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ABSTRACT: Hydrogen/deuterium exchange with mass spectrometry (HDX-
MS) is capable of providing unique insight into complex biological systems that
are difficult to study by other techniques. Due to arduous sample handling
requirements, automating HDX experimentation for higher throughput requires
specialized equipment. While recent advances have enabled automation of sample
preparation and analysis, several proteins of interest and types of HDX
experiments remain incompatible with automated workflows and require manual
sample preparation that greatly limits experimental throughput. To expand
throughput and increase the precision of HDX-MS for systems requiring manual
preparation, we have developed an inexpensive autosampler capable of thawing
and injecting frozen HDX-MS samples in a highly reproducible manner.

■ INTRODUCTION

Hydrogen/deuterium exchange mass spectrometry (HDX-MS)
has recently seen a surge in popularity and evolving utilization
across both academia and the biopharmaceutical industry.1

The versatility of HDX-MS has led to it becoming a routine
tool for detailing protein−protein interactions, identifying
allosteric effects, mapping folding pathways, and investigating
mechanisms of protein structure and function across many
challenging and otherwise inaccessible systems, including
intrinsically disordered proteins.2 HDX-MS is also used within
the biopharmaceutical industry to characterize antibody-based
drugs and other protein therapies that continue to dominate
the marketplace.3,4 Historically, HDX experimentation has
suffered from low reproducibility along with low sample
throughput, which can both be tied to back-exchange of the
deuterium label.5−7 After each exchange, every sample must
immediately be quenched to low pH, kept cold, and analyzed
rapidly, all to slow the spontaneous loss of deuterium after
labeling (“back-exchange”). In practice, samples are either
analyzed directly after labeling via inline liquid chromatog-
raphy−mass spectrometry (LC−MS) or flash frozen and kept
at −80 °C for long-term storage and decoupled LC−MS
analysis. An advantage of a decoupled approach is that samples
are run in a continuous queue, rather than waiting as various
time points are prepared, thus making the most efficient use of
the MS instrument time. Recent commercial systems have
been developed to automate nearly every step in HDX-MS
analysis, including automated deuterium labeling with in-line
injection, protease digestion, and LC−MS analysis.5,8−12 While
this technology has greatly expanded the throughput and
precision of HDX-MS, limitations still remain in terms of

sampling different exchange conditions along with postquench
sample manipulation(s). For example, current robotic systems
are not well-suited for sampling rapid time scales (millisecond)
or pulsed labeling experiments and are not equipped to
perform complicated cleanup steps that are often required
when working with complex systems, such as membrane-
bound proteins.13−15

While some limitations for automated in-line HDX-MS are
starting to be addressed, such as the recent development of
filtration columns designed for postquench removal of lipids,
there are still many types of samples and experimental
parameters that cannot be automated and require manual
sample preparation.16 While not as convenient, preparing
samples manually does offer notable advantages: (1) all
samples can be prepared in a short time window minimizing
potential protein degradation; (2) exchanges can be performed
on immobilized proteins, lyophilized proteins, or colloidal
particles; (3) a wider range of exchange time points can be
sampled; and (4) samples are amenable to complicated
postquench cleanup steps. The major disadvantage, however,
comes with having to minimize and maintain consistent levels
of back-exchange. In a decoupled approach, samples remain
frozen until the moment they are ready for LC−MS analysis,
and every sample must be consistently thawed before injection.
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On top of this, reproducibility suffers when samples are
analyzed on different days, meaning that every sample within a
given experiment should be analyzed back-to-back for optimal
results.3 Without the access to an autosampler capable of
maintaining subfreezing temperatures (−80 °C), these
constraints require users to be physically present for the
manual thawing and injection of every sample within a given
experiment.10,12 Here, we describe a simple and inexpensive
sample manager capable of alleviating this inherent bottleneck
with a decoupled HDX-MS pipeline.

■ METHODS

HDX-MS Sample Preparation. Protein samples of 10 μL
at concentrations of 0.1−1 mg/mL were diluted 10-fold into
deuterated buffer (85% D2O final) for time points ranging
from 3 s up to 20 h at room temperature. Samples were
immediately quenched with an equal volume of ice-cold
quench buffer (containing up to 8 M urea and 200 mM TCEP
with 0.2% formic acid) to bring the pH to 2.5 and the final
volume to 200 μL. For manual injections, samples were snap
frozen in liquid nitrogen and stored at −80 °C until LC−MS
analysis. Prior to manual injection, each sample was removed
from a liquid nitrogen reservoir and allowed to sit on ice for 5
min. The sample was then placed on the countertop at room
temperature for exactly 1 min to reach a slurry-like state and
immediately injected with a 250 μL gastight syringe
(Hamilton) wrapped in parafilm for insulation and precooled
on ice. For automated injections, quenched samples were
rapidly transferred to 1 mL autosampler glass vials (Total
Recovery, Waters) prefrozen in a 54-vial sample tray within a
bath of ethanol and dry ice. The bath was treated with the
same precautions as used for cold traps employing organic
solvents and dry ice, including necessary precautions for
flammable solvents and the use of cryogenic gloves. Samples
were capped with magnetic screw caps, and the entire 54-vial
tray was stored at −80 °C until LC−MS analysis. Samples were
thawed by moving the vials from the dry ice/ethanol
compartment to a sample block held at 4 °C and waiting for
a specified time before drawing the sample and injecting it into
the injection port on the HDX system. Thaw times were in the
range of 3−10 min dependent on the composition of the
quenched solution. The full HDX-MS protocol including
gradients, digestion conditions, and wash cycles are described
in the Supporting Information.
Data Analysis. Peptide assignments were made using MS/

MS data obtained from undeuterated samples analyzed with
Protein Prospector and Byonic (Protein Metrics). Deuterium
uptake was analyzed and summarized using HDExaminer v2
software. All time points and replicates from available data sets
were included unless the sample encountered a known
technical problem (e.g., leaks or clogs). Variability statistics
(standard deviations) were calculated from each discrete
sample set using the deuterium uptake of a reporter peptide
known to be fully deuterated by the earliest exchange time
point (3 s).

■ RESULTS AND DISCUSSION

System Design and Overview. The influence that
temperature, pH, and amino acid identity have on exchange
rates are well-established and allow for accurate prediction of
back-exchange under different conditions.17 These rates
suggest that a temperature of −60 °C is sufficient for reducing

deuterium loss in quenched samples (pH 2.5) to less than 1%
over a period of 24 h (Figure 1). However, longer storage

times at −60 °C would be detrimental, with more than 5%
deuterium loss after 1 week. While these predictions overlook
the possibility that solid-state exchange kinetics may
significantly deviate from that predicted in solution, they do
indicate that, while long-term storage of HDX-MS samples at
−80 °C temperatures is warranted, samples may not
necessarily need to be kept at such low temperatures to
mitigate back-exchange for sample queues less than 24 h.
Baths composed of dry ice and ethanol are commonly

utilized in chemistry and offer a simple and inexpensive way to
achieve a stable temperature under −60 °C. We therefore
devised a subfreezing sample manager capable of maintaining
frozen HDX-MS samples using dry ice/ethanol for integration
into a cost-effective automated LC−MS platform. The sample
manager is an in-house fabricated unit designed to house a
single 54-well sample tray (Figure 2). Dry ice is stored in a
large peripheral reservoir, while the ethanol conducts heat to
keep the sample tray at −65 °C, as measured by a calibrated K-
type thermocouple. An insulated sliding lid above the sample
tray allows for access to the sample manager via the integrated
LEAP robot. A standard LEAP stack cooler is maintained at 4
°C and used for controlled thawing of frozen samples. The full
description, schematics, and designs for the sample manager
and 54-well sample tray, along with the detailed thaw/injection
protocols, are included in the Supporting Information.

Increasing Throughput. The constraints of HDX-MS
sample handling have greatly restricted the throughput of LC−
MS analysis. Accounting for the time required for wash steps to
minimize carryover, we can only achieve an average sampling
rate on the order of two samples per hour, or 24 samples
within a 12 h shift. Furthermore, to minimize variability, every
sample within a given data set should be collected by the same
analyst within a single continual session, making the manual
LC−MS analysis of HDX samples a long and tedious process.
By creating a sample manager capable of being accessed
robotically, we aimed to improve throughput by directly lifting
the burden of a manual thaw/inject approach.
To assess our viable range of sample storage time, we setup

an extended queue of HDX-MS samples that contained fully
deuterated bradykinin peptide to serve as an internal reporter
for back-exchange. After filling the dry ice reservoir, the queue
was initiated and data were collected every 40 min over the

Figure 1. Theoretical temperature dependence on back-exchange of
frozen HDX samples. The deuterium retention for an average protein
backbone amide is shown after 24 h (blue) or 1 week (red) when
stored at different temperatures. Notably, −60 °C is sufficient for
maintaining >99% of deuterium after 24 h (blue).
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course of 20 continuous hours without any manual
intervention or resupply of dry ice. Consistent with our initial
estimation of back-exchange at low temperatures, bradykinin
deuteration levels showed no systematic change throughout
the course of 18 h, after which a sharp drop in deuterium
retention was observed (Figure 3A). This drop in deuterium
level is a direct consequence of accelerated back-exchange,
occurring as the sample manager begins to warm after
depletion of the dry ice reservoir. The design of our sample
manager addresses this issue by allowing for the resupply of dry
ice at any point without halting data collection. As a queue
nears completion, the entire 54-well sample tray may be
quickly swapped with another tray for a seamless and virtually
unlimited continuation of LC−MS analysis with little manual
interaction required.
Reducing Variability. To gauge the precision of our

automated system, we compared an extensive series of
decoupled HDX-MS data sets to assess the general variability
between manual and automated thaw/inject methods. Using a
fully deuterated peptide, we determined that the automated
platform reduces overall variability by more than 15% (Figure

3B). While the study included roughly the same number of
discrete sample sets between the two methods, we note that
the automated sample sets are considerably larger due to the
increased throughput afforded by the system (Table S1). While
sample preparation (labeling and quenching) remains a large
contributor to variance within any given experiment, our
system shows an overall reduction in variability due to the
precise control of timing and temperature throughout every
thaw/inject cycle.

■ CONCLUSION
We present an inexpensive sample manager integrated with a
robotic autosampler for high-throughput decoupled HDX-MS.
The platform enables collection of frozen HDX-MS samples
with superior precision over manual injections and enables
collection of large data sets for complex systems that are
currently unattainable by fully automated HDX-MS systems.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jasms.0c00341.

Detailed description of sample chiller components and
sample handling protocols; design of the vial trays; table
of variation in back-exchange for automated vs manually
injected samples (PDF)
Full sequence robot sample thaw video (MP4)
Sample tray, frame slider, and sample manager .pdf files
(ZIP)
Chiller solidworks files (ZIP)
Modified 54-vial HDX tray .stl files (ZIP)
Chiller .dxf files (ZIP)
Chiller .step files (ZIP)

Figure 2. Design of the dry ice/ethanol sample manager and overview
of automated HDX platform. (A) Size dimensions and (B) cut-away
view of internal compartments and features of the sample manager.
(C) Sample manager utilizes a dry ice/ethanol bath housed in a
slanted chamber with a flow-through divider to ensure that HDX
samples are kept frozen as the dry ice reservoir depletes over time.
(D) Overview of the automated HDX LC−MS system with major
system components labeled.

Figure 3. Performance assessment of the sample manager and
automated HDX platform. (A) Deuteration levels of internal standard
Bradykinin remain consistent for each sample stored in the dry ice/
ethanol sample manager until total depletion of the dry ice reservoir
occurs after 18 continuous hours. (B) Collection of discrete data sets
was analyzed to compare variability between automated and manual
thaw/inject methods. Within each data set, a fully deuterated reporter
peptide was used to assess variability in back-exchange. The average
deviation (x) for the automated and manual method was determined
to be 0.051 and 0.060 Da, respectively. Details are shown in Table S1.
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