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Abstract
Chemical probing represents a very versatile alternative for studying the structure and dynamics of
substrates that are intractable by established high-resolution techniques. The implementation of
MS-based strategies for the characterization of probing products has not only extended the range
of applicability to virtually all types of biopolymers, but has also paved the way for the
introduction of new reagents that would not have been viable with traditional analytical platforms.
As the availability of probing data is steadily increasing on the wings of the development of
dedicated interpretation aids, powerful computational approaches have been explored to enable the
effective utilization of such information to generate valid molecular models. This combination of
factors has contributed to making the possibility of obtaining actual 3D structures by MS-based
technologies (MS3D) a reality. Although approaches for achieving structure determination of
unknown substrates or assessing the dynamics of known structures may share similar reagents and
development trajectories, they clearly involve distinctive experimental strategies, analytical
concerns, and interpretation paradigms. This Perspective offers a commentary on methods aimed
at obtaining distance constraints for the modeling of full-fledged structures, while highlighting
common elements, salient distinctions, and complementary capabilities exhibited by methods
employed in dynamics studies. We discuss critical factors to be addressed for completing effective
structural determinations and expose possible pitfalls of chemical methods. We survey programs
developed for facilitating the interpretation of experimental data and discuss possible
computational strategies for translating sparse spatial constraints into all-atom models. Examples
are provided to illustrate how the concerted application of very diverse probing techniques can
lead to the solution of actual biological substrates.
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In the last decade, several factors have reawakened a keen interest in the development of
chemical methods for the structural elucidation of biopolymers and their assemblies. Driven
by the need to understand the function of new gene products identified at unprecedented
rates, the demand for structural information has greatly intensified as a result of the
completion of the Human Genome Project1–3 and large scale proteomics initiatives.4, 5 The
need for 3D-structure elucidation has been further stimulated by the discovery of
riboswitches6, 7 and the realization that sequence information alone is not sufficient to
deduce the function of the estimated 98.5% of human genome that does not code for actual
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proteins.8, 9 In response to the growing demand, large research centers dedicated to
structural genomics have been created in the U.S. and abroad to expand the availability of
high-resolution structures and to reduce the cost of structural information.10 The weight of
these efforts is carried by established high-resolution techniques, such as X-ray
crystallography and nuclear magnetic resonance (NMR), which are applicable to a broad
range of biopolymers, but present also distinctive restrictions regarding solubility, quantity,
size, heterogeneity, and structural flexibility of viable substrates. These intrinsic limitations
have been hindering the pursuit of membrane proteins that are marginally soluble in aqueous
solvents and highly prone to losing their native fold when removed from the natural lipid
bilayer. Size and heterogeneity represent major obstacles to solving larger macromolecular
assemblies that are known to support complex cellular functions by clustering together all
the necessary components.11 The elucidation of these types of substrates could greatly
benefit from the implementation of complementary approaches capable of circumventing
such limitations.

Chemical probing represents an excellent source of structural information for substrates that
are not directly amenable to established techniques. Different types of reagents can be
employed to identify with excellent accuracy any susceptible functional group that may be
accessible on the substrate surface, or juxtaposed by its fold.12, 13 In this way, chemical
probing is capable of complementing the classic structural approaches and, ever more
frequently, compensating for their inability to obtain high-resolution data, thus enabling the
comprehensive structural determination of previously intractable substrates. In the case of
known structures, the ability to assess the yield of modification can provide very valuable
information about their dynamics, thus providing the sought-after insights necessary to
understand their function. In recent years, the advances made by mass spectrometry (MS) in
the characterization of chemically modified biopolymers have presented an excellent
opportunity for revisiting structural probing, for increasing its range of applicability, and for
exploring new strategies to tackle biological systems of ever increasing complexity. The
concomitant development of powerful computational techniques for generating full-fledged
models from sparse experimental constraints14, 15 has greatly increased the value of
relatively low-resolution data afforded by chemical probing, thus realizing the possibility of
obtaining the actual 3D structure of biopolymers by MS-based technologies (MS3D). In this
Perspective, we describe the advances fostered by the implementation of MS detection in
chemical probing approaches. We discuss experimental considerations to be taken in
account when seeking spatial constraints for actual structure determination and point out
critical differences with those addressed when investigating structure dynamics. We
highlight the progress made by the development of computational tools to support the
acquisition of experimental constraints and to translate this type of information into accurate
3D models.

The evolving trajectory of chemical methods in structural biology
Assessing the susceptibility of functional groups to specific chemical reagents constitutes a
very versatile strategy for gaining valuable insights into their spatial situation. This
possibility was recognized at a very early stage in the evolution of structural biology, before
modern high-resolution techniques were developed. The propensity of exchangeable protons
to swap with deuterons in D2O, which can be correlated to their solvent accessibility and
structural context, was initially monitored in cellulose as early as 1938,16 in what represents
the first example of biopolymer studied by hydrogen-deuterium exchange (HDX). In the
mid-50's, HDX was applied to investigate protein conformation in germinal studies that
employed gravimetric determinations or direct NMR analysis.17–20 The application of MS to
determine the mass changes associated with HDX became possible only decades later, when
the introduction of new ionization techniques made the analysis of biomolecules
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practical.21, 22 The possibility of determining the rate of exchange enables not only the
identification of surfaces that are shielded from solvent contact by substrate fold or ligand
binding, but also the investigation of substrate stability and conformational dynamics. It is in
these types of studies that HDX-MS has grown to assume a prominent role, as discussed in
depth by numerous excellent reviews (23–25 and refs. therein).

A similar trajectory was followed by the exploration of other chemical probes that, contrary
to the preeminently reversible modification associated with HDX, produce irreversible
labeling of surface-exposed regions. The application of selected reagents to introduce
specific covalent modifications finds its roots in earlier approaches developed for
investigating enzyme structure and mechanism, which took advantage of the inhibitory
effects of group reagents to map the composition and architecture of catalytic sites.26–28 In
analogous fashion, alkylating agents initially identified for their cytotoxic activity29 were
employed to unambiguously identify nucleotides that were not protected by base pairing
interactions in complex nucleic acid structures.30 Soon, mono-functional reagents became
the basis for footprinting studies of proteins31, 32 and nucleic acids.33, 34 The ability of
nucleic acid probes to produce strand scission at the modified site, or to inhibit strand
elongation in primer extension reactions, enabled the direct utilization of polyacrylamide gel
electrophoresis (PAGE) as a convenient detection platform. However, the absence of protein
probes with analogous backbone-cleaving capabilities precluded the utilization of this
analytical platform to tackle this type of biopolymer. At the same time, the possible
application of Edman degradation to identify probed residues was hindered by intrinsic
limitations in the analysis of mixtures and amino acid modifications. In contrast, MS-based
approaches (Figure 1) do not rely on probe-directed scission to achieve product
characterization and, therefore, allow for the direct application of mono-functional probes to
substrates of protein and nucleic acid nature.35–40 The versatility and specificity of such
technologies allowed for the utilization of individual reagents, as well as combinations
thereof in multiplexed applications that took advantage of their unique mass signatures.41

Broad-spectrum probes capable of reacting with diverse functional groups were also
explored in search of an ideal reagent that would allow for the comprehensive evaluation of
all the residues present in any type of biopolymer. The hydroxyl radical (OH˙) has come
close to realizing this ideal on the strength of its ability to attack all four nucleotides and a
large number of amino acid side-chains.42, 43 Initially, its application was traditionally
limited to nucleic acid structures by the utilization of PAGE-based detection, which can take
full advantage of the backbone scission induced by this probe. However, the introduction of
MS technologies that dispense with the need for probe-induced cleavage has facilitated its
recent extension to protein substrates. The possibility of generating hydroxyl radicals
directly in situ, either by Fenton reaction,42, 43 water radiolysis,44 or photolysis of hydrogen
peroxide,45, 46 has been exploited to accomplish the characterization of interfaces between
bound components47 and to pursue detailed analysis of substrate dynamics.48, 49 On the
wings of the increasing diffusion of MS-assisted radical footprinting for these types of
applications, extensive reviews have been dedicated to the subject over the years.50–52

If MS technologies have contributed to transcend the limits posed by PAGE detection to
mono-functional probing, the beneficial effects have been even more significant for the
application of bifunctional reagents in structural analysis. These types of probes form
irreversible covalent bridges between functional groups that may be distal on the biopolymer
sequence, but are juxtaposed or placed within striking reach by the substrate structure.
Therefore, the correct identification of modified sites requires the concurrent sequencing of
the bridged sections, which is typically difficult by PAGE, but can be accomplished with no
ambiguities by MS.53–55 Unlike mono-functional probes that can provide the position of
solvent-protected residues, but fail to identify the structure responsible for protection,

Fabris and Yu Page 3

J Mass Spectrom. Author manuscript; available in PMC 2012 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



crosslinking agents are capable of recognizing pairwise residues that were located within the
probe span. This characteristic enables the direct evaluation of inter-residue distances in
proteins56–58 and nucleic acids,59, 60 which is at the basis of their application to structure
determination. At the same time, the possibility of latching onto functional groups that are
juxtaposed only temporarily by transient conformations makes them ill-suited for the
investigation of dynamics. The ability to obtain actual spatial relationships has been
employed to reveal the local arrangement of contiguous secondary structures,61, 62 to
determine long-range interactions defining tertiary and quaternary structure,63–65 and to
positively identify the different components of large multi-subunit assemblies.66–68 The
value of crosslinking information has spurred a great deal of interest in exploring new
reagents and analytical approaches for product characterization, which have been
extensively reviewed.69–71

Reaping the benefits of MS technologies
The specificity, sensitivity, and speed afforded by MS technologies, which are now capable
of accomplishing full characterization of natural and modified biopolymers in
unprecedented scale, have contributed to expand significantly the scope of structural
probing. At the same time, intrinsic aspects of structural probing make this approach an
excellent fit for MS-based analysis. Indeed, the fundamental operations included in these
studies parallel those involved in the processing of photographic film. Exposing a substrate
to chemical probes creates an "impression" of its structural organization in the form of a
permanent modification pattern, which can be subsequently "developed" without worrying
about preserving the original fold. This critical feature lends great flexibility to the selection
of methods for reading the modification pattern and obtaining the sought-after spatial
constraints. With no concerns about denaturing the probed products after the fact (Figure 1),
MS-based strategies are directly applicable to virtually all biomolecules and their mixtures,
affording numerous advantages over techniques that require chromophores or probe-specific
cleavage. The elemental composition of intact molecular ions and corresponding gas-phase
fragments is very characteristic for each class of biopolymers and modifiers, alike.
Therefore, unambiguous identification can be readily achieved from their unique mass
signatures.

Within the broad realm of possibilities stemming from the covalent nature of probing
products, the selection of appropriate sample handling and analytical protocols must take in
account the intended purpose of a given experiment. Applications aimed at structure
determination depend on the unambiguous identification of modified residues, but those
aimed at assessing substrate dynamics are based on the ability to obtain accurate adduct
quantification. In the latter, the location of susceptible residues may be already known,
whereas the amount of modified product, either in absolute terms, or relative to its
unmodified counterpart, represents the sought-after information. For this reason, dynamics
applications must pay particular attention to any possible source of bias that may lead to
inaccurate assessments of product yield, such as adduct instability, inhibition of enzymatic
cleavage, modification of chromatographic properties, alteration of ionization efficiency,
etc.23–25, 51, 52 The need for accurate quantitative information is somewhat less stringent for
structure determination, although its importance will be expected to increase with the
development of advanced methods for model validation. Whenever the suspicion of
inaccuracy arises, alternative experimental strategies and stricter controls must be
considered to stave off possible bias, or at least to estimate its extent.

Typical bottom-up approaches for adduct characterization involve denaturing the probed
material by addition of chaotropic and reducing agents, followed by chemical/enzymatic
hydrolysis to obtain smaller products that are directly amenable to mass mapping. The
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masses exhibited by the various species are compared with those predicted from the
substrate sequence, taking in account the residue specificity of the hydrolytic step. Probed
products are clearly identified by the characteristic deviation corresponding to the modifier's
incremental mass. Taking this concept a step forward, the incorporation of ad hoc isotopic
labels in the probe structure has been accomplished to facilitate the identification of
modified species in complex hydrolytic mixtures.72–76 This characteristic is an intrinsic
property of the products of HDX experiments. Unlike other mono-functional reagents,
however, transferred deuterons can back-exchange with protons when hydrolysis operations
are performed in aqueous medium, thus leading to the possible loss of structural
information. For protein targets, this potential problem is minimized by working in acidic
environment and by employing proteases that are active at low pH (e.g., pepsin).23–25 New
probes have been recently introduced, which undergo partial cleavage under appropriate
environmental conditions to produce diagnostic products that facilitate the detection of
informative species in complex biological mixtures76, 77 Under typical bottom-up
conditions, however, the vast majority of chemical probes produce stable covalent
modifications that are not readily reversible in solution, thus minimizing the risk of
information loss.

Bottom-up approaches must contend with the possibility that chemical modification may
affect the activity of specific proteases employed for product characterization, thus resulting
in partial or complete cleavage inhibition. If possible, an absolute match between probe and
enzyme specificities should be avoided at the planning stage, where the utilization of
alternative cleavage protocols should be carefully considered. Chemical modification can
also alter the pKa of the targeted functional group, which may result in unwanted variations
of the overall analytical response afforded by the modified product. A case in point is
provided by lysine-specific reagents capable of transforming the side-chain amine into either
an amide group that prevents protonation, or an ammonium group that exhibits a fixed
positive charge. The effects may be felt not only as a variation of enzymatic cleavage
efficiency, but also as a reduction of the product's ionization efficiency and gas-phase
stability. Further bias between modified and unmodified species may be introduced during
possible separation steps, which may hamper the quantification efforts associated with
dynamics studies.

Adduct stability in the gas phase is an important consideration for the implementation of
tandem mass spectrometry (MS/MS)78 to locate the modified residues within the sequence
of hydrolytic products. If only one susceptible residue is present in a given digestion
product, then there is no ambiguity about the modification site. However, sequencing data
become necessary when two or more residues could be modified by a certain probe.
Activating the selected precursor ion with different types of energy leads to the formation of
product series that are characteristic for each type of biopolymer and their primary
structure.79, 80 When the modification is sufficiently stable to withstand the dissociation
process, its unique mass shift can be clearly observed in the characteristic ion series, which
unambiguously identifies the modified residue. In some cases, the ability of the probe
moiety to undergo partial cleavage has been exploited to either leave readily recognizable
remnants attached to the original product, or to produce unique reporter ions that signal the
presence of crosslinked species in the mixture.81–86

Probe-associated fragmentation becomes problematic when it represents the preferred
dissociation event over the backbone fragmentation that originates informative sequence
ions. This situation arises, for example, when specific nucleic acid probes weaken the N-
glycosidic bonds of modified nucleotides to induce predominant base-loss and minimal
backbone dissociation. As shown in Figure 2a, abundant signals corresponding to facile loss
of methyl and methylguanine were observed for an adduct obtained by treating a target RNA
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construct with the mono-functional probe dimethylsulfate.87 Initially, sparse sequence ions
did not allow for the position of the newly created abasic site to be correctly assigned on the
oligonucleotide primary structure. The impasse was overcome by isolating and activating
the initial fragments in consecutive steps of tandem mass spectrometry (MSn)88 to finally
achieve the sequence coverage necessary to locate the modification site (Figure 2b, c).87

Base on this favorable observation, submitting first generation products to further steps of
tandem MS should be capable of providing the necessary sequence information for adducts
that undergo predominant cleavage of the covalent bridge between crosslinked moieties.
Conversely, the opposite case scenario may take place for chemical modifications that
increase the stability of precursor ions in the gas-phase, thus limiting the extent of attainable
sequence coverage. This situation has been described, for example, for peptides containing
oxidized cysteines and methionines produced by radical footprinting.89 In this case,
adequate backbone fragmentation was restored by the implementation of electron
detachment dissociation (ETD).90 In similar fashion, the increasing diffusion of alternative
activation techniques will be expected to facilitate the MS/MS characterization of
crosslinked conjugates of protein-protein,81, 91, 92 nucleic acid-nucleic acid,93–96 and
protein-nucleic acid nature.97–103

Analogous considerations apply also to top-down approaches that dispense with hydrolytic
procedures, but seek to obtain direct sequence information by submitting intact substrates to
MS/MS.104 A streamlined experimental design and modest sample consumption are rapidly
making top-down analysis the approach of choice for structural probing.92, 105, 106 Indeed,
eliminating the digestion/mass mapping step may help reduce overall sample demands by
minimizing handling losses, while also eliminating any possible bias introduced by specific
enzyme activity. On the other hand, energetics considerations may limit the practical size of
probed substrates that can be fully characterized. As discussed earlier, popular probes
provide adducts that are stable in the gas-phase, or dissociate into recognizable products
under typical top-down conditions. The exception is again represented by deuterons
transferred by HDX, which can scramble their position with un-exchanged protons during
collision-induced dissociation. Recent studies have shown, however, that non-ergodic
activation techniques can minimize scrambling and preserve the integrity of the structural
information.107–109

Hyphenated techniques combining MS detection with capillary electrophoresis (CE-
MS)110, 111 and liquid chromatography (LC-MS)112, 113 have also an important role to play
in supporting the characterization of probed products. The implementation of a separation
step at the front-end relaxes the requirements imposed on the back-end analysis by
eliminating unreacted probes and necessary salt additives, by resolving complex sample
mixtures from probing and hydrolysis reactions, and by concentrating the desired adducts in
discrete elution bands. On one hand, the concentrating effects typical of these experimental
schemes facilitate the determination of samples present in limited amounts. On the other,
however, they may introduce unwanted bias between modified and unmodified species,
which may hamper dynamics applications. Whenever possible, the selected separation step
has taken full advantage of unique physico-chemical properties exhibited by probed
products to achieve their selective enrichment over the corresponding unmodified species.
For example, the strong interaction between phosphate and TiO2 has been exploited to
concentrate peptide-RNA conjugates obtained by digesting photocrosslinked protein-RNA
complexes.114 A 2D chromatography system involving both TiO2 and hydrophobic
stationary phases was implemented to selectively separate the desired hetero-conjugates
from unmodified peptide and oligonucleotide species representing the bulk of the digestion
products (Figure 3).
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Selective enrichment of probed species has been also achieved by including specific affinity
tags in the reagents structure, which provided the basis for effective capture strategies.
Biotinylated crosslinkers have been synthesized to perform affinity purification of probed
products by using streptavidin-coated phases.75, 115–118 Concerns about the very high
affinity of the biotin-streptavidin interaction, which may hamper the release of captured
species for MS analysis, have lead to the introduction of regents in which the tag itself can
be readily cleaved off under appropriate environmental conditions.77 Concerns about
possible streptavidin contamination of analyte mixtures, especially for those generated by in
situ protease treatment of captured material, have lead to the investigation of protein-free
retrieval strategies.119 The possibility that the size of the biotin group may somehow affect
probe activity has prompted the introduction of strategies in which the desired tag is added
only after the probing reaction is complete.120 Considering that the yields of probing
reactions are generally low, either by choice or happenstance (vide infra), the ability to
enrich the desired products from complex reaction mixtures is often crucial to the success of
a probing experiment. For this reason, great efforts are still dedicated to the development of
new strategies for increasing the sensitivity and dynamic range achievable in the analysis of
conjugated species for assembly characterization and 3D structure determination.121

The perils of chemical methods
Chemical methods tend to be exquisitely sensitive to conformational changes taking place in
solution, which may transiently expose susceptible functional groups to probe activity. On
one hand, this characteristic has been successfully harnessed to enable the investigation of
structure dynamics, which constitutes the prevailing objective of HDX and radical
footprinting applications. In this direction, the recent implementation of laser flash
photolysis to complete footprinting experiments on a time scale that is faster than typical
protein unfolding promises to enable the study of rather short-lived conformational
processes.122 On the other hand, however, this characteristic may also represent a possible
source of complications when the goal is obtaining unambiguous distance constraints for
modeling applications. In the case of bifunctional crosslinkers, for example, a mismatch
between substrate dynamics and reaction kinetics can result in the formation of stable
covalent bridges across functional groups that are placed only temporarily within
crosslinking range. Known as "kinetic trap", this effect inadvertently amplifies the incidence
of conformations that are not highly populated in solution, thus providing an inaccurate
representation of the structure of interest. In the case of mono-functional reagents, initial
modification of susceptible residues can induce unwanted conformational changes that could
expose previously protected regions and make secondary sites accessible to the probe.
Including these constraints in subsequent modeling operations would provide a distorted
view of the structure under investigation. Although, the possibility of incurring in different
types of artifacts is intrinsic to probing applications and cannot be completely eliminated,
their incidence can be minimized, or at least recognized, by appropriate experimental design.

Possible artifacts can be minimized by operating under ideal "single-hit" conditions, which
should allow for each substrate molecule to be modified only once. On one hand, a "single-
hit" eliminates the possibility that further modifications may occur at secondary sites
exposed by structure distortion. On the other, however, such experimental conditions tend to
produce very low reaction yields, which can hamper subsequent steps of adduct
characterization. The fact that the single modification may take place in any exposed site in
different molecules ensures the ability to obtain a comprehensive view of the structure of
interest. Ideal "single-hit" conditions may be achieved by completing the reaction in the
shortest possible time, either through rapid quenching or flash photolysis-like
implementations, or by keeping the probe to substrate ratio as low as possible in solution. A
series of inter-dependent factors should be weighed when calculating the ratio, including the
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total number of susceptible residues in the substrate sequence regardless their possible
protection status; the typical reactivity of the selected probe; the presence of buffers that
may affect chemical reactivity; the pH, ionic strength, temperature, and duration of the
probing reaction.123–126 Considering that these factors can have widely different effects on
different structures, optimal values are very much substrate-dependent and are difficult to
predict a priori. For this reason, similar substrates of known behavior constitute very
valuable samples for establishing baseline conditions that can be later optimized by using
the actual substrate of interest. In this direction, the MS platform enables the implementation
of titration schemes, in which the amount of probe is progressively increased and the
number of modified sites is monitored by direct analysis of the resulting reaction mixtures
(Figure 4). The occurrence of probe-induced conformational changes or kinetic traps is
typically revealed by an abrupt jump in the adduct number as a function of reagent
concentration.127 Another helpful approach for flagging situations that may be prone to
kinetic effects involves the concerted application of nested crosslinkers that present the same
reactive groups at the end of modular spacers of increasing span.128 The detection of residue
pairs crosslinked by reagents with widely different spacing tends to indicate highly dynamic
regions with high risk for trapping effects. Recognizing the conditions at which structural
transitions may occur allows for the utilization of higher probe to substrate ratios that are
capable of providing better product yields without affecting the accuracy of the structural
information.

Possible artifacts can be ruled out also by designing proper control experiments based on
specific properties of the target structure, which can be inferred from earlier probing rounds
or other sources. Probing could be repeated after introducing small variations of pH, ionic
strength, and temperature, which are expected to have more significant effects on relatively
unstable transient conformations than on stable folded structures.87, 129 Site-directed
mutagenesis could be employed to severely destabilize a certain fold, which would be
expected to result in the elimination of salient crosslinks.65, 130 Mutagenesis is particularly
effective for validating long-range tertiary interactions that determine the spatial
relationships between contiguous domains and define the global fold of target substrates.
Appropriate controls increase the level of confidence in the corresponding spatial constraints
and, consequently, in the final structures. Information associated with crosslinking products
that are invariably detected under a broad range of conditions should carry higher
confidence than products observed only under more narrowly defined conditions, which
may not represent the most populated fold. Sensitivity to environmental conditions,
reproducibility in repeated experiments, and mutagenesis support are just some of the
criteria that should be employed to evaluate the attained experimental constraints. These
observations could constitute the basis for scoring algorithms designed to rank the
constraints and to guide their selection for subsequent modeling operations.65 In
combination with accepted methods for statistical analysis included in current modeling
packages, these scoring algorithms could be employed also to assess the confidence level in
the final model and to compare the quality of MS3D structures.

Possible ambiguities can also arise from factors capable of influencing the baseline
reactivity of specific functional groups. Indeed, the local chemical environment may still
affect the reactivity of accessible groups by establishing hydrogen bonding, or other weak
interactions, which may not translate into actual steric protection, but may significantly
modify the pKa of susceptible residues. The result could be a reduced adduct yield that
could be erroneously interpreted as an indication of relevant structural effects. Again, this
situation is more likely to affect dynamics applications that need to be sensitive to subtle
conformational variations. In some cases, repeating the probing experiment under slightly
different conditions to destabilize the putative feature may help confirm its actual existence.
In general, a careful examination of the final 3D model is expected to enable the recognition
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of sites that may be conducive to local effects, which will then become the object of
additional control experiments.

Finding a needle in a stack of needles
The characterization of probing products is generally based on mass mapping and MS/MS
sequencing data. The possible presence of side reaction products, incomplete “dangling”
conjugates, hydrolyzed crosslinkers, probe impurities, and partially digested products can
greatly complicate the interpretation of mass spectra obtained from these types of sample
mixtures. The majority of software tools for the identification of post-translational
modifications in proteins can handle also mono-functional adducts generated by solvent
accessibility probes. Programs such as GPMAW,131 MASCOT,132 Protein Prospector,133

and others offer the possibility of adding user-defined modifications, such as those
introduced by mono-functional probes. However, typical customization capabilities do not
extend to protein-protein crosslinks and do not support the interpretation of their MS/MS
data. Only a few programs enable automated interpretation of data obtained from peptide-
peptide, peptide-oligonucleotide, and oligonucleotide-oligonucleotide conjugates
(summarized in Table 1). Some of these tools are freely available to the public either
through dedicated web-servers, or as stand-alone programs. Although they share a similar
underlying philosophy, they exhibit different strengths/limitations and have different ranges
of applicability, workflows, and I/O file formats. In general, the mass-over-charge ratios (m/
z) observed in a certain spectrum are compared with theoretical values predicted from user-
defined sequence(s) according to crosslinker identity, residue specificity, and biopolymer
cleavage rules. These libraries contain values for all possible combinations of crosslinked,
mono-adducted, and unmodified species. Experimental peaklists and theoretical libraries are
matched according to a user-defined error accounting for the accuracy of the actual data
under consideration, which places a premium on high accuracy determinations to minimize
mis-assignments and ambiguous interpretations.

Several programs have been developed to support specifically the interpretation of data from
crosslinking reactions (Table 1). For example, VIRTUALMSLAB,134 X-Link,135 Links/
MS2Links,87 MS-Bridge,133 SeachXLinks,136 Findlink,137 CLPM,138 and others offer the
ability to handle multiple protein sequences, custom modifications, and peaklists obtained
from both MS and LC-MS analysis. Often, these types of programs are made available
through portals or suites that offer a broad range of support tools.133, 139 VIRTUALMSLAB
presents the unique feature of allowing users to define the sequence by which probing and
cleavage reactions are performed, thus replicating the actual wet-lab experimental design.
This characteristic enables to minimize possible ambiguities arising from the fact that, for
example, the addition of probe before or after proteolysis can lead to different theoretical
mass lists, which could greatly affect the matching with actual experimental data. The
program is also capable of filtering the theoretical library, as well as the matched peptides,
according to different sorting criteria that help evaluate their significance. Links and
MS2Links represent recent upgrades of ASAP140 and MS2Assign,141 which afford the
unique capability of handling both homo- and hetero-conjugates of the different
biopolymers. This added flexibility has greatly facilitated the MS3D investigation of
proteins,92, 105, 106 nucleic acids,62, 65 and their functional assemblies.142, 143 In addition to
data interpretation, these programs allow for the preview of theoretical mass lists before the
actual experiments are performed, which offers the opportunity to perform a risk-free, in
silico evaluation of the information content expected from a prospective probing reaction.
This functionality enables to streamline the experimental design by identifying the best
possible set of reagents capable of maximizing sequence and surface coverage of the target
substrate. At the same time, it can help stave off possible ambiguities in the identification of
crosslinked products by guiding the selection of more favorable reagents. In similar fashion,
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the MS-Bridge application of the Protein Prospector suite133 offers the ability of
customizing modifications and crosslinks, while also providing the additional capability of
performing searches against sequence databases.

Increasing the number of subunits and custom modifications considered in the same
application results in an exponential increase of the size of the corresponding theoretical
libraries, which can affect at different levels the performance of mass matching algorithms.
Indeed, the analysis of mono-functional adducts involves calculating the mass of all possible
products containing the susceptible residue(s), while crosslinks analysis requires also
predicting all possible peptide-peptide, peptide-oligonucleotide and oligonucleotide-
oligonucleotide combinations that may be generated by a given substrate. The number of
possible combinations is a function of substrate size and total number of residues that may
be susceptible to the selected probe. Exhaustive explorations of sizeable libraries place
increasing demands on the computational resources and greatly increase the time necessary
for completing the task. With the purpose of streamlining this operation, programs such as
CrossSearch144 and Links offer the possibility of restricting the search space by eliminating
peaks from the input peaklist, which were assigned earlier by control experiments. At the
same time, however, larger theoretical libraries increase the sheer probability of incurring
false positive matches that are not readily recognizable by the available algorithms. For this
reason, resulting outputs tend to require a significant amount of manual interrogation, which
can negate any gain of speed and convenience afforded by the utilization of software aids.
The pursuit of increasingly complex macromolecular systems will require the development
of new algorithms capable of maximizing the benefits of computational power, while
minimizing interpretation errors.

In this direction, the program xQuest145 can either generate comprehensive libraries from a
user-defined database of up to 100 different proteins, or switch to the so-called "ion-tag
mode" for proteome-wide analysis. This approach involves indexing common fragment ions
produced by MS/MS of isotopically labeled crosslinked peptides, identifying all peptide
sequences (or tags) capable of generating such fragments, and then reconstructing the
corresponding MS/MS spectra. The goodness of fit between experimental data and
reconstructed spectra is employed for scoring purposes, while Linear Discriminant Analysis
(LDA)146 is used to distinguish between true and false positive matches. X!Link was also
developed to streamline spectral analysis by direct examination of LC-MS/MS data from
crosslinked peptide digests.147, 148 In a characteristic shotgun approach, this program
assigns crosslinks according to the accurate mass of parent ions and double filtering of
corresponding MS/MS data (i.e., combining the total percentage of sequence ions matched
with percentage of precursor ions matched among the top 10 most intense peaks).
Discrimination against false positives is achieved by utilizing a statistically optimized filter
and a probability-based scoring system. This program is readily applicable to inter-peptide
conjugates produced specifically by homo-bifunctional crosslinkers that target amino
groups, but does not handle mono-adducts and intra-peptide crosslinks. Similar programs
employing database searching and specific scoring schemes have been developed for
multiprotein complexes and global crosslinking analysis,120, 149, 150 which enable the
assessment of whole proteomes in a single search run. While the shotgun approach provides
a seamless and high-throughput way of analyzing crosslinking data, there is still a lot value
in examining experimental data to ascertain whether the probing reaction produced
structural distortion and artifactual modifications.

The importance of experimental design in facilitating positive identification cannot be
discounted. Different approaches have been devised to narrow the focus of analytical and
data interpretation procedures to the products of interest, while eliminating from
consideration the remaining regions that were not targeted in the probing experiment. The
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introduction of stable isotope labels either in the probe structure,76, 151, 152 or at the termini
of conjugated species during cleavage,153, 154 can provide unique isotopic signatures that
represent readily recognizable diagnostics for product identification and quantification.
Software packages, such as Pro-Crosslink155 and iLink/doLink,156 support the interpretation
of data obtained from isotopically-labeled samples. Pro-Crosslink is an integrated suite of
tools for the automated assignment of mass mapping and sequencing data, which can handle
substrates digested in the presence of H2

18O. Peaklists from LC-MS analysis are screened
for species bearing 18O atoms that are introduced by hydrolysis at the C-terminus. In this
way, the algorithm can readily flag peptide-peptide conjugates, which are recognizable from
the characteristic isotopic signature conferred by two labeled C-termini, and designate them
for MS/MS sequencing to complete characterization. The masses of each precursor ion and
corresponding fragments are employed for mass matching with a theoretical library. The
assignments are scored to provide a measure of confidence level. In similar fashion, iXLink/
doXLink includes built-in utilities for recognizing the characteristic signatures provided by
isotopically-coded (heavy versus light) crosslinkers and 18O end-labels. Also in this case,
the products of interest are automatically flagged for MS/MS analysis and the results are
scored according to a matching function. The presence of corresponding labeled and
unlabeled products facilitates their respective quantification, which is particularly valuable
for dynamics applications.

Knowledge of typical fragment ions produced by the various biopolymers in MS/MS
experiments has allowed for well-defined dissociation rules to be included in the software
tools, which have contributed to enhance the efficiency and accuracy of the automated data
interpretation procedures. Knowledge of typical fragments obtained by dissociation of intra-
and inter-molecular crosslinks is more limited and has not reached the level where
corresponding rules have been hard-coded in interpretation algorithms. Nevertheless, the
investigation of the gas-phase behavior of different crosslinked peptides has lead to the
identification of distinctive marker ions associated with certain bridged residues.141, 157 To
date, these studies have focused on amine-specific homo-bifunctional
crosslinkers,123, 158, 159 while other classes of reagents have received little attention. In
combination with typical sequence ions, crosslinker-specific markers would be expected to
greatly enhance the coverage and accuracy achieved by mass assignment algorithms. These
figures of merit could be further enhanced by the inclusion of parameters accounting also for
fragment ion intensity and isotopic distribution.

Translating probing data into spatial constraints
Utilizing the information afforded by covalent labeling and crosslinking approaches can be
deceptively simple. In reality, a series of considerations need to be properly addressed to
translate probing data into spatial constraints that can be safely utilized in molecular
modeling operations. The data afforded by HDX and radical footprinting experiments can be
readily employed to discriminate regions that are permanently exposed to the solvent from
those that are subjected to significant structure dynamics. These regions can be mapped on
available Protein Data Bank (PDB)160 structures to identify interfaces between bound
components and to highlight flexible domains. Algorithms, such as DSSP,161 NACCESS,162

GETAREA,163 and ASA-VIEW164 calculate the area of accessible surfaces and their
gradients, and enable quantitative correlations between reactivity and solvent
exposure.35, 39, 165–174 Although this type of information alone is clearly insufficient to
support direct model building operations, it can be readily employed to guide the selection
among models generated, for example, by homology or course-grained approaches (vide
infra).
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Bifunctional probes, instead, are capable of determining the actual distance between
susceptible functional groups, which can be employed to triangulate their reciprocal
positions in 3D space. The feasibility of measuring distances by crosslinking experiments
and the accuracy of the corresponding constraints have been evaluated on model proteins of
known 3D structure.63, 74, 105, 175 In these studies, the Euclidean distance corresponding to
the shortest path between bridged residues was measured in the actual PDB structure and
then compared with the reported spacing between the crosslinker's reactive groups. A
crosslink measurement was considered valid when the distance between bridged residues
was equal or lower than the maximum spacer length. Unfortunately, the latter may not be
known with sufficient accuracy, owing to the intrinsic flexibility afforded by typical spacer
structures, especially those including series of methylene groups (Figure 5). When all
conformational degrees of freedom are taken in account, the vast majority of crosslinkers
tend to cover a broad range of permissible distances, as demonstrated by molecular
dynamics (MD) simulations of some commercially-available reagents, which found
significant deviations from reported values.176 Indeed, the crosslinking literature tends to
provide a single value that may represent either the mean or the maximum length of the
spacer, while a measure of the possible range is seldom included. A practical consequence
of conformational flexibility is that bifunctional reagents with same reactive groups but
different spacer lengths (i.e., DSG, DSS, etc., Figure 5) possess widely overlapping span
distributions. The concerted application of such analogs could potentially result in
conjugation of the same residues pair, which would provide conflicting evaluations of their
actual distance. This outcome would be particularly unfavorable in structure dynamics
investigations. The introduction of molecular rulers with more rigid spacers (for example
consisting of phenyl units)128 would be expected to minimize such ambiguities by
narrowing the possible span distributions.

The intrinsic flexibility of the functional groups targeted by the different probes raises
similar issues. For example, the side chains of residues that are placed on the substrate
surface and are not constrained by stable interactions can enjoy high levels of
conformational freedom, which are not adequately conveyed by the static representations
afforded by individual PDB structures. This consideration applies in particular to lysine,
arginine, and glutamate residues, which exhibit susceptible functional groups at the end of
rather flexible side chains. The 3D space explored by individual side chains could place
them within crosslinking distance, even thought their bridging may not have looked possible
from a cursory inspection of the PDB. Trajectories obtained from MD simulations would be
expected to provide ensembles of conformer structures, which would provide better
representations for rationalizing experimental data.61, 177 Only a careful examination of the
combined effects of side chain and crosslinker flexibility can provide the confidence
necessary to discount improbable crosslinks and to rule out possible structures on the ground
of crosslinking information.

The distance between bridged points is not the only piece of information afforded by
crosslinking reagents. The fact that a conjugated adduct was positively detected implies not
only that the connected residues are laid within proper reciprocal distance, but also that no
intervening structure inhibited the closing of the initial "dangling" product. Unlike
constraints obtained by Förster resonance energy transfer (FRET) and electron paramagnetic
resonance (EPR) spectroscopy, the distances measured by crosslinking reagents are not
through-space restraints. Steric effects can directly hinder crosslink formation by blocking
the shortest path between susceptible groups. For this reason, alternative methods of
evaluating crosslinking data have been developed, which take surface geometry and steric
clashes into account. The method proposed by Potluri et al., for example, employs different
representations of the substrate surface to find plausible lower and upper bounds of
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crosslinking distances, which are ranked according to the way the corresponding path
intersects with the surface of the substrate.178

Once a product has been observed experimentally, its validity should be evaluated against
any structural information that may be already available from initial homology modeling,
previous probing rounds, or other structural techniques. Computational resources, such as
MSX-3D, 179 enable the inspection of experimental constraints in the context of a target 3D
model that can be interactively visualized by Jmol.180 Users can inspect crosslinked
positions and look for a clear bridging path that can corroborate or contradict experimental
data. The program can be also used beforehand to predict the possible outcome produced by
a certain probe based on distance measurements from the available 3D structure. In this
case, however, considerations of conformational flexibility should be accounted for by the
concerted application of MD simulations, as discussed earlier.

Utilization of spatial constraints from probing data
Different approaches have been explored to take advantage of probing information.
Crosslinking data have been successfully employed in the study of complex assemblies to
guide docking experiments in which high-resolution structures were available for the
individual subunits and their interaction surfaces were modeled according to inter-subunit
constraints.181–184 More frequently, however, probing information is employed directly to
support the generation of actual models, or indirectly to guide the selection of the most
representative structure among a library of plausible models. In either case, the accuracy of
the resulting structure depends on the quality of the experimental data and on the accuracy
with which such data are translated into spatial constraints.

The direct utilization of probing information in model building operations is based on
constraint satisfaction techniques analogous to those employed to solve structures from
NMR data. Restrained simulated annealing185 and replica exchange molecular dynamics186

are typically implemented to calculate structure ensembles that satisfy all the experimental
distance information. The ability to complete structure determination from sparse
constraints, such as those derived by measuring the residual dipolar coupling in NMR, has
been successfully demonstrated for the modeling of protein targets.187, 188 Fortunately,
software packages developed to support these operations, such as anneal.inp of the CNS
suite189 and GROMACS,190 are capable of accepting distance information regardless of the
actual source. In this way, crosslinking constraints can be either enforced explicitly during
model generation, or incorporated in penalty functions employed for conformational
searches.191–194

Additional ways for effectively utilizing the experimental information involve the
implementation of different de novo modeling approaches based on reduced representation
methods and coarse-grained strategies,195, 196 which have inspired the development of
programs, such as ROSETTA,197 ROBETTA,198 CABS,199 and MONSSTER.200

According to these approaches, side-chains and nucleobases are represented as discrete
entities, or pseudo-atoms, to simplify the calculation of initial working models. The
information afforded by crosslinking constraints can be readily utilized to triangulate the
reciprocal position of pseudo-atoms in 3D space, which leads to models that reflect very
closely the overall morphology of the target substrate.201–203 The intrinsically low
resolution of such representations may preclude the attainment of atomic-level details, such
as H-bonding networks, but may still allow for critical functional observations that could
prompt otherwise unwarranted hypotheses. Fortunately, low resolution models can be
upgraded to molecular-level resolution by the application of homology modeling or other
structure prediction techniques.204
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Finally, probing constraints can be employed to rank libraries of purely theoretical models
and to identify the structure that best fit the available experimental observations.140, 205–207

Computational strategies, such as threading and homology modeling, are typically employed
to generate plausible models based on residue/base composition, sequence alignment
information, secondary structure prediction, etc. In the case of protein substrates, these
strategies can count on the growing availability of protein templates from structural
genomics efforts.208, 209 In the case of nucleic acids, a broad range of folding prediction
algorithms has been developed, which apply stringent thermodynamics considerations to
generate putative structures.204, 210, 211 Once an ensemble of models is generated, the
experimental constraints are used as "filters" to accept/discard individual members, or to
score them according to statistical criteria expressing best fit. Either way, the selected
structure(s) will combine the atomic-level details of the theoretical templates with the actual
experimental information to provide the best possible representation of the target substrate.

Regardless the strategy followed to generate them, initial models are typically submitted to
energy minimization according to accepted protocols, which is necessary to relax any
possible strain introduced by the modeling process. Completing this operation with or
without crosslinking restraints can provide helpful information about the model under
consideration. Minor deviations between the results observed before and after lifting the
restraints should be expected as part of normal relaxation effects striving to correct unnatural
angles, geometric violations, clashes, etc. Major variations, however, could indicate the
possible manifestation of kinetic traps that might have forced the substrate into a certain fold
only when the corresponding crosslinking information was enforced. Furthermore, the final
minimized structure should be carefully examined to assess whether it would still allow for
the actual formation of the observed crosslinks. Any major discrepancy in terms of distance
and steric considerations would raise a flag about the fitness of the model, which should
prompt a re-evaluation of the modeling operations.

These considerations underscore the distinctly iterative nature of a typical MS3D project.
Indeed, the energy minimized model will be expected to prompt the design of further
probing experiments by using reagents capable of targeting very unique features revealed by
the model itself. The new set of experimental constraints could be employed to verify the
validity of such model, or could be included in an new round of modeling, which should
intrinsically result in a more accurate model owing to the greater number of spatial
constraints. The iterative process should stop when a new set of information shows no
significant discrepancies with the latest structure. It is important to stress also that, at the
same time, the model should be expected to prompt other types of experiments aimed at
testing its validity, which may involve the preparation of mutants to eliminate a critical
interaction, the application of a possible inhibitor ligand, or other biological assays designed
to test hypotheses stimulated by the observed structural features. These experiments,
however, can provide an assessment based on very general criteria that should be applied to
structures obtained by any type of approach, not just to those solved by structural probing,
which should find their value and validation in the quality of the new functional insights and
the number of testable hypotheses they help generate.

The rewards of structural probing
Recent years have seen a steady increase of examples in which MS3D approaches were not
applied only to study well-known substrates with the objective of testing new experimental
or computational strategies, but also to tackle poorly-understood systems of biological
interest with the goal of achieving actual structural elucidation. In several studies, the
tertiary and quaternary structures of protein targets were determined by employing
crosslinking data to guide the selection of best-fit models generated by homology
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modeling.130, 135, 205, 207, 212–216 Targets lacking adequate templates with sufficient
sequence similarity, which were not directly amenable to threading or homology modeling,
were successfully studied by using 2D structure prediction algorithms to generate low to
moderate resolution structures. In 2002, Back et al. first reported a low-resolution model of
the prohibitin complex, an unknown protein structure, which was based on computer
predictions substantiated by MS3D crosslinking data.137 The final model displayed the
structures predicted for the various domains as individual blocks, which were appropriately
oriented in 3D space according to the crosslinking information. In similar fashion, Dimova
et al. used 2D prediction software to model the individual structures of peptide units
constituting Munc 13.217 Six distance constraints from crosslinking experiments were
subsequently employed in docking calculations to model the calmodulin-Munc 13
interaction (Figure 6). This model represents a very valuable reference point for studying the
role of Munc 13 peptides, which are crucial in the mechanism of synaptic vesicle priming
linked with Ca2+ signaling. Based on this structure, for example, candidate Munc 13 mutants
could be constructed to evaluate their binding interactions by using the same photo-affinity
labeling assay performed to obtain the modeling constraints.

Utilizing solved high-resolution subunits to assemble full-fledged structures through
docking or simulated annealing is rapidly emerging as one of the strategies of choice for
maximizing the benefits of structural probing.181–184 This strategy is capable of producing
results that are comparable to those obtained by established structural methods, as
demonstrated by the elucidation of the Ffh-FtsY complexes of E. coli and T. aquaticus,
which were tackled by using the amine-specific crosslinkers DSS and BSSA (Figure 5). A
total of nine intermolecular crosslinks identified by tandem MS was utilized to determine the
binding interface and relative orientation of the different components of the Ffh-FtsY NG
complex.218 In particular, the high-resolution structures of the NG domains of Ffh and FtsY
were treated as “pseudo” rigid bodies by the program MODELLER219 to generate an
ensemble of 1000 complexes that maximally satisfied all nine distance constraints.
Inspecting the ensemble revealed that the models ranked in the top 10% were highly
clustered and shared a tight binding interface and single interacting orientation. The selected
models were further refined by rounds of docking and energy minimization to obtain the
final MS3D structure (Figure 7a). Remarkably, when crystal structures were finally obtained
for the complex,220, 221 they displayed a backbone that deviated by only 3.8 Å from that of
the corresponding MS3D model. More importantly, however, the latter included also the M
domain that was conspicuously absent from the crystal structure. The crosslinking data
placed this domain in close proximity to the rest of the Ffh-FtsY complex (Figure 7b), which
contradicted previous information and suggested possible dynamic roles in the targeting and
trafficking processes performed by this substrate.

The potential for the elucidation of large membrane-bound complexes was demonstrated by
Schulz et al., who employed ROSETTA with crosslinking data to elucidate the 3D structure
of the full-fledged A2t complex.222 The high-resolution structures available for the N-
terminal truncated annexin A2 (ANXA2) and p11-ANXA2 hetero-tetramer, which represent
the essential components of this ~100 kDa octameric complex, were docked according to
information provided by isotope-labeled amine crosslinkers of different spacer lengths.
More specifically, three independent distance constraints were employed to appropriately
place the C-terminal ANXA2 protein near the p11 dimer, whereas one constraint was used
to position the N-terminal ANXA2 in relation to the rest of the complex (Figure 8). The
resulting models were further refined by employing an additional set of unique distance
constraints. The information afforded by "dangling" mono-functional products was not
discarded, but was instead utilized to generate a surface topology map that confirmed the
quaternary organization of the A2t complex.
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Successful MS3D investigations have not been limited only to protein substrates, but have
covered also complex nucleic acid structures. The reliance of these biopolymers on base-
pairing interactions to define their higher-order structure has paved the way for the extensive
utilization of solvent-accessibility reagents to reveal their specific pairing arrangements,
which can be readily translated into very accurate 3D models by different computational
strategies. For example, a combination of distance information from crosslinking probes and
footprinting data from mono-functional reagents was employed to solve the 3D structures of
two ribosomal frameshifting pseudoknots of retroviral origin.62 In this case, initial models
were generated by the constraint-satisfaction algorithm MC-SYM223 and then energy
minimized by CNS.189 In the final MS3D model of the mouse mammary tumor virus
pseudoknot, the coordinates of atoms present in the double-stranded regions afforded an
average root mean square deviation (rmsd) of only ~3 Å from the coordinates of the
corresponding atoms of the actual NMR structure available in the PDB.224

The highly hierarchical nature of the RNA folding processes is particularly conducive to the
divide-and-conquer strategy described earlier for protein complexes. In fact, such processes
tend to proceed from the initial formation of discrete elements of secondary structure (e.g.,
stem-loop hairpins), which are stabilized by the annealing of contiguous sequences, to the
formation of long-range tertiary interactions between them, which define the global fold of
the RNA substrates.225 The size and crystallization properties of discrete domains frequently
enable their solution by the established structural techniques, which can thus afford the
desired high-resolution building blocks. In the case of the elucidation of the HIV-1
packaging signal (Ψ-RNA), initial footprinting experiments confirmed the presence of four
stem-loop domains in the context of the full-length construct,65 which had been already
solved separately by NMR and crystallography. This observation allowed for the utilization
of inter-domain distances provided by crosslinking probes to guide the assembly of the
individual high-resolution components into an all-atom 3D model of full-length Ψ-RNA
(Figure 9a). The resulting structure exhibited a tight cloverleaf architecture stabilized by a
distinctive GNRA-tetraloop receptor interaction between distal domains, which was
modeled by homology with other known interactions of similar type (Figure 9b).65 The
structure was confirmed by site-directed mutagenesis and paved the way for the examination
of the roles played by Ψ-RNA in the context of the entire 5’-untranslated region of the
HIV-1 genome.

In conclusion, these few examples clearly demonstrate that the time has never been more
ripe for the effective utilization of chemical methods for actual structure elucidation. The
recent technological advances in the MS field have stimulated a revival of structural probing
as a viable tool for pursuing the elucidation of biomolecules that elude the established high-
resolution techniques. In particular, the implementation of MS-based approaches has greatly
expanded the wealth of protein- and nucleic acid-specific chemistries that could be explored
for probing applications. The advancements of instrumentation and experimental techniques
for the characterization of probed biopolymers have been matched by the concomitant
development of software tools for supporting the interpretation of data of increasing
complexity and for translating such data into spatial constraints for molecular modeling. At
the same time, the refinement of computational approaches for model generation and new
strategies for utilizing sparse experimental constraints have increased the ability of
successfully concluding probing projects with the attainment of high quality, valid 3D
models that represent the substrate structure with excellent accuracy. In addition to
applications to progressively larger multi-subunit assemblies, the flexibility afforded by the
MS platform will be expected to enable the investigation of biopolymers of increasing
complexity, such as glycoproteins implicated in immunological host-pathogen responses and
lipoprotein complexes involved in membrane trafficking and signaling. The ability of probe
molecules to cross cell membranes, combined with the sensitivity and specificity of MS-
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based detection, will be expected to result in increasing interest for in vivo probing
applications, which could help reconcile high-resolution information obtained in vitro with
the actual structure assumed by the substrate of interest in its natural environment. In this
way, the integration of MS3D approaches with other structural biology techniques will lead
to a better understanding of the structure-function relationship of substrates of great
biological interest.
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Figure 1.
General operations and strategies followed to complete MS-based structural probing. In
typical MS3D workflows, the substrate of interest is treated with the selected probe. The
products can undergo purification/enrichment procedures, or can be analyzed directly by
mass spectrometry, according to bottom up or top-down strategies (see text).
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Figure 2.
Multiple stages of tandem MS for the characterization of mono-methylated adduct of the
RNA oligonucleotide SL3: (a) products obtained by isolation/activation of monomethyl SL3
(MS2, precursor ion m/z 1617.02); (b) isolation/activation of the first-generation fragment
produced by loss of methylguanine (MS3, m/z 1617.02 → m/z 1576.55 → products); (c)
isolation/activation of the second-generation fragment induced by consecutive losses of
methylguanine and guanine (MS4, m/z 1617.02 → m/z 1576.55 → m/z 1538.70 →
products). All precursor ions selected at each stage had a 4– charge state. Reproduced with
permission from reference 87.
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Figure 3.
Schematic overview of a 2D chromatography setup for the automated enrichment of
peptide-RNA conjugates derived by complete hydrolysis of protein-RNA complexes
irradiated with UV light. Interactions between phosphate groups and TiO2 stationary phase
are responsible for the selective retention of nucleic acid components. Hetero-conjugate
enrichment is achieved through a multistep process involving the concerted utilization of
appropriate C18 traps. Adapted with permission from reference 114.

Fabris and Yu Page 33

J Mass Spectrom. Author manuscript; available in PMC 2012 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Monitoring myoglobin probing with diethylpyrocarbonate (DEPC): (a) representative ESI-
MS spectrum; (b) dose response plot. [P]0 and [P] are the initial and final concentration of
unmodified protein inferred from the corresponding peak areas. [X]0 and [X] are the DEPC
concentrations. The observed deviation from linearity suggests a protein structural change
due to the modification. Adapted with permission from reference 127.
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Figure 5.
Structure of common bifunctional N-hydroxysuccinimide esters targeting amino groups:
disuccimimidyl tartarate (DST); disuccinimidyl suberate (DSS); disuccinimidyl glutarate
(DSG); bis(2 [succinimidooxycarbonyloxy]ethyl)sulfone (BSOCOES); ethyleneglycol bis-
(succinimidylsuccinate) (EGS); and bis(sulfosuccinimidyl)adipate (BSSA). *Reported N-N
distances were obtained from Pierce reference sheets. **Average N-N distances and N-N
distance range distributions were obtained from reference 176.
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Figure 6.
Model of the calmodulin-Munc13 peptide complex based on crosslinking and photoaffintiy
labeling (PAL).217 Munc13 (13-1) peptide (blue) structure was predicted and modeled as an
α-helix, and calmodulin (CaM, grey) was modeled after multiple CaM structures in the
PDB. The complex was created using PatchDock and refined using ROSETTADock based
on PAL of CaM residues M122, M124 (green) and 13-1 residue W7 (green), and crosslinks
between13-1 residue K13 (purple) with CaM lysines (yellow, and red). Adapted with
permission from reference 217.
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Figure 7.
(a) The model of T. aquaticus Ffh-FtsY NG complex was created by docking the apo-NG
domains of Ffh (green) and FtsY (blue) according to crosslinking constraints.218 The MS3D
model overlays perfectly with the crystal structure (grey) of the complex. (b) The structure
of S. solfataricus SRP54 (gray) was superimposed with T. aquaticus Ffh (green) to generate
a model for the Ffh_FtsY complex including the M domain. Relative positions of T.
aquaticus lysine residues in the SRP54 M domain are mapped (green). These residues
formed crosslinks with residues G(−3) and K62 of FtsY (magenta line), suggesting a close
proximity of the M domain to the Ffh-FtsY complex interface. Adapted with permission
from reference 218.
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Figure 8.
(a) MS3D model of the ~100 kDa ANXA2/P11 complex.222 The location of lysine residues
involved in intra- and inter-protein crosslinking of the p11 dimer and full-length ANXA2 are
marked as blue and grey spheres. (b) These crosslinks were used for docking calculations
that provided a hetero-octameric A2t complex consisting of four ANXA2 (dark green and
blue) located on the periphery connected by two p11 dimers (red and light green) in the
center. Adapted with permission from reference 222.
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Figure 9.
(a) MS3D model of the full-length Ψ-RNA generated using footprinting and crosslinking
data.65 High-resolution structures for the discrete stem-loop domains SL1 (red), SL2
(green), SL3 (blue) and SL4(yellow) were employed as building blocks. Linker regions
(orange) were generated de novo. (b) Details of H-bonding and interactions between SL1
and SL4 domains in the observed GNRA-tetraloop interaction. Adapted with permission
from reference 65.
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