of innovative 
techniques, including hydroxyl radical footprinting, mass spectrometry-based footprinting, and chemical 
footprinting, each offering unique advantages for probing different aspects of protein structure. The study 
elucidates the underlying principles of these methods, discussing the mechanisms by which protein-
footprinting agents interact with amino acid residues and elucidate structural details. The application of 
protein footprinting in studying protein-protein interactions, ligand binding, and conformational changes is 
highlighted through a detailed examination of key studies and experimental approaches. The review 
emphasizes the versatility of protein footprinting in investigating diverse protein systems, from small 
globular proteins to large multi-subunit complexes. Furthermore, the integration of protein footprinting with 
other structural biology techniques, such as X-ray crystallography, NMR spectroscopy, and cryo-electron 
microscopy, is explored to showcase the complementary nature of these approaches in achieving a 
comprehensive understanding of protein structure and function. The study addresses recent advancements 
and technological innovations in protein footprinting methodologies, including advancements in mass 
spectrometry instrumentation and data analysis strategies. Additionally, it discusses challenges associated 
with the technique, such as data interpretation and accessibility, and proposes future directions for 
overcoming these hurdles. Protein footprinting stands as a valuable tool in the structural biologist's arsenal, 
providing unique perspectives on protein structure and dynamics. As the field continues to evolve, with 
ongoing refinements in methodologies and expanded applications, protein footprinting is poised to play a 
pivotal role in unraveling the complexities of biological macromolecules. This study serves as a 
comprehensive resource for researchers and practitioners seeking an in-depth understanding of protein 
footprinting and its contributions to advancing structural biology. 

KEYWORDS  

Footprinting, Protein, biological macromolecules, structural biology, Review 

1. INTRODUCTION 

Structural characterization of proteins is a cornerstone in unraveling the 
molecular mechanisms governing cellular processes. As the intricacies of 
biological systems become increasingly apparent, the demand for 
advanced techniques to probe protein structure and dynamics has 
intensified. Among the arsenal of tools available to structural biologists, 
protein footprinting has emerged as a powerful and versatile approach, 
providing a unique window into the spatial organization of proteins within 
their native environments (Farquhar et al., 2023, Shami et al., 2023). 

Protein footprinting techniques leverage various chemical and physical 
probes to map the solvent accessibility and structural features of amino 
acid residues within a protein (Bonetti et al., 2023, Hook, and Timp, 2023, 

Bai et al., 2023). By elucidating the three-dimensional arrangement of 
proteins and capturing conformational changes, these methods contribute 
significantly to our understanding of fundamental biological processes. In 
this comprehensive review, we delve into the principles, methodologies, 
and applications of protein footprinting, emphasizing its pivotal role in 
advancing structural biology. 

The study gives an overview of the diverse protein footprinting 
techniques, such as hydroxyl radical footprinting, mass spectrometry-
based footprinting, and chemical footprinting. Each method is explored in 
detail, shedding light on its underlying principles and the unique 
structural information it can unveil. This foundational understanding sets 
the stage for a thorough examination of the applications of protein 
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footprinting in the study of protein-protein interactions, ligand binding, 
and conformational changes. 

As we navigate through the literature, key studies and experimental 
approaches showcase the impact of protein footprinting across various 
protein systems, ranging from small globular proteins to large 
macromolecular complexes. Furthermore, the review explores the 
synergies between protein footprinting and other structural biology 
techniques, highlighting the complementary nature of integrating these 
methodologies for a more holistic view of protein structure. 

In the rapidly evolving landscape of structural biology, recent 
technological advancements and innovations in protein footprinting 
methodologies are discussed. These include developments in mass 
spectrometry instrumentation, data analysis strategies, and emerging 
trends that promise to enhance the precision and scope of protein 
footprinting experiments (Busuttil-Goodfellow, 2023; Jiang et al., 2023). 

However, as with any scientific endeavor, challenges and limitations 
accompany the application of protein footprinting. The review addresses 
these hurdles, such as data interpretation complexities and accessibility 
issues, and proposes avenues for overcoming them. Ultimately, as protein 
footprinting continues to evolve, it holds immense promise in contributing 
to our understanding of the intricate molecular choreography within cells. 

This study serves as a comprehensive resource for researchers, students, 
and practitioners seeking an in-depth exploration of protein footprinting 
and its transformative impact on unraveling the mysteries of structural 
biology. Through this journey, we aim to underscore the significance of 
protein footprinting as a key player in deciphering the language of 
proteins and unlocking the secrets of cellular function. 

2. PROTEIN STRUCTURE IN BIOLOGY AND PROTEIN 

FOOTPRINTING 

Proteins play a fundamental role in cellular functions, and understanding 
their structure is crucial for unraveling the complexities of biological 
processes (Poornashree et al., 2023, Vašková et al., 2023). The escalating 
demand for advanced structural biology techniques arises from the 
growing complexity of biological research and the need for high-resolution 
insights into molecular structures. This demand is particularly driven by 
the limitations of conventional methods in studying dynamic protein 
structures and addressing complex molecular interactions. 

In response to this demand, protein footprinting has emerged as a 
significant and innovative technique in structural biology (Yang et al., 
2023; Mostofian et al., 2023). Protein footprinting involves the use of 
chemical and physical probes to map the structural features of proteins, 
providing detailed spatial information (Pukala, 2023; Liu et al., 2023). Its 
significance lies in its ability to complement traditional methods, offering 
a unique perspective on dynamic and transient protein structures that are 
challenging to study with other techniques. 

The historical development of protein footprinting showcases its 
evolution from early applications to the sophisticated methodologies 
employed today (Wang and Chance, 2017). This technique plays a pivotal 
role in addressing challenges faced by structural biologists, enabling the 
study of protein-protein interactions, mapping ligand binding sites, and 
investigating conformational changes. It has practical applications in drug 
discovery, where detailed structural insights are crucial for designing 
targeted therapeutics. 

Protein foot printing encompasses various techniques, including hydroxyl 
radical footprinting, mass spectrometry-based footprinting, and chemical 
footprinting (McKenzie-Coe et al., 2023). Each technique has specific 
applications, such as probing solvent accessibility, analyzing protein 
interactions, and mapping ligand binding sites (Liu et al., 2023). These 
methods collectively contribute to advancing our understanding of the 
relationships between protein structure and function. 

Challenges in protein footprinting, such as data interpretation 
complexities and accessibility issues, are actively being addressed through 
collaborative efforts and ongoing technological developments (Sun and 
Gorss, 2022). As the field continues to evolve, future innovations are 
expected to further enhance the accuracy and accessibility of protein 
footprinting techniques, making them more widely available to 
researchers. 

The increasing demand for advanced structural biology techniques has led 
to the emergence of protein footprinting as a transformative tool. Its 
significance lies not only in addressing the limitations of traditional 

methods but also in providing unique insights into the dynamic nature of 
protein structures, ultimately advancing our understanding of essential 
biological processes. 

2.1   Protein Footprinting Techniques 

Protein footprinting techniques are powerful tools in structural biology, 
allowing researchers to gain insights into the structure and interactions of 
proteins at a molecular level (Chance et al., 2020). These techniques 
involve the selective modification or probing of amino acid residues within 
a protein, providing information about solvent accessibility, structural 
dynamics, and interaction interfaces (Takamoto, and Chance, 2006). Some 
commonly used protein footprinting techniques are here discussed.  

2.1.1   Hydroxyl Radical Footprinting 

Hydroxyl radical footprinting (HRF) is a mass spectrometry-based method 
that has been used to study the structure of both nucleic acids and proteins 
(Chea and Jones, 2018; Kisela and Chance, 2018). The method utilizes 
hydroxyl radicals to oxidize solvent-accessible sites in macromolecules, 
providing information on the structure and dynamics of the molecule. The 
method has shown some utility for live cell analysis (Loizos, 2004). 
Hydroxyl radical protein footprinting is a direct method to map areas of a 
protein that interact with a ligand. Areas of interaction are those that 
change their accessibility to the peptide cleavage reagent when in a 
molecular complex. The method is useful for studying how proteins 
interact with ligands and biomolecules and can help identify and 
characterize new targets for the development of new therapeutics (Rinas 
et al., 2016). 

The operating principles is that Hydroxyl radicals generated through 
various methods react with amino acid side chains in a protein, leading to 
modifications indicative of solvent accessibility. It is used for mapping 
protein surfaces, identifying protein-protein interaction sites, and 
studying conformational changes. X-ray radiolysis, Fenton chemistry, or 
laser-induced photolysis to generate hydroxyl radicals. 

2.1.2   Mass Spectrometry-Based Footprinting 

Mass spectrometry-based footprinting is a powerful technique used to 
study the structure of both nucleic acids and proteins (Guo et al., 2023). 
The method utilizes covalent labeling of solvent-accessible sites in 
macromolecules, providing information on the structure and dynamics of 
the molecule (Jethva, and Gross, 2023). Mass spectrometry-based 
footprinting can be reversible or irreversible. Reversible footprinting 
includes hydrogen deuterium exchange MS (HDX-MS), radical labeling, 
and targeted labeling. Irreversible footprinting includes chemical cross-
linking (Damont et al., 2023). HDX-MS is a widely used reversible 
footprinting technique that provides minimal perturbation on protein 
structure, universal labeling of amino acids besides proline, robust and 
commercialized setup, and well-developed data processing software. 
Chemical cross-linking is an irreversible footprinting technique that 
involves the formation of covalent bonds between two amino acids in close 
proximity. Mass spectrometry-based footprinting has been used to study 
protein-protein interactions, protein-ligand interactions, and protein 
structures. It operates by using chemical labeling or modification of 
proteins followed by mass spectrometric analysis to identify and quantify 
modifications. It is used for Studying protein-protein interactions, 
conformational changes, and ligand binding sites. Chemical labeling with 
reagents like amine-reactive reagents, isotope-coded affinity tags (ICAT), 
or oxidative labeling followed by mass spectrometry analysis. 

2.1.3   Chemical Footprinting 

Chemical footprinting is a process of benchmarking progress away from 
hazardous chemicals and towards safer alternatives (Ferreira et al., 2023). 
It is a useful tool for assessing the use of chemicals of high concern (CoHCs) 
by an event, organization, service, building, or product. The Chemical 
Footprint Project (CFP) is a project of Clean Production Action that 
provides a tool for benchmarking companies as they select safer 
alternatives and reduce their use of CoHCs. The CFP survey is conducted 
annually to measure and disclose data on business progress to safer 
chemicals. The CFP has gained international recognition on the Strategic 
Approach and Sound Management of Chemicals and Waste Beyond 2020 
(Izionworu, and Ukeame, 2017). Chemical Mapping ligand binding sites, 
studying conformational changes, and probing protein structures. 
Reagents include hydroxyl radicals, N-hydroxysuccinimide (NHS) esters, 
and isotope-coded cross-linkers. Chemical footprinting is a process of 
benchmarking progress away from hazardous chemicals and towards 
safer alternatives (Chan et al., 2023). It is a useful tool for assessing the use 
of chemicals of high concern (CoHCs) by an event, organization, service, 
building, or product. The Chemical Footprint Project (CFP) is a project of 
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Clean Production Action that provides a tool for benchmarking companies 
as they select safer alternatives and reduce their use of CoHCs. The CFP 
survey is conducted annually to measure and disclose data on business 
progress to safer chemicals. The CFP has gained international recognition 
on the Strategic Approach and Sound Management of Chemicals and Waste 
Beyond 2020.  

2.1.4   Photoaffinity Labeling 

Photoaffinity labeling is a chemo proteomics technique used to attach 
"labels" to the active site of a large molecule, especially a protein. The 
"label" attaches to the molecule loosely and reversibly, and has an inactive 
site which can be converted using photolysis into a highly reactive form, 
which causes the label to bind more permanently to the large molecule via 
a covalent bond. Molecules that have been used as labels in this process 
are often analogs of complex molecules, in which certain functional groups 
are replaced with a photoreactive group, such as an azide, a diazirine or a 
benzophenone. Photoaffinity labeling is a useful method for studying how 
proteins interact with ligands and biomolecules, and can help identify and 
characterize new targets for the development of new therapeutics. 
Introduction of a photoactivatable group into a ligand, which, upon 
activation by light, covalently attaches to interacting amino acid residues 
in a protein. Identifying binding partners and characterizing ligand-
binding sites. UV light activation of the photoaffinity label after complex 
formation. 

2.1.5   Fast Photochemical Oxidation of Proteins (FPOP) 

It operates based on generation of hydroxyl radicals through laser-
induced photodissociation of hydrogen peroxide, leading to oxidative 
modifications on solvent-exposed residues. It is used for studying protein 
folding, protein-protein interactions, and conformational changes. 
Involves rapid reaction times, enabling the capture of transient structural 
states. Fast Photochemical Oxidation of Proteins (FPOP) is a mass 
spectrometry-based method that has proved useful in studies of protein 
structures, interactions, conformations, and protein folding. The method 
relies on the irreversible labeling of solvent-exposed amino acid side 
chains by hydroxyl radicals generated through laser-induced photolysis of 
hydrogen peroxide. FPOP generates residue-level resolution of protein 
structures and interactions on the microsecond timescale, enabling 
investigations of fast processes such as protein folding and weak protein-
protein interactions.  

An extensive comparison between FPOP and other footprinting 
techniques gives insight into their complementarity as well as the 
robustness of FPOP to provide unique structural information once 
unattainable. The versatility of this method is evidenced by both the 
heterogeneity of samples that can be analyzed by FPOP and the myriad of 
applications for which the method has been successfully used: from 
proteins of varying size to intact cells. Applications including, but not 
limited to, protein folding, membrane proteins, structure elucidation, and 
epitope mapping are showcased. A fundamental understanding of how a 
given protein functions generally requires a detailed characterization of 
its underlying structure and dynamics. This entails a comprehensive 
description of a protein’s conformation and interactions. In recent years, 
mass spectrometry (MS)-based methods have been increasingly used to 
study protein structure. Methods such as native MS, ion-mobility 
spectrometry, chemical cross-linking, and others have been used to study 
a wide variety of protein systems, including membrane proteins, in 
various levels of complexity, including in vitro, in cells, in tissue, and in 
vivo. Although these methods cannot provide atomic-level resolution. 

2.1.6   Radical SAM (S-Adenosyl Methionine) Footprinting 

Radical SAM (S-Adenosyl Methionine) Footprinting is a mass 
spectrometry-based method that has been used to study the structure of 
both nucleic acids and proteins (Broderick, and Broderick, 2019). The 
method utilizes hydroxyl radicals to oxidize solvent-accessible sites in 
macromolecules, providing information on the structure and dynamics of 
the molecule. Radical SAM enzymes is a superfamily of enzymes that use a 
[4Fe-4S] + cluster to reductively cleave S -adenosyl- L -methionine (SAM) 
to generate a radical, usually a 5′- deoxyadenosyl radical (5'-dAdo), as a 
critical intermediate. These enzymes utilize this radical intermediate to 
perform diverse transformations, often to functionalize unactivated C-H 
bonds.  

Radical SAM enzymes are involved in cofactor biosynthesis, enzyme 
activation, peptide modification, post-transcriptional and post-
translational modifications, metalloprotein cluster formation, tRNA 
modification, lipid metabolism, biosynthesis of antibiotics and natural 
products etc. Introduction of a radical species through the action of a 

radical SAM enzyme. Mapping protein-protein interactions and structural 
dynamics. Utilizes enzymes that generate radical species in the presence 
of SAM. These protein footprinting techniques, each with its own set of 
advantages and limitations, contribute significantly to our understanding 
of protein structure and function. The choice of technique depends on the 
specific research questions and the nature of the protein under 
investigation. Figure 1 shows the schematic of Eukaryotic transcription 
factors. 

Figure 1: Schematic of Eukaryotic Transcription Factors (Yang, 1998) 

2.2   Applications of Protein Footprinting 

Protein footprinting, with its ability to provide detailed spatial 
information about protein structure and dynamics, finds diverse 
applications across various fields of research. Some key applications of 
protein footprinting are here discussed.  

2.2.1   Protein-Protein Interaction Studies 

Proteins typically do not function alone, but in physical or functional 
interaction with other proteins, forming macromolecular complexes. The 
complex cellular network of protein interactions is highly organized in 
time and space, and adapts dynamically to external and internal 
perturbations to define the cell’s functional state. Protein-protein 
interaction studies are critical to understanding the function of proteins 
and the biology of the cell. There are several methods for studying protein-
protein interactions, including co-immunoprecipitation (co-IP), pull-down 
assays, crosslinking, label transfer, and far-western blot analysis. These 
methods are used to characterize protein-protein interactions and identify 
binding partners. Mass spectrometry-based footprinting is a powerful 
technique used to study the structure of both nucleic acids and proteins ².  

The method utilizes covalent labeling of solvent-accessible sites in 
macromolecules, providing information on the structure and dynamics of 
the molecule. Mass spectrometry-based footprinting can be reversible or 
irreversible. Reversible footprinting includes hydrogen deuterium 
exchange MS (HDX-MS), radical labeling, and targeted labeling. 
Irreversible footprinting includes chemical cross-linking. HDX-MS is a 
widely used reversible footprinting technique that provides minimal 
perturbation on protein structure, universal labeling of amino acids 
besides proline, robust and commercialized setup, and well-developed 
data processing software. Chemical cross-linking is an irreversible 
footprinting technique that involves the formation of covalent bonds 
between two amino acids in close proximity. Hydroxyl radical footprinting 
is a mass spectrometry-based method that has been used to study the 
structure of both nucleic acids and proteins.  

The method utilizes hydroxyl radicals to oxidize solvent-accessible sites in 
macromolecules, providing information on the structure and dynamics of 
the molecule. Hydroxyl radical protein footprinting is a direct method to 
map areas of a protein that interact with a ligand (Xu and Chance, 2007). 
Areas of interaction are those that change their accessibility to the peptide 
cleavage reagent when in a molecular complex. Radical SAM (S-Adenosyl 
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Methionine) Footprinting is a mass spectrometry-based method that has 
been used to study the structure of both nucleic acids and proteins (García-
Barrera et al., 2018). The method utilizes hydroxyl radicals to oxidize 
solvent-accessible sites in macromolecules, providing information on the 
structure and dynamics of the molecule ².  

Radical SAM enzymes is a superfamily of enzymes that use a [4Fe-4S] + 
cluster to reductively cleave S -adenosyl- L -methionine (SAM) to generate 
a radical, usually a 5′- deoxyadenosyl radical (5'-dAdo), as a critical 
intermediate. These enzymes utilize this radical intermediate to perform 
diverse transformations, often to functionalize unactivated C-H bonds. 
Radical SAM enzymes are involved in cofactor biosynthesis, enzyme 
activation, peptide modification, post-transcriptional and post-

translational modifications, metalloprotein cluster formation, tRNA 
modification, lipid metabolism, biosynthesis of antibiotics and natural 
products etc. Identifying and characterizing interaction interfaces 
between proteins. Understanding complex cellular signaling pathways 
and regulatory networks. 

2.2.2   Mapping Ligand Binding Sites 

Locating and characterizing regions on a protein that interact with ligands 
or small molecules. Facilitating drug discovery by providing insights into 
potential binding pockets and aiding in the design of targeted 
therapeutics. Figure 2 is the summary of biochemical pathways associated 
with cognitive. 

Figure 2: Summary of biochemical pathways associated with cognitive 

2.2.3   Conformational Changes and Dynamics 

Conformational changes and dynamics are important aspects of protein 
structure and function. Mass spectrometry-based footprinting is a 
powerful technique used to study the structure of both nucleic acids and 
proteins (Hosseini et al., 2017). The method utilizes covalent labeling of 
solvent-accessible sites in macromolecules, providing information on the 
structure and dynamics of the molecule. Mass spectrometry-based 
footprinting can be reversible or irreversible. Reversible footprinting 
includes hydrogen deuterium exchange MS (HDX-MS), radical labeling, 
and targeted labeling. Irreversible footprinting includes chemical cross-
linking (Darie-Ion et al., 2022). HDX-MS is a widely used reversible 
footprinting technique that provides minimal perturbation on protein 
structure, universal labeling of amino acids besides proline, robust and 
commercialized setup, and well-developed data processing software. 
Chemical cross-linking is an irreversible footprinting technique that 
involves the formation of covalent bonds between two amino acids in close 
proximity ¹.  

Hydroxyl radical footprinting is a mass spectrometry-based method that 
has been used to study the structure of both nucleic acids and proteins 
(Hosseini et al., 2017). The method utilizes hydroxyl radicals to oxidize 
solvent-accessible sites in macromolecules, providing information on the 
structure and dynamics of the molecule. Hydroxyl radical protein 
footprinting is a direct method to map areas of a protein that interact with 
a ligand (Sadr et al., 2022). Areas of interaction are those that change their 
accessibility to the peptide cleavage reagent when in a molecular complex. 
Radical SAM (S-Adenosyl Methionine) Footprinting is a mass 
spectrometry-based method that has been used to study the structure of 
both nucleic acids and proteins. The method utilizes hydroxyl radicals to 
oxidize solvent-accessible sites in macromolecules, providing information 
on the structure and dynamics of the molecule.  

Radical SAM enzymes is a superfamily of enzymes that use a [4Fe-4S] + 
cluster to reductively cleave S -adenosyl- L -methionine (SAM) to generate 
a radical, usually a 5′- deoxyadenosyl radical (5'-dAdo), as a critical 
intermediate. These enzymes utilize this radical intermediate to perform 
diverse transformations, often to functionalize unactivated C-H bonds 

(Hosseini et al., 2017). Radical SAM enzymes are involved in cofactor 
biosynthesis, enzyme activation, peptide modification, post-
transcriptional and post-translational modifications, metalloprotein 
cluster formation, tRNA modification, lipid metabolism, biosynthesis of 
antibiotics and natural products etc. (Hosseini et al., 2017). Investigating 
changes in protein conformation and dynamics under different conditions. 
Understanding how proteins respond to environmental changes, ligand 
binding, or post-translational modifications. 

Structural Characterization of Large Complexes. Probing the structure and 
interactions within large macromolecular complexes. Studying the 
architecture of multi-subunit complexes, such as those involved in cellular 
processes like transcription and translation. Protein Folding Studies; 
Monitoring changes in protein structure during the folding process. 
Elucidating the kinetics and pathways of protein folding, as well as 
identifying intermediate states. Identification of Surface Accessibility; 
determining which regions of a protein are solvent-exposed or buried. 
Assessing the accessibility of specific amino acid residues and 
understanding their roles in interactions or structural stability. 
Comparative Structural Analysis: Comparing the structures of different 
protein conformations or variants. Investigating structural differences 
between wild-type and mutant proteins, or between proteins in various 
functional states. Probing Protein-Ligand Interactions; analyzing changes 
in protein structure upon ligand binding.  

Understanding the mechanisms of ligand recognition and the structural 
basis of enzyme-substrate interactions. drug development and 
optimization; providing structural information to aid in drug design and 
optimization. Guiding the development of small molecules that can 
selectively target specific proteins or protein regions. validation of 
structural models; experimental validation of computational or 
theoretical models of protein structure. Confirming the accuracy of 
predicted protein structures obtained through methods like homology 
modeling or molecular dynamics simulations. These applications 
collectively demonstrate the versatility of protein footprinting in 
addressing a wide range of research questions, from fundamental studies 
of protein structure to applications in drug development and therapeutic 
interventions. 
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2.3   Diverse Protein Systems Explored 

A recent study has revealed the existence of at least approximately 12,356 
novel protein folds that have not been explored in nature (Minami et al., 
2023). This research will expand our understanding of the depth of the 
protein universe and the possibilities for de novo design of functional 
proteins. Proteins are known for their diverse functions, which are 
generated from the diversity of protein three-dimensional structures. 
Mass spectrometry-based footprinting is a powerful technique used to 
study the structure of both nucleic acids and proteins. The method utilizes 
covalent labeling of solvent-accessible sites in macromolecules, providing 
information on the structure and dynamics of the molecule. Mass 
spectrometry-based footprinting can be reversible or irreversible. 
Reversible footprinting includes hydrogen deuterium exchange MS (HDX-
MS), radical labeling, and targeted labeling. Irreversible footprinting 
includes chemical cross-linking.  

HDX-MS is a widely used reversible footprinting technique that provides 
minimal perturbation on protein structure, universal labeling of amino 
acids besides proline, robust and commercialized setup, and well-
developed data processing software. Chemical cross-linking is an 
irreversible footprinting technique that involves the formation of covalent 
bonds between two amino acids in close proximity. Hydroxyl radical 
footprinting is a mass spectrometry-based method that has been used to 
study the structure of both nucleic acids and proteins. The method utilizes 
hydroxyl radicals to oxidize solvent-accessible sites in macromolecules, 
providing information on the structure and dynamics of the molecule. 
Hydroxyl radical protein footprinting is a direct method to map areas of a 
protein that interact with a ligand.  

Areas of interaction are those that change their accessibility to the peptide 
cleavage reagent when in a molecular complex. Radical SAM (S-Adenosyl 
Methionine) Footprinting is a mass spectrometry-based method that has 
been used to study the structure of both nucleic acids and proteins. The 
method utilizes hydroxyl radicals to oxidize solvent-accessible sites in 
macromolecules, providing information on the structure and dynamics of 
the molecule. Radical SAM enzymes is a superfamily of enzymes that use a 
[4Fe-4S] + cluster to reductively cleave S -adenosyl- L -methionine (SAM) 
to generate a radical, usually a 5′- deoxyadenosyl radical (5'-dAdo), as a 
critical intermediate. These enzymes utilize this radical intermediate to 
perform diverse transformations, often to functionalize unactivated C-H 
bonds. Radical SAM enzymes are involved in cofactor biosynthesis, 
enzyme activation, peptide modification, post-transcriptional and post-
translational modifications, metalloprotein cluster formation, tRNA 
modification, lipid metabolism, biosynthesis of antibiotics and natural 
products etc.  

Protein footprinting techniques have been applied to a diverse array of 
protein systems, providing valuable insights into their structures, 
interactions, and dynamics. Examples of diverse protein systems explored 
using protein footprinting. Protein footprinting has been extensively used 
to study small globular proteins, providing detailed information about 
their surface accessibility, folding dynamics, and interaction interfaces. 
This includes well-characterized proteins like lysozyme, ubiquitin, and 
myoglobin. Understanding the active sites and catalytic mechanisms of 
enzymes is crucial for unraveling their functions. Protein footprinting has 
been employed to study enzymes involved in various biological processes, 
shedding light on their structural changes during catalysis. 

Studying membrane proteins presents unique challenges due to their 
hydrophobic nature. Protein footprinting has been applied to investigate 
the structural dynamics of membrane proteins, including G protein-
coupled receptors (GPCRs) and ion channels, providing insights into their 
function and interactions with lipids. Intrinsically disordered proteins lack 
a well-defined three-dimensional structure but play critical roles in 
cellular processes. Protein footprinting has been used to study the 
conformational dynamics and interaction patterns of IDPs, contributing to 
the understanding of their functional mechanisms. Protein footprinting 
has been instrumental in elucidating the structures and interactions 
within large macromolecular complexes. Examples include the study of 
ribosomes, spliceosomes, and other multi-subunit assemblies involved in 
essential cellular processes. 

Understanding the structures and functions of viral proteins is crucial for 
developing antiviral strategies. Protein footprinting has been applied to 
study the surface accessibility and interaction interfaces of viral proteins, 
aiding in the design of therapeutic interventions. Investigating the 
interactions between proteins and nucleic acids is essential for 
understanding processes such as transcription and DNA repair. Protein 
footprinting has been used to probe the structural details of protein-DNA 
and protein-RNA complexes, revealing insights into their binding modes. 

Protein footprinting has been applied to study metabolic enzymes 
involved in pathways such as glycolysis and the citric acid cycle.  

This helps in understanding how these enzymes respond to changes in 
substrate availability and cellular conditions. Chaperone proteins play a 
crucial role in protein folding and stability. Protein footprinting has been 
used to investigate the interactions between chaperones and their 
substrate proteins, providing insights into the mechanisms of chaperone-
assisted folding. Understanding the structural features and interaction 
interfaces of antibodies is essential for immunotherapy and vaccine 
development. Protein footprinting has been applied to study the 
conformational changes and antigen-binding regions of antibodies. 

The exploration of diverse protein systems using protein footprinting 
highlights the versatility of this technique in providing structural and 
dynamic information across a broad spectrum of biological contexts. 
These studies contribute to our understanding of protein function and 
pave the way for applications in fields such as drug discovery and 
biotechnology. 

2.4   Integration with Other Structural Biology Techniques 

The integration of protein footprinting with other structural biology 
techniques enhances the depth and breadth of information obtained, 
allowing for a more comprehensive understanding of protein structure 
and function. Examples of how protein footprinting is integrated with 
other structural biology techniques are presented below. Protein 
footprinting complements X-ray crystallography by providing dynamic 
and solution-phase information. X-ray crystallography offers high-
resolution static structures, while footprinting reveals solvent 
accessibility and conformational changes in solution. Combining both 
methods provides a more holistic view of a protein's structural 
characteristics.  

Nuclear Magnetic Resonance (NMR) Spectroscopy provides information 
about protein dynamics and flexibility in solution. Combining NMR with 
protein footprinting allows for the identification of specific regions 
undergoing conformational changes. The dynamic information from NMR 
complements the structural details provided by footprinting. Cryo-
Electron Microscopy (Cryo-EM) provides high-resolution structural 
information for large macromolecular complexes. Protein footprinting can 
offer complementary insights by providing information about the 
dynamics and flexibility of specific regions within these complexes. This 
integrated approach enhances the understanding of both static and 
dynamic aspects of complex structures. 

Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS) measures 
the exchange of hydrogen atoms with deuterium in proteins, providing 
information about solvent accessibility and dynamics. Combining HDX-MS 
with protein footprinting enhances the characterization of protein 
structures by incorporating both covalent modifications and hydrogen 
exchange dynamics. Cross-linking MS identifies covalent links between 
amino acid residues in close proximity. Integrating cross-linking MS with 
protein footprinting provides complementary information about 
interaction interfaces and conformational changes. This integrated 
approach is particularly useful for studying large protein complexes. 
Molecular Dynamics (MD) Simulations predict the dynamic behavior of 
proteins over time. Comparing simulation results with experimental data 
from protein footprinting validates and refines simulation models. This 
integration enhances the accuracy of simulations and provides a means to 
validate observed conformational changes. 

Small-Angle X-ray Scattering (SAXS) provides information about the 
overall shape and dimensions of proteins in solution. Combining SAXS 
with protein footprinting helps to correlate changes in protein 
conformation with alterations in overall protein shape, offering a more 
comprehensive view of structural dynamics. Fluorescence Resonance 
Energy Transfer (FRET) measures distances between fluorophores 
attached to specific sites on proteins. Integrating FRET with protein 
footprinting allows for the correlation of distance changes with 
conformational alterations, providing insights into dynamic structural 
rearrangements. The integration of protein footprinting with these 
complementary techniques allows researchers to leverage the strengths 
of each method, providing a multi-faceted understanding of protein 
structure, dynamics, and interactions. This synergistic approach enhances 
the accuracy and depth of information obtained, contributing to a more 
comprehensive characterization of complex biological systems. 

2.5   Technological Advancements in Protein Footprinting 

Technological advancements in protein footprinting have significantly 
improved the precision, sensitivity, and scope of this technique, enabling 
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researchers to gain deeper insights into protein structure and dynamics. 
Some key technological advancements in protein footprinting are here 
presented. High-resolution mass spectrometers with improved sensitivity 
and accuracy have revolutionized protein footprinting. Modern MS 
instruments can analyze complex mixtures, allowing for the detection and 
quantification of modifications with enhanced precision. Developments in 
hydroxyl radical generation methods, such as laser-induced 
photodissociation and advanced radiolysis techniques, provide more 
controlled and reproducible conditions for generating hydroxyl radicals.  

This results in improved accuracy in mapping solvent accessibility. 
Isotope labeling, such as stable isotope labeling of amino acids in cell 
culture (SILAC) and isotope-coded affinity tags (ICAT), enhances the 
quantification capabilities of protein footprinting. Isotopic labeling 
facilitates the accurate measurement of relative changes in protein 
modifications. The development of sophisticated data analysis algorithms 
and software tools has streamlined the interpretation of protein 
footprinting data. These tools enable the identification and quantification 
of modifications, making it easier for researchers to extract meaningful 
information from complex datasets. Fast Photochemical Oxidation of 
Proteins (FPOP) is a rapid protein footprinting technique that has 
benefited from technological improvements in laser technology. Shorter 
pulse durations and increased laser power enhance the efficiency of 
hydroxyl radical generation, allowing for the study of short-lived 
intermediates and transient structural states. 

The integration of protein footprinting with high-performance liquid 
chromatography (HPLC) or ultra-high-performance liquid 
chromatography (UHPLC) enhances separation efficiency before mass 
spectrometric analysis. This integration improves the resolution and 
throughput of protein footprinting experiments. Automated online 
digestion platforms, coupled directly to mass spectrometers, enable real-
time monitoring of protein footprinting reactions. This advancement 
streamlines workflows, reduces sample handling steps, and enhances 
reproducibility. Multiplexed footprinting strategies, where multiple 
samples are labeled simultaneously with distinct chemical probes or 
isotopic labels, enable the parallel analysis of multiple conditions. This 
enhances throughput and facilitates comparative studies. 

Integration with proteomics techniques allows for the identification of 
modified peptides and residues on a proteome-wide scale. This 
comprehensive approach enables researchers to study protein 
footprinting in the context of the entire cellular proteome. Computational 
models, including molecular dynamics simulations, have become more 
sophisticated, allowing for the prediction and interpretation of protein 
footprinting data. Integrating experimental data with computational 
models enhances the accuracy of structural predictions. These 
technological advancements collectively contribute to the refinement and 
broadening of protein footprinting applications, making it an increasingly 
powerful tool for studying protein structure, interactions, and dynamics in 
diverse biological contexts. 

3. CHALLENGES AND LIMITATIONS 

While protein footprinting has proven to be a valuable tool in structural 
biology, it comes with its set of challenges and limitations that researchers 
need to consider. Interpreting protein footprinting data can be complex, 
especially when dealing with large and intricate protein structures. 
Distinguishing true solvent accessibility changes from experimental noise 
or artifacts requires sophisticated data analysis algorithms and careful 
validation. Some amino acid residues may be less accessible to 
footprinting reagents due to their location within the protein structure. 
This limitation can result in incomplete information about the protein's 
surface, especially for buried residues or those within tight structural 
folds. The reactivity of footprinting reagents may vary for different amino 
acid residues, potentially leading to biases in the observed modifications. 
Variability in reactivity can complicate the accurate determination of 
solvent accessibility and hinder the comparison of different residues. 

Proteins often exist in multiple conformational states, and protein 
footprinting provides an average picture of these states. Capturing 
transient or minor conformational states may be challenging, potentially 
leading to an oversimplified representation of the protein's dynamics. 
Protein footprinting primarily provides information on solvent 
accessibility and structural changes but offers limited insight into the 
orientation of side chains. Detailed information about side chain 
interactions and orientations is often better obtained through other 
techniques such as NMR spectroscopy. Some experimental conditions, 
such as extreme pH or high concentrations of denaturants, may interfere 
with the effectiveness of footprinting reagents. This limitation can restrict 
the applicability of protein footprinting to specific experimental setups. 

Studying membrane proteins using protein footprinting can be 
challenging due to the hydrophobic nature of the protein and the 
difficulties in solubilizing and maintaining their native structure in 
solution. 

Quantifying the degree of modification accurately can be challenging, 
especially for low-abundance proteins or proteins with highly dynamic 
structures. Achieving precise quantification may require sophisticated 
mass spectrometry techniques and extensive optimization. Protein 
footprinting often requires relatively large amounts of purified protein, 
limiting its applicability for proteins available in limited quantities. 
Additionally, the sensitivity of the method may vary, impacting its 
performance on proteins with low expression levels. Integrating protein 
footprinting data with existing structural models or computational 
simulations can be intricate. Aligning experimental results with 
theoretical models requires careful consideration of potential 
discrepancies and uncertainties. Despite these challenges and limitations, 
ongoing research and technological advancements continue to address 
and mitigate these issues, expanding the applicability and reliability of 
protein footprinting in unraveling the complexities of protein structure 
and function. Researchers are encouraged to carefully consider these 
factors and use complementary techniques to validate and enhance the 
insights gained through protein footprinting. 

3.1   Future Directions and Prospects 

The future of protein footprinting holds exciting prospects as researchers 
continue to address challenges and leverage technological advancements. 
Several key directions and prospects for the future of protein footprinting 
are here presented. Continued advancements in mass spectrometry 
instrumentation and data analysis techniques are likely to improve the 
resolution and sensitivity of protein footprinting. This will enable the 
detection of subtle conformational changes and modifications, particularly 
in large and dynamic protein complexes. Developing novel labeling 
strategies and reagents will expand the repertoire of protein footprinting 
applications. This includes the exploration of new reactive probes and 
isotopic labeling methods that offer increased specificity and versatility in 
capturing structural details. The integration of protein footprinting with 
other structural biology techniques, such as cryo-electron microscopy 
(cryo-EM), small-angle X-ray scattering (SAXS), and nuclear magnetic 
resonance (NMR) spectroscopy, will provide a more comprehensive 
understanding of protein structures. Combining multiple methods can 
overcome individual limitations and offer synergistic insights. 

Continued improvements in computational modeling, including molecular 
dynamics simulations and machine learning approaches, will enhance the 
predictive power of protein footprinting. Integrating experimental data 
with advanced computational models will enable more accurate and 
detailed structural predictions. Advancements in single-molecule 
techniques may enable researchers to perform protein footprinting on 
individual molecules. This approach would provide unprecedented 
insights into heterogeneity within protein populations and capture 
transient states that are challenging to observe in ensemble experiments. 
Developments in high-throughput and automated protein footprinting 
platforms will increase experimental efficiency and throughput. 
Automated workflows coupled with robotics and liquid handling systems 
will facilitate the analysis of larger datasets and diverse protein samples. 

Overcoming challenges associated with studying membrane proteins will 
be a focus of future developments. Innovations in solubilization 
techniques, sample preparation, and footprinting reagents tailored for 
membrane proteins will expand the application of protein footprinting in 
this important class of proteins. Integration with quantitative proteomics 
approaches will allow researchers to combine protein footprinting data 
with quantitative information on protein expression levels. This 
integrated approach will provide a more comprehensive understanding of 
how modifications impact protein function in a cellular context. 

Advancements in in vivo protein footprinting methods will enable the 
study of protein structures and dynamics within living cells. This 
development would provide insights into the native environment of 
proteins and their interactions within the cellular milieu. The application 
of protein footprinting in drug development is likely to expand, with a 
focus on understanding the structural basis of drug-protein interactions 
and optimizing therapeutic interventions. This includes the identification 
of binding sites and the characterization of conformational changes 
induced by drug molecules.  

Establishing community standards and fostering collaboration among 
researchers will contribute to the robustness and reproducibility of 
protein footprinting experiments. Standardized protocols and data 
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analysis pipelines will facilitate cross-laboratory comparisons and 
accelerate advancements in the field. As these prospects unfold, protein 
footprinting is poised to play an increasingly pivotal role in advancing our 
understanding of protein structure, interactions, and dynamics in diverse 
biological contexts. The interdisciplinary nature of this research, coupled 
with ongoing technological innovations, holds great promise for the future 
of this dynamic field. 

4. CONCLUSION 

In conclusion, protein footprinting has emerged as a powerful and 
versatile tool in the realm of structural biology, offering unique insights 
into the intricate world of proteins. Over the years, this technique has 
evolved, driven by technological advancements and a deeper 
understanding of its applications and limitations. As we celebrate the 
progress made in the first year since your initial inquiry, it is evident that 
protein footprinting continues to contribute significantly to our 
knowledge of protein structure, interactions, and dynamics. The 
challenges associated with data interpretation complexities, limited 
accessibility to certain residues, and the need for precise quantification 
are acknowledged. However, these challenges are met with ongoing 
efforts in technological innovation, data analysis methodologies, and the 
integration of protein footprinting with other cutting-edge structural 
biology techniques. 

Looking ahead, the future of protein footprinting holds exciting prospects. 
Continued advancements in mass spectrometry, labeling strategies, and 
computational modeling are expected to further refine the technique, 
providing researchers with even more detailed and accurate information. 
The integration of protein footprinting into high-throughput and 
automated platforms, along with its potential application in in vivo 
studies, opens new frontiers for understanding protein behavior in 
complex biological environments. As protein footprinting continues to 
mature, it is poised to make substantial contributions to various fields, 
including drug development, structural biology, and cellular signaling 
research. Collaboration and standardization efforts within the scientific 
community will be crucial for ensuring the reliability and reproducibility 
of protein footprinting experiments. 

In this dynamic landscape, researchers can anticipate a future where 
protein footprinting plays a central role in uncovering the mysteries of 
protein structure-function relationships, ultimately contributing to 
advancements in medicine, biotechnology, and our fundamental 
understanding of life at the molecular level. The journey of protein 
footprinting, marked by progress and collaboration, promises to be an 
exciting and transformative endeavor in the years to come. 
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