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Abstract

In recent years, top-down mass spectrometry has become a widely used approach

to study proteoforms; however, improving sequence coverage remains an important

goal. Here, two different proteins, α-synuclein and bovine carbonic anhydrase, were

subjected to top-down collision-induced dissociation (CID) after electrospray ionisa-

tion. Two high-boiling solvents, DMSO and propylene carbonate, were added to the

protein solution in low concentration (2%) and the effects on the top-down fragmen-

tation patterns of the proteins were systematically investigated. Each sample was

measured in triplicate, which revealed highly reproducible differences in the top-down

CID fragmentation patterns in the presence of a solution additive, even if the same

precursor charge statewas isolated in thequadrupole of the instrument. Further inves-

tigation supports the solution condition-dependent selective formation of different

protonation site isomers as the underlying cause of these differences.Higher sequence

coverage was often observed in the presence of additives, and the benefits of this

approach became evenmore evidentwhen datasets from different solution conditions

were combined, as increases up to 35% in cleavage coverage were obtained. Over-

all, this approach therefore represents a promising opportunity to increase top-down

fragmentation efficiency.
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1 INTRODUCTION

Analysing intact proteins with tandem mass spectrometry (MS), an

approach known as top-down analysis, is a powerful tool to map post-

translational modifications and analyse protein sequences. In contrast
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dissociation;m/z, mass/charge; PC, propylene carbonate; UVPD, ultraviolet photodissociation.
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to bottom-up, top-down MS is the only method able to assign all mod-

ifications that are present to their associated amino acid residues

[1–7].

Increasing fragmentation efficiency is a key goal in top-down MS

to gain more detailed sequence information. In the most common

ionisation method, electrospray ionisation (ESI), more than one

charge state of the protein analyte is observed [8]. Multiple charges

lead to reduced m/z values, which allows detection of intact pro-

teins with a range of instruments [9]. Additionally, the charge state
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distribution can be altered by addition of so-called supercharging or

charge-modifying agents. In general, higher charge states enhance

the fragmentation efficiency, and supercharging can be used to

obtain more backbone fragmentation [10–15]. Additionally, charge

modifiers have been used to increase sensitivity in top-down LC-MS

applications [16].

Anotherway of using solvent additives involves altering charge sites

rather than the overall charge state. This leads to the formation of pro-

tonation isomers (so called ‘protomers’) which have been extensively

described in the small-molecule literature. Ion mobility spectrometry

(IMS), gas-phase spectroscopy and selective photodissociation have

been the most common techniques in these studies [17–29]. IMS has

been shown capable of separating protomers of surfactin, a cyclic

peptide larger than 1 kDa [30]. In contrast to small molecules and pep-

tides, the formation of distinct protomers of intact protein ions has not

been extensively studied. In one recent example, Zhang et al. observed

different protomers in high charge states of denatured intact carbonic

anhydrase (CA), and separated them with high-field asymmetric

waveform ion mobility spectrometry (FAIMS). Additionally, different

fragmentation behaviour was observed for the different protomers

[31]. Around the same time, the first report was published of the

selective formation and identification of specific protomers of intact

protein ions by the addition of 10% DMSO to the protein solution

[32].

There are several factors that determine gas-phase protein pro-

tonation sites. Gas- and solution-phase basicities are different, and

Coulombic repulsion—which depends to some extent on protein

conformation—can also affect how favourable certain sites are. Pro-

tons do not always rearrange to the gas-phase optimal sites during the

ESI process, and different solvent properties—including dielectric per-

mittivity and proticity—can play a role. Severalmechanisms of charging

and supercharging of proteins in ESI have been proposed in the lit-

erature, and extensive supercharging is associated with extended,

near-linear conformations [33–37].

The link between proton locations, net charge state and preferred

cleavage sites in ‘slow heating’ dissociation methods such as CID can

be understood through the ‘mobile-proton model’ developed mainly

by Wysocki and Gaskell [38–41]. Although protons are significantly

mobilised at high internal energies in this model, their starting location

does affect the preference between different fragmentation pathways.

Several models have been developed to determine favoured charge

sites and their influenceon fragmentation, andexperimentswithmodel

proteins have been performed to support thesemodels [42–45].

Based on the above, we hypothesised that altering the ESI condi-

tions could be used to induce the formation of a greater protomer

variety of intact proteins without changing the overall charge state,

and that this would lead to a greater variety of fragments, poten-

tially making this approach a useful tool for top-down protein analysis.

We chose propylene carbonate (PC) and DMSO, as both are com-

monly used ESI additiveswith comparable physicochemical properties,

which allowed us to link protomer formation to specific properties

of the ESI solvent. With their high boiling point and low dielectric

constant compared to water, these aprotic additives are enriched in

Significance of the study

This work uses different mass spectrometry methods to

demonstrate a new systematic approach to modify charge

sites in intact protein ions using solvent additives. Even

small amounts of these additives can be used to manip-

ulate protonation positions and thus alter the top-down

fragmentation behaviour of proteins in collision-induced dis-

sociation. This is advantageous as it leads to a greater variety

of fragments, which can be used for improved characteri-

sation of potentially unknown proteoforms. The approach

developed here provides the opportunity to use the widely

available collision-induceddissociationmethod formoreeffi-

cient top-down protein fragmentation. As such, it represents

a method to obtain a more informative top-downmass spec-

trometry experiment for current practitioners, as well as

make effective top-down protein analysis accessible to more

researchers.

the ESI droplet and consequently even low amounts allow charge site

manipulation without having a significant impact on the protein in bulk

solution.

In earlier work, the intrinsically disordered protein alpha-synuclein

was sprayed from both purely aqueous solution and with the addition

of10%DMSO. Itwas shown that this additionaltered theCID fragmen-

tation of αSN14+ , and UVPD revealed differences in proton locations

[32]. In the current study, we have extended the above investigation

by using two charge modifying agents (PC and DMSO). We also signif-

icantly reduced the concentration of these additives (from 10% to 2%)

compared to the previouswork tominimise any effect on the protein in

bulk solution. Additionally, the work was extended to a second charge

state (10+) of alpha-synuclein, and to a second protein (carbonic anhy-

drase) to investigate whether this phenomenon has the potential to be

widely applicable.

2 MATERIALS AND METHODS

Human α-synuclein (αSN) and bovine carbonic anhydrase (CA) were

used for the experiments. A 5 μM solution of αSN was prepared in

20 mM ammonium acetate (AmAc) in water. A 10 μM solution of CA

was prepared in 30:70 water:methanol (MeOH) and 1% formic acid

(FA). The respective additives, propylene carbonate and DMSO, were

added to the protein solution in a concentration of 2% (v/v). Important

physicochemical properties of solvents and additives used in this work

are summarised in Table S1. These solutions were prepared indepen-

dently three times for each condition so that triplicate measurements

could be performed.

All protein solutionswere sprayed via direct infusionwith a nanoESI

setup and in-house pulled glass needles coupled to a Waters Synapt
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XS ion mobility—mass spectrometer. The needles were pulled with a

Sutter P97 needle puller. For all samples a capillary voltage of 0.8–

1.5 kVwas used. For αSN the sampling conewas set to 10V, and for CA

to 100V. Source offset valueswere set to 1 V for all samples. The other

settings were kept at their default values. Ion mobility measurements

were performed with an IMS wave height of 40 V and three different

wavevelocities (700, 900, and1100m/s) andcalibratedwithdenatured

myoglobin. A logarithmic fit was applied to calculate collision

cross-section (CCS) values [46, 47].

Top-down CID was carried out in the Trap cell. Precursor charge

states were selected in the quadrupole and CA32+ was fragmented

with 25 V, αSN10+ with 45 V, and αSN14+ with 20 V of collision

energy. All experiments were performed in triplicate, and all spec-

tra were acquired for 10 min. Fragment ion analysis was done using

MASHNative with eTHRASH deconvolution [48–52]. Fragments were

automatically assigned with a filter of <10 ppm mass error and were

additionally validatedmanually. Intensitieswere extracted fromMASH

and normalised to the TIC to ensure comparability between differ-

ent samples. Only fragments which were consistently detected in all

three replicateswere considered for further evaluation. To look at spe-

cific cleavage positions, the average intensities of all fragment types

which resulted from a bond cleavage at this specific residue position

were summedup. Standarddeviations for each specific fragment inten-

sity were calculated based on the triplicate measurements, and the

shown standard deviations for their ratios were calculated with error

propagation. As they spanned several orders of magnitude, the ratios

were log-transformed before plotting, and the standard deviations are

shown as relative values as a result. Relative intensities for selected

fragment sites are provided in Table S2.

For ETD fragmentation, 1,4-dicyanobenzene was used as a radical

anion. For all experiments a glow discharge current of 80 μA and a

make-up gas flow of 50 mL/min was used. For the CA samples, a cap-

illary voltage of 1.8 to 2 kV was applied using 50 V of cone voltage.

For αSN, 1 to 1.5 kV of capillary voltage and cone voltage of 10 Vwere

used. A Trap gas flow of either 11mL/min (αSN) or 15mL/min (CA) and

a Transfer gas flow of 0.9mL/min were used. The Trapwave height was

set to 0.3 to 0.4 V to achieve sufficient fragmentation. ETD fragment

assignment was performedmanually.

3 RESULTS AND DISCUSSION

3.1 14+ alpha-synuclein

3.1.1 Top-down CID reveals differences in
fragmentation pattern

To test our hypothesis that we can manipulate specific protomer

formation with low amounts of additives without influencing the con-

formation of the protein, we investigated the overall charge state

distribution of the sprayed proteins, as well as the CCS values of the

specific charge states. The overall charge state distribution can give

a first indication of protein conformation, with unfolded states being

associated with higher charge states and a broad charge state distri-

bution [53, 54]. We investigated the influence of the low amount of

charge modifier on the charge state distribution of αSN (Figure S1A).

Addition of 2% PC or DMSO slightly shifted the intensity-weighted

average charge state to a lower number, from (10.6± 0.1) to (9.7± 0.2)

and (9.4 ± 0.2), respectively (standard deviation calculated from tripli-

cate measurements). This change of around 10% indicated only a small

effect and in both cases no supercharging of αSN was observed. Addi-

tionally, we performed ion mobility measurements, and the resulting

CCS values (see Figure S2) showed no significant change for either

αSN10+ or αSN 14+.

All top-down CID experiments were carried out in triplicate, with

independently prepared samples, and fragments were only considered

for our analysis if they were consistently present in all three mea-

surements. Interestingly, and in agreement with previous work [32],

a distinct fragmentation pattern (shown in Figure 1) for each solution

condition was observed. Each dot represents an observed fragment at

the respective cleavage site. The stated coverage is calculated as the

number of observed cleavage sites divided by the number of all inter-

residue bonds. Specific regions seemed to fragment more efficiently

when PC or DMSO was added, that is, those around residues Val71

and Gly111. Even if the overall coverage was not always significantly

increasedwhen adding the chargemodifier, complementary fragments

were often formed and it proved especially beneficial to combine

two datasets (one without, and one with additive; see yellow and

orange dots in the upper part of Figure 1). This approach led to an

increase in coverage from 18% to 25% for individual datasets, to

nearly 30% for the combinations, which represents a relative increase

of around 30%. Because we only considered fragments that were

consistently present, this effect cannot be due to random experimen-

tal fluctuations, but instead must be due to the different solution

conditions.

3.1.2 Change in specific cleavage site intensities

In addition to the same fragments usually being observed across repli-

cate top-down CID experiments, the relative fragment intensities (i.e.,

normalised to the total ion current) also showed a high reproducibil-

ity for samples with as well as without additives, and overall standard

deviations were relatively low. As proteoform characterisation, rather

than quantitation, has been the focus of most top-down proteomics

studies, this high degree of reproducibility is perhaps underappreci-

ated and to some extent even unexpected in the MS community. It

should bementioned that quantitative top-down approaches are often

based onMS1-level data and use liquid chromatography separation. As

such, our experiments allowed averaging of a higher number of spectra

than what is typical [55–57]. The general point on reproducible frag-

ment ion intensity is still worth noting, however, and might in future

allow the inclusion of specific fragmentation efficiency in the toolbox

of quantitative methods.

Furthermore, while normalised fragment intensities were quite

reproducible for replicate measurements performed under the same
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F IGURE 1 Top-down CID fragmentation pattern of αSN14+ . Cleavage sites consistently observed in all three independent measurements for
each condition are plotted as dots. Residue number and the sequence of αSN are shown on the horizontal axis. From bottom to top, the cleavage
sites from the different samples (grey: no additive; green: PC; blue: DMSO) and the results from the combined datasets (orange: ‘no additive’+ ‘PC’
datasets; yellow: ‘no additive’+ ‘DMSO’) are shown. Cleavage coverage, calculated by dividing the number of observed cleavage sites by the
number of inter-residue bonds of αSN, is indicated on the right side of the figure.
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F IGURE 2 Changes in relative fragment intensities at specific
cleavage sites of αSN14+ plotted as log-transformed values against
residue numbers of the cleavage sites. The reference value (by
definition zero after log-transformation) is shown in grey, results for
the ‘PC’ dataset in green, and ‘DMSO’ data in blue (error bars indicate
standard deviation). Negative values indicate a decrease of normalised
fragment intensity compared to the additive-free reference value,
whereas a positive value indicates an increase.

conditions, drastic differences at specific cleavage sites (see Figure 2)

were observed when comparing solution conditions. As we were

mostly interested in the change caused by a specific additive compared

to the sample with no additive (referred to as the reference value) all

normalised fragment intensities were divided by this reference value

at the specific cleavage site. Note that the resulting ratios are log-

transformed in Figure 2; therefore, by definition, the average value for

the ‘no additive’ reference condition is zero.

The most significant changes in fragment intensities were observed

in the C-terminal region of αSN, which is in line with the findings

of an earlier publication where 10 % DMSO was added [32]. Addi-

tionally, the changes are consistent with the changes we observed in

the fragmentation pattern in the region around residue Gly111 (vide

supra). Especially, at residue Asp115 a substantially enhanced frag-

ment intensity (up to 66-fold) was observed. Also worth emphasising

is the comparable trend for both additives. This suggests that their

similar properties as high-boiling and aprotic solvents are the drivers

of this specific protomer formation, similar to earlier reports in the

small-molecule literature [27].

3.1.3 ETD supports the proposed selective
protomer formation

Ideally, one would like to pinpoint the gas-phase protonation sites

of a protein ion by tracking the charge state of all fragments, such

that each protonation site would correspond to an increased charge

state of fragments that contain that particular residue. Unfortunately,

this is not possible with CID fragments because, as we have already

mentioned, the mechanism involves mobilisation of protons, which

makes an unambiguous statement about their initial position based

on fragment charge states impossible [58–60]. Electron- and (high-

energy) photon-based fragmentation methods, however, do not cause

significant proton mobilisation and therefore do allow the correlation

of fragment charge states and precursor charge sites. We subjected

αSN14+ to ETD and compared the resulting c- and z-type ions from

αSN sprayed with and without the addition of 2% PC. Figure 3 shows

the resulting c (upper part) and z (lower part) fragments. The green

triangles represent fragments observed with PC and the grey dots

those without added modifiers. The detected fragments are plotted in

rows that indicate their observed charge state(s). Theprotein sequence

is also displayed in the figure, and the residues potentially carrying

a charge based on the detected ETD fragments are highlighted. The

orange-coloured ones show charge sites that are shared between both

solvent conditions, whereas a green colour indicates protonation sites

specific for PC, and sites unique to the additive-free sample are indi-

cated in grey. In agreement with several other ETD and ECD studies

of αSN, most fragments originated from cleavage near the N-terminus

[61–64].

Looking at the ETD data in more detail, the region between Lys34

and Val55 is particularly interesting, as significant differences and

unique charge sites between solution conditions were observed here.

For c-type fragments of charge state 2+ and 3+, clear differences

between the solution conditions are visible. c2+ ions were observed

up to c33 for the additive-free sample, and only up to residue c24 in

the presence of PC. Similarly, c3+ ions occurred up to c57 when the

protein was sprayed from an additive-free sample, and only up to c38
when the sample contained 2% PC. If we focus on higher fragment

charge states, a c6+ ion formed by cleavage at residue Lys34 was
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F IGURE 3 ETD fragmentation pattern of αSN14+ with andwithout 2% PC. The detected c (top) and z fragments (bottom) are shown,
subdivided in rows that represent their charge states. Grey dots represent fragments from the no-additive sample and the green triangles
fragments from the PC-containing sample. Residues highlighted in grey and green in the sequence (middle) represent charge sites unique to
no-additive and PC-containing samples, respectively, and orange represents charge sites common to both samples. The [Lys34-Val55] region is
highlighted as the largest number of differing charge sites was observed here.

observed in the spectrum of the PC-containing sample. Conversely,

the first c6+ ion from the additive-free sample originated from cleav-

age at Leu38. Additionally, a number of highly charged (7–9+) large

z ions (z119 to z140) could be detected in ETD of αSN14+ sprayed

from PC-containing solution, but not from the additive-free solution.

All of the above is consistent with a shift of the ESI protonation

sites toward the N-terminal region of αSN14+ in the presence of

2% PC. This finding is in line with the results of an earlier UVPD

experiment that investigated charge sites of αSN14+ sprayed from a

solution containing 10% DMSO [32]. To further investigate whether

this selective protomer formation is limited to this specific charge

state of αSN, we expanded our investigations to the 10+ charge

state.

3.2 10+ alpha-synuclein

As already mentioned, the solution additives had no significant effect

on the CCS value of αSN10+ (see Figure S2). Looking at the CID

fragmentation pattern, where again triplicate measurements for each

conditionwere performed, a similar trendwas observed as for αSN14+.

As before, only fragmentswhichwere present in all three replicates are

displayed inFigure4A. In this case, bothof theadditive-containing sam-

ples (PC: green; DMSO: blue) showed a higher overall coverage, which

became even more apparent when looking at the combined datasets

(yellow and orange). An up to 35% increase in coverage (from ca. 55%

to over 70%) was observed when comparing the combined datasets to

the sample sprayed without an additive. For the 10+ charge state an

overall higher number of cleavages was detected in comparison to the

14+ precursor. In part, this can be explained by the higher intensity

of the 10+ precursor leading to better fragment signal intensity. How-

ever, given the very large increase in cleavage coverageuponaddingPC

or DMSO, as well as the higher coverage compared to the 14+ precur-

sor even without additives, this case seems to provide a clear example

of the benefit of manipulating charge sites rather than increasing the

net charge state in order to maximise proteoform characterisation. As

was observed for the 14+ precursor, the region around residueGly111

again showed some of the clearest differences as a result of the change

in solution conditions.

Figure 4B shows the site-specific changes in fragment intensity

between different solution conditions, plotted in the same way as in

Figure 2. Similar to our observations for the 14+ precursor, both addi-

tives follow the same trend; however, the magnitude of the changes

is smaller. For the 14+ precursor, differences up to a 66-fold increase

could be observed, whereas for the 10+ charge state, only changes

up to 7.2-fold were observed. Additionally, the changes are more

widely distributedover thewhole sequence rather thanbeingprimarily

located close to the C-terminus as for the 14+ precursor.

Looking at the ETD fragmentation pattern of αSN10+ (Figure 4C),

the differences between different solution conditions are less clear

compared to αSN14+ . This is mainly due to the lower overall coverage

(around 26%–28% for the 10+, compared to 50%–60% for the 14+

precursor) as it is well known that ETD efficiency is strongly depen-

dent on precursor charge state [65, 66]. However, the same overall

shift of charge sites towards the N-terminus was apparent. In partic-

ular, when looking at the z-type fragments (bottom part of the figure),

z130 to z140 fragments were detected with charge states ranging from

6+ to9+ for thePC-containing sample andonly one z fragment (z1408+)

was present in ETD of αSN10+ sprayed from the additive-free sample.

Another difference can be observed in the c4+ ion series. For the PC-

containing sample, c274+ was detected, whereas for the additive-free

sample the smallest c4+ ionwas c344+. This further indicates that it was
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(A)

(B) (C)

F IGURE 4 (A) Top-down CID fragmentation pattern of αSN10+ sprayed from different solutions. Cleavage sites consistently observed in all
three independent measurements for each condition are plotted as dots. Cleavage sites from the different samples (grey: no additive; green: PC;
blue: DMSO) and the results from the combined datasets (orange: ‘no additive’+ ‘PC’ datasets; yellow: ‘no additive’+ ‘DMSO’) are shown.
Cleavage coverage is indicated on the right. (B) Solution condition-dependent changes in intensities at specific cleavage sites of αSN10+ plotted as
log-transformed values against the residue numbers of the cleavage sites. The reference value (by definition zero after log-transformation) is
shown in grey, ‘PC’ data in green, and ‘DMSO’ results in blue (error bars indicate standard deviation). (C) ETD fragmentation pattern of αSN10+

with andwithout 2% added PC. The detected c (top) and z fragments (bottom) are shown, subdivided in rows that represent their charge states.
Grey dots represent fragments from the no-additive sample and green triangles from the PC-containing sample. Residues highlighted in grey and
green in the sequence (middle) represent charge sites unique to no-additive and PC-containing samples, respectively, and orange represents
charge sites common to both samples.

more likely that charges were shifted towards the N-terminus when

the 10+ precursor was sprayed from a solution with 2% PC.

Having established that the formationof different protomers occurs

in two different charge states of αSN, as well as having demonstrated

the beneficial effect on cleavage coverage in CID, we next expanded

our investigation to a different protein, carbonic anhydrase. As in our

work with alpha-synuclein, we used both DMSO and PC as solvent

additives.

3.3 32+ carbonic anhydrase

In contrast to the intrinsically disordered alpha-synuclein, carbonic

anhydrase adopts a well-defined folded structure in aqueous solution.

While the presence of 2%PCorDMSO is unlikely to significantly affect

the native conformation in bulk solution, these additives are enriched

in the electrospray droplet due to their high boiling point relative to

water. As such, in-droplet unfolding would be a possible concern and

could complicate comparison of samples with and without additives if

spraying from native-like solution [37, 67]. To avoid this potential con-

founding effect, we sprayed fromadenaturing solution (70%methanol,

1% formic acid) and focussed on the 32+ charge state of the pro-

tein. This state is largely unfolded and has little residual structure,

which is further supported by the very small differences in charge state

distributions and collision cross-sections between additive-containing

and additive-free conditions (see Figures S1B and S3). As before,

experiments were carried out in triplicate.

Figure 5A reveals differences in the top-down CID fragmentation

pattern of CA32+ between the different solution conditions (grey: no

additive; green: 2% PC; blue: 2%DMSO). Different regions distributed

over the sequence were affected. The regions from residue Phe20 to

Val60 and from Arg111 to Ala141 showed especially drastic differ-

ences in fragmentation pattern, which become even clearer when the

datasets are combined. An increase of up to 20% in coverage (from just

below 20% to nearly 24%) was achieved by combining datasets with

andwithout chargemodifiers. A closer investigation of fragment inten-

sities from specific cleavage sites (see Figure 5B) further illustrates

the impact of the solvent additive on CID fragmentation. The overall

trend of affecting residue cleavage sites is comparable (albeit not as

pronounced) as in the experiments with αSN. Site-specific fragment

intensity increases of up to 3.1-fold, and decreases down to 0.7-fold

were detected. The biggest intensity differences were observed in a

region near theC-terminus (residues Leu184, Thr192, Leu197, Thr198

and Glu213).
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(A)

(B) (C)

F IGURE 5 (A) Top-down CID fragmentation pattern of CA32+. Cleavage sites consistently observed in all three independent measurements
for each condition are plotted as dots. Residue number and sequence of CA are shown on the horizontal axis. Cleavage sites from the different
samples (grey: no additive; green: PC; blue: DMSO) and the results from the combined datasets (orange: ‘no additive’+ ‘PC’ datasets; yellow: ‘no
additive’+ ‘DMSO’) are shown. Cleavage coverage is indicated on the right. (B) Changes in intensities at specific cleavage sites of CA32+ plotted as
log-transformed values against cleavage site residue numbers. The reference value (by definition zero after log-transformation) is shown in grey,
‘PC’ data in green, and ‘DMSO’ results in blue (error bars indicate standard deviation). (C) ETD fragmentation pattern of CA32+ with andwithout
2% added PC. The detected c (top) and z fragments (bottom) are subdivided in rows that represent their charge states. Grey dots represent
fragments from the no-additive sample and the green triangles from the PC-containing sample. Residues highlighted in grey and green in the
sequence (middle) represent charge sites unique to no-additive and PC-containing samples, respectively, and orange represents charge sites
common to both samples. The regions from residue [Asn10-His16], [Val30-Val59] and [Pro213-Leu237] are highlighted as the largest number of
differing charge sites were observed here.

The differences in cleavage site-specific intensities are also consis-

tent with the work by Zhang et al., who suggested the existence of

protomer families of CA32+ based on two species with identical CCS

that could be separated with FAIMS. These authors observed inten-

sity differences in CID of these protomer families, including of the

fragments y67 and y25 [31]. These are formed by cleavage at Tyr193

and Glu235, where we also observed significant intensity differences

(Figure 5B). In Figure 5C, ETD fragmentation differences are shown.

Comparing c+, c4+ and c10+ fragments showed a slight trend towards

more charge sites in theN-terminal region of CA32+ in the sample with

added PC. Conversely, for the additive-free sample, more protonation

sites could be determined to be closer to the C-terminus when looking

at z3+ and z5+ fragments. For the additive free-sample, z93+ and z285+

were detected; contrarily, for the PC-containing sample solution, only

z83+ and z235+ were present.

4 CONCLUDING REMARKS

As top-down protein mass spectrometry continues to become a more

mainstream approach, there is an increasing need for methods to

achieve extensive fragmentation of intact protein ions. Progress in

electron- and photon-basedmethods in recent years has been remark-

able; however, these require hardware modification to implement,

and they also lead to the formation of different fragment types than

collision-basedmethods, which can potentially complicate subsequent

data analysis. In thiswork,wehaveextendedearlier, preliminary exper-

iments anddemonstrated that theuseof a lowconcentrationof solvent

additives can be used to cause selective formation of different pro-

tomers of intact protein ions. These have different cleavage site prefer-

ences and thus generate complementary (albeit partially overlapping)

sets of fragments, and this effect can be used to boost sequence

coverage in top-down MS. This makes a future implementation to

liquid chromatography-based separations and consequently a higher-

throughput application a desired goal, and work toward such an imple-

mentation is currently ongoing in our lab. Additionally, this approach

requires no modifications to existing hardware or methods and gener-

ates the same fragment types that are typically observed in CID.

The two additives we tested share certain properties, specifically a

higher boiling point and lowerdielectric permittivity thanwater, aswell

as a lack of labile protons.While both additives usually caused a shift in

fragment intensities in the same direction, the magnitude of the effect



8 of 10

often differed, which suggests that the aprotic nature of the additives

is not the only relevant factor. Instead, variables such as permittivity

(which could affect the preferred charge sites in solution) and boiling

point (which affects thedroplet evaporation rate and thus the timepro-

tons have to rearrange during the ESI process) might also play a role.

The contributions of these factors will be explored in future work, as

well as possible implications for our understanding of the mechanism

of ESI under conventional conditions.
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