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Integral membrane proteins (IMPs) perform a range of diverse functions and their dysfunc-
tion underlies numerous pathological conditions. Consequently, IMPs constitute most drug
targets, and the elucidation of their mechanism of action has become an intense field of
research. Historically, IMP studies have relied on their extraction from membranes using
detergents, which have the potential to perturbate their structure and dynamics. To circum-
navigate this issue, an array of membrane mimetics has been developed that aim to recon-
stitute IMPs into native-like lipid environments that more accurately represent the biologi-
cal membrane. Hydrogen/deuterium exchange-mass spectrometry (HDX-MS) has emerged
as a versatile tool for probing protein dynamics in solution. The continued development
of HDX-MS methodology has allowed practitioners to investigate IMPs using increasingly
native-like membrane mimetics, and even pushing the study of IMPs into the in vivo cellular
environment. Consequently, HDX-MS has come of age and is playing an ever-increasingly
important role in the IMP structural biologist toolkit. In the present mini-review, we discuss
the evolution of membrane mimetics in the HDX-MS context, focusing on seminal publi-
cations and recent innovations that have led to this point. We also discuss state-of-the-art
methodological and instrumental advancements that are likely to play a significant role in
the generation of high-quality HDX-MS data of IMPs in the future.

Introduction
Integral membrane proteins (IMPs) constitute an important therapeutic target, due to their involvement
in a range of biological functions including signal transduction, transport of metabolites, and efflux of
cytotoxic compounds [1,2]. When in their native environment, IMPs are embedded into a heterogeneous
mixture of lipids that modulate their structure, dynamics, and function [3]. Historically, the characterisa-
tion of IMPs has relied on their extraction from membranes into a wide selection of detergents that act as
surrogate for their native lipid environment [4]. Whilst detergents can solubilise IMPs in buffers amenable
to structural and biochemical analyses, possible perturbation of IMP structure and dynamics remains a
concern [5,6]. Consequently, great effort has been spent on developing an array of different membrane
mimetics that more accurately represent the native lipid environment [7].

To better understand IMP structure–function relationships, information on protein dynamics is re-
quired in addition to high-resolution structures [8]. Hydrogen/deuterium exchange-mass spectrometry
(HDX-MS) has emerged as a powerful tool for probing protein dynamics [9]. HDX-MS measures mass in-
creases associated with the isotopic exchange between amide hydrogens of the polypeptide backbone and
deuterium in the surrounding solvent; a reaction commonly termed HDX. In folded proteins, the rate of
HDX is determined by protein higher-order structure; namely, amide hydrogen solvent accessibility and
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H-bond stability [10]. Thus, HDX-MS readouts can report on changes in protein dynamics and localise them to
specific structural regions. The continued evolution of HDX-MS methodology has allowed us to begin coping with
increasingly native-like mimetic environments. This has, in turn, resulted in an increasing number of publications
utilising HDX-MS to probe the dynamics of mimetic reconstituted IMPs, thereby providing greater insight into their
lipid-modulated mechanism of action and regulation [11].

The emphasis of the present mini-review is on the current strategies used, and innovations that led to, the amenabil-
ity of membrane mimetics in HDX-MS analyses. Technical aspects of HDX-MS have been reviewed elsewhere [9,12].
In the ‘current scenario’ section, we compile all available results from publications utilising HDX-MS for the anal-
yses of IMPs reconstituted into lipid-containing mimetics, as well as pioneering work involving in vivo HDX-MS.
Furthermore, we discuss the distinct advantages and disadvantages of each, as well as strategies for maximising pep-
tide output. In the ‘way forward’ section, we discuss state-of-the-art methodological and instrumental innovations
being developed to improve analyses, with particular focus on automation of delipidation processes and increasing
liquid chromatography-mass spectrometry (LC-MS) peak capacity via subzero chromatography and orthogonal ion
mobility (IM) separations.

Current scenario
Membrane mimetics
The membrane environment is crucial for optimal functioning of IMPs. Membrane curvature, fluidity, and lipid com-
position play important roles [3]. In fact, protein–lipid interactions have been shown to directly impact the function
and stability of IMPs [13–16]. Several lipid-containing membrane mimetics have been developed over the years, each
having some benefits over the others [5,7]. These have been summarised in Figure 1 along with their pros, cons, and
strategies for HDX compatibility.

Nanodiscs
Nanodiscs are self-assembled phospholipid bilayers held together by membrane scaffold protein (MSP), developed by
the Sligar lab [17,18]. MSP is derived from the human serum apolipoprotein A-1. A range of MSP constructs are avail-
able to generate nanodiscs of variable diameters accommodating IMP of various sizes [18]. The self-assembly of nan-
odiscs occurs when detergent is removed from detergent-solubilised IMP in the presence of phospholipid/detergent
micelles and MSP [17,19]. In the context of HDX-MS, nanodiscs provide an invaluable tool for the study of IMP in
native-like lipid environment [20,21]; the protein being accessible for ligands/substrates from both sides. However,
the contaminating peptides from MSP increase MS spectral complexity and the additional sample clean-up steps often
complicate HDX-MS workflows. The study of nanodisc-incorporated IMP by HDX-MS has been reviewed elsewhere,
so this section will mainly focus on the strategies used to make nanodiscs HDX-compatible and innovations that led
to increased peptide output [20,21]. Nanodisc-reconstituted IMPs studied by HDX-MS have been summarised in
Table 1.

The seminal study integrating HDX-MS and nanodiscs for IMP was undertaken by Engen’s group
[22]. This study led to 45% sequence coverage of the human gamma-glutamyl carboxylase (GGCX) in
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) nanodiscs. The key steps in the HDX workflow included: (i) Dis-
assembly of nanodiscs by the addition of cholate at the quench step, which increased peptide recovery. (ii) Removal
of phospholipids by using zirconium dioxide beads (ZrO2). At acidic conditions, ZrO2 acts as a Lewis acid with net
positive charge having affinity towards polyoxy anions with high binding constant for phosphate. As such, ZrO2 can
be used to bind to phospholipids after nanodisc disassembly and then be subsequently removed via filtration.

Conformational changes were tracked in nanodisc-embedded ligand-bound vs unbound GGCX by Parker et al.
[23]. GGCX is involved in post-translational modifications of Vitamin K-dependant (VKD) proteins implicated in
blood coagulation. Although the sequence coverage was a mere 42%, useful information was gained in the context of
structural rearrangement of GGCX upon binding to its ligand ‘propeptide’. Propeptide is an 18 amino acid sequence
on VKD proteins required for GGCX-binding. Propeptide binding induced structural stability in GGCX with sig-
nificant protection observed at the propeptide-binding region and the catalytic glutamate-binding site leading to a
catalytically stable conformation.

Adhikary et al. focused on the model bacterial neurotransmitter:sodium symporter (NSS) leucine
transporter (LeuT) reconstituted in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphoglycerol (POPG) nanodiscs [24]. Their mammalian
counterparts are involved in the sodium-dependant reuptake of neurotransmitters in the synaptic cleft making them
an important target for psychotropic drugs. They are known to function via an alternating access mechanism, with
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Figure 1. Summary of the pros, cons, and strategies for HDX compatibility of IMPs reconstituted into lipid containing

mimetics of increasing complexity

Figure was prepared using BioRender.

the substrate-binding site alternatively accessible to either side of the membrane via conformational changes [25,26].
A combination of HDX-MS and molecular dynamics (MD) simulations was used to trace signature profiles of the
outward facing (OF) and inward facing (IF) conformations using the WT and Y268A mutant, respectively. The WT
LeuT in the presence of excess sodium shifts the equilibrium towards the OF conformational ensemble, whereas the
Y268A mutant mainly adopts the IF conformations [27]. The results highlighted the role of transmembrane helix
(TM) 1a, TM7, extra cellular loop (ECL) 2 and ECL4 in the conformational transition of LeuT during its transport
cycle. To maximise sequence coverage, MSP peptides were removed using neutravidin ultraLink beads at the quench
step, thereby decreasing MS spectral complexity and allowing better identification and monitoring of target peptides.

Merkle et al. investigated the substrate translocation mechanism of LeuT in detergent n-dodecyl β-D-maltoside
(DDM) by varying substrate/ion composition (leucine, Na+, K+, and Cs+), aiming to shift the equilibrium towards
distinct conformational ensembles, representative of different stages of the transport cycle. An interesting observa-
tion was made regarding peptides in the intracellular region showing EX1 HDX kinetics. Consequently, a control
experiment in native-like environment was undertaken by reconstituting LeuT into nanodiscs, which also confirmed
this feature. The group proposed a detailed transport cycle of LeuT, highlighting that the partial unwinding of specific
TM regions trigger the switch from substrate-bound OF occluded to IF conformation [28].

The major facilitator superfamily (MFS) is known to be the largest among the secondary active transporters. Like
LeuT and P-glycoprotein (P-gp), they function via an alternating access mechanism, but the role of lipids in the con-
formational landscape is poorly understood. Martens et al. showed that the native E. coli phosphatidylethanolamine
(PE) lipids shifted the conformational equilibrium of the two MFS transporters D-xylose-proton symporter (XylE)
and lactose permease (LacY) to the IF conformation relative to the non-native phosphatidylcholine (PC) lipids [16].
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Table 1 Summary of nanodisc-reconstituted IMP studied by HDX-MS

IMP Family Study
Purification
detergent MSP Lipids

Ratio of
IMP:MSP:
lipids

Reconstituted
nanodisc
purifica-
tion
method

Nanodisc
disassembly
(final conc.)

Sequence
cover-
age
(%) Ref.

GGCX Carboxylase Proof of concept 0.5% CHAPS
0.2% DOPC

1D1 DOPC 1:20
IMP:MSP

SEC Na-cholate:lipids
25:1

45 [22]

GGCX Carboxylase IMP-Ligand
Interaction

0.5% CHAPS
0.2% DOPC

1D1 DOPC 1:20:1200 SEC Na-cholate:lipids
25:1

42 [23]

LeuT NSS Conformational
changes

0.05% DDM 1E3D1 POPC:POPG 3:2 1:20:1000 IMAC
SEC

0.006% DDM 65 [24]

LeuT NSS Conformational
changes

0.05% DDM 1D1 POPC:POPG 3:2 1:10:800 IMAC
SEC

Na-cholate:lipids
25:1

30 [28]

XylE
LacY

MFS Effect of lipid
composition on
conformational
dynamics

0.02% DDM 1E3D1 POPE/POPC:
POPG:CL 7:2:1

1:8:480 IMAC
SEC

0.1% DDM 85 [16]

P-gp ABC
Transporter

Conformational
changes

0.1% DDM 1D1 DMPC 1:10:800 SEC-HPLC Na-cholate:lipids
25:1

38 [30]

P-gp ABC
Transporter

Effect of
cholesterol on
conformational
dynamics

0.1% DDM 1D1 DMPC/ Cholesterol 1:10:70 IMAC
SEC

0.1% DDM 52 [31]

P-gp ABC
Transporter

Effect of sub-
strate/inhibitor
on
conformational
dynamics

0.1% DDM 1D1 DMPC 1:10:70 IMAC
SEC

0.1% DDM 50 [32]

BmrA ABC
Transporter

Drug release
mechanism

0.035% DDM
0.03%
Na-cholate

1E3D1 E. coli total lipid
extract

1:5:400 IMAC 0.035% DDM
0.03% Na-cholate

93 [33]

Abbreviations: ABC, ATP-binding cassette; BmrA, Bacillus multidrug-resistance ATP; CHAPS, 3-((3-cholamidopropyl)
dimethylammonio)-1-propanesulphonate; DDM, detergent n-dodecyl β-D-maltoside; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DOPC,
1,2-dioleoyl-sn-glycero-3-phosphocholine; GGCX, gamma-glutamyl carboxylase; IMAC, immobilised metal ion affinity chromatography; MFS, major
facilitator superfamily; NSS, neurotransmitter:sodium symporter; P-gp, P-glycoprotein; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine;
POPG, 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphoglycerol; SEC, size exclusion chromatography.

The group used concentrated nanodisc samples coupled with IM and high-pressure on-line digestion (7000 psi) to
achieve an impressive 85% sequence coverage. This work led to a more detailed protocol to study lipid-modulated
conformational changes in IMP using HDX-MS and MD simulations (Figure 2) [29].

The group of William Atkins performed extensive HDX-MS studies on nanodisc-reconstituted P-gp [30–32], an
ATP-binding cassette (ABC) transporter involved in the efflux of xenobiotics. In their initial study, they compared
the conformational dynamics of P-gp in the ligand-free state vs the ADP-trapped state induced by vanadate. This was
done in DDM/lipid micelles and after reconstitution in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) nan-
odiscs [30]. Although the sequence coverage was just ∼40%, it was sufficient to observe an overall modest protection
in the ADP-trapped state. In nanodiscs, deuterium uptake was comparatively less, suggesting more restricted protein
dynamics. Another interesting feature was the presence of peptides showing EX1 kinetics. These peptides largely be-
longed to conserved sequences of the nucleotide-binding domains (NBDs) and the intracellular loops (ICLs), known
to be implicated in its conformational transitions, thereby providing evidence of a more complex conformational land-
scape at the resting state. This conformational heterogeneity was considered a prerequisite for the substrate promis-
cuity of P-gp for conformational selection of allocrites of varying size range.

Clouser et al. compared the effect of cholesterol on P-gp reconstituted in DMPC/cholesterol nanodiscs vs DMPC
nanodiscs [31]. A sixfold stimulation of ATPase activity was observed in the presence of cholesterol. HDX-MS re-
vealed that cholesterol induced allosteric asymmetric changes in the NBDs, potentially mediated through intracellu-
lar helices (ICHs). Deprotection was observed in NBD1 and the adjacent ICH4, whereas protection was observed in
NBD2 and the neighbouring ICH3. Interestingly, most of these peptides showed bimodal distributions, a hallmark of
EX1 kinetics. Deconvolution of some bimodal peptides led to the conclusion that cholesterol shifts the conformational
equilibrium towards a more catalytically competent conformation.
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Figure 2. Workflow for identification of lipids modulating nanodisc reconstituted IMP conformational dynamics

Figure modified from Martens et al. [29]. IMPs are reconstituted into nanodiscs with differing lipid composition and labelled with D2O

over several different timepoints. The reaction is then quenched by decreasing pH and temperature to 2.4 and 0◦C, respectively,

followed by nanodisc disassembly by addition of DDM detergent. Lipids are then removed by off-line addition of zirconia beads

and proteins digested using an on-line pepsin column at 20◦C. The resulting peptides are then identified and monitored via LC-MS.

Peptide deuterium uptake is then quantified and compared between states using DynamX, followed by peptide-level statistical

significance testing using Deuteros [75]. Differential deuterium uptake can be mapped onto high-resolution structures for data

interpretation.

Different drugs/substrates affect P-gp differently at the NBDs, in turn affecting ATP hydrolysis, and at the trans-
membrane domains (TMDs), in turn affecting allocrite translocation. Moreover, some may affect the coupling be-
tween these two domains. To understand the molecular mechanism underlying this difference, comparisons were
drawn between the effect of substrate vinblastine and the transport inhibitor zosuquidar on the nucleotide free, pre-
hydrolytic and posthydrolytic states of P-gp in DMPC nanodiscs [32]. A major difference was seen in the zosuquidar
incubated posthydrolytic state where an overall deprotection was observed at the TMDs and NBDs. This provided
evidence that zosuquidar alters stability of the posthydrolytic state, in turn causing catalytic cycle disruption by un-
coupling ATP-hydrolysis and transport.

Chaptal et al. resolved the high-resolution structure of another ABC transporter Bacillus multidrug-resistance ATP
(BmrA), a bacterial homologue of P-gp, in the substrate-bound OF conformation [33]. It was shown using HDX-MS
on BmrA in detergent and after reconstitution into nanodiscs, that the plasticity of TM1 and TM2 drives drug re-
lease in the OF conformation. Another key feature was the 93% sequence coverage in nanodiscs achieved using a C4
ultra-performance liquid chromatography (UPLC) column that potentially helped in the elution of more hydropho-
bic peptides. In addition, DDM/cholate, in a ratio shown to significantly reduce the estimated detergent-belt size,
was used to disassemble the nanodiscs at the quench step [34]. Pre-equilibrated magnetic zirconium beads were then
used to remove the phospholipids.

Salipro
Saposin A (Sap A) lipoprotein nanoparticle system is another nanodisc technology that uses Sap A peptides to sur-
round the IMP in lipid bilayer [35,36]. The major advantage of Sap A nanodiscs is their adaptability to any IMP size,
in contrast with MSP nanodiscs, where optimisation of the different sized MSP constructs is required [37].

Zhou et al. tested the feasibility of Salipro with HDX-MS and other structural MS techniques, using reconstituted
Ferroportin, an MFS iron exporter [38]. The group obtained 92% sequence coverage by using the surfactant RapiGest
and 4 M urea in the quench for nanodisc disassembly and protein unfolding, respectively. Phospholipids were subse-
quently removed using ZrO2.
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SMALPs
Styrene-maleic acid lipid particle (SMALP) technology uses styrene-maleic acid (SMA) polymers to solubilise IMPs
directly from the membrane along with native lipids [39]. This offers a detergent-free strategy and bypasses the poten-
tial detergent-induced perturbation in IMP stability and function. However, their sensitivity to low pH and divalent
cations restricts their true potential in HDX-MS applications [40]. Recently, the emergence of SMA-like copolymers,
shown to be stable under these conditions, could potentially overcome these challenges [41].

Reading et al. took advantage of this technology to study the effect of different lipid compositions on the rhomboid
protease GlpG from E. coli [42]. They modulated the native lipid composition by overexpressing the protein in two
different strains of E. coli, BL21 and C43, and by inducing at two different temperatures. BL21 was shown to have more
PE and cardiolipin (CL) compared with C43, whereas C43 induced at a lower temperature had less CL content and
increased fatty acid chain unsaturation in comparison with standard C43. It was shown that the increased membrane
fluidity as a result of this unsaturation led to increased HDX at the cytosolic domain, linker region, and TM1 of GlpG.
This highlighted the role of these regions in GlpG function via their interaction with membrane lipids. The authors
adopted Engen’s nanodisc workflow for removal of phospholipids but used DDM for SMALP dissociation at quench
step, leading to 80% sequence coverage.

Bicelles
Bicelles are membrane bilayer discs formed by mixing short-chain phospholipids or detergents with long-chain phos-
pholipids [43,44]. The ease of reconstitution and no sample clean-up for HDX-MS studies add to their advantages.
On the other hand, the presence of detergent may perturbate the target IMP structure and function.

Pulsed HDX-MS was used to study for the first time, according to the authors, the refolding kinetics of the IMP
bacteriorhodopsin, a light-driven proton transporter [45]. The refolding of the SDS-denatured bacteriorhodopsin was
initiated by mixing it with DMPC and 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulphonate (CHAPS)
bicelles [46]. A custom built four-syringe device was used to undertake pulsed HDX in offline mode and protein mass
was subsequently analysed using SEC-MS. The results indicated multistep-refolding events leading to a rather slow
recovery of the secondary structure over 10 s and longer timescale.

Duc et al. investigated the feasibility of bicelles for the study of G protein-coupled re-
ceptors (GPCRs) [47]. A comparison was made between DMPC and 3-((3-cholamidopropyl)
dimethylammonio)-2-hydroxy-1-propanesulphonate (CHAPSO) bicelles vs the classical DDM detergent for
the three model GPCRs β2-adrenergic (β2AR), μ-opioid receptor, and protease-activated receptor 1. Bicelles
outperformed DDM with around 95% sequence coverage for the tested proteins and a significantly higher peptide
redundancy.

Komolov et al. probed the interaction of GPCR with GPCR kinase 5 (GRK5) using β2AR reconstituted in DMPC,
CHAPSO, and PIP2 bicelles [48]. Protection observed by HDX-MS at TM5 and the C-terminus of β2AR, and
N-terminal lipid-binding domain and Regulator of G protein-signalling homology bundle of GRK5, provided ev-
idence of direct interaction at these sites. It was also observed that receptor-binding induces allosteric changes at
the GRK5 catalytic domain. Overall, the group comprehensively characterised the structural mechanism by which
activated GPCRs get phosphorylated by GRKs, using a range of biophysical and biochemical techniques.

Liposomes
Liposomes are lipid bilayer vesicles that have been successfully used for structural and functional analysis of IMPs
[49,50]. Early HDX-MS work on liposomes containing hydrophobic peptides was a milestone in the development
of electrospray ionisation-mass spectrometry (ESI-MS) application for IMPs [51–53]. Liposomes are very close to
native membranes in membrane curvature, offer tuneable lipid composition, and can accommodate multicomponent
systems owing to their large size. Nevertheless, the heterogeneity in orientation of reconstituted IMP may complicate
interpretation and reproducibility of results.

Anderson et al. outlined an automated phospholipid removal method using FcγRIIa reconstituted in liposomes as
a model system [54], which is detailed in the following section.

Native membranes
Membrane vesicles provide a native environment with increased structural and functional stability for IMP. The pres-
ence of interacting membrane partners and lipids may strengthen the physiological relevance of data, but at the same
time, can further exacerbate technical challenges.
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Eric Forest’s group undertook pioneering work on HDX-MS of IMPs in their native mitochondrial membrane.
They investigated the bovine ADP/ATP carrier, belonging to the mitochondrial carrier family, located in the inner
mitochondrial membrane [55]. Two transport inhibitors carboxyatractyloside (CATR) and bongkrekic acid (BA)
were used to lock the transporter at different stages of the cycle. The carrier, in isolated mitochondrial membranes,
was first incubated with either CATR or BA, and then labelled by dilution in deuterated buffer. Once the reaction was
quenched, the protein in mitochondrial membranes was solubilised in triton X-100, and then further purified using
a gravity flow hydroxylapatite (hydroxylated calcium phosphate) packed column. The protein elution was achieved
under pressure using a piston to limit back exchange and then digested using a pepsin column. Another important step
was the removal of detergent and lipids in the trap column using dichloromethane. The peptides were separated using
C18-reversed phase high-performance liquid chromatography (HPLC) column leading to 58% sequence coverage.
The present study highlighted significant differences in the conformational dynamics of the carrier in membranes vs
in detergent [56].

Mehmood et al. used HDX-MS to gain an insight into the transport cycle of BmrA purified in DDM. The group
also followed global HDX on BmrA in inverted membrane vesicles (IMVs), either in ligand-free resting sate or
ADP-trapped state stabilised by vanadate. Interestingly, BmrA showed less deuterium uptake in IMVs relative to
detergent at the resting state, pointing towards a more structurally compact/stable conformations of protein in mem-
branes. Overall, the protein, in both detergent and membranes, showed high level of deuterium uptake at the resting
state and protection against exchange in the ADP-trapped state, known to shift the equilibrium towards the OF con-
formational ensemble. The intact protein for global exchange was separated from lipids using the C18 HPLC column
[57].

The group of Lars Konermann was one of the first to undertake HDX-MS on E. coli IMVs overexpressed with FoF1
ATP synthase, which uses the proton motive force (PMF) to drive ATP synthesis [58]. The conformational dynamics
of this motor were studied using various catalytically active or inhibited states. The authors observed destabilisation
in the C-terminus of the γ-shaft in conditions where protons were pumped into the IMVs, driven by ATP hydroly-
sis against the PMF. Proposedly, this was due to torsional stress-mediated destabilisation of amide hydrogens of the
γ polypeptide backbone, induced by its rotation at the apical bearing. The HDX-MS workflow included acidifica-
tion of the labelled IMVs with 10% formic acid (FA) to quench the reaction, followed by in-solution digestion and
centrifugation to remove the insoluble aggregates.

Donnarumma et al. took advantage of E. coli secreted outer membrane vesicles (OMVs) to study the structural
arrangement of the outer membrane porin, outer membrane protein F (OmpF), naturally overproduced in these
vesicles [59]. They devised an HDX-compatible protocol to remove lipids by acetone wash after trichloroacetic acid
(TCA) precipitation of the labelled protein. The results confirmed the trimeric assembly of the protein in native
membranes.

The group of Sosnick used BtuB, an E. coli TonB-dependant vitamin B12 transporter, to highlight structural
changes induced by vitamin B12 binding and transport [60]. HDX-MS was performed on native E. coli outer mem-
branes (OM), separated from inner membranes using sarkosyl. The important steps of the workflow included addition
of DDM to the quench and removal of lipids by ZrO2. The major finding was the allosteric liberation of the ionic lock
upon B12 binding followed by the binding of the N-terminus of BtuB to TonB in the periplasm. The authors did not
find any evidence of BtuB-TonB pore formation, which they suggested might require energy input from the inner
membrane missing in the study.

In vivo HDX
Although the study of IMPs in native membranes is a milestone for HDX-MS, it may lack some features only present
in intact cells, such as presence of potential downstream partners. Nonetheless, the lengthy sample clean-up processes
result in high back exchange, and the numerous contaminating proteins and lipids can impair downstream LC-MS
performance.

The Sosnick group developed a protocol for in vivo HDX-MS using the model IMP BtuB (Figure 3) [61]. The
protein was labelled in live E. coli cells by transferring them to deuterated growth media. After labelling, the reaction
was quenched, and cells lysed by cryogenic pulverisation. The membranes were collected by ultracentrifugation under
quench conditions. Thereafter, their OM HDX-MS protocol was followed as described above, obtaining 93% BtuB
sequence coverage [60]. Overall, the in vivo data validated the group’s results obtained in OMVs, though a higher back
exchange was observed owing to the lengthy postquench processes. From methodological perspective, the authors
also obtained HDX data on various other endogenous E. coli proteins with reasonable sequence coverages.
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Figure 3. Experimental workflow and sequence coverage for in vivo HDX-MS on BtuB

Figure taken from Lin et al. [61] with permission from the publisher (Protein Science). (A) For in vivo HDX-MS, living E. coli cells

overexpressing the protein of interest (in this case BtuB) are diluted in D2O buffer supplemented with a carbon source. The reaction

is then quenched by dropping buffer pH to 2.5 and flash freezing the cells with liquid nitrogen; the latter also acting to lyse the

cells via cryogenic disruption. OMVs containing the proteins of interest are then isolated by ultracentrifugation at pH 2.5 and 2◦C.

This was followed by in solution proteolytic digestion, addition of ZrO2 for delipidation, and removal of peptides via centrifugal spin

filtration. Peptides were then subjected to LC-MS analyses for peptide identification and monitoring. (B) Both in vivo and in vitro

HDX-MS experiments provided high levels of BtuB sequence coverage; 93% and 98%, respectively.

The way forward
The need for automated delipidation
The introduction of membrane mimetics or cell lysate into HDX-MS workflows can exacerbate technical challenges.
These challenges are primarily driven by the presence of large quantities of lipids, which cause analyte ionisation sup-
pression, increase MS spectral complexity, impair chromatographic performance, and reduce proteolysis efficiency;
all of which reduce target coverage and redundancy. Thus, the removal of lipid prior to LC-MS analyses is often a
prerequisite for successful HDX-MS of mimetic reconstituted and in vivo IMPs.

HDX-MS analyses of IMPs have, thus far, relied on off-line manual delipidation procedures. However, manual
lipid clean-up can increase measurement error across triplicate experiments, thereby potentially obscuring subtle
differences in dynamics across different conditions. Consequently, several recent publications have sought to address
this issue via automated delipidation.

ZrO2 delipidation via extended robotics
Anderson et al. published the first automated delipidation method for HDX-MS in which they modified a LEAP
HDX robot to perform ZrO2-mediated delipidation analogous to Engen’s original protocol [54]. However, rather
than using centrifugal spin filtration to remove lipid-bound ZrO2, the robot used an X-press module that applied
downward pressure on a polyethersulphone nanofilter cartridge containing the sample-ZrO2 mixture. This filtered
protein into an upper reservoir for LC-MS analysis, whilst lipid-bound ZrO2 was retained for disposal. The authors
successfully employed this system to perform HDX-MS on FcγRIIa in liposome, achieving 66% sequence coverage.
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Since this initial publication, this technology has been commercialised as Trajan’s LEAP HDX automation with lipid
filtration.

On-line phospholipid trapping
Hammerschmid et al. proposed chromatographic phospholipid trapping columns containing ZrO2 or titanium diox-
ide beads (TiO2) [62]. In their method, a Waters HDX manager and UPLC was modified with an additional valve and
ZrO2/TiO2 column to perform on-line protein- or peptide-level delipidation. Furthermore, an additional binary sol-
vent manager (BSM) was used to wash and re-equilibrate ZrO2/TiO2 columns simultaneously to the LC separation,
meaning columns were regenerated without reducing analytical through-put.

When evaluating delipidation efficiency, Hammerschmid et al. reported a >100 to 1000-fold reduction in POPC
when using ZrO2/TiO2 trap columns [62]. Furthermore, an approximately 96% delipidation efficiency was reported
for E. coli lipid extract, demonstrating a capacity to handle complex lipid mixtures. Interestingly, addition of DDM to
quench was found to reduce delipidation efficiency, potentially caused by steric hindrance from micelle formation. In
contrast, Fos-choline-12 exhibited no detrimental impact, suggesting it could be a more appropriate quench additive
for mimetic disassembly.

Nonspecific protein adsorption onto the ZrO2 column was also reported by Hammerschmid et al. [62]. Whilst
attempting to reduce nonspecific binding, less severe adsorption was observed over technical replicates, suggesting
‘blocking’ of nonspecific binding sites via protein saturation. In addition to using a glycine hydrochloric acid-based
quench, they proceeded to ‘block’ ZrO2 columns with 3% bovine serum albumin prior to sample delipidation, which
was found to increase target peptide intensity four- to fivefold. This strategy could potentially be adopted more widely,
even for off-line ZrO2 delipidation. Finally, acriflavine-resistance protein b (AcrB) nanodiscs were analysed that gen-
erated an impressive 82.7% sequence coverage, demonstrating its high applicability for HDX-MS applications.

On-line size exclusion chromatography
To our knowledge, Calvaresi et al. were the first to utilise size exclusion chromatography (SEC) for automated on-line
delipidation [63]. In short, a SEC column was installed on a Waters HDX manager under two configurations; config-
uration 1, where SEC was positioned between the injection loop and protease column for protein-level delipidation,
and configuration 2, where SEC was positioned between the protease column and trap valve for peptide-level delipi-
dation. In both configurations, isolated contaminants could subsequently be directed to waste to prevent detrimental
effects on downstream LC-MS.

In control experiments, Calvaresi et al. reported only a 6% lower efficiency compared with off-line TCA precipi-
tation [63]. Furthermore, initial experiments involving POPC/ubiquitin mixtures suggested that lipids were retained
via strong binding interactions with the SEC stationary phase, resulting in near-complete delipidation. Thus, this
method demonstrates great utility for mimetics with lower lipid quantities. SEC-lipid binding capacity was, however,
reported to reduce when injecting high lipid quantities over successive injections. Despite this, using configuration
2, an impressive 73% sequence coverage was obtained for NadA in OMVs, despite constituting only 8.8% of total
protein content within the OMVs.

Whilst these methods have shown great utility in HDX-MS applications, each have their own advantages and dis-
advantages that have been summarised in Table 2.

The need for increased peak capacity
One limitation of HDX-MS is the need to keep LC separations short and at low temperature to prevent unwanted
deuterium/hydrogen back exchange. Consequently, the extent of peptide separation is limited to the short time in
which deuterium can be retained. This is problematic for the analyses of mimetic reconstituted and in vivo IMP sam-
ples as they exhibit high chromatographic and MS spectral complexity from the presence of other nontarget protein
contaminants; making the identification and monitoring of target peptides more challenging. Thus, instrumental de-
velopments capable of increasing LC-MS peak capacity will likely play a key role in generating high-quality IMP data
in the future. Here, we highlight two approaches being taken to increase peak capacity: subzero chromatography and
orthogonal IM separations.

Increasing peak capacity via subzero chromatography
Subzero temperatures permit elongated chromatography without increasing back exchange. However, typical
HDX-MS systems use mobile phases unable to perform at subzero temperatures due to increased system
back-pressure and freezing. The development of subzero systems for bottom-up HDX-MS has been explored [64–66].
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Table 2 Comparative advantages and disadvantages of automated delipidation methods for HDX-MS

Method Advantages Disadvantages

LEAP HDX robot lipid filtration [54] • Robot handling steps can be fine tuned
• Uses established ZrO2 /TiO2 protocols shown
to work well with complex membrane mimetics
• No need for ZrO2 or TiO2 regeneration

• Requires purchase of robotics
• Only protein-level delipidation can be performed
when using on-line proteolytic digestion
• ZrO2 and TiO2 may bind to phosphoproteins
• Other nonphospholipid contaminants are not
removed

(ZrO2/TiO2) Phospholipid trap column [62] • Delipidation using ZrO2 or TiO2

• Can perform on-line delipidation at protein- or
peptide-level
• Rapid delipidation relative to robotics
• Reduced ZrO2/TiO2 consumption relative to
robotics

• Requires additional BSM and ‘delipidation’ valve
• Requires column washing/regeneration with
potential for reduced delipidation efficiency after
numerous cycles
• ZrO2 and TiO2 may bind to phosphoproteins
• Other nonphospholipid contaminants are not
removed

SEC [63] • Minimal modifications required to existing
instrumentation
• Capable of removing other nonphospholipid
contaminants
• Can perform on-line delipidation at protein- or
peptide-level
• Rapid delipidation relative to robotics

• Requires additional optimisation steps (e.g.,
valve switch/trapping times)
• Requires additional washing of SEC column
between injections
• Delipidation efficiency can decrease at higher
lipid quantities

Venable et al. evaluated the use of mobile-phase modifiers (methanol, dimethylformamide, ethylene glycol, and for-
mamide) to drop freezing points to –30◦C [64]. Wales et al. subsequently reported 1 hr long separations at –20◦C
with similar back exchange to 10 min separations at 0◦C [65]. Fang et al. then used subzero HDX-MS on E. coli lysate
and found that 90 min separations at –10◦C generated threefold more peptide identifications than 15 min at 0◦C [66],
demonstrating its potential to improve analyses of complex IMP samples.

Despite its potential, practical limitations still make routine use challenging. For example, mobile-phase modifiers
can reduce peptide ionisation efficiency, something Venable et al. reported [64]. Addition of mobile-phase modi-
fiers can also alter chromatographic performance [64–66]. Furthermore, analytical columns with nonoptimal par-
ticle size and/or geometry and are often required to circumnavigate LC maximum pressure limitations [65]; only
Fang et al. having used sub-2 μm particle size for –10◦C separations. Therefore, further work is required to integrate
ultrahigh-pressure capacity LC pumps, so that columns with ideal geometry and/or particle size can be utilised to
maximise chromatographic peak capacity.

Increasing peak capacity via orthogonal IM separations
Another strategy for increasing LC-MS peak capacity is on-line IM, which provides orthogonal peptide separation
in the gas-phase [67]. This can ease spectral deconvolution of co-eluting peptides, thereby enhancing peptide iden-
tification/monitoring without elongated analyses times. This has been demonstrated in several publications utilising
IM in bottom-up ‘omics’ applications [68–71].

Iacob et al. were the first to evaluate traveling wave-ion mobility (TWIM) in HDX-MS applications [72]. They
observed that overlapping spectra of two co-eluting peptides prevented accurate determination of deuterium uptake.
However, by applying TWIM, the respective isotopic distributions could be separated based on their IM drift times,
allowing generation of processed spectra for each ion and accurate determination of their deuterium uptake. Cryar
et al. also evaluated TWIM in HDX-MS by comparing results in MSe and TWIM-MSe modes of operation [73]. They
reported that IM increased peptide output for all assessed targets, with the largest improvements observed in the most
complex sample (likely due to the increased probability of co-eluting peptides). Therefore, orthogonal IM separations
hold great potential to improve analyses of complex IMP samples.

More recently, Giles et al. developed cyclic ion mobility (cIM); a TWIM separator with circular geometry that
permits scalable, multipass IM separations, thereby increasing available peak capacity provided in the IM dimension
[74]. Here, they demonstrated that cIM resolution increases with the square root of the number of racetrack passes.
Thus, by optimising cIM parameters, this device has potential to further improve available peak capacity for HDX-MS
applications. This technology has been commercialised as the Waters SELECT SERIES cyclic IMS.

Concluding remarks
The past decade has seen extensive integration of membrane mimetics into HDX-MS workflows, allowing practition-
ers to probe IMP dynamics within increasingly native-like, and even in vivo, lipid environments. Here, we report an

196 © 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).



Essays in Biochemistry (2023) 67 187–200
https://doi.org/10.1042/EBC20220173

inventory of HDX-MS work carried out on lipid-containing mimetic reconstituted and in vivo IMPs and highlight
strategies used to improve their HDX-MS amenability.

The advantage of native-like lipid environments is their ability to provide physiologically relevant information.
Thus, the field is naturally shifting towards increasingly complex native-like mimetic and in vivo systems, which can
generate a more accurate picture of IMP mechanism of action. However, it is important to note that such systems may
not always be appropriate for the desired experimental objective. For example, whilst they provide comparatively less
native-like conditions, nanodiscs allow fine tuning of lipid content, as well as access of exogenous ligands, substrates,
and binding partners to both sides of the IMP simultaneously. Consequently, mimetic choice should be determined
on an experiment-by-experiment basis, and synergistic HDX-MS results of IMPs in several different mimetics (and
its native in vivo environment) are likely to provide the most comprehensive characterisation.

The increasing complexity of native-like and in vivo systems also bring with them increased quantities of con-
taminants that can impair downstream LC-MS analyses. Thus, advancements in automated delipidation and LC-MS
instrumentation will undoubtably pave the way to tackle the most challenging IMP targets under complex physio-
logical conditions in the future.

Advancements in subzero chromatography and IM have been demonstrated to increase LC-MS peak capacity. As
such, the continued development of instruments with these capabilities is likely to improve the analyses of complex
protein mixtures derived from native-like mimetic and in vivo systems. Automated delipidation strategies have po-
tential to improve sample delipidation efficiency and reduce measurement error across replicate experiments. Whilst
these strategies are currently being explored independently of one another, we envision HDX-MS systems utilising
multiple automated delipidation processes, in tandem, to maximise their potential. The commercialisation of auto-
mated delipidation could also result in more user-friendly instruments capable of being adopted by the wider scientific
community, such as industrial researchers who wish to utilise HDX-MS for the characterisation of IMP drug targets
in more complex physiological environments.

Summary
• HDX-MS has evolved to study membrane proteins in complex, native-like environments.

• Methodological advancements have enabled HDX-MS to play key roles in the structural biology
toolkit.

• Automated workflows have significantly contributed to increased data quality.

• Instrumentation innovations at the LC and MS levels will enable us to tackle challenging IMP targets
in physiological conditions.
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