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Abstract:

Hydroxyl Radical Protein Footprinting (HRPF) monitors macromolecular structure and dynamics
by utilizing hydroxyl radicals to probe the solvent-accessible side chains of proteins. Hydroxyl
radicals form irreversible covalent bonds with protein side chains based on their solvent
accessibility and intrinsic reactivity. Following labeling, bottom-up proteomics which involves
protease digestion and liquid chromatography (LC-MS/MS) coupled with mass spectrometry, is
routinely employed to detect and quantify the modified protein side chains. The HRPF technique
has been a breakthrough in the field of structural biology, enabling the assessment of structures
and interrelationships between proteins, protein-drug complexes or such macromolecular
mixtures. It is now being extended to complex applications such as in-cell and in-vivo studies.
This perspective focuses on detailing aspects of peptide separations technology in HRPF, with a
particular emphasis on chromatography. The discussion further encompasses the HRPF
methodology, its current limitations, recent developments, and proposed ideas for future

developments for selected research fields.
What is hydroxyl radical protein footprinting mass spectrometry (HRPF-MS)?

Structural biology spans both experimental and theoretical techniques that identify the molecular
structure and dynamics of biological macromolecules to understand how these molecules function
and interact. Recently, the artificial-intelligence (Al) network, AlphaFold2, developed by
DeepMind, has revolutionized the field of structural biology. AlphaFold2 has predicted and
released the high-accuracy models of more than 200 million proteins from some 1 million species,
covering almost every known protein on the planet.™ 2 The reliability of few AlphaFold predicted
models has been validated against high-resolution experimental structures obtained from

techniques such as X-ray crystallography or cryo-electron microscopy. AlphaFold2 and other Al
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platforms, like RoseTTAFold, are now instrumental in solving three-dimensional structures that
remained unsolved for years.® However, the current reliance of Al platforms on information about
related protein sequences introduces inherent limitations in predicting the effects of mutations on
protein structure, studying protein interactions with other interacting proteins, or molecules like
ligands/drugs, and capturing protein dynamics in processes such as allostery and folding.* ° In
these cases, the full potential of Al prediction models can be realized through complementary

structural biology approaches.

Biophysical techniques, such as Fluorescence Resonance Energy Transfer (FRET) and Small-
Angle X-ray Scattering (SAXS), have provided structural biology information where high-
resolution techniques like X-ray crystallography and NMR have limitations.®® Structural Mass
Spectrometry (MS) methods, including protein footprinting MS comprising hydrogen-deuterium
exchange (HDX) and hydroxyl radical footprinting, native MS, ion-mobility MS ,and chemical
cross-linking MS, vyield valuable complementary structural information to validate three-
dimensional protein structures and track their structure and dynamics in various experimental
conditions beyond the immediate scope of Al predictions.® ** Among these structural MS
methods, Hydroxyl Radical Protein Footprinting (HRPF) offers several advantages for
characterizing protein structure, folding, interactions and dynamics. HRPF technologies for have
dramatically improved sensitivity and resolution, providing detailed sub-peptide and residue-level
information to validate macromolecular structure and dynamics. HRPF encompasses different
covalent labeling approaches where reactive hydroxyl radicals are generated by radiolysis of
water using X-rays, gamma rays, electron beams, electric discharge, plasma source,
decomposition of hydrogen peroxide using transition metal-based Fenton chemistry, and
photolysis of hydrogen peroxide using lasers (FPOP) or a high pressure flash oxidation lamp.****
In a HRPF experiment, protein side chains form irreversible covalent bonds with free radicals
based on solvent accessibility and intrinsic reactivity of residues. HRPF offers a favorable target
macromolecular size range (from small proteins in the kDa size range to MDa megacomplexes),
permits high-throughput experimentation, and can be performed in physiological environment for
purified samples in buffer or native-environment in cells.*® Hydroxyl radicals have van der Waals
surface areas and solvent properties similar to those of water molecules, making them effective

probes of a similar surface.®

Labeling in HRPF experiments is independently performed at several reaction time points for
pairwise comparisons between a protein and its interacting partners. The covalent modifications

in labeled samples are primarily detected and quantified using classical “bottom-up” mass
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spectrometry (Figure 1).2° Labeled protein complexes are proteolyzed to the peptide level,
followed by the separation of resulting peptides through ultra-high performance liquid
chromatography (UHPLC). The identification of modified and unmodified peptides and residues
is achieved using tandem mass spectrometry (MS/MS), where the integration of extracted ion
chromatogram (EIC) peaks is used to quantify the amount of unmodified and modified species for
each peptide. Each peptide’s unique fragmentation pattern allows the acquired MS/MS scans to
identify unmodified and modified peptides/residues within the samples. The fraction of unmodified
peptide/residues is calculated for each reaction time and then plotted to generate the dose-
response curves. These curves are then fitted to single-exponential functions to determine the
first-order rate constants. The rate constants for peptides/residues are subsequently compared
across experimental variables to monitor changes in solvent accessibility for protein side chains
in different functional and structural states. HRPF data analysis is now semi-automated, and

software suites are available to assist users with data analysis.*’?°

HRPF has evolved into a “state-of-the-art” biophysical technique, enhancing our understanding
of various macromolecular system. It has proven particularly useful for systems challenging to
analyze using other techniques. Recent examples include studies on how G-protein coupled
receptors (GPCRs) select and bind their target G proteins, the photoactivation of orange
carotenoid proteins, epitope mapping of anti-drug antibodies, confirmation of Fab-Fc receptor
interactions, and detailing structural differences between major human prion strains.?*?*
Structural details of intermediates during protein misfolding are crucial for understanding
neurodegenerative diseases, and HRPF has analyzed amyloid fibrils and prefibrillar intermediates
with residue-specific resolution for the amyloid-B peptide in Alzheimer’s disease.” *®* HRPF has
been beneficial for integrative structural modeling of multidomain proteins like Polo-like kinase 1,
the human estrogen receptor and mapping the protein-protein interaction surface of the
Hemoglobin-Haptoglobin complex.?* HRPF serves as an impetus in drug discovery, identifying
inhibitor binding sites for a type 2 diabetes target protein and allosteric conformational changes
during the binding of a small drug molecule with the prostate cancer target protein phosphatase
PP2A3 3 In a recent example, HRPF calculated protein-ligand binding sites, binding
stoichiometry, and site-specific binding constants on the holo-calmodulin:melittin model system.®?
In these HRPF applications, high sequence coverage of proteins at the peptide and residue levels
has been critical. The required high spatial resolution in macromolecular systems has been made
possible by combined developments in instrumentation, fragmentation methods, and sample
handling strategies in “bottom-up” proteomics. The following section will showcase the challenges

for “bottom-up” proteomics in obtaining a high-quality dataset for an HRPF experiment.
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Challenges for “bottom-up” proteomics in HRPF-MS.

“Bottom-up” proteomics is an established method in proteomics used to identify proteins and
characterize their amino acid sequences and post-translational modifications. This involves
proteolytic digestion prior to analysis by liquid chromatography coupled with tandem mass
spectrometry.® Hydroxyl labeling of protein side chains in HRPF leads to mass shifts at modified
residues. “Bottom-up” proteomic workflows are routinely applied to identify and quantitate these
peptides and residues across the protein sequence, providing details of the local structure.®
HRPF experiments involve pairwise comparison of biomolecular states, and the labeled samples
at different exposure times are analyzed using identical “bottom-up” proteomics workflows to
reduce experimental variation. Oxidative modifications are covalent and therefore the
downstream HRPF analysis is more flexible than HDX-MS (hydrogen deuterium exchange mass
spectrometry).'® 3 Back exchange in HDX-MS reduces signal and creates increased error and
hence its controlled with low pH and cold temperature. Following labeling in HRPF, proteolytic
digestion conditions are optimized for maximal coverage of the protein sequence. Strategies
include desalting to remove salts for better MS ionization, using denaturants and reducing agents
to improve proteolytic digestion, and employing a combination of proteases for multiple cleavage
sites to provide overlapping fragments. Irreversible oxidative modifications in HRPF experiments
allow the routine use of specific residue cleavage proteases like Trypsin (Arg, Lys), LysC (Lys),
and rAspN (Asp, Glu), eliminating the need for acidic pH. Specific cleavage of proteins results in
peptides with 5-20 residues range and eases their analysis with mass spectrometry. However,
this strategy may have limitations as the region of interest could be missed based on the
availability and location of cleavage sites in proteins. In these cases, acidic proteases like Pepsin
could be useful, however, data analysis is laborious due to nonspecific Pepsin cleavage. Another
alternative to map missing fragments is ProAlanase, which is a site specific and cleaves at proline
and alanine residues. Downstream HRPF steps, such as sample cleanup using precipitation with
organic solvents (acetone or methanol/chloroform) and buffer exchange methods followed by
proteolytic digestion, are currently tedious.*® The combination and automation of these
procedures in HRPF would significantly increase processing speed, akin to past developments in
HDX-MS.

Proteolytic digestion yields peptide mixtures containing both unmodified and modified peptides.
Oxidative labeling on modified peptides can alter their hydrophobicity, and reverse-phase liquid
chromatography is used to separate the peptide mixtures, followed by tandem mass spectrometry

to identify and analyze these modifications. Modified species with oxygen adducts (+14, +16 Da)
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usually elute prior to but close (~1-3 min.) to unmodified peptides because of higher polarity
conferred by oxygen addition. While, modified species with Arginine (-43 Da) or Histidine (-10 Da,
-22 Da, -23 Da) oxidation elute at various positions relative to unmodified peptides due to different
labeling chemistries. Peptide modification extents and dose-response rates in HRPF are

calculated using exact mass-based extracted ion currents (EIC) from LC-MS.

The separation of peptide mixtures is, therefore, a critical step in HRPF and requires special
considerations in comparison to the general proteomics workflow. Firstly, the intensity and fraction
of hydroxyl labeled peptides in HRPF, for most peptides, are much less (10-200 times) than
unmodified peptides, as hydroxyl radical generation is controlled to prevent radiation damage
(Figure 2a). Secondly, the hydroxyl radicals can modify 18 out of 20 amino acids, providing
multiple probes, albeit with a large dynamic range in reactivity due to differences in the intrinsic
reactivity of amino acid residues.*® This large hydroxyl reactivity range may result in modifications
of several residues in a peptide segment, generating multiple isoforms, complicating their
separation and correct identification in contrast to specific covalent labeling approaches.'” For
specific labeling chemistries, like Glycl-ethel-ester, which can modify only solvent-accessible
carboxyl groups on glutamic and aspartic acid residues, modified peptides (+57 Da and +85 Da
mass shifts) generally elute later than unmodified peptides (Figure 2b). Last but not least, the
multiplex labeling of protein side chains with trifluoromethyl chemistry (CFs, +68 Da mass shift) in
HRPF, generates additional peptide isoforms with different reactivity and chromatography profile
compared to hydroxyl radicals (Figure 2c).*” The large dynamic range for detecting modestly
modified products in HRPF therefore necessitates a much higher signal-to-noise ratio during
chromatography separation, achievable with thin and long nano-LC columns. Peptides elute
based on their hydrophobicity, and the water:acetonitrile gradient on reverse-phase columns is
optimized based on the size of protein and hydrophobicity of eluting peptides. The error in
guantitation of modified peptides due to carryover can be reduced between different samples by
including washing run with higher water:acetonitrile gradient. In addition, a quality control run with

standard peptides to monitor the column separation could be added between samples.

The MS2 based examination of hydroxyl radical-modified residues is essential to provide residue-
level resolution, and the scrambling of covalent labels in the gas phase is not a limitation for HRPF
experiments. Collision-induced dissociation (CID) is routinely used to induce peptide
fragmentation in the gas phase for HRPF, providing sensitive and specific detection of modified
residues. The extent of modification for modified protein side chains varies reflecting intrinsic

reactivity and solvent accessibility factors for each of them. The HRPF dataset is extraordinary
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rich, as almost all side chains across the peptides can be reliably detected. While data-dependent
acquisition (DDA) has been used for HRPF, this approach is limited in detecting low-abundance
products, especially for residues with low hydroxyl reactivity.*® This limitation can be overcome by
using SRM-based fragmentation method, where knowledge about m/z values of low-abundance
oxidation products, and their elution times from DDA analysis can be used for generating a “target
inclusion list”.*® The individual quantification of all the modified species can also be performed by
generating a “dynamic inclusion” target list, where the target m/z values change as a function of
chromatography and expected retention time.!” Alternative approaches for the localization of
modified sites in HRPF include gas fragmentation with electron transfer dissociation (ETD). ETD
method has been implemented for more accurate identification of oxidative modifications of
cysteine, methionine, and histidine residues.* *° ETD method is however, limited to larger
peptides that can easily access higher charge states. Recently, the poor ETD fragmentation
efficiency for doubly charged peptides has been overcome with supercharging agents like m-
nitrobenzyl alcohol.** The ETD MS/MS quantification for HRPF experiments has been further
improved by coupling size exclusion chromatography with ETD fragmentation, allowing coelution

of isomeric modified peptides.*
Recent developments and future perspectives for selected HRPF research fields

HRPF experiments involve the modification of protein side chains by hydroxyl radicals, and
knowing the administered hydroxyl radical dose is essential for several reasons. Firstly, the
hydroxyl radical dose needs to be tailored for conducting HRPF experiment based on the “one-
hit kinetics” principle, where protein molecules undergo only one modification event.** Secondly,
experimental parameters like ligands, buffers, or excipients can influence the availability of
hydroxyl radicals for protein modification; therefore, a quantifiable dosimeter is essential for tuning
the hydroxyl radical dose. Last but not least, over-oxidation of proteins due to a higher hydroxyl
radical dose can cause unfolding of proteins, further accentuating the need for a quantifiable
dosimeter. As a result, different dosimetry strategies have been developed to tune the hydroxyl
radical dose for various HRPF platforms. Examples include a fluorescent dye, Alexa Fluor 488,
for X-ray synchrotron HRPF experiment, a nucleobase Adenine for HRPF experiments based on
the photolysis of hydrogen peroxide (FPOP and Flash oxidation), and the use of a reporter peptide
(leucine enkaphalin) as an internal dosimeter for FPOP data.***’ In HRPF experiments via FPOP
platforms, minute changes in hydrogen peroxide concentration, laser fluence, and buffer
composition can alter the effective hydroxyl radical concentration, necessitating real-time

dosimetry.*® A platform was designed for the real-time normalization of FPOP oxidation using
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Adenine as a dosimeter, and this compensated HRPF method was used to study the effects of
buffer and excipients in different Adalimumab biosimilar formulations.*® 4 HRPF experiments are
being conducted at high-flux X-ray synchrotrons, and the higher brightness of these synchrotrons
could induce radiation damage during exposures. A high-throughput endstation device using a
96-well PCR plate form factor, supporting diagnostic instrumentation and a fluorescent Alexa
Fluor 488 dosimeter for synchrotron HRPF experiments can carefully control the X-ray dose to
the samples, while avoiding X-ray doses that can cause over-oxidation or radiation damage to
the sample.*® This high-throughput HRPF pipeline facilitated a comprehensive screening of the
influence of sample chemistry on hydroxyl radical dose, with a study involving 26 organic
compounds.*”® New dosimetry strategies for HRPF experiments could further prevent radiation
damage from disrupting exposures quality. A microfluidic dosimetry cell has been developed for
low penetrating soft X-ray Irradiation using sodium benzoate as a fluorescent dosimeter,
representing a step towards online dosimetry for HRPF at synchrotron beamlines.* Liquid jets for
sample delivery in HRPF experiments at an unfocused X-ray source demonstrated a tenfold

increase in hydroxyl labeling compared to capillary flow.>*

Automated inline quantitative
fluorescence dosage characterization and sample exposure have been demonstrated using liquid
on a high flux density microfocused synchrotron beamline. This development may enable X-ray
exposure time in the single-digit microseconds while retaining a high level of side-chain labeling
and increasing ultrafast time-resolved in-situ HRPF experiments.®Recently, an intact mass
spectrometry screening of hydroxyl labeled protein samples immediately following X-ray
exposure, along with metrics to quantify the extent of observed labeling from the intact mass
spectra, has been described. This direct approach to evaluating the extent of labeling can provide
guidance on “safe” dose ranges, offering immediate feedback on experimental outcomes before

embarking on detailed LC-MS analyses.>

Hydroxyl modifications on protein side chains are chemically complex, involving multiple mass
changes and exhibiting at least a 1000-fold range of reactivity toward the 20 amino acid side
chains.*® Due to this wide dynamic range of reactivity, not all protein side chains are easily
detected in a single experiment, resulting in low structural resolution. As a solution, chemical
reagents and workflows capable of producing multiple labels in a “one-pot reaction” could
advance HRPF toward a high-resolution structural biology technique.®” Trifluoromethyl (TFM,
CFs3) labeling reagents are being explored to provide an even labeling in HRPF experiments,
offering an overall dynamic range of reactivity with protein side chains and enabling detection of
“low reactivity” residues.?”***® TFM labeling of proteins like lactoglobulin, myoglobin, and vitamin

K epoxide reductase was demonstrated on different HRPF platforms using Langlois’ reagent
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(sodium triflinate) as a TFM reagent.®* °® In one example comparing apo/holo-myoglobins’
footprints, TFM labeling was shown to be sensitive to changes in protein conformation and solvent
accessibility, fulfilling the essential requirement for a suitable footprinting methodology.>* A
rigorous analysis of TFM labeling of free amino acids in biocompatible conditions has been
performed using Langlois’ reagent and X-ray synchrotron-mediated water radiolysis.*” In this
study, all 20 amino acids exhibited modifications with either CF3 or hydroxyl radicals, emphasizing
the utility of TFM chemistry in providing broader coverage for HRPF experiments, and the
potential of multiplex labeling in a “one-pot reaction”.*” Further experimentation and improvements
can fine-tune the reactivity between CFs; and hydroxyl labeling channels, achievable by varying

the concentration of TFM reagent and the hydroxyl radical dose.

HRPF is not limited to in-vitro based systems, and studies have been conducted on complex in-
cell and in-vivo systems that better mimic the native cellular environment. For example, SILAC-
SPROX experiments involving the denaturation of cellular lysates were utilized to differentiate
three breast cancer cell lines and distinguish between subtypes of breast cancer.’” %8 HRPF,
employing a nanosecond laser photolysis method, was employed to investigate the EGF/EGFR
interaction on the plasma membrane of intact mammalian cells.*® An in-cell FPOP (IC-FPOP) flow
system, designed to avoid cellular clumping, has been developed to conduct HRPF experiments
in intact cells.®® IC-FPOP served as a novel tool for proteome-wide structural biology, modifying
over 1300 proteins across 27 different cellular compartments in Vero cells.®* Subsequently, IC-
FPOP was utilized to oxidatively modify proteins in five different cell lines, indicating that different

cell lines may exhibit varying susceptibility to oxidative modification.®?

The aforementioned examples showcase instances where HRPF has experienced exponential
advancement since its initial usage for proteins, contributing to increased quantitative power and
reproducibility of the method. Other significant developments in the HRPF field encompass
integrative structural modeling, coupling HRPF with other structural methods, computational
modeling of protein structure utilizing HRPF data as structural constraints, newer HRPF strategies
for higher labeling of membrane proteins, and the availability of high-flux X-ray synchrotron
beamlines with stopped-flow kinetics, providing a temporal window into high-resolution structures,
as exemplified by the association of GPCR-G protein.®*®” With these exponential advancements,
HRPF has evolved into a powerful tool for studying the higher-order structure of proteins, proving
useful for investigating a wide variety of proteins with a large favorable size range in their

physiological environment. HRPF, with its current and anticipated capabilities outlined here, holds
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strong promise for the next structural revolution, guided by artificial intelligence-based prediction
models.
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Figure 1. Schematic of HRPF experiments. The figure was taken with permission from Asuru et
al. (2019). J. Synchrotron Rad. 26, 1388-1399.%°
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Figure 2: Extracted ion current (EIC) has been plotted against retention time for different protein
footprinting techniques. (A) Hydroxyl labeling of a peptide segment from Lactate oxidase enzyme.
(B) Multiplex labeling of tyrosine amino acid with trifluoromethyl chemistry. The figure was taken
with permission from Jain et al., (2022). Anal. Chem. 94, 27, 9819-9825.%" (C) GEE labeling of a

peptide segment from biotinylated Neuropeptide Y.
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