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ABSTRACT 

Electrospray ionization mass spectrometry (ESI-MS) experiments, including ion mobility-

mass spectrometry (ESI-IM-MS), and electron capture dissociation (ECD) of proteins 

ionized from aqueous solutions, have been used for the study of solution-like structures 

of intact proteins. By mixing aqueous proteins with denaturants online before ESI, the 

amount of protein unfolding can be precisely controlled and rapidly analyzed, permitting 

the characterization of protein folding intermediates in protein folding pathways. Herein, 

we mixed various pH solutions online with aqueous cytochrome C for unfolding and 

characterizing its unfolding intermediates with ESI-MS charge state distribution 

measurements, ion mobility, and ECD. The presence of folding intermediates and 

unfolded cytochrome c structures were detected from changes in charge states, arrival 

time distributions (ATDs), and ECD fragmentation. We also compared structures from 

nondenaturing and denaturing solution mixtures measured under “gentle” (i.e., low 

energy) ion transmission conditions with structures measured under “harsh” (higher 

energy) transmission. This work confirms that when using “gentle” instrument conditions, 

the gas-phase cytochrome c ions reflect attributes of the various solution-phase 

structures. However, “harsh” conditions that maximize ion transmission produce 

annealed, extended structures that no longer correlate with changes in solution structure. 

  



INTRODUCTION 

Mass spectrometry (MS) is a leading tool for studying protein dynamics and structure [1-

4]. When studying protein function, it is important to characterize the conformational 

ensembles of functional, non-functional, and dysfunctional forms, gaining an 

understanding of what roles, primary, secondary, tertiary, and quaternary structure play 

in the cellular milieu [4-6]. Biophysical approaches like NMR and X-ray crystallography 

heavily depend on protein stability and purity while in non-native environments [7, 8], and 

X-ray and cryo-electron microscopy give static snapshots of protein structure [9]. 

Although these biophysical tools have been proven to yield incredible amounts and quality 

of information, mass spectrometry has unique advantages compared to other methods 

due to its ability to rapidly probe proteins and protein complexes as well as being able to 

confirm protein identity, binding, and interactions [10, 11]. 

Cytochrome c is a well-studied, heme-containing protein that aids in the electron 

transport chain [12, 13]. Cytochrome c’s folding mechanism, as measured by techniques 

such as tryptophan fluorescence, UV circular dichroism, and hydrogen exchange [14, 15], 

has multiple folding phases, resulting in many different short-lived (ms time range) 

intermediates [16]. The first, slow step in the folding of denatured cytochrome c involves 

nucleation where the first several aspects of the native fold are established, followed by 

rapid steps involving small intermediate forms until finally refolding to its native state [15]. 

Methods like hydrogen exchange labeling have helped to characterize some of these 

folding intermediates [17]. Previous trends show that the amide groups on the N- and C- 

termini of folded structures are the first regions to show protection against hydrogen 

exchange, indicating the development of secondary structure [17]. Native (i.e., non-



denaturing) electrospray (ESI) mass spectrometry [18] has also been applied to the study 

of cytochrome c structure, but in the gas phase. Zhang et al. sequenced ubiquitin and 

cytochrome c native-like charge states from ESI from 100mM ammonium acetate 

solutions by electron capture dissociation (ECD) and determined that the native-like 

charge states fragment only in regions of higher structural dynamicity (i.e., regions with 

high crystallographic B factors) [19, 20] due to the tendency of ECD fragmentation to not 

disrupt intramolecular noncovalent bonding such as hydrogen bonding and salt bridges 

or fragile covalent bonds [21, 22]. Additionally, mass spectrometric studies utilizing online 

rapid mixing devices [23-25] have been used to control the timescales and extent of 

protein unfolding and refolding to study folding intermediate conformations and kinetics 

[24]. However, instead of changing the mixing time scale, varying the concentration of 

denaturant can also be used to direct protein unfolding/refolding. When paired with ion 

mobility (IM) and ECD, such a method of protein unfolding could give a localized picture 

of protein unfolding and refolding structural details. 

IM and ECD paired with ESI-MS have been used to evaluate to what extent gas 

phase ions retain their native solution phase structures [26-30]. ESI, as a soft ionization 

technique, does not impart excess energy into ions as they transfer into the gas phase, 

allowing noncovalent interactions to be preserved [26, 31, 32]. However, there are still 

questions about to what extent, once in the instrument, the gas-phase ions retain native 

structure, especially on various instrumentation platforms that may or may not, by their 

nature, impart internal energy into protein ions [33]. Here we use a rapid mixing device 

coupled with IM and ECD for controlled protein unfolding to characterize the transfer of 

native-like, partially folded, and unfolded structures into the gas phase. We also 



measured the IM arrival time distributions (ATDs) and ECD fragmentation patterns of ions 

being transferred under lower energy or higher energy conditions through the instrument 

to assess the effects of gas-phase activation on folded, unfolded, and intermediate 

structures. 

METHODS/EXPERIMENTAL 

Reagents and materials:  

Cytochrome c from bovine heart (purchased from Sigma-Aldrich St. Louis, MO) solutions 

were prepared at 10µM in Milli-Q water (approximately pH 6.98) and stored at 20°C. 

Acidic solutions were made at 1, 2.5, 5, and 10 volume percent glacial acetic acid 

(purchased from Fischer Scientific Fairmont, NJ) in Milli-Q water corresponding to pH 

values 2.57, 2.35, 2.19, and 1.96, respectively, for online mixing with aqueous 

cytochrome c solutions. 

Experimental Design: 

 

Figure 1: Cartoon of three-way mixing tee device. Acidic solutions of various pH and 

cytochrome c in water are mixed online before ESI. 



The experimental arrangement was adapted from the time-resolved ESI setup developed 

by Konermann and coworkers [25, 34, 35]. Aqueous cytochrome c and the various acidic 

solutions were infused by two separate syringe pumps at 5 µL/min into a three-way low 

pressure mixing tee (Idex P-714, Oak Harbor, WA) using 70 cm fused silica lines (75.5 

µm ID and 357.4 µm OD purchased from Polymicro Technologies, Phoenix, AZ) as 

depicted in Figure 1. After mixing, the solution traversed a third 7 cm line pulled at the 

distal end with a butane torch into an emitter for ESI with an applied potential of ~3.2 kV. 

The overall mixing time can be roughly estimated as 1.9 seconds (0.31 µL volume in the 

third capillary). IM and mass analysis were performed with a Waters Synapt G2-Si IM-MS 

(Wilmslow, UK) using helium in the trap cell and He cell, nitrogen in the mobility cell, and 

argon in the transfer cell. To anneal cytochrome c in the gas phase to extended structures, 

the gas flow rates were lowered from 200 ml/min in the helium cell and 40 ml/min in the 

mobility cell to 25 ml/min and 7 ml/min, respectively, while keeping the traveling wave 

amplitude in the mobility cell the same (i.e., 40 V), dramatically increasing the ratio of the 

electric field to gas number density (E/N), and thus, the ion temperatures [36]. Annealing 

was observed by the detection of a single narrow feature in the mobility cell suggesting 

an extended structure. We refer to these lower-pressure, higher E/N annealing conditions 

as “harsh” conditions and the higher-pressure, lower E/N conditions as “gentle” 

conditions. Under each different condition, each cytochrome c charge state was m/z 

selected before mobility separation and then subjected to ECD (eMSion Corvallis, OR) 

after mobility selection. ECD settings were optimized for maximum electron capture and 

minimum collisional heating. In the ECD cell, we observed that increasing the LM5 voltage 

decreases collisional heating, observed by the elimination of the protonated heme peak 



presumably produced by collision induced dissociation (CID). Therefore, we increased 

the voltage difference between the LM5 and L6 lenses in the ECD cell to slow the gas 

ions. The ECD settings were also optimized for each different instrument setting. Under 

gentle conditions, the ECD lenses used much lower voltages of L1 0.0, L2 10.0, LM3 3.0, 

L4 7.0, FB 3.5, LM5 5.0, L6 15.0, L7 15.0, while harsh instrument conditions used lens 

voltages of L1 -23.3, L2 -17.0, LM3 -0.4, FB 8.6, LM5 13.0, L6 27, L7 27.  

Data analysis: 

ECD data for each charge state under each different condition were collected in triplicate. 

After fragmentation, c and z ions were annotated by LCMS Spectator using a 20 ppm 

mass error [37] and then manually verified for each replicate. Fragments observed in less 

than two spectra were not counted. The filtered sequence fragments for each charge state 

under each condition were visualized in Prosight Lite [38]. 

  



RESULTS AND DISCUSSION 

Charge State Distributions 

 

Figure 2: Full ESI mass spectra for cytochrome c under gentle conditions upon mixing 

with 10% acetic acid (a), 5% acetic acid (b), and water (c) and under harsh conditions 

mixing with 10% acetic acid (d), 5% acetic acid (e), and water (f). 

The ESI spectrum of cytochrome c from neutral (pH 6.98) water, for both harsh 

and gentle instrument conditions, displayed low charge states; 6+, 7+, 8+, and 9+ (Figure 

2c, f). Folded protein conformations have fewer accessible sites for protonation by ESI, 

so these conformations are represented by the lowest charge states [39]. Therefore, the 



charge states from ESI of cytochrome c under neutral solution conditions correlate with 

compact, folded protein conformations. As expected, the observed charge state 

distribution was not dramatically changed between harsh and gentle instrument 

conditions since these are post-ionization changes. However, the signal-to-noise ratio 

was noticeably lower for the gentler ion transmission settings, as is typically observed 

when trying to reduce ion heating [40]. When the acidity of the mixing solution was 5% 

acetic acid (pH 2.19, pH of post-mixing water/acidic solution roughly 2.35), under both 

gentle and harsh instrument conditions, the charge state distribution shifts to include 

higher charge states of 10-18+ (Figure 2 b and e). In these low pH conditions, a greater 

number of basic residues are available for protonation due to unfolding, resulting in higher 

charge states [41]. The lowest charge states, 6+ and 7+, substantially decrease, 

correlating with a decrease in the abundance of the native state. However, the presence 

of the abundant 9+ charge state indicates that a dominant compact species, though 

possibly a different structure than the native state, is present with the unfolded state. This 

specific bimodal distribution reflects a transition from the native state into at least two 

states, one more extended than the other, which correlates with other methods, such as 

Soret absorption, fluorescence, circular dichroism, and small angle X-ray scattering [42], 

as well as other ESI measurements of charge state distribution changes upon decreasing 

pH [34, 43]. These other measurements show that the populations of acid-induced 

unfolded and molten globular (i.e., compact, non-native) structures are maximized at 

approximately pH 2. It is also apparent that the higher E/N of the harsher conditions 

results in significant CID of the highest charge states, evidenced by the reduction in the 

signal of the highest charge states and the appearance of many additional peaks that are 



not precursor ion charge states. The most acidic condition, 10% acetic acid (pH 1.96, pH 

of post-mixing water/acidic solution roughly 2.19) under both gentle and harsh conditions, 

shows a similar charge state distribution (Figures 2 a and d). However, the most abundant 

charge state shifts from the 9+ charge state to the 10+ charge state under the lower 

pressure conditions and the 15+ charge state in the higher-pressure condition, evidence 

of a shift in the overall population of solution structures to more unfolded structures. The 

differences in the harsh and gentle spectra with 10% acetic acid are again attributed to 

additional ion heating and CID at higher E/N. Mixing the protein with 1% and 2.5% acetic 

acid (pH 2.57 and 2.35, respectively, with pH of post-mixing water/acidic solution roughly 

2.87 and 2.57), did not show major shifts in the charge state distribution. Therefore, 

experiments run in water and mixed with 5%, and 10% acetic acid are the only ones 

discussed in this work. We refer to the mixtures of the aqueous protein with 5% and 10% 

acid via the mixing tee by their final mixed pH values throughout the remainder of the text. 

  



Ion Mobility 

 

Figure 3: Ion mobility spectra for cytochrome c 9+ under harsh conditions at pH 2.19 (a), 

pH 2.35 (b), and water (c) and under gentle conditions at pH 2.19 (d), pH 2.35 (e), and 

water (f).  

The ATDs of proteins represent the overall shape/size of kinetically trapped, ion 

conformations if care is used to minimize collisional or thermal activation [4]. The various 

peaks in ATDs correlate with the different conformations present. Multiple broad, 

unresolved features indicate many conformations while narrow peaks indicate only one 

conformational family. Cytochrome c 9+ is present in each solution and instrumental 

condition tested and thus can be used as a representative charge state for probing the 

effects of acid-induced unfolding on IM ATDs. Under gentle conditions, the ion mobility 

peaks for each acidic condition tested show broad peaks representing multiple 

conformations. Since the 9+ charge state is one of the most abundant charge states for 

each solution condition, it is expected to show evidence of molten globular [43] or other 

intermediate states in equilibrium with the most compact states. For example, in Figure 

3, the mobility spectra for cytochrome c 9+ in water (f) show multiple broad features. 



However, the mobility peaks for pH 2.35 and pH 2.19 (e and d) have more abundant 

extended features (above 10 ms), due to the increase in more extended states. The many 

9+ features correlate with solution measurements of cytochrome c refolding having 

multiple folding intermediates [44]. Under the harsh instrument conditions, the mobility 

peaks in Figure 3 a, b, and c mobility spectra for the 9+ charge state are all narrow peaks, 

showing only one major feature with a small shoulder. The narrow peaks for each of the 

solution conditions correlate with the harsh instrument conditions resulting in the 

annealing of the protein to fewer conformations. Since the ATDs from the different 

solution conditions are virtually identical under harsh conditions, they likely cannot inform 

on the solution distribution of structures. 

The other charge states of cytochrome c also show similar trends in their ion 

mobility spectra. The 7+ charge state under gentle conditions has a single broad mobility 

peak when electrosprayed from neutral pH, indicating this lower charge state presents an 

ensemble of compact states in the gas phase (Figure S-1 a). Cytochrome c 8+ ionized 

from pure water results in a similar ATD to the 7+ under gentle conditions (Figure S-1 b). 

When the pH is reduced to 2.35, the 8+ ions shift mostly to more extended distributions, 

showing unfolding behavior (Figure S-1 c). At pH 2.19, the ATD shows a high intensity, 

broad peak at ~7.72 ms (Figure S-1 d), indicating that a significant portion of the 

cytochrome c population refolds, likely into the molten globular state. Higher charge states 

(11+ and 15+) are only observed at pH 2.35 and pH 2.19. These charge states lead to 

narrower distributions under both solution conditions (Figure S-1 e-h), indicative of 

extended cytochrome c structures. Overall, these ATDs are in excellent agreement with 



ATDs measured with similar instrumentation for acid-induced cytochrome c unfolding 

[25]. 

Under harsh conditions for each different acidic condition, the other charge states 

(e.g., 7+, 8+, 11+, Figure S-2) all have singular, narrow peaks, following the trend of the 

9+. This means that each of the cytochrome c charge states is annealed to more extended 

structures under harsh instrument conditions. These gas-phase conformers, as 

represented by their ATDs, no longer correlate with the ionization solution pH. The 

presence of singular, narrow peaks for gas-phase annealed cytochrome c ions agrees 

with the ATDs at the highest collisional energies for other examples of the gas-phase 

annealing of cytochrome c ions in the literature [45, 46]. 

ECD Under gentle Conditions 

 



Figure 4: ECD sequence coverage of cytochrome c 9+ under gentle instrument conditions 

in water (a), pH 2.35 (b), and pH 2.19 (c).  

While the ion mobility ATDs reflect the overall gas-phase structures of cytochrome 

c, ECD fragmentation is used as a higher structural resolution, albeit indirect, 

measurement of the changes in cytochrome c structure. Regional increases in 

fragmentation are suggestive of unfolding and refolding into structures that have lost 

native contacts in these areas. The cytochrome c heme is covalently bound to cysteines 

14 and 17, and the heme iron is bound to methionine 80 [13, 47]. Therefore, we expect 

that natively folded cytochrome c structures would show limited fragmentation between 

cysteine 14 and methionine 80, since even if the protein backbone is fragmented by ECD, 

the bonds to the heme and iron bind fragments in this region together, preventing the 

detection of fragment ions by their unique m/z. Under gentle instrument conditions, the 9+ 

charge state shows ECD fragmentation almost exclusively N-terminal to cysteine 14 and 

C-terminal to methionine 80, correlating with a structure similar to the natively folded 

solution structure (Figure 4). However, ECD sequence coverage increases from 10% 

sequence coverage to 35% as the acidity increases from water to pH 2.19. Figure 4 b (pH 

2.35) shows several fragments between cysteine 14 and methionine 80, whereas Figure 

4 c (pH 2.19) shows extensive fragmentation throughout the protein. These results 

correlate with the loss of the methionine 80/iron ligand bond dissociation upon the addition 

of acid, supporting evidence from fluoresence spectroscopy that the acidified cytochrome 

c loses the iron to methionine 80 bond [15]. The increase in sequence coverage from pH 

2.35 to pH 2.19 indicates the loss of additional salt bridges, hydrogen bonds, or other 

intramolecular interactions with the additional decrease in pH. Specifically, there is 



extensive fragmentation observed between lysine 79 and aspartic acid 93. These 

residues do not directly interact in the cytochrome c crystal structure as they are distant 

from each other [48]. This likely indicates that this putative salt bridge [49] that is disrupted 

between pH 2.35 and pH 2.19 is a new intramolecular bond formed after unfolding and 

refolding into an intermediate structure upon mixing with the pH 2.35 acid solution. 

Similarly, there is a marked increase in fragmentation for pH 2.19 versus pH 2.35 between 

lysine 53 and glutamic acid 69. These residues are much closer in the crystal structure. 

Further examination reveals that the lysine side chain is hydrogen bound to the backbone 

carbonyl oxygen of tyrosine 74 under native conditions. Therefore, it is likely that this 

intramolecular bond may be preserved at pH 2.35 but is lost upon acidifying to the pH 

2.19 condition, allowing observation of fragments in this region. 

The lower charge states in water, such as the 7+ charge state, had ATDs that 

showed evidence of compact gas-phase structures, which we expect would correlate with 

the retention of an increased number of native contacts. The ECD sequence coverage of 

14% from the 7+ charge state, also covering only from the N-terminal to cysteine 14 and 

C-terminal to methionine 80 (Figure S-3), correlates to many stabilizing intramolecular 

interactions, similarly to what was observed for 9+. The most dominant charge state when 

electrosprayed from water, 8+, has a sequence coverage of 23% with fragmentation 

focused around both termini (Figure S-4). The terminal regions of the protein have the 

highest B-factor in the crystal structure (i.e., the most flexible regions) and are expected 

to fragment readily even for the native structure [19]. As the acidity, and therefore protein 

unfolding, increases, the 7+ charge state is no longer present and the 8+ charge state 

abundance decreases so significantly that ECD fragments are no longer detectable above 



the noise baseline. As the protein intramolecular bonds are disrupted more to produce 

unfolded higher charge states, the ECD fragmentation expands from just the N-terminal 

and C-terminal fragments again between cysteine 14 and 80. Following the trends of the 

9+, the higher charge states such as 11+ and 15+ have extensive fragmentation in the 

interior region of the protein (Figure S-5 and S-6). At pH 2.35 and pH 2.19, cytochrome c 

15+ has ECD sequence coverage of 44% and 54%, respectively, with fragments 

throughout the protein, reflecting a trend of increasing ECD coverage as the acidity 

increases and the protein unfolds. As the protein unfolds in acetic acid, the higher charge 

states increased ECD sequence coverage correlates with the loss of native contacts and 

iron to methionine 80 binding. 

ECD Under Harsh Conditions 

 

Figure 5: ECD sequence coverage of cytochrome c 9+ under harsh instrument conditions 

in water (a), pH 2.35 (b), and pH 2.19 (c).  



When the instrument is operated under lower pressure/harsh conditions, similar to 

the gentle conditions, there is an increased sequence coverage as the acidity of the 

denaturing conditions increases. However, for the 9+ charge state, all solution conditions 

analyzed under harsh parameters exhibit much more fragmentation than any of the 

solution states fragmented by ECD with gentle instrument conditions. This is likely due to 

the elimination of intramolecular interactions due to extensive ion heating [50], which was 

also observed for the ATDs under these harsh conditions. Cytochrome c 9+ ECD 

sequence coverage increases from 54% in water to 72% at pH 2.35 and pH 2.19 as the 

ion heating further unfolds the protein compared to only solution unfolding before analysis 

with ion transmission under gentle conditions (10%, 15%, and 35% respectively). Instead 

of exclusively fragmenting from the N-terminus to cysteine 14 and C-terminus to 

methionine 80 in the pH 6.98 mixtures, ECD fragmentation occurs throughout the protein. 

This correlates with the ion heating under the harsh instrument conditions resulting in 

structures that do not closely resemble solution structures since all three solvent 

conditions show extensive fragmentation. The 11+ charge state has ECD sequence 

coverage that is virtually identical in both acidic conditions, from 66% at pH 2.35 to 68% 

at pH 2.19 (Figure S-5). The fragmentation under harsh conditions for the lower charge 

states also doe not follow the same fragmentation patterns as under gentle conditions. 

The more folded 7+ and 8+ charge states in water both show sequence coverage of 57% 

in neutral solutions (Figure S-3 and S-4). However, the 15+ charge state was not 

transferred through the instrument in high enough abundance to observe under harsh 

conditions. 

  



CONCLUSION 

The combination of online mixing with ion mobility and ECD was used to identify the 

structural details of steps in the protein folding process. By decreasing the ESI pH, the 

charge state distribution for cytochrome c shifted to higher charge states that indicate the 

presence of more extended structures. Ion mobility spectra of the various charge states 

under gentle instrument conditions showed evidence for multiple protein conformations 

in their ATDs. For the lowest charge states, broad peaks correlated to the coexistence of 

several compact, native-like states when ionized from water, but additional, more 

extended features were observed upon acidification. The 9+ ions, having intermediate 

charge, as well as the highest charge states, resulted in multiple peaks at various levels 

of acidification indicating various stages of protein unfolding/refolding. While using harsh 

instrument conditions, ion mobility spectra contain singular narrow peaks due to the 

proteins annealing in the gas phase into more extended conformers by collisional 

activation.  

ECD fragmentation of the various charge states of cytochrome c reflected 

differences in structure induced by acidification. The charge states observed from pure 

water showed fragmentation only at the flexible termini of the proteins but not within the 

interior of the protein, bound together by intramolecular interactions and from binding to 

the iron by methionine 80 and the heme by cystine 14 and 16. Upon acidification, ECD 

fragmentation reflected the loss of the iron-methionine 80 bond as well as other native 

and non-native contacts. However, under harsh conditions, fragmentation was drastically 

different, showing extensive sequence coverage for all charge states regardless of the 

ESI solution pH.  



Several important conclusions can be drawn from these studies. First, the 

structures probed by IM/MS under gentle conditions are not equilibrium gas-phase 

structures, as neither the ATDs nor ECD fragments from harsh conditions reflect the 

unfolded/refolded protein ions examined under gentle conditions. Therefore, these 

experiments demonstrate the utility of native IM/MS methods for characterizing protein 

folding intermediates under the timescale of the IM measurement. Second, we note that 

our unfolding measurements, along with the measurements of others, show that tuning 

mass spectrometry conditions for maximum transmission leads to the unfolding of the 

protein in the gas phase into structures that likely have little biological relevance. Thus, 

echoing the work of others, we recommend that special care be given to the parameters 

used to study the protein unfolding and other dynamics by native IM/MS methods. 
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