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ABSTRACT: Solution-phase hydrogen/deuterium exchange (HDX) coupled to mass {
spectrometry (MS) is a widespread tool for structural analysis across academia and the H->D .¢
biopharmaceutical industry. By monitoring the exchangeability of backbone amide protons, P €
HDX-MS can reveal information about higher-order structure and dynamics throughout a lln ll 6° p 5
protein, can track protein folding pathways, map interaction sites, and assess conformational [ '* ? of v 5, Time
states of protein samples. The combination of the versatility of the hydrogen/deuterium I i 1 l Qe ; ‘/ ® ‘&E
exchange reaction with the sensitivity of mass spectrometry has enabled the study of L, “'9 2.9 & /
extremely challenging protein systems, some of which cannot be suitably studied using other h V.Y 8 = Tme
techniques. Improvements over the past three decades have continually increased AL,

throughput, robustness, and expanded the limits of what is feasible for HDX-MS
investigations. To provide an overview for researchers seeking to utilize and derive the
most from HDX-MS for protein structural analysis, we summarize the fundamental
principles, basic methodology, strengths and weaknesses, and the established applications of =" T —
HDX-MS while highlighting new developments and applications.
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1. INTRODUCTION

1.1. General Application of H/D Exchange

Hydrogen/deuterium exchange (HDX) exchange as a general
approach exploits the natural exchan%e of hydrogens that occurs
at backbone amides within proteins. 3 In a folded protein, the
exchange kinetics for individual amides are strongly influenced
by the local electronic and solvent environment, as well as the
higher-order structure. The incorporated deuterium acts as a
label along the backbone that can reveal information about each
amide’s relative accessibility in the native protein. The tools for
measuring amide hydrogen exchange evolved considerably over
the years.”” The pioneering experiments that provided the
foundational theory of H/D exchange in proteins were
accomplished using sensitive densitometry measurements of
intact proteins in solution." Using tritium instead of deuterium
to do hydrogen/tritium exchange later became a more sensitive
and insightful tool for measuring amide hydrogen exchange and
also allowed for proteolysis to localize exchange to a peptide
level.”"® The foundational work and principles established from
these early studies allowed HDX to be effectively coupled to
mass spectrometry (MS) and offered advantages over previous
methods of detection.”” "

The approach for most HDX-MS studies remains relatively
simple. A protein, typically under native conditions, is
transferred from an aqueous buffer to a deuterium-rich buffer
and allowed to undergo exchange. The exchange is then slowed
and the levels of deuterium incorporation are readily measured
with MS, thanks to the approximately one Dalton mass
difference between the mass of a protium ('H) and a deuterium
(*H). While the experimental concept is simple, there are many
considerations necessary for obtaining and interpreting HDX-
MS data sets. One of the reasons HDX-MS has been so
successful is its inherent versatility; it can be applied to nearly
any protein system, many of which are too large, flexible,
heterogeneous, or sample limited to be analyzed by other
existing structural tools. Here we detail the chemistry, basic
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principles, and methodologies of HDX-MS and cover the many
applications for which it is used. We also refer the reader to
several recent reviews on different aspects of HDX-MS."*~"”

1.2. Structural Factors Determining Amide Exchange
Kinetics

The simple model that still serves as a foundational principle for
amide HDX was proposed by Linderstrom-Lang.' A given
amide within a protein can exist in a closed or open state,
depending on whether the amide is protected (Figure 1). In the

kop b H kel
A) P(H)a == P(H)op 3 P(D)op == P(D)a
cl ch Kop
B) EX1kinetics  kch>> Kl Kobs= Kop

k
C) EX2kinetics ken<<ke  Kobs= k%f)" Ken

) ore(i2)
Kobs

Figure 1. (A) Overview of the basic principles of amide exchange in
proteins. The protein samples a closed (cl) and open (op) forms, of
which only the open form is accessible for deuterium exchange. The
relative rates of opening ( kop), closing (k), and the chemical exchange
rate of the accessible amide (k) govern whether the experimental
observed rates will fall in the realm of (B) EX1 kinetics or (C) EX2
kinetics. (D) For EX2 kinetics, the free energy of the local stability can
be calculated using the ratio of the k, and the observed rate k,,, a ratio
referred to as the protection factor (PF) associated with the local
structure.

D) AG= RTIn(:Lh

obs

closed state, the amide is not accessible for deprotonation. When
local conformational fluctuations or global unfolding render the
amide accessible, the hydrogen can undergo exchange with
solvent at a specific rate, termed the chemical exchange rate
(ka)- After deuterium exchange, the protein may then revert
back to a closed state. We note that in the schema there is a single
arrow for the kg, in cases with D,O in high excess; at this step,
amides equilibrate to the final percentage of deuterium in the
surrounding solution. It is generally accepted that hydrogen
bonding is a primary determinant of amide protection™***' but
that solvent occlusion also plays a role in determining protection
from exchange.””~** While protection is strongly correlated to
the degree of hydrogen bonding, there remain gaps in our full
understanding on the combination of all the molecular
determinants that govern amide HDX kinetics,” as highlighted
by recent studies where the observed protection cannot be fully
rationalized.*®

The rates of the closing/opening motions relative to the kg,
determine what the HDX-MS data will look like and the type of
information that can be obtained. If the closing rate (ky) of an
amide is much slower (more than 10-fold slower) than the k,
then the amide will be deuterated before it can close and the
observed rate kg, will be governed by the opening rate (kop).27
This kinetic regime is referred to as EX1 kinetics. On the other
hand, if k, is much faster than k,, the amide will have to undergo
many opening motions before it becomes deuterated (EX2
kinetics). The observed rate will therefore reflect the
combination of kg, and the equilibrium of the opening/closing
motions within that amide. With EX2 kinetics, the free energy
associated with the structural stabilization can be calculated
from the ratio of k, to k,,, which is also referred to as the local
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protection factor (PF) (Figure 1D). Depending on the local
stability of the protein, PFs can vary from 1 (k. = kg,) up to
>10° for very highly protected amides.**’

It is also important to appreciate how the solution conditions
that determine kg, can impact the exchange regime for HDX.
Changing the conditions, for example, by raising the solution
pH, will alter the kg, and can potentially shift exchange from EX2
kinetics to EX1 (Figure 2). Manipulation of k, can therefore be
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Figure 2. (A) Deuterium uptake at pulse times in D,0 is plotted across
a range of pH. (B) Exchange rates as a function of pH show the
transition point from the EX2 to and EX1 exchange regime. Above pH
11, the exchange reaches the EX1 limit where kg, > k,;, and the rate is
entirely governed by the opening rate of the amide. Reproduced with
permission from ref 4. Copyright 2006 American Chemical Society.

used to differentiate EX1/EX2 mechanisms and extract more
information from HDX analysis. However, this approach
assumes that the protein dynamics will be invariant at drastically
different solution conditions, which is often not the case.
Through decades of research, it has been observed that under
physiological conditions the vast majority of proteins undergo
fast local structural fluctuations resulting in EX2 kinetics. Most
proteins exist in populations in solution where the natively
folded closed state is preferred. For peptide level analysis, this
results in a gradual mass shift over the course of deuteration,
with the labeling following a binomial distribution that is
convoluted with the natural isotope distribution of the peptide
(Figure 3A)."° The width of the isotopic envelope is dependent

on the number of amides in the peptide that are exchanging at
that time point.zg_31 EX1 kinetics, while rare, continue to be
observed across a wide range of protein sys.tems,sz_34 and the
peptide mass spectra manifest as a bimodal distribution (Figure
3B). The undeuterated species reflects the population that has
not yet undergone the correlated opening motion, whereas the
highly deuterated species is the population that has gone
through an opening motion and a large portion of the amides
have fully exchanged. Over a deuterium exchange time course,
the relative EX1 populations will convert from the undeuterated
to the highly deuterated species as governed by the local
kop.3’28’35’36 Distinct conformers of a protein that coexist in
solution can also cause the appearance of multiple species within
HDX-MS spectra.’” This case is distinct from EX1, as the two
conformers of the protein do not interconvert, and the spectra
will therefore show two features whose relative intensities do not
change over the time course (Figure 3C). We note that in Figure
3C, the faster exchanging species is fully deuterated by the
earliest time point, but this may not always be the case as it will
depend on the accessibility of amides in this less protected
conformer. Because proteins often undergo many local and
global conformational changes on various time scales, it is also
possible for a region of the protein to fall into both EX1 and EX2
regimes. Spectra from such regions will show both shifting
population intensities and a gradual deuterium uptake for the
slow-exchanging state (Figure 3D). This scenario can be
distinguished from a mixture of noninterconverting conforma-
tions by the change in the relative peak intensities across all time
points. This ability to see minor subpopulations of alternate
conformers is one of the unique strengths of HDX-MS. Tracking
protein subpopulations has given insight into several biological
systems, including quasi-equivalent subunits in viral particles,*®
heterogeneity in capsid assembly” and prion fibrils,*’ the
presence of degraded or misfolded forms of a protein,""** and
asymmetry in protein assemblies.””** However, it is important
to be aware of artifactual bimodal profiles that can arise from
several sources, for example, sample carry over (Figure 3E; see
section 2.3.3)
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Figure 3. Examples of mass spectra at various time points showing the isotopic distributions resulting from pure EX2 (A), pure EX1 (B), a
noninterconverting mixture of conformers (C), mixed EX1/EX2 (D), and artifactual bimodal spectra attributed to sample carryover (E). The minor
subpopulation in (C) is denoted with a *. The arrow in (E) reflects the contribution to the signal from a previous injection. Reproduced with

permission from ref 665. Copyright 2016 Elsevier.
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1.3. Intrinsic Hydrogen Exchange within Proteins

The chemical process of backbone amide exchange is broadly
described in solution using proton transfer theory.*> This
process is highly sensitive to exchange reaction conditions and
the local electronic environment.*>*” The complex relationships
between reaction parameters and amide exchange kinetics have
been extensively studied by numerous investigators.>*'%*/ %>
Here we will attempt to distill the core concepts underlying
these relationships and illuminate some of the more subtle
aspects of kg, for backbone amides. While not covered in detail
here, it is also important to be aware of the hydrogen exchange
processes in other positions, such as at side chain positions,
which have recently been reviewed in detail.**

Amide exchange in an aqueous medium proceeds through
three mechanisms: acid, base, and water catalysis.51 Acid
catalysis proceeds through two distinct mechanisms shown in
Schemes 1 and 2. Scheme 1 describes O-protonation (acid—

Scheme 1
* DO
o o DgU Dy D,0
MNAN/“” —_ Nw/k\ﬁ/"’w = Nw)\\(,?/"’"" D,OH*
H H o N
~0
o D;0* D0 D
o o 0 F
A e N g b
D b D D20
Scheme 2
o D;0* D0 ° D,0 D,OH* o
N ® e
A = e Ay
H b H D

imidic exchange), which is understood to be the predominant
pathway of acid catalysis for backbone amides.”******* This
process begins with the transfer of a deuteron from the solvent to
the peptide carbonyl oxygen. The imidic nitrogen is then
deprotonated, which is followed by transfer of a deuteron from
the solvent back to the nitrogen. Scheme 2 displays the pathway
for N-protonation or the direct deuteration of the amide. This
pathway begins with the transfer of a deuteron to the neutral
amide, followed by removal of the hydrogen, leaving behind a
deuterated amide. It should be noted that the N-protonation
pathway is not the primary exchange pathway for backbone
amides, with the possible exception being the N-terminal
amide.>*

The process of base catalyzed amide exchange, on the other
hand, is understood to proceed through a single pathway
(Scheme 3). Base catalysis begins with the direct removal of a
hydrogen from the amide, and the resulting highly basic nitrogen
then picks up a deuteron from the solvent. Deuterium oxide in
its un-ionized form is also capable of initiating the protonation/
deprotonation steps in these three mechanisms to mediate
hydrogen/deuterium exchange, albeit at a much slower rate. The
second-order rates for acid (kp*), base (kop-), and water (kp o)

Scheme 3

OoD” DOH ¢ D,0 OD” O@ o

o ° o
H B D
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catalyzed exchange can be calculated using proton transfer
theory, provided the reaction conditions are well characterized.
These values are summed using eq 1 to yield the observed rate of
exchange for a particular amide (ky,). For solution HDX-MS, the
rate of water catalyzed exchange (kp o) is considered negligible

and can be ignored which simplifies eq 1 to eq 2. Furthermore,
because of the tendency of amide exchange to proceed primarily
through base catalysis above pH 2.3—2.6, the contribution of
acid catalysis (kp*) to the observed rate amide exchange (kg,) is
considered minimal. This allows for the use of eq 3 to describe
ke, near physiological pH (pH 5—10).%° Accurate estimation of
k4, is central to informative measurements from HDX-MS
experiments.*”®® Therefore, much effort has been devoted to
understand how structural influences and solution conditions
combine to impact amide exchange rates,">%' %7 ~620%¢7

ke, = kp,[D'] + kop_[OD™] + kpyo[D,0] (1)
koy = kp4[D'] + kop_[OD] (2)
ke ~ kop-[OD'] (3)

The value of kg, is unique for each type of amino acid and
varies for each amide within a sequence depending on its
position within the sequence and neighboring residues. This is
because the side chain chemistry of a particular amino acid
influences the buildup of charge on the amide during the proton
transfer process.””***” The term “side chain effects” is often
used to describe the structural influences responsible for the
distinct exchange behavior of amino acids. These structural
nuances have more far-reaching effects within a polypeptide
sequence. Often referred to as “nearest neighbor effects” or
“sequence effects”, the arrangement of amino acids relative to
one another has a significant impact on kg,>*"~**" Addition-
ally, the proximity of a particular residue to the N- or C-terminus
also greatly impacts the exchange behavior. Although N- and C-
terminal effects have little influence on intrinsic exchange
behavior in full proteins, these effects become pronounced in
small unstructured peptides.””**>"*® The positive charge at the
N-terminus accelerates kqp. of the neighboring amino acid,"’
sometimes to the point where the second amino acid (first
backbone amide) exchanges so quickly that it cannot be probed
by HDX-MS.” As a result, N- and C-terminal effects are
frequently considered when gathering higher resolution HDX
data.”® The Englander group has compiled a set of spreadsheets
for calculating k4, for amides in the context of their sequence and
buffer conditions, which are available at: http://hx2.med.upenn.
edu/download.html. Alternatively, the online tool, Server
Program for Hydrogen Exchange Rate Estimation (Sphere)
can also calculate predicted kg, for a given peptide sequence and
condition: https://protocol.fccc.edu/research/labs/roder/
sphere/sphere.html.

1.3.1. Factors that Govern kg,: pH. Controlling solution
pH is fundamental to the HDX-MS experiment. In fact, the
sensitivity of amide exchange rates to pH is what enables the
retention of deuterium for analysis by MS. Proteins are typically
labeled around neutral pH or under near-physiological
conditions (pH 5—10). Within this pH range kg, is relatively
fast, enabling the probing of diverse protein motions on a
reasonable time scale.”""*>®” To actually observe the localization
of deuterium and gain any kind of structural insight from the
HDX-MS experiment, it is necessary to slow the exchange
process or “quench” the reaction, otherwise the presence of H,0
in subsequent sample handling steps will result in the loss of the

https://doi.org/10.1021/acs.chemrev.1c00279
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deuterium label. Although the quench step serves additional
purposes, the slowing of amide exchange is accomplished here
by acidifying the exchange reaction buffer to a range where the
rates of acid and base catalysis are minimized.>**"*%’%”" The
“V-shaped” plot in Figure 4 is a useful approximation of the pH

0.0 1

0.5

-1.0 4

-1.5 4

log K.,(min")

2.0

-2.5 1

-3.0 4 (A

pH

Figure 4. Rate of exchange of an unstructured amide is shown as a
function of pH. The gray line is the summed rate from the acid and base
catalyzed exchange contributions, which are individually depicted with
the red and blue dashed lines, respectively. The black line above the
hatch marks is the net rate accounting for the contribution of water
catalysis. Reproduced with permission from ref 71. Copyright 2012
American Chemical Society.

dependency of amide exchange. The negative sloping region on
the left side of the plot represents the region where amide
exchange proceeds primarily through acid catalysis, and the
corresponding positive sloping region on the right represents the
region where amide exchange proceeds primarily through base
catalysis. The minimum in the center represents the region
where both acid and base catalyzed exchange rates are at their
lowest values, referred to as the pH, ;. Although pH,;, varies for
individual amino acids, it is generally approximated at pH 2.5 for
proteins and is what most HDX-MS researchers target for their
quench pH.*"!

Amide exchange in the deuterium rich labeling buffer is
primarily catalyzed by the acidic (D;0") and basic (OD")
species in solution. Equation 2 provides a way to calculate the
impact that the relative quantities of these two species have on
the observed rate of amide exchange in the HDX-MS
experiment. Although the second-order rate constants for acid
and base catalysis vary with some solution parameters, the effect
on kg, is usually minimal.>>" Consequently, special care should
be given to controlling labeling reaction and quench buffer pH
values (or more appropriately, the pD values when working in
high concentrations of D,0), as the concentration of D;O* and
OD™ has a direct impact on exchange kinetics. In the
physiologically relevant pH range, an increase of 1 pH unit
will result in a 10-fold increase in kg, The use of glass electrodes
to measure the pD of labeling and quench buffers is ubiquitous,
however, it is necessary to correct the pH measured in a D,O
rich solution (pH, 4 or “pH*”) to account for the variation in
ionic activities of H* and D*.”* There are several methods for
calculating pD from pH*, each of which features different
assumptions regarding the variations on the pH scale.”>”*~"" It
should also be noted that pH* varies with the concentration of
deuterium in solution (%D).”® As a result, the use of a different
approach to convert pH* can result in a slightly different
calculated pD. For this reason, it is recommended that
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investigators simply report pH* associated with HDX-MS
experiments to avoid confusion.”®

1.3.2. Factors that Govern k.,: Temperature. Temper-
ature is another major factor that affects ky, and should be
controlled throughout the HDX-MS experiment. We note that
temperature will likely also affect the solution structure and
dynamics of a protein, but here we focus only on the effects
related to ky. Solution temperature is directly tied to the
ionization constant of deuterium oxide (Kp,o) in a given buffer
system, which therefore effects the concentration of D;0* and
OD~ in solution.””*”””® A theoretical value for kg, at a specific
temperature can be computed using a modified Arrhenius
equation (eq 4).>**** In this equation, T refers to the
experimental temperature in kelvin, k;(293) is the reference
rate for the target at 293 K, Ea refers to the activation energy for
the target, and R refers to the appropriate molar gas constant.

m(1_ 1)
R \T 293 (4)
Accordingly, kg, increases 10-fold with every 22 °C increase in
temperature (Figure S). This relationship appears to be

ka(T) = kg (293) exp
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Figure S. kg, of polyalanine is plotted as a function of temperature based
on calculations from Bai et al.*'

maintained even below freezing, as observed from exchange
studies of ultralow temperature HDX or the observed deuterium
loss in solid frozen samples.”””*” While this relationship between
temperature and kg, is adequate for planning and interpreting
most solution HDX-MS experiments, there are several
assumptions associated with this treatment that should be
noted, particularly if experiments are to be compared across
different temperatures. The activation energies for acid, base,
and water catalyzed amide exchange are often reported as 14, 17,
and 19 keal/mol, respectively.***>*® Although these fixed values
are appropriate for most amide rate predictions, the actual acid,
base, and water catalyzed activation energies can be moderately
offset by solution parameters, like dissolved salts.>>>7%%*
Furthermore, temperature degpendent changes to Kp,q are not
uniform for all buffer systems.**~* This inconsistency can result
in a temperature dependent change in pH, which is unique to a
particular buffer system. For example, phosphate shows minimal
variation while TRIS, ACES, acetate, and citrate show more
significant variation in pH with temperature and should be pH
adjusted at their intended temperatures.

1.3.3. Factors that Govern k,: Pressure. Solution HDX-
MS experiments are typically conducted at atmospheric
pressure, however, elevated pressures are common during
downstream processes like digestion and chromatographic
separation. Like temperature, system pressure exerts an
influence on Kp,o, and the resulting change in pH impacts
amide intrinsic exchange.%’87 Under certain conditions, it is
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possible to use established empirical relationships to model the
effects of pressure, but in many cases, this approach is not
adequate for describing the full impact of pressure on kg, 008889
In general, the ionization of weak electrolytes, like phosphoric
acid, increases with pressure.46’87 As a result, the effects of
pressure on the rate of amide intrinsic exchange in some
common buffer systems can be generalized.*>”° It is possible to
move beyond this generalization to provide a semiquantitative
estimate for the pressure dependence of pH for specific buffered
systems using Planck’s equation.”””>" This approach brings to
light the more complex relationship between buffer pH and
pressure. For example, phosphate buffer is understood to drop
by almost half a pH unit per 100 MPa, while the pH of a MOPS
buffer increases by approximately the same amount (Figure
6).5%%9%%%3 Although these effects are minor compared to pH
and temperature, they may need to be considered when
estimating k., at elevated pressures.

9.0

85

pH

7.5

7.0

esl—u 1 o 1 4 1
500 1000 1500

Pressure (bar)

Figure 6. Relationship between solution pressure and pH for phosphate
(white) and MOPS (black) buffer are shown. Circles, squares, and
diamonds reflect a starting solution pH of 7.0, 7.5, and 8.0, respectively.
Reproduced with permission from ref 92. Copyright 2005 Elsevier.

1.3.4. Factors that Govern kg,: lonic Strength. The
identities and concentrations of salts added to the labeling buffer
are understood to effect deuterium uptake, and this phenomena
has been extensively investigated.”>*”**°°75%>% These experi-
ments have clearly demonstrated that ions in solution exert a
direct influence on kg, through altering the local electronic
environment of the amide. These data demonstrate that charged
residues exhibit a greater response to KCI than neutral residues
and that the response of a negatively charged residue differs from
that of a positively charged residue. This selective and
directional modulation of kg, is often attributed to the exclusion
of deuterium oxide and its ionization products by salt ions
interactin§6Egegﬁerentially with charged regions of the protein
sequence.” " While there is strong empirical evidence to
support this model, it is also clear that dissolved salts like NaCl
and KCI alter the activities of other charged species in the
solvent, which manifests as a change in buffer pH. Therefore the
effect of salt content on buffer pH should be considered for
studies conducted at high ionic strength.

On a related note, glass electrode pH probes are unrelible for
the interpretation of H" activity at higher ionic strength.”> As a
result, many investigators use empirically determined activity
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values for water to improve estimates of pH in the bulk solution
at elevated ionic strength.52’59’78’95’96 Although this is commmon
practice, it should be noted that the effect of salts like NaCl and
KCI on activity is not uniform for all buffer systems.*>*>%%7
Therefore, the use of empirically determined activity values from
noncomparable buffer systems may misrepresent the actual pH
of the bulk solution. Figure 7 shows the effect of salt
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Figure 7. Relationship between the salt concentration and pH for
triethanolamine (TEA) buffer and citrate buffer (CA) are shown. The
salts used in the study were tetramethylammonium chloride ([>),
choline chloride (<), cesium chloride (O), potassium chloride (V)
sodium chloride (), and lithium chloride (A). Solid lines are
predictions based upon extended Debye—Huckel equation using ionic
size parameter 4 X 107'° m. Reproduced with permission from ref 85.
Copyright 2006 American Chemical Society.

concentration for several different chloride salts on the pH of
citric acid and triethanolamine/trienthanolammonium chloride
(TEA) buffers. Note that the addition of NaCl (square) results
in a decrease in pH in the citric acid buffered system, while the
addition of the same salt to the TEA buffer results in an increase
in pH. Although there is little evidence to suggest that such a
discrepancy could lead to significant misinterpretation of kg,
performing HDX-MS experiments involving high salt concen-
trations in well-studied systems where appropriate empirically
determined activty values are available will allow for a more
accurate estimate of pH in the bulk solution, thereby enabling a
more informed interpretation of salt effects on deuterium
uptake. Although not necessarily related to ionic strength, it has
also been noted that the solution viscosity can affect kg, in ways
that may need to be considered for certain studies.”®””

1.3.5. Factors that Govern k.: Organic Solvent.
Organic solvents are often involved in HDX-MS during sample
processing and are also occasionally necessary in the deuterium
labeling step to facilitate probing of ligand interactions. It is
common for studies of protein—ligand interactions to include
low amounts of organic solvent (e.g, DMSO) to aid in the
solubilization of hydrophobic small molecules. Despite the
extensive use of organic solvents in HDX-MS, there are few
studies of the effects of organic cosolvents on kg 10

It is widely accepted that organic cosolvents influence kg,
indirectly through several mechanisms: (1) the addition of the
organic component reduces the concentration of water, thereby
reducing the number of interactions between the analyte and the
aqueous components that catalyze exchange, (2) miscible
organic solvents decrease Kp,o in certain systems, resulting in
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fewer ionization products and a lower kg, (3) the organic
component reduces the dielectric constant of the solution,
which shifts the equilibrium to favor neutral products reducing
the availability of catalytic ions to suppress kg,.”**%*'% Using
these assumptions, the depression of amide exchange in the
presence of organic cosolvents has been predicted for a variety of
solvent systems (Figure 8). However, there have been examples

H0 /
2~ J

/ s0% [
/CH3OH/ 50%
/ CH4CN
/ / 50%
/ THF
’/ J
v/ s
/ 50%
/ dioxane

/
/

70%
dioxane

BV

6 7
pH

B
(&)}

Figure 8. Predicted relationship between kg, and pH at different levels
of organic solvent. The general shift in the position of the “V” shaped
curves results from offsets to solution conditions and the lower
concentration of water available for catalyzing amide exchange.
Reproduced with permission from ref 8. Copyright 1985 Elsevier.

suggesting that an organic solvent may accelerate k""" ~'%*

Interestingly, there is a considerable body of literature to suggest
that the acceleration of amide HDX in the presence of an organic
cosolvent is expected for certain systems due to an increase in
pH or change in buffer capacity.'”*~"'* These discrepancies may
arise from the inability to uniformly relate proton activity
measured in an aqueous reference to that of a nonaqueous or
mixed (hydroorganic) solvent using a universal pH scale.'*®
This is because pH scale length depends on an activity
coeflicient, which is a system-specific parameter that depends
not only upon the particular organic modifier and the pH of the
aqueous component but also upon the nature of the buffering
system, i.e., the concentration and identities of the buffering
agents.'”>''? At the very least, these findings indicate that
organic cosolvents can influence kg in different ways, and
additional care should be taken to ensure the utilization of
organic cosolvents is consistent, especially in comparative HDX-
MS studies.

1.3.6. Factors that Govern k.: Isotope Effects. The
hydrogen isotope effect only has a small effect on k, and is rarely
considered in the HDX-MS experiment. For base-catalyzed
exchange, the slight isotope effect is primarily attributed to the
rate limiting step which is breaking of the N—H or N—D bond to
form the imidate ion (Scheme 3). This is corroborated by the
rate of hydrogen exchange being higher than that of deuterium
and tritium exchange, which is consistent with the primary
kinetic isotope effect.” For the acid catalyzed reaction, there is
an associated slight inverse isotope effect that is attributed to the
slightly higher acidity of the D;0" ion compared to the H;O"
ion.”” Although isotopic effects have relatively little impact on
kg, it has been noted that the stabilities, activities, and dynamics
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within native proteins can be offset by changing from H,O to
D,0.""" This can at least be partially explained by the isotope
effect of deuterium leading to slightly weaker hydrogen
bonding."'>""¢

2. MEASURING HYDROGEN EXCHANGE
2.1. Sample Considerations for HDX-MS

Two primary considerations for setting up informative HDX-
MS experiments are the time scale and the reaction conditions.
Unstructured amides will exchange at rates approaching the
chemical exchange rate (kg,), which under standard conditions
will have a half-life on the order of hundreds of milliseconds.”**
On the other hand, the most stable protein folds have immense
protection factors and may take years under standard conditions
to fully exchange.”' Because amides can exchange with kinetics
over many orders of magnitude, capturing as much of the kinetic
range of amides as possible requires sampling a wide temporal
range. Sampling a limited temporal range risks information loss
and perhaps even concluding that two protein samples are
identical because of insufficient temporal measurement (Figure
9). To enable collection of wide time scales, it is sometimes

Deuterium incorporation

102
Exchange time (second)

100 108 108

Figure 9. Amide exchange kinetics in proteins vary over 8 orders of
magnitude. Comparative studies that sample only a limited temporal
range can lead to missed information. Plots a—d show various kinetics
for two states of a protein (red and green). Only in plot a is the
comparison truly the same for all exchange times. Plots b—d have actual
difference in exchange rates, but they are invisible due to the limited
temporal sampling (highlighted region of the plot). Reproduced with
permission from ref 24. Copyright 2017 American Chemical Society.

necessary to offset conditions, thereby adjusting the kg, to
achieve different effective temporal ranges without requiring
prohibitively long incubations. This is most commonly achieved
by sampling exchange at different pHs, where the low pH data
will be able to capture fast dynamics and the high pH data will be
able to probe the exchange of the very slow exchanging
regions.’"*>% It is important to point out that these pH and
temperature adjustments make the assumption that the pH will
offset k, but not impact the structural dynamics of the protein,
which may not be valid for many proteins.”” Obtaining
meaningful results through offsetting the pH to expand the
time window for HDX measurements may thus be inaccurate for
probing the physiological conformation, the effects of binding
under physiological conditions, or the actions of molecular
machines under physiological conditions.

31,
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The kinetics of amide exchange are typically measured using
an “on-exchange” approach, where a protiated protein (all 'H) is
incubated in D,O for a set amount of time. However, off-
exchange experiments have also been utilized, particularly in the
case of folding studies, where proteins are first fully unfolded in
deuterated buffer and then diluted into protiated buffer to
initiate exchange of amides.””'"" 71 In general, the higher the
D,0O content in the deuterium labeling step, the larger the
observed mass shift, and thereby the increased accuracy of the
deuterium measurement. However, in some cases, it might be
advantageous to use lower %D for the labeling step to restrict the
broadening of the mass isotopic envelope and obtain better
signal-to-noise and less spectral overlap among many peptides in
the mass spectrum.'*

When performing exchange reactions, it is important to note
that although only the amide hydrogens are monitored, all of the
fast-exchanging hydrogens may need to be taken into account as
well.”* Most modern HDX-MS platforms include some form of a
desalting (trapping) step,' which removes all of the deuterium
at the fast-exchanging sites including side chains and at the
peptide termini. However, some approaches may still have
residual levels of deuterium as samples are analyzed by mass
spectrometry, which necessitates accounting for all deuterium
associated at the fast-exchanging sites.”"'>'*!

Effective HDX-MS studies also necessitate monitoring a large
portion, ideally all, backbone amides in the protein of interest.
With the common “bottom-up” approach, the protein is
digested in small peptides which are used to obtain information
across the protein sequence. Most people strive for the highest
number of peptides which will maximize the sequence coverage
(the portion of the protein sequence that HDX-MS is
monitoring) and redundancy (how many unique peptides
cover each amide position in a protein). While sequence
coverage is important for monitoring all portions of the protein,
redundancy is important for adding rigor to the method and
providing a way of obtaining higher sequence resolution by
utilizing information from all overlapping peptides.'*

2.2. Controls for HDX-MS Experiments

An undeuterated sample is a necessary starting point for HDX-
MS studies as it is used to establish sample handling conditions,
collect MS/MS data to identify the peptides, and serves as an
undeuterated reference for calculation of deuterium content in
the deuterated samples. This sample is prepared identically to all
deuterated samples, with replacement of D,O for H,O in the
labeling step. While the undeuterated control is essential for all
HDX-MS studies, there are several other useful controls which
may be critical depending on the questions being sought to
address. For comparative HDX-MS studies that seek to identify
changes within two states of a protein, for example a side-by-side
comparison of two protein samples or to map changes associated
with binding, elaborate controls may not be critical.'”** On the
other hand, HDX-MS studies for fine structural studies or
quantitative dynamics measurements require proper controls to
account for the minimal and maximal extent of possible
deuterium labeling.

One of the most useful controls to include for HDX-MS is a
maximally deuterated standard.'”'**>'*® This control serves as
the most accurate way of measuring levels of back-exchange
during analysis, an important metric for evaluating the platform
suitability for reliable HDX measurements.”® Using a maximally
deuterated control is also the most accurate approach for
determining the maximal deuteration point in calculating
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extents of labeling and exchange kinetics (Figure 10). The
importance of this control can be illustrated using the
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Figure 10. Example peptide spectra as undeuterated, 0% (in-exchange
control), after 10 s labeling in D,0, after 10 h of labeling in D,0, and
100% exchanged control (top to bottom). The quality control in the
middle is used to verify that the protein has not been perturbed during
the 10 h incubation by verifying that the spectra looks identical to the
first 10 s time point.

highlighted range of the data in Figure 9D. Without the 100%
reference standard, we might (incorrectly) infer that the peptide
has fully exchanged by the 10* second time point, as its plateaued
final observed exchange is close to what we would expect based
on the deuterium incorporation for a certain number of amides.
Having the 100% reference here is critical for properly
interpreting that there are actually a few amides within the
peptide that are highly protected even at very long time points.
With the maximally deuterated control, it is also possible to
calculate percent deuterium for each time points using eq 5, with
m being the average isotopic mass for a given time point and m;,
and myg, reflecting the masses of the undeuterated and
maximally deuterated standards, respectively.'

%deuteration = (m — my)/(m;gy — my)

()

In practice, the preparation of an appropriate maximally
deuterated standard can be challenging. Historically, prepara-
tion of a maximally deuterated standard was accomplished by
heating the protein (e.g., 7S °C for several hours) in the presence
of D,O to equilibrate all amides with deuterium.'” However,
some proteins are prone to aggregation or may be too stable to
maximally exchange even under such extreme conditions.'”*
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Furthermore, high temperatures can lead to exchange of the C,
proton on histidine side chains (see section 3.7), which will
inflate the levels of observed deuterium uptake observed.'”’
Additionally, there are reports that under exhaustive deuterium
exchange other carbon—hydrogens can start to exchange, which
may further distort the level of deuterium in a harshly treated
deuterated sample.'”*'*” A safer approach is to incubate the
protein for a long period of time (12—24 h) at a low pH
(between 2.5 and 4) and at room temperature in the presence of
denaturants (guanidine or urea).””'*° When preparing a
maximally deuterated control, it is important to match the
final percentage of deuterium to the other samples in the data
set. High urea/guanidine content adds a high concentration of
fast-exchanging hydrogens to the solution, which can offset the
final percentage of deuterium in the resulting mixture.*' We
note that the low pH can help destabilize proteins to facilitate
complete exchange while also preventing chemical modifica-
tions (for example, carbamylation of amines can occur in the
presence of urea at high pH'**). In the coming years, with more
study of a variety of proteins, a more generally reliable protocol
for preparation of maximally deuterated controls may emerge.

Without additional techniques, there is always a level of
uncertainty with regard to whether a maximally deuterated
control is in fact actually completely deuterated at all possible
positions (hence the preference for calling such a control
“maximally” deuterated as opposed to “totally” or “fully”
deuterated). An alternative approach for obtaining a fully
deuterated control is to prepare a predigested sample that is
dried, resuspended in deuterium, and then quenched to mimic
all samples.'” Although the back-exchange rates might vary
slightly for a quenched free peptide vs the same peptide in the
context of a full protein,*® this approach provides quite a
reliable method for generating a fully deuterated standard, at
least in the proteins for which it has been tested.'*>">*'%3

Another consideration with a bottom-up HDX-MS workflow
is the time samples spend in the quench buffer. During the
digestion step, peptides will continue to equilibrate to the final
percentage of deuterium in solution. In some quenched samples,
the solution deuterium level can be significantly higher than the
deuterium level of the peptides. For example, if the labeling
reaction was 90% deuterium, and quenching was accomplished
with a 1:1 mixture of all-H,O quench buffer at 0 °C, then the
peptides will experience 45% deuterium upon the quench. They
can equilibrate to a maximum of 45% deuterium until the 45%
deuterium level is reduced by the aqueous (100% H,0) solution
used for trapping, desalting, and chromatography. This effect
can cause peptides that were natively completely undeuterated
during the actual deuterium labeling step to take on considerable
amounts of deuterium even at 0 °C in the few minutes a quench
step might last, leading to artifactual “in exchange” (Figure
11)."%° An easy control to account for this exchange during the
quench step is to prepare a sample where the protein is diluted
into a premixed solution of quench and D,O labeling solution.
This sample, often referred to as a “quench exchange” control,
serves as a better reference standard for 0% exchange, to more
accurately determine if regions are completely unexchanged vs
slightly exchanged.'”” An alternative approach is to quench with
a higher than 1:1 ratio of quench buffer to dilute down the
deuterium and/or very quickly get the protein loaded for online
desalting.

Over long deuterium exchange time courses, it is possible for
proteins to undergo chemical modifications, degradation,
oligomerization, aggregation, unfolding, etc., all of which will
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Figure 11. Deuteration levels are shown throughout a 5 min digestion
step and a 10 min LC step for peptides starting with 0% (tan), 50%
(blue), and 100% (red) deuterium labeling. Final values recorded by
the experiments are shown to the far right with the same coloring. Rates
were estimated from Bai et al.*®

lead to confounding HDX-MS results in the long time points. An
additional HDX control that has been increasingly utilized to
detect such long-term modifications during labeling is a
“deuterium pulse quality control”.”® The protein is incubated
under the identical conditions as found in long exchange times
(pH, buffer, temperature, etc.) but in an all-H,O solution. At a
time matching the longest time point, the protein is labeled with
a short pulse of deuterium (say 10 s of labeling). Comparison of
this sample to the equivalent short deuterium incubation time
can reveal whether the protein has undergone any structural
changes during the long deuterium exchange incubation.

2.3. Bottom-up LC-MS

The classic and still most widely adopted approach for analyzing
HDX of proteins is a bottom-up a};proach based on the pre-MS
protocol from Rosa and Richards,” where proteins are digested
with an acid-active protease after the quench step and the
mixture of peptides is analyzed by mass spectrometry.'® Over
the past two decades, there have been many developments and
advances in approaches for protein denaturation, digestion, and
tools for resolving and detecting the maximum number of
observable peptides for analyses utilizing continued improve-
ments in LC-MS technology. In each step, there are inherent
considerations that often lead to a balancing act with regard to
data quality, processing time, and back-exchange that often
needs to be tailored to a given protein analyte which we outline
here.

2.3.1. Denaturation and Digestion. Theoretically, the
conditions used to quench deuterium labeling should denature
the protein to allow it to be easily digested and favor high activity
for the protease utilized to effectively cleave the protein, all while
keeping the sample as cold as possible and keeping sample
processing times as short as possible to minimize back-exchange.
Practically, there is some leeway in quench conditions and
parameters for denaturation, protease activity, time, temper-
ature, and buffer compositions that are often adjusted, in most
cases established on an empirical basis, to obtain the best
coverage for a given protein analyte.

Many proteins are inherently destabilized by the low pH used
for the quench step and may not require additional denaturants
for effective digestion under the quench condition constraints of
time and temperature. However, the addition of chaotropic
agents such as urea and guanidinium are often required for
effective unfolding and subsequent digestion of the target
protein."**"*° Use of high concentrations of chaotropic agents
does not compromise back-exchange, but it is important to
consider that high levels may also inhibit the proteases used for
the digestion. For example, pepsin, the most widely employed
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protease for HDX-MS, retains activity up to 4 M urea but loses
nearly all activity above 3 M guanidine."”” For some recalcitrant
proteins that require higher concentrations of denaturant,
studies have opted for a two-step quench approach in which the
deuterium labeled protein is first added to a very high
concentration of denaturant to induce unfolding, and the
denaturant is subsequently diluted just prior to the digestion
step.

Denaturants may also be required, not just to help a protein
unfold but to minimize the possibilities of acid-induced protein
aggregation, which has been observed for some systems.'**
Proteins in complex with nucleic acids also can precipitate in
quench conditions, for which specialized quench buffers have
been established.'”” Detergents have also been explored as
additional additives to aid in protein denaturation and
solubilization.'** Recent studies have illustrated the potential
of low concentrations of organic solvents to aid with
denaturation and digestion of recalcitrant proteins.*’ Specifi-
cally, dimethylformamide, acetonitrile, and methanol were
found to empirically achieve better denaturation and digestion
of proteins, with the caveat that the solution had to be diluted
prior to digestion, as pepsin cannot tolerate more than 5%
organic solvents. Ultimately, the selection of buffer conditions
for optimal denaturation and digestion remains an empirical task
for each protein system and is one of the first steps to applying
HDX-MS to study a protein system.' >

The need to maintain low pH during digestion imposes a
major limit on the number of available proteases for HDX-MS.
The typical proteases used for proteomics (e.g, trypsin) cleave
with very high specificity but are not active at the low pH
necessary for minimizing back-exchange.'*"'** All available
proteases active at low pH and reliable for HDX-MS cleave at a
wide range of amino acid sequences. This is both a strength and a
weakness. The lack of specific sequences for cleavage
complicates identification and effective prediction of peptides
generated from the protein analyte. At the same time, the broad
cleavage specificity enables the proteases to cleave the proteins
in different combinations of sites to generate many overlapping
peptides which provide information across the protein
sequence.” 12314143

Porcine pepsin is the original and by far the most common
protease utilized for HDX-MS studies. It has reliably high
activity under HDX quench conditions, is readily available in
highly purified forms, and has relatively broad cleavage
preference.'’ In general, pepsin prefers to cleave adjacent to
hydrophobic residues but is able to cleave C-terminal to all
amino acids except histidine, lysine, arginine, and proline."**~"4¢
While pepsin generally produces a wide array of peptides
covering the analyte protein sequence, there has been a
continued desire for more peptides to increase coverage,
redundancy, and spatial resolution.” To this end, several
additional proteases with different cleavage preferences have
been explored and some implemented into HDX-MS workflows
to provide complementary coverage to pepsin. Protease type
XIII from Aspergillus saitoi (also known as aspergillopepsin or
Fungal XIII) and Protease type XVIII (Rhizopuspepsin) were
found to be effective proteases for HDX-MS with different
cleavage preferences compared to pepsin.'*"'*> Other acid-
active enzymes have been explored, including rice field eel
pepsin,'*” pepsin from Antarctic rock cod,'** and cathepsin-L.**
An aspartic protease from Nepenthes carnivorous plants was
shown to have strong protease activity under quench conditions
with cleavage preference that was broader than pepsin, namely it
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is able to efficiently cleave after basic residues.'* A

homologue, nepenthesin II (“NepIl”) has similar protease
activity and exhibits much greater resistance to denaturants, on
par with pepsin'*”'*® (Figure 12). More recently, a prolyl

Figure 12. Comparison of peptides for aprataxin and PNKP-like factor
(APLF). Each bar under the primary sequence shows a peptide from
either pepsin (red) or NeplI (blue) digest. Sites indicated with triangles
show sites that are uniquely cleaved by pepsin (red) or NeplI (blue).
Reproduced with permission from ref 137. Copyright 2015 American
Chemical Society.

endopeptidase (An-PEP) was found suitable for HDX-MS"'
and has some similarities to pepsin. Importantly, it cleaves after
proline residues, which most available acid active proteases
cannot do,'** thereby adding another useful option for
expanding sequence coverage for HDX-MS studies. Beyond
having a range of protease options for HDX-MS, several groups
have combined multiple proteases to greatly improve coverage
and spatial resolution."*" In fact, the practice of utilizing multiple
proteases simultaneously is now common practice for many
bottom-up HDX-MS approaches.'*'**71%*

The development of immobilized proteases in a column
format'*>'>® offers several advantages over the traditional in-
solution protease digest. The major advantage is the high
enzyme:substrate ratio that can be achieved during the relatively
short contact time. Pepsin immobilized onto bead support was
found to be highly efficient and allowed for short digestion times
(under 1 min), online sample processing, and minimal
interference from the peptides generated from pepsin autolysis,
which was common with solution pepsin digestion. Optimized
protocols have since been generated for fabrication of pepsin
columns and their tolerance to various conditions (including
reducing agents and denaturants) has been well-established."

https://doi.org/10.1021/acs.chemrev.1c00279
Chem. Rev. 2022, 122, 7562—7623


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00279?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00279?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00279?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00279?fig=fig12&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

EVE

Several of the other proteases utilized for HDX-MS also work
effectively in a column format*”"*® and, in some cases, in a
mixed bed of different proteases within a single column.'>*"*?
Because of the relatively short digestion times needed with
protease columns, it is possible to use elevated temperatures to
enhance proteolysis without a large impact on levels of back-
exchange.'”” For example, increasing the protease column
temperature from 0 to 10 °C significantly improved digestion
efficiency and without increasing back-exchange.'>”

High pressures for enhanced protease digestions have
emerged as a tool for streamlining proteomics applications.'*’
Increased digestion efficiency with pressure has been known
since at least 1995,"°"'°* and it was shown that incorporation of
high pressures into an HDX-MS experiment also enhanced
pepsin digestion efficiency under quench conditions'**'®*
(Figure 13). Conventional pepsin digestion of the HIV-1
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Figure 13. Comparison of peptides obtained from pepsin digest of
HIV-1 capsid mutant protein at either ambient pressure (black) or
>9000 psi (red). Lines represent start and end positions for observable
peptides. Reproduced with permission from ref 138. Copyright 2010
American Chemical Society.

NBSA protein showed poor coverage with only 10 observable
peptic peptides. High pressure (>9000 psi) digestion yielded
more than triple the number of peptides and doubled the
sequence coverage. The increased pressure utilized for the
digestion had no apparent influence on the levels of observed
back-exchange, which is not surprising as it is known that high-
pressure mainly affects the folded forms of proteins and
improves digestion efficiency through pressure-induced partial
denaturation.”” High pressure digestions have also been
demonstrated in a protease column format using a combination
of a high strength silica matrix that can tolerate pressures in
excess of 10 000 psi and a flow restrictor to regulate the pressure
within the column.”” This column that can tolerate high-
pressure is now commercially available and shows improvement
in digestion efficiency and the number of peptides as compared
to low pressure columns, where enzyme is immobilized on
particles that routinely operate at around 1000—1500 psi.
2.3.2. Reduction of Disulfide Bonds. Disulfide bonds are
an abundant post-translational modification in proteins, and
effective HDX-MS analysis of such proteins requires reduction
of disulfide bonds for efficient denaturation and proteolysis
under quench conditions. As traditional thiol-based reducing
agents (e.g, dithiothreitol) rely on a deprotonated thiol to serve
as a nucleophile, they exhibit negligible activity at the low pH
needed for HDX quench conditions. Instead, HDX-MS analysis
have relied on phosphine-based reducing agents such as tris-
carboxyethyl phosphine (TCEP),'* which retains moderate
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activity under HDX quench conditions'®® (Figure 14). The less
optimal reducing activity at low pH is often offset by using high
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Figure 14. Chemistry or disulfide bond reduction using TCEP.

concentrations of TCEP in the quench step (up to 1 M).
Modifications to TCEP, such as esterification, have been shown
to improve reactivity, especially at lower pH,l(’6 but at the cost of
decreased water solubility, which has limited their utility for
HDX-MS studies. While TCEP has been shown to induce
unwanted side reactions in cysteines such as desulfurization,"®”
to our knowledge no such activity has been observed using
TCEP for HDX-MS workflows under quench conditions.

The amount of TCEP used in the quench step must be
optimized empirically for each protein system and can range
from M concentrations up to >1 M. It is generally desirable to
keep TCEP concentrations no higher than needed, as the TCEP
has an affinity for PEEK tubing and is often challenging to
completely wash away during the desalting step, which can cause
residual si%nal in the MS that interferes with detection of
peptides.'*>'°® Furthermore, some enzymes used for HDX-MS
sample processing also cannot tolerate his%h concentrations of
TCEP (e.g,, An-PEP and PNGaseA).">"'

Electrochemical reduction cells (ERCs) have recently been
introduced as a means for tightly controlled online protein
reduction.'”’ Protein or peptide samples are flown through a
pair of electrodes with oscillating potentials resulting in a
reduction of disulfide bonds in the sample. This approach has
been shown effective for processing samples under quench
conditions (0 °C, pH 2.5, and can handle up to 3600 psi) and
generally amenable to maintaining low levels of back-
exchange.'”" The benefits of electrochemical reduction were
illustrated through a study of nerve grown factor j, a highly
stable protein which contains three disulfide bonds. Even high
levels of TCEP and denaturant were unable to provide efficient
reduction, resulting in poor sequence coverage of regions
spanning the disulfide bonded cysteines.'”” In contrast, the
electrochemical reduction method was able to efficiently reduce
the sample to regain coverage of all cysteine containing peptides
(Figure 15). A few caveats were noted on the use of ECR,
including its low tolerance to salt (inability to use most
denaturants or salts), frequent cleaning of the electrode surface,
and side reactions including methionine oxidation were also
commonly observed. Recently, an improved platform was
developed that shows a more robust performance while
minimizing oxidative side reactions,"”® and this technology
will likely continue to make more proteins amenable to detailed
HDX-MS analysis.

2.3.3. Liquid Chromatography. Once the protein is
quenched and digested, the next task is desalting and separating
the peptides for analysis. A major analytical challenge in HDX-
MS is the analysis of deuterium incorporation without
unacceptable loss of the deuterium label during sample handling.
With nearly all approaches, quenched samples must be desalted
prior to electrospray mass spectrometry to remove nonvolatile
salts and other buffer components that would suppress the MS
peptide signal. Incorporation of a liquid chromatography (LC)
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Figure 15. Peptic coverage maps are shown for nerve grown factor f
using either (a) TCEP for reduction or (b) electrochemical reduction
prior to pepsin digestion. Bars under the primary sequence show each
unique peptide observed. Cysteine residues involved in disulfide bonds
are shown in red. Figure adapted from Trabjerg et al.**

step conveniently provides a way of desalting the sample and
simultaneously provides an opportunity to wash away all
deuterium that was incorporated into side chain positions,
leaving the deuterium label at just the backbone amides, which
vastly simplifies data interpretation.'’

In modern LC systems for HDX-MS, there is a trapping step
utilizing a short column to first capture and desalt peptides,
which are then eluted and resolved over a longer analytical
column. The trapping ste<p allows for easy integration with
online protease columns'>>"**'”* and rapid cleaning of the
trapping stage between samples.'”> The vast majority of HDX-
MS protocols use an analytical column packed with reverse
phase hydrophobic stationary phases, most commonly C18;
however, shorter hydrocarbon chain length chemistries have
also been used, for example, when resolving very hydrophobic
peptides derived from membrane proteins.*® Other studies
have demonstrated the potential for alternative chromato-
graphic separations such as hydrophilic interaction chromatog-
raphy (HILIC)'”® and supercritical-fluid chromatography.'””

Maintaining a quench pH of 2—3 during the LC stage is
relatively straightforward, as the most common mobile phases
for LC-MS, such as water:acetonitrile with formic acid or
trifluoroacetic acid, are perfectly suited for this pH range. The
need to keep the sample cold introduces a larger technical
hurdle, although as was shown very early in the development of
HDX-MS that this can be easily accomplished by keeping the
injection loop, LC lines, and HPLC column in an ice bath."’
More modern systems have placed the entire LC componentin a
refrigerator’’¥'”? (see also ref 180) or incorporated Peltier
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cooling devices to maintain stable temperatures, minimize

condensation, and accommodate a digestion chamber with
independent temperature control for which there are now
several commercial options (Figure 16).

Another major analytical challenge in the LC separation of
HDX-MS samples is the need to keep separation times as short
as possible to retain deuterium labels. Even at 0 °C, amides will
exchange with a half-ife in the range of 30—120 min.** This
means that peptides should enter the gas phase of the mass
spectrometer in <10 min to keep back-exchange levels low.'”®
For smaller or simple protein systems, the rapid gradient needed
to accomplish such a separation is usually sufficient for providing
adequate separation of all peptides. For larger systems, coelution
of peptides quickly limits the ability to resolve and detect all the
peptides of interest.” This problem is further exacerbated by the
need to keep the analytical column cold, which is detrimental to
peak shape.'®" The general need for higher resolution in HPLC
applications, not just in HDX-MS, led to the development of
ultrahigh pressure LC (UHPLC/UPLC) systems. The increased
pressure limits (>15 kpsi) enabled the use of columns with
smaller particles sizes (2 pm or less) greatly improving
separations [reviewed in ref 183]. The initial application of
UPLC to HDX-MS showed that the resolvin§ power of UPLC at
0 °C was vastly superior to HPLC."*""**'® Shorter run times
and better separation at low temperature afforded by utilizing
UPLC were extremely useful for HDX applications for resolving
even complex peptide mixtures with short gradients.'®"'*'®
The increased pressure during chromatography is not
detrimental to back-exchange levels and resulted in sharp LC
peaks even at 0 °C.

The ability of the chromatographic system to resolve the
hundreds to thousands of peptides generated from a digest
(termed “peak capacity”) is vital for effectively monitoring
deuterium uptake across all observable peptides.'” Often, the
separation power of the LC step is one inherent limitation to the
complexity of the systems amenable to study by HDX-MS, and
there have been efforts to tune sample-handling conditions to
achieve longer LC separations while minimizing back-
exchange.”" While nearly all forms of chromatography utilize a
gradient from water to acetonitrile for peptide elution, some
studies have explored the incorporation of other aprotic solvents
to help reduce back exchange by reducing the exchangeable
proton content of the LC buffers. Valeja et al. found that
incorporation of cosolvents such as dimethylformamide into the
aqueous buffer could moderately reduce back-exchange durin:
chromatography but at the cost of decreased LC resolution.'®

An emerging effort in the HDX-MS field has been to perform
LC separations at subzero temperatures.””"">"*"~'%% An early
version of such a platform was developed by Venable et al.
capable of LC separations at —30 °C.”” The study found that
—20 °C was sufficiently cold to extend LC gradients out to 120
min without any effect on the observed back-exchange. One
major consideration for subzero LC was the solvent additives,
typically ethylene glycol or organic cosolvents like methanol,
required in the aqueous buffer to prevent the solvent from
freezing. Antifreeze additives are sometimes detrimental to
chromatographic resolution, may prevent retention of the more
hydrophilic peptides, or may be detrimental to peptide detection
by MS. Wales et al. tested the incorporation of a subzero LC
compartment into an established HDX-MS Oplatform capable of
stable temperatures down to —20 °C.'"”" The system was
modified to introduce methanol into the loading buffer after the
online digestion to prevent the sample from freezing as it enters
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the subzero chamber. The expected reduction of back-exchange
at lower temperatures was achieved while the chromatographic
profiles were not compromised (14.7 vs 15.1 s for the median
LC peak width fwhm at 0 °C and —20 °C, respectively) (Figure
17). More recent studies have demonstrated effective LC
separation of an entire deuterated Echerichia coli lysate digest
separated at —10 °C using a 90 min gradient with only moderate
back exchange.'”"

There has also been a common need to increase the sensitivity
of HDX-MS to enable studies of highly material limited samples.
Nanospray LC-MS has been a cornerstone of modern
proteomics techniques thanks to its inherent low sample
requirements and flow rates down to the scale of nL/min,
which greatly improves ionization resulting in huge gains in
s,ensitivity.192 Similarly, for HDX-MS, the incorporation of
nanospray has long been known to reduce sample requirements
nearly 100-fold."”> The inherent challenge with nanospray has
been the general lack of robustness and run-to-run chromato-
graphic precision, which dissuaded users and led to most
researchers continuing to use larger bore columns with flow
rates in the xL/min range.'”* Thanks to developments by the
proteomics community, the prospect of robust nanospray for
HDX-MS has been revisited. Sheft et al. reported an integrated
nanospray ion source developed specifically for HDX-MS that
has demonstrated chromatographic precision and robustness for
routine HDX-MS analyses.'”> The system was capable of
chromatographic peak widths under 6 s (fwhm) and while
keeping back-exchange levels on par with conventional LC-MS.

Another approach that has promise for HDX-MS is capillary
electrophoresis coupled to MS (CE-MS) thanks to its inherently
low flow rates, fast separations, and most critically, very low
sample requirements [reviewed in ref 196]. Black et al.
demonstrated the potential of CE-MS for bottom-up HDX-
MS using a microchip format.'”” Peptides were well-resolved
with just a quarter of the time required for LC-MS analysis,
demonstrating the superior peak capacity of CE-MS (Figure
18). The short run times also led to similar levels of back-
exchange with LC-MS at 0 °C, despite the CE chip being at
room temperature. A major hurdle that prevents CE-MS from
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Figure 18. CE-MS (top) and LC-MS (bottom) separation of a bovine
hemoglobin pepsin digest. Reproduced with permission from 197.
Copyright 2015 American Chemical Society.
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taking over LC-based HDX-MS has been the effective desalting
and loading of the sample onto the CE device, although this
could be incorporated into a chip format. With the need for
more sensitive separation techniques for challenging protein
targets, less sample demanding options such as nanospray and
CE-MS will likely continue to gain ground in the HDX-MS field
in the coming years.

As with any separation involving chromatography, a
consideration for the LC-MS stage of HDX-MS analysis is
sample carryover between runs.'”> Any portion of a sample not
completely washed from the chromatographic system can be
detected in the subsequent injection. For deuterated samples,
this can be highly problematic as the previous sample will likely
have lost deuterium by the time it elutes in the next run and may
therefore appear as a low-deuterated subpopulation. Certain
“sticky” peptides may elute in several subsequent injections,
therefore, simply running a single inter-run blank may not be
enough. Carryover will at best complicate, and at worst
completely confound, the measure of deuterium uptake.
Washing protocols have been developed to address carryover
in HDX-MS analysis. There are two main sources of carryover:
the protease column and the trapping/analytical columns. For
the protease column, stringent washes, and sometimes back-
flushing are often necessary.">>'”" The trapping and analytical
columns can also be sources of carryover, for which cleaning
steps have been described.'”” Some studies of membrane
proteins require extensive rounds of stringent cleaning usin
chlorinated solvents to mitigate issues with sample carryover."”
Proteins prone to formation of aggregates are also problematic
as denatured “globs” of protein can entrench themselves on the
head of the digestion column. Frequent checking for levels of
carryover using an injection of a true blank (a sample containing
all components except the protein) is very highly recommended
to ensure high quality HDX-MS data sets.

2.3.4. Automation of HDX-MS. The complicated combi-
nation of obtaining a broad range of time points together with
maintaining specific conditions to minimize back-exchange in
sample handling has impeded the automation of HDX-MS.
Preparation of deuterium labeled samples by hand remains
common in HDX-MS. Quenched samples are either analyzed
immediately or flash frozen and kept at —80 °C for downstream
thawing and MS analysis. While automation for HDX-MS has
many challenges, the ability to enable high throughput analyses,
particularly for routine analysis of the same protein, has driven
the development and incorporation of automation into HDX-
MS.

One approach to reduce manual sample handling has been to
focus on automation solely of the LC-MS analysis. For this, a set
of exchanged samples can be prepared, stored at —80 °C, and
then batch analyzed by LC-MS in a queue. While this still
requires exchange samples to be prepared by hand, it reduces
variability in the thawing and injection process and automates
the LC-MS analysis stage. An early solution for HDX LC-MS
automation was to use a —80 °C sample holder coupled to an
autosampler for controlled thawing and injection of samples
over a custom HDX-LC system with inline proteolysis.'”*""”
Quenched samples included 10% glycerol to help with reliable
thawing of exchanged samples. Since then, more sophisticated
cooling systems for automated thawing and LC-MS analysis of
HDX-MS have been developed to provide the capacity and
flexibility to accommodate large batches of samples.””’ Another
approach was recently introduced that uses a dry ice—ethanol
bath to hold quenched samples below —60 °C, which was found
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Figure 19. Example illustrating the benefits of high mass resolution. The overlapped spectra contains two deuterated peptides (blue, top; red, bottom)
and some of the isotopic peaks closely overlap in m/z (inset). Without the high mass resolution, these isotopic peaks would confound accurate measure
of deuterium uptake for both peptides. Reproduced with permission from ref 216. Copyright 2010 American Chemical Society.

to be suitable for storing sam(Ples without any detectable back-
exchange for at least 20 h.*’ This partial automation greatly
facilitates the LC-MS portion of the analysis by alleviating the
cumbersome task of extensive manual injections, while allowing
complete flexibility for sampling a wide range of time points,
exchange conditions, and performing complicated postquench
sample manipulation that might be required with some protein
systems.

In parallel, there has been development in automation
approaches that cover both sample preparation and HDX-MS
analysis steps. An early implementation of automated sample
preparation used a sample handling robot to perform the
deuterium labeling and quenching steps, followed by online
pepsin digestion coupled to LC-MS."”* As input, the setup
required a stock protein solution, deuteration buffer, and quench
buffer and was programmed to prepare and collect MS data for a
series of samples with time points ranging from 30 s to >24 h.
The throughput afforded with this type of automation was used
for HDX-MS studies that screened a wide array of ligands for
protein binding.”*" A limit of the early sample handling systems
was the restriction in the time range it could sample due to the
physical movements necessary for transferring and mixing
solutions. The use of an air gap approach for deuterium labeling
widens the range of deuteration times, mainly by expanding the
range on the lower (shorter) end of the time scale. The
deuterated labeling solution and the quench are aspirated into
the same syringe with a gap in between. The syringe dispenses
these two volumes into a tube at different flow rates to achieve
deuteration times down to 130 ms.””” This ability is now
incorporated into commercial options for integrated sample
HDX-MS handling systems.

Other methods to increase sample throughput include the use
of a dual column LC-systems for HDX-MS. While column one is
performing a gradient elution, the second is washed,
equilibrated, and loaded for seamless LC-MS data collection.
This approach provides a 2-fold improvement in throughput,
while also maximizing the use of the mass spectrometer time, as
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it is essentially collecting useful data the entire time.””* Some of
the ongoing limitations of automated systems are being
addressed, for example, solid-phase cartridges for automated
lipid removal were recently introduced.””* Future advances will
likely continue to expand the abilities of automated systems to
conduct more challenging HDX-MS sample preparation and
make a broader set of protein systems amenable to automation.

2.4. Mass Spectrometry

Starting with the first studies of HDX by mass spectrometry,”
electrospray ionization (ESI) continues to be the most prevalent
method for monitoring proteins and peptides to measure
deuterium uptake. This is largely attributed to the ease of direct
online integration with LC systems, which were already
incorporated into the first bottom-up HDX-MS studies.'” One
caveat associated with the ESI process is that effective
desolvation of the analyte typically requires elevated temper-
atures. Even though the spray process is expected to last only a
few milliseconds, this time frame is still enough for complete
back-exchange of all fast-exchanging side chains and at higher
temperatures can start to induce back-exchange of backbone
amides as well.” Optimal source conditions have been
established for nearly all instruments commonly used for
HDX-MS, often finding that considerably lower than ideal
source temperatures are necessary for minimizing amide back-
exchange during ionization.”"****°° The electrical potentials in
the first regions of the mass spectrometer where there is still
ample solvent could also influence deuterium loss.””” We note
that it is also advisible to tune the source conditions to minimize
the risk of in-source fragmentation of peptides. This is not
always possible, as higher potentials needed for optimal signal
are often tied to inherently higher risk of generating in-source
fragmentation.””® This fragmentation can be especially problem-
atic for HDX-MS studies which employ nonspecific proteases,
and some of the in-source fragments can be misidentified as
intact peptides.
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An alternative approach to electrospray ionization in HDX-
MS has been matrix assisted laser desorption ionization
(MALDI) mass spectrometry. Samples are mixed and crystal-
lized with a small organic acid on a sample stage, and a laser is
used to generate jons from the cocrystallized sample. The
feasibility of MALDI for HDX-MS was first demonstrated by
Mandell et al. using a precooled stage, rapid vacuum drying of
the sample, and immediate analysis by MALDI-TOE.""” This
approach was unique as it could be performed directly from
quenched samples with acceptable levels of back-exchange, thus
negating the need for an LC step. Later studies utilizing HDX-
MS by MALDI achieved lower levels of back-exchange by rapid
processing of quenched samples cooled to —20 °C*” or
incorlporation of organic cosolvents into the MALDI quench
step.””" While not a major platform for HDX-MS, due to the
inherently limited number of peptides it can resolve without an
LC separation, MALDI has some notable strengths, including
the ability to analyze many samples in parallel*"*'® and the
abiliztly1 to probe the HDX of proteins within tissue samples in
situ.

Although not a strict requirement, a mass resolution sufficient
for resolving isotopic peaks within peptide isotopic distributions
is desirable for tracking levels of deuterium uptake. Nowadays
most HDX-MS studies utilize either quadrupole time-of-flight
(Q-TOF) mass analyzers or Fourier transform (FT)-based
analyzers (Orbitrap or ion cyclotron resonance), which are both
able to provide the resolution needed for resolving isotopes in
peptides and small proteins (mass resolution >10 000).*' It has
been observed that minor offsets to the measured deuterium
content may arise on different mass analyzer types. Burns et al.
noted that Orbitrap instruments can sometimes underreport
deuterium uptake due to isotopic interference effects in the FT-
MS measurement at certain resolution settings.”'> On the other
hand, Q-TOF instruments have observed detector saturation
effects that can distort measured deuterium levels especially
when combined with ion mobility, as it leads to temporally
compressed ion packets hitting the detector simultane-
ously.”"**'> While it is important to be aware of caveats
associated with mass spectrometers for HDX-MS, we note that
these effects have generally only influenced a minor fraction of
peptides from HDX-MS data sets.

As outlined in the section 2.3.3, the major size limit of what
HDX-MS can handle boils down to the analytical platform’s
ability to resolve and detect all of the peptides generated. To this
end, higher mass resolution has some impact, as it can help
resolve coeluting peptides that may be very close in m/z but not
directly overlappingzm (Figure 19). The increase in resolving
power and sensitivity of mass spectrometers has aided the ability
of HDX-MS studies to resolve more complex samples while also
detecting more low-abundance peptides for increased sequence
coverage and redundancy.

In the past decade, the mass spectrometry field has seen a large
boom in the development and commercialization of ion mobility
(IM) separation.”’”*'® IM separation offers a way to resolve
peptides by their mass, charge, and shape due to differences in
their interactions with a neutral drift gas. Importantly, IM
separations can be accomplished on a millisecond time scale,
making it amenable for adding a third dimension of separation to
LC-MS without requiring any additional time for data
collection. Early IM-enabled instruments were used to show
the potential of IM for HDX-MS through resolving species that
overlapped in the LC dimension but were resolved in the IM
dimension.””” IM technology has since achieved higher
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resolution and has become increasingly incorporated for
HDX-MS, notably with the Waters Synapt platform.”’> A
minor technical drawback of utilizing ion mobility is the
increased risk of detector saturation due to the high flux of
compressed ions from the IM stage simultaneously hitting the
detector (Figure 20), which can be largely alleviated by
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Figure 20. Detector saturation can lead to distorted isotopic envelopes
that offset deuterium measurements. An undeuterated peptide was
analyzed by TOF (cyan, bottom), showing the expected isotopic
distribution. The same peptide analyzed using an additional ion mobilty
separation leads to detector saturation distorting the isotopic profile
(gray, middle). The dashed lines indicate the expected isotopic profile.
Using a dynamic range extension feature to account for the large ion flux
largely mitigates the distortions attributed to detector saturation
(magenta, top). Reproduced with permission from ref 215. Copyright
2017 American Chemical Society.

acquisition methods that account for this effect. Currently
emerging implementations in IM capable of even higher
resolving power (in the mobility dimension) on several MS
platforms will undoubtably continue to expand the limits of
complexity that are amenable to HDX-MS.

2.5. Peptide Identification

One of the first steps in HDX-MS analysis of a target protein is
mapping the peptides produced during protease digestion. This
is accomplished by obtaining MS/MS spectra of all observable
peptides from undeuterated samples. MS/MS fragmentation by
collision induced dissociation (CID) is now an integrated
feature on nearly all MS platforms, and most researchers use a
single platform for both MS/MS and HDX-MS measurements.
The traditional approach for obtaining MS/MS spectra is LC-
MS using data-dependent analysis (DDA), where the abundant
precursor ions are immediately recognized, mass isolated, and
fragmented to obtain clean MS/MS spectra for all prevalent ions
in the LC chromatogram. While DDA analysis can be performed
on nearly all modern MS instruments used for HDX-MS, it has
been shown to be most effective on ion-trap instruments which
are capable of very rapid MS/MS scans.”’”> To gain more
identifications, alternative strategies have started using data-
independent acquisition (DIA) where MS/MS spectra are
collected on as many observable peptides as possible.””’ With
DIA, many peptides are fragmented simultaneously, and their
MS/MS spectra and precursor ions are assigned through
alignment in their retention times. The ability to perform ion
mobility separations with DIA adds an important dimension that
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greatly increases the ability to resolve and characterize low-
abundance peptides.”*"***

The MS/MS spectra are then used to identify peptide
sequences. The fragment ion spectra along with the exact mass
of the precursor ions are compared to those predicted from a in
silico digestion of a protein sequence database to match and
identify MS features to peptides.'”* Because proteases
compatible with HDX-MS are relatively nonspecific, cleavage
after all residues is considered when performing these peptide
searches. However, knowledge of protease specificity can help
identify in-source fragmentation products or potential degrada-
tion products within the protein sample. For example, Hamuro
et al. showed that the presence of peptides generated by cleavage
after proline or basic residues, where pepsin is known not to
cleave,'” suggests the presence of degraded forms of the
protein, which can complicate deuterium analysis.'*>

As HDX-MS samples are most often performed on purified
proteins, the sequence libraries used for searches often only
include the target protein, any proteases used for sample
processing, and any known contaminants. A common addition
for searches is to include the reverse sequences for assessmg the
levels of false positives in peptide identifications.”** While the
use of limited sequence libraries reduces the search space and
computational requirements, there is a risk of false positive
identifications due to unknown contaminants not included in
the sequence library. Dobbs et al. recently mapped out the
prevalent protein contaminants derived from the most common
expression and purification systems used for protein structural
studies.””" Inclusion of these known potential contaminants
helps minimize the risk of false positives and improve statistics
associated with peptide identification.

As some proteins may bear post-translation modifications
(PTMs), and in some cases multiple unique PTMs, the masses
of several peptides may be altered by the presence of a
modification. The signal intensity of modified peptides may be
different from the unmodified forms, and modification may not
be complete for all protein molecules. To achieve peptide
identification in these cases, the PTMs must be accounted for.
The extensive possibilities for modifications greatly increase the
search space when identifying peptides, especially for HDX-MS,
where proteases are relatively nonspecific. Such large search
spaces can also increase the rates of false positives. Liu et al.
proposed a workflow where proteins are first analyzed by a
conventional proteomics methods to map out all PTMs, which
are next incorporated into the search for the HDX-MS
peptides.”*® An example of this is shown in Figure 21, where
knowledge of the phosphorylation states of vasopressin type 2
receptor (V2R) was used to assign pepsin fragments from this
region and fill in what would have been missing sequence
coverage.

2.6. Fragmentation Approaches for Higher Spatial
Resolution

An inherent limitation with bottom-up HDX-MS studies has
been peptide-level spatial resolution, where the measured
deuterium level reflects the sum total of all exchange at each
backbone amide in a peptide (average length is 12—13 residues).
While the analysis of overlapping peptides can provide increased
spatial resolution (section $.4), many studies have also explored
using MS/MS to measure deuterium levels in fragment ions and
thereby localize deuterium to much smaller sequences, perhaps
even single residues. Early reports indicated that CID-based
fragmentation could reliably localize deuterium, as judged by
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Figure 21. Comparison of the sequence coverage for V2R either
without (a) or with (b) parallel proteomic analysis to map out PTMs.
The dashed segment contains phosphorylation sites, which were
identified from trypsin digested samples and subsequently used to
identify two pepsin peptides from this region (c). Reproduced with
permission from ref 225. Copyright 2019 American Chemical Society.

consistency with known NMR HDX of well-studied proteins.**°

The deuterium incorporation from b and y peptide fragment ion
series could be tracked to calculate exchange rates for nearly all
amides within peptides. However, studies investigating the
fundamental chemistry of peptide fragmentation appreciated
that the energetic barrier of proton migration is far lower than
the energy required to induce fragmentation of a peptide
bond.”*” With partially deuterated peptides, migration would
cause both hydrogen and deuterium to be redistributed across all
exchangeable sites on a peptide, an effect termed “scrambling”.
The fragment ions would therefore have lost all relevant
information on their deuteration levels and simply represent an
average for the entire precursor peptide.

The issue of scrambling in HDX-MS/MS experiments has
been heavily studied.””*~**" More investigations into the
fundamental process of scrambling have revealed that
scrambling can produce a nonuniform distribution of deuterium
across a peptide, which may explain some of the earlier
conflicting findings.”*” It is now generally agreed that CID-based
fragmentation, especially for b/y ions of protonated peptides, is
not a reliable approach for achieving accurate localization of
deuterium in peptides deuterated at backbone amide
positions.”>»*** Further studies showed that deprotonated
peptides (anions) are also susceptible to scrambling.*****® A
few notable exceptions have been studies using very fast
activation times (10 ns or less), such as in-source decay with
MALDI mass spectrometry, to induce fragmentation before
scrambling can take place.”*” Despite the inability to report site-
specific deuterium incorporation, HDX-MS with CID MS/MS
has still proven useful. Percy et al. showed that one way to
expand peak capacity for HDX-MS is to perform CID
fragmentation and measure deuterium levels of fragment ions.
The deuterium levels of the fragment ions are assumed to be
completely scrambled so they can be used as surrogates to
measure deuterium uptake of precursor ions, which may be too
overlapped in the spectra to measure their deuterium levels
directly.”*® Their approach worked best when combined with a
DIA approach, and lower levels of deuterium in the labeling step
to maintain narrow isotopic distributions to further minimize
spectral overlap among peptides.
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Alternative peptide fragmentation methods such as electron
capture dissociation (ECD) or electron transfer dissociation
(ETD) have become increasingly widespread due to their
complementarity to CID and ability to generate peptide
fragments without loss of labile post-translational modifica-
tions.”*” These electron-driven processes generate ¢ and z type
fragments through a radical mechanism that can be accom-
plished with very little vibrational excitation of the peptide
ions.>** The potential of ETD/ECD to fragment deuterium
labeled pegtides without inducing scrambling was soon
appreciated”™*" (Figure 22). To methodically study all instru-
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Figure 22. Depiction of deuterium scrambling in a partially deuterated
peptide. The deuterium is localized to only the c-terminal half, but upon
collision activation, the protons and deuterium migrate along the
exchangeable sites on the peptide, leading to loss of the deuterium
localization (“scrambling”). With electron capture dissociation, there is
very little ion excitation, which leaves the deuterium in place to provide
informative fragment ions. Reproduced with permission from ref 241.
Copyright 2008 American Chemical Society.

ment parameters relevant to scrambling, a 12 amino acid peptide
probe was developed with the sequence HHHHHHIIKIIK.***
In deuterated solution, all the amides will take up deuterium
rapidly as the peptide is largely unstructured. At the quench step
the 6 N-terminal amides (sequence HHHHHH) will all lose
deuterium very rapidly due to side chain and neighboring
effects.”® Therefore, when the partially deuterated peptide
enters the mass spectrometer, it is selectively deuterated only on
the 6 C-terminal amides (sequence IIKIIK). The deuterium
levels of the various ¢/z fragment ions generated can therefore be
used to detect the level of scrambling that has occurred in the
course of ionization and fragmentation, as there should only be
deuterium in ions derived from the C-terminal residues. By fine-
tuning fragmentation and ionization conditions, it was possible
to keep the general levels of scrambling low (less than 10%).
Optimal parameters for minimizing scrambling have since been
established for nearly all MS platforms capable of electron-based

fragmentation.243_246 Thanks to this foundational work, ETD is
increasingly being incorporated to bottom-up HDX-MS work-
flows to gain higher spatial resolution and more insight into
many protein systems [oh2a7=252

The ECD/ETD studies have also discovered that different
peptide sequence and charge states have inherently different
susceptibilities to scrambling.”** A robust approach for directly
measuring the level of scrambling within a specific peptide was
demonstrated through measurement of the deuterium level of
the ammonia-loss product, commonly generated during
ETD.”*’ In a quenched HDX-MS sample, the amine at the N-
terminus on peptides should be fully back-exchanged. By
measuring the deuterium content attributed to the N-terminal
amine, it is possible to empirically measure the level or
scrambling that has occurred within each peptide. More recent
studies have revealed additional details about how the sequence
of peptides and the presence of different exchangeable sites
influences scrambling.”>* Through a targeted study of
cytochrome ¢, a small protein with well-established amide
exchange kinetics from NMR measurements, Hamuro et al.
found that only a portion of the ETD fragment ions were
accurate for measuring site-specific deuterium uptake kinetics*>
(Figure 23). These studies described some extra considerations
that should be taken when interpreting site-specific HDX-MS
data obtained from ETD fragments.

Another emerging method for gas-phase fragmentation has
been photon-based ion excitation, including ultraviolet photo-
dissociation (UVPD). The ability to generate different cleavage
pathways in peptides and other biological macromolecules has
led to UVPD being more broadly applied for biological mass
spectrometry.”*® UVPD has been shown effective for
fragmentation without inducing scrambling,”*”*** presenting a
new tool for achieving site-specific information from HDX-MS
studies (Figure 24). An additional strength of UVPD is that it
can be applied for fragmentation of singly charged peptides,
which cannot be examined by ETD/ECD techniques. System-
atic examination of UVPD parameters revealed long UV
irradiation can induce high levels of scrambling, even before
fragmentation occurs.”>” Only below 25 ms UV irradiation was
there a low level of scrambling, which is consistent with previous
uses of UVPD for HDX-MS.”" The study highlights the need to
keep the irradiation times short to obtain fragments for
accurately measuring deuterium content. The increased
availability of instrumentation capable of electron- or photon-
based dissociation, and likely additional novel approaches for
peptide fragmentation in the future, is expected to propel the use
of site-specific HDX-MS studies in the coming years.
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Figure 23. Site-specific determination of amide exchange kinetics using ETD. Amide exchange within peptide 67—82 of cytochrome ¢ were analyzed
from the available ¢ (left) and z (right) ions, indicated by Xs. As a reference, the predicted deuterium levels in the absence of scrambling (blue) and
complete scrambling (red) are shown. Reproduced with permission from ref 254. Copyright 2017 American Chemical Society.
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no (green) or full (red) scrambling are indicated in dashed lines.
Reproduced with permission from ref 258. Copyright 2018 American
Chemical Society.

2.7. Global and Top-down HDX-MS

From the early years of HDX-MS, deuterium exchange kinetics
have also been monitored on an intact protein level.”*”*** While
this does not provide local information throughout the protein
sequence, it does offer a way to monitor the sum-total exchange
of all amides on a global level. This approach has proven useful
for a variety of applications over the years, including detecting
conformational changes in different protein states, quantifying
ligand-binding affinities, and enabling high throughput ligand
binding screening for target proteins.”®'~*°° Global HDX-MS
also has an inherent advantage of being well-suited for detecting
subpopulations of conformers and tracking slow correlated
protein conformational changes (EX1 kinetics) [reviewed in ref
267]. This later approach was used recently to track how
detergents and ligand binding influence the global conforma-
tional profiles of membrane proteins.'””

An emerging approach in proteomics has been the application
of a top-down strategy for characterizing proteins.”*® The intact
proteins are ionized and activated to generate a large series of
fragment ions to track the sequence and map post-translational
modifications throughout the sequence. An inherent advantage
of examining the intact protein directly is the ability to resolve
various populations resulting from different combinations of
PTM:s across the protein (“proteoforms”) that would otherwise
all be pooled together with a typical bottom-up approach (see
Figure 26 for an example). The advent of fragmentation
techniques like ECD and ETD that have circumvented the issues
of deuterium scrambling have paved the way for a top-down
approach to enable high spatial resolution HDX-MS analysis
from an intact protein analyte."'®**’ The mass shifts of all the ¢
and zions in the MS/MS spectra are used to calculate deuterium
incorporation throughout the sequence (Figure 25).

A major advantage of top-down analysis is the ability is to
mass-select different conformers within a sample of a protein
based on global deuterium uptake. The mass-resolved con-
formers can then be individually characterized by their
deuterium exchange profiles from all the fragment ions.'*"*”
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Figure 25. Example of top-down HDX-MS to study the dynamics of
histone tails. The deuterium uptake for the c15 ion (left) and z74 ion
(right) generated by ETD are shown for each deuterium exchange time
point and the fully deuterated (FD) control. Reproduced with
permission from ref 275. Copyright 2018 Elsevier.

A similar mass-resolved top-down approach was used to study
how different phosphorylation states influenced the conforma-
tional dynamics of calmodulin.””* With four known phosphor-
ylation sites, there are 16 possible phosphorylated calmodulin
proteoforms. Using top-down fragmentation, it was found that
only six of these potential species exist in vitro and that
phosphorylation of these sites occurs in a sequential manner.
Using a top-down HDX-MS approach, they discovered that
structural differences only arise in the tetra-phosphorylated
calmodulin, directly identifying how the degree and sites of
phosphorylation affect conformational dynamics, which would
not have been possible to resolve with a bottom-up approach
(Figure 26). Integration of capillary electrophoresis has proven a
highly complementary tool when combined with HDX-MS."*
CE under native conditions is used to resolve different
conformers, which are then structurally characterized by top-
down HDX-MS using ETD. The ability to both resolve and
characterize conformationally distinct subpopulations through
multiple means is a powerful increase for the comprehensive
characterization of biopharmaceutical proteins.”’*

The frequent challenge with top-down studies is low
sensitivity, which often necessitates collecting and averaging
spectra over longer periods, which can be up to several minutes
depending on the signal quality. To enable long collection times,
several approaches have opted to use volatile buffers and directly
analyze the quenched sample by mass spectrometry, thereby
alleviating the need for a desalting or LC step. However, this
imposes a restriction on which buffers can be incorporated for
the protein labeling step, as most nonvolatile salts at even low
mM levels can be problematic for MS analysis. Another
complication with bypassing a desalting step is the inability to
use high concentrations of reducing agents to reduce of disulfide
bonds, which present a barrier for effective ECD/ETD
fragmentation. To this end, Wang et al. demonstrated using
f2-microglobulin that even low concentrations of TCEP (S
mM) could be included in the infused protein sample to
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Figure 26. Top-down analysis of the various phosphorylated states of
calmodulin. The top spectrum shows the unphosphorylated calmodulin
(CaMp0) and four different phosphorylated proteoforms. The bottom
spectrum is after 20 s of deuterium exchange. Each proteoform could be
mass-isolated and the amide exchange characterized with high spatial
resolution using ETD. Reproduced with permission from ref 271.
Copyright 2016 from Elsevier.

effectively reduce disulfide bonds while still being able to
observe protein signal in the MS.””* Another downside to not
using a desalting step is that deuterium incorporated into side
chain positions will not be washed away, meaning there can be
variable numbers of deuterium on different residues according
to the number of exchangeable positions at the side chains. Such
data can be complex to analyze, whereas a short desalting step
washes away deuterium in the side chains, leaving only
exchanged deuterium at backbone amide positions, thereby
simplifying data interpretation.

Whether or not a desalting step is used, minimizing back-
exchange is critical for any top-down HDX-MS study.
Deuterium loss during the MS acquisition will result in a mass
shift that, when averaged, can artificially broaden the isotopic
distribution and greatly complicate deuterium uptake calcu-
lations. To this end, several groups have adopted subzero
cooling systems for top-down HDX-MS analysis that are capable
of sufficiently reducing back-exchange to allow for collection of
data for several minutes with stable deuterium levels."'”"*’

The spatial resolution obtainable with top-down analysis is
determined by the number of fragment ions that are observed in
the MS/MS spectra. Efficient fragmentation becomes increas-
ingly challenging for larger proteins. To expand both sequence
coverage and spatial resolution, bottom-up and top-down HDX-
MS analyses can be combined.””**”> A “middle-down” approach
has also been used in proteomics to obtain better sequence
coverage. Unlike a bottom-up approach, very highly specific
proteases are used to predominantly generate lar§e peptides,
which are then typically analyzed by ETD/ECD.””® For HDX-
MS, all available proteases are relatively nonspecific, making it
nearly impossible to achieve efficient proteolysis at only a limited
set of sites on the protein. Pan et al. developed a middle-down
HDX-MS approach to maximize coverage for Herceptin.”””
Limited pepsin digestion was achieved by not reducing disulfide
bonds until after the digestion step to minimize the number of
accessible cleavage sites. Pepsin was inhibited in the subsequent
disulfide reduction step by the addition of pepstatin and
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produced three large fragments that could be well-resolved and
produce a rich set of fragment ions (Figure 27). The
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Figure 27. Middle-down HDX-MS was used to study herceptin.
Limited pepsin digestion yielded three large fragments (1—3) that were
resolved and independently analyzed by ETD to increase the sequence
coverage that was obtained from direct top-down ETD analysis. Figure
adapted from ref 277.

combination of top-down and middle-down analysis yielded a
coverage for the heavy chain of 95%, where with top-down alone
it was only 50%."®” Other proteases with more limited substrate
specificity may offer another way to obtain limited fragmenta-
tion for middle-down HDX-MS analysis®* (see section 2.3.1).
Supercharging has been popular in the proteomics field to
enable higher charge states that are more suitable for top-down
analysis. Cosolvents such as m-nitrobenzyl alcohol or sulfolane
added to the infusion solution can result in a much higher charge
state distribution for proteins. Supercharging has been
demonstrated as an effective means to increase the sensitivity
and spatial resolution for top-down HDX-MS studies without

278
A more

influencing scrambling or back-exchange levels.
recent approach of electrothermal supercharging, using higher
source potentials to unfold proteins during the ionization
process, was even more effective for improving spatial resolution
without inducing scrambling.””* An alternative approach for
expanding spatial resolution has been to incorporate additional
fragmentation methods such as UVPD.*” Importantly, UVPD
generated a different set of fragments compared to ETD, thereby
providing a new and highly complementary approach for
expanding the spatial resolution of top-down HDX-MS studies
(Figure 28).
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Figure 28. Comparison of ETD (top) and UVPD (bottom)
fragmentation used for high resolution top-down HDX-MS. Each
notch in the sequence represents a fragment ion that was observable for
HDX-MS. Reproduced with permission from ref 257. Copyright 2018
American Chemical Society.

3. CURRENT USES OF HDX-MS

3.1. Characterizing Protein—Ligand and Protein—Protein
Interactions

3.1.1. Mapping Interactions. The interaction of proteins
with other proteins and ligands is central to nearly all biological
processes, and the study of these processes is vital for the
development of new therapeutics. HDX-MS is particularly
powerful for investigating protein binding interactions, and this
has been one of the most prevalent applications of HDX-MS.**’
By comparing the exchange kinetics between a free (unbound)
vs a bound protein, one can localize and track the structural
changes associated with the binding event. In most cases, ligand
binding leads to stabilization of the local structure at the
interface, leading to slowed deuterium exchange,”****' and
provides an efficient way to map interaction surfaces.”**~>**

To best resolve differences upon binding, it is important to
make the comparison between a fully free population and an as-
fully bound-as-possible population. With weak binding inter-
actions it is often difficult to achieve saturation, as it may require
very high concentrations of ligand.**>**® Often even a several-
fold molar excess of ligand is not sufficient for achieving >99% of
the protein bound in solution. Furthermore, a complex should
be formed prior to deuterium exchange to ensure the fully bound
state is being probed. For ligands with fast dissociation kinetics
(>1x 10° s7'), it is important to consider that the protein will
spend time in the unbound state during deuterium
exchange,””*** which in some cases leads to the appearance
of two species in the deuteration profiles.”*">*****" Although
data like this can be confounding, such experiments actually
offer a way to gain more insight into an interaction. For example,
Zhang and Vachet were able to use this effect to measure
dissociation kinetics for the S-lactoglobulin dimer.”’

Another consideration with free vs bound comparative HDX-
MS is that small ligands can act to globally stabilize a protein.
The measured changes in the deuterium exchange profiles will
reflect both global domain stabilization and local contacts with
the ligand, which can sometimes be resolved by varying the
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concentrations of the ligand.””> Although generally ligand
binding increases protection of amides, thereby slowing
deuterium exchange (“type 1” binding), it is also possible for
ligand binding to actually lead to increased deuterium exchange
at the binding site (“type 2” binding)."**** It is also possible for
an interaction to not perturb the backbone amide hydrogen
en\gigrfnment, thereby producing no observable HDX changes at
all.

With antibodies, comparative HDX-MS is now well-defined.
Most antibodies generally have strong affinities (Kp, ~ low nM)
with sufficiently slow dissociation kinetics and recognize a very
specific surface patch on proteins. As such, HDX-MS has been
particularly useful for mapping the protein surfaces on antigens
that are recognized by monoclonal antibodies (mAbs) (often
termed “epitope mapping”) (Figure 29). Epitopes can be linear,

mAB 305-78-7 mAB 305-101-8 mAB 305-72-5

M220

D66

Figure 29. Epitope mapping of three monoclonal antibodies to
Staphylococcus aureus manganese transporter protein (MntC). Regions
in yellow exhibited slowed exchange when bound to the antibody.
Figure adapted from ref 284.

where the binding site is a single stretch of amino acids on the
antigen protein, or conformational, which are made up of
discrete segments of the protein sequence that are close together
in three-dimensional structure. HDX-MS has proven partic-
ularly useful for mapping conformational epitopes for which
there are fewer techniques to characterize. In fact, epitope
mapping is now one of the primary uses of HDX-MS in the
biopharmaceutical industry.*”

3.1.2. Monitoring Allosteric Effects. While HDX-MS is
effective in characterizing protein interfaces and ligand binding
events, in many instances, there are protein—ligand interactions
that require other considerations and caution must be exercised
as data interpretation depends on the protein system. Allostery,
global protein stabilization, and lack of influence on backbone
amide hydrogens as a result of various binding modes
(hydrophobic, electrostatic, etc.) can present challenges in
some systems. Even with antibodies, allosteric effects can occur
at distal sites on the protein(s) that are not always structurally
foreseeable.””**”” Depending on the system being examined,
the intrinsic ability to see all changes across a protein upon
binding can be either tremendously insightful or confounding,

For systems where the interaction interface has been
established and especially when high resolution structures of
complexes are available, detection of allosteric effects presents a
powerful way to detect indirect effects of binding.">*”%** A very
clear demonstration of allosteric changes were observed in
Nipah Virus G ectodomain upon binding its receptor,
epherinB2.’*® Comparative HDX-MS revealed the surface of
the ectodomain directly interacting with epherinB2 becoming
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more protected, while several sites on the opposite side of the
protein show increased exchange (Figure 30). Interestingly, the
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Figure 30. Allosteric changes observed in the Nipah virus G
ectodomain upon binding ephrinB2. Regions of the G ectodomain
that do not change (white) become more protected (blue) or less
protected (red) are indicated on the structure. The N-terminal stalk
helices that also become less protected are shown in the bottom with
their predicted positions. The position of EprhinB2 is shown in yellow.
Figure adapted from ref 300.

allosteric effects are relayed all the way to the stalk helices,
implicating this binding event in the mechanism of activation
leading to host/virus membrane fusion.

Pinpointing allosteric effects has also been tremendously
insightful in recent years for understanding how antibodies are
able to neutralize their targets. For example, Dagbay et al.*’
found that binding of mAb SRK-015 elicits extensive changes on
its target protein myostatin (Figure 31). In addition to increased
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Figure 31. Mechanism of action of Mab SRK-015 on the inhibition of
myostatin. Antibody binding to the distal arm of myostatin elicits
allosteric effects throughout the protein including protection around
the furin cleavage site to limit its accessibility for proteolytic cleavage.
Figure adapted from ref 301.

protection at the epitope at the end of the arms, there was a large
degree of protection at the center of the protein, particularly
around the furin cleavage site. This long-range allosteric effect
provides a rationale for how SRK-015 inhibits the activation of
myostatin, inhibiting access to the furin cleavage site. Similar
insights into how antibodies are able to protect from various
pathogens have been elucidated b HDX MS including
rhinovirus particles,”” ch theria toxin,””* Japanese encephalo-
virus envelope protein,** Neisseria Meningitis adhesin A,*>*%°
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factor H binding protein, heparln binding antl§en,
Staphylococcus aureus man anese transporter protein, * HIV
envelope glycoprotein,””>*" influenza hemagglutinin,”'**"’
Malaria Plasmodlum vivax Duffy binding protein,”'**"* and
Dengue virus.”'* A recent nanoparticle vaccine against SARS-
CoV-2 utilized HDX-MS to elucidate binding epitopes of known
neutralizing mAbs.>"> The ability to detail the mechanisms of
neutralization, in part from HDX-MS input, has paved the way
for advanced therapeutic and vaccination approaches for a
multitude of diseases.

When HDX-MS is used to characterize a protein—protein
interface with no prior structural information, allosteric effects
can become a complicating factor because the allosteric changes
can be misinterpreted as part of a binding interface.”*'” A
common strategy is to use HDX-MS to identify regions of
change in a protein, then use targeted site-directed mutagenesis
to probe the involvement of the regions shown by HDX-MS. If
mutation prevents binding, as compared to decoupling allosteric
effects, the nonbinding mutants can be identified in binding
assays (usually not HDX-MS). HDX-MS is also often combined
with other approaches such as chemical cross-linking to help
better define interaction surfaces.”* It has been observed that
shorter deuterium labeling times (<S5 min) are more likely to
reveal changes associated solvent accessibility and protein
interaction surfaces, whereas longer time points can reveal
allosteric changes at structured regions and other global
structural effects.”>***'*7>* A “kinetic” millisecond HDX
workflow was recently proposed as an alternative approach to
differentiate direct binding from allosteric changes.”*' Instead of
preincubating the protein with the antibody prior to exchange,
the deuterium labeling step is combined with the antibody
binding step. Using a time-resolved ESI system on a chip, rapid
in-line exchange and quenching on short time scales (as low as
200 ms) were achieved.””” Only the changes at the direct
binding interface were observed by the kinetic HDX-MS
approach as compared to a preincubated (“equilibrium”)
complex. The study suggests that HDX-MS experiments at
very short time scales during the binding event may help
specifically identify surfaces directly involved in the binding
interface.

3.1.3. Mapping Complex Interactions. HDX-MS also
serves as a useful tool for assessing interactions with polyclonal
antibodies. Mapping polyclonal antibody response provides
critical insight into the immune response, but they are much
more challenging to characterize than mAbs as the mixtures of
antibodies are present at different concentrations, bind at
different rates, and may be cross-reactive.””® To address these
challenges, Zhang et al. digested and purified Fab fragments
from a polyclonal mixture before analyzing the sample using
HDX.*** The experiments revealed and localized four epitopes
relevant to the measured immune response to nut allergen Ana o
2. In other work, HDX-MS was used to track epitope specificity
and diversity in polyclonal serum following immunizations.**>
To get around the issue of matrix affects associated with the
complexity of serum, an affinity purification step was
incorporated into the workflow to fractionate only the
antigen-reactive antibody population. A similar study compared
the binding of various mAbs to human cystatin C with that
obtained from polyclonal serum and used a similar enrichment
procedure to fractionate only the antigen-reactive antibody
population.**® These few examples already show the potential of
HDX-MS to aid in mapping epitopes of complex polyclonal
responses.
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Beyond epitope mapping, HDX-MS continues to be utilized
for studying protein—protein interactions in complex protein
systems and revealing mechanisms of activation in a range of

. . . 320,327-329 ;
systems 1nclud1n§: clotting factors, metabolic en-
zymes,””**330733% heat shock proteins®'”*****" and other

341-348 . 1. 349360

chaperones, signaling complexes, and complexes
exclusively residing in membranes.’*" HDX-MS has also been
extensively used to study interactions between proteins with

. . . . . . s 362—371
nucleic acids, including activation of transcription factors.
Other notable applications are the characterization of ligands
with weak affinity such as metals*””*”' > or carbohy-
drates.”*>*”” For proteins with multiple distinct ligand binding
sites, it has been shown that by performing a concentration

o : N ; . 264,378
series it is possible to characterize individual interactions.

The strength of HDX-MS to provide detailed insight into such a
wide range of interactions continues to drive its use to study
increasingly complex biological systems.

3.2. Pulsed Labeling HDX-MS and Protein Folding Studies

The HDX-MS described so far has been primarily continuous-
labeling experiments in which the protein is exposed to D,0O
while structural fluctuations occur. Deuteration levels in
continuously labeled proteins integrate the number of molecules
that behave dynamically during the labeling period, which can
range from milliseconds to days. In contrast, in pulsed-labeling
experiments, the duration of D,O exposure is fixed and short
compared to the to the time scale of structural changes. Short
pulses of labeling can deuterate primarily unfolded regions, and
this strategy has been shown to be applicable to all manner of
unfolded proteins, including polypeptides that are in the process
of conversion to/from the native structure through protein
folding/unfolding as well as intrinsically disordered proteins
(IDPs) (discussed in the next section). Pulsed-labeling provides
structural snapshots that can reveal the fraction of each region of
the protein that is folded at different stages in the foldin§ process
and reveal intermediate folding states (Figure 32). 373313797383
In a recent review on the folding of apomyoglobin, Nishimura
highlights the power of HDX in combination with NMR to
probe these intermediate folding states.”®* Recent folding
studies have detected a foldon pathway in cytochrome c
consisting of units that exhibit the same energetic steps in both
the forward and reverse reactions.”*’

Other groups have employed pulsed HDX experiments to
identify interaction sites between protein subunits or binding
partners. Many of the original intact-level protein folding studies
were performed with pulsed labeling.*”****”® Short labeling
times were shown to be more appropriate for revealing changes
associated with protein interfaces.””®*'? In more recent years,
pulsed HDX methods have been used to study the interfaces
within potassium channels®*® and the interactions with
lipoprotein lipase.”®”*** Dornan et al.’**” combine pulsed and
continuous HDX experiments with electron microscopy to
characterize the heterotrimeric PIKIIIa/TTC7B/FAMI126A
complex. By pulsed HDX, the authors determine the extent of
secondary structure throughout the protein complex, finding
that regions unobserved in the EM structure appear dynamic by
HDX.”™

Benhaim et a used a pulsed HDX approach to monitor
complex structural changes during the fusion activation of
influenza hemagglutinin (HA) on the surface of intact infectious
virions. Sequential local conformational changes in HA were
tracked after activation to reveal two on-pathway intermediates
during HA activation. The previous understanding of activation
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Figure 32. Pulse labeling HDX-MS was used to study the folding
kinetics of cytochrome c. Fully deuterated unfolded protein was mixed
with D,O from § to 506 ms to initiate folding. The samples were then
immediately pulse labeled with H,O at pH 10.1 for 11 ms to rapidly
label unstructured amides, followed by immediate quenching of the
sample. The bimodal profiles during the folding process can be used to
track the folding kinetics. The top and bottom panels are the controls
for pulse labeling of the fully unfolded and folded states, respectively.
Reproduced with permission from ref 380. Copyright 1997 American
Chemical Society.

had been based on studies of the isolated soluble ectodomain of
HA, and the study revealed how activation of the soluble HA
ectodomain was distinct from that of the intact protein on the
surface of the virion.

Pulsed HDX can provide critical structural information on the
process of protein aggregation. Wang et al.’”' monitored the
oligomerization and accompanying structural changes in CsgE,
which is thought to act as a chaperone-like subunit active during
amyloid formation of the curli protein. They found evidence of
at least three intermediate oligomerization states and observed a
large structural rearrangement upon CsgE oligomerization. In a
study on CsgA, the major component of curli protein, Wang et
al. deciphered the effects of deamidation of CsgA on
aggregation.’””> Sabareesan and Udgaonkar®” tracked the
aggregation of the wild-type prion protein (PrP) to the N-
terminal region of the protein, consistent with positions of
mutations known to increase aggregation. Finally, Renawala et
al”™* studied calcitonin, an aggregation-prone therapeutic
peptide hormone, to determine the effects of disulfide reduction
on its aggregation kinetics. Interestingly, they found that
reduced calcitonin aggregation involves different residues than
wild-type (Figure 33), demonstrating the utility of pulsed HDX
approaches to therapeutic protein development.
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Figure 33. Pulse labeling HDX-MS used to track the aggregation of calcitonin. Each spectrum shows the deuteration profile (after a 2 min pulse of
D,0) starting from initial conditions (0 min) to the final time point at 1440 min. Populations I and II are clearly resolved and shift as the aggregates
form over time. Reproduced with permission from ref 394. Copyright 2021 Elsevier.

Beyond providing structural and kinetic insight, pulse labeling
has also been useful for characterization of protein ligand
binding properties. By varying ligand concentration, it is possible
to extract binding affinities’”>*” and assess the effects of
numerous ligands on protein stability.”'”**” These approaches
have paved the way to high throughput studies to identify
inhibitors against therapeutic protein targets.”*’

Several methodological and data processing advances in
pulsed HDX have been introduced in recent years. Pansca et al.
mined existing pulsed HDX data from rapid folding experiments
and found a correlation between the backbone rigidity of a
sequence and early protection from HDX during folding.””*®
Raimondi et al, introduced EFoldMine, an early folding
prediction tool built on similar pulsed HDX-NMR data of
early folding states.””” The authors validated the EFoldMine
predictions with pulsed HDX-MS experiments. On the
experimental side, Makepeace et al. demonstrate that a 2.5 s
deuterium pulse in the ligand bound and unbound states
followed by intact protein MS can be used to estimate the
number of exchange-competent amides in each state.”° Finally,
Tsirigotaki et al. described a pulsed HDX approach to study the
non-native and disordered translocation-competent states of
secretory proteins to identify short, structured regions.*”

3.3. HDX to Monitor Intrinsic Disorder

Intrinsically disordered proteins (IDPs) and regions (IDRs) are
estimated to make up 30—50% of the human proteome.””' IDP
conformations span a range of disorder from fully extended
chains to mostly folded proteins that have persistent disordered
loops (Figure 34).*' 7% As the level of disorder increases and
compaction decreases, the structural fluctuations exhibited by
IDPs increase. This results in IDPs populating conformational
ensembles instead of exhibiting a single well-defined tertiary
structure. Because IDPs demonstrate extensive conformational
plasticity, they frequently play roles in biology that demand
structural rearrangements that folded proteins cannot undergo.
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Figure 34. Schematic representation of the continuum model of
protein structure. The color gradient represents a continuum of
conformational states ranging from highly dynamic, expanded
conformational ensembles (red) to compact, dynamically restricted,
fully folded globular states (blue). Dynamically disordered states are
represented by heavy lines, stably folded structures as cartoons. A
characteristic of IDPs is that they rapidly interconvert between multiple
states in the dynamic conformational ensemble. In the continuum
model, the proteome would populate the entire spectrum of dynamics,
disorder, and folded structure depicted. Reproduced with permission
from ref 403. Copyright 2014 American Chemical Society.

As such, IDPs aid in cell signalinog, cytoskeletal architecture, and
other cellular physiology roles.*”" ~*%*

Interest in IDPs has risen sharply in recent decades,
particularly in the areas of fatholo?cal aggregation and
liquid—liquid phase separation.”*"**>*** Even with this added
interest, the structural study of disordered regions and proteins
has remained a challenge as techniques to resolve and model
disordered regions have fallen behind advances in structure-
resolving techniques such as cryoEM.**>**® Of the available
structural characterization techniques, HDX-MS is particularly
well-suited to the study of IDPs because it can detect and resolve
changes in protection resulting from weak or transient hydrogen
bonding without perturbing the IPD structural ensemble.*’
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3.3.1. Theoretical Considerations. Although HDX-MS
experiments can offer valuable insight into IDPs, the detection of
transient hydrogen bonding remains challenging. Very short
time points (milliseconds) are often required to access relevant
amide exchange kinetics for IDPs, a significant departure from
the seconds—hours long time points used for typical HDX-MS
samples. Furthermore, quantifying the level of transient
hydrogen bonding in IDPs and IDRs requires an accurate
intrinsic exchange rate (kg,) for the fully unstructured state for
comparison. In the case of IDPs, it is challenging to accurately
create and measure the exchange of a truly unstructured
reference.””” The kg, estimates are commonly calculated from
values obtained from extensive NMR studies of unprotected
amides. In this method, the intrinsic exchange rate for a
particular amide is predicted by accounting for its position in the
sequence and all relevant solution conditions.””** Despite the
sophisticated calculations established for accurately predicting
ks, some studies have noted instances where the measured
exchange rate of IDPs and IDRs is faster than the
prediction®>**~*!! (Figure 35A,B). These findings have led
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Figure 35. HDX-MS to measure residual structure in peptides. The
exchange of two peptides compared to the predicted exchange rate is
shown in (A) and (B). The predicted rates from k, are shown in dashed
lines. (C,D) Exchange rates for predigested peptides (open circles) and
peptide from intact protein (triangles) are compared directly to assess
transient structure in the protein. Reproduced with permission from ref
66. Copyright 2017 American Chemical Society.

to updates in the tools used for predictions of k, for proteins as
outlined recently by Nguyen et al.*’ Walters introduced a similar
empirical approach for accurately calculating local energetic
differences in comparative HDX-MS studies without the need
for estimated exchange rates.*"”

In an effort to alleviate possible mispredictions in kg, Al-
Nagshabandi and Weis® developed a different approach to
quantify the level of transient structure in IDPs. The authors
introduce a strategy for empirically determining intrinsic
exchange rates of IDPs using predigested peptides from the
proteins of interest as references. By measuring protection in
both the full protein and the peptides from the predigested
protein, it is possible to directly calculate the protection ratio
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within each region independent of theoretical predictions.
Although this value resembles a protection factor, the authors
caution that thermodynamic interpretations applicable to
protection factors may not hold in the case of protection ratios.
The authors demonstrate the efficacy of this approach on the
fully disordered ACTR and the molten globule CBP, finding that
some predigested peptides exchange on a faster time scale than
the experimental peptides (Figure 35C,D).

3.3.2. Methods for IDPs. With IDRs and IDPs, at
physiological conditions, amide exchange happens on the
millisecond time scale.***”****>*!* Perturbing the experimen-
tal conditions by lowering the pH or temperature to slow the kg,
offers a way to probe the fast kinetics in both structured and
unstructured proteins®” but will likely reduce the physiological
relevance of the study. The millisecond exchange time scale of
IDPs and the desire to remain near physiologically relevant
conditions has prompted the use of millisecond HDX.
Traditional quench-flow systems are well-suited for tracking
fast dynamics in proteins and have been employed for probing
fast time scales for HDX-MS with high preci-
sion, > 8033 Gimpler rapid mixing systems have also
been described which are capable of probing time scales relevant
to many disordered regions.””® Deuterium exposure time in
quench-flow or rapid mixing devices is varied by changing either
the flow rate or the length of the deuteration loop between the
D,O/protein mixing stage and the introduction of quench in a
second mixing chamber. Offline quench-flow HDX-MS sample
preparation does not directly interface with the mass
spectrometer; samples may be grepared and stored at —80 °C
for later analysis. Keppel et al.*'® made use of such an apparatus
in their work on EGFR and HER3 to access time points from
108 ms t0 2.033 s. The authors also performed manual HDX-MS
to extend their observations from 5 s to 2 h, showing the utility of
this method for bridging time scales relevant to IDP exchange
kinetics. More recently, chip-based rapid mixing devices have
been fabricated using thiol—ene photochemistry that offer a
convenient approach for rapid mixing and quenching with a time
scale of 140 ms to 1.1 s."'” Related to rapid mixing devices,
automated sample handing systems have employed mixing
strategies to also sample down the time ranges approachin§ 100
ms, adding another approach for probing fast time scales™”” (see
automation section).

A strategy that uses nested capillaries was also shown to be
effective for monitoring exchange on very short labeling times.
Time-resolved electrospray ionization (TRESI)-HDX, devel-
oped by Wilson and Konnerman in 2003,""® consists of a nested
capillary mixing system connected to a variable volume reaction
chamber. The effluent from the reaction chamber is quenched
and sprays directly into the mass spectrometer ESI source (i.e.,
an online method). This setup allows investigation of time scales
ranging from 42 ms to 8 s, making it a powerful tool to resolve
fast kinetics. More recent implementations have incorporated a
pepsin digestion chamber to enable bottom-up analyses.”*” The
main downside to spraying the quenched sample directly into
the mass spectrometer is the potential for nonvolatile buffer
components to interfere with MS analysis (see section 2.7).
TRESI-HDX has recently been utilized to resolve fast kinetics on
native and phospho-tau*'? and investigate the amyloidogenic
shift attributed to tau phosphorylation.””” These studies were
able to detect increased exposure of the hexapeptide two region
in phospho-tau, a key region for pathological tau aggregation.

3.3.3. Localizing Disorder in Proteins. One of the most
straightforward application of HDX-MS is the ability to readily
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identify disordered regions within proteins. This approach
continues to be utilized to pinpoint disordered regions in
isolated proteins*'®**'~*** and viral accessory proteins.*****°
HDX-MS was also able to identify Ana2 as an IDP**” and to
confirm contraction is disordered in solution and thereby
resolve a long-standing debate in the field.*** Killoran et al.**’
used HDX-MS to assess the structure and dynamics of Cby, a
wnt-signaling antagonist that had evaded previous structural
characterization due to line broadening observed in NMR
studies. In this case, the results allowed the authors to locate the
boundaries of the Cby coiled-coil domain and to elucidate the
role of the C-terminal disordered region in Cby solubility. HDX
has also been effective for probing dynamics in large macro-
molecular complexes.389’430_433 In many cases, HDX-MS was
used in combination with other biophysical and biochemical
characterization techniques to determine complex stoichiom-
etry and the overall molecular architecture. HDX has also
become an important tool for the structural characterization of
aggre%ation prone IDPs such as a-synuclein*** and antithrom-
bin,*> to investigate the structural effects of PTMs known to
increase aggregation,*'”**® and to probe the influence of other
protein domains on the aggregation properties.437

Identification of specific disordered segments has greatly
aided efforts for full structural determination of proteins.
Pantazatos et al.”*® demonstrated the application of HDX-MS
to localize disordered regions of proteins to guide re-engineered
protein constructs to enhance crystallography. This proof-of-
concept work on 24 proteins from Thermotoga maritima
demonstrated that some disorder-depleted proteins can
maintain the integrity of their folded domains and thereby be
amenable for crystallography studies. While this strategy does
not work for all proteins, Fowler et al. recently showed the
applicability of this technique in the identification and deletion
of disordered regions of P14KIIIf to create a construct
amenable for crystallography.”” They further demonstrated
the role of HDX-MS in crystallography by comparing the
dynamics of the wild-type P14KIIIS and its disorder-depleted
form, showing that the deuterium uptake for the remaining
regions is unaffected, implying that the dynamics of the entire
protein were not disturbed by the deletions.

HDX-MS has also been useful for resolving how residual
structure of IDPs and IDRs are integral to their function and
probe the influence of disordered regions on the other folded
domains of the protein. Trabjerg et al.**’ investigated the
opposing biological activity of dimerized proNGF and
dimerized NGF by HDX-MS and found that the pro- region
of proNGF is unstructured and, interestingly, protects mature
(folded) regions of proNGF from exchange. In a similar
investigation of the impact an unstructured region can exert on a
structured region, Clouser et al. found that the N-terminal
disordered region of HSPB1 dimerizes and binds to a sin§le
groove in multiple orientation-specific conformations.”*’
Mutations in noncontiguous regions of the disordered domain
influence the deuterium uptake observed elsewhere on HSPB1.
Miysling et al.*®” observed that the N-terminal disordered region
of GPIHBP1 functions to promote an encounter complex that
results in tighter binding between the folded domain of
GPIHBP1 and the LPL homodimer. On a similar theme,
Saikusa et al.**' used HDX-MS to study how histones H2A and
H2B exhibit differences in dynamics between their wild type and
disorder-depleted forms. The authors caution that deletion
mutants should be characterized by HDX-MS to determine if
deletion influences global protein structure or dynamics.
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An array of recent studies has also shown that IDPs can be
highly perturbed by mutations**>*** and post-translational
modifications, particularly phosphorylation.******~**¢ IDPs
generally exhibit disorder-to-order transitions upon binding,***
however, Kacirova et al. noted that phosducin actually did not
show ordering upon binding its regulatory partner 14—3-—3
protein.**” Papanastasiou et al. used similar methods to observe
the difference between complement protein iC3b and its mature
form C3b, finding that removing the immature portion of iC3b
leads to a disorder-to-order transition, resulting in a structured
CUB domain only observed in the mature C3b protein.*** Other
HDX-MS studies of IDPs have disorder-to-order transitions
upon binding ligands such a metals,®”® small molecules,”****
and lipid membranes.™

Hamdi et al. exemplified the investigation of disorder-to-order
transitions in IDPs in their study of ripening proteins HvASR1
(barley) and TtASR1 (wheat).**" With a combination of Stoke’s
radius, SAXS, CD, and HDX-MS, the authors found that the
addition of glycerol, zinc, and TFE can increase order within the
proteins. By HDX, the authors determined that the addition of
TFE alone does not affect HDX, but either zinc alone or TFE
and zinc together induce global reductions in HDX due to
increased structure formation (Figure 36). The authors localized
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Figure 36. Deuterium uptake plots are shown for each peptide of
unliganded HvASR1 (A), or bound to TFE (B), ZnSO,, (C), or both
TFE and ZnSO, (D). Points represented different time points of
exchange denoted in the top of the figure. Figure adapted from ref 451.

the area affected by the addition of TFE and zinc as residues
105—115in HvASR1 and 104—113 in TtASR1, identifying these
regions as bona fide molecular recognition elements and
highlighting the applicability of HDX-MS for resolving factors
that affect protein folding.

HDX-MS is well-suited for tracking ordering associated with
complex formation. Ramirez et al. characterized a molten
globule unfolding intermediate of the obligate homodimer
phosphofructokinase-2, which exhibits strong coupling between
dissociation and unfolding.15 In a similar study, Dembinski et al.
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monitored the folding state of IkBa in a ternary complex with
NF«B and found that IkBa begins to fold during the release of
DNA. The authors resolved that two regions of IkBa remain
partially unfolded in the ternary complex, which helps to explain
line broadening observed in NMR experiments of the ternary
complex.”> De Vera et al. examined another DNA binding
complex composed of SRC-2 and the PPARy/RXRa hetero-
dimer and concluded that ligand and DNA cooperatively recruit
the SRC-2 interaction domain to the heterodimer.”® Other
groups have employed HDX to monitor domain-swapping of
proteins such as FoxP, which functions as a domain-swapped
dimer. Medina et al. found that there are several intermediate
domain-swapped states of FoxP that vary in the degree of
disorder they exhibit.**”

IDPs behave distinctly from structured proteins, and
understanding their response to the cellular environment (e.g,,
crowding) is necessary to understand their biochemistry.
Rusinga and Weis characterized the effects of molecular
crowders on the IDP ATCR to interpret structural changes,
which could previously not be sufficiently explained by volume
exclusion theory.*** Using predeuterated Ficoll as a crowding
agent, they found that IDPs display complex behaviors in
crowded environments that depend on the structure and
concentration of the crowder. The concentration-dependent
effects on secondary structure by crowded environments may
play a functional role in modulating IDP activity.

3.4. Application to Membrane Proteins

Membrane proteins have historically been a particularly
problematic class of proteins for structural studies. The native
state of the protein requires stabilization of the membrane
interacting portion, which introduces major challenges. Over the
past decade, there have been several advances and workflows
developed for HDX-MS that have enabled detailed studies of
peripheral and integral membrane proteins as discussed in
several recent reviews.'”">>™*7 Several systems have been
analyzed in their active states through detergent solubilization,
but for many systems it is generally preferable to incorporate the
proteins into a more native-like membrane environment. In fact,
several studies have observed differences in detergent solubilized
vs membrane-incorporated integral membrane proteins.***~*%
To this end, studies have been performed using artificial lipid
membranes including liposomes,44’309'424’461’ 2 bicelles,**
Langmuir monolayers,"** lipid nanodiscs,'”***~**” and natural
bacterial membranes.”® Beyond the effects of membrane
presentation, recent studies have also revealed how just the
lipid composition can have significant effects on membrane
protein structure and dynamics (Figure 37).408469

A major hurdle with any membrane protein study is the need
for detergents and lipid components, which can both greatly
complicate the HDX-MS analysis. While some detergents (e.g.,
Tween, Triton, CHAPS) are very problematic because they
produce strong and overshadowing signals in MS that swamp
the signal from peptides, less problematic detergents such as
DDM, DM, or LMNG can be used at low concentrations
without being detrimental to the LC-MS analy-
sis,|391994634707472 B the more problematic detergents,
techniques have been established for postquench removal
prior to LC-MS.*”? Luckily, phospholipids do not present
nearly the challenge that some detergents do and can mostly be
removed prior to MS or sprayed directly into the instrument
without much decrease in performance.””*"*’® An additional
challenge for membrane proteins is the inability to achieve full
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Figure 37. HDX-MS comparison of xylose transporter in nanodiscs
with different lipid compositions. The lower depiction shows the
transmembrane helices in relation to the two membrane leaflets (gray).
Differences are color coded onto the crystal structure. Figure adapted
from ref 468.

sequence coverage, particularly for the transmembrane regions.
Combinations of proteases and the use of stationary phases with
shorter alkyl chains for chromatography have been reported to
help maximize coverage for more elaborate studies of membrane
proteins. 136

Lipid nanodiscs have offered a way to prepare membrane
integral proteins using a membrane scaffold protein that
encapsulates a lipid bilayer and have proven to be highly useful
for HDX-MS analgfsis of proteins in their native membrane
environment.***°>*”” An additional advantage of the nanodisc
platform is that it enables the customization of the lipid content.
After deuterium labeling, removal of the phospholipid
components can be accomplished through zirconium oxide
depletion,465 which can be performed in a column format.>**
The presence of the scaffold protein presents a challenge as the
digested fragments contribute to spectral complexity, although
control experiments of empty nanodiscs can reduce complexity
by providing a library of scaffold protein signals that can be used
to filter experiments on loaded nanodiscs.”* Another approach
is to use biotinylated scaffold protein, which is then depleted
during the postquench sample workup.**" A major downside to
lipid nanodiscs is that the lipid—protein ratio is fixed; should a
membrane protein need to change conformation (and therefore
the amount of space it occupies in the disc of lipids) or insert
new or more regions into the lipids, this is generally inhibited by
the scaffold protein. For this reason, liposomes are preferred
wherein there is no fixed lipid:protein ratio and proteins are free
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to change shape and size as they would normally do in a native
membrane environment.

Thanks to all the developments in methodology, HDX-MS
has facilitated more meaningful investigations into many
membrane spanning systems including, to name a few,

133,459—481,478—482 . 133,483 .
transporters, ion channels, apoptotic
. 484 . 300,314,390,485,48
protein assembly,”" viral glycoproteins and

. . 487, . . 489 44
matrix proteins, ore formlng toxins,  ATP synthase,
receptor complexes,**¥*7 149941 and enzymes.**® HDX-MS has
also been used to probe peripheral membrane proteins in the
context of their native environments such as drug metabolizing
enzymes at the lipid membrane surface®*~** and the
interactions and structural transitions mediating lipoprotein

474,476,495,496 . : :

assembly. One interesting finding from the slew of
HDX-MS studies is that EX1 kinetics, while rare in most
globular proteins, have been encountered quite frequently with
membrane proteins. EX1 has been observed and characterized in
several lipoproteins, interestingly even in the lipid-free

474,476,497,498 X . .
state. Correlated motions occurring near or in the
membrane have been noted for several systems, and by tracking
the EX1 profiles the kinetics of the conformational transitions
could be characterized.**>*77*1#9%5% Ryrther advances in
HDX-MS may enable the study of membrane proteins in their
fully native membrane environment in situ. This has been
demonstrated in the study of the ADP/ATP carrier (bAnclp)
on intact mitochondria.”®’ However, the inherent complexity of
most native membrane environments will likely require
continued advances in HDX-MS techniques.

3.5. Application to Glycoproteins

3.5.1. Challenges Brought on with Glycosylation.
Glycosylation is arguably one of the most complex types of
post-translational modification that occurs on mammalian
proteins. Proteins can be glycosylated at either asparagine side
chains (N-linked) or serine/threonine side chains (O-linked)
and can occur co- and post-translationally.*> Complexity stems
from not just the potentially large carbohydrate structures
attached at each site but also from inherent heterogeneity, both
in terms of glycan occupancy at a specific site, as well as many
diverse types of glycan structures being present within the same
site.’””*"" The interest in glycoprotein structural studies has
risen in paralle]l with the emergence of biotherapeutics, the
majority of which are based on the IgG framework that includes
a conserved N-linked glycan that is critical for the structure and
effector function of most therapeutics.””” The caveats attributed
to the intrinsic heterogeneity and high degree of flexibility of the
glycans has historically limited the structural analysis of
glycoproteins. Despite many additional challenges with respect
to sample preparation and data analysis,’’° HDX-MS has
provided an invaluable tool for analyzing the structure and
interactions of complex glycoproteins.

A common theme among many HDX-MS studies of
glycoproteins to date is suboptimal sequence coverage, which
can result from poor digestion, poor detection, poor
identification, or a combination of these factors. One of the
core functions of glycosylation is to stabilize protein structure
and shield a protein from proteolysis. Accordingly, glycoproteins
are inherently more challenging to efficiently digest in bottom-
up LC-MS approaches.””” This is especially true for proteins that
contain dense clusters of glycosylation.””® Even when
glycopeptides of suitable size for peptide-based LC-MS are
generated, these peptides may not be readily detected during
LC-MS. The glycan moieties are often very hydrophilic, and the
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glycopeptides may not be sufficiently hydrophobic to be
effectively retained by the typical reverse phase columns used
for LC-MS.>” Glycopeptides are also inherently difficult to
detect because the intrinsic heterogeneity of the glycans splits
the MS signal for a unique peptide among many ‘i%lycoforms”
(same peptide with different glycan structures).'*”°"* Next, the
identification of glycopeptides during the peptide mapping stage
presents an additional hurdle for glycoprotein analysis by HDX-
MS. When performing conventional proteomics with specific
proteases (e.g, trypsin), a few b and y ions generated can be
sufficient for peptide identification, but this is not always
sufficient for confident assignment with the nonspecific
proteases used for HDX-MS. In conventional CID MS/MS,
the fragmentation is dominated by glycan neutral losses’'’ and
fragmentation of the peptide backbone is modest. While the use
of elevated collision energies with different stages of activation
has been shown to be fruitful for obtaining peptide
fragmentation useful for sequence identification,®""*"* effective
glycan assignments are best accomplished with softer
fragmentation techniques. ETD and ECD allow for directed
fragmentation at the peptide backbone while leaving the glycan
intact, thus making the peptide ID straightforward.*®* The
widespread availability of electron-based fragmentation ap-
proaches to the general HDX-MS community has not only
enabled single-residue analysis (section 2.6) but also facilitated
studies that include glycopeptides in their analysis. Finally, it is
also highly beneficial to have knowledge of the glycan structures
associated with a glycoprotein before assigning peptides from
HDX-MS digests. Parallel analysis with conventional proteomics
approach to map PTM:s in this case is highly informative for
aiding in the assignment of glycopeptides.””> As a result of all
these additional challenges, many studies have excluded
glycosylated peptides in the HDX-MS analysis. Modern
improvements have begun to reverse this general trend, but
more work is clearly needed.

Another effect that must be considered in HDX-MS analysis
of glycoproteins is the exchange at the glycan moieties
themselves. While the many hydroxyl groups in a glycan
exchange on a time frame that is much faster than what is
monitored by HDX-MS, namely backbone amide hydrogen
exchange,*® the acetamido groups on N-acetylhexosamines and
sialic acids exchange more slowly’'® and can retain deuterium
under HDX-MS quench conditions.”’* ETD analysis of
deuterated glycopeptides confirmed that glycan chains retain
significant levels of deuterium, enough to offset the deuterium
content measured in glycopeptides.”'> Interpretation of
deuterium uptake of intact glycopeptides therefore needs to
account for deuteration at both the peptide backbone amides
and glycan acetamido groups. This caveat needs to be
considered for comparative studies utilizing glycopeptides to
make comparisons among different glycoforms of the protein.

3.5.2. Strategies to Make Glycoproteins More Ame-
nable to HDX-MS. Despite the caveats of glycosylation, a
number of studies have succeeded in obtaining meaningful
HDX-MS via several strategies. Because glycoproteins can have
variable degrees of glycan occupancy, some studies have relied
on HDX-MS data from a nonglycosylated subpopulation. In
such cases, the nonglycosylated peptides analyzed may only
reflect a small fraction of the total population of the protein. In
another strategy, some studies have opted to enzymatically trim
the glycans prior to deuterium labeling'**'**'” or to use
constructs that have site-specific mutants that knock out
glycosylation to simplify the analysis.*”*** However, these
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American Chemical Society.

removal strategies can be problematic, as many glycoproteins
need to be studied in their fully glycosylated native state to
understand their biologically relevant structure. One strategy
that has garnered considerable attention is development of
methods to perform exchange with the glycans intact but then
remove them just before LC-MS analysis. This way the
glycoprotein is labeled in its fully native glycosylated state and
the problematic glycans do not interfere with the analytical
stages of the analysis (Figure 38). To accomplish this, enzymatic
removal of the glycans under quench conditions is required.

Nearly all commonly used endoglycosidases for glycoproteo-
mics, such as peptide N-glycanase F (PNGaseF), do not retain
activity at the low pH of HDX-MS quench conditions.”"®
However, PNGaseA, an endoglycosidase with similar activity,
was shown to retain sufficient levels of activity at quench
conditions to achieve effective deglycosylation of a deuterium
labeled and pepsin digested glycoprotein.'®”*'* The ability to
remove the glycan not only aids with identification and
detection of glycosylated segments of the protein sequence
but also resolves deuterium content associated with the glycan
from the peptide backbone of the glycosylated regions. It is
important to note that the action of PNGaseA not only removes
the glycan but also converts the asparagine side chain to an
aspartic acid. In cases of partial glycosylation occupancy, the
resulting peptides for a glycosylated segment will be a mixture of
both nonglycosylated (containing the native asparagine residue)
and deglycosylated (resultin% in glycosylated asparagine being
converted to aspartic acid). " Deamidation often alters the
peptide’s hydrophobicity and often the nonglycosylated and
deglycosylated species can be resolved chromatographically,
thereby largely alleviating the caveat of the two species coeluting
and overlapping in spectra to complicate interpretation of the
deuterium content.””” One practical drawback to PNGaseA as
an enzyme for postquench deglycosylation is the enzyme’s poor
tolerance of denaturants and reducing agents (TCEP), which
are both commonly employed in quench conditions to aid in
unfolding and proteolytic digestion.

PNGaseH", a more recently isolated endoglycosidase, was
found to have deglycosidase activity similar to PNGaseA and
with an optimal pH of around 2.6.>*" When tested for HDX-MS
applications, PNGaseH" was found to be more robust than
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PNGaseA and was also able to tolerate moderate concentrations
of TCEP (0.25M).>*° Incorporation of PNGaseH* into sample
processing improved the sequence coverage of a-antichymo-
trypsin, namely by providing peptides spanning all S N-linked
glycosylation sites. Additional homologues of PNGaseH" have
now been identified and characterized, several of which have
desirable activities including broad glycan specificity. More
importantly some of the newly identified variants were found to
be more suitable for expression, purification, and immobilization
onto a stationary support for inline deglycosylation.”** These
reagents are expected to greatly simplify glycoprotein structural
studies. Furthermore, by comparing the exchange of the
glycosylated vs postquench deglycosylated peptides, it is
possible to directly probe deuterium exchange attributed solely
to the glycan. This may prove to be useful for probing the
conformational dynamics of the glycan chains, for which very
few approaches exist.

3.5.3. How Glycosylation Affects IgG Structure and
Dynamics. Immunoglobulin g (IgG) is the primary platform
for the majority of modern biopharmaceutics. It should
therefore come as no surprise that it is by far the most studied
glycoprotein by HDX-MS. The IgG is a 150 kDa dimeric
molecule that has a conserved N-linked glycan within the Fc
portion that is critical for the interactions with the immune
system and the overall function of the antibody molecule.”** The
first application of HDX-MS to examine IgG identified several
areas in the vicinity of the conserved N-linked glycan in the CH2
domain whose dynamics are directly influenced by the presence
of the glycan chain.”** The changes in dynamics were further
investigated by looking at systematic modifications to the glycan
structure that revealed the effects of galactosylation on the
dynamics of the Fc region.” More recent studies have
examined changes in Fc dynamics attributed to mutations and
post-translational modifications, including glglcosylation, for a
number of monoclonal IgG constructs.”’ 2267933 HDX-MS
comparisons of the IgG glycoforms led to the consensus that
larger glycans within the Fc leads to the increased conforma-
tional dynamics within the CH2 domain. An example of the
profound effects attributed to different glycosylation across the
entire IgG is shown in Figure 39.°** More targeted studies of
glycoengineered forms of IgG showed that it is specifically the
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galactosylation of the 6" mannose arm that influences both CH2
dynamics and function.”®* This finding was remarkably
consistent with a parallel study that noted the effect specifically
of a a(2—3) linked sialic acid on the 6’ mannose arm of the IgG
glycan in destabilizing the CH2 domain.”** A similar approach
of comparing glycoforms was also used to understand the
mechanism of action of the Fc-specific endoglycosidase
EndoS$2.>%

Beyond the effects of mutations and modifications of the IgG
itself, HDX-MS has been utilized to map interactions and track
structural changes within IgG upon engagement of its many
receptors, including Fc;/RIIIa,525 FcRn,”>** and I-‘<c;/III.53’8
These studies have elucidated regions directly involved in the
receptor interfaces, while also revealing some unexpected
changes within the Fab region, that are suggestive of long-
range allosteric interactions between the IgG Fc and Fab
domains. Interestingly, a subset of the studies comparing
glycoforms of IgG have noted similar long-range effects within
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the Fabs.”*® The strongest evidence of this Fab—Fc interaction
was from the direct observation of distal effects within the CH2
and CH3 regions in a human IgG1 upon antigen binding at the
Fab.>* The allosteric link between Fab and Fc was also recently
tested directly by looking at the influence of protein A binding to
the Fc, which noted no significant alterations in the Fab regions,
at least within the context of an antibody-protein A
interaction.”*’ Overall, the HDX-MS studies to date on IgG
provide strong evidence for a functional allosteric link between
the Fc and Fab domains, which are likely context dependent. We
expect that future HDX-MS studies looking at the interaction
between antibodies, antigens, and immune complexes will
elucidate such allosteric networks and examine their potential
role in regulating the immune response.

3.5.4. Analysis of Highly Glycosylated Protein Sys-
tems. In addition to the analysis of IgG as just described, over
the past decade HDX-MS has been applied to examine many
other classes of glycoproteins including receptor complexes and
serum glycoprotein. As we have noted, due to many of the
challenges associated with glycopeptides, only a subset of the
studies included analysis of the deuterium exchange at the
glycosylated regions of the protein. Even with limited sequence
coverage, HDX-MS has been a reliable tool for mapping binding
interfaces and tracking structural changes upon protein—protein
and protein—ligand interactions involving serum glycopro-
teins’ >3 7% and receptors. "> %1777 Several studies
have also used HDX-MS to assess the influence of glycosylation
itself on the overall structure of serum glycoproteins with some
interesting variability that reveals a complex relationship
between a protein’s glycosylation state and its conformational
dynamics. In some systems, HDX-MS showed mixed effects
with some areas becoming stabilized and other regions showing
increased accessibility upon glycan removal.>**=>*" In other
glycoproteins, the only observed changes were increased
dynamics through the protein upon glycan removal.>*">>*
Some studies observed only very minor changes in HDX kinetics
despite known effects on overall thermal stability upon glycan
removal.”>® The available studies have thus far revealed a
complex and very context-dependent relationship between
glycosylation and structural dynamics.

Structural studies of viral surface glycoproteins have been a
particularly widespread application where HDX-MS has shined
in the past decade. Comparative HDX-MS studies of viral
glycoproteins in different conformational states have been a
highly informative approach for understanding their fundamen-
tal structure and function,*03?0#85486,516,5547559 A¢ noted for
many systems, the ability to detect long-range effects in proteins
has also been observed in key viral glycoproteins.”**>* Most
recently this was observed in the complex interaction between
the ACE2 receptor and the SARS-CoV2 spike glycoprotein
(Figure 40).>® The binding interaction between the receptor
binding domain (RBD) of the spike glycoprotein not only elicits
the expected changes directly at the binding site but also induces
long-range effects all the way to the furin cleavage site. This link
reveals how receptor binding primes the rest of the spike
glycoprotein for further activation.

The structural characterization of viral glycoproteins as they
exist in the native form on a virion surface is of profound
importance to the development of modern therapeutics and
vaccine design strategies. To this end, HDX-MS has been an
incredibly useful tool for assessing the conformational
authenticity of engineered proteins designed to mimic the
antigen on the surface of the virus and to be used for vaccine
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development.®’**°°~>"> These studies have also shed critical
insight on the most effective antibody epitopes and, more
importantly, on the mechanisms of how neutralizing antibodies
or targeted molecules are able to bind and neutralize viral surface
glycoproteins. 29>311314573-575

While many studies have focused on soluble versions of the
viral glycoproteins, the general feasibility of using HDX-MS to
examine the structures of viral glycoproteins within intact
infectious virions has also been established.”””***3°7® The
ability to study these proteins within their native environments
on the viral surface is a unique strength of structural mass
spectrometry approaches. Future advances in methodology and
instrumentation are expected to open more complex viral
surface protein systems as well as proteins on other pathogens
for in situ HDX-MS analysis.

3.6. Protein Therapeutic Development

Over the past two decades, HDX-MS has played an increasing
role in the development of biotherapeutic pro-
teins,”*?7>?9>52H377=38% Routine applications include epitope
mapping (see section 3.1) and assessing how conformational
states are impacted by mutations>>>*** or chemical modifica-
tions such as oxidation, deamidation, glycation, or cross-
linking,**>***~% to name a few. Interestingly, it was recently
shown that HDX-MS is highly predictive of the rates of
deamidation occurring in proteins through long-term storage.”*”
Thanks to its versatility, HDX-MS has also been utilized for
several other applications for therapeutic development. HDX-
MS is an excellent tool to confirm the conformational
authenticity and heterogeneity of designed protein therapeu-

tics’”” and antibody—drug conjugates.””">”" The technique has
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also proven effective for monitoring the structural effects of
hydrocarbon stapling of therapeutic peptides’””*” or the
addition of engineered disulfide bonds.”*’

Techniques capable of assaying the conformation of
therapeutic proteins in their formulation buffers are highly
valuable because they are often prepared at very high
concentrations of protein (>100 mg/mL) and with multiple
excipients. To enable HDX-MS to screen the effects of a wide
range of excipients used to stabilize proteins, Nazari et al.
developed a rapid postquench desalting step that removes
components that would otherwise be problematic for LC-MS
analyses.” To address the challenges associated with analysis of
highly concentration samples, Houde et al.*”* utilized a dialysis
coupled HDX platform. As an alternatively approach, Tian et
al.>” were able to take advantage of the phase separation that
occurs with highly concentrated samples to facilitate deuteration
and isolation of the desired species. Another critical aspect of
biotherapeutics is understanding their potential to form
oligomers and aggregates. To this end, HDX-MS has been
applied to monitor self-association of antibodies and reveal hot
spots of aggregation.SSO’S%_598

3.7. Other Applications of HDX-MS

The versatility of HDX-MS has also enabled detailed studies of
conformational changes due to light. Light sensing proteins in
their resting and activated forms have been studied to provide
revolutionary insights into their mechanisms of photoactiva-
tion.*””~°*® For example, Etzl et al.°** were able to discern the
changes in the structure of phytochrome-activated guanylate
cyclase upon illumination with red light (Figure 41). This
application is another illustration of the capability of HDX-MS
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Figure 41. Structural changes in phytochrome-activated guanylate
cyclase upon red light illumination detected by HDX-MS. Regions
becoming more accessible or more protected relative to the inactive
(nonilluminated state) are shown in red and blue notes, respectively.
Figure adapted ref 605.

While most of the focus is aimed at the structure and dynamics
of proteins in their solution state, there is a growing need for
techniques capable of characterizing the conformations and
dispositions of proteins in their solid or dried state. Li et al.
originally demonstrated that incubation of lyophilized protein
samples with D,O vapors can enable exchange of amides.**”°"
The exchanged solids can then be resolubilized in quench buffer
and processed by standard HDX-MS procedures to provide a
readout of the conformational states of the protein. This solid-
state HDX (ssHDX) (Fi%ure 42) has since been used to track
how various excipients,”' ~°"* humidity during exchange,'* or
different protein drying methods®'® alter the exchangeability of
proteins in an amorphous solid. The exchange profiles measured
by ssHDX correlate with lon”)g-term stability measurements of
the lyophilized protein,616’61 making it an excellent tool for
assessing the stability of lyophilized formulations of biother-
apeutics.”'*"°*° An outstanding caveat of ssHDX is the limited
understanding of the mechanism of exchange in the solid phase.
It is known from early work that the exchange is not adequately
described by the Linderstrom—Lang model, and the deuterium
uptake profiles appear complex and multimodal.’’”> Recent
efforts have used model systems to elucidate the factors that
govern ssHDX,"”' "%’ revealing that both secondary structure
and matrix interactions in the amorphous solids contribute to
the observed exchange behavior.

While the vast majority of HDX-MS focuses purely on
backbone amides, another realm of HDX-MS utilizes the
exchangeability of the C, proton on the histidine imidazole side
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dried with trehalose (solid line), and dried with sorbitol (dashed line)
and the corresponding kinetic uptake curves (bottom). Figure is
adapted from with permission from ref 697. Copyright 2015 MyJove.

chain (Figure 43).1%7 Miyagi et al. were able to utilize the
measured C, exchange rates across different pH conditions to
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Figure 43. Overview of histidine C, HDX-MS. The C, proton can
undergo exchange through the formation of a ylide intermediate.
Reproduced with permission from ref 127. Copyright 2008 American
Chemical Society.

accurately measure the pK, of each histidine in ribonuclease. By
analyzing both the exchange rates and measured pK, of
histidines, this approach was found to be useful for probing
the local environment of histidines to provide structural insight
into the protein.®** The main caveat of measuring C, exchange is
the slow exchange rates, which can require deuteration of the
protein for several days at 37 °C. However, this slowed exchange
also has some advantages. Back-exchange is not a complicating
factor, which greatly simplifies sample handling. Furthermore,
the deuterium label in the C, position does not undergo
scrambling during CID, making it easy to localize by
conventional MS/MS methods.®* C, exchange has since been
used for mechanistic studies, elucidating the involvement of
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specific histidines in proteases, ” and was found to be an

effective general approach for assessing protein folding stability
and changes in stability upon ligand binding.**”

HDX-MS has been useful for other macromolecules besides
proteins and peptides. Solution HDX-MS with fast time scales
has recently®*® been capable of probing the accessibility of
groups on nucleic acids. This pioneering study was able to
examine the exchangeability of protons within nucleosides,
whereas the phosphate backbone protons were exchanged away
during the quench step. This study establishes the use of HDX-
MS as a general technique for studying nucleic acid structure and
dynamics. Taraban et al.”*’ showed the utility of solution HDX-
MS for studying the solution conformation of dendrimers. By
monitoring the amide groups within the dendrimers, they were
able to resolve distinct conformers in solution using their amide
groups as reporters. As noted in section 3.5.1, n-acetyl groups
within (Trlycans can also be directly probed by HDX-
MS.>'#31995% These emerging applications illustrate the
potential of HDX-MS as a tool for structural studies of biological
macromolecules beyond proteins.

4. PRECISION AND REPRODUCIBILITY OF HDX-MS
MEASUREMENTS

In response to the widespread use and growing interest for
regulatory filings, numerous studies have focused on the
analytical performance of HDX-MS. Particular attention has
been directed toward the assessment of the repeatability and
reproducibility of HDX-MS studies. HDX-MS experiments
conducted within a single lab on the same day often report very
high precision, as little as 1% variation in deuterium uptake; as
one would expect, when measurements are made over an
extended period of time or carried out in different laboratories,
variability increases,”’****®*! as it would for any analytical
technique. Automated sample handling systems offer one way to
reduce some of the variables and have been implemented in
efforts to increase reproducibility of HDX-MS.**”*** Cummins
et al. demonstrated the potential of improving reproducibility by
reporting impressively comparable HDX-MS data collected in
two different laboratories.””® In this particular study, the
reagents and analyses were rigorously harmonized, and identical
automated systems were used to eliminate platform dependency
and provide better control over each step in the HDX-MS
experiment. Despite the success of this example, the disparate
systems used across many laboratories performing HDX-MS
renders this kind of harmonized approach untenable. As a result,
numerous strategies have been developed to improve the
reproducibility of HDX-MS measurements collected using
distinct platforms and assess the level of variation one should
expect.

A recent study carried out by the National Institute of
Standards and Technology (NIST) compared HDX-MS data
collected on a wide variety of platforms by a large group of
unique investigators.””' Participants in this study were provided
with a kit containing buffer components, a fragment of a
standardized monoclonal antibody designed and produced by
NIST, and explicit instructions. By providing participants with
identical kits, NIST was able to assess the interlab variability of
HDX-MS independent of buffer and sample conditions. The
measurement of deuterium incorporation varied by as much as
9% between laboratories despite the use of numerous controls,
including a system-specific back-exchange correction (Figure
44). As the downstream processes such as digestion and liquid
chromatography were not standardized between laboratories in
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Figure 44. Various peptides from an interlab comparative HDX-MS
study that controlled sample and labeling/quench buffers. Results for
the same peptide from nine different laboratories are plotted to
illustrate the interlab variability in the study. Reproduced with
permission from ref 631. Copyright 2019 American Chemical Society.

this study, much of the reported variability was attributed to
those parameters. Robust comparative studies require careful
matching of solution exchange conditions to minimize interlab
Variability.102,131,409,632

There are many parameters that can potentially create
variability within the final measurement of deuteration in
HDX-MS.”*** These variables arise from both the samples
themselves (proteins, protein systems, inherent chemical
exchange rates’) as well as the analytical conditions used for
the measurements. Measurement variability can be attributed to
a number of variables ranging from altered solution conditions,
different sample handling, inherent differences between
analytical platforms, and data processing ap-
proaches,”’®*!#219:409.632633 Byen small changes in these
variables can affect the reproducibility of an HDX-MS
experiment. In the next sections, we look more broadly into
some sources of analytical variability in HDX-MS data and
discuss efforts directed towards improving reproducibility for
general HDX-MS measurements.

4.1. Changes in Digestion Profiles

Variation in the proteolytic digestion of proteins can be a
problematic step in bottom-up HDX-MS affecting method
reproducibility. While digestion variability does not alter the
measured deuterium levels, it is a critical factor in comparative
HDX-MS studies: if a peptide is present in one digestion but
absent in another, it will hinder quantitative sequence-level
comparisons. The efficiency of proteolytic digestion can be
impacted by numerous parameters including pH, ionic strength,
temperature, solvent composition, pressure, flow rate, digestion
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mode (online or offline), and of course the protease itself (e.g.,
refs 76, 138, 163, and 631). Digestion conditions are often
empirically optimized to improve sequence coverage for a
particular system or even a particular protein (see section 2.3.1).
While much attention has been directed toward improving
digestion efficiency to maximize spatial resolution, considerably
less attention has been directed toward understanding the
reproducibility of digestion. Several studies'*™'*"'°° have
shown that intralaboratory reproducibility of digestion, where
conditions are well controlled, often as a result of the
comparisons being done on an identical instrumental setup, is
high but not identical. It generally only takes a small number of
replicates to identify all peptides that will be observed
reproducibly between replicate digestions. One study®** showed
that five replicate digestion and mapping experiments were
sufficient to identify all peptides that were observed for a given
digest condition.

In contrast, interlaboratory digestion reproducibility where
only the identity of the enzyme is conserved does not fare as well
as intralaboratory comparisons. The recent NIST interlabor-
atory comparison reported a surprisingly large disparity in the
sets of peptides observed by each participating lab in that the
number of reproducible peptides (those seen in each digestion)
was low, even when the same protease was utilized.*>! In fact,
only two peptides could be compared across all 15 of the
participating laboratories. These observations point out that
standardization of conditions and reagents is critical for
generating consistent digests so that peptides can be compared
directly between sample sets. Using a standard peptide or well-
established protein to quantitatively assess proteolytic efficiency
is an effective way to achieve more reproducible digestion
profiles among data sets and across different laboratories.**®

4.2, Internal Standards and Ways to Improve
Reproducibility

Analytical conditions may vary during HDX-MS measurements.
As part of the recent growth of HDX-MS as an analytical tool in
the biopharmaceutical industry, Houde et al.>’” demonstrated
how HDX-MS could be a valuable tool for establishing
comparability in biopharmaceuticals, showing how HDX-MS
was able to readily discern several modifications made to a
reference protein. In that study, a major goal was to understand
the variability of the method itself so that differences in products
produced over extended periods of time or due to changes to
manufacturing processes could be elucidated. The authors
demonstrated more variability in data collected on non-
consecutive days than in data collected on the same day. Not
surprisingly, other investigators have noted higher precision
within data generated in a single day than in data generated over
several days.'®¥20%%30%% Byrkitt et al. attributed day-to-day
variation to instrument conditions, inconsistent chromatog-
raphy, and sample concentration.”*” Other studies implicated
ambient lab temperature and the shift in the pH of buffers over
time as possible contributors to this kind of variability.*"®
Moreover, the bias inherent to different ionization methods and
mass analyzers, often referred to as platform dependency, can
further complicate the comparison of HDX-MS data.”'® Day-to-
day variability in HDX-MS must be known both to establish the
range of expected variation in measurements and to facilitate
efforts to minimize the variation. Despite the many compound-
ing factors that make HDX-MS data challenging to reproduce
over extended periods of time or in different laboratories,
numerous controls have been developed to help mitigate these
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effects, including measurements of back-exchange during
analysis and forward-exchange conditions during deuterium

labeling.
4.3. Measuring Back-exchange Variation

An inherent variable common to any HDX-MS analysis is the
extent of back-exchange that occurs throughout all downstream
processes after the labeling step. Consistent conditions that yield
reproducible back-exchange are crucial to the comparability of
HDX-MS data. With bottom-up HDX-MS, reducing the back-
exchange itself can limit variability. Many factors have been
optimized to minimize back-exchange during digestion and
separation” 7@ 82184186657 4 4 within the mass spectrometer
(e.g., ion source temperature’>*%). However, reducing overall
back-exchange only limits this inherent variation, it does not
alleviate the problem. The use of a well-matched fully deuterated
protein sample as a means of more accurately accountin% and
correcting for back-exchange has been effective.”®’%'>>%* By
referencing the exchange of all time points to the fully deuterated
standard, it is possible to dampen the effects of day-to-day
variation and increase the precision of HDX-MS measure-
ments.””® However, it was noted from well-harmonized
comparisons that correction using a fully deuterated standard
actually did not help improve interlab reproducibility,””” likely
due to the larger number of variables one must account for
between laboratories. Ultimately, for the most robust com-
parative studies, all samples should be prepared and analyzed
with the same set of reagents and experiments should be
performed as close in time as possible. To account for back-
exchange variation, researchers have started to include standards
capable of reporting on exact levels of back-exchange,””” which
is now recognized as a metric that should be reported for HDX-
MS studies.”®

4.4, Variation in Percent Deuterium

The deuterium incorporation of peptides is directly influenced
by the deuterium content in the surrounding solution.
Variations in the percent deuterium (%D) of the labeling
solution/buffer can occur from sample to sample either through
dispensing error or by changes in the quality of the deuterium
buffer (e.g., deuterium solutions open to air will exchange with
atmospheric moisture and slowly lose %D over time). In an
effort to reduce variation attributed to %D, Sheff et al. developed
an isotopic approach for assessing and correcting for variations
in solution dispensing.®*” This approach works by adding known
quantities of light and heavy isotopically labeled caffeine to the
protein solution and deuterium labeling solution. When the two
solutions are mixed for the exchange reaction, the observed ratio
of light and heavy caffeine can be used to estimate the relative
proportions of D,O and H,O in each sample (Figure 45). In this
study, the incorporation of the caffeine dispensing standards was
able to improve the precision of deuterium measurements across
multiple replicates. While there is clearly utility in a dispensing
standard, more attention has been directed toward the
development of exchangeable standards capable of directly
reporting on solution conditions.

4.5. Measuring Forward-exchange Variation

Variation in the conditions during deuterium labeling can
dramatically affect the reproducibility of the HDX-MS experi-
5,71,76,632 . . . .
ment. Focusing on the solution reactions, changes in
solution conditions (i.e., pH, temperature, concentrations of
salts or organic solvent) will affect kg while simultaneously
potentially perturbing protein structure. In the past decade,
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Figure 45. Light and heavy (**C) caffeine standards used to measure
variations in percent deuterium. The ratio of the heavy and light caffeine
that were spiked into the protein solution and deuterium labeling
solution accurately report the percentage of deuterium during the
labeling step and account for solution dispending variability.
Reproduced with permission from ref 632. Copyright 2014 American
Chemical Society.

there have been several efforts to account for variations in
solution conditions during the deuterium labeling step by
incorporating an internal exchange reporter (IER). The IER is
designed to exchange alongside the protein analyte and respond
predictably to changes in solution parameters like pH, ionic
strength, and temperature. Several groups have proposed the use
of small unstructured peptides as IERs.”®'*"**” The lack of
higher-order structure for these peptides means the exchange
behavior of these compounds is solely governed by k, (not by
secondary, tertiary, or quaternary structure), thus directly
reflecting solution conditions. Small peptide IERs only have a
single slowly exchanging C-terminal amide that exchanges in a
time regime relevant to most HDX-MS studies and retains
deuterium during downstream processes. Furthermore, these
IERs are efficiently ionized and sufficiently retained under most
relevant chromatographic conditions, making them relatively
simple to incorporate and detect using a wide variety of HDX-
MS systems. Incorporation of these peptide IERs has been
shown to enable more robust comparisons where solution
conditions are not matched, for example, looking at the effects of
high concentrations of chaotropes or buffer additives on the
structural dynamics of proteins’'*"**” (Figure 46). One
notable limitation of using the C-terminal amide as a reporter
is that their exchange rates are not linear with respect to pH,
rendering them unsuitable for accurately correcting offsets in
solution pH.639 An alternative chemistry proposed as an
exchange reporter has been the imidazolium scaffold. Murphree
et al. described a series of benzimidazolium compounds that
exchange solely at a single acidic carbon on a wide time scale that
is relevant for HDX-MS studies.'”” The exchange of the
imidazolium group is purely base-catalyzed, so the exchange rate
is linearly correlated with solution pH. While further develop-
ments are necessary to establish more reliable and versatile IERs,
such standards may be valuable for addressing interday and even
interlab variability in HDX-MS studies by providing users with a
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Figure 46. Deuterium uptake kinetics for the tripeptide YPI are shown
in the presence of various buffer additives. The offset in the exchange
profiles can be used to correct for the offset to the kg, in the different
solution, thereby enabling robust comparisons for proteins in the
various solutions. Reproduced with permission from ref 131. Copyright
2017 American Chemical Society.

more robust method of detecting and correcting for variation in
solution conditions during the deuterium labeling step.

5. ANALYSIS OF HDX-MS DATA

5.1. Software for HDX-MS Analysis

The data analysis stage has historically been a bottleneck for
HDX-MS studies. The combination of peak integration, isotopic
peak-picking, and deuterium incorporation analysis for several
time points, replicates, and multiple conditions is time-
consuming even for a single peptide. When considered for
dozens to hundreds of peptides, the magnitude of data analysis
can be daunting. For many years, the inability to cope with larger
and larger data sets was one of the main factors limiting the size
of proteins amenable to HDX-MS. A variety of software options
have emerged and have been continually refined to accom-
modate the need for the analysis of larger HDX-MS data sets.**’
Modern algorithms generally offer sophisticated peak picking,
isotopic distribution fitting, and quality assessment of data,
limiting the required manual analysis to predominantly curation
and validation. Today there are several established HDX-MS
software options, both academic and commercial. These
software options have some subtle differences regarding their
included features or their approach for picking species of interest
to calculate deuterium incorporation from the isotopic profiles.

A summary of currently available software for various levels of
analyzing and visualizing HDX-MS data is shown Table I.
Several of these programs include tools for extraction and
integration of the data from raw MS acquisition files, while
others rely on external programs for data extraction from the
acquisition files and are therefore used primarily for deuterium
calculation or visualization of the results. Some software only
supports specific data file formats, limiting their use to certain
instrument types and vendors. On this note, ion mobility-
enabled LC-MS is increasingly being used to resolve overlapping
peptides,”’>**' but only a subset of the available software
supports ion mobility-enabled data. Here we describe different
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Table 1
software ref data extraction

deMix Na et al. 2019 yes
ExMS2 Kan et al. 2019°** yes
HDX-Analyzer Liu et al. 2012%%° yes
HDXFinder Miller et al. 2012%%* yes
HeXicon2 Lindner et al. 2014°*° yes
Mass spec Studio  Raval et al. 2021%°" yes
MassAnalyzer Zhang et al. 2012*"° yes
HX-Express2 Guttman et al. 2013°*
HDX Match Petrotchenko et al. 2015°%
QUDeX-MS Salisbury et al. 2014%%°
Commercial Options
Dynamx Waters yes
HDExaminer Sierra Analytics yes
HDX Workbench ~ Omics Informatics, Pascal et al. 2012°* yes
HDX Workflow Protein Metrics yes

Postprocessing Software
Deuteros 2.0 Lau et al. 2020°%°

MEMHDX Hourdel et al. 2016°7
HaDeX Puchla et al. 2020
HR-HDXMS Gessner et al. 2017

HDX Modeler Salmas et al. 2021°7°

HDX Viewer Bougyssie et al. 2019°”°

MS Tools Kavan and Man et al. 20117
DECA Lumpkin et al. 2019°!

HD-eXplosion Zhang et al. 2020°%

notes

bimodal analysis

residue-level analysis from overlapping peptides, bimodal analysis

statistical tools for HDX comparisons

web-based application for analysis and visuzliation

deconvolution and bimodal analysis possible

integrated structural mass spectromtery tools, statistics and visualization options
extensive rate fitting for calculation of protection factors.

fitting overlapped spectra, bimodal analysis

top-down HDX-MS analysis

fitting isotopomers for analyzing ultrahigh mass resolution data.

supports Waters data, includes several visualization tools
supports multiple instrument vendors, various statistical and visualization tools
supports Thermo and Waters data, various statistical and visualization tools

supports all instrument vendors, various visualization and statistical tools

visualization and statistical tools

visualization and statistical tools; web interface

visualization and statistical tools; web interface or standalone
improves resolution of HDX data

web-based tools to analyze overlapping peptides

structural visualization tools

primarily HDX-MS visualization tools

statistical tools, back-exchange correction

web-based, visualization tools
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Figure 47. HX-PIPE combines both identification of clean features from the MS1 scans and peptide assignment from MS/MS data to accomplish
peptide curation with less need for manual intervention. Reproduced with permission from ref 651. Copyright 2021 American Chemical Society.

algorithms and features of programs that have been developed to
accelerate and enhance HDX-MS analysis.

5.2. Feature Extraction and Fitting

Regardless of how a specific piece software works, there are a
number of considerations that all analyses must take, whether
done manually or by software.'** The first stage of data analysis
is the identification of the observable peptides and the
generation of a list of peptides to be analyzed. This is most
often performed independently of the software used for
integrating peaks and calculating deuterium uptake. Whatever
the method for assigning peptides from tandem MS, it is
important to have some form of quality control for the
identification of the peptides, often by the scores and statistics
generated from the peptide search.”** Once the peptide list is
established, the next stage is integration of the isotopic peak
profiles from all the deuterated LC-MS data. This is most
commonly performed by using each peptide’s retention time
and mass to extract specific portions of the LC-MS data.*"**%**
Although chromatographic reproducibility is highly sought after

for HDX-MS data sets to minimize variability in back-exchange,
there can still be minor variation in retention times across
different LC-MS runs. Small differences in retention time can be
accounted for by a restricted search to find the optimal
integration ranges to use within each individual LC-MS run.
Alternatively, retention time alignment algorithms based on
spectral features have been developed and proven useful for
aligning HDX-MS runs to achieve more accurate extraction of
deuterium uptake.®**

Of all the identified peptides in an HDX-MS data set,
generally only a portion will provide clean, resolved peaks that
are suitable for deuterium uptake analysis. The loss of some
peptides from the identified list can arise from a variety of
factors, including low signal-to-noise or spectral overlap once
species are deuterated. While there have been efforts to measure
accurate deuterium uptake information for complicated peptide
signals,”' *%*°~* overlapping isotopic distributions are gen-
erally filtered off the peptide list through manual curation of the
data. This manual assessment of what peaks are sufficiently
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“clean” introduces some level of bias that can contribute to
slightly different sets of peptides obtained from different
researchers. New software tools have begun to address this
inherent source of bias by providing metrics on the suitability of
a given peptide to be used for deuterium analysis and by making
the process more automated. As an example, HeXicon uses a
random-forest classifier using abundance, m/z values, retention
time, and D-distribution to quantitatively select superior
peptides.”*” HX-PIPE (a recent tool in MassSpec Studio)
combines analysis of resolved features within the MS1 spectra
together with identifications from MS/MS data for an initial
working set of peptides.””' The full scans are then further
scrutinized to identify and omit any peptides that have potential
spectral contamination from nearby overlapping features,
thereby offering a rapid tool for curation of a peptide list to
only the “clean” peptides (Figure 47).

A more rigorous approach to extraction of data from HDX-
MS data sets is to identify all features within the MS1 spectra and
track their deuterium uptake. Once the integrations are
complete, the features are matched to a list of peptides to assign
a peptide sequence to each integrated feature.”*”%*%%3>7>* The
generation of an “overcomplete” set of candidate isotope
patterns from spectral features is a notable advantage, given it
essentially looks at everything and can help identify additional
peptides that were absent from the curated list. Several programs
can also match in silico predicted peptides to the observed
features in the MS1 data.”>”®*>%%° It is important that the user
confirm any matches to predicted peptides. In silico calculation
of peptide mass by the user without consulting tandem MS
spectra can lead to erroneous peak assignment due to the
potentially identical masses of different peptic fragments.”” The
ability to output the unmatched features is highly valuable as it
can be used for additional targeted MS/MS data to fill in the
assignments, and thereby maximize the amount of information
derived from HDX-MS data sets. One current limitation with
peptide assignment is that most peptide identification tools have
been established for general proteomics and are less well-suited
for identification of peptides derived from nonspecific proteases.
Therefore, there can potentially be highly useful peptides with
clean signal in an HDX-MS data set that simply do not fragment
and generate the type and quality MS/MS spectra required by
the existing proteomics tools for confident identification."

5.3. Deuterium Uptake Calculation

Once all mass spectra for a series of deuterium exchange time
points are integrated, the next step is to quantify the deuterium
uptake from the isotopic ratios. The mass envelopes will
encompass the isotopic distribution that arises from natural
abundance isotopes (e.g,, 2H, BC, N, 80, and **3), merged
together with the extent of deuterium uptake. With most
modern high-resolution mass spectrometers, the isotopic peaks
can be well-resolved on a peptide or a small protein level,
whereas isotopomers (e.g, the isotopic peak for a peptide with a
single *C vs a single *H) are generally not mass-resolved (Figure
48). With ultrahigh resolution (>200 000), it becomes possible
to separate isotopomers,”*’ for which new software tools have
been established.*® Classically, the deuterium uptake is
calculated from the geometric mean of the deuterated mass
envelope (“centroid”) relative to the undeuterated spectra. This
is a very simple and rapid way to quantify the deuterium content
as a simple numerical value and is often sufficient for assessing
protein structure and comparative studies to localize changes
within proteins.
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Figure 48. Spectra are shown for an undeuterated (left) and deuterium
labeled (right) peptide at either a mass resolution of 12000 (a) or
750000 (b). At ultrahigh resolution, the isotopomers within each
apparent isotopic peak become resolved (c). Figure adapted from ref
655.

A weakness of the centroid approach is that it sacrifices
additional information that might be present within the shape
and width of the deuterated mass envelope.”*® Weis et al.
demonstrated that including the measured distribution width of
the isotopic envelopes over the time course could be used to
detect the presence of multiple exchange profiles.”® Fitting the
isotopic distribution to a theoretical binomial expansion
provides a robust approach for calculating deuterium levels™
that is less prone to being offset by weak signal, spectral artifacts,
and overlap of unrelated peptides.”***>*%*° Even for a very clean
spectrum of a peptide that is undergoing only EX2 kinetics, the
isotopic distributions can reveal information about the fraction
of amides in the peptide that have yet to exchange, which can aid
in the analysis of overlapping peptides for improving spatial
resolution.”’ For these reasons, a theoretical fitting approach has
been increasingly incorporated within many HDX-MS software
algorithms ¥/76+650=652,655,660,661

Fitting the deuterated isotopic profiles to theoretical
distributions also offers a robust approach for analyzing and
resolving when multiple conformers (species) are present. Using
ideas developed very early in HDX-MS (e.g., refs 662—664),
including some primarily used for pulsed-labeling experiments,
fitting a wide isotopic mass envelope to two distributions makes
it possible to deconvolute the individual components within the
spectra (Figure 49). To prevent overfitting, most algorithms first
attempt to fit the deuterated mass envelope using a single
distribution, and when that fails, they implement multiple
distributions. For example, deMix uses a complex fitting
algorithm if it suspects the data is inconsistent with a single
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Figure 49. Deconvolution of multiple isotopic distributions using
deMix. Isotopic distributions for three deuterium exchange time points
are shown. The distributions could not be fit to a single distribution and
thus were fit using two species (red and blue dashed lines). The w term
in the inset shows the relative intensities of each species used in the fits.

Figure adapted from ref 41.

isotopic distribution.*" Bimodal isotopic profiles can arise from
EX1 kinetics, a mixture of EX1 and EX2 kinetics, or from a
conformationally heterogeneous sample (outlined in section
1.2).°%% By extracting information on the deuterium levels and
relative intensities of both populations, it is possible to
characterize the biological origin of the bimodal spectrum as
well as any associated kinetic parameters. As noted earlier, it is
also important to stress that bimodal spectra may arise from
experimental artifacts, most notably from sample carry-
over, ”>'7>"® yhich can result in variable proportions of a
low deuterated species. Therefore, appropriate controls should
be included in data sets where bimodal analysis is to be
implemented and interpreted.

5.4. Improving Spatial Resolution

Because the proteases for HDX-MS are relatively nonspecific, it
is very common to obtain overlapping peptides that cover
similar regions. Using several proteases in addition to or in
combination with pepsin allows for even larger sets of peptides
that not only improves coverage and redundancy but can also be
used to calculate higher spatial resolution. Through a subtractive
approach, higher resolution data can be gleaned from the
combination of deuterium uptake across different sets of
overlapping peptides. In the simplest case, if two peptides
share a common starting or ending residue, the difference in
deuteration level used to resolve the exchange at the overlapping
region.5%566

More elaborate algorithms have since been developed that
segmentally analyze portions of any overlapped peptides to
calculate spatially resolved deuterium uptake.*"®"!9%40%667
Bayesian models can account for uncertainties generated from
overlapping peptides and experimental error by using residues-
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resolved exchange rates to simultaneously fit data from multiple

samples in the HDX experiment.”*® Another program, HR-

HDXMS generates a “stability fingerprint” at the single amide

level using thermodynamics and information from overlapping
: . 668 (i .

peptides to improve resolution®® (Figure S0). Skinner et al.
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Figure 50. HR-HDXMS uses a combination of overlapping peptides
broken down into subfragments to estimate the thermodynamic
properties with high spatial resolution, revealing a predicted stability
fingerprint across the protein sequence. Figure adapted from ref 668.

introduced an approach to prediction and clustering of the most
likely pattern of protection factors derived from all overlapping
peptides.””” A recently established online Web server,
HDXmodeller, uses a similar approach to improve HDX data
spatial resolution from peptide-level deuterium uptake data.””’

With all approaches, the fitting of each amide’s exchange rate
can be uncertain as the data is often insufficient to effectively
restrict the fitting to a single confident solution. Both broad
temporal sampling of the exchange kinetics and a large number
of peptides with diverse overall coverage are needed to constrain
the number of potential solutions and provide single residue or
near-single residue exchange information. It is not just peptide
redundancy but the overall peptide distribution throughout the
sequence that has a big impact on constraining the fitting to a
unique solution that is capable of accurately reporting amide-
level exchange.670 For this reason, several groups utilize a
combination of proteases to generate more diverse peptides for
calculating residue-level HDX rates."”>%*”%*® Many of the
algorithms necessitate critical assumptions; for example, most
assume that all peptide exchange will follow pure EX2 kinetics.
Some assume that the first two amino acids in a given peptide
will not retain deuterium for HDX-MS, which is not always the
case.” Incorporation of the shape of the isotopic distribution
across all time points can further help refine spatial resolution
and alleviates the need to assume all exchange data follows strict
EX2 kinetics.”**°°" One remaining caveat to these subtractive
analyses is that the levels of back-exchange can vary drastically
and unpredictably, even for closely related peptides due to
residual secondary structure and column interactions durin
LC-MS, which can offset the accuracy of subtractive analysis.’*
The recent advances in subzero temperature LC-MS, which
achieve very low levels of back-exchange, could drastically
mitigate this source of uncertainty for subtractive analyses (see
section 2.3.3).

Another approach for increased spatial resolution has been
the incorporation of tandem mass spectrometry without
inducing deuterium scrambling (see section 2.6). Analysis of
ETD or ECD coupled HDX-MS/MS data is now supported on
some software platforms including EXMS2,°** HDX-Work-
bench,°*® HD Examiner (Sierra Analytics), and DynamX
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(Waters). Software tools have also been developed to aid with
top-down HDX-MS analysis such as HDX Match.’®® The ability
of software to analyze deuteration in all resolved c¢/z ions greatly
reduces the time required for a thorough analysis of MS/MS-
enabled HDX-MS data.

5.5. Data Interpretation and Visualization

With the inherent need to rigorously apply statistical analyses to
HDX-MS data sets, several tools have been developed that
provide postprocessing options. The direct output from a
bottom-up HDX-MS experiment is a deuterium uptake plot for
each peptide analyzed. Because data sets can encompass
hundreds of peptides, researchers have employed new visual-
ization options for illustrating elaborate HDX-MS data sets. One
of the earliest tools was to summarize the deuterium uptake in
the form of a heat map.””' The exchange levels for various
peptides are plotted using a color gradient across the sequence of
the protein to comprehensively show data across all time points
and reveal which regions of the sequence are protected’’”
(Figure S1).
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Figure 51. Heat maps show deuterium uptake represented by different
colors for each peptide across the primary sequence of the protein. Each
bar shows the data for different time points, and the upper and lower set
of bars represent two conditions of the protein. Reproduced with
permission from ref 672. Copyright 2011 Elsevier.

Another illustration to view comparative HDX-MS data sets is
the use of a butterfly plot (or mirror plot as it is sometimes
called), which shows deuterium uptake of all features
simultaneously for a comparative HDX-MS data set (Figure
52A).””” Multiple time points can be plotted on the same graph,
which allows for the tracking of changes that occur on the entire
time scale of the experiment. Each side of the “mirror” will depict
the experimental time course of a given protein sample. While
subtle changes might be tough to detect on a traditional butterfly
plot, plotting the differences (“difference plot”) allows for a
more direct visualization of the areas and time points of
difference on a given protein (Figure 52B). Butterfly plots are an
easy way to compress all the exchange data (all time points) for
two conditions into a small figure that nicely illustrates where
any changes occur. A notable drawback is that a butterfly plot
does not include information about the peptide’s location in the
protein sequence, and it is often hard to see where coverage is
lacking.
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Figure 52. Butterfly plots are used to compare two HDX experimental
data sets. (A) The fraction deuterium uptake is plotted for all time
points for all observable peptides for one protein sample (positive y-
axis) and mirrored with another (negative y-axis). (B) The
corresponding difference plot shows the subtracted result of the two
data sets across all peptides and time points, revealing where changes
are occurring. Reproduced with permission from ref 577. Copyright
2011 Elsevier.

Woods plots offer another option for depiction of large
comparative data set. Peptides are depicted as horizontal bars
showing their positions and lengths across the sequence. The
positions on the y-axis reveal the difference in deuterium uptake
between the two HDX-MS data sets.'”® The Woods plot is
notably strong at revealing information on coverage, level of
deuteration, and peptide redundancy (Figure 53). If statistically
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Figure 53. HDX-MS studies of the transporter XylE. Effects of
mutation on the exchange of XylE are plotted on the crystal structure
(left). Woods plots show differences in the exchange between WT and
mutant for all peptides (right). Regions becoming destabilized (red)
and stabilized (blue) in the mutant are plotted according to their
difference in deuterium uptake. Figure adapted from ref 478.

relevant cutoffs are known, they can be depicted on the plot to
make the visualization more robust. The Woods plots are similar
to the difference plots used for butterfly plots but also include
information about peptide length and position. As a drawback,
information on uptake is generally limited to a single time point,
so full data sets may require several plots to encompass all of the
data.
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Often HDX-MS analyses will make elaborate sets of
comparisons between more than two states of a proteins (e.g.,
mutations, different ligands). Chiclet plots have been introduced
to comprehensively compare HDX-MS data across a protein
among more than two different protein states.****”*~" Colors,
usually in gradients, are used to show ranges of difference
between two states for each peptide at each time point (Figure
54). One major advantage of chiclets is the ability to easily and
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Figure 54. HDX-MS comparisons of Escherichia coli DinB polymerase
represented by Chiclet plots. Differences are shown between free
polymerase (E), the pol-DNA complex (ED), and the ternary pol-
DNA-dNTP complex (EDN) with either the correct or incorrect
dNTP. Comparisons for each peptide at each time point across different
comparative sets are shown in the plots with coloring from more
exposed (red) to no difference (gray) to more protected (blue). Areas
with missing data are shown in white. Figure adapted from Nevin et
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quickly see differences and make comparisons across very large
data sets (e.g,””#*’%*”7). A drawback of chiclet plots is the
inability to see the actual extent of exchange for each peptide.
If a high-resolution structure is available, then a common
approach for illustration and interpretation of the data is to show
the changes in HDX-MS patterns across the structures (example
shown in Figure 53). There are now several software tools for
depiction of HDX-MS results on 3D protein structures,
including web-based applications such as HX-Tools,*”*
MEMHDX,””® and most recently HDX-Viewer,””* which accept
direct outputs from commercial HDX-MS software. With the
need for more rigorous analysis, several groups have developed
postprocessing software to provide visualization and statistical
analysis that general workflows might not offer. For example,
Deuteros 2.0, DECA, HaDeX, and HD-eXplosion are designed
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to function primarily with Waters’ DynamX data format®*~*?

but offer some flexibility. With these tools, data have already
been extracted, fitted, and the resulting calculated deuterium
outputs used as input for the programs to do statistical analyses
or create visualization in various formats.

As one of the main applications of HDX-MS is comparative
analysis, it is important to establish statistical metrics for
assigning when differences are real or where two samples can be
confidently deemed to be equivalent. Individual and global
confidence intervals have been deployed to test significance
between HDX-MS data sets (e.g, refs 185,577,597, and 684).
However, the error intervals estimated for these approaches do
not account for type I or II error when evaluating significance. A
hybrid approach introduced by Hageman et al. relies on replicate
error to test reliability while also considering the magnitude of
the difference in deuterium uptake to evaluate plausibility.’*®
The resulting “volcano plots” are 2-D scatterplots, with each
point representing a time point of a particular peptide. The
change in deuterium uptake is plotted against a p-value (y-axis)
measured from replicates, with dashed boxes revealing
significance cutoffs (Figure S5). By including a second criteria
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Figure 55. Examples of a volcano plots generated using Deuteros 2.0.
The difference between two states of a protein are shown for all
peptides and each time point. The x and y axis show the differences in
deuterium uptake (ADU) and the p value, respectively. Quadrants that
reflect statistically significant differences in exchange are shown in blue
and red. Figure adapted from ref 680.

based on the difference in deuterium uptake on the x-axis, the
relative magnitude of the change in uptake is considered for
plausibility to determine potential significance. While the
relative location on the protein sequence of the peptide is not
shown, volcano plots offer a rapid means of detecting significant
changes in deuterium uptake across all the peptides in the data
set. Weis recently described the appropriate approaches for error
propagation when processing HDX-MS data sets to evaluate
statistically relevant differences for comparative data sets.”*

In terms of structural interpretation, there remains a
limitation to deriving concrete 3-D structural information
from HDX-MS data (i.e., exact details about atomic positions
akin to NMR, crystallography, or cryoEM). While the
predominant determinants of amide exchange are well-
established, there is still an incomplete understanding of all
the factors that contribute to observed amide exchange
kinetics.”>**”**¢ Using HDX-MS in conjunction with molecular
dynamics (MD) simulations has been a promising approach for
acquiring more structural insight from HDX-MS. Vast
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ensembles of predicted structures or models can be validated by
comparison to experimental HDX-MS profiles.”*~*" Over the
years, several tools have been developed for predicting HDX-MS
properties from structures””*”> to expand the information
content of HDX-MS studies for structural modeling,‘”'4 more
: . . 428,693
accurate modeling of interaction surfaces, or under-
standing allosteric networks,””* even for complex systems such
. 695,696

as membrane proteins. From these recent trends, we
expect that MD and other structural computational approaches
will play a more prevalent role in both the analysis and structural
interpretation of HDX-MS data.’””

6. CONCLUSIONS

What was once a highly specialized tool for studying simple
proteins is firmly entrenched some 30 years after it was initially
described. HDX-MS is now a widespread and commercialized
tool that is routinely used to analyze some of the most complex
protein systems, including membrane proteins, glycoproteins,
and intrinsically disordered proteins. Over the past three
decades, HDX-MS has revealed critical insight into protein
dynamics, folding pathways, and ligand interactions, with new
uses continually emerging that have expanded the utility of
HDX-MS into applications even beyond proteins. Advances in
sampling technology and software have streamlined HDX data
analysis, making the study of giant molecular complexes feasible.
At the same time, the increased accessibility of high-resolution
mass spectrometers and commercial options for HDX-MS have
lowered the barrier to entry for new users to apply HDX-MS to
more diverse systems. With the increasing accessibility to
electron-based fragmentation approaches and continued soft-
ware advances, single residue resolution HDX-MS may become
routine. Continued improvements in separation technologies
and mass spectrometry sensitivity will undoubtably propel
HDX-MS to address even more sophisticated and exciting
biological questions to the point where studying protein
dynamics and interactions within living cells might be possible
by HDX-MS.
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ABBREVIATIONS

CD = circular dichroism

CE = capillary electrophoresis

CID = collision induced dissociation
DDA = data-dependent acquisition
DDM = dodecyl -p-maltopyranoside
DIA = data-independent acquisition

DM = decyl f-p-maltopyranoside
DMSO = dimethyl sulfoxide

ECD = electron capture dissociation
ECR = electrochemical reduction cell
EM = electron microscopy

ESI = electrospray ionization

ETD = electron transfer dissociation

FT = Fourier transform

HDX = hydrogen/deuterium exchange
HILIC = hydrophilic interaction chromatography
IDP = intrinsically disordered protein
IDR = intrinsically disordered region
IER = internal exchange reporter

IM = ion mobility

IgG = immunoglobulin gamma

LC = liquid chromatography

LMNG = lauryl maltose neopentyl glycol
mAb = monoclonal antibody

MALDI = matrix assisted laser desorption ionization
MS = mass spectrometry

NeplI = nepenthesin II protease

NMR = nuclear magnetic resonance
PEEK = polyether ether ketone

PF = protection factor

PNGase = peptide N-glycanase

PTM = post-translational modification
Q-TOF = quadrupole time-of-flight
SAXS = small-angle X-ray scattering
ssHDX = solid-state HDX

TCEP = tris-carboxyethyl phosphine
TEA = triethanolamine

TFE = trifluoroethanol

TRESI = time-resolved electrospray ionization
UPLC = ultrahigh pressure liquid chromatography
UVPD = ultraviolet photodissociation
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