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Abstract

Using mass spectrometry (MS) to obtain information about a higher order structure of protein
requires that a protein’s structural properties are encoded into the mass of that protein. Covalent
labeling (CL) with reagents that can irreversibly modify solvent accessible amino acid side chains
is an effective way to encode structural information into the mass of a protein, as this information
can be read-out in a straightforward manner using standard MS-based proteomics techniques. The
differential reactivity of proteins under two or more conditions can be used to distinguish protein
topologies, conformations, and/or binding sites. CL-MS methods have been effectively used for
the structural analysis of proteins and protein complexes, particularly for systems that are difficult
to study by other more traditional biochemical techniques. This review provides an overview of
the non-specific CL approaches that have been combined with MS with a particular emphasis on
the reagents that are commonly used, including hydroxyl radicals, carbenes, and
diethylpyrocarbonate. We describe the reagent and protein factors that affect the reactivity of
amino acid side chains. We also include details about experimental design and workflow, data
analysis, recent applications, and some future prospects of CL-MS methods.
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1. Introduction to Covalent Labeling — Mass Spectrometry

A protein’s higher order structure (HOS) determines its function, and so methods that
provide insight into protein structure are important for understanding protein reactivity.
Traditionally, NMR spectroscopy or X-ray crystallography have been the methods of choice
because of the atomic-level resolution afforded by these techniques. Recently, cryo-electron
microscopy (cryo-EM) has also emerged as a very powerful tool for studying protein
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structure. In some cases, however, protein HOS cannot be properly studied by these
techniques because of limited sample amounts, a given protein’s tendency to aggregate, or
sample incompatibility. Moreover, in certain applications (e.g. protein therapeutic design)
more rapid structural analysis tools are needed. Because of the inherent sensitivity,
specificity, and speed of mass spectrometry (MS), methods based on this technique have
emerged for the analysis of a protein’s solution HOS. These MS-based methods add to the
toolbox of protein biochemists by offering approaches that give much higher structural
resolution than techniques such as circular dichroism (CD) spectroscopy or fluorescence
spectroscopy while at the same time being more routinely applicable and devoid of the
limitations associated with NMR, X-ray crystallography, or cryo-EM.

Using MS to obtain information about a protein’s structure in solution requires that the
protein’s structural properties are encoded into the mass of the protein. Three primary
methods of encoding this structural information have been utilized, including hydrogen-
deuterium exchange (HDX) [1-7], cross-linking [8-10] and covalent labeling [11-13].
When coupled with MS, HDX relies on the replacement of hydrogens by deuteriums on
backbone amides, leading to mass increases in regions of the protein that are the least
protected from this exchange. In doing so, HDX/MS provides insight into structured/
unstructured and rigid/dynamic regions of a protein that can then be related to HOS. Cross-
linking uses multi-functional reagents that can form new intra- or inter-molecular bonds
between amino acid side chains in a protein or protein-protein complex. The choice of the
cross-linking agent leads to defined distance constraints for the linked side chains that
enables one to deduce HOS information. Covalent labeling (CL) methods are analogous to
cross-linking methods in that they modify protein side chains, but they report on a protein’s
surface structure, which can then be used to infer information about its HOS.

All three MS-based approaches typically use proteolytic digestion, liquid chromatographic
separation, and mass spectrometric analysis to identify modification sites as a way to
provide localized or amino acid-level structural information; however, HDX and cross-
linking methods have analysis challenges that are not present in CL techniques. In HDX, the
inherent reversibility and lability of the modification can lead to back-exchange and
scrambling that must be minimized via the use of specialized sample handling techniques. In
cross-linking experiments, branched polypeptide chains are necessarily produced, requiring
custom software and often specially-designed reagents to facilitate identification of the
cross-linked sites. CL methods do not suffer from these limitations. Side chain modifications
are irreversible, enabling the use of well-established proteomics workflows and sample
handling techniques to facilitate the identification of protein modification sites. In
comparison to cross-linking methods, identifying modified peptides and pinpointing their
labeled residues is more straightforward.

CL methods also offer some valuable attributes for the structural analysis of proteins. CL
reactions occur on protein side chains, providing complementary information to HDX/MS,
which probes the protein backbone. Because most protein complexes (e.g. protein-protein,
protein-ligand) are primarily mediated by side chain interactions, it can be argued that
amongst MS-based methods CL techniques are perhaps best suited for identifying
interaction sites in protein complexes. A unique attribute of some CL reagents is the ability
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to study protein folding reactions that occur on the usec timescale, which is a timeframe
inaccessible by most techniques. The very fast reaction kinetics of reagents such as hydroxyl
radicals and carbenes makes this possible. Given the advantages associated with analyzing
covalently labeled proteins and peptides, as well as the distinctive features this technique
offers, there has been an increasing interest in developing CL methods for studying protein
HOS.

The goal of this review is to provide an overview of the most commonly used CL
approaches. While there have been a large number of studies using amino acid specific
labeling reagents together with MS to study protein structure [12], this review will focus on
labeling reagents that are non-specific. Non-specific reagents are ones capable of modifying
a wide variety of amino acid side chains simultaneously, thereby enabling broader structural
coverage in a single experiment. The basic CL experiment is illustrated in Figure 1. A
protein or protein complex of interest is exposed to a particular labeling reagent (see below
for details), allowing solvent exposed amino acids to be modified. After halting the reaction,
the modification sites on the protein are then identified using MS. Typically, this is done via
proteolytic digestion and LC/MS/MS analysis to pinpoint the specific amino acid sites that
have been modified, so structural information can be deduced. Structural information about
a protein or protein complex is usually gathered by comparing a protein’s differential
reactivity under two conditions (e.g. monomer vs. dimer to determine a binding interface as
illustrated in Figure 1). A key assumption in all CL experiments is that amino acid residue
will react to an extent that depends on their solvent accessibility, although solvent
accessibility is not the only factor that influences the reactivity of a given amino acid
residue.

2. Factors Affecting Covalent Labeling Reactivity

2.1 Reagent Factors

Several reagents have been used to covalently modify amino acid side chains through
oxidation or bioconjugate chemical reactions [12, 14, 15]. A portion of these reagents are
used in covalent labeling — mass spectrometry (CL-MS) techniques for structural analysis of
proteins and other macromolecules. In this section, we will describe how CL reactions are
initiated and quenched, and the types of products that are generated.

2.1.1 Hydroxyl Radicals—Hydroxyl radicals (*OH) have been the most commonly used
CL reagents when combined with MS detection. They are typically generated through
radiolysis or photolysis of water or hydrogen peroxide (H,0O5) [11]. The resulting "OH
radicals then modify amino acid side chains on a protein’s surface via a cascade of reactions
that typically begins with hydrogen abstraction and ends with formation of a new covalent
bond on the side chain. High-flux X-ray or -y-ray radiation sources (e.g from a synchrotron)
can be used to directly generate *OH radicals via the radiolysis of water [16]. Several
excellent reviews from the Chance group have described synchrotron footprinting and its
applications [17, 18]. One challenge associated with this CL approach is that a synchrotron
source is necessary to directly produce “OH radicals, which limits its wide availability and
applicability. In this synchrotron approach, “OH radicals are generated on a millisecond
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timescale, meaning protein unfolding could conceivably occur and compete with the
labeling [19, 20], although adding radical scavengers to the solution can shorten the lifetime
of the hydroxyl radicals and therefore shorten the reaction time frame. It is important to
stress that the applicability of oxidative labeling reactions is determined not only by the
radical lifetime but also the timescale of radical formation.

UV-light induced photolysis of H,O5 in aqueous solution is another common way to
generate *OH radicals [21]; however, long UV irradiation times and concentrations of H,O»
up to 15% by volume are needed unless a UV laser is used [22, 23]. Laser photolysis by a
Nd:YAG laser (266 nm) [22] or KrF excimer (248 nm) laser [23] was developed by Sze and
co-workers and Gross and co-workers, and this approach allows H,O, concentrations of less
than 1% to be used, thereby limiting direct oxidation of sulfur groups by H,O5. Short laser
pulses can shorten the time scale of radical formation to the nsec and psec timescale [22,
23]. When used with the appropriate solution additives, this laser irradiation approach can
oxidize proteins faster than they unfold, ensuring that there is no structural perturbation
during labeling [24]. Gross and co-workers later coined the term “fast photochemical
oxidation of protein” or FPOP for this approach.

Other reactions can also be used to generate *OH radicals for macromolecular labeling,
including electron pulse radiolysis [25], metal-catalyzed oxidation (MCO) reactions [26—
28], Fenton chemistry [29-31], disproportionation of peroxynitrous acid [32, 33], high
voltage electrical discharge [34—-36], electrochemical oxidation [37] and more recently,
plasma generation [38]. Each of these *OH radical generation methods has unique aspects to
their chemistry, but because they are not as widely used in CL of proteins, they will not be
discussed further here. Interested readers are referred to a comprehensive review of hydroxyl
radical CL by Xu and Chance [11].

The general oxidation reactions that occur during radiolysis or UV photolysis are briefly
summarized in Figure 2a. These reactions typically follow pseudo first-order kinetics [16,
24, 39] because of the excess concentration of *OH radicals. At least 14 of the 20 common
amino acid side chains can be modified by *OH radicals, and over 50 different modification
types on proteins can be generated [11, 13]. The most common products of aliphatic amino
acids are addition of a hydroxyl group or a carbonyl group on the side chain, resulting in
mass shifts of +16 Da and +14 Da, respectively. For aromatic residues, the addition of one or
multiple hydroxyl groups to the aromatic ring results in mass shifts of +16. Asp and Glu
residues generally undergo a —30 Da mass change due to oxidative decarboxylation, while
basic side chains give rise to a series of unique oxidized products that include mass additions
and side chain cleavages [11, 13]. More information about the residue-specific oxidation
products can be found elsewhere [11].

While *OH radicals can undergo self-quenching reactions in aqueous solution, supplemental
reagents are typically added to solution to control the lifetime of the radicals or prevent
unwanted side reactions. Secondary reactions from the presence of H,O, and other oxidative
species produced upon radiolysis are found to over-oxidize Met and Cys residues, thereby
affecting analytical reproducibility and data interpretation regarding solvent accessibility
[40]. Often, amino acids or other molecules possessing good reactivities towards *OH are
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selected as reaction quenchers. Addition of catalase or methionine have been found to
minimize this secondary oxidation and improve quantitative protein labeling [40]. In FPOP,
GlIn or Phe is usually added prior to irradiation to scavenge "OH radicals and shorten their
lifetimes in solution to the psec time scale, so that oxidation can occur before any significant
protein structural changes [23, 24] Even with these solution additives to control the highly
reactive *OH radical chemistry, evidence has been provided that the timescale of protein
oxidation can extend to tens of msec because of the formation of longer-lived secondary or
higher order radicals [41].

2.1.2 Carbenes—Highly reactive singlet carbenes can be generated from the photolysis of
diazirine derivatives (Figure 2b) by using near-UV wavelengths (350 nm) and like
hydroxyl radicals, they can also be used for CL [42—44]. Carbenes can rapidly insert into
any X-H bond (where X can be C, O, N, or S), and thus can potentially label any amino acid
residues on a protein surface [44, 45]. Diazirine gas (CH,N>) was first used as a carbene
precursor [46—49], but its poor solubility limits the extent to which proteins can be labeled
with this reagent. A more useful carbene precursor is L-2-amino-4,4-azipentanoic acid (or
photoleucine), which has good stability and solubility in water and has been successfully
used to label proteins in several studies [44, 50, 51]. Recently, Manzi et al. reported a new
aromatic diazirine precursor, 3-trifluoromethyl-3-phenyldiazirine, that has higher reaction
efficiency than photoleucine [52].

The common reactions that occur during carbene production and labeling are briefly
summarized in Figure 2b. The products of carbene labeling will have a substituent group of
the diazirine precursor inserted into the amino acid side chains, whose mass shift is readily
detected using MS. Carbene labeling is rapid, irreversible, and independent of protein
concentration, implying the zero-order kinetics [44]. However, protein-dependent reactivity
has been observed in some protein systems [52]. Addition of quenching agents is not
necessary as carbenes are readily quenched by water. The lifetime of carbenes in aqueous
solution is on the nsec time scale due to its rapid reaction with water, which allows carbene
labeling to be faster than protein unfolding [44, 50]. A range of intermediates generated
from aliphatic diazirines upon photolysis, such as triplet-state carbenes and diazo-mediated
carbocations (diazo isomers), can result in side reactions [53]. These side reactions have
been reported to be reduced somewhat by tuning functional groups on the diazirine
precursor [52, 54]. Oxidation side products have also been observed after irradiation but
typically at low levels [53].

2.1.3 Trifluoromethylation (CF3)—\Very recently, *CF3 radicals have been introduced as
labeling reagents that can be generated by pulsed laser photolysis of triflinate (Langlois’
reagent) [55]. Laser irradiation is performed in the presence of H,O, ("OH source) and the
water-soluble salt NaSO,CF3. The resulting *OH rapidly reacts with excess [SO,CF3]™ to
generate *CF3 (Figure 2c). The highly reactive “CF3 can insert into X-H bonds (where X is
C, O, N, or S) of amino acid side chains, resulting in a mass shift of +67.987 Da. *CF3 reacts
with 18 of the 20 common amino acids, including those that are relatively unreactive with
hydroxyl radicals (Gly, Ala, Ser, Thr, Asp, and Glu). Because hydroxyl radicals are
necessary to generate *CFj, side reactions with *OH or dissolved oxygen species during
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photolysis yield oxygen-incorporated products, although CF3-substitued products dominate
[55]. Radical trifluoromethylation likely follows pseudo first-order kinetics because of the
excess concentration of [SO,CF3]™ in the reaction mixture, but this has not been verified yet.
There is no need for addition of quenchers as the reactive *CFj is readily quenched in water,
having a lifetime of ~ 30 msec [56]. Using the FPOP platform along with the appropriate
solution quenchers (e.g. catalase and methionine), *CF3-based CL should be faster than
protein unfolding, ensuring structural integrity upon labeling [24].

2.1.4 Diethylpyrocarbonate (DEPC)—Diethylpyrocarbonate (DEPC) is a
commercially-available reagent that can react with a range of nucleophilic residues. Unlike
the radical reagents where specialized equipment is needed to generate the radicals, DEPC
directly labels proteins when added to solution. A stock solution of the reagent is typically
prepared in anhydrous acetonitrile due to its limited solubility and propensity to be
hydrolyzed in water. DEPC concentrations ranging from 0.01 mM to 40 mM are readily
soluble in aqueous solutions and are also useful concentrations for labeling proteins [57].
While DEPC will eventually be hydrolyzed in water, reactions between this reagent and
proteins are typically quenched after a short time (10 sec — 60 sec) by adding relatively high
concentrations (~20 mM) of a nucleophilic compound such as histidine [12, 58].

DEPC is a reactive electrophile that can modify nucleophilic side chains (Cys, His, Lys, Thr,
Tyr, Ser) and N-termini via nucleophilic substitution reactions (Figure 2d) [12, 57-59].
Under the most relevant protein labeling conditions, the reaction follows second-order
kinetics, meaning the reaction rate depends on both protein and DEPC concentrations [58].
Because DEPC reacts more slowly than radical reagents, its concentration and reaction time
must be carefully controlled to prevent over-modification and preserve the structural
integrity of the protein during the labeling reaction. Carbethoxylated products with a mass
shift of +72.021 Da are obtained for Cys, His, Lys, Thr, Tyr, Ser, and the N-terminus. One
key advantage of this labeling reagent is that it generates a single type of product, which
simplifies identification of labeled sites and improves sensitivity as the signal is not
distributed among numerous products. The addition of a second carbethoxyl group to His
residues has been reported, but this modification is typically avoided by labeling at the low
DEPC concentrations necessary to ensure the structural integrity of proteins [12]. Some
modified residues, especially Ser and Thr, are subject to hydrolysis and thus label loss if
they remain in solution too long, so proteolytic digestion and LC/MS/MS analysis must be
performed soon after the labeling reaction is completed [59]. Moreover, DEPC label
scrambling can happen in solution if free Cys residues are available. This label scrambling
can be easily avoided, though, by alkylating any free thiols after disulfide reduction [60], as
is typically done in most proteomics experiments.

2.2 Protein Factors

Structural analysis of proteins using CL-MS relies on the fact that in different protein
conformers a certain set of residues possesses differential reactivity with the labeling
reagent, and the resulting difference in modification extents of those amino acids can be
used to distinguish protein topologies, conformations, and/or binding sites. The protein
factors that affect the reactivity of amino acid side chains are described below.
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2.2.1 Solvent Accessibility—All CL reactions used to study protein structures are
performed in the aqueous phase, to preserve the HOS of proteins. The implicit assumption in
CL-MS is that amino acids that are exposed to solvent and accessible to the CL reagent can
be modified. Meanwhile, buried residues will be modified slowly or not at all (Figure 3).
However, solvent accessibility is not the sole factor that governs reactivity. Different amino
acid side chains can react differently with a given labeling reagent, as will be discussed in
section 2.2.2. Several groups have established that a qualitative relationship exists between
solvent accessible surface area (SASA) and extent of labeling for certain types of residues
[11]. For example, Chance and co-workers have found that hydroxyl radicals primarily react
with surface accessible residues [11, 16, 61, 62] and that residues at protein-protein
interfaces are generally protected from modification [61]. Moreover, in several proteins,
oxidation rates are found to correlate fairly well with calculated SASAs of residues from
known NMR and X-ray crystal structures [21, 23, 62]. A clear relationship between SASA
of individual amino acid residues and carbene reactivity has not been observed, possibly due
to the carbene precursor’s affinity for certain residues, and the different intrinsic reactivities
of amino acid residues towards carbene labeling [44, 50]. Despite these issues, Delfino and
co-workers have shown using diazirine gas as a carbene precursor that global levels of
solvent accessibility for different a-lactalbumin and B-lactamase conformers are related to
carbene labeling [47, 49]. This group also found a similar relationship for antibody-bound
lysozyme [48]. More recently, an improved correlation between SASA and extent of carbene
labels at the residue level has been demonstrated in experiments where the protein sample is
flash-frozen during irradiation [53] (see section 2.2.2 for further discussion of this
observation). For trifluoromethylation, Gross et al. have reported that this reagent’s
reactivity patterns are consistent with SASA in a model membrane protein [55]. Our group
has also demonstrated that DEPC labeling can be used to study protein topology, and DEPC
modification extents for certain types of residues are found to be consistent with solvent
accessibility [58]. Similarly, decreases in DEPC modification levels upon binding to
transition metals are consistent with the general trend, and actually allow metal binding sites
to be determined [28, 58, 63].

Differences in SASA of reactive side chains, resulting from their involvement in a
conformational change and/or protein-ligand binding, will also cause amino acids to be more
or less accessible to a given CL reagent and therefore, react to greater or lesser extents. Most
recently, researchers have attempted to further refine and quantify the relationship between
SASA and labeling extent. Yang et a/. and Sharp et al. have proposed the use a protection
factor (PF) to quantitatively relate hydroxyl radical reaction rates to amino acid SASA using
well-characterized protein models [64, 65]. These PF are obtained by normalizing the
measured labeling rate constant with the side chain’s intrinsic reactivity. More details about
the applications of PF in mapping conformation changes and in modeling protein structures
can be found elsewhere [13, 66].

2.2.2 Intrinsic Reactivity of Amino Acid Side Chains—Attempts to use a PF to
quantify the relationship between SASA and reactivity imply that the intrinsic reactivity of a
given amino acid side chain influences its reactivity (Figure 3). Thus, this factor must be
considered when interpreting CL data. While *OH is highly reactive and can modify a wide
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range of amino acid side chains, rate constants for reactions with the 20 common amino acid
residues vary over three orders of magnitude with the following reactivity order: Cys > Met
> Trp > Tyr > Phe > His > Leu, lle > Arg, Lys, Val > Ser, Thr, Pro > GIn, Glu > Asp, Asn >
Ala > Gly [67]. Although every amino acid can react with hydroxyl radicals, practically
speaking Gly, Ala, Ser, Thr, Asp, and Glu are often not found labeled during protein CL
experiments with hydroxyl radicals. Therefore, only 14 of the 20 side chains are useful in
typical labeling experiments with hydroxyl radicals, and these residues typically account for
~65% of the sequence of the average protein [11, 67]. Sharp et al. have demonstrated that
normalization of a residue’s intrinsic reactivity via a PF is needed to obtain a qualitative
correlation between SASA and labeling extent [65].

While CL with carbenes was initially predicted to be affected less by differences in amino
acid side chain chemistry than hydroxyl radicals, studies suggest that there is a decidedly
non-uniform distribution in carbene labeling of proteins [44]. Schriemer and co-workers
have found that using photoleucine as a diazirine precursor leads to Glu residues being
preferentially modified, which might be explained by the reagent’s affinity for negatively
charged residues or the reactive carbenes favoring polar protic bond (O-H) insertion rather
than C-H bond insertion [50]. Oldham et a/. have also found that hydrophobic and basic
residues are favored in the carbene labeling using an aryldiazirine precursor [52]. In the
more recent study from Schriemer et a/, surface bias is still found in the CL with carbenes
generated from other different aliphatic diazirine precursors [53]. By performing carbene
footprinting on flash-frozen samples to limit the diffusion of carbenes to sites of higher
reactivity during irradiation, the preferred sites of labeling tend to reflect the sidechain
interactions with diazirine precursor, which is influenced by the diazirine substituents rather
than the intrinsic reactivity of residues [50, 52, 53]. The resulting surface biases can be
avoided somewhat by tailoring the diazirine precursor or changing solution conditions to
reduce the reagent’s affinity toward specific residues [50, 52].

Because *CF3 radicals have only recently emerged as CL reagents, the full details of their
reactivity have not been studied enough yet. However, aromatic residues (e.g. Trp and Phe)
are found to be modified at relatively high levels, indicating their good intrinsic reactivity
toward *CF3 labeling [55]. For DEPC labeling, the intrinsic reactivity of side chains is
governed by the nucleophilicity of residues [57-59]. Thus, the reactivity of Tyr, Ser, and Thr
residues is lower than the reactivity of Cys, His, and Lys residues due to their weakly
nucleophilic hydroxyl groups [58].

2.2.3 Primary and Higher Order Structure Effects—In the structure of an intact
protein, the sequence context (primary structure) may contribute to the reactivity of amino
acid due to electron donating and/or electron withdrawing effects. This fact appears to be
true even for hydroxyl radical labeling. Sharp and co-workers have demonstrated that
accurate measures of SASA for residues with poor intrinsic reactivity (e.g. Arg, Lys, Val,
Thr, Ser, Pro, Glu, GIn, Asn, Asp, Ala) during hydroxyl radical CL experiments require the
normalization of sequence effects by comparing label profiles of native and denatured
structures [65]. For highly reactive residues (e.g. Trp, Tyr, Phe, His, lle), the effects of
primary structure on reactivity are relatively minimal [65]. In addition, the
microenvironment (Figure 3) caused by the tertiary structure around an amino acid residue
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can influence the acid/base characteristics of side chains because of charge-charge
interactions, charge-dipole interactions, dipole-dipole interactions, and/or hydrophobic
effects [68—71]. For example, in dimethyl labeling proteins, Wang and co-workers found that
hydrogen bonding and electrostatic interactions around lysine residues can influence the
methylation reactivity of lysine residues [72]. The effects of local structural contacts of
amino acid side chains, especially those with lower intrinsic reactivity, have been found to
contribute to their reactivity with hydroxyl radicals [64, 65]. In CL with carbenes, the
surface bias caused by the reagent’s affinity for specific protein surface sites might be
explained by primary and/or tertiary effects. Sequence context and non-covalent molecular
interactions (higher-order structures) may drive and steer the selectivity of diazirine
precursors toward certain residues. [50, 52, 53]. However, no definitive experiments have
been performed to demonstrate this hypothesis yet. For reagents like DEPC that are
inherently less reactive than hydroxyl radicals and carbenes, the effect of primary or tertiary
structure might be expected to be more pronounced since changes in the pKj values of a
given residue lead to changes in its protonation state and thus nucleophilicity. The relatively
poor correlation observed between SASA and the DEPC reactivity of Ser and Thr residues
[58, 59, 73] might imply that the microenvironment around these amino acids, as formed by
a protein’s tertiary structure, tunes their reactivity.

3. Using Covalent Labeling with Mass Spectrometry Detection

3.1 Principle of Experiment Design

During CL experiments only solvent exposed residues are modified and thus provide direct
structural information, while the buried residues are unmodified and thus indirectly provide
structural information. As illustrated in Figure 1, any structural information obtained from a
CL experiment comes from comparing the labeling ratio of the protein reacted under at least
two conditions, with one of the conditions usually being the protein in its native state. The
resulting differential reactivity is used to deduce structural information. Another important
principle of CL experiments is that the labeling reagent must be used in such a way as to not
perturb a protein’s HOS. Clearly, if the probe itself changes the protein’s structure, then the
resulting data will not correctly report on the protein’s structure.

There are at least three general ways that are used to assess that a protein’s structure is not
perturbed during CL. The first is to use a complementary measurement such as CD,
fluorescence, or an activity assay to monitor if the protein’s structure has changed during
labeling [52, 58, 73, 74]. Our group has demonstrated in previous work, that while these
methods are easy to implement, they tend to indicate global structural changes and lack the
resolution to identify local protein structural changes [58]. A comparable approach is to
measure the charge-state distributions of a protein via electrospray ionization (ESI) MS [75]
as a protein will undergo a shift in its charge-state distribution upon a structural change.
However, like with CD and fluorescence spectroscopy, changes in ESI-MS charge-state
distributions are typically not sensitive enough to monitor local changes in HOS, so it is
debatable whether these approaches are sufficient for assessing if a protein’s structure is
perturbed or not from the labeling reaction.
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A second commonly used approach for assessing a protein’s structural integrity during CL is
to measure labeling reaction kinetics (Figure 4). Chance and co-workers pioneered this
approach with synchrotron-based hydroxyl radical labeling in which the unmodified fraction
of a peptide or protein is monitored as a function of the reagent dose (e.g. radiolysis time).

In this way, dose-response plots can be generated, and adherence to the proper reaction order
kinetics indicates whether a protein’s structure has been perturbed or not [76, 77]. These
plots can be generated for all modified peptides that are produced from a proteolytic
digestion and provide a measure of the structural integrity throughout the entire protein. Our
group has successfully used an analogous approach with DEPC labeling [58, 59, 63, 78, 79],
which follows second order kinetics, and we have found this approach to offer much higher
sensitivity than CD or fluorescence spectroscopy for ensuring structural integrity through all
regions of a protein.

A third method of guaranteeing a protein’s HOS is not been perturbed by CL is to ensure
labeling chemistry happens faster than structural changes can occur. As indicated in previous
sections (see section 2.1), FPOP-based hydroxyl radical labeling and carbene labeling have
extremely fast labeling rates that are comparable to or faster than protein folding rates [23—
25, 44, 50]. The fastest protein structural changes occur in a few psec [20, 80], and thus if
hydroxyl radical or carbene labeling occurs faster, then protein modification should take
place before any significant protein structural changes occur. In the FPOP experimental
setup, hydroxyl radicals are generated during the nsec pulse of the laser [23], and radical
scavengers that are present in solution limit the overall lifetime of the hydroxyl radicals.
Calculated lifetime profiles [23] and time-resolved UV spectroscopy [25] suggest that
reactive hydroxyl radical species are consumed in 0.1-1 psec when radical scavengers are
present. Such short lifetimes allow the radical-protein reactions to happen faster than protein
structural changes. Further proof that proteins are modified before they can undergo
structural changes comes from the Poisson distribution of modification extents, which
suggest that only a single protein species is reacting [24]. Despite evidence that hydroxyl
radical labeling by FPOP occurs on the psec timescale, recent work by Konermann and
coworkers suggests that the time window for FPOP-based labeling may be much longer than
one millisecond as secondary and higher order radicals have longer lifetimes and are
possibly not effectively quenched [41]. At this point, however, it is unclear the extent to
which secondary radicals are responsible for the measured protein oxidation.

It should be noted that there are numerous examples in the literature in which nothing is
done to ensure a protein’s structural integrity during CL. This approach can be successful if
“single-hit” conditions are achieved [81]. In other words, as long as there is one label per
protein on average, the labeling chemistry should have successfully probed the original
protein structure. Any additional label, by definition, would be probing a possibly perturbed
structure because the protein would now have a covalent modification that it did not have
originally. While this has commonly been acknowledged, recent work by Madsen et a/[82]
on monoclonal antibodies (mAbs) suggests that multiple labels can be accommodated while
still obtaining the desired information. It is unclear at this point how generalizable this
observation is.
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3.2 Experiment Design and Workflow

The goal of a CL experiment is to encode structural information into the mass of the protein.
The commonly used workflow for CL experiments is sample preparation, labeling reaction,
and, if necessary, quenching to consume excess reagent. After the CL experiment, the
labeled protein sample can be directly analyzed by MS or LC-MS, or more typically, the
labeled protein can be proteolytically digested prior to LC-MS (Figure 5). While standard
proteomics techniques are typically used to analyze covalently labeled proteins to obtain the
desired structural information, the following unique aspects of the CL approach must be
taken into consideration.

Unlike in typical proteomics experiments, CL-MS experiments require complete or near
complete protein sequence coverage to obtain the desired structural information. Moreover, a
semi-quantitative measure of labeling extents at residues throughout the protein is needed to
deduce structural information in a differential experiment (see Figure 1). Like in proteomics
studies, the two primary strategies for determining labeling sites are “top-down” sequencing
[83-85] and “bottom-up” sequencing [83, 86, 87]. In top-down sequencing, the entire, intact
protein is analyzed with MS/MS, and therefore complete sequence coverage is inherently
available. In top-down sequencing, it is possible to select and apply MS/MS to the protein
with only one label. This is beneficial if there is a concern that multiple labeling events
could have perturbed the structure (“single-hit” principle). Despite these advantages, very
limited work has been published using top-down MS to analyze proteins covalently labeled
by non-specific reagents. The limited utility of top-down sequencing for CL-MS is mostly
due to the relatively poor ability of top-down sequencing to localize modification sites,
especially for large protein systems. Often large fragment ions containing multiple possible
modification sites are produced, making it difficult to assign labeling sites to specific
residues with high confidence. This difficulty effectively results in low structural resolution.
In addition, semi-quantitative information that is usually required in CL-MS experiments is
challenging to obtain with top-down sequencing. One study by Gross et al. compared top-
down and bottom-up sequencing for analyzing covalently labeled proteins and concluded
that top-down sequencing had limited sensitivity, a low dynamic range, and sometimes
difficulty pinpointing modified residues in regions with numerous modified sites [88]. It
should be noted that the utility of top-down sequencing for CL-MS experiments might
improve with the use of UV photodissociation, as this dissociation technique has shown
utility for identifying modified sites during amino-acid specific labeling experiments [89].

Bottom-up sequencing is a more commonly used strategy to analyze covalently labeled
proteins. Because MS/MS is more effective on smaller peptides, this strategy provides high
spatial resolution, usually pinpointing labeled sites down to 1 or 2 amino acids. Moreover,
modification extents can usually be determined as low as 0.1% or lower. Bottom-up
sequencing of covalently labeled proteins still suffers from the usual challenges associated
with bottom-up sequencing, such as biases associated with proteolytic cleavages and
peptides going undetected during LC/MS experiments. For large proteins, where sequence
coverage during bottom-up sequencing can be low, using multiple enzymes for proteolytic
digestions can be used to improve coverage [90].
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An important consideration associated with bottom-up sequencing is the choice of
dissociation techniques during the MS/MS stage of the experiment. Collision-induced
dissociation (CID) remains the most commonly used dissociation technique and provides
accurate information in most cases. There are examples, however, in which CID has
difficulty with certain types of modifications and modified amino acid residues. For
example, CID provides very poor sequence coverage for peptides containing oxidized
cysteine or methionine residues [91]. The dissociation technique has also been known to
lead to label misassignments for peptides in which histidines are oxidized, especially when
more than one modification site exists in a peptide, as oxidation causes new dissociation
pathways to emerge [92]. Sharp and co-workers reported a similar conclusion based on
studies of several oxidatively modified peptides [93]. Significant neutral losses are also
observed in CID of peptides modified by carbenes, making it difficult to pinpoint
modification sites [50]. Another issue observed with a subset of DEPC-labeled peptides is
the possibility of the label to “scramble” from one site on a peptide to another during CID,
presumably due to an intramolecular nucleophilic attack during the CID process [94]. In
each of the cases in which CID provided incomplete or misleading information about
modification sites, electron transfer dissociation (ETD) was successfully used to correct the
problem. In fact, it has been argued that ETD generally provides improved identification and
quantitation of labeled sites produced during oxidative and DEPC labeling experiments [50,
94, 95].

3.3 Data Analysis and Presentation

The desired results from CL-MS experiments are measurable labeling levels at residues
throughout the protein so that structural information can be obtained. The more labeled sites
that are measured, the higher the structural resolution will be from the CL-MS experiment.
In addition, some semi-quantitative measure of the labeling extent at each residue is desired
so that any corresponding structural change can be deduced. It is rare that a particular
residue is labeled in 100% of the protein molecules. More commonly, only a fraction of the
protein molecules in a sample are labeled at a given site, and this labeling extent is usually
provided as a labeling percentage from LC-MS measurements. Decreases in labeling
percentages at given residues typically indicate a drop in solvent accessibility that could, for
example, indicate a protein-protein interaction site (Figure 6). In contrast, increases in
labeling percentages at a given site would suggest unfolding in that region of the protein.

While residue labeling identification is achieved using tandem MS, the labeling extent is
usually determined by the ion abundance or chromatographic peak area of the labeled
peptide that contains the modified residue. In addition to the use of standard software
packages for analyzing such data (e.g. Mascot [96, 97]), other programs such as ByOnic
[51], ProtMapMS [98], a custom-designed version of Proteome Discoverer [99], and other
specialized software pipelines [73] have been created to facilitate CL-MS data analysis. A
key difference between these specialized software and traditional proteomics software is that
they are much more efficient at finding labeling sites, especially at low levels, while also
providing a measure of the labeling percentage at every identified site.
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While it is important to obtain a measure of labeling extent, it should be noted that explicit
quantitation is not attainable through most CL-MS experiments. There are many reasons for
this fact. First off, modified and unmodified peptides are distinct chemical species that have
different inherent ionization efficiencies. Moreover, a difference in chromatographic
retention times of modified and unmodified peptides during reversed-phase LC gradient
elutions leads to a different percentage of organic solvents from which each peptide is
electrosprayed, resulting in further differences in ionization efficiencies. These ionization
efficiency differences cause there to be a distinct relationship between solution concentration
and ion abundance for modified and unmodified peptides. To remediate the ionization
efficiency bias that occurs during LC-MS analyses, Sharp and co-workers have employed
size-exclusion chromatography (SEC) instead of reversed-phase LC to separate labeled
peptides. SEC ensures all peptides are electrosprayed under common solvent conditions,
thereby eliminating one cause of ionization efficiency differences. A drawback of this
approach is that isomeric labeled peptides co-elute, making it more difficult to quantify
labeling extents for peptides with more than one modified residue. To some degree, this
drawback can be overcome using ETD, as tandem mass spectra from ETD can often
correctly report modification levels of each residue in an isomeric mixture [93].

4. Applications of Covalent Labeling — Mass Spectrometry Methods

The use of CL-MS methods to obtain structural information about protein topology has
gained popularity because of its moderate to high structural resolution, straightforward
implementation, and/or ability to probe structural changes on a psec time scale. In this

section, we describe some select examples of CL-MS applications.

4.1 Protein Folding/Unfolding

In most proteins, specific biological functions can be exerted only after folding into their
appropriately folded forms. Deciphering protein folding/unfolding is necessary to
understand protein-energy landscapes, the biological processes of protein misfolding
disorders [100-102], and is essential for the development of therapeutics against these
disorders [101]. While numerous techniques, including other MS-based techniques, have
been developed to monitor conformation dynamics during protein folding/unfolding [3,
103], protein surface mapping with CL-MS can provide information with high spatial and
temporal resolution, in a way that many other techniques cannot. Laser-based CL methods,
such as FPOP, have proven to be useful tools for protein folding studies because proteins are
labeled on the psec time scale, which is faster than protein unfolding, due to the pulsed
nature of reagent production and the rapid reaction quenching [23, 24]. Using FPOP together
with denaturants such as temperature and pH, sub-msec protein folding experiments can be
performed. For example, Gross and co-workers used temperature jump experiments to study
the region-specific folding of the protein barstar. Barstar in aqueous buffer undergoes
reversible unfolding at low temperature (~ 0 °C) [104], and ‘pump/probe’ experiments can
be conducted to study the protein’s refolding (Figure 7a). Refolding of unfolded barstar was
created by rapid IR laser-induced heating of a solution containing the protein (‘pump’ from
~ 0 °C to ~ room temperature), and then FPOP with a “probe” UV laser was used to oxidize
the protein at different times after it began refolding. By limiting the lifetime of the hydroxyl
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radicals in solution to around 1 psec, ‘snapshots’ of the protein as it folded could be obtained
[105-107]. Their results confirmed the presence of partially-folded intermediate
conformations of barstar during its refolding (possibly a molten globule state), which was
consistent with previous UV absorbance, fluorescence, and CD spectroscopic studies [108—
111]. The CL-MS experiments also revealed residue-level information about conformational
changes during barstar folding, which was not available from previous spectroscopic
measurements. In a similar manner, the same group studied the refolding Kinetics of the
paramyxovirus fusion protein, which is essential in mediation of virus-host cell fusion and
genetic transfer [112]. Besides temperature-triggered folding experiments, Konermann and
co-workers established a platform to study short-lived protein folding/unfolding
intermediates using continuous-flow mixing and pulsed laser-induced oxidative labeling
[113-116]. To examine protein unfolding, a protein of interest is premixed with H,O, in a
reaction capillary and unfolding is initiated by rapid mixing with acid or denaturant [113,
115]. To study protein folding, a denatured protein is prepared by acid or denaturant, and the
folding is then initiated via a pH jump or rapid denaturant dilution [114, 116]. To study
conformations at different time points after initiating unfolding or folding, a pulsed laser
beam is focused at different positions along the mixing capillary, and a certain amount of the
resulting oxidized sample is collected for further bottom-up LC-MS/MS analysis (Figure
7b). Folding/unfolding intermediates of bacteriorhodopsin, apo- and holo-myoglobin have
been studied by this method, and the in-depth residue-level information from the rapid
pulsed CL, in combination with the global structural features obtained from optical
spectroscopy, can provide good spatial and temporal resolution of protein folding/unfolding
pathways [113-116].

4.2 Amyloid-Forming Proteins

Amyloids are insoluble protein aggregates that are associated with several human diseases,
including Alzheimer’s and Parkinson’s [117]. Numerous efforts have been devoted to
deciphering the aggregation process in vitro, but this information is challenging to obtain
because amyloid proteins usually aggregate rapidly [118]. Moreover, pre-amyloid oligomers,
which may in some cases be disease causing [119-121] are short-lived and can be difficult
to structurally interrogate [81, 122, 123]. As compared to NMR and X-ray crystallography,
CL can provide better time resolution for studying transient pre-amyloid structures, and
various CL approaches have been used to gain insight into the aggregation interfaces for
several amyloid proteins. This structural information can be obtained by comparing the CL
ratio of residues before and during oligomer formation to help identify aggregation
interfaces. As an example, Chance and coworkers applied synchrotron-based hydroxyl
radical CL to Ap40, which is the protein that aggregates in Alzheimer’s disease [124].
Protection factors were used to indicate the degree of change in solvent accessibility.
Structural information of full-length AB40 monomer in fibrils and the core structure of two-
and three-filament conformers were acquired and were compared to the previously reported
structures by solid state NMR. Gross and co-workers applied FPOP in a time-dependent
manner to study the pre-amyloid formation process of AB1-42 [125]. By plotting the
fraction of modified intact AR1-42 as a function of time, a kinetic scheme of the aggregating
process was revealed. Similarly, by plotting the labeling percentages of modified peptides
over time, the regions with significantly decreased labeling ratios indicated the aggregating
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core structure. Moreover, because MS/MS can indicate the exact labeled residues, even more
detailed structural information could be obtained. DEPC labeling has also been successfully
used to study the pre-amyloid oligomers of B-2-microglobulin (2m), which is the protein
that forms amyloids in dialysis-related amyloidosis [126]. By conducting DEPC labeling at
different time points after initiating amyloid formation with Cu(ll), the structural changes to
the monomer caused by Cu(ll) binding [63], as well as structural models for the pre-amyloid
dimer [78] and tetramer [79] could be determined.

4.3 Protein-Ligand Systems

CL is also well suited for studying protein-ligand complex binding sites when traditional
methods, such as NMR and X-ray crystallography, are too time-consuming or fail due to
limited sample amounts, protein instability, sample heterogeneity, protein molecular weight
limitations, or difficulties with crystallization. In its most straightforward implementation,
CL-MS can report on ligand binding sites via decreases in labeling extents at specific
residues in the protein. Ligand binding protects residues on the protein surface from being
labeled. Many examples of CL used for protein-ligand binding studies are available [81, 95,
127-132]. One example by Manzi et al. demonstrated that carbene-based labeling is capable
of reporting the binding site of the lysozyme-NAG complex [52]. Multiple residues showed
a significant decrease in labeling extent in the presence of the ligand, clearly correlating
those residues to the well-studied binding pocket of the complex. Similarly, our group has
applied DEPC labeling together with two other site-specific labeling reagents to study g2m
binding to small molecules that inhibit its amyloid forming. The simplicity and speed of the
labeling chemistry allows for ligand binding site information on a fast aggregating protein
whose ligand binding site could not otherwise be determined [81]. Combining CL-MS with
computational docking further refines the structural information that is acquired. CL-MS can
test the pose predicted by docking [81, 131, 132] or restrain the region of protein to which
the ligand is bound, but CL-MS is usually unable to show the orientation of the ligand,
which is information that computational docking can provide. In one example reported by
Chance and co-workers [131], a hybrid structural approach that include synchrotron-based
hydroxyl radical CL, homology modeling, computational modeling, and protein ligand
docking was used to predict the structure of the membrane protein Serotonin Type 4
Receptor (5-HT4R) and bound ligands. In addition to providing protein-ligand binding site
information, CL has been shown to provide information about conformational changes upon
ligand binding [95, 129, 130]. Gross and co-workers applied FPOP to study heme binding
and conformational changes in myoglobin [129]. Several residues that are close to the heme
binding site show significant differences in their ability to be modified in apo or holo form
of myoglobin. In another case, the structural changes caused by the binding of the peptides
melittin and mastoparan to calmodulin were compared to the known structure of the
calmodulin-M13 complex [130]. The CL results indicated statistically similar patterns in
labeling extents, leading to the conclusion that ligand binding changed the structure of
calmodulin but the ligand bound calmodulin retained a similar structure when bound to
M13, melittin, or mastoparan. It should be noted that distinguishing between ligand binding
and ligand-induced conformational changes must be done carefully. For protein-ligand
complexes with unknown binding sites, a decrease in labeling of a given residue (or a set of
residues) might be due to protection from ligand binding or it could be due to allosteric
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changes that decrease the solvent accessibility of residues not directly involved in ligand
binding. Further application of CL to protein-ligand binding should reveal whether such
allosteric changes are likely to significantly change labeling patterns.

4.4 Structural Analysis of Protein Therapeutics

Protein therapeutics are the fastest growing pharmaceuticals on the market and have
important roles in almost every field of medicine [133, 134]. Changes in HOS, e.g. protein
misfolding and aggregation, can reduce drug efficacy, enhance unwanted drug actions,
and/or induce immunogenicity [135, 136]. Reliable analytical tools are currently needed for
characterizing the HOS of biopharmaceuticals to ensure the quality, efficacy and safety
throughout a product life cycle — from manufacturing to dose administration [135, 137-140].
CL-MS techniques have the ability to probe the structure of protein therapeutics with
moderate structural resolution and could be used in a semi-high throughput manner to
monitor numerous therapeutic preparations [73, 141, 142]. FPOP along with MS detection
has been shown by Watson and Sharp to be sensitive enough to detect subtle structural
changes of expired and mishandled granulocyte colony-stimulating factor (GCSF) samples
[141]. Deperalta et al. demonstrated the ability of hydroxyl radical labeling to characterize
the dimer interface of an antibody dimer commonly found in formulated therapeutic 1gG1
mAbs. Hydroxyl radical labeling data obtained using synchrotron radiolysis of water has
shown that the Fab domain displays decreased oxidation rates and is likely involved in dimer
interface [142]. Our group has also demonstrated that DEPC labeling along with MS can
identify minor conformation changes in thermally-stressed human growth hormone (hGH)
and 1gG1 mAb samples. Heat-stressed hGH undergoes very subtle structural change that
other biophysical techniques (CD, fluorescence spectroscopy, dynamic light scattering) are
not sensitive enough to detect, but DEPC labeling along with MS detection can detect with
good structural resolution [54]. We have also found that DEPC labeling can reveal the
aggregation interface in a heat-stressed 1lgG1 mAb sample [73]. Epitope/paratope mapping
of the specific residues involved in antibody-antigen and other protein-receptor interactions
is particularly valuable for assessing epitope novelty, predicting immunogenicity, evaluating
binding characteristics, and for optimizing binding [143]. Recently, Gross and co-workers
used FPOP techniques to identify the interface of anti-thrombin mAb/thrombin [96], anti-
vascular endothelial growth factor (VEGF) Fab-1 fragment/VEGF [97], anti-interleukin-23
(IL-23) mAb/IL-23 [90], and IL-6/1L-6 receptor interactions [144].

5. Conclusion and Outlook

5.1 Summary

In this review, we have provided an overview of CL-MS methods that use reagents that react
with a wide range of amino acid residues, including hydroxyl and trifluoromethyl radicals,
carbenes, and DEPC. These broadly reactive reagents are making CL-MS methods of
increasing interest for the structural analysis of macromolecules. CL-MS fills in the gap
among current structural characterization techniques, with higher resolution than CD and
fluorescence spectroscopies, and faster measurement times than NMR and X-ray
crystallography. At the same time, it retains the limited sample consumption common to
most MS-based methods and can be applied to protein systems that are difficult to study by
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other techniques. CL-MS has very limited back exchange and label loss, allowing greater
sensitivity to structural changes in some cases and better reproducibility in most cases than
HDX-MS. The fact that only solvent accessible amino acid resides are modified makes the
technique particularly well suited for studying protein interactions with ligands and other
proteins, including aggregating proteins. Radical and carbene-based labeling can monitor
protein structural changes on the psec timescale, allowing the study of protein folding and
unfolding.

While significant progress has been made with CL methods to address protein structure,
some technique limitations remain. Unlike most spectroscopic methods, CL-MS relies on
changing a protein in order to probe its structure. Covalent modification of amino acid
residues is needed to encode a protein’s structural properties into its measured mass, and this
necessarily changes the protein. Thus, every labeling procedure has to be carefully
controlled and understood to ensure that accurate structural information is obtained. Our
understanding of the underlying chemistry in most cases is still incomplete, and this lack of
understanding can give rise to ambiguous structural information in some cases. Another
limitation of CL is that not every amino acid in a protein can be probed, and this inherently
limits the structural resolution obtainable by this approach. No one CL reagent has been
found to react with every type of amino acid side chain. A related issue is that every amino
acid residue reacts to a different extent with a given CL reagent. This fact complicates
attempts to find correlations between reactivity and higher order structure. Despite these
limitations, and in some cases because of these limitations, several opportunities still exist
for the future development of CL-MS.

5.2 Covalent Labeling with Computational Modeling

The structural resolution provided by CL-MS is lower than that provided by NMR or X-ray
crystallography because only information about the solvent accessible side chains is
obtained, and this information is only a fraction of the amino acids in a protein. Even with
relatively limited information, CL-MS has been successfully used to confirm or rule out
proposed structural models [145, 146]. CL-MS has the potential to provide even higher
resolution structural information when it is combined with computational modeling. Several
groups have explored the combination of CL-MS and computational modeling techniques.
For example, Gerega and Downard developed an algorithm, known as PROXIMO, that is
specially designed to model protein-peptide complex structures based on oxidative labeling
data from radical probe MS [147]. Similarly, Chance and co-workers have developed the
ClusPro program for predicting protein complexes using the restraints from hydroxy| radical
labeling to facilitate homology modeling and associated protein structural prediction for
protein complexes with no NMR or X-ray crystal structure [148]. In addition, Sharp and co-
workers have developed a strategy that correlates oxidative labeling levels with SASA at
each modified residue, which can be utilized to assess the quality of protein structural
models [65] or model protein complex structures [149]. While each of these above
approaches have helped refine the protein structural information obtained by CL-MS, they
have not been adopted broadly. Recent work has shown the promise of combining multiple
complementary experimental methods to improve structural modeling. For example,
methods like limited proteolysis [150], small-angle X-ray scattering [151], chemical
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crosslinking combined with native MS [152] have been combined with CL-MS and
computational methods to arrive at protein structural models. It appears that CL-MS
research is in the very early stages of identifying the best methods to efficiently combine
constraints from CL-MS, complementary methods, and computational modeling to obtain
higher resolution protein structural information.

5.3 Membrane Protein Footprinting

Another promising area in which CL-MS has the potential to have an impact is in the study
of membrane proteins. Membrane proteins are inherently more difficult to study as
compared to water-soluble proteins. CL-MS would appear to be a promising tool for
structural analysis of membrane proteins because CL can often be done under conditions
that preserve conformation and topologic information. Several groups have demonstrated the
promise of CL in studying membrane proteins [55, 153-159]. Hydroxyl radical labeling has
been shown to map the topology of intrinsic membrane proteins in their natural lipid
environment [153], in nanodiscs [157], within amphipols [158], and even within living cells
[159]. New hydrophobic-based CL labeling reagents, e.g. based on triflinate [55], might be
able to further improve the information accessible by CL-MS by allowing the labeling of
protein regions that are inserted into membranes themselves.

5.4 In-Cell/In-Organism Covalent Labeling

Beyond live-cell membrane protein CL [159], Jones and co-workers recently performed in-
cell FPOP of live Vero cells. They demonstrated that proteins in different cellular
compartments can be labeled and residue-level oxidative modification extents can be
measured, and these labeling extents correlate well with the SASA of the residues [160]. It is
reasonable to assume that this application of CL-MS could be expanded for studying protein
interactions and conformational changes in living cells.
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Highlights

Covalent labeling - mass spectrometry can study protein structure and protein
interactions

The method primarily reports on the solvent accessibility of amino acid side
chains

Non-specific reagents modify many amino acid side chains, enabling broad
structural coverage

Covalent labeling is used to distinguish protein topologies, conformations,
and binding sites
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Figure 1.

Scheme showing CL with MS detection. The label modifies solvent accessible amino acids.
The modified protein or protein complex is subjected to proteolytic digestion and the
modified peptides are analyzed using LC-MS/MS. Sites of protein conformational changes
and/or protein-protein interactions can be revealed by changes in the extent of labeling at
specific residues.
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Figure 2.

Modification reactions of amino acid residues used in non-specific covalent labeling with (a)

hydroxyl radicals, (b) carbenes, (c) trifluoromethylation, and (d) diethylpyrocarbonate.
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Protein factors that affect the reactivity of CL reagents. Factors include (a) solvent accessible
surface area (SASA), (b) the intrinsic reactivity of amino acid residues, and (c) primary and
tertiary structure.
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Figure 4.
Hypothetical dose-response plot, showing first-order labeling reaction kinetics. When the

extent of labeling is low enough to prevent structural perturbation, reaction Kinetics are
monotonic (i.e. four lowest reagent doses in the plot). When over-labeling perturbs the
structure of the protein, the reaction kinetics change, indicating variations in the
microenvironment around one or more residue.
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Figure 5.
Example workflow for covalent labeling combined MS. Before MS analysis, a protein

sample is prepared and labeled, during which the structural information is encoded into the
mass of the protein. The labeled intact protein sample can be analyzed by ESI-MS to
monitor the overall extent of modification, or more typically the labeled protein is subjected
to “bottom-up” analysis via proteolytic digestion and LC/MS/MS to determine labeling
ratios at each modified residue.
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Figure 6.
An example of how changes in labeling level can be applied to predict the protein dimer

interface demonstrated with $2m dimer structure extracted from p2m H13F hexamer (PDB
3CIQ). Blue colored residues indicate significant decreases in labeling level from monomer
to dimer, which helps locate the dimer interface. Yellow colored residues show no significant
change in labeling level, which indicates these residues are at a region away from dimer
interface. The red colored residues are examples of residues with increases in labeling levels,
indicating these residues becomes more solvent exposed upon dimer formation.

Methods. Author manuscript; available in PMC 2019 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Limpikirati et al.

Page 35

(a)

3 Delay time (At)

~~

/\’(1 H Oz
Collection &
hv N th (probe) bottom-up
LC/MS/MS
(PumP/ analysis
T ;ump)

HzOz

hv2 probe) v

(b)

Flow rate x Reaction time (At)

Distance(Ax) =
/ @x) Cross sectional area

Acid or \
denaturant
Protein + y

—_—

Aty Hzoz
—_— Collection &
hV (probe) bottom-up
LC/MS/IMS
analysis
Aty H 02
—_—
hv(probe)
Figure 7.

An illustration of the experimental setups used for studying protein folding/unfolding using
laser-based CL methods. Schematic diagrams are shown for (a) temperature jump (T jump)
and (b) continuous-flow mixing experiments coupled with pulsed laser-induced oxidative
labeling. Details about each experiment are provided in the text.
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