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Hydrogen-deuterium exchange mass spectrometry is an
important method for protein structure-function analysis.
The bottom-up approach uses protein digestion to local-
ize deuteration to higher resolution, and the essential
measurement involves centroid mass determinations on a
very large set of peptides. In the course of evaluating
systems for various projects, we established two (HDX-
MS) platforms that consisted of a FT-MS and a high-
resolution QTOF mass spectrometer, each with matched
front-end fluidic systems. Digests of proteins spanning a
20-110 kDa range were deuterated to equilibrium, and
figures-of-merit for a typical bottom-up (HDX-MS) exper-
iment were compared for each platform. The Orbitrap
Velos identified 64% more peptides than the 5600 QTOF,
with a 42% overlap between the two systems, independ-
ent of protein size. Precision in deuterium measurements
using the Orbitrap marginally exceeded that of the QTOF,
depending on the Orbitrap resolution setting. However,
the unique nature of FT-MS data generates situations
where deuteration measurements can be inaccurate, be-
cause of destructive interference arising from mis-
matches in elemental mass defects. This is shown
through the analysis of the peptides common to both
platforms, where deuteration values can be as low as
35% of the expected values, depending on FT-MS res-
olution, peptide length and charge state. These findings
are supported by simulations of Orbitrap transients, and
highlight that caution should be exercised in deriving
centroid mass values from FT transients that do not
support baseline separation of the full isotopic
composition. Molecular & Cellular Proteomics 12:
10.1074/mcp.M112.023770, 539-548, 2013.

Hydrogen-deuterium exchange mass spectrometry (HDX-
MS)" provides a powerful means to study the link between
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" The abbreviations used are: HDX-MS, hydrogen/deuterium
exchange mass spectrometry; PNK, polynucleotide kinase;
XRCC4, Xray repair cross-complementing protein 4; TUB, o/pB-
tubulin; DDA, data-dependent acquisition; IDA, information-depen-

protein structure and function (1). The method involves a
chemical process in which labile hydrogens within a protein
are exchanged with hydrogen from bulk water. When D,0O is
used in place of H,O, a mass shift results at every point of
exchange, but it is the backbone amide hydrogens that offer
exchange rates on a measurable timescale (2, 3). Measuring
an amide hydrogen exchange rate can provide access to
conformational dynamics, stability, and the interaction char-
acteristics in that location of structure (4, 5). H/D exchange
rates have be used to explore mechanisms of protein folding
(6), determine the allosteric impact of post-translational mod-
ifications and ligand binding (7, 8), define truncation points for
enhancing crystallization success (9), and they have also
found a role in mapping interactions between proteins (10).
Applications have stepped outside of primary research to
include the characterization of protein drugs for stability and
similarity testing (11-13). The capacity to provide such infor-
mation has attracted increased attention from regulatory bod-
ies and is generating a push for standardizing HDX methods.

Mass spectrometers are very effective tools for measuring
exchange rates, from whole proteins down to the individual
amide levels. Classical methods of rate measurement have
used NMR (3), but mass spectrometry offers all the advan-
tages of speed, sensitivity and scale that have made the tool
so useful in proteomics. Measurements at the peptide level
provide an important intermediate resolution. As with bot-
tom-up proteomics, rendering deuterated proteins into
smaller peptides through digestion provides opportunities to
analyze protein systems of considerable complexity, and at
the same time support analysis at higher structural resolution
through MS/MS methods (14, 15). A considerable amount of
effort has been applied by the research community and in-
strument manufacturers to produce instrument configurations
that are suitable for managing the many processing steps
required for labeling, digesting, separating and introducing
deuterated peptides into the mass spectrometer (16). This has
been supported by parallel efforts to develop software tools
for the detection of deuterated peptides and the extraction of
deuteration data (17-19).

dent acquisition; %RSD, percent relative standard deviation; Hz,
hertz.
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A successful application of the bottom-up HDX-MS method
requires a full peptide sequence map of the protein, so that
deuteration rates at every point in protein structure can be
quantified and related back to structure. Once the peptide is
identified, the primary measurement is the peptide centroid
mass of the deuterated state, relative to the unlabeled state. It
requires intensity measurements for a minimum of two peaks
in the isotopic cluster to determine when the centroid mass
changes (20), although most often the full distribution is quan-
tified in HDX-MS applications. As the range of applications
continues to grow, particularly in the regulatory area, it is
important to better understand how various elements of the
HDX platform deliver the essential data (21, 22). In the current
study, we are interested in the contribution of the mass spec-
trometer alone. Most users of the HDX-MS method are mi-
grating from low resolution to high resolution systems, oper-
ated in a single-stage MS mode. This includes FT-MS and
higher-resolution QTOF platforms, therefore in this study, we
explore how an LTQ Orbitrap Velos (Thermo) and a 5600
TripleTOF (AB Sciex) influence the measurement of deutera-
tion data for proteins of increasing size. Identical front-end
fluidic systems and protein digests, as well as back-end anal-
ysis procedures, allow us to perform a direct comparison of
performance in areas of sequence mapping, centroid mea-
surement precision and centroid mass accuracy. We demon-
strate that the Orbitrap system returns greater sequencing
depth and marginally better precision than the 5600, however
the measurement accuracy is strongly influenced by destruc-
tive interference arising from unequal mass defects between
13C and 2H. This has implications for any application that
involves centroid mass determinations, beyond HDX-MS.

EXPERIMENTAL PROCEDURES

Sample Preparation—Three proteins were processed for the anal-
yses described in this study. The DNA repair protein “x-ray repair
cross-complementing protein 4” (XRCC4, amino acids 1-200) with a
molecular weight of 20 kDa, polynucleotide kinase (PNK) with a
molecular weight of 55 kDa, and «/B-tubulin dimer (TUB) with
a combined molecular weight of 110 kDa were predigested with
immobilized pepsin (Pierce) at room temperature for 4 min (pH 2.3) at
a concentration of 10 um for each protein. Each digest was then split
into two pools. Aliquots of the first pool were stored at -80 °C and
destined for replicative sequencing on each platform. The second
pool was deuterated to equilibrium in 15% D,O for 24 h and aliquots
were also stored at —80 °C for eventual deuteration analysis on the
two liquid chromatography (LC)-MS platforms. Proteins were sourced
from collaborators (XRCC4 and PNK, gifts from Dr. S.P. Lees-Miller,
University of Calgary) or purchased (TUB from Cytoskeleton Inc.,
Denver, CO).

Sequence Mapping—Digest samples (5 pmol) were injected using
a HTX PAL autosampler (Leap Technologies, Carrboro, NC) and
peptides were trapped on a 5 cm, 200 um i.d. Onyx C18 monolithic
column (Phenomenex, Torrance, CA) held at 4 °C in the cooled
chamber of the autosampler. Peptides were eluted by a 10 min
acetonitrile gradient (3-40%) using either a Dionex Ultimate 3000
coupled to an LTQ Orbitrap Velos (Thermo) or an Eksigent nanoLC
Ultra2D coupled to a 5600 Triple TOF (AB Sciex). The same flow rate
was used in both configurations (4 wl/min). Transfer lines were

matched so that peptide arrival times to the mass spectrometers were
equivalent. Each digest was analyzed eight times on each platform:
one full scan from m/z 300-1250 and six gas-phase fractionation
scans (m/z 300-500, 495-600, 595-700, 695-700, 685-800, 795-
1000, 995-1250) (23).

Sequencing with the LTQ Orbitrap Velos used a survey scan in the
Orbitrap at 30 k resolution and data-dependent acquisition (DDA) for
MS/MS in the ion trap using the top 20 most intense ions, for a total
cycle time not exceeding 5.4 s. The collision-induced dissociation
(CID) state was configured with a minimal peak selection threshold of
500 counts, an isolation width of 2 mass units, a normalized collision
energy of 35, an activation g value of 0.25 and an activation time of 10
msec. Dynamic exclusion was configured with a repeat count of one
for 10 s, before exclusion for 15 s. Known background ions were
added to an exclusion list for the entire run. Source conditions were
set to 3.1 kV for ionization and a sheath gas flow of 1. No auxiliary gas
flow was used. For ion transmission the S-lens was set to an RF level
at 44% and a capillary temperature of 275°C.

Sequencing with the 5600 TripleTOF used an optimized set of
parameters as previously described (24). Briefly, information-depen-
dent acquisition (IDA) employed a 250 msec survey scan and up to 20
product ion scans, on ions exceeding 500 counts, for a total cycle
time of 2.3 s. A swept collision energy setting of 35 = 15 eV was
applied for CID. Dynamic exclusion was enabled and set for 15 s.
Source conditions were set to 5.2 kV for ionization, 12 for gas1 and 10
for gas2. The curtain gas was set at 20.

Deuteration Measurement by LC-MS— Deuterated digests (5 pmol)
were injected using the same autosampler and pump configurations
as described above, with the mass spectrometers operated in MS
mode only. On the Orbitrap, ten replicates for each digest were
collected at nominal resolution settings of 30 k , 60 k and 100 k. Ten
replicates for each digest were also collected on the 5600 TripleTOF
for a total of 120 runs. For acquisition on the Orbitrap, the 30 k
resolution was collected first, with 60 k and 100 k resolutions col-
lected on subsequent days. Fresh protein aliquots were analyzed
each day. Instrument calibration was performed before each set of
acquisitions. Blanks were inserted between each run, and protein
digests were analyzed in an alternating fashion. For acquisition on the
5600 TripleTOF, proteins were analyzed in the same alternating fash-
ion, with blanks. After each of the three protein digests were analyzed,
the instrument was calibrated to minimize mass drift.

Data Analysis - Sequence Identification—A merged .mgf file was
created from the output of each instrument (Analyst TF v1.51 and
Xcalibur v2.1) using Mass Matrix File Conversion (v3.9) containing the
full-scan and all six gas-phase fractionation data files for each protein.
Mascot Version 1.01 was used to identify peptide hits for each pro-
tein, from a limited database containing only the proteins in this study,
including multiple isoforms of TUB, as described previously (25). Data
were mapped to sequence using the following search terms: a mass
tolerance of 10 ppm on precursor ions and 0.6 Da on fragment ions,
no modifications, and no enzyme specificity. A standard probability
cutoff of p = 0.05 was implemented and matches near the cutoff
manually verified. The results were exported and formatted for import
into Mass Spec Studio.

Data Analysis - Deuteration Measurement—Centroid mass mea-
surements and deuterium content determinations were made using
Mass Spec Studio, which incorporates a rebuild of Hydra software
previously described for such purposes (18). Briefly, the rebuild cen-
tered on producing a generalized software framework to provide
common infrastructure for analysis of any mass spectrometry data
set. The framework provides a pluggable architecture allowing rapid
development of new analysis packages for any purpose, offering the
extensibility to support custom data providers, experiment types,
user interface modules and algorithms. The current iteration provides
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Fic. 1. Configuration of HDX-MS platforms for comparing MS performance in peptide sequence mapping, deuteration precision, and
accuracy. Sample digests (deuterated or undeuterated) were introduced into either an Orbtrap Velos or a 5600 TripleTOF using matched
gradient microLC systems, to ensure that peptide retention times were equivalent. Mass Spec Studio was used for deuteration analysis.

some common modules for each of these categories. For example, a
default data provider has been included, which uses the Proteo-
Wizard library for reading vendor-specific mass spectrometry data
files. Using this new infrastructure, we refactored Hydra into a proc-
essing package that plugs into the framework. For the current study,
the only upgrade affecting Hydra functionality involves the inclusion of
a custom data decompression algorithm to support the handling of
high-resolution data. The accuracy of this algorithm was verified by
comparing intensity data from within the Studio to intensities read
from the vendor-supplied peak-viewing software (Xcalibur and
PeakView). The Mass Spec Studio is available on request, and peri-
odic new releases are planned, of Hydra and the framework.

As input to the Hydra process, Mass Spec Studio requires a .csv
file containing a list of peptides, charge states, and retention times
(generated from the Mascot output) and the set of LC-MS files con-
taining the replicate deuteration measurements. The output of pep-
tide centroid values was culled to ensure that only high-quality pep-
tide isotopic clusters with nonoverlapping, high signal-to-noise ratios
were used in measurements of deuteration accuracy and precision.
We achieved this by (a) requiring that plots of mass versus number of
isotopic peaks in mass calculation for each peptide followed a mono-
tonically increasing function and (b) that a minimum of eight replicates
contributed to the final average. When these conditions were met, the
full isotopic cluster was used for centroid mass measurements. These
selection criteria were manually validated to represent clean, single
peptide selections.

Simulations of FT-MS Spectra for Deuterated Peptides—To deter-
mine the effect of deuterium addition on centroids measured by
FT-MS, we generated transients computationally in Igor Pro (v. 4.09A,
Wavemetrics), consisting of the superposition of a set of waveforms
representing the isotopic cluster of a given peptide. We used the
output of MS Isotope (prospector.ucsf.edu/prospector/mshome.htm)
for each unlabeled peptide and assumed the isotopic cluster was
represented by '3C/'2C content only, except where noted. Deutera-
tion was represented as a binomial expansion of this distribution,
assuming N-2 exchangeable amide hydrogens, where N is the num-
ber of residues in the peptide. The waveform was therefore repre-
sented as follows (equation 1):

y(t) = E?afzrb, cos(2f,; t) (Eq. 1)
where a; represents the binomial coefficients for a given deuteration
level, b; the coefficients drawn from the intensity values for each
isotopic peak in the native peptide cluster and f;; the frequency of the
respective peptide isotopic composition. Transients were generated
with a “sampling” rate of 1 X 10° points/s, for 0.5 s or more. Fre-
quencies were based on values reported for earlier Orbitrap proto-
types, that is, 711 kHz for >Fe™* (26), and calculated through the basic
relationship (27):

fw_ (m/z),
£ i), (Ea. 2)

Transients generated in this fashion were windowed with a Hanning
function in Igor before Fourier transformation with a standard FFT
algorithm. Frequency-domain spectra were generated in magnitude
mode, and the centroid mass determined using peak intensities in the
usual way. Deuterium values were obtained by subtraction of the
centroid mass for the unlabeled peptide.

RESULTS AND DISCUSSION

System and Samples— A comparison of data from different
MS platforms requires the analysis of identical samples, front-
end fluidic systems and data processing routines to minimize
any bias in the analysis (Fig. 1). For this purpose, we chose to
define a common stock of protein sample digests, in both
undeuterated and deuterated forms. The deuterated samples
were equilibrated before analysis and storage, to ensure no
drift in measurements that might result from slow kinetics of
deuteration. We tested aliquots of the 15% deuterated X4
stock digest on successive days using the 5600 platform.
There were no detectable changes in deuterium content for a
random sampling of peptides, confirming equilibration (data
not shown). Although we used different LC systems to sim-
plify instrument communications, the autosampler, columns,
and mobile phases were identical, and the gradients and total
analysis times were closely matched.

Sequencing—A bottom-up H/DX-MS analysis requires in-
dexing the protein sequence using MS/MS methods, such
that each amino acid residue is represented by a minimum of
one digest peptide. Higher redundancy supports higher struc-
tural resolution and validates the deuteration measurements,
so exhaustive peptide identification is usually performed. One
procedure involves extending the gradient to increase time for
MS/MS sequencing, but we chose an iterative method in-
stead, to simulate a greater degree of spectral complexity as
might be found with very large protein systems. For each of
three proteins, we injected replicate samples in the “gas-
phase fractionation” strategy, preserving the gradient and
temperature conditions of the actual HDX-MS experiment, but
without deuteration. This allowed us to generate a master list
of peptides with their associated retention times, which could
be parsed from the Mascot search files and used directly in
Mass Spec Studio, for extracting deuteration data from the
subsequent HDX-MS runs. The indexing statistics for three
proteins are shown in Table I.

The fractional overlap between peptide sets is modest and
remarkably consistent between the two analytical platforms:
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TABLE |
Peptide identification statistics for the Orbitrap and the 5600 TripleTOF for three different protein substrates

XRCC4 PNK o/B-TUB

5600 Orbitrap Overlap 5600 Orbitrap Overlap 5600 Orbitrap Overlap
Count? 241 409 200 294 450 223 446 750 341
Seq. Cov. (%) 100 100 100 97 98.1 94.5 93.3 95.8 92.1
Redundancy® 13 19 10 12 5 6 9 4
Average score® 34 (20) 28 (14) 31 (14) 32 (20) 26 (14) 30 (15) 37 (20) 32 (15) 34 (16)
Average charge® 21(1.00 21(0.9) 2008 2310 24(11) 2309  2.1(0.8) 1.9(0.8) 2.1(0.8)
Average length® 12 (5) 11 (4) 11 4) 14(7) 14 (8) 14(7) 12 (5) 12 (5) 12 (5)

2 Unique pairs of retention time and m/z.

© Average number of times a given location is represented by a peptide.

¢ Value (std. dev.).

~42% of all identified peptides are found in both data sets,
with no obvious dependence on protein size. The high selec-
tion rate and narrow m/z range per sequencing replicate
provided excess capacity for identification, as the table shows
the number of identified peptides increases from XRCC4 to
TUB. This suggests that other reasons are behind the modest
overlap in peptide identifications. The Mascot scores for the
common and unique peptide subsets do not show a signifi-
cant difference. Substantially lower scores for the unique
subsets might have implied lower intensities but this appears
not to be the case. When the data sets were inspected visu-
ally, most of the peptides identified uniquely by one or the
other platform actually can be found in both LC-MS sets, at
least based on an observation of common retention time and
accurate mass, and at intensities sufficient to trigger a se-
quencing event. It suggests that at least some of the unique
identifications are because of differences between beam-type
and trap fragmentations, which is not surprising (28). In this
case, ions would be selected but would generate weak frag-
mentation patterns in one or the other instrument, which
translate into scores below the identification thresholds. We
also note that peak detection algorithms have moderately
high false-negative rates and thus some of the unique identi-
fications could be because of missed peak selections (29).
The high false negative rate has been noted by others as well
in the context of HDX-MS experiments (30). As the numbers of
peptides identified are different between platforms, it also
makes sense that the redundancy (or fold-coverage) is differ-
ent. The Orbitrap outperformed the 5600 in numbers of pep-
tides by an average of 64%, which translated into a 62%
increase in redundancy. This did not affect the sequence
coverage to any appreciable degree, as each data set sup-
ported coverage approaching 100%. There were no signifi-
cant differences detected in average peptide charge or
length.

Although the number of identified peptides did increase
with protein molecular weight, the correlation is weak. There
are likely three reasons. In the first place, the sequence com-
position can bias detection; for example TUB has post-trans-
lational modifications and extensive acidic tails that can re-
duce depth of coverage. Second, although the substrate size

increases, the digestion conditions are fixed because of the
time constraints in HDX experiments. This can lead to a
decrease in overall digestion efficiency, which would influence
the map. Third, the LC conditions are also fixed, and as
complexity increases, ion suppression and/or chimeric
MS/MS spectra may reduce the rate of identification (31, 32).
These could be improved by extending the run-time for se-
quencing purposes but it might not benefit the HDX runs,
which require short gradients. The implications of reduced
coverage in the TOF platform may not be especially trouble-
some, as there remains a large number of un-sequenced
peptides that could be “tapped” on an as-needed basis by
targeted sequencing efforts.

Precision of deuteration measurements—HDX applications
that monitor the effect of a change in protein state require high
measurement precision, to identify perturbations of the mass
shift with high confidence. For example, a region of stable
secondary structure in a protein or ligand binding-site may
have a low exchange rate, which on binding reduces even
further. These events can be more difficult to detect than
structural transitions in flexible loops, and thus requires both
sensitive and precise measures of deuteration. We explored
precision on each platform by selecting a subset of data from
the analysis of 15% deuterated XRCC4 and PNK digests, and
compared the high resolution TOF data to three different
resolution settings on the Orbitrap (Fig. 2).

Peptides without spectral overlap and with moderate or
high signal-to-noise ratios were selected for this comparison,
and precision was expressed as % relative standard deviation
(%RSD). The plots show a cumulative distribution function,
describing the probability at which a certain %RSD (or better)
can be expected. The data is well-fit with a sigmoid, as
expected for data with a normal error distribution. It is clear
that high precision can be achieved with each platform, al-
though the Orbitrap delivers marginally better performance
regardless of resolution setting. The Orbitrap performance
erodes slightly at the highest instrument resolution, however.
Because the transient length is greater at the higher resolu-
tion, the sampling rate is reduced so less points define the
chromatographic peaks, which could impact precision. Re-
gardless, in all cases analytical precision is high and in typical
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Fic. 2. Cumulative distribution functions highlighting the precision of deuteration measurements from a large set of technical
replicates. A, 5600 TripleTOF data from 165 peptides, (B) Orbitrap Velos 30k resolution data from 144 peptides (C) Orbitrap Velos 60k
resolution data from 210 peptides and (D) Orbitrap Velos 100k resolution data from 190 peptides. Data shown as percent relative standard
deviation (%RSD), fit with a sigmoidal function (black trace). Insets show the mean and median values for the respective instrument

configuration.

HDX-MS experiments, error arising from other sources, such
as reagent dispensing and protein heterogeneity, would likely
dominate.

Accuracy of Deuteration Measurements—Accurate deute-
rium levels are required when measuring the kinetics of label
uptake. Kinetics measurements are used to extract rate con-
stants, which in turn provide access to important parameters
such as protection factors that are related to protein stability.
When investigating protein interactions, accurate deuteration
levels are also necessary for quantifying K, values and bind-
ing kinetics (33). To explore the influence of the mass spec-
trometry platform on accuracy, we first determined if both
systems generated the same values for a common set of
deuterated peptides. The centroid masses for the subset of
common peptides described in Table | were measured, using
the XRCC4 and PNK digests, and the deuteration level deter-
mined by subtracting the corresponding unlabeled peptide
centroid masses. These are plotted in Fig. 3.

The deuteration values as measured by the Orbitrap, at any
resolution, were consistently lower than the deuteration val-
ues measured by the 5600. The deviation worsens consider-
ably with increasing resolution on the Orbitrap, and Figs.
3D-3F indicates that the bias appears strongest at low pep-

tide mass. Interestingly, when the charge state is overlaid on
the data, the bias is strongest for singly charged and weakest
for multiply charged peptides. We see no discrepancy be-
tween the theoretical and expected mass for a singly charged
peptide infused into the 5600 for a range of deuteration values
(supplemental Fig. S1), thus the anomalous values appear to
arise from some aspect of the FT-MS measurement.

Isotope Beating—FT-MS measurements in the Orbitrap rely
on the generation of image current for ion packets oscillating
in the axial direction, moving as concentric rings along the
central spindle electrode (34). The waveform that results from
the simultaneous detection of ions with varied masses is a
complex time-domain transient, which is the superposition of
the correspondingly varied frequencies. These are decon-
volved with the aid of Fourier transformation and the spectrum
generated through the application of Equation 3.

ke

= \mrz

(Eq. 3)

However, individual frequencies are correlated in the Or-
bitrap experiment and as a result, generate both constructive
and destructive interference patterns at the detector. This
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leads to classical time-domain signals that show beat pat- 0.6+
terns, with beat frequencies that are simply a function of the
difference between the two interfering signals (35), equation 4: 05+
A=0.00292u
beat frequency = f; — f, (Eq. 4) o e B — e
. . 'E 49 50
In an FT-MS experiment, beat patterns observable in the s

timeframe of a typical transient could arise from the slightly % 0.3+
different frequencies found within an isotopic cluster. Studies .ﬂ_z s
with mid-resolution FT-ICR instruments have shown that iso- T o024 ' ' ' '
topic peaks nominally one mass unit apart in multiply charged
protein ions beat at a frequency of 8.8 Hz for a 6+ ion of 0.1+
bovine ubiquitin, for example (35). The time between beats
does not contribute to the measurement as the signal is 0.0 | ! i
essentially absent, which imparts a stepwise relationship be- 0 1 2 3 4 5

. ey . . isotope number
tween resolution and the acquisition time. In this case, reso- P

lution only increases when additional beats are recorded. ' c ) ;

Isotopic beat patterns of this nature also affect intensity, as tide and .the p?pt'de mass'Sh'ﬂ.ed w.'th deuterium. Blac_k trace
shows an isotopic cluster of a peptide with 50 carbons, showing only

was shown in the measurement of polymer distributions (36).  the 12C contribution to the cluster. Red trace shows the same peptide

It was demonstrated that transients must be sampled for at  shifted in mass through the exchange of one H for a 2H. Inset shows

least two beats in order generate polymer spectra that faith- ~ an expansion around the nominal M+1 peak, and the expected mass

fully returned peak intensity data. A similar situation could difference.

occur with deuterated peptides (Fig. 4).

To determine how signal interference could affect measure- tensities were measured from this domain. The results are
ments of deuteration, we simulated transients for two different  shown in Fig. 5, describing the deviation between simulated
peptides at various deuteration levels, AEGFSAI (1+ and 2+ and expected deuteration level in two ways. In Fig. 54, the
charge states) and VVEKLGVPFQVL (1+ charge state). These normalized deuteration values are plotted for each of the three
simulations used frequencies based on values reported for peptide forms, over the full range of possible amide bond
earlier Orbitrap instrument configurations. Conventional rou-  deuteration levels. In Fig. 5B, the same data is plotted as a
tines for windowing and transforming the transients were percentage of the expected deuteration level, over the full
applied to generate frequency-domain spectra, and peak in- deuteration range. Deviations between the simulated and

Fic. 4. Potential for isotope beating between an unlabeled pep-
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expected levels are very pronounced at the lower deutera-
tion levels, but remain observable even at 80% deuteration.
As with the experimental data (Fig. 3), there is a charge state
bias, with singly charged AEGFSAI showing a higher devi-
ation than the doubly charged form. Similarly, as the pep-
tides increase in size the deviation diminishes. In these
simulations, peptide deuteration was modeled as a binomial
expansion of the native peptide isotopic cluster, which we
produced from the '2C/'3C contribution only. This expan-
sion can be viewed as a collection of native distributions
shifted by the mass difference between D and H, a value of
1.00628u, for each additional amide deuteration event. The
difference between peaks in the native distribution is
1.00335u (*C-'2C), and although the mass difference be-
tween these two values is small (0.00292u), it represents a
beat frequency of 0.5 Hz for singly charged AEGFSAI (see
equations 3 and 4).

The full isotopic cluster represents multiple small offsets
from various combinations of ?H and '3C that complicate the
beat pattern, but the 0.00292u mass difference represents the
closest overlap and it dominates the beat pattern (Fig. 6A).
Our simulations do not include any physical factors for ero-
sion of resolution with acquisition time, so to determine the
effect of increased resolution on the biased centroid mea-
surements, we simply increased the duration of the transients
before processing, and then recalculated centroid masses
(Fig. 6B). The bias was observed to be greatest at one beat
period (2 s.) and it required approximately four beat periods to
return a centroid mass that approached the expected value.
At this transient length, all isotopic forms could be distin-
guished from each other in the transformed signal. At shorter
acquisition times, for example 0.25 of a beat period, centroid
accuracy is better than an acquisition 4 times longer in dura-
tion. It reflects the fact that destructive interference underlies
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this phenomenon, as short acquisitions relative to the beat
frequency effectively renders the two signal components
equal.

The experimental observations in Fig. 3 are consistent with
this outcome of the simulation as well. We observed the
centroid mass bias to worsen with increasing Orbitrap reso-
lution (from 30 k to 100 k). The transient length in the Orbitrap
Velos at a nominal resolution of 60k is 768 msec (37), which
suggests our measurements fall somewhere to the left of the
maximum centroid bias observed in Fig. 6B. For the larger
singly charged VVEKLGVPFQVL, the primary beat frequency
is 0.2 Hz with a beat period of 5 s. The destructive interference
should not be as great for the reasons described above,
which our simulations support (Fig. 5), but what about the
doubly charged AEGFSAI? Simulations show that the centroid
bias is not as high as the singly charged version. The primary
beat frequency for this ion is 0.75 Hz, thus the simulations
have sampled more than one beat period, suggesting that the
measurement falls to the right of its maximum centroid bias.
Without access to the raw transients and the vendor’s data
processing routine, it is somewhat difficult to make a rigorous
comparison between our model and the experimental data.
However, we compared our interference-based model with
the measured deuteration data for the doubly charged pep-
tides in our data set, and found that the simulations of the 60k
resolution set fit the data well (supplemental Fig. S2). When
taken together, these simulations are consistent with the ex-
perimental observations of bias, and point to a problem that
may best be described as a moving target. Unless sufficient
resolution is available to separate all isotopic forms of a
peptide, there will be a subset of the peptides that meet the
criteria for maximum destructive interference when standard
transient lengths are used.

The studies by Hofstadler et al. (35) and Easterling et al. (36)
indicate that this is not a new problem in FT-MS. With respect
to Orbitraps specifically, isotope beating has been proposed
recently to explain deviations in relative ion abundances for
applications involving small molecule identification and quan-
tification (38, 39). The effects observed were smaller than
shown here (and potentially correctable), for the simple rea-
son that the compounds were defined by their native isotopic
compositions, with a lower % abundance of the isotopic
interference. Variable deuteration clearly increases the sever-
ity of the beating phenomenon. Physical effects arising in
FT-MS may also influence the measurement of isotopic abun-
dances by an Orbitrap. These can include space charging and
peak coalescence phenomena (40, 41). Such effects are usu-
ally discussed in the context of mass accuracy, but they may
also exert an influence on observed peak intensities when
clouds of ions have near-equivalent m/z values. Assessing the
relative impact of these other influences is not part of the
current study. We propose that isotope beating is a major
influence, but perhaps not the only one, based on a strong
correlation with the experimental data.

Implications for HDX—It may be argued that most applica-
tions of bottom-up measurements are used in a comparative
fashion, where measurement precision may ultimately be
more important than accuracy. This may be the case when the
technique is applied to large-scale screening activities, or
coarse-mapping of binding interfaces. However, segments of
otherwise useful data may be poorly represented in these
studies as a result of isotope beating. The effect of signal
interference is strongest for short, singly charged peptides.
These represent a rich segment of HDX data because they
have the greatest structural resolution. A reduction in the
apparent deuterium content will restrict the sensitivity for
measuring changes, and could cause changes to go unno-
ticed. The bias is weak at the highest deuteration levels, which
suggests that measurements should be made using high per-
centages of D,0. This is usually how experiments are con-
ducted. In practice, peptides actually span a wide deuteration
range, as deuteration levels depend on structure, dynamics
and back exchange, which are all sequence dependent. Sub-
tracting deuteration values for nested peptides, in an attempt
to localize deuteration changes to higher resolution (30), may
not be valid in the face of the variable destructive interference
we observe.

Bottom-up measurements are also used to determine the
kinetics of labeling in regions of a protein, and these involve
measuring the rate of change in deuterium levels over time.
Accurate protection factors obviously require accurate deu-
terium values, which the Orbitrap underrepresents depending
on the resolution setting. Kinetics plots will reflect the bias
initially by a delayed onset of label uptake, followed by a faster
uptake rate. Kinetics constants are not yet utilized quantita-
tively, but if recent studies relating kinetics to protein structure
are any indication (42), they will find application in structure
refinement and accuracy will be important.

Conclusions and Further Implications—Both platforms re-
turn rich data sets sufficient for in-depth HDX-MS analysis of
large protein systems, when using typical low-pmol amounts
of sample. Sequence coverage in the Orbitrap is more exten-
sive due primarily to higher rates of peptide identification, but
there is no particular bias in the TOF data suggesting that a
protein will experience markedly lower sequence coverage.
Both support high levels of redundancy. Measurement preci-
sion offered by both platforms is high, and it will be sample
handling that ultimately limits precision in most cases. With
regards to the accuracy of deuteration measurements, we
show that the mass difference between the 2H shift and the
3G shift, if not fully resolved, may generate destructive inter-
ference using conventional transient lengths available on the
Orbitrap platform.

It is worth considering the impact of the isotope beating
phenomenon in other applications as well. Any centroid de-
termination or measurement of an isotopic cluster may be
prone to this effect. Un-deuterated versions of the same
peptide set used in this study also demonstrate a progressive
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negative bias, although the effect is not quite as large (sup-
plemental Fig. S3). Contributors to the bias in the unlabeled
set mainly arise from significant levels of >N and 80 in
peptides, and it extends the concerns described by Kaufmann
(89) in the area of compound identification and drug quanti-
tation. With conventional peptide sequences, the effect will
always lead to a lower centroid mass measurement, as the
monoisotopic ion is exactly that, isotopically pure and thus
not prone to destructive interference at available resolutions.
Proteomics applications involving identification and label-free
quantitation methods will not likely be influenced by isotope
beating, as isotopic clusters are not invoked for these appli-
cations, but isotopically labeled quantitative methods could
be to a minor degree, for example ®0/'®0 labeling (43) or
stable isotope enrichment methods if enrichment levels are
not high (44, 45). Here, clusters could partially overlap and
conditions may be created for destructive interference. In
SILAC, the clusters are well separated and the effect is not
likely to be a problem. In all cases, the bias may be reduced
by either increasing resolution sufficiently to resolve all iso-
topic contributors, or eroding resolution so that the elemental
mass defects are all effectively equal.
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