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Abstract

Gas-phase hydrogen/deuterium exchange measured by mass spectrometry (gas-phase HDX-MS) is a fast method
to probe the conformation of protein ions. The use of gas-phase HDX-MS to investigate the structure and interac-
tions of protein complexes is however mostly unharnessed. lonizing proteins under conditions that maximize
preservation of their native structure (native MS) enables the study of solution-like conformation for milliseconds
after electrospray ionization (ESI), which enables the use of NDs-gas inside the mass spectrometer to rapidly deu-
terate heteroatom-bound non-amide hydrogens. Here, we explored the utility of gas-phase HDX-MS to examine
protein-protein complexes and inform on their binding surface and the structural consequences of gas-phase dis-
sociation. Protein complexes ranging from 24 kDa dimers to 395 kDa 24mers were analyzed by gas-phase HDX-MS
with subsequent collision-induced dissociation (CID). The number of exchangeable sites involved in complex for-
mation could, therefore, be estimated. For instance, dimers of cytochrome ¢ or a-lactalbumin incorporated less
deuterium/subunit than their unbound monomer counterparts, providing a measure of the number of heteroa-
tom-bound side-chain hydrogens involved in complex formation. We furthermore studied if asymmetric charge-
partitioning upon dissociation of protein complexes caused intermolecular H/D migration. In larger multimeric
protein complexes the dissociated monomer showed a significant increase in deuterium. This indicates that inter-
molecular H/D migration occurs as part of the asymmetric partitioning of charge during CID. We discuss several
models that may explain this increase deuterium content and find that a model where only deuterium involved in

migrating charge can account for most of the deuterium enrichment observed on the ejected monomer.
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Introduction

The interactions of proteins dictate their biological activity, and the ability to characterize these on a molecular
level is critical to understanding and deciphering the mechanisms of cellular processes, and to aid drug discovery
and development [1-4]. Native MS has become a popular and powerful means to inform on the composition, stoi-
chiometry, interaction, and subunit connectivity of protein complexes [5—7]. Using this methodology, proteins are
ionized gently from solution, and the resulting native-like conformational states can be preserved in the gas-phase
on a timescale ranging from milliseconds to seconds, enabling closer analysis of these conformations by MS [8-11].
Inside the mass spectrometer, gaseous biomolecules can, in addition to the mass measurement, be probed by an
array of gas-phase techniques [12, 13]. These include ion mobility spectrometry (IMS) [9, 14, 15], and techniques
that use gas-phase reactions such as proton-transfer reactions [16, 17], radical-based reactions [18, 19], or hydro-
gen/deuterium exchange (HDX).

Gas-phase HDX reactions inside a mass spectrometer have traditionally been performed by infusion of a deuterat-
ed gas, such as NDs, D;O, or MeOD, into selected parts of the mass spectrometer [20-25]. Heteroatom-bound
hydrogens (hydrogens bound to O, N, or S) exchange with deuterium from the labeling gas over time and the re-
sulting increase in mass can be measured using MS. To inform on conformational states pertinent to the solution
phase, it is essential to complete the labeling reaction within tens of milliseconds after ionization [26, 27]. It has
been shown that gas-phase HDX can be performed on a millisecond timescale shortly after ESI by use of NDs to
allow efficient labeling of heteroatom-bound side-chain hydrogens of native-like protein states [26-29]. Less reac-
tive sites such as backbone amides do not exchange significantly in this time frame [24, 26, 30, 31], as the extent
and rate of HDX depends on the proton affinity of the donor (NDs) and the acceptor site (-XH) [20, 30]. Gas-phase
HDX-MS can detect and report on conformational differences present in solution, and has been used to study pep-
tides, native and denatured proteins, protein-ligand complexes, peptide fibrillization, and oligosaccharides [26-29,
31-33]. Gas-phase HDX-MS thus reports on the surface chemistry as well as hydrogen bonding of sidechains, and
represents a complementary technique to other MS approaches, such as IMS [26, 29, 31, 33].

Here, we examine a series of protein complexes, in the range 24-395 kDa, to show that gas-phase HDX-MS in
combination with native MS can be used to study multimeric protein-protein complexes, including cytochrome ¢

and a-lactalbumin dimers, transthyretin tetramers, HSP16.9 12mers, and HSP16.5 24mers. Gas-phase labeling
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followed by subsequent collision-induced dissociation (CID) of the complexes made it possible to measure the
deuterium content of both intact complex and dissociated subunits in the same experiment, and thereby approxi-
mate the number of heteroatom-bound non-amide hydrogens participating in the binding interfaces. In addition,
upon analysis of larger multimeric protein complexes (12-24mers), a significant amount of intermolecular H/D
migration was observed as part of the redistribution of charge during asymmetric partitioning, consistent with

charge migration and the partial unfolding of the leaving subunit during activation.

Experimental

Materials

Deuterated ammonia gas (NDs-gas) was purchased from either AGA Gas (Pullach, Germany) in a lecture bottle
containing 98% NDs in a 10 L gas fitted with a Z14850 regulator (Sigma Aldrich, Schnelldorf, Germany), or a lecture
bottle containing 10 L 99% deuterated ammonia gas purchased from CK Isotopes (Desford, UK) fitted with a CGA
180 CONCOA 422 series regulator (CK isotopes). HSP16.9 (wheat) was expressed and purified as described previ-
ously [34], and HSP16.5 (Methanocaldococcus jannaschii) was purified using the following method. In brief, the
protein was expressed in BL21(DE3) cells for 3 hours at 37 °C. Cells were lysed using a microfluidiser in 20 mM tris
(pH 8), 50 mM NaCl, 0.1 mM EDTA. Protein was first purified by anion exchange chromatography using two 5 ml
Hi-Trap Q columns (GE Healthcare) using 20 mM tris (pH 8) for protein binding and eluted with a linear gradient to
1 M NacCl. Fractions were pooled and concentrated to which an equal volume of 2 M ammonium sulphate was
added before filtration. The filtrate was then loaded onto a 5 ml hydrophobic interaction chromatography (HIC)
phenyl sepharose column (GE Healthcare) in 20 mM tris, 50 mM NaCl, 1 M ammonium sulphate (pH 8.0) and elut-
ed using a linear gradient in the absence of ammonium sulphate. Final purification and buffer exchange was per-
formed using size exclusion chromatography (SEC) on a Superdex 200 Increase 10/300 column (GE Healthcare)
with a 200 mM ammonium acetate solution (pH 8).

All other samples and reagents were purchased from Sigma-Aldrich including lyophilized protein samples: Trans-
thyretin/prealbumin (human plasma), a-lactalbumin (bovine milk), and cytochrome ¢ (equine heart). The lyophi-

lized proteins were unless stated otherwise, dissolved in LC-MS grade water and diluted into a suitable concentra-

Page 4



tion in 200 mM ammonium acetate. Additional desalting steps (1-3) were performed utilizing Micro Bio-Spin 6
columns as per the manufacturer’s instructions (Bio-Rad Laboratories, Hercules, CA, USA). The Bio-Spin columns
were, before use, buffer exchanged five times into 200 MM ammonium acetate in LC-MS grade water. Cytochrome
¢ and a-lactalbumin dimer experiments were performed at 75-100 uM (dimer), and further diluted to 10 uM
(monomer) for monomer control experiments. Transthyretin, HSP16.9, and HSP16.5 samples were prepared and
analysed at 0.5-5 uM (oligomer).

Native mass spectrometry of protein-protein complexes

Protein samples were ionized in positive ionization mode from native-like conditions (200 mM ammonium ace-
tate). Samples were prepared and loaded in borosilicate capillary emitters (either: Proxeon/Thermo or made in-
house), and ionized using a nanoflow Z-spray ESI source (Waters, Wilmslow, UK) mounted on either a Synapt G1 or
a Synapt G2 HDMS mass spectrometer (Waters, Wilmslow, UK) operating in TOF mode, according to published
protocols [35]. The source and spray settings were tuned to obtain the best possible signal-to-noise and HDX effi-
ciency: capillary 1.4 kV, sampling cone 10-120 V (120 V for in-source CID experiments), extraction cone 3 V, accel-
erating potential into the trap collision cell 8-40 V, and source block temperature 20 °C.

Gas-phase HDX-MS and gas-phase dissociation of protein-protein complexes

Gas-phase HDX-MS was performed by leaking purified NDs-gas into a trap traveling wave ion guide (TWIG) of the
mass spectrometer, and thus leading to labeling of the ions as a function of the NDs-gas pressure in the TWIG and
the time the ions traversed the TWIG (governed to a large extent by the trap T-Wave velocity). Gas pressures, T-
Wave heights and T-Wave velocities of the TWIGs were adjusted for optimal ion transmission and labeling: trap
ND; pressure 12—14 pbar, trap T-Wave height 7.0 V, and trap T-Wave velocity 150 m/s (for experiments with a-
lactalbumin, cytochrome ¢, and transthyretin). Alternatively, trap ND; pressures of 22.2 pbar (HSP16.9) or 42 pbar
(HSP16.5), with trap T-Wave height 0.1-0.2 V, and trap T-Wave velocity 200 m/s. By manually setting the gas regu-
lator metering valve to obtain similar TWIG pressures of ND3;, with an average deviation in the m/z of deuterated
species at ~0.01%, between replicates. These minor differences in uptake probably reflect day-to-day thermal
errors inherent to the Pirani gauge. We also note that all pressures reported in the mass spectrometer software
are always “nitrogen-equivalent”, and conversion to absolute pressure values for ND3; would require a correction

factor depending on the thermal conductivity of NDs versus N,. The protein complexes were dissociated by post-
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source CID (referred to simply as CID) in the transfer TWIG to measure the labeling of individual components of the
protein complex, at suitable activation energy for the complex. It would additionally be possible to perform gas-
phase HDX in the transfer TWIG after CID in the trap TWIG, this was however not the focus of this study. Control
experiments, in which no labeling occurs, were performed with either Ar-gas or NHsz-gas. For experiments with or
without HDX, the gas pressure and T-Wave velocity setting are kept in the standard operating range for performing
native mass spectrometry of protein complexes [9]. The T-Wave height setting is increased to ensure no ion “roll-
over” is occurring in the T-Wave [36, 37]. See Figure S-1 for an overview of modifications performed on the mass
spectrometers to enable gas-phase HDX-MS. For additional information regarding modifications on the low-
pressure regions of the Synapt G1 and G2 instruments to enable gas-phase HDX-MS, we refer to previous papers
[27, 29, 31, 32, 37, 38].

Data analysis

Processing of mass spectra was carried out using MassLynx V4.1 software (Waters, Wilmslow, UK) with a suitable
mean filter smoothing and subsequent Gaussian fit using an in-house developed script using Excel 2013 (Microsoft,
Redmond, WA, USA). The deuterium content of the deuterium-labeled proteins and protein-protein complexes
was determined by subtracting the apex of the fitted Gaussian peak (corresponding to the m/z), with the non-
deuterated control sample in the absence of deuteration (either NHs- or Ar-gas) and multiplied by the charge state
of the peak.

Proton migration model estimations

To determine the fraction of deuteriums from the total number of labile sidechain heteroatom-bound hydrogens,
the number of surface accessible labile side-chain sites had to be estimated. This was performed through the gen-
eration of the solvent accessible surface through PyMOL visualization software (Schrodinger, NY, USA). The X-ray
crystal structures used for determination were 1GME and 1SHS, respectively for HSP16.9 and HSP16.5. The N-
terminal residues in each oligomer are buried in the center of the complex with only a small portion of the N-
terminal structure visible. As such, structures were reduced to the alpha-crystallin domain and the C-terminal re-
gion, residues 44 and 43 onwards for HSP16.9 and HSP16.5 respectively. Spheres of 1 van der Waals radii were
added to each of the side-chain hetero-atoms for the following residues: Lys, Arg, His, Tyr, Asp, Glu, Thr, Ser, and

Cys. If the sphere was present at, or protruding from, the solvent-accessible surface the site for that residue was
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deemed exposed and included in the calculation. Salt bridges were also determined using the polar contact feature
in the PyMOL software with a distance cut-off set at 3.6 A. If a salt-bridge interaction was present the labile hydro-
gen count was reduced by 1. It should be noted that the true shielding/restrictive effect of a salt-bridge may be
greater than this and could result in up to 3 hydrogens being removed from the mobile pool. Our calculation does
not account for protonated side-chains solvated by the backbone carbonyl group picoseconds after ionization [10].
Backbone carbonyl group solvation in the gas-phase does not appear to render these hydrogens exchange incom-
patible, as peptides have shown to exchange most heteroatom-bound non-amide hydrogens during gas-phase

HDX-MS [26].
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Results and Discussion

Setup for Gas-Phase HDX-MS and CID

Gas-phase HDX-MS combined with CID was performed on a modified hybrid Q-TOF mass spectrometer (Waters
Synapt), which allowed fast and selective labeling of the fast-exchanging heteroatom-bound non-amide hydrogens
of both intact protein complexes and their subunits (Figure 1a—b). Gas-phase HDX was performed in the trap TWIG
which normally functions as a collision cell. By exchanging the standard Ar-gas to NDs-gas, it was possible to per-
form gas-phase HDX on a millisecond timescale as ions were pushed through the ion guide by the traveling wave.
The degree of labeling could be controlled by varying either the partial pressure of the NDs-gas or the wave veloci-
ty in the trap TWIG, which to a large extent governs the ions residence time in the TWIG cell (0.1-10 milliseconds)
[26, 39]. By labeling in the trap TWIG with prior quadrupole selection, the possibility of subsequent complex disso-
ciation with post-source CID in the transfer TWIG (referred to as CID) was enabled (Figure 1b). Experiments were
performed by infusing NDs3-gas (labeled sample), NHs-gas or Ar-gas (reference/unlabeled sample) to the Trap
TWIG, Figure 1c and 1d, respectively. The difference in the measured m/z of each ion from the labeled and the
unlabeled sample could be used to calculate its deuterium content. No significant difference was observed for the
relative distribution of monomer to dimer, charge state envelope, or adduct formation, between NHs-gas and NDs-

gas in the trap TWIG.

Page 8



)

a
b)

i

SOURCE

—NH

NH,

+H,N on
7 NH
o = o0 OH o 0 0
A © OH O o 9 ol ©
o HO X

TRAP IMS ~ TRANSFER

COMPLEX GAS-
SELECTION H

Twie QUAD twic  Twic  TWIG
= I ‘..,,_,,}‘.,,,}nhn:
WA | — ||| S Aesendll 111
? T ? =
MPLEX

PHASE co

DX DISSOCIATION

/4

A\\\

c COMPLEX COMPLEX
) Fuscan  —s SELECTION — DISSOCIATION
M 2060.7
i Ds+ M5+ 2472.9
2747.4 D% :2747.3
L e M 3090.2
I 2740 2760 H [ [Mea1203
1000 3000 m/z 1000 3000 m/z 1000 3000 m/z
d) Mé*: 2063.0
Do+ M5+ 2475.9
: 2750.9 D% :2750.9
~M#+: 3094.4
2740 2760 ; - M3*: 4125,
A N , [ pheeese
1000 3000 m/z 1000 3000 m/z 1000 3000 m/z

Figure 1. Gas-phase HDX-MS for studying protein-protein complexes. a) Heteroatom-bound non-amide hydrogens

present on sidechains (red) are labeled by fast gas-phase HDX-MS using NDs-gas. b) Schematic of the mass spec-

trometer setup for performing gas-phase HDX-MS with subsequent complex dissociation by CID on a Q-TOF mass

spectrometer equipped with traveling-wave ion guides (TWIG). Selected charge states of the complexes were iso-

lated in the quadrupole, and gas-phase HDX-MS labeling was performed downstream in the trap TWIG by infusing

purified NDs-gas into the chamber. Lastly, before mass analysis, dissociation of the complex was performed in the

transfer TWIG by CID. Mass spectra are shown for the protein cytochrome ¢ as full scan, quadrupole-selected

complex, and dissociated complex without (c) and with HDX (d). An increase in mass as observed for the HDX ex-

periments is a result of H/D exchange in the protein. The difference in m/z of labeled and unlabeled was used to

calculate deuterium uptake for both precursor multimer and dissociated subunits, as illustrated by the mass spec-

tra of cytochrome ¢

Gas-Phase HDX-MS and CID of Protein-Protein Dimers: Symmetrical or Asymmetrical Charge Partitioning
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As a first step, we sought to investigate the ability of gas-phase HDX-MS in combination with CID to provide con-
formational information on protein-protein dimer complexes and their binding interface. The proteins cytochrome
¢ (CYTC) and a-lactalbumin (ALAC) have a similar mass (12 kDa, 14 kDa), and form non-specific dimers at high con-
centration [40, 41]. Gas-phase HDX-MS and CID were performed on the 9+ dimer of each protein. The 9+ dimer of
ALAC dissociated primarily symmetrically into monomers of 5+/4+ (Figures 2a and S-2a), whereas the 9+ dimer of
CYTC dissociated both symmetrically into 5+/4+ monomers or more asymmetrically into 6+/3+ monomers (Figures
2b and S-2b). Gas-phase HDX-MS was performed on the different dimers in the trap TWIG with increasing collision
energy in the transfer TWIG, ranging 10-60 V for 9+ ALAC and 10-90 V for 9+ CYTC. At the lowest energy settings
(10 V), the proteins were present primarily as dimers (>95%), and dissociation into monomers increased as a func-
tion of collision energy. At the highest energy settings little dimer was observed in the mass spectrum (<0.5% di-

mer). The increase in m/z upon labeling by gas-phase HDX-MS is shown for ALAC (Figure 2c) and CYTC (Figure 2d).

a) a-lactalbumin Symmetric b) cytochrome ¢ fsymmetric
T 1 T i ] i
_ ! ! | Dim9+ |gummetie i
Dim S+ | Mon 6+ | | PRI |
Mon 4+ i E ;l\‘;’, Q i
| 1 S0l I
! I o :
Mon5+ | Mona+ Mon 3+
T A —A T A B T "
2000 3000 4000 m/z 2000 3000 4000 m/z
c) Monomer 5+ Dimer 9+ Monomer 4+ d) Monomer 6+ Dimer 9+ Monomer 4+
_I#"r‘ ‘:,"/l IKI IJR T L IAI\‘\Ig T T T ¥ T
2830 2850 3140 3160 3540 3560 2060 2080 2740 2760 3090 3110
e) —~ f) —
(<] Dimer 9+ a Dimer 9+
= 22+ Monomer 4+ = 324 Monomer 3+ Monomer 5+
=1 Monomer 5+ = Monomer 4+ Il Monomer 6+
D © 304
§ 209 § 28
8 13- 8 P i
26
2 2 g
g 16 g 24 4
=) T T T T 1 | T T T 1
10 20 30 40 50 60 10 30 50 70 90
Collisional activation (V) Collisional activation (V)

Figure 2. Symmetric or asymmetric charge partitioning of noncovalent protein-protein dimers by gas-phase HDX-

MS and CID. Mass spectra of a-lactalbumin (ALAC) (a) or cytochrome ¢ (CYTC) (b) dimers. The quadrupole-selected
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9+ dimer underwent gas-phase HDX-MS labeling in trap TWIG followed by dissociation in the transfer TWIG. Crys-
tal structures of dimeric ALAC (PDB: 1HFY) and CYTC (PDB: 1BBH) are additionally shown in (a) and (b), respective-
ly. Mass spectra of 9+ and dissociated monomers are shown for ALAC (c) and CYTC (d), as black and colored for
without and with gas-phase HDX-MS. Deuterium content per subunit is shown for the 9+ dimer (grey) and dissoci-
ated monomers of different charge states originating from the dimer (various colors), for ALAC (e) and CYTC (f).
The deuterium content is shown as ribbon graphs where the midpoint and width correspond to the average deu-

terium uptake and 1x SD, respectively. The experiments were performed in triplicate

The measured deuterium contents for dimer and the dissociated monomers are shown for ALAC (Figure 2e) and
CYTC (Figure 2f) as deuterium content per subunit, for experiments performed at different collision energy settings
in the transfer TWIG. Dimers of ALAC and CYTC showed a deuterium content of 35.0-39.8 (17.5-19.9 D/subunit)
and 51.4-55.2 D (25.7-27.6 D/subunit), respectively. Interestingly, for dimers of both proteins, the dissociated
monomers contained approximately half the deuterium content of the precursor dimer (Figure 2e and 2f), with
16.8-20.1 D/subunit (ALAC) and 25.1-28.8 D/subunit (CYTC). This indicated that the labeling was retained equally
in each component of the complex upon dissociation, irrespective of whether dissociation gave rise to symmetric
(4+/5+) or asymmetric partitioning (i.e., 3+/6+) of charge. Similar results were obtained for 11+ ALAC and 11+
CYTC, which similarly dissociated mostly symmetrically (5+/6+) and more asymmetrically (4+/7+). Comparable
deuterium content was measured for dissociated monomers of different charge. Thus, asymmetric charge-
partitioning upon CID does not appear to incur measurable intermolecular H/D migration for the small homodi-
mers studied. Interestingly, in all monomer pairs, the deuterium content was higher for the monomer with the
lowest charge.

Gas-phase HDX-MS was also performed on unbound monomers of these proteins, which showed a deuterium
uptake of 27.5 D for 5+ ALAC monomer and 28.7 D for CYTC monomer, showing that the deuterium content of
monomers dissociated from protein dimers was decreased compared to unbound monomers (e.g., by approx. 9 D
for 5+ ALAC). This finding indicates that complex formation can protect sites from HDX and thus gas-phase HDX-MS
can be used to study the binding interface of such protein-protein complexes. We note that the difference in deu-

terium uptake upon complex formation could be explained partially by other factors, such as differences in the
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collision cross sections (CCS) or changed inertia of the larger dimers. The 5+ ALAC monomer exchanged ~9 D less
upon complex formation, whereas the 5+ CYTC only show a small ~3 D decrease in deuterium uptake upon dimeri-
zation. This can be explained by a difference in the number of heteroatom-bound non-amide hydrogens partaking
in the binding interface, as was previously shown for protein-ligand complexes [28]. Alternatively, ALAC could
adopt a more compact conformation upon complex formation than CYTC, resulting in fewer surface accessible
sites as has been indicated in earlier work employing IMS and gas-phase HDX using D,O on a longer (seconds)
timescale [42]. No significant difference in the measured deuterium content was observed for either the dimer or
dissociated monomers at increasing dissociation energy for CYTC, which indicates that the collision energy does
not alter the gas-phase HDX-MS results and only affects the ratio of dimer:monomer present in the mass spec-

trum. ALAC, however, showed a smaller increase in deuterium content upon collision activation.

Gas-Phase HDX-MS and CID to inform on Protein-Protein Multimers

Transthyretin (TTR) is a 56 kDa homotetrameric protein formed as a dimer of dimers, with a prominent B-sheet
structure symmetry [43]. TTR was ionized from native conditions and was observed primarily as a tetramer of
charge states 13—15+. Gas-phase dissociation of the 15+ tetramer by CID (40 V) resulted in the asymmetric parti-
tioning of charge per subunit. CID resulted primarily in monomers (6+/7+/8+/9+) and trimers (6+/7+/8+/9+), Figure
3a. Performing the experiments in the presence of NDs-gas instead of Ar-gas decreased the peak widths, indicating
a higher amount of solvent and salt adducts present for the experiments performed with NDs-gas. Refer-
ence/unlabeled experiments were therefore performed with NHs-gas in the trap TWIG to allow accurate meas-
urement of deuterium uptake during gas-phase HDX-MS. No difference between NDs-gas and NHs3-gas was ob-
served in the ratio of monomer:trimer, charge state distribution, or salt- and solvent adduct formation. NHs-gas
was therefore found to be a suitable reference gas for the unlabeled control measurements during gas-phase HDX-
MS analysis of larger noncovalent protein-protein complexes (Figure S-3). The deuterium content was measured at
27.6 D for the intact tetrameric complex, which corresponded to 6.9 D per subunit. A comparable deuterium con-
tent was measured for the dissociated monomers (6.8—8.0 D/subunit) and trimers (5.9—7.5 D/subunit) of different
charge, Figure 3c. Dissociated TTR species (monomers and trimers) generally showed a small increase in deuterium

content (~0.4 D/subunit) per charge. Furthermore, dissociated monomers showed a small average increase in
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deuterium of 0.5 D/subunit relative to dissociated trimers of the same charge. Together, this could indicate a
minor degree of inter-molecular H/D migration during dissociation of the protein complex by CID. Overall, deuteri-
um/subunit was similar in both intact complex and dissociated subunits upon dissociation suggesting that even
dissociation with a highly asymmetric partitioning of charge does not cause a large redistribution of deuterium
(due to intermolecular H/D migration) between subunits. It, therefore, appears feasible to accurately dissect the
labeling of multimeric protein-protein complexes by gas-phase HDX-MS and subsequent CID and thus gain infor-

mation on both the intact complex and individual subunits.
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Figure 3. Dissociation of tetrameric transthyretin studied by gas-phase HDX-MS. (a) Mass spectrum of quadrupole-
selected 15+ tetramer of transthyretin following gas-phase HDX-MS and complex dissociation (magnified 10-fold
for m/z >2500). Zoom-ins are of mass spectra of selected peaks, without (black) and with (colored) gas-phase HDX-
MS (b) Mass spectrum of transthyretin with activation in the source (170 V) before gas-phase HDX-MS and without
quadrupole selection. Zoom-ins are of mass spectra of selected peaks, without (black) and with (colored) gas-
phase HDX-MS. Deuterium content per subunit is shown for precursor 15+ tetramer (dashed grey line) and dissoci-
ated monomers (orange) and trimers (blue) of different charge state, in experiments performed with gas-phase
HDX-MS performed before (c) or after collisional activation (d). Experiments were done in at least three replicates,

and the error bars denote the 1x standard deviation
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For comparison, TTR was also dissociated before gas-phase HDX (CID-HDX). The TTR tetramer was activated in the
source by increasing the cone voltage to 170 V, which gave rise to a mass spectrum with tetramers (10-16+), tri-
mers (5-9+), and monomers (5—10+) of different charge state (Figure 3b). The deuterium content of the intact
tetramer (16.0 D/subunit), monomer (19.8—44.0 D/subunit), and trimer (3.0-3.3 D/subunit) of the same charge
states as for the HDX-CID experiments were calculated, Figure 3d. The deuterium uptake per subunit observed for
all TTR species during this CID-HDX experiment was significantly different from the deuterium uptake per subunit
of corresponding TTR species of the same charge measured in the prior conventional experiments where CID was
performed after HDX (HDX-CID). Specifically, the intact tetramer and monomers showed an increased deuterium
uptake, and trimers showed a decreased deuterium uptake. Compared to HDX-CID experiments, the unbound
monomers of TTR showed a much larger increase in deuterium uptake with charge state, exchanging 4.8 D (5+),
9.5 D (6+), 19.8 D (7+), 39.2 D (8+), and 44.1 D (9+) (Figure 3d). It is therefore likely that the small increase in deu-
terium content for monomers of increasing charge observed in the HDX-CID experiments is not caused by differ-
ences in the exchange rate of the individual subunits, but rather a small degree of intermolecular H/D migration
upon CID. It is, however, difficult to compare the deuterium content of ions of different charge state and relate this
to structural or conformational differences. Increasing the number of charges can influence several factors, apart
from the structure, that could impact deuterium exchange kinetics including 1) increased internal energy of the ion
during ionization and transport, Il) unfolding or changes in collision cross-section due to increased Coulumbic re-
pulsion, 1) a different ability to form exchange-competent ion-NDs; complexes. We therefore only directly com-
pare proteins or protein complexes of similar charge and subunit count. As described earlier, the deuterium con-
tent of both the tetrameric complex and dissociated products was similar for TTR ionized under soft conditions
(Figure 3c), though a small degree of intermolecular H/D migration was observed for asymmetric dissociation.
Labeling by gas-phase HDX-MS can thus inform on the folding of individual subunits of protein-protein complexes,
and the labeling of individual subunits can be dissected by gas-phase dissociation. This enables information to be
gained for the conformation and chemical surface composition of the intact protein complex and subunits using

the same workflow.
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Larger Protein-Protein Multimers

Small heat-shock proteins (sHSP) are expressed in organisms across all kingdoms of life. They are diverse molecular
chaperones that are important to a variety of biological processes, including the cell cycle, cell differentiation, cell
death, and adaptation to stressful conditions [44]. The sHSP are characterized by the presence of the highly con-
served a-crystallin domain and are typically composed of low molecular mass monomers (15-40 kDa). These
monomers assemble into larger multimeric complexes that can contain as many as 50 subunits [45]. These pro-
teins have proven to be excellent systems for studying the mechanism of protein complex dissociation in the gas
phase owing to their significant asymmetric charge partitioning [46, 47]. Here, we have explored the gas-phase
HDX-MS and CID methodology to study HSP16.9, which forms a homomeric 12mer (201 kDa) [48], as well as
HSP16.5, a 395 kDa sHSP 24mer complex [49].

Collision-induced dissociation of HSP16.9 gave rise to the highly asymmetric partitioning of charge through the
sequential ejection of monomeric units. Initially, at collision voltages of 40-140 V, only singly stripped species were
generated with the unfolded monomer chain leaving with more than half of the precursor charge. Further
activation (160-180 V) resulted in the additional loss of a monomeric unit from the already stripped, N-1, species
taking almost half of the remaining charge. For gas-phase labeling experiments the 32+ intact 12mer was isolated
in the quadrupole and activated (160 V) to give both N-1 and N-2 species centred around the 18+ and 10+ charge
state, respectively (Figure 4a). The observed monomers, therefore, originated from both the intact 12mer and the
N-1 precursors with the charge states following a bimodal distribution centred on 13+ and 9+, with the higher
charge state series coming from the first dissociation event (12mer). HSP16.5, 24mer, was also studied owing to its
ability to dissociate monomers asymmetrically over two sequential dissociation events. The intact 48+ 24mer was
quadrupole isolated, and the CID spectra were recorded over 70-180 V of activation. At 70 V HSP16.5 dissociated
into N-1 and N-2 stripped oligomers with a significant amount of intact precursor still populated (~30%), in
addition to the corresponding monomers (Figure 4b). The partitioning of charge was less asymmetric than for
HSP16.9 with the N-1 and N-2 monomers leaving with around a quarter and a third of the total charge,
respectively. The monomers arose from all dissociation events and resulted in similarily charged species leading to

a single charge state distribution for stripped monomers of HSP16.5.
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To determine how deuterium from gas-phase HDX labeling partitioned on such asymmetric CID systems, HSP16.9
and HSP16.5 were labeled as described for other complexes following activation in the range 50-180 V (HDX-CID),
Figure S-4a,b. The most abundant charge state was highlighted, and the shift in m/z upon gas-phase labeling is
shown in Figure 4a—b. The monomeric region provides high-quality data with little deviation between repeats, in
part due to the instrument sensitivity over the range but also the stripped monomers are less prone to influence
from salt adduct shifts while more variation in peak shape and the determined centroid were seen for the higher
m/z species, Figures S-4c,d and Figure S-5.

The uptake for HSP16.9 and HSP16.5 was determined for each dissociation product shown in Figure 4a—b and was
averaged over all charges states across three repeats. The uptake for intact HSP16.9 was 138 D or 11.5 D per
subunit and was determined from the spectrum at a collision voltage (80 V) where the intact precursor remained
with high signal-to-noise. This uptake value also represents the theoretical uptake of the dissociated monomers
should the deuterium content of the complex partition perfectly symmetrically (i.e., the ejected subunit leaves
with 1/N of the total deuterium uptake of the intact complex). The average deuterium per subunit for the N-2
oligomer, N-1 oligomer, and the monomeric species was found to be 9, 11.5 and 14 D/subunit (Figure 4c). The
deuterium content for symmetric partitioning of D is shown as a reference in dashed grey lines. The deuterium
content was similarly determined for HSP16.5 with the intact 24mer incorporating 12 D per subunit (288 D total),
the monomers 15 D/subunit, N-1 oligomers 11 D/subunit, and the N-2 oligomers 10.5 D/subunit (Figure 4d). The
amount of deuterium on the monomeric species in each case was higher than if uptake were partitioned
symmetrically, the difference between these two values was then defined as the monomeric enrichment. The

enrichment is shown in Figure 4c—d for each monomer charge state and loosely increases with charge.
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Figure 4. Gas-phase HDX and subsequent CID of HSP16.9 (12mer) and HSP16.5 (24mer). i, Mass spectra of quadru-

pole selected, gas-phase labeled, and collisionally activated HSP16.9 32+ (a) and HSP16.5 48+ (b). The spectral
intensity has been magnified 5-fold for m/z >6000). The most abundant charge state for each of the dissociation
products is shown in the presence of ND; (blue) relative to the NH3 control (black). The average deuterium content
per subunit is shown for each of the dissociation products, for HSP16.9 (c) and HSP16.5 (d). Symmetric partitioning
of the intact uptake (dashed grey lines) is displayed for reference. The amount of D enrichment on the ejected

monomer unit is shown for each observed charge state

Deuterium enrichment of highly asymmetric dissociated subunits from protein complexes

For both HSP16.9 and HSP16.5, the dissociated monomers were ejected with more deuterium (D) than if each
subunit left with a symmetric share. The result was therefore that the monomer became slightly enriched in
deuterium and the stripped oligomers become slightly depleted. One likely explanation lies in the assymetric
redistribution of the net charge, with respect to mass. The charge per subunit was significantly lower for the intact
complex compared to the stripped monomers. For example, the average charge localised to each subunit in the
48+ 24mer of HSP16.5 was 2+, and the average charge state of dissociated monomers was 13+, representing an
enrichment of charge of 11+ (Az=11). One likely method of charge enrichment during CID is the net migration of

surface protons moving from the folded oligomer to the monomer, during unfolding and ejection of the monomer
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from the oligomer (Figure 5a) [50]. When the complex is labeled a proportion of the mobile charge will be D+. The
fraction of deuterium from the pool of labile heteroatom-bound non-amide hydrogens on the surface of the intact
complex will determine how much D enrichment occurs as charge migrates. If HSP16.5 was fully saturated with
deuterium, the D enrichment would simply be the number of charges that have migrated, Az=11. In this work, the
surface was not fully exchanged as NDs pressures were kept low to prevent ammonia adducts from forming inside
the spectrometer. The D enrichment is then the difference in charge, Az, scaled by the fraction of deuterons from
the pool of all heteroatom-bound non-amide hydrogens available (Fp), Equation 1. This assumes that the rate of
proton or deuteron site ‘hopping’ is comparable at these energies and that the flux of charge only occurs towards
the ejecting subunit.

Enrichment ,gnomer = Az - Fp, (1)

Zintact

where,AZ = Z onomer — N

To estimate the degree of enrichment expected in these experiments several scenarios were considered to provide
an upper and lower bound, Figure 5b, Tables S-1 and S-2. Summing all the heteroatom-bound hydrogens associat-
ed with the side-chains and backbone from the sequence provides an upper limit of the number of mobile Hs in
the system, making Fp equal to 0.04 and 0.05 (Seq.+BB model), for HSP16.9 and HSP16.5, respectively (based on
the measured uptake of 138 D and 288 D for the two intact proteins). If we then assume that amide hydrogens are
not sufficiently mobile at the energies supplied for complex dissociation they can be removed from the calculation,
the Fp increases to 0.09 and 0.12 (Seq. model). The observed enrichment lies above these lower enrichment limits
(Seq. and Seq.+BB models Figure 5¢c—d) for both HSP16.9 and HSP16.5. This suggests that assuming all heteroatom-
bound non-amide hydrogens, including those on the interior of the protein or at interfaces, are mobile is a poor

approximation.
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homo-oligomer will have symmetric deuterium uptake across each subunit, highlighted in light blue. Each site is
represented by a block either occupied by hydrogen (blue) or deuterium (red), demonstrated for 50% deuterium
saturation. Dissociation through salt-bridge rearrangement (SaBRe) or charge mediated unfolding will result in
different enrichment levels, with the latter dependent on the fraction of deuterium in the system, panel b). Great-
er enrichment may occur if complete scrambling occurs across all sites, including newly exposed sites from unfold-
ing. Charge is shown as white +/- and a net migration of 2+ is shown in each case. b) A protein subunit is repre-
sented as a number of heteroatom-bound sites (squares) originating from different regions of the protein struc-
ture: surface accessible and buried non-amide hydrogens, and amide hydrogens associated with the backbone.
Upon activation a greater number of H/Ds may become mobile depending from where they originate. lllustrated
are four cases; where only surface accessible side-chain H/Ds can migrate but not including hydrogens ‘trapped’ in
salt-bridges (SA-SB), the case where only labile surface side-chain H/Ds can migrate (SA), where all labile Hs in the
protein sequence are involved (seq.), and finally when all labile Hs from side-chains and the backbone amides can
migrate (Seq.+BB). Progressing from SA-SB to Seq.+BB significantly decreases the fraction of D in the pool of mi-

grating H/Ds as many exchange incompetent hydrogens are introduced to the system. The different models fea-
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tured in a) and b) are shown for comparison with the observed monomer enrichment observed for HSP16.9 (c) and

HSP16.5 (d) and discussed further in the text: Seq.+BB (orange), Seq. (blue), SA (red), and SA-SB (purple)

A more realistic model includes only labile Hs on the surface of the protein (surface accessible (SA) model); this
was estimated for both proteins from the atomic coordinates of each protein and gives an Fp of 0.24 for both
HSP16.9 and HSP16.5. The observed enrichment for HSP16.5 broadly falls within both this surface-accessible mod-
el (SA) and the sequence model (Seq.) (Figure 5d). The deuterium enrichment levels for HSP16.9 do not quite fall
within these limits. The surface accessible model predicts an Fp of 0.24 while a linear fit of the observed data
would suggest an Fp of 0.36 (Figure 5c). While this is greater than expected, the enrichment remains well below
the maximum allowed, Fp=1. This would suggest that fewer Hs are mobile than the crystal structure would predict,
implying that a greater number of residues are either buried in the gas-phase or involved in strong interactions
preventing migration away from that site. Other factors that could affect H/D migration are differences in proton
affinity of the sites, and solvation of sidechains with carbonyl groups of the backbone. The number of salt-bridges
present in the crystal structure was determined and for each ion pairing interaction the proton count reduced
accordingly, surface accessible minus salt-bridge (SA-SB) model. A total of 3 and 10 salt-bridge interactions were
estimated for HSP16.9 and HSP16.5, respectively, giving Fp values of 0.25 and 0.30.

One other scenario to consider is that subunits do not become asymmetrically charged due to charge migration,
but instead interfacial salt-bridges are asymmetrically broken in such a way that the ejected subunit leaves with
more charge and the potential to subsequently unfold (SaBRe model) [51]. For a labeled system, HDX at the inter-
face of the complex would be unlikely, and so this mechanism would not provide any means of subunit deuterium
enrichment, instead resulting in perfectly symmetric D partitioning (i.e. no monomeric enrichment) (Figure 5a).
This is inconsistent with the data for HSP16.9 and HSP16.5. However, it is conceivable that both proton migration
and the SaBRe mechanisms operate in tandem which would act to decrease the value of Az in equation 1.

An upper limit to the amount of deuterium enrichment can be imagined if migration occurs in addition to the net
charge movement (Figure 5a). In this scenario, complete scrambling occurs across all possible labile sites on the
complex surface with H/D flux both towards and from the unfolded, yet attached, subunit. As the ejecting subunit

unfolds it will reveal additional unlabeled, labile residues resulting in an excess of sites on the unfolded subunit. If
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complete equilibration of deuterium occurs over all sites, this will manifest in a deuterium enrichment of the
ejected monomer. For HSP16.9 the unfolded subunit contains 123 non-amide labile H sites, and the remaining
oligomer has 473, therefore after complete H/D migration, the monomer will be left with 20.6% of the total up-
take, rather than 8.3% for symmetric dissociation. This means the monomer would be enriched by 12.3% of the
total uptake, 17 D. Our observed enrichment falls well below this level (not shown in Figure 5c—d) suggesting com-
plete H/D migration is not occurring and/or the ejected subunit is not entirely unfolded.

Whilst the migration of surface charge, through the surface accessible and salt-bridge models, does not completely
explain the observed data for HSP 16.9 the models do provide a means of explaining the large majority of enrich-
ment with a relatively simple scenario. Other contributing factors may certainly be at play such as perturbation of
structure in the gas phase and the scale and impact of salt-bridge and electrostatic interactions have on hindering
H/D migration. Using a model where H/D flux is only towards the unfolding subunit appears valid as it accounts for

most of the observed enrichment levels.

Conclusions

Here, we have shown that performing native MS and employing gas-phase HDX-MS in combination with CID can be
used to study the conformational properties of multimeric protein complexes. We analyzed assemblies ranging
from dimers to 24mers and showed that it was possible to label these by infusion of NDs-gas into the trap T-wave
ion guide of the mass spectrometer. Dissociation downstream of gas-phase HDX allowed for the deuterium con-
tent to be determined at the subunit level and thus could be compared to that of subunits ionized from solution in
an unbound state. This both reported on the exposed surface of free monomers and the intact complex, allowing
inference of the protection from HDX provided by the interface. This gas-phase HDX-MS and CID methodology
provided information on a) the conformation of the individual subunits and the complex, b) the size of the binding
interface of the complex by approximation of heteroatom-bound non-amide hydrogens participating in the binding
interface, and c) provided information on the gas-phase dissociation of protein complexes.

Dimers of a-lactalbumin and cytochrome ¢ were studied by gas-phase HDX-MS and dissociated at increasing CID
energies. The deuterium content per subunit was comparable (+ 2 D) for intact complex and dissociated mono-

mers at various charge states. Increasing the activation energy for dissociation of the complexes, produced more
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dissociated monomers to intact dimer, but only affected the deuterium content to a smaller degree (<10%). This
indicates that gas-phase HDX-MS of protein complexes can be performed at different activation energies for opti-
mal dissociation of the complex. The dimers of a-lactalbumin and cytochrome ¢ both additionally showed reduced
gas-phase deuterium uptake compared to unbound monomers of the proteins. This indicated that the number of
exchangeable heteroatom-bound non-amide hydrogens decreased upon dimerization, possibly due to the for-
mation of hydrogen bonding at the binding interface and changes in the higher-order conformation of the pro-
teins. Interestingly, a-lactalbumin showed a larger decrease (9 D) in HDX upon dimerization compared to cyto-
chrome ¢ (3 D). This could indicate that dimerization of a-lactaloumin results in a more compact formation or a
larger binding interface, than for cytochrome c.

The gas-phase HDX-MS and CID methodology was also used to study larger multimeric protein complexes. Tetram-
ers of transthyretin were first studied, which dissociated asymmetrically in terms of charge and mass into mono-
mer and trimers. The monomers contained a higher amount of charges per subunit (6+—9+) compared to trimers
(2+—3+). Comparable deuterium content per subunit was observed for both intact precursor and monomers and
trimers originating from dissociation. Dissociated monomers showed a small increase in deuterium content (0.6 D)
to dissociated trimers. Additionally, dissociated monomers and trimers of higher charge states both showed a
limited increase in deuterium content (0.4-1.6 D), compared to lower charged species. Due to the relatively small
migration of charges Az=3.75, only a small intermolecular H/D migration was expected, which is in line with the <1
D enrichment of the dissociated monomers observed here. This indicated limited or localized intermolecular H/D
migration upon asymmetric gas-phase dissociation of protein complexes, with increasing asymmetric charge mi-
gration leading to increasing H/D migration. This hypothesis was tested further on the larger 12mer HSP16.9 and
24mer HSP16.5 protein complexes which both dissociated very asymmetrically in terms of mass and charge. For
dissociation of these large protein complexes, limited intermolecular H/D migration was clearly apparent. Dissoci-
ated monomers showed a relatively higher deuterium content than the intact complexes and the dissociated N-1
and N-2 complexes. The dissociated monomers additionally showed a small increase in deuterium content as a

function of their charge state.

Intermolecular H/D migration upon CID
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The generally accepted explanation for asymmetric dissociation by CID is the electrostatic charge partitioning
model, where the single dissociated subunit unravels and undergoes proton migration prior to ejection from the
residual complex [50, 52-54]. The ejected subunit is therefore unfolded and bears a large percentage excess of
charges, where the remaining subunits in the complex contain somewhat fewer charges.

Based on the electrostatic charge partitioning model, four different models were proposed for quantifying the
amount of potential inter-molecular migration of deuterium for dissociation of protein complexes that might be
expected. i) The sequence model (Seq.+BB), ii) the sequence model not including backbone amide hydrogens
(Seq.), iii) the surface accessible residue model (SA), and iv) the surface-accessible model that accounts for salt-
bridge interactions (SA-SB). For HSP16.5, the measured deuterium enrichment could best be explained by either
the SA, SA-SB, and Seq. models. For HSP16.9, the measured deuterium enrichment was higher than the proposed
methods, but the SA and SA-SB models showed close correlations to the experimental values. Of the four proposed
models, the SA and SA-SB models seemed to be most consistent with deuterium enrichment measured.

An alternative and more recent model for explaining the dissociation of protein complexes is the salt bridge rear-
rangement (SaBRe) model that proposes that rearrangement and breaking of salt bridges at the protein complex
interface are responsible for the asymmetric dissociation behavior [51]. Gas-phase labeling would not occur on the
binding interface of protein complexes, as hydrogen is shielded from HDX due to either hydrogen-bonding and/or
being buried in the binding interface. No inter-molecular enrichment of deuterium is therefore expected according
to the SaBRe model upon complex dissociation as any charged sites at the interface will therefore not likely con-
tain any deuterium. A clear indication of intermolecular H/D migration was observed for the larger sHSP 12mer
and 24mer protein complexes. From these data, it is therefore not likely that the SaBRe model alone is responsible
for dissociation of noncovalent protein complexes. However, it cannot be excluded that salt bridge rearrange-

ments play a part in the dissociation of protein complexes.
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Figure 6. Deuterium levels in native protein complexes following gas-phase HDX are partitioned in a highly sym-
metrical manner during CID. The fraction of monomer uptake (Umonomer) relative to intact complex uptake (Uintact) is
plotted against the inverse of the number of subunits (N) in the intact complex. For perfectly symmetric D parti-

tioning points would fall on the diagonal

The results presented here indicate that limited inter-molecular movement of H/D is occurring upon CID of non-
covalent protein complexes, with the deviation from the symmetric partitioning of deuterium depending heavily
on the charge asymmetry. The amount of migration, however, is far below the level expected if all labile sites were
sampled by the mobile H/D pool over the time of gas-phase dissociation event. This is similar to previous studies
on smaller peptide dimers labeled with deuterium at backbone amides sites in solution, which showed a smaller
degree (5-10%) of intermolecular H/D migration upon CID [55]. In contrast, H/D levels at both backbone amides
and side-chain sites are well known to migrate/scramble completely on an intra-molecular level for both peptides
and proteins upon CID [27, 56-58].

Our results demonstrate that gas-phase HDX-MS with CID can be a powerful tool to provide structural information
on protein-protein complexes and mechanistic insight into their dissociation. The method can probe heterogene-
ous sample mixtures and proteins in a dynamic equilibrium, where solution HDX-MS and other biophysical tech-

niques may not have adequate resolution or separation. Gas-phase HDX-MS allows analyses to be done by using
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only small amount of material, low picomole, and at low micromolar concentration requiring only little sample
preparation (buffer exchange into an ESI compatible buffer that retains the protein in a native-like solution). Here
we show that the deuterium content of the gas-phase dissociated monomer can be used as a proxy for the intact
uptake, as only limited intermolecular H/D migration is occurring upon CID even in cases of very asymmetric
charge partitioning (Figure 6). This is of significant value for systems where the intact precursor cannot be cleanly
isolated or carries significant adducts which make deuterium uptake determination difficult, and for which time-
aligned experiments exploiting IMS is advantageous [59]. Further insight and development of the charge migration
models used here could allow for a correction to be applied to intermolecular H/D migration upon complex disso-
ciation. This could facilitate the further study of constituent parts of a heterogenous protein-protein complex with-

in the mass spectrometer.
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Figure legends

Figure 1. Gas-phase HDX-MS for studying protein-protein complexes. a) Heteroatom-bound non-amide hydrogens
present on sidechains (red) are labeled by fast gas-phase HDX-MS using NDs-gas. b) Schematic of the mass spec-
trometer setup for performing gas-phase HDX-MS with subsequent complex dissociation by CID on a Q-TOF mass
spectrometer equipped with traveling-wave ion guides (TWIG). Selected charge states of the complexes were iso-
lated in the quadrupole, and gas-phase HDX-MS labeling was performed downstream in the trap TWIG by infusing
purified NDs-gas into the chamber. Lastly, before mass analysis, dissociation of the complex was performed in the
transfer TWIG by CID. Mass spectra are shown for the protein cytochrome ¢ as full scan, quadrupole-selected
complex, and dissociated complex without (c) and with HDX (d). An increase in mass as observed for the HDX ex-
periments is a result of H/D exchange in the protein. The difference in m/z of labeled and unlabeled was used to
calculate deuterium uptake for both precursor multimer and dissociated subunits, as illustrated by the mass spec-

tra of cytochrome ¢

Figure 2. Symmetric or asymmetric charge partitioning of noncovalent protein-protein dimers by gas-phase HDX-
MS and CID. Mass spectra of a-lactalbumin (ALAC) (a) or cytochrome ¢ (CYTC) (b) dimers. The quadrupole-selected
9+ dimer underwent gas-phase HDX-MS labeling in trap TWIG followed by dissociation in the transfer TWIG. Crys-
tal structures of dimeric ALAC (PDB: 1HFY) and CYTC (PDB: 1BBH) are additionally shown in (a) and (b), respective-
ly. Mass spectra of 9+ and dissociated monomers are shown for ALAC (c) and CYTC (d), as black and colored for
without and with gas-phase HDX-MS. Deuterium content per subunit is shown for the 9+ dimer (grey) and dissoci-
ated monomers of different charge states originating from the dimer (various colors), for ALAC (e) and CYTC (f).
The deuterium content is shown as ribbon graphs where the midpoint and width correspond to the average deu-

terium uptake and 1x SD, respectively. The experiments were performed in triplicate

Figure 3. Dissociation of tetrameric transthyretin studied by gas-phase HDX-MS. (a) Mass spectrum of quadrupole-
selected 15+ tetramer of transthyretin following gas-phase HDX-MS and complex dissociation (magnified 10-fold

for m/z >2500). Zoom-ins are of mass spectra of selected peaks, without (black) and with (colored) gas-phase HDX-
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MS (b) Mass spectrum of transthyretin with activation in the source (170 V) before gas-phase HDX-MS and without
quadrupole selection. Zoom-ins are of mass spectra of selected peaks, without (black) and with (colored) gas-
phase HDX-MS. Deuterium content per subunit is shown for precursor 15+ tetramer (dashed grey line) and dissoci-
ated monomers (orange) and trimers (blue) of different charge state, in experiments performed with gas-phase
HDX-MS performed before (c) or after collisional activation (d). Experiments were done in at least three replicates,

and the error bars denote the 1x standard deviation

Figure 4. Gas-phase HDX and subsequent CID of HSP16.9 (12mer) and HSP16.5 (24mer). i, Mass spectra of quadru-
pole selected, gas-phase labeled, and collisionally activated HSP16.9 32+ (a) and HSP16.5 48+ (b). The spectral
intensity has been magnified 5-fold for m/z >6000). The most abundant charge state for each of the dissociation
products is shown in the presence of ND; (blue) relative to the NH3 control (black). The average deuterium content
per subunit is shown for each of the dissociation products, for HSP16.9 (c) and HSP16.5 (d). Symmetric partitioning
of the intact uptake (dashed grey lines) is displayed for reference. The amount of D enrichment on the ejected

monomer unit is shown for each observed charge state

Figure 5. Migration of deuterium upon dissociation of protein complexes. a) Schematic representing different dis-
sociation mechanisms and how they may result in differing degrees of enrichment on the ejected subunit. A folded
homo-oligomer will have symmetric deuterium uptake across each subunit, highlighted in light blue. Each site is
represented by a block either occupied by hydrogen (blue) or deuterium (red), demonstrated for 50% deuterium
saturation. Dissociation through salt-bridge rearrangement (SaBRe) or charge mediated unfolding will result in
different enrichment levels, with the latter dependent on the fraction of deuterium in the system, panel b). Great-
er enrichment may occur if complete scrambling occurs across all sites, including newly exposed sites from unfold-
ing. Charge is shown as white +/- and a net migration of 2+ is shown in each case. b) A protein subunit is repre-
sented as a number of heteroatom-bound sites (squares) originating from different regions of the protein struc-
ture: surface accessible and buried non-amide hydrogens, and amide hydrogens associated with the backbone.
Upon activation a greater number of H/Ds may become mobile depending from where they originate. Illustrated

are four cases; where only surface accessible side-chain H/Ds can migrate but not including hydrogens ‘trapped’ in
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salt-bridges (SA-SB), the case where only labile surface side-chain H/Ds can migrate (SA), where all labile Hs in the
protein sequence are involved (seq.), and finally when all labile Hs from side-chains and the backbone amides can
migrate (Seq.+BB). Progressing from SA-SB to Seq.+BB significantly decreases the fraction of D in the pool of mi-
grating H/Ds as many exchange incompetent hydrogens are introduced to the system. The different models fea-
tured in a) and b) are shown for comparison with the observed monomer enrichment observed for HSP16.9 (c) and

HSP16.5 (d) and discussed further in the text: Seq.+BB (orange), Seq. (blue), SA (red), and SA-SB (purple)

Figure 6. Deuterium levels in native protein complexes following gas-phase HDX are partitioned in a highly sym-
metrical manner during CID. The fraction of monomer uptake (Umonomer) relative to intact complex uptake (Uintact) is
plotted against the inverse of the number of subunits (N) in the intact complex. For perfectly symmetric D parti-

tioning points would fall on the diagonal
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