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Abstract

Hydrogen/deuterium exchange (HDX) combined with mass spectrometry (MS) detection has
matured in recent years to become a powerful tool in structural biology and biophysics. Several
limitations of this technique can and will be addressed by tapping into ever expanding arsenal of
methods to manipulate ions in the gas phase offered by mass spectrometry.
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Introduction: HDX MS in the context of structural proteomics

The spectacular successes of proteomics and bioinformatics in the past decade have resulted
in an explosive growth of information on the composition of complex networks of proteins
interacting at the cellular level and beyond. However, a simple inventory of interacting proteins
is insufficient for understanding how the components of sophisticated biological machinery
work together. Protein interactions with each other, small ligands and other biopolymers are
governed by their higher order structure, whose determination on a genome scale is a focus of
structural proteomics. Realization that “the structures of individual macromolecules are often
uninformative about function if taken out of context™? is shifting the focus of the inquiry from
comprehensive characterization of individual protein structures to structural analysis of protein
complexes.

X-ray crystallography remains the mainstay in this field, and high resolution structures of
proteins and protein complexes often provide important clues as to how they carry out their
diverse functions in vivo. However, individual proteins are not static objects, and their behavior
cannot be adequately described based solely on information derived from static snapshots and
without taking into consideration their dynamic character.2 Conformation and dynamics of
small proteins can be probed at high spatial resolution on a variety of time scales using NMR
spectroscopy; however, rather unforgiving molecular weight limitations make this technique
less suited for the studies of larger proteins and protein complexes.
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Mass spectrometry (MS) is playing an increasingly visible role in this field, as it can provide
information on protein dynamics on a variety of levels, ranging from interactions with their
physiological partners by forming dynamic assemblies® to large-scale conformational
transitions within individual subunits.4 Perhaps one of the most powerful MS-based tools to
characterize protein conformation and dynamics is HDX MS, a technique that combined
hydrogen/deuterium exchange in solution5 with MS detection of the progress of exchange
reactions.6 This technique is certainly not new,” and in fact already made lasting impact in
diverse fields ranging from structural proteomics® to analysis of biopharmaceutical products.
9 Nevertheless, HDX MS methodology is still in a phase where dramatic progress is made, fed
by the continued expansion of the experimental armamentarium offered by MS. In particular,
better integration of new methods of manipulating ions in the gas phase into HDX MS routine
is likely to result in truly transformative changes. This sea change in HDX MS methodology
will transform it to a potent tool rivaling NMR in terms of resolution, but without suffering the
limitations of this technique.

What information can be deduced from HDX MS measurements? The classic
“bottom-up” approach, its challenges and limitations

While the concept of HDX experiment may appear rather transparent (Figure 1), interpretation
of the results is usually not. The backbone protection measured in a typical HDX MS
experiment is acombination of several factors, as the exchange reaction of each labile hydrogen
atom is a convolution of two processes.® The first is a protein motion that makes a particular
hydrogen atom exposed to solvent and therefore available for the exchange. This could be a
small-scale event, such as relatively frequent local structural fluctuations transiently exposing
hydrogen atoms residing close to the protein surface, or a rare global unfolding event exposing
atoms sequestered from the solvent in the protein core. The second process is a chemical
reaction of exchanging the unprotected labile hydrogen atom with the solvent. The kinetics of
this reaction (intrinsic exchange rate) strongly depends on solution temperature and pH (with
aminimum at pH 2.5-3 for backbone amides), parameters that obviously have a great influence
on the protein dynamics as well.

Since the majority of HDX MS studies target protein dynamics under near-native conditions,
the experiments are typically carried out at physiological pH, where the progress of the
exchange is followed by monitoring the protein mass change. The direct infusion scheme offers
the simplest way to carry out such measurements, either in real time7 or by using on-line rapid
mixing.10 However, in many cases these straightforward approaches cannot be used, as they
limit the choice of exchange buffer systems to those compatible with electrospray ionization
(ESI). Toavoid this, HDX can be carried out in any suitable buffer followed by rapid quenching
(lowering pH to 2.5-3 and temperature to near 0°C). Dramatic deceleration of the intrinsic
exchange rate for backbone amides under these conditions allows the protein solution to be
de-salted prior to MS analysis. Additionally, the slow exchange conditions denature most
proteins, resulting in facile removal of various binding partners, ranging from small ligands to
receptors (their binding to the protein of interest inevitably complicates the HDX MS data
interpretation by making accurate mass measurements in the gas phase less straightforward).

An example of such experiments is shown in Figure 2, where HDX is used to probe the higher
order structure and conformational dynamics of metal transporter transferrin (Fe,Tf) alone and
in the receptor-bound form. Both Tf-metal and Tf-receptor complexes dissociate under the
slow exchange conditions prior to MS analysis; therefore, the protein mass evolution in each
case reflects solely deuterium uptake in the course of exchange in solution. The extra protection
afforded by the receptor binding to Tf persists over an extended period of time, and it may be
tempting to assign it to shielding of labile hydrogen atoms at the protein-receptor interface.
However, this view is overly simplistic, as the conformational effects of protein binding are
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frequently felt well beyond the interface region. The difference in the backbone protection
levels of receptor-free and receptor-bound forms of Fe, Tf appears to grow during the initial
hour of the exchange (Figure 2), reflecting significant stabilization of Fe,Tf higher order
structure by the receptor binding. Indeed, while the fast phase of HDX is typically ascribed to
frequent local fluctuations (transient perturbations of higher order structure) affecting
relatively small protein segments, the slower phases of HDX usually reflect relatively rare,
large-scale conformational transitions (transient partial or complete unfolding). This is why
global HDX MS measurements similar to those presented in Figure 2 are can be used to obtain
quantitative thermodynamic characteristics for protein interaction with a variety of ligands,
ranging from metal ions! and small organic molecules 12 to other proteins!? and
oligonucleotides.14

While global HDX MS measurements under near-native conditions provide valuable
thermodynamic information on proteins and their interaction with binding partners, structural
studies (e.g., localizing the changes in Tf that occur as a result of receptor binding) must rely
on the knowledge of exchange kinetics at the local level. This is typically accomplished by
carrying out proteolysis under the slow exchange conditions following the quench of HDX.®
Here we will refer to this approach as “bottom-up” HDX MS, by drawing analogy to a bottom-
up approach to obtain sequence information.1® An example is shown in Figure 3, where
Fe,Tf undergoes exchange in solution in the absence and in the presence of the receptor,
followed by rapid quenching of HDX reactions, protein reduction and digestion with pepsin
and LC/MS analysis of the deuterium content of individual proteolytic peptides.

Evolution of deuterium content of various peptic fragments in Figure 3 reveals a wide spectrum
of protection, which is clearly distributed very unevenly across the protein sequence. While
some peptides exhibit nearly complete protection of backbone amides (e.g., segment [396-408]
sequestered in the core of the protein C-lobe), exchange in some other segments is fast (e.g.,
peptide [612-621] in the solvent-exposed loop of the C-lobe). The influence of the receptor
binding on the backbone protection is also highly localized. While many segments appear to
be unaffected by the receptor binding, there are a few regions where exchange kinetics
noticeably decelerates (e.g., segment [71-81] of the N-lobe, which contains several amino acid
residues that form Tf/receptor interface according to the available model of the complex based
on low-resolution cryo-EM datal6).

Although the increased protection of backbone amides proximal to the protein/receptor binding
interface is hardly surprising, HDX MS data also reveal a less trivial trend, acceleration of
exchange kinetics in some segments of the protein as a result of receptor binding (such behavior
is illustrated in Figure 3 with segment [113-134], a part of the N-lobe that is distal to the
receptor). Therefore, in addition to mapping binding interface regions, HDX MS also provides
ameans to localize the protein segments that are affected by the binding indirectly via allosteric
mechanisms. However, this example also highlights one of the limitations of HDX MS, namely
inadequate spatial resolution. This peptic fragment spans several distinct regions of the protein
(an a-helical segment, a p-strand, and two loops). The moderate level of protection observed
in this segment in the absence of the receptor binding (fast exchange of three protons followed
by slow exchange of the rest) is likely to be a result of averaging out very uneven protection
patterns across this peptide. Even smaller peptides may comprise two or more distinct structural
elements, such as segment [71-81] spanning three distinct regions of the protein (an a-helical
segment, a -strand, and a loop connecting them).

In some favorable cases spatial resolution in HDX MS of small proteins (<15 kDa) may be
enhanced up to a single residue level by analyzing deuterium content of a set of overlapping
proteolytic fragments.1” However, single-residue resolution has never been demonstrated in
HDX MS studies of proteins falling out of the mass range routinely accessible by NMR,
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although overlapping peptic fragments frequently provide moderate improvement of spatial
resolution.

In addition to limited spatial resolution, the “classic” HDX MS scheme frequently suffers from
incomplete sequence coverage, especially when applied to larger and extensively glycosylated
proteins. Proteins with multiple disulfide bonds constitute another class of targets for which
adequate sequence coverage is difficult to achieve, although certain changes in experimental
protocol can alleviate this problem, at least for smaller proteins.1® Typically, an 80% level of
sequence coverage is considered good, although significantly lower levels may also be
adequate, depending on the context of the study.

Protein processing in HDX MS experiments is carried out under the conditions that minimize
the exchange rates for backbone amides. Since these slow exchange conditions are highly
denaturing for most proteins, both intact protein and its proteolytic fragments lack any
protection and inevitably begin to lose their labile isotopic labels, despite low (but finite)
intrinsic exchange rates.1® This phenomenon, known as “back-exchange,” may be accelerated
during various stages of protein processing, e.g. during the chromatographic step.2? Although
back-exchange was frequently evaluated in early HDX MS studies using unstructured model
peptides, the utility of this procedure is questionable, since the intrinsic exchange rates are
highly sequence-dependent. In many instances, back-exchange may be estimated using
algorithms based on context-specific kinetics data (e.g.,
http://hx2.med.upenn.edu/download.html); it may also be determined experimentally for each
proteolytic fragment by processing a fully labeled protein using a series of steps that precisely
reproduce those used in HDX MS measurements.® Typical back-exchange levels reported in
recent literature range from 10% to 50%, although significantly higher numbers have also been
reported. Even if back-exchange can be accounted for, it nonetheless has very detrimental
influence on the quality of HDX MS measurements by reducing the available dynamic range.

Finally, the classic HDX MS scheme is poorly suited for measurements that are carried out
under conditions favoring correlated exchange, when HDX kinetics follows the so-called EX1
regime, leading to appearance of bimodal and convoluted multi-modal isotopic distributions
of protein ions.2! Carrying out HDX MS measurements under these conditions provides a
unique opportunity to visualize and characterize distinct conformational states, which can be
populated either transientlyl9 or at equilibrium.22 The distinction among such states can be
made based on the differences in their deuterium contents. However, proteolysis in solution
almost always leads to a loss of correlation between the deuterium content of fragment peptides
and specific conformers with distinct levels of backbone protection. Therefore, the classic HDX
MS scheme does not allow protein higher order structure and dynamics to be characterized in
a conformer-specific fashion.

“Top-down” HDX MS: tandem MS allows protein structure to be probed in the
conformer-specific fashion but raises the specter of hydrogen scrambling

The problem of characterizing protein conformation and dynamics in a conformer-specific
fashion can be addressed using methods of tandem mass spectrometry (the so-called “top-
down” HDX MS). Indeed, replacement of proteolysis in solution with protein ion
fragmentation in the gas phase following mass selection of precursor ions provides a means to
obtain fragment ions originating from a particular conformer with a specific level of deuterium
incorporation. Deuterium content of fragment ions would then provide a measure of local
protection patterns, assuming there is no internal re-arrangement of labile hydrogen and
deuterium atoms during ion activation (vide infra). Although the idea to use polypeptide ion
dissociation in the gas phase as an alternative to proteolysis was originally proposed in early
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1990s,23 its implementation for proteins only became possible2* following dramatic
improvements in FTMS and hybrid TOF analyzers in the late 1990s.

An example of conformer-specific characterization of protein higher order structure using a
top-down HDX MS approach is illustrated in Figure 4. The isotopic profile of a fully deuterated
18 kDa protein wt*-CRABPI is recorded following its brief exposure to the 1H-based exchange
buffer. The bimodal appearance of the isotopic distribution of the molecular ion (top trace in
Figure 4A) clearly indicates the presence of at least two conformers with different levels of
backbone protection. Collisional activation of the entire protein ion population generates a set
of fragment ions with convoluted isotopic distributions (top trace in Figure 4B). However,
mass selection of precursor ions with a specific level of deuterium content allows the top-down
HDX MS measurements to be carried out in a conformation-specific fashion, taking full
advantage of the HDX MS ability to detect distinct conformers. For example, selective
fragmentation of protein ions representing a highly protected conformation is achieved by
mass-selecting a narrow population of intact protein ions with high level of retained deuterium
(the blue trace in Figure 4A). Mass-selection and subsequent fragmentation of a narrow
population of protein ions with significantly lower deuterium content (the red trace in Figure
4A) generates a set of fragment ions whose isotopic distributions provide information on
backbone protection within non-native protein states. For example, the data presented in Figure
4 clearly indicate that the C-terminal segment of the protein represented by the y;172* ions
retains significant structure even within the partially unfolded conformers: the amount of
retained deuterium atoms reduces by only 30% as a result of switching from the precursor ion
from highly protected (blue) to less protected (red). At the same time, selection of the precursor
ion has a much more dramatic effect on the protection levels exhibited by the N-terminal
segment (represented by the by»°* ion), where more than a two-fold decrease in the amount of
retained deuterium atoms is observed. Extending this analysis to other protein fragments may
allow detailed backbone protection maps to be created for each protein conformer, provided
there is no hydrogen scrambling prior to protein ion fragmentation (vide infra).

The example shown above illustrates a great promise of top-down HDX MS as a technique
uniquely capable of probing structure and dynamics of populations of protein conformers
coexisting in solution with high selectivity. Furthermore, this approach often allows one to
avoid protein handling under the slow exchange conditions prior to MS analysis, thereby
eliminating back-exchange as a factor adversely influencing the quality of measurements.
Nonetheless, applications of top-down HDX MS have been limited due to concerns over the
possibility of hydrogen scrambling accompanying collision-activated dissociation (CAD) of
protein ions. Indeed, several reports pointed out that proton mobility in the gas phase may under
certain conditions influence the outcome of top-down HDX MS measurements when CAD is
employed to fragment protein ions.25 26

The occurrence (or the absence) of hydrogen scrambling in the gas phase can be reliably
detected by using built-in scrambling indicators. One particularly convenient indicator is a
Histag, a 6-30 residues long, histidine-rich segment appended to wild-type sequences to
facilitate protein purification on metal affinity columns. Such segments are fully unstructured
in solution and, therefore, should lack any backbone protection.2” Alternatively, intrinsic
scrambling indicators (e.g., internal flexible loops26), as well as other approaches2 can be
used to detect occurrence of scrambling. The available experimental evidence suggests that
slow protein ion activation (e.g., SORI CAD) always leads to hydrogen scrambling, while fast
activation allows it to be minimized or eliminated in top-down HDX MS experiments.26

Another shortcoming of top-down HDX MS schemes utilizing CAD is the limited extent of
protein ion fragmentation, which may lead to sizeable gaps in sequence coverage, particularly
for larger proteins,28 and insufficient level of spatial resolution (even for smaller proteins29).
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Our earlier attempts to solve this problem by employing multi-stage CAD (MS") were
unsuccessful due to massive hydrogen scrambling exhibited by the second generation of
fragments.

Electron-induced ion fragmentation in top-down schemes: keeping hydrogen
scrambling at bay while enhancing sequence coverage and spatial resolution

Some time ago we suggested that the specter of hydrogen scrambling in top-down HDX MS
measurements may be alleviated by using non-ergodic fragmentation processes, where
dissociation is induced by ion-electron interaction, rather than collisional activation.3 Indeed,
the results of earlier work combining hydrogen exchange of polypeptide ions in the gas phase
and electron capture dissociation (ECD) were consistent with the notion of intramolecular
rearrangement of hydrogen atoms occurring on a slower time scale compared to ion
dissociation.3 A recent study demonstrated that the extent of scrambling was indeed negligible
when ECD was used as a means to obtain fragment ions in top-down HDX MS characterization
of a small protein ubiquitin.32

Our own recent work suggests that hydrogen scrambling can be avoided when top-down HDX
MS employs ECD in characterizing higher order structure of larger proteins (approaching 20
kDa), although experimental conditions must be carefully controlled to minimize proton
mobility induced by ion-molecule collisions in the ESI interface. The point in question is
illustrated in Figure 5, which shows the results of top-down HDX MS analysis of higher order
structure of wt*-CRABP I. The protein retains a significant proportion of labile deuterium label
following its complete deuteration and then brief exposure to the 1H-based exchange buffer,
as indicated by the isotopic distribution of the surviving molecular ions (red and blue traces in
Figure 5A). However, the deuterium content of fragment ions derived from the 21-residue long
His-tag region of the protein (e.g., Cy; in Figure 5B) is indistinguishable from that of the
exchange reaction endpoint, as long as moderate ion desolvation conditions are kept in the ESI
interface. This clearly signals that hydrogen scrambling does not affect the outcome of local
HDX MS measurements. However, once collision-assisted desolvation of protein ions is
attempted in the ESI interface, the appearance of isotopic distributions of larger fragment ions
derived from the His-tag region (e.g., Cyp, red trace in Figure 5B) shifts, indicating apparent
deuterium retention and signaling the occurrence of limited hydrogen scrambling. We also
demonstrated that deuterium distribution across the protein backbone is preserved when
another recently introduced fragmentation technique based on cation-electron interactions,
electron transfer dissociation (ETD), is used in top-down HDX MS schemes.33

In addition to allowing scrambling to be easily eliminated in top-down HDX MS experiments,
both ECD and ETD appear to be superior to CAD in terms of sequence coverage, at least for
the proteins in the 20 kDa range. Unlike CAD, protein backbone cleavage in ECD and ETD is
less specific,34 leading to a higher number of fragment ions. This translates not only to
improved sequence coverage, but also enhanced spatial resolution. Indeed, in some cases it
becomes possible to generate patterns of deuterium distribution across the protein backbone
down to the single residue level.

One example of such work is shown in Figure 6, where ETD was used as a protein ion
fragmentation tool in top-down HDX MS characterization of a 16 kDa variant of CRABP I.
The bar graph shows the levels of deuterium retention in a series of c-ions derived from the N-
terminal segment of the protein. The bar height at position n in this diagram shows mass
difference between two c,.1 fragments, one derived from the fully deuterated protein that was
exposed to the protiated exchange buffer at pH 7 for 5 min and then placed under the slow
exchange conditions for the duration of the data acquisition cycle, and another one representing
the HDX endpoint (raw data for bars at n=14 and 35 are shown in Figure 7). Unchanged height
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between two adjacent bars at residues n and n+1 indicates no difference in deuterium content
of cp.1 and c,, fragments, signaling no backbone amide deuterium retention at residue n+1,
while bar height increase by one unit indicates complete retention of deuterium at the nt" amide.

The resulting backbone protection pattern in Figure 6 shows clear correlation with the known
higher order structure of the protein (the amino acid sequence and the secondary structure
assignment are shown at the top of the graph). Furthermore, the diagram clearly shows uneven
distribution of backbone protection even within single structural elements (e.g., lower
protection at the fringes vs. the middle of helix al), as well as unequal protection of similar
structural elements participating in the same structural motif (e.g., lower protection of helix
a2 vs. helix al, consistent with the available NMR data). A comparable level of spatial
resolution can be achieved with ECD, as shown recently in top-down HDX MS analysis of
higher order structure of myoglobin.3®

The ability to characterize protein conformation and dynamics at the single residue level is
certainly very exciting; however, it comes at a price. Since the protein fragmentation is carried
out entirely in the gas phase, no fragment separation can be done prior to mass analysis. A
large number of fragment ions with different masses and charges are usually confined to a
relatively narrow m/z region, leading to inevitable overlaps of fragment ion isotopic
distributions (Figure 7). This places rather stringent requirements on the resolving power of
the mass analyzer, effectively narrowing the selection of mass spectrometers suitable for this
work to FTMS.

Meeting in the middle: integration of top-down strategies into bottom-up HDX
MS schemes

The top-down approach to HDX MS measurements clearly shows a promise to solve many
problems that mar the commonly employed bottom-up methodology. The fragmentation
efficiency afforded by ECD and ETD provides better spatial resolution, at least for proteins in
the 20 kDa range, and this number is likely to grow as there are numerous examples of
successful use of these fragmentation techniques to obtain sequence information on
significantly larger proteins.38 Unlike the classic bottom-up approach, top-down HDX MS
provides an elegant solution to the problem of characterizing higher order structure and
dynamics in a conformer-specific fashion (see Figure 4 and discussion in the text). Finally,
back-exchange can be eliminated, as outsourcing protein fragmentation to the gas phase often
eliminates the need to manipulate the protein in solution under the slow exchange conditions
prior to MS analysis.

The top-down/bottom-up dichotomy in HDX MS should not be viewed through the “eitheror”
prism. In fact, gas phase fragmentation can enhance the quality of HDX MS data derived from
experiments that are built around the bottom-up approach. The suggestion to supplement
proteolysis in solution with peptide ion fragmentation in the gas phase to achieve better spatial
resolution was made over 10 years ago.3” However, earlier attempts to implement this idea
using CAD on a variety of platforms yielded mixed results due to apparent scrambling in some
(but not all) fragment ions.3”» 38 Later reports showed even more extensive scrambling in small
peptide ions subjected to collisional activation,39 an obvious anathema to the proposed
marriage of CAD and bottom-up HDX MS. Nonetheless, continued search for a scrambling-
free solution to this problem has yielded very encouraging results, with both ECD and ETD
showing minimal scrambling when applied to short peptides under carefully controlled
conditions40+ 41 and feasibility of supplementing proteolytic fragmentation in solution with
ETD in the gas phase was recently demonstrated using a small model protein.#2 Although these
initial steps are relatively modest, they certainly warrant further work in this field.
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The two complementary approaches to HDX MS measurements share a set of common
challenges that inevitably arise as these techniques gain popularity and the scope of their
applications expands. One such challenge is presented by membrane proteins, a notoriously
difficult class of biological objects. HDX MS has been shown to have a great potential in this
field.*3 Interestingly, some initial work in this field was done nearly ten years ago using then-
infant top-down HDX MS technique,** while more recent work in this field utilizes both
bottomup?8 and top-down“> approaches. Another challenge faced by HDX MS is presented
by highly heterogeneous proteins, such as proteins conjugated to other biopolymers and/or
synthetic polymers, which constitute a significant fraction of the next generation of
biopharmaceuticals. Presently, there are no biophysical techniques capable of characterizing
conformation and dynamics of these systems, and there is an urgent need to fill this gap. Finally,
nearly all HDX MS work reported to date was carried out in vitro under conditions that some
regard as “reductionist.” Although initial HDX work with living objects was carried out over
75 years ago, %6 as the years passed only one report on in vivo HDX MS studies was published.
47 As mass spectrometry at large is being increasingly used in both in vivo and ex vivo studies,
there is a growing pressure on HDX MS to follow the trend, although it remains to be seen
how this will be done.

It probably is not an exaggeration to say that we are witnessing a renaissance of HDX MS,
with the emergence of the top-down approach not only expanding our experimental arsenal by
offering new capabilities, but also serving as a catalyst in enhancing the classic bottom-up
methodology. The two techniques are highly complementary, and their synergism will certainly
bring about new exciting discoveries and accelerate our progress in solving a variety of
problems ranging from very fundamental questions in biophysics to applied problems in drug
design.
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Figure 1.
Schematic representation of HDX MS experiments: bottom-up (A) and top-down (B) HDX
MS.
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Figure 2.

HDX MS of Fe,Tf in the presence (blue) and the absence (red) of the cognate receptor. The
exchange was carried out by diluting the protein stock solution 1:10 in exchange solution (100
mM NH4HCOj3 in D,0, pH adjusted to 7.4) and incubating for a certain period of time as
indicated on each diagram followed by rapid quenching (lowering pH to 2.5 and temperature
to near 0°C). The black trace shows unlabeled protein.
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Figure 3.

Localizing the influence of the receptor binding on backbone protection of Fe, Tf using bottom-
up HDX MS on the physiologically relevant time scale. The panels show isotopic distributions
of representative peptic fragments derived from the protein subjected to HDX in the presence
(blue) and the absence (red) of the receptor and followed by rapid quenching. Dotted lines
indicate deuterium content of unlabeled and fully exchanged peptides. Colored segments
within the Fe,Tf/receptor complex show location of the peptic fragments.
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Figure 4.

Characterization of local dynamics in wt*-CRABP | in a conformer-specific fashion using top-
down HDX MS (fully deuterated protein was exposed to 1H,O/CH3CO,N*H, at pH 3.1 for
10 min; the gray trace at the bottom corresponds to HDX end-point). A: mass selection of
precursor ions for subsequent CAD (from top to bottom): broad-band selection of the entire
ionic population (not conformer-specific); highly protected conformers; narrow population of
less protected conformers; HDX end-point. B: isotopic distributions of two representative
fragment ions generated by CAD of precursor ions shown in panel A. Selection of different
ion populations as precursor ions for subsequent fragmentation was achieved by varying the
width of a mass selection window of a quadrupole filter (Q) in a hybrid quadrupole/time-of-
flight mass spectrometer (Qq-TOF MS).

Anal Chem. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Kaltashov et al. Page 14

A M+15 B C. 4+ C
exchange time 5 min; e | 28
collision- and T-induced [
desolvation ON

exchange time 5 min;

[}

1
collision- and T-induced |

[}
deso!votjqrg QFFH
exchange time 10 min; ,

collision- and T-induced
desolvation OFF

PRV Py daalnd

exchange time 30 min; : :

collision- and T-induced
LB
exchange endpoint; ' .

collision- and T-induced
. desolvation OFF

TT T T T rr [ rrrr[rrrr[rrrrr[rrrrr[rrr T T T T T T rrT T T T T T T T

T T
1198 1199 1200 1201 1202 1203 1204 1205 1206 657 658 659 660 661 662 663 664 665
m/z m/z

Figure 5.

Top-down HDX MS of wt*-CRABP | using ECD of the entire protein ion population (fully
deuterated protein was exposed to 1H,O/CH3CO,NH, at pH 3.5 for varying time periods);
the black trace at the bottom of corresponds to HDX end-point). A: isotopic distributions of
surviving intact protein ions. B: two representative c-ions. Minimal collision-and temperature-
induced desolvation was used for acquisition of all mass spectra, except the one top (red trace).
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Figure 6.

Backbone protection pattern of CRABPI mutant (without N-terminal His-tag) obtained from
top-down HDX MS measurements using ETD of the entire protein ion population. HDX was
initiated by exposing the fully deuterated protein to 1H,0/CH3CO,N1H, at pH 3.5 for 5 min
followed by rapid quenching.
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Figure 7.

An example of raw HDX MS data used to generate the protection plot shown in Figure 6.
Isotopic distributions of ¢13 and c34 fragments derived from protein subjected to 5 min HDX
exchange in solution (red trace) and protein at the HDX end-point (blue trace) were used to
calculate the bar heights at n=12 and 35.
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