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ABSTRACT: Hydroxyl radical based protein footprinting (HRPF) coupled with mass spectrometry is a valuable medium-resolution 

technique in structural biology, facilitating the assessment of protein structure and molecular-level interactions in a wide range of 

solution conditions. In hydroxyl radical protein footprinting with X-rays (XFP), hydroxyl radicals (•OH) generated by water radiolysis 

covalently label multiple amino acid (AA) side chains simultaneously. However, HRPF technologies faces challenges in achieving 

their full potential due to the broad (>103) dynamic range of AA’s reactivity to •OH and the difficulty to detect slightly modified 

residues, particularly in peptides with highly reactive residues like methionine-containing peptides and in peptides containing all low 

reactive residues. To overcome this limitation, we developed a synchrotron-based multiplex labeling chemistry that utilizes CF3 

radicals (•CF3) produced from a trifluoromethylation (TFM) reagent under controlled and optimized •OH doses generated by X-rays. 

We optimized the dual •CF3/•OH chemistry in this TFM labeling approach using six model peptides and lysozyme, thereby extending 

the existing •OH labeling platform with simultaneous •CF3 labeling. This optimization led to a two-fold increase in labeled AAs in 

multiplex TFM labeling, primarily by labeling to a greater degree AAs with low •OH reactivity via the •CF3 channel, while moderate 

and highly •OH reactive AAs were labeled in both •CF3 and •OH channels. Importantly, the low reactivity of methionine to •CF3 

enabled the detection and quantification of additional AAs labeled by •CF3 across methionine-containing peptides. Consistent with 

observations in model peptides and protein, we observed a balanced dual •CF3/•OH chemistry and more uniform labeling of residues 

in both •CF3/•OH channels optimizing protein footprinting. Furthermore, the solvent accessibility of lysozyme residues directly cor-

related with •CF3 labeling demonstrating that multiplex labeling enables a high-resolution assessment of molecular interactions for 

enhanced HRPF.    

INTRODUCTION 

Protein footprinting with mass spectrometry (PF-MS), compris-

ing techniques like hydrogen-deuterium exchange (HDX) and 

hydroxyl radical protein footprinting (HRPF) are utilized in 

structural biology to assess macromolecular structure, macro-

molecular recognition, and dynamics.1-4 X-ray footprinting of 

macromolecules (XFP) employs hydroxyl radicals (•OH) gen-

erated via water radiolysis to probe solvent-accessible surfaces 

of macromolecules and their complexes, demonstrating appli-

cations across diverse protein and nucleic acid systems.5-7 XFP 

is a highly valuable tool in structural biology due to the wide 

and facile reactivity of •OH, which possesses van der Waals 

surface area and solvent properties akin to water molecules 

probing the same surface areas.8 When coupled with mass spec-

trometry (MS), XFP offers insights into solvent accessibility 

and amino acid (AA) reactivity through irreversible chemical 

modifications, effectively correlating AA’s oxidation with sol-

vent exposure and aiding protein structural characterization.7, 9   

 

Despite their  utility, XFP and HRPF methods in general en-

counter challenges in achieving their full potential resolution 

(e.g. most or all residues labeled within every peptide) stem-

ming from the broad (>103) dynamic range of AA reactivity to 

•OH, with routine easily detectible modifications occurring pre-

dominantly on a subset of AAs due to their higher reactivity, 

while lower reactive AAs are less frequently detected as oxi-

dized or detected with lower signal to noise, rendering the struc-

tural information questionable. Specifically, the side chains 

with the lowest •OH reactivity (Thr < Ser < Pro < Glu < Asn < 

Asp < Ala < Gly) are typically less frequently detected as oxi-

dized relative to much more reactive sulfur-containing and aro-

matic amino acids (Met < Trp < Tyr < Phe < His), while ali-

phatic amino acids (Leu < Ile < Arg < Val) lie in between these 

extremes. Methionine (Met) presents a particular challenge due 

to its high reactivity and background oxidation, potentially 

overshadowing modifications in Met-containing sequences.10-11   
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Overall, low labeling propensity of AAs with low reactivity to 

•OH and the high labeling propensity of Met residue diminishes 

XFP reactivity coverage to only 5-20% of residues within each 

peptide and thus overall in the structure.11 To address these lim-

itations, various strategies have been explored, including the in-

corporation of multiple complementary covalent labeling tech-

niques like carboxyl group footprinting for labeling aspartic 

acid and glutamic acid residues.12 However, these strategies of-

ten target specific AAs and may not adequately capture protein 

conformational changes.13 Other novel reagents such as the use 

of trifluoromethylation (TFM, •CF3) mediated by •OH from a 

TFM reagent, offers a rapid and broad chemical labeling reac-

tions.13 This “combination shot” approach offers broad residue 

coverage, with •CF3 labeling (+68 Da) detected on 18 out of 20 

AAs, including those with “low reactivity” to •OH. TFM label-

ing on large biomolecules such as beta-lactoglobulin, myoglo-

bin, and vitamin K epoxide reductase using radiolytic and pho-

tolytic labeling approaches has demonstrated its potential in 

structural biology.13-15 Subsequent comparison of apo/holo-my-

oglobin footprints using radiolytic labeling revealed that TFM 

labeling is sensitive to changes in protein conformation and sol-

vent accessibility. Independent exposure of myoglobin to TFM 

and HRPF demonstrated the complementarity of both tech-

niques in increasing reactivity coverage.14 However, TFM la-

beling yielded fewer additional AAs (9 / 153) than HRPF in this 

complementary approach. Consequently, consolidating •CF3 

and •OH footprints from independent experiments does not of-

fer comprehensive results for protein footprinting studies and 

requires twice the effort.  

The multiplex approach, capable of simultaneously directing 

both •CF3 and •OH towards labeling AAs in a “one-pot synthe-

sis,” has shown promise for significantly advancing HRPF as 

an accessible high-resolution structural biology technique.11 In 

this study, multiplex TFM labeling was demonstrated to label 

all 20 AAs with either or both •CF3 and •OH in a “one-pot syn-

thesis”. Water radiolysis with X-ray exposure on millisecond 

timescale were used to release •CF3 from a water-soluble TFM 

reagent (sodium triflinate, CF3SO2Na). However, implementing 

multiplex TFM labeling for protein footprinting presents chal-

lenges. Firstly, the reactivity of •CF3/•OH for 20 AAs in multi-

plex TFM labeling was assessed in a competition-free environ-

ment, which may differ in the protein environment. Secondly, 

synchrotron-based multiplex labeling chemistry relies on pro-

ducing •CF3 from a trifluoromethylation (TFM) reagent using 

micromolar •OH concentrations generated via X-rays, and 

where •OH can be continuously produced in micromolar con-

centrations with fluxes and timescales under beamline con-

trol.11, 14 Our interpretation of the reactions involved suggests 

that transfer of radicals from •OH to CF3SO2Na, forming •CF3 

is enabled by sustained availability of •OH radicals over 10s of 

milliseconds.13 However, a balance of radical chemistry is cru-

cial for optimizing both •CF3 and •OH labeling for comprehen-

sive footprinting coverage.  

To ensure the success of a multiplex TFM (dual •CF3/•OH 

chemistry) protein footprinting experiment, CF3SO2Na concen-

trations and absorbed •OH amount were carefully selected to 

ensure optimal multiplex labeling of residues with •CF3 and 

•OH modifications. We conducted a comprehensive assessment 

of the chemistry of •OH induced multiplex TFM labeling using 

six model peptides, each having specifically selected and di-

verse amino acid (AA) compositions. Sodium triflinate 

(CF3SO2Na) was utilized as the TFM labeling reagent, and syn-

chrotron X-rays from the 17-BM beamline at NSLS-II were 

used for radiolysis-based generation of •OH. The baseline da-

taset from model peptides was employed to evaluate the robust-

ness of multiplex TFM labeling, which was then applied to hen 

egg white lysozyme (129 AAs, 14.3 kDa). Additionally, we in-

vestigated whether both •CF3 and •OH labels in lysozyme are 

consistent with protein structure and solvent-accessibility, 

which are essential requirements for successful protein foot-

printing. Overall, we have optimized conditions for multiplex 

labeling chemistry that increases the number of labeled probes 

by ~two-fold resulting in most or all of solvent accessible resi-

dues labeled within each peptide and thus overall in the struc-

ture, while balancing dynamic range of labeling within 10 folds 

and providing more uniform modification of residues in 

•CF3/•OH channels for six model peptides and the protein lyso-

zyme. The presented multiplex labeling technology for model 

peptides and protein represents a major advance in HRPF mak-

ing it an accessible and high-resolution structural biology tech-

nique.  

RESULTS AND DISCUSSION  

Optimization of multiplex TFM chemistry using model pep-

tides. The model peptides selected for this study were chosen 

based on their AA composition resembling peptide sequences 

commonly observed in digested protein sequences. These pep-

tides are arranged according to the •OH reactivity of their AAs, 

as shown in Table 1. For example, BACHEM Synthetic (Syn) 

peptide contained all low •OH reactive AAs; [Glu1]-Fi-

brinopeptide (Glu-Fib) consisted mostly of low •OH reactive 

AAs with the exception of two medium •OH reactive Phe AAs 

(F10 and F11); Angiotensin II (AG-II) contained a mixture of 

low and medium •OH reactive AAs while Fibrinopeptide 

(FAP), [Met5]-Enkephalin (Met5) and Amyloid β-protein frag-

ment 35-25 (Amyl-B) peptides contained multiple highly •OH 

reactive AAs such as Trp and Met.  

We first optimized the dual •CF3/•OH chemistry for these 

model peptides by initially testing various CF3SO2Na concen-

trations while maintaining a fixed absorbed •OH amount (32.2 

× 1015) at the 17-BM X-ray footprinting beamline. Specifically, 

we exposed all model peptides (20 µM) independently for 20 

ms of X-ray beam, using a fixed aluminum (Al) attenuation of 

76 µm thickness. CF3SO2Na concentrations ranged from 0.25 

mM to 30 mM, and the extent of •CF3 and •OH modifications 

for each peptide was quantified using nanoLC-MS/MS. The ex-

tent of •CF3 and •OH labeling varied as a function of CF3SO2Na 

concentration (0.25 - 30 mM) for all six peptides (Figure 1). 

Notably, at the lowest CF3SO2Na concentration (0.25 mM), 

there was a significant reduction in unmodified peptide due to 

peptide degradation/cleavage. Peptide cleavage/degradation 

was moderately observed at 0.75 mM CF3SO2Na, and we deter-

mined that 2.5 - 30 mM of CF3SO2Na was ideal for quantifying 

the unmodified product in peptide TFM footprinting experi-

ments without overexposing the sample. Moreover, 30 mM of 

CF3SO2Na exhibited a significant scavenging effect for both 

•CF3 and •OH labeling chemistries for all peptides except the  
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Figure 1. The dual •CF3/•OH chemistry in multiplex TFM la-

beling was optimized with six model peptides by varying so-

dium triflinate (CF3SO2Na) concentration and keeping a con-

stant number of absorbed •OH radicals (32.2 × 1015). The aver-

age modified fraction of (A) •CF3 (solid bars) and (B) •OH 

(checkered bars) was plotted on Log10 scale for 6 model pep-

tides at different TFM reagent concentrations (magenta, green, 

blue and purple). Individual peptides with different CF3SO2Na 

concentrations were irradiated with X-rays for 20 ms at 76 µm 

Al thickness attenuation on 17-BM beamline, NSLS-II. Exper-

iments were done in two replicates and error bars represents 

their standard error. Titration curves with varying CF3SO2Na 

concentration for all peptides are shown in SI Figure S1.  

FAP peptide. For the FAP peptide, an increase in CF3SO2Na              

(0.75 mM to 30 mM), resulted in a positive trend in •CF3 label-

ing (0.7% to 11%), while •OH labeling exhibited a downward 

trend (89% to 37%) (SI Figure S1d). For the remaining 5 pep-

tides, the lowest levels of •OH (0.2 - 37%) and •CF3 labeling 

(<1 %) were observed at 30 mM CF3SO2Na concentration. In 

contrast, 0.75 mM of CF3SO2Na resulted in over-labeling (~50-

92%) of all peptides by •OH, except for the Syn peptide (~4%), 

which contains all low •OH reactive AAs (SI Figure S1). The 

•CF3-modified adducts at 0.75 mM of CF3SO2Na were meas-

ured to be at the lowest level for peptides containing AAs highly 

reactive to •CF3 such as Trp (FAP, 0.7%), His (AG-II, 1.2%), 

and Phe in the short peptide (Met5, 0.2%). In comparison, the 

•CF3-modified adducts at 0.75 mM of CF3SO2Na were at the 

highest level for peptides with the lowest •OH reactivity AAs 

(Syn, 17%), low to medium •OH reactivity AAs (Glu-Fib, 2%) 

and highest •OH reactivity AAs (Amyl-B, 0.3%).  

In the above experiments, the highest CF3SO2Na (30 mM) con-

centration proved optimal only for •CF3 labeling of the FAP 

peptide, where Trp, having the highest •CF3 reactivity, exhibited 

the highest modification fraction (Table 1). The over-labeling 

of highly •OH reactive peptides (FAP, Met5 and Amyl-B) to-

wards •OH was quenched at the highest CF3SO2Na concentra-

tion (30 mM). However, the highest CF3SO2Na concentration 

led to a significant reduction in •OH modification of peptides 

with low and low to moderate •OH reactive AAs (FAP, Met5 

and Amyl-B), potentially rendering them undetectable in pro-

tein footprinting experiments. Overall, at this absorbed •OH 

amount, we observed an optimal CF3SO2Na concentration rang-

ing between 2.5 and 7.5 mM, providing an adequate extent of 

•CF3 labeling (~1-10%) and •OH labeling (1-50%) for all model 

peptides.  

We further optimized the dual •CF3/•OH chemistry with six 

model peptides by varying the absorbed •OH amount and using 

selected CF3SO2Na concentrations (2.5 and 7.5 mM). We ad-

justed the absorbed •OH amount up to ~14-folds by modifying 

the incident X-ray flux conditions of the 17-BM beamline using 

Al attenuations (X-ray dose) ranging from 508 µm thickness 

(3.9 × 1015 •OH radicals) to 25 µm thickness (53.9 × 1015 •OH 

radicals).16 We quantified the extent of •CF3 and •OH modifica-

tions for each peptide with nanoLC-MS/MS (Figure 2). We ob-

served that •CF3-modified adducts in all model peptides were 

measured at the lowest level (<1%) with low absorbed •OH 

amount (3.9 × 1015) and then increased with a higher absorbed 

•OH amount. This positive trend in •CF3-modified adducts with 

absorbed •OH amount was consistent for both 2.5 and 7.5 mM 

CF3SO2Na and across all model peptides (SI Figure S2). We 

noticed a significant increase in •CF3-modified adducts (2 - 

12%) at high absorbed •OH amount (32.2 × 1015 and 53.9 × 

1015) for all model peptides except for AG-II, where •CF3 ad-

ducts were highest at a moderate absorbed •OH amount (18.6 × 

1015). The multifold increase in •CF3-modified adducts (0.1% 

to 12%) with an increase in absorbed •OH amount was most 

significant for Syn peptide with the lowest •OH reactive AAs 

(SI Figure S2a). In contrast to •CF3 labeling for the Syn peptide, 

we observed no significant change in •OH-modified adducts 

with an increase in absorbed •OH amount. Peptides with low to 

moderate •OH reactive AAs, Glu-Fib and AG-II, exhibited a 

significant increase in •OH-modified adducts with an increase 

in absorbed •OH amount (SI Figure S2b-c). In comparison, pep-

tides with highly •OH reactive AAs (FAP, Met5 and Amyl-B) 

showed a decrease in •OH-modified adducts with an increase in 

absorbed •OH amount (SI Figure S2d-f), which could be due to 

the channeling of •OH towards generating •CF3, as there was an 

increase in •CF3 adducts. In summary, the beneficial effect of a 

higher absorbed •OH amount on multiplex TFM labeling was 

substantial for all six model peptides, and we conclude that a 

high absorbed •OH amount (32.2 × 1015 and 53.9 × 1015) and 

low CF3SO2Na concentrations (2.5 - 7.5 mM) balances dual 

•CF3/•OH chemistry in a “one-pot” reaction and will provide 

close to ideal conditions for •OH induced multiplex TFM label-

ing across the majority of peptide sequences in protein foot-

printing experiments.   

Relative reactivity of residues across model peptides. In tra-

ditional HRPF labeling, proteins labeled with •OH are proteo-

lyzed with proteases, and the resulting peptides are separated  

https://doi.org/10.26434/chemrxiv-2024-7hkz8 ORCID: https://orcid.org/0000-0002-0780-1869 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-7hkz8
https://orcid.org/0000-0002-0780-1869
https://creativecommons.org/licenses/by-nc-nd/4.0/


4 

 

Figure 2. The dual •CF3/•OH chemistry in multiplex TFM la-

beling was optimized with six model peptides by varying ab-

sorbed •OH amount and keeping a constant sodium triflinate 

concentration (2.5 mM CF3SO2Na). The modified fraction of 

(A) •CF3 (solid bars) and (B) •OH (checkered bars) labeled pep-

tides at varying absorbed •OH amount, was plotted on Log10 

scale. Individual peptides were irradiated with X-rays for 20 ms 

and labeled at varying absorbed •OH amount by changing alu-

minum thickness attenuation, 508 µm (magenta), 305 µm 

(green), 152 µm (blue), 76 µm (purple) and 25 µm (brown) on 

17-BM beamline. Titration curves with varying absorbed •OH 

amount for individual peptides at 2.5 mM and 7.5 mM 

CF3SO2Na concentrations are shown in SI Fig S2.  

via reverse phase chromatography.8, 17 Specific oxidation sites 

are then determined by tandem MS/MS analysis. To develop 

multiplex TFM labeling, we utilized a nanoLC-MS/MS setup 

identical to HRPF labeling workflows, facilitating an easier 

adaption for protein TFM footprinting experiments. We exam-

ined the dual •CF3/•OH reactivity of AAs in all model peptides 

by quantifying their modifications (Table 1). The mass shifts of 

•CF3 (+68 Da) and •OH (+14 Da, +16 Da) modifications were 

significant, and due to their opposite polarity, the •CF3 and •OH-

labeled isomers of modified peptides (e.g. Amyl-B) eluted sep-

arately on the reverse phase column (Figure 3a). •CF3 modified 

isomers of different AAs in the Amyl-B peptide (isotopologues) 

were resolved, enabling their quantification at the single residue 

level, akin to •OH modified isomers (Figures 3b-c). Methionine 

(Met), with the highest •OH reactivity, typically dominates 

HRPF reactions, muting the reactivity of other proximal resi-

dues. This dominance is evident in HRPF labeling for Met pep-

tides like Amyl-B (M1 + 16) and Met5 (M5 + 16), where the 

•OH-modified Met adduct (+ 16 Da) remains the highest modi-

fication (Amyl-B) or the only quantifiable product (Met5). In 

Table 1. The comparison of labeling efficiency for optimized 

multiplex TFM labeling against HRPF for six model peptides. 

The multiplex TFM labeling was done at 2.5 mM CF3SO2Na 

concentration and with 76 µm Al thickness (32.2 × 1015 •OH). 

The HRPF labeling was done at 0 mM CF3SO2Na concentration 

and with 864 µm Al thickness (<1.8 × 1015 •OH). Individual 

peptides were irradiated on 17-BM beamline and first order rate 

constants were calculated by fitting unmodified fraction of •CF3 

and •OH-modified peptides against X-ray exposure times (0 ms, 

12 ms, 20 ms and 30 ms). Labeled AAs (bold) were colored as 

purple (detected in only multiplex TFM), blue (detected in both 

multiplex TFM and HRPF) and green (detected in only HRPF). 

multiplex TFM labeling, we could quantify •CF3 modifications 

for several AAs in Amyl-B (G3, A6, N9 and S10) and Met5 (Y1 

and F4). Similar to Met-containing peptides, we observed addi-

tional •CF3 labeled AAs (P3 and P4) in the FAP peptide with 

highly •OH reactive tryptophan (W1). Multiplex TFM labeling 

advantages extended to the low •OH reactive peptide, Syn (D4 

and T5), low to moderate •OH reactive peptides, Glu-Fib (V3, 

N4, D5 and S12) and AG-II (D1), where •CF3-modified adducts 

were detected for several AAs. The merit of dual •CF3/•OH 

chemistry was evident through a complete overlap of •OH-

modified adducts (23 AAs) in multiplex TFM and HRPF label-

ing experiments for all model peptides. Additionally, we de-

tected both •CF3 and •OH modified adducts for several AAs (14 

AAs) in six model peptides, further increasing data rigor for 

footprinting analysis. Overall, we detected ~70% AAs (38/54) 

labeled in multiplex TFM labeling for all model peptides, rep-

resenting a significant increase compared to ~43% of AAs 

(23/54) labeled in HRPF alone.  

The balanced dynamic range (k(CF3) / k(OH)) of dual •CF3/•OH 

chemistry and the uniform labeling of AAs in •CF3/•OH chan-

nels can help explain the robust efficiency of multiplex TFM 

labeling in model peptides. For the highly •OH reactive Amyl-

B peptide, the dynamic range of •OH reactivity is 1000x for Met 

against Gly, making •OH modifications for Gly (0.0005 - 0.1%) 

outside the typical mass spectrometry detection range (104 - 105) 

relative to the most abundant ion.18 The dynamic range of 

•CF3/•OH reactivity over •OH reactivity for Amyl-B peptide 

was reduced ~10 times (~123) for non-optimized CF3SO2Na 

(30 mM) and further decreased ~2 times (~65) for optimized 

Peptide Sequence HRPF  
OH k

OH
 

/ s
-1 

Multiplex TFM-HRPF 

kCF3 
/ s

-1 kOH / s
-1 CF

3
:OH 

DR ratio 
Syn GR

#
GDTP 3.75  

(0.19) 
1.98  

(0.07) 
0.52  

(0.08) 
3.8:1 

Glu-Fib EGVNDNE

EGFFSAR 
6.03 

(1.04) 
2.13 

(0.08) 
7.52 

(0.43) 
1:3.5 

AG-II D
*
RVYIHPF

HL 
7.04  

(0.47) 
2.67  

(0.12) 
4.62 

(0.16) 
1:1.7 

FAP WQPPRARI 18.32  
(1.91) 

4.93  
(0.57) 

26.57 

(4.19) 
1:5.4 

Met5 YGGFM 19.03  
(1.46) 

1.47  
(0.14) 

38.76 

(4.83) 
1:26.4 

Amyl-

B  
M
#
LGIIAGK 
NSG 

21.67  
(1.66) 

0.56  
(0.05) 

36.36 

(3.53) 
1:65 
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Figure 3.  (a) The extracted ion chromatograph of •CF3-labeled adducts (orange), •OH-labeled adducts (green and pink), and unmod-

ified Amyl-B peptide is shown for multiplex TFM labeling experiment. (b) The unmodified fraction of •OH-labeled AAs and (c) 

•CF3-labeled AAs in Amyl-B peptide was plotted against exposure time for multiplex TFM labeling experiment.  

 

Figure 4. The dual •CF3/•OH chemistry in multiplex TFM labeling was optimized with protein lysozyme by varying sodium triflinate 

(CF3SO2Na) concentration between 0.75 – 20 mM. The average modified fraction of (A) •CF3 (solid bars) and (B) •OH (checkered 

bars) was plotted on Log10 scale for lysozyme peptides at different TFM reagent concentrations (magenta, green, blue and purple). 

Lysozyme samples with different CF3SO2Na concentrations were irradiated with X-rays for 20 ms at 76 µm Al thickness attenuation 

on 17-BM beamline.  
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Figure 5. A comparison of lysozyme residues labeled in HRPF and Multiplex TFM labeling experiments. (A) Lysozyme residues 

labeled with •OH in HRPF alone. Lysozyme with 0 mM CF3SO2Na concentration was irradiated with X-rays for 20 ms at 864 µm Al 

thickness attenuation on 17-BM beamline. •OH-modified lysozyme residues in HRPF were colored green. (B) Venn diagram for 

lysozyme residues labeled in HRPF and optimized multiplex TFM labeling experiments. Lysozyme with 2.5 mM CF3SO2Na concen-

tration and 32.2 × 1015 absorbed •OH amount was irradiated with X-rays for 20 ms at 76 µm Al thickness attenuation on 17-BM 

beamline. Labeled lysozyme residues in Venn diagram were colored as purple (detected in only multiplex TFM), blue (detected in 

both multiplex TFM and HRPF) and green (detected in only HRPF). 

CF3SO2Na (2.5 mM) concentrations (Table 1 and SI Table S1). 

For the remaining five peptides, the dynamic range of •CF3 re-

activity was either higher than •OH reactivity for the low •OH 

reactive peptide (Syn) or more balanced for low to moderate 

•OH reactive peptides (Glu-Fib and AG-II) and highly •OH re-

active peptides (FAP and Met5). Overall, the optimization of 

CF3SO2Na concentration improved the dynamic range of 

•CF3/•OH reactivity to 2-7 fold and significantly increased pep-

tide modification rates in both •CF3 and •OH channels across all 

six model peptides. In addition to a balanced dynamic range, we 

observed uniform labeling of AAs in •CF3 (28 AAs) and •OH 

(24 AAs) channels for all six model peptides in optimized mul-

tiplex TFM labeling relative to mono-labeling with •OH (23 

AAs) in HRPF alone. The two-fold increase in the number of 

labeled AAs in multiplex TFM labeling relative to HRPF was 

evident with the labeling of AAs with the lowest •OH reactivity 

(Thr < Ser < Pro < Glu < Asn < Asp < Ala < Gly) in the •CF3 

channel or •OH channel (Glu) and the labeling of moderate •OH 

reactive AAs (Leu < Ile < Arg < Val) and highly •OH reactive 

AAs (Met < Trp < Tyr < Phe < His) in both •CF3 and •OH chan-

nels. Two AAs, Lys (Amyl-B) and Gln (FAP) were not labeled 

in both multiplex TFM and HRPF labeling experiments, likely 

due to neighboring effects in peptides. The labeling of 17 AAs 

for six model peptides in multiplex TFM labeling coincided 

well with the dual •CF3/•OH reactivity of 20 protein side chains 

in a competition-free environment.  

Validation of optimized multiplex TFM labeling methods to 

enhance structural resolution for protein. The ~2-fold in-

crease in the number of labeled AAs and the optimization of 

•OH induced multiplex TFM labeling with six model peptides 

established a baseline dataset for TFM protein footprinting. We 

assessed the robustness of multiplex TFM labeling for protein 

footprinting with hen egg white lysozyme (129 AAs, 14.3 kDa) 

by employing sodium triflinate (CF3SO2Na) as a TFM reagent 

and using synchrotron X-rays from the 17-BM beamline at 

NSLS-II for radiolysis. Trypsin digestion of lysozyme yielded 

11 peptides with ~89% sequence coverage, and we quantified 

the extent of •CF3 and •OH modifications for each lysozyme   
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peptide using nanoLC-MS/MS. To optimize multiplex TFM la-

beling for proteins, we exposed lysozyme (20 µM) with X-rays 

for 20 ms and tested various CF3SO2Na concentrations (0.75 

mM, 2.5 mM, 7.5 mM and 20 mM), while maintaining a fixed 

absorbed •OH amount (32.2 × 1015) with 76 µm Al thickness at 

the 17-BM X-ray footprinting beamline. The extent of both 

•CF3 and •OH labeling for lysozyme peptides varied as a func-

tion of CF3SO2Na concentration (Figure 4). The high 

CF3SO2Na concentration (20 mM) caused a significant scav-

enging effect for both •CF3 and •OH labeling chemistries for all 

lysozyme peptides, which is consistent with our model peptides 

study (Figure 4). The extent of •CF3 labeling for lysozyme pep-

tides was highest at 0.75 mM or 2.5 mM CF3SO2Na concentra-

tions and then decreased significantly at a higher 7.5 mM 

CF3SO2Na concentration. The highest level of •OH-modified 

products across all lysozyme peptides was observed at the low-

est CF3SO2Na concentration (0.75 mM) followed by a decrease 

at higher CF3SO2Na concentrations. In summary, the high ab-

sorbed •OH amount (32.2 × 1015), and low CF3SO2Na concen-

trations (0.75 – 2.5 mM) balanced dual •CF3/•OH chemistry in 

a “one-pot” reaction and would provide ideal conditions for 

•OH induced multiplex TFM labeling across lysozyme pep-

tides.  

We then examined the dual •CF3/•OH reactivity of lysozyme by 

comparing the labeling efficiency in optimized multiplex TFM 

labeling (2.5 mM CF3SO2Na and 32.2 × 1015 •OH) with non-

optimized multiplex TFM labeling (20 mM CF3SO2Na and 8.5 

× 1015 •OH) and HRPF labeling (0 mM CF3SO2Na). We de-

tected a 1.9-fold enhancement in optimized multiplex TFM la-

beling for lysozyme with 54 labeled residues, compared to 29 

residues in HRPF (Figure 5). The optimization of TFM condi-

tions significantly enhanced multiplex labeling to 54 residues 

as only 26 residues were labeled in •CF3/•OH channels for non-

optimized conditions (SI Figure S3). Overall, we detected a sig-

nificant enhancement of structural resolution in lysozyme with 

~47% of residues (54/115) labeled in optimized multiplex la-

beling, compared to ~25% of residues (29/115) in HRPF alone. 

Further, the number of labeled residues per peptide were rang-

ing from 22 to 88 % across 11 lysozyme peptides in multiplex 

labeling, with the average value per peptide of 50 % (SI Table 

S3).    

Similar to model peptides, the robust efficiency of multiplex 

TFM labeling in lysozyme could be attributed to a balanced dy-

namic range of dual •CF3/•OH chemistry and the uniform label-

ing of residues in •CF3/•OH channels. Similar to the model pep-

tides, the most efficient labeling in •CF3/•OH channels was ob-

served for peptides containing low to moderate •OH reactive 

residues (1-5, 14-21, 15-21, 34-45, 46-61 and 74-96) and highly 

•OH reactive residues (6-13, 22-33, 62-68 and 117-125) com-

pared to that for HRPF alone (Table S2). Moreover, the propen-

sity of labeling of lysozyme residues with the lowest •OH reac-

tivity (e.g. Thr43, Ser24, Pro79, Gln41, Asn37, Asp18, Ala42, 

Gly4) was significantly higher in multiplex TFM labeling rela-

tive to HRPF alone. Lysozyme residues with moderate and high 

•OH reactivity were either detected only in multiplex TFM la-

beling (Cys6, Phe3, Leu17, Lys33) or overlapped with HRPF 

labeling (Cys76, Met12, Trp28, Tyr20, Phe34, His15, Leu84, 

Ile55, Arg21, Val2). Similar to Met-containing model peptides, 

we detected •CF3 modifications for additional residues in Met- 

Table 2. The comparison of labeling efficiency for optimized 

multiplex TFM labeling against HRPF for six model peptides. 

The multiplex TFM labeling was done at 2.5 mM CF3SO2Na 

concentration and with 76 µm Al thickness (32.2 × 1015 •OH). 

The HRPF labeling was done at 0 mM CF3SO2Na concentration 

and with 864 µm Al thickness (<1.8 × 1015 •OH). Individual 

peptides were irradiated on 17-BM beamline and first order rate 

constants were calculated by fitting unmodified fraction of •CF3 

and •OH-modified peptides against X-ray exposure times. La-

beled AAs (bold) were colored as purple (detected in only mul-

tiplex TFM), blue (detected in both multiplex TFM and HRPF) 

and green (detected in only HRPF). 

containing lysozyme peptides, 6-13 (Cys6) and 98-112 

(Ala107, Trp108). In summary, the multiplex TFM labeling for 

lysozyme was efficient in dual •CF3/•OH channels and followed 

trends observed in model peptides.  

In a protein environment, solvent accessibility is another crite-

rion for •OH modifications in addition to the intrinsic reactivity 

of protein side chains. We analyzed whether •CF3 labeling also 

correlates with the solvent accessibility of lysozyme residues 

(Table 2). Theoretical measures of solvent accessibility (SASA) 

for all residues in lysozyme sequence were calculated using the 

VADAR algorithm and the lysozyme crystal structure (PDB: 

6LYZ).19-20 We determined that residues accessible to the sol-

vent were labeled with •CF3 radicals across the lysozyme pro-

tein structure. For example, highly solvent-accessible D18 (38 

Å2), D48 (62 Å2), and D87 (87 Å2) were all labeled with •CF3, 

while low solvent-accessible D52 (26 Å2) and D66 (21 Å2) were 

not. On the other hand, we were unable to observe the modifi-

cation of solvent-accessible D101 (48 Å2) and D119 (86 Å2) due 

to the presence of the most •CF3 reactive Trp residue in peptides 

98-112 and 117-125. Similarly, solvent-accessible Q41 (108 

Å2) was •CF3-labeled, while low solvent-accessible Q57 (5 Å2) 

was unlabeled. On the other hand, solvent-accessible Q121 (108 

Å2) remained unmodified by •CF3 due to its location in the pep-

tide 117-125, containing the most •CF3 reactive Trp residue. 

Lastly, peptide 74-96 consists of N74 (34 Å2), N77 (108 Å2), 

N93 (73 Å2), S81 (69 Å2), S85 (60 Å2), S86 (57 Å2) and S91 (1 
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Å2) residues, of which residues most accessible to bulk solvent, 

including N77, S81, S85, and S86 were labeled, while residues 

less accessible to the solvent, including N74, N93 and S91 were 

not. Out of the 20 protein side chains in lysozyme, only glu-

tamic acid was not labeled in multiplex TFM labeling either due 

to adjacent highly •CF3 reactive (Cys6) and highly •OH reactive 

(Met11) residues in segment 6-13 (Glu7) or low solvent acces-

sibility in segment 34-45 (Glu35, 17 Å2 SASA). The occurrence 

of highly •CF3 reactive and solvent accessible, Tryptophan, (62-

68, 98-112, 117-125) attenuated the multiplex labeling of other 

residues in these segments. However, Trp residues present the 

lowest abundance of the 20 naturally occurring AAs in proteins 

and Trp frequency is of only a 1.4% in comparison to 4.7% fre-

quency in lysozyme.21 Hence, high •CF3 reactivity of Trp resi-

dues will not be a detrimental factor for protein TFM footprint-

ing. 

CONCLUSIONS 

We found •CF3 as a protein footprinting probe to be quite com-

plementary to •OH in multiplex TFM labeling experiment. The 

mass shifts for •CF3 modifications are distinct from all major 

known •OH modifications, and the retention times of •CF3-

modified peptides are more hydrophobic than the unmodified 

peptides. Thus, •CF3-modified peptides do not make the LC-MS 

chromatograph especially complex or overlap with most •OH-

modified peptides. We detected the labeling of additional new 

protein side chains in multiplex TFM labeling, and there was an 

overlap of protein side chains labeled in •CF3/•OH channels 

against •OH labeling in HRPF. Several protein side chains were 

labeled in both •CF3/•OH channels in multiplex TFM labeling, 

increasing data rigor. We observed protein side chains that are 

refractory to HRPF labeling, such as Thr < Ser < Pro < Glu < 

Gln < Asn < Asp < Ala < Gly, were modified with •CF3 in mul-

tiplex TFM labeling. In addition, Met shows low reactivity to 

•CF3 in multiplex TFM chemistry, which allows detection and 

quantification of additional protein side chains labeled by •CF3 

across Met containing peptides. We can now employ optimized 

multiplex TFM workflow to target all 20 protein side chains in 

•CF3/•OH channels using a single TFM reagent.  

The •OH can also be generated through other platforms such as 

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 (FPOP) or a high-pressure flash oxidation 

lamp.22-27 The successful development of the multiplex TFM la-

beling with XFP will motivate its implementation on other •OH 

generating platforms. This broad implementation will increase 

accessibility of the multiplex TFM labeling for addressing 

structural biology questions and accelerating higher order struc-

tural analysis for biopharmaceutical development.   

METHODS 

Materials. TFM reagent sodium triflinate (CF3SO2Na, ≥95% 

purity), Lysozyme from chicken egg white (≥98% purity) and 

Methionine amide were purchased from Millipore Sigma. 

Model peptides (Glu-Fib, AG-II, FAP, Met5 and Amyl-B) were 

purchased from Millipore Sigma. BACHEM Synthetic peptide 

was purchased from BACHEM and also synthesized from  

GenScript. Alexa Fluor™ 488 NHS Ester and 10× PBS solution 

were purchased from Fisher Scientific. HPLC-grade Acetoni-

trile and HPLC-grade water were purchased from Honeywell- 

Burdick & Jackson. 

TFM and HRPF labeling of model peptides and lyso-

zyme. X-ray exposure of samples was carried out at the X-ray 

Footprinting of Biological Materials (XFP) beamline located at 

the National Synchrotron Light Source II (NSLS-II, 

Brookhaven National Laboratory, Upton, NY), using a 96-well 

high-throughput apparatus at a constant temperature of 25 °C 

and ring current of 400 mA.16 Incident beam powers on the sam-

ples as a function of attenuation were determined as described 

previously.11 Samples were exposed in 5 µL volumes in 200 µL 

PCR tubes, with 8 replicates for each sample and exposure con-

dition.  

The working solutions for model peptides were prepared at 60 

µM concentration with 1×PBS (pH 7.4) for labeling experi-

ments. 20 µM model peptides with 1×PBS, in varying 

CF3SO2Na concentrations (0.25 mM, 0.75 mM, 2.5 mM, 7.5 

mM and 30 mM) and varying absorbed •OH amount by chang-

ing aluminum thickness attenuation (508 µm, 305 µm, 152 µm, 

76 µm and 25 µm), were X-ray exposed individually for 20 ms 

to optimize TFM labeling conditions. X-ray exposures for opti-

mized TFM labeling conditions (2.5 mM CF3SO2Na, 76 µm 

aluminum thickness) in model peptides were performed inde-

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

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

X-ray exposures for HRPF labeling (0 mM CF3SO2Na, 762 µm 

aluminum thickness) in model peptides were performed inde-

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

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

The working Lysozyme solution at 100 µM (1.4 mg/ml) con-

centration was reconstituted with 1×PBS (pH 7.4) for labeling 

experiments. 20 µM Lysozyme samples, in varying CF3SO2Na 

concentrations (0.75 mM, 2.5 mM, 7.5 mM and 20 mM), were 

X-ray exposed for 20 ms with 76 µm aluminum thickness. 20 

µM Lysozyme samples for hydroxyl labeling (0 mM 

CF3SO2Na) were X-ray exposed for 20 ms with 864 µm alumi-

num thickness.     

Labeled samples were immediately mixed with 60 mM methi-

onine amide solution (1.1 µl) to a final concentration of ~11 

mM methionine amide to quench secondary radicals. Quenched 

samples were frozen in liquid nitrogen and shipped on dry ice 

to CWRU for mass spectrometric analysis. 

Mass spectrometry sample preparation and chroma-

tography separation. The frozen labeled samples from -80 

°C were first thawed on ice. Lysozyme samples (2.8 µg in 10 

µL) were dried completely via speed-vacuum and reconstituted 

in 20 mM Tris / 6 M urea buffer (pH 8.0). They were then re-

duced with 10 mM dithiothreitol (DTT) at 37 °C for 45 min 

followed by alkylation with 25 mM iodoacetamide at room tem-

perature for 1 hour in the dark. Lysozyme samples were then 

digested with trypsin at 37 °C overnight using a 1:10 enzyme to 

protein molar ratio. The digestion reaction was terminated by 

adding 5% formic acid to a final concentration of 0.1%.  
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Model peptides and digested lysozyme samples were diluted 

with 0.1% formic acid and analyzed by a Waters 

nanoACQUITY UPLC coupled to a Thermo OrbitrapTM Eclipse 

Tribrid mass spectrometer. They were desalted and concen-

trated using a Waters nanoACQUITY UPLC C18 trap column 

(100 Å, 5 µm, 180 µm × 20 mm) and eluted from a Waters 

ACQUITY UPLC BEH C18 analytical column (300 Å, 1.7 µm, 

75 µm × 250 mm). Two mobile phase systems - mobile phase 

A (0.1% FA in water) and mobile phase B (0.1% FA in Ace-

tonitrile) were utilized for separation using a LC gradient, Syn 

(0% to 32% B), Glu-Fib (0% to 40% B), AG-II (0% to 50% B), 

FAP (0% to 40% B), Met5 (0% to 32% B), Amyl-B (0% to 45% 

B) and lysozyme (0% to 32% B) for 62 min at a flowrate of 300 

nL/min and the capillary voltage of 2.1 kV. The gradient was 

then increased to 70% B from 62 to 66 min to allow the com-

plete elution of peptides from the analytical column. The C18 

column was then washed with 98% B and re-equilibrated with 

0% B solvent for 10 and 14 min respectively. Analytical column 

temperature was maintained at 40 °C. 

Mass spectrometry data collection and analysis. Full mass 

spectra were acquired in a positive polarity and the Orbitrap res-

olution was set to 120,000, an RF lens setting of 30 with an 

AGC target of 4 × 105 ions and maximum injection time was 50 

ms. Precursor ions were chosen in a DDA mode followed by 

MS/MS fragmentation by CID with the collision energy set at 

35% with an AGC target of 10,000 ions and IonTrap detection 

of fragment ions. MassMatrix Xtreme (v3.0.10.25, Mass-

Matrix) was used to search for unmodified and •OH/•CF3 la-

beled peptides (variable •OH/•CF3 modifications, no fixed 

modifications) against the database containing model peptides 

and lysozyme protein. Peptides were searched with a maximum 

of one missed cleavage, ±10.00 ppm peptide mass tolerance and 

±0.80 Da (CID) fragment mass tolerance. Xcalibur software 

was used for manually extracting chromatograms and analyzing 

the modification of peptides based on MassMatrix Xtreme out-

put. OriginLab software was used to plot dose-response curve 

and calculate the modification rate for each modified peptide. 
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