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i. Summary

A major component of a hydrogen exchange mass spectrometry experiment is the analysis of
protein and peptide mass spectra to yield information about deuterium incorporation. The
processing of data that are produced includes the identification of each peptic peptide to create a
master table/array of peptide sequence, retention time and retention time range, mass range and
undeuterated mass. The amount of deuterium incorporated into each of the peptides in this array
must then be determined. Various software platforms have been developed in order to perform this
specific type of data analysis. We describe the fundamental parameters to be considered at each
step along the way and how data processing, either by an individual or by software, must approach
the analysis.
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1. Introduction

Hydrogen exchange mass spectrometry (HX-MS) is a biophysical technique with roots in
analytical chemistry (1, 2). HX-MS utilizes the naturally occurring exchange of the
backbone amide hydrogens for hydrogens in the solvent water (3-7). In an HX-MS
experiment, a protein is exposed to “heavy water” (D,0) for seconds to hours or days and
within that time the protein incorporates deuterium as a function of the protein’s
physicochemical properties (8, 9). HX-MS is a medium resolution structural technique,
although the exchangeable hydrogen positions that are measured (the backbone amide
hydrogens) are found at each amino acid throughout the primary structure, except for proline
which has no backbone amide hydrogen (5, 10). Some of the most valuable pieces of
information extracted from an HX-MS experiment can come from observing a protein in
two or more different conformational states (11, 12). For example, if a wild-type and mutant
form of a protein are compared and a difference in deuterium uptake behavior is observed,
one can conclude that there must be some change in structure or change in backbone
dynamics as a result of the mutation.

With the rapid expansion and utilization of hydrogen exchange mass spectrometry as a tool
to study protein conformation and dynamics, there is an increased demand for both robust
data acquisition and data analysis tools. Unification of data analysis tools and processing
methodology will increase the general reliability of HX-MS on the whole and allow for
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more direct and valid comparisons of HX-MS data across laboratories that are investigating
the same or similar proteins or protein systems.

A comprehensive list of current HX-MS data analysis tools, with brief descriptions, has
recently been published (13). The present chapter does not serve as a manual for any of the
listed software, nor does it favor one over the other; rather, the presentation here of the
analysis of HX-MS data stands as a foundation for understanding which parameters are
considered during data processing and how most software approach the analysis. All
software algorithms need to be sensitive to restrictive parameters, including: monoisotopic
and average mass, m/z range, charge state (s) of the peptide ions of interest, retention time
and retention time windows, peptide isotope distributions for peptide isotope intensity above
the background noise (for both the undeuterated and deuterated peptides) and peptide ion
isotope overlap.

The most complex software is designed to extract raw m/z data from a typical LC-MS run,
analyze the HX-MS data by determining deuterium incorporation information either through
a center of mass approach or through theoretical modeling of predictive isotope patterns (via
statistical analyses), and finally output both two- and three-dimensional results for
visualization. There are a myriad of non-commercial software solutions as well as several
commercial platforms for the analysis of HX-MS data. The software include those with
basic input — e.g., HXExpress — which require only raw m/z versus intensity data to be
pasted into an excel macro in order to produce deuterium incorporation and peak width plots
(14), to both web-based [HDX Finder (15)] and stand-alone tools [Hydra/
MassSpecStudio(16), HeXicon (17, 18), and AUTOHD (19)] that search raw LC-MS data
before completing the data analysis. These software tools can all be used in combination
with a web-based software suite called MSTools (20) in order to complete data visualization
in both two and three dimensions. Other freely available software — HD Desktop (21, 22),
HDX finder (15), and HDX Analyzer (23) — start with the raw LC-MS hydrogen exchange
data and finish with complete data visualization. There are now two commercial software
solutions: HDExaminer (24) and DynamX (25). HDExaminer works with various vendor-
specific mass spectrometer output data formats while DynamX is a Waters-specific product
which relies on the commercialized version of the nanoACQUITY designed for HX-MS
experiments (26).

Despite the growing number of software solutions that have become available over the past
decade, there is no single fully automated solution for the analysis of HX-MS data. Each
involves some degree of user input for complete analysis. For example, all software
packages require some means of supplying peptide identity (i.e., m/z, m/z range, z, retention
time range, etc.) when performing pepsin-digestions HX experiments. We believe that user
interaction with the data, in some fashion, is desirable both from the standpoint of forcing
the user to actually look at the MS data and from the perspective of quality control. Because
a good understanding of the HX-MS data processing workflow is required to generate
experimental data that will yield robust processing results, we will next present the
workflow for the manual analysis of continuous labeling HX-MS data, with a focus on
processing local/peptide level data.

2. Materials

The materials needed to process HX-MS data include typical desktop/laptop PCs, data
storage capabilities, and of course, the actual HX-MS data. These data may often come from
the simplest exchange experiment known as continuous labeling [for a recent review please
see (6)]. It is important to have an understanding of the origin of these data, so we have
chosen to briefly describe a typical experiment starting from a protein at equilibrium and
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under its native buffer conditions. Acquisition of the HX-MS data is composed of three
logical steps: isotopic labeling of exchangeable hydrogens and reaction quenching;
enzymatic digestion of the quenched samples (for localizing deuterium incorporation);
reversed-phase peptide separation and mass spectrometric measurement of the mass of each
peptide ion.

Isotopic labeling of the exchangeable hydrogens is the first step in the experiment. Labeling
is initiated either via a dilution or fast buffer switching into a buffer prepared with greater
than 98% D,0 (27). This large excess of deuterium drives the forward labeling reaction. The
reaction is allowed to proceed for specific amounts of time (from milli-seconds to days), and
is then quenched through a reduction of the solution pH to 2.5 and temperature of 0 °C (10).
These specific quench conditions are achieved either using a strong buffer system (10x the
strength of the labeling and equilibration buffers) or a small volume of a concentrated acid.
Quenching conditions can also include chaotropic agents (guanidinium chloride, urea) and/
or reducing agents (TCEP) in an attempt to facilitate a more productive proteolytic
digestion, see below (28-30).

The next step in the experiment is the enzymatic digestion of the protein in quench buffer.
Remembering that specific conditions (low pH and temperature) need to be maintained in
order to preserve the deuterium labeling, the digestion also needs to be performed under
these quench conditions. Additionally, the digestion step needs to be performed as fast as
possible in order to maintain as much of the deuterium label as possible. There are two
widely used proteolytic enzymes that meet these criteria: pepsin (10), and aspergillopepsin
(protease type XIII from Aspergillus saitof) (31). The digestion step can be performed in one
of two ways: in solution using either free or immobilized pepsin or performed online using a
digestion column that is packed with pepsin that has been immobilized onto a bead/particle
(29, 32).

Reversed-phase chromatography of the peptides produced during digestion (known hereafter
as “local analysis™), or if enzymatic digestion was not performed a simple LC desalting of
the intact protein (hereafter referred to as “global analysis”) is the next step in the
experiment. The chromatography step also needs to be performed quickly under quench
conditions in order to minimize the loss of deuterium label. Peptide separation is either
achieved using traditional RP-HPLC (33) or more recently RP-UPLC technologies (26, 34).
Separation of the peptides significantly reduces the complexity of the resulting mass spectra,
especially for larger proteins and protein complexes.

Figure 1 illustrates the raw HX-MS data that any software tool or human equivalent would
encounter after the data are acquired and processing is about to begin. There are data like
this for the undeuterated control and typically between 4 and 12 hydrogen-deuterium
exchange samples (greater than 12 are required when the desired processing outputs include
exchange rates see below: Extracting kinetic information). There are total ion
chromatograms (TIC), each with corresponding m/z spectra acquired with scan rates that are
user defined and generally dictated by the speed of the chromatographic separation. As an
example, consider a single protein, local HX-MS experiment with a 10 minute
chromatography cycle time, a mass spectrometry scan rate of 5 scans per second, and a total
of 6 LC-MS runs. In this example, there would be 18,000 mass spectra with m/z values
ranging from 50 to 2000 m/z. If there are 130 unique peptide ions to follow in the data
analysis, this number of samples and peptides would result in 2.36x10° total ions that will
have to be queried in the mass-to-charge range (50-2000 m/z). A human sitting at a
computer and manually processing these data may encounter fewer spectra to investigate as
they might sums scans together and immediately reject the analysis of peaks that are obvious
artifacts, noise or adduct peaks. However, an algorithm would have to deal with all the data
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to sort out what is good and what is not. Criteria for rejecting spectra are a definitive aspect
of an algorithm’s behavior and can include evaluation for an unexpected isotope
distribution, evidence of overlap with another isotope distribution, evaluation of signal to
noise ratios, among other properties. Additionally, as the protein system that is being
investigated becomes increasingly more complex (large) and perhaps includes multiple
proteins binding on to one another, the number of peptide ions that have to be dealt with
becomes more than a single human user can handle within a reasonable amount of time. The
massiveness of the data that possibly could be collected has been prohibitive in recent years,
limiting the size of a protein/protein system a person was comfortable processing in a
reasonable amount of time. Streamlining the processing, increasing the efficiency of data
interrogation and automation of many of the steps has been key to the development of HX-
MS data analysis tools.

3. Methods

The scope of data analysis in HX-MS experiments is illustrated in Figure 2. This flow chart
illustrates the basic workflow of data analysis for both global (or intact protein level, Figure
2A) and local ( or peptide level, Figure 2B) analysis. Global analysis and local analysis are
different in complexity, yet maintain a similarity in the core processes of displaying data,
deuterium pattern analysis, and the calculation of average deuterium incorporation (Figure 2
dashed boxes). Despite being the easier HX-MS experiment to perform, the information that
can be gleaned from global analysis is limited. Global analysis measurements can report on
the solution-phase dynamics of the protein backbone solely at the whole protein level. As
the exact protein sequence is known, the theoretical amount of deuterium incorporation can
be compared to the measured deuterium incorporation level to reveal overall characteristics
of the protein (2). Specifically, the number of residues in a protein which are part of stable
structures can be inferred from the difference between the theoretical maximum deuterium
incorporation for the protein and the maximum observed incorporation at the longest
labeling time points (from hours to days). Similarly a measurement of the residues which are
likely in unstructured or very dynamic parts of the protein can be estimated by measuring
the uptake at very short exposure times (10 seconds or less) (35, 36). The shape of the
uptake curve can also yield information on the timescales of various conformational
dynamics in the protein. With the limited amount of biophysical information that can be
obtained from global analysis, the frequency of global analysis experiments is low. For this
reason, we will devote the remainder of the chapter to local analysis, and note that many of
the principles presented for local analysis also apply to global analysis.

The significant preference for local analysis over global analysis is due to the amount of
biophysical information that can be obtained. Local analysis can resolve deuterium
incorporation information to specific locations within a protein (10, 37, 38). Deuterium
incorporation can be localized to peptides that range in size from 5-20 amino acids.
Measurement of peptides with overlapping sequences can often be used to further resolve
uptake to individual backbone amide hydrogens along the primary structure of the analyte
protein.

For all of the above reasons, in the following paragraphs we will present the fundamentals of
how one would manually process the data, what key parameters are considered at each step
in the process, and describe what special considerations that need to be addressed by an
algorithm trying to mimic in an automated fashion what a person would do when presented
with data.
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3.2 Displaying HX-MS data

The first step in the analysis is the visualization of the raw LC-MS data (total ion
chromatograms and the corresponding/linked mass spectra). This inspection serves as the
initial quality control to validate that it makes sense to proceed and to complete data
analysis. For example, if the separation is of poor quality or the signal-to-noise ratio is poor,
it may not make sense to move on to the subsequent steps. A typical progression of HX-MS
data inspection is illustrated in Figure 1 where a model reversed-phase UPLC chromatogram
at 0 °C (Figure 1A) and the complicated m/z spectrum that can be observed from a single
peak of the chromatogram (shaded region of Figure 1A and 1B) for an online pepsin
digestion (in this case of a 100 kDa protein) are shown. Focusing in on the shaded region of
the chromatogram, it is obvious that there is a significant amount of peptide signal in the
mass spectrometer from any one chromatographic peak. Each one of the ions corresponds to
a peptide from the pepsin digestion. Despite the full m/z spectrum being complicated and
crowded, zooming into smaller m/z ranges will often show well resolved peptides with no
interfering ions nearby. For example, the inset in Figure 2B shows a range of 491 to 496 m/z
containing a single +4 peptide ion. The inspection of the data continues in this manner
across the LC and m/z scales until it is clear that there are no issues with the peptide data
such as low ion intensity, poor chromatographic resolution of ions, and lack of deuterium
label (see below), etc. The higher the fidelity of the reversed-phase separation of peptides,
the easier it is to pinpoint and identify which deuterium labeled peptides goes with which
unlabeled version of the peptide.

It is at this point in the inspection of the data that the evidence for the successful labeling of
the protein backbone with deuterium is determined. This inspection of the deuterated protein
samples is done to be certain deuterium was actually incorporated, the isotope distributions
are as expected (see below) and that the signal-to-noise is acceptable for processing.
Consider the example shown in Figure 3 for a +4 ion (also shown in Figure 2B) of a peptic
peptide. The natural isotopic abundance for the undeuterated version of this peptide appears
as a Cauchy Distribution, as shown in panel A of Figure 3. Theoretically, after 5 hours of
hydrogen exchange in D,0, with the assumption of uniform labeling and no back exchange
of the deuterium label to hydrogen, the resultant isotope distribution would look as shown in
Figure 3B. As the incorporated deuterium (2.014101 amu) weighs more than hydrogen
(1.007825 amu), for each deuterium atom incorporated into the peptide, the natural
abundance isotope distribution will shift to a higher mass dictated by the mass difference
between 2H and 1H isotopes, equal to 1.006 Da/z. However, deuterated peptides undergo
back exchange in the fully protonated RP-UPLC step [for a complete discussion of back-
exchange please refer to: (10, 39-42)] and this deuterium loss is random. As a result, the
isotopic distribution of a deuterated peptide in HX-MS is not the “normal” isotope
distribution one expects, but rather it is a more symmetrical Gaussian distribution (Figure
3C). As a protein spends more time exposed to deuterium, this isotope distribution moves to
higher m/z values but maintains this Gaussian distribution through its increase in m/z.
Movement will continue until the peptide reaches a maximum possible incorporation that is
dictated both by experimental conditions (i.e., pH, temperature, labeling time, and percent
excess of deuterium in the sample) and protein conformation. See note 4 for the calculation
of maximum possible deuterium incorporation.

Another important consideration during data inspection is the peak shape. It will be readily
apparent if there is evidence that exchange has occurred through either or both of the two
kinetic limits of HX [for a complete discussion of these two limits, please see (5, 8, 9, 43,
44)]. Briefly, most proteins follow the EX2 regime for backbone hydrogen exchange. In
EX2, proteins make many visits to the exchange competent state before deuteration occurs.
The result is a single binomial distribution in the mass spectrum that slowly increases in m/
z, as described above. The much more rare type of kinetics is EX1. In EX1, a region(s) of
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the protein backbone visits the exchange competent state and exchanges all backbone amide
positions in a coordinated fashion. Importantly, EX1 and EX2 kinetics are visually
differently in mass spectra (45). For simplification, we will only discuss EX2 data in the
following sections (see note 2 for a discussion of obvious as well as less-obvious EX1 data
as well as how to best plot these deuterium incorporation data).

3.3 Peptide Identification

One main feature of an HX-MS experiment on the local level is the creation of peptic
peptides. The identity of each peptide (i.e., the amino acids contained within) must be
determined. The mass spectrometer, however, just measures mass. There must be a
correlation step in which specific peptide ions — each with a measured monoisotopic mass,
charge state, and chromatographic retention time — are attributed to amino acids of the
protein. For example, an ion with a monoisotopic mass of 563.98, a charge state of 3+ and
chromatographic retention time of 2.79 minutes is eventually assigned to amino acids 11-23
of the protein being studied. The proper identification of peptides creates a master peptide
list of peptides for which valid data interpretation can be obtained after the deuterium
incorporation of each ion has been measured.

The correct identification of peptic peptides is important if the final interpretation of the
HX-MS data is to be considered reliable. Peptic peptides are identified using the
undeuterated control sample that was prepared alongside the deuterated samples. Despite
maintaining a preference for cleavages between hydrophobic residues, pepsin is a hon-
specific acid protease and the cleavage pattern, although reproducible, is not predictable
(46). The seemingly simplest, and considered by some wholly sufficient, way to identify a
peptic peptide is use the exact mass of each peptide in a search of the protein sequence for
all possible amino acid combinations that could produce the observed mass. For a single
protein HX-MS experiment, searching the known protein sequence may yield only one or
two theoretical possibilities solely based on exact mass alone. From this, if you are lucky,
one of the other hits for the exact mass will be beyond an error tolerance of the
measurement. In more instances than not, this is not the case. Figure 4 gives an example
where a hypothetical search using the observed monoisotopic mass of 714.0676 (3+) was
performed against the entire amino acid sequence of a small 8 kDa protein using an initial
mass tolerance of 1.0 Da. The results of this search yield three possible peptide matches or
hits for this ion. Two of these hits have very small deviations (-=0.06 Da and —0.07 Da) from
the measured monoisotopic mass of the peptide and one has a significant deviation (0.81
Da). The potential hit with the highest deviation from the true mass is discarded as the
accuracy of mass determination in a well calibrated modern mass spectrometer is much
better than this error (0.81 Da). The two remaining possibilities, with much smaller
deviations, are within the error of the mass measurement. In order to determine which of the
two remaining possibilities goes with the mass 714.0676, tandem MS (MS/MS) experiments
are performed. It must be noted that for a small protein the number of potential hits is small.
As the size of the protein and complexity of the protein system increases the task of peptide
identification becomes more difficult and relies more heavily on MS/MS analysis. We
advocate the identification of all peptic peptides using MS/MS, and the application of strict
criteria before assignment is made. There are few things worse than making an interpretation
of deuterium incorporation data to later find there was a peptide that had been misassigned.

Identification of peptides by MS/MS can be performed using two different MS/MS methods,
data dependent acquisition (DDA) or data independent acquisition [DIA or MSE as it is
commercially known (47)]. Note that the identification of peptic peptides is a separate
experiment from that of the determination of deuterium content for HX samples (Figure 2B
workflow in the solid box). There is no way to avoid this. Using DDA, the first LC-MS run
of the undeuterated control sample is used to survey both the quality of the digestion and the
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ions that are produced from the pepsin digestion. Additional undeuterated controls are then
needed to perform the MS/MS analyses, either including ions to be interrogated by MS/MS
or creating exclusion lists of ions not to look for in subsequent runs. Using DIA, all survey
and MS/MS data are acquired simultaneously. Regardless of which method is used to
identify the peptic peptides, it is only necessary that the fragment ions that are produced
allow for an accurate identification of the peptide between the hypothetical choices.

The final result in peptide identification step is the creation of a master peptide list that is
used within the software as a map of where to look within the deuterium exchange samples
to locate the peptides for which positive identification is known (i.e., the correlation between
ion and amino acid sequence has been made). This list will include peptide sequence
information including the number of amino acids, the beginning and ending sequence
number, the number of proline residues, the monoisotopic and average masses of each ion,
the charge state(s), an m/z window within which to look for deuterated peptides (determined
by knowing the maximum amount of deuterium that can be incorporated, which is known
once the number of amino acids is known), the retention time (at the apex of each
chromatographic peak) and the retention time window.

3.4 Determining deuterium incorporation

Deuterium incorporation is measured relative to an unlabeled sample acquired along with
the labeled samples. In the case of EX2 kinetics, measuring the deuterium uptake is a simple
matter of tracking the mass of the peptide as a function of increasing exposure time. For the
individual processing of HX-MS data by hand, there is a deep reliance on visual cues (e.g.,
consistent charge state, alignment of the isotopes on the m/z scale between undeuterated and
labeled samples, the increase in mass of the isotope distribution, etc.) when determining the
amount of deuterium in any one peptide. A data processing algorithm needs more guidance
and limitations.

Before an algorithm can determine the amount of deuterium that has been incorporated into
a peptide, it is necessary to define the maximum mass increase possible and therefore the
window of m/z within which a partially deuterated ion may be found (the window stretches
from the undeuterated peptide m/z to the maximally deuterated peptide m/z). We will call
this the deuteration window. If there is good chromatographic alignment (i.e., reproducible
elution time) of peptides between undeuterated and deuterated samples, it becomes much
easier to be confident that a peptide appearing in a deuteration window is in fact the peptide
that has become deuterated rather than another species/peptide that simply has an m/z that
happens to fall within the defined deuteration window. A person can quickly look and find
the deuterated ions of interest often without even knowing the upper boundary of the
deuteration window. Software, on the other hand, needs to be given an upper limit to the
deuteration window so it can perform peak detection only within the deuteration window.
The peak detection to find the deuterated isotope distribution within the window must then
be done in light of a few other variables. Consider the isotope patterns in Figure 3A and C.
The natural isotopic abundance of a peptide is dominated largely by peaks spaced according
to the varying number of 13C isotopes in the population. The m/z spacing of the peaks is
approximately a function of the mass difference between the 13C and 12C isotopes, equal to
1.003 Da/z. For each deuterium atom incorporated into the peptide, the natural abundance
isotope distribution will shift to a higher mass dictated by the difference between 2H and 1H
isotopes, equal to 1.006 Da/z. This can be visualized in Figure 3B, where the isotope
distribution remains the same as that found in the undeuterated peptide, only shifted to
higher mass as the result of exchanging several hydrogens for deuterium atoms. Software
must be able to recognize when a deuterium isotopic distribution begins and when it ends, in
order to proceed to the next step. Peak detection, including isotope peak detection within the
cluster, must consider both intensity and spacing as just defined.
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In practice, the observed deuterated peptide spectrum becomes more complex as different
numbers of both 13C and 2H isotopes define the population of ions contributing to the
peptide spectrum. The spectrum is most easily defined as a series of natural abundance
distributions offset by multiples of the 2H/IH mass delta, the intensity of each offset being
defined by the fraction of ions with the corresponding number of 2H atoms which have been
incorporated. It is imperative that any algorithm consider these parameters. The different
mass shifts arising from 13C/12C (1.003 Da/z) versus 2H/*H (1.006 Da/z) mass deltas will
for the most part be unresolvable on time of flight or ion trap based mass spectrometers,
however they must still be accounted for when performing isotopic peak detection with low
mass tolerances. For example, consider a deuterated isotope distribution in which the first
peak in the distribution will be the monoisotopic peak (containing all isotopes with the
lowest mass number, i.e. H, 12C, 14N, 160, 32S) with a well characterized mass of [M] Da/
z. The third peak in the distribution, located approximately at [M + 2] Da/z will be observed
as a superposition of three ion populations each with, for example, two heavy
isotopes:13C,2Hg at [M + 2.006] Da/z, 13C12H; at [M + 2.009] Da/z, and 13C2H, at [M +
2.012] Da/z. The measured position and width of the peak will therefore lie somewhere in
the range from 2.006-2.012. This 6 mDa/z range might seem insignificant at first, but
amounts to 6 ppm for a 1000 Da peptide. The uncertainty in expected mass will get larger
when considering peptides that can exchange more deuterium atoms and should be
considered if searching spectra for accurate masses. Fortunately, the error expansion is
bounded: instrument sensitivity will impose a practical limit to the maximum observable 13C
isotopes and the primary structure of a peptide dictates the maximum number of 2H atoms
which can exchange.

After the low and high ends of the m/z range for an isotopic distribution of a deuterated
peptide ion have been determined, the centroid C or first moment of the cluster can be
determined for the undeuterated control (UND), and each deuterium labeling time point (2):

C:Z (m/z); X I

e
where /is the spectral intensity at each m/zvalue. The summation is carried out over a range
encompassing the entire isotopic distribution, which is defined by some intensity threshold
on either side of the distribution. For a person doing this determination, one simply uses
software [such as MagTran (48)] or the mass spectral processing software of the instrument
vendor to find the first moment by drawing the boundaries of the m/z range for centroiding.
Software designed for HX-MS analysis makes a similar calculation but instead uses
information it has obtained from peak detection as the low and high m/z boundaries. A
centroid calculation is indicated in Figure 3A and C with the shaded area underneath the
defined curve describing the area that is being considered and with the calculated first
moment indicated with the dashed line.

The first moment on an m/z scale can be converted to the mass only scale by removing the
charge component:

M=zx(C)-M. X (z-1) (2

where we use M as the mass of the charge carrier (in most experiments this is a proton and
equal to 1.007825 Da). The charge state of the ion is represented as z. Using mass only
values instead of m/z allows comparison of data regardless of peptide charge state and
makes it easier to average or combine data from several charge states of the same peptide
(see below).
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Figure 3C shows the spectra for a peptide that has been exposed to deuterium for five hours.
The relative deuterium level, defined as D, is calculated by subtracting the charge state
corrected first moment (or the centroid value converted to a mass only scale) for the
undeuterated peptide Mypp from that of the deuterium labeled peptide M.

Dt:Mt—MUND (3)

The relative deuterium level is the fundamental measurement obtained in an HX-MS
experiment. When presenting relative deuterium level results, it is desirable to include
estimates of errors, usually in the form of standard deviations, or related properties such as
variance or confidence intervals. These error estimates can arise when the Dy is determined
from multiple charge states of the same peptide or by averaging multiple determinations. For
a collection of centroid mass measurements (A, ), each measurement can use a weighting
factor (w;) corresponding to the total intensity of all isotopes used to calculate each centroid.
Lower intensity measurements often have higher errors, weighting the mean calculation can
prevent these signals from having disproportionately large effects on proceeding
calculations. An aggregate measurement of the centroid mass (M), can then be calculated
with a weighted mean:

— i M, i
M—ZM ‘)

" 2 Wi )

The corresponding weighted variance ¢ is calculated as:

— 2
2 )y Wi(lut,i—Mt)
o= N T

5
t o ©)

Note an algorithm can just as easily apply equal weighting to each measurement, in which
case Equations 4 and 5 reduce to their traditional unweighted forms. When calculating the
relative deuterium level in Equation 3, if the deuterated and undeuterated masses have

2

associated variances of o2 and o7,

respectively, then the variance of the relative deuterium

2
level o, becomes:

2 _ 2 2
O-D,t_0—t+O-UN (6)

For the individual processing HX-MS data by hand, it is a task of visually identifying the
isotope distributions for the undeuterated control sample as well as for all exchange time
points. Then, the centroid values of all these isotope distributions are determined using an
excel macro [such as HXExpress (14)], the vendor specific mass spectrometer software, or a
standalone program such as MagTran (48). The measured values are then inserted into
Equation 3 to determine the relative deuterium level D,

Keeping the above in mind, the number of these calculations that must be performed in a
typical HX-MS experiment can become very large, and therefore become a major challenge
to perform by hand. Each measurement of deuterium incorporation will be a function of
three experimental parameters: the peptide itself, physical state of the sample (i.e. wild-type
versus mutant, native versus denatured, free in solution versus ligand bound, etc.), as well as
the deuterium exposure time. Consider a peptide which exists primarily in two charge states.
To obtain reasonable estimates of variability, each HX-MS experiment (from labeling to
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data analysis) is performed in triplicate. Therefore, three deuterium incorporation
determinations are performed for each charge state, or 2 x 3 = 6 total deuterium
incorporation determinations. A simple HX-MS experiment might be interested in
measuring 50 peptides from pepsin digestion, under two separate equilibrium conditions, at
four different deuterium labeling times (not to mention multiple undeuterated control
samples). At this point 6 x 50 x 2 x (4 + 1) = 3000 individual deuterium incorporation
determinations must then be performed. Software can make these determinations fairly
rapidly, all the while taking advantage of the peptide identification information provided by
the master peptide list. As more complex protein systems are analyzed, say with perhaps 300
peptic peptides, 4 replicate determinations, 6 exchange points and for a wild-type and 3
mutant versions of the protein, the number of analyses becomes astronomically larger. When
examining more complex proteins and protein systems it is common to have experiments
involving tens of thousands of deuterium incorporation measurements. The availability of
software that can perform automated calculations is very helpful when faced with such a
large number of measurements. We also think that once software has made such
determinations, it should display the final calculations on top of the raw data for quick visual
inspection of the fidelity of the calculations. Whereas a human is much slower at making all
the manipulations required to do the actual deuterium incorporation determination, a human
can very rapidly provide quality control for thousands of software-determined deuterium
incorporation determinations per hour, ascertaining if the software has performed well or
not.

3.5 Plotting HX-MS data

The relative deuterium levels that have been determined for the peptides of interest at each
labeling time are then plotted against exposure time in deuterium to create a deuterium
incorporation plot, or uptake curve. The data are best plotted on a semi-logarithmic plot as it
allows for a clear view of the information from the earliest time points (seconds) to the
longest exchange points (many hours to days). Figure 5 shows example uptake curves for a
protein in two different states, wild-type as well as a mutant version (the mutant could be the
result of a single-point amino acid mutation or an alteration to the protein native-state
equilibrium as a result of denaturants or a ligand binding event). Panel A of Figure 5 shows
model data for this 4+ peptide in the undeuterated control as well as after 5 hours of
exposure to deuterium. The dashed lines show the shift in the centroid between the two
isotope distributions. The wild-type protein had a much larger upward shift in centroid than
the mutant, which is reflected in the uptake curve itself (Figure 5B). For the data in this
figure, we are not showing error bars but there is always an error associated (on the Y-axis)
with each data point. Typical errors under well controlled experimental conditions such as
precise sample preparation, stable mass spectrometer calibration, and short time in between
replicate sample set collection, are in the range of + 0.2 Da (49) [see also Ref. (13) where a
thorough review of errors in measurement was recently described]. Looking at the data in
both panels of Figure 5, both the raw mass spectra and the uptake graphs themselves after
the centroids were measured and deuterium incorporation determined, it is clear that this is a
peptide region for the mutant protein that is of interest. There is a consistent retardation in
deuterium incorporation in this part of the protein from the earliest time points. The absolute
magnitude of this change is not always as important as the identification that this is a region
of the protein that is sensitive to the mutation, as evidenced by the change in deuterium
uptake.

3.6 Post data analysis: Interpretation and visualization

At the end of determining the deuterium incorporation into each peptide on the master
peptide list, the result is a tabulation of deuterium level at each exchange point, along with
the corresponding plots. This is, however, not “the end of the road” for these data. Most
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commonly there are various post analysis steps, including several kinds of data
manipulations, calculations of kinetic parameters, additional ways in which to visualize the
deuterium incorporation versus time data, and/or biophysical interpretation of the HX-MS
data. Performing any or all of these final steps in the HX-MS experiment depends upon the
type of information that is desired. We have chosen to discuss three of the most common
post data analysis processing steps.

Back exchange correction—All the data processing steps that have been discussed up
to this point have determined the relative deuterium level of a protein in deuterium relative
to the same protein without deuterium. There has not been any correction for back exchange
that occurs during the LC-MS analysis step. The data from many HX-MS experiments can
be corrected for back-exchange (to account for the loss of deuterium that occurs post
quench), although we have often questioned the usefulness of the correction in many types
of experiments [see Ref. (5, 6, 39)]. The correction is based on the first descriptions of HX-
MS (10) and has been explained in detail in (10, 42). Briefly, a sample of the protein of
interest is maximally deuterated (maximally deuterated control) by unfolding the protein
(through a combination of pH, temperature, and/or denaturant) to expose all backbone amide
hydrogens to D,0O. This sample is then considered to be deuterated at each available
backbone amide position (or as dictated by the percent deuterium in the buffer after dilution)
until injection into the LC-MS system for analysis. The most common correction (10) for
back exchange is performed using the equation:

MI_MUND

= XN (7
Mioo%—M,; )

ND

The deuterium level (D) is calculated at each time point () using experimentally determined
centroid masses measured for the undeuterated control Mnp, the maximally deuterated
control Mygou, and by knowing the maximum number of deuterium atoms which can be
incorporated AV. The deuterium incorporation plots in Figure 6 illustrate the application of
this correction to produce the absolute deuterium level (corrected data) from the relative
deuterium level data (observed data). There is very little added advantage to making this
correction, except in cases where the absolute number of deuterium incorporated must be
determined. For comparison of experiments between two or more state of the protein, this
absolute number of deuterium information is often not required. There are also some caveats
to the back-exchange correction. Occasionally, a peptide does not follow the theoretical
considerations of Equation 7. This correction only works for 92% of peptides, where the
error is less than 10%; for the remaining 8% of peptides, the error of the correction is
significantly higher (10). Additionally, a maximally deuterated control must be prepared and
this is often not possible due to aggregation, resistance to unfolding for complete
deuteration, and several other factors. In fact, one is never really certain that a totally
deuterated species has been prepared without analysis — but the analysis itself causes loss of
deuterium meaning that the mass of the totally deuterated species can never be truly known.
Again, when using an HX-MS experiment to determine if there is a region or regions of the
protein that has undergone a change in deuterium incorporation upon mutation or an
alteration to the native-state equilibrium, it is not necessary to convert the refative deuterium
information to an absolute number of deuterium incorporated. The identified difference will
persist regardless of whether or not the data have been corrected for back-exchange. It
should be noted that amino acid mutations that involve proline residues have the added
effect of either the addition or the removal of exchangeable backbone amide hydrogens. In
these cases, care needs to be taken when considering differences for these peptides.
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Extracting kinetic information—Fitting the back exchange corrected HX-MS data in
order to extract exchange rates can also be performed. The measured exchange is the sum of
the exchange of each backbone amide hydrogen in a peptide, defined by a multi-term
exponential equation that sums each of the exponential terms describing each of the
backbone amide hydrogens (10). As some backbone amide hydrogens may have similar
exchange rates within a peptic peptide, the summation usually reduces to a series of terms
describing several populations: slow, medium, and fast exchangers using equation 8 where
Dis the deuterium level of the peptide with A/amide linkages, Zis the deuterium exposure
time and &;the pseudo-first-order rate constant for exchange at each backbone amide linkage
(3, 10).

D=N- " exp(~kit) ()

Multiple examples of determining the rate constants of exchange and how many amide
hydrogens are in each category have been described [e.g., (50-52)]. Despite fitting the
deuterium incorporation data to the sum of exponentials, no individual amide specific
information can be gleaned from this analysis at the peptide level. Importantly, the number
of deuterium exchange time points influences the success of these kinds of analysis. Fitting
the data to three exponentials will be difficult without being able to establish regions for
slow, medium, and fast backbone amides on the corrected data. Figure 6 illustrates this
point. The 20 exchange time points that are on the top panel easily show three transitions.
Deleting 11 of these data points across the experiment time course yields the deuterium
incorporation plot at the bottom. Significantly, with fewer exchange time points, it is more
difficult to see the transitions and the resultant fit of these data to equation 8 can be harder to
perform correctly.

HX-MS data visualization—The visual representation of the deuterium incorporation
information can sometimes be the most difficult part of an HX-MS experiment, as there are
multiple ways in which the data can be represented and multiple values to doing it in
different ways. Inexperience or naivety in this aspect of data analysis can lead to many
erroneous conclusions. Only a few of the current software tools take data analysis through to
include a visualization step (21, 24, 25). The simplest two-dimensional visualization comes
from deuterium incorporation plots (Figures 5B and 6). These plots are informative as they
can provide information about dynamics and solvent accessibility. All of the HX-MS data
that are contained in the deuterium incorporation plots can be translated into other two- and
three dimensional figures in order to describe the HX-MS data in context of the whole
protein or protein system. A partial list of all types of figures that can be created include:
heat maps where deuterium levels are plotted onto peptide maps; 3-D models where
deuterium levels are plotted onto the NMR or X-ray crystal structure cartoon model of the
protein if it is available; difference plots where when acquiring data for the protein of
interest in two or more different states, the difference between the two states is shown [e.g.,
comparability plots (49), or various kinds of difference plots (53, 54), (28)]. Visualizing
where in the protein deuterium has gone, or not gone, or where it has gone differently in the
case of comparisons, is vital to interpretation of the data.

3.7 HX-MS data interpretation

Data interpretation is the part of the HX-MS experiment that experiences the most
variability; however, this topic is beyond the scope of this chapter. As a start, a description
of the possible deuterium incorporation plots that can be encountered when performing an
HX-MS experiment was recently described ([Figure 8 in Morgan & Engen (6)]. The plots
that are shown in this figure are examples of most if not all of types of curves that can be
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found with a deuterium incorporation plot and importantly what various shapes in deuterium
incorporation plots mean. The discussion surrounding this figure encompasses a single
protein experiment as well as for one that investigates the result of a protein being in an
“excited” or “perturbed” state through modification of the native equilibrium.

1. Overlapping isotope distributions

Overlapping isotope distributions are a frequent problem in HX-MS analyses of large
proteins and protein complexes. Where there are a lot of peaks that must fit within limited
peak capacity, overlap is inevitable. Often peptides will appear in multiple charge states, so
if a protein’s isotope distribution is obscured by overlap in one charge state, analysis can
often be done by examining alternative charge states. However sometimes no other charge
states are available, or there is just so much protein loaded on the system that all available
charges are also obscured and one is unable to obtain a satisfactory HX measurement. In
these situations, the user can choose to extend the chromatographic separation in an effort to
resolve the peptides; however this will be at the expense of increased back exchange.
Another option with high resolution mass spectrometers is to use deconvolution methods to
extract overlapping signals from one another (55, 56).

Some researchers are turning to ion mobility to help resolve overlapping isotope
distributions (57) wherein an ion mobility separation occurs post ionization but before ion
detection. If there is a sufficient difference between the peptides such that they are resolved
via mobility, their overlap in spectral space becomes resolvable. For instruments capable of
performing ion mobility separations, using this feature can help obtain measurements for
protein systems that might otherwise prove difficult on traditional instrumentation.

Performing post-ionization fragmentation during local analysis experiments can also be
beneficial in order to locate individual deuterium atoms within a peptic peptide. If peptide
fragments are generated via collision induced dissociation, the fragments will not yield any
further localization information due to scrambling of deuterium across the ion during gas-
phase collisions (58-60). Some researchers are investigating the use of peptide fragments
produced by electron transfer dissociation to even further localize uptake information. It has
been shown that by using carefully tuned ETD conditions, deuterium scrambling can be
minimized, allowing at times single amino acid resolution of uptake information if fragment
data are considered (61-63). These experiments however are not yet commonplace,
especially when LC separations are required.

2. Plotting HX-MS data for peptides with EX1 kinetics

For the majority of this article, we have only considered how to process HX-MS data in
which the isotope distributions indicated EX2 kinetics. EX1 kinetics generally are rare for
proteins maintained under physiological conditions. However, this kinetic limit is a
possibility and processing of EX1 data is not as straightforward as processing EX2 data (43).
Figure 7A-D illustrates four possible ways in which EX1 could manifest itself in the raw m/
z or transformed mass spectra. EX1 can appear as either two discreet peaks or Gaussian
distributions of isotopes (Figure 7A) or a combination of the two in varying degrees of
overlap (Figure 7B-D). Unfortunately, there is no consensus for the manner in which EX1
HDX data should be presented on the deuterium incorporation plot. Traditionally, if the
centers of the two peaks are resolved (Figure 7A and B) the deuterium incorporation data
can be plotted for each peak (Figure 7E). Here, the relative deuterium levels of each separate
peak are be plotted on the same axes, and there will be two data points for each time point
where centroid values for the two populations are measurable.
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It is also possible that the isotope peaks for the two populations are too close for two
resolved peak centers; there is simply evidence of isotopic peak widening (Figure 7C) or
peak tailing (Figure 7D). In this case, significant evidence that there is EX1 kinetics comes
from the creation of a peak width plot (40). This plot is created by measuring the absolute
width (usually at 20% height) of the isotopic distribution versus deuterium exposure time. If
there is a difference in width across the time course [>4 Da for intact protein and >2 Da for
peptides, see (43)] this is evidence for EX1 kinetics. For these data the centroid value over
the entire widened isotope distribution is plotted versus deuterium exposure time (Figure
7F).

3. Peptide carry-over in the LC step

Run-to-run carry-over sometimes cannot be avoided. “sticky” peptides that are retained on
reversed-phase media can persist into the next exchange sample that is being analyzed.
Carry-over can cause two complications with data analysis: the amount of deuterium
incorporated into the persistent peptide cannot be accurately determined, and/or there is false
EX1. Run to run carryover within the LC system has been shown to mimic EX1 kinetic data
(64). In HX-MS data analysis it is best to minimize the amount of carryover either through
loading a smaller amount of protein into the system, or efficient system washing in between
analyte sample runs. There are published methods that have been designed to reduce the
amount of peptide carryover (64). If there are indications that the analyte protein might be
exhibiting EX1 kinetics, it is important that blank injections be performed in between
samples to confirm the presence of EX1 and not simply the presence of peptide carry-over.

4. Calculation of theoretical maximum exchangeable backbone amide hydrogens

The maximum number of exchangeable backbone amide hydrogens in a peptide or protein
(M) is calculated using equation 9 (10):

N=Lpeptide_np,u -1 9)

Where Lpeprige is the length of the peptide and 77, is the number of proline residues. The
subtraction of 1 in the above equation arises from the fast exchange of the primary amine at
the N-terminus of a protein or peptide and the resulting loss of the deuterium label in the
reversed-phase separation step. However, depending upon the amino acids bordering the
penultimate amino acid the rate of exchange for this amide hydrogen also can be rapid (65,
66). Subsequently, there will also be a loss of the deuterium label at this position in the LC-
MS step. In these instances, the subtraction should be 2 instead of one in the above equation.
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Figure 1.

Visual inspection of HX LC-MS data. (A) Base peak intensity chromatogram (PBI) for the
online digestion of a model 97 kDa protein separated using UPLC with a water:acetonitrile
gradient in 10 minutes. (B) Summed data for the m/z range of 150 and 1050 m/z for the
highlighted portion of the BPI in panel A. The starred inset is taken from a zoom in on the
491-496 m/z range and displays a single natural isotopic distribution for a (4+) ion in this
modeled undeuterated control sample. Dashed rectangles indicate the amount of data that are
produced in a typical HX-MS experiment.
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Figure2.

Typical data analysis workflows for both (A) global or intact protein and (B) local or peptide
level hydrogen deuterium exchange data analysis. The repetitive nature of the analysis is
emphasized at each step. Dashed lined boxes indicate the common steps between the two
workflows.
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Figure 3.

Isotopic distributions of peptides in HX-MS experiments. The natural abundance isotope
distribution for peptides in the undeuterated control is shown in (A). The isotopic
distributions of the same peptide after 5 hours of exposure to deuterium are shown for the
case of no back-exchange (B) and the actual distribution for the peptide after experiencing
back-exchange (C).
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Figure4.

Identification of potential peptic peptides from exact mass matching. A search of the amino
acid sequence of an 8 kDa protein for a peptic peptide that matches a monoisotopic mass of
714.0676 for the 4+ charge state with a 1.0 Da tolerance yields a total of three possible
peptides.
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Figure5.

From raw m/z data to a deuterium incorporation plot. (A) Mass spectra for a peptide 491.48
m/z (4+) for the undeuterated control as well as a 5 hour deuterium exposure time point.
Data are shown for both the peptide that comes from a wild-type protein as well as a mutant
form of the same protein. (B) The relative change in mass for the same 491.18 m/z peptide,
both in the wild-type (circles) and mutant (squares) states. Deuterium incorporation data are
plotted together on the same axes highlighting the differences at each time point.
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Figure®6.

Correcting HX-MS data for back-exchange and fitting the data to obtain kinetic parameters.
The data are plotted as both relative deuterium level (observed data, diamonds) as well as
number of deuterium (corrected data, circles) after the data were corrected for back-
exchange according to equation 7. Identical model data are shown in both the top and
bottom panels. The graph at the top shows 20 exchange time points between 3 seconds and
12.5 hours. The bottom graph is the same as the top but with 11 time points removed.

Methods Mol Biol. Author manuscript; available in PMC 2014 January 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wales et al.

Page 25

s —
A )4 E 8 o7
4 501
£
3
o n 5 30
B 5
Q
[=]
— £ 101
E '_rrr""‘md_'_rmml
€ 01 1 10 100 1000
A
C Time (min)
—_— -
F é 701
3
a 2 501
D E |
3
— 8 301
=]
Q
(=]
2 101
| T 1T T 1 £
-_— '_'_rnr"‘_'_m""'_m"ml_'-n'n"’l
€ 01 1 10 100 1000

m/z m/z

Time (min)

Figure7.

Manifestation of EX1 kinetics in m/z spectra. The merging of two binomial isotopic
distributions of equal width but varying centers (in m/z units) are shown in (A-D). The
separated distributions are shown on the left and the merged shown on the right. The
centroid of the lower-mass distribution (no EX1 unfolding) is indicated by the filled
diamond and that of the higher-mass distribution (EX1 unfolding and deuteration) is
indicated with the filled square. As a visual aid, the solid bar is set at 20% maximum peak
intensity and the open bar at 50% maximum peak intensity. (E) Model data plotted assuming
the isotope patterns shown in (A) and (B). The data color and shape of the data points
coordinate with those that are indicated on the isotope patterns in both (A) and (B). (F)
Model data plotted assuming (C). Parts of this figure have been reproduced from Weis et al.,
2006, with permission from Springer (reference number 500661560).
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