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Abstract

Previously, we have reported the stabilization effect of Hofmeister salts for multiprotein complexes
(MPC) in the absence of bulk solvent (J. Am. Chem. Soc. 2011, 133 (29), 11358-11367; Angew. Chem.
Int. Ed. 2012, 51 (23), 5692-5695; Angew. Chem. Int. Ed. 2013, 52 (32), 8329-8332.). Our efforts
sought to bridge the gap between gas-phase protein structures and those found in solution. To reveal
more detailed MPC topology information, native ion mobility-mass spectrometry (IM-MS)
measurements are often combined with gas-phase activation methods. Conventional activation methods,
including collision induced dissociation/unfolding (CID/CIU), however, primarily report information
focused on monomeric subunits within the MPC, limiting the topological information obtained. Herein,
we describe a simple buffer-doping method that promotes an alternative MPC CID pathway which
readily produces product ions that correspond to larger sub-complexes from within some parent
assemblies. Interestingly, tetramers exhibiting a dimer of dimers quaternary structure (e.g. hemoglobin
and concanavalin A) produce dimeric product ions upon collisional activation following ionization
from bicarbonate buffer, in contrast to the commonly observed monomer-ejection CID pathway. In
order to both further investigate and validate our native IM-MS, we performed bottom-up proteomics
experiments on MPCs housed in bicarbonate buffer. Our efforts revealed evidence of
bicarbonate-mediated disulfide bond formation in proximal Cystine residues. We close by discussing

the applications for these observations in the context of MPC structure determination by native IM-MS.



1. Introduction

Higher order structures of multiprotein complexes (MPCs) are a key determinative factor for their
functions in vivo. For example, hemoglobin (Hb), a centrally-important heme-containing MPC
involved in oxygen transport and renal dysfunction following rhabdomyolysis, is highly conserved 2.
As is typical for MPCs, the dynamic assembly and disassembly of Hb in solution involves several
comprehensive and reversible steps. It is argued that hetero-tetrameric Hb dissociates into
hetero-dimeric globin (af) in acetate buffer at a pH above 6.5, which is followed by a further
dissociation of dimeric globin into single chain (a- and B-globin) concomitant with heme group
detachment at a pH below 5 3. Konermann et al. observed a similarly dimeric globin-driven
dissociation pathway in solution from freshly obtained Hb which is free of oxidative damage *. These
solution architectures, combined with mass spectrometry (MS)-derived residue-level noncovalent
contact information and many other structural biology tools including X-ray crystallography and
cryoEM, provides a structural basis for Hb biological function of oxygen transport. Despite these and

other efforts aimed at elucidating Hb dynamics >

, there remain many unanswered questions
surrounding the interplay between Hb structure, function and subunit exchange.

Native ion mobility-mass spectrometry (IM-MS) is rapidly becoming a versatile tool for accessing
protein assembly processes and topological information #!!'. To explore the structure of proteins and
MPCs, desolvation is a required step. In general, this step is accomplished using nano-electrospray
ionization (nESI), and is believed to generate MPC ions that resemble their native states in the solution
phase. In addition to direct measurements of MPC mass (accomplished using MS) and collision
cross-section (CCS) (accomplished using IM) of MPCs, additional organizational and sequence-level
information can be obtained using gas-phase protein activation. For example, collision induced
dissociation (CID) and collision induced unfolding (CIU) have emerged as widely used methods for
detailed MPC structure interrogation '>'%, The resultant MPC dissociation and unfolding patterns can
often be correlated to native protein structures and properties '3 16,

Although multiple strategies have emerged for utilizing gas-phase information in the construction of
native-state models of MPCs % 1722 the dissociation pathways accessed by MPC ions upon CID
contrast sharply with the known solution structures of such assemblies. For example, CID of Hb, a 64
kDa hetero-tetramer comprised of homo-dimers, exhibits evidence of classical asymmetric ejection of
unfolded monomeric units, in contrast to expectations derived from the native quaternary structure of
the MPC, which is organized as a dimer-of-dimers 3. Notably, MPC charge state has been demonstrated
experimentally and theoretically to have a profound effect on gas-phase dissociation and unfolding '>%,
To pave the way for the development of native IM-MS for the characterization of MPCs of increasing
size and complexity, activation techniques must be improved in order to provide needed details
surrounding MPC structure and dynamics that remain refractory to other structural probes 2*.

Chemical crosslinking, in combination with MS (especially in the context of bottom-up proteomics),
has emerged as a useful strategy to capture transient protein-protein interactions and to map
protein-protein interaction interfaces at an unprecedented scale 2> 2°. Previous efforts have been
devoted to developing multi-functional MS-cleavable crosslinkers with different spacer arms ranging
from zero to more than 24 A in length 2%, For example, bismaleimide sulfoxide reagents with spacer
arms of 24.2 A target cystine residues and permit the assessment of protein-protein interactions with
distance constraints as long as ~45 A to be captured as a result of the protein backbone flexibility 3.

Our previous work has revealed the stabilization effects of MS-cleavable cross-linkers 3!, tags 3> 33,



19 and cations '® on MPCs, as well as their influence on MPC CID !7. Here, we describe a

anions
simple buffer-doping approach to promote alternative CID pathways for MPCs. In our experiments,
ammonium bicarbonate (NH4sHCO3) is added to native protein solutions prior to nESI. We explore the
effect of this additive both in solution and in the gas phase using top-down/tandem MS, bottom-up
LC-MS/MS, CIU fingerprints, pH measurements and circular dichroism (CD) spectroscopy. Based on
this collection of evidence, we propose a tentative mechanism that relies upon the promotion of
disulfide bonds in proximal Cysteine residues within bicarbonate buffers. These additional non-specific
yet structurally-informative disulfide bonds promote both more compact MPC structures in the
gas-phase and alternative CID pathways. For example, disulfide-linked dimerization between o- and
B-chain monomers within Hb was observed experimentally using LC-MS/MS. Such precursors go on
to produce dimeric product ions upon CID. We conclude by exploring the implications of our

observations for native IM-MS in the context of MPC structure discovery.

2. Experimental

Chemicals. Protein standards including concanavalin A (jack bean, ConA), glutamate dehydrogenase
(GDH) and alcohol dehydrogenase (ADH, Saccharomyces cerevisiae), transthyretin (human, TTR), and
bovine serum albumin (BSA) were purchased from Sigma-Aldrich. Protein standard samples were
buffer exchanged into 100 mM ammonium acetate buffer using Micro Bio-Spin 30 columns (Bio-Rad,
Hercules, CA) without further purification. All solvents used in this study were of HPLC grade. No
further purifications were performed for all reagents. Purified water (conductivity of 18.2 MQ.cm) was
obtained from Milli-Q® Reference System (Millipore Corp., USA).

Hemoglobin Sample Treatments. Hemoglobin was dissolved in 100 mM NH4OAc to make a stock
solution of 10 mg/mL. A volume of 2.5 pL hemoglobin stock solution was mixed with certain volume
of 100 mM NH4OAc and 1 M NH4HCO3; solution to make a total volume of 92.5 uL. Seven
conditions were tested for hemoglobin treatments covering absence/presence of NH4HCO; and
different temperatures. Each treatment has three sample replicates. No NH4HCOs; was used in
treatment 1-3 which was performed at room temperature, 37 °C and 50 °C, respectively. On the other
hand, 2.5 pL. NH4HCO3 solution was added in treatment 4-6 which was performed at room
temperature, 37 °C and 50 °C, respectively. 5 pL NH4HCO3 solution was used in treatment 7 where
treatment temperature was at 50 °C. After 10 min heating process in water bath, sample was digested
with 1 puL 0.5 mg/mL trypsin (Promega, WI, USA) at 37 °C for 17 hours then desalted with Agilent
Omix C18 tips and dried down in vacuum.

Circular dichroism (CD) characterization. CD measurements were performed on a Jasco J-810 CD
spectrometer. The CD spectra were recorded from 280 to 190 nm. The blank spectrum was also
recorded on the buffer for baseline corrections. Protein samples after heating was quickly transferred to
CD cell and then acquired the spectrum as soon as possible. All experiments were repeated three times,
and the average values were used in analyses.

Bottom-up LC-MS analysis. All instrumental experiments were performed using a Q Exactive HF
Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific) coupled with a Dionex
Ultimate 3000 UPLC with 0.1% formic acid (FA) water as mobile phase A and 0.1% FA ACN as
mobile phase B. Samples were dissolved in 12.5 pL 0.1% FA H,O and centrifuged for 10 pL
supernatant collection. 1 pL sample was injected each time into a C18 column (75 pm x 15 cm, 1.7 um)
self-packed with 150 A, BEH C18 material from a Waters column (part no. 186004661). Samples were
loaded with 3% B and further separated by the gradient linearly ramped to 40% B in 40 min. The



gradient then ramped to 75% B in another 0.5 min and kept for 10 min, later ramped to 97% B in
another 0.5 min and kept for 10 min, and then the column was equilibrated with 3% B for 12 min. The
MS analysis was performed in data-dependent mode which utilizes HCD to fragment the most
abundant 15 ions with spray voltage of 2.25 kV and capillary temperature of 325 °C. Full MS scans
were acquired with resolution of 60 K, AGC target of 1e6 and maximum injection time of 150 ms.
MS/MS spectra were generated under normalized collision energy of 30, with isolation width of 1.3
m/z, resolution of 15 K, AGC target of 1e5, maximum injection time of 150 ms and dynamic exclusion
of 45 s.

Label-free quantification of disulfide peptide from bulk-heated hemoglobin. The theoretical
masses of disulfide-linked peptide with different charges (+5, +6, +7 and +8) were calculated and their
EIC peak areas in each sample were summed and normalized to TIC revealing distinct abundance
levels across different treatments as shown in Figure 4d. For peptide identification, the high-resolution
MSI and corresponding MS/MS spectra were used to annotate peptide fragments.

ConA protein heating and digestion. ConA protein samples were separated into four groups with
exactly the same protein concentration and buffer (100 mM ammonium acetate, pH 6.8), and then
treated with four different conditions: 1) control group without bicarbonate and no heating (sitting in
room temperature), 2) with additional heating but no bicarbonate, 3) with 25 mM bicarbonate and
heating, and 4) with 50 mM bicarbonate and heating. All heating experiments are carried out using a
dry bath, with temperature keeping at 37 °C for 10 minutes. After heating treatments under different
conditions, 20 pl of each treated ConA samples were taken out to perform the tryptic digestion. Adding
to each sample was 1 pg sequencing grade trypsin (Promega, Madison, WI) with a protein to enzyme
ratio at 20:1, and the mixtures were incubated at 37 °C for 16 h. The digestion were quenched by
acidifing the tryptic peptides with trifluoracetic acid (TFA). Prior to LC-MS/MS analysis, all samples
need to desalt with Sep Pak C18 cartridge (Waters, Milford, MA) following standard protocols
provided by the vendor.

ConA nanoLC-MS/MS analysis. Desalted samples were analyzed with an Ultimate 3000 nanoL.C
coupled to an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific, San Jose,
CA). Re-dissolved the sample with 0.1% FA and loaded onto a 75 mm i.d. X 18 cm length homemade
column with 1.7 um, 130 A, BEH Cs material from a Waters UPLC column (Waters, Milford, MA).
Peptides were separated with a gradient that started from 97% solvent A (0.1% FA in H>O) and 3%
solvent B (0.1% FA in ACN) to 30% solvent B over 25 min and then kept each of 85% solvent B and
100% solvent A for 10 min. The flow rate was set at 300 nL/min. MS method was set according to the
following parameters: MS: scan range (m/z)=300-2000; resolution=120,000; AGC target=1.0¢®;
maximum injection time=100ms; included charge state=2-8; dynamic exclusion duration=10s.
MS/MS method is a top 20 data-dependent acquisition (DDA) mode in which all MS/MS dissociations
were performed with higher energy collisional dissociation (EThcD): resolution=60,000; ETD
reaction time (+2, 50ms; +3-4, 25ms; +5, 15ms; +6-8, 10ms); ETD Reagent Target =2.0¢%; Max ETD
Reagent injection time =200 ms; AGC target=2.0e’;, Max injection time =200 ms; HCD collision
energy = 33%.

ConA data processing. Acquired MS raw files were analyzed using Byonic software (Protein Metrics,
San Carlos, CA) and searched against ConA protein sequence (Uniprot ID P02866). Precursor ion mass
tolerance of 10 ppm and fragment ion mass tolerance of 0.01 Da were selected. The deamidation of
asparagine (N) and glutamine (Q) and the oxidation of methionine (M) were set as variable

modifications. Peptide identifications were filtered at 1% two-dimensional false discovery rate (2D



FDR), Byonic Score > 150, Delta Modification Score > 10, and PEP2D < 0.01. To relatively quantify
the abundance of deamidation in the identified peptides, we used the Xcalibur Browser (Thermo Fisher
Scientific, San Jose, CA) to calculate the peak area of each identified peptide peak with or without
deamidation in the MS chromatogram for comparison. The total peak area of a peptide with and
without deamidation is regarded as 100%, and the percentage of each deamidation form is calculated
by dividing the peak area of one deamidation form by the total peak area.

CIU-IM-MS experiments. A quadrupole ion mobility time-of-flight mass spectrometer (Synapt G1,
Waters, Milford, MA, USA) was used for all ion mobility experiments. Approximately 5 pL of each
sample were loaded into nanospray source and MS instrument was run in positive ion mode.
Nanospray voltages range between 1.0-2.0 kV and the sampling cone was used at 30 V. The Synapt
instrument was tuned to allow preservation and transmission of native proteins and protein interactions.
This typically involves elevated pressures in the source region (~4 mbar), and decreasing all focusing
voltages (e.g., cone, extractor, and bias voltages). The traveling-wave ion mobility separator was
operated at a pressure of ~3.5 mbar, and DC voltage waves (30 V wave height traveling at 400 m/s) to
generate ion mobility separation. The ToF-MS was operated over the m/z range of 400-8000. CCS
calibration curves were generated using a previously described protocol, and using literature CCS
values derived for use with the Synapt instrument platform %335, CIU was achieved by increasing the
trap CE from 10-160V with a step voltage of 10V.

CIU Data analysis. To generate the CIU fingerprints, only the data at m/z values corresponding to the
selected charge state of the precursor ions were selected for analysis. We used CIUSuite to process CIU
data as published previously *°. Once the amount of parent oligomer was less than five percent of the
total signal, we terminated the experiment. The data were normalized at each voltage through dividing

the intensities of ions at each drift time by the maximum ion intensity observed at that voltage.

3. Results and Discussion

Previous reports have elucidated the disassembly of Hb tetramers in solution, produced upon
decreasing solution pH or increasing temperature, which involves the evolution of Hb dimers (Left
panel in Scheme 1) which eventually decay into monomeric globin chains *> 373, A close inspection

38 which promotes the dimer

of the Hb structure reveals a dimer-of-dimers quaternary structure
dissociation pathway described above by virtue of the smaller protein surface contact areas that exist
between dimers than are present within dimers. In contrast, Hb CID experiments (Right panel in
Scheme 1), result in the direct ejection of unfolded Hb monomers, with little evidence of dimeric CID
product ions 3.
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Scheme 1. Traditional disassembly pathway of Hb in solution and in gas phase. In solution, the disassembly is triggered by
decreasing pH or increasing temperature. In gas phase, CID is initiated through energetic collisions with background gas. The

striking difference is that the dimeric disassembly pathway is not observed during CID. Color markers: four subunits are labeled



with four different colors for clarity. For MPCs in solution, the solvent molecules are labeled with different colors to indicate

different stress levels associated with changes in pH and temperature

Our control CID experiments of tetrameric Hb yielded monomeric globin chains, with no evidence
of Hb dimer product ions, when ions under nESI from pure ammonium acetate solutions, as previously
observed (Figure 1A) 3. As expected, when we ramped the CID acceleration potential from 30 V to 70
V, we observed that the ratio of unfolded monomeric and trimeric Hb gradually increased in the tandem
mass spectra, and again no dimeric Hb signals were observed (Figure 1A). Our results reveal that
despite accounting for only approximately one quarter of Hb in terms of mass, the monomer species
retained approximately half of the overall charge. This result agrees well with previously reported CID

experiments for MPCs, in which the ejected monomer typically carries away a large percentage of the

charge of the original complex >4,
A) 0 mM NH,HCO, B) 25 mM NH,HCO,
Yl i o cip
S o o3 70V
?—%“-\:
‘?.'1"‘“
16+
60V
55V
ek, . . .
35V
L 3L Ll
e e S e A B mmn name e el | B e A B L ——
m/z 2000 3000 4000 5000 6000 7000 m/z 2000 3000 4000 5000 6000 7000

Figure 1. Electrospray of Hb from a NH,HCOj; solution alters the gas-phase dissociation pathway of Hb. The representative
tandem MS spectra for tetrameric Hb CID from 35 V to 70 V without (A) or with NH,;HCO; (25 mM, B). Hb ions decay to form
dimeric rather than monomeric product ions when produced from solutions containing NH,HCOj;. All starting protein samples
were buffered with 100 mM ammonium acetate (NH4OAc). All experiments were performed with nanoESI, 1.5 kV. The spectra

corresponding to trimer (m/z 5100-7100) in A were zoomed with 16 folds to make the details visible.

In order to capture dimeric Hb ions, we employed the gradual addition of NH4HCO3, and observed
that the hetero-tetrameric Hb (ofofl, 16+) adopted a dissociation pathway favoring the formation of
heterodimeric Hb (primarily aff without heme, 10+-12+). Detailed analysis of the different Hb forms
produced under these conditions were also conducted, and revealed evidence of other expected Hb
forms at lower levels (Figure S1). When we ramped the acceleration voltage used to initiate the CID
experiment for Hb ions prepared in NH4HCO3, the relative amounts of dimeric product ions increased
in a correlated fashion (Figure 1B). As expected, the extent of Hb fragmentation increases with the
elevation of collision energy, and includes signals for monomeric Hb product ions, suggesting that CID
of Hb ions produced from buffered NH4sHCO3 solutions may also access the canonical asymmetric
CID channel.
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Figure 2. Quantitative characterization of the Hb tetramer ion CID pathway when prepared using NH;HCO;. Tandem MS
results were obtained using tetrameric Hb 16+, with no precursor ion selection (all protein ions were subjected to CID) was
applied. The monomeric (A), dimeric (B) and tetrameric globin (C) ratios generated by MS were plotted against the acceleration
voltage used to initiate CID, and as a function of NH,HCOj3 concentration. D) All Hb subunits change in terms of their relative
intensities, and intensity ratios, with the gradual addition of NH,HCOj; in solution prior to IM-MS. Specifically, Tetramer
amounts reported include only signal intensities for afaf; dimers include signals for aff, afi-heme, BB-heme; and monomer
amounts include signal intensities for o, a-heme, p and B-heme. All starting protein samples were buffered with 100 mM

ammonium acetate (NH;OAc). All error bars denote SD; n = 3.

We then moved to quantitatively characterize the effects of NH4HCO3 on the CID pathway of Hb
tetramers. Results shown in Figure 2 track the relative abundances of Hb parent ions along with the
two main Hb product ion classes as a function of both acceleration potential and NH4HCOj;
concentration in solution prior to nESI. Overall, we observed a greater amount of Hb dimer, and lesser
amounts of Hb tetramer and monomer, as NH4HCO3 concentrations are increased (Figures 2A-C). MS
data collected as a function of CID acceleration potential reveals decreased production of monomeric
product ions from Hb tetramers prepared in NH4HCO3 (Figure 2A), and increased intensities for
dimeric Hb ions (Figure 2B). Interestingly, we observe elevated amounts of Hb monomers and
dimers for MS results recorded from NH4HCO3 containing solutions, indicating a disruption of Hb
tetramers in solution. This observation correlates with the decreased relative amount of Hb tetramer
observed from NH4HCOs; solutions (Figure 2C). The overall trends captured in our experiments are
highlighted in Figure 2D, where clear positive correlations can be observed between CID acceleration
potential, NH4HCOs; concentration, and dimeric Hb signal intensities. Taken together, these
observations reveal that incubating Hb in bicarbonate solution prior to nESI facilitates the formation of
dimeric Hb ions, which appear both prior to, and dramatically increase in intensity following, CID of
Hb tetramer ions.

In order to decipher the underlying mechanism associated with our Hb observations, we sought to
carry out a battery of tests on bicarbonate-containing Hb samples, as well as broaden our efforts to

include additional protein complexes. To begin, we focused on studying the mass shifts and structural



changes induced in Hb tetramers upon treatment with NHsHCO3 "', Prior to our exploration of these
details, a brief discussion highlighting the differences between our work and prior reports in this area is
warranted. A number of previous reports have focused on using MS to analyze Hb subunit dynamics ¢
39,40 and contributed to the development of a bubble-induced unfolding mechanism #' of proteins in
bicarbonate-containing buffer. Subsequent efforts instead focused on electrothermal supercharging 4>+
of small protein systems (e.g. ubiquitin and cytochrome c) produced from relatively concentrated
NH4HCO3 solutions (e.g. mostly higher than 100 mM). Our prior efforts focused on probing the
stabilizing effect of bound anions and cations on MPC structure '”*°, including NH4HCO3, which was
used as an additive in acetate buffer at concentrations less than 10 mM, and classified as a modest
stabilizing agent in the gas phase . None of these prior studies have detected the dimer-based CID

products as shown in Figure 1, nor focused on a study of gas-phase dissociation under conditions that
include NH4HCO3 additives in solution.
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Figure 3. Disulfide bond formation catalyzed tracked by LC-MS/MS and spectroscopy. A) Zoomed view of the possible
disulfide bonds among three cysteine residues in the a and B-chains of Hb (PDB ID: 1BZ0). The distances between each cysteine
residues are labeled in angstroms (A). The insert shows the typical S-S bond distance encountered in protein structures. B)
Sequence for human Hb (Uniprot), shown for both the o and B chains. Possible tryptic fragments containing cysteines are
marked with red (with blue indicating cysteine residues). C) Bottom-up nanoHPLC-MS-identified disulfide bonded peptide
derived from trypsin digestion of bulk-heated Hb samples in the presence of bicarbonate. D) The peak areas for the signals
identified in C as a function of various solution conditions. All error bars denote SD; n = 3. Statistical comparisons are based on

Student’s t-tests. E) CD spectra of bulk-heated Hb for different solution conditions.

In order to evaluate the underlying mechanism associated with the dimeric CID product ions
observed in our data, we began by measuring the pH values (Figure S2) of the NH4HCO3-containing
protein solutions used to collect data shown in Figures 1 and 2. Our results indicate that bicarbonate
containing Hb solutions exhibit elevated pH values when compared with control solutions comprised of
pure ammonium acetate. Interestingly, the pH value we recorded was elevated to a level approximating
to the pKa value (8.18) of the cysteine residue upon the addition of NH4HCOs3. This environment,
therefore, likely promoted the deprotonation of cysteine residues within Hb.

To interrogate of the details of the chemical impact of NH4sHCO3 on Hb structure, we performed a
series of trypsin digestion experiments on Hb samples prepared in the presence of both bicarbonate and

external heating, followed by bottom-up nanoHPLC-MS analysis. Figure S3 shows representative



mass spectra for the bulk heated Hb using various bicarbonate buffer conditions. While extensive
breakdown of tetrameric Hb can be readily reached throughout all concentrations of NH4HCO3 upon
bulk heating, the gradual increase of dimeric Hb is also observed. Figure 3A shows the zoomed view
of the possible sites of disulfide bond formation between the Hb o and B-chains (amino acid sequence
information shown in Figure 3B is extracted from Uniprot for human Hb). As indicated, the typical S-S
bond length is 2.06 A, and the shortest distances identified in the Hb structure for inter-chain disulfide
bond formation is between a-Cys105 and B-Cys113, having a distance of 9.27 A. Such a bond
formation event, therefore, must also be accompanied by fluctuations in the structure of the Hb
tetramer in order to bring a-Cys105 and f-Cys113 within sufficient proximity for such bond formation.
Our LC-MS results shown in Figure 3C identify a disulfide bonded tryptic peptide signal that contains
0-Cys105 and B-Cysl113. Quantitatively, data shown in Figure 3D indicates that the formation of a
a-Cys105/B-Cys113 disulfide bond is highly dependent on the presence of NH4HCOj3, statistically
increasing in abundance by a factor of more than 2 (with p value < 0.0001, Figure 3D) upon its addition
in solution. We also observe a small increase in disulfide bond formation upon modest heating of the
solution, which appears optimized at 37°C. Surprisingly, circular dichroism (CD) results shown in
Figure 3E indicated the increased amounts of o-helix within Hb in the presence of NH4HCO3 in bulk
solution. Heating the sample with NH4HCO3 in solution further increases the Hb helix content, while
rapid unfolding was observed by CD in the absence of NH4HCOj3. It should be noted that more
extensive heating, e.g. 70 °C, of Hb in the presence of NH4sHCO3 leads to the unfolding of the protein.
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Figure 4. CIU reveals the level of gas-phase unfolding that accompanies Hb dimer ejection across a range of tetramer charge
states (A) and corresponding tandem MS spectra (B). For all, buffer: NH,OAc, 100 mM, NH4;HCO;, 16 mM. For charge

reduction (10+ and 11+), 10 mM triethylammonium acetate was added.

In order to investigate the amount of Hb unfolding that takes place during the CID process leading to
dimeric product ions, we conducted CIU experiments on Hb tetramers prepared in
bicarbonate-containing solutions over a wide range of charge states. Our results, shown in Figure 4A,
indicate that dimer product ion formation occurs at acceleration voltage values (20 V) lower than the
threshold energies required for Hb CIU (~40 V across three Hb charge states). Conversely, we also
record CIU/CID data for lower Hb charge states where no clear CIU is observed, and CID product ions



are limited to heme ejection (Figure 4B). In addition, for higher charge states, extensive Hb tetramer
unfolding, where up to 5 separate CIU features are detected over the energy range probed here, is
observed under conditions where dimeric product ions represent most of the product ion current
observed in our datasets (e.g. 50 V for 15+ and 16+, and 70 V for 14+). Furthermore, monomeric Hb
product ion intensity increases dramatically at higher acceleration voltage, under conditions where Hb
tetramer CIU has advanced significantly beyond its most compact state. Additionally, we calculated the
CCSs for those dimeric Hb products, and turn out to be 2357 + 17 A2 2409 + 48 A?, and 2629 + 52 A2,
for 10+, 11+ and 12+, respectively. These CCSs are not only comparable with IMPACT-predicted
values (derived from PDB 2QSS; PA: 2165 A%, TIM: 2704 A?), but also well in accordance with
previous reported native dimeric Hb CCSs (e.g. 11+, 2402 + 100 A?) %4, Taken together, our CIU data
indicate that Hb unfolding is not required for Hb dimer product ion formation, but the production of

dimer product ions is likely enhanced by the unfolding of Hb monomers at higher acceleration

voltages.
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Figure 5. The flow rate used in nESI affects the efficiency of dimeric Hb product ion formation, as evidenced by representative
tandem MS (trap CE, 70 V) spectra of Hb 16+ with NH,HCO; at 0 mM (A) and 8 mM (B). All experiments were performed

with nanoESI, 1.5 kV. All starting protein samples were buffered with 100 mM ammonium acetate (NH4OAc).

We have also observed that the nESI flow rate used during our IM-MS experiments can significantly
influence the amount of Hb dimer product ion produced from NH4HCO3 containing solutions (Figure
5). In the absence of NH4sHCO3, Hb CID product ions include only the expected monomer and trimer
(Figure 5A) and increasing the nanoflow backing pressure to produce higher nESI flow rates does not
alter the product ion populations observed. In contrast, Hb CID product ions include significant dimer
in the presence of NH4HCOj3 in solution prior to nESI only when higher nESI flow rates utilized
(Figure 5B). This evidence suggests that the disulfide bond formation detected in data shown in Figure

3 is dramatically accelerated when larger droplets are created during the nESI process, implicating the

45-48 41, 43
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need for longer droplet lifetimes , and perhaps increased droplet heating as a means of
initiating the bicarbonate-driven disulfide bonding chemistry that ultimately serves to alter Hb CID.

We have screened a number of additional salt additives, including nitrate (1+), tartrate (2+) and
citrate (3+), for their ability to initiate similar disulfide bond formation chemistry in Hb '°. However, as

revealed in Figure S4, bicarbonate provides the only observable route in our experiments to form



dimeric Hb CID products . We further examined bicarbonate-driven disulfide bond formation chemistry
using a glutathione (GSH), a model peptide frequently used to study disulfide bond formation.**-5!
Results shown in Figure S5 clearly reveal evidence of disulfide bond formation in
bicarbonate-containing solutions for GSH.

We also examined the CID pathway operative for a wide range of MPCs in the presence of
bicarbonate, including avidin (Figure S6), transthyretin (TTR, Figure S7), concanavalin A (ConA,
Figures S8-12), alcohol dehydrogenase (ADH, Figure S13) and glutamate dehydrogenase (GDH,
Figure S14). Representative tandem mass spectra (Figures Sé6c/7c¢) clearly reveals asymmetric CID
product ions including highly-charged monomers and charge-stripped oligomers deficient of a
monomeric unit for avidin, ADH, and TTR upon the addition of NH4sHCO3 in excess of those used in
our Hb experiments. Interestingly, the high-resolution structures of avidin (PDB: 1VYO) and TTR
(PDB ID: 1BMZ) (Figures S6b/7b), indicate no cysteine residues within sufficient proximity to form
disulfide bonds between their respective monomers. As shown in Figure S13b, the high-resolution
structural data for ADH (PDB: 1PIW) indicates the distance between the two closest cysteine residues
within the structure to be 25.7 A, a value significantly in excess of the analogous distance found in Hb.
Similar to the tetramers discussed above, no sub-complexes were observed as CID products for
bicarbonate-treated GDH (Figure S14). An analysis of the available high-resolution structure data
(PDB ID of 3SBO) indicates that the two closest cysteine residues capable of linking two GDH
monomers are 23.1 A apart, a value of similar scale to that found in ADH and significantly larger than
the distance found in our analysis of Hb. As such, data acquired for all of the above described
complexes seems to comport with a rationale centered on the disulfide bonding of free cysteines within
the Hb tetramer to explain the dimeric CID product ions observed for the complex upon the addition of
bicarbonate to samples prior to nESI.

Notably, our data for the ConA tetramer represents an outlier from the mechanistic understanding
described above. Our MS/MS data reveal that collisional activation of ConA tetramers treated with
bicarbonate produce dimeric product ions similarly to Hb (Figure S8). Corresponding IM-MS data
shown in Figure S9 do indicate a structural compaction of ConA tetramer, possibly indicating the
formation of a chemical cross-link within the structure. However, the ConA amino acid sequence and
structure (PDB ID: 5CNA), shown in Figure S10, contain no cysteine residues, and thus the tetramer
cannot form a disulfide bond as a means of producing the observed dimeric CID product ions. Similar
to our investigations of Hb, we performed a series of bottom-up proteomic surveys of ConA samples
incubated with bicarbonate additives and using solution heating (Figures S10-12). Our data reveals
evidence of bicarbonate-dependent Gln and Asn deamination reactions. While a clear mechanistic
explanation for dimeric ConA CID product ions is not revealed in these data, previous work 32 has
highlighted the relatively sparse number of dimer-dimer contacts within the ConA quaternary structure,
and it is conceivable that bicarbonate-initiated deamidation reactions would serve to weaken such
contacts further either through structural changes or direct manipulation of interfacial residues. Prior
work !¢ has also shown that CID product ion formation can be directly influenced by the contact area
between protein sub-complexes, thus providing a potential route for ConA dimer product ion formation
that does require additional chemical bond formation. It is important to note, however, that the
sequence coverage values achieved in proteomics survey (~40%) is insufficient to completely rule out

the role of unknown chemical cross-linking reactions.

4. Conclusions



Here, we describe a set of observations and experiments that serve to further illuminate the
mechanisms underpinning CID of MPCs. Our efforts focus on Hb, where we have extensively
investigated an unexpected CID channel for the complex which is accessed through the addition of
bicarbonate to Hb samples prior to nESI. We find that ammonium bicarbonate present within a more
concentrated ammonium acetate solution has the potential to chemically modify MPCs, creating at
least one disulfide linkage within the tetramer, which leads to dimeric product ions following
collisional activation. Bicarbonate has been previously used for the chemical creation of disulfide
bonds (typically added as KHCOs3), and acts to deprotonate thiols, further promoted under basic
conditions >3, Typical chemical disulfide bond creation requires the addition of a leaving group (e.g.
Br») to the reaction mixture, and the identity of this entity is currently unknown under our experimental
conditions. Despite this, we find that the NH4sHCO3 additives promote the disulfide bond formation in
MPCs and peptides readily, and do so with improved fidelity upon heating. Furthermore, it is likely that
the chemistry we identify is operative in nESI droplets, favoring larger droplets which adopt longer

36,57 and Zare 3%, indicate that

lifetimes and larger heating potential. Notably, prior work from Cooks
microdroplet-based chemical crosslinking reactions between proximal cysteine residues may subjected
to increased reaction kinetics when compared to similar reactions carried out in solution. Within MPCs,
our efforts have indicated that cystines separated by over ~ 9 A within the high-resolution protein
structure can be bridged under these conditions, supporting the notion that such chemistry could be

used to study the dynamics of MPCs under a variety of conditions.

Our experiments examined a wide range of MPCs and found that most assemblies do not respond with
altered CID product ions upon treatment with bicarbonate, likely due to the native distances associated
with the available cysteine residues in their sequences. The exception in these observations is ConA,
where we surmise that a series of deamidation reactions caused by bicarbonate addition and heating
may destabilize the dimer-dimer interface sufficiently to produce dimer product ions upon collisional
activation in the gas phase, but our experiments cannot rule out potential chemical crosslinks that may
form under our conditions. Overall, our dataset adds substantially to the growing catalog of MPC CID
efforts that have identified dissociation pathways that produce subcomplex product ions that can be

15,59-61 " inter-subunit contact area '°, and disulfide

generated upon the alteration of protein charge state
bonding status 2. In addition, our efforts contribute to the growing interest in gas-phase dissociation
processes that link directly to MPC organization and topology ®-%°. Future efforts will be directed
toward the production of MS methods that leverage chemical modifications and CID for the elucidation

of MPC structure.
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