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Abstract

Protein oxidative footprinting—using hydroxyl radical labeling detected by bottom-up proteomics

—has progressed from an emerging method to a widely used approach in structural biology. 
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Hydroxyl radicals generated from hydrogen peroxide (via photolysis, Fenton chemistry, or 

electrochemistry) or directly from water (via X-rays, plasma, or gamma rays) irreversibly encode 

structural information within protein side chains, which is read out using standard LC–MS 

workflows. Quantitative changes in labeling report on solvent accessibility and reveal effects of 

protein–protein interactions, ligand binding, protein folding, conformational changes, or applied 

stress. Comparing labeling patterns between states provides detailed maps of structural changes 

and interaction sites. Over the past decade, oxidative footprinting has proven valuable as a 

solution-phase and in-cell method for protein structure analysis. This perspective summarizes 

best practices for experimental design, sample processing, data analysis, interpretation, and 

integration with orthogonal data, offering a consensus framework to guide application of oxidative 

footprinting in academic and biopharmaceutical research.

Keywords

hydroxyl radical protein footprinting-mass spectrometry (HRPF); protein oxidative footprinting; 
bottom-up mass spectrometry; fast photochemical oxidation of proteins (FPOP); epitope mapping

Introduction

‘Footprinting’ refers to in-solution structural analysis in which a macromolecule is exposed 

to a chemical or enzymatic reagent that generates stably modified or cleaved products 1. 

The resulting sites correlate with solvent-accessible regions on the macromolecule and can 

be used to infer structural information about the molecule and its complexes. Although this 

article focuses on hydroxyl radicals (·OH) as the modifying reagent, the principles apply 

to most irreversible chemical labeling reagents (e.g., other radicals, carbenes) and slower-

reacting agents. The high reactivity and small size of ·OH provide excellent properties 

for irreversible labeling 2, and multiple strategies exist for generating ·OH from water or 

hydrogen peroxide, making these reagents widely accessible (Figure 1). Hydroxyl radical 

footprinting was first used to map DNA structure and solvent accessibility of protein 

binding sites with single base resolution 3, 4 and later to characterize RNA structures 5, 6. 

It was subsequently adapted for proteins and coupled to LC-MS to map reactive and solvent-

accessible residues 7, laying the groundwork for hydroxyl radical protein footprinting 

(HRPF)8–10.

Currently, the term “hydroxyl radical protein footprinting” (or HRPF) has been applied to 

mapping protein-protein interactions 11, 12 including epitope mapping 13–17; to probing 

protein dynamics in systems ranging from small globular proteins to multi-subunit 

complexes 18–21; to the structure of intrinsically disordered proteins 22, 23; to small-molecule 

ligand binding to protein targets for fundamental and drug-discovery applications 24 25–27; 

and to protein folding/unfolding 28, 29. A range of ·OH-generation methods have been used, 

including Fe(II)-EDTA Fenton chemistry 30–33, irradiation using synchrotron X-ray 7, 10, 

gamma 2, 34, Van de Graaff electron sources 35, plasma-based methods 36, 37, and UV lasers 
38 and flash lamp photolysis of H2O2 39. HRPF provides unique structural insights when 

used alone or with complementary structural approaches.
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Common to all HRPF approaches is that ·OH covalently modifies amino acid sidechains 

(in preference to the backbone) based on the residue solvent accessibility and the variable 

intrinsic reactivity of the side chains to oxidation by ·OH 2, 40. A review of the apparent 

rates of each amino acid under simplified conditions can be found in the work of Xu 

and Chance 2; however, intrinsic reactivities of amino acids can change based on primary 

sequence 41 making interpretation of HRPF results much easier when comparing the same 

(or highly similar) polypeptide sequence in two or more conformational states. While this 

article focuses on the most common application of protein oxidative footprinting, that of 

mapping the interface between a protein and another molecule, the principles and practices 

articulated herein are generally relevant to all applications of the method.

The following minimum community standards and recommendations for HRPF data 

acquisition and analysis emerged from extensive discussions among active contributors to 

HRPF from 2023–2025, including the authors of this perspective. Our aim is to harmonize 

HRPF practices to support rigor and reproducibility. Although not all HRPF applications 

will conform to these guidelines, they provide a foundation for robust application of HRPF 

to questions in biological and biomedical research, as well as therapeutic development. 

These guidelines represent a community-accepted minimum; continued methodological 

advances are expected and encouraged as they are substantiated.

General Experimental Design

Many HRPF applications have been described in the literature. For this perspective, 

we focus on a well-defined high-affinity 1:1 protein–protein interaction as a 

prototypical example. Stable complexes like these generally require minimal biochemical 

characterization before HRPF analysis. Antibody–antigen interactions exemplify this type 

of complex, where one or two regions interact, leading to reduced radical labeling at the 

interface owing to lower solvent accessibility. Saturation of the binding site is achieved by 

using a small excess of ligand. New HRPF users are advised to validate their protocol on a 

well-characterized 1:1 system before studying more complex or dynamic assemblies.

This perspective focuses on peptide-level HRPF analysis, comparable to HDX 42, which 

is generally sufficient to map binding interfaces. Protocols for residue-level resolution are 

emerging using approaches such as HPLC- or ion-mobility–separable isomeric peptides, 

multiple reagents, and proteases 25, 43, 44. One workable approach occurs when isomeric 

peptides representing different labeling sites are separable by HPLC (or ion mobility), 

in which case integration of extracted ion chromatograms can provide quantitation at the 

residue level. As consensus on residue-level analysis has not yet emerged, recommendations 

here are limited to peptide-level oxidation.

Radical Generation

As discussed in the introduction, multiple methodologies have been developed for ·OH 

generation, either by splitting hydrogen peroxide or through the ionization/dissociation of 

water (Table 1 summarizes the most widely used of these technologies). While a detailed 

comparison is beyond the scope of this perspective (see the cited references and 45, 46), we 

briefly highlight key considerations for new HRPF users when selecting a radical generation 
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method. A common recommendation across all technologies is to use a biologically 

compatible buffer that minimizes ·OH scavenging by excipients. Common scavengers in 

biological systems include buffer salts, glycerol, dimethyl sulfoxide, dithiothreitol, and 

detergents 47. Although scavengers can be accommodated to some extent by all methods, 

best practice is to limit reactions of generated ·OH with molecules other than the protein of 

interest.

Two related considerations when choosing the appropriate method for ·OH generation 

are whether the HRPF study is a one-off experiment or part of a larger series, and 

the availability of the required technology. For single experiments, collaboration with an 

academic laboratory, national facility, or commercial provider is recommended. Laboratories 

aiming to develop HRPF capabilities in-house should carefully assess the resources required 

for each approach. For example, synchrotron X-ray radiolysis is accessed through national 

laboratory facilities; FPOP requires a custom-built laser and fluidics system; FOX is a 

commercially available fluidics-based system; and PLIMB can be accessed through a 

contract research organization (Table 1). When studying rapid processes on sub-millisecond 

timescales—such as protein folding—the most suitable options include FPOP with a 

nanosecond pulsed laser at 248 nm, synchrotron X-ray radiolysis using liquid jets with 

sub-100 μs exposures 48, and FOX with sub-50 μs exposure times 39. Fenton chemistry 

(Fe2+-EDTA), although implementable with standard laboratory equipment, exposes 

proteins to ·OH over seconds to minutes, compared with the millisecond-to-microsecond 

timescales of FPOP, FOX, and radiolysis. Nonetheless, Fenton-based approaches are suitable 

for mapping protein-protein interactions. Overall, the availability, technical characteristics, 

and timescale requirements of each method should be carefully evaluated when developing 

in-house HRPF capabilities.

A third consideration involves the two quantitative oxidation strategies described in 

the HRPF literature: single-radical dose measurements and multiple-radical dose (“dose–

response”) measurements. Developers of each radical generation technology have typically 

adopted one strategy or the other (Table 1). For both approaches, experimental replicates are 

recommended. Replicates should be designed to capture all significant sources of variability 

that could introduce artifactual differences between samples. The nature of the replicates 

used must be clearly documented to satisfy community minimum standards.

Single-Dose Measurement

Single-dose HRPF is typically performed by photolysis of hydrogen peroxide by using 

approaches such as laser or flash-lamp photolysis (FPOP and FOX, Table 1), followed 

immediately by quenching of all secondary oxidants 38, 39, 49, 50. Measurements have at 

least three experimental replicates of samples that are irradiated immediately after hydrogen 

peroxide addition. Experiments include at least one control (no radicals are produced) and 

three experimental replicates per condition. For a 1:1 complex, this entails three replicates 

each for free and bound protein (six samples total). If identifying the binding interface on 

both protein partners is of interest, then labeling of both proteins in the free state (unbound) 

would be required, for a total of nine irradiated samples Control samples that are exposed 

to hydrogen peroxide but not irradiation will allow subtraction of any background oxidation, 
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and minimum community standards require at least two control replicates for each sample 

state.

In laser/photon-based HRPF experiments, radical scavengers are added to limit radical 

lifetimes and prevent over-oxidation that can trigger unfolding, aggregation, or other 

artifacts 51. Background (pre-irradiation) oxidation can substantially influence hydroxyl-

radical labeling quantitation, so minimizing it through careful sample preparation and 

handling is essential. Elevated background oxidation can affect protein conformation and 

saturate susceptible HRPF targets, complicating interpretation. Likewise, excessive on-target 

labeling should be avoided because it can (1) perturb native structure, (2) produce non-linear 

modification levels, and (3) introduce errors in percent-modification calculations due to 

altered ionization efficiencies of modified versus unmodified peptides. Investigators should 

explicitly describe how both background oxidation and overall modification levels influence 

their data interpretation.

A single-sided interface analysis of a 1:1 complex requires at least 10 samples: two negative-

control replicates in the unbound state, two in the bound state, three experimental replicates 

unbound, and three experimental replicates bound. Determining a double-sided interface 

requires the corresponding control and irradiated samples for the second protein in the 

complex.

Multi-Dose (Dose-Response) Measurement Strategies

For multi-dose measurements, samples are exposed to progressively increasing doses of ·OH 

to generate a dose-response plot. The experimental deliverable is the change in oxidation 

as a function of ·OH dose. The multi-dose approach surmounts challenges with the 1000x 

range in amino acid side chain intrinsic reactivity towards ·OH by allowing each side chain 

type to be optimally oxidized. Furthermore, one can construct a plot of labeling yield vs. 

dose, akin to a kinetic plot in HDX, which provides more confidence in interpretation. In 

radiolysis, the dose can be controlled by sample geometry, such as speed of the sample in a 

capillary as it passes through the X-ray beam 52, or use of a shutter to control exposure time 

on a fixed target 53. Similar considerations apply to FPOP where laser energy, flow rate, and 

concentration of scavenger can be employed as variables 54.

A recent implementation of Fenton chemistry uses a multi-channel pipette to generate a 

dose-response series simultaneously by adding increasing concentrations of Fe(II)-EDTA 

and hydrogen peroxide (at a constant catalyst-to-substrate ratio) to a set of samples 31, 33. 

Calibration of the ·OH dose is typically carried out using a dosimeter strategy described 

in the next section. Dose-response plots typically start with a control sample (e.g., no 

applied radical generation) and at least three different radical doses. At least two (three is 

preferred) replicates are collected at each dose. Comparable to single-dose experiments, a 

quencher is added to stop further secondary oxidation after exposure (Table 1). Because 

the ·OH reactivity is a combination of the intrinsic reactivity and solvent accessibility of 

each residue, the data are presented as ratios of rate constants to highlight peptides (and/or 

residues) showing the average solvent accessibility changes from one state to another, such 

as in antibody binding to an antigen. Thus, a five-dose triplicate dose-response analysis of 
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a 1:1 complex would require oxidation of 30 samples, 15 each for the free target and the 

complex.

Single-dose experiments generally use less sample and require less time than multi-dose 

strategies. However, multi-dose strategies generally should provide more precise results than 

single-dose measurements owing to the more thorough measurement of oxidation kinetics. 

Investigators should choose their strategy based on available instrumentation, sample, and 

the needs of the analysis. Moreover, if there is any uncertainty in which type of approach 

should be used, the authors invite investigators to consult with experts who are proficient 

with these two types of strategies to ensure they obtain optimal HRPF-MS data for their 

system of interest.

Dosimeter Considerations

HRPF is unusual among bottom-up MS methods because the impact of scavengers on 

·OH availability cannot be predicted before experimentation. The effective radical dose 

experienced by the protein is determined by sample composition and the amount of radical 

generated, and must be equivalent across samples to enable direct comparison. To address 

scavenging effects, several empirical dosimetry approaches have been developed. 53, 55–59. 

The initial radical concentration depends on photolysis or radiolysis energy (and beam 

characteristics) and, when applicable, hydrogen peroxide concentration. Radical scavengers 

in the sample (e.g., buffer components, membrane lipids, solvent, reactive amino acids) 

further reduce the available radical through non-productive consumption. Any change in 

these factors alters the effective radical concentration and can affect assessments of protein 

conformation. In-line dosimetry provides a real-time measurement of delivered radical 

dose, enabling adjustment of labeling conditions to match scavenging environments across 

samples 39. Internal dosimeters offer a quantitative readout of dose, and details are available 

in the cited references.

When dosimetry is not available, users may employ reporter peptides to assess relative dose 

changes 54 or external dosimetry (e.g., GC/MS) to calibrate selected conditions 55. Critically, 

all samples must receive equivalent effective doses. To meet community standards, both 

the dosimetry method and results must be clearly reported, and alternative approaches are 

acceptable if supported by sound scientific rationale.

Downstream Sample Processing

As with all bottom-up MS technologies, samples labeled by oxidative footprinting are 

subjected to proteolysis (peptide mapping) and LC-MS/MS analysis. The general sample 

processing workflow requires that the protein be denatured and reduced (cysteine alkylation 

is common) for protein digestion. The resulting desalted peptide digest is the analyzed by 

LC-MS/MS analysis to identify peptides modified by ·OH and to quantitate the extent of 

labeling. The extent of labeling is proportional to the average local solvent accessibility of 

the oxidation target (discussed below) within the three-dimensional structure of the protein.
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Peptide Mapping Considerations

In general, the ideal protease should be highly specific and provide 100% digestion 

efficiency and sequence coverage of the target protein. This enables the most accurate 

quantitation of peptide labeling and ensures coverage of any unknown sites of potential 

interest. However, there are practical limitations and considerations for peptide mapping, 

such as enzyme specificity/efficiency, availability of proteolytic sites, and resulting peptide 

length. It is suggested that the analyte of interest be analyzed by the peptide mapping 

strategy of interest to evaluate the sequence coverage, specificity, and efficiency prior to 

HRFP-MS analysis. Deglycosylation is also commonly employed to reduce the quantitation 

complication that is inherent for glycopeptides 60.

Trypsin is the enzyme of choice for most footprinting studies as this enzyme is highly 

selective, highly efficient, and the distribution of proteolytic cleavage sites (C-terminal 

arginine/lysine) provides excellent coverage and good peptide ionization in the usual 

positive-ion mode MS 61. Further, arginine and lysine are not extensively modified by ·OH, 

and cleavage is relatively resistant to effects of oxidation, which can be more problematic 

for other enzymes (e.g., chymotrypsin). However, it should be noted that heavily oxidized 

proteins can cause the formation of hydroxy-lysine, leading to potential digestion efficiency 

concerns 62. Other specific proteases that can be considered as effective alternatives are 

shown in Table 2.

Regardless of the protease used, the investigator should demonstrate that the cleavage 

event has proceeded as close to completion as practically possible 61. Completion can be 

determined by evaluating if there are any large signals observed (at high m/z-values) during 

column cleaning/regeneration at the end of the organic-phase gradient. Table 2 provides an 

overview of common proteases and reagents used for HRPF analysis.

Glycoproteins make up an estimated 50% of all proteins, and thus, analytes of interest may 

contain glycans 63, 64. The resulting glycopeptides can be difficult to identify and quantitate 

in the MS analysis following HRPF 60. Deglycosylation of peptides is common to remove 

the glycans and reduce the resulting peptide to a single amino acid sequence. The use of 

PNGaseF is used to remove N-linked glycosylation in which the resulting peptide will have 

a sequence change from Asn to Asp, and is particularly common for monoclonal antibody 

peptide mapping 65. It is important to understand the composition of the analyte of interest 

with regards to potential glycosylation sites and the occupancy thereof, and in most cases 

the community recommends deglycosylation of N-linked glycopeptides prior to LC-MS/MS 

analysis.

LC-MS/MS Considerations

The cited literature provides detailed guidance on LC-MS/MS parameters, but several 

general recommendations apply. Peptide separations are typically performed by high-

pressure reversed-phase LC using water/acetonitrile with formic acid. Both nano-LC and 

micro-LC are suitable: nano-LC offers higher sensitivity but lower robustness, whereas 

micro-LC requires more material but provides greater stability and reproducibility. When 

sample quantity allows, micro-LC is recommended. High resolving-power MS detection 
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for both MS1 and MS2 is preferred. For most digests containing more than two peptides, 

precursor ions should generally be measured at ≥10 ppm resolution and fragment ions at ≥20 

ppm. These values are guidelines rather than strict requirements, as resolution, sensitivity, 

and acquisition time must be balanced against sample complexity. Low resolving-power 

MS/MS may be justified when appropriate. For fragmentation, HCD or CID is typically 

sufficient, though ETD, EAD, or UVPD may also be used.

Three MS/MS acquisition strategies are commonly applied. The most widely used is data-

dependent acquisition (DDA), where the instrument selects ions for fragmentation (e.g., the 

top N precursors), optionally assisted by an inclusion list. DDA can miss low-abundance 

modified peptides or be impacted by coeluting species, even with dynamic exclusion. 

Data-independent acquisition (DIA) avoids this limitation by fragmenting all precursors, 

but includes isotopologues and requires more complex data analysis 66. When needed, 

targeted MS/MS is recommended. A preliminary MS or DDA run identifies the peptides 

of interest (including oxidation products), which are then selectively fragmented based 

on retention time and m/z. Targeted MS/MS enables reliable detection of low-abundance 

oxidation products and ensures full coverage of positional isomers that may elute across a 

broad window and otherwise be missed due to dynamic exclusion.

Each approach has strengths and limitations, and the choice should reflect the goals and 

constraints of the study. Targeted MS/MS is particularly advantageous when sample quantity 

is limited, as it focuses acquisition time on ions directly relevant to the analysis.

Data Analysis

This section provides a brief overview of the expected protein modifications observed from 

HRPF analysis, traditional processing strategies for the corresponding LC-MS data, and the 

recommended statistical approaches and data presentations.

Quantitation of Peptide Modifications

Quantifying the extent of modification at the peptide-level is commonly based on ion 

intensity in the extracted ion chromatogram (XIC) for the modified peptide(s), relative to the 

unmodified (or precursor) peptide. The intensities of the peptide signals are determined at 

the MS1-level for quantitative purposes, whereas validation of the identity of the modified 

peptide is performed at the MS2-level. When MS2 is not sufficient to positively identify 

either the precursor or modified peptide, additional factors (e.g., accurate mass, isotopic 

distribution, retention time shift of the precursor relative to the unmodified peptide) or 

the multi-digestion approach, may be used in validation. However, these factors may not 

compensate for poor data quality, low sequence coverage, or low peptide abundance. A 

combination of these factors should be provided for any identified peptides used to make 

scientific conclusions using HRPF data.

The most common peptide modification from ·OH labeling is the direct incorporation of 

oxygen (i.e., addition of 17 Da and loss of 1 Da = +16 Da nominal), which typically 

modifies the most reactive residues (e.g., sulfur-containing (e.g., Cys, Met), aromatics (Phe, 

Tyr, His, Trp), etc.). However, depending on the radical source and time of labeling, many 
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modifications can occur (Table 3). At a minimum, the +16 Da modification must be utilized 

for quantitation as that is the dominant modification. Peptides with high susceptibility to 

oxidation (e.g., Met-containing) should be searched for +32 Da modifications (a detailed 

recommendation for quantitation of modified peptides is in Supplemental Information).

Quantitation of the extent of modification at the peptide-level takes into consideration all 

the modified forms of the peptide and can be determined by two different approaches as 

described in Supplemental Information. The most common method for calculating oxidation 

is percent oxidation, where all XIC signals from all modified versions of a peptide are 

summed and divided by the sum of all XIC signals from both modified and unmodified 

versions of that peptide. This ratio is then multiplied by 100% (See Eq. S1). Oxidation that 

occurs from the electro-spray ionization process (i.e., in-source oxidation) should not be 

included in these calculations. In-source oxidation can be readily identified by having an 

identical LC elution profile as the unmodified peptide, while HRPF products will usually 

show a shift in retention time. In-source oxidation should be minimized by ensuring proper 

maintenance and tuning of the LC-MS instrument (e.g. spray voltage, emitter location, 

ESI emitter changes) and by thoroughly cleaning and desalting before introduction to the 

LC-MS.

Similarly, quantitation of labeling at the residue-level can be done if homogeneous XIC 

peaks and a definitive MS/MS are obtained. This is best determined for peptides containing 

a single, highly reactive residue (e.g. Met, Trp etc.) in which there is only a single modified 

form of the peptide detected. In this situation, the peptide-level modification reflects residue-

level modification, in which accurate MS2 is used to determine the modification position. 

Quantitation of residue-level modification for peptides that exhibit multiple modification 

sites is beyond the scope of this perspective.

Software Processing

There are many different approaches to processing HRPF data, ranging from manual 

identification and XIC integration, to the use of freeware and commercially available 

software. Several software packages are available for data processing; they include Xcalibur, 

Byos, Skyline, ProtMapMS, MassMatrix, FoxWare, Mascot, and FragPipe.

Window widths for creating the XIC should be based on MS mass error, and ideally should 

not include peptides or peptide oxidation products from more than one peptide sequence. 

The XIC integration should include all the isomeric peptide modification products that 

are HPLC separable, and if possible, the identity of these modified peptides should be 

validated by a method other than measuring intact mass (e.g. by MS/MS, relative retention 

time, carbon isotope distribution pattern, etc.) XIC of peptides that are partially separated 

(appear as composite chromatographic peaks) can be integrated together for peptide-level 

quantitation.

It is also important to understand the impact of different charge states, isotopic distributions, 

retention time and digestion efficiency on the quantitation of the extent(s) of modification. 

Although the mass spectrometer responds differently to unmodified vs. modified peptides, 

this problem is moderated by doing the experiment in a differential/comparative mode 
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(e.g., bound vs. unbound, wild type vs. mutant) where ratios of ratios are used. Software 

that takes into consideration all the charge states and isotopes for quantitation limits the 

concerns for misquantitation of these fundamental mass spectrometric features of peptides. 

Furthermore, choosing the most abundant charge state and the most abundant isotopic 

peak may provide the precision of quantitation needed to have confidence in determining 

the solvent accessibility change between two states 67. Minimum community standards 

require that comparison of unmodified and modified versions of the same peptide use the 

same charge state and isotopologue for measurement of both the modified and unmodified 

versions of the same peptide. It is important to note that measurement errors may come from 

using isotopologues with different relative abundances.

Statistical Approach

Traditionally, the statistical approach for single-point HRPF data has been to generate 

bar graphs to visualize the data across all peptides and to perform a series of separate 

analyses, one each peptide, comparing two or more states (e.g., unbound and bound states) 

by using Student’s t-test at the α = 0.05 significance level) 13, 14, 16. The statistical 

significance (p-value < 0.05) can be used to conclude that a difference in the <SASA> 

had been detected. Although the traditional approach is based on bar graphs with error 

bars (aka. dynamite detonator plots) and individual Student’s t-tests per peptide (or per 

residue), which may suffice for a quick and simple assessment of <SASA> change, 

this approach may not be appropriate for all applications. Plots of average and standard 

deviation may not accurately convey the distribution of the data, especially at the small 

numbers of replicates typically used in HRPF experiments. Therefore, community minimum 

standards require each replicate data point be reported in addition to the mean and standard 

deviation for each peptide (or residue) for single-point measurements as indicated in the 

Data Presentation section (and Supplementary Information). A more detailed discussion of 

statistical approaches for single-dose HRPF data analysis can be found in the Supplemental 

Information.

For multi-point (dose response) measurements, following quantification of fractional 

modification for each sample, the points are assembled into a dose-response plot per peptide 

(or per individual residue). For synchrotron X-ray radiolysis, the principle of steady state 

approximation for the determination of a rate constant is applied on the dose response plot, 

which represents fraction of unmodified vs exposure time. Since the concentration of ·OH 

remains constant at all exposure times under a fixed dose rate, under the assumption of a 

pseudo-unimolecular reaction between protein and ·OH, the data are fitted to a first-order 

exponential y = e−kt, and a ·OH reactivity rate constant ‘k’ is determined for the peptide 

(or amino acid side chain) 2. The results from the Fenton multi-point oxidation protocol are 

analogous to X-ray footprinting except that the ratio of the extent of oxidation as a function 

of oxidant concentration, rather than exposure time, is calculated. Community minimum 

standards require calculating the standard error of the first-order exponential fit to the data. 

Ideally, dose-response rates are calculated separately for each replicate of each sample. The 

standard deviation of the ratio of rate constants (or abundances) for each residue is then 

calculated, and the resulting error bars are depicted on the bar graph.
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Data Presentation & Transparency

Regardless of whether descriptive statistics alone or hypothesis testing is used, it is often 

appropriate to discriminate further between peptides based on the effect size as measured by 

fold-change in modification, as this difference is correlated to the magnitude of change 

in <SASA> 56, 68, 69. Data should be minimally provided in bar graph or dot plot 

representation, or as tabulated data. Background oxidation of control samples should be 

measured and disclosed for all peptides. A representation of variability should be provided 

for each measured peptide or residue with an associated description (e.g., standard deviation, 

confidence interval). All replicate results should be made available to allow for a complete 

understanding of variability, preferably in the primary results visualization.

Currently, there is no shared public database specifically for oxidative footprinting results. 

We recommend the use of an established international database for mass spectrometry data 

(e.g., proteomexchange.org); however, the authors acknowledge that proprietary information 

such as non-public protein sequences will likely be restricted. Archived raw data will 

consist of LC-MS/MS datasets, search parameters (e.g., modified amino acid, type of 

modification), and metadata including irradiation parameters or chemical reagents, exposure 

times, dosimetry standards, sample preparation protocols, protease digestion parameters and 

efficiency (enzyme specificity, number of missed cleavages), and LC gradients. Processed 

data will consist of validated peptide and/or residue specific oxidation/accessibility as a 

function of the extent of oxidation. These latter data may be further processed to include 

linear fits, with the slope of the fits for each peptide/residue reported in tabular or bar-dot 

graph form.

Data Interpretation

Measuring Changes in <SASA>

The key to accurate data interpretation is to understand that there are at least two 

contributing factors governing the extent of radical labeling in footprinting. One is the 

specific residue’s intrinsic reactivity with ·OH or other radicals; the other is the solvent 

accessibility of each residue. The latter is the foundation for footprinting because it reflects 

the exposure of a protein residue to ·OH diffusing through solution. As mentioned earlier, 

traditional HRPF data analyses often focus on comparing the differences in the footprinting 

rate or modification extent of a specific site to characterize conformational changes across 

different protein states apo vs. holo states 27, 70, 71, unbound vs. protein-bound states 15, 60, 

mutant vs. wild-type 72, one oligomer state vs. another 23, 40 and/or kinetics of structural 

changes 24. A comparison of differences in footprinting between identical amino acid 

sequences in two or more conformational states normalizes the contribution of the intrinsic 

reactivity of each peptide to the rate of oxidation, allowing fold-changes in oxidation to 

reflect only changes in solvent accessibility with the magnitude of change being correlated 

directly with the magnitude of change in <SASA>.

For example, a significant decrease in modification extent going from an unbound to 

a bound state, may indicate that the region is involved in the ligand-binding interface. 

Likewise, an increase in modification for the same system likely represents structural 
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changes resulting in an increase in the <SASA>. Thus, the changes in HRPF between 

protein states are conceptually reporting the change in the <SASA> between the two states. 

This relative comparison is quite reliable as all experimental workflows (and thus any 

inefficiencies) are common across the states compared. Studies demonstrating the absolute 

correlation between <SASA> and HRPF data (e.g., protection factor analysis) suitable for 

modeling were previously published 68. This correlation is well-established for soluble 

proteins, but it is not perfect due to other factors affecting the footprinting yield, such as 

the presence of nearby reactive residues, protein dynamics, and potentially other factors that 

have not yet been identified.

Structural Changes vs. Binding Interfaces

Another aspect complicating the interpretation of protein-folding and protein-interaction 

data is the distinction between binding and binding-induced remote conformational changes 

(allostery). While binding generally reduces solvent accessibility at the interaction interface, 

local conformational and dynamic perturbations, as well as distant allosteric effects, may 

result in either decreases or increases in SASA and, consequently, in HRPF labeling. This 

is widely recognized as a challenge in HDX-MS 73, 74, but also extends to any reversible or 

irreversible MS-based footprinting strategy 75.

Our guidance focuses on protein-protein interactions as the example application for HRPF; 

however, there are many examples that elucidate structural changes vs. direct binding 

interactions. For example, HRPF has been used to investigate myoglobin-heme binding 

interactions, characterizing not only the binding pocket but also the changes induced by 

the binding 38. Another study compared the structures of unbound and peptide-bound 

calmodulin, identifying several residues involved in ligand-induced structural changes 71. 

Similarly, HRPF probed the interaction of Robo1 Ig1–2 with unfractionated heparin, and the 

findings suggest that heparin interactions induce modest conformational change that is not 

captured in the X-ray structure 76. Caution is suggested, however, in distinguishing binding 

from binding-induced conformational changes 77. In such cases, a more comprehensive 

approach using other methods to assign a fuller picture of protein binding vs. remote 

conformational changes would be warranted, as discussed in the following section.

The use of Orthogonal and/or Complementary Data

Characterizing protein structures and their dynamics, particularly in protein complexes, 

requires detailed information from various perspectives, including static protein structures, 

dynamic changes, and binding stoichiometry. Structural characterization is even more 

challenging when dealing with flexible proteins. Therefore, it is recommended that different 

structural elucidation techniques be combined, as well as different biophysical analytics 

be implemented, for characterization of protein complexes to infer correct mechanisms of 

action 75, 78, 79. HRPF provides an ensemble average of solvent-accessibility information, 

sometimes at the residue level, making “protection” a foundational computational parameter 

that complements other methods of structural analysis.

For example, HRPF offers both direct and accurate measures of solvent accessibility and 

the relation to conformational change, but HRPF does not enable direct visualization 
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of structures. In contrast, when combined with suitable computational methods, HRPF 

and other MS-based footprinting methods may be used to predict protein structure80. 

CryoEM and X-ray crystallography allow for direct visualization of structures but often 

lack information on dynamics and disordered regions of a protein 78. Further, since 

HRPF is a solution-based method it provides structural information that is not visualized 

in static, solid-state states. Combining multiple methods reveals not only the detailed 

structure of complexes, but also the dynamic changes proximal to the binding region 

or distal to binding interfaces. HRPF, in combination with other biophysical techniques 

like surface plasmon resonance (SPR), can provide a detailed understanding of binding 

events from both structural and kinetic perspectives 76. Further, mutational analysis, 

biological assays, and computational predictions/simulations frequently utilize HRPF data 

to support their hypotheses 60, 76, 81, 82. This practice underscores the utility of HRPF in 

providing useful and complementary structural analysis within biologically relevant settings. 

Overall, integrating biophysical methods with structural biology approaches provides 

greater understanding of biological systems 79, 83, 84. Table 4 summarizes orthogonal and 

complementary methods used in combination with HRPF.

Conclusion

HRPF is an in-solution method for mapping protein structure that can be applied alone 

or alongside other structural approaches. Here, we provide best-practice guidelines for 

mapping interfaces formed during protein assembly, including experimental design, sample 

preparation and oxidation, processing of oxidized samples, and analysis and interpretation 

of the resulting data. Minimum community requirements and recommendations are 

summarized in Table 5 to support consistency across studies and help new users adopt 

the method.

Hydroxyl radicals can be generated by X-rays or plasma irradiation of water, or by UV 

photolysis or Fenton chemistry of H2O2. Each approach can provide protein- or residue-

level information on solvent accessibility, and the choice of method depends on the system 

and available resources. Detailed protocols and timing considerations are available in 

the primary literature referenced herein. All HRPF experiments require LC-MS/MS and 

appropriate software for identification and quantification of oxidative products. Automated 

tools can generate peptide-level results when signal-to-noise is sufficient, but residue-level 

analysis requires targeted data acquisition and careful validation of the resulting oxidative 

products.

What other method developments are needed for the continued improvement of HRPF? 

A key limitation of current methods is sparse labeling, especially in regions with highly 

reactive residues such as methionine, which consume a significant fraction of radicals. 

Unlabeled regions provide no information on conformation, limiting interpretive power. 

Complementary reagents, such as trifluoromethyl radicals (•CF3), can expand coverage. 

Recent studies combining •OH and •CF3 labeling in a single reaction achieved roughly 

twice the labeling, with CF3 preferentially targeting residues poorly labeled by ·OH 85–

87. Continued improvements in MS and LC instrumentation and HRPF methodology will 
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enable deeper coverage and detection of lower-abundance footprints beyond current MS 

limits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

MLG acknowledges support from the NIH, National Institute of General Medical Sciences (1R01GM131008) 
and the National Institute on Aging (R01AG079283). NSLS-II XFP beamline development was funded by NSF-
MRI award (DBI-1228549, M.R.C) and Case Western Reserve University. NSLS-II is a U.S. DOE User Facility 
operated for the DOE Office of Science by Brookhaven National Laboratory under Contract No. DE-SC0012704. 
J.S.S. acknowledges support from the National Institute of General Medical Sciences (R01GM127267) for HRPF 
technology development. LMJ acknowledges support from the National Institute of General Medical Sciences 
(R35GM144324). X-ray hydroxyl radical footprinting development and operations at Advanced Light Source 
beamline 3.3.1 are supported by National Institutes of Health (1R01GM126218, C.Y.R and P30GM124169, C.Y.R). 
User operation at Advanced Light Source beamline 3.3.1 and Molecular Foundry is supported by the Office of 
Science of the U.S. Department of Energy (DOE) under contract DE-AC02-05CH11231.

References

1. Charvatova O et al. Quantifying protein interface footprinting by hydroxyl radical oxidation and 
molecular dynamics simulation: application to galectin-1. J Am Soc Mass Spectrom 19, 1692–1705 
(2008). [PubMed: 18707901] 

2. Xu G & Chance MR Hydroxyl radical-mediated modification of proteins as probes for structural 
proteomics. Chem Rev 107, 3514–3543 (2007). [PubMed: 17683160] 

3. Galas DJ & Schmitz A DNAse footprinting: a simple method for the detection of protein-DNA 
binding specificity. Nucleic Acids Res 5, 3157–3170 (1978). [PubMed: 212715] 

4. Tullius TD DNA footprinting with hydroxyl radical. Nature 332, 663–664 (1988). [PubMed: 
2833707] 

5. Latham JA & Cech TR Defining the inside and outside of a catalytic RNA molecule. Science 245, 
276–282 (1989). [PubMed: 2501870] 

6. Heyduk E & Heyduk T DNA template sequence control of bacterial RNA polymerase escape from 
the promoter. Nucleic Acids Res 46, 4469–4486 (2018). [PubMed: 29546317] 

7. Maleknia SD, Brenowitz M & Chance MR Millisecond radiolytic modification of peptides by 
synchrotron X-rays identified by mass spectrometry. Anal Chem 71, 3965–3973 (1999). [PubMed: 
10500483] 

8. Chance MR Unfolding of apomyoglobin examined by synchrotron footprinting. Biochem Biophys 
Res Commun 287, 614–621 (2001). [PubMed: 11563839] 

9. Goldsmith SC, Guan JQ, Almo S & Chance M Synchrotron protein footprinting: a technique 
to investigate protein-protein interactions. J Biomol Struct Dyn 19, 405–418 (2001). [PubMed: 
11790140] 

10. Maleknia SD, Ralston CY, Brenowitz MD, Downard KM & Chance MR Determination of 
macromolecular folding and structure by synchrotron x-ray radiolysis techniques. Anal Biochem 
289, 103–115 (2001). [PubMed: 11161303] 

11. Sun Y, Estevez A, Schlothauer T & Wecksler AT Antigen physiochemical properties allosterically 
effect the IgG Fc-region and Fc neonatal receptor affinity. MAbs 12, 1802135 (2020). [PubMed: 
32795110] 

12. Hecht ES et al. Insights into ultra-low affinity lipase-antibody noncovalent complex binding 
mechanisms. MAbs 14, 2135183 (2022). [PubMed: 36284469] 

13. Li J et al. Mapping the Energetic Epitope of an Antibody/Interleukin-23 Interaction with 
Hydrogen/Deuterium Exchange, Fast Photochemical Oxidation of Proteins Mass Spectrometry, 
and Alanine Shave Mutagenesis. Anal Chem 89, 2250–2258 (2017). [PubMed: 28193005] 

Wecksler et al. Page 14

Nat Methods. Author manuscript; available in PMC 2026 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14. Zhang Y, Wecksler AT, Molina P, Deperalta G & Gross ML Mapping the Binding Interface 
of VEGF and a Monoclonal Antibody Fab-1 Fragment with Fast Photochemical Oxidation 
of Proteins (FPOP) and Mass Spectrometry. J Am Soc Mass Spectrom 28, 850–858 (2017). 
[PubMed: 28255747] 

15. Schick AJ 3rd et al. Epitope mapping of anti-drug antibodies to a clinical candidate bispecific 
antibody. MAbs 14, 2028337 (2022). [PubMed: 35072596] 

16. Storek KM et al. Monoclonal antibody targeting the beta-barrel assembly machine of Escherichia 
coli is bactericidal. Proc Natl Acad Sci U S A 115, 3692–3697 (2018). [PubMed: 29555747] 

17. Kristensen LG, Gupta S, Chen Y, Petzold CJ & Ralston CY Residue-Specific Epitope Mapping of 
the PD-1/Nivolumab Interaction Using X-ray Footprinting Mass Spectrometry. Antibodies (Basel) 
13 (2024).

18. Kiselar JG, Janmey PA, Almo SC & Chance MR Structural analysis of gelsolin using synchrotron 
protein footprinting. Mol Cell Proteomics 2, 1120–1132 (2003). [PubMed: 12966145] 

19. Leverenz RL et al. PHOTOSYNTHESIS. A 12 A carotenoid translocation in a photoswitch 
associated with cyanobacterial photoprotection. Science 348, 1463–1466 (2015). [PubMed: 
26113721] 

20. Huang W et al. Multidomain architecture of estrogen receptor reveals interfacial cross-talk between 
its DNA-binding and ligand-binding domains. Nat Commun 9, 3520 (2018). [PubMed: 30166540] 

21. Gupta S et al. Local and global structural drivers for the photoactivation of the orange carotenoid 
protein. Proc Natl Acad Sci U S A 112, E5567–5574 (2015). [PubMed: 26385969] 

22. Siddiqi MK et al. Structurally distinct external solvent-exposed domains drive replication of major 
human prions. PLoS Pathog 17, e1009642 (2021). [PubMed: 34138981] 

23. Li KS, Rempel DL & Gross ML Conformational-Sensitive Fast Photochemical Oxidation of 
Proteins and Mass Spectrometry Characterize Amyloid Beta 1–42 Aggregation. J Am Chem Soc 
138, 12090–12098 (2016). [PubMed: 27568528] 

24. Gupta S et al. X-ray radiolytic labeling reveals the molecular basis of orange carotenoid protein 
photoprotection and its interactions with fluorescence recovery protein. J Biol Chem 294, 8848–
8860 (2019). [PubMed: 30979724] 

25. Kiselar J & Chance MR High-Resolution Hydroxyl Radical Protein Footprinting: Biophysics Tool 
for Drug Discovery. Annu Rev Biophys 47, 315–333 (2018). [PubMed: 29539273] 

26. Bashore C et al. Targeted degradation via direct 26S proteasome recruitment. Nat Chem Biol 19, 
55–63 (2023). [PubMed: 36577875] 

27. Ho H et al. Structural basis for dual-mode inhibition of the ABC transporter MsbA. Nature 557, 
196–201 (2018). [PubMed: 29720648] 

28. Chen J, Rempel DL, Gau BC & Gross ML Fast photochemical oxidation of proteins and mass 
spectrometry follow submillisecond protein folding at the amino-acid level. J Am Chem Soc 134, 
18724–18731 (2012). [PubMed: 23075429] 

29. Johnson DT, Di Stefano LH & Jones LM Fast photochemical oxidation of proteins (FPOP): A 
powerful mass spectrometry-based structural proteomics tool. J Biol Chem 294, 11969–11979 
(2019). [PubMed: 31262727] 

30. Nehls T, Heymann T, Meyners C, Hausch F & Lermyte F Fenton-Chemistry-Based Oxidative 
Modification of Proteins Reflects Their Conformation. Int J Mol Sci 22 (2021).

31. Chapman JR et al. Systematic Fe(II)-EDTA Method of Dose-Dependent Hydroxyl Radical 
Generation for Protein Oxidative Footprinting. Anal Chem 95, 18316–18325 (2023). [PubMed: 
38049117] 

32. Sharp JS, Becker JM & Hettich RL Protein surface mapping by chemical oxidation: structural 
analysis by mass spectrometry. Anal Biochem 313, 216–225 (2003). [PubMed: 12605858] 

33. Sun Y et al. Hydrogen/Deuterium Exchange and Protein Oxidative Footprinting with Mass 
Spectrometry Collectively Discriminate the Binding of Small-Molecule Therapeutics to Bcl-2. 
Anal Chem 97, 4329–4340 (2025). [PubMed: 39969248] 

34. Sharp JS, Sullivan DM, Cavanagh J & Tomer KB Measurement of multisite oxidation kinetics 
reveals an active site conformational change in Spo0F as a result of protein oxidation. 
Biochemistry 45, 6260–6266 (2006). [PubMed: 16700537] 

Wecksler et al. Page 15

Nat Methods. Author manuscript; available in PMC 2026 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Watson C et al. Pulsed electron beam water radiolysis for submicrosecond hydroxyl radical protein 
footprinting. Anal Chem 81, 2496–2505 (2009). [PubMed: 19265387] 

36. Minkoff BB et al. Plasma-Generated OH Radical Production for Analyzing Three-Dimensional 
Structure in Protein Therapeutics. Sci Rep 7, 12946 (2017). [PubMed: 29021557] 

37. Yusupov M et al. Molecular understanding of the possible mechanisms of oligosaccharide 
oxidation by cold plasma. Plasma Processes and Polymers 20, 2200137 (2023).

38. Hambly DM & Gross ML Laser flash photolysis of hydrogen peroxide to oxidize protein solvent-
accessible residues on the microsecond timescale. J Am Soc Mass Spectrom 16, 2057–2063 
(2005). [PubMed: 16263307] 

39. Sharp JS et al. Flash Oxidation (FOX) System: A Novel Laser-Free Fast Photochemical Oxidation 
Protein Footprinting Platform. J Am Soc Mass Spectrom 32, 1601–1609 (2021). [PubMed: 
33872496] 

40. Gau B, Garai K, Frieden C & Gross ML Mass spectrometry-based protein footprinting 
characterizes the structures of oligomeric apolipoprotein E2, E3, and E4. Biochemistry 50, 8117–
8126 (2011). [PubMed: 21848287] 

41. Xie B, Sood A, Woods RJ & Sharp JS Quantitative Protein Topography Measurements by High 
Resolution Hydroxyl Radical Protein Footprinting Enable Accurate Molecular Model Selection. 
Sci Rep 7, 4552 (2017). [PubMed: 28674401] 

42. Masson GR et al. Recommendations for performing, interpreting and reporting hydrogen 
deuterium exchange mass spectrometry (HDX-MS) experiments. Nat Methods 16, 595–602 
(2019). [PubMed: 31249422] 

43. Li X, Li Z, Xie B & Sharp JS Improved identification and relative quantification of sites of peptide 
and protein oxidation for hydroxyl radical footprinting. J Am Soc Mass Spectrom 24, 1767–1776 
(2013). [PubMed: 24014150] 

44. Li KS et al. Orthogonal Mass Spectrometry-Based Footprinting for Epitope Mapping and 
Structural Characterization: The IL-6 Receptor upon Binding of Protein Therapeutics. Anal Chem 
89, 7742–7749 (2017). [PubMed: 28621526] 

45. Ralston CY & Sharp JS Structural Investigation of Therapeutic Antibodies Using Hydroxyl 
Radical Protein Footprinting Methods. Antibodies (Basel) 11 (2022).

46. Gupta S, Feng J, Chan LJ, Petzold CJ & Ralston CY Synchrotron X-ray footprinting as a method 
to visualize water in proteins. J Synchrotron Radiat 23, 1056–1069 (2016). [PubMed: 27577756] 

47. Buxton GV, Greenstock CL, Helman WP & Ross AB Critical Review of rate constants for 
reactions of hydrated electrons, hydrogen atoms and hydroxyl radicals (⋅OH/⋅O− in Aqueous 
Solution. Journal of Physical and Chemical Reference Data 17, 513–886 (1988).

48. Rosi M et al. An automated liquid jet for fluorescence dosimetry and microsecond radiolytic 
labeling of proteins. Commun Biol 5, 866 (2022). [PubMed: 36008591] 

49. Sharp JS, Becker JM & Hettich RL Analysis of protein solvent accessible surfaces by 
photochemical oxidation and mass spectrometry. Anal Chem 76, 672–683 (2004). [PubMed: 
14750862] 

50. Shami AA, Misra SK, Jones LM & Sharp JS Dimethylthiourea as a Quencher in Hydroxyl Radical 
Protein Footprinting Experiments. J Am Soc Mass Spectrom 34, 2864–2867 (2023). [PubMed: 
37971787] 

51. Gau BC, Sharp JS, Rempel DL & Gross ML Fast photochemical oxidation of protein footprints 
faster than protein unfolding. Anal Chem 81, 6563–6571 (2009). [PubMed: 20337372] 

52. Gupta S, Chen Y, Petzold CJ, DePonte DP & Ralston CY Development of Container Free Sample 
Exposure for Synchrotron X-ray Footprinting. Anal Chem 92, 1565–1573 (2020). [PubMed: 
31790200] 

53. Gupta S, Sullivan M, Toomey J, Kiselar J & Chance MR The Beamline X28C of the Center for 
Synchrotron Biosciences: a national resource for biomolecular structure and dynamics experiments 
using synchrotron footprinting. J Synchrotron Radiat 14, 233–243 (2007). [PubMed: 17435298] 

54. Niu B et al. Incorporation of a Reporter Peptide in FPOP Compensates for Adventitious 
Scavengers and Permits Time-Dependent Measurements. J Am Soc Mass Spectrom 28, 389–392 
(2017). [PubMed: 27924496] 

Wecksler et al. Page 16

Nat Methods. Author manuscript; available in PMC 2026 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



55. Niu B, Zhang H, Giblin D, Rempel DL & Gross ML Dosimetry determines the initial OH radical 
concentration in fast photochemical oxidation of proteins (FPOP). J Am Soc Mass Spectrom 26, 
843–846 (2015). [PubMed: 25712620] 

56. Xie B & Sharp JS Hydroxyl Radical Dosimetry for High Flux Hydroxyl Radical Protein 
Footprinting Applications Using a Simple Optical Detection Method. Anal Chem 87, 10719–
10723 (2015). [PubMed: 26455423] 

57. Sharp JS, Misra SK, Persoff JJ, Egan RW & Weinberger SR Real Time Normalization of Fast 
Photochemical Oxidation of Proteins Experiments by Inline Adenine Radical Dosimetry. Anal 
Chem 90, 12625–12630 (2018). [PubMed: 30290117] 

58. Garcia NK, Sreedhara A, Deperalta G & Wecksler AT Optimizing Hydroxyl Radical Footprinting 
Analysis of Biotherapeutics Using Internal Standard Dosimetry. J Am Soc Mass Spectrom 31, 
1563–1571 (2020). [PubMed: 32407079] 

59. Asuru A et al. The XFP (17-BM) beamline for X-ray footprinting at NSLS-II. J Synchrotron 
Radiat 26, 1388–1399 (2019). [PubMed: 31274468] 

60. Lin M, Krawitz D, Callahan MD, Deperalta G & Wecksler AT Characterization of ELISA 
Antibody-Antigen Interaction using Footprinting-Mass Spectrometry and Negative Staining 
Transmission Electron Microscopy. J Am Soc Mass Spectrom 29, 961–971 (2018). [PubMed: 
29512051] 

61. Mouchahoir T & Schiel JE Development of an LC-MS/MS peptide mapping protocol for the 
NISTmAb. Anal Bioanal Chem 410, 2111–2126 (2018). [PubMed: 29411091] 

62. Molony MS, Quan C, Mulkerrin MG & Harris RJ Hydroxylation of Lys residues reduces their 
susceptibility to digestion by trypsin and lysyl endopeptidase. Anal Biochem 258, 136–137 (1998). 
[PubMed: 9527859] 

63. Prestegard JH A perspective on the PDB's impact on the field of glycobiology. J Biol Chem 296, 
100556 (2021). [PubMed: 33744289] 

64. Dang L et al. Mapping human N-linked glycoproteins and glycosylation sites using mass 
spectrometry. Trends Analyt Chem 114, 143–150 (2019).

65. Zheng K, Bantog C & Bayer R The impact of glycosylation on monoclonal antibody conformation 
and stability. MAbs 3, 568–576 (2011). [PubMed: 22123061] 

66. Zakopcanik M, Kavan D, Kukacka Z, Novak P & Loginov DS Data-Independent Acquisition 
Represents a Promising Alternative for Fast Photochemical Oxidation of Proteins (FPOP) Samples 
Analysis. Anal Chem 96, 11273–11279 (2024). [PubMed: 38967040] 

67. Abolhasani Khaje N et al. Variation in FPOP Measurements Is Primarily Caused by Poor Peptide 
Signal Intensity. J Am Soc Mass Spectrom 29, 1901–1907 (2018). [PubMed: 29943081] 

68. Kaur P, Kiselar J, Yang S & Chance MR Quantitative protein topography analysis and high-
resolution structure prediction using hydroxyl radical labeling and tandem-ion mass spectrometry 
(MS). Mol Cell Proteomics 14, 1159–1168 (2015). [PubMed: 25687570] 

69. Huang W, Ravikumar KM, Chance MR & Yang S Quantitative mapping of protein structure by 
hydroxyl radical footprinting-mediated structural mass spectrometry: a protection factor analysis. 
Biophys J 108, 107–115 (2015). [PubMed: 25564857] 

70. Sheng Y, Capri J, Waring A, Valentine JS & Whitelegge J Exposure of Solvent-Inaccessible 
Regions in the Amyloidogenic Protein Human SOD1 Determined by Hydroxyl Radical 
Footprinting. J Am Soc Mass Spectrom 30, 218–226 (2019). [PubMed: 30328005] 

71. Zhang H, Gau BC, Jones LM, Vidavsky I & Gross ML Fast photochemical oxidation of proteins 
for comparing structures of protein-ligand complexes: the calmodulin-peptide model system. Anal 
Chem 83, 311–318 (2011). [PubMed: 21142124] 

72. Hart KM, Ho CM, Dutta S, Gross ML & Bowman GR Modelling proteins' hidden conformations 
to predict antibiotic resistance. Nat Commun 7, 12965 (2016). [PubMed: 27708258] 

73. Ramirez-Sarmiento CA & Komives EA Hydrogen-deuterium exchange mass spectrometry reveals 
folding and allostery in protein-protein interactions. Methods 144, 43–52 (2018). [PubMed: 
29627358] 

74. Jethva PN & Gross ML Hydrogen Deuterium Exchange and other Mass Spectrometry-based 
Approaches for Epitope Mapping. Front Anal Sci 3 (2023).

Wecksler et al. Page 17

Nat Methods. Author manuscript; available in PMC 2026 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



75. Garcia NK, Deperalta G & Wecksler AT Current Trends in Biotherapeutic Higher Order Structure 
Characterization by Irreversible Covalent Footprinting Mass Spectrometry. Protein Pept Lett 26, 
35–43 (2019). [PubMed: 30484396] 

76. Li Z et al. High structural resolution hydroxyl radical protein footprinting reveals an extended 
Robo1-heparin binding interface. J Biol Chem 290, 10729–10740 (2015). [PubMed: 25752613] 

77. Limpikirati P, Liu T & Vachet RW Covalent labeling-mass spectrometry with non-specific reagents 
for studying protein structure and interactions. Methods 144, 79–93 (2018). [PubMed: 29630925] 

78. Chance MR, Farquhar ER, Yang S, Lodowski DT & Kiselar J Protein Footprinting: Auxiliary 
Engine to Power the Structural Biology Revolution. J Mol Biol 432, 2973–2984 (2020). [PubMed: 
32088185] 

79. Ralston CY & Kerfeld CA Integrated Structural Studies for Elucidating Carotenoid-Protein 
Interactions. Adv Exp Med Biol 1371, 1–10 (2022). [PubMed: 33963527] 

80. Biehn SE & Lindert S Protein Structure Prediction with Mass Spectrometry Data. Annu Rev Phys 
Chem 73, 1–19 (2022). [PubMed: 34724394] 

81. Khaje NA et al. Validated determination of NRG1 Ig-like domain structure by mass spectrometry 
coupled with computational modeling. Commun Biol 5, 452 (2022). [PubMed: 35551273] 

82. Cheng Z, Misra SK, Shami A & Sharp JS Structural Analysis of Phosphorylation Proteoforms 
in a Dynamic Heterogeneous System Using Flash Oxidation Coupled In-Line with Ion Exchange 
Chromatography. Anal Chem 94, 18017–18024 (2022). [PubMed: 36512753] 

83. Sali A From integrative structural biology to cell biology. J Biol Chem 296, 100743 (2021). 
[PubMed: 33957123] 

84. Russel D et al. Putting the pieces together: integrative modeling platform software for structure 
determination of macromolecular assemblies. PLoS Biol 10, e1001244 (2012). [PubMed: 
22272186] 

85. Cheng M, Zhang B, Cui W & Gross ML Laser-Initiated Radical Trifluoromethylation of Peptides 
and Proteins: Application to Mass-Spectrometry-Based Protein Footprinting. Angew Chem Int Ed 
Engl 56, 14007–14010 (2017). [PubMed: 28901679] 

86. Cheng M et al. Fast Protein Footprinting by X-ray Mediated Radical Trifluoromethylation. J Am 
Soc Mass Spectrom 31, 1019–1024 (2020). [PubMed: 32255631] 

87. Jain R et al. Multiplex Trifluoromethyl and Hydroxyl Radical Chemistry Enables High-Resolution 
Protein Footprinting. Anal Chem 97, 482–491 (2025). [PubMed: 39720871] 

88. Monroe EB & Heien ML Electrochemical generation of hydroxyl radicals for examining protein 
structure. Anal Chem 85, 6185–6189 (2013). [PubMed: 23777226] 

89. Martinez MR et al. Mass Spectrometry-Based Protein Footprinting Defines the Binding Pocket of 
Crotonylated H3K14 in the PHD1 Domain of BAF45D within the BAF Chromatin Remodeling 
Complex. ACS Bio Med Chem Au 4, 204–213 (2024).

90. Huang W et al. Small molecule inhibitors of 15-PGDH exploit a physiologic induced-fit closing 
system. Nat Commun 14, 784 (2023). [PubMed: 36774348] 

91. Schoof M et al. An ultrapotent synthetic nanobody neutralizes SARS-CoV-2 by stabilizing inactive 
Spike. Science 370, 1473–1479 (2020). [PubMed: 33154106] 

92. Peng Y et al. A Metastable Contact and Structural Disorder in the Estrogen Receptor 
Transactivation Domain. Structure 27, 229–240 e224 (2019). [PubMed: 30581045] 

93. Wang X, Watson C, Sharp JS, Handel TM & Prestegard JH Oligomeric structure of the chemokine 
CCL5/RANTES from NMR, MS, and SAXS data. Structure 19, 1138–1148 (2011). [PubMed: 
21827949] 

94. Van QN et al. Uncovering a membrane-distal conformation of KRAS available to recruit RAF to 
the plasma membrane. Proc Natl Acad Sci U S A 117, 24258–24268 (2020). [PubMed: 32913056] 

95. Wasserstein RL & Lazar NA The ASA Statement on p-Values: Context, Process, and Purpose. The 
American Statistician 70, 129–133 (2016).

96. Li X et al. Structural Analysis of the Glycosylated Intact HIV-1 gp120-b12 Antibody Complex 
Using Hydroxyl Radical Protein Footprinting. Biochemistry 56, 957–970 (2017). [PubMed: 
28102671] 

Wecksler et al. Page 18

Nat Methods. Author manuscript; available in PMC 2026 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



97. Steinmetzer K, Behlke J, Brantl S & Lorenz M CopR binds and bends its target DNA: a 
footprinting and fluorescence resonance energy transfer study. Nucleic Acids Res 30, 2052–2060 
(2002). [PubMed: 11972345] 

98. Gupta S et al. Enabling simultaneous photoluminescence spectroscopy and X-ray footprinting mass 
spectrometry to study protein conformation and interactions. Anal Methods (2025).

Wecksler et al. Page 19

Nat Methods. Author manuscript; available in PMC 2026 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Overview of hydroxyl radical protein footprinting – mass spectrometry workflow
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Table 1:
Examples of HRPF Technologies and Components

Generating Hydroxyl 
Radicals

Dose Type Dosimeter Scavenger/Quench Recommended 
Buffer

Reference(s)

FPOP (Laser-Based) Single 
(typically)

LeuEnk, Adenine, 
Tris

His, Arg, Gln, Met, 
Catalase, DMTU

Phosphate 38 

FOX© (Flash Lamp) Single 
(typically)

Adenine, His, Tris Adenine, His, Catalase, 
DMTU

Phosphate 39 

Fenton (Fe2+-EDTA) Multiple Fluorescein Thiourea, Methionine 
amide, catalase

HEPES 31, 32, 33

Fenton (Electrochemical) Multiple None Indicated Met, catalase Phosphate 88 

Synchrotron X-Ray (XFMS) Multiple Alexa488 Met-amide Phosphate, Acetate 53, 59, 48

Plasma Induced Modification of 
Biomolecules (PLIMB)

Multiple None Indicated None Indicated Phosphate 36 

Nat Methods. Author manuscript; available in PMC 2026 June 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wecksler et al. Page 22

Table 2:
Example HRPF Sample Processing Reagents

Reducing Agent Cysteine Capping Desalting Protease

Dithiothreitol Iodoacetate, Iodoacetamide NAP-5, PD-10, Zeba, Spin SEC, C18, R2, 
HLB

Trypsin, Asp-N, Glu-C, Lys-C Chymotrypsin
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Table 3:
Typical HRPF Modifications

Type Mass Change (Da) Residue

Typical +16 A,C,D,E,F,H,I,K,L,M,N,P,Q,R,T,V,W,Y

+32 C,F,M,W,Y

+48 C,F,W,Y,

Rare +4 W

−30 D,E

−43 R
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Table 4:
Examples of Technology Combination with HRPF

MS-based methods HDX, Covalent Labeling-
MS, Cross-linking MS, 
Native MS, Ion Mobility

Epitope mapping of an antibody/IL-23 interaction13

Epitope mapping of PLBL2 Sandwich ELISA60

Epitope mapping of IL-6R44

Structure-based 
methods

Electron Microscopy, 
Crystallography, SAXS

Defined the binding interface between H3K14Cr and BAF45D89

Confirmed the key residues in the interaction of 15-PGDH and its inhibitor90

Validated the cross-talk between DBD and LBD in hERα20

Confirming X-Ray structure of ABC Transporter MsbA27

Epitope determination and allostery in nanobody binding to SARS-Cov-2 Spike 
protein91

Spectroscopy-based 
methods

NMR, FT-IR Validated the contact residues in the disordered form of the transactivation domain in 
estrogen receptor92

Identified interface residues in CCL5 oligomer93

Defined membrane-bound state of KRAS94

Provided detailed aggregation curves for amyloid (Aβ) proteins95

Computational-
based methods

Molecular Dynamics, 
Docking, Homology 
Modeling

Impact of Fab-FcγRIIIa interactions on ADCC11

Measured structural effects of PTMs82

Determined the Ig-like domain of NRG181

Characterized the interaction of gp120-bNAb complex96

Combined with Boltzman docking, located hidden regions of enzyme that causes 
increased activity72

Biophysical methods SPR, FRET, ITC, CD Ultra-low affinity lipase-antibody interactions12

Confirmed the key residues in Robo1-Heparin interaction76

Characterized the interaction of CopR-DNA complex97

Engineering protein interactions98
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Table 5:
Key Community Guidelines for HRPF

Minimum Community Requirements Recommendations

Radical 
Exposure

• Dosimetry measurements establish all samples receive equivalent 
radical doses
• Two negative control replicates of each experimental state
• Three replicates in each experimental state (single dose)
• Six data points for each experimental state (multi-dose)

• On-line radical dosimetry
• Two replicates for at least three radical doses (multi-
dose)

Sample 
Processing

• Use of specific protease for digestion
• Digestion pushed as far to completion as possible

• Trypsin for digestion
• Use of reversed phase chromatography for LC-
MS/MS 
• <10 ppm MS
• <20 ppm MS/MS
• Deglycosylation of N-linked glycopeptides

Data Analysis • +16 modifications must be quantified for all peptides
• XIC windows defined by instrument method mass accuracy
• Validation of identity of all peptide oxidation products by 
accurate mass and at least one other factor
• Quantitation by either percent oxidized or average peptide 
oxidation
• Quantitation uses the same isotopologue and same charge state 
for both modified and unmodified versions of the same peptide

• All detectable oxidative modifications quantified for 
all peptides
• Only one peptide sequence present for each XIC 
window analyzed
• Validation of all peptide oxidation products by 
MS/MS, when possible
• Most abundant isotopologue used
• Most abundant charge state or all charge states used

Statistical 
Analysis and 
Data 
Presentation

• Determine a statistical analysis plan prior to acquisition of final 
data
• Provide t-values for each replicate data point.
• Single Dose: Mean and standard deviation reported. Multi Dose: 
rate estimate and standard error for rate reported, and standard 
error of the first order exponential fit (for multi-dose) reported
• Publish results from all oxidized peptides, not just selected 
peptides of interest
• Background subtraction (if performed) uses the mean of control 
oxidation replicates
• Definitions of any error bars presented must be given in figure 
legend
• Both oxidation difference and fold change must be reported for 
all comparisons
• Fold change must be considered in all interpretations of results
• Analysis plans provide the probability of a false positive 
outcome.

• Consult a statistician
• Estimate the number of replicates you will need; use 
a pilot experiment if necessary
• Consider statistical approaches other than 
hypothesis-testing
• Plot individual replicates t
• Welch t-test (if t-tests are used)
• Adjust experimental replicate values by subtracting 
the mean of non-irradiated controls, or (preferred) via 
statistical modeling.
• Post LC-MS/MS data and metadata on public 
repository
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