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Advances in radical probe mass spectrometry
for protein footprinting in chemical biology
applications

Simin D. Maleknia® and Kevin M. Downard*®

Radical Probe Mass Spectrometry (RP-MS), first introduced in 1999, utilizes hydroxyl radicals generated
directly within aqueous solutions using synchrotron radiolysis, electrical discharge, and photochemical
laser sources to probe protein structures and their interactions. It achieves this on millisecond and
submillisecond timescales that can be used to capture protein dynamics and folding events. Hydroxyl
radicals are ideal probes of solvent accessibility as their size approximates a water molecule. Their high
reactivity results in oxidation at a multitude of amino acid side chains providing greater structural
information than a chemical cross-linker that reacts with only one or few residues. The oxidation of
amino acid side chains occurs at rates in accord with the solvent accessibility of the residue so that the
extent of oxidation can be quantified to reveal a three-dimensional map or footprint of the protein’s
surface. Mass spectrometry is central to this analysis of chemical oxidative labelling. This tutorial review,
some 15 years on from the first reports, highlights the development and significant growth of the
application of RP-MS including its validation and utility with ion-mobility mass spectrometry (IM-MS), the
use of RP-MS data to help model protein complexes, studies of the onset of oxidative damage,
and more recent advances that enable high throughput applications through simultaneous protein
oxidation and on-plate deposition. The accessibility of the RP-MS technology, by means of a modified
electrospray ionization source, enables the approach to be implemented in many laboratories to address
a wide range of applications in chemical biology.

o The basis of Radical Probe Mass Spectrometry (RP-MS) and how it complements other approaches used to study protein structures and interactions

e Means to generate hydroxyl radicals on millisecond and submillisecond timescales

o The do’s and don’ts of exposing proteins to high fluxes of hydroxyl radicals and the direct validation of the approach using ion mobility mass spectrometry
o Application to studies of protein structure, folding events and interactions and advances to model protein complexes and achieve high sample throughput
o Ability to extend reaction timescale to study the onset of oxidative protein damage at a local and global level

1. Introduction

on millisecond and sub-millisecond timescales that can capture
protein folding and interaction events.

Radical Probe Mass Spectrometry (RP-MS), first introduced
15 years ago in 1999, represents a pioneering approach that
utilizes hydroxyl radicals generated directly within aqueous
solutions to probe protein structures and their interactions
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The concept of DNA footprinting® opened the door to its
application to study protein structures and interactions that are
essential to our understanding of their biological function.?
Mass spectrometry based methods offer advantages for such
studies, over conventional X-ray crystallographic and NMR spectro-
scopic approaches, as they require far lower levels of sample, in the
micromolar and submicromolar range, and can be quickly
implemented with higher sample throughput.* Importantly,
RP-MS offers several advantages over other mass spectrometry
approaches widely used to study the structure and interactions
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Fig. 1 Basis of Radical Probe Mass Spectrometry (RP-MS) in which oxidation
levels at reactive residue side chains correlate with their solvent accessibility.

of proteins in solution® ranging from their limited proteolysis,*’
hydrogen exchange®® and chemical cross-linking methods.'>"*

In the late 1990s,*>'? it was first demonstrated that the
surface of proteins could be probed after their limited exposure
to hydroxyl radicals. These studies differed from earlier foot-
printing experiments'* that studied DNA-protein interactions
through the abstraction of hydrogen atoms from the deoxy-
ribose sugars of the DNA backbone, a process restricted at sites
when a protein molecule is bound. In the dedicated protein
footprinting studies, hydroxyl radicals were found to induce
the limited oxidation of certain amino acid side chains, over
cleavage of the backbone, throughout a protein’s structure.
It was found that the level of oxidation was directly correlated
with the side chain solvent accessibility (SSA) (Fig. 1).">'® The
sites and level of protein oxidation could then be identified and
quantified by mass spectrometry employing direct mass analysis
and tandem approaches utilizing a range of instrument configu-
rations. From this, a three-dimensional map or footprint of the
protein’s surface could be assembled based upon the oxida-
tion profile. The overall approach (Fig. 2), as described in the
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original work,"'® was referred to as Radical Probe Mass Spectro-
metry (or simply RP-MS). This term was also used in the first
review of the approach.'® It is preferred over others, as it is
akin to hyphenated descriptions of related methods such as
HX-MS,*° and highlights the importance of mass spectrometry
to the analysis of the products of oxidation. Others terms
make no reference to the essential use of mass spectrometry.
These include hydroxyl radical protein footprinting,""® by
analogy with earlier footprinting methods,'* oxidative surface
mapping,®® oxidative labeling, chemical oxidative labeling
and photochemical oxidation,”" all of which describe RP-MS
experiments.

Over 15 years on from the initial studies, this article
highlights the development, and significant growth, of the
application of RP-MS since the first review on the subject.'®
It further details the latest approaches to effect hydroxyl radical
production, the present understanding of the mechanisms of
the underlying radical chemistries, the critical parameters
required to affect the RP-MS approach without protein struc-
tural perturbation or damage, the development of computa-
tional approaches to help manage and interpret the RP-MS
data, and the extension of the approach to investigate the onset
of protein oxidative damage.

12,13

2. Basis of the RP-MS approach and its
advantages

RP-MS involves the rapid generation of hydroxyl, in addition to
other oxygen-containing radicals, in high flux within several micro-
seconds by photochemical or discharge sources.">>' Their sub-
sequent reaction with proteins occurs over several milliseconds that
results in their limited oxidation (<10-30% total protein oxidation)
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Fig. 2 Overview of the procedures employed in RP-MS experiments to oxidize, digest, quantify oxidation levels and determine the site of oxidation using

mass spectrometry.
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without any appreciable damage to their structural and con-
formational integrity. Either the rate or level of irreversible
protein oxidation is then measured at the reactive amino acid
side chains using mass spectrometry. As the rate, extent and
site of oxidation are highly influenced by the solvent accessi-
bility of the reactive residues to the bulk solvent, the RP-MS
data can be used to assemble or confirm the three-dimensional
structure of a protein’s surface including any change to that
surface during a folding event or when another biomolecule
binds (Fig. 2).

Hydroxyl radicals are ideal probes with which to investigate
a protein’s structure since they are highly reactive and they
approximate the size of a water molecule (approximately 3 A)
from which they are generated in aqueous solution. Their
production on short timescales, and their fast reaction rates
with amino acid side chains ranging from 10° to 10" M~' s %,
enable time-resolved studies of protein folding and interactions
to be conducted that are not possible by slower chemical
methods."®"’
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The generation of high fluxes of hydroxyl radicals directly
from water was originally accomplished using synchrotron X-ray
radiolysis (Fig. 3A).""> The same researchers developed an alter-
nate means to generate hydroxyl radicals employing an electrical
discharge within an electrospray ion source (Fig. 3B) that was
published simultaneously.'® The latter method provides a more
convenient, and accessible, means with which to oxidize proteins
in RP-MS experiments that has been shown to impart similar levels
of oxidation to radiolysis and other photochemical methods.">*
Recent studies have confirmed the integrity of protein structures
oxidized in this manner through the use of ion mobility mass
spectrometry.>> The electrical discharge approach further enables
proteins to be oxidized and simultaneously deposited onto a
matrix-assisted laser desorption ionization (MALDI) sample
plate to help facilitate rapid sample analysis.?®

Hydroxyl radicals are highly reactive species and induce the
oxidation of amino acid side chains within a few milliseconds. They
also target a multitude of residues'” providing greater structural
information than a single cross-linker that targets only one or a
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Fig. 3 Approaches employed to generated hydroxyl radicals in solution on
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millisecond and sub-millisecond timescales for RP-MS experiments.
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small group of amino acid residues."" The reactions are irreversible,
unlike hydrogen exchange,®’ and the oxidized products are stable.
As a consequence, the use of proteolysis combined with MS and
MS/MS analysis, using a tandem mass spectrometer, enables the
levels and sites of oxidation at the reactive residues to be deter-
mined. Furthermore, the incorporation of mass spectrometric
analysis enables samples to be analysed that are not of high purity
since the mass resolving power and mass precision achievable with
current mass spectrometers enable the protein products to be easily
differentiated from any other contaminants in solution.

To preserve the structural integrity of proteins, the
hydroxyl radical exposure time should be kept below some
30-50 milliseconds."® This important aspect was overlooked by
others who sought to employ the approach through the chemical
treatment of proteins with high concentrations of hydrogen
peroxide.”* The introduction of such a non-physiological reagent
can not only have a deleterious impact on the structural integrity of
proteins and their complexes, it also results in high oxidation
levels and protein cleavage through the long term presence of
hydroxyl radicals. As demonstrated in earlier reports,'® it is
necessary to limit the maximum level of protein oxidation to less
than 30% of all protein present. Under these conditions, most
protein remains unoxidized, some is mono-oxidized, and even less
is oxidized through the incorporation of 2 or more oxygen atoms.
Thus a protein population is produced in which total oxidation
levels are distributed to differing degrees across the reactive
residue side chains such that the oxidation level at any residue
is only a few percent or less. It has been determined that reactive
amino acid side chains with solvent accessibilities of greater than
30 A can be oxidized by this approach. This has been shown not
to impart any measurable change in a protein’s structure.'>>"*?
Increasing the reaction timescale, or the level of oxidation further,
results in the onset of protein damage and the formation of both
degraded protein and cross-linked protein aggregates.'®

3. Production of hydroxyl radicals on
sub-millisecond to millisecond
timescales

3.1 Synchrotron X-ray radiolysis

A synchrotron X-ray radiolysis source can produce a beam of
unfocused “white” light that delivers a continuous spectrum of
approximately 10'*-10'> photons per second with energies
ranging from 5 to 30 keV (Fig. 3A). Under these beam conditions,
the production of hydroxyl radicals occurs within 100 microseconds
at a steady-state micromolar concentration. The initial ioniza-

tion of water requires only about 0.3 m] of energy and occurs
according to eqn (1):

2H,0 + e~ (ionizing radiation) —» H,0"™ + HyO* + e,q~
(1)
Excited water molecules (H,O*) dissociate to hydroxyl radicals
within 107" s, and H,0"* reacts with water to produce more
hydroxyl radicals according to eqn (2):

H,0™ + H,0 —» H;0" + HO® (2)

This journal is © The Royal Society of Chemistry 2014
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The electrons produced in eqn (1) become hydrated
(i.e. enq ) within 107> to 10" s. The hydroxyl radicals react
with protein molecules present, recombine or react with solvent
molecules. When such reactions are performed aerobically,
superoxide anions and hydroperoxyl radicals can also be
generated according to eqn (3) and (4):

€aq + 0, > 0,0 3)
0,*” + H,0 — HO,* + HO™ (4)

The oxidation of proteins through synchrotron X-ray radio-
lysis'>'>'® was achieved through the irradiation of an entire
protein solution using a beam width of approximately 5 mm.
The exposure times were controlled by means of an electronic
shutter for static experiments, or using a stopped flow apparatus
for dynamic protein folding/unfolding or protein interaction
studies (Fig. 3A).

3.2 Electrical discharge

The electrical discharge source was developed*® in concert with
synchrotron X-ray radiolysis experiments in recognition of the
limited availability, restricted access and high costs of synchrotron
beamlines. The oxidation of proteins within conventional atmo-
spheric pressure electrospray ionization (ESI) sources require
only that the needle voltage be raised from that used during
standard operation. Radicals can be conveniently produced in
solution at the electrospray needle tip when the voltage difference
between the electrospray needle and the sampling orifice of the
mass analyzer is increased from typically 4 kV to some 6-8 kV
(Fig. 3B). Hydroxyl radicals are produced under these condi-
tions according to eqn (5) in which e~ (H,O) refers to hydrated
electrons:

H,0 — H,0™ +e” (H,0) » H;0' + HO® + e~ (5)

Hydroxyl radical production is supplemented when oxygen
replaces nitrogen as the nebulizer gas according to eqn (6):

0, — e (H0) —» 0,™ +(H,0) —» H;0" + H,0 — HO® +e~ (2H,0)

(6)

The oxidation efficiency of pure oxygen was twice that of air
(comprised of approximately 20% oxygen) as demonstrated in
electrospray discharge studies of two peptide pentamers.”®
Each peptide contained one of the most highly reactive trypto-
phan and tyrosine residues. Both were found to oxidize at higher
levels when pure oxygen gas replaced air as a nebulizer gas, while
all other discharge conditions remained unchanged. This sup-
ported the role of oxygen in hydroxyl radical production.

The electrophysical production of hydroxyl radicals can be
controlled through altering the discharge conditions. This can
be achieved by means of raising or reducing the electrospray
needle voltage, controlling the nature of the nebulizer sheath
gas, and/or by varying the flow rates of protein solutions through
the electrospray needle.>’ Slower solution flow rates lead to
proteins having longer residence times at the needle tip and
thus result in higher oxidation levels. The reverse is true when
the solution flow rate is slowed through the needle. Typical flow

Chem. Soc. Rev., 2014, 43, 3244-3258 | 3247
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rates of between 1-5 pl min~' are usually employed. While
proteins can be analysed directly within the confines of the
electrospray mass spectrometer, the condensation of oxidized
protein droplets facilitates the subsequent proteolytic digestion
and analysis of the peptide products. Where a high resolution
FT-ICR mass spectrometer is employed, so-called ‘‘top-down”
tandem mass spectrometry experiments can be performed to
identify the sites of oxidation without the need for proteolysis
of the oxidized protein.

To improve sample throughput and minimize sample con-
sumption, protein oxidation by electrical discharge has recently
been accomplished with the simultaneous on-plate deposition
onto a MALDI target.>® It has been shown that the oxidized
proteins can then be proteolytically digested on-plate.>® In these
experiments, the electrospray ionization needle was mounted
vertically over a 384-well MALDI plate whose position was
adjusted by means of a xyz stage. An external high-voltage supply
provided a needle potential sufficient to induce protein oxida-
tion in a controlled manner at 6 kV, where structural integrity is
maintained, and up to 9 kV when the onset of oxidative damage
was observed.

3.3 Laser photolysis of hydrogen peroxide

The later implementation of the RP-MS approach investigated
the use of lasers to generate hydroxyl radicals through the fast
photolysis of hydrogen peroxide to minimize exposure to this
chemical oxidant.>*>® Hydroxyl radicals are produced simply
according to the photolytic reaction shown in eqn (7):

H,0, + hv —» 2HO*® (7)

When a pulsed UV laser is employed, high concentrations of
hydroxyl radicals are produced in nanoseconds (Fig. 3C).>
Studies have shown that a single laser pulse is all that is
required to produce extensive oxidation of a protein surface,
and that monooxidized proteins were more susceptible to
further oxidation by subsequent irradiation compared to
unoxidized molecules.>® This is associated with conformational
change that increases the solvent-accessible surface area of the
protein and which are to be avoided in RP-MS studies of protein
structures.

While capable of fast hydroxyl radical production, such laser
based experiments nonetheless require the addition of high
(mM) concentrations of hydrogen peroxide with its con-
comitant impact on the physiological state of proteins and their
complexes. There also remains the need to expel unreacted or
reformed hydrogen peroxide after protein oxidation. It is well
known that hydrogen peroxide can itself induce protein
oxidation without any further stimuli given its instability in
solution. If radical scavengers are to be added after reaction,
care must also be taken that they do not interfere with the
structure of the proteins by creating a non-physiological solution
environment.

3.4 Ozonolysis

An alternate method to facilitate the production of solution-based
radicals is through the use of ozone. Ozone, or triatomic oxygen,

3248 | Chem. Soc. Rev., 2014, 43, 3244-3258

View Article Online

Tutorial Review

can be generated from diatomic oxygen by electrical discharge
or photolysis. When ozone is subsequently bubbled though an
aqueous solution, hydroxyl radicals are efficiently generated
according to eqn (8):

30, +e or hv — 203 + (H,0) » 2HO®* + 0O,  (8)

For its implementation as a source of hydroxyl radicals for
RP-MS applications, ozone was produced from pure oxygen
using a commercial ozonizer.>® A flow meter was used to adjust
the rate of ozone/oxygen gas bubbled into a vial containing an
aqueous buffered solution of peptides or proteins in order to
control the level of oxidation.

For peptides and proteins, introduction of ozone into a
low micromolar concentration peptide solution was sufficient
to effect oxidation at residues known to react with hydroxyl
radicals.*® To illustrate, the ESI-MS spectrum of oxidized des-
Argl-bradykinin (of sequence PPGFSPFR) reveals mono to
trioxidized products reflecting 40 to 60% total oxidation with
increased reaction times (Fig. 4A). The mono-oxidized product
at +14 u corresponds to pyroglutamic acid at m/z 918.4 while
subsequent side chain oxidation of proline or phenylalanine
residues gives rise to +16 u products at m/z 934.4 and 950.4
respectively (Fig. 4B). In both cases, the oxygen atom incorpo-
rated is derived from air as confirmed by radiolysis experiments
performed in "*0-water."

4. Reactions of amino acids side
chains with radicals

Reactions of oxygen-containing radicals with peptides and
proteins have been extensively studied because of their impor-
tance in aging and diseases.*® The reactivity of amino acid side
chains in RP-MS experiments was investigated through reac-
tions of a series of peptides with multiple reactive residues
when exposed to synchrotron X-rays or an electrical discharge.
These studies revealed that hydroxyl radicals react preferentially
with the side chains of aromatic, heterocyclic, or sulfur-containing
amino acids at rates of between 5 x 10° to 10" M~ s7*
(Table 1). In comparison, the reactions of hydroxyl radicals
with o-carbon hydrogen atoms leading to backbone bond
cleavage are slower (10° M~ " s ). The order of reactivity of
amino acid side chains was found to be Cys, Met > Trp, Phe,
Tyr > Pro > His > Leu >» Lys'>*" where they are equally
accessible in the bulk solution. In most cases, the residue side
chains are modified through the simple addition of one or two
oxygen atoms. This has minimal to no impact on a protein’s
structure.

Oxidation of methionine can lead to addition of two
oxygen atoms on sulfur producing a sulphoxide or sulphone
(+16 or +32 u). Interestingly, the single oxidation of cysteine is
less favoured with both dioxidized and trioxidized (i.e. sulfonic
acid) peptides detected as stable products. The oxidation of
the side chains of tryptophan, phenylalanine and tyrosine
occurs through a common mechanism that commences with
hydroxyl radical addition to the aromatic ring leading to

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (A) Electrospray mass spectrum for bradykinin residues 2—9 (PPGFSPFR) after ozonolysis oxidation. (B) Mechanism of oxidation of proline

residue(s) contained within peptide.

hydroxylated products. Oxidation of tryptophan side chain can
also occur by insertion of hydroxyl radicals into the indole ring
leading to the production of a N-formylkynurenine product
(+32 u)."* Such multiple oxidation products are common to a
number of reactive amino acids. Proline, for example, oxidizes
to produce hydroxyproline (+16 u) or pyroglutamic acid (+14 u)
products (Fig. 4B).

While oxidation products of leucine and lysine were identi-
fied upon the exposure of peptides to hydroxyl radicals,*** they
are seldom oxidized in proteins especially with the availability of
other more reactive residues (i.e. the sulfur-containing and
aromatic residues). Overall, there are at least seven amino acids
that can serve as solvent accessibility markers (top 7 residues in
Table 1). Other residues, such as glycine, alanine, aspartic acid,
serine and threonine were reported more recently’’ to react
under longer exposure conditions, associated with their slower
reaction rates (see Table 1), but are often associated with
significant side chain modifications. This can adversely impact
on a protein’s structure where these side chains play a role in
stabilizing the structure through hydrophilic or hydrophobic
interactions. This has raised questions about their usefulness
as structural probes in RP-MS applications."**

The reactions of a series of peptides in '*0-labelled water
revealed that oxygen from air could also be incorporated in
oxidative reactions according to eqn (4) and (5). This is parti-
cularly true of methionine, a residue with a known suscepti-
bility to oxidize even when proteins are exposed to air without
other stimuli.>® The rate constants measured for reactions of
common amino acids with hydroxyl radicals from low-flux
pulsed radiolysis are provided in Table 1. These rates correlate

This journal is © The Royal Society of Chemistry 2014

Table 1 Rate constants for the reaction of the side chains of amino acids
with hydroxyl radicals. The top seven, most reactive amino acids are
reliable markers of solvent accessibility

Amino acid Rate constant (M~ ' s 1)
Cysteine 3.4 x 10"
Methionine 8.3 x 10°
Histidine 1.3 x 10"
Tryptophan 1.3 x 10"
Tyrosine 1.3 x 10"
Proline 1.2 x 10"
Phenylalanine 6.5 x 10°
Leucine 1.7 x 10°
Alanine 7.7 x 10°
Valine 7.6 x 10°
Asparagine 4.9 x 10’
Lysine 3.5 x 107
Arginine 3.5 x 107
Glycine 1.7 x 107

well with the reactivity and selectivity of amino acid oxidation
observed in both synchrotron X-ray radiolysis and electrospray
discharge experiments.

The reactivity of amino acid residues is highly influenced by
their solvent accessibility. This was dramatically demonstrated
when the extent of oxidation of amino acids present in the
G-helix region of apomyoglobin protein was compared with
that for the same 16 residue G-peptide isolated following tryptic
digestion of the protein. Oxidation of the G-peptide occurred at
phenylalanine and tyrosine residues over histidine, while in the

Chem. Soc. Rev., 2014, 43, 3244-3258 | 3249
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folded protein the most solvent accessible histidine residues
were preferentially oxidized.>*>

5. RP-MS studies reveal protein
structural preservation

5.1 Level or rate of oxidation correlates with residue side
chain solvent accessibility

The validity of the RP-MS method was first demonstrated for
lysozyme, a common protein model system. This protein was
subjected to oxidation through the independent application of
synchrotron radiolysis'® and electrical discharge."> Upon exposure
to hydroxyl radicals, oxidized lysozyme was digested and the levels
to oxidation across reacted segments of the protein were measured
by mass spectrometry. The sites of oxidation were determined by
tandem MS/MS experiments. Oxidation levels at reactive residues
were compared to the theoretical accessible solvent areas (ASA) of
the residue side chains as calculated by the VADAR (Volume, Area,
Dihedral Angle Reporter) algorithm®® using the PDB structure
(1E8L) which represents and average of 50 structures of lysozyme
in solution as determined by high resolution NMR spectroscopy.

Results of the synchrotron based studies," gave rise to dose
response profiles that reflect oxidation levels as a function of
the time of exposure. From these profiles, first-order oxidation
rates across various tryptic and endoproteinase Glu-C peptide
segments were found to differ and reflected the accessibility of
reactive residues within those segments (Fig. 5A).
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In one such peptide, tandem mass spectrometry confirmed
that oxidation occurred exclusively at the most accessible of two
neighbouring tryptophan residues at positions 62 and 63. The
accessible surface area (ASA) for the side chain of the tryptophan
residue at position 62 (124.4 A?) is five times that of a like
tryptophan residue at position 63."” The ESI-MS/MS spectrum
for the doubly oxidized tryptic peptide comprising residues 62 to
68 showed the bs fragment ion to increase in mass by +32 units,
while no change was observed for the y, to ys fragment ions that
did not contain residue Trp-62 (Fig. 5B). This supports the
exclusive oxidation of Trp-62."” The same result was evident upon
application of the electrical discharge approach. Results from
both studies similarly revealed, in the case of tryptic segment
34-45, that oxidation occurred at a phenylalanine residue at
position 34 (ASA = 40.3 A%) and not at phenylalanine at position
38 whose side chain is far less accessible (ASA = 6.2 A%).***®

Results of recent on-plate electrospray discharge oxidation
with simultaneous deposition for MALDI-MS based analysis, also
revealed a close correlation between oxidation levels and the
accessibility of the side chain of reactive amino acid residues to
the bulk solvent. Using a needle voltage of 6 kV, the level of
oxidation within tryptic peptides 22-33, 34-45, 46-61, 62-68/73,
115/117-125 was found to have a linear correlation to the
accessibility of reactive residue side chains (Fig. 6). For example,
the tryptic peptide 22-33 did not oxidize, consistent with a near
zero ASA value for residue Trp-28, the segments 62-68 and 62-73
(with one missed cleave site) containing residue Trp-62 (124.4 A%)
was fully oxidized. The tryptic peptides 117-125 and 115-125
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Fig. 5

(A) Rate of oxidation measured within tryptic (T) and endoproteinase Glu-C (G) segments of lysozyme as a function of X-ray exposure time.

(B) Site of oxidation determined from MS/MS spectrum illustrated for the dioxidized tryptic peptide 62—-68. C* denotes the cysteine residue was alkylated

with iodoacetamide.
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Fig. 6 Level of oxidation within tryptic peptides of lysozyme compared to
the solvent accessibility of their reactive residue side chains following
oxidation of the protein by electrical discharge with subsequent on-plate
deposition at a needle voltage at 6 kV (A) and 9 kV (). The central (green)
band shows the region in which oxidation correlates with solvent acces-
sibility and where the structure of the protein is maintained. The data
reflects an average of three replicate experiments.

(with one missed cleaved site) was oxidized at near 25%
consistent with the accessibility of Trp-123 being between that
of the other two (ASA = 77.2 A%). The only peptide to deviate was
that which contained methionine (97/98-112), a residue that is
noted above to rapidly oxidize in air."

At 9 kv, considerable denaturation of the protein is evident
as all but two peptides exhibit much higher levels of oxidation.
This oxidative damage is shown to occur exclusively towards
both termini, as peptide segments in the centre of the protein
consisting of residues 34-45, 46-61, and 62-73 are unaffected
(Fig. 6). Thus this RP-MS approach can detect local over global
oxidative damage and can identify those surface regions of a
protein that are most susceptible. By extension, it can also be
applied to investigate how a protein in complex is protected
from oxidative damage. The ability of antioxidants to mitigate
this damage can also be studied by RP-MS as has been reported
in the case of N-acetylcarnosine.**

5.2 Direct evidence of the conformational integrity of oxidized
proteins by Ion Mobility Mass Spectrometry (IM-MS)

To directly establish that the proteins oxidized in a limited
manner by hydroxyl radicals in RP-MS experiments maintain
their conformational integrity, ion mobility mass spectrometry
(IM-MS) has recently being employed.”> IM-MS enables the
rotational average collision cross sections (CCS) of proteins in
their unoxidized and oxidized states to be studied based on the
time that their ions take to drift, or be accelerated, through the
high-pressure drift region of a mass spectrometer.®® Protein
ions with a smaller average collision cross section experience
less drag and undergo fewer collisions with gas molecules in
this region of the instrument. They are therefore detected
in advance of protein ions with larger average collision cross
sections. Proteins with the same or similar cross sections, will
have the same or similar drift or arrival times to the detector.

The effect of the limited hydroxyl radical-induced oxidation
on the structure of two model proteins, lysozyme and ubiquitin,
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was investigated by using a travelling-wave ion mobility
instrument.>* The proteins were oxidized by the electrospray
discharge method. The radical-induced oxidation of lysozyme
resulted in the incorporation of up to 8 oxygen atoms (Fig. 7A).
Ion mobility arrival times were obtained for each of the multi-
ply charged ions of the unoxidized and oxidized forms. Arrival
times of some 7.9-9.3 ms were common to all unoxidized and
oxidized forms. The measured cross sections, correcting for the
effect of charge, was 1722 and 1374 A” for the most predomi-
nant 8+ and 7+ ions respectively (Fig. 7B) regardless of their
oxidation state. This confirmed directly that their structures
were not dissimilar. Note that the 7+ ions, for both the
unoxidized and oxidized protein, adopt a more compact protein
conformation due to the reduced interaction of like charges
within the protein ion. Both measured average cross sections
are larger than those theoretically calculated using the projec-
tion approximation (PA) method which has been found to
underestimate molecular cross sections.*® This simple approxi-
mation to the collision integral describing an ion colliding with
hard sphere buffer gas atoms measures the “shadow” as the
conformer is rotated through all possible orientations.

As lysozyme contains four disulfide bonds, the study of a
protein whose structure is not constrained by such bonds was
also investigated. Once again, no significant change to the cross
sections for the predominant 5+ and 6+ ions of the unoxidized
and mono-oxidized forms of the protein was observed. The
oxidized proteins therefore shared a common collision cross
section to their unoxidized counterparts. Results for both
proteins supported that there is no significant change to their
global structure during their limited radical-induced oxidation.

6. Application of RP-MS to study
protein folding/unfolding

The stability of a protein’s tertiary structure is governed by
intramolecular forces, which include hydrogen bonds, hydro-
phobic and electrostatic interactions, between atoms of the
amino acid side chains and backbone. A protein is further
stabilized, in some cases, by the presence of covalent disulfide
bonds between cysteine residues.

The application of RP-MS to study protein folding/unfolding
was first demonstrated in 2001 for the protein apomyoglobin.®”
This study simultaneously investigated the thermodynamic
unfolding of several regions of the protein in response to
different levels of denaturant added to the solution. The level
of oxidation in peptides contained within helices A to C, and G
was plotted against the urea concentration for various helices
(Fig. 8). The unfolding of helix A, comprising residues 1-16, was
followed based upon a measure of the oxidation of tryptophan
residues at positions 7 and 14 within this segment. Residues 17
to 42 span the B and C helices and contain the reactive residues
His24, Phe33, Phe36, and Pro37. The unfolding of this region of
the protein was found to be similar to the A-helix, reflecting the
cooperative unfolding of the protein. Results for the G-helix,
in contrast, demonstrated a distinct local unfolding behavior.
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Fig. 7 (A) Electrospray mass spectrum of hen egg lysozyme after oxidation by electrical discharge, and (B) the rotational average collision cross-sections
measured for unoxidized and oxidized forms of the protein by ion mobility mass spectrometry.

The midpoint urea concentration, free energy of unfolding, and
m values were calculated from all plots. Comparable results
have been observed by NMR and Raman spectroscopy; the latter
study investigating the protein’s acid-induced denaturation.?®
More recently, the acid-induced unfolding of myoglobin has been
followed employing laser-induced oxidation.*® The stepwise unfold-
ing of helices was followed over a range of exposure times from 50 to
500 ms within the first 50 ms, unfolding was again observed in
helix A, a section of the helix B, and the helices C/D. However, the
protein’s structure was retained in helices E-G. Indeed, the helical
BEF core remained partially folded, even after 500 ms, at which
point helix G was fully unfolded and exposed to solution.*

7. Studies of protein interactions by
RP-MS

When proteins bind to other biomolecules, regions of the protein
at the interaction interface become protected from the solvent.

Thus reactive amino acids at the interface will either not react
or react to a lesser degree when exposed to hydroxyl radicals in

3252 | Chem. Soc. Rev., 2014, 43, 3244-3258

the solution. The oxidation of proteins alone, and in complex, can
be performed by RP-MS under a variety of solution conditions
(i.e. using various buffers, metal ions, pH’s and temperatures) that
may promote or disturb the interaction. A map of solvent exposed
and shielded amino acid residues enables the binding sites to be
determined based on the extent of oxidation under binding and
non-binding solution conditions. It is important to monitor
oxidation levels at non-binding sites in these studies in order to
ensure that the oxidation conditions for the protein alone and in
complex were maintained, as the number of potential oxidation
sites increases with the increasing number of binding partners
present in solution. It has been demonstrated that the RP-MS
approach can be applied to the study of protein complexes with
dissociation constants (Ky) in the nanomolar range. The first
application of RP-MS employing an electrical discharge source
to study a non-covalent protein complex was reported in 2003.%°

7.1 Protein-peptide complexes and a protein docking
algorithm developed for use with RP-MS data

The pH-dependent competitive binding of ribonuclease S-protein
to S-peptide by RP-MS was examined by adding S-protein to a

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c3cs60432b

Published on 04 March 2014. Downloaded by University of Washington on 27/10/2016 23:21:48.

Tutorial Review

View Article Online

Chem Soc Rev

g Trp, “Trp #His, 3Phe, ¥Phe, ¥Pro  Tyr, '%%Phe, "STeHis
Q . Va 8
B 1 40 — 115 a
S 3
€ &
kS 3
T 012 3 45 6
[urea, M]

Fig. 8 Helices of the protein apomyoglobin and the urea-induced unfolding of three helical domains followed by RP-MS.

solution containing the ribonuclease S-peptide together with
four other non-binding peptides at pH 2 and pH 5.5.*° Both
solutions were subjected to radical induced oxidation by electrical
discharge. The percentage of oxidation calculated, from the
subsequent ESI mass spectra, revealed comparable oxidation of
the non-binding peptides at either pH, while the oxidation of the
S-peptide was five-fold greater at pH 2 than at pH 5.5 (Fig. 9A).
Tandem mass spectrometry revealed the oxidation of residues
Phe8, His12 and Met13 within the S-peptide, all being highly
reactive to hydroxyl radicals when S-peptide is released from the
complex at a solution pH of 2.

The peptide was found to shield residues 96 to 100 of the
S-protein when in complex at pH 5.5. The oxidation level within
this segment of the S-protein decreased two-fold upon binding
of the S-peptide. The data was input into the PROXIMO

100 - 0 pH 5.5

[ | pH 2

80 4
60 4

40

percentage oxidized

20 4

S-peptide
(81-20)
(81-21)

A

M-Enk-L AIYTHENA Bradykinin Angiotensin

(for PRotein OXidation Interface MOdeller) algorithm*' to
generate several modeled structures for the complex (Fig. 9B)
based upon a correlation between the solvent accessible surface
areas of residues side chains and the oxidation levels measured
by RP-MS. Differences in the levels of oxidation at reactive
residues in the proteins alone and in complex, together with a
geometric fitting routine, are used to assemble and score the
models of the protein complex. Impressively, the algorithm
revealed the five highest ranked structures were within 1.3 A®
(based on with RMSD values) of the reported crystal structure.*!

Another pH dependent study®” revealed the specific, calcium-
dependent interaction of protein calmodulin with the peptide
melittin. When in competition with two other non-binding
peptides, only the oxidation of melittin was found to differ at
pH 4 and 7. The level of oxidation of melittin increased by

Fig. 9 (A) Oxidation levels measured within five peptides in a mixture with ribonuclease S-protein at pH 5.5 and 2 showing the selective protection
conferred to the S-peptide. (B) Top five-ranked structures for the ribonuclease S-protein—S-peptide complex produced by the PROXIMO algorithm

using the RP-MS data together with the X-ray crystal structure.
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approximately 30% at pH 4 consistent with dissociation of the
calmodulin-melittin complex and exposure of reactive residues,
particularly Trp-19 residue, within the peptide to more oxidation.

The interaction sites identified within calmodulin, when
bound to melittin, were consistent with other theoretical and
experimental models of the structure of the complex. The
N-terminal domain, up to residue 36, and tyrosine at position 99
in calmodulin were protected from oxidation when melittin was
bound at pH 7. Oxidation levels were found to decrease by some
60% within segments 14-21 and 95-106 at this pH. In addition,
the formation of the complex induced structural changes in
calmodulin resulting in the increased oxidation of phenyl-
alanine residue at position 92 through greater exposure of its
flexible loop domain. The RP-MS oxidation data was used in
conjunction with PROXIMO algorithm*” to show that melittin was
partially buried within the hydrophobic channel of calmodulin
when in complex.*!

7.2 Protein-protein complexes

The first protein—-protein complex studied by RP-MS technique
was the Ca’*-dependent binding of actin to a subunit of
gelsolin.'®*® Actin is a 42 kDa globular protein, referred to as
G-actin, which transforms into cytoskeletal filaments, denoted
F-actin, inside eukaryotic cells. The transformation of G-actin
into F-actin mediates cell shape and essential cellular processes
such as vesicular transport and cytokinesis.

Gelsolin is an 82 kDa protein with six homologous subdomains
(S1 to S6) that regulates actin filamentation by binding with high
specificity to actin and severing cross-linked filaments, or acting as
a nucleating site for actin polymerization.

As an illustration, oxidation rates for two peptides of
gelsolin-S1, one in the binding pocket with actin and the other
in a non-binding domain as a control, were examined by RP-MS
utilizing synchrotron radiation for hydroxyl radical production
(Fig. 3). The oxidation rate for the former peptide of gelsolin-S1
containing residues 96-108, and a reactive phenylalanine residues
at position 104, was reduced by a factor of 35 when it was oxidized
in the presence of actin versus when it was oxidized alone.
In contrast, oxidation rates for a peptide segment containing
residues 66-83 with a non-binding domain were unaffected.

The calcium-dependent activation of gelsolin was later fol-
lowed across all its six subdomains.** Synchrotron radiolysis of
gelsolin in the absence or presence of calcium, identified 7 of a
total of 22 peptide segments whose oxidation was calcium
dependent. Equilibrium titration isotherms produced by moni-
toring oxidation levels as a function of calcium concentration,
were measured in peptides within subdomains S1, S2, S4 and S6.
The stability (K4) of these domains ranged from 60.4 + 17.8 uM
(for peptide 162-166 of subdomain S2) to 97.3 £+ 5.2 uM (for
peptide 49-72 of subdomain S1) as measured based upon the
midpoint of each transition. The study** provided evidence for
three-state calcium-dependent activation of the gelsolin sub-
domains with an intermediate state detected at a calcium
concentration of 10 mM.

The complexes of a family of proteins known as crystallins
have also been studied by RP-MS. The proteins are so named as
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they make up the majority of the protein portion of the lens in
the eye of animals and are important to maintaining its optical
properties. o, f and é-crystallins are common to most animals,
while taxon-specific ones are present in the eye of some species
and confer specific functions to the eye, such as to aid an
animal’s vision at night or underwater. These abundant soluble
proteins within the vertebrate eye lens associate into dimers,
tetramers and higher-order aggregates that are important for
maintaining lens transparency and protecting individual sub-
units from oxidative damage.

A recent study reported the successful application of RP-MS,
in conjunction with ion mobility mass spectrometry, to reveal
new findings into the structure of a BB2B3-crystallin complex.*®
The direct detection of the fB2B3 heterodimer by ESI-MS under
native conditions was first reported in 2009.*> The mass
spectral data revealed the presence of the homodimer B2B2
and heterodimer B2B3, but no evidence for the B3 monomer
or BB3B3 dimer.*® Thus when a mixture of the B2 and BB3-
crystallin subunits was oxidized, the oxidation of BB3 reflects
the protection it is afforded by fB2-crystallin within the hetero-
dimeric complex.*®

Homology based models, using a structure for the BB2
monomer extracted from that for its tetramer, were built for
the PB2B3 heterodimer to find that in which the total ASA of
reactive amino acid residue side chains correlated with the total
oxidation levels measured within peptide segments of the B3
subunit.*® Total oxidation levels ranged from 0 to 100% across
six peptide segments of BB3 within the BB2B3 heterodimer.
While none of the four homology modeled structures satisfied
the oxidation levels measured across the entire protein, parti-
cularly in the C-terminal domain, the modeled B2B3 AD
heterodimer provided the best first (Fig. 10). In this model,
a B2 monomer (A) was coupled to N-terminal and C-terminal
domains of separate nonadjacent B2 subunits of the fB2B2
homodimer connected by an elongated linker region. In the AD
model, the BB2 and BB3 subunits are positioned further apart
along the interacting interface that comprises the RQ plane.
The calculated collision cross section based on the 10 lowest
energy forms of this model (3139.70 + 25.40 A%) was also in
closest agreement with the value measured by ion mobility
mass spectrometry (3165 A%) (Fig. 10).

8. Measurement of the onset of
protein oxidative damage by RP-MS

As demonstrated earlier,'® the oxidation of proteins on short
(10-50) millisecond timescales prevents any significant protein
structural perturbation or damage. The use of reactive hydroxyl
radicals as a structural probe in RP-MS experiments, however,
also allows for the study of the onset of protein damage.
Hydroxyl radicals, and other reactive oxygen species (ROS),
are a normal outcome of aerobic cellular metabolism and
the exposure of living systems to radicals induced by the
environment can also contribute to the oxidative damage of
biological molecules. Protein oxidative damage and degradation
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Fig. 10 Lowest-energy structure for the AD model of the BB2B3 heterodimer complex AD produced through homology modeling based on RP-MS and

ion mobility mass spectrometric data.

have been associated with a range of human diseases and aging
processes.””

The damage imparted on a protein following its extended
(up to 100 milliseconds) reaction of radicals using RP-MS was
first demonstrated for apomyoglobin.’®?' Based on the intensity
of bands recorded by gel electrophoresis (Fig. 11A),'® a plot of
total oxidation products with increasing reaction times reveals an
initial rise in the level of oxidation ahead of a fall associated with
a corresponding increase in levels of both the degraded and
cross-linked products (Fig. 11B).>' The maximum oxidation levels
occur at a reaction time of approximately 50 ms. Hence this time
represents the limit at which proteins should be exposed to
hydroxyl radicals in order to preserve protein structures.
By extending the reaction timescale beyond this time, the onset
of oxidative damage to proteins can be studied by RP-MS together
with its implications for structural and functional damage.
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For radiolysis or photolysis based experiments, the reaction
timescale is conveniently controlled by use of a shutter. For
the electrical discharge approach, the reaction time can be
adjusted by controlling the flow rate of protein solutions
through the ESI discharge needle or through an increase to
the needle voltage. In an example of this latter approach, the
oxidation and simultaneous on-plate deposition of lysozyme
was studied using two different needle voltages (6 and 9 kV).
At the higher voltage, oxidation measured in the peptide
segments comprised of residues 22-33, 62-68/73, 97/98-112,
and 115/117-125 deviated from the linear correlation with
residue side chain accessibility that was observed when 6 kv
was applied to the needle (Fig. 6). This demonstrated the onset
of oxidative damage within sections of protein most susceptible
to such damage, through perturbation of the protein’s structure
from its native form.
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Fig. 11 (A) Evidence for the production of cross-linked and degradation products after more than 0 to 80 millisecond exposure of protein
apomyoglobin to hydroxyl radicals, and (B) plot demonstrating the onset of oxidative damage.
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8.1 Early onset oxidative damage to lens tissue proteins
by RP-MS

Within the lens of the human eye, a-crystallin makes up some
35% of the total protein content. Exposure of the eye to UV light
induces significant oxidation, oxidative denaturing, cross-linking
and degradation of this and other lens crystallins. These insoluble
products adversely impact vision and their accumulation in the
eye leads to cataract formation, a leading cause of blindness
throughout the world.

Since hydroxyl radicals and other ROS have been implicated
directly in nuclear cataract formation, a-crystallin is a good model
protein to study its early onset oxidative damage by RP-MS.*®
a-Crystallin was subjected to oxidation under low to high
oxidizing conditions using an electrospray discharge source.
The extent of oxidation was monitored across all reactive residues
in both subunits aA-crystallin and oB-crystallin as a function of
oxidizing conditions (Fig. 12).

The level of oxidation was controlled by adjustment of the flow
rate of protein solutions passed through the discharge needle.
The onset of damage within peptide segments, produced from
the subsequent proteolytic digestion of the oxidized protein,
occurs at the point at which there is a decrease in oxidation
levels at longer reaction times (see arrows in Fig. 12). This occurs
due to the production of cross-linked and degradation products.
When oxidation levels are plotted as a function of reaction time
or flow rate, bell-shaped curves for each peptide were produced,*®
as was previously observed when oxidative damage was detected
within the intact protein apomyoglobin (Fig. 11).>*

The initial sites of oxidation occurred in five regions of subunits
aA-crystallin and oB-crystallin (Fig. 12). These comprised the
N-terminal residues of 1 to 11 for both subunits A and B, the
central domains of subunit B (residues 57-69) and subunit A
(residues 104-112), and the C-terminal subunit A (residues 120-145).
The C-terminal segment comprising residues 120-145 was

60
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Fig. 12 Oxidation levels within five tryptic peptide segments of the A and
B subunits of a-crystallin as a function of oxidizing condition showing
differences in the oxidative damage onsets and degree of oxidation ahead
of damage.
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most prone to early onset damage, and this was partially
attributed to the reduced reactivity of the residues tyrosine,
histidine, and isoleucine leading to preferential backbone
cleavage. The N-terminal domains within both subunits were
found to be more susceptible to oxidative damage with earlier
onset times than was evident for the central domains. Note that
the level of oxidation that can be accommodated with each protein
segment may differ before any oxidative damage is occurs.

A similar study was undertaken to examine the protection
conferred to a taxon-specific upsilon(v)-crystallin upon its
binding to o-crystallin.*® The interaction of o and v-crystallin
was first confirmed by native shift gel assay and the radical-
induced oxidation of a-crystallin alone and in the presence of
v-crystallin at a ratio of 2:1 was performed using the electrical
discharge approach under low to high oxidizing conditions.
While two of the six oxidized segments of v-crystallin were
unaffected, and thus not protected by the presence of a-crystallin,
the remaining four comprising residues 22-41, 132-148,
212-227, and 245-264 were protected by a-crystallin thus delaying
the onset of oxidative damage.

9. Application of RP-MS to study
impact of oxidation on protein
aggregation

Protein aggregation can result in the formation of insoluble
deposits and fibrils that have been linked to specific diseases
including Alzheimers, Parkinsons, atherosclerosis and rheumatoid
arthritis. This aggregation can be affected by protein oxidation.
The use of RP-MS to investigate the effects of amino acid side
chain oxidation on the kinetics of fibril formation in the case of
the protein transthyretin has been reported.*

Transthyretin (TTR) is a homotetrameric protein (55 kDa)
synthesized primarily in the liver and present in the blood and
cerebrospinal fluid. The process of amyloid fibril formation of
TTR initiates with tetramer dissociation and partial subunit
misfolding, which results in the accumulation of unstructured
monomers and their assembly into oligomers.

The effect of amino acid side chain oxidation on the rate of
fibril formation was studied for the wild-type (WT) and a TTR
mutant (V30M) previously shown to have enhanced rates
of fibril formation.>® To effect complete oxidation, without
unoxidized protein remaining, the proteins were oxidized in
3% hydrogen peroxide on a timescale ranging from 10 minutes
to one hour. This resulted in the incorporation of up to 5 oxygen
atoms, with the mono and dioxidation of methionine residues at
position 13 and 30 being the dominant products.

The effect of this oxidation was investigated by comparing
the in vitro fibril formation of WT-TTR and V30M-TTR in their
unoxidized and oxidized forms. The rates of fibril formation
were monitored by turbidity assays and absorbance measure-
ments at 330 nm. The results showed that the oxidized proteins
could still form fibrils, albeit at a much lower rate than for
their unoxidized counterparts (Fig. 13). Oxidation had a more
dramatic effect on kinetics of fibril formation for the V30M-TTR
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Fig. 13 Kinetics of fibril formation monitored at 330 nm for the wild

type (WT) and V30M mutant of transthyretin (TTR) after its reaction with
hydrogen peroxide.

mutant versus the wild type protein. This is consistent with
the fact that the former contains one additional oxidizable
methionine residue. The inhibition of fibril growth due to protein
oxidation suggests that domains neighboring the methionine
residues are critical in stabilizing the tetrameric and folded
monomer structures.

10. Conclusions

Radical probe mass spectrometry (RP-MS) has proven itself to
be a powerful method for investigating protein structures,
studying the dynamics of single proteins and larger assemblies,
and characterizing and modeling protein interactions. Additional
applications include those to unravel the onset of protein
oxidative damage, at the local and global level, and provide
insights into the effects of oxidation on the formation of
protein aggregates that may impede protein function and lead
to the pathogenesis of disease.

The hydroxyl radical provides a convenient probe of solvent
accessibility across a multitude of amino acid side chains
without the extensive modification inflicted with larger chemical
labels in chemical cross-linking studies. Ion mobility mass
spectrometry has directly shown that the incorporation of a
limited number of oxygen atoms does not result in any detect-
able change to a protein’s structure. This, together with reaction
times that can be controlled from low to high milliseconds,
enables the approach to be “fine tuned” for a specific protein
system, notwithstanding the noted cautions about the effects of
exposing proteins to radicals over some 50 ms in order to prevent
or minimize protein damage.

Importantly, the RP-MS approach also does not require
proteins to be highly purified since the mass resolving power
of current mass analyzers, and the potential to incorporate
chromatographic separation by means of LC-MS methods,
enables the oxidative products to be resolved and identified
regardless of the presence of contaminating species. Further-
more, the use of a modified electrical discharge source enables
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oxidized proteins to be analyzed by ESI-MS, and this same
source can be used to effect the simultaneous oxidation and
on-target deposition of proteins to facilitate high sample
throughput employing MALDI-MS. The availability of algorithms
to help model proteins and their complexes using RP-MS data
should help to sustain and even accelerate the growth of its
application to help solve important biological problems in
protein chemical biology.
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