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ABSTRACT: Metal ions can play a significant role in a variety of important functions in protein systems including cofactor for 

catalysis, protein folding, assembly, structural stability and conformational change. In the present work, we examined the influence 

of alkali (Na, K and Cs), alkaline earth (Mg and Ca) and transition (Co, Ni and Zn) metal ions on the conformational space and 

analytical separation of mechanically interlocked lasso peptides. Syanodin I, sphingonodin I, caulonodin III and microcin J25, 

selected as models of lasso peptides, and their respective branched-cyclic topoisomers were submitted to native nESI trapped ion 

mobility spectrometry – mass spectrometry (TIMS-MS). The high mobility resolving power of TIMS permitted to group 

conformational families that are preserved regardless of which metal ion is incorporated. The lower diversity of conformational 

families for syanodin I as compared to the other lasso peptides supports that syanodin I probably forms tighter binding interactions 

with metal ions limiting their conformational changes in the gas-phase. Conversely, the higher diversity of conformational families 

for the branched-cyclic topologies further supports that the metal ions probably interact with a higher number of electronegative 

groups arising from the fully unconstraint C-terminal part. A correlation between the lengths of the loop and the C-terminal tail with 

the conformational space of lasso peptides becomes apparent upon addition of metal ions. It was shown that the threaded C-terminal 

region in lasso peptides allows only for distinct interactions of the metal ion with either residues in the loop or tail region. This limits 

the size of the interacting region and apparently leads to a bias of metal ion binding in either the loop or tail region, depending 

whichever section is larger in the respective lasso peptide. For branched-cyclic peptides, the non-restricted C-terminal tail allows 

metal coordination by residues throughout this region, which can result in gas-phase structures that are sometimes even more compact 

than the lasso peptides. The high TIMS resolution also resulted in the separation of almost all lasso and branched-cyclic topoisomer 

metal ions (r ~ 2.1 on average). It was also demonstrated here, that the metal incorporation (e.g., doubly cesiated species) can lead to 

the formation of a preferential conformer, which results in a better analytical separation and discrimination between lasso and 

branched-cyclic topologies using TIMS-MS. 

 

Metal ions play a vital role in many biological processes.1 

They act in a variety of important functions in protein systems 

including enzyme catalysis, protein folding, assembly, 

structural stability and conformational change.2, 3 The 

presence or absence of a specific metal ion is crucial to the 

conformational space and/or chemical functionality of over 

one third of all proteins.1, 4 Several structural studies aimed to 

determine the binding site locations,5-7 the nature of metal ion 

coordination,8-10 and the role of metal–ligand interactions on 

structure and function.11, 12 Interactions between metal ions 

and biomolecules have been investigated using well 

established techniques such as circular dichroism,13, 14 nuclear 

magnetic resonance (NMR) spectroscopy,15, 16 and x-ray 

crystallography.17, 18 Furthermore, the structures of metal-

containing peptides and proteins in the gas-phase have been 

reported using mass spectrometry19-23 equipped with soft 

ionization sources such as electrospray ionization (ESI).24 

Interestingly, the addition of metal ions often influences the 

fragmentation patterns upon activation.25-28 In addition, the 

potential of metal ions to differentiate isomer species, which 

present the same fragmentation pattern, has been shown using 

tandem mass spectrometry.29-33 All these results suggest the 

existence of highly-specific metal-binding sites. 

The interaction of peptides and proteins with metal ions has 

been a subject of considerable interest in ion mobility 

spectrometry coupled to mass spectrometry (IMS-MS) since 

the pioneering work of Clemmer and Jarrold.34-42 These 

studies showed the potential of IMS-MS to provide a more 

detailed understanding of the basic interactions that occur and 

represent an important step in the conformational engineering 

of peptides and proteins. In addition, the implementation of 

the IMS technique makes the use of metal ions a powerful tool 
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for the separation of isomers which are present in close 

conformational spaces. In fact, metalated biomolecules in the 

gas phase tend to differ in conformation from their protonated 

analogs, as the metal ion can be multiply charged, can bind to 

other sites, and/or coordinates differently because of specific 

chemistry.43 If these deviations are unequal for two isomer 

species, metalation can potentially enhance their separation in 

IMS devices with modest resolving power (R ~30-60).44-47 

The push for higher resolution and sensitivity has led to the 

development of other forms of IMS devices, including trapped 

IMS (TIMS).48, 49 The coupling of TIMS-MS48-53 has found 

multiple applications in analytical workflows which need high 

mobility resolving power (R up to ~400).54 TIMS-MS devices 

have proven useful for rapid separation and structural 

elucidation of biomolecules,53, 55-65 for screening55 and 

targeted51, 53 analysis of complex mixtures, tracking 

isomerization kinetics,56-58 characterizing the conformational 

spaces of peptides,66 separation of D-amino acid containing 

peptides,67 DNA,59 proteins,68, 69 and macromolecular 

complexes in native and denatured states.70 The effect of metal 

incorporation in peptide systems has not been reported using 

TIMS devices, although similar analytical enhancement to 

those observed previously with other variants of IMS are 

expected.  

Research on metal-peptide systems provides a basis for 

understanding metal interactions occurring in biochemically 

relevant systems. In particular, class II lasso peptides are a 

structurally fascinating class of ribosomally synthesized and 

post-translationally modified peptides (RiPPs) exhibiting a 

unique mechanically interlocked topology.71, 72 They display a 

rigid and compact structure where the C-terminal tail is 

threaded through and trapped within an N-terminal 

macrolactam ring, leading to a [1]rotaxane type structure 

(Figure S1). Strong sterical constraints, which come from 

bulky amino acids located above and below the macrolactam 

ring that are called plugs, stabilize the entropically disfavored 

lasso structure. Many lasso peptides were discovered through 

genome mining approaches and isolation and characterization 

of new representatives of this RiPP family is still an active 

area of research.73-78 Diverse biological activities have been 

reported for class II lasso peptides, including antimicrobial, 

enzyme inhibitory or receptor antagonistic properties.71, 72 The 

extraordinary rigid and compact structure of the mechanically 

interlocked lasso topologies, together with their panel of 

biological activities makes them a promising scaffold for next 

generation drug design.79, 80 One limitation to the activity and 

further developments of lasso peptides is the unthreading of 

the C-terminal tail, a trend reported for certain lasso peptides, 

which yield their corresponding branched-cyclic topoisomers, 

although there are also numerous examples of lasso peptides 

that are resistant to thermally-induced unthreading.73, 81-83  

In this study, four mechanically interlocked lasso peptides, 

caulonodin III, microcin J25, sphingonodin I and syanodin I, 

with their corresponding unthreaded branched-cyclic 

topoisomers were investigated using native nESI-TIMS-MS 

(Table 1). These four lasso peptides were specifically selected 

according to the lengths of the loop and the C-terminal tail 

region which could provide different binding interactions with 

the metal ions. In the following discussion, a special emphasis 

will be placed on the influence of alkali (Na, K and Cs), 

alkaline earth (Mg and Ca) and transition (Co, Ni and Zn) 

metal ions on lasso and branched-cyclic topoisomer ion 

conformation and separation. 

EXPERIMENTAL SECTION 

Materials and Reagents 

Microcin J25 was produced, as described previously,84 by 

cultivation of Escherichia coli MC4100 harboring the plasmid 

pTUC202,85 in M63 medium at 37 °C for 16 h. Caulonodin 

III,73 sphingonodin I,73 and syanodin I,73 were produced 

heterologously in E. coli BL21 (DE3) under controlled 

conditions as described elsewhere (Table S1). The 

experimental conditions are listed in detail in the Supporting 

Information (Table S1). 

The purification procedures were started with centrifugation 

to separate cell pellets and culture supernatants. Microcin J25 

was extracted from the culture supernatants by solid phase 

extraction using SepPak C8 or C18 reversed-phase cartridges 

(Waters). The elution was performed using water with 0.1 % 

formic acid and acetonitrile mixtures with increasing content 

of acetonitrile, and the fractions of interest were then 

evaporated under reduced pressure. A second purification step 

was performed by reversed-phase high performance liquid 

chromatography (HPLC). Caulonodin III, sphingonodin I and 

syanodin I were isolated from cell pellets by extraction with 

methanol. The resulting extracts were directly subjected to 

HPLC purification steps as mentioned previously. 

The branched-cyclic peptide of syanodin I was obtained by 

heating the lasso peptide at 95°C for 3 h and was subsequently 

purified by reversed-phase HPLC. For caulonodin III, 

microcin J25 and sphingonodin I, which   
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Table 1. Summary of the studied lasso and branched-cyclic peptides. The macrolactam rings are highlighted in green, the 

loops in blue, the plugs in red and the C-terminal tails in orange. The proposed plugs-of lasso peptides, for which the 3D 

structures have not been determined, are colored in purple. 

Peptide Sequence Molecular mass (Da) Topology 

    

Syanodin I GISGGTVD8APAGQGLAG16 1409.50 

 

Syanodin I branched-cyclic GISGGTVD8APAGQGLAG16 1409.50 

 

Sphingonodin I GPGGITGD8VGLGENNFG17 1542.61 

 

Sphingonodin I branched-cyclic GPGGITGD8VGLGENNFG17 1542.61 

 

Caulonodin III GQIYDHPE8VGIGAYGCE17 1789.92 

 

Caulonodin III branched-cyclic GQIYDHPE8VGIGAYGCE17 1789.92 

 

Microcin J25 GGAGHVPE8YFVGIGTPISFYG21 2107.32 

 

Microcin J25 branched-cyclic GGAGHVPE8YFVGIGTPISFYG21 2107.32 

 
    

 

are heat stable lasso peptides, topoisomeric variants were 

obtained by solid-phase synthesis from Genepep (St Jean de 

Védas, France). The carbonate salts of Na, K, Cs, Mg, Ca, Co, 

Ni and Zn were purchased from Acros Organics (New Jersey, 

USA). The peptides were dissolved in 10 mM NH4Ac (native 

conditions) to 5 µM with or without 70 µM of a carbonate salt. 
The instrument was initially calibrated using the Tuning Mix50 

from Agilent (Santa Clara, CA). 

TIMS-MS Experiments 

We employed a custom nESI-TIMS unit coupled to an Impact 

Q-TOF mass spectrometer (Bruker, Billerica, MA).48, 49 The 

TIMS unit is run by custom software in LabView (National 

Instruments) synchronized with the MS platform controls.49 

Sample aliquots (10 L) were loaded in a pulled-tip capillary 

biased at 700-1200 V to the MS inlet. TIMS separation 

depends on the gas flow velocity (vg), elution voltage (Velution), 

ramp time (tramp) and base voltage (Vout).48, 86 The mobility, K, 

is defined by: 

𝐾 =  
𝑣𝑔

𝐸


𝐴

(𝑉𝑒𝑙𝑢𝑡𝑖𝑜𝑛− 𝑉𝑜𝑢𝑡)
                     (1) 
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The mobility calibration was determined using known 

reduced mobilities of Tuning Mix components (K0 of 1.013, 

0.835, and 0.740 cm2/(V.s) for respective m/z 622, 922, and 

1222) using the method previously described.50 The buffer gas 

was N2 at ambient temperature (T) with vg set by the pressure 

difference between the funnel entrance (P1 = 2.6 mbar) and 

exit (P2 = 1.1 mbar, Figure S2). An rf voltage of 200 Vpp at 

880 kHz was applied to all electrodes. A typical scan rate (Sr 

= Vramp/tramp) of 0.56 V/ms was used. The measured 

mobilities were converted into CCS (Å²) using the Mason-

Schamp equation: 

𝛺 =
(18π)1/2

16

𝑞

(𝑘𝐵𝑇)1/2 
(

1

𝑚
+

1

𝑀
)

1/2 1

𝑁
×

1

𝐾
           (2) 

where q is the ion charge, kB is the Boltzmann constant, N is 

the gas number density, m is the ion mass, and M is the gas 

molecule mass.86 The IMS peaks were fitted with Gaussian 

distributions using OriginPro 2016. The resolution r is 

defined as r = 1.18*(Ω2-Ω1)/(w1+w2), where w is the full peak 

width at half maximum (FWHM). 

RESULTS AND DISCUSSION 

Influence of Metal Ions on Lasso and Branched-Cyclic 

Topoisomer Ion Conformation 

The distribution of lasso and branched-cyclic peptide ions 

(either protonated, or containing metal ions) mostly displayed 

[M+2H]2+, [M+H+X]2+ and/or [M+2X]2+ charge state species 

when using native nESI. Typical high resolution TIMS spectra 

for protonated and metalated forms of the individual lasso 

peptides (caulonodin III, microcin J25, sphingonodin I and 

syanodin I) and their corresponding unthreaded branched-

cyclic topoisomers are shown in Figures 1 and S3 and their 

collision cross sections (CCS) are listed in Table S2-S5. As 

previously reported,87 the high resolution of TIMS permitted 

the separation of multiple IMS bands for the protonated lasso 

and branched-cyclic peptides (highlighted in black in Figure 

1). The observation of multiple compact and extended 

conformations suggested the presence of several 

combinations of intramolecular charge-driven and/or 

hydrogen bond interactions, especially between residues in the 

flexible C-terminal tail (highlighted in orange in Table 1) and 

the macrolactam ring (in green).88-90 It is difficult to predict 

the charge localization as well as the effect of substituting 

protons for metal ions on the conformational space. In fact, a 

previous work has shown that replacing a proton by a sodium 

in polyalanine chains reduces the abundance of globular 

structures by promoting more extended conformations,91 

while another different study reported a decrease in CCS 

leading to more compact structures.37 These results provide 

evidence that sodium ions interact in different ways with 

functional groups of the peptide backbone and thereby are 

stabilizing the gas-phase conformation. We predict that the 

multiple interactions between the metal ions and the peptides 

under a given conformation will probably be stabilized 

through the electronegative groups. 

Although solution conditions were designed to favor 

metalated peptide ions, protonated species were also 

observed. All of the metalated species studied here led to 

noticeable changes in the CCS distributions as compared to 

the protonated species (Figures 1 and S3). CCS values 

generally increased upon incorporating metal ions for lasso 

peptides except for syanodin I. For example, the doubly 

cesiated species (highlighted in dark orange in Figure 1a) of 

sphingonodin I, caulonodin III and microcin J25 led to a 

relative mobility increase of 4.0%, 3.2% and 6.5%, 

respectively. Conversely, the relative CCS appears to be 

smaller when replacing a proton by metal ions in syanodin I 

(Figures 1 and S3). For example, the doubly cesiated species 

(highlighted in dark orange in Figure 1a) led to a relative 

mobility decrease of 1.5%. This suggests that syanodin I 

probably forms tighter binding interactions with these metals 

than sphingonodin I, caulonodin III and microcin J25. In the 

case of the branched-cyclic peptides, the shifts of the 

metalated compared to protonated species are generally less 

pronounced than for the lasso peptides (Figure 1). This 

suggests that the metal ions probably bind with a higher 

number of electronegative groups than the lasso peptides. In 

fact, metal ions can interact with the full flexible C-terminal 

part of the unconstraint branched-cyclic peptides leading to 

higher number of metal coordination than the mechanically 

interlocked topology which have less available place. This 

involves in some cases to branched-cyclic conformations that 

are more compact than the lasso structures (Figure 1). 

Comparison of the TIMS profiles of the metalated species 

showed common bands regardless of which metal ion is 

incorporated (Figures 1d, 1e and S3 and Tables S2-S5). In 

fact, syanodin I can be grouped in four conformational 

families among all the investigated metal ions (Figures 1d and 

S3 and Table S2). The structure at ~377 Å² can be obtained by 

adding one or two sodium, a magnesium and a calcium. The 

conformation at ~387 Å² is preserved in the protonated, 

cesiated, doubly sodiated, magnesiated and calciated species. 

The structure at ~394 Å² is common to all the metal ions 

except with two sodium and a calcium. The motif at ~401 Å² 

is preserved for the protonated, singly alkali and alkaline earth 

metalated ions.  

For sphingonodin I, the structures of all the metal ions studied 

can be divided in six conformational families (Figures 1d and 

S3 and Table S3). The structure at ~396 Å² is obtained with 

the protonated, calciated and nickelated species. The 

conformation at ~401 Å² can be obtained with the protonated 

species and by adding two sodium, a magnesium, a calcium 

and a zinc. The structure at ~404 Å² is preserved for the 

protonated and all the metalated species except for the doubly 

sodiated and cesiated species. The motif at ~410 Å² is 

preserved for the transition metal ions, magnesium and all the 

alkali metal ions except in the case of the doubly cesiated 

species. The conformational family at ~415 Å² is common to 

all the investigated metal ions. The structure at ~420 Å² is 

obtained for all the singly alkali and doubly sodiated species. 

The structures of caulonodin III can be grouped in five 

conformational families (Figure 1d and S3 and Table S4). The 

structure at ~436 Å² is obtained with the alkaline earth and 

zincated species. The conformation at ~440 Å² can be 
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obtained with the protonated species and by adding alkaline 

earth and transition metal ions. The structure at ~446 Å² is 

common to all the metal ions except for the cesiated species. 

The motif at ~449 Å² is preserved for one cesium, two 

potassium and for all the alkaline earth and transition metal 

ions. The conformational family at ~454 Å² is obtained only 

for the doubly cesiated, cobaltiated and zincated species. 

For microcin J25, the structures of all the metal ions studied 

can be divided in six conformational families (Figures 1d and 

S3 and Table S5). The structure at ~476 Å² is obtained with 

the protonated, singly sodiated and potassiated and 

magnesiated species. The conformation at ~482 Å² can be 

obtained with the protonated species and by adding one 

sodium, a magnesium, a cobalt and a nickel. The structure at 

~490 Å² is preserved for the protonated and all the metalated 

species except for the doubly alkali and singly cesiated 

species. The motif at ~496 Å² is preserved for the protonated, 

doubly sodiated and potassiated and all the alkaline earth and 

transition metalated ions. The conformational family at ~505 

Å² is common to all the investigated metal ions except for the 

sodiated and singly potassiated species. The structure at ~510 

Å² is obtained for the protonated, singly cesiated, doubly 

potassiated and all the transitions metalated species. 

In the case of the branched-cyclic form of syanodin I, nine 

conformational families are observed for all the investigated 

metal ions (Figures 1e and S3 and Table S2). The structure at 

~379 Å² is obtained with the calciated, cobaltiated and 

zincated species. The conformation at ~385 Å² can be 

obtained with the protonated species and by adding one 

potassium, one cesium and all the alkaline earth and transition 

metal ions. The structure at ~390 Å² is preserved for the 

protonated, doubly potassiated, alkaline earth and transition 

metalated species. The motif at ~394 Å² is preserved for the 

protonated and by incorporating one potassium, a magnesium, 

a nickel and a zinc metal ion. The conformational family at 

~397 Å² is common to all the investigated metal ions except 

for the singly cesiated, doubly sodiated and nickelated species. 

The structure at ~401 Å² is obtained for all the metal ions 

except for the doubly sodiated and cesiated and alkaline earth 

metalated species. The structure at ~405 Å² is preserved for 

all the metal ions except for the protonated, potassiated, singly 

cesiated and magnesiated species. The IMS band at ~409 Å² 

is common to all the studied metal ions except for the 

protonated and the singly sodiated and cesiated species. The 

conformation at ~417 Å² is only observed by adding two 

potassium. 

For the branched-cyclic form of sphingonodin I, the structures 

of all the metal ions studied can be divided in six 

conformational families (Figures 1e and S3 and Table S3). 

The structure at ~404 Å² is obtained by incorporating one 

sodium, a magnesium and a calcium metal ion. The 

conformation at ~408 Å² is preserved for the protonated, 

singly potassiated and all the transition metalated species. The 

structure at ~415 Å² can be obtained with the protonated 

species and by adding two sodium, a magnesium, a calcium 

and a nickel metal ion. The IMS band at ~419 Å² is common 

to the protonated, singly sodiated, doubly potassiated and all 

the transition metalated species. The motif at ~425 Å² is 

preserved for all the metal ions except for the sodiated, 

magnesiated, cobaltiated and zincated species. The 

conformational family at ~429 Å² is common for the singly 

alkali, magnesiated, cobaltiated and nickelated species. 

The structures of the caulonodin III branched-cyclic can be 

grouped in nine conformational families (Figures 1e and S3 

and Table S4). The structure at ~433 Å² is only obtained by 

incorporating a sodium metal ion. The conformation at ~438 

Å² is preserved for all the metal ions except for the singly 

potassiated and cesiated species. The structure at ~443 Å² is 

common to all the studied metalated species. The motif at 

~448 Å² can be obtained by adding one cesium, two sodium, 

a magnesium, a calcium, a cobalt and a zinc metal ion. The 

conformational family at ~454 Å² is preserved for all metal 

ions except for the cesiated and doubly potassiated species. 

The structure at ~460 Å² is obtained for all the metal ions 

except for the doubly sodiated and cesiated, cobaltiated and 

nickelated species. The IMS band at ~472 Å² is preserved for 

the protonated, singly potassiated and cesiated and zincated 

species. The structures at ~480 and ~485 Å² are characteristic 

of the insertion of one potassium and without metal ion, 

respectively. 

For the branched-cyclic form of microcin J25, the structures 

of all the metal ions studied can be divided in seven 

conformational families (Figures 1e and S3 and Table S5). 

The structure at ~477 Å² is obtained by incorporating a single 

sodium, potassium and cesium metal ion. The conformation at 

~487 Å² is preserved only for the sodiated and calciated 

species. The IMS band at ~491 Å² can be obtained with all the 

metal ions except for the singly sodiated, doubly cesiated and 

magnesiated species. The structure at ~498 Å² is common to 

all the investigated metalated species. The motif at ~505 Å² is 

preserved for the singly sodiated and potassiated, doubly 

cesiated, magnesiated and all the transition metalated species. 

The conformational family at ~513 Å² is common in the 

protonated species and by incorporating all the alkaline earth 

and transition metal ions. The conformation at ~517 Å² is only 

observed by adding two cesium and a nickel metal ion. 

 

The lower diversity of conformational families for syanodin I 

as compared to the other lasso peptides supports that syanodin 

I probably forms tighter binding interactions with all the 

studied metal ions limiting their conformational changes in the 

gas-phase. Conversely, the higher diversity of conformational 

families for the branched-cyclic topologies further supports 

that the metal ions probably interact with a higher number of 

electronegative groups arising from the unconstraint C-

terminal part as compared to the mechanically interlocked 

lasso structures which have less available place. 
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Figure 1. Typical TIMS spectra of lasso and branched-cyclic topoisomers of the protonated (black), sodiated (magenta), potassiated (light 

blue), cesiated (dark orange), magnesiated (yellow), calciated (purple), cobaltiated (brown), nickelated (light purple) and zincated (light 

green) species. Heat maps representing the TIMS spectra are illustrated. A typical Sr of 0.56 V/ms was used.

Comparison of CCS for species with similar masses provides 

some insight about the conformational range of different 

isomeric structures that are present in the gas-phase. For lasso 

peptides, due to larger structural constraints in their secondary 

structure, it is expected that the interaction with the metal ion 

will have a lower effect than for the branched-cyclic peptides. 

That is, secondary structure elements of the mechanically 

interlocked lasso topologies may be preserved or stabilized 

upon metal ion binding while more changes are expected for 

the branched-cyclic topologies due to the unthreaded flexible 

C-terminal part. The relatively complex TIMS distribution 

(i.e., existence of multiple bands) makes it challenging to 

estimate the influence of metalated species on the 

conformational spaces of the lasso and branched-cyclic 

topologies. Therefore, determination of the weighted average 

CCS (Ʃ (CCS × Intensity) / (Ʃ Intensity), based on the CCS 

reported in Table S2-S5) in order to get a unique CCS value 

for every doubly charged species proved to be a better 

approach. At first, we plotted the CCS values as a function of 

the molecular mass for all the investigated species as a way to 

assess the conformational trend (Figure 2a). A strong 

correlation of increasing CCS with the molecular mass was 
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obtained for syanodin I, sphingonodin I, caulonodin III and 

microcin J25 with their corresponding branched-cyclic 

topoisomers (Figure 2a). In addition, the two correlations 

shown in Figure S4a revealed that the branched-cyclic 

structures are more extended than the lasso ones regardless of 

the molecular mass. 

Comparison between the CCSH and the CCSMetal enables to 

efficiently illustrate the metalation effect on the 

conformational spaces of the lasso and branched-cyclic 

topoisomers (Figure 2b). The lasso structures tend to expand 

with the metal ion adduction, as in the case of sphingonodin I, 

caulonodin III and microcin J25. However, this trend is not 

observed in the case of syanodin I where the CCSMetal are 

smaller relative to the CCSH, suggesting a compacting 

behavior upon metalation (Figure 2b). Moreover, CCSMetal 

generally tend to increase with the ionic radius of the metal 

ion for the lasso peptides (Figure 2b). This trend was clearly 

observed for the doubly alkali metalated species, for which the 

CCS2Cs > CCS2K > CCS2Na > CCS2H induced an expanding of 

the lasso structures upon metalation. In addition, this trend 

was also observed in the case of syanodin I, for which the 

metalation results in a compacting behavior. However, this 

trend was not observed for all the branched-cyclic structures, 

involving that these peptides can fully interact with metal ions 

thanks to their completely flexible C-terminal part resulting in 

distinct rearrangements (Figure 2b). The nature of the metal 

ions showed that the divalent metalated species generally 

favor the compacting or expanding behavior for lasso peptides 

as compared to the singly monovalent metalated species with 

similar ionic radius (Figure 2b). These trends were clearly 

observed for syanodin I and microcin J25 where the divalent 

metal ions induced more compact and extended 

conformations, respectively. The same trends were also 

observed for the branched-cyclic peptides. The divalent metal 

ions interact with a higher number of ionic chemical bonds as 

compared to the singly monovalent metal ions with the same 

ionic radius. 

Further inspection of the lasso structures reveals that these 

observations are related to the lengths of the loop and the C-

terminal tail of the lasso peptides (Figures 2c and S4b). In fact, 

the steric stabilization of the C-terminal region inside of the 

macrolactam ring in lasso peptides allows only for distinct 

interactions of the metal ion with either residues in the loop or 

tail region. This limits the size of the interacting region and 

apparently leads to a bias of metal ion binding in either the 

loop or tail region,  

 

Figure 2. (a) CCS for all lasso and branched-cyclic peptides as a 

function of the molecular mass of the observed protonated 

(black), sodiated (dark green and magenta), potassiated (dark and 

light blue), cesiated (red and dark orange), magnesiated (yellow), 

calciated (purple), cobaltiated (brown), nickelated (light purple) 

and zincated (light green) species. (b) Effect of the metalated 

species on the lasso (blue) and branched-cyclic (red) 

conformational spaces. (c) Effect of the metalated species on the 

lasso conformational spaces as a function of the C-terminal 

length. 
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depending whichever section is larger in the respective lasso 

peptide. For example, the short loop (4 residues) and the long 

C-terminal tail (5 residues) of syanodin I suggest that the 

metal ions are interacting with the C-terminal tail, inducing a 

compacting of the flexible C-terminal tail (Figures 2c and 

S4b). Conversely, for microcin J25, the larger loop (11 

residues) and the shorter C-terminal tail (2 residues) indicate 

that the metal ions are probably interacting with the loop, 

implying an expansion of this region (Figures 2c and S4b). For 

the unthreaded branched-cyclic peptides, incorporating a 

metal ion induces different type of structures by interacting in 

a different way with the metal ions. In fact, the branched-

cyclic form of syanodin I and microcin J25 tended to expand 

with the metal ion adduction, while sphingonodin I and 

caulonodin III adopted a more compact structure. The latter 

behavior probably arises from the non-restricted flexible C-

terminal tail that can form additional intramolecular binding 

interactions with the metal ions. In fact, the non-restricted C-

terminal tail of the branched-cyclic topology allows metal 

coordination by residues throughout this region, which can 

result in gas-phase structures that are sometimes even more 

compact than the lasso peptides, for which the topology may 

be preserved or stabilized upon metal ion binding limiting 

their conformational changes. 

Previous reports hypothesized that lasso peptides produced by 

gene clusters in proximity of a lasso peptide isopeptidase 

encoding gene might act like metallophores.92, 93 That is, that 

they would act as scavenger molecules for certain metal ions, 

which would in turn be released upon lasso peptide 

isopeptidase-mediated degradation inside the cells. If this 

hypothesis would hold true for the tested lasso peptide 

caulonodin III, sphingonodin I and syanodin I (microcin J25 

is not produced by gene clusters with a lasso peptide 

isopeptidase encoding gene), a single distinct conformation 

would appear in the IMS distribution due to the specific 

interactions typical for metallophore-metal ion complexes. 

This was not observed with any of the tested metal ions 

including the typical metallophore targets as copper and iron 

metal ions, except for the single alkali (Na, K and Cs) species 

of caulonodin III and the nickelated species of syanodin I 

(Figures 1, S3 and S5). In fact, multiple IMS bands with 

distinct CCS were observed in all these cases suggesting 

multiple interactions of the metal ions with the lasso peptides 

under these conditions. 

Influence of Metal Ions on Lasso and Branched-Cyclic 

Topoisomer Analytical Screening 

Although lasso peptides and their corresponding branched-

cyclic topoisomers share the same amino acid sequence, they 

can be differentiated based on their secondary structures.94 In 

a previous work, we showed the potential of native nESI-

TIMS-MS as a high throughput screening tool for 

identification of lasso and branched-cyclic topologies.87 

Briefly, TIMS-MS using fast scan rates resulted in baseline 

separation for doubly protonated species of sphingonodin I (r 

= 2.8, Figure S6a), caulonodin III (r = 2.5, Figure S7a) and 

microcin J25 (r = 1.9, Figure S8a).87 However, only partial 

separation was observed for syanodin I topoisomers (r = 0.7, 

Figure 3a) using fast scan rates. A known alternative to 

increase the analytical power of IMS techniques is the use of 

metalation.44-47 In fact, metalated species tend to differ in 

conformation from their protonated analogs as the metal ions 

may bind to different sites and/or coordinate differently 

because of their chemical differences, potentially leading to 

effective IMS separation.43  

The effect of alkali (Na, K and Cs), alkaline earth (Mg and Ca) 

and transition (Co, Ni and Zn) metal ions on the TIMS 

separation of lasso and branched-cyclic topoisomers is 

illustrated in Figures 3, S6, S7 and S8 for syanodin I, 

sphingonodin I, caulonodin III and microcin J25, respectively. 

Inspection of Figure 3 shows that for all cases, except the 

singly sodiated (r = 0.2, Figure 3b) and potassiated (r = 0.5, 

Figure 3c) species, the metalated species resulted in higher 

IMS resolution (r, by at least a factor of 2) between the lasso 

and branched-cyclic topoisomers compared to the IMS 

resolution achieved using the protonated species, enabling 

their identification at fast scan rates (Table S2). Concerning 

sphingonodin I (Figure S6 and Table S3), caulonodin III 

(Figure S7 and Table S4) and microcin J25 (Figure S8 and 

Table S5), for which protonated species are well resolved, the 

metalated species generally did not improve or resulted in 

comparable IMS resolution as compared to the protonated 

species. However, several metal ions allowed to obtain higher 

IMS resolution in the case of the singly potassiated (r = 4.7, 

Figure S6c) and cesiated (r = 4.8, Figure S6d) species for 

sphingonodin I, the magnesiated (r = 3.3, Figure S7h) species 

for caulonodin III and the magnesiated (r = 2.6, Figure S8h), 

calciated (r = 3.8, Figure S8i), cobaltiated (r = 3.2, Figure 

S8j), nickelated (r = 3.4, Figure S8k) and zincated (r = 3.4, 

Figure S8l) species for microcin J25. The most pronounced 

difference was observed for the [M+2Na]2+ (r = 3.4, Figure 

3e), [M+H+Cs]2+ (r = 4.8, Figure S6d), [M+Mg]2+ (r = 3.3, 

Figure S7h) and [M+Ca]2+ (r = 3.8, Figure S8i) species of 

syanodin I, sphingonodin I, caulonodin III and microcin J25, 

respectively. 

All these results did not display a general trend in term of IMS 

resolution and therefore suggest that metal ion binding 

rearrange lasso and branched-cyclic structures in different 

ways, which involves trying diverse metal ions to maximize 

resolution. However, a different number of IMS bands are 

observed as a function of the metal ion size for the same 

charge state in both topoisomers. For example, while the 

TIMS distribution of the metalated lasso and branched-cyclic 

peptide ions typically consisted of multiple bands, the TIMS 

distribution of the doubly cesiated species resulted in a single 

band for each lasso and branched-cyclic peptide couple 

(except for microcin J25 branched-cyclic that presents two 

minor IMS bands),  
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Figure 3. Typical TIMS spectra for syanodin I (blue traces) and 

its branched-cyclic topoisomer (red traces) in the (a) protonated, 

(b, e) sodiated, (c, f) potassiated, (d, g) cesiated, (h) magnesiated, 

(i) calciated, (j) cobaltiated, (k) nickelated and (l) zincated form. 

A typical Sr of 0.56 V/ms was used and the resolution (r) values 

are given. The peaks highlighted by * symbols were taken to 

calculate the resolution. 

therefore improving the discrimination between these 

topoisomers in the gas-phase (Figures 3g, S6g, S7g and S8g). 

The presence of the two additional minor IMS bands for the 

branched-cyclic form of microcin J25 (Figure S8g) could be 

explained by the longer length of its C-terminal region (13 

residues, Table 1), as compared to the other branched-cyclic 

peptides (9 residues, Table 1), which significantly increase the 

flexibility of this region, permitting additional interactions 

with the cesium ions. These results illustrate the potential of 

the doubly cesiated species to provide a unique conformation 

as an efficient analytical feature for the identification of the 

lasso fold and corresponding branched-cyclic topoisomers at 

physiological conditions, using high resolution native nESI-

TIMS. 

CONCLUSIONS 

The potential of native nESI-TIMS-MS as a powerful tool for 

the investigation of the conformational changes upon alkali 

(Na, K and Cs), alkaline earth (Mg and Ca) and transition (Co, 

Ni and Zn) metalation of four lasso peptides (syanodin I, 

sphingonodin I, caulonodin III and microcin J25) and their 

branched-cyclic topoisomers was studied. The present results 

showed that the nature of the metal ions plays a significant 

role in the conformational motifs, as reflected by the 

substantial changes in the IMS distributions as compared to 

the protonated species. In addition, the high mobility resolving 

power of TIMS permitted to group conformational families 

that are preserved regardless of which metal ion is 

incorporated. The lower diversity of conformational families 

for syanodin I as compared to the other lasso peptides 

supported syanodin I probably forms tighter binding 

interactions with metal ions limiting their conformational 

changes in the gas-phase. Conversely, the higher diversity of 

conformational families for the branched-cyclic topologies 

further supported that the metal ions probably interact with a 

higher number of electronegative groups arising from the fully 

unconstraint C-terminal part. 

A correlation between the lengths of the loop and the C-

terminal tail with the conformational spaces of the lasso 

peptides becomes apparent upon addition of metal ions. The 

steric stabilization of the C-terminal region inside of the 

macrolactam ring in lasso peptides allows only for distinct 

interactions of the metal ion with either residues in the loop or 

tail region. This limits the size of the interacting region and 

apparently leads to a bias of metal ion binding in either the 

loop or tail region, depending whichever section is larger in 

the respective lasso peptide. For branched-cyclic peptides, the 

non-restricted C-terminal tail allows metal coordination by 

residues throughout this region, which can result in gas-phase 

structures that are sometimes even more compact than the 

lasso peptides.  

The high mobility resolving power of TIMS resulted in the 

separation of metalated lasso and branched-cyclic peptide ions 

(r ~ 2.1 on average). The added analytical advantages of 

metalation to the nESI-TIMS-MS were particularly illustrated 

in the case of syanodin I topoisomers, where the differences 

in the IMS profiles are significantly increased with metalation. 

Conversely, for the well resolved sphingonodin I, caulonodin 

III and microcin J25, the metalation generally did not improve 

separation and resulted in comparable IMS resolution as found 
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for the protonated species. Results showed that the metal ion 

binding can rearrange lasso and branched-cyclic structures in 

distinct ways. Moreover, metalation (e.g., using the doubly 

cesiated species) can result in simplification of the mobility 

profiles down to a single conformation and thus can be utilized 

as a way to maximize the analytical power of high resolution 

TIMS for the discrimination of lasso and branched-cyclic 

topologies at physiological conditions. 
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