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ABSTRACT 

With the recent improvements in ion mobility resolution, it is now possible to separate small 

protomeric tautomers, called protomers. In larger molecules above 1000 Da such as peptides, a few 

studies suggest that protomers do exist as well and may contribute to their gas-phase 

conformational heterogeneity. In this work, we observed a CCS distribution that can be explained 

by the presence of protomers of surfactin, a small lipopeptide with no basic site. Following 

preliminary density functional theoretical calculations, several protonation sites in the gas phase 

were energetically favorable in positive ionization mode. Experimentally, at least three near-

resolved IM peaks were observed in positive ionization mode, while only one was detected in 

negative ionization mode. These results were in good agreement with the DFT predictions. CID 

breakdown curve analysis after IM separation showed different inflection points (CE50) suggesting 

that different intramolecular interactions were implied in the stabilization of the structures of 

surfactin. The fragment ratio observed after collision-induced fragmentation was also different, 

suggesting different ring-opening localizations. All these observations support the presence of 

protomers on the cyclic peptide moieties of the surfactin. These data strongly suggest that 

protomeric tautomerism can still be observed on molecules above 1000 Da if the IM resolving power 

is sufficient. It also supports that the proton localization involves a change in the 3D structure that 

can affect the experimental CCS and the fragmentation channels of such peptides. 
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Introduction 

Ion mobility (IM) is a technique based on the separation of ions, according to their ion mobility in the 

gas phase. The ion mobility is related to collision cross section of ions, the nature of the buffer gas 

(e.g., size or polarizability), and the density number N, based on the Mason-Shamp Equation1 (eq 1). 

This equation is valid only under low-field limit conditions, when e/ N is small enough so that K0 is 

independent of e/N.2 When coupled with a mass spectrometer (MS) analyzer, IM adds another 

dimension of separation, increasing peak capacity and reducing chemical noise.3,4 
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where e is the elementary charge, N is the drift gas number density, μ is the reduced mass of the ion-

neutral drift gas pair, kb is the Boltzmann constant, T is the temperature, z is the charge of the ion, 

and Ω is the CCS of the ion. The CCS is a property related to the shape of the ion. Under well-defined 

conditions, the CCS can be considered as an ion descriptor5-7 in the same way as its accurate mass. 

In most IMS methods, the separation takes place in the millisecond time scale8 allowing the mass 

and CCS values of each detected ion to be extracted. Ion mobility mass spectrometry (IM-MS) is 

therefore a powerful structural and analytical technique. Confidence in the CCS values earn interest 

to improve the analytes’ identification accuracy by the MS method, especially for isomeric or near-

isomeric compounds.9-11 

CCS searchable databases are available for many types of small molecules including lipids, steroids, 

or metabolites.4,12,13 IM has so far been successfully implemented to conventional LC-MS-based 

metabolomics and lipidomics workflows and shows promising results in terms of peak capacity, 

spectral clarity, and fragmentation specificity. Despite a rapidly growing number of available CCS 

values, the CCS coverage remains however limited due to the lack of available reference standards. 

The CCS can thus also be calculated based on ab initio computation, but this approach is not a trivial 

task and is usually reserved to small molecules.14,15 The last option for CCS extraction is to use a 

machine-learning algorithm. Several CCS calculations using machine-learning approaches have 

been already published on lipids16 and on peptides.17 

Thanks to high-resolution IM, several published papers have reported the identification of 

protomeric tautomers,18-22 also called protomers on small molecules, such as aniline,23-25 

norfloxacin,26-28 benzocaine,29 nicotine,30 or melphalan.31 Protomeric is an adjective describing a 
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particular form of tautomerism, in which the isomers differ only in the proton positions. The 

protomeric tautomer distribution of an ion is related to its tautomerism energy landscape and the 

energy provided to this ion. Assuming the population of ions is in microcanonical equilibrium that 

can be defined by an apparent temperature, a Boltzmann-like distribution can be used to describe 

the population distribution of the various protomers. The most stable protomers should be the most 

abundant. However, in IM-MS analysis, protomers are dynamically trapped, and slow isomerization 

can take place if trapping becomes long enough and if heating occurs during trapping. The 

prediction of CCS distribution in IM-MS is therefore challenging and will be strongly dependent on 

the instrument settings (i.e., electrospray source voltage, cone voltage, desolvation temperature, or 

solvent nature). As an undesired result, one can observe different IMS profiles for the same ion 

submitted to protomeric tautomerism from one instrument setting to another. The use of a CCS 

value extracted from an IMS distribution requires then to consider the effect of the protomeric 

tautomerism, when this can occur. 

When it turns to peptide protomers, the presence of a basic residue (lysine, arginine, or histidine) in 

the peptidic sequence is an energetically favorable site for protonation. The question raised in this 

work is the following: What are the preferential sites of protonation when there is not a unique 

favorable site? To answer to this question, we used the lipopeptide surfactin (Figure 1) as a reference 

compound for protomer exploration, as this molecule does not bear a basic residue in its peptidic 

sequence. In addition, the surfactin molecule does not form multicharged ions (singly and doubly 

charged ions are the most common charge states), simplifying the study of protomer formation. 

Figure 1. Surfactin structure. 

 

 

Methods 

CHEMICALS. Trifluoroacetic acid (TFA) and formic acid were purchased from Sigma-Aldrich 

(Overijse, Belgium). Acetonitrile of LC-MS grade was purchased from Biosolve (Valkenswaard, 

Netherlands). 
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SURFACTIN PRODUCTION AND EXTRACTION. The strain used for surfactin production was 

Bacillus velezensis GA1. The strain was inoculated on a semisolid agar-based PDA (potato dextrose 

agar) medium and grown for 2 days at 30 °C. Surfactin was extracted by selecting the area of gelified 

medium corresponding to the Bacillus velezensis GA1 colony and adding 2 mL of 70% ACN. The 

mixture was vortexed and ultrasonicated for 1 min. After regular stirring for 2 h at room temperature, 

the extract was evaporated to dryness in a speed-vac instrument and resuspended in 1 mL of pure 

ACN. 

HPLC SEPARATION. Lipopeptides were separated by UPLC (Acquity H-Class, Waters, Milford, 

MA, USA) on an ACQUITY BEH C18 130 A, 1.7 μm, 1 X 150 mm column (Waters, Milford, MA, USA). The 

elution was performed at a flow rate of 110 μL/min at 40 °C in 20 min. Mobile phase A corresponds 

to H2O with 0.1% formic acid, and mobile phase B corresponds to ACN with 0.1% formic acid. The 

gradient starts 2 min after the injection at 50% of mobile phase B, reaches 99% after 14 min of the 

run, and is held for 2 min. Mobile phase B is then lowered to 50% for 4 min for column re-

equilibration. The HPLC separation in reverse phase mode of surfactin enables the variants to be 

eluted according to their lateral chain length and their CH2 branching mode. 

ION MOBILITY MASS SPECTROMETRY. The HPLC-eluted compounds were detected by ion 

mobility mass spectrometry on a timsTOF instrument (Bruker, Bremen, Germany) in positive and 

negative ESI mode. The capillary source was set to 3500 V, the nebulizer was set to 4 bar, the dry gas 

was set to 8.5 L/min, and the dry temperature was set to 200 °C. In ion mobility mode, the TIMS 

electric field gradient scan time was set to 200 ms with a duty cycle set at 50% unless otherwise 

specified. The TIMS cell was operated with N2 as the drift gas. The TIMS ramp start was set to 0.7 and 

to 0.5 V·s/cm2 in positive and negative ionization mode, respectively. The TIMS ramp end was set to 

2.2 and 1.8 V·s/cm2 in positive and negative ionization mode, respectively. Quadratic mass 

calibration and linear ion mobility calibration were performed using Agilent Tune Mix (Agilent 

Technologies, Santa Clara, CA, USA) from m/z 200 to 2000. For breakdown curve experiments, the 

ion m/z 1022.6762 ± 0.5 corresponding to singly charged C14 surfactin was selected in the 

quadrupole and subject to fragmentation by CID with a collision voltage ranging from 5 to 55 V. The 

breakdown curves were generated by monitoring the signal intensity of the precursor ions upon the 

collision energy after a signal normalization to the total ion current (TIC). The collisional energy 

corresponding to a fragmentation of 50% of the precursor ions (CE50) was determined from the 

inflection point of the breakdown curves after a sigmoid fitting, corresponding to the maximum 

value of the fitting equation derivative (Gaussian shape). 

COMPUTATIONAL CHEMISTRY. All the stable structures of protonated nC14 surfactin were 

modeled considering all O and N atoms as potential protonation sites. ChemDraw software 

(ChemOffice 2013 suite, PerkinElmer) was used to design the 2D structure of nC14 surfactin, based 

on the Norine Database32 SMILES structure of surfactin. The unprotonated structure was first 

optimized by molecular mechanics using an MM2 force field with ChemBio3D software. 

Finally, stable structures of singly charged surfactin nC14 were obtained from density functional 

theory (DFT) optimization using Gaussian 09.33 All atoms were described using the CAM-B3LYP34 
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functional and the 3-21g basis set. The stable structures were validated with the absence of 

imaginary values of vibrational frequencies 

DATA PROCESSING. The HPLC-IM-MS results were analyzed and extracted with Data Analysis 

v5.1 (Bruker, Bremen, Germany). Breakdown curves were constructed with an in-house Python 

software, and graphs were built on JMP (SAS, Cary, NC, USA). 

Figure 2. Extracted ion chromatogram of m/z 1022.6762. The three elution peaks correspond to three different 

surfactin variants listed in Table 1. 

 

Results and discussion 

SCREENING FOR ENERGETICALLY STABLE PROTONATION SITES. In a routine mass-

spectrometry-based proteomics experiment, the presence of a C-terminal basic residue (that is 

often obtained after a trypsin digestion for example) would enhance the ionization in positive 

mode.35 In a protomer study, however, the presence of a basic amino acid in every peptide 

represents a favorable protonation site,36 and the chances to have several equivalent protonation 

sites (i.e., leading to protomers) are relatively low. Therefore, the surfactin molecule represents a 

particularly suitable model for the study of protomers, as there is no basic amino acid in the 

sequence. A first screen of the number of energetically favorable protonation sites was performed 

by a computational chemistry approach. All possible protonation sites were taken into account as 

every heteroatom was considered. For the negative mode, the relative energy of deprotonation sites 

(corresponding to the acidic residues of asparagine and glutamine) was calculated. The obtained 

results are provided in the Supporting Information (Figure S2, Table S1). 

In positive ionization mode, the calculations show five energetically favorable protonation sites. In 

the negative ionization mode, only one deprotonation site seems to be energetically favorable. The 

calculations are compatible with the presence of several protomers of surfactin in the positive 

ionization mode, while no protomers of surfactin would be detected in the negative ionization 

mode. 

HPLC ISOLATION OF nC14 SURFACTIN. Before the CCS measurement, the different variants 

of surfactins were previously separated by HPLC, to ensure that the same surfactin structure is 

considered. The extracted ion chromatogram of m/z 1022.6762 corresponding to singly charged 

surfactin (M + H)+ shown in Figure 2 presents three elution peaks. Based on the MS/MS results (Figure 

S1), the two first peaks were identified as C14 surfactin, and the third peak was identified as C15 
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surfactin. Since the anteiso configuration is only found in an uneven carbon chain length,37 the two 

elution peaks corresponding to surfactin C14 were identified as iso- C14 surfactin (iC14) and linecar-

C14 surfactin (nC14), based on the work of Toure et al.38 The different surfactin variants 

corresponding to m/z 1022.6762 are listed in Table 1. 

Table 1. m/z 1022.6762 Surfactin Variantsa 

peak nb lipopeptides formula .retention 
times (min) 

relative 
proportions 

(%) 1 surfactin iC14 C52H91N7O13 11.2 25.2 

2 surfactin nC14 C52H91N7O13 11.4 66 

3 surfactin C15 C52H91N7O13 12.1 8.8 
a
The relative proportions were obtained from the area under the curve 

For the following analysis in this work, only the nC14 surfactin variant (corresponding to the second 

elution compound) will be considered, as it is the variant that is the most present (66% of relative 

intensity) in the extract. 

TRAPPED ION MOBILITY PROFILES OF nC14 SURFACTIN. The ion mobility profile of the 

RP-HPLC isolated variant of surfactin nC14 was then recorded on the timsTOF instrument in positive 

and in negative mode ionization. The CCS distribution of m/z 1022.6762 [M + H]+ and m/z 1020.6602 

[M - H]- extracted during the elution of nC14 surfactin (RT 11.4 ± 0.1 min) are displayed in Figure 3. 

Interestingly, the EIC of nC14 surfactin in positive ionization mode shows three different IM bands 

(named CCSsurf1, CCSsurf2, and CCSsurf3, corresponding to 316.2, 321.5, and 335.2 A2, respectively). In 

negative ionization mode, however, only one IM band is detected at 317.0 A2. The variants of 

surfactin being previously separated by RP-HPLC, the IM profile observed corresponds to an 

identical analyte molecule. The IM profile of nC14 surfactin would therefore suggest the presence of 

gas-phase charge site isomers (protomers) in positive ionization mode. The proton is suspected to 

be localized on different atoms and to induce slight changes in the structure that can be observed in 

ion mobility. In negative ionization mode, however, the ions remain monoisomeric, as only one IM 

band is observed. These results are in line with the computational calculations results (see Figure S-

2, Table S- 1). 

The assumption of a prototropism isomerism is reinforced when the accumulation time (before the 

TIMS elution) is changed while holding the ramp time constant39,40 (here at 200 ms). As shown in 

Figure 4 for the protonated nC14 surfactin ions, the ion mobility profile changes when the 

accumulation time is reduced from 200 to 100 ms (100% to 50% duty cycle, respectively). This 

suggests that the observed population of nC14 surfactin structures is kinetically trapped in the 

measurement time scale and changes in function of the accumulation time. A longer accumulation 

time is expected to allow slower isomerization reaction to occur. 
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Figure 3. EIM of nC14 surfactin in positive (top) and in negative (bottom) mode ionization.  

 

 

Figure 4. Extracted ion mobilogram of nC14 surfactin in positive mode ionization. (A) Duty cycle set at 100% 

(corresponding to 200 ms). (B) Duty cycle set at 50% (corresponding to 100 ms). 

 

 

Figure 5. Survival yield of CCSsurf1, CCSsurf2, and CCSsurf3 for collision energies ranging from 5 to 55 eV. The solid lines 

correspond to the presucrsor ion intensities (normalized to the total ion count). The dashed lines correspond to 

the fragment ion intensities (normalized to the total ion count). 
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Figure 6. (A) LC-IM-MS/MS spectrum of nC14 surfactin, m/z 1022.6762, 40 eV, @RT, 11.4 min, corresponding to the 

CCSsurf1 (316.2 A2). (B) LC-IM-MS/MS spectrum of nC14 surfactin, m/z 1022.6762, 40 eV, @RT, 11.4 min corresponding 

to the CCSsurf3 (335.2 Ǻ2). The fragment m/z 794.5632 corresponding to the B5 fragment (highlighted in yellow) 

appears to be much more abundant in the MS/MS profile of the CCSsurf3. (C,D) Evolutions of the intensities of m/z 

794 (red) and m/z 796 (blue) divided by the precursor ion intensity according to the collision energy (eV) for CCSsurf1 

(C) and CCSsurf3 (D). b+ ions correspond to a cycle opening at the ester bond, while B+ fragments correspond to a 

cycle opening at the peptide bond (between Leu1 and Leu2). 

 

 

Figure 7. Suggested fragmentation routes for surfactin ions. (A) Cycle opening occurs at a peptidic bond. 

Mechanism is adapted from Paizs and Suhai.45 The obtained Bx fragments are shown in green. (B) Cycle opening 

occurs at the ester bond, according to the rearrangement mechanism adapted from Yao et al.46 The obtained bx 

fragments are shown in orange. B3 and b3 fragments have the same mass (m/z = 582) but not the same structure. 

Indeed, the B3 sequence corresponds to L-β-OH fatty acid-E-L, and the b3 sequence corresponds to β-OH fatty 

acid-E-L-L. 

 

 

nC14 SURFACTIN SURVIVAL YIELD. The presence of protomers separated by ion mobility 

mass spectrometry can be further supported by the analysis of fragmentation behavior of the 

different surfactin ions. The previously separated surfactins CCSsurf1, CCSsurf2, and CCSsurf3 were 

fragmented at different collision energies ranging from 5 to 55 eV. The relative intensity of the 

precursor ion and the fragments ions are plotted in Figure 5 in function of the collision energy (eV). 

The survival yields of the three potentially different protomers of surfactins shows different values 

of CE50 for CCSsurf1, CCSsurf2, and CCSsurf3 (36.2, 34.3, and 30.5, respectively). If the compounds were 

identical, the same CE50 would have been observed. This result is thus in agreement with the 
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protomer hypothesis. Indeed, depending on the proton localization, the different molecules are 

expected to have different stabilities. The more stable the protomer, the more energy will be 

required to induce its fragmentation. The CCSsurf3 appears to be the less stable protomer, as its CE50 

is the lowest. Oppositely, CCSsurf1 is the most stable protomer, as its CE50 is the highest.  

nC14 SURFACTIN FRAGMENTATION. Since surfactin is a cyclic lipopeptide, its fragmentation 

is expected to take place in a fast two-step process. The peptidic cycle has to first open before 

fragmentation. The peptidic cycle opening can occur either at a peptidic bond or at the ester 

bond,41,42 leading to protonated ring-opened forms with different linear sequences. The protonated 

ring-opened forms are isobaric and will be immediately fragmented further, as observed through 

the collision unfolding experiment (CIU) provided in the Supporting Information (Figure S3). 

Therefore, the protonated ring-opened forms cannot be detected in IMS. The ring-opening step is 

thus the surfactin fragmentation. According to the scientific literature, it is commonly reported that 

the cycle opening occurs at the ester bond.43,44 Following this initial cleavage, a series of b+ and y+ 

ions can be assigned in the linear sequence β-OH fatty acid- E-L-L-V-D-L-L. These fragments issued 

from the ester bond cycle opening were detected in the three MS/MS spectra of the surfactins 

previously separated in ion mobility and are shown in Figure 6A for the CCSsurf1 ion and in Figure 6B 

for the CCSsurf3 ion. For information, MS/MS spectra of CCSsurf2 are provided in the Supporting 

Information (Figure S4). This observation confirms that the three surfactin ions separated in ion 

mobility show the same structure. For example, the fragment Y6 +H2Oatm/z 685.4481, corresponding 

to the loss of the fatty acyl chain and the glutamine residue, shows that the amino acid chain length 

remains the same for all the surfactin tautomers separated in ion mobility. 

In the MS/MS spectra of the CCSsurf3 ion shown in Figure 6B, the presence of the fragment m/z 

794.5632 is significantly more intense than in the MS/MS spectra of CCSsurf1 (highlighted in yellow on 

the figure) and could originate from another cycle opening route. This fragment was identified as 

part of the serie of B+ fragments m/z 1022  909  794  695  582  469, consistent with the loss 

of Leu, Asp, Val, Leu, and Leu, from the C-terminus. According to these CID fragments, the sequence 

could be deduced as -β-OH fatty acid-E-L-L-V-D-L, suggesting a ring-opening localization between 

the amino acids Leu1 and Leu.2 The cycle opening mechanism previously described by Paizs and 

Suhai45 is shown in Figure 7. 

This second fragmentation route is observed in the three surfactin ions separated by IM, but the 

fragment m/z 794 appears to be up to 6 times more intense for the CCSsurf3 ions than for the CCSsurf1 

ions (Figure 6C,D). In the CCSsurf3 ions, the relative intensity of the fragments at m/z 794 (specific to 

the ring opening between the amino acids Leu1 and Leu,2 shown in Figure 7A) is higher than the 

relative intensity of the fragments at m/z 796 (specific to the ring opening at the ester bond, shown 

in Figure 7B). It is also worth noticing that both fragment ratios m/z 794 and m/z 796 are more intense 

in CCSsurf3 than in CCSsurf1, signifying that CCSsurf3 has a higher fragmentation yield at the same 

collision energy. These results are in agreement with the obtained survival yield results that 

suggested that the CCSsurf3 corresponds to the less stable ions and fragments at lower energy. Finally, 

in the protomer hypothesis, initial localization of the proton is suspected to modify the surfactin ion 

stability and to potentially favor another ring-opening site, as it is the case for CCSsurf3. 
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Conclusion 

Our results on surfactin confirm that the presence of protomers is not limited to small molecules 

and can also occur on peptides, especially when no there is no basic amino acid in the peptide 

sequence, leaving a distribution of protonation sites. Thanks to computational chemistry, we were 

able to detect several energetically accessible sites for proton fixation. The presence of protomers 

of surfactin was confirmed in positive ionization mode by successfully separating the protomers in 

ion mobility, while no tautomers were observed in the negative ionization mode. Based on this 

result, a very simple approach to detect protomers can be the comparison of the ion mobility profile 

of a purified molecule in positive and in negative ionization mode. 

The protomer hypothesis was then confirmed with the fragmentation study of surfactins, where 

another ring-opening localization was detected. So far, the study of protomers in peptides remains 

at its infancy, but this approach should be beneficial to better understand the fragmentation 

behavior observed in peptides. The presence of protomers should indeed be taken into account 

when observing odd fragment intensities, especially when analyzing cyclic peptides. 

To conclude, we have shown in this work that for cyclic peptides, the proton can be localized in 

several energetically equivalent sites, leading to (i) a modification in the structure that can be visible 

in ion mobility and to (ii) a different ring opening that can be seen in MS/MS analysis. 

Associated content 

SUPPORTING INFORMATION 

The Supporting Information is available free of charge at 

https://pubs.acs.org/doi/10.1021/jasms.2c00035. 

Figures S1-S3 and Table S1 display surfactin fragmentation at different retention times, list of 

protonation and deprotonation sites with their corresponding localization on the surfactin 

molecule, surfactin nC14 collision-induced unfolding, and LC-IM-MS/MS spectrum of CCSsurf2 (PDF) 
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