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Abstract

Modern mass spectrometry (MS) technologies have provided a versatile platform that can be
combined with a large number of techniques to analyze protein structure and dynamics. These
techniques include the three detailed in this chapter: 1) hydrogen/deuterium exchange (HDX), 2)
limited proteolysis, and 3) chemical crosslinking (CX). HDX relies on the change in mass of a
protein upon its dilution into deuterated buffer, which results in varied deuterium content within its
backbone amides. Structural information on surface exposed, flexible or disordered linker regions
of proteins can be achieved through limited proteolysis, using a variety of proteases and only small
extents of digestion. CX refers to the covalent coupling of distinct chemical species and has been
used to analyze the structure, function and interactions of proteins by identifying crosslinking sites
that are formed by small multi-functional reagents, termed crosslinkers. Each of these MS
applications is capable of revealing structural information for proteins when used either with or
without other typical high resolution techniques, including NMR and X-ray crystallography.

Part 1: Hydrogen/deuterium exchange

1.1 Introduction

Protein functions commonly rely on conformational changes within the protein. In some
cases these conformational changes include large sections or entire domains of the protein.
In other cases, protein conformational changes are restricted to small specific regions of the
protein. Extensive conformational changes are associated with protein folding immediately
during or after their synthesis /n vivo, when they fold to acquire their native conformational
structure. Knowledge of the location of functionally relevant conformational changes within
the protein and the magnitude and rates of conformational interconversion among various
protein conformations (i.e. dynamics) are of great importance to the understanding of
protein function.

Direct or indirect evidence of protein conformational changes have been deduced through
the use of several spectroscopic techniques, including circular dichroism, electron
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paramagnetic resonance, intrinsic protein fluorescence, UV-Vis and IR spectroscopy, and it
is not uncommon to use a combination of these techniques to obtain a general description of
the structure and dynamics of the protein system under consideration. Measurements of
protein dynamics traditionally have been done by determining °N NMR relaxation times
and calculating S2, the average order parameter, a measure of the motion of the N-H vector
at peptide amide linkages. Higher order parameters indicate less freedom of movement.
Motions measured by these techniques are on the pico- to nano-second time scale but may
also indicate if slower motions might be occurring. To fully understand the dynamics of a
particular protein, it is desirable to span as wide a time range as possible.

Hydrogen exchange is a well-understood phenomenon, and in conjunction with mass
spectrometry (MS) is a useful method for studying protein dynamics and structure. This
exchange was first discovered in the early 1950s by Kaj Ulrik Linderstrom-Lang and Aase
Hvidt, scientists at the Carlsberg Laboratory in Copenhagen. They discovered that both the
polar side chain hydrogens and the peptide group hydrogens undergo continual exchange
with the hydrogens from the solvent. Using density gradient tubes, Lang and Hvidt
developed a novel method to measure this exchange of amide backbone hydrogens with a
heavier isotope, deuterium (1,2). With this method, they were able to show that the newly
discovered a-helices and B-sheets in native proteins do indeed have the proposed hydrogen-
bonded backbone structures (1,3). Despite having extremely limited resolution and accuracy
at this time, Lang and Hvidt were able to derive equations and propose mechanisms that are
still being used today in hydrogen/deuterium exchange (HDX) methodologies (1).

During the following 40 years, many developments were made using hydrogen exchange in
conjunction with different techniques, including NMR, tritium gel-filtration, and circular
dichroism. Some of these advances include showing that the chemical nature of adjacent
side chains has a major effect on the exchange rate (4), measuring the rates of both acid- and
base-catalyzed exchange (5), developing protein fragmentation and HPLC separation
methods (6), and site-resolved HDX (7). Finally, in 1991 Katta and Chait showed that HDX
could be used with electrospray ionization mass spectrometry, removing many of the
limitations associated with applications of HDX, including the size of the protein that can be
studied (8). With the use of MS to analyze the exchange, the use of HDX to study protein
structure continues to advance, with the development of faster and more automated software
for both analyzing data and running samples (9), and cold boxes for HPLC to maintain low
temperatures during injection to avoid back exchange (10). As a result, the size and type of
proteins being studied with HDX, as well as the number of people employing this method,
continue to grow.

Recently, HDX in combination with MS has been used to characterize protein movements in
solution over a time range from milliseconds to several hours. This technique has become
increasingly popular to characterize conformational changes and the dynamic transitions
between the conformations in proteins. The purpose of this chapter is to describe the
procedures and methods for HDX MS to novice users. Thus, we will first describe a basic
methodology and a simple experimental set up. Then, we will discuss alternative workflows,
caveats and potential problems, and complementary techniques.
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HDX MS is a method in which deuterium atoms present in buffer replace hydrogen atoms in
the protein (11-16). Of all the hydrogen atoms present in a protein polypeptide, only
hydrogen atoms in O-H, N-H and S-H groups can be replaced with deuterium atoms present
in the buffer. As a further limitation, only those present in the amide linkages can be
measured by HDX MS (all others exchange too rapidly during sample handling to be
detected by mass spectrometry). The amino acid sequences of peptides (and thereby their
locations in the protein) and their mass (and thereby the identification of which peptides
undergo deuterium exchange) are detected by enzymatic (most often pepsin) digestion of the
protein into peptides and peptide mass evaluation by MS. The total number of exchangeable
protons and the rate of exchange events are both dependent on the equilibrated protein
conformational average and the rate of dynamic transitions between conformations.
Therefore, HDX MS is a sensitive technique for evaluating both changes in average
conformation of the peptide backbone chain and changes in its dynamics.

A number of attributes of HDX MS make it ideal for evaluating macromolecular systems. 1)
Mass spectrometry requires low concentrations of protein. This can remove some of the
ambiguity at higher protein concentrations (such as those required for many NMR studies).
2) Deuterium-labeling of a protein results in the introduction of multiple reporting groups
(one reporter/protein residue) with minimum structural modification of the protein. This
results in higher resolution information compared to many other techniques. 3) The number
of exchanging protons can be determined. Each proton that is exchanged for a deuteron adds
1 atomic mass unit (amu) to the average molecular mass of a protein. Thus, the increase in
the mass determines the number of deuterium incorporated. 4) By observing the isotopic
pattern for a given protein or peptide fragment (discussed in detail below), HDX MS can
distinguish between localized unfolding events (referred to as EX2 kinetics and seen as a
binomial isotope pattern) and more global, or cooperative unfolding events (referred to as
EX1 kinetics and seen as a bimodal isotopic pattern). 5) There is no upper limit to the size of
the macromolecule that can be analyzed by HDX MS analysis. This is due to the fact that for
detailed analysis of deuterium content in specific regions (peptides) of the protein, the
protein is proteolyzed before mass analysis. 6) Measurements are for proteins in solution
with no dependency on crystal growth, as is required for X-ray crystallography. 7) As
mentioned above, protein dynamics can be probed on a much longer time scale than is
accessible with many other techniques (e.g. NMR relaxation). HDX MS can probe dynamics
ranging from milliseconds to several hours, and perhaps longer. As a result, HDX MS can
increase significantly the overall description of dynamic motions within a protein.

1.2 Theoretical basis and experimental design for HDX MS

The theory and methodology used to study protein conformation and dynamics using HDX
MS have been described in several reviews (12,16-20). In the absence of secondary structure
restraints, HDX for a specific polypeptide is dependent on the temperature and pH of the
reaction. The most common experimental procedure for HDX is continuous labeling. In this
method, the exchange is initiated by making a large dilution of a concentrated stock of the
protein into deuterated buffer. The progress of the exchange reaction is sampled at different
times. Under these conditions, the chemistry and the thermodynamic parameters of HDX are
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well established (21-23). The rate of HDX at the protein amide linkages is acid or base
catalyzed, and can be expressed as follows:

khie=ky [H] +koy [OH],  Equation 1

Thus, the rate of HDX for a specific polypeptide is dependent on the pH and temperature of
the reaction. This rate, as determined experimentally, has a minimum in the pH range 2.3-
2.5. Figure 1 illustrates the theoretical rates of HDX for rat liver mitochondrial aspartate
aminotransferase, a 49,000 Da globular protein, in the absence of secondary structure
restraints, calculated at 0°C and at both pH 7.5 and 2.3. At pH 7.5 HDX is very fast (t1,=
0.014 min) and the exchange is completed almost instantly. However, there is a minimum
exchange rate at pH 2.4. At this pH, minutes are required before complete exchange occurs.
This sensitivity of exchange rates to pH requires careful control of pH during exchange.
However, the same pH sensitivity provides a tool to quench exchange by quickly lowering
temperature and pH, a step necessary during mass analysis.

In the absence of any structural constraints, the hydrogen atoms of solvent exposed amide
linkages exchange at their free, unmodified rates. However, if the amide hydrogen atoms are
involved in stable internal hydrogen-bonding, or are not exposed to solvent, they will
exchange more slowly. In native proteins, the local differences in these rates are due to the
fact that the structure of these molecules is not rigid, but has a certain degree of mobility.
This mobility has been called “breathing”, and can be visualized as shown in Figure 2. The
kinetics of HDX can be described according to the following kinetic equation:

k(:l kop

khio=7—"7—""7""1
" katkopthke’  Equation 2

where k¢, kopand kg are the constants of closing, opening and chemical hydrogen/deuterium
exchange, respectively. For proteins in their native state, a common assumption is that A >>
kopand kg >> ko,

Depending on the relative values of the kinetic constants, two extreme kinetic behaviors can
be found. When &, << k;/the exchange rate is determined by the first order rate constant
Kop- Thus, kngy is dependent exclusively on the conformation of the protein. This first
extreme behavior is defined as EX1. EX1 kinetics are rarely observed. However, EX1
exchange can be observed under experimental conditions that favor the unfolded state
(24,25) of proteins (high temperature or in the presence of chaotropic or unfolding reagents).
On a mass spectrometer, EX1 is characterized by a binomial transition from one mass (i.e.
undeuterated) to the final (deuterated) species (Figure 2). In other words, two isotopic
envelopes are detected, one for the undeuterated peptide-ion and a second one for the fully
deuterated ion. The relative intensity of these two isotopic envelopes changes over time as
the exchange reaction proceeds.
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In contrast to the conditions that define EX1, when k¢ >> kg, the kpgy is second order and
depends exclusively on the factors determining the chemical hydrogen/deuterium exchange.
In this case the rate of exchange is measured by Apgy = kppke. This second extreme behavior
is defined as EX2. The EX2 mechanism is most commonly observed for proteins in the
folded state. EX2 behavior is characterized by a monotonic change of the isotopic envelope
with the progress of the exchange reaction (Figure 2). The EX1 kinetic mechanism reflects
the activation energy for segmental opening and the EX2 represents the sum of all energies
of opening and proton transfer. In EX2, the free energy difference (AGP) of the opening
event can be described according to the following equation:w

AG= — RTInK o= — RT In (knaz/ke) . Equation 3

where Ky is the equilibrium constant of the opening/closing reaction (Figure 2).

Based on these concepts, most HDX MS experimental designs rely on two different stages
(14): exchange and quenching. In the first stage, reaction conditions (i.e. pH and
temperature) are designed to allow HDX while the protein undergoes normal folding/
function. In the second stage, the HDX is quenched by rapidly decreasing the temperature
(to 0°C or below) and pH (to pH 2.3-2.5).

1.3 Equipment

. Cooling HPLC interface. To reduce back exchange during mass analysis of the
intact protein or its peptides, all experimental steps after HDX are performed at
low pH and temperature. The simplest instrumental set-up consists of immersing
the solvents, columns and all parts of an HPLC in an ice bath, or enclosing the
entire HPLC set-up in a refrigerated chamber. For better control of temperature,
we designed a Semi-Automatic Interface for Deuterium Exchange (SAIDE,
Figure 3) (10). This interface consists of a TVC —S2 box (Mecour) equipped with
a 6-port valve (Cheminert, N60 SS) and a 4-port valve (Cheminert, C2). The 6-
port valve is equipped with a through-the-handle external loop injector and holds
the sample loop (10 pL). The sample loop acts as the reaction vessel during
protease digestion. The reversed phase column bridges the two valves, and the 4-
port valve directs flow to either waste or to the mass spectrometer. Other
specialized equipment is available that performs automatic sample pick up,
mixing, injection and data acquisition, although at a considerable expense (18).

. High performance liquid chromatograph (HPLC). The system should be able to
deliver flows between 20 and 50 puL/min. We use a quaternary HPLC MS pump
(ThermoFisher Scientific).

. Chromatographic columns. A reversed phase C8 (MicroTech Scientific, Zorbax
C8 SB Wide Pore Guard Column 2.5 cm x 0.2 cm) is needed to desalt the protein
when measuring global rate of the exchange in the intact protein. As an
alternative, a reversed phase C4 may be required to desalt highly hydrophobic
proteins (MicroTech Scientific, Zorbax C4 SB Wide Pore Guard Column 2.5 cm
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x 0.2 cm). A reversed phase C18 column (MicroTech Scientific, Zorbax C18 SB
Wide Pore Guard Column 2.5 cm x 0.2 cm) is needed to resolve peptic peptides
and identify regions with deuterium incorporation.

Mass spectrometer. The mass spectrometers useful for HDX MS characterization
of macromolecular complexes are Tandem Mass Spectrometers. That is, those
that allow for at least two different stages of mass analysis: one to scan for the
peptide-ions (parent ions) present in the sample, and the second to scan for the
fragment ions produced after a specific parent ion has undergone a stage of
fragmentation (see Section Il: Mass Spectrometry). A high resolving power mass
spectrometer is recommended, such as an ICR FT or Orbitrap. However, other
mass spectrometers with lower resolving power have been used. Because of the
high flows used for peptide elution, the ESI tip must be chosen carefully. A 100
pum 1D tip with an opening of 30um has proved to be ideal for our experimental
set-up.

Protein or protein system of interest.

Pepsin. Make a pepsin (Worthington) stock solution by diluting an appropriate
weighed amount of pepsin and dilute it in 200 mM ammonium formate, pH 2.3
at a final protein concentration of 1.6 mg/ml. Pepsin concentration can be
estimated from its absorbance at 280 nm using a 1% absorptivity coefficient of
1.4.

Protein stock buffer. A buffer appropriate for your particular protein system.

Deuteration buffers. Buffers adequate for your protein system made in D,O
(99.9% D,0, ACROS Organics). Note that a correction factor must be
introduced when measuring pH of deuterated buffers to account for the
differences in activity of protium vs. deuterium: pH = pD + 0.4.

Quench buffer. Quench buffer is 200 mM NH4CH3COOH, pH 2.3, ice cold.
Other buffer composition can be used (ammonium phosphate). Note in some
cases it might be required to supplement the quench buffer with a low amount of
a denaturing or chaotropic agent (i.e., 0.6 M guanidine hydrochloride) to achieve
full unfolding of the protein and efficient pepsin digestion.

HPLC solvents. Two solvents are needed to create a gradient. Solvent A is 0.05%
trifluoroacetic acid in H,O (TFA, MS grade). Solvent B is 0.05% TFA acid in
acetonitrile.

1.5 Experimental procedure

Figure 4A outlines the procedures involved in a continuous labeling experiment. Usually, a
stock solution of the protonated protein is diluted into a deuterated buffer and the direction
of the exchange is H-> D (on-exchange). Figure 4B outlines also the reverse procedure (off-
exchange), when a protein is first fully exchanged with deuterium, and the exchange reaction
proceeds in the opposite direction. This method has been used to study the reversible
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unfolding of a protein. The procedure outlined below describes the steps involved in a
continuous labeling, on-exchange procedure. Other experimental procedures are possible,
however, and the particular design will depend on the question of interest.

1.5.1 Initiate exchange reaction

A The exchange reaction is initiated by making a 1:10 (or higher) dilution of a
concentrated stock solution of the protein or protein system of interest into a
buffer made in D,0.

B. At different time points, the exchange reaction is sampled by taking an aliquot.
Two mass measurements can be made: the global rate of exchange in the intact
protein (see 1.5.2. Global rate of exchange) or rate of exchange in pepsin
generated peptides (see 1.5.3 Location of deuterium exchange along the peptide
backbone).

1.5.2 Global rate of exchange—To obtain a global rate of exchange, the change in mass
of the protein at different times following the initiation of the exchange reaction is measured.
For the measurement of the mass of the intact protein, mass analysis is performed by direct
injection of an aliquot of the labeling reaction mixture on a C4 or C8 nano-column.
Following desalting at 0-15% B at high flow, the protein is eluted using a step gradient of
acetonitrile (0 to 60% B in B+A in 15 min) and analyzed on-line by mass spectrometry.

1.5.3 Location of deuterium exchange along the peptide backbone—To identify
the residues involved in the hydrogen/deuterium exchange reaction, it is first required to
identify the peptides resulting from the proteolysis of the protein. This first stage is
performed under control conditions; that is, in the absence of deuterium in the buffers but
under identical conditions to be used to measure the exchange. This results in a list of
peptides of interest. Then, the experiment is repeated under the exchange conditions using
deuterated buffers.

A Peptic mass maps

a. The first step is to make a dilution (1:10 to 1:20) of the protein stock in
the protonated buffer. This dilution is equivalent to the dilution that will
be made later in deuterated buffer to initiate the exchange reaction.

b. Peptic digestions of the protein are performed by making a second 1:10
dilution of an aliquot of the protein in ice cold 200 MM ammonium
formate (pH 2.3) containing pepsin at a final protein:protease ratio of
1:1 (w:w). Note that the ratio protein:protease must be optimized
experimentally.

c. Inject the reaction sample immediately into the loop of the 6-port valve
on the SAIDE interface.

d. Allow pepsin digestion to proceed for 2-5 min (time of digestion must
be optimized for each protein).
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e. Switch the 6-port valve, start HPLC gradient. The resulting enzyme
digest is desalted on a C18 nanocolumn at 75-100 pL/min for 2 min
while the flow on the 4-port valve is diverted to waste.

f. Following desalting, switch the 4-port valve to direct the flow to the
mass spectrometer ESI source for peptide detection.

g. Elute peptides using a 2 to 40% gradient of 0.05% TFA acetonitrile in
0.05% TFA in 15 min. The peptides are detected on-line using a high
resolving power mass spectrometer. Figure 5 shows a representative
elution profile of a peptide digest using our chromatographic system.
The MS settings must have been optimized for detection of peptides
using high flow mobile phase. Data are acquired under automatic
control to perform MS followed by tandem mass scans of the four to six
most intense ions, using an exclusion list of 2-4 min, depending on the
capabilities of your mass spectrometer and chromatographic system.

B. Measurement of deuterium content in peptides

a. The exchange reaction is initiated as indicated above, using deuterated
buffer instead of the protonated buffer.

b. At different times during the exchange reaction, remove an aliquot and
dilute it in the quench buffer in the presence of pepsin, as before (see
sections 1.5.3.A.b—q).

C. MS analysis is performed as above with the exception that the mass
spectrometer is operated to perform mass analysis only (no data
dependence).

1.6 Data analysis

1.6.1 Peptide identification—When working with pure proteins, as is the case in HDX
MS, statistical tools for False Discovery Rate (FDR) and peptide/protein probabilities
calculation are, as a general rule, not useful. Instead, peptide identification is based on
parameters that rely on the quality of the tandem mass spectra. When data are acquired on a
high resolving power mass spectrometer and Proteome Discoverer is used to analyze them,
peptide identifications are made using an in-house protein database. This database includes
the protein of interest, pepsin and common contaminant protein sequences. The databased is
made assuming that pepsin has no specificity, using a fragment ion mass tolerance of 20
ppm, and a parent ion tolerance of 0.30 Da. Peptide identifications are accepted if they can
be established at Xcorr score of at least 1.5, 2.0 or 2.5 for peptides with 1, 2 or 3 charges,
respectively, with a ACorrelation score larger than 0.08. Note, manual inspection and
validation of some tandem mass spectra may be required. See Chapter 8 for more
information on tandem mass spectrometry peptide/protein sequencing and identification.

1.6.2 Deuterium content—The change in deuterium content is measured as the change in
mass of the deuterated and undeuterated averaged masses of the protein. Many software
packages can be used, and usually the instrument manufacturer will provide a program to
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obtain this measurement. Specialized software is recommended. HDExaminer (Sierra
Analytics) is a commercial software that performs automatic isotopic envelope isolation,
measurement of the average mass and deuterium content of the peptides, and can plot the
results in a variety of formats, including the comparison of multiple states of a protein.
There are, however, several free tools for the same purpose: HDXFinder (26), HD desktop
(27) and its successor HDX Workbench (9), HX Express (28), Hexicon (29,30) and
MagTran (31), among others.

1.6.3 Mathematical analysis

A Curve fitting — Equation 2 describes the exchange reaction for a single amide
linkage. In theory, one could expect one phase per amide linkage. However, in
practice, multiple protons in the peptide might exchange and individual rate
constants of exchange cannot be measured. In practice, the exchange reaction is
fitted to an exponential rise (on-exchange) or decay (off-exchange):

_\ " (1 _ kit
D=} Ai(l—e ), Equation 4

Where Dyis the deuterium content at time £ A;and k;are the amplitude and the
rate constant for the ith phase. In practice, multiple HDX reactions are grouped
into fast, medium and slow phases (n=3).

B. Use of overlapping peptides — Because pepsin has low selectivity for cleavage
site, pepsin digestion results in the production of multiple overlapping peptides.
Statistical and logical analysis of the deuterium content of these overlapping
peptides can provide higher spatial resolution than that obtained at the peptide
level. Some of the programs mentioned above will apply logical restrictions and
will provide a value for the amount of deuterium incorporated/retained in smaller
units than obtained at the peptide level.

C. Additional considerations — When calculating the total number of exchanged
H/D, one must keep several things in mind. 1) Any HDX at the N-terminal end
of the peptide is lost during proteolysis. 2) Previous studies have demonstrated
that any HDX at the second amide linkage is also lost very quickly during the
chromatographic step (22,32). 3) Proline in peptic bonds does not have an
exchangeable proton at its amide linkage.

1.7 Alternative workflows

As mentioned above, the generic experimental protocol outlined in Figure 4 can be modified
to fit specific questions. In most cases these require additional equipment. For example,
manual mixing, as indicated in the protocol outlined above, allows the measurement of
deuterium content after the first few seconds of exchange (10 s), but exchange reactions that
occur below that threshold cannot be measured. For rapid mixing and quenching of the
reaction in the time range below seconds, a quench flow instrument is required. In this
situation, quench flowin combination with HDX MS has been used to access these very fast
rates of exchange of enzymes during catalysis (33). In pu/se labeling experiments, an

Adv Exp Med Biol. Author manuscript; available in PMC 2017 January 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Acrtigues et al.

Page 10

additional pump is used to expose briefly the protein sample to a pulse of deuterium and
quench it quickly. This method has been used to study intermediates of folding pathways of
proteins (34-36).

Most HDX MS studies make use of in-solution pepsin digestion. However, immobilized
pepsin columns have been shown to improve digestion efficiency (37,38). In some cases
there is too much back exchange, rendering the data unusable. Care must be taken on the
choice of support used to conjugate the protein (39).

1.8 Complementary methodology

It has been observed that ESI of proteins in an unfolded state will produce higher charged
envelopes than those produced by ESI of proteins in native conditions. This indicates that
the protein ions in gas phase retain some of the structure that the protein had in solution,
thus the charge distribution of the protein ions is an indication of the global structure of the
protein. This is thought to be a consequence of the higher exposure of potentially charged
residues that are otherwise protected in the core of the protein in the native state.

To obtain higher spatial resolution it would be necessary to interpret the tandem mass
spectrum. However, due to the low energy of fragmentation of CID, this fragmentation
method results in scrambling of deuterium among the resulting fragment ions (40-46). Thus,
the CID mass spectrum of these peptides cannot be used to determine the position of the
deuterium in amide linkages. The development of ETD, a more energetic method of
fragmentation, results in the efficient fragmentation of peptides with little or no scrambling
and interpretation of the tandem mass spectra of these peptides results in amino acid
resolution.

In hydroxyl radical labeling (47), a protein solution is exposed briefly to oxidative
conditions. This results in oxidative modifications of solvent exposed amino acid side
chains. This can be achieved by either chemical reaction using Fenton chemistry (48) or by
UV cleavage of hydrogen peroxide in fast photo oxidation of proteins (FPOP) (49). The
appearance of covalently modified amino acid residues with oxygen can be identified by
tandem mass spectrometry following trypsin digestion. When interpreting these data, it is
important to keep in mind that reactivity of individual amino acid residues is determined not
only by their accessibility to solvent but also by their individual reactivity. The reactivity of
amino acid side chains is as follows: Cys > Met > Trp > Tyr > Phe > Cystine > His > Leu ~
lle > Arg ~ Lys ~ Val > Ser ~ Thr ~ Pro > GIn ~ Glu > Asp ~ Asn > Ala > Gly (47). For
detailed discussion of this methodology see the reviews by Chance (50) and Konermann
(51).

1.9 Problems and caveats

1.9.1 Back exchange—A primary concern in mass analysis is the loss of deuterium
during sample handling for mass analysis. Reducing pH to quench exchange requires the
addition of acid. This quenching results in a reduced exchange rate, not a complete absence
of exchange. Furthermore, reduced pH also exposes the now deuterated protein to additional
protons. Also, the deuterated protein is further exposed to protonated buffer during the
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HPLC stage of desalting/peptide separation. Therefore, deuterons can be replaced with
buffer protons during data analysis in a process known as back-exchange. In order to
minimize loss of deuterium, mass measurement must be taken quickly, usually within the
first few minutes following quenching. Despite efforts to work quickly, the back exchange of
side chains is too rapid to be assessed with normal mass spectrometry methodologies and is
the reason that HDX MS is limited to detecting information about the peptide backbone.

In most cases, two states of the protein are compared (control and experimental condition).
Thus, assuming that the experimental conditions are maintained constant for each state, the
differences in both total deuterium content and/or rate constants in identical peptides are
used to describe different states of the protein. However, if a fully deuterated form of the
protein is available, the following equation can be used to correct for the loss of deuterium
during the analytical stages (13):

D:(mt—m )/
! Ty —my) Equation 5

where D;is the content of deuterium at time £ m;is the average mass at time ¢, /77, the mass
of the undeuterated peptide and /mp the mass of the fully deuterated peptide.

1.9.2 Overlapping peptides—To reduce back exchange, peptides are eluted using sharp
gradients. In most cases there are only 30 minutes for data collection after quenching of the
exchange reaction, which includes protease digestion, desalting and peptide separation.
Moreover, the use of an enzyme with low selectivity results in the co-elution of multiple
peptides. The isotopic envelopes of these peptides are changing in shape and average mass
as the exchange reaction proceeds. This often results in the overlapping of peptide isotopic
envelopes. Most software applications resolve this problem by either extracting ion
chromatograms (HDFinder) or by curve fitting a theoretical envelope to the experimental
data (HDExaminer, HD Desktop). The use of high resolving power mass spectrometer
alleviates this problem. However, each peptide assignment must be validated individually.

1.9.3 Spatial resolution—The spatial resolution of HDX MS detected with simple mass
measurements is at the peptide level. Most HDX MS studies published to-date have been
made using this mode of operation. As a result, such experimental designs provide medium
resolution, i.e. deuterium content is measured at the peptide level. To gain more spatial
resolution using this experimental design, multiple overlapping peptides are required and
deuterium assignment content is provided by logical analysis of these multiple overlapping
peptides. However, this is not always possible, since certain regions of the protein may not
produce the necessary number of overlapping peptides to obtain the degree of resolution
desired.
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Part 2: Limited proteolysis

2.1 Introduction

The development of the concept of “limited proteolysis” is widely attributed to work from
the Linderstrom-Lang laboratory in the 1940’s (3). Among other studies, his laboratory
demonstrated that proteins could be “enzymatically modified without serious degradation”
by restricting proteolysis (52). Subsequently, the Neurath laboratory also made extensive use
of this technique to study the structure of proteins (53,54). Unlike the complete proteolysis
that is normally used for mass spectrometry, limited proteolysis refers to proteolysis that is
halted by some means, so that complete degradation of the protein does not occur (see 2.3.3
for details on quenching proteolysis). Limited, controlled, /n vitro proteolysis is a simple,
but powerful, tool to study the conformation of proteins.

Proteases have a variety of specificities, i.e., residues at which they preferentially cleave.
This specificity controls the sites of cleavage based on the primary structure of proteins not
showing higher order structure. With the added dimension of folding, however, the normal
specificities of proteases are no longer the only factor dictating cleavage location. Secondary
structure will obscure sites from proteases, regardless of exposure, as will any additional
structure that hides regions within folds or causes stereochemical constraints (55).
Accessibility to the protease active site by the protein target becomes more restricted upon
folding, thus the structure of the substrate contributes to the selectivity of the protease.

As an experimental technique, limited proteolysis was initially used to cleave larger proteins
or complexes into separate domains to study them individually. It was first used to probe
protein structure by Neurath in 1980, when he observed that most globular proteins were
relatively resistant to proteolysis until they were denatured (53). He proposed that, as with
other enzymatic reactions, optimal proteolytic activity occurred when there was complete
complementarity between the substrate structure and the active site of the protease. The
ability of the protease to cleave the substrate also depends on the location of a potential
cleavage site within the structure, as only solvent exposed regions will be accessible in a
tightly folded protein. Neurath proposed a model in which functional domains of proteins
are tightly packed, and therefore relatively protease resistant, whereas linker regions or loops
are surface exposed and more susceptible to proteolysis (53,54). Using crystal structures and
limited proteolysis to confirm correlations between flexibility and cleavage, this model
became the basis of limited proteolysis theory: that is, limited proteolysis occurs only at sites
on a protein’s structure that are solvent accessible and flexible enough to conform and fit
within the active site of the protease (56-59). Generally, this solvent accessibility and
flexibility occurs at specific region(s) of a protein; so that even when multiple proteases with
different specificities are used, the cleavage sites are clustered together, although not
necessarily with cleavage at the same residue (55).

Because protease specificity still plays a role in determining cleavage sites, it is important to
use proteases with broad specificities, along with multiple proteases with differing
specificities. This will ensure that the regions being targeted reflect their exposure in the
tertiary structure, rather than their primary structure. Therefore, it is also imperative to
maintain the protein’s higher order structure. When planning and executing an experiment, it
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is essential to keep in mind the basic premise of limited proteolysis: brief proteolysis of
surface exposed regions while maintaining the protein core. Because proteolysis of a protein
can cause conformational changes, it should not be allowed to proceed for too long, as
regions that were not originally surface exposed may become so, causing results to be
skewed. If the protein core becomes compromised, information about the structure is no
longer reliable.

Limited proteolysis was initially analyzed using SDS-PAGE and Edman degradation;
however, with the development of MS to study proteins in the late 1980’s (60,61), it became
the preferred method of analysis for limited proteolysis. MS has allowed the applications
and capabilities of limited proteolysis to greatly increase. With the use of MS, it is now
possible to easily identify the exact sites where proteolysis occurs, providing a map of the
regions cleaved by the brief proteolysis, allowing for detailed identification of the flexible
and surface exposed regions. Unlike NMR or crystallography, MS requires only a minimal
amount of protein to obtain structural information, and the ratio of protein to protease is key,
rather than the absolute amount of either. Limited proteolysis and MS can also be used on
proteins of any size, as there are no minimum or maximum protein size restrictions. It can be
used on single-domain proteins, multi-domain proteins, multi-subunit proteins, efc. Another
advantage of limited proteolysis/MS is the ability of MS to analyze complex mixtures
(62,63).

2.2 Limited proteolysis applications

Limited proteolysis can be used to study different aspects of protein structure, several of
which are described below. Because surface accessibility and flexibility are required for
proteolysis to occur, the most obvious application of limited proteolysis is the identification
of exposed loops and disordered regions. By employing proteases of different specificities
and limiting proteolysis, while maintaining the protein core, it is possible to map exposed
loops and identify regions of disorder. This can be used to complement NMR or
crystallography data (64,65), or even to replace these techniques if they cannot be used on
the protein of interest. Crystallography can be especially difficult for disordered or dynamic
regions, as it results in low resolution. Limited proteolysis can be used to confirm the
disorder and dynamic properties of these regions (66,67).

Likewise, as first proposed by Neurath, multi-domain proteins often have flexible and
disordered linker segments joining the domains, and these will be preferentially cleaved
during partial proteolysis (57,68). Therefore, identification of domains and their exact
boundaries is possible. This separation of domains was one of the first applications of
limited proteolysis, as seen in several early papers (54,69,70). More recently, this application
has been used in conjunction with MS for the specific identification of linker regions. For
example, applying these techniques to the E. colitranscriptional activator protein NtrC, a
protein with three separate domains, Bantscheff et al. (57) developed a system combining
limited proteolysis, MS, and SDS-PAGE to identify two flexible linker regions. Limited
proteolysis can also be used to cleave flexible linker regions to produce separate domains,
making feasible the study of single domains and potential folding intermediates (71).
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Another application of limited proteolysis is the study of complexes formed between
proteins and their targets. This is possible because the interface regions of the complex will
initially be solvent accessible on the surface of the protein, but become protected when the
complex forms. Therefore, by first performing limited proteolysis on an isolated protein and
then on the protein in complex, it is possible to identify the interface regions, although
regions affected by conformational changes prompted by the interaction may also show
changes in the level of protection. Different peptide maps for the two protein states, free and
in complex, will be observed by MS following the limited proteolysis. An example of this
approach is the study of the calmodulin-melittin complex (72). The authors performed
limited proteolysis on free calmodulin, free melittin, and the calmodulin-melittin complex,
observing different peptide maps for the free proteins vs. the proteins in complex. From the
regions that changed, they designed a model showing the sites of interactions between
melittin and calmodulin. A similar application of limited proteolysis to study protein
complexes is to identify regions of protein-DNA, protein-RNA interactions, and antibody
epitope identification (73-75).

Regardless of the experimental design — identifying domain linkers, mapping exposed loops,
or interactions — another use of limited proteolysis is comparing changes in those regions
upon protein activation, mutagenesis, or ligand binding. In these cases, the limited
proteolysis of the protein in its basal state is compared to that of the altered protein. If there
are conformational changes occurring on the surface of the protein, the resultant peptide
maps can show regions of differential proteolysis, indicating they are more or less flexible or
exposed.

2.3 Methodology

2.3.1 Optimization—The most basic rule to keep in mind when designing and executing a
limited proteolysis experiment is that the protein core must remain intact, or it is no longer
“limited” proteolysis, and information about the protein structure may no longer be valid.
Because this is so essential, experiments must be performed under conditions that maintain
the stability and structure of the protein being studied, regardless of the optimal conditions
for the proteases being used.

Because ensuring that the higher order structure dictates the sites of cleavage is so important,
as opposed to the protease specificity with respect to primary structure, it is advisable to use
multiple proteases with varying specificities, as well as various proteases with broad
specificities. This means, however, that the individual proteases will most likely not be
cleaving under their optimal conditions (pH, temperature, efc.). Given that maintaining
target protein stability is the most important factor, one must first identify conditions that are
optimal for that stability. This will include such things as buffer, pH, temperature, and
duration that proteolysis can occur. Once these conditions are determined, the concentration
of proteases required for sufficient, yet limited proteolysis, can be optimized. Because sub-
optimal conditions will undoubtedly be used for some of the proteases, it will likely be
necessary to use different ratios of protein to protease for each protease in order to ensure
similar levels of proteolysis with minimal cleavage. Examples of this are shown in Table 1.
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Another important experimental variable to optimize is the quenching step, because different
proteases may be typically inhibited differently. The ideal quenching step, however, is one
that can be used for all proteases in the study. If more than one quenching method is used, it
should be shown that neither the results nor the protein are affected. Finally, and as
discussed further in 2.3.3, quenching must be both rapid and complete.

2.3.2 Materials

2.3.3 Quenching of proteolysis—Not just for reproducibility, but also to avoid too
much proteolysis, it is important to ensure that quenching conditions are indeed stopping the
hydrolysis of the parent protein. ldeally, the activity of the proteases should be stopped
instantly and completely. The criterion of instantly rules out many of the specific inhibitors
for proteases, especially irreversible, active-site-directed, chemical inhibitors, as they may
act relatively slowly. Quenching by changing conditions, such as pH, can be useful;
however, if the quenching pH must be altered prior to analysis, the possibility for renewed
proteolysis must be considered. Often quenching is achieved by adding trifluoroacetic acid
or acetonitrile, although protein precipitation may occur. Denaturants can also be used to
quench; however, some proteases still show residual activity in the presence of denaturants,
plus the denatured protein that is being studied will likely be an even better substrate for
proteolysis than its native counterpart. When analysis is performed by MALDI, proteolysis
has sometimes been quenched by addition of the matrix solution or by pipetting an aliquot of
the hydrolysis mixture directly onto the plate (66,73). The bottom line is that whatever
quenching condition one chooses to employ, it is imperative to experimentally test it to
establish with certainty that quenching does, in fact, occur.

2.3.4 Mass Spectrometry—MALDI and ESI MS are both capable of analyzing limited
proteolysis data. MALDI-MS is tolerant of buffers and does not require desalting the
samples, both desirable features. ESI-MS does require desalting, but chromatographic
separation of complex mixtures allows for sequencing of more peptides, particularly
desirable in complex mixtures.

2.3.5 Peptide identification—Given that limited proteolysis is typically used on purified,
known proteins, the use of standard protocols, which employ probabilities and false
discovery rates, is not essential. Peptide identification in limited proteolysis is similar to that
used in HDX-MS (1.6.1) and general peptide identification is discussed in more detail in
Chapter 8. Typically, a region will be targeted, rather than a specific residue, and if different
proteases with different specificities are used, it is likely there will be overlapping peptides
covering the same region. This indicates consistency of the data and the flexibility and
exposure of that region. Proteolysis will likely result in subdigestions, i.e., after a region has
been initially cleaved, the protease may continue to act on that peptide, resulting in multiple
smaller peptides from that same region. These subdigestions can be ignored in favor of the
longer peptides that cover the same region. In fact, by considering subdigestions cautiously,
one can avoid over-interpreting the putative importance of specific residues within the larger
region that encompasses them.
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2.3.6 General protocol

A Proteolysis — Incubate protein with protease at the optimized ratio determined
previously (2.3.1) under conditions (buffer, pH, and temperature) best suited for
protein stability.

B. Quenching — After incubation for appropriate time(s), remove aliquot and
guench reaction (2.3.3).

C. MS — Prepare samples following protocol established for the MS to be used. Be
aware of maintaining quenched conditions, so as not to resume proteolysis. Keep
all peptides for analysis. See 2.6 for discussion on peptide release.

2.5 Representative results and data presentation

Organization and presentation of data are largely dependent on the main point of the
experiment, the type of experiments performed, and the protein(s) involved. Table 2 and
Figure 6 show several possible ways to present results.

2.6 Caveats concerning limited proteolysis

A possibility that is not often considered is whether all peptides formed during limited
proteolysis are actually released from the parent protein following quenching. This is not an
important concern when product analysis is carried out by MALDI, as all peptides should be
observed, regardless; however, the binding of proteolyzed peptides may be a concern with
other analytical methods, as some peptides could be missing in the final product analysis.
The noncovalent binding of otherwise free peptides by a proteolyzed parent has been
observed with the protein phosphorylase kinase, a 1.3 MDa complex of multiple subunits.
Following selective chymotryptic hydrolysis of its largest subunit (to the extent that no
remaining trace of it was observed on SDS-PAGE), there were only small changes in the
structure of the proteolyzed parent as observed by electron microscopy (77), despite the fact
that the degraded subunit accounts for 43% of that parent complex’s total mass.
Consequently, evaluating a variety of conditions for the quenching of proteolysis, or between
proteolysis and the removal of remaining parent protein prior to analysis, could prove
advantageous in assuring maximum release of generated peptides. Note also that if the
parent protein is precipitated prior to analysis, peptides derived from it could be trapped
within the precipitant.

A caveat that was discussed in 2.3.5 is the production of smaller peptides from the
subdigestion of initially released larger parent peptides, which may potentially produce
peptides too small to detect. If a proteolysis time-course is run, these subdigestion peptides
are likely to be observed later than their parent peptides. A time course can also show the
later secondary appearance of less readily cleaved peptides from different regions of the
protein. A caveat concerning interpretation of the appearance of these unique secondary
peptides is that, instead of representing regions less readily cleaved, they could also
represent a new conformation of the protein induced by an initial proteolysis event. A new
proteolytically induced conformation introduces special concern for proteins whose function
is controlled by so-called intrasteric regulation (78), i.e. a region of primary structure in the
protein that is autoregulatory through its interaction with other regions of the protein,
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generally the active site (79). For many of these proteins, the autoregulation can be
overcome by limited proteolysis, resulting in a new conformation with a different activity.
Thus, an important control to include in limited proteolysis experiments is the determination
of functional changes following proteolysis. This concern also suggests that keeping the
extent of proteolysis relatively limited is prudent.

2.7 Side chain modification as a complementary technique to partial proteolysis

Historically the goal of this method for structural analyses was to identify a protein’s
relatively reactive nucleophilic amino acid side chains, which by definition are accessible to
the electrophilic reagent used to covalently modify them. Thus, the residues modified are
likely to be on the surface of the protein and could be within, or adjacent to, the exposed
loops implicated by partial proteolysis. ldentification of modified residues can, therefore,
corroborate results from partial proteolysis. Over the years, more complex methods of side
chain modification having a considerably wider range of amino acid targets, such as
oxidation by hydroxyl radicals (80-82), have been developed, but the underlying idea of
preferentially modifying surface residues remains the same. An increase in the variety of
side chains that can be modified does, however, add greatly to the power of the technique,
making it complementary to HDX. Unlike HDX, however, the covalent modifications are
irreversible, potentially facilitating analysis.

This general method of side chain modification could reasonably be called chemical or
protein “footprinting”; however, beginning with DNA analysis, the term footprinting has
connoted protection from cleavage as being directly involved in the identification of regions
of interest, e.g., protection from cleavage by DNA-binding proteins. Similarly, the term
“protein footprinting” has also been used to denote cleavage of a protein, direct or indirect,
at the specific residues modified by a chemical reagent (83,84). This same term has also
been used, however, to describe the analyses through side chain modification of nearly every
characteristic of proteins, from dynamics to structure to binding, but with cleavage occurring
only secondarily in the generation of peptides for MS analyses. Consequently, to avoid
potential confusion in terminology, we call this approach side chain modification, rather than
protein footprinting.

There are few variables in carrying out side chain modification experiments: choice of
modifying reagent and of modifying conditions (time, pH and concentration of modifier
with respect to protein). The conditions used will affect the rate, and perhaps the extent, of
modification, and deciding on which conditions to use is an empirical process. One wants to
obtain a reasonable amount of modification in a reasonable amount of time; however, what
represents a reasonable amount of modification is not necessarily obvious. Certainly, enough
product should be formed to be able to argue that it truly represents the conformation of a
large population of the native protein, as opposed to the conformations of minor components
produced by denaturation, oxidation, post-translational modification, or minor proteolysis
during protein purification. On the other hand, one doesn’t want so much modification that
the conformation of the protein could be altered by the modifications or conditions
employed to modify. Consequently, a control that should be run, but often isn’t, is to
characterize the properties of the protein following modification. Full retention of biological

Adv Exp Med Biol. Author manuscript; available in PMC 2017 January 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Acrtigues et al.

Page 18

function is a reassuring control, as is relatively unchanged higher order structure assessed
biophysically. Many studies do not address the extent of modification, nor its reproducibility.
The latter should assure that similar results are obtained with multiple independent protein
preparations. If one is comparing two conformations, e.g. apo-protein vs. ligand-bound,
misleading information is less likely if modifications of both are kept in the linear phase.

Part 3: Crosslinking

3.1 Introduction

Chemical crosslinking refers to the covalent coupling of separate functional moieties. In the
context of proteins, this technique has been used for over 50 years to analyze the structure,
function and interactions of these biomolecules by identifying protein crosslinking sites that
are formed by small multi-functional reagents, termed crosslinkers. The coupling of protein
crosslinking with modern MS techniques (CXMS) has led to resurgence in the field, with
new instruments and crosslinking technologies being developed to facilitate identification of
conjugates (crosslinked proteins and/or peptides) from ever smaller amounts (nmole to
pmole) of sample. CXMS is a bottom-up approach, in that the protein is first crosslinked and
then digested specifically with proteases to generate peptides for detection by MS. A
limiting factor in the analysis of proteins by CXMS is the extensive array of products
(including many side products) that are possible from such digests. These product arrays are
too complex to be annotated manually and require the use of search engines that have been
developed specifically to segregate the more numerous side products from conjugates of
interest. Our intent in this chapter is to expose novice users to: (A) CXMS approaches that
minimize the generation of side products and maximize structurally useful conjugates, (B)
available conventional, mass and affinity tag crosslinking reagents, and (C) search engine
technologies for identifying conjugates.

3.1.1 Advantages and applications—Crosslinking provides low to medium structural
information for proteins that are not amenable to high resolution techniques such as NMR
and X-ray crystallography. It is a versatile technique that, in its simplest form, has been used
to determine nearest neighbors and the minimal subunit stoichiometry in multi-oligomeric
complexes (85). In combination with Western blotting, immuno-precipitation, various
protein labeling methods, top-down MS and CXMS approaches, it has been used
successfully to capture protein-protein interactions (PPI) in transient and stable complexes
(86), providing maximum distance information for these targets in both /in vitroand in vivo
applications (reviewed in (87,88)). Recent advances in the detection of peptides from
complex mixtures by modern MS and supporting search engine technologies have provided
a robust platform for the development of CXMS and its primary use in the identification of
crosslinked peptides from digests of crosslinked proteins. CXMS provides a range of
structural information, and the resolution of this information is dependent on how
specifically a crosslinking (CX) site can be localized in the context of a protein target, with
the identification of crosslinked amino acid side chains providing the highest structural
resolution. CX sites may be used to determine the proximity of domains and amino acid side
chains in protein monomers or complexes, to identify potential intramolecular or
intermolecular protein binding sites, and to provide structural constraints for theoretical
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protein models (89-91). Many search algorithms and specialized reagents have been
developed to enrich and enhance the detection of conjugates and more numerous side
products in digests of crosslinked proteins (90,92-94), making this approach readily
accessible to any researcher with access to MS and proteomics facilities.

3.1.2 Chemistry of crosslinking

3.1.2.1 Crosslinking reagents: The range of structural information gained from CXMS is
inherently dependent upon the type of cross-linking reagent (CXR) used. The largest and
most commonly used classes of CXRs are bifunctional molecules containing two reactive
groups that are connected by an intervening spacer group. Bifunctional CXRs are further
divided into two subgroups, based on whether they contain identical (homobifunctional) or
different (heterobifunctional) reactive groups. Many different reactive groups with varying
chemistries have been incorporated into CXRs (Table 3); however, there are five functional
groups that are commonly used, because they are chemically compatible with targeting
protein side chains in aqueous solutions at near physiological pH (85). N-
hydroxysuccinimide (NHS) and imidoester groups react preferentially with the N-termini of
proteins, as well as the pyrrole and e-amines of proline and lysine, respectively. Sulfo-
derivatives of the NHS group are also available to increase the solubility of CXRs with large
hydrophobic spacer groups. Maleimide and alkyl halide groups are targeted primarily by the
free thiols of cysteine. As opposed to the functional groups above, aryl azides are
promiscuous, and upon exposure to UV, insert non-selectively as nitrenes at active
hydrogen-carbon bonds or undergo ring expansion to form dehydroazepines (87), which
react both with nucleophiles and active hydrogen-containing species.

Spacers or linkers are chemical moieties that covalently couple the reactive functional
groups of a crosslinker. Besides determining the distance between the reactive groups,
spacers also influence the geometry of crosslinking and the solubility of the CXR. For
example, CXRs with long alkyl spacers are generally hydrophobic and can include a broad
range of crosslinking distances between potential nucleophiles, due to the flexibility of the
linker. Spacers also contain functional groups that allow for their cleavage by specific
reagents, such as periodate or DTT, which cleave intervening glycol or disulfide groups,
respectively. Crosslinkers that contain these groups are members of a subclass of
bifunctional reagents, termed cleavable CXRs. In addition to chemical cleavage sites, CXRs
with spacers containing MS-cleavable functional groups have been developed to facilitate
bond breaking by collision-induced dissociation (CID) and/or electron transfer dissociation
(ETD) in mass spectrometers. Such reagents are used as reporter groups to aid in the
identification of crosslinked peptides from complex mixtures (95,96). Spacers comprising
affinity tags such as biotin and Click chemistry labels are employed to enrich low abundant
conjugates (97,98), and even more complex forms that contain both affinity and mass tags
have been synthesized to simultaneously enhance enrichment and identification of
crosslinked peptides (99). CXRs containing functional spacers are often identified as
trifunctional or multifunctional reagents; however, the term trifunctional also refers to CXRs
that contain three reactive groups that emanate from a central spacer group or atom, each of
which is capable of reacting with three distinct sites on protein targets.
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Zero-length CXRs refer to molecules that directly couple amino acid side chains without an
intervening spacer. These reagents generally modify and activate functional groups on
specific side chains for subsequent attack by an adjacent protein nucleophile, such as the e-
amine of lysine. For example, N-substituted carbodiimides react with the carboxylates of
Asp and Glu residues to form acylisourea intermediates that facilitate the formation of
isoamide bonds with proximal lysine residues (Table 3). Free thiols may also target these
reactive intermediates to form thioester linkages; however, these conjugates are relatively
unstable by comparison with the corresponding amide linkage. For complete and thorough
reviews of crosslinking reagents see the works of Wong and Hermanson (87,88).

3.1.2.2 Proteins as reactants: Proteins as reactants add to the complexity of products
generated in crosslinking reactions, because they are polyvalent structures, containing
multiple reactive amino acid side chains with varying relativities that are dependent upon
their microenvironments in the protein complex. The microenvironment reflects for a given
amino acid, its location and the dynamics of the region encompassing that location in the
tertiary structure of the protein, its solvent accessibility, and interactions with and chemical
composition of its nearest neighbors. On the basis of hydrophobicity, amino acids may be
divided into two major classes, nonpolar and polar. Polar residues can be separated into
those containing side chains with nonionizable (asparagine, glutamine, serine and threonine)
and ionizable (histidine, lysine, arginine, tyrosine, cysteine, aspartate and glutamate)
functional groups. With the occasional exception of tryptophan, the latter group is primarily
targeted by CXRs.

3.1.2.3 Products of crosslinking: As previously mentioned, the crosslinking and subsequent
digestion of a protein and/or protein complexes generates a vast array of products that must
be accounted for to detect crosslinked peptides. Figure 7 shows examples of the types of
products that are typically observed when two proteins are treated with a bifunctional
crosslinker. In addition to crosslinking between (intermolecular) the two proteins and within
(intramolecular) a single protein, more numerous mono-modifications (dead-end) occur as
well. Moreover, crosslinking is a continuous process, and if not carefully controlled, results
in the formation of multiple protein conjugates, progressing from crosslinked dimers to large
polymeric arrays. Subsequent digestion of the crosslinked proteins by proteases for analysis
by MS significantly increases the number of possible products, particularly if the CXR
targets side chains that are also substrates of the protease, which results in incomplete
digestion of the crosslinked protein targets (100). Estimates suggest that the number of
potential peptides products from such digests increases exponentially with the size of the
protein (101), necessitating the use of bioinformatics approaches to annotate all possible
products.

3.1.2.4 Data analysis: For two reasons, analysis of CXMS data is not trivial and requires
dedicated software tools. The first is that the number of candidates that must be considered
is enormous in comparison to regular proteome-wide peptide analysis. The second is that the
abundance of crosslinked proteins is much lower than that of non-modified proteins, and the
data analysis algorithm must be sufficiently sensitive to identify small signal peaks amongst
dominating, neighboring peaks.
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A number of software tools have been developed in the past decade for CXMS data analysis.
In the following sections, we will explain the basic data analysis principles, look into the
computational algorithms behind these tools, examine their pros and cons, and finally
provide our perspectives on future development of data analysis algorithms and software
tools for CXMS analysis.

3.2 Methodology

Crosslinking is a specialized form of general protein chemical modification, both of which
are empirical processes. It is simply impossible to predict under which conditions and with
which CXR a given protein will undergo crosslinking. Variables such as time, reaction
component concentrations, pH and CXRs must be screened to maximize the specificity and
selectivity of crosslinking. Specificity refers to the preferential, stable modification of a
protein side chain functional group by a specific class of CXR reactive group. Specificity, on
the other hand, denotes the potential for detecting observed protein interactions by
crosslinking. Both of these parameters are inter-related and the extent to which one is
controlled significantly affects the other, and ultimately, successful crosslinking of a protein
to obtain maximum yields of a desired conjugate. Crosslinking is the first step in the CXMS
pathway to identifying CX sites in any protein or complex of interest. Optimization of
subsequent proteolysis and detection steps is also critical and the corresponding protocols,
instrumentation and software will be discussed in the following sections.

3.2.1 pH—Most CXRs contain electrophilic reactive groups that are targeted by protein
nucleophiles in reactions. These reactions generally involve either displacement of a leaving
group or direct addition to a double bond with adjacent electron withdrawing groups on the
CXR to form a covalent bond between it and the attacking amino acid side-chain. In terms
of Lewis acid-base theory, the reactivity of an amino acid side chain is directly related to the
nucleophilicity or electron-pair donating capability of its side chain functional group, which
in turn can be expressed in terms of the ratio of concentrations of its electron donor/base
(A7) and electron acceptor/acid (HA) forms in solution. This ratio can be estimated
theoretically using the Henderson-Hasselback equation, which implies mathematically that
for a nucleophile to exist equally in its conjugate base and acid forms, the pH value must
equal its pK.

pH=pK,+log ([A™] /[HA])

For one and two unit increases in pH, the percentage of the basic form increases
correspondingly from 50 to 95 and 99 percent, respectively. Thus at alkaline pH values, the
nucleophilicity for basic R-S™ and R-NH,, protein nucleophiles is greater than their
corresponding acid forms (R-SH and R-NH3*) at low pH values.

The relative order of nucleophilicity for protein functional groups involved in crosslinking
reactions is: R-S™ > R-NH, > R-COO™ = R-O~. With the exception of zero-length
crosslinkers, most conventional, commercially available CXRs are designed to react
preferentially with thiolate or amine-containing protein nucleophiles. Examining the range
of theoretical pKa’s for cysteine (8.8-9.1) and lysine (9.3-9.5) (87), one might assume that
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they would be poor nucleophiles at neutral pH; however, in the microenvironments of
proteins, these side chains are often reactive and covalently modified by CXRs. Thus
optimization of pH is critical in controlling the outcome of crosslinking. For example,
crosslinking at high pH values might seem prudent to increase the reactivity of amino acid
side chains; however, it also significantly diminishes the selectivity of a CXR for its
intended target and may diminish the specificity of crosslinking by increasing unwanted side
reactions and the formation of large conjugates, rendering the results uninterpretable.
Moreover, hydrolysis of many CXR reactive groups increases significantly and competes
with crosslinking at high pH values, generating excessive dead-end modifications. A general
rule of thumb is that pH and all other variables in the crosslinking reaction should be
adjusted through screening to maximize the formation of detectable desirable low mass
conjugates.

3.2.2 Uses of conventional and mass/affinity tag CXRs—In the following section,
conventional CXRs are defined as those not containing mass tag/reporter and/or affinity tags.
Because crosslinking is an empirical process, a CXR is generally chosen for a protein target
from screens of reagents with multiple chemistries under multiple conditions. That having
been said, there are many commercially available CXRs with properties that are
advantageous for specific types of analyses. Zero to short (2-3 A) length CXRs are
preferable for detecting protein interactions, in that their product conjugates are more likely
to represent an actual interaction within or between protein targets, i.e. the specificity of
crosslinking is maximized. For such analyses, conventional or specialized mass/affinity tag-
containing reagents with large crosslinking spans (> 2-3 A) should be avoided. In low
resolution crosslinking experiments in which the identification of one or more binding
partners (low resolution experiments) is sufficient, longer span CXRs with affinity or mass
tags are more advantageous, simply because they generally increase the likelihood of
isolating and/or detecting crosslinked products. Hydrophobic, water insoluble CXRs are
typically used for screening protein interactions that are stabilized by hydrophobic binding
surfaces, whereas hydrophilic, water soluble, reagents are often employed for labeling
charged, solvent accessible residues on the surfaces of proteins. Homobifunctional CXRs are
used primarily in one-step crosslinking reactions, in which all components are present in the
reaction. Heterobifunctional reagents containing two chemically distinct functional groups
are often exploited for use in two-step crosslinking experiments. In such experiments, a
protein target is first modified under conditions that favor the reactivity of one functional
group, followed by purification of the labeled complex to remove non-covalently bound
reagent and to facilitate its exchange into conditions that favor reaction of the second CXR
functional group. For example, CXRs containing both photo- and thermo-reactive functional
groups (Table 1) are typically used in these reactions, with the protein first labeled with the
thermo-reactive group and then purified in the dark, following which the modified complex
is exposed to UV radiation to activate and promote crosslinking by the photoactive group.

Some specialized CXRs contain functional groups that enhance their purification (affinity
tags), using affinity purification media designed to capture the tag and/or mass tags that
generate unique isotopic signatures that aid in the detection and identification of crosslinks
and dead-end side modifications. For the most part these reagents use the same chemistries
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as conventional crosslinkers, most of which incorporate NHS groups to target lysine e-
amines. Many strategies have been introduced to follow sequentially labeled precursor ions
(ionized intact crosslinked peptide) and their collision products with mass/affinity tag
combination CXRs created to reduce the complexity of the product pool and to facilitate
cleavage of both peptide arms of the crosslink. Several notable examples include CLIP (98),
which utilizes a 6/ssNHS CXR, with a terminal Click alkyne tag for enrichment (using biotin
azide) and an NO, reporter group that both enhances water solubility and acts as a neutral
loss reporter during MS-induced fragmentation. Several groups have developed CXRs that
fragment during MS/MS to release small molecules that provide mass signatures for
crosslinked peptides (95), termed protein interaction reporters (102). Using a different
ligation approach, Trnka and Burlingame synthesized a novel CXR, diformyl ethynlbenzene
(DEB), which forms Schiff bases with lysine e-amines that are subsequently reduced to
secondary amines with cyanoborohydride (91). The authors demonstrate that reduction to
the amine, rather than the common acetylation product formed by NHS groups, provides two
additional protonation centers with incorporation of the intervening rigid ring spacer,
decreasing the m/z ratio of the conjugate for more optimal fragmentation by high resolution
ETD and electron capture dissociation (ECD) fragmentation methods, which provide more
complete fragmentation along the peptide backbone. Moreover, the reagent contains a
clickable tag for purification and fragments during MS/MS to produce diagnostic reporter
groups. Digestion of DEB crosslinked proteins also generates high charge state gas phase
precursor ions (4-67), which allows for their exclusion from native and dead-end modified
peptide ions using charge dependent precursor selection (91). More recently Ihling et a.
have developed a CXR with a spacer that contains an N-oxy-tetramethylpiperidine linked to
benzene (TEMPO), which contains a CID-labile NO-C bond (103). This reagent facilitates
free radical initiated peptide sequencing (FRIPS), generating open shell radicals that provide
signatures for determining the sequence and location of the CX site on crosslinked peptides
by successive MS2 and MS3 analyses. More solutions for reducing the complexity of
crosslinking products are likely as the list of these reagents that exploit high resolution
tandem MS continues to grow.

3.2.3 Equipment—The initial stages in the analysis of proteins by crosslinking requires
very basic equipment, commonly found in most biochemical laboratories. These include
various SDS-PAGE apparatus (large and mini gel versions) to analyze protein crosslinking
products, circulating water baths and incubators to control for temperature and light boxes
for viewing stained gels. In-gel proteolysis techniques require a laminar flow hood, bench-
top centrifuge and vacuum centrifuge. After optimizing the yield and proteolysis of a desired
conjugate, MS technologies are employed to analyze the digest. There are many different
configurations for mass spectrometers; however, high resolution instruments with fast duty
cycles almost always produce the best data for analysis by search engines. This is because
considerable accuracy is required to limit the mass degeneracy associated with the many
mass combinations possible from digests of crosslinked proteins (100), and because faster
duty cycles (percentage of a time window required to make a measurement) increase the
potential for analyzing low intensity ions typically associated with crosslinked peptides
during a given run. Orbitrap MS instruments best fulfill these requirements (104). In
addition to the parameters listed above, Orbitraps come in different tandem MS
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configurations, with the most advance being capable of carrying out CID, ETD and higher-
energy C-trap dissociation (HCD) fragmentation of precursor ions. See Chapter 5 for more
detailed descriptions of mass spectrometers.

3.2.4 Data analysis using search engines—The goal of data analysis is to identify
crosslinked peptides. Crosslinked peptides include inter-crosslink peptides, intra-crosslink
peptides, and dead-end peptides. Identification of intra-crosslink peptides and dead-end
peptides may be achieved by using software tools that were designed originally to identify
regular (i.e. non-crosslinked) peptides from shotgun proteomics experiments; however, their
identification is extremely difficult. This is because inter-crosslinked peptides include two
peptides and the search algorithm must search each experimental spectrum (i.e. query
spectrum) against all of the possible pairs of peptides. Figure 8 illustrates a general data
analysis procedure that comprises several steps that are explained in detail below.

In the first step, sample proteins are digested in sificoto generate all of the possible peptides
using a digestion rule, which uses the known chemistry of the protease selected to determine
where cleavage should take place along the amide backbone. For example, if trypsin is
selected, then the algorithm generates all possible peptides arising from cleavage C-terminal
to lysine and arginine, except when these residues are located N-terminal in the primary
sequence to proline. Experimentally it is not uncommon, however, for trypsin to miss one or
more of these cleavage sites. Moreover, peptides that are too short or extremely hydrophilic
are often lost in wash steps prior to injection in the mass spectrometer, further depleting the
expected data set. Likewise, large peptides with masses greater than 4000 Da. are not
efficiently cleaved and transmitted. Therefore algorithms must be flexible enough to
accommodate these and other results that deviate from ideal theoretical conditions. To
accommodate these possibilities, search engines typically incorporate two user input
parameters that may be adjusted to narrow the range of peptide chain length, depending
upon the capabilities of the instrument being used, and the number of missed cleavage sites
(NMC).

In the second step, the peptides generated in the first step are combined in pairs, and their
masses are calculated and annotated in extremely large data bases, based on sequence and
potential chemical modifications. Possible modifications are defined from rule sets that take
into account the possible chemistries and residues that are potentially targeted by any given
CXR. Depending on the flexibility of the search engine, a user may manually limit the
number of potential crosslinks and dead-end products that applied to any peptides during the
run. More powerful programs may also calculate for crosslinking among three or more
peptides using the parameters described above.

Experimental spectra are pre-processed in the third step to account for variations in noise in
tandem MS signals and to normalize low and high abundance peaks, both of which are
generally important in conjugate identification. Pre-processing of an experimental spectrum
separates signal peaks from noise peaks, removes the latter, and normalizes the resulting
signal peaks so that low and high intensity peaks are scaled differently. Normalization
permits amplification of low intensity peaks, which are often characteristic of crosslinked
peptides and thus allows them to be weighted to a greater extent in subsequent scoring
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rounds. Programs that are designed to carry out this procedure are generally capable of
detecting more conjugates than those that simply analyze a given number of the most intense
peaks in the spectrum.

Usually, the terminal step in processing is to score the spectral similarity between processed
experimental spectra from step three and theoretically generated spectra for all potential
candidates generated in step two. Existing programs calculate spectral similarity in different
ways, either by cross-correlation or simply summarizing the number of matches detected
between peaks from experimental MS/MS and theoretical fragmentation spectra. Candidates
are first generated, and these consist of all of the crosslinks with calculated masses that fall
within a defined range bracketing the precursor mass measured in the experimental MS/MS
spectrum. For each of the candidate crosslinks, a theoretical fragmentation spectrum is
generated. As opposed to the general processing of non-modified peptides, only & and y-
ions are generally considered for crosslinks. This is because each crosslink contains two or
more peptides and their theoretical fragmentation spectra become very complicated if other
ion types, such as a-ions and those arising from loss of H,O and NH3 are also considered.
Existing software tools are summarized in Table 4.

3.3 General protocols

Because crosslinking is an entirely empirical process, the following sections will focus
primarily on developing screens, rather than explicit protocols, to determine the best
conditions and reagents for optimizing the yield and digestion of a desired conjugate from
protein targets. Because CXMS is a bottom-up process, we will assume in these screens that
protein reactants are purified to near homogeneity.

3.3.1 Crosslinking screens—Ideally in any reagent screen, it is advisable to first
analyze the target protein under conditions that allow its native state or that support a known
function and/or interaction with a specific partner. The concentration of protein should be
sufficient for visualization using general gel staining procedures. Under such conditions,
either the time or concentration can be varied for the CXR. In one-step crosslinking screens,
the concentration of CXR is generally varied in molar excess from 10 to 500 over the protein
target, initially for a fixed time of 15 minutes. Conversely, greater than 500 molar excesses
of CXR are incubated with the protein for short time periods, ranging between 1 and 10
minutes. Using small gel formats with 15 to 20 wells, 3—4 reagents may be assessed per gel,
and as many as 16 reagents may be tested in one day. If any conjugates are observed, then
reaction conditions may be varied to optimize formation of the desired conjugate. During the
screening process, care must be taken to assure that accessory components (e.g., buffers,
salts, stabilizing reagents) are compatible with the crosslinker being used. For example,
amine containing buffers such as TRIS should be avoided when using NHS-substituted
CXRs or any other functional group that targets amines. To avoid large quantities of side-
product formation, excessive amounts of crosslinker should be avoided, and only the amount
required to generate a sufficient yield of the desired conjugate should be used. Additionally,
extremely high pH values should be avoided, because most conventional CXR reactive
groups are susceptible to hydrolysis and are either rapidly deactivated or preferentially
mono-modify the protein target to form dead-end side products.
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Screens using heterobifunctional CXRs to form conjugates in two-step crosslinking
protocols are more complicated than one-step screens, because of the intermediate
purification step required between successive modification steps with each of the two
functional groups of the CXR (see 3.2.2). A rapid assessment of conditions required for two-
step crosslinking can be achieved by using small one-mL spin columns loaded with
desalting gel media to partially purify the complex after the first modification step and to
exchange it into reaction media that are compatible with the second modification step. For
example when screening conditions for optimizing crosslinking with a heterobifunctional
CXR containing photo-reactive azido and NHS functional groups, time- and concentration-
dependent modification of the protein target with the NHS group is carried out in the first
step, as described above under one-step crosslinking. To avoid activating the azido group,
reactions should be carried out using Eppendorf tubes that are not transparent to light and
the total volume for each condition should not exceed 100 pl. Reactions are simply
quenched by removing excess reagent with the desalting spin column using a benchtop
centrifuge. The desalting gel should be equilibrated in a buffer solution that is compatible
with the second photolysis step. Multiple samples may be loaded onto crystallization trays
that contain shallow wells, and exposed simultaneously to UV light using a simple hand-
held lamp that is placed over the tray for 2-3 minutes. The reactions are then quenched
using SDS-buffer and loaded onto gels to analyze product formation. Although the spin
columns do not remove all excess CXR and do not permit a complete exchange of
conditions, they provide an efficient method for narrowing the conditions required for
optimal crosslinking of the target.

3.3.2 Digestion of conjugates for MS analyses—In-gel or hetero-phase and solution
digestions are the two most common approaches for hydrolyzing crosslinked proteins, and
MS facilities generally provide basic protocols to follow for sample submission or provide
services to perform these procedures. However, the preparation of protein samples, and
specifically crosslinked proteins, for MS analyses is a critical and often overlooked
component of CXMS. The ultimate goal of this process is to maximize the coverage of the
crosslinked protein, which requires optimal cleavage and recovery of the peptide
components of the conjugate. Both in-gel and solution methods require similar components,
which include a targeting protease or chemical to catalyze hydrolysis at specific sites along
the amide chain, a denaturant to unfold the protein to enhance maximal cleavage along the
backbone, a reductant (typically either DTT or 2-mercaptoethanol) to reduce cystine
disulfides and an alkylating reagent (iodoacetic acid or iodoacetamide) to modify free thiols
generated by reduction. The latter two steps are carried out to prevent refolding. Proteins
have unique properties and are targeted to different extents by specific proteases, with the
covalent attachments introduced by crosslinking further complicating such interactions. As
with crosslinking, proteolysis is also an empirical process and must be optimized by varying
solution conditions and the general components discussed above (138). Typically, the
reaction steps are carried out in the following order: denaturation, reduction, alkylation and
proteolysis. Historically, denaturants such as urea, guanidinium hydrochloride and SDS were
used and subsequently diluted after reduction and alkylation steps to concentrations tolerated
by the protease; however, they interfere and are poorly tolerated by MS. To address this
problem, more MS-friendly denaturants such as Rapigest™ (Waters, Milford MA) (139),
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sodium deoxycholate (SDC) (139) or sodium 3-[(2-methyl-2-undecyl-1,3-dioxolan-4-
yl)methoxyl]-1-propanesulfonate (ALS) (140) have been developed. Alternatively, spin
concentrators and various filters have been developed to facilitate exchange of secondary
chemicals and denaturants without significant loss of the conjugate prior to proteolysis
(139,141). Additional methods for improving protein denaturation, including thermal (IR
and microwave radiation), ultrasonic and solvent-based techniques, are summarized in an
excellent review by Hustoft ef al (142). After denaturation, engineered forms of trypsin are
generally used to carry out proteolysis, because they specifically cleave amide backbones
after lysine and arginine, function well in low concentrations of multiple denaturants and are
relatively resistant to autolysis. A recent report suggests that tandem application of trypsin
and Lys-C (lysine—specific protease) promotes more efficient cleavage of protein substrates
than trypsin alone (138). Despite all the possible choices in such reactions, some of the
following parameters are good starting points for in solution digestions. First, the conjugate
may be reduced with DTT (10 M excess) and denatured concomitantly in either 0.1% ALS
or SDC at elevated temperatures (~ 50-85 °C) for 1 hr. This is followed by alkylation with
iodoacetic acid (40 M excess) in the dark for 30 minutes at 30 °C. After alkylation, DTT is
added in excess of iodoacetic acid to prevent alkylation of trypsin. The denatured protein
may then be exchanged into 25 mM ammonium bicarbonate using a 3000 MW cutoff spin
concentrator (EMD Millipore) and digested overnight at 30 °C using a 25-fold excess (w/w)
of sequencing grade trypsin (Promega). Peptides may be recovered by several rounds of
centrifugation and washes with 10% acetonitrile in 25 mM ammonium bicarbonate. Peptides
are then concentrated to remove acetonitrile or lyophilized in a vacuum concentrator.

In-gel digestion uses the resolving power of SDS-PAGE to isolate the desired conjugate
from complex mixtures of crosslinking products, significantly reducing the number of
products to be analyzed. On the other hand, it also can hinder peptide recovery, depending to
a great extent on the type of extraction procedure used. Several aspects of this technique are
unique compared to in-solution methods, based on the polyacrylamide matrix, which limits
diffusion of the reactants and protease necessary for generating peptides (143). Thus, the
ratios of protease to substrate are generally much higher than those typically used in
solution. Additionally, the gel sections containing the conjugate must be treated with
solvents (typically 50% acetonitrile in 25 mM ammonium bicarbonate) to remove SDS and
other gel solution components that inhibit the activity of the protease. Another important
consideration is that there are many handling steps that can potentially introduce
contaminants, particularly keratins. Thus all reagents must be prepared carefully and any
instruments used must be cleaned scrupulously before carrying out the procedure. Gloves
and sterile sleeve protectors should be worn at all times. Specific details for gel-phase
proteolysis conditions are outlined in a published protocol (143) and can be accessed online
at the UCSF mass spectrometry website.

3.3.3 Data input—As discussed in 3.2.3, the use of search engines generally requires little
from the user. Most are designed with interfaces that allow the user to upload the

sequence(s) and reagents being tested. Additionally, some parameters such as the number of
allowed side products and crosslinks per conjugate may also be available. Typically it’s wise
to limit these parameters in the first rounds of an analysis, first to minimize computing space
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and time, and second to avoid extensive data output. Some programs ask the user to specify
the reactive groups of the CXR and the mass of the intervening spacer (after modification),
as well as the mass of dead-end products. Users with limited knowledge of cross-linking or
chemistry should avoid the latter programs.

Perhaps the greatest mistake made by even experienced users of the crosslinking technique
is to over interpret results. First, there is a tendency in the literature for users to define a
detected CX site on a protein as a binding site, no matter the span of the CRX. The
specificity and therefore the probability that crosslinking represents an actual binding event
is greatest when zero-length chemically coupled residues on opposing binding partners are
identified. CX sites that are detected using CXR reagents with crosslinking spans greater
than 2-3 A should be discussed in terms of the proximity of the linked residues, defined by
the range of distances that the spacer can occupy in solution (144). Another common
misconception is that the absence of crosslinking indicates absence of interaction (145). In
this case there are many more reasons why crosslinking does not occur, based on
incompatibility of the CXR with the chemistry, geometry and/or solvent accessibility of the
protein-protein interaction surface(s) being studied. There are many examples for which CX
sites are purportedly identified by simply matching the experimental mass of a precursor ion
with the theoretical mass of a crosslinked peptide. With large proteins it has been
demonstrated that a large number of dead-end and crosslinked peptides may account for a
single precursor ion within the resolving limits (~ 3 ppm) of a high resolution FT instrument
(100). Even when the masses of a precursor and its corresponding fragments are well
matched to those for a theoretically generated candidate, there is a reasonable potential for
misidentification, based on the limited resolving capabilities (> 200 ppm) of typical collision
cells, i.e. significant error in the identification fragment ions generated by tandem MS. High
resolution measurements of fragment ions are now possible in new Orbitrap MS instruments
using HCD, significantly increasing the potential for boosting confidence levels in matching
assignments. Finally, corroborating evidence from alternative methods is always desirable
for any interaction that is detected or suggested by crosslinking.

3.5 Representative results and complementary techniques

Because of its versatility, CXMS has been used in combination with many complementary
techniques developed to detect protein-protein interactions, to determine the structure of
proteins and their complexes and to theoretically model non-homologous proteins. Several
examples of these combined approaches will be discussed in terms of how each
complements the other. With the development of MS instruments that are capable of
transmitting large macromolecular complexes (146), top-down MS has become a well-
established method for analyzing the interaction of proteins and/or subunits in large protein
complexes that are not amenable to NMR and X-ray crystallographic methods (147),
providing a potent alternative and complementary approach to crosslinking (94). The basic
approach relies on the transmission of a partially hydrated protein complex in near-native
conditions, in which the topological arrangement and interactions of its protein components
are probed either by CID after injection (148) or the introduction of sub-stoichiometric
amounts of small molecules that destabilize the complex prior to injection (149). Maps
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defining the interactions of integral subunits in the complex are constructed based on the
composition and number of subcomplexes detected (150). Top-down MS also is capable of
detecting differences in the stability of a complex in different conformational states (151).
For example Lane ef al. showed that the native, non-activated form of the (apy8)4
phosphorylase kinase complex (PhK) is more stable than its active phosphorylated form by
demonstrating that the percentage of intact phosphorylated complex decreased with respect
to that of the native under identical conditions (151). In that study, phosphorylation of the
complex also perturbed interactions of the subunits in the complex, resulting in preferential
interactions among the regulatory p subunits, also detected by crosslinking in a previous
study (152). In a parallel study, these investigators combined CXMS, immuno EM, cryoEM,
modeling and biochemical data to determine the location of the regulatory B subunits in the
PhK complex (89). The topology and location of the subunits in the connecting bridge
region of the bilobal complex was determined using top-down MS, and CXMS was used to
constrain an atomic model of the B subunit (generated by I-TASSER (153)) to facilitate its
docking in the bridges of the cryoEM 3D structure. Aebersold and coworkers have also used
CXMS to provide distance constraints in combination with tandem affinity purification to
model a protein phosphatase 2A network of interactions (154). CXMS has become the
method of choice for constraining theoretical models (155), and is widely used in integrative
structural modeling (ISM), an approach in which theoretical models of variable resolution
are scored, based on their agreement with constraints provided by different forms of
experimental data, commonly referred to as input data (156). ISM approaches using CXMS
have been used to model complex macromolecular assemblies, including the yeast elF3:elF5
complex (90) and the photoreceptor phosphodiesterase hetero-oligomer (157).
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Figure 1. Theoretical rates of hydrogen/deuterium exchange of mitochondrial aspartate
aminotransferase

The theoretical rate of HDX at 0°C and pH 7.5 or 2.4 was calculated for mitochondrial
aspartate aminotransferase (MW 44,597 Da) according to a previously published algorithm
(22) using HXPEP, written and kindly provided by Zhonggi Zhang (Amgen, Thousand
Oaks, CA).
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Figure 2. Schematic representation of the mechanism of hydrogen/deuterium exchange
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Hydrogen atoms in the peptide backbone (top panel) can exchange with hydrogen (blue) or

deuterium (red) atoms in water in a process dependent on accessibility and breathing

(opening and closing) of the protein. In the EX1 regime (left panel), opening is faster than
closing (kyp>>A)), and the rate of exchange is determined by the rate constant of opening. In
the EX2 regime (right panel), closing is faster than opening (kz>>k,y), and the reaction is
dependent on the rate of opening and chemical exchange. The isotopic patterns shows the
theoretical exchange pattern of a triply charged peptide with m/z = 1040.08 under EX1 or

EX2 exchange regimes.
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Figure 3. Mass spectrometer rigged for HDX MS
A) The cooling box (SAIDE) is located right before the ESI source of a high resolving mass

spectrometer (LTQ FT) and after the HPLC pumps (HPLC). B) Detail of the SAIDE box
showing the internal components of the unit: two valves, one reversed phase column, loop
and fluid lines. The box is used for temperature control during all stages of protein digestion,
peptide desalting and chromatographic elution of peptides.
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Figure 4. HDX MS general experimental procedure
The scheme shows the steps to perform continuous labeling HDX on-exchange (A) or off-

exchange (B) experimental procedures. HDX is initiated by making a dilution of a
concentrated stock of the protein into a deuterated buffer. At different time points the
reaction is sampled by taking an aliquot and measuring the mass of the intact protein (global
exchange) or of the proteolytic fragments (deuterium level in peptides) with the aid of a
mass spectrometer.
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Figure 5. Representative chromatographic profile and data analysis

A) Base line chromatographic profile of a peptide digest of mitochondrial aspartate
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aminotransferase. B) Mass spectrum at 8.5 min of elution. C) A magnification of the mass
spectrum of panel B, showing the doubly charged ion with m/z of 856.5 corresponding to
the peptic peptide AHNPTGTDPTEEEWK. D) Tandem mass spectrum of the same peptide;
to simplify the figure only the most prominent & and )~ ions are indicated.
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Figure 6. Representative results

Residue Number

When mapping exposed loops and regions of disorder, it is helpful to visually demonstrate
results in a straightforward way representing the protein structure and sites of cleavage.
Demonstrated here is a way to conveniently show regions that are targeted by proteases;
when using multiple proteases, this figure also demonstrates clearly that different proteases
are targeting the same region, further implying flexibility and exposure. Depending on the
size of the protein, the line representing residues could be substituted for the actual
sequence. Alternatively, if the protein is too large, the representative residue lines used in
this figure may more clearly portray the results, and regions that are cleaved can be
magnified to highlight cleavage details.
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Figure 7.
Products of protein crosslinking
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Figure 8.
Data analysis theoretical and experimental flow of information
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Protease specificities and final concentrations?

Table 1

Protease Specificity Kinase: protease ratio
Thermolysin Hydrophobic 15:1
Chymotrypsin Aromatic 2,000:1
Protease V8 (Glu C) Asp and Glu 150:1
Trypsin Arg and Lys 5,000:1
Ficin Nonspecific 10,000:1
Arg C (Clostripain) Arg 10:1
Lys C Lys 50:1
Papain Nonspecific 10,000:1
Proteinase A Nonspecific 100:1
Subtilisin Nonspecific 200,000:1
Pepsin Aromatic, acidic, hydrophobic 10:1
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a.. Lo . . . .
Different proteases can be, and should be, used in limited proteolysis experiments. Listed above are examples of proteases and the protein:protease

ratios that were used in limited proteolysis experiments at pH 6.8 on the glycogenolytic enzyme phosphorylase kinase (76). While these ratios will

likely differ for other proteins, these are reasonable starting points for optimization. Other proteases that are commonly used include Proteinase K,

elastase, and Asp-N.
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Table 3

Selected reactive groups of typical crosslinking reagents
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Reactive group chemical structure Group name Amino acid preferentially targeted
o N-Hydroxysuccinimide ester Lysine
(NHS)
T
° o
o Maleimide Cysteine
R/\N |
o
Alkylhalide Cysteine
/\CHZI y 3%
hiH; Imidoester Lysine
AN
o R
Non-specific

NQ@—Nzuin‘ Phenylazide

R N~ Carbodiimide?
\N¢C

Aspartic and Glutamic acid

a . _—
R denotes spacer and second reactive group, except for the carbodiimide.

b. - . . .
Zero-length crosslinking reagent that activates carboxyl groups for subsequent attack by proximal amines.
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Search Engines

Table 4

Name Language Publication year Platform Reference
PeptideMap 1997 (105)
ASAP and MS2Asign 2000 (106)
GPMAW 2001 (107)
X-Link 2002 (108)
Popitam 2003 (109)
MS2PRO 2003 (110)
Links and MS2Link 2004 (111)
CLPM 2005 (112)
XLINK 2006 (113)
VIRTUAL-MSLAB 2006 (114)
SearchXLinks 2006 (115,116)
Pro-Crosslink 2006 (117)
X1Link 2007 (118,119)
X-Links 2007 (120)
CrossSearch 2008 (100)
MS-3D 2008 (121)
xComb 2010 (122)
xQuest 2010 (123,124)
Mass-Matrix 2010 (125)
CRUX 2010 (126)
MS-Bridge 2010 (127)
Xlink-Identifier C++ 2011 Web (128)
CrossWork 2011 (129)
StavroX 2012 (130)
pLink 2012 (131)
SQID-XLinK C 2012 Windows (132)
Hekate Perl and SQL 2013 Debian Linux (133)
XLPM Perl and MySQL 2014 Web (134)
MXDB 2014 (135)
AnchorMS Python with PHP front-end 2014 Web (136)
SIM-XL C# 2015 Windows (137)
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