
B American Society for Mass Spectrometry, 2018 J. Am. Soc. Mass Spectrom. (2018) 29:2030Y2040
DOI: 10.1007/s13361-018-2019-6

RESEARCH ARTICLE

Mass Spectral Detection of Forward-
and Reverse-Hydrogen/Deuterium Exchange Resulting
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Abstract. Characterizing glycans is analytically
challenging since glycans are heterogeneous,
branched polymers with different three-
dimensional conformations. Hydrogen/deuterium
exchange-mass spectrometry (HDX-MS) has
been used to analyze native conformations and
dynamics of biomolecules bymeasuring themass
increase of analytes as labile protons are replaced
with deuterium following exposure to deuterated
solvents. The rate of exchange is dependent on

the chemical functional group, the presence of hydrogen bonds, pH, temperature, charge, and solvent accessi-
bility. HDX-MS of carbohydrates is challenging due to the rapid exchange rate of hydroxyls. Here, we describe
an observed HDX reaction associated with residual solvent vapors saturating electrospray sources.
When undeuterated melezitose was infused after infusing D2O, samples with up to 73% deuterium
exchange were detected. This residual solvent HDX was observed for both carbohydrates and peptides
in multiple instruments and dependent on sample infusion rate, infusion time, and deuterium content of
the solvent. This residual solvent HDX was observed over several minutes of sample analysis and
persisted long enough to alter the measured deuterium labeling and possibly change the interpretation
of the results. This work illustrates that residual solvent HDX competes with in-solution HDX for rapidly
exchanging functional groups. Thus, we propose conditions to minimize this effect, specifically for top-
down, in-electrospray ionization, and quench-flow HDX experiments.
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Introduction

With estimates that over 50% of the human proteome is
glycosylated [1], there is increased interest in character-

izing the biological structures of glycans. Glycosylation is a
post-translational modification where branched carbohydrates
are attached to proteins. Glycans are synthesized by a non-
template-driven process in which the final structure is

dependent on the enzymes that are present at the time of protein
translation, producing heterogeneous structures with different
monosaccharide composition, branching, and glycosidic bond
stereochemistry. The complexity and diversity of glycans have
multiple biological implications, including solubilizing and
stabilizing folded proteins, and maintaining cellular communi-
cation and interactions, for instance to trigger immune re-
sponses [2]. Furthermore, glycans have shown promise as
biomarkers for diseases, including cancer [3, 4] and a number
of autoimmune diseases [5, 6]. For each of these systems, the
three-dimensional structure of the glycan is crucial for glyco-
protein function.

Hydrogen/deuterium exchange-mass spectrometry (HDX-
MS) is a powerful technique for elucidating molecular
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structures, dynamics, and interactions. In HDX-MS, the mass
increase of an analyte is measured as labile protons are replaced
with deuterium (D) upon exposure to deuterated solvents. The
rate of exchange is dependent on the chemical functional
group, the presence of hydrogen bonds, pH, temperature,
charge, and solvent accessibility [7, 8]. In traditional, bottom-
up HDX procedures, proteins are diluted into D2O-containing
buffers for varying lengths of time. Following exchange, sam-
ples are quenched in acidic buffer (pH 2.5) to minimize back
exchange, or loss of deuterium labels, at backbone amides.
Pepsin or other acidic proteases are used to rapidly digest
proteins and the resulting peptides are analyzed by liquid
chromatography (LC)–MS. While quenching inhibits further
deuterium labeling, back exchange occurs for rapidly exchang-
ing side chains and some backbone amides [9] due to water in
the quench buffer and solvents for proteolysis and LC [7].
Solution-phase HDX-MS of carbohydrates is challenging due
to the rapid exchange rate of hydroxyls. Previous work by
Guttman et al. [10] and Huang et al. [11] showed that amide-
containing acetamido groups present inN-linked glycans retain
deuterium in quench conditions and during sample work-up in
bottom-up HDX-MS experiments. However, more rapidly ex-
changing functional groups, including hydroxyls, do not retain
deuterium in quench conditions.

Other approaches to HDX can minimize back exchange,
which may benefit HDX analysis of rapidly exchanging func-
tional groups. Both bottom-up and top-down HDX-MS
methods characterize analytes in their native, solvated confor-
mations by exposing analytes to D2O-containing buffers. How-
ever, top-downHDX eliminates in-solution sample work-up by
ionizing immediately after quenching and using gas-phase
fragmentation, rather than proteolytic digestion, to generate
sub-local information [12]. Back exchange is significantly
reduced for backbone amides through top-down HDX com-
pared to bottom-up methods due to the shortened exposure
time to protonated solvent, specifically quench buffer [12,
13]. Yet, there are several disadvantages to top-down proteo-
mics, including extensive sample preparation to make biolog-
ical samples suitable for MS analysis, lower sensitivity in MS
compared to peptide analyses due to competing ionization of
sample matrix components [14], and decreased signal-to-noise
ratios associated with increasing molecular weight, often
resulting in lower sequence coverage compared to that obtained
for digested peptides [15]. Moreover, even the short exposure
to acidic quench buffer in top-down HDX methods was found
to alter protein conformations from the native structure that was
present during protein labeling [16, 17], and thus, any forward
or back exchange that occurred after quenching would sample
the altered conformation.

Alternative HDX methods can be utilized to label rapidly
exchanging functional groups with further reductions in back
exchange. For gas-phase HDX, deuterating agents, such as
ND3 or D2O, are introduced as gaseous vapors and interact
with gas-phase analyte ions [18]. In-electrospray ionization
(ESI) HDX methods involve exposing analytes to an atmo-
sphere of gaseous D2O in the source during droplet evaporation

and analyte ionization. Kostyukevich et al. described a method
in which a droplet of D2O was placed inside the instrument
source, which vaporized in the heated environment, causing the
analyte to come in contact with D2O vapors during ionization
[19]. Other in-ESI HDX methods introduce D2O with the
curtain gas [20, 21], nebulizer gas [21], through a dual sprayer
[22], or through a GC-ESI interface [23, 24]. Both gas-phase
HDX and in-source HDX with matrix assisted laser desorption
ionization (MALDI) or ESI have been used to label carbohy-
drate hydroxyls [25–28]. These methods do not require
quenching, thus minimizing back exchange. However, native
conformations of carbohydrates may not be conserved as gas-
phase ions during gas-phase HDX and at the end of the
electrospray process. Strong inter-ring hydrogen bonding has
been observed for carbohydrates in the gas-phase, whereas
carbohydrates in solution exhibited more flexible conforma-
tions [29]. Therefore, analyses to characterize biologically
active carbohydrates should examine solvated structures to
maintain native conformations.

While new, in-ESI HDX methods can be utilized for ana-
lyzing carbohydrate hydroxyls by sampling short labeling
times and preserving some solution-phase conformations.
However, we present here a caveat to consider: the vapor
composition and equilibrium in the ionization source is con-
stantly modified by the residual and currently incoming solvent
introduced by the sample inlet. Here, we show that the residual
solvent vapors that accumulate inside the source affect deute-
rium labeling of rapidly exchanging functional groups, includ-
ing hydroxyls. Although back exchange from the atmospheric
environment has been reported before [30, 31], effects of
residual solvents on deuterium labeling or back exchange of
rapidly exchanging functional groups have not been studied.
Our findings are distinguished from those methods that utilize
solvent vapors for labeling, such as in-ESI HDX, because
residual solvent vapors introduced from the current or previous
runs, including blanks, are not controlled, can vary with time,
and are often neglected between runs.

Further development of HDX methods for analysis of sol-
vated, biologically active conformations of carbohydrates re-
quires an understanding of the forward and back exchange that
occurs between in-solution labeling and detection. Moreover,
we show that residual solvent vapors affect deuterium ex-
change in multiple instruments for rapidly exchanging func-
tional groups on other biomolecules, including peptides. This
indicates that this effect extends beyond carbohydrates and
may need to be taken into consideration as HDX continues to
be developed and used for top-down and in-ESI methods.

Experimental
Materials

Melezitose, tri-N-acetylglucosamine (NAG3), and sodium
chloride (NaCl) were purchased from Sigma-Aldrich (St.
Louis, MO). Deuterated solvents with purity > 99% (e.g.,
D2O and CH3OD, referred to as MeOD hereafter) were
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purchased from Cambridge Isotope Laboratories, Inc.
( T ewk s b u r y , MA ) . [G l u 1 ] - F i b r i n o p e p t i d e B
(EGVNDNEEGFFSAR, glu-fib) was purchased from Wa-
ters Corporation (Milford, MA). All other materials were
purchased from Fisher Scientific International, Inc. (Pitts-
burgh, PA). All chemicals were used without further puri-
fication. Nanopure water was acquired from a Purelab Flex
3 purification system (Elga, Veolia Environnement S.A.,
Paris, France).

Sample Preparation

Carbohydrates were prepared with NaCl at a 1:10 M ratio in
H2O or D2O to aid ionization by sodium adduction. This molar
ratio, which gave the best signal for our experiments, was
maintained for all experiments. Glu-fib was prepared in a
50:50 volumetric mixture of H2O and acetonitrile with 0.2%
formic acid.

HDX During Direct Infusion of Carbohydrates

Melezitose and NaCl were diluted into 99.9% D2O (v/v) and
immediately infused at 5, 10, or 20 μL/min into a Waters
Synapt G2-S High Definition MS (HDMS) with LockSpray
Exact Mass Ionization Source (Waters Corporation, Milford,
MA). Deuterium exchange was measured as melezitose was
exposed to D2O solvent for increasing lengths of time. Capil-
lary voltage, source temperature, desolvation temperature, and
desolvation gas flow rate were 2.5 kV, 100 °C, 350 °C, and
500 L/h, respectively. The syringe, capillary, and ESI needle
were washed with nanopure water for at least 5 min between
runs to prevent salt precipitation.

HDX Following Pre-Equilibration of the Source

Melezitose and NaCl were diluted in H2O or D2O and directly
infused. In separate experiments, glu-fib was directly infused.
Experiments were performed on the Waters Synapt G2-S
HDMS with the conditions described above or an LTQ
Orbitrap Discovery MS equipped with an Ion Max Source
(Thermo-Fisher, Waltham, MA). For the Orbitrap instrument,
the source voltage and capillary temperature were 4.5 kV and
250 °C to yield optimum ionization.

Each experiment was composed of three parts: pre-
equilibration of the source, sample infusion, and source evac-
uation. The source was pre-equilibrated with solvent vapor by
infusing solvent (D2O, MeOD, H2O, MeOH, or acetonitrile)
for 5 min at 20 μL/min. Then, the sample was infused at 10 μL/
min for 2 min (Synapt G2-S) or 5 min (Orbitrap Discovery).
Unless stated otherwise, the sample was prepared in a solvent
different from that used for pre-equilibration to test whether the
observed HDX came from residual vapors. For instance, when
the source was pre-equilibrated with a deuterating agent,
undeuterated sample was infused; when the source was pre-
equilibrated with protonated solvent, deuterated sample was
characterized. Deuterated samples were prepared by incubating
carbohydrates with NaCl in 99.9% D2O for more than 48 h at

room temperature. This deuteration time effectively labeled all
labile hydrogens, e.g., hydroxyls and amides, resulting in 11 D
for the carbohydrates, and this state (11D) will be referred to as
Bfully deuterated^ in the rest of the text. Separate syringes and
capillaries were used for samples in H2O and samples in D2O
to minimize carryover of solvents and potential exchange re-
actions before ionization, introducing approximately 30 s be-
tween pre-equilibration and sample infusion. Each run was
followed by 20 min of source evacuation with no solvent or
sample infusion to re-equilibrate the source to atmospheric
conditions and remove solvent vapors. All gas parameters were
maintained at constant flow rates during pre-equilibration,
sample infusion, and source evacuation, unless specified
otherwise.

For each trial, deuterium exchange was plotted as a function
of time. The time points on all plots represent the elapsed time
starting from initial signal detection, with t = 0 s as the first
signal intensity above 500 ion counts with S/N > 3 for sodiated-
carbohydrates.

HDX with Defined Solution Labeling Times

A mixing apparatus, modified from that described by Keppel
et al. [32], was used to ensure that in-solution labeling times
were strictly defined. Two syringes, attached to fused silica
capillaries (150 μm i.d., Polymicro Technologies, Phoenix,
AZ), were joined to a mixing tee with a single outlet that
connected to the ESI source. A 500-μL syringe was filled with
carbohydrates and NaCl in H2O with 0.1% formic acid and a
2.5-mL syringe was filled with D2O with 0.1% formic acid.
Both syringes were pumped using a single syringe pump
(Fusion 400, Chemyx, Inc. Stafford, TX), resulting in solution
mixing for a specified length of time downstream of the mixing
tee. The concentrations of carbohydrates and NaCl after dilu-
tion into D2O were 5 and 50 μM, respectively. Labeling time
(tlabel) was defined by Eq. (1).

tlabel ¼ V d

F1 þ F2
∙l ð1Þ

F1 and F2 are the flow rates of each syringe, Vd is the
volume of the delay line between the mixing tee and ESI
source, and l is the length of the delay line. The flow rate
through the labeling capillary was 18 μL/min. The delay line
included a capillary (150 μm i.d. and 7 cm length) and the ESI
needle (127 μm i.d. and 23.57 cm length), resulting in a mixing
time of 14.1 s.

Carbohydrates and NaCl mixtures were infused from the
mixing apparatus for 5 min and the ESI needle was washed
with H2O containing 0.1% formic acid for 5 min. The source
was not pre-equilibrated with solvent between runs but was
evacuated for 45 min after each run, as described above for the
pre-equilibration experiments. To prevent salt precipitation, the
mixing tee was sonicated for 30 min in nanopure water during
source evacuation.
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Calculations

The theoretical, average masses of undeuterated (0D) and fully
deuterated (11D) sodiated-carbohydrates (Figure S-1) were
calculated using isotopic distributions generated by ExactMass
Calculator (IonSpec Corporation, now Varian, Inc., Palo Alto,
CA) at a resolution of 20,000 (Eq. (2)), where m/z is the mass-
to-charge ratio and I is the intensity of each peak. Exact masses
are presented in Table 1.

m=zð Þ ¼
∑ m=z

�
∙I

�

∑I
ð2Þ

The average mass of experimentally observed sodiated-
carbohydrates was calculated using each peak in collected mass
spectra. Deuterium exchange (#D) and percent deuteration
(%D) were calculated using Eqs. (3) and (4), respectively.

#D ¼ m=zð Þexperimental− m=zð Þtheoretical;0D ð3Þ

%D ¼ m=zð Þexperimental− m=zð Þtheoretical;0D
m=zð Þtheoretical;11D− m=zð Þtheoretical;0D

� 100 ð4Þ

LockMass was not used, as the lockspray standard was
deuterated in the source during analysis (Figure 6).

Each experiment was repeated with a minimum of three
replicates. Data figures plot average values with error bars
representing standard deviations unless specified otherwise.
Where necessary, statistical analyses utilized Student’s t test
at the 95% confidence interval.

Results and Discussion
Faster Sample Infusion Rates Increase
the Deuterium Labeling Rate of Hydroxyls

Melezitose and NaCl were diluted into D2O, loaded into a
syringe, and immediately infused into the ESI source at 5 μL/

min to monitor in-solution exchange of hydroxyls. For this
experiment, the labeling time increased as melezitose was
incubated in the syringe with D2O; thus, longer labeling times
were achieved at later infusion times. Whereas the exchange
rate of hydroxyls was expected to be on the microsecond time
scale [33, 34], deuterium labeling was observed over 5 min
(Figure 1). Back exchange from moisture in the atmosphere
likely contributed to low deuterium labeling at the earliest time
points, but the 5-min time frame that was required to observe
exchange suggested that back exchange inside the source was
greater than expected.

To improve the consistency of the spray and signal intensity
at earlier time points (< 75 s), the flow rate was increased to 10
or 20 μL/min. Higher levels of deuterium labeling were mea-
sured with faster infusion rates at earlier time points (Figure 2).
For instance, when infused at 10 μL/min, melezitose was only
24 ± 7% deuterated (2.7 ± 0.8 D) after 1 min of labeling, but
when infused at 20 μL/min, melezitose reached 76 ± 10%
deuteration (8 ± 1 D) even though the solution labeling time
remained 1 min (Figure 2a). After 2 min of in-solution labeling,
melezitose infused at 10 μL/min or 20 μL/min was 84 ± 2%
(9.3 ± 0.2 D) or 88 ± 2% (9.8 ± 0.3 D) deuterated, respectively,
whereas melezitose infused at 5 μL/min was 55 ± 12% (6 ± 1
D) deuterated (Figure 2b). This observation is different from
previously reported in-ESI HDX experiments in which the
amount of deuterium labeling was described as independent
of sample infusion rate [19].

Even though melezitose spent the same length of time
interacting with the deuterating agent in solution, different
deuterium exchange was measured when melezitose was in-
fused at different flow rates, suggesting that an additional
source of HDX was occurring as the carbohydrates were in-
fused. Furthermore, when the source was pre-equilibrated with
mixtures of D2O and H2O that matched the solvent composi-
tion of the sample, no difference in deuterium exchange was
observed at varying flow rates or for different infusion times
(Figure S-2). We hypothesized that D2O vapors introduced
along with the analyte were accumulating in the ESI source at
a time scale long enough to promote in-ESI HDX of hydroxyls.
For instance, when D2O was infused at a faster flow rate, more

Table 1. Exact Mass-to-Charge Ratios (m/z) of Undeuterated (0D) and Fully Deuterated (11D) [Melezitose-Na]+ or [NAG3-Na]
+ with Isotopic Distributions

Melezitose NAG3

Peaksa m/z Relative abundance m/z Relative abundance

0D 11D 0D 11D

M1 527.1588 538.2278 100.00 650.2385 661.3075 100.00
M2 528.1622 539.2312 20.44 651.2417 662.3107 28.00
M3 529.1640 540.2330 5.23 652.2438 663.3128 7.04
M4 530.1669 541.2359 0.79 653.2464 664.3154 1.24
M5 654.2487 665.3177 0.19
Averageb 527.4227 538.4901 650.5807 661.6497

aPeaks correlate to isotopic distributions that are combinations of different numbers of naturally occurring 13C, 17O, and 15N that can be resolved at the given resolution
of 20,000
bThis is the weighted average of m/z values that were used for calculations of deuterium exchange
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D2O vapors accumulated in the source, resulting in more HDX
in the same length of time. Alternatively, before D2O vapors

accumulated to an appreciable extent, atmospheric water
vapor likely caused back exchange of the sample. Several
assumptions were made in generating this hypothesis. First,
we assumed that there was no additional exchange in the
instrument under vacuum. Second, we assumed that the
electrospray droplets desolvate in the source on the order
of microseconds [35, 36], which correlates to the expected
rate of hydroxyl exchange.

Residual Solvent Vapors in the ESI Source Result
in HDX of Hydroxyls

To determine if residual vapors in the source were causing in-
ESI HDX, the source was pre-equilibrated with D2O, then
protonated melezitose and NaCl in H2O were directly infused.
Although the carbohydrates were undeuterated, melezitose was
detected at the earliest time point with an average of 8.0 ± 0.2
D, corresponding to 73 ± 2% deuteration (Figure 3a). The
percent deuterium exchange decreased over time (Figure 3a,
c). Because fully protonated melezitose was infused into the
instrument, the deuterium exchange was attributed to HDX
from residual solvent in the source. From the observation
that deuterium labels were lost over time, it could be in-
ferred that either the residual D2O was evacuated at later
time points or H-for-H exchange became greater than HDX
at later time points due to increasing H2O vapor as proton-
ated solvent was infused.

Pre-equilibration with MeOD followed by infusion of
undeuterated melezitose and NaCl also showed an initial deu-
terium exchange (Figure 3b). However, the initial deuterium
exchange was considerably lower than that measured when
pre-equilibrating with D2O for the same length of time, with
0.4 ± 0.1 D (3 ± 1%). Though the average deuterium exchange
was low, it was significantly higher than the average deuterium
exchange measured after infusing the sample for 60 s (0.03 ±
0.01 D or 0.3 ± 0.1%), indicating that residual MeOD vapors
also caused HDX. When the source was pre-equilibrated with
acetonitrile, which contains no labile hydrogens, and fully
deuterated melezitose with NaCl was infused, residual aceto-
nitrile resulted in no detected back exchange (Figure S-3).
When the source was pre-equilibrated with H2O or MeOH,
fully deuterated melezitose showed back exchange at initial
time points, with H2O resulting in greater initial loss of deute-
rium than MeOH (Figure S-3), consistent with the data pre-
sented in Figure 3. Finally, when the source was pre-
equilibrated with D2O first, followed by an equal volume of
acetonitrile, deuterium labeling from residual D2O reduced to
approximately 22% but was not completely removed (unpub-
lished data). Based on the density of D2O and MeOD, there are
twice as many D2O molecules as MeOD molecules in an
equivalent volume of solvent. Also, D2O has two deuteriums
available for exchange whereas MeOD has only one. There-
fore, pre-equilibration with D2O results in four times as many
deuterium present for labeling compared to MeOD pre-equili-
bration. However, initial deuterium exchange observed from
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residual D2O is still disproportionately larger than labeling
from residual MeOD.

Several additional explanations are plausible for the differ-
ence in exchange between D2O and MeOD. (1) Although
higher levels of deuteration may have been achieved by
melezitose from MeOD vapors, melezitose with higher deute-
rium labeling may not have been detected at these initial time
points due to weak instrument signal. Thus, the first detected
carbohydrates may have been exposed to a mixture of MeOD
and H2O vapors, resulting in less overall deuterium exchange.
This point is supported by the observation that differences in
spray stability within each run yielded different levels of initial
deuterium labeling for each replicate. Additionally, data col-
lected on a different instrument showed that higher levels of
deuterium exchange could be observed from residual MeOD
vapors (Figure 4). Or (2)MeODwas evacuated from the source
faster than D2O, resulting in a lower accumulation of MeOD
vapors and less exchange. The difference in evacuation rates
could be due to differences in the solvent volatilities and/or
condensation coefficients on the surfaces of the ESI source
[37]. The source temperature was varied to examine the effect
of volatility and condensation coefficient on residual solvent

vapor HDX, but no observable correlation or statistical differ-
ences were found (Tables S-1 and S-2 and Figure S-4). Though
increasing the temperature was expected to decrease HDX by
increasing evacuation of the volatile solvents from the source, it
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would also increase the rate of the exchange reaction according
to the Arrhenius equation. By approximating the activation
energy as between 2 and 10 kcal/mol for proton exchange
between ethanol and water [38], an increase in temperature
from 120 to 350 °C would result in a rate increase between 3
and 113 times faster. If the activation energy was approximated
to be similar to that reported for exchange of backbone amide
hydrogens [39, 40], the rate difference would increase by three
to four orders of magnitude for these two temperatures. While
an increase in the reaction rate would increase deuterium
labeling, the back exchange rate would also increase at the
higher temperature; thus, multiple forward and back exchanges
could occur in the source prior to detection. In summary, all
factors described above could contribute to the reduced deute-
rium exchange that was observed following MeOD pre-
equilibration.

Guttman et al. identified a source of HDX specific to instru-
ments with StepWave ion guides [41], including the Waters
Synapt G2-S that was used to collect this data. StepWave ion
guides consist of two stages where a DC offset potential is used
to push ions from the lower stage to the higher stage leading
into the mass spectrometer, while neutral, bulk species are
retained in the lower stage [42]. It was hypothesized by
Guttman et al. that residual bulk solvent may linger in the lower
stage of the StepWave and exchange with analytes [41]. To
verify that the labeling in our specific experiments occurred in
the source and not the ion optics, we replicated our experiments
in a Thermo LTQ Orbitrap Discovery with an Ion Max Source,
which is equipped with a linear stacked ring ion guide. When
undeuterated melezitose in H2O was infused into the Ion Max
source following pre-equilibration with D2O or MeOD, deu-
terated melezitose was detected (Figure 4). For instance, when
the source was pre-equilibrated with D2O, melezitose with an
average of 6 ± 1 D (52 ± 11%) was initially detected and the
deuteration level decreased to 0.4 ± 0.1 D (4 ± 1%) at 3min into
the sample infusion. When the source was pre-equilibrated
with MeOD, melezitose with 5.2 ± 0.5 D (47 ± 4%) was
initially detected and was back exchanged to 0.12 ± 0.00 D
(1.08 ± 0.01% D) after 2 min of sample infusion. Because
deuterated melezitose was observed following pre-
equilibration of the source with deuterating agent, in an instru-
ment with a different ion guide compared to that with a
StepWave, it was concluded that the labeling was occurring
in the source rather than the ion guide. Moreover, from earlier
findings that sodium-adducted carbohydrates and other mole-
cules display limited HDX in the gas-phase [25, 43–46], va-
porized sodiated-melezitose adducts in ion guides are less
likely to be labeled, unlike peptides and proteins. Thus, the
data supports our hypothesis that exchange occurred in the
source while the carbohydrates were partially solvated rather
than as gas-phase ions in the ion guide optics.

An interesting observation is that while the level of deuter-
ation decreased to < 0.5 D within 10 s in the Synapt G2-S, in
the Orbitrap Discovery, melezitose maintained higher levels of
deuteration for over 2 min, suggesting that the rate of source
evacuation was higher for the Synapt G2-S, possibly due to the

faster build-up of pressure in the LockSpray Exact Mass Ion-
ization Source. We hypothesized that changing the gas flow
rates in the gas-tight ionization chamber of the LockSpray
Exact Mass Ionization Source would alter the rate of evacua-
tion of solvent vapors and the deuterium exchange of the
sample; however, no apparent correlations were found with
different gas flow rates (cone gas, desolvation gas, and nebu-
lizer gas) and the residual solvent HDX (Table S-3 and Fig-
ure S-5). However, large variations between replicates sug-
gested that ionization efficiency and spray stability could have
affected the measurement of deuterium exchange as the gas
flow rates were modified.

Solvent Vapors Differentially Affect Functional
Groups with Different Exchange Rates

The deuterium exchange of melezitose and NAG3 was com-
pared to examine the effect of residual solvent vapor HDX on
exchange of different functional groups (Figure S-1). The
proton exchange rates of carbohydrate hydroxyls and
acetamido hydrogens were assumed to be similar to those
measured for serine hydroxyls and protein backbone amides,
respectively. Thus, the difference in exchange rates was max-
imized at pH 2.5, where the exchange rate of hydroxyls was
approximated to be eight orders of magnitude greater than that
of backbone amides [47]. A mixing apparatus was used to
define the in-solution labeling time to ensure that both
melezitose and NAG3 were exposed to D2O(l) solvent for the
same length of time.

Even with the defined labeling time in solution, changes in
deuterium labeling were observed for melezitose during the
course of the experiment, confirming that HDX was occurring
in the source. The average deuterium exchange for melezitose
at the earliest time point was 10.78 ± 0.05 D (97.4 ± 0.5%)
which decreased to 10.2 ± 0.4 D (92 ± 3%) after 1 min. The
average deuterium exchange for NAG3 was 8.8 ± 0.1 D (78 ±
1%) initially and 8.59 ± 0.05 D (77.0 ± 0.5%) near the end of
the 5-min infusion. The decrease in deuterium exchange for
melezitose was significant, implying that back exchange was
occurring, likely from atmospheric water vapor in the source.
Yet, the deuterium exchange for NAG3was consistent through-
out the 5-min duration. This consistent level of deuterium
labeling for NAG3 illustrates, for the first time, that solvent
vapors saturate the source during ESI. Despite the decrease in
deuterium exchange, melezitose achieved a higher level of
deuteration compared to NAG3 (Figures 5 and S-6). This was
expected due to the greater number of hydroxyls in melezitose.

The numerical values for deuterium exchange are quite
interesting, considering that the D2O:H2O ratio was 5:1 or
83.33% D2O by volume. When the source was pre-
equilibrated with solvent mixtures matching the sample com-
position, the percent deuterium exchange was consistent with
the percent deuterium of the solvent (Figure S-2). On the other
hand, the deuteration level for neither melezitose nor NAG3

matched the percentage of D2O in solution (Figure 5), which
would correspond to 9.17 D. The solvent pre-equilibration
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experiments (Figure S-2) were performed without adjusting the
solution pH; therefore, the exchange reaction was at neutral
conditions. Because the exchange rate of hydroxyls is mini-
mized around pH 6, at higher pH, e.g., neutral conditions, the
exchange reaction is primarily catalyzed by OH− or OD− [7],
whereas the experiments comparing deuterium exchange for
melezitose and NAG3 were performed at pH 2.5 and acid
catalyzed. In changing the pH from neutral to 2.5, the exchange
rate of hydroxyls would increase by approximately two orders
of magnitude, while the exchange rate of amides would de-
crease by approximately five orders of magnitude [47]. For
hydroxyls at pH 2.5, it would be expected that the forward
labeling and back exchange rates would increase to an equal
extent. Thus, though the exchange rate was faster at pH 2.5, it
would equally affect the forward and back exchange reactions
in solution and the source. Compared to the solvent pre-
equilibration experiments (Figure S-2), the only difference in
exchange conditions was the reaction pH, which appeared to
result in an equilibrium favoring the deuterium-labeled species
for melezitose at pH 2.5.

NAG3 is a reducing sugar with eight hydroxyls when the
reducing end forms a six-membered ring, as drawn in Figure S-
1, whereas melezitose is a non-reducing sugar. Because all 11
hydroxyls of melezitose were found to be deuterated to some
extent in the current setup with the mixing apparatus, the
differences in exchange rate between primary and secondary
hydroxyls is assumed to be negligible. Therefore, based on the
deuterium labeling equilibrium of melezitose, seven hydroxyls
of NAG3 that are not involved in mutarotation would be
expected to be labeled. The mutarotation rate between α and
β anomers of N-acetyl glucosamine was reported as 0.7 ± 0.09
× 10−3 s−1 at pH 8.99 with a trend of decreasing rate with lower
pH [48]. Thus, with a solution labeling time of 14.1 s, inter-
conversion between the chain and ring forms is expected but
more likely to be catalyzed by D+ compared to H+ due to the
volumetric percentages of D2O and H2O in the solvent. Thus,
interconversion would preferentially add deuterium either to
the C5 oxygen as the ring opened into the chain form or at the α
or β hydroxyl at C1 as the ring forms from the aldehyde,
increasing the total deuterium content of the molecule at an

eighth hydroxyl (Figure S-7). The observed deuterium ex-
change was greater than the number of hydroxyls on NAG3.
At pH 2.5, the intrinsic chemical HDX rate for backbone
amides is slowed compared to neutral pH [7] but is still depen-
dent on factors such as solvent accessibility and hydrogen
bonding. Assuming the exchange rate of acetamido hydrogens
is similar to that of backbone amides, it is possible that some of
the amide hydrogens exchanged, given the minimal structuring
and hydrogen bonding associated with the carbohydrate [49].

Solvent Vapors Affect Exchange of Glu-Fib Peptides

The effect of solvent vapor HDX on peptides was examined
using glu-fib, a common peptide standard in instruments with
time-of-flight mass analyzers. The LockSpray Exact Mass
Ionization Source is a dual-electrospray source and glu-fib
was introduced through the lockspray inlet.When undeuterated
glu-fib peptides were infused through the lockspray needle
after pre-equilibration of the source with D2O, glu-fib was
found to be deuterated (4 ± 1 D) and the deuteration level
decreased over time (0.6 ± 0.2 D) (Figure 6a). The deuteration
of glu-fib from residual solvent vapors illustrates several im-
portant points. First, because glu-fib and D2O were infused
through two separate spray needles, the lockspray and sample
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spray, respectively, there was no dead volume, indicating that
deuteration was a result of solvent vapor rather than residual
solvent in a shared electrospray needle. Second, solvent vapor
was found to exchange with peptide protons, suggesting that
the residual solvent vapor HDX could affect peptide and pro-
tein analyses. Third, because glu-fib was deuterated by the
residual solvent vapors, lockmass could not be used. For our
experiments, the original undeuterated peptide mass could not
be detected. Even if the undeuterated (0D) peak was detected,
the presence of deuterated peaks would likely shift the m/z
distribution and could cause incorrect lockmass assignment.
A standard with no labile hydrogens would be required to use
the lockmass function in the presence of deuterating vapors in
the source.

Glu-fib was also characterized on the Thermo LTQOrbitrap
Discovery MS following source pre-equilibration with D2O. A
trend similar to the data from the Synapt G2-S was observed
(Figure 6b). Glu-fib was initially detected with an average of
5.2 ± 0.5 D, and the deuteration level decreased to 0.84 ± 0.03
D by the end of the 5-min infusion time. The rate of decrease in
deuteration was slower in the LTQ Orbitrap Discovery com-
pared to that observed in the Synapt G2-S. After 30 s of data
collection, the deuterium exchange in the Orbitrap Discovery
decreased by 1.6 ± 0.3 D or 32 ± 1.5%, compared to a decrease
of 3 ± 1 D or 83 ± 4% for the Synapt G2-S. Because the
observed glu-fib peptides are not sodiated, unlike the carbohy-
drates, the earlier observation from Guttman et al. describing
the labeling effects from StepWaves [41] may have had an
additive effect after residual solvent vapor HDX for experi-
ments performed on the Synapt G2-S. The difference in deu-
terium exchange by glu-fib from two different instruments may
be accounted for by the difference in the ion guide setup.
However, since the effects of different ion guide optics param-
eters have been thoroughly studied by Guttman et al., no
further optimizations to minimize deuterium exchange of glu-
fib in the ion guides were performed.

Conclusion
Residual solvent vapors accumulate in electrospray sources
and exchange with rapidly exchanging functional groups of
carbohydrates and peptides. This effect is distinguished from
previously reported back exchange from atmospheric moisture
or in-ESI HDX techniques, in that the HDX reported here
results from saturation of the source with solvent vapors during
an ongoing experiment. Residual solvent vapor HDX was
observed on two different instruments. The magnitude of this
effect was dependent on the sample infusion rate and time as
well as the deuterium content (v/v) of the solvent. Furthermore,
as the vapor composition in the source changed with time, the
observed deuterium exchange was altered. Since residual sol-
vent vapor HDX occurs after in-solution labeling, non-native
conformations could be sampled. Thus, the structure of the
analyte should be considered during ionization and
desolvation. Additionally, the residual solvent vapor HDX is

significant because it shows that many biomolecules, including
carbohydrates and amino acid side chains of peptides and
proteins, are affected by this phenomenon. Thus, any biomol-
ecules with rapidly exchanging functional groups could be
deuterium-labeled or back exchanged in electrospray sources,
but many current methods for data analysis assume peptide
labeling occurs at backbone amides. Thus, these results suggest
that simple assumptions about deuterium-labeled sites in pro-
teins should be carefully considered.

Through our experiments, we observed a number of ways to
reduce the effects of residual solvent vapor HDX. Traditional
bottom-up HDXmethods that introduce peptides in protonated
solvents into the source are unlikely to be affected by residual
solvent vapor HDX. However, protocols that involve high
percentages of labeling solvent and rapid quench times, com-
bined with microliter per minute flow rates will be more
susceptible to residual solvent vapor HDX. As additional top-
down, in-ESI, or quench-flow HDX methods are developed,
this residual solvent vapor exchange will need to be controlled
and/or measured when the deuterating reagent is introduced
into the source as a volumetric fraction of the solvent. For many
in-ESI HDX experiments, the residual solvent vapors will need
to be removed between runs. This can be achieved in the
following ways. For all the data presented here, Bevacuation,^
or 20-min purging with source gas and no solvent introduction
was included to ensure removal of residual solvent vapors.
Opening the source for the Orbitrap Discovery also effectively
reset the source to atmospheric conditions. Furthermore, purg-
ing the source after equilibrating to atmosphere with aprotic
solvent (e.g., acetonitrile) minimized back exchange associated
with environmental water vapor. However, purging with apro-
tic solvent alone (without evacuating) was not sufficient to
remove all residual solvent vapors in the source. Similarly,
purging the source with dry air would also reduce back ex-
change from atmospheric moisture [30]. For many top-down
and quench-flow HDX experiments, it may be more impor-
tant to maintain the same deuterium content in the source as
in solution. This could be done by first pre-equilibrating the
source with a solvent consisting of the same percentage of
deuterating and aqueous (quench) reagents as the samples
that will be analyzed. Because many variables including
instrument parameters, analyte, solvent, and source shape
could affect the extent and pattern of residual solvent vapor
HDX, we recommend that the undesired effects be tested
prior to running a full HDX experiment to ensure minimal
residual solvent vapor HDX.
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