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ABSTRACT: Protein footprinting with mass spectrometry is an established structural biology technique for mapping solvent acces-

sibility and assessing molecular-level interactions of proteins. In hydroxyl radical protein footprinting (HRPF), hydroxyl (OH) radi-

cals generated by water radiolysis or other methods covalently label protein side chains. Due to the wide dynamic range of OH 

reactivity, not all side chains are easily detected in a single experiment. Novel reagent development and the use of radical chain 

reactions for labeling, including trifluoromethyl radicals, is a potential approach to normalize the labeling across a diverse set of 

residues. HRPF in the presence of a trifluoromethylation reagent under the right conditions could provide a “one-pot” reaction for 

multiplex labeling of protein side chains. Towards this goal, we have systematically evaluated amino acid labeling with the recently 

investigated Langlois’ reagent activated by X-ray mediated water radiolysis, followed by three different mass spectrometry methods 

to compare the reactivity of CF3 and OH radical labeling for all 20 protein side chains. Our investigations provide the evidence and 

knowledge set to perfect hydroxyl radical activated trifluoromethyl chemistry as “one-pot” reaction for multiplex labeling of protein 

side chains to achieve higher resolution in HRPF. 

INTRODUCTION 

Footprinting is an increasingly popular technique employed 

in biophysics and structural biology studies for understanding 

macromolecular structure, macromolecular recognition and dy-

namics.1-4 One of the most widely used footprinting techniques, 

Hydroxyl Radical Footprinting (HRF), employs hydroxyl radi-

cals (•OH) to probe solvent accessible surfaces of macromole-

cules, with successful application to a wide range of protein and 

nucleic acid systems.5-9 Some of the most appealing features of 

HRF are that it penetrates all solvent-accessible areas of a mac-

romolecule and provides irreversible covalent labeling which 

enhances detection for modified species and allows quantifica-

tion in a wide range of solution contexts. The HRF workflow 

for proteins (HRPF) can be divided into several steps, where the 

first step involves the generation of •OH, the second step com-

prises a controlled •OH induced covalent modification of pro-

tein side chains, with subsequent steps including accurate de-

tection and precise quantification of modifications by mass 

spectrometry.10 Many methods of generating hydroxyl radicals 

have been developed over recent decades and are currently rou-

tinely employed, including radiolysis of water by X-rays, 

gamma rays, electron beams, electric discharge or a plasma 

source, decomposition of hydrogen peroxide using transition 

metal based Fenton chemistry and photolysis of hydrogen per-

oxide using lasers or a high-pressure flash oxidation lamp.11-15  

Independent of the method of production, •OH are highly re-

active species and have van der Waals surface area and solvent 

properties similar to those of water molecules.14 •OH are polar 

moieties, react irreversibly with side chains on the order of mi-

croseconds and can routinely modify 12 out of the 20 amino 

acids in HRPF experiments. These properties make HRPF a 

highly valuable tool in structural biology. However, challenges 

to the approach are still significant. For example, the •OH mod-

ifications are chemically complex with multiple mass changes, 

and have at least 1000-fold range of reactivity towards the 20 

amino acid side chains.15 In particular, the side chains of threo-

nine, serine, asparagine, glutamine, alanine, and glycine, as well 

as aspartate and glutamate amino acids exhibit a lower apparent 

reactivity to •OH and modifications are typically less frequently 

observed relative to much more reactive sulfur-containing and 

aromatic amino acids, while aliphatic amino acids such as va-

line lie in between these extremes. Additionally, the •OH label-

ing of Met-containing sequences produces predominantly mod-

ification of Met residue across these sequences, effectively “si-

lencing” the ability to detect any modifications of other resi-

dues. Although Met is not a common residue in proteins (~2% 

frequency), its presence on 1 out of 5 typical tryptic peptides 

makes quantification of other residues on those peptides chal-

lenging.16 Further, the over labeling of Met in HRF experiments 

due to its high reactivity and high background oxidation makes 

even the Met data of lower quality, resulting in effectively no 

labeling coverage for such peptides.17-18 Overall, low labeling 

propensity of amino acids with low reactivity to •OH reagent 

and the high labeling propensity of Met residues both contribute 

to decreasing the overall impact of HRPF. 
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Hydroxyl radical labeling is in a class of chemistries that tar-

get a wide range of amino acids, and selective amino acid chem-

istries are available to expand labeling coverage to almost every 

side chain.19-23 However, coverage at the peptide and protein 

level using a single reagent, even hydroxyl radical, is modest 

with only 5-20% of residues detected as labeled in typical ex-

periments. Chemical reagents and workflows that can produce 

multiple labels in a “one-pot synthesis” could help further ad-

vance HRPF towards being an accessible high-resolution struc-

tural biology technique. Towards this end, electrophilic and rad-

ical mediated trifluoromethyl (TFM, - CF3) labeling reagents 

may provide a simplified, uniform +CF3 labeling (+68 Da) with 

an overall dynamic range of reactivity with side-chains that per-

mits “low reactivity” side chains to be more easily observed.24-

26 The TFM group is an important synthetic motif in pharma-

ceuticals, agrochemicals, and specialty materials because CF3-

substituted molecules often possess improved physical and 

chemical properties to lend stability to molecules in which they 

are introduced.25-26 Thus, a wide range of interesting TFM rea-

gents are available for research use.27 

TFM labeling of large biomolecules for purposes of HRPF 

has been shown using both radiolytic and photolytic labeling 

approaches providing motivation for evaluating TFM chemistry 

as a tool for improving HRPF.28-34 This potential value of TFM 

to improving the structural resolution of protein footprinting 

justifies a rigorous analysis of TFM labeling of free side chains 

of amino acids. Herein, we demonstrate the •CF3 and •OH based 

multiplex labeling of 20 natural amino acids in biocompatible 

conditions using synchrotron mediated water radiolysis. Our in-

vestigations will help drive adoption of TFM chemistry for dif-

ferent HRPF based platforms to ultimately perfect one-pot mul-

tiplex labeling reactions for high resolution HRPF.  

METHODS 

Materials. 17 amino acid amides of form L-XXX-NH2 (XXX 

represents all amino acids except Cys, Lys, Pro), L-Cys-OH, L-

Lys-OH and L-Pro-OH were purchased from Chem-Impex In-

ternational Inc. (Wood Dale, IL). All had a purity at least 96% 

and were used without further purification. Langlois’ reagent 

(Sodium triflinate, CF3SO2Na) was purchased from Millipore 

Sigma (Burlington, MA) and had a purity of at least 95%. B & 

J Brand HPLC grade water and acetonitrile (ACN) were pur-

chased from Honeywell International Inc. (Charlotte, NC). 

Exposure of samples to X-rays. Amino acid samples were 

exposed to X-rays on the XFP beamline at port 17-BM at the 

National Synchrotron Light Source II (NSLS-II, Brookhaven 

National Laboratory, Upton, NY) at 25 µM concentration by 

dissolving amino acids in 2 mM ammonium acetate solution 

(NH4CH3CO2). Solution samples were exposed in 5 µl sample 

droplets held by surface tension on the bottom of 200 µl PCR 

tubes, producing a 2.5 mm diameter droplet well matched to the 

X-ray beam size. A fixed 76 µm thick aluminum attenuation 

was selected to provide high photon flux on the sample. X-ray 

exposures were performed at 25 °C for 30 ms at a constant 

NSLS-II ring current of 400 mA using a recently reported 96-

well HT device.35-36 In some cases, X-ray exposures were per-

formed at multiple exposure times of 0 ms, 12 ms, 20 ms, and 

30 ms to calculate the rate constants in dose-response studies. 

After irradiation, all samples were flash-frozen in liquid nitro-

gen and then stored at -80 °C prior mass spectroscopic analysis. 

Mass spectrometry analysis. For direct infusion, the irradiated 

samples were analyzed by electrospray mass spectrometry 

(ESI-MS) without chromatographic separation. The diluted 

samples containing 50% Acetonitrile (ACN) and 0.1 % Formic 

acid (FA) were infused at a flow rate of 10 µl/min. Full mass 

spectra were acquired in positive polarity on Thermo Q Exac-

tiveTM Plus hybrid quadrupole OrbitrapTM mass spectrometer 

coupled with a ESI source. UPLC techniques employing Hy-

drophilic Interaction Liquid Chromatography (HILIC) and non-

polar reverse phase (C18) columns were used to separate the 

nonvolatile Langlois’ reagent post X-ray exposure from amino 

acids. 

For HILIC-MS analysis, a Waters ACQUITY UPLC was cou-

pled online to a Thermo Q ExactiveTM Plus hybrid quadrupole 

OrbitrapTM mass spectrometer. Separation was performed using 

a Waters ACQUITY BEH Amide column (130 Å, 1.7 µm, 2.1 

mm * 150 mm) and two mobile phase systems. Mobile phase A 

(0.1% FA in water) and mobile phase B (0.1% FA in ACN) 

were utilized to design a LC-gradient. The 1 µl of sample (~ 0.2 

- 0.5 ng) was separated on the column using a flow rate of 100 

µl/min. The LC gradient was design as following: gradient 

started with 98% B at 0.1 min followed by a gradient change to 

50% B until 7 min and remained at 50% B from 7 min to 12 

min. From 12-13 min the gradient was changed to 98 % B sol-

vent and then the column was equilibrated to 98 % B solvent 

for 17 min.  During the first 6 min of the run, the flow was di-

verted to waste using a six-port external valve on the instrument 

and then re-directed to the MS system for the duration of the 

LC-MS run. The column temperature was maintained at 25 °C. 

Full MS spectra were acquired in a positive polarity and the res-

olution was set to 70,000, with an AGC target of 5 * 105 ions 

and maximum injection time was 100 ms.   

For C18 chromatographic separation, we utilized Waters 

ACQUITY Peptide BEH column (300 Å, 1.7 µm, 75 µm * 250 

mm) and two mobile phase systems similar to HILIC-MS anal-

ysis. Samples were analyzed by coupling Waters 

nanoACQUITY UPLC to a Thermo OrbitrapTM Eclipse Tribrid 

mass spectrometer. The 15 µl of sample (~ 13 - 37 ng) contain-

ing irradiated amino acid was desalted and concentrated using 

Waters ACQUITY C18 trap column (100 Å, 5 µm, 180 µm * 20 

mm) for 4 min at a flow rate of 10 µl/min with 0.1% FA. The 

amino acids then were eluted from Waters ACQUITY C18 ana-

lytical column (100 Å, 75 µm, 250 mm) using LC gradient from 

0% B to 25 % for 38 min. The gradient was held at 25% B from 

38 to 43 min to allow complete elution of the sample from C18 

column. The column was then washed with 95% B from 43 to 

49 min and re-equilibrated with 1% B solvent for 11 min. The 

analytical column temperature was maintained at 40 °C. Full 

MS spectra were acquired in a positive polarity and the resolu-

tion was set to 120,000, with an AGC target of 4 * 105 ions and 

maximum injection time was 50 ms.   

Data Processing. The MS data were manually searched for CF3 

and OH modifications for 20 amino acids, which were calcu-

lated based on literature parameters.18, 29-30 The extent of modi-

fication for each amino acid was measured using peak intensity 

of mass spectral signals for unmodified and their modified ion 
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signal from infusion mass spectrometry analysis. The modifica-

tion rate constants in dose response study were obtained by ex-

ponential fitting of intensity of unmodified amino acids as a 

function of exposure time to a first-order kinetics equation as 

previously described.18 The data from LC-MS analysis were 

used to measure the extent of modification (modified fraction) 

of amino acids for CF3 and OH. The modified fraction was cal-

culated as the ratio of LC peak areas of CF3 or OH modifications 

to the sum of LC peak areas of unmodified and all modified 

products. The raw MS data files were acquired in Xcalibur and 

data visualization was carried out using OriginLab software. 

RESULTS AND DISCUSSION 

Generation of CF3 radicals from sodium triflinate.  
Synchrotron footprinting typically employs highly focused X-

ray beams for water radiolysis without addition of reagents and 

the generated •OH can activate Langlois’ reagent to form 

•CF3.
29 To monitor •OH flux, we have previously described a 

dose-response reporter assay, in which the loss of Alexa488 flu-

orescence due to modification of the fluorophore correlates to 

total •OH dose as defined by the exposure time and X-ray flux.37 

We used this Alexa488 based fluorescence assay to monitor the 

•OH scavenging effect of varying levels of Langlois’ reagent 

under different X-ray beam conditions.  X-ray beam flux was 

varied via use of an eight-position attenuator wheel (762 µm – 

0 µm) at 17-BM beamline (NSLS II) with beam directed onto 

samples loaded onto a recently described 96-well high through-

put apparatus.36 Using this apparatus, we can vary incident X-

ray flux on the sample nearly 20-fold and with resulting •OH 

yield in 30 ms exposure varying 40-fold by selecting different 

aluminum attenuator thicknesses (Table S1). 

Figure 1. The loss of fluorescence of dosimeter dye (Alexa488) 

was monitored for (a) 2 mM Ammonium acetate (filled sym-

bols) and (b) 25 µM Tryptophan (empty symbols) in 2 mM am-

monium acetate for different Langlois’ reagent (LR) concentra-

tions and at varying aluminum attenuator thicknesses (and thus 

X-ray flux conditions). The decrease in Alexa488 fluorescence 

against increase in X-ray exposure time was fitted to exponen-

tial first order rate equation at an aluminum attenuator thickness 

and calculated rate constants were plotted or all conditions.  

The •OH scavenging effect of the Langlois’ reagent revealed by 

decreases of Alexa488 fluorescence decay constants was exam-

ined at various concentrations (0.25 mM – 7.5 mM) and in mod-

erate (203 µm Al) to highest X-ray flux (No Al) conditions (Fig-

ure 1a). Minimal changes in the •OH scavenging effect are seen 

for Langlois’ reagent concentrations greater than 2.5 mM. This 

represent a reasonable limit beyond which additional reagent is 

considerably less effective. The •OH scavenging effect is 

slightly higher in the presence of 25 µM Trp, both in absence 

and presence of Langlois’ reagent due to competition for •OH 

by Trp (Figure 1b). These observations provide guidance in se-

lecting an optimal •OH dose for exposure of amino acid sam-

ples. Overall these data suggest that Alexa488 fluorescence de-

cay as described here can be utilized for optimizing •OH dose 

to generate •CF3 from Langlois’ reagent.  

X-rays mediated multiplex labeling on amino acid side 

chains. Three amino acids (Trp, His and Tyr) were labeled 

with synchrotron radiolysis in the presence of Langlois’ reagent 

and analyzed by direct infusion ESI-MS. Labeling conditions 

were optimized by first testing different X-ray flux (203 µm AL 

and 76 µm AL) and then by using different amino acid concen-

trations (100 µM and 25 µM).  

Figure 2.  (a) The decrease in unmodified intensity of selected 

amino acids (Tyr, His and Tyr) was plotted against increase in 

X-ray exposure time and rate constants were calculated by fit-

ting data to exponential first order rate equation. Infusion MS 

spectra of CF3 and OH modified (b) Tryptophan, (c) Histidine 

and (d) Tyrosine amino acids show detected TFM and OH mod-

ifications. Amino acids at 25 µM concentrations were exposed 

with X-ray in presence of 7.5 mM Langlois’ reagent.    

The decrease of unmodified amino acid fraction for each amino 

acid was plotted against X-ray exposure time and fitted to a first 

order rate equation. Trp, His and Tyr amino acids in Langlois’ 

reagent exhibited an increased trifluoromethylation and oxida-

tion as a function of increased X-ray exposure. However, at 25 

µM amino acid concentration and 76 µm AL, the modification 

rate of Trp (155 s-1) was 4.8 times higher than His (32 s-1) and 

8.6 times higher than Tyr (18 s-1) (Figure 2a). Figure 2 shows 

the mass spectra of 25 µM Trp-NH2, His-NH2 and Tyr-NH2 

following independent exposure to X-rays for 30 ms in the pres-

ence of 7.5 mM Langlois’ reagent. Trp shows a complex series 

of modified products, where both •CF3 and •OH modified prod-

ucts are present in substantial quantities (Figure 2b). His shows 

•CF3 modification while •OH modified products for His were 

not detected by direct infusion ESI-MS (Figure 2c). For Tyr, 

both •CF3 and •OH modified products were detected (Figure 

2d).  

The modification rate constants for all three amino acids in-

creased at higher X-ray flux conditions (203 µm Al to 76 µm 

Al) and at lower amino acid concentrations (100 µM to 25 µM) 
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(Figures S1-2). The measured reactivity order of Trp > His > 

Tyr was observed at all experimental conditions. We noted that 

both TFM and OH modifications on amino acids occur on the 

same timescale of X-ray exposures (Table S2). The higher mod-

ification rate of amino acids (Trp, His and Tyr) at higher X-ray 

flux (76 µm Al) in comparison to lower X-ray flux (203 µm Al) 

was driven mostly by CF3 modifications and could be due to the 

increased generation of CF3 radicals from Langlois’ reagent at 

higher X-ray flux, providing evidence that TFM chemistry can 

be tuned (Table S2). These observations indicate conditions to 

base development of a “one-pot” reaction for multiplex labeling 

of protein side chains to achieve higher resolution in HRPF.  

Further experiments included exposing all amino acid samples 

to X-rays on the XFP beamline at port 17-BM at the National 

Synchrotron Light Source II (NSLS-II, Brookhaven National 

Laboratory, Upton, NY) at 25 µM concentration by dissolving 

amino acids in 2 mM ammonium acetate solution 

(NH4CH3CO2). Solution samples were exposed in 5 µl sample 

droplets held by surface tension on the bottom of 200 µl PCR 

tubes, producing a 2.5 mm diameter droplet well matched to the 

X-ray beam size. A fixed 76 µm thick aluminum attenuation 

was selected to provide high photon flux on the sample. X-ray 

exposures were performed at 25 °C for 30 ms at a constant 

NSLS-II ring current of 400 mA using a recently reported 96-

well HT device. In some cases, X-ray exposures were per-

formed at multiple exposure times of 0 ms, 12 ms, 20 ms, and 

30 ms to calculate the rate constants in dose-response studies. 

After irradiation, all samples were flash-frozen in liquid nitro-

gen and then stored at -80 °C prior mass spectroscopic analysis. 

Chromatographic analysis of TFM and hydroxyl 

modifications for 20 amino acids.  All 20 amino acids 

were exposed to x-rays for 30 ms (76 µm Al) where sodium 

triflinate was added to a final concentration of 7.5 mM based on 

the prior optimization. Although direct infusion sufficed as a 

method for examining Trp, Tyr, and His reactivity analysis, we 

observed that during mass spectrometry measurements, 

Langlois’ reagent was found to significantly reduce the sensi-

tivity of the ion source because of its nonvolatile nature. Con-

sequently, we did not conduct detailed reactivity assessments 

for the remaining amino acid samples using direct infusion ESI-

MS methods. Instead, we used two separate chromatographic 

techniques in combination with ESI-MS to separate the nonvol-

atile sodium triflinate salt from X-ray exposed amino acids to 

increase the detection sensitivity of modified fractions at lower 

abundance or with reduced ionization efficiency. First, we used 

Hydrophilic interaction chromatography (HILIC), which has 

hydrophilic stationary phases where analytes elute in order of 

increasing polarity or decreasing hydrophobicity.38 Secondly, 

we used reverse phase chromatography (C18), which has hydro-

phobic alkyl chains as stationary phases, in which case analytes 

elute in order of decreasing polarity or increasing hydrophobi-

city.39   

The TFM and OH modified amino acids elute separately on 

HILIC and C18 chromatographic columns (and separately from 

unmodified amino acids) due to their opposite polarity (Figure 

3, Tables S3-4). As an example, for an experiment with tyrosine 

using C18 separation, the hydroxyl modified tyrosine (RT = 4.6, 

5.6 min) eluted just prior to unmodified tyrosine (RT = 5.5 min) 

due to higher polarity. In contrast, CF3 modified tyrosine (RT = 

21.5 min) eluted at a significant higher retention time on the C18 

column due to its higher hydrophobicity. The order of OH mod-

ified (RT = 7.1 min), unmodified (RT = 7.8 min) and CF3 mod-

ified (RT = 8.1 min) peaks of tyrosine reverses on a HILIC col-

umn in comparison to C18. This order reversal occurs due to the 

hydrophilic stationary column of HILIC column. All the CF3 

modified amino acids elute at a higher retention time on a C18  

Figure 3. Extracted chromatographic profile of Tyrosine (Tyr) 

for unmodified (black), CF3 (blue) and OH (pink) modified 

peaks on (a) nonpolar reverse phase C18 and (b) polar HILC col-

umns. Left y-axis represent unmodified intensity and right y-

axis represent CF3 (blue) and OH (pink) MS intensity. 

column in comparison to their unmodified and hydroxyl modi-

fied counterparts. The retention times for different CF3 modified 

amino acids can vary from one another, presumably due to dif-

ferences in the hydrophobicity of different amino acids. The 

marked differences in retention times for TFM and hydroxyl 

modifications provide an additional mechanism for increasing 

the resolution of HRPF using TFM-based “one-pot” labeling, 

as •CF3 modified peaks (in the context of peptide based elution 

profiles) will likely have elution profiles distinct from the un-

modified and the OH modified forms.   

Reactivity of 20 protein side chains towards TFM and 

hydroxyl radicals. We observed complex patterns in labeling 

and retention behavior of amino acids for TFM and hydroxyl 

modifications across the C18-MS and HILIC-MS setups (Fig-

ures 4, S3, Tables S3-4). Out of 20 amino acids analyzed with 

C18-MS setup, TFM modifications were detected for 19 amino 

acids and hydroxyl modifications were detected for 14 amino 
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acids (Figure 4). In comparison, out of 18 amino acids analyzed 

with HILIC-MS setup, TFM modifications were detected for 7 

amino acids and hydroxyl modifications were detected for 14 

amino acids (Figures S3a-b). The observed differences for la-

beling of amino acids between separation approaches could be 

due to the need for loading low sample amounts on the HILIC 

column, low retention of hydrophobic TFM modifications on 

the polar HILIC column compared to C18 column and the diver-

sion of LC flow to waste for first 6 min of the run to wash out 

nonvolatile Langlois’ reagent for HILIC-MS (not needed for 

C18-MS). 

 
Figure 4. Reactivity of 20 natural amino acids towards (a) CF3 

(blue bars) and (b) OH modifications (pink bars) as analyzed 

via nonpolar reverse phase (C18) column coupled mass spec-

trometer. Amino acids at 25 µM concentrations were exposed 

with X-ray for 30 ms in presence of 7.5 mM Langlois’ reagent. 

The high reactivity (solid bars) on left y-axis represent modifi-

cation fraction between 1.0 – 0.05; the low reactivity (pattern 

bars) on right y-axis represent modification fraction between 

0.05 – 0.0 and they were plotted separately for clarity.  

Overall, in this example of “one-pot” multiplex chemistry on 

both C18-MS and HILIC setups, we found that all 20 amino ac-

ids exhibit either TFM or OH labeling in the presence of 

Langlois’ reagent (Figure 5). 19 out of 20 amino acids show 

TFM reactivity, and more impressively 17 exhibit both CF3 and 

OH reactivity. Glutamic acid was the only amino acid not found 

to show CF3 modifications, but it exhibited OH reactivity in the 

presence of Langlois’ reagent. The tabulated retention times for 

both HILIC-MS and C18-MS alongside reactivity data for TFM 

and hydroxyl modifications of 20 protein side chains in the 

presence of Langlois’ reagent will provide important clues for 

detecting peptide based modifications. 

We can compare the intrinsic reactivity of 20 amino acids on 

the basis of their TFM and hydroxyl modification fraction after 

C18-MS analysis (Figure 4). In the presence of Langlois’ rea-

gent, the amino acids with the highest reactivity towards TFM 

modifications were Cys > Trp > Phe > His, while Met > Tyr > 

Asp showed the highest OH modifications. The dynamic range 

of reactivity for these seven highly reactive amino acids is 

within 14 for either the •CF3 or •OH channel. For example, the 

TFM modification fraction of the most reactive amino acid, Cys 

(0.99), is 14 times higher than the TFM modification fraction of 

His (0.07) at same X-ray exposure conditions. Amino acids that 

normally have the highest reactivity towards •OH in HRPF 

(Cys, Trp, Phe and His) were effectively directed towards TFM 

modifications in the presence of Langlois’ reagent. Aliphatic 

amino acids (Val > Ile > Leu) and the basic amino acid, Arg 

show intermediate reactivity towards •CF3 and have a dynamic 

range within 100 for •CF3 channel by the above logic of analy-

sis. Amino acids with low OH reactivity in HRPF (Ala, Asn, 

Glu, Thr) show intermediate reactivity in Langlois’ reagent and 

have a dynamic range within 100 for •CF3 or •OH. In summary, 

15 amino acids out of 20 protein side chains on C18-MS setup 

showed a dynamic range of < 100 for either •CF3 or •OH in 

Langlois’ reagent. In addition, amino acids with undetected OH 

reactivity (Ala, Asn, Gln, Gly, Ser and Thr) all show CF3 reac-

tivity in Langlois’ reagent.     

We have earlier alluded that high reactivity of Met amino acid 

towards •OH in HRPF dominates oxidation to the extent of ef-

fectively “silencing” the ability to detect any modifications of 

other residues.  We observed that Met in the presence of 

Langlois’ reagent shows very low CF3 modified fractions (2%) 

compared to the OH modified fraction (79%) (Figure 4). The 

low overall Met reactivity will allow both OH and CF3 modifi-

cations on other residues in Met-containing sequences to be ef-

ficiently detected. 

 

Figure 5. Venn diagram showing the distribution of 20 amino 

acids for their CF3 and OH modifications.  

In our experiments, we have used a 300-fold excess of Langlois’ 

reagent relative to the amino acid and •OH concentrations to 

favor •CF3 vs •OH modifications. Varying the concentration ra-

tio of Langlois’ reagent and/or photon flux can tune reactivity 

between labeling channels, providing an opportunity for further 

experimentation and improvements. The current results provide 

a baseline dataset for understanding the intrinsic reactivity of 

freely accessible side chains of amino acids for •CF3 and •OH 

modifications in the presence of Langlois’ reagent. This is es-

sential to an understanding of these modifications in the protein 
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environment, where solvent accessibility is another key crite-

rion for radiolytic modifications.  

CONCLUSIONS 

A TFM reagent, Langlois’ reagent, can be used for efficient 

multiplex labeling of amino acids within proteins, representing 

structural probes for protein footprinting experiments. The •CF3 

radical modifications complement •OH radical footprinting and 

surmount some of the reactivity challenges inherent to using 

•OH alone. The knowledge of modifications and retention time 

from our work can be used to locate the modifications for future 

protein footprinting experiments. In addition to expanding cov-

erage in footprinting experiments, X-ray mediated water radiol-

ysis of TFM reagents could be an approach to readily incorpo-

rate the TFM moieties into native peptides and proteins under 

biocompatible conditions to, for instance, enable structural in-

vestigations with 19F NMR spectroscopy or synthesize relevant 

peptidomimetics with unique bio-medicinal and pharmaceutical 

properties.31, 40-41  
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