
ABSTRACT: Chromatographic separations at subzero temper-
ature significantly improve the precision of back-exchange-
corrected hydrogen−deuterium exchange mass spectrometry
(HDX-MS) determinations. Our previously reported dual-enzyme
HDX-MS analysis instrument used reversed phase liquid
chromatography (RPLC) at −30 °C, but high backpressures
limited flow rates and required materials and equipment rated for
very high pressures. Here, we report the design and performance of
a dual-enzyme HDX-MS analysis instrument comprising a RPLC
trap column and a hydrophilic interaction liquid chromatography
(HILIC) analytical column in a two-dimensional RPLC-HILIC
configuration at subzero temperature. During operation at −30 °C,
the HILIC column manifests greatly reduced backpressure, which
enables faster analytical flow rates and the use of materials rated for lower maximum pressures. The average peptide eluted from a
HILIC column during a 40 min gradient at −30 °C contained ≈13% more deuterium than peptides eluted from a tandem RPLC-
RPLC apparatus using a conventional 8 min gradient at 0 °C. A subset of peptides eluted from the HILIC apparatus contained
≈24% more deuterium.

■ INTRODUCTION
Hydrogen−deuterium exchange mass spectrometry (HDX-
MS) is a widely used tool for investigating the dynamics of
proteins and their interactions in vitro1−5 and promises to
become a valuable tool for studies in vivo.6 For the
biopharmaceutical discovery and development sector, HDX-
MS data have become important for understanding inter-
actions of proteins with covalently bound small-molecule drugs
and also with large hydrogen-bonded protein and glycoprotein
ligands, resulting in better understandings of their mechanism
of action.7−11 HDX-MS data are used to substantiate and
protect intellectual property, to support biologics license
applications, and to evaluate the physicochemical similarity
between a biosimilar candidate and the originator prod-
uct.12−14 Most similarity comparisons are qualitative; however,
scientists have made significant progress toward quantitative
evaluations of HDX-MS data, including free energy determi-
nations of biophysical processes.15−19 As HDX-MS measure-
ment precision improves, quantitative evaluations may become
ubiquitous.
Most HDX studies are conducted using bottom-up HDX-

MS. The method involves the immersion of a protein in D2O
for a specific labeling time tHDX, proteolysis of the protein into
peptides, peptide separation with reversed-phase liquid
chromatography (RPLC), mass spectrometric measurements,

and computation of the peptide deuterium content from the
observed mass envelope. In such studies, HDX-MS character-
izes deuterium uptake rates to a resolution defined by peptide
length.
During the analysis process HDX-MS measurements of

deuterium content are degraded by back-exchange of H for D
at the amide sites, decreasing the apparent peptide deuterium
content. For most studies, back-exchange is minimized by
performing analyses under cold, acidic conditions (pH ≈2.7,
≈0 °C) and using short (6−9.5 min) chromatographic
gradients.4,20,21 Back-exchange rates vary with residue and
sequence, and back-exchange in peptides typically ranges from
15% to 60%.22−33

To facilitate comparisons between samples, it is useful to
compute DCorrected

Peptide values that are corrected for H/D back-
exchange and scaled to immersions in 100% D2O.21,28,34−39

Since the uncertainty of DCorrected
Peptide increases as a function of the

magnitude of back-exchange,40 it is important to minimize
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back-exchange during the acquisition of HDX-MS data,
especially for applications relying on quantitative HDX-MS
data.
Experimental procedures that suppress back-exchange

during bottom-up HDX-MS analyses have employed chroma-
tography in aprotic solvents,27,30 in supercritical fluid,25 and in
subzero temperature environments.41−45 Subzero temperature
chromatography allows the expansion of the elution window to
≥40 min, which can increase the number of peptides available
for measurements of the deuterium content.41,42,44,45

Recently, we reported the design and performance of a dual-
enzyme HDX-MS analysis instrument that operates at
temperature as low as −30 °C.45,46 The instrument analyzes
peptides using a tandem RPLC C18 column configuration.
Measurements determined that the average peptide eluted
during a 40 min gradient contained ≈16% more deuterium
than peptides eluted with a conventional 8 min gradient at 0
°C, and a subset of peptides exhibited ≈26% more deuterium.
HDX-MS has used RPLC exclusively because peptides

reside natively in aqueous media. As the organic fraction of the
aqueous mobile phase increases, RPLC alkyl-based hydro-
phobic chemistries of the stationary phase (e.g., C8, C18)
release peptides. For separations at subzero temperature,
RPLC requires the aqueous phase to contain up to 45%
ethylene glycol (EG). Consequently, the mobile phase has high
viscosity, and peptide separations on RPLC columns require
fluidic pressure beyond the capacity of many commercial
chromatography pumps.
Hydrophilic interaction liquid chromatography (HILIC)

reduces the total column pressure because the mobile phase
contains mostly low-viscosity acetonitrile (ACN). In the
subzero temperature environment, a HILIC column can
operate at lower pressure and facilely separate peptides.47−54

For analyses of peptide mixtures, two-dimensional (2D)
separation schemes using tandem RPLC and HILIC columns
are reported.55−57

Here, we report the design and performance of a dual-
enzyme HDX-MS analysis instrument comprising a RPLC trap
column and a subzero-temperature HILIC analytical column in
a 2D configuration. Protein samples undergo proteolysis and
peptides in the aqueous effluent are trapped on an RPLC C18
column at ≈0 °C. Subsequently, a high-acetonitrile solvent
washes peptides from the RPLC column into a subzero-
temperature HILIC column. In the HILIC column, peptides
are separated and eluted into an electrospray ionization mass
spectrometer (ESI-MS) as the mobile phase becomes
increasingly aqueous.
In subzero temperature environments, the HILIC column

operates at low to moderate pressure due to the large ACN
fraction in the mobile phase. This column configuration
facilitates long duration chromatography gradients with a
minimum of H/D back-exchange.

■ HDX-MS APPARATUS DESCRIPTION
System Design. The HDX apparatus comprises a fluidic

circuit box conjoined with a commercial robotic rail (Trajan
Scientific and Medical, Morrisville, NC) that transports
samples and schedules HDX experiments.46 The instrument
interior comprises distinct, insulated compartments that house
the valves and columns maintained at selected temperatures
within ±0.058 °C. Construction details and performance
specifications of this instrument in its RPLC implementation
are documented elsewhere.45,46

Figure 1 and Table S1 in the Supporting Information
present abridged representations of the HILIC HDX-MS

instrument. Table S1 describes the valve states and their
actions during the HDX-MS analysis of a protein. Figure S1 in
the Supporting Information presents the unabridged diagram
of this instrument, which was reconfigured from the RPLC
apparatus reported previously.45,46 In all apparatus figures,
state “A” for an N-port (N = 6, 8, 10) valve indicates that the
rotor connects port 1 to port N, port 2 to port 3, port 4 to 5,
and so on. State “B” indicates that the rotor connects port 1 to
port 2, port 3 to port 4, ..., and port N − 1 to port N.
Peptide separations on a HILIC column are mediated by a

silica phase coated by a nonfreezable water layer bound by
interactions with functionalized chemical groups on the silica
surface; an ill-defined, bound, liquid water layer that freezes at
temperature somewhat below the bulk solution freezing
point;58 and a (freezable) bulk mobile phase composed
predominately of ACN and water. To inhibit ice formation
on the HILIC stationary phase and the phase separation of the
H2O/ACN mixtures, the HILIC mobile phase contains a small
fraction of ethylene glycol (EG).59,60 For water-free separa-
tions using ACN/MeOH, no EG is used.
For HILIC, it is important to reduce the percentage of water

from the RPLC trap column effluent to the initial gradient
conditions before entering the HILIC column to avoid
distorted LC peaks.61 The aqueous content is reduced by
flushing the RPLC trap column with an ACN-rich transfer
solution that quickly releases nearly all peptides from the
RPLC trap column. This effluent is mixed in a 10 μL mixer
that is prefilled with ACN. The ACN in the mixer, which is
≈7× the volume of the RPLC trap, and the ACN-rich transfer
solution combine and flow into the analytical column. The
resulting mixture has nearly the same nonpolar to polar solvent
ratio as the start of the LC gradient. Thus, LC peak splitting
and broadening are minimized.

■ EXPERIMENTAL SECTION
Reagents and Materials. D2O (99.96 mol % D) was

acquired from Cambridge Isotopes (Andover, MA). Formic
acid (FA) was purchased from Sigma-Aldrich (St. Louis, MO).
Ethylene glycol ReagentPlus (>99%) was purchased from Alfa

Figure 1. Fluidic circuits of the simplified subzero-temperature
HILIC HDX-MS instrument, which contains a reversed-phase trap
(RPLC) and a hydrophilic interaction liquid chromatography column
(HILIC). Valve states (1, 2, and 3) correspond to AAB. See text.
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Aesar (Ward Hill, MA). The analytical sample used for these
experiments was a tryptic digest of fully reduced and
iodoacetamide alkylated BSA (Thermo Scientific Pierce BSA
Protein Digest Standard, LC-MS grade, catalog no. 88341).

Samples. Undeuterated and fully deuterated peptides were
prepared by reconstituting lyophilized BSA peptides in H2O
and D2O (99.96 mol % D), respectively, with 1% ACN to aid
solubility. Peptides with D2O were kept at 4 °C for 1 h to fully
exchange. Aliquots of each stock were stored at −80 °C. Prior
to analysis, samples were diluted in either H2O or D2O to 0.1
μmol/L and equilibrated at 1 °C.

Chromatography. Each LC-MS analysis was initiated by
the injection of a 2 pmol sample with the loading pump
flowing water with 0.1% FA (volume fraction) at 150 μL/min.
For the 2D-RPLC-HILIC system, the peptides were trapped
on a C18 column (Phenomenex; Torrance, CA; Micro Trap
Positive C18, 10 nm pore, 5 μm particle size, 10 mm long ×
0.5 mm ID, part no. 05N-4753-AF) and separated on a HILIC
analytical column (Waters Corp.; Milford, MA; ACQUITY
Premier BEH Amide Column, 13 nm pore, 1.7 μm particle
size, 50 mm long × 2.1 mm ID, catalogue no. 186009504).
For gradients using a HILIC analytical column, solvent A

was ACN with a 0.1% FA volume fraction. Solvent B
comprised mixtures of H2O/EG/MeOH and 0.1% FA in
volume fractions determined by the working conditions (Table
1). PLP and PBP are the backpressures of the loading pump

(LP) and binary pump (BP) supplying the gradient,
respectively. Solvent B was prepared daily to minimize the
pH drift reported for mixtures containing MeOH and FA.62

Solvents A and B combined for a 50 μL/min flow rate.
Different LC gradients were used. When solvent B was 62.9%
H2O, 27% EG, 10% MeOH, and 0.1% FA, the short gradient
was 8% to 40% for 10 min, 40% to 55% for 0.5 min, 55% for 5
min, and 55% to 8% for 0.5 min and the long gradient was 8%
to 15% for 0.5 min, 15% to 55% for 29.5 min, 55% for 3 min,
and 55% to 8% for 0.5 min. When solvent B was 99.9% MeOH
and 0.1% FA, the gradient was 10% to 40% B for 40 min, 40%
to 55% B for 0.5 min, 55% B for 5 min, and 55% to 10% B for
0.5 min.
For the tandem RPLC-RPLC system, a C18 trap column

(Phenomenex, Inc.; Torrance, CA; Model Kinetex EVO C18,
10 nm pore, 2.6 μm particle size, 20 mm long × 2.1 mm ID)
and C18 analytical column (Thermo Fisher Scientific;
Waltham, MA; Accucore C18, 8 nm pore, 2.6 μm particle
size, 30 mm long × 2.1 mm ID, catalogue no. 17126−032130)
were used. For gradients using RPLC analytical columns,
solvent A comprised mixtures of H2O/EG and 0.1% FA in
volume fractions determined by the working conditions (Table
1). Solvent B comprised volume fractions of 99.9% ACN and

0.1% FA. Solvents A and B combined for a 50 μL/min flow
rate. The short 8 min gradient for RPLC separations was 3% to
10% B for 0.5 min, 10% to 50% B for 7.5 min, 50% to 95% B
for 1 min, 95% B for 4 min, and 95% to 3% B for 0.5 min. The
long 40 min gradient for RPLC separations was 3% to 40% B
for 40 min, 40% to 95% B for 1 min, 95% B for 4 min, and 95%
to 3 % B for 1 min. The trap column was housed in Zone 2 for
RPLC analytical separations with system setup as previously
described.45,46

The EG, ACN, and MeOH molar fractions used in the
chromatography solvent mixtures may bias pH meter readings
differently;63 however, for consistency, all LC solutions and the
100% H2O solutions used during sample preparation were
adjusted to pHMeter 2.7. pH was measured by a Mettler Toledo
InLab Micro Pro-ISM pH probe on a Mettler Toledo
SevenExcellence pH meter.

Mass Spectrometry. Mass spectra were recorded by a
Thermo Orbitrap Elite (Thermo Fisher Scientific; Waltham,
MA). The instrument settings were as follows: spray voltage,
3.7 kV; sheath gas flow rate, 25 (arbitrary units); and capillary
temperature, 275 °C. MS spectra were acquired with 60000
resolution, which has been shown to yield accurate measure-
ments of hydrogen and deuterium composition.64 From mass
spectra obtained during HDX-MS experiments, the centroid of
each deuterated peptide envelope and the relative deuterium
uptake by each peptide were calculated by HDX Workbench.65

Temperature Calibrations. Each RTD and thermistor
temperature sensor was calibrated against a colocated, type K
thermocouple (Marlin Manufacturing Corp., Cleveland, Ohio)
with reference junctions immersed in a water/ice bath. The
vendor calibrated the thermocouples for service between 0 and
−40 °C per procedures recommend by the National Voluntary
Laboratory Accreditation Program (https://www.nist.gov/
nvlap/about-nvlap).

Estimation of Amide Back-Exchange Rates. Deuterium
contents of unstructured peptides in H2O were estimated by a
LabVIEW 7.1 (NI, Austin TX) script. The script reproduces
the main chain, intrinsic hydrogen exchange rates computed by
Excel spreadsheets containing the 2018 reference parameters
(http://hx2.med.upenn.edu/download.html) for oligo pepti-
des in an aqueous solution.22,66,67 Simulations of the analytical
process explicitly account for aqueous content by computing
the molar water concentration every 0.1 s.

■ RESULTS AND DISCUSSION
Retained Deuterium in Peptides. The sample in these

experiments was a perdeuterated tryptic digest of fully reduced
and carbamidomethylated BSA. Except for passage through a
protease column, the peptides experienced the solution
conditions found in standard bottom-up HDX-MS measure-
ments with timing conditions consistent with use of a protease
column volume. This measurement procedure simplifies data
interpretation by avoiding possible conflation of chromato-
graphic and proteolytic performance.
Short LC gradients (8−10 min) are typical of current HDX-

MS studies. Long gradients are typically used in peptide
mapping for improved peptide detection, but separations of
deuterated peptides at 0 °C using long gradients suffer from
high back-exchange. Therefore, we have included longer LC
gradients (30−40 min) to demonstrate the improved
capabilities enabled by operation at subzero temperature. For
each instrument and gradient length, Table S2 lists the
observed peptide retention times.

Table 1. Maximum LC pump pressures during operation of
the HDX-MS analysis system

TZone2
(°C) mode

aqueous/polar solvent volume
fractions

PLP
(MPa)

PBP
(MPa)

0 RPLC 100% H2O 7 24
−20 RPLC 63% H2O, 37% EG 20 55
−20 HILIC 63% H2O, 27% EG, 10%

MeOH
5 13

−30 RPLC 55% H2O, 45% EG 24 95
−30 HILIC 63% H2O, 27% EG, 10%

MeOH
5 32

−30 HILIC 100% MeOH 5 6

C
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Table 2 lists the average percent deuterium retained in
peptide amide groups, %DT

Obs, determined from tandem RPLC-
RPLC and 2D-RPLC-HILIC measurements. Table S3 lists the
percent deuterium content of the peptide amide groups, %
DT,k

Obs, computed using eq 1:

= ×D
m m

m m
% 100%T

t
,k

Obs ,HDX 0%

100% 0% (1)

where mt,HDX is the centroid mass for the immersion time of
the sample in D2O, m0% is the undeuterated centroid mass,
m100% is the centroid mass with full deuteration of all
exchangeable backbone amides, and k references the peptide
sequence. Uncertainties of %DT,k

Obs are reported as averages ±
SD of triplicate measurements.
The %DT

Obs show that peptides retain more deuterium as the
operating temperature of the analytical columns decreases
below 0 °C. For the 2D-RPLC-HILIC determinations %DT

Obs

improvement ranges between 10 ± 11% and 13 ± 11%. For
the tandem RPLC-RPLC determinations %DT

Obs improvement
is 18 ± 10%. The reference for all calculations is [%D0°C

Obs]8min,
which is the %DT

Obs computed for the 21 peptides measured
during the 8 min gradient at 0 °C in the tandem RPLC-RPLC
configuration. While tandem RPLC-RPLC data exhibited
greater improvement in %DT

Obs than 2D-RPLC-HILIC data,
both chromatography configurations demonstrate that long
gradients at −30 °C elute peptides containing nearly the same
back-exchange as peptides eluted during short gradients at −20
°C.
Since back-exchange rates in amide sites are distinct, a few

peptides can contain several amide sites that sharply change
chemical exchange rates with temperature. These sites can
produce outliers in the peptide set used to compute %DT

Obs

improvement. The three peptides showing the greatest
increase in %DT,k

Obs (i.e., greatest deuteration) relative to the
reference condition (RPLC, 8 min gradient, and 0 °C) are
found by selecting the peptides exhibiting the three largest
values of (%DT,k

Obs − [%D0 °C,k
Obs ]8 min) from each set of 21

p e p t i d e s . T h e s e l e c t e d p e p t i d e s a r e k 1 =
CCAMCCAMTESLVNR,, k2 = YICCAMDNQDTISSK, and k3 =
GACCAMLLPK. The average of the differences for these

peptides yield [%DT
Obs ]High3 improvement for each T < 0 °C

measurement condition (Table 2).
We note that [%DT

Obs]High3 improvement is 24 ± 2% for a 40
min 100% MeOH HILIC gradient at −30 °C and [%DT

Obs]High3
improvement is (19 ± 1) % for a 30 min HILIC gradient at
−30 °C using 63% water, 27% EG, and 10% MeOH with 0.1%
FA for solvent B. This result suggests that addition of MeOH
reduces back-exchange.
For both subzero chromatography configurations, peptides

CCAMCCAMTESLVNR, YICCAMDNQDTISSK, and
GACCAMLLPK showed greatest improvement in %DT,k

Obs

between 0 and −30 °C. Peptides CCAMCCAMTESLVNR and
YICCAMDNQDTISSK appear last in tandem RPLC-RPLC
chromatograms. In contrast, CCAMCCAMTESLVNR and
YICCAMDNQDTISSK elute first in the 2D-RPLC-HILIC
chromatograms. The elution order of GACCAMLLPK varies
across the elution windows. Elution orders of peptide LC peaks
are commonly reversed between RPLC and HILIC chroma-
tography methods. In spite of the opposite peptide elution
orders between the tandem RPLC-RPLC and 2D-RPLC-
HILIC chromatograms, both configurations measure %D−30°C,k

Obs

that differ by only ≈3% for the peptides
CCAMCCAMTESLVNR and YICCAMDNQDTISSK. For

GACCAMLLPK %D−30°C,k
Obs values differ by ≈6%. These results

indicate that both chromatographic apparatuses produce like
results.

Estimation of Deuterium Retained in Peptides. For
each peptide the deuteron occupancy (in Da) of each exchange
site is estimated by simulation of the analysis process using the
durations of the proteolysis step, ΔtProteolysis; the desalting step,
ΔtDesalt; the sample transfer step, ΔtTransfer; the peptide LC peak
retention time, tRT, observed during a chromatography run;
solution properties of T, pH, and the molar fraction of H2O;
and the elementary rate coefficients for acid-, base-, and water-
catalyzed proton transfer. The sum of the occupancies divided
by n·mD yields %DT

Est. Bai et al.,22 have reported parameters for
computing the acid-, base-, and water-catalyzed elementary
exchange rates at amide sites as functions of pH and
temperature.

Table 2. Operational Parameters and Retained Deuterium Content of Peptides Separated with Tandem RPLC-RPLC and 2D-
RPLC-HILIC Chromatographic Methods on the HDX Analysis Systema

LC gradient duration 8 min 8 min 10 min 40 min 30 min 40 min

method RPLC RPLC HILIC RPLC HILIC HILIC
TZone2 (°C) 0 −20 −20 −30 −30 −30
polar solvent volume fraction of EG (%) 37 27 45 27
polar solvent volume fraction MeOH, % 10 10 100
ΔtProteolysis (s) @ TProteolysis (°C) 120 @ 0 120 @ 0 60 @ 0 120 @ 0 60 @ 0 60 @ 0
ΔtDesalt (s) @ TDesalt (°C) 80 @ 0 80 @ −20 80 @ −30
ΔtTransfer (s) @ TTransfer (°C) 10 @ 0 10 @ 0 10 @ 0
%DT

Obs 71 ± 7 89 ± 7 84 ± 7 89 ± 7 81 ± 8 84 ± 9
%DT

Obs improvement (%DT
Obs − [ %D0°C

Obs]8 min) 18 ± 10 13 ± 10 18 ± 10 10 ± 11 13 ± 11
[%DT

Obs]High3 improvement (see text)b 27 ± 2 20 ± 2 26 ± 1 19 ± 1 24 ± 2
elution window (s) 190 155 80 1010 70 1090
LC peak width (fwhm) (s) 21 15 14 24 30 36
%DT

Est 78 ± 7 91 ± 4 93 ± 4 92 ± 4 94 ± 4 94 ± 4
MAD (%)c 11 ± 6 6 ± 5 11 ± 6 6 ± 5 15 ± 8 12 ± 8
average estimated deuterium occupancy of peptides at start of gradient (tRT= 0 s),
%DT

Est(0), (% D)
89 ± 5 92 ± 4 95 ± 3 93 ± 4 95 ± 3 95 ± 3

aAverages ± SD are calculated using 21 peptides measured in triplicate. LC peak widths reported are for peptide YLYEIAR2+. b

[ ] ×= °D D(% % )k k k k T k k, , ,
Obs

0 C,
Obs

8min
100 %

31 2 3
. c ×=

| |
k

D D

D1 21
% %

%
100 %

21
T k T k

T

,
Obs

,
Est

,k
Est .

D
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Table S4 lists estimated percent retained deuterium content
in peptides, %DT

Est, which were computed using the updated
elementary rate coefficient parameters of Zhang et al.28 For
these calculations, the water-catalyzed rate coefficients, kw(T),
are scaled by the aqueous molar fraction of water in solution.
Since the molar fraction of water in solution varies during the
HDX-MS analysis process, simulations used a temperature-
and time-dependent rate coefficient, kw′(T, t) = kw(T)·FH2O(t),
where FH2O(t) = ([H2O]/([H2O] + [ACN] + [EG] +
[MeOH]))t. During simulations kw′(T, t) was computed
every 0.1 s in accord with solution compositions of each
processing step in the HDX-MS apparatus.
All calculations employed activation energies of 58.58, 71.13,

and 79.50 kJ/mol for base-, acid-, and water-catalyzed
exchange reactions.22 In the absence of known exchange
elementary rate coefficients for carbamidomethylated (CAM)
cysteine, rates computed for cysteine were used during
calculations.
Simulations that accounted explicitly for water fraction

(which used kw′ (T, t)) yielded slightly larger %DT
Est than

simulations in 100% aqueous solution (which used kw(T)).
Across the six measurement conditions values of %DT

Est differ
by 0.1% to 0.8%. This small effect was expected because water
catalysis accounts for only a small fraction of the total
hydrogen transfer reaction rate.
Simulations of the 63 tandem RPLC-RPLC and 63 2D-

RPLC-HILIC peptide measurements found a frequency of
81% for overestimating the observed deuterium content, %
DT,k

Obs. The relative precision of the kinetics simulations for
predicting retained deuterium in peptides is assessed by
calculations of relative mean absolute deviation (MAD) %,
which is the mean of the absolute value differences between %
DT,k

Obs and %DT,k
Est, divided by %DT,k

Est, across all peptides. The
computed MAD % for each condition ranges from 6 ± 5% to
15 ± 8%, which is within the expected accuracy of kinetics
calculations for complex systems. The MAD % results strongly
support that pH, T, and elementary proton transfer rate
coefficients retain their utility for simulations in nonaqueous
solutions, as used during subzero HDX-MS analyses.

Solvent Mixtures and Temperature Affect LC Peak
Widths. For each of the solvent and temperature conditions
used, LC peak shapes and widths are shown in Figure 2. LC

peak shapes were comparable across all conditions used. Peak
widths (fwhm) for peptide YLYEIAR2+ ranged from 14 to 36 s
(Table 2, Figure 2). For the shorter gradients and at lower
temperatures, peaks were narrower and decreased in width. At
−20 °C, both analytical RPLC and HILIC columns eluted
similar LC widths of 15 and 14 s, respectively. At −30 °C,

longer gradients produced wider peaks, with the RPLC column
eluting a 24 s width and the HILIC column having a width of
30 s using low MeOH and 36 s using ≈100% MeOH in solvent
B.

Operational Differences between Tandem RPLC-
RPLC and 2D-RPLC-HILIC Subzero HDX-MS Instru-
ments. Our previous publication described an HDX instru-
ment with an RPLC trap and RPLC analytical column
collocated in the subzero temperature compartment (Zone
2). The proteolytic peptides are captured on the RPLC trap
column. After desalting, valve actuations connect the trap
RPLC column in tandem with the RPLC analytical column
and an ACN/H2O/EG gradient elutes peptides through both
columns. Since the sample resides in both columns during the
elution window, H/D exchange is minimized by maintaining
both columns at subzero temperature. During the loading
process, the EG added to prevent solvent freezing increases the
viscosity and the resulting backpressure. The viscosity and
backpressure limit the loading pump flow rate to ≈50 μL/min.
Thus, the net exposure of peptides to the 0 °C environment is
ΔtProteolysis ≈ 120 s (Table 2). When operated at TZone2 = −30
°C, simulations predict that the peptide set enters the
analytical column containing %DT

Est(0) = (92 ± 4) % D.
In the 2D-RPLC-HILIC HDX instrument the RPLC trap is

in Zone 1 (0 °C). In a discrete step, peptides trapped at 0 °C
are washed with low-viscosity ACN-rich solvent into the
analytical column in Zone 2. This configuration employs LC
low-pressure pumps and flow rates of 200 μL/min (Table 1).
The net exposure of peptides to the 0 °C environment is
ΔtProteolysis + ΔtTransfer = 77 s. At all operational Zone 2
temperatures the simulations predict that the peptide set enters
the analytical column containing %DT

Est(0) ≈ (94 ± 3) % D.
Modeling of the sample preparation process predicts that the

2D-RPLC-HILIC HDX instrument conserves the same or
≈2% more deuterium than the tandem RPLC-RPLC
configuration. Finally, during the analytical step peptides
were separated on a 50 mm column of 1.7 μm particles in the
2D-RPLC-HILIC instrument vs 50 mm column of 2.6 μm
particles in the tandem RPLC-RPLC instrument. Thus, the
2D-RPLC-HILIC instrument can offer greater theoretical
separation power.
The tandem RPLC-RPLC instrument showed no difference

in average deuterium recovery between −30 and −20 °C for 8
min gradients.45 Viscosity of the chromatography solvents may
account for the deuterium recovery performance of the tandem
RPLC-RPLC instrument, as longitudinal temperature increases
occur along columns due to frictional heating between the
solvent and column packing.59,60 Increasing flow rates would
increase pressure and would provide additional heating. The
reduced pressures in the 2D-RPLC-HILIC instrument should
minimize heating when increasing flow rates. MeOH is a
slightly weaker elution solvent than water for HILIC, but it has
a lower freezing point and viscosity, making it appropriate for
subzero-temperature HILIC.
MeOH was shown to greatly reduce the maximum pressure

during operation at −30 °C from 95 MPa for tandem RPLC-
RPLC to 6 MPa for 2D-RPLC-HILIC eluting with 99.9%
MeOH. The extremes in MeOH concentration were used to
show the full range in pressures and contributions to retained
deuterium to guide users in selecting the appropriate solvent
system for their analysis conditions.
The 2D-RPLC-HILIC instrument operates at lower

pressures, with the maximum pressure for the binary pump

Figure 2. LC peak profiles observed for peptide YLYEIAR2+ for each
LC condition tested.
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during operation ranging from 6 to 32 MPa at −30 °C
depending on solvent, which is significantly lower than 95 MPa
for the 2D-RPLC-RPLC instrument at −30 °C (Table 1).
These lower pressures using HILIC are more broadly
applicable to cheaper and current LC pumps in many
laboratories. Additionally, HILIC accommodates flow rates of
150 μL/min or greater depending on the solvent system
without surpassing the pressures experienced with RPLC at 50
μL/min. Nanoflow separations would also benefit from the
reduced viscosity and pressures in HILIC.

Alternate Implementations of 2D-RPLC-HILIC Appa-
ratus. The present apparatus (Figure S1) uses four valves and
four pumps, facilitating studies that employ two proteases and
allow for complex cleaning operations. Tables S1 and S5−S7 in
the Supporting Information present alternate feasible imple-
mentations of the 2D-RPLC-HILIC HDX-MS instrument.
Each implementation incorporates 2−4 valves and 2−5 pumps.
Each implementation offers distinct operational capabilities.

■ CONCLUSION
The present dual-enzyme subzero-temperature HDX-MS
analysis instrument is a versatile metrology platform that
enables greater dynamic range for determinations of %DT,k

Obs

with reduced back-exchange. The instrument can be arranged
into two configurations that operate at −30 °C: a tandem
RPLC-RPLC configuration requiring a very high pressure LC
pump or a 2D-RPLC-HILIC configuration that operates at a
much lower LC pump pressure.
Subzero-temperature 2D-RPLC-HILIC achieves a reduction

in back-exchange that is about two-thirds the reduction
achieved by the RPLC system. However, the HILIC system
can also extend gradients to 40 min with minimal back-
exchange penalty and has the added advantage of greatly
reducing pump pressures to enable a wider range of flow rates
from nanoflow to analytical flow. Additionally, features of the
instrument minimize bias, variance, and drift during the
determination of each DCorrected

Peptide (tHDX). The advancements and
alternative design functions reported herein will provide users
of future commercialized versions of our system with a
comprehensive toolbox for biopharmaceutical QC programs
and protein similarity studies based on HDX-MS.
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