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Abstract

Fast photochemical oxidation of protein (FPOP) has become an important mass spectrometry-

based protein footprinting approach. Although the hydroxyl radical (·OH) generated by photolysis 

of hydrogen peroxide (H2O2) is most commonly used, the pathways for its reaction with amino-

acid side chains remain unclear. Here we report a systematic study of ·OH oxidative modification 

of 13 amino acid residues by using 18O isotopic labeling. The results differentiate three classes of 

residues on the basis of their oxygen uptake preference towards different oxygen sources. 

Histidine, arginine, tyrosine and phenylalanine residues preferentially take oxygen from H2O2. 

Methionine residues competitively take oxygen from H2O2 and dissolved oxygen (O2) whereas the 

remaining residues take oxygen exclusively from O2. Results reported in this work deepen the 

understanding of ·OH labeling pathway on a FPOP platform, opening new possibilities for 

tailoring FPOP conditions in addressing many biological questions in a profound way.
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Authors are required to submit a graphic entry for the Table of Contents (TOC) that, in 

conjunction with the manuscript title, should give the reader a representative idea of one of the 

following: A key structure, reaction, equation, concept, or theorem, etc., that is discussed in the 

manuscript. Consult the journal’s Instructions for Authors for TOC graphic specifications.

Proteins adopt different higher order structures to facilitate their unique biological functions.
1 Over more than five decades, researchers have developed and applied numerous 

approaches to understand structure-function relationships. X-ray crystallography,2 nuclear 

magnetic resonance (NMR),3 mass spectrometry (MS),4 infrared spectroscopy,5 

fluorescence,6 circular dichroism,7 and cryo-electron microscopy (CryoEM)8 are fulfilling in 

part the demanding needs in the field. One advantage of MS-based protein footprinting 

approaches are that the technology has improved immensely owing to advances in 

proteomics. Further, MS has lower sample requirements, shorter time for analysis while 

preserving mid-to-high resolution for proteins in solution, where biochemistry occurs.4 Prior 

to MS sampling, proteins are usually submitted to a labeling process that “marks” the 

solvent accessible surface area (SASA) of the proteins. By tracking the changes of SASA, it 

is possible to distinguish structure and locate sites of binding, unusual dynamics, differences 

between mutants and wild-type proteins, to follow fast folding, and to map epitopes to 

provide deep understanding of protein structure.9–10

Protein Footprinting is usually accomplished by either reversible hydrogen/deuterium 

exchange (HDX)11 labeling or by irreversible covalent labeling12–14. Among various 

covalent labeling methods, hydroxyl radical (·OH) based fast photochemical oxidation of 

proteins (FPOP) is among the fastest (on the timescale of sub-milliseconds), which is 

competitive in time with most protein conformational changes.12, 15 This feature allows 

“snapshots” of complex biological systems, making feasible the capture of transient 

intermediate states and providing new insights that previously required a combination of 

many sophisticated approaches.16–19 In a FPOP experiment that uses ·OH as labeling 

reagent, ·OH is generated through laser photolysis of hydrogen peroxide (H2O2) in a flow 

system, allowing ·OH to react with various amino acid residues and producing an oxygen 

uptake after labeling. This oxygen uptake can be located even on a specific amino-acid 

residue level often as a “+16” modification through a combination of post labeling protein 

digestion and high-resolution MS2 analysis.9, 12, 20–21 During the past 15 years, FPOP has 
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been expanding in academics and biotechnology. It is being used to address successfully 

significant biological questions including epitope mapping,22–25 protein folding/unfolding,
18–19, 26–27 protein aggregation,28–29 ligand-binding affinity determination,16–17 and in vivo 
footprinting.30–32 Development of ·OH dosimetry control33 and incorporation of a reporter 

peptide34 also enable precise quantification.

Despite its success, labeling pathways of ·OH in a FPOP platform remain unclear even 

though the reaction mechanisms between ·OH and free amino acids were extensively studied 

over decades by using electron paramagnetic resonance (EPR),35–39 absorption 

spectroscopy40–44, MS45–46, NMR47 and NMR-based hydrogen deuterium exchange.48 The 

outcomes allowed key reaction intermediates and reaction pathways to be identified. The 

principal focus has been hydroxyl radicals generated primarily by radiolysis, utilizing high-

energy X-rays to ionize water molecules and subsequently produce ·OH. Turning to more 

complex substrates, we expect that ·OH reaction pathways for amino acid residues in a 

peptide or protein differ significantly owing to elimination of the free-standing carboxyl and 

amino group when peptide bonds form. A good example is methionine, which forms a cyclic 

intermediate when ·OH forms an S· with a free-standing amino acid48 but not for a 

methionine residue in a peptide or protein.

Chance and coworkers13, 49–52 reviewed reaction pathways between ·OH and amino-acid 

residues in a peptide or protein with a focus on synchrotron-based hydroxyl radical 

footprinting (HRF) that utilizes ·OH produced by ionization of water followed by loss of H+. 

Stable isotope was also introduced, where 18O-enriched water (H2
18O) was used to reveal 

the reaction pathway for phenylalanine in an HRF system.49

Although both synchrotron-based HRF and FPOP utilize ·OH as labeling reagents, they are 

likely to be mechanistically different. In FPOP, ·OH is from photolysis of H2O2, whose 

distribution in a protein solution is potentially heterogeneous owing to localized hydrogen 

bonding between selected amino acid residues and H2O2.53 The heterogeneity of H2O2 

distribution prior to laser irradiation will induce fluctuations in local ·OH concentration 

during labeling and possibly alter the oxygen uptake scheme for selected residues and can be 

potentially utilized to tailor the labeling conditions. In synchrotron-based HRF, the ·OH, 

coming from water ionization, is distributed homogeneously.

In this article, we present a systematic study of ·OH labeling pathway on a FPOP platform. 

We distinguished the three oxygen sources for the labeling, dissolved oxygen (O2), H2O2 

and water (H2O), in a set of FPOP labeling experiments. We substituted these components 

with 18O-enriched oxygen sources one at a time to reveal the oxygen uptake preferences 

across different experimental conditions owing to a 2 Da mass shift between high natural 

abundance 16O (99.76 %) and purposely introduced 18O. Through analyzing reactions with 

two different samples, 69 distinct residues were successfully resolved. Among these 

residues, we covered 13 different amino-acid residues and analyzed their isotope patterns as 

a function of different experimental conditions. The outcome allowed us to propose, on the 

basis of our new results and previous mechanism studies, reaction pathways for each kind of 

amino acid residue. We found that amino-acid residues can be clearly differentiated in three 

classes based on their oxygen-uptake preferences. Besides revealing the pathways for FPOP 
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footprinting and the differences between H2O radiolysis and H2O2 photolysis, the outcome 

also provides a foundation for tailoring FPOP conditions in the future.

EXPERIMENTAL

2.1 Materials

Peptide retention time calibration mixture (RTC) and bovine serum albumin protein digest 

(BSA digest) were chosen as the test samples; they were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). Composition of RTC is provided in Supporting 

Information. Concentrations for each of the samples was determined by UV absorption with 

a Thermo Scientific NanoDrop OneC (Thermo Fisher Scientific, Waltham, MA, USA). 

Catalase (from bovine liver), Trizma base, potassium chloride (anhydrous, ≥ 99.0%), L-

methionine (≥ 99.5%), L-histidine (≥ 99.0%), hydrogen peroxide solution (containing 

inhibitor, 30% wt. in H2O), hydrochloric acid (36.5% - 38%) were acquired from Sigma-

Aldrich (St. Louis, MO, USA). 18O-enriched oxygen gas (18O2, 99 atom % 18O, 99 % 

purity), 18O-enriched hydrogen peroxide (H2
18O2, 90 atom % 18O, 2–3 % in H2O) and 18O-

enriched water (H2
18O, 97 atom % 18O) were obtained from Sigma-Aldrich (St. Louis, MO, 

USA). All chemicals were used without further purification. The solvent in the 0.5 pmol/µL 

RTC solution was first removed by a SpeedVac (Thermo Fisher Scientific, Waltham, MA, 

USA), and the residue was reconstituted with water to the concentration of 5.0 pmol/µL. Tris 

buffer solution (10 mM) was made by dissolving Trizma base in water. Hydrochloric acid 

solution was added to obtain a pH of 7.4 (measured with an Orion Star A211 pH meter, 

Thermo Fisher Scientific, Waltham, MA, USA). Potassium chloride was added to the tris 

buffer to give a concentration of 100 mM to ensure appropriate ionic strength of the buffer 

solution.

2.2 Custom-made Degassing Apparatus and Experimental Conditions

To examine systematically the oxygen source of the common oxygen addition in a FPOP 

experiment, a custom-designed, mini degassing apparatus was assembled. All parts of the 

apparatus were from Swagelok (Solon, OH, USA) and were assembled by following the 

manufacturer’s instructions. The design, as can be seen in Figure 1, was inspired by that of a 

Schlenk line where three valves with a pressure gauge were connected to both vacuum pump 

and nitrogen / 18O2 source through two ends. Stainless-steel tubbing was bent into a U-

shape, which was submerged in liquid nitrogen (LN2) to serve as a trap for the vacuum 

pump. During degassing, an Eppendorf tube containing peptide sample, L-histidine 

scavenger in Tris buffer was connected to the apparatus and gas-sealed by an O-ring. 

Degassed aliquots were back-filled with either N2 or 18O2 depending on experimental 

conditions. Detailed operation procedures are described in Supporting Information.

Experiments were executed under seven conditions. “Regular control” indicates that the 

sample was prepared in air whereas “vacuum control” communicates that the sample was 

degassed and backfilled with N2 prior to FPOP labeling. Both do not contain any 18O-

enriched components. “Vacuum + 18O2” indicates that the aliquot was degassed and 

backfilled with 18O2. “Regular + H2
18O2” and “vacuum + H2

18O2” indicates that the 

hydrogen peroxide in these two conditions was 18O-enriched, with first one being prepared 
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under air and the second one being prepared with the degassing procedure (backfilled with 

N2). Following the same scheme, “regular + H2
18O” and “vacuum + H2

18O” denotes that 

water in these two conditions were 18O-enriched and were prepared under air and then 

degased (back-filled with N2), respectively. Each experimental condition was given an 

identifying number in Table 1, and the numbers were used in all data plots.

2.3 FPOP Conditions

For experiments with RTC, aliquots of 50 µL with the final concentration of [RTC] = 0.2 

µM, [L-histidine] = 20 µM and [H2O2] = 3.2 mM were prepared for FPOP labelling. With 

the BSA digest, aliquots of 50 µL containing [BSA digest] = 1 µM, [L-histidine] = 0.1 mM 

and [H2O2] = 16 mM were used. For each experimental condition, RTC samples were 

prepared in duplicate, and the BSA digest was in triplicate.

The FPOP platform was the same as previously reported.20, 28 The sample was introduced 

through a capillary tubing (150 µm I.D.) by a syringe pump (Pump 11 Elite, Harvard 

Apparatus, Holliston, MA, USA). The beam from a KrF excimer laser (EX50/250, GAM 

Laser, Orlando, FL, USA) with a wavelength of 248 nm and frequency of 7.2 Hz was 

introduced through a transparent window. The average laser energy was tuned to ~ 25 mJ/

pulse and measured with a pyroelectric energy sensor (PE25-SH-V2, Ophir Optronics 

Solutions, North Logan, UT, USA). The flow rate was 22–25 µL/min chosen by considering 

the laser spot width and the operating frequency to ensure a 25% exclusion volume. Final 

quenching solutions containing 10 µL of 0.7 mM methionine and 0.5 µL 500 nM catalase 

(for RTC experiments) and 10 µL of 7 mM methionine and 1 µL 500 nM catalase (for BSA 

experiments) were placed at the end of capillary tube to remove any remaining radicals and 

consume leftover H2O2 before storing the samples and analyzing them.

2.4 LC/MS Conditions

After FPOP labeling, the samples were submitted to a Thermo Scientific Q Exactive Plus 

Orbitrap mass spectrometer (Waltham, MA, USA) coupled with a Thermo Scientific Dionex 

UltiMate 3000 RSLCnano UPLC system (Waltham, MA, USA) for analysis. Liquid 

chromatography (LC) separation was by a custom-packed C-18 column with bead size of 3 

µm. A 10 min desalting followed by an 80 min LC gradient was used for separation, in 

which water with 0.1% formic acid was used as A phase and 80% water, 20% acetonitrile 

with 0.1% formic acid was phase B. The solvent gradient was started from 2.5% phase B, 

increasing to 17.5% in 30 min, 50% in 52 min and 80% in 57 min. Followed by a steady 

80% B phase until 65 min, the organic phase subsequently dropped to 2.5% in 70 min and 

remained until the end of the gradient to re-equilibrate the column. Flow rate during the 

gradient was 0.4 µL/min. Fragmentation was by an HCD cell at the end of the instrument, 

where the top ten ions were selected for MS2. Maximum ion injection time was 100 ms and 

dynamic exclusion was 5 s to ensure the observation of both 16O and 18O labeled species.

2.5 Data Analysis

The LC-MS2 data were first searched against a database containing corresponding peptide 

sequences by Byonic (Protein Metrics, San Carlos, CA, USA) to identify all 16O and 18O 

modifications at the peptide and amino-acid residue levels. Searching results were analyzed 
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by Byologic (Protein Metrics, San Carlos, CA, USA), allowing three extracted ion 

chromatograms (EIC) representing wildtype, 16O modified (+16) and 18O modified (+18) to 

be processed for each peptide. Peak assignments in EIC were by MS2, and quantification 

was by comparing integrated EICs as described in Supporting Information. All the 

normalized +18O fractions were plotted against experimental conditions (denoted by a 

number code, Table 1) as solid bars for each resolved residue. Error bars at the top of solid 

bars represent the standard deviations of three and two independent runs for BSA digest and 

RTC samples, respectively. Peptide-specific references denoting the A + 2 contributions (of 

combinations of 13C, 15N, or 18O, 34S at their natural abundance) were plotted as horizontal 

dotted lines in the bar graph. Any normalized +18O fraction that is greater than the dashed 

reference line was considered to be a contribution by the purposely introduced 18O isotope.

RESULTS AND DISCUSSION

By using a mini vacuum line, we designed an approach whereby oxygen sources in the 

footprinting can be replaced one at a time with 18O2, H2
18O2 and H2

18O to highlight the 

preferred oxygen uptake pathways of 13 amino acid residues. We chose two complex 

samples of peptides as tests for the footprinting. The following discussion is built around the 

amino acids and amino-acid types according to their uptake of 18O in this pathway study.

3.1 Histidine

We present two different histidine residues, one from the BSA digest (Figure 2a) and one 

from RTC (Figure 2b) to show the remarkable singularity and simplicity of the footprinting 

chemistry for this amino-acid residue. For the regular control (1, Table 1 and Figure 2) and 

vacuum control (2) experiments, where no 18O was intentionally added into the system, 

experimental values for the normalized +18O fraction agrees reasonably well with the 

calculated value (dashed line), validating the data processing method and serving as a 

control for the upcoming data interpretation. From Figures 2a and 2b, the normalized +18O 

fractions for the experimental conditions 4 and 5 are all significantly higher than the 

background, suggesting the footprinting reaction involves an uptake of 18O only from H2O2, 

and essentially no 18O labeling by oxygen gas or by water molecules. Results for three other 

resolved histidines show uptake consistent with that seen in Figure 2 (see Figure S3).

Based on our observations, we can propose a reaction pathway (Figure 2c). The reaction 

starts by ·OH addition at the ε1 position of the side chain, resulting an OH addition and an 

unpaired electron at the δ1 nitrogen.35, 39, 48 The unpaired electron, now delocalized,40 is 

capped with a second ·OH to provide a final product (Figure 2c).13 It is also possible that 

·OH to attacks the β position of the side chain by ·H abstraction,48 but this reaction route is 

minor (not shown in Figure 2c). In the HRF setup, whose ·OH was from synchrotron water 

ionization, allyl-type intermediate 1.1 and 1.2 subsequently react with O2 for the same 

product.13, 50

3.2 Arginine

Like histidine, arginine takes oxygen exclusively from H2O2 (Figure 3a) where a specific 

arginine residue in a peptide from the BSA digest was analyzed under the different 
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experimental conditions. In the proposed reaction pathway, ·OH abstracts ·H from the 

sidechain, yielding an arginine radical intermediate 2.1 that can be readily quenched by a 

second ·OH to form the final product (Figure 3b). Previous studies indicate that ·H 

abstraction by ·OH preferentially happens at the δ position,44 with a ratio of δ-CH2 : γ-

CH2 : β-CH2 of 11 : 3 : 1.48 Under physiological conditions, the guanidyl is protonated, and 

its charge is delocalized over the guanidyl group. The delocalized positive charge increases 

the electron density on the adjacent δ-CH2 to a greater extent than on γ-CH2 and β-CH2.36 

Given that ·H abstraction by ·OH is an electrophilic process, the ·OH preferentially reacts 

with the electron-rich δ-CH2. Higher electron density at δ-CH2 also leads to a higher 

reaction rate of arginine towards ·OH.13, 54 For synchrotron-based HRF, the arginine radical 

was quenched by O2 instead of by a second ·OH as it is when footprinting is on the current 

FPOP platform.13, 50

3.3 Tyrosine

We selected two different tyrosine residues to represent a typical oxygen uptake preference, 

one in a peptide from the BSA digest (Figure 4a) and another from RTC (Figure 4b). 

Normalized +18O fractions for the last five experimental conditions are all significantly 

higher than the background, even when H2
18O2 is the main source of 18O. Tyrosine takes 

oxygen from all three oxygen sources (i.e., dissolved O2, H2O2 and H2O), with a preference 

for H2O2.

In total, we resolved 10 distinct tyrosine residues (results for the other 8 tyrosines are given 

in Supporting information as Figure S4). Whereas six of ten tyrosines preferentially pick up 

oxygen from H2O2, the favored sources of oxygen for the remaining four are unclear. Part of 

the uncertainty is that the modification fraction for these four residues is only a few percent, 

allowing background noise and interference with other chromatographic peaks to contribute. 

Effects due to adjacent residues may also lead to the complexity.

Based on the experimental results, we propose a reaction pathway (Figure 4c). Laser 

irradiation homolytically cleaves H2O2 into two ·OH that initiate all reactions by ·H 

abstraction, as evidenced by an NMR-based hydrogen deuterium exchange study.48 The 

unpaired electron in the resulting tyrosyl radical is delocalized in the aromatic ring (3.1 and 

3.2),47–48 which is electron-rich, stabilizing the tyrosyl radical. Following attack of a second 

·OH (red arrows in Figure 4c), the tyrosyl radical is quenched to form a single bond (3.3), 

and keto-enol tautomerization produces dihydroxyphenylalanine (DOPA) is the major 

product of the preferred reaction route.13, 45 As the electron-rich aromatic ring stabilizes the 

unpaired electron, the tyrosyl radical is long-lived and available for other competitive 

modifications. For example, dissolved O2 reacts via a minor route with the tyrosyl radical 

(3.4) and subsequently eliminates a HOO·, yielding the DOPA product through a keto-enol 

tautomerization.13 In contrast, this is the preferred reaction route in the HRF setup.13 Via 

another route, ·OH exchanges with solvent water, affording a 18O labeled radical.55 Given 

that the concentration of water is over 50 M, this minor route becomes competitive. The 

secondary ·OH then reacts with tyrosyl radical to give a labeled DOPA product, showing that 

the radical chemistry can be complex. We note that reaction pathways proposed here are the 

preferred routes, and that minor routes are not precluded.
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3.4 Phenylalanine

We present outcomes from two different phenylalanine residues in the BSA digest (Figure 

5a) and RTC (Figure 5b). Like tyrosine, phenylalanine takes oxygen from all three sources, 

with a preference for H2O2. An additional 13 phenylalanine residues were resolved (Figure 

S5); nine show clear preference of oxygen uptake form H2O2. We propose a reaction 

pathway that accounts for these observations (Figure 5c). It is well-accepted that ·OH 

predominately reacts with phenylalanine by addition to the phenyl ring to give a radical 

intermediate 4.113, 48, 56–57 that is quenched by a second ·OH, giving a tyrosine residue as 

final product (represented by red arrows in Figure 5c). The initial attack of ·OH has small 

preferences for different positions on the phenyl ring of ortho : meta : para = 2 : 1 : 1.5,48 

and thus the reaction is not regiospecific. Because the lifetime of intermediate 4.1 is 

relatively long, as discussed earlier, it can be quenched by dissolved O2 (4.2), followed by a 

loss of HOO· to give m-tyrosine residue as resulting product. Similar with tyrosine, 

quenching by O2 is the dominant reaction pathway in the HRF scheme.13 The phenylalanine 

can also be labeled with a secondary ·OH,55 which is produced, for example, by an exchange 

between primary ·OH with H2O as illustrated in the top left of Figure 5c.

Besides ·OH addition, ·OH is also able to abstract a ·H from β-CH2,48 resulting an unpaired 

election (4.3), which is delocalized over the phenyl ring (4.4), as depicted on the left of 

Figure 5c. This unpaired electron can be readily paired by the addition of a second ·OH, 

resulting an oxidized form of phenylalanine.

3.5 Methionine

Methionine takes oxygen from both dissolved O2 and H2O2 with comparable preferences, as 

shown by the comparable normalized +18O fraction between experimental conditions of 

vacuum + 18O2 (3), regular + H2
18O2 (4) and vacuum + H2

18O2 (5, Figure 6a and b). We 

explain these preferences by a reaction pathway proposed in Figure 6c. It was previously 

shown that ·OH reacts with methionine by adding to the sulfur atom, leaving an unpaired 

electron on it.48, 52, 58–59 Upon forming this intermediate 5.1, there is a comparable chance 

for a second ·OH (5.2) or a O2 (5.3) to react and quench the radical species. This contrasts 

sharply with HRF, as a distinct preference of O2 is proposed to quench intermediate 

5.1.13, 52 Under both reaction routes, the final product is likely methionine sulfoxide, 

detected as +16 by MS2.13 Results for a third methionine residue fits well the pathway 

proposed above (Figure S6).

3.6 Leucine, Isoleucine, Valine and Proline

Leucine, isoleucine, valine and proline, as aliphatic amino acids, are presented together 

(Figure 7a and b show a representative oxidative modification of a leucine and proline 

residues, respectively). These aliphatic residues take oxygen nearly exclusively from O2, 

well aligned with HRF13 because there is unlikely any localized concentration of H2O2 in 

the region of these hydrophobic peptides. Mechanistically, all four residues behave similarly 

(Figure 7e). To begin, ·OH converts the residue into a radical by ·H abstraction. Following 

O2 addition to give a radical protein-O-O·, the peroxy radical is readily quenched by water, 

resulting an oxidized protein-O product. ·H abstraction by ·OH has been well characterized 

as the first step in the oxidative modification of aliphatic amino acids,13, 48, 56, 60 with a 
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preferred abstraction occurring at the branch point (γ-CH for leucine, β-CH for isoleucine 

and β-CH for valine) because tertiary radical > secondary radical > primary radical in 

stability. The cyclic nature of proline complicates the picture. As previously reported, ·H 

abstraction for proline takes place at δ-CH2, γ-CH2 and β-CH2 in the ratio of 2.7 : 1.4 : 1.48 

The higher reactivity of δ-CH2 is explained as an inductive effect of the adjacent peptide 

bond. Further evidence supporting this pathway is given as normalized +18O fraction plots 

for additional aliphatic residues (Figures S7–10).

3.7 Lysine, Aspartic Acid, Glutamic Acid and Glutamine

The charged residues of lysine, aspartic acid and glutamic acid take oxygen exclusively from 

O2 (Figure 7c and d) as does the polar, uncharged glutamine (reaction pathways in Figure 

7e). The lysine, amine group is positively charged at physiological pH, leading to a lower 

electron density at ε-CH2. As a result, ·OH preferentially reacts with β-CH2, γ-CH2 and δ-

CH2.37, 48 For aspartic acid, glutamic acid and glutamine, a previous NMR-based hydrogen 

deuterium exchange study revealed that the carboxylate and carboxamide groups deactivate 

the ·H abstraction at physiological pH.48 Such deactivation lowers the rate constant between 

·OH and these residues.13 Moreover, oxygen uptake by these residues is not the dominant 

reaction pathway upon ·OH labeling as evidenced in previous studies. Other possible 

reaction pathways are not the primary focus of this work and will not be discussed in detail.
13 Supporting evidence from other normalized +18O fraction plots for another lysine, two 

aspartic acids and several glutamic acid and glutamine residues are in Figure S11–S14.

3.8 Three Classes of Residues in FPOP Platform

We can group the thirteen resolved amino-acid residues into three different classes based on 

their reactivity and preferences towards different oxygen sources. Class 1 residues (histidine, 

arginine, tyrosine, and phenylalanine) preferentially take oxygen from H2O2, most likely by 

addition of ·OH to a previously formed radical. Among these four residues, we can identify 

three sub-classes based on their distinct reaction pathways.

Class 1a residues are histidine and arginine that take oxygen solely from H2O2. The 

rationalization for their behavior begins with an interaction of H2O2 via hydrogen bonding 

with histidine, arginine as well as with tyrosine, cysteine, threonine, glutamine, aspartic acid, 

lysine, methionine, tyrosine and tryptophan.53 This interaction gives rise to a high local 

concentration of H2O2 with the protein in the vicinity of these amino-acid residues, allowing 

photolysis to produces a high local concentration of ·OH where the first ·OH adds onto 

histidine and abstracts the ·H from arginine, and another ·OH, in close proximity, reacts with 

the radical intermediate. Such reaction pathways contrast significantly with synchrotron-

based HRF,13, 50 where no local fluctuation of ·OH concentration is expected since the 

radical precursor is water. The two radical intermediates for histidine and arginine have 

shorter radical lifetimes that minimize the side reactions, causing these two residues to be 

less likely to uptake oxygen from dissolved O2 and water.

Class 1b residue is tyrosine. Because H2O2 hydrogen bonds to tyrosine as well, the reaction 

involves H abstraction to give a protein free radical that then is capped by reaction with 

another ·OH nearby. The unpaired electron of tyrosyl radical is delocalized into the electron-
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rich aromatic ring, stabilizing it and prolonging its radical lifetime. The longer lifetime 

makes it possible for tyrosine to react along other reaction routes, for which tyrosine also 

takes oxygen from dissolved O2 and from water through an exchange process as discussed 

earlier. We can also view the preference as experimental evidence to support the hydrogen 

bonding between H2O2 and these amino acid residues.

Class 1c residue is phenylalanine. The oxygen uptake by phenylalanine is similar to that of 

tyrosine because ·OH addition and abstraction are electrophilic processes, and both aromatic 

rings are electron-rich, particularly tyrosine. They differ probably because H2O2 does not 

hydrogen-bound with phenylalanine. Even if the local ·OH concentration is not elevated 

owing to a lack of a pre-formed H2O2 – phenylalanine complex, the electron density of the 

phenyl ring still attracts the ·OH radicals. Moreover, ·OH reacts with phenylalanine via 

multiple pathways, including ·OH addition of the phenyl ring and ·OH abstraction at β-CH2, 

both favoring a path having a clear preference for taking oxygen from H2O2. Furthermore, 

the long radical lifetime of the aryl radical, side reaction of taking oxygen from dissolved O2 

and from water through an exchange process are weakly competitive facilitated.

Class 2 residue is methionine. Although methionine can be hydrogen bounded to H2O2 prior 

to laser irradiation, which leads to a high local ·OH concentration after photolysis, 

methionine has a high reactivity towards with both ·OH or O2 after adding the first ·OH, 

permitting us to classify methionine differently than class 1 residues.

Class 3 residues include leucine, isoleucine, valine, proline, lysine, aspartic acid, glutamic 

acid and glutamine. These residues take oxygen nearly exclusively from O2 following 

similar pathways for each residue (Figure 7e). Although some of these residues (lysine, 

aspartic acid and glutamine) hydrogen bond to H2O2 to give a high local ·OH concentration, 

they are sufficiently stable to show high specificity towards O2. Similar preference for these 

residues was proposed in the HRF system.13

CONCLUSION

To serve a need for elucidating reaction pathways for FPOP, we developed a simple but 

effective platform for 18O isotopic labeling on a under different reaction conditions and used 

it to reveal the oxidation pathways for 13 amino-acid residues. There are three classes of 

residues clearly differentiated based on their choice of oxygen during ·OH labeling. Class 1a 

and 1b residues provide experimental evidence in supporting hydrogen bonding between 

H2O2 and selected residues. Although our first focus is +16 modifications, this approach can 

be applied to the several other modifications that occur with hydroxyl radicals.

This is the first systematic study of FPOP labeling pathways, and the results elevate the 

fundamental understanding of ·OH-based FPOP chemistry. This foundation allows us to 

tailor the FPOP conditions to address specific biological questions. For example, the 

dissolved O2 can be replaced with another free radical (e.g., nitrogen monoxide (NO), a 

stable radical species with profound biological significance61) to test its reactivity with 

protein free radicals. NO should be inserted into proteins via class 3 residues but also 

participate in selected reaction routes of class 1 and 2 residues that require O2 to complete. 
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Another exciting possibility is footprinting by FPOP in anaerobic conditions, where the 

application of HRF may be limited due to its demand in dissolved O2 during labeling. FPOP 

brings additional oxygen source (H2O2) into the system and label the protein in a different 

mechanism (class 1 and 2 residues), making it possible to label selected residues even under 

reduced oxygen conditions.

Moreover, understanding pathways may enable residue-specific detection of selected 

biochemical processes based on different reaction mechanisms. By time-dependent and 

rapid introduction of an 18O source following the initial perturbation, it may be possible to 

follow protein dynamics even in a residue-specific manner. Deeper mechanistic 

understandings of ·OH labeling opens new possibilities for the FPOP platform, providing 

opportunities not clear prior to this fundamental work.
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Figure 1. 
Schematic illustration of custom-designed degassing and sample-handling apparatus used in 

current study. A brief summary of the protocol steps for degassing is separated with the large 

blue arrows.

Liu et al. Page 15

Anal Chem. Author manuscript; available in PMC 2020 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Normalized +18O fraction determined under number-coded experimental conditions (Table 

1) for two representative peptides from (a) BSA digest and (b) RTC containing histidine. 

Error bars represent standard deviations of three and two independent runs for BSA digest 

and RTC, respectively. Dashed horizontal line represents calculated background A + 2 

fraction. (c) Proposed reaction pathway based on the results. Oxygen highlighted in red 

represents 18O.
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Figure 3. 
Labeling of arginine: (a) Normalized +18O fraction determined under number-coded 

experimental conditions (Table 1) for a peptide from BSA digest containing arginine. Error 

bars represent standard deviations of three independent runs. Dashed horizontal line 

represents calculated background A + 2 fraction. (b) Proposed reaction pathway based on 

the results. Oxygen highlighted in red represents 18O and red arrows denote preferred 

pathway.

Liu et al. Page 17

Anal Chem. Author manuscript; available in PMC 2020 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Labeling of tyrosine: Normalized +18O fraction determined under number-coded 

experimental conditions (Table 1) for two representative peptides from (a) BSA digest and 

(b) RTC. Error bars represent standard deviations of three and two independent runs for 

BSA digest and RTC, respectively. Dashed horizontal line represents calculated background 

A + 2 fraction. (c) Proposed reaction pathways based on the results. Oxygen highlighted in 

red represents 18O, and red arrows denote preferred pathway.
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Figure 5. 
Labeling of phenylalanine: Normalized +18O fraction determined under number-coded 

experimental conditions (Table 1) for two representative peptides from (a) BSA digest and 

(b) RTC. Error bars represent standard deviations of three and two independent runs for 

BSA digest and RTC, respectively. Dashed horizontal line represents calculated background 

A + 2 fraction. (c) Proposed reaction pathway based on the results. Oxygen highlighted in 

red represents 18O, and red arrows denote preferred pathway.
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Figure 6. 
Labeling of methionine: Normalized +18O fraction determined under number-coded 

experimental conditions (Table 1) for two representative peptides from the BSA digest 

containing phenylalanine (a and b). Error bars represent standard deviations of three 

independent runs. Dashed horizontal line represents calculated background A + 2 fraction. 

(c) Proposed reaction pathway based on the results. Oxygen highlighted in red represents 
18O.
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Figure 7. 
Labeling of leucine, proline, lysine, and aspartic acid: Normalized +18O fraction determined 

under number-coded experimental conditions (Table 1) for representative peptides 

containing (a) leucine from RTC, (b) proline from BSA digest, (c) lysine from BSA digest 

and (d) aspartic acid from RTC. Error bars represent standard deviations of three and two 

independent runs for BSA digest and RTC, respectively. Dashed horizontal line represents 

calculated background A + 2 fraction. (e) Proposed reaction pathway based on the results. 

Oxygen highlighted in red represents 18O.
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Table 1.

Summary of experiments used for isotopic labeling

Number Experimental Condition

1 Regular Control

2 Vacuum Control

3 Vacuum + 18O2

4 Regular + H2
18O2

5 Vacuum + H2
18O2

6 Regular + H2
18O

7 Vacuum + H2
18O
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