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Introduction

The Higher Order Structure (HOS) 
of a protein plays a critical role in 
drug stability, safety, and biological 
function. Incorrect HOS or protein 
interactions are linked to adverse drug 
reactions which can result in further 
sickness or death. Advance techniques 
are required to robustly address the 
HOS of proteins. One such method is 
Hydroxyl Radical Protein Footprinting 
(HRPF). HRPF relies upon irreversible 
labeling solvent exposed amino acid 
side chains with hydroxyl radicals 
(•OH). As a protein changes structure 
or interactions, the surface exposed 
amino acids can change in solvent 
accessibility resulting in a change in 
•OH modification. 

Figure 1: Schematic of an HRPF method, fast photochemical oxidation of  
proteins (FPOP). 

With FPOP, protein is mixed with hydrogen peroxide and flown passed a pulsing UV light 
source which photolyzes the hydrogen peroxide into two •OH, oxidizing solvent exposed 
amino acids. Following labeling, the sample is deposited into a quench solution of cata-
lase and methionine, digested, and analyzed using high resolution LC-MS/MS. 

FoxWare Protein Footprinting Software

Data processing for HRPF historically required several programs to analyze low-level MSn signals from multiple oxidative  
products for each peptide and to process and collate the large volume of replicate data. FoxWare Protein Footprinting  
Software addresses these problems with •OH dosimetry calculations for optimal experimental conditions, complete and  
automated HRPF data processing of average peptide oxidation (APO) (Equation 1), and integrated data analysis software.
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FoxWare Radical Dosimetry Module

The FoxWare Radical Dosimetry Module processes replicate 
LC/MS data from a dosimetry calibration experiment (Δ mAU 
vs APO). Individual peptide dosimetry response curves for 
all peptides are generated, allowing for selection of optimal 
experimental •OH concentration, ensuring adequate oxida-
tion of all peptides while avoiding artifactual conformational 
changes. 

Figure 2: FoxWare Radical Dosimetry Software with apomyo-
globin dose response data. 

Error bars represent one standard deviation from a triplicate mea-
surement. Apomyoglobin was labeled at 5 µM with 1 mM adenine 
(the dosimeter) and 50 mM  H2O2 using three increasing Fox Flash 
Lamp voltages. As more •OH were generated, the change in absor-
bance and APO linearly increased.

FoxWare Data Processing Module

The Data Processing module processes replicate data from multiple experimental states and automatically calculates the 
average peptide oxidation (APO) for all detected peptides. Differential chromatographic retention time limits from the  
unmodified peptide are utilized in the analysis of modified peptides.  A highly interactive data browser allows the user to 
easily display low-level supporting data to investigate and adjust APO as required.

Decrease Processing Time

Figure 3: FoxWare Software automated data processing. 

Manual analysis for 12 samples would typically take ~30 hours for an FPOP expert. With FoxWare Software, a full epitope experiment’s 
data processing can take as little at 30 minutes.
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XIC Peak Evaluation

Figure 4: FoxWare XIC Data Browser feature. 

FoxWare Data Processing Software uses the monoisotopic mass of 
an unmodified peptide and calculates the monoisotopic masses 
for modified peptides and generates XICs for all masses within a 
given mass error. 

A) Unmodified peptide 7-31 in TNFα. The primary unmodified peak is 
chosen using an algorithm that searches for the most intense peak 
with the highest number of MS2 peptide identifications. To compen-
sate for intermittent MS2 identifications, adjacent XIC peaks are eval-
uated and selected based on their MS1 spectra. Red annotation above 
the peak indicates the peaks selected for the APO calculation. 

B) Modified peptide 7-31 with one oxidation event (+16 Da) and C) 
two oxidation events (+32 Da). When using reverse phase chroma-
tography, the addition of oxygen(s) will shift the retention time of the 
peptide. Typically, this causes the peptide to elute immediately prior 
to the corresponding unmodified peptide. Due to this phenomenon, 
modified peptides are searched within a retention time window of four 
minutes prior and three minutes after the primary unmodified peak. 
To confirm the XIC peaks are from the modified peptide, each peak 
is evaluated using the MS1 spectra data at the XIC peak apex. Green 
annotation above the peak indicates the peaks selected for the APO 
calculation.

B

A

Averaged Peptide Oxidation Across Replicate Samples

Figure 5: APO results for triplicate FPOP labeled samples. 

FoxWare calculates the APO average and standard deviation 
for all peptides across the selected replicates. A) Histograms 
generated for replicate and average APO for TNFα alone or B) 
for TNFα + adalimumab.
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FoxWare Data Analysis Module

The FoxWare Data Analysis Module allows comparison of results among multiple experimental states with optional control 
subtraction. Results are displayed in data tables, histograms, volcano plots, and 3-D interactive models.
 
Data Table for an Epitope Experiment

Figure 6: Table view of TNFα epitope experiment. 

The replicate and averaged APO is displayed for all selected conditions. The control APO is subtracted from the Sample APO to calculate the 
FPOP APO. This removes endogenous oxidation, H2O2 induced oxidation, and ESI induced oxidation. 

B

A Histograms for an Epitope Experiment

Figure 7: Histograms of the A) averaged 
APO or B) replicate APO across multiple 
conditions can be plotted together. 

The Sample APO or FPOP APO can be 
plotted. Histograms provide both absolute 
magnitude APO and relative magnitude of 
change between conditions, but it is poor 
at showing statistical confidence. 
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Volcano Plot for an Epitope Experiment

Figure 8: Volcano plot comparing the APO of TNFα ±  
adalimumab. 

Peptides with a significant change in oxidation are above the 
dotted line (p-value ≤ 0.05). Peptides with a negative fold change 
were protected following the addition of adalimumab. Peptides 
with an APO fold change less than two are in the green region and 
peptides in the blue region have a fold change greater than two. 
The significance cut off can be adjusted as required. Volcano plots 
provide relative magnitude of change and statistical confidence.

3-D Interactive Model from Epitope Experiment

Figure 9: FoxWare data to iCn3D, a 3-D structural viewer, to  
highlight peptides with a significant change in APO between  
two conditions. 

TNFα (PDB: 3WD5) peptides in black have no change in APO,  
peptides in blue have a significant decrease in APO following 
adalimumab incubation, and peptides that significantly increase in 
oxidation are colored red (not shown). 3-D models can also be gen-
erated showing absolute and control-adjusted peptide level APO. 
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Contact us for products and services to investigate biopharmaceutical  
structure, interactions, folding, aggregation, formulation, and delivery. 

Discover the Benefits  
of Protein Footprinting
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GenNext has pioneered a superior, 
compact, cost-effective, and safe 
means of performing advanced 

FPOP HRPF analysis.  
By replacing expensive, 

complicated, and hazardous 
lasers with our proprietary Flash 
Oxidation System, you can easily 
perform HRPF with a convenient 

benchtop instrument.

Conclusions

• FoxWare Software’s Radical Dosimetry Module 
quickly generates dosimetry response curves for 
all detected peptides providing optimal oxidation 
level while avoiding artifactual oxidation.

• FoxWare Software’s Data Processing Module saves 
significant time calculating the APO.

• FoxWare Software provides a platform to quickly 
evaluate and verify peptide chromatographic area 
selected for the APO calculation. 

• FoxWare Software’s Data Analysis Module orga-
nizes full experiments and subtracts background 
oxidation.

• FoxWare Software’s Data Analysis Module visualiz-
es APO using histograms, volcano plots, and  
3-D interactive models. 
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