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Abstract 

Ion mobility-mass spectrometry (IM-MS) is often employed to look at the secondary, tertiary, 

and quaternary structure of naked peptides and proteins in the gas-phase.  Recently, it has offered 

a unique glimpse into proline-containing peptides and their cis/trans Xxx-Pro isomers.  An 

experimental “signature” has been identified wherein a proline-containing peptide has its Pro 

residues substituted with another amino acid and the presence or absence of conformations in the 

IM-MS spectra are observed. Despite high probability that one could attribute these 

conformations to cis/trans isomers, it is also possible that cis/trans isomers are not the cause of 

the additional conformations in proline-containing peptides.  However, the experimental 

evidence of such a system has not been demonstrated or reported.  Herein, we present the IM-MS 

analysis of Neuropeptide Y’s wild-type (WT) signal sequence and Leu7Pro (L7P) mutant.  

Although comparison of arrival times and collision cross sections of [M+4H]4+ ions yield the 

cis/trans “signature”, molecular dynamics indicates that a cis-Pro7 is not very stable and that 

trans-Pro7 conformations of the same cross section arise with equal frequency.  We believe this 

work further underscores the importance of theoretical calculations in IM-MS structural 

assignments. 
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 Ion mobility (IM)-mass spectrometry (MS) is a gas-phase electrophoretic separation 

method.  Ions are pulled through a buffer gas by a weak electric field and separated by charge 

and collision cross section (CCS).1  As its implementation expands, IM-MS continues to 

establish itself as an important tool for the structural characterization of biomolecules.2-7 One 

area to which it has provided particular advantage is the analysis of small, flexible, highly 

disordered peptides.  When careful measures are taken to ensure gentle ionization and ion 

transport, IM-MS can help identify the distributions of preferred peptide conformations and 

intermediates that may not be resolved in more traditional techniques like NMR.8 

 Proline-containing peptides,9-14 small proline-containing proteins,15-16 and derivatized 

proline amino acids17 have been a frequent target of IM-MS studies.  Through the creation and 

analysis of a large database, Counterman and Clemmer were the first to reveal that tryptic 

peptides containing proline were more likely to display multiple IM peaks than those without 

proline.18  The investigation ultimately suggested that these multiple peaks arose from 

populations of cis-proline and trans-proline isomers.  Therefore, they proposed peptide ions with 

both cis- and trans-proline may be relatively common in the gas-phase. 

In a later study, Pierson et al. developed a method to more accurately catalogue which IM 

peaks originated from cis/trans isomers.19  The IM-MS spectrum of a proline-containing peptide 

is compared to the IM-MS spectrum of the same peptide but with its proline residues substituted 

with a different amino acid (for example, APAAA and AxAAA, where x ≠ P).  Since proline is 

unique in its ability to have appreciable populations of cis peptide bonds,20 IM peaks shared with 

the substituted peptide are thought to emerge from trans-proline conformations, and peaks 

unique to the proline-containing peptide are thought to come from cis-proline conformations.  

This approach helped to solidify the experimental IM-MS “signature” of cis/trans prolines and 
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led to novel insights into the energetics of isomerization21 and the effect of proline sequence 

position.22-23 

 Proline isomerization plays a crucial role in the rate of protein folding.20  Although IM-

MS could play a complementary role for proline analysis in peptide and protein systems, 

investigators often show prudence by mentioning the possibility that proline-induced multiple 

conformation may arise from events other than cis/trans isomerization.  Therefore, cis/trans 

proline experiments often incorporate molecular dynamics (MD) simulations24-26 to garner 

further support for specific designations of cis or trans conformations.  Briefly, MD simulations 

are run in parallel with IM-MS data collection.  The theoretical CCS of structures obtained from 

MD are then matched to the calculated CCS of ions observed in experiments.  To our knowledge, 

no study has presented evidence for phenomena other than cis/trans-isomerization in the 

appearance of multiple peptide conformations after proline-substitution. 

 Here, we present the investigation of a proline-containing peptide system with the 

experimental hallmarks of cis/trans-proline conformers.  We hypothesized isomerization as the 

explanation, but theoretical simulations yielded evidence for an all trans-proline explanation.  

Given the rise in use and maturation of commercial IM-MS instruments, we believe such a 

communication is important to provide a concrete example of what previous reports have 

cautioned. 

 We chose the 28-residue wild-type signal sequence of Neuropeptide Y (NPY) 

(MLGNKRLGLSGLTLALSLLVCLGALAEA), hereafter referred to as WT, and its naturally-

occurring Leu7Pro mutant (MLGNKRPGLSGLTLALSLLVCLGALAEA), hereafter referred to 

as L7P, for use in this study.  The peptides only differ in the identity of the seventh residue: Leu7 
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for WT and a Pro7 for L7P.  Because of the proline substitution, this system has the potential for 

displaying the IM-MS signatures of cis/trans isomerization. 

It is interesting to note that the L7P mutation has strong biological consequences.  NPY is 

initially translated as an inactive pro-hormone, called pro-NPY, and is guided by its N-terminal 

signal sequence to the endoplasmic reticulum for processing into bioactive NPY.27  Upon entry 

into the endoplasmic reticulum, the signal sequence is cleaved from pro-NPY by signal 

peptidases.  As a result of unknown molecular mechanisms, individuals with the L7P mutation 

have higher levels of bioactive NPY in their blood serum and are more likely to suffer from 

medical conditions such as diabetes than individuals with the WT sequence.28-31 

 Figure 1 shows the sequences of the WT and L7P peptides and their nano electrospray 

ionization (ESI) mass spectra.  All IM-MS was performed by direct infusion on a Waters 

SYNAPT G2 HDMS nano ESI source from analyte solutions in 50:50 water:methanol.  Further 

details can be found in Supplemental Information 1.  As seen in Figure 1B, the most abundant 

ion species in both spectra are the triply protonated monomers.  An inset of the yellow region 

near m/z 700 is shown in Figure 1C and Figure 1D.  They contain 4+ L7P and WT monomers, 

respectively.  Both peptides displayed peaks of slightly higher abundance corresponding to 

[M+3H+K]4+ compared to the [M+4H]4+ ions (labeled as L7P4+ or WT4+).  Figure 1E and 

Figure 1F show the green-highlighted region near m/z 1400.  These spectra contain the 2+ 

monomers and low abundance signals from 4+ dimers. 

 Since protonated monomers were observed for all charge states, we focused further 

analysis on ions of this type.  Subsequently, IM arrival time distributions (ATDs) were acquired 

and calibrated CCS were calculated to search for evidence of cis/trans isomers.  We 

hypothesized that peaks with nearly identical CCS common to both WT and L7P may represent 
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similar conformations with the seventh residue in a trans peptide bond, and additional peaks 

unique to L7P may indicate a cis Arg6-Pro7 bond.  It is important to note that we cannot directly 

calculate CCS from ATDs acquired on our unmodified SYNAPT G2.32  We utilized ions with 

known CCS and a common calibration strategy33-35 to calculate calibrated CCS for WT and L7P.  

Our group has previously used this method and obtained peptide CCS with under 3% error.13 

 The ATDs and calibrated CCS of the 2+ and 3+ ions are shown in Figure S1.  At these 

charge states, we did not see any convincing evidence of cis/trans isomers.  The full-width-half-

maximum Arrival Time resolution values for the primary 2+ and 3+ peaks are 19.2 and 17.4, 

respectively.  The resolution of the 3+ peak, in particular, is lower than what would be expected 

for a single IM feature on this instrument.36  Combined with the presence of a low-abundance 

“shoulder peak” later in the ATD, we cannot discount the possibility that high resolution 

instrumentation may reveal a cis/trans-like signature. 

 Figure 2 shows the ATDs and calibrated CCS of the 4+ WT and L7P ions.  These spectra 

have a very different appearance than their 2+ and 3+ counterparts.  Both peptides display a 

single narrow peak with identical mean CCS of 527 Å2, as well as more extended conformations 

at 626 Å2 (WT) and 627 Å2 (L7P).  Additionally, the L7P4+ spectrum contains a third peak at 610 

Å2.  This was precisely the type of IM-MS profile that would suggest the presence of cis-proline 

and trans-proline isomers.  Therefore, we made the following hypothesis: the L7P4+ ions at 527 

Å2 and 627 Å2 are trans-proline conformations because they are also found in the WT4+ 

spectrum, but the unique L7P4+ peak at 610 Å2 is a cis-proline conformation.  To test this 

hypothesis, we performed MD simulations of the 4+ ions. 

 As a final consideration before MD, we wanted to see if we could detect any 

conformations in our gas-phase ions that may have originated from their conformations in the 
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electrospray solvent.8  The absence or presence of solution-state memory would determine 

whether we could carry out our simulations entirely in the gas-phase or if simulations in solution 

would also be necessary.  We accomplished this by using collisional activation, similar to 

methods used by others.37  The results can be seen in Figure 3.  Two ATDs are shown for each 

peptide, one acquired with a 38 V Trap bias and one acquired with a 60 V Trap bias.  The Trap 

bias is the ion optics voltage that injects ions from a low-pressure argon region to the high-

pressure helium region near the entrance of the IM cell.  Ions injected with a higher bias will be 

heated to higher temperatures before undergoing collisional cooling in the helium cell.38  

Activation of WT4+ and L7P4+ ions both result in a decreased population of the compact 

conformations and an increased population of extended conformations.  This indicates that the 

527 Å2 conformations may be kinetically trapped intermediates between solution-state and gas 

phase conformations.  We are not making the claim that the compact ions are “solution-like”, 

only that they may represent an intermediate distribution in the unfolding pathway from solution-

to-gas-phase.  The more extended ions are likely the preferred gas-phase conformations (at our 

experimental temperature and pressure), and thus we opted to perform all our MD in the gas-

phase. 

 In building our initial MD structures, we first had to determine the protonation sites.  The 

obvious choices in the WT and L7P sequences (Figure 1A) were the N-terminus, Lys5, and 

Arg6.  Additionally, the carboxylic acids at Glu27 and the C-terminus were protonated to make 

them neutral.  However, this only produces a 3+ charge, and so the additional protonation of a 

neutral residue was required.  Using a simplified adaptation of Zhang’s calculations for gas 

phase basicities of peptides,39 we determined that Asn4 was a probable location for sidechain 

protonation (N4H), and Leu25 was probable for backbone amide protonation (L25H). 
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 Our computational strategy utilized replica-exchange molecular dynamics (REMD) to 

achieve broad sampling of the conformational space.40-42  Simulations were performed separately 

on six initial structures: WT4+ (N4H), WT4+ (L25H), L7P4+ (N4H) with trans-Pro7, L7P4+ (N4H) 

with cis-Pro7, L7P4+ (L25H) with trans-Pro7, and L7P4+ (L25H) with cis-Pro7.  Six REMD runs 

were initiated, each starting with one of the six initial structures. REMD ran for 100 ns with 34 

replicas at temperature windows from 80 K to 1028 K.  An exchange was attempted every 100 

fs.  Snapshot structures from the 300 K windows were output every 22.5 ps, leading to 4444 

outputs per starting structure.  Each output underwent energy-minimization followed by 

theoretical CCS calculation using the MOBCAL trajectory method.43  Structures with theoretical 

CCS matching within 3% of experimental CCS were kept for conformation cluster analysis by 

MaxCluster (http://www.sbg.bio.ic.ac.uk/~maxcluster/), a process hereafter referred to as “CCS-

filtering.”  Further computational details can be found in Supplementary Information 2. 

 A summary of the REMD simulations is shown in Table 1.  No potential was put in place 

to confine the Arg6-Pro7 bond in cis or trans configuration, and we observed a lot of cis/trans 

isomerization that initiated in the high temperature windows and trickled down to 300 K.  

Therefore, we combined all the L7P outputs of the same charge configuration, leading to the four 

ensembles listed in Table 1.  With the exception of WT4+ (L25H), nearly 50% of the outputs 

remained after CCS-filtering.  Ratios of cis-Pro7 and trans-Pro7 outputs were nearly the same 

with or without CCS-filtering, with trans-Pro7 structures representing 85% to 95% of the 

populations.  Here, we see the first indications that a cis-proline may not be very favorable for 

gas-phase L7P4+ ions. 

 Figure S2 contains plots of calculated potential energy of energy-minimized structures 

versus theoretical CCS for all 300 K REMD outputs.  The cis and trans L7P structures are shown 
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in separate plots.  From the distributions, we saw that both WT4+ and L7P4+ N4H ions cluster 

much closer to the 527 Å2 experimental CCS.  In fact, the N4H ensembles do not contain any 

theoretical CCS within 3% of the experimental CCS of the more extended ions.  Conversely, the 

distributions of L25H ions are densely distributed towards larger CCS with the exception of 

some cis-Pro7 structures that form small clusters near both sets of experimental values.  We 

interpreted these data as evidence for differential charge location producing two sets of 4+ ion 

conformations present in both WT4+ and L7P4+ IM-MS spectra.  Such phenomena has been 

observed previously for small proteins44 and large peptides.45  When a proton is not sequestered 

by a highly-basic residue, it can be “mobile” and occupy a distribution of protonation sites.  

Collisional activation can shift the population from one site to another, and the resulting change 

in charge distribution can cause global conformation changes observable in IM-MS.  We 

hypothesize that during electrospray ionization, or along the gas-phase unfolding pathway, the 

Asn4 sidechain is the preferred protonation site due to accessibility.  When collisionally 

activated, the proton migrates to the more basic Leu25 backbone amide and reduces coulombic 

repulsion in the charge-dense N-terminal region. 

 Initial analysis of the REMD simulations leaves the question of cis/trans isomers in L7P4+ 

unanswered.  In fact, with the extended L7P4+ conformers only having a 2.7% difference in CCS, 

they sit right on the edge of being theoretically indistinguishable.  Our rationale was that 

MaxCluster analysis of the CCS-filtered ensembles would reveal whether or not cis and trans 

structures would form tight, discrete clusters around a particular experimental CCS. 

 Representative backbone structures of the most populated WT4+, trans L7P4+, and cis 

L7P4+ clusters with L25H protonation are shown in Figure 4.  Backbone ribbons are color-coded 

to denote the N-terminus (blue) and C-terminus (red).  The structures are largely characterized 
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by an N-terminal hairpin with β-strands from residues 1-5 and 12-15, followed by an elongated 

middle region and a sharp turn near the C-terminus.  Intramolecular solvation of the termini are 

remarkably similar between Clusters 1, 3, and 5.  The charged N-terminal amine is primarily 

stabilized by neutral carboxylic acids from E27 and the C-term, and some combination of 

backbones from residues 15-17 provide additional N-term solvation.  In Cluster 1, the C-term 

acid appears to only form polar contacts with the N-term, whereas the C-termini of Cluster 3 and 

Cluster 5 are close enough to be solvated by the L16 backbone as well.   Cluster 6, a cis-proline 

cluster, is the only L25H cluster that comes within 3% of 527 Å2.  While it bears some 

resemblance to the other double hairpin structures, its broad N-term turn and tangled mid-region 

cause it to adopt a more globular conformation with a lower CCS. 

 The WT4+ peak at 626 Å2 in Figure 2 is narrow enough to be explained by a single 

dominant species, thus we assign it the only dominant Cluster from the CCS-filtered WT4+ L25H 

ensemble, Cluster 1.  For the L7P4+ counterpart at 627 Å2, we can assign Cluster 3 (Figure 4), 

the most highly populated L7P cluster for this system.  The assignment of 610 Å2 L7P4+ ion is 

left to two remaining options: the trans-proline Cluster 4 and the cis-proline Cluster 5.  The 

slightly smaller theoretical CCS of Cluster 4 and Cluster 5 is owed to a shallow bend in the 

peptides’ mid-regions, thus making them less extended and more compact.  The N-term hairpin 

peaks at Gly8 in Cluster 3, but the cis-proline of Cluster 5 seems to force the turn one residue 

earlier at Pro7.  In order for the favorable N-term/C-term interactions to still occur, the entire 

structure must bend in the middle to bring the termini close together.  A similar phenomenon 

could be caused in Cluster 4, as the cap of the N-term hairpin also occurs at Pro7.   

Both Clusters 4 and 5 have low relative populations, and both have the same relative 

difference in theoretical CCS compared to Cluster 3.  Combined with the apparent general 
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instability of cis-Pro7 in L7P4+ ions, we are forced to admit that our theoretical evidence suggests 

the conformation at 610 Å2 may not contain a cis-proline.  The hypothesis that the multiple peaks 

of L7P4+ are due to cis/trans proline isomerization is not conclusively supported. 

Our L7P4+ assignments are summed up in Figure 5.  Clusters 9 and 11 come from the 

N4H clusters in Figure S3.  Their compact shapes likely arise from all charge being densely 

located near the N-terminus, allowing residues near the C-terminus to provide backbone 

solvation in globular conformations.  Due to similar theoretical CCS and lower relative 

populations of the dominant clusters, we hypothesize that any of these clusters—or combinations 

of clusters—could be present in the peak.  Additionally, we do not discount the possibility that 

small amounts of Cluster 6-like structures could be present in that same region.  It is interesting 

to consider the implications of cis and trans structures existing in the narrow peak at 3.0 ms in 

Figure 5.  Perhaps the globular nature of the N4H conformations effectively masks what would 

show up as CCS differences in more elongated conformations. 

The extended L7P4+ conformation with the largest experimental CCS was assigned 

Cluster 3, and the assignment of the smaller extended peak remains ambiguous.  From the 

universally low populations of cis structures for L7P4+, our inclination is that Cluster 4 is more 

likely.  One could certainly make the argument for a combination of Clusters 4 and 5.  In fact, 

our experimental results from Figure 3B show relative Cluster 4/Cluster 3 population ratios of 

1:1 and 2:1 under Trap bias settings of 38 V and 60 V, respectively.  However, the populations 

given by REMD in Figure 4 predict a 1:12 Cluster 4/Cluster 3 ratio.  Assuming both Cluster 4 

and Cluster 5 exist would then predict a 1:7 ratio, although the agreement between theory and 

experiment would still not be perfect.  Regardless, the fact that evidence suggests cis/trans 

isomerization may not be the cause for multiple conformations in L7P4+ remains unchanged. 
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Although we are confident in our conclusions, reached after careful examination of the 

experimental and theoretical evidence, alternatives could be offered.  One possibility for the 

multiple conformations in L7P4+ could be additional protonation sites.  Just as N4H and L25H 

configurations lead to different conformations, another backbone or sidechain protonation site, 

somehow stabilized by the proline-substitution, might do the same.  While our data and 

considerations from Zhang39 support N4H and L25H as very reasonable assignments, different 

charge sites would still support the conclusion that our cis/trans isomerization-like experimental 

data could be explained by alternative phenomena. 

If the elongated conformations in the L7P4+ ATDs only contain trans peptide bonds 

between residues 6 and 7, a new question arises: why are WT4+ ions unable to display two 

extended conformations?  It is possible that the intrinsic rigidity of proline—whether cis or 

trans—stabilizes the N-term hairpin’s apex at the seventh residue.  Thus, WT4+ might always 

produce a turn with the apex at Gly8 and never be forced to bend its elongated backbone for the 

N-term/C-term interactions.  This, of course, is just speculation.  The effect of proline-

substitution on other peptides with N-terminal and C-terminal turns would provide an interesting 

system for future experiments. 

 All evidence considered, the answer to the question posed by our title, “is it always 

cis/trans isomerization?” is no.  To be fair, however, previous investigations never claimed it 

was.  Our aim was to explicitly demonstrate that systems with uncanny experimental 

resemblance to the cis/trans isomerization “signature” can reveal a different origin when 

investigated further.  One cannot solely rely on experimental IM-MS data for structural analysis.  

This study should not be seen as refutation of any previously published IM-MS cis/trans 

assignments, as many of those investigations do provide theoretical validation.  Some 
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experiments even utilized additional MS methods for validation, such as ultraviolet 

photodissociation15-16 and ion spectroscopy,12 which can take an investigation much further than 

MD alone.  As more researchers utilize IM-MS for cis/trans analysis, we encourage that trend to 

continue. 
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Table 1. Summary of outputs from REMD simulations 
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Figure Legends 

Figure 1. Mass spectrometry of WT and L7P peptides.  A) The sequences of WT and L7P, 

which only differ in the identity of the seventh residue (highlighted in red).  B) The individual 

direct-infusion nano electrospray ionization mass spectra of WT and L7P.  Insets of spectral 

regions containing 4+ ions (highlighted in yellow) and 2+ ions (highlighted in green) are shown 

below in C) – D) and E) – F), respectively.  For these spectra, WT and L7P were analyzed 

separately.  For all other experiments and spectra, they were analyzed as a mixture. 

 

Figure 2. ATDs and calibrated CCS for 4+ peptide ions.  ATDs were acquired at IM cell 

wave height and wave velocity settings of 40 V and 600 m s-1, respectively.  Reported CCS are 

mean values from calibrations and measurements taken at several different wave heights and 

wave velocities. 

 

Figure 3. Collisional activation of 4+ peptide ions.  ATDs of A) WT4+ and B) L7P4+ ions 

resulting from measurements taken with Trap Bias settings of 38 V and 60 V.  ATDs were 

acquired at IM cell wave height and wave velocity settings of 40 V and 600 m s-1, respectively.  

Reported CCS are mean values from calibrations and measurements taken at several different 

wave heights and wave velocities. 

 

Figure 4. Candidate structures for L25H 4+ ions.  Representative centroid structures from the 

highest population conformation clusters of A) WT4+ and B) L7P4+ L25H ions.  Atoms from the 

entire backbone and seventh residue’s sidechain are displayed.  Structures are color-coded to 

denote N-terminal (blue) and C-terminal (red) regions.  Relative cluster population and mean 
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theoretical CCS of the cluster are listed below the centroid structure.  The total populations of the 

WT4+ and L7P4+ L25H CCS-filtered ensembles were 758 and 4240, respectively. 

 

Figure 5. Putative structural assignments for L7P
4+
 ions.  Representative cluster centroids are 

shown by the L7P4+ ATD to which they were putatively assigned.  Identity of the proline-type 

for the peak near 3.8 ms remains ambiguous.  ATDs were acquired at IM cell wave height and 

wave velocity settings of 40 V and 600 m s-1, respectively. 
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Lietz et al., Figure 1 
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Lietz et al., Figure 2 
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Lietz et al., Figure 3 

 

  

Page 21 of 23 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



22 

 

 

 

Lietz et al., Figure 4 
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Lietz et al., Figure 5 
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