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Understanding the higher-order structure of membrane proteins (MPs), which are vital for numerous biological processes,
is crucial for comprehending their function. Although several biophysical approaches have been used to study the
structure of MPs, limitations exist owing to the proteins’ dynamic nature and heterogeneity. Mass spectrometry (MS) is
emerging as a powerful tool for investigating membrane protein structure and dynamics.
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| 1. Method Development

HDX-MS has been used for decades to characterize soluble proteins, and recently it has gained momentum for focusing
on MPs and their dynamics . HDX-MS involves labeling proteins with deuterium and then using MS to measure the
extent of exchange of deuterium for hydrogen atoms in the protein as a function of time. This can provide information
about the stability of different regions of the protein and show how those regions interact with the surrounding lipid
environment. The application of HDX-MS to MPs began in the early 2000s. One of the first studies was of the G-protein-
coupled receptors (GPCRs) that play a role in cellular signal transduction. Zhang et al. [ published the first study in this
field in 2010. The authors used a detergent to solubilize a 2-adrenergic GPCR and optimized the quantity of detergent, the
composition of the quenching solution, and other important parameters of the LC steps. Since then, HDX MS has been
used to study a wide range of MPs, including more examples of G protein-coupled receptors, ion channels, and
transporters.

It is important, however, to know the lipid-protein interactions at the molecular level for understanding the conformational
changes of MPs. One technical bottleneck in the HDX-MS experiments is the low sequence coverage that is caused by
the scarcity of cleavage sites, the resistance to digested enzymes, and poor chromatographic separation. The Rand group
Bl compared the digestion of four integral MPs, all transporters including a Cl-/H+ exchange transporter (CIC-ecl), a
leucine transporter (LeuT), a dopamine transporter (DAT), and a serotonin transporter (SERT). Porcine pepsin and three
alternative aspartic proteases were used either in-solution or as immobilized enzymes on-column to optimize the
processing. Pepsin was the most productive for the digestion of CIC-ecl and LeuT, providing coverage of 82.2 and 33.2%
of the protein, whereas the alternative proteases were better than pepsin for the digestion of DAT and SERT. On the other
hand, using urea instead of guanidine hydrochloride as a denaturant turns out to be beneficial for improving sequence
coverage for MPs.

The presence of lipids, protein ligands, and reducing agents in samples often poses a challenge in HDX-MS analysis of
membrane proteins and large protein assemblies. Calvaresi et al. @ introduced a technique for eliminating undesired
components from the HDX sample before conducting chromatographic separation and MS analysis. This method involves
utilizing a compact size-exclusion chromatography (SEC) column that is incorporated with a standard HDX-MS setup,
which is temperature-controlled. By utilizing this approach, the investigators found they could effectively eliminate lipid
constituents from protein—lipid complexes, separate an antibody from an antigen during epitope mapping, and eliminate
compounds that interfere with MS analysis during HDX-MS. The integration of the compact SEC column into the
conventional HDX-MS setup is a simple process and also has the potential to be widely applicable in the HDX-MS
analysis of challenging protein structures.

| 2. Applications
HDX Transmembrane Domains

Membrane transporters not only play a role in transporting poorly permeable solutes into the cell but in targeting drugs. A
timely review illustrates the application of HDX-MS to secondary active transporters [2I,



Although X-ray crystallography and high-resolution cryogenic EM can supply a static snapshot of the different states, the
entire processing cannot be monitored. HDX-MS can reveal the structural dynamics of MPs with peptide-level resolution
under native conditions without chemical labeling, and even with limited amounts of protein. HDX provides the ability to
resolve structure-dynamic landscapes of MPs in their unbound and ligand-bound forms.

Politis’s group systematically investigated the conformational landscape of three representative transporters including
xylose transporter (XylE), lactose permease (LacY), and glycerol-3-phosphate antiporter (GIpT). LacY and XylE are
symporters. These transporter proteins are from Escherichia coli €. The investigators measured the difference in
deuterium uptake (AHDX) between the mutants LacY G46W, XylE G58W, and GIpT G66W, and the wild-type (WT)
transporter in detergent micelles. They determined that the three mutants have a higher uptake of deuterium on the
extracellular side compared to the wild type when comparing the AHDX of the peptides. Conversely, the investigators
observed that the intracellular side is relatively shielded from deuterium exchange.

By combining MD simulations and results from HDX-MS experiments, the conformational equilibrium between the
outward-facing (OF) and inward-facing (IF) states of XylE and LacY, embedded in nanodiscs with several lipid
compositions, can be modulated by phosphatidylethanolamine (PE) through its interactions with charged residue
networks. In this work, The researchers developed a model of secondary transport that not only accounts for intracellular
interactions but also incorporates the influence of conserved charge networks at the interface between lipids and proteins
(Figure 1) [,

a . eraEas s .
! |
|

WT G—oW ) i :
& . (o]

conformational conformational : g Sxliiacalluiar
exchange restriction L a :
__________________________________ 1. H/D [ WT |
OF Extracellular ) : OF exchange | Time - :
N 2. Quench & A S "l
-~ * digest . WT ,
=N Y /8 """ T ! %_ Intracellular !
IF | Intracellular ! IF : 2 :
_________________________________ | GoW |
: Time " _:

b GlpT

v Vi Vil X XII , IV VI VII X XII v v vi X Xl

)O\H i) i\ IR

VoVl IX X " P IX XI LomovovI X X

—

[l Exposed [ Protected [C] No significant change [l Unassigned

Figure 1. Use of G-to-W mutants in HDX-MS to examine changes in a conformational equilibrium between IF and OF
states. (a) A comparison of deuteration levels between the WT and the mutant shows that intracellular peptides are more
deuterated in the mutant, whereas the opposite is observed in the WT. (b) The topological mapping of mutated LacY, XylE



and GIpT based on differential deuterium uptake (AHDX). Reproduced with permission from Ref. !, copyright Nat.
Commun. 2020.

Traditional structural approaches are limited in characterizing the dynamical ensembles of membrane proteins, whereas
HDX-MS has emerged as a powerful tool to study their conformational dynamics, providing equilibrium information about
relevant populations. Although peptide-level exchange analysis is often used in conjunction with molecular simulations to
gain a qualitative understanding of protein flexibility, HDX-MS methods affording higher spatial resolution hold promise for
revealing atomistic details of the entire spectrum of conformational states that underlie protein function. Jia et al. [8
addressed an integrative strategy combining HDX-MS and ensemble modeling, benchmarked on XylE wild-type and
mutant conformers, and applied it to different lipid environments and ligand-bound ensembles to uncover protein-ligand
interactions in atomic detail. By using integrative HDX-MS modeling, this study showcases the potential to quantify and
visualize co-populated states of membrane proteins effectively in the presence of diverse substrates and inhibitors.

It has been challenging to study full-length membrane proteins in lipid bilayers owing to the scarcity of automated methods
and the negative effects of membrane lipids on chromatography and mass spectrometry. Anderson et al. [ described a
new workflow that enables fully automated HDX-MS analysis of full-length transmembrane proteins in lipid bilayers by
depleting phospholipids using zirconium oxide beads and syringeless nanofilters. The method was successfully
demonstrated using the single-pass transmembrane protein FcyRlla, which showed optimal liquid chromatography-mass
spectrometry performance and suitable amino acid sequence coverage needed for future measurements of structural
dynamics. Moreover, Hammerschmid et al. 2% presented an extended HDX-MS system that automates the delipidation
process of lipid-solubilized membrane proteins. An HDX-MS equipment was enhanced with the integration of a
chromatographic phospholipid trap column, which enabled the online delipidation of samples before protease digestion of
the deuterium-labeled protein—lipid assemblies. The setup allows proteins to pass through and undergo digestion with
subsequent peptide trapping while retaining phospholipids in the ZrO, matrix of the phospholipid trap column. The
effectiveness and automation of phospholipid capture were successfully demonstrated on both empty and AcrB-loaded
membrane scaffold protein—lipid nanodiscs, with minimal D-to-H back-exchange, peptide carry-over, and protein loss. The
method can significantly overcome the challenges of membrane protein analysis and allow for better interrogation of their
dynamics in artificial lipid bilayers or even native cell membranes.

As is now being established, HDX-MS can provide conformational information about membrane proteins, but HDX
analysis on reconstituted in-vitro systems cannot represent the in-vivo environment. Donnarumma et al. 11 used outer-
membrane vesicles naturally released by Escherichia coli to analyze native OmpF through HDX-MS, and a new protocol
was developed to avoid interference from lipid contents. The extent of deuterium incorporation is consistent with the X-ray
diffraction data, with buried B-barrels incorporating a low amount of deuterium and internal/external loops incorporating a
higher amount. The kinetics of incorporation showed that peptides were segregated into two distinct groups based on
trimeric organization, with fast-labeled peptides facing the surrounding environment and slow-labeled peptides located in
the buried core. The study demonstrates that HDX-MS can address solvent accessibility and spatial arrangement of an
integral outer membrane protein complex in a complex biological system.

| 3. Future Directions for HDX

The outlook for HDX-MS on MPs is promising. Advances have led to novel insights into the dynamic behavior of MPs,
allowing the study of structural changes under difficult conditions. The structural-resolution capabilities of HDX-MS make it
attractive for structural biology studies, as it can provide constituent peptide and even residue-level information about the
protein. There are, however, challenges associated with the complexity of the MP. The hydrophobic parts of the MPs are
challenges for the LC separation performance. Furthermore, the development of experimental and computational methods
needs to be accelerated to shorten the gap between obtaining static snapshots from X-ray crystallography or CryoEM and
determining the underlying conformational landscapes. The automated method for phospholipid removal described in this
research may have significant implications for the structural characterization of membrane proteins and the development
of pharmaceuticals targeting them. HDX can also be adapted for other MS applications such as protein enrichment for
proteomics of extracellular vesicles 12, The adaptable nature of HDX suggests its potential for various applications, and
its relatively easy adoption makes it a promising tool for future studies of membrane proteins.
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