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ABSTRACT: The extent to which noncovalent protein complexes retain native structure in the gas phase
is highly dependent on experimental conditions. Energetic collisions with background gas can cause
structural changes ranging from unfolding to subunit dissociation. Additionally, recent studies have
highlighted the role of charge in such structural changes, but the mechanism is not completely
understood. In this study, native top down (native TD) mass spectrometry was used to probe gas-phase
structural changes of alcohol dehydrogenase (ADH, 4mer) under varying degrees of in-source activation.
Changes in covalent backbone fragments produced by electron capture dissociation (ECD) or 193 nm
ultraviolet photodissociation (UVPD) were attributed to structural changes of the ADH 4mer. ECD
fragments indicated unfolding started at the N-terminus, and the charge states of UVPD fragments
enabled monitoring of charge migration to the unfolded regions. Interestingly, UVPD fragments also
indicated that the charge at the “unfolding” N-terminus of ADH decreased at high in-source activation
energies after the initial increase. We proposed a possible “refolding-after-unfolding” mechanism, as
further supported by monitoring hydrogen elimination from radical a-ions produced by UVPD at the N-
terminus of ADH. However, “refolding-after-unfolding” with increasing in-source activation was not
observed for charge-reduced ADH, which likely adopted compact structures that are resistant to both
charge migration and unfolding. Combined, these results support a charge-directed unfolding mechanism
for protein complexes. Overall, an experimental framework was outlined for utilizing native TD to
generate structure-informative mass spectral signatures for protein complexes that complement other
structure characterization techniques, such as ion mobility and computational modeling.

INTRODUCTION

Mass spectrometry (MS) has become an indispensable tool for characterization of proteins. Well-
established protocols utilize enzymes such as trypsin to digest proteins into peptides, which can be readily
detected in high-throughput using liquid chromatography coupled to MS. Continued development of MS
instrumentation and methodology has greatly expanded capabilities for the characterization of intact
proteins® and even noncovalent protein complexes of mega-Dalton sizes.? Direct characterization of
intact macromolecules provides additional information that is critical for a complete understanding of
their biological functions, including the combinatorial nature of post-translational modifications (PTMs),
stoichiometry of subunits/ligands, protein-protein interactions, and higher-order structures.>*° These new
MS capabilities have enabled an exciting area of structural biology research.

Gas-phase protein structures have been extensively characterized using ion mobility (IM) coupled to

MS. 1113 It has been shown that many protein complexes, when subjected to collisional activation, will
unfold into extended intermediate structures,'**¢ and the unfolding pathway is dependent on the original
solution structure. By recording the change of collisional cross section as a function on collision energy, a
collision induced unfolding (CIU) fingerprint can be generated to differentiate proteins with small
differences in structures.'® Despite the fruitful applications using IM and CIU to characterize protein



structures, there is still limited details in the understanding of the structural changes that occur during
unfolding in the gas phase. Consequently, this knowledge gap restricts the amount of useful information
that can be extracted from such gas-phase measurements.

While gas-phase activation typically results in “unfolding” by unraveling proteins into extended
structures, compaction of protein structures upon activation has also been observed.-?! Current
experimental and computational studies have led to a consensus that charge plays an important role in
unfolding and compaction of protein complexes in the gas phase. Several computational studies?>% have
indicated that considering zwitterionic patterns and charge movements upon activation in the algorithms
can help explain the experimental charge state distributions in dissociation products of protein complexes.
Unfolding of protein complexes may progress by Coulomb repulsion after migration of charge into
exposed, unfolded regions.??-2° Recent studies?®?’ also reasoned that salt bridge rearrangement may be
responsible for apparent charge-dependent unfolding, compaction, and dissociation behaviors. However,
most of the supporting experimental data are either based on size measurements of the whole complex by
IM, or are inferred from the charge states and size measurements of the ejected protein subunits. There
has only been a limited number of reports?®-3? by direct fragmentation of native proteins (i.e. native top-
down, native TD) to probe such gas-phase structural changes at the amino acid residue level.

In native TD, covalent fragments of the protein backbone are produced after activation without
intentionally breaking the higher-order structures. Fragmentation usually occurs in flexible and
peripheral regions of protein complexes. Thus, the location and extent of fragmentation in native TD can
be correlated to protein structure. However, appropriate activation methods must be used to effectively
yield structure-informative fragments. Collisional activation methods, such as collisional induced
dissociation (CID, low energy ion-neutral collisions) and surface induced dissociation (SID, ion-surface
collisions) are effective in vibrational excitation of protein complexes and releasing noncovalent
subunits.*3*% Yet, covalent fragmentation of the protein backbone, which is essential for protein
identification, does not typically dominate in CID and SID. In contrast, electron-based activation does not
significantly disrupt noncovalent interactions before inducing backbone fragmentation. It is believed to be
a radical directed process, but the detailed mechanism is still under debate.?®*® Variations of electron
based activation, including electron capture dissociation (ECD),'%? electron transfer dissociation
(ETD),* and electron ionization dissociation (EID),*” have all been applied to native TD. These methods
have been shown to effectively generate covalent backbone fragments in flexible and peripheral regions
of the complexes.

More recently, ultraviolet photodissociation (UVPD) has emerged as a complementary activation method
for protein complexes.®®*2 It is believed that absorption of ultraviolet photons yield both electronic
excitation leading to direct bond cleavage and vibrational excitation via intramolecular vibrational
relaxation from the excited states. Combined, these mechanisms yield a diverse array of fragmentation
pathways and ion types.** Among those, a/x-ions have been shown to be particularly useful in the
elucidation of charge sites and secondary structure of native proteins.3%4

In this study, we intentionally activated protein complexes in the ion source via ion-neutral collisions (i.e.
CIU). The unfolding intermediates at well controlled collision energies were then characterized by native
TD using ECD and 193 nm UVPD. Flexible regions of the protein were defined by increased yields of
ECD c/z-ions as a function of CIU collision voltage. Whereas, UVPD a/x-ions defined charge movement
and offered insights into structural changes upon CIU that may be a result of new hydrogen bonding and
salt bridge rearrangement. These experimental data are consistent with a charge-directed unfolding
mechanism. The native TD experiments with multiple fragmentation mechanisms generated rich datasets
and structural information at single amino acid resolution.



Experimental

All experiments were performed using a modified Thermo Fisher Scientific Q Exactive HF-UHMR
(Figure S1). The in-house modifications enabled ECD and UVPD to be performed on the same protein
precursor in a single instrument. The instrument was modified by removing the charge detector at the end
of the HCD cell and adding a quartz window to the rear flange on axis with the HCD cell. The added
window allowed a laser beam (193nm ArF excimer laser, Coherent Inc.) to irradiate ions trapped in the
HCD cell for UVPD experiments, similar to the modification described previously.* The octapole
between the mass-selective quadrupole and the C-trap was replaced with an electromagnetostatic ExD
cell (e-MSion Inc.),* which enables post-isolation ECD.

Nanoelectrospray was established using pulled glass capillaries inserted with a platinum wire at ~1 kV.
The source inlet capillary was set at 200<C, and the S-lens RF amplitude was set to 40-60% to minimize
activation. In-source fragmentation was kept at -25 V. CIU collision voltage was set using the in-source
trapping voltage over a range of 0 — 300 V to obtain different unfolding intermediates. A single charge
state was isolated using the quadrupole mass-filter. For ECD, the filament current was setto 1.2 A and all
ExD cell lenses were tuned to generate ECD fragment ions as they pass through the cell. An HCD
collision energy of 2 eV/q was applied during transfer of ions into HCD cell. For UVPD experiments, the
ExD cell filament heating current was reduced to 0.1 A, and ions were transferred to the HCD cell with 2
eV/q collision energy. A single 5 ns laser pulse of 1 mJ (measured at the laser output and prior to entering
the MS) was used. Fragments trapped in the HCD cell were then transferred to the C-trap and injected
into the Orbitrap for detection. The RF amplitudes for the HCD cell and C-trap were reduced for MS/MS
experiments to enhance transmission of low m/z fragment ions. A fixed ion injection time of 50 ms,
resolving power of 240k at m/z 200, and 500 microscans were used for collecting MS/MS spectra.
Additional details of the ion optics setting and ExD cell tune values can be found in Table S1.

Yeast alcohol dehydrogenase (ADH) were purchased from Sigma (catalog number A7011). 5 mg/mL
ADH was buffer exchanged using Millipore 0.5 mL Amicon 10k molecular weight cut-off (MWCO)
filters into 200 MM ammonium acetate, and diluted to 1-2 mg/mL for analysis. For in-solution protein
charge reduction, 100 mM triethylammonium acetate (TEAA) was added to the diluted stock protein
solution, with final ammonium acetate concentration of 100 mM.

MS/MS spectra were annotated using LcMsSpectator (https://omics.pnl.gov/software/lcmsspectator).*®
lon types including a, a+1, b, ¢, X, Xx+1,y, y-1, z, z+1 ions were searched against known protein
sequences. Mass error tolerance was 10 ppm. ADH sequence (UniProt P00330) with initiator methionine
excision, N-terminal acetylation, V58 to T58 substitution, and 1151 to V151 substitution was used and
confirmed with peptide mapping experiments (Figure S2). The peaks for a/a+1/a+2 ions were fit to a
combination of theoretical isotope distributions to obtain the abundance for each type of ion. Fragment
intensity at a given residue was calculated based on summed intensities of various ion types (c/z-ions for
ECD, and all a/b/c/xly/z-ions for UVPD) and normalized to total ion intensity. Average charge at a given
residue was calculated based on intensity weighted average charge of a-ions (for N-terminus) or x-ions
(for C-terminus). The raw data and the R script used for data processing for Figure 1-5 are included as a
Sl File.

Results and discussion



ECD and UVPD both preferentially cleave the unfolded regions of ADH 4mer

ADH is a 147 kDa 4mer with a tetrahedral topology. We investigated the structural changes of ADH by
monitoring the change of fragment intensity in response to increasing CIU collision voltages (i.e. in-
source trapping voltages). To better visualize the data, we defined the relative fragment intensity at a
given backbone cleavage site as the sum of all assigned fragments at the given sites over the sum of all
ion signal in the spectrum. The resulting fragment intensity maps for ECD and UVPD of the 25+ charge
state of the ADH 4mer are shown in Figure 1 (representative raw spectra in Figure S3, replicates for
intensity maps in Figure S4). The effects of CIU on ECD and ETD of ADH 4mers have been investigated
previously.?>*° ECD and ETD induce protein backbone cleavages with minimal structural annihilation,
and the observed fragments are typically in flexible regions.1%29% Therefore, ECD is expected to
selectively cleave the unfolded termini of ADH which are not protected by higher-order structures. Thus,
ECD fragments help define the exact regions of unfolding. Under increasing CIU energies, N-terminal
ECD fragments with increasing mass, extending deeper into the core of ADH 4mer were detected. This
has been described as a “peel-an-onion” unfolding process,?® where unfolded regions of the protein have
been released from the folded conformation and become more prone to dissociation after ECD.

The high gas-phase stability of the ADH 4mer yielded limited dissociation into 1mers with in-source
activation (Figure S5). This enabled monitoring of structural changes over a wide range of collision
voltages up to 300 V (the maximum setting in the instrument). Our ECD data (Figure 1a) exhibited the
same “peel-an-onion” behavior. The c-ions from residues 1-40 were released above 50 V, and larger c-
ions from residues 50-80 above 100 V. Similar to previous reports,'®2%% z-jons from the C-terminus of
ADH were not observed to a significant extent, despite the fact that both N/C-termini are at the periphery
of the proteins (structure in Figure 1a inset). The absence of z-ions can be attributed to the noncovalent
interactions at the C-terminus that may restrict the release of backbone fragments, and result in charge
reduced 4mers only (i.e. electron capture but no dissociation).

The mixture of electronic and vibrational excitation modes of UVPD allowed the detection of all types of
fragments (a/b/c/x/y/z) from both N and C-termini, but the most abundant fragments were exclusively
from the N-terminus of ADH (Figure 1b-c). The maximum relative intensity of C-terminal ions was only
at ~0.5%, or 5 times lower than the fragments from the N-terminus. Compared to ECD, UVPD fragments
were more evenly distributed and largely independent of collision voltages across the first 100 residues.
In ECD, the fragments were concentrated at several discrete positions. Although ECD and UVPD vyielded
fragments at different intensities, the most abundant common fragments are localized in two regions — one
spanning residues 1-40, the other at residues 50-80. Notably, these two regions seemed to respond
differently to ECD with increasing collision voltages. In the first stage (< 100 V), no ECD fragments at
significant intensities were detected in residues 50-80. In the second stage (> 100 V), the intensities of
fragments at residues 1-40 decreased and were almost absent at 300 V. However, the ECD fragment
intensities at residues 50-80 only showed minimal changes in the second stage. The different behaviors
potentially imply different structural changes in these two regions.
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Figure 1. (a) ECD c-ion intensity map, (b) UVPD N-terminal ion intensity map, and (c) UVPD C-
terminal ion intensity map. Vertical axis shows CIU collision voltage in the source. Horizontal axis shows
the residue numbers. Color scales are indicated at the right side of each map. The inset in (a) shows the
PDB structure of ADH 4mer (ID: 4w6z). As noted by the dashed line in (a), at least two stages of
structural change could be realized. The first stage involved releasing of relatively small c-ions before
residue 40, and the second stage involved the emerging large c-ions (after residue 50) above collision
voltage of 100 V.

“Two-stage™ structural change with reversal of charge migration in the ADH 4mer

In order to better explain the different responses to increasing collision voltages of the two regions in
ADH, we sought to understand how charge was allocated on the backbones during the structural changes.
Morrison et al.** described a method for assigning the charge sites based on UVPD a/x-fragments for
small monomeric proteins (up to 18 kDa). Following this method, the intensity weighted, average charge
states of UVPD a/x-ions were plotted in relation to the protein sequence as charge state maps shown in
Figure 2 (replicates in Figure S6). Although insufficient x-ions were available for charge state analysis,
UVPD of ADH yielded a near continuous series of a-ions covering the first 100 residues at the N-
terminus. The first ~15 residues did not vary from 1+ charge state across the whole range of collision
voltages (i.e. color not changing in the vertical axis), whereas the charge states after residue 15 changed
significantly as a function of collision voltage (Figure 2). The weighted average charge states of a-ions
after residue 15 first increased consistently until collision voltage of ~ 100 V, then they decreased above
collision voltage of 100 V. Because only the 25+ charge state of the ADH 4mer was isolated in the
experiments, the variation in the average charge of fragment ions reflects how charge moves within the
4mer..



The decrease in average charge states above 100 V collision voltage could possibly be explained by the
charge movement away from the “unfolding” N-terminus. However, this hypothesis contradicts a simple
unfolding model, where charge continuously move towards the unfolding terminus to trigger further
unfolding via Coulomb repulsion.? Therefore, additional structural changes may be responsible for the
inversed charge movement at collision voltages above 100 V. This “inflection point” of 100 V for charge
movement was also the onset energy for detecting fragments of the inner region of ADH (residues 50-70)
in the ECD data (Figure 1a). We thus propose at least two stages of structural changes for ADH 4mer
below and above the collision voltage of 100 V. The ECD data specifically implied the regions before and
after residue 50 in the protein potentially experienced different structural changes.
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Figure 2. UVPD a-ion charge state map for ADH. Horizontal axis shows the residue numbers. Vertical
axis shows the CIU collision voltage in the source. Color scales are indicated at the right side of each
map. The horizontal arrow points to the “inflection point” at collision voltage of 100 V that separates the
proposed two stages of structural changes.

Monitoring hydrogen elimination from radical a-ions enabled tracking of the unfolding and refolding
process of ADH

The UVPD a-ion charge state analysis for ADH was intriguing as it suggested multiple stages of
structural changes involving reversal of charge movement. To better understand this phenomenon, we
performed hydrogen elimination monitoring (HEM)*® on our UVPD data. In essence, HEM relies on the
varying, structure-dependent stability of the odd electron [a+1]-ions (or a‘-ions) generated from the
homolytic cleavage of the C-Ca bond. Because [a+1]-ions are not thermodynamically stable, they can
eliminate a hydrogen atom to form the stable, even electron a-ions. However, higher-order structures of
peptides and proteins can increase the lifetimes of the radical [a+1]-ions, enabling their detection on the
time scale of the MS experiment (Figure 3a).3%46-%®Aside from the atypical [a+1]-ion, proline containing
peptides have also been shown to generate [a+2]-ions through a different mechanism, where the a-ion
abstracts a hydrogen atom from the sidechain carbon, leaving behind a carbonyl group and a [y-2]-ion
(Figure 3b).*” The origin of the [a+2]-ions is believed to be the rigid backbone of proline, which positions
the atoms in a configuration to favor the pathway of hydrogen transfer. Manual analysis of the UVPD
spectra revealed the presence of many [a+1]-ions but negligible amounts of [a+2]-ions for UVPD of
ADH. with representative examples of ag and as4 shown in Figure 3c-d. It can be noticed that at 50 V
collision voltage, the isotope distributions for both a-ions reasonably matched theoretical isotopic
distributions. However, at 175 V collision voltage, the isotopes were significantly distorted from those of
pure even electron a-ions and can only be explained by considering overlapping isotope distributions of
odd electron [a+1]-ions.
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Figure 3. Schemes showing the formation of (a) [a+1]-ions and (b) [a+2]-ions in UVPD. Zoomed-in
views of UVPD spectra of ADH 25+ showing (c) ag, and (d) ass fragments under in-source collision
voltage of 50 V and 175 V. The deconvoluted isotope distributions of each a-type ions are overlaid on the
monoisotopic peaks as colored bar graphs (contributions from a/a+1/a+2 ions are in light red, light blue,
and gray, respectively). No [a+2]-ions were fit to the spectra, except for the ass fragment under 175 V
collision voltage that showed a negligible contribution (~2% intensity).

To better visualize the data, all a-type ions were fit to a combination of a, [a+1], and [a+2]-ions. Due to
the insignificant amount of [a+2]-ions (Figure S7), herein we simply focused on the [a+1]-ions by
plotting the ratio of a-ions over the sum of a-ions and [a+1]-ions in the heatmap shown in Figure 4a. After
residue 40, most a-type ions appeared to be almost exclusively a-ions (sandy color indicates 100% fit to a-
ion). The first 40 residues showed a clear transition from high to low percentage of a-ions with increasing
collision voltages (in particular for residues 30-40). Again, at least two phases of change can be discerned
with the transition point around collision voltage of 100 V. Below this point most fragments were ~70%
a-ions, while above this point most fragments were ~50% of a-ions. The decreasing a-ion ratios suggested
there were changes in the structure of the first 40 residues, possibly the formation of higher-order
structures (hydrogen bonding, salt bridge, etc.) that stabilized the [a+1]-ions.
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Figure 4. (a) a-ion percentage map for ADH 4mer. Horizontal axis shows the residue number from 1-120.
Vertical axis shows increasing in-source collision voltage. Color scales are at the right side of the map.
(b) Crystal structure of the ADH 4mer. Residues 1-13 of one 1mer subunit are in pink, 14-43 are in
yellow, and 44-90 are in green. N/C-termini of the 1mer are noted with “N” and “C”. (c) Proposed ADH
unfolding and refolding mechanism based on the native TD data.

In the structure of ADH (Figure 4b), the first 43 residues (1-13 in pink, 14-43 in yellow) are beta strands.
The subsequent residues (44-80 in green), which start with a short coil, are buried behind the first 43
residues. The configuration of these residues can justify the distinct behaviors of the residues 1-40 and
50-80 in the native TD data. The ECD data (Figure 1a) suggested that the beta strands at residue 1-43
unfolded first at relatively low collision voltages (0-100 V), and the green region after residue 43
unfolded at higher collision voltages (> 100 V). The subsequent decrease in ECD fragment intensities at
residues 1-40 above collision voltage of 100 V could be attributed to potential stabilization of this region
via new hydrogen bonding or salt bridges. This is supported by the increasing ratios of [a+1]-ions in the
a-ion map (Figure 4a). The green region consisting of residues 44-80 in the crystal structure has relatively
few distinct higher-order structure features (only a short coil right after residue 43). It presumably
unfolded largely as flexible chains that generated almost exclusively a-ions. In contrast, the proposed
structural rearrangement of the first ~40 residues above 100 V collision voltage have led to N-terminal
refolding. The “unusual” behavior of protein refolding after unfolding in the gas phase has been described
previously by IM.2%2! Coulomb repulsion is thought to be one factor that stabilizes unfolded, extended
gas-phase protein conformations. Charge reduction would consequently lower the activation barrier for
protein compaction and increase the activation barrier for unfolding in the gas phase.t”? Therefore, the
decreasing charge with respect to increasing collision voltage above 100 V (Figure 2) could be the
prerequisite for refolding of the N-terminus of ADH. Conversely, following the salt bridge rearrangement
mechanism,? refolding of the N-terminus could induce the formation of new salt bridges and subsequent
neutralization of charge in the region. Additional computational studies would potentially provide
mechanistic insights on the interplay between charge and structural changes. Nonetheless, all native TD
data presented here pointed to the proposed “two-stage” structural changes (Figure 4c), where initial
release of unfolded protein termini may refold partially. The hypothesized refolding possibly occurred
through formation of new hydrogen bonds, salt bridges, and charge rearrangements that remain to be
further elucidated.



It is noted that the measurement of the isotopic distributions of larger fragments may be not as accurate as
the smaller ones. Therefore, isotope distribution analysis on the a-ions is most suited for characterization
of small proteins or terminal fragments of proteins (< 8 kDa) with current instrumentation.® In addition,
the laser power needs to be carefully selected to effectively capture the thermodynamically unstable
[a+1]-ions, because excess energy can lead to almost complete loss of [a+1]-ions at higher UVPD pulse
energies (Figure S8). It has been shown that higher pulse energies for 193 nm UVPD can lead to a higher
probability of multiphoton absorption, which results in more direct fragmentation, secondary
fragmentation, and disruption of noncovalent bonds over the whole molecule.®4° Such indiscriminative
fragmentation is beneficial for achieving high sequence coverage, but it dilutes the signal from structure-
related fragmentation. Thus, we used a single 1 mJ laser pulse in the current study.

We also investigated a similarly sized complex, C-reactive protein (CRP, 115k ring-shaped 5mer),
following the similar workflow described for ADH. Representative ECD and UVPD spectra of CRP
(isolated charge state 24+) are shown in Figure S9. CRP 5mer has a different fold from ADH 4mer, and it
readily dissociates with collision voltage around 50-100 V. The dissociation products of CRP followed a
classical “asymmetric charge distribution”,*® where 1mers were ejected with nearly half the charge of the
precursor in the low m/z region, leaving behind 4mers in the high m/z region (Figure S10). The
asymmetric charge distribution of the ejected 1mers was attributed to unfolding and charge enrichment
during CID/CIU. Our native TD data were consistent with the expected behavior, which also showed the
unfolding primarily occurred at the C-terminus (Figure S11). Interestingly, the ECD fragments were only
observed at noticeable intensities when the CRP 5mer started to dissociate into 1mers (collision voltage >
50 V). The average charge states of the UVPD fragments also showed a concomitant increase in residues
164-185, indicative of charge enrichment at the unfolding C-terminus. However, isotope distribution
analysis on UVPD fragments of CRP showed insignificant changes of a/x-ions in response to increasing
collision voltages (Figure S12). The lack of perceivable changes in a/x-type ions suggest CRP 24+ did not
follow the same “refolding-after-unfolding” pathway as ADH. In contrast to ADH, CRP is more fragile in
the gas phase and may dissociate without the same extent of secondary structural rearrangements..

Gas-phase compaction of in-solution charge reduced protein complexes is reflected in native TD spectra

The backbone fragmentation and subunit dissociation patterns of protein complexes are determined in
part by their charge states.***%°! Charge reduction induced by solution additives with high gas-phase
basicity, such as TEAA, has been shown to help maintain compact native structures of protein
complexes.'®%0 We performed the same ECD and UVPD analyses on charge reduced ADH (isolated
charge state 17+). As expected, the overall fragmentation efficiency was greatly reduced for ADH 17+
compared to charge state 25+ without charge reduction. It is likely that ADH 17+ only unfolded at very
high collision voltage (> 250 V), and enabled detection of ECD fragments around residue 50-70 at the N-
terminus (Figure S13). For UVPD, fragments were always seen for the first ~13 residues, which
corresponds to the first beta-strand from the N-terminus (Figure 4b, pink region). Above 250 V collision
voltage, UVPD fragments reaching deeper into the protein were released. This also suggested significant
unfolding had occurred at this elevated collision voltage. High-intensity fragments from the C-terminus
were also observed around residue 310, which is at the transition point from a flexible region into a helix
(Figure S13). Again, the vibrational excitation in UVPD (most C-terminal fragments are y-ions) may have
helped break the weak noncovalent interactions that prevented the release of ECD fragments in this
region. In addition, the charge state map of UVPD a-ions (Figure 5a, replicates in Figure S14) showed
minimal movement of charge.



A closer look at the a-ions revealed presence of strong [a+2]-ions based on the abnormal isotope
distributions, as shown for a;; at 50 V collision voltage in Figure 5b. At the maximum collision voltage of
300 V, the isotope profile changed drastically (Figure 5c¢), and the dominant species became the [a+1]-
ion. The relative percentage of a, [a+1], and [a+2]-ions were plotted for the first 80 residues from the N-
terminus in Figure 5d-f (replicates in Figure S15). The first beta-strand from residues 1-13 were mostly a
mixture of a-ions and [a+2]-ions below 250 V collision voltage. Increasing amounts of [a+1]-ions
emerged for residues 1-40 at collision voltages greater than 250 V. Yet the a-ions are still the most
abundant component after residue 40, similar to what was observed for ADH 25+. Although the fragment
yield suggested ADH 17+ had “unfolded” above 250 V, the region of residues 1-40 may adopt compact
conformations with significant hydrogen bonding or salt bridges that yielded high percentage of [a+1]-
ions. Such compact conformations in residues 1-40 could also explain why strong ECD fragments were
only detected in residues 50-70 where high percentage of UVPD a-ions were seen. For residues 1-13, the
presence of [a+1]-ions and [a+2]-ions seemed to be mutually exclusive (Figure 5e-f). This indicates the
presence of these two types of ions may represent different types of higher-order structure. [a+2]-ions
have been previously reported to be associated with prolines. However, none of the [a+2]-ions detected
from residues 1-13 occurred at proline (only one proline at residue 4 but no as detected); therefore, we
suspect a rigid “turn” structure may position hydrogen atoms from nearby Ca. or side chains to favor the
formation of [a+2]-ions, following a similar mechanism for proline containing peptides (Figure 3b). This
structure was lost above 250 V collision voltage when the region unfolded, as indicated by the reduced
signal from [a+2]-ions. The mechanism of these different a-ion types and their link to protein structure
remain to be further investigated. As shown by the a/a+1/a+2 ions of ADH +17, charge reduced protein
ions probably have rigid and noncovalent intramolecular interactions that make them resistant to
unfolding, dissociation, and fragmentation in the gas phase.

Charge reduced CRP 5mer (charge state 17+) follows a similar trend of reduced fragmentation (no ECD
fragments), and minimal charge movement (Figure S16). These native TD data for ADH 24+ and CRP
17+ are overall consistent with compact structures expected for protein complexes at reduced charge
based on previous studies.34°5052 Similar to CRP 24+, CRP 17+ also showed insignificant changes in
percentage of a/x-ion types as a function of collision voltage (Figure S17), implying a pathway of
structural changes that is distinct from ADH.
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Figure 5. (a) Charge state map for a-type ions from UVPD of ADH 17+. (b-c) Zoomed-in views of
UVPD spectra of ADH 17+ ai; fragments under in-source collision voltage of 50 V and 300 V. The fitted
contributions of a/a+1/a+2 ions are overlaid on the isotope peaks as colored bar graphs, with the color
scheme right to (c). (d-f) Percentage of a/a+1/a+2 ions over the sum of all a-type ions for 1 mJ UVPD of
ADH 17+. Color scales of the maps are at the right side of each map.

CONCLUSION

Native TD experiments utilizing the duet of ECD and UVPD on two model protein complexes under
different degrees of in-source activation, provided rich datasets to improve our understanding of gas-
phase structural changes of protein complexes. ECD, thanks to its ability to release product ions from
unfolded regions, can define those regions, as well as the degree of activation required to generate them.
UVPD generates additional information on potential charge sites and higher-order structure through



isotope distribution analysis of a/x-ions. Our data are consistent with the current understanding of gas-
phase protein unfolding and dissociation, where charge can migrate or rearrange to unfolded regions and
further trigger unfolding via Coulomb repulsion. The ADH 4mer showed an interesting behavior where
the charge first increased and then decreased at the N-terminus. Additional analysis of the radical [a+1]-
ions suggest the unfolded region may partially refold upon with further activation. Although this refolding
behavior may not be universal to all proteins, it highlights the complexity in gas-phase structure of native
proteins and structural changes that can occur, which may eventually affect fragmentation in native TD
experiments.

For experiments that aimed at high sequence coverage, refolded or over-activated complexes may form
stable gas-phase structures that are resistant to fragmentation. On the other hand, the dependence of
fragmentation signatures (e.g. intensity, charge, and isotope pattern) on protein structure can be highly
beneficial for protein structure studies. In particular, the analysis of charge states and types of UVPD
fragments can provide critical insights into protein structure with single residue resolution. However, the
information behind charge and fragment types in UVPD often have not been fully utilized. We believe
with further development, native TD with ECD and UVPD (and related activation methods) has great
potential to generate complementary spectral readouts of protein higher-order structure. In the future,
native TD could be effectively integrated with ion mobility to generate experimental data at high
structural resolution, which can be used to constrain molecular dynamics simulations for protein structure
elucidation. The integrated platform will be particularly promising for the characterization of proteins and
protein complexes that are challenging with classical structural biology techniques (e.g. intrinsically
disordered proteins®®).
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