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Abstract
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Noisy and overlapped mass spectrometry data hinders the sequence coverage that can be obtained
from Hydrogen Deuterium exchange analysis, and places a limit on the complexity of the samples
that can be studied by this technique. Advances in instrumentation have addressed these limits, but
as the complexity of the biological samples under investigation increases, these problems are
reencountered. Here we describe the use of binomial distribution fitting with asymmetric linear
squares regression for calculating the accurate deuterium content for mass envelopes of low signal
or that contain significant overlap. The approach is demonstrated with a test data set of HIV Env
gp140 wherein inclusion of the new analysis regime resulted in obtaining exchange data for 42
additional peptides, improving the sequence coverage by 11%. At the same time, the precision of
deuterium uptake measurements was improved for nearly every peptide examined. The improved
processing algorithms also provide an efficient method for deconvolution of bimodal mass
envelopes and EX1 kinetic signatures. All these functions and visualization tools have been
implemented in the new version of the freely available software, HX-Express v2.

Introduction
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In the last 20 years Hydrogen Deuterium exchange coupled to mass spectrometry (HDXMS) has become a valuable tool for studying protein conformation, dynamics and proteinprotein/protein-ligand interactions [1, 2]. The kinetics of the exchange between backbone
amide hydrogens with solvent deuterium yields significant insight into the relative degree of
order/disorder, hydrogen bonding, and solvent accessibility within proteins [3, 4]. As most
HDX studies examine dozens to hundreds of peptic fragments, data analysis often becomes
the most time consuming step. In the last decade many H/D analysis software packages have
emerged, both open source and commercial; AutoHD [5], HX-Express [6], DEX [7], Hydra
[8], HeXicon [9], Ex-MS [10], HD-Benchtop [11], Mass Analyzer [12], HD-examiner
(Sierra Analytics), and DynamX (Waters), to name a few. Although many of these software
packages and analysis algorithms offer automation that significantly reduces the analysis
time, these approaches may extract data for only the resolved, cleanly identifiable peptides,
leaving significant portions of data unanalyzed. To obtain maximal sequence coverage and
resolution it is necessary to analyze as many fragments as possible. To this end, it may be
necessary to analyze peptides with low signal to noise or spectra in which different species
overlap in chromatographic and m/z space. Species that overlap in the chromatographic
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dimension can sometime be partially resolved with selective integration of the
chromatographic peak and in most cases require close manual inspection.
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Since the earliest experiments it has been realized that uncorrelated local dynamics yield a
binomial exchange profile (EX2 regime) while more global correlated unfolding events
result in a bimodal exchange pattern (EX1 regime) [13]. Some spectra may also exhibit
mixed EX1/EX2 exchange profiles resulting in complicated mass envelopes [14].
Deconvolution of such bimodal behavior within the exchange profile is critical for accurate
interpretation of HDX data [15], but this has only recently started to become incorporated
into automated HDX analysis software [9, 10]. For these and other reasons, we have
advocated a semi-automated approach [6] for analysis of HDX data and inspection of all
mass spectra regardless of quality.
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Even with semi-automated analysis, a large number of fragments are still either too weak or
too contaminated by overlapping peaks to obtain a “clean” deuterium uptake profile. These
difficulties can be partially alleviated by using instrumentation with very high resolving
power and spectral deconvolution [10, 16] or by utilizing an additional separation stage via
ion mobility [17]. Even with these advances in instrumentation, examination of larger and
more complicated biological systems will invariably lead right back to problems associated
with overlapping species. Recently, computational approaches utilizing machine learning
with global examination of the exchange data have made some progress to address this
problem and expand sequence coverage [18].
Here we implement an alternative, and in our view simpler approach for extracting
deuterium levels for overlapped peptides. Our strategy combines and streamlines 1)
binomial distribution fitting described by Chik et al [19]; and 2) asymmetric least squares
regression, as commonly used for baseline correction algorithms [20]. This extremely
efficient approach also serves as a rapid method for deconvolution of bimodal spectra (i.e.,
EX1 kinetic signatures) even for data that is of low signal to noise or contains overlapped
species. These features are all available in the newly updated version of HX-Express [6],
with additional tools to aid in visualizing bimodal profiles.

Methods
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Hydrogen deuterium exchange data for HIV Env gp140 was collected on a Waters Synapt
Q-TOF as described previously [21]. Spectra were manually integrated over the
chromatographic elution profile based on extracted ion chromatograms, smoothed (typically
2 rounds of 4 channel, Savitsky-Golay method) and imported from MassLynx (Waters) into
HX-Express [6] within Microsoft Excel. Spectra were processed using isotopic peak
detection and centroid fitting before implementation of binomial fitting. The source code of
HX-Express [6] was modified to include the functions described in the following sections
and the new version is freely available from www.hxms.com/HXExpress. Deuterium uptake
was calculated by calculating the percent exchange for each time point relative to a “zero”
and a fully deuterated standard to account for both “IN” and back-exchange [22].
Binomial fitting and asymmetric linear squares regression
Modules for binomial fitting were developed and implemented with Visual Basic scripts as
follows. Isotopic peaks in the spectra were converted to integer values by subtracting the
monoisotopic peak m/z and multiplying by the charge state (z). The peptide natural
abundance isotopic distribution was either read directly from the undeuterated spectra or
calculated from the amino acid (and carbohydrate) composition [5]. The number of slowexchanging amides was based on the peptide sequence and used as the number of events (n)
in calculation of the binomial distribution function (eq. 1). n was initially estimated as the
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number of amino acids minus the number of prolines, minus 1 for the N-terminal residue. In
some cases peptides contained fast exchanging residues, which back-exchange rapidly [23]
and therefore n was set slightly lower. For glycopeptides the glycan groups need to be taken
into account as some carbohydrate groups (primarily N-Acetyl hexosamines) will also retain
deuterium [24]. Examination of the fit to a fully deuterated standard was used to assess
whether the value of n generated the correct envelope width, and with the majority of
peptides the initial estimate was accurate. For a few highly protected peptides, better fits
were achieved with a slightly lower n for the early time points, presumably because some
amides have yet to exchange by then.
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The centroid shift in each spectrum relative to the undeuterated profile served as an initial
estimate of the binomial distribution probability (“p”). Each theoretical peak (Imcalc) was
reconstructed by applying the natural abundance profile to each peak in the binomial
distribution with up to 3 points of zero padding on both sides of the mass envelope as
described by Chik et al [19]. The peak intensities were scaled by a weighting term (A), using
the intensity of the highest data point as an initial guess. Least squares regression was
performed using the Gauss-Newton algorithm implemented within the Excel Solver module
(Microsoft, Redmond WA) to minimize the discrepancy (χ2) between the isotopic peaks and
the calculated binomial profile by varying p and A (eq. 2). For data sets showing overlap
with an interfering ion, the asymmetry term (λ) was user defined (typically between 2 and
10, based on visual assessment) and applied to points where the fit exceeded the data. The
resulting degree of deuteration was calculated as either the percentage relative to the
undeuterated (pUN) and fully deuterated (pTD) values (pt-pUN)/(pTD-pUN) or average
deuterium uptake (pt·n), and was plotted in the summary page for each time point (t) and
condition.
Eq 1:

Eq 2:

Full spectral reconstruction and fitting
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The initial step of binomial fitting to raw spectral data was performed as described above
except the theoretical spectrum was always reconstructed by calculating the natural
abundance isotopic distribution from chemical composition. The integer offset for each
isotopic peak was adjusted slightly to account for the accurate mass increase from deuterium
as described by Kan et al [10]. A Gaussian distribution was used to represent each isotopic
peak as described by Pascal et al [25] (Eq. 3). Fitting was performed by minimizing χ2, by
varying p, A, σ, and an additional baseline offset value. Initial estimates for p and A were
just as described above. The initial value for the Gaussian peak width (σ) was estimated
from the instrumental resolution. The peak positions (μ) were also allowed to vary within a
specified tolerance, estimated from instrumental accuracy.
Eq 3:
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Bimodal deconvolution

NIH-PA Author Manuscript

Spectra showing additional broadening relative to the binomial distribution were further
analyzed by fitting to a combination of two binomial functions. The p value for the more
highly deuterated species (p2) was bracketed as larger than the less deuterated species (p2 >
p1) and less than or equal to the fully deuterated labeling probability (p2 ≤ pTD). Macros for
performing the fitting, summarizing the results, and generating exchange plots were
implemented within Visual Basic v6.5 (Microsoft) and integrated into the user-selectable
menu options of HX-Express v2.

Results and Discussion
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A total of 179 peptic peptides from HIV gp140 were analyzed in HX-Express v2 using
deuterium calculation with both conventional centroiding and binomial distribution fitting.
For most well-resolved peaks with good signal-to-noise the two methods result in identical
deuterium uptake profiles. An example of this is shown in Figure 1A for the 1+ ion of a
peptide. The data also contained a strong signal for the 2+ ion, but with a nearby 1+
contaminant peak that could not be resolved chromatographically (Figure 1C). The more
conventional centroid processing approach results in a deuterium uptake plot that is skewed
higher due to the presence of the overlapping fragment within the mass envelope at later
deuterium exchange time points. The same effect persists even when fitting a binomial
distribution to these time points. Including an asymmetry term (λ) into the calculation, in
this case λ=5, results in a greater error contribution for peaks of lower intensity than the
predicted distributions, thereby favoring the distribution to fit to the lower intensity
“uncontaminated” peaks. The net benefit is evident when comparing the data for the
uncontaminated 1+ ion to the 2+ ion fit using the asymmetric term (Figure 1D).
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The binomial fitting routine converts the position of each isotopic peak as integer offsets
from the monoisotopic peak and with noisier data the isotopic peak picking algorithms may
fail to capture the full isotopic envelope. This problem occurred for nearly one-fifth of the
peptides within our HIV gp140 data set. To alleviate the problems associated with noisy data
and poorly picked peaks, the binomial fitting scheme was expanded to reconstruct the full
spectrum and fit to the raw spectral data, instead of just the single points for each isotopic
peak. An example of this is shown in Figure 2. In this case the data was not only of low
signal-to-noise but the peptide isotope distributions for early deuteration time points were
overlapped with signals from another peptide (Figure 2A, 3 sec time point). The binomial
distribution restricts the width of the mass envelope and the charge state; and instrumental
accuracy and resolution further restrain the possible solutions. While processing data of such
weak signal invariably requires close visual inspection, the binomial fitting results in a more
precise fit compared to conventional centroiding, which can be seen from the error bars from
duplicate measurements (Figure 2B). Examination of the residuals of the modeled
distribution subtracted from the raw spectra is also useful for assessing the quality of the fit,
and is automatically generated in HX-Express v2 (Supplementary Figure 1).
The binomial fitting approach also serves to detect the presence of bimodal exchange
profiles, i.e., EX1 kinetic signatures or multiple distinct conformations. Peak width analysis
can also reveal this type of behavior [14], but since a small degree of mass envelope
broadening occurs even within the EX2 exchange regime, it is not always effective at
detecting subtle deviations from EX2 behavior. Fitting with the binomial distribution
intrinsically accounts for this broadening effect and therefore provides a robust method for
detecting even subtle bimodal behavior. Figure 3 shows three examples of profiles with
bimodal distributions. As described for even the earliest measurements of peptide hydrogen
exchange MS [26], a combination of multiple binomial distribution functions can be fit to
the data for deconvolution of the species present in the mass envelopes. In HX-Express v2,
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this process quickly and effectively resolves the two species and presents them for visual
inspection and validation (Figure 3A, D, G). The deuterium uptake curves for each species
can be determined, and provide far more insight into the system than is obtainable by simple
centroid analysis (Figure 3B, E, H).
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Bubble plots are a useful way to visualize the data obtained from bimodal deconvolution.
These plots show the exchange profile of both species with the bubble size correlating to the
relative population of each species at each point (Figure 3C, F, I). This information can be
useful for differentiating between EX1 kinetics vs. the presence of distinct conformations.
For the first peptide (Figure 3C), the relative populations of the two species remain constant
over the course of deuterium exchange, indicating the presence of two distinct, noninterchanging conformations. The second peptide (Figure 3F) shows a change in the relative
population over time, indicating EX1 kinetics. The behavior of the third peptide (Figure 3I)
is less definitive. The rise in the relative population of the highly deuterated species from
0.14 +/− 0.02 to 0.24 +/− 0.04 (Average +/− standard deviation) between the 3 sec and 1
min time points indicates the presence of mixed EX1/EX2 kinetics rather than two distinct
conformations. The relative populations are also included in the final output in HX-Express
v2, so they can be used to estimate kinetic parameters associated with EX1 events. For even
more convoluted data, which is rare, a triple binomial fitting algorithm is available. The
bimodal deconvolution routine can also be used in combination with fitting to raw spectral
data, however this is roughly 10 times slower, requiring up to 10–20 seconds of processing
time per spectrum on a modern desktop computer.
Lastly we note that the accuracy of bimodal deconvolution is dependent on the ability to
resolve the two species. For two species with only a minor difference in exchange kinetics,
the mass envelopes will be poorly resolved, and the certainty in characterizing each species
becomes limited. Having a larger number of data points along the mass envelope helps
constrain the binomials for more accurate fits. For this reason we use the highest possible
level of deuterium content in the exchange step to distribute the mass envelope over a larger
m/z range. While is detrimental to the signal to noise and raises the risk of overlap [27], in
many cases it is necessary for the accurate characterization of the exchange profile.

Conclusions
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The application of binomial distributions combined with asymmetric least squares fitting
serves as a useful tool for obtaining accurate deuterium content from noisy or overlapped
mass spectrometry data. This type of data is encountered frequently in our laboratory,
especially in the analysis of large glycoproteins which are typically only available in small
quantities. For such difficult systems, simply increasing the quantity of protein introduced
into the mass spectrometer is generally not an option. In the case of HIV Env gp140,
binomial fitting procedures, as implemented with HX-Express v2, provided data for 8
additional (unique) peptides, improving the sequence coverage from 80% to 91%. We note
that a certain level of peptide-to-peptide parameter optimization is required along with close
visual inspection of the fitting to ensure no erroneous fits are generated. While this approach
is modestly slower than analysis software packages offering user-free automation, semiautomated analysis provides more confidence in the final results. HX-Express v2 maintains
a semi-automated analysis approach, and now includes tools for binomial fitting, bimodal
deconvolution, asymmetric least squares regression for handling overlapped data, and
visualization tools for interpreting bimodal exchange behavior.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Example of binomial fitting of an overlapped peptide. A) The deuterated mass envelope of
the 1+ ion contains no overlapping peaks and fits well to a binomial distribution. B) The
exchange profile from this data extracted from the binomial fitting or conventional
centroiding is essentially identical. C) The 2+ ion of this same fragment contains an
overlapping 1+ ion from another species. An asymmetry term (λ) of 5 was used for the
binomial fitting of these overlapped mass envelopes. The fully deuterated spectra shows the
effects of using λ=1 (no asymmetry), 2, and 5. D) The binomial fitting with λ=5 (circles)
results in an accurate depiction of the 2+ mass envelope, and the measured deuterium uptake
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is identical to that from the 1+ ion (triangles), unlike that obtained from centroid analysis
(squares).
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Figure 2.

Binomial fitting to raw spectral data. A) A 3+ ion with relatively low signal is fit using the
reconstructed spectra from the binomial distribution (dashed red lines). The fits for each
time point along with the residuals are shown in Supplementary Figure 1. Arrows show the
centroid position based on the distribution width. The lower m/z mass envelope observed in
the 0.05 min time point is from a contaminating 4+ ion. B) Binomial fitting show much less
variance in the final exchange profile relative to centroid analysis of the raw data. Error bars
represent the standard deviation from duplicate measurements.
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Figure 3.

Deconvolution of bimodal patterns with two binomial distributions. Three examples are
shown of fragments (A–C), (D–F) and (G–I) exhibiting bimodal distributions in the
deuterated mass envelopes. A) Deconvolution of the spectra from the first peptide by fitting
with two binomial distributions resolves the exchange profiles of both species (B). C) The
bubble plot shows the exchange profiles with the relative size of each point reflecting the
relative population of each species. For this peptide, the size of the bubbles is relatively
constant through the time course, indicating the presence of two distinct conformations. D)
In the case of the second peptide, the exchange profile indicates predominant EX1 exchange
kinetics, and the bubble plot shows the shift between the exchange profiles over time (E, F).
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G) The third peptide exhibits a bimodal profile only at the early time points. The increase in
the population of the highly deuterated species suggests that this is attributed to EX1
kinetics rather than distinct conformations in solution (H, I).
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