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1. Introduction

“Footprinting” refers to assays that examine ligand binding
and conformational changes by determining the solvent
accessibility of the backbone, bases, or side chain structures
of macromolecules through their sensitivity to chemical or
enzymatic cleavage or modification reactions. Protein foot-
printing methods have been developed to examine protein
structure and conformational changes by monitoring solvent
accessibility using either modification or cleavage reactions.
Examples of such methods include acetylation, nonspecific
limited proteolysis, or probing the accessibility of a range
of sites that can be specifically or nonspecifically cleaved
or modified. The basis of these diverse chemical approaches
is to monitor the change in accessibility of susceptible
residues as a function of relevant conformational fluctuations.
Protein footprinting methods based on protease cleavage have
been used to map protein structure, nucleic agidbtein
interactions, and protein folding intermediates. However,
cleavage techniques using proteases suffer from limited
structural resolution due to the large size of the probe.
Hydroxyl radical methods of cleavage and modification have
been pursued to overcome this drawback. In this article, we
introduce the methods of footprinting, including hydroxyl
radical methods (section 1), review the various approaches
to generate hydroxyl radicals (section 2), and review the
chemistry of hydroxyl radical mediated oxidation of the
protein backbone and side chains (section 3). Although some
examples of the use of the method are provided, this is not
emphasized, as previous reviews have provided a number
of relevant examples:® Thus, this review provides a
comprehensive reference work for understanding the chem-
istry of radical generation and oxidative reactions appropriate
for application to structural mass spectrometry experiments.

1.1. Background and History of Protein
Footprinting

Understanding the details of protein structure and their
interactions in macromolecular assemblies is one of the most
important problems in biology. The interactions of proteins
and their assembly into large complexes control processes
as fundamental as replication, transcription, translation, meta-
stasis, apoptosis, and many other signal transduction path-
ways relevant to development and eetkell communication.
Protein footprinting approaches, paralleling the successful
development of nucleic acid footprinting approaches (see
other papers in this Thematic Issue), have been developed
and refined over the last 20 years in order to provide the
molecular details of these interactions and their dynaffics.

“Footprinting” refers to assays that examine ligand binding
and conformational changes by determining the solvent
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dynamics for a wide range of protein and nucleic acid
systems, as illustrated in the thousands of footprinting
publications that have appeared in the literafure.

The initial approaches to examining the specific interac-
tions of macromolecules from the standpoint of either
proteins or the nucleic acids were of two types: the first
involved cleavage of the macromolecule followed by readout
of the cleaved fragments, and the second involved the
covalent modification of the macromolecule and analysis of
the modified products. In each case, the footprint represents
the differential reactivity of accessible sites compared to those
that are buried within the structure. For nucleic acids, the
first cleavage based methods that were developed were
enzymatic and involved isolation of a fragment of DNA that
was “protected” from nuclease digestion due to its binding
to a specific proteirf.Footprinting using chemical modifica-
tion was developed shortly thereaffet? the ligand induced
protection of a nucleic acid from methylation was used to
map proteir-DNA interactions. These approaches evolved
into the explicit implementation of (nucleic acid) cleavage
based footprinting that closely resembles the approaches in
use today1?>These footprinting experiments rely on limited
cleavage of the backbone (where each position along the
backbone is sampled with equal probability) and the ability
to uniquely identify the distinct cleavage products so multiple
sites could be individually measured.

Paralleling the approaches pioneered for nucleic acids, the
introduction of protein end labeling and proteolytic mapping
was outlined by Jaj This led to the first explicit imple-
mentation of protein footprinting, which used enzymatic
cleavage of the macromolecular backbone to probe the
contact interface between a protein and its ligand, in this
case the interaction of an antigeantibody complex?
Monoclonal antibodies interact with specific epitopes, and
the antibody-antigen interactions were shown to protect
these specific binding sites from protease cleavage. Different
proteases were used to probe different sites within the antigen
depending on the sequence specificity. In addition, the
authors detected antibody binding induced conformational
changes in the antigen, demonstrating the power of foot-
printing techniques to, in principle, probe sites throughput
the macromolecule. A drawback of this particular experiment
was that [35-S] methionine labeling was used to label the
antigen; this labeled methionines throughout the sequence,
and the cleavage products generated fragments that could
not be uniquely identified by size. Refinements of this
method were made by Heyduk and co-workers and Kallen-
bach and co-worker$:*¢ In these cases, end-labeling was
used to uniquely identify the fragments. Footprinting of
proteins by chemical modification was refined by Hanai and
Wang in 19947 This method mapped the solvent acces-

accessibility of macromolecules through their sensitivity to Sibility of lysine residues by determining their reactivity to
chemical or enzymatic modification and cleavage reactions. modification by acetylation. Although these two approaches
A fundamental feature distinguishing footprinting from other incorporated fundamental features of footprinting as intro-
techniques is the covalent modifications of the macromol- duced by Galas and Schmitzjt should be noted that the
ecule that are essential to probing the solvent accessible sitegnethods to modify proteins and probe their structure (orig-
These irreversible changes to the macromolecule can negainally using diazonium salts) are nearly 100 years old (Pauly,
tively influence the experimental results unless sufficient care 1904). In addition, specific methods to use modification
is taken in experimental design and analysis. Fortunately, reagents to map “buried” versus “free” histidine side chains
during the 25 years of successful development of macro-go back over 40 yearf$:*® However, these modification
molecular footprinting approaches, a number of basic methods primarily evolved into approaches to generate
principles and control experiments have been established thaspecific sites within proteins that were optically active so as
have allowed the successful examination of structure andto probe conformational changes using the covalent adducts.
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N_evertheless, _the mOdIf_IC_a_tlon and C|ea_Vage approaches End-labeled protein in isolated Protein Protein + ligand
outlined above fit the definition of “footprinting” for the and complexed states * * -
purposes of this review, and they illustrate the two distinct
approaches that are commonly used. Although the methods ¥ . 77 x
outlined above are valuable, additional footprinting assays LB o
have been developed using a number of additional ap- Limited cleavage with * —_ Y
proaches. In particular, some of the drawbacks of a number chemical Proteases ~
of chemical and enzymatic footprinting reagents include L
preference of a footprinting reagent for specific positions A
within proteins, limiting the number of sites that can be | monitoring the cleavage sites — —
probed. For example, proteases are often quite specific and by SDS-PAGE e
cut only at a subset of the positions along the protein e
sequence. Also, the size of proteases, which often can be of 4 - :
the same size as the ligand, can result in an overestimation| Quantitative analysis of the gel -
of the size of the protected region, as well as be blind to image - =

any variations in react|V|ty W'thm the binding site. M_od|f|ca- Figure 1. Schematic representation of cleavage-based protein
tion methods where lysine is acetylated are suitable for tyotprinting. A protein is specifically end-labeled and then subjected
probing accessible lysine side chains but cannot probe atto limited cleavage under single-hit conditions in the presence and
other sites. Chemical proteases, if they are small, can provideabsence of the ligand. The cleavage products are then separated
enhanced structural information compared to enzymatic by size using high-resolution SDS-PAGE, followed by quantitative
proteases. For example, CNBr can cleave at methionine sitesgR8y3e B 8 R e O e corteqpord
and Fhu.s Its c]eavage products are SenSItIV.e to bur.lal Ofing bands in the lanes with and without the ligand are compared to
methionine residueS.However, the most effective chemical gt information about the changes in susceptibility to cleavage as
protease and the one in widespread use is the hydroxyl radlcag result of ligand binding. Reprinted with permission from ref 4.
(HO), which is commonly generated by the venerable Copyright 2004 Wiley-VCH.

Fenton-Haber-Weiss reaction using Fe(ll)-EDTA. Heyduk ) _ _ _

and co-workers showed that hydroxyl radicals could provide backbone is on the outside of the canonical helical structure,
a relatively nonspecific probe of protein structtfrend map ~ almost every site is potentially accessible. For proteins, the
the sites of proteirDNA binding. The use of hydroxyl backbone may be buried on the inside of the molecule for
radical based cleavage has advantages of not only a smalmuch of the structure; thus, the number of potential cleavage
size of the probe but also a relatively nonspecific cleavage sites is lessened. Thus, the resultant data will not cleave at
activity, maximizing the number of potential sites along the €ach and every monomer position. However, sites on the
backbone that can be probed. However, the use of tetheredinside” are not likely candidates for the binding of a ligand,
sources of hydroxyl radicals, which generate the radicals atsuch that the impact of this “disadvantage” is lessened. In
defined sites, has also proven to be a powerful approach inaddition, the variation in cleavage across the macromolecular
defining protein-protein interfaces and specific sites of Sites interrogates the protein’s tertiary structure. When a
interaction?21 Hydroxyl radicals have also been developed ligand binds to the protein, accessible cleavage sites on the
as side chain modification reagents, and this approach hagnacromolecule may experience reduced reactivity at the
been coupled to proteolysis and mass spectrometry techinterface. Many sites should remain unchanged, but allosteric

niques to precisely map the modification site%. interactions could increase or decrease the solvent acces-
sibility at other sites throughout the macromolecule as ell.
1.2. Cleavage Based Protein Footprinting Protein Cleavage.Protein cleavage is accomplished by

either enzymatic or chemical means. Enzymes to cleave

The key publication that has critically influenced the field proteins have widespread and variable specificity. To achieve
of footprinting was published ilNucleic Acids Resear¢h  cleavage at a wide range of sites using proteases a “cocktail”
by Galas and Schmitz and was entitled “DNase footprint- of several proteases is usetftiHowever, the protease method
ing: a simple method for the detection of proteldNA has the ultimate drawback that the enzyme is large and may
binding specificity”. Aside from popularizing the term not be sufficiently sensitive to accessibility of the structural
footprinting, the paper carefully laid out many of the basic backbone to accurately probe the structure. As in the case
principles of the method that are common to all successful of nucleic acids, the advent of the use of hydroxyl radicals
footprinting approaches today. enhanced the structural resolution of the technique consider-

The demonstration of cleavage based footprinting methodsably. Hydroxyl radicals have been used free in solution,
for nucleic acids inspired similar methods to be developed where they probe the entire molecular surface, tethered to
for the analysis of proteins. Initial approaches to examining specific probe sites, or tethered to sites throughout the
protein structure and interactions utilized proteases or othermacromolecule. A tethered source of hydroxyl radicals
cleavage based reagents (like hydroxyl radicals) in order to provides a cleavage agent with a defined radius of action,
assay the solvent accessible s The experimental steps  generally 16-15 A. In the case of tethering to a wide
are as follows. Proteins are labeled at one end (see below)istribution of sites, Meares and co-workers have found that
and then are subjected to the cleavage agent. The cleavag#é the tethers are linked to one molecule in a pair of an
products are assayed for size by SDS-PAGE (Figure 1). Forinteracting molecules, the target cleavage sites are localized
nonspecific cleavage, solvent accessible sites throughout theclose to the interacting surface of the binary part?é&YThus,
macromolecule would be sensitive to cleavage, would, in the modulation of reactivity “observed” in the hydroxyl
principle, be probed, and would provide a wide range of radical assay can be dissected into the allosteric effects
fragments. One fundamental difference between footprinting (which are observed in addition to the effects of burial of
studies of DNA and proteins is that for DNA, since the the interface when “free” radicals are used) and the formation



Hydroxyl Radical-Mediated Modification of Proteins Chemical Reviews, 2007, Vol. 107, No. 8 3517

of an interface (which are observed in the experiment with used to fragment the protein under a wide range of solution

tethered sources of radicals). conditions and pH values. Also, the stable modification of
side chains allows a specific probe site to be identified using
1.3. Modification Based Protein Footprinting tandem mass spectrometry methods, while, for deuterium

exchange, typically the conformational change can only be
localized to the specific peptide fragment. The drawback is
that if a reactive side chain is not present in a particular
peptide segment, there are no probes. However, the examina-
tion of side chains is complementary to the deuterium
exchange method that examines backbone structure.

As outlined above, Hanai and co-workEdemonstrated
that modification reagents could be used to provide “foot-
prints”. The lysines of a viral topoisomerase that were
involved in intermolecular contacts with DNA were specif-
ically mapped. The modified lysines provide sites that, with
the proper chemical workup, could ultimately be cleaved. 14 generate the limited dose required for footprinting and
As above, gel electrophoresis methods were used t0 map, qantitatively examine the reactivity of the specific
the susceptible sites. Hanai has also pointed out that many,

reagents available for the modification of proteins that were peptides In question, a series of samples are exposed to
. > variable doses, the samples are digested, and the individual
developed in the 1960s and 1970s could be “revived” to be P g

. g eptides are analyzed by HPLC and mass spectrometry. Thus,
used in footprinting assays. In fact, a number of novel Pep y y P Y

h difvi he backb d ificall a dose response curve is generated for each peptide of
approaches to modifying the backbone and specifically j,ierest: this generates a quantitative biophysical measure
incorporated side chain groups have been developed an

. based on the observed rate of modification) of the relative

successfully applied (see refs 2, 3, and 22). . reactivity of the sites in the different peptides. Consistent

Another approach that has been recently developed is togng reliable quantitation, which is essential to footprinting,
use chemical modification reagents that are less specific to;g provided by measuring the relative amounts of the
providg footprinting approaches. It has_ been weII—known for modified and unmodified peptide products in the same
some time that hydroxyl radicals, besides generating back-gxpariment. Since the modifications are stable, it is relatively
bone cleavage events, modify the side chains of proteins quitesraightforward to use tandem mass spectrometric methods
efficiently > Sulfur containing, aromatic and aliphatic side {5 specifically identify the amino acid positions of the protein
chains provide targets that are more sensitive to attack thanyg,5t have been modified (bottom right of Figure 2): these
the protein backbone. Thus, these events are more freque”?epresent the probe sites for the analy&.
than the abstraction of hydrogen from thecarbons at main On the right-hand side of Figure 2, where the reaction is
chains that is the first step in hydroxyl radi_cal based prptein carried out in the presence of a proterotein complex,
cleavage. Chance and co-workers combined the ability of mqgification is suppressed at the site corresponding to the
side chains to be modified with mass spectrometric deteCt'O”interacting surface, and unchanged at sites distal to the
to develop a protein footprinting techniqéfe?’ Hydroxyl contact. The decrease of reactivity of peptides in the interface
radicals as a reagent for foqtprlntlng can be derived from g quantitatively measured using the desesponse curves:
Fenton reagents or from radloly5|s souréem the former _a sample doseresponse for a peptide whose reactivity is
case, the Fenton reagent induces a metal catalyzed reactiogppressed in the presence of the ligand is shown at the
of hydrogen peroxide to produce hydroxyl radicals. In the pottom left of the figure. It is critical for the method that
latter case, ionization of water produces hydroxyl radicals the gose response curves indicate a linear regime extrapolated
directly. _ __ to zero fraction modified; this assures that the reactivities

The development of the hydroxyl radical as a modification of particular sites are not changing due to the oxidation
reagent for footprinting and its application in conjunction process itself. Also, the method of examining loss of the
with mass spectrometry were directly inspired by the ynmodified fraction emphasizes the interrogation of intact
development of deuterium exchange mass spectrometrymaterial. Although these particular refinements are unique
methods. The protein of interest is subjected to a pulse oftg the hydroxyl radical mediated protein footprinting ap-
deuterium intended to label structural regions that are SOlventproaCh’ they are derived from a detailed know|edge and
accessible and to monitor changes in accessibility in responsgespect for safeguards that have evolved throughout the long
to the binding of a ligand After solvent labeling, the  history of development of “footprinting” researéf? such
reaction is quenched, the protein is fragmented by proteolysis,safeguards ensure that the structural and biochemical infor-
the peptide fragments are separated by high-pressure liquidmation provided by footprinting methods is reliable. It must
chromatography (HPLC), and mass spectrometry analysis ishe emphasized, however, that footprinting provides only
performed. Peptide fragments with increased mass relative«ocal” information about the reactivity of the side chain
to control experiments without addition of deuterium indicate probes_ Allosteric Changes in conformation induced by ||gand
specific segmenthat were solvent accessible and exchange pinding can also give rise to either protections (decreases in
competent during the deuterium pulse. The method used tosjde chain reactivity) or enhancements (increases in reactiv-
minimize back-exchange during the analytical steps is jty) depending on the induced conformational changes. This
lowering the pH to~2.5; thus, only proteases with activity must be carefully borne in mind when interpreting data from
at acid pH (e.g., pepsin) can be used to fragment the protein.these experiments, and various examples are mentioned in

Hydroxyl radical mediated protein footprinting is similar.  this review.
The overall method is outlined in Figure 2. In this case, the . . . .
protein solution is exposed to ionizing radiation and the 2. Generation of Hydroxyl Radicals in Solution
hydroxyl radicals covalently react with surface accessible ,
residues, primarily side chain grouf§sAs in the deuterium  2.1. Introduction
exchange methods, the protein is subjected to proteolysis. The generation of hydroxyl radicals for footprinting and
However, in contrast to deuterium exchange, the production other chemical purposes has a long history. In this section,
of stable modifications through hydroxyl radical exposure we provide a review of many of the methods used for
allows a wide range of samples as well as proteases to begenerating hydroxyl radicals, organized by method of
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Figure 2. Schematic representation of hydroxyl radical footprinting. A protein and its complex with a ligand are exposed to radiolysis or
Fenton reagents, which produce hydroxyl radicals that modify the side chains of the protein. Subsequent to this X-ray exposure, the protein
samples are digested with proteases, and MS is applied to quantitate the extent of modification. This quantitation provides information
about the solvent accessibility of each peptide in both the isolated and complexed states. The particular modification sites are determined
by tandem MS (MS/MS). In the dosgesponse example, a slower rate of modification is seen for the peptide when isolated from the
complex compared to the case for the free protein. Thus, it is indicated that this peptide contains reactive side chain residues influenced by
the binding process.

generation. Although this does not provide the most compel- 2.2. Electron Pulse Radiolysis

ling historical narrative, it does permit the presentation of

the methods in a way that readers can jump between sections Electron pulse radiolysis is a technique to deliver repro-
to learn the different approaches and to find appropriate ducible pulses (typically ranging from 1 to 100 ns duration)
primary and secondary references. This review overall of electrons, which are accelerated to megaelectronvolt scale
emphasizes the chemistry of hydroxyl radical production and energies by a linear accelerator (LINAZ)3¢ The technique
reaction mechanism in the service of protein footprinting is primarily used to investigate reactions in dilute agueous
technologies. To a first approximation, the method of solutions, although it has also been successfully applied to
generation is less important, since each of the methods belongaseous and solid-phase systems. The megaelectronvolt
can be used to generate surface oxidation data. Howevergnergy of the electrons is almost a million-fold higher than
each method of generation has its advantages and disadvarnrecessary for rupture of covalent bonds or molecular
tages, and this section highlights these points. In addition, ionization. The primary method by which the electrons lose
the section reveals the historical context in which these energy is Columbic interaction with electrons in the absorber;
chemistries have been developed; this provides an op-molecules close to the particle tracks may be ionized, and
portunity to mention many of the other important chemical those further away may be excited. Most of the ejected
applications for hydroxyl radical oxidation methods. electrons will be sufficiently energetic to ionize and excite
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further molecules and form spherically symmetrical “spurs”
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Table 1. Rate Constants for Reaction of Amino Acids with

or clusters of ionization and excitation events along the tracks Hydroxyl Radical and Hydrated Electrons®

of the electrons, giving rise to secondary electron tracks in
a chain ionization proces$$.An individual high-energy

electron loses its energy through a consecutive series of about

10* individual interactions and generates spurs within't0
s.

In dilute aqueous solutions at micromolar concentrations,
the ionizing chemistry involves interactions only with water
(at ~55 M concentration) whereas the radiation effects on
the solute are entirely indirect. The initial products are a
positive water radical bO** and a dry electronqg™, or
excited water HO™ (eq 1).

hv o} —
H,O0—H,0" + g, , or H,0* (1)
These are then converted within2®s into highly reactive
primary radical species, namely hydroxyl radical f10
hydrated electron ., and hydrogen atom °‘Hvia the
following reactions.

H,0

H,0™ —N= > HO"+ H* @)
H,0

Cay = ey 3)

HZO* HO* + H" (4)

The excited water molecules may also deactivate through

collision. The overall ionization generates freely diffusing
species with the following yield¥.

100 eV

4.14H0——2.87HO + 2.7¢, +0.61H +
0.03HQ, + 0.61H,0, + 0.43H, + 2.7H" (5)

The stoichiometric coefficients are call&lvalues, which
can be converted to standard units by multiplying by 03f04.
For every 100 eV of energy absorbed, 2.87H@7¢eq,
0.61H, and 0.03H@ are generated. When a single electron
with 3 MeV of energy (penetration depth in water, 1 cm)
has lost its energy, it can give rise to as many as 20°
radicals after completion of the spur reactiéhfetection
of the solute-derived intermediates is usually carried out
using UV/vis spectroscopy or conductometry.

In pure water, the primary radicals can quench via
recombination at diffusion-controlled rat&s.

HO" + e, —HO™ (6)

(7)

In air equilibrated aqueous solutions@.3 MM Q) €4
and H will react with G, and quickly convert into H® or
O via the following reactions, with rate constants of 9
10 and 2.1x 10'° Mt s71, respectively?

2HO — H,0,

&g +0,—~ 0, 8)

(9)

The relative yield is determined by the following acibase
equilibrium with a K, of 4.940

H" + 0,— HO,’

O, +H =HO, (10)

HO- €ag !
substrate  rate (M s™?) pH rate (Mt s )P pH
Cys 3.5x 10 7.0 1.0x 10© -7
Trp 1.3x 10t° 6.5-8.5 3.0x 1¢® 7.8
Tyr 1.3x 10% 7.0 2.8x 1¢° 6.6
Met 8.5x 10° 6—7 45x 10 7.3
Phe 6.9x 10° 7—8 1.6x 10/ 6.9
His 48x 10 7.5 6.0x 107 -7
Arg 3.5x 10° 6.5-7.5 15x 10° 6.1
cystine 2.1x 10° 6.5 1.5x 101 6.2
lle 1.8x 1 6.6 N/A N/A
Leu 1.7x 1¢° ~6 <1x 10 6.5
Val 8.5x 10° 6.9 <5 x 10° 6.4
Pro 6.5x 1C° 6.8 2.0x 107 6.7
GIn 5.4x 10° 6.0 N/A N/A
Thr 5.1x 1C° 6.6 2.0x 107 7.0
Lys 3.5x 108 6.6 2.0x 107 7.4
Ser 3.2x 1¢¢ ~6 <3 x 107 6.1

Glu 2.3x 1C° 6.5 1-2x 10 5.7-7

Ala 7.7 x 10 5.8 1.2x 107 7.4
Asp 7.5x 10 6.9 1.8x 10/ 7.0
Asn 49x 10 6.6 15x 10° 7.3
Gly 1.7 x 107 5.9 8.0x 1¢° 6.4

2 http://allen.rad.nd.edu/browse compil.htthDavies, M. J.; Dean,
R. T. Radical-mediated protein oxidation: from chemistry to medicine
Oxford University Press: 1997; pp 4415.

Most amino acid residues except Cys react with solvated
electron g;* at a much lower rate than that of Gee Table

1). It seems that only Cys and disulfide can compete with
O, for reacting with g;* under aerobic conditions. Overall,

in the air saturated aqueous solutions with micromolar protein
concentrations, the primary oxidizing species is hydroxyl

radical, which can react with target molecules at rates up to
10 M~* s~}(depending on the target).

The hydrated electron can be converted into hydroxyl
radical in NO saturated solution (24 mMJ9, 1 atm, room
temperature) to effectively double the yield of H®ia the
following reaction at a rate of & 10° M1 s, It results in
a chemical system with H@s the dominant reactive species
(90% plus 10% B).

€ +N;O—HO + N, +HO (12)

2.3. Synchrotron Radiolysis of Water

The radiolysis of water with photons in the kilovolt X-ray
range primarily involves the photoelectric effé&tn which
the energy of an incoming photon is transferred to an
electron, which is then ejected from water molecules or other
targets. The electrons are thermalized (dry electrons) and
deposit their energy in discrete ionizations of other water
molecules. The ionized water molecule reacts with another
water molecule to produce HQadical according to the
reactions outlined abové.

Beamline X-28C at the National Synchrotron Light Source
at Brookhaven National Laboratory is a national resource
dedicated to radiolytic biological footprinting and is an
excellent source of X-rays to conduct radiolysis experi-
ments*?> The beamline provides white light synchrotron
X-rays over an energy range of-30 keV with beam
currents ranging from 300 to 150 mA over a 12 h injection
cycle®3 At a ring energy of 2.8 GeV and a beam current of
250 mA, 5.5x 10" photons are absorbed per second by a
10 uL sample of 7 mr cross-sectional area. The photon
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Figure 3. Alexa radiolysis and determination of X-ray dogA) Dose response plot of 1M Alexa Fluor 488 in 10 mM sodium
cacodylate pH 7.0 buffer containing 0.1 mM EDTA irradiated with synchrotron X-rays at220 mA beam current. After exposure, the

Alexa is diluted (1:500) prior to fluorescence analysis. The Turner Biosystems TBS-380 Fluorometer is used to determine the emission
intensity at 516 nm with an excitation wavelength of 496 nm. The solid line represents the fitting of data to a first-order reaction kinetics.
The insets in the top-right and the bottom-left corners show the dye structure and the decrease in fluorescent emission caused by irradiation
at different times, respectivelyB) Rate constant of 1.0M Alexa 488 in 10 mM sodium cacodylate pH 7.0 buffer without EDTA as a
function of the beam current. The solid line represents the linear fit with a slope off03@3 s mA~1. (C) Dose response plots of 1.0

uM Alexa 488 in 10 mM of different buffers. (D) Rate constants of radiolytic degradation qgiNl.8lexa 488 in 10 mM sodium cacodylate

pH 7.0 buffer with addition of MgGl ATP, glycerol, and EDTA at different concentrations. The connections between the points are
represented by respective spline-lines. Reprinted with permission from ref 42. Copyright 2007 International Union of Crystallography
(http://journals.iucr.org/).

flux yields a steady-state concentration of HGf ap- tration, and the presence of small molecular additives such
proximately 1«M.* The radiolytic oxidation reactions are as salts, metal ion chelators (e.g., EDTA, EGTA, etc.),
complicated, involving many different reactive oxygen cofactors (e.g., ATP, ADP, etc.), reducing agents (e.g.,
species (ROS), including HOHO,", O, etc., similar to  dithiothreitol, 5-mercaptoethanol, etc.), or stabilizing agents
those observed in electron pulse radiolysis above. The typicale g., glycerol, polyethylene glycol, sucrose, etc.), all of
dose of the unfocused beam permits radiolysis experiments,nich are often present, or even required, in biological

to be ”cgrrt;pleted with Xmilliseﬁonlgs of dose, which is gamples. The assay method using the Alexa 488 dosimeter
controlled by a precise X-ray shutter. can be used to find the optimum conditions for radiolytic

Dosimetry. A particular problem in radiolysis experiments -~ . . : .
is comparing different sources of radical generators or footprinting studies or to compare radiolysis under different

providing a measure of the dose delivered to biological conditions to normalize_experiments. Essen'gially,.the intensity

samples under various conditions. The effects of experimental© Alexa fluorescence is decreased by radiolysis dose in an
and sample conditions on the generation of hydroxy! radicals @PParent first order process (Figure 3A). The rate at which

fluorescent dye, Alexa (Fluor) 488, as a target “dosimeter” compared to the rate of oxidation in the presence of the

molecule. The known factors that influence radiolysis dose sample to be oxidized or in the presence of ligands or other

include synchrotron beam current, the energy characteristicsmolecules desirable to poise the biochemical sysfehis

and geometry of the beam, buffer composition and concen-approach has become an important procedure to guide the
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synchrotron footprinting experiments for a wide range of  Effect of Additives. Different additives such as glycerol,
studies. ATP, ADP, EDTA, and Mgd] are frequently included in

Effect of Beam Current. The amount of HOgenerated biological samples as cofactqrs,' as stabillizers, or fo_r other
in a sample solution is directly proportional to the absorbed Purposes, and they may significantly impact radiolytic
photon energy, which is in turn proportional to the beam footprinting because of their quenching effgcts. Figure 3D
current of the synchrotron light source. The beam current Shows the effect of glycerol on the degradation rate of Alexa
falls exponentially as a function of elapsed time starting from 488, indicating that even 1.0 mM of glycerol can diminish
the point when the beam is refilled in the electron storage the rate of radiolysis by a factor of 5. Thus, thorough removal
ring. Thus, for a prolonged experiment or an experiment with of such. stablhzmg agents or sups_tannal focusmg.of the_X—ray
the same system at different beam currents, it is necessanP€aMm is essential to maintaining exposure times in the
to understand and ultimately calibrate the observed dose atMillisecond range. In the cases where the presence of a
each exposure time during the experimental period. A linear certain amount of glycerol is mandatory for the_stab.|llzat|on
relationship exists between the degradation rate oMo Of macromolecular complexes, an Alexa radiolysis assay
Alexa 488 in 10 mM sodium cacodylate pH 7.0 buffer vs would help the experimenters to a(jjust the exposure time
beam current (Figure 3B). The plot of Alexa radiolysis at through pilot experiments under different beam focusing

the various beam currents can be directly correlated to theconditions. Significant quenching of M@ also observed
amount of the hydroxyl radical inside the solution at any With ATP, ADP, and EDTA. EDTA at concentrations of 0.1

available beam current, which in turn will allow the @nd 0.5 mM leads to 50% and 75% decreases in the rate
experimenter to pre-estimate the required exposure time toconstant of Alexa 488, respectively. Mg@oes not exhibit
optimize the synchrotron dose for a sample of interest before 2Ny appreciable impact on the radiolytic oxidation rate of
starting any experiment. Moreover, the slope of radiolytic Alexa. No effects are observed with chlorides, sulfates, and
rate vs beam current can be used to calibrate the dose. FoPhosphates of sodium, potassium, and magnesium, indicating
example, an experiment carried out at or around 200 mA that these inorganic ionic species have no effect on radiolytic
beam current would have a dose that is 20% less than thatd0Se- - _

of the one carried out at 250 mA. Thus, the oxidation rate High flux radiation sources, like synchrotrons, can generate
constants observed for the former experiment need to peHO" radicals with sufficient flux density to provide cleavage

adjusted up by 20% for a direct comparison to data taken atOf nucleic acids or modification of proteins on the micro-
250 mA. second to millisecond time scale®¥.These sources have high

repetition rates (in the Megahertz range) and thus function
as pseudocontinuous sources. Combined with millisecond
rapid mixing devices, this allows for time-resolved studies
of dynamic biological processes. The most valuable aspects
of a synchrotron X-ray source to carrying out footprinting
experiments include speed and the reproducibility that is
achieved in sample dosing and the ease of varying the dose
using timing shutters. Radiolysis sources in general have the
advantage that no reagents need to be added to the solutions,
'thus simplifying the experimental methods. As outlined
below, methods that require direct addition of peroxide can
have undesirable secondary oxidations. However, the limita-
tion of a synchrotron radiation source lies in its lack of

Effect of Buffers. Selection of buffer is a critical step in
the planning of radiolysis experiments due to the need to
optimize the stability and activity of the biological system
and to optimize the dose of radicals for the footprinting
experiment. Figure 3C shows the dose response ofi¥1.0
Alexa 488 in various buffers at 10 mM concentration;
radiolysis in the presence of these buffers was carried out
near their X values, which range from 3 to 10. Most of the
commonly used biochemical buffers such as Tris, HEPES
MOPS, CAPS, citrate, and CAPSO buffers hinder the
degradation of the fluorophore due to the quenching of
hydroxyl radicals. This effect is seen to be complex and will

result in suppression of modifications/cleavages during the accessibility to everyday users and its high cost of operation.

initial time points of the experiment; the likely oxidation of However, these sources have proven to be reliable sources

susceptible buffer molecules in this process may reduce theg, 1, nycleic acids and protein footprinting experiments
buffering capacity of the solution. After this initial lag phase, over a 10 year period for dozens of user groups. These

footprinting experiments using h{/droxyl radi)éals. primary literature and in a number of recent review ar-
ticles1#? thus, they are not repeated here.

Radiolysis in sodium cacodylate or phosphate buffers
follows apparent first-order kinetics with an observed rate 2 4. Laser Photolysis of H ,0,
constant of 80 st at 200 mA beam current using the . . . S
unfocused white beam at the X28-C beamline (Figure 3C) YV-light induced homolysis of hydrogen peroxide in
These buffers are the typical choice for footprinting experi- aqu_eous&séglutlon leads to the generation of two hydroxyl
ments because of their minimum quenching of‘H@lexa radlcals‘}_ In contrast to radiolytic methoqls, where energy
radiolysis also indicates that sodium citrate and acetate are!S deposited in the solvent water, photolysis results from the
appropriate buffers for footprinting experiments at low pH @Psorption of photons by 4, directly; the subsequent
while sodium borate is suitable for studies at higher pH. €Xcitation and cleavage are represented in eq 12
Increases in buffer concentration are correlated with an hw
increased need for radiation dose, especially in the case of H,0, — 2HO (12)
scavenging buffers; thus, the buffer concentration is normally ) ) o
limited to 20 mM for synchrotron footprinting studies. In = The primary quantum yield of D, decomposition is 04
general, radiolysis of Alexa 488 provides a fast and 0.5'°*The hydroxyl radicals undergo subsequent Haber
convenient tool for determining the optimal conditions for Weiss chain reactions,
efficient sample exposure suitable for use with many . .
hydroxyl radical mediated footprinting methods. HO" + H,0, —~ H,0 + HO, (13)
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HO," + H,0, — H,O + O, + HO' (14) to radical were tuned by adding glutamine as a free radical

scavenger. The time required to remove 99% of the generated
hydroxyl radicals in the absence of a radical scavenger was
calculated as 2@s based on the HQelf-quenching reaction,
while the oxidation interval was calculated to decrease to
0.5 us in the presence of 20 mM glutamine as radical
scavenger.

that proceed at rate constants of 270" and 7x 10° M1
s1, respectively’® The former reaction competes with the
diffusion-controlled self-quenching reaction

2HO — H,0, (15)

_ 2.5. Fenton and Fenton-like Reactions
that proceeds with a rate constant of 4710° M~ s at , . . .
25 °C 48 Fenton’s reaction was invented in the 1890s by H. J. H.
The UV photolysis of HO, has been widely used in Fenton, who discovered that ferrous iron(ll) catalytically
industrial processes such as water treatment, medical equippromot5e3d the oxidation of tartaric acid by hydrogen peroxide
ment sterilization, and bleaching applications. More recently, (H202).> Later, many transition metal ions in their lower
it has been employed for nucleic acids footprinting stulies  0Xidation states (e.g., Fe(ll), Cu(l), Ti(lll), Cr(ll), and Co-
and in protein surface oxidation (footprinting) studies. In (”)_) af‘d their complexes were found to display similar
2004, Sharp et al. applied this method to analyze the solvent®Xidative features to those of the Fenton reagents, and the
accessible surface of two model proteins, specifically lysozyme Metal-catalyzed oxidations were called “Fenton-like” reac-
andp-lactoglobulin® Protein samples containing 15%®b tions. These reactions play an important role in a variety of
were irradiated using a UV lamp, and irradiated samples were Catalytic and biological processes, and they are believed to
then subjected to tryptic digestion and mass spectrometricP€ the main source of reactive Qxygegg;gemes (ROS) inthe
analysis. The oxidation of amino acid side chains was found C€llS related to a variety of diseas€s;’ the oxidation
to be consistent with solvent accessibility. products_ in fact are diagnostic biomarkers for disease
To reduce the exposure time and concentration £H progression and/or severityIn the past century, the Fenton

needed for protein surface modification, Aye and co-workers and Fenton-like reactions have been subjected to extensive

developed a nanosecond laser-induced photochemical oxidalnVestigation; however, the detailed reaction mechanism is

tion method for protein surface mapping with mass spec- not entirely understood. T_he Fenton_ and Fenton-li_ke r_eactions
trometry5t In this method, two model proteins, ubiquitin and Nave been repeatedly discussed in many publications and
apomyoglobin, were prepared at concentrations ranging frome€view articles: . e

20 to 80xM in 10 mM phosphate buffer (pH 7.0) with28, It is a common belief that the freely .d|ffu5|ble, hydroxyl
added to the sample at a final concentration from 0.3 to 1% radical (HO) is a key product generated in Fenton's reaction.
just before laser irradiation. The sample was oxidized by !N 1934, Haber and Weiss proposed a chain reaction
hydroxyl radicals generated by exposure to a Nd:YAG pulse Mechanism involving HCproduction as a key step to explain
laser operating with a-35 ns pulse duration aha 2 mJ/  the Fenton reaction, which is now known as the “Haber
pulse energy output at 266 nm for 1 to 100 laser shots. Weiss Cycle”. The mechanism was later expanded and
Immediately after irradiation, the samples were quenched "€Viséd by Barb and co-workers to provide what is now
by freezing in liquid nitrogen and subsequently lyophilizing '€férred to as the “classical Fenton pathway” or the “free
in a vacuum to remove the residuab®. The protein _radl_cal Fenton chaln_ reaction. The decomposmon @@H
samples were then reconstituted, digested by enzyme, and’ smple acidic solutlons in the dark may include reactions
analyzed by mass spectrometry to map the oxidized aminodescribed by eqs 1622 in the absence 2‘; strongly coordi-
acid residues. The result indicated that a single laser shotating ligands and other redox specie:"Reaction 16 is
can generate extensive protein surface oxidations, and LC/f€€ radical initiation reaction, reactions-171 are radical
FT-MS was capable of detecting more oxidized peptides thanPropagation, and reaction 22 is radical termination.

LCl/ion-trap MS/MS. It was also found that the mono- + et . -
oxidized ubiquitins were more susceptible to further oxida- Fe™ + H,0, —~ Fe” + HO" + OH (16)
tion than nonoxidized ones, indicating that oxidation may " " . 4
induce some conformational change of proteins. This result Fe' + H,0,—~ F&' + HO, + H (17)
indicated that it was important to perform the experiment . .
with a single laser pulse to avoid oxidizing proteins after H,0, + HO" — HO," + H,0 (18)
conformation change had occurred. . . N

At the same time, Hambly and Gross also developed laser HO,’ <O, +H (19)
flash photolysis of HO, to oxidize protein solvent accessible
residues on the microsecond time s@l& 17-ns KrF Fe" + HO, — F&€" + 0, + H' (20)
excimer laser with a 50 mJ/pulse output (compared to a 2
mJ/pulse used by Aye) and operated at 248 nm was Fe"+0,” —F& 4+ 0, (21)
developed to minimize laser absorption of protein species.
Apomyoglobin was prepared at a 1M concentration in Fét + HO + HY — Fé*" + H,O (22)
10 mM phosphate pH 7.8 buffer with 15 mM®&, (~0.04%)
added just before irradiation. The sample (B0 solution Hydroxyl radical is generated via reaction 16 through the

was loaded into a 100L gastight syringe and introduced oxidation of Fe(ll) to Fe(lll) by HO,. Meanwhile, Fe(lll)

via a syringe pump coupled to 1@fn i.d. fused silica tubing  can be reduced back to Fe(ll) via reaction 17. The intercon-
with a 2.5 cm length of polyimide coating removed as a UV version of ferrous and ferric ions may catalyze the continuous
transparent window. The exposed sample solution wasgeneration of HQ In the presence of excess Fe(ll) over
incubated with agarose-immobilized catalase to remove H,0O,, two Fe(ll) are oxidized per D, via reactions 16 and
residual HO,. The reaction duration and protein exposure 22. In contrast, when D, is present in excess, oxygenjO
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evolution via reactions 621 dominates. The presence of Scheme 1. Structure of FE-BABE
reducible organic species (e.g., RH) will impact the above Q
reactions by inhibiting the reactions of H@vith Fe(ll) 2‘0 0
(reaction 22) and kD, (reaction 18). N/HO
The hydroxyl radical may be generated stoichiometrically 0 /
simply by combining an Fe(ll) salt with #D,. The reaction BrQJ\ 0
is optimal at pH 3-4.5%77 However, the oxidation product H \‘F(
Fe(lll) can readily hydrolyze and precipitate out as amor- g 0 ©
phous ferric oxyhydroxides E®snH,O as the pH is | I I |
increased from strongly acidic to neutral. The colloids even Reactive  Spacer Chelate
begin to form slowly at about pH 3. Soluble Fe(lll) species Group Complex
can be obtained by complexation with strong chelators.
An e|egant Fenton system was de\/e|0ped by Tullius and oxidizing species, the tethered metal chelate becomes at-
Dombroski®® to generate hydroxyl radical for biological tached on the specific sites of the macromolecules to generate
footprinting to map the protein binding sites on DNA. The a local site-directed concentration of oxidizing species.

Fenton system includes three essential components, Fe(ll)-Scheme 1 illustrates the structure of a typical tethered metal
EDTA, H,O,, and ascorbate. A typical hydroxyl radical chelate, iron (S)-1g-bromoacetimidobenzyl)-EDTA (ab-

mediated reaction is initiated by the addition ofill of a breviated as Fe-BABE, also called Meares’ reagent). The
solution containing 1 mM (Ng).Fe(SQ)./2 mM EDTA, 1 reagent (Scheme 1) consists of three essential structural
uL of 10 mM ascorbate, and AL of 0.3% H,O, to 7 uL of components: a metal chelate for generating oxidizing

nucleic acid in 10 mM Tri€EDTA buffer (pH 8.0). The species, a sulfhydryl-reactive moiety (Br-acetyl) for conju-
reaction is run at 28C for a controlled time of a few minutes  gating to protein cysteines, and a spacer arm connecting them
and then quenched by the addition ofuZ of 100 mM together. The Fe-BABE can be conjugated with a native

thiourea®® cysteine residue of a protein, or a cysteine residue can be
The Fe(ll)-EDTA/HO./ascorbate Fenton system has be- introduced at a site of interest by genetic manipulations. The

come a standard method for studying nucleic adigand Fe-BABE—protein conjugate is allowed to form a macro-

interaction and nucleic acid dynamic proces¥ésIn the molecular complex with its interacting partner, the target or

process, EDTA increases the solubility of the metal ions, prey protein, or a nucleic acid. When incubated witfOkl
thus allowing the reaction to be carried out at neutral pH, and ascorbate, the conjugated Fe-BABE will produce oxida-
and prevents the transition metal ion from binding to the tive oxygen species, such as hydroxy! radicals, which will
macromolecule®® EDTA also increases the efficiency of Fe-  cut a peptide chain or a nucleotide chain located within the
(Im/Fe(ll) to catalyze the generation of H@rom H;0,,23 reach of its spacer arm near the binding site (12 A for this
since EDTA sequesters Fe(lll) much more strongly than Fe- specific BABE). The modification of macromolecules by Fe-
(IN, as demonstrated by the stability constants of the BABE possibly goes through both hydroxyl radical and
complexes: log<; = 25.7 for Fe(lll)-EDTA compared to  peroxide-Fe intermediate oxidation mechani¢fidhe Fe-
14.3 for Fe(ll)-EDTA. The ascorbate reduces the Fe(lll)- BABE reaction has the advantages of a mild conjugation
EDTA back to Fe(ll)-EDTA. reaction with a peptide or a protein, mild cleavage reaction
Similar to iron, other transition metals combined with conditions, rapid reaction and high yield, and a directed chain
appropriate ligands are also able to undergo Fenton-like cleavage reaction of nucleic acids or proteins with minimal
reactions under the appropriate reaction conditf6f$2° sequence specificity. In these initial experiments, it was
These transition metals include Cu(ll), Mn(ll), Co(ll), Ni-  applied for cleavage of the protein backbone, a Fenton
(1), Cd(ll), Cr(llN), etc., which are in some cases essential technique for probing protein structure that is inefficient.
biological elements bound to proteins. Typically, an oxidizing However, the method has been a useful tool for the analyses
agent like Q, H,O,, or a peracid is combined with the  of spatial relationships for proteimucleic acid and protein
transition metal (_:om_plex. There are also.examples Wherecomplexes in many biological reactiot8; 4 and even to
metals in high oxidation states were used in the presence ofonjtor structural changes during the course of a multistep
a reductant. Cu(l1)/Cu(l) complexes with bis(1,10-phenan- reactiont’s Information on the 3D structure of a protein can
throline) or other ligands in the presence ofddhave been e analyzed by the sequential analysis of intramolecular
demonstrated as very efficient footprinting reagents for ¢jeayage sites by Fe-BABE conjugated at various positions
proteins, nucleic acids, and DNprotein interaction” %54 along the protein. Analysis of the resulting nucleotide or
The Mn(II)/Mn(III) redox couple generates ROS When peptide fragments aids in mapping the contact area between
incubated with HO,.%:%%Co(ll) can catalyze the production yna "o interacting partners. To facilitate the analysis of
of RQSwi'gg‘e’? b?ggﬂd tlo smballll organic molecules gnd fragments, the proteins or nucleic acids can be end-labeled
Fggtﬁgﬁt' congliltg:)l%s V\I/?]eist?oﬁnde tt(;) r?fcr;ggz:i?e%(grsivggvgsr using radioactive isotopes or fluorescent dye (see also section
peptides, and proteiri@-105 ' 1). It can also be detected by Western blot analysis using an
' ' antibody directed to an expression tag (His-tags, GST-tags,
or peptide sequences that are biotinylated during expression)
2.6. Tethered Metal Chelates or to an endogenous N or C terminal epitépfeThe
Tethered metal chelates were first developed by Rana andinteraction site between two proteins can be further defined
Meares in 1990%:1°7 This approach localizes the metal  using other tethered reagents that have longer or shorter
chelate complex by linking it to proteins or nucleic acids spacer arms or that are reactive with other amino acid
through a spacer arm and a coupling reagent group. Inresidues or conjugating to different selective sites through
contrast to the typical Fe-EDTA Fenton reagents, which cysteine mutagenesi&!* Reactive groups have been
freely diffuse in solution and generate freely diffusible fashioned that will react and covalently conjugate with a
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specific amino acid side chain such as cysteine ¥#fiar with tetramethylammonium superoxide in liqguid ammadffia
lysine amine (by using 2-iminothiolane as a linker to or with solid potassium superoxid®.A convenient method
randomly modify lysine to introduce free sulfhydryl groups) to synthesize peroxynitrite is to rapidly mix the precooled
in proteing'” or the nucleophilic sulfur-modified phosphodi- acidified HO, with nitrite, followed by instantaneous
ester backbone of nucleic acitf8.1'6Other approaches have quenching of the reaction mixture with an excess of alkali.
been developed to prepare protelEDTA011#119or nucleic The use of peroxynitrous acid as a source of hydroxyl
acid—EDTA conjugates® (see also refs 108 and 116). Other radicals has been successfully applied to probe the higher
tethered metal complexes have also been used for study obrder structure of RNA and to the study of proteimucleic
protein structure. For instance, copperebiromoacet- acid interactions. King et af8 successfully applied per-
amido)-1,10-phenanthroline was used to probe the higheroxonitrite anion for hydroxyl radical footprinting of the
order structure of G-protein-coupled receptfModified binding thecl-repressor of phagé with the right operator.
proteins have also been analyzed using mass spectrotfletry; It was also found that the individual-site binding isotherms
in fact, Vachet and co-workers have used the intrinsic metal determined by quantitative DNase |, Fe(ll)-EDTA, and
atom within a protein to provide a site-specific source of ONOOK footprinting are identical within experimental error.

radicals for structural analystg.122-124 The identical isotherms obtained with the three different
_ . ) ) . reagents with greatly differing sampling times indicate that
2.7. Disproportionation of Peroxynitrous Acid the sampling time of the footprinting probe need not be short

relative to the kinetic dissociation constants that govern
protein—DNA interactions. Gotte and co-workers used the
peroxynitrous acid to footprint the higher order structure of

(ONOO") occurs by the diffusion-controlled reaction be- RNA through cleavage of the sugar backbone of the nucleic

Aari - : : : acid strand and compared this approach to treatment using
%33’;125" derived nitric oxideNO) and superoxide radicals [Fe(Il)-EDTAJ2.*° Although ONOOH is neutral and sig-

nificantly smaller than the metal complex, both reagents
. —_ generate the same protection pattern on tRNAs, suggesting
NO+ 0, ONOO (23) that access of the commonly formed hydroxyl radical, rather
than access for its source, is the determining factor when
probing the higher order structure of RNA. A strong

Peroxynitrite is a powerful oxidant whose reactions and
decomposition products are involved in multiple biological
reactions®® The endogenous synthesis of peroxynitrite

The peroxynitrite anion (ONOQ is relatively stable in
alkaline solution; however, its conjugated acid, peroxynitrous

- el difference in reactivity is only seen at the modified 2-thio-
acid with a K, of 6.8, undergoes homolytic fission to form L - o
HO" and nit[:f)agen dioxide (rﬂ@) with & halflife o 1 s at | Uridine S34 of tRNA(Lys3), which shows hyperreactivity
pH 7.0125127.128 toward ONOOK treatment. This particular reaction may

require interaction between the peroxynitrite anion and the
. . . thiocarbonyl group of the base, since hyperreactivity is not
ONQOH—NO, + HO (24) observed when probing the dethiolated tRNA(Lys3).

Since the decomposition of peroxynitrite generates mul-
tiple reactive species, the reaction of peroxynitrite with
proteins may involve ONOOH and [HONG;*] in addition
to HO', possibly through three possible pathwasps>1First,
peroxynitrite reacts directly with cysteine, methionine, and
tryptophan residues. Second, peroxynitrite reacts fast with
transition metal centers and selenium-containing amino acids.

2NO.*— N.O (25) Third, secondary free radicals arising from peroxynitrite
2 2-4 homolysis such as hydroxyl and nitrogen dioxide, and the
_ _ " carbonate radical formed in the presence of carbon dioxide,
N,O, +H,O0—NO; +NO, +2H (26) may react with protein moieties as well. Therefore, the
o . . modification of proteins by this radical source is expected
In order to generate HJor in vitro biological study, oné 4 he more complicated than that with pure hydroxyl radicals,
needs to prepare a stable aqueous solution of ONOO g poth oxidation and nitration will occur. The detailed

stabilized in alkaline solution. Addition of the ONOO  cnemistry of peroxynitrite, reaction mechanisms, and kinetics
solution to a biological sample buffered at pH 7 results in -5n be found in several reviews.139.152154

instant protonation of a significant fraction of peroxynitrous
ﬁ%d (ONOOH), which decomposes in situ to give rise to 2.8. High Voltage Electrical Discharge

There are several approaches available for synthesis of A source of hydroxyl radicals was developed by Maleknia
peroxynitrite in aqueous solutid@& such as reaction of and co-workers to probe the protein surfate!®® The
hydrogen peroxide with nitrite at low pH followed by alkali technique takes advantage of the atmospheric pressure
quenching* 134 reaction of superoxide O with nitric oxide electrospray ion source in mass spectrom&fyechnically,
NO in deaerated agueous solutions at pH-13]35137 a protein solution in micromolar concentration is infused at
photolysis of aqueous solutions of azide and nitt&té3® a few microliters per minute into a conventional electrospray
interaction of nitric oxide and hydrogen peroxitfé pulse source of mass spectrometry, a high electrical voltage of
radiolysis of nitrate and nitrite solutioA%. reaction of ozone  about 8000 V (maximum allowed) is applied to the electro-
(~5% in oxygen) with sodium azide (0.6®.2 M in water) spray needle to produce a discharge that results in the
at pH 12 and 64 °C?%1%2autoxidation of hydroxylamine  production of solution-based radicals around the needle tip,
in alkaline solutiong{®reaction of hydrogen peroxide with and oxygen is used as a nebulizer sheath gas at an
alkyl nitrites in alkaline solution&!**45and reaction ofNO approximately 10 L/min flow rate. A visible discharge is

The two radicals (the “geminate” pair) can either diffuse
apart, giving free radicals that can perform oxidations, or
react together, either to form nitrate or to reform ONOBH.

In a neutral aqueous solution, M@isproportionates to yield
nitrite and nitrate via following two-step reactions with rate
constants of 9x 108 and 1 x 108 M~1 s7%, respectively:*©
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formed at the needle tip. When a dilute protein solution is for air cleaning and water treatme'§t. 6° Various oxygen-
sprayed out of the needle, the protein molecules becomecontaining active species, including,GHO, H,O,, HO®,
oxidized on the surface with the bulk solution at the needle Oy, and'O,, can be produced in the electrosprayed liquid
tip and within the sprayed droplets. The electrosprayed droplets. The use of £as nebulizing gas greatly enhances
sample is collected by condensation of droplets into a groundthe generation of oxygen-containing reactive species. The
aluminum-capped sample tube. The collected sample is thencorona discharge can be performed in either positive or
subjected to enzymatic digestion and mass spectrometricnegative polarity, even though the negative polarity gives
analysis. This technique provides a snapshot of the structuresise to more stable corona discharge and produces signifi-
of proteins or protein complexes in solution. cantly more ozone than using a positive poterifial.

o Xdton of the protein olecules unde SUch SEC- n-source @asssed figh volage discharge has been
reactive species generated by the corona discharge aroun P;ﬂ?g (ier?t(l,rr]fg::iéit# g{,‘f,fl (;); g rg{tg;n dsérmugt:f?;tg dp:ﬁée:ge of
the high-voltage spray tip. A coronais a process developing radicals generated by an electrical discharge combined with

from an electrode with a high potential in a neutral fluid mass spectrometric analysis to study the interaction between
(usually air) by ionizing that fluid so as to create a plasma ribonuclease (RNase) S-protein and S-peptide. They found

around the electrode. Corona discharge usually involves tWoth tthe S tid f tiall tected f i
asymmetric electrodes: one highly curved (such as the tip attne S-peplide was pretereéntially protected irom reactions
with radicals under conditions in which it was bound to

of an electrospray needle) and one of low curvature (such X . . . e :

as a plate or the ground). The high curvature ensures a high>-Protéin, while a region of S-protein comprising residues

potential gradient around the electrode (spay tip) for the 26100 constituted the S-peptide binding domain based on

generation of a plasma. The discharge of electricity causes!tS decreased reactivity with radicals within the RNase-S

a faint glow adjacent to the surface of the active electrode, COMplex over the free S-protein. Wong et al. also use the

a well-known phenomenon due to the generation of ozone Méthod to study the calcium-dependent interaction of cal-

in atmosphere corona discharge. modulin and m_elltt|riL.59_The residues in both proteins
Thomas and co-workers used the similar in-source coronainvolved in the interaction and/or shielded from solvent

discharge electrospray to identify phospholipid double bond Within the protein complex were identified.

positionst®! The corona discharge generated was achieved

by using Q as the electrospray nebulizing gas in combination 2.9. Other Hydroxyl Radical Generation

with high electrospray voltages—6 kV) to initiate the Techniques

formation of an ozone producing plasma. A corona discharge ) .

was observed around the electrospray capillary tip as shown Other methods of hydroxyl radical generation have been

in Figure 4. The double bond(s) present in unsaturated developed; these include the following: production of HO

phospholipids are cleaved by ozonolysis within the ion source radicals by photosensitizatitfi *> and photolysis oN-hy-

to give two chemically induced fragment ions that may be droxypyridine-2(1H)-thioné®17617"X-ray radiolysis using

used to unambiguously assign the position of the double @ rotating anode sourcé, y-ray radiolysis;’"*#* electron

bond. radiolysisi’®189.182yse of fast neutron'$e-18¢ and sonolysis
The in-source corona discharge is similar to the gas phaseof water'87-194

and steamer corona discharges, which have been widely used

3. Hydroxyl Radical Mediated Cleavage of the
Main Chain and Modification of Side Chains

3.1. Selectivity of Hydroxyl Radical Oxidation

The reactions of organic molecules with hydroxyl radicals
normally occur via hydrogen abstraction from saturated
carbon sites or hydroxyl addition to the unsaturated carbon
carbon double bonds or aromatic rings; this gives rise to a
transient radical species that undergo further reactions
depending on structure and radical environment. The control-
ling factors governing both types of reactions include the
following:’* (a) the strength of the €H bond; (b) the
electronegativity of the substituents on the target sites; (c)
the stability of the nascent organoradical; (d) steric effects,
and (f) statistical factors related to the number of sites
available for attack, that is, the number of equivalent H atoms
or positions of attack.

HO* appears to be weakly electrophilic and shows some
selectivity in the types of bonds with which it will react,
although this is in the context of a highly reactive and
Figure 4. A photograph taken of the corona discharge observed indiscriminate species overdf The H-abstraction by hy-

at the electrospray ionization needle of the Thermo LTQ ion trap ; ; : ; ;
mass spectrometer when 8 used as the electrospray nebulizing droxyl rhadl?alhls primarily depen_dhent uhp%n the single band
gas and an electrospray voltage 66 kV is applied. Reprinted ~ Stréngth of the target atom with a hydrogen atom. For

with permission from ref 161. Copyright 2006 American Chemical €xample, the average single bond energies foHCN—H,
Society. O—H, and S-H are 411, 386, 459, and 363 kJ/mol at 25
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Scheme 2. Backbone Cleavage by H-Abstraction at the-Carbon Site
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°C, respectively (see http://wulfenite.fandm.edu}.Fshas the protein main chain-carbon or by radical transfer from
the lowest single bond energy, and thus, Cys is the mostside chains. Understanding the pathways of backbone cleav-
reactive side chain toward hydroxyl radical via H-abstraction, age will help in the design of footprinting experiments and
while amine is normally positively charged at neutral pH can take advantage of the main chain cleavage reactions to
(and thus electron-deficient) and not subject to direct attack provide useful structural information.

by hydroxyl radical. Therefore, the various-€l bonds at

saturated carbon atoms become the second most reactive typg » 1 \1ain Chain Cleavage via Direct Attack at the

of site for direct H-abstraction. Meanwhile, an electron- a-Carbon

donating substituent will increase the electron density of the
target sites and thus the reactivity with hydroxyl radical,
while an electron-withdrawing substituent (e.g., carbonyl
group located in ther-position) will decrease the reactivity.
The oxidation is also preferred at sites where the nascen
radical can be stabilized by neighboring functional groups
such as unsaturated bonds or electron-rich heteroatom
through electron delocalization to these neighboring atoms.
The overlap of the unpaired electron’s orbital with psor
orbitals and, to a lesser degree, stabilization by electron-
releasing alkyl groups through electron donation via éhe
bond to the electron deficient radical centers will all enhance

ity 196-200 i
gafﬁl:/elztgétivit iSFor ?(I:l;'illnee;‘ﬁgrctlgnicggﬁggs, th(rairg;der of bon radical, precluding a planar conformation; this reduces
yis typicallyt y > p . the ability to delocalize the unpaired electron onto the

This is the same order as the electron density on the carbon__: ; ;
” eighboring nitrogen and carbonyl grows.Thus, the
atom as well as the same order as the stability of the nascer:tecondary Glyo-carbon radical appears to be more stable

ﬂ?v%g\%?dltﬁzl gggrteheeol?\;irlztétic\)/ri?yeLleﬁt-v?egﬁnc(jji ffsetrrz?l?ttr;/bes tha_n the tertiaryx-qarb_on radical formed at other a_mino acid
of C—H bonds will be attenuated within proteins due to residues. Racemization can occur at the radical center.
variations in solvent accessibility Subsquen_t reactions of theparbon—centergd radicals with
: oxygen in air-saturated solutions will result in the fragmenta-
tion of the protein backbone. The direct H-abstraction from
3.2. Cleavage of Protein Main Chains o-carbon sites is limited in proteins in the case of highly
reactive radicals such as Fl@ue to competing reactions
Hydroxyl radicals attack preferentially at the side chains and steric shielding from side chait¥$ Less reactive radical
of amino acids residues due to the steric hindrance of mainSPecies can give rise to a relatively higher reactivity toward
chain a-carbon under typical reaction conditiotf§:1% In Gly and othero-carbon site$®
typical protein footprinting experiments, the experimental At least two major pathways have been proposed for
conditions are controlled to minimize protein backbone backbone cleavage after initiation of radicals on the back-
cleavage with, in fact, only limited oxidative modification bone, as shown in Scheme 2. Both mechanisms involve the
of protein side chains; this low oxidation regime is experi- formation of peroxyl radicals on the-carbon as intermedi-
mentally observed when the loss of unmodified species ates, which is consistent with the observed requirement of
exhibits pseudo-first-order reaction kineti®. However, oxygen in order to obtain significant yields of peptide
hydroxy! radical oxidation does lead to the cleavage of fragments; low yields may arise in the absence of oxygen
protein backbones to some extent either via direct attack onvia the solvated electron reactions, even though this does

Hydroxyl radical may abstract a hydrogen atom from the
a-carbon positions of the protein backbone, particularly at
Gly, due to its lowered steric hindrance. The rate constant
or hydrogen abstraction from N- Ac -Gly (GB(0)-
NHCH,COO") is about 4x 10° M~* s™* at neutral pH*

SSince ano-carbon radical is a secondary radical speC|es at
Gly compared to the tertiary radical formed at other amino
acida-carbon sites, the increased reactivity at Gly compared
to other amino acid residues is due to the absence of steric
interaction between the side chain and the carbonyl main
chain?922035ych interactions hinder the formationmfcar-
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Scheme 3. Backbone Cleavage and Side Chain Modification of Pro
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R-COOH + NH,-(CH,),-COOH

(y-amino butyric acid)
(Backbone Cleavage)
not play a significant role in air-saturated solution chemis-

try.1%6 One fragmentation process involves the loss o,HO
from peroxyl radical and subsequent hydrolysis of the newly

(R, R' =N- and C-terminal sides of protein molecule)

(Side Chain Modification)

Da due to decarboxylatiot???11+14 and+16 Da products;
or an unsaturated product, a C-€-3 dehydropeptide
(Scheme 4). The dehydropeptide behaves like an oxygenated

generated imine species. The other pathway involves theenol species, which readily undergoes tautomerism to the

formation of alkoxyl radical at ther-carbon, followed by
further fragmentation to cleave the backbone.

3.5.2. Main Chain Cleavage via Attack at the Pro Side
Chain

Oxidation of the Pro side chain may also give rise to
backbone fragmentaticit* Schuessler and Schilling found

keto form. This species is easily hydrolyzed to yield two
protein fragments: a new amide and a keto 8€i@xidation

of aspartic acid seems similar to the case of Glu and may
also result in the cleavage of the protein backB&her
decarboxylation of a side chain carboxyl gratipexcept at

a lower rate than that for GRi*

that the number of peptide fragments formed in the radiolysis 3.2.4. Main Chain Cleavage via Radical Transfer from the
of proteins is approximately equal to the number of proline 3-Carbon at Side Chains

residueg® Later Uchida et al. confirmed the cleavage
pathway by a mechanism that involved the oxidation of Pro
to the 2-pyrrolidone derivative (Scheme 3), which hydrolyzed
to cleave the backbort€ Moreover,y-aminobutyric acid,
derived from hydrolysis of 2-pyrrolidone, has also been
identified as a major derivative of proline oxidation in acid
hydrolysis of proline-rich proteii®” and may be used as a

Initial hydroxyl radical attack at the3-carbon (C-3)
position can lead to the formation ofcarbon radicals and
subsequent main chain ruptd?é?24In this case, alkoxyl
radicals are generated after initial H-abstraction to produce
carbon-centered radicals and subsequent reaction with O
give peroxyl radicals (Scheme 5). A number of different

presumptive measure of peptide bond cleavage by thispathways may generate alkoxyl radical from different
pathway. Oxidation at the C-5 site of Pro generates a precursors, including termination reactions of the peroxyl

pyroglutamyl residue with a mass addition-b14 Da, which
may be acid hydrolyzed to glutamyl and results in peptide
backbone cleavage.

3.2.3. Main Chain Cleavage via Radical Transfer from

y-Carbon at Side Chains

species with other radicals and decomposition of the
intermediate hydroperoxidé&:2'6The alkoxyl radicals can
undergo3-scission at a rate 10’ s1, leading to the loss of

a side chain and/or generation ofcarbon radicals and
subsequent backbone cleavaget

The -scission reaction of alkoxyl radicals appears to be

Free radical transfer from side chains to the backbone cancommon for aliphatic side chains such as Val, Leu, and

result in the cleavage of the protein’s main ch#i?0°
H-abstraction fromy-(C-4) or s-carbon (C-3) sites on the

Asp? resulting in the release of a family of carbonyls
including formaldehyde, acetone, isobutyraldehyde, and

side chains (in the presence of oxygen) generates radicalglyoxylic acids. The rate of sucff-scission reactions is

that can transfer from side chains to the protein backB&ne.
Abstraction of hydrogen from the (C-4) carbon of aliphatic
side chains in the presence of oxygen can yield-€=23
dehydropeptides, via the formation of peroxyl radicals from
the y-carbon-centered radic#®2° For example, in the
oxidation of the Glu side chain, thecarbon peroxyl radical

affected by the nature of the substituents, R ahduRh the

rate of fragmentation increased by the presence of electron
releasing alkyl groups and substituents that can stabilize the
incipient radical center. The-carbon radicals generated by
the 5-scission reaction of alkoxyl radicals are stable due to
the delocalization of unpaired electrons onto the neighboring

may undergo subsequent reactions leading to the formationcarbonyl and amide functions and relief of steric strain in

of side chain modification products with a mass shift-&0

the alkoxyl radicaf!’
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Scheme 4. Backbone Cleavage by Radical Transfer from thg-Carbon at Side Chains: Oxidation of Glu
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Scheme 5. Backbone Cleavage by Radical Transfer from thg-Carbon at Side Chains
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3.3. Oxidation of Amino Acid Residue Side
Chains

3.3.1. Oxidation of Aliphatic Side Chains

Radiolysis of aqueous solutions produces a hydroxyl group
at aliphatic hydrocarbon side chains, i.e., Leu, lle, Val, and
Ala, resulting in+16 Da mass shifts, as major products along
with carbonyl (aldehyde/ketone) groups, resulting it B4
Da mass shift, as minor products. Products with multiple

oxygen additions can also be generated dependent on the

extent of modification. Mass spectrometry analysis of the
radiolytic oxidation of Leu-NH is presented in Figure 5 as
an example. The peak atVz 131.0 corresponds to the
unmodified Leu-NH, while the peaks atVz147.0 and 163.0
correspond to thet16 and+32 Da oxidation products,
respectively. The carbonyl product withtel4 Da mass shift

is observed at/z 145.0 as a minor product.

The hydrocarbon side chains are generally attacked with
little selectivity by HO, and the reactivity of the hydrocarbon
side chains increases with the number efi€ bonds and
the length of the hydrocarbon side chalf/s*'8The pathway
of hydroxyl radical oxidation of aliphatic side chains is
shown in Scheme 6. The first step is hydrogen abstraction
by HO to give a carbon-centered radical, which reacts
rapidly (diffusion-controlled) with @under aerobic condi-
tions to form a peroxyl radical. The peroxyl radical can
undergo a series of radical reactions, giving rise to hydro-
peroxide (+32 Da), hydroxide{16 Da), or carbonyl-14

R'

(Backbone Cleavage)

(Side Chain Cleavage)

Da, aldehydes or ketones) products or alternatively alkoxyl
radicals and @28 Peroxyl radicals undergo dimer formation
with other peroxyl radicals or related species such gs/O
HOO and rearrange through a Russell six-membered transi-
tion state to yield carbonyl product®.Alkoxyl radicals once
formed can undergo rapid hydrogen abstraction reactions to
give alcohols or rearrangement/fragmentation reactions which
produce carbonyl product8® Normally, hydroperoxides are
120 4

Leu
S
100 - “ Leu-NH,
80 -
=
g 60 -
=
40 -
Leu+16
Leu+14 o_ Leu+32
20 >
3 S
04 . | V\A JL-A& - LJ\A_,__
120 130 140 150 160 170
m/z

Figure 5. Mass spectrometry analysis of leucine oxidation. MS
spectrum of 3Q«M Leu-NH, exposed toy-rays for 8 min.
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Scheme 6. Oxidation of Hydrocarbon Side Chains A
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not stable and can decompose to give rise to further radicals 0 e e e e
as well as further alcohol and carbonyl products. 400 420 440 460 480 500
Proline. Proline has an aliphatic side chain but differs in m/z

that the side chain is bonded to both nitrogen and the
o-carbon atom. The cyclic structure results in it being often B.
found in the bends of folded protein chains, and it is not

averse to being exposed to water. The peculiar structure gives 120+
rise to oxidative behavior different from that of other aliphatic

side chains. The oxidation of proline side chains and the 100 -
transfer of its oxidation products to the protein backbone

have been summarized above (Scheme 3). Hydroxyl radical 80 -
may abstract a hydrogen atom from the C-3, C-4, or C-5
carbons of the Pro side chain, with preference at '€25.
H-abstraction from the C-5 site of Pro generates a secondary 22 Da +14 Da
carbon-centered radical, which reacts with) @sulting in a 140 Da -10 Da *5Da +16 Da

DAHK

4702 =

Intensity

(0]
o
1 N

peroxyl radical. The subsequent reaction of this peroxyl 404 S o N g <o
radical gives rise to 5-hydroxyproline witfr16 Da mass 1 < N § N %
change or pyroglutamic acid with-a14 Da mass shift. The 201

latter speciesf-diketo compound) can hydrolyze via two .

pathways: one by ring-opening, giving rise to glutamic acid O e
with a mass increase 6f32 Da, and another pathway leading 430 440 450 460 470 480 490

to the cleavage of the protein backbone and formation of miz

two_pro_tein fr.agment$95.,204v208'.rhe 5-hydr0xypro_line is in Figure 6. (A) ESI-MS spectrum of peptide ARRA exposedt®
equilibrium with glutamic semialdehyde, which is the same  cs.sourcer-rays for 4 min. (B) ESI-MS spectrum of peptide DAHK
product formed by oxidation of arginine via deguanidina- irradiated by synchrotron X-rays for 25 ms.

tion_200,212,220,221
I . . A hydroxyl radical abstracts a hydrogen from thearbon
3.3.2. Oxidation of Basic Side Chains of the side chain and adds a @ form an intermediate
Arginine. Arg is potentially one of the most valuable peroxyl radical. The subsequent reactions lead to the loss of
probes for studying protein interactions, given the fact that the guanidino group and generation of-alutamyl semi-
it is often a key residue for stabilizing protein interfaces due aldehyde. The initial radical attacks at other sites of the Arg
to its capacity for multiple types of favorable interactfdh.  side chain are likely to give rise to14 and+16 Da oxygen-
It is able to form up to five H-bonds and a salt-bridge through addition products, such as other aliphatic side chains, as
the positively charged guanidino group, and it can participate discussed above. This preferred initial attack atdtwarbon
in hydrophobic interactions because of the pseudoaromatichas been confirmed by deuterium exchange NMR stétfies
character of the electron-delocalized guanidirgystem and and by EPR spin trapping studi€&:2%0
the three hydrophobic methylene carbon atoms. Arginine and EPR has been used to investigate the reaction of hydroxyl
lysine also play a key role in proteimucleic acid recogni-  radicals generated by UV photolysis of.® with 14
tion and interaction32®225 aliphatic amines and polyamines and compounds containing
Arg is subject to hydroxyl radical-mediated modification one and two guanidino group¥ For the amines and
and gives rise to characteristic oxidation products. Shown polyamines below pH 7, the predominant reaction of
in Figure 6A is the positive ESI-MS spectrum of peptide hydroxyl radical was the abstraction of a hydrogen atom from
ARRA exposed to cesium-13¥-rays for 4 min??® The the carbons not adjacent to the protonated amino group. In
primary oxidation product has the second most intense signalcontrast, for the two compounds containing one and two
atm/z of 430.3 Da, with a characteristie43 Da mass shift ~ guanidino groups, the hydrogen abstraction occurred at the
from the original peptide at/z 473.3. Other oxidation  carbon adjacent to the guanidino groups. This indicates that
products includer-14 and+-16 Da oxygen-addition products  the C—H bonds vicinal to the guanidino group are particu-
atm/z487.2 and 489.2. The characteristid3 Da oxidation larly susceptible to hydrogen atom abstraction by hydroxyl
product has been found in metal-catalyzed oxid&&oi3” radicals.
as well as in radiolytic oxidatigf® of proteins. An oxidation Histidine. His is a very important amino acid residue
pathway has been proposed and shown in Schettfe:228 critical for the function of many enzymes. His is susceptible
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Scheme 7. Oxidation of Arginine
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Scheme 8. Oxidation of Histidine
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to radical oxidation, leading to very complex products. Some (—22 Da), aspartylurea, and formylasparagine were observed,
of the primary oxidation products can be seen in an emphasizing the rupture of the imidazole ring. Even more
examination of the radiolytic oxidation of the peptide complex reactions were indicated in the case of photooxi-
DAHK.??6 The mass spectrum of the peptide irradiated by dation. Tomita et a*° demonstrated that histidine was
synchrotron X-rays for 25 ms (Figure 6B) indicates the peak photooxidized to aspartic acid via several intermediate
at m/z 470.2 that belongs to the unmodified peptide. The compounds. In addition to the final product, they detected
oxidation of His, as confirmed by tandem mass spectrometry, and isolated 17 intermediate products of the reaction.
gives rise to characteristic products with mass shifts 2 Lysine. Lysine was reported to be converted to hydroxy-
Da atm/z 448.1,—10 Da atm/z 460.2,+5 Da atm/z 475.2, lysine4! anda-amino-adipyl-semialdehyé®243hy oxidation
and+16 Da atm/z 484.2. The—22 Da product results from  with MCO or y-radiolysis?** In the presence of oxygen,
the conversion of His to aspartic acid, while thd6 Da hydroxyl radicals may abstract hydrogen from and add a
species corresponds to 2-oxohistidine, consistent with MCO hydroxyl group to any carbon of the lysine side chain to
studies of histidine oxidatioff® We have also identified the  give different hydroxylysine products. If hydroxyl attacks
—22,—10, +5, and+16 Da oxidation products of His in  the e-carbon,e-hydroxylysine is formed. Howevek-hy-
oxidation of proteins (unpublished data). droxylysine is not stable and becomes 2-amino-adipyl-
The reaction of histidine with hydroxyl radicals is com- semialdehyde by loss of an ammo#téin the radiolytic
plicated, and all the oxidation products have not been fully oxidation of peptide DAHK (Figure 6B), tandem mass
characterized?1% The major oxidation products of His spectrometry (data not shown) indicated that the lysine
residues as proposed in the literature are presented in Schemeesidue experienced oxidation, contributing exclusively to
8.204226231The complexity of histidine oxidation has been the +14 Da product, and provided two-thirds of tHel6
demonstrated by metal ion-catalyzed oxidation. Hydroxyl Da product? However, radiolysis studies have not identified
radicals initially attack the imidazole ring of histidine at the 2-amino-adipyl-semialdehyde product of Lys as found
position C-2, C-4, or C-5 and produce the stabilized allyl- in metal-catalyzed oxidation of Ly&¥? 24> The hydroxyl and
type radical$3?-2% These radicals can incorporate 10 give carbonyl groups in the above oxidation products could be
peroxyl radicals and undergo further reactions, giving rise located at any carbon except teearbon on the side chain
to a mixture of products that depend on the reaction of lysine. The reaction of hydroxyl radical with aliphatic
conditions and the local amino acid sequeff¢&3!236239 amines in agueous solution is strongly pH depenéf@ts247
2-Oxohistidine, asparagines, and aspartic acid have beernder alkaline conditions, the amine group anddhearbon
identified as the major products. Uchida and KawaKihi  of the aliphatic amine are the primary targets for hydrogen
investigated the damage of histidine within proteins using abstraction by hydroxyl radicals. The reaction of hydroxyl
Cuw,"/H,0, andN-benzoylhistidine as the model compound. with deprotonated amine is nearly diffusion controlled, and
Four products including asparagines3 Da), aspartic acid  the rate is about 1 or 2 orders of magnitude larger than that
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Scheme 9. Decarboxylation of C-Terminal Carboxyl A 120 MH*
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for its protonated counterpart. Under acidic conditions, the 100 ] DSDPR 2
amine is protonated, and its strong inductive effect reduces
the electron density of the carbon next to it. Thus, the so-
electrophilic hydrogen abstraction by hydroxyl radical seems £
unfavorable and more likely to take place from carbons £ ®°7 Tlepa
further away from the ion. w0l 00 -30+14 Da g 2
4 N -30+16 Da o o
3.3.3. Oxidation of Acidic Side Chains and the Protein 204 g 39 3
C-Terminus: Decarboxylation : W MW
0 -

Protein C-Terminus. It has been reported that generation 550 560 570 580 580 600 610
of protein and peptide alkoxyl radicals can give rise to Figure 7. Oxidation of glutamic aZil:.i by radiolysis. ESI-MS spectra
C-terminal decarboxylatiof?? Irradiation ofN-acetyl amino ' . 5 i hrreiiel
acids and dipeptides produces hycoperoxides atibarbon o (9 20/ peptde CAEEEPARR Nk exposed 6TCs saurce
position of the C-terminal residue. Decomposition of the 1isics.sourcey-rays for 6 min.
a-carbon hydroperoxide by incubation of the irradiated
samples with Fe(ll)-EDTA resulted in C-terminal decar- 120
boxylation via a pseudo-Fenton reaction with release of
radical CQ'~, which was trapped and detected by EPR
spectroscopy. A mechanism of decarboxylation as outlined
in Scheme 9 was proposed to explain the release of radical
CO, 7, and thea-carbon alkoxyl radical was thought to be 80
the key intermediate in the process. The corresponding
amides were proposed to undergo deamidation with releaseg
of *CONH,. The proposed oxidation mechanism generates &
a new carbonyl group at the originalcarbor?® In radiolysis =
studies, decarboxylation products with 830 Da mass 40 4
change consistent with this mechanism have been ob- |
servec?!! However, the deamidation of a C-terminal amide, Phe+32
which should generate-a29 Da product, has not been seen. 204 5

Glutamic Acid. Glu contains an aliphatic side chain with 1 W -
the o-carbon atom as carboxyl group. The initial hydrogen 04 . ' _ WJL
abstraction by hydroxy! radical is most likely to take place 160 170 180 190 200
at the 8- or y-carbon atoms. The oxidation produces the
typical hydroxylation and carbonyl products, like those for
hydrocarbon side chains. In addition, there are two possible
outcomes for they-carbon-centered radical next to the
carboxyl group, as described previously for backbone cleav- Aspartic Acid. Oxidation of aspartic acid is similar to
age. Reaction of oxygen with the carbon-centered radical that of Glu and may also result in the cleavage of the protein
can lead to decarboxylation with formation of a new aldehyde backboné'? or decarboxylation of a side chain carboxyl
group at they-carbon, resulting in 30 Da mass shift. The  group?!! Oxidation of Asp with a—30 Da mass change is
mechanism is similar to that for C-terminal decarboxylation seen for the radiolysis of many Asp-containing peptides,
as shown in Scheme 29221 In the second pathway, the including DSDPR (mass spectrum of 20 DSDPP exposed
y-carbon may generate a C-£-3 dehydro function, finally =~ to y-rays for 6 min is shown in Figure 7B), DRGDS, Ac-
leading to cleavage of the protein backbdf&l® The DRGDS, ADSDGK, KQAGDV, etc., as well as the aspartic
characteristic-30 Da decarboxylation product of Glu was acid derivative N-acetylaspartic amid&! Therefore, the
also identified in radiolysis of Glu-containing peptidésand oxidative decarboxylation leading to a 30 Da mass reduction
proteins??® Figure 7A shows the ESI-MS spectrum of 20 is characteristic for aspartic acid oxidation. However, Asp
uM peptide CH-EEEPAAR-NH, exposed toy-rays for 6 is not valuable as a footprinting probe for protein structure,
min. The characteristic 30 Da decarboxylation product from  since its reactivity is too low compared to those of other
Glu side chains is clearly seen. reactive amino acid side chaiffs.

]
165.1 &

Phe-NH,
100+

Phet+16
60

181.1

m/z

Figure 8. Oxidation of Phe. ESI-MS spectrum of 1M Phe-
NH; exposed td3"Cs-sourcey-rays for 8 min.
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Scheme 10. Oxidation of Phenylalanine
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3.3.4. Oxidation of Aromatic Side Chains
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Tyrosine. Oxidation of Tyr is similar to that of Phe except
with much more position selectivity due to the strong
directing effect of the hydroxyl substituent. Hydroxy! radical
rapidly adds to the sites next to the original hydroxyl
substituent at the side chain, followed by addition of gn O
in the presence of oxygen, as shown in the Scheme 11. The
subsequent elimination of peroxyl radical HOEads to the
final product, 3,4-dihydroxyphenylalanine (DOPA). Multiple
hydroxylations would generate trihydroxyphenylalanine
(TOPA). In the absence of oxygen, the primary product is
still dihydroxyphenylalanine, but with a much low yield, and
cross-links can be formed.

Tryptophan. Oxidation of Trp in oxygenated solutions
is much more complicated than that of Phe and Tyr and less
well characterized?®24° Metal-catalyzed oxidation (MCO)
of Trp in bovinea-crystallin generated hydroxytryptophan
(+16 Da),N-formylkynurenine 32 Da), kynurenine{4
Da), and 3-hydroxykynurenine+20 Da)?4%%0 Similar

acid side chains almost invariably results in hydroxyl attack oxidation takes place in radiolysi&?51HCOr is able to add
at the aromatic rings by addition, resulting in one or multiple to both the benzene ring and the pyrrole moiety at the C-2
+16 Da mass shifts. Figure 8 shows the mass spectrum ofand C-3 double bond with a relative ratio around 40:60 with

10 uM Phe-NH, exposed toy-rays for 8 min. The peak at

preference for the pyrrole moiety (Scheme 4%2)In the

m/z 165.1 corresponds to the molecular ions of PhexNH presence of oxygen, the former process leads to the formation

Phe-NH gives rise to an oxidation productmifz 181.1 with
a+16 Da mass shift and a lower yield produchalz 197.1

of mixed stereoisomers of hydroxytryptophail@ Da) (with
low yield), while the latter process results in ring opening

with a+32 Da mass shift. The oxidation of Phe is illustrated and gives rise to mixed oxidation products, including
in the Scheme 10. Hydroxyl radical adds rapidly to the 2-hydroxyltryptophan-{16 Da),N-formylkynurenine {32
aromatic ring of Phe with little positional selectivity to form  Da), kynurenine {4 Da), etc2*>?*1These products may be
a hydroxycyclohexadienyl radical, which rapidly reacts with subjected to further oxidation to give dihydroxytryptophan,

O, and subsequently eliminates a HO give rise to a
mixture of stereoisomers of tyrosine with the ratiooefim-/

hydroxykynurenine, etc. In the radiolysis of Trp-klidnd
the tripeptide GWG (data not shown), products witthén

p-tyrosine being 2:1:1.5 or 2.3:1:2.1 dependent upon experi- Da (n = 1—5) mass shifts were detected by electrospray mass

mental conditiong?>19%Multiple hydroxylations would give
rise to dihydroxyphenylalanine (DOPA) or even trihydroxy-
phenylalanine (TOPA). In the absence of @e overall yield

spectrometry, witht-32 Da corresponding ta-formylkynure-
nine and dihydroxytryptophan as the principle products
followed by +16 Da and+48 Da products at lower yield.

of these tyrosine isomers would be low, and cross-links can Trivial amounts of+4 Da product were also detected. The

be formed.

Scheme 12. Oxidation of Tryptophan

H (¢}
N.
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dihydroxytryptophan are the primary radiolytic modification of oxygen?70.271.274.277.29egpite this extensive study, the
products of tryptophan. That this chemistry can be used to reaction mechanisms for the diverse array of products are
examine structure is seen in a recent repdrin this case, not fully understood. Oxidation of free Cys may result in
a conformational change in the Arp 2/3 protein as a result complex products, including sulfonic acid (R§49), sulfinic
of binding its WASp coactivator preferentially suppressed acid (RSQH), disulfide (RSSR), loss of a sulfhydryl group,
the observation of &16 Da species in favor of th€32 Da and conversion of Cys to dehydroalanine and sefih&he
oxidation product. Tandem MS confirmed Trp as the site of oxidation can be clearly demonstrated by radiolysis studies
oxidation, and it was suggested that WASp interacts with of model compounds as shown in Figuré®®Figure 9A is
the benzene moiety of Trp, suppressing 46 Da product  the negative ESI-MS spectrum of peptide GCG irradiated
while the pyrrole moiety is still free to react. by y-rays for 6 min. The peakvz 234.0 corresponds to the
o - . . unmodified peptide. A primary oxidation product with mass
3.3.5. Oxiaation of Su_/fur—COIjlta/nlng S/de_ Chains shift +48 Da is shown at/z 282, corresponding to oxidation
The sulfur-containing amino acid residues, Cys and Met, of syifhydryl in Cys to sulfonic acid. The weak peakmalz
along with disulfide represent the most reactive side chains g6 0. with+32 Da mass shift, results from the oxidation
of the amino acid$?! They are valuable structural probes of the sulfhydryl in Cys to sulfinic acid. The medium peak
both for their reactivity and for their roles in protein structure ot yyz 467.0 is from the disulfide product. The weak peaks
and function. Cysteine.is important for the catalytic actiyity atmz 280.0, 298.0, and 314.0, correspondingHé6, +64,
of many enzymeS*and is the second most conserved residue ang+80 Da mass shifts, respectively, are due to the further
in the primary structure of homologous proteins after /. oyidation of disulfide. The peakvz 200.0, corresponding
Disulfide brldg_es are also very important in protein structure, 5 —34 Da mass, is possibly the dehydroalanine product due
and the classical view that they have been added duringyy the |oss of HS from the side chain. The weak signal at
evolution for purposes of stability is maturing, as more ny,51g 0 s possibly due to the conversion of Cys to Ser by

examples of cleavage of disulfidg bonds being important qyiqation. The formation of negatively charged sulfonic and
regulatory switches have emerg&tiMethionine, a hydro- g ifinic acid groups in these oxidation products decreases

phobic residue with a sulfur-containing side chain, generally e jonization efficiency in positive electrospray. Similar

prefers to be buried in protein hydrophobic cores. It Shows qyiqation products are also found in radiolysis of the peptides

minim_al conservatio_n on th_e _surface of pr_oteins With the FTLCER-NH, and ANPDCKTILKALGPAAT, as shown in
conspicuous exception that it is conserved in known ligand Figure 9B and C, respectively. All of thesé products were

N X X
binding sites>’ Therefore, conservation of Met on the protein . nfirmed to be due to the oxidation of Cys by tandem mass
surface can imply a prospective site for a macromolecular spectrometry

interface?®”
Cys and Met are both highly reactive with respect to 'The mechanism of Cys oxidation is very complex a_nd is
measured rates of reaction with hydroxyl radiédlsnd both ~ Still not completely understood. A variety of mechanisms
Met and Cys are easily oxidized in many proteii2s8-262 have been proposed to account for the various products
The high reactivity of Cys and Met residues requires a full generated subsequent to the formation of the initial radical
understanding of their oxidation chemistry and careful control SPecies as well as the role of oxygen in mediating product
of experimental conditions as well sample handling to permit formation?62270-276281.292.2945cheme 13 displays the likely
their use as structural probes. Radiolytic oxidation of réactions of the primary radical species generated in radi-
methionineZs3-269 cysteine?63.270-279 and cystein3.280-286 iy olysis of water with sulfhydryl species and the comprehen-
peptides and proteins has been the subject of intense studySive mechanisms of oxidation based on the previous studies.
and the chemistry of sulfur-centered radicals has also beenAlthough some of the reaction intermediates may be open
reviewed?®”288From these studies it is clear that the oxidation t0 question, the scheme is a reasonable framework for
of sulfur-containing amino acids is very complicated and interpreting the observed oxidation products. The initial step
leads to multiple products; in addition, the proposed mech- in Cys oxidation is the formation of the thiyl radical species
anisms of oxidation are not without some controversy. These (RS) via hydrogen abstraction from sulfhydryl (RSH) by
studies have been carried out primarily by UV/vis spectros- HO", by H', and possibly by @~ and other oxygen reactive
copy and EPR on the sulfur-centered free radicals or Species/%?’42% RS undergoes two competitive rapid reac-
intermediates. Footprinting emphasizes the final oxidation tions with molecular oxygen (£ or thiolate (RS) to
products instead of intermediates, and the intense EPR andJenerate a thiyl peroxyl radical (RSQQr a conjugated
UV/vis signals detected in intermediate radicals do not disulfide radical anion (RSSR)dependent on the pH and
necessarily reflect the levels of relevant products. Recently, the oxygen and thiol concentratiofi8:2’°RS reacts rapidly
mass spectrometry has been used to examine the oxidatiorfdiffusion controlled) yet reversibly with molecular oxygen
products of Cys residues oxidized by hydrogen perox- (O2) to generate a thiyl peroxyl radical (RSQQwith rate
ide2892% |n the study, electrospray ionization mass spec- constants>10° M~* s for the forward and 18-10° M~*
troscopy (ESI-MS) and tandem mass spectrometry (MS/MS) s~ for the reverse reactiort8 with an equilibrium constant
were used to investigate the radiolytic modification of sulfur- of 10°-~10% RSOQ is seen to be the precursor of sulfenic,
containing residues and disulfides, emphasizing the detectionsulfinic, and sulfonic acid, disulfide, and serine prodi#cts.
of final products to improve oxidative footprinting ap- Sulfenic acid RSOH and sulfinic acid RS® are both
proaches® generated from RSOOThiyl hydroperoxide (RSOOH) is
Oxidation of Cysteine. The radiolysis chemistry of Cys  possibly present as an intermediate in the formation of
in aqueous solutions has been subjected to extensive studfRSOH, RSGH, and disulfide RSSR. Sulfenic acid (RSOH)
for decaded®3270-276,291.292A nymber of intermediate radical is typically unstable and highly reacti#&2% thus, it is
species have been identified, and their structures andbarely observable in these experiments. RSOH can form
reactivities have been studied using spin-trap EPR, optical, sulfinic acid (RSGQH) and sulfonic acid (RS€H) through
and conductivity measurements in the presence and absencesaction with HO,, O»~, O,, or other oxidizing reagents®
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Figure 9. Oxidation of Cys. (A) Negative-ESI-MS spectra of
peptide GCG exposed t&'Cs-source/-rays for 6 min. (B) Positive-
ESI-MS spectrum of peptide FTLCFR-NIdxposed to synchrotron
X-rays for 15 ms. (C) Positive-ESI-MS spectrum of peptide
ANPDCKTILKALGPAAT exposed to synchrotron X-rays for 15
ms.
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Scheme 13. Oxidation of Cysteine
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H,0,. The sulfonic acid 48 Da) product presumably
dominates in these studies, since it requires the participation
of no additional radical species, which are present at very
low steady-state concentrations, and only requires rearrange-
ments and further reaction with molecular oxygen or
hydrogen peroxide ¥D,. RSOO can easily isomerize to the
fully sulfur-centered, thermodynamically favored sulfonyl
radical RS@.?"Y RSO may subsequently react with another
oxygen molecule and give rise to sulfonyl peroxyl radf¢al,
RSG,0C. The highly reactive intermediate converts ulti-
mately to sulfonic acid RS via interacting with a water
molecule3®® Oxygen is necessary for the radiolytic generation
of sulfonic acic?® The further oxidation of sulfenic and
sulfinic acids also leads to sulfonic acid. In the absence of
air, sulfinic acid is produced in moderate yield and disulfide
is produced in high yield®

Disulfide is one of the primary products for radiolysis of
small cysteine-containing peptides under both aerobic and
anaerobic condition¥%2"°There are several avenues to the
formation of disulfide. Thiyl radical RScan react rapidly
with thiolate RS to form disulfide radical anion (RSSRy**
which reacts with molecular £ giving rise to molecular
disulfide RSSR and superoxide radical aniopG"° The
reactions of RSwith RS™ and Q are two competitive
reactions dependent upon pH and thiol ando®@ncentra-
tions?78 Higher pH results in the formation of the disulfide
anion by increasing the concentration of thiolate ion; higher
thiol concentration and lower Qconcentration also favor
the formation of disulfide and disfavor the formation of
oxygen-addition oxidation products. The second approach
to generate disulfide is the combination of intermediate
RSOOH or RSOH with a parent RSH via loss of g4 or
water molecule®? The third route is the combination of two
RS radicals in the absence of oxyg&hand the probability
is greatly reduced in air-saturated solutions because of
favored reaction of RSwith O, in higher concentration,
around 0.3 mM® The yield of disulfide is particularly high
under anaerobic conditions due to a chain reaction which
can be inhibited by @ If there is more than one free cysteine
peptide or cysteine-containing peptide in the solution, mixed
disulfide RSSR can also form via thieldisulfide exchange,
which takes place through displacement reaction of disulfide

RSOH can also be converted to disulfides by reacting with by RS or RS 3% The thiol-disulfide exchange is accelerated

another thiol groug’* Sulfinic acid RSGH may be generated
from RSOO via hydrogen abstraction from another thiol
group (RSH) or via reaction with hydroperoxyl HQor it

at high pH and suppressed at low pH.
The serine product corresponding te-46 Da mass shift
results from the generation of an alanyl radical Bis

may be generated via isomerization from thiyl hydroperoxide carbon-centered radical is likely derived from two separate

RSOOH or further oxidation from sulfenic acid RSOH by

routes. First, it can be generated directly from the original
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thiol through reaction with a solvated electrafgeand loss A, 1204 ©0),
of SH 2% or reaction with a hydrogen radicat End loss of 1 (GO), 2
H,S 272 Meanwhile, R can be produced by elimination of 1004 GC+ag T
neutral SQ from thiyl peroxyl radical RSOO Similar to ] g
all other aliphatic hydrocarbon radicals, the alanyl radical 801 Gcé“
R* reacts with Q to give rise to a peroxyl radical ROO g 60_‘ S
which leads to the formation of ROH. E |

The mechanisms leading to the formation of sulfinic and 404 GC2 I Gog,
sulfonic acids indicate that both products incorporate oxygen g § G0 Tmpurity
from water or dissolved © Our previous radiolysis studies 20+ L2
of cysteine-containing fibronectin peptide (RCDC) in water J.Uvu | | l l L 'L.M
and ®0-labeled water also indicated the likely prevalence ° 00 2‘50 00 : ;éo

of the cysteine sulfinic and sulfonic acid products and miz
demonstrated that both molecular oxygen and oxygen from
water were incorporated in the oxidation prodiété/e have ~ B- '2°7  wu
also recently demonstrated that, for proteins, solvent acces- ] g
sible Cys side chains oxidize primarily to the32 Da 1007 MH’
cysteine sulfinic andt-48 Da sulfonic acid$%? Disulfide ]
formation is less likely within proteins during radiolysis, .
because non-disulfide-bound cysteine residues are generally & ] *+16)
separated in space. However, disulfides can form during 5 °°7 . |$ ¥
proteolysis and storage, because free cysteine residues are™ 1
sensitive to oxidation from trace amounts of oxygen gD
generated during sample irradiation, and mixed disulfides
can also be formed by thieldisulfide exchange. Thus, care
needs to be taken in sample handling subsequent to radiolysis

exposure. T T T : T :
S o o ) 760 800 840 1550 1600 1650 1700
Oxidation of the Disulfide Bond. Similar to single m iz

cysteine residues, the sulfur moiety in the disulfide bond is Figure 10. Oxidation of the disulfide bond. (A) Negative-ESI-
the principal target of attack, resulting in the formation of s spectrum of peptide (Ggjdimer of GC connected by disulfide)
thiyl radicals. Consequently, the radiolysis products are exposed to'3’Cs-sourcey-rays for 8 min. (B) Positive-ESI-MS
analogous to those resulting from the radiolysis of single spectrum of peptide RSSCFGGRIDRIGAC-blfthternal disulfide)
cysteine residues in the presence of oxygen, with cysteine€Xposed to synchrotron X-rays for 20 ms.

su'lfonic aciq CysSQ—I and regenera}ted. disulfides as the Scheme 14. Oxidation of the Disulfide Bond

primary radiolytic product8®? The oxidation products are .
clearly demonstrated by two model peptides subjected to [ RS+ RSH
radiolysis oxidation, as shown in their mass spectra in Figure H'j H
102°4(GC), (intermolecular disulfide) and RSSCFGGRID- \

- 1
RSSCFGGRIDRIGAC-NH,
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RIGAC-NH; (internal disulfide). Presented in Figure 10A RSTIR 0?,_ §0 RS—SR) RS+ R

is the negative ESI-MS spectrum of peptide (@Qhter- HQ P RS—SR
molecular disulfide) exposed erays for 8 min. The ion at N wo ) .,

m/z 353.0 corresponds to the unmodified peptide. Product o T (RS—SRY RS® + RS*

ions m/z 208.9, 223.0, 225.0, and 257.0 were analyzed by RS'+ RSOH or %

tandem mass spectrometry. The &8 at nVz 208.9 oir-
contains a sulfinic acid group~SQO,H), while GC+46 at RSOH RSO+ —> RSO.H
m/z 223.0, GCH48 atm/z 225.0, and G&80 atm/z 257.0 RS : ’
all contain a sulfonic acid group—SQs;H). This indicates ~ > RSO.H. RSSR. RSSR'. RSO, H, etc.

the rupture of the disulfide bond and oxidation of Cys to  rsou—"" ’ w

sulfinic and sulfonic acids. The peakratz 257.0 with mass R = Other part of Cys residue except thiol group

GC+80 is likely the GC-S-SO;H. The cleavage of the

disulfidei bond and generation of sulfonic gicid as the primary that can compete with Jor the solvated electrons according
product is also demonstrated by the peptide RSSCFGGRID-tg their reaction rates (Table 1), under air-equilibrated
RIGAC-NH;,, with an internal disulfide, as shown in Figure  sojytion conditions and micromolar sample concentrations,
10B. The ions am/z 1692.6 and 846.9 correspond to the ¢, - and H react primarily with oxygen (which is present at
single and double charged oxidation products, witt38 0.3 mM concentratio) to give superoxide or hydroperoxy
Da mass shift from the unmodified peptide, resulting from ragicals. Solvated electrons,{8) attack disulfide RSSR by
the breakage of the internal disulfide bond and oxidation of g|ectron attachment (rate constant.0° M1 s 130310 give
both Cys to cysteine sulfonic acid. disulfide radical anions (RSSR)under anaerobic condi-
The summarized mechanisms of disulfide bond oxidation tions?892%3(RSSR)~ can be identified readily by optical or
based on the literature are displayed in Scheme®414. EPR spectroscopi?? It reacts rapidly with protons (rate
Hydroxyl radical OH, hydrated electron,g~, and hydrogen constant~10'* M1 s7%) to give rise to a transient protonated
radical H are all able to react rapidly with disulfide and disulfide radical (RSS(H)R)which decomposes rapidly into
generate RSradicals under anaerobic conditioi{s.Even free thiyl radical RS and thiol component®®> Hydrogen
though Cys and disulfide are the only amino acid residues radical H may also react with RSSR to produce *R&d
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RSH?276285The newly born thiol subsequently reacts with A. 150

sulfenic acid to produce a new disulfide. (RSSRhay also MOH
cleave its S-S bond to yield a thiyl radical R&nd a thiolate 2
anion RS through a reversible reacti® In aerated 100+ N GMG
solutions, these reactions may still occur to some extent, since
the reaction rates for reaction ofge with thiol and Q are 80 -
similar in magnitude; meanwhile, the (RSSRinay react
with an G to regenerate RSSR and give rise a superoxide =
radical Q. § 60- iz +16:30
=3 +

Hydroxyl radical HO attacks disulfide through two likely = q & ;,6
pathways. HOmay react with RSSR directly and lead to a 40+ ¥ 6§ g 30
thiyl radical RS and sulfenic acid RSOF® HO* may ] i? S ,
abstract an electron from a disulfide bond, giving rise to a R g
disulfide radical cation (RSSR)?°! which is stabilized by
electron delocalization. Heterolysis of (RSSR)roduces a

thiyl radical RS and a sulfenium cation R$8! RSt may
be neutralized by OHto form sulfenic acid or may absorb
an G to form an sulfonium cation RSO, which combines
with an OH" to become sulfonic acid R$SH.282 The thiyl
radical RSand sulfenic acid RSOH produced by the reaction B. 120-
of RSSR with a solvated electrogse or a hydroxyl radical
HO* are subject to further oxidation, as described in the
radiolysis of cysteine, yielding sulfinic acid Rg@), sulfonic
acid RSQH, disulfides, and other products.

Oxidation of Methionine. Met is one of the most reactive 80
amino acid residues subjected to oxidation. Radiolysis of
methionine gives rise primarily to methionine sulfoxidel
Da mass shift), which can be further oxidized to methionine
sulfone (+32 Da mass shift) or another product with-82
Da mass shift, likely due to aldehyde formation at the
y-carbon. Shown in Figure 11A is the positive ESI-MS
spectrum of a simple peptide GMG exposed/tmays for 8 204
min. The primary product is observed ratz 280.0 with a
+16 Da mass shift from the original peptideratz 264.0,
resulting from the oxidation of Met to methionine sulfoxide.
Other minor products are presental 296.0, 250.0, 248.0,
234.0, and 232.0. The-32 Da product corresponds to o miz
oxidation of Met to methionine sulfone, while the peaks at g‘&‘geeisésgg'%gggg SOJU':’(':‘;E- rgg:';gﬁeéﬁk'!ﬁdi%ﬁiﬁiﬁ; ngA)
m'z 234.0 _&30 Da) and 25_00{30 +16 Da) are dUe 1o min-2 HDMNKVLDL exposed to synchrotron X-rays for 15 ms.
the C-terminal decarboxylation from the original peptide and
sulfoxide product3d!! respectively. The peak atvz 232.0
with a —32 Da mass shift is possibly due to the loss of
thioether and formation of an aldehyde group at the Met side
chain?** The oxidation of Met and the formation of sulfoxide
as a primary product and the minor product with-32 Da
shift were also seen in other Met-containing peptides, such
as HDMNKVLDL, as shown in Figure 11B.

Radiolytic oxidation of methionine has also been the
subject of a long investigation, and a number of intermediate
radical species have been identifi&é;2%° however, the
explicit mechanism is still unclear. A compilation of the
conclusions from the literature is presented in Scheme 15. ;
Methionine sulfoxide is the principal oxidation product in ellectggsrlzsg%](si\léoesmo, S, etc.) bonded cyclic tran-
most cases and can be further oxidized to methionine sulfoneS'€Nt: *°72%The SIN three-electron bonded radicals
and the—32 Da product under harsh oxidation conditions. May convert intramolecularly into the-carbon-centered
The —32 Da product can be generated from radiolysis of radical on the_ pepthle backpo??éAn intermolecular sulfur
methionine as well as methionine sulfoxide-containing pep- Sulfur dimeric radical cation>(SOSy*< has also been
tides2% but only in those peptides containing no highly proposed as the reaction intermedi®&fel he sulfur-centered
reactive amino acid residues. When another highly reactive radical cation may also deprotonate from the methylHs,
amino acid residue such as Trp, Tyr, and Phe is present inor methylene;~CH,—, next to the sulfur atom and transform
the peptide, the—32 Da modification at Met is not into a-(alkylthio)alkyl radicals in the Met side chaff®
observed® Therefore, the-32 Da modification at Metwas  Methionine can also be oxidized by other oxygen-reactive
found in irradiated peptides such as HDMNKVLDL and species such as 8, via a two-electron mechanism but at
GSNKGAIIGLM(O) but not in peptides such as LWMRFA-  much lower rat&

100 1
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NH; and YGGFM(O)R. Radiolytic oxidation of methionine
may involve the addition of HOradical to the sulfur atom
and hydrogen abstractiéff At low pH (<3.0), methionine
behaves like an ordinary aliphatic thioetR&rAt pH > 3.0,

the HO-adduct sulfur-centered radical may eliminate a
hydroxide anion HO to give rise to a sulfur-centered radical
cation >S+,263-265267.306 The process is catalyzed by an
electron-rich heteroatom such as O, N, or S on neighboring
side chains (Asp, Asn, Glu, GIn, Ser, Thr, Met, etc.) or by
adjacent peptide bonds that stabilize the sulfur-centered
radical cation via formation of an intramolecular three-
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Scheme 15. Oxidation of Methionine
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In proteins, the situation is likely different from that of
simple peptides. Intermolecular methionirmaethionine

o= T=O

Sulfone
+32 Da

observed two products withr16 and—2 Da mass shifts in
ESI-MS?8 |t is expected that the hydroxyl group favors

interactions are generally unlikely, and the protein structure hydrogen abstraction by hydrophilic H@adical from the

will also restrict conformation fluctuations and formation of

the intermediates mentioned above. According to our previ-

C—H bond(s) next to it due to stabilization of the incipient
radical by electron delocalizaticf’ The incipient carbon-

ous radiolysis studies, the oxygen atom in the methionine centered radical may react with, @nder aerobic conditions

sulfoxide originates from both hydroxyl radical and dissolved

to form a a-hydroxyperoxyl radical, which may readily

0,%5. Recent studies show consistency with the mechanismseliminate a HO® and convert the orginal hydroxyl to a

outlined in Scheme 1% The addition of hydroxyl radicals
to Met at the sulfur atom initially generates a hydroxysul-
furanyl radicaP® which likely abstracts an Omolecul&%®
and subsequently loses a hydroperoxyl radicabtito give
rise to methionine sulfoxidet{16 Da mass shift). This radical

carbonal group (mass shift2 Da), or the products may be
too unstable and readily undergo further reactions such as
loss of HO, thus making the product difficult to identify.
The radiolytic oxidation of Gln and Asn side chains has
also received minimal attention, possibly due to their low

can rearrange through two different mechanisms, one of reactivity toward hydroxyl radicaR® In the y-ray irradiated

which results in the incorporation of oxygen from dissolved
O, while the other results in incorporation of oxygen from
water molecules through the M@roduced by radiolysis.
The methionine sulfoxide can be further oxidized to me-
thionine sulfone£32 Da mass shift) under harsh conditions,
possibly by a similar pathway but at a much lower rate. The
novel—32 Da product is likely an aldehyde product resulting
from the further oxidization of methionine sulfoxide through
hydrogen abstraction by H®@adical from the—CH,— next

to the sulfur atom to form a carbon-centered radical, which
can be stabilized by electron delocalization to the sulfoxide
group. The carbon-centered radical can react with an O
molecule to form an aldehyde group with release of g&H
(O)O radical.

3.3.6. Oxidation of Neutral Aliphatic Side Chains
Containing Heteroatoms

The stable products formed from the radiolytic oxidation
of Asn, GIn, Ser, and Thr have received little attention. The

GIn-NH,,2#8 distinct signals with a-16 Da mass shift along
with a relatively weaker yet comparable signal with-a4

Da mass shift were found. GIn can be attacked by f4@ical

at both side chain methylen&%.Asn is expected to be even
less reactive than GIn. The oxidation of GIn and Asn has
also been reported to cause deamidation.

3.3.7. Secondary Oxidations of Sulfur-Containing Side
Chains

Highly reactive amino acid residues are susceptible to
further oxidation after radiolytic exposure by those oxidative
species generated during the radiolysis of protein solutions.
In addition to reactive species with a short half-life, such as
hydroxyl radicals (HO, solvated electrons {¢), and
hydrogen radicals (Hi3°® radiolysis of aqueous solutions also
gives rise to relatively stable and mild oxidative species,
including hydrogen peroxide @@,) along with peroxides
and superoxides, on proteins due to the free radical oxidation
of amino acid residues in the presence of oxy§éihese

presence of a heteroatom at the side chain influences themild oxidative species are able to attack highly reactive

selectivity of radical attack. In radiolysis of Ser and Thr,

amino acid side chains, particularly Cys and Met (Scheme

the products were not well characterized; radiolysis studies 16)29:31¢-313 Even though the reactions are relatively slow,
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Scheme 16. Oxidation of Sulfur-Containing Residues by
Hydrogen Peroxide
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H,0, H0 H,0, H,0 0 H,0, H,0

RSH L—L RSOH LL R—g—OH M» R—R—OH
o

i H,0, E H,0 uof
- 2902 - 5 N.
A_. H\O _L g \ﬁk
BN
/S /S:——\\(biH _S<go

Xu and Chance

radical and hydrated electrons; the amino acids that are most
reactive in Table 1 consist of the most familiar footprinting
probes. Under typical aerobic conditions, most solvated
electrons react with £and thus do not contribute to protein
oxidation to any significant degree, since most amino acid
residues except Cys react with solvated electrons at a much
lower rate compared to O

The potential of an amino acid residue to serve as a
footprinting probe under typical aerobic conditions is deter-
mined not only by its reactivity but also by the ability to
detect stable oxidation products by mass spectroscopy. In
addition, footprinting experiments are normally carried out
in the micromolar concentration range, unlike those tradi-
tional studies that were generally performed at millimolar
concentrations of analyte. Fortunately, a detailed comparison
of all 20 amino acids and their products has been carried
out using radiolysis oxidation and mass spectrometric
analysis?*® The primary oxidation products for amino acid
side chains are listed in Table 2.

Table 2. Primary Products and Corresponding Mass Changes

the time period of a few hours to several days between for various Amino Acid Side Chains Subjected to Radiolytic
irradiation and sample analysis in typical footprinting experi- Modification and Detectible by Mass Spectrometry

ments would allow these secondary reactions to accumulate gjqe
and significantly degraded the data precision and accuracy chain

side chain modification and mass changes

of Met and Cys but not aromatic or other reactive residties.
Secondary oxidation of Met with formation of sulfoxide
degrades data reproducibility and inflates the perceived Met
solvent accessibility of Met-containing peptides. It can be Trp
suppressed by adding trace amounts of catalase or, preferably;%;r
a few millimolar Met-NH, (or Met-OH) buffer immediately ne
after irradiation; this leads to greatly improved adherence to | gz
first-order kinetics and more precise observed oxidation rates. |le

The strategy is shown to suppress secondary oxidation inVal®
model peptides and improve data quality in examining the Pro

reactivity of peptides within the Arp2/3 protein compéx. f‘rg
Cysteine is also subject to secondary oxidation, generatingéfu
disulfide as the principal product. The disulfides can be Gin
reduced before mass spectrometric analysis by reducingAsp
agents such as TCEP, while methionine sulfoxide is refrac- Asn
tory to reduction by this reagent under typical reducing %C]

conditions. The suppression of secondary oxidation signifi- 4,

cystine

sulfonic acid{48), sulfinic acid {-32), hydroxy (-16)
sulfonic acid, sulfinic acid

sulfoxide (-16), sulfone ¢-32), aldehyde+{32)
hydroxy- (-16,+32,+48, etc.), pyrrol ring-openi32, etc.)
hydroxy- (+16,+32, etc.)

hydroxy- 416, +32, etc.)

0xo- (+16), ring-open £22,—10,+5)

hydroxy- (+16), carbonyl ¢-14)

hydroxy- (+16), carbonyl {-14)

hydroxy- (+16), carbonyl ¢-14)

hydroxy- ¢-16), carbonyl ¢14)
deguanidination-{43), hydroxy- (+16), carbonyl ¢-14)
hydroxy- (-16), carbonyl ¢14)
decarboxylation<{30), hydroxy- (-16), carbonyl {14)
hydroxy- (+16), carbonyl ¢14)
decarboxylation<{30), hydroxy- (+16)

hydroxy- (+16)

hydroxy- (+16), carbonyl 2- or +16-H,0)

hydroxy- (+16), carbonyl 2- or +16-H,0)

hydroxy- (+16)

cantly improves the precision and accuracy of oxidation data
for these sulfur-containing peptides and thus makes this
protein footprinting technique more robust.

aFor aliphatic side chains;14 Da products are normally much less
than+16 Da products? For Ser and Thr, only trivial amounts ef16
Da and -2 Da products were found.

3.4. Relative Reactivity of Amino Acid Side To analyze comparative reactivity in the context of mass

Chains spectrometry based detection, amino amides of each residue
Analysis of Side Chain Reactivity.The extent of radi-  were compared for reactivity and reaction products to ensure
olytic modification of amino acid side chain residues in the full accessibility of side chains and to avoid complications
proteins in aqueous media is determined by two factors: thefrom the decarboxylation of the carboxyl grotip.Mean-
inherent reactivity relative to its neighbor residues and its while, to avoid the different background quenching due to
steric accessibility. In order to compare the reactivities of potential impurities in the chemicals supplied by vendors,
different side chains, we need to eliminate the steric effects. an internal standard, Phe-Ndr Pro-NH,, was individually
Radiolytic oxidation of amino acids has been extensively mixed with each experimental amide and a dose response
studied using pulse radiolysis combined with UV/vis and study was carried out for each mixture to obtain the rate
EPR (electron paramagnetic resonance) spectroscopic deteazonstant for the specific amino amide, which could be
tion of free radical intermediat@8! The bimolecular rate  directly compared to the rate of the internal standard, thus
constants of reaction of the 20 common amino acids and ensuring comparable experimental conditions. Meanwhile,
cysteine with hydroxyl radical and hydrated electron at to account for the different ionization efficiencies of different
neutral pH have been examit&f®and are listed in Table  amino amides and their products, another compound was
1. The range of reactivity is enormous, with free Cys over added at an identical amount to each irradiated mixed amide
1000 times more likely to suffer hydroxyl radical attack as right before mass spectrometric analysis to serve as an
compared to Gly. The table tells us the general susceptibility external standard for ionization efficiency. The fraction of
of an amino acid side chain toward oxidation by hydroxyl unmodified compound was calculated using two different
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approaches. The first one was referred to as the “self-based’A ,

method, in which the fraction of unmodified compound was 1.64Q

expressed as the ratio of the signal intensity of the unmodified K

compound to the sum of the signals of the unmodified 144K R Self-Based
compound and the modified products. The second method K I External-Based

is referred to as “external-based”, in which the relative “1K Relative to Phe

amount of unmodified compound at a time point of exposure 1.0 2} -

was calculated based on the ratio of the signal intensity of s g:

the unmodified compound compared to the intensity of the & 0.81 § §

externally added standard and then the fraction of unmodified 0.6- §: g

compound was calculated based on the ratio of the relative ) :5 ’:}

amount of unmodified compound at the specific time point 044K §1 K &

of exposure to that of the unexposed control (zero time §1 & & §:

exposure of the dose response). The rate constant of radiolytic 0.2 :} ;} K § K s |

modification is obtained by nonlinear fitting of the fraction s 1% S 0SB 1B E
of unmodified compound (calculated by either of the two ' @ & S S D & D> o S
methods) as a funFc):tion og‘ exposure ti)r/ne to a first-order AR & S M w5°"@ CEEF

kinetics equation as previously descrilféét5The “external-
based” method was used to reduce the errors for thoseB.

compounds with weak product signals due to generation of ]
multiple products such as (His-NH or low ionization 16 -
efficiencies (such as the deguanidation product of Arg:)NH . External-Based
or compounds with low inherent reactivity. The relative 149 Relative to Pro
reactivity of an amino amide was presented as the ratio of 124
its rate constant to that of the internal standard, and the .
reactivity of all amino amides was compared based on the 107
ratios. gl
Reactivities of Side Chains Compared to a Phenylala- ]
nine Standard. The relative reactivitieski/kg) of different 6
amino acid side chains as revealed in Figure 12A are T
consistent with the rate constants of reaction with hydroxyl ]
radical measured by pulse radiolysis and photospectroscopy 24
as shown in Table 1. Met and Tyr were not evaluated 1

compared to Phe because the 16 Da mass difference between © 10 46 DS O AS 4SS S b S
them and Phe makes it difficult to separate #&6 oxidation &‘Q@‘ﬁé& FPT L FEF TP v &
products from Phe and P#&6 oxidation products from Tyr ©
by mass spectrometry. Trp is the most reactive non-sulfur-

containing residue and is about 1.6-fold as reactive as PheC. 184

in our examination while Table 1 shows it to be 1.9-fold
more reactive to initial attack. Our previous studies have 1.6
shown that disulfide-bonded Cys (cystine) is more resistant 144
to oxidation than free Cy¥*and the reactivity of cystine is
about 85% of that of Phe. The reactivity of His is 69% of 1.2
that of Phe. The reactivity of aliphatic hydrocarbon side ©1.04
chains normally increases with the number of € bonds N
as well as the side chain length, as revealed by the relative 0.8+
reactivity of 39% for Leu, 38% for lle, 18% for Val, and = 064
12% for Pro. The reactivities for Arg, Lys, Thr, GIn, and
Glu are 26%, 23%, 14%, 6%, and 5% relative to that of 0.4
Phe, respectively. The data suggest a reactivity order of Trp 02
> Phe> cysteine> His > Leu, lle > Arg, Lys, Val > Thr,
Pro > Glu, GIn. 0.0-
Reactivity of Side Chains Compared to a Proline O © &
Standard. The reactivities of amino acid residues were also © © ©

investigated using Pro-NHas an internal standard which is  Figure 12. Amino acid side chain reactive relative to (A) Phe,
less reactive than Phe. The rate constants of 15 amino amide&3) Pro, and (C) Trp.

compared with Pro-NKand the ratio of rate constante(

ko) are shown in Figure 12B. Leu-N+Hand lle-NH were are about 17-, 12-, 11-, 10-, and 9.3-fold that of Pro. The
not studied with Pro as internal standard, because theirreactivities of Arg, Lys, and Val are about 3.0-, 2.2-, and
molecular weight is 16 Da higher than that of Pro-Ndihd 1.9-fold of that of Pro. The hydroxyl-containing side chains,
they cannot be distinguished from thel6 Da oxidation Ser and Thr, also seem to be slightly more susceptible to
product of Pro-NH. The relative reactivity order is the same radiolytic modification than Pro. The reactivity generally
as that obtained using Phe as an internal standard. Trp is thelecreases for short aliphatic side chains. The reactivities of
most reactive side chain except for the sulfur-containing Gln, Glu, Asn, Asp, and Ala are about 69%, 66%, 44%, 43%,
residues. The reactivities of Trp, Tyr, Phe, cystine, and His and 14% of that of Pro.



3540 Chemical Reviews, 2007, Vol. 107, No. 8

Reactivity of Sulfur-Containing Side Chains. Met and
Cys are the two most reactive amino acid resiéfesnd
are susceptible to significant secondary oxidation reactions
from mild oxidizing reagents such as hydrogen peroxide
generated during radiolysi&® The tripeptides GCG, GMG,
and GWG were analyzed to minimize steric effects on the
reactivity measurement. The three peptides along with GAG
were mixed together and exposedjteays. Because the
reactivities of Cys, Met, and Trp are much higher than that
of Ala and no oxidation of GAG was found in the irradiated
peptide mixture, GAG was used as the internal signal
standard for the peptide mixture. The peptide mixture was
analyzed right after exposure to minimize secondary reac-
tions. The ratios of the mass spectral signal intensities of
the three unmodified peptides to that of GAG were used to
represent the relative amounts of GCG, GMG, and GWG,
while the fraction of unmodified peptide was calculated as
the ratio of the relative amount of irradiated peptide to that
of control. The ratios of rate constants compared to that of
GWG are shown in Figure 12C. In situations with a
minimum of secondary oxidation, the rate constants of GCG
and GMG are 1.7- and 1.2-fold of that of GWG, indicating
Cys is the most reactive amino acid residue followed by Met,
which is 20% more reactive than Trp, the most reactive non-
sulfur-containing amino acid residue.

4. Future Prospects

An understanding of the chemistry of hydroxyl radicals
has significantly advanced their use in structural mass
spectrometry studies. As of now, many groups in the
Americas, Asia, and Australia are using hydroxyl radical

mediated structural mass spectrometry approaches as a mair28)
part of their research programs. As these methods are 29)
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