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Peptoids are attractive substitutes for peptides in several research areas, especially when they

adopt a helical structure. The chain-size evolution of the secondary structure of the widely

studied Nspe peptoids is here analyzed by means of the ion mobility mass spectrometry

technique increasingly used as a powerful analytical tool and is further supported by theoretical

modelling. We conclude that the helical shape of the peptoids prevailing in solution is lost in gas

phase by the need to screen the positive charge borne by the peptoid even though the collisional

cross sections are close to the values expected for helical systems. We further illustrate that trend

1



line analyses predicting molecular shapes from fits of the size evolution of cross-sections can be

very misleading since they critically depend on the range of polymerization degrees under study.

1. Introduction

Peptoids are poly-N-substituted glycines belonging to the peptidomimetic polymer family

(Scheme 1).1 The combination of the side chains that are appended to the backbone nitrogen

atoms in peptoids (and not to the α-carbon atoms as in peptides) plays a key role for stabilizing

the secondary structures, i.e., helices, threaded-loop or ribbons, both in solution and in the solid

state.2–4 Over the years, synthetic protocols have been developed to introduce a wide variety of

side chains for diverse applications (therapeutic, catalysis, …).5–7 The most exploited secondary

structure among all applications is the helix.5,6,8 In many biological functions, the helical

conformations are crucial for example in proteins as DNA binding motifs or as anchors to cross

membranes,9–12 or to prepare anti-microbial agents.13 Helical peptoids could thus supplement

peptides for a wide range of applications due to their increased stability against proteolysis.1,5,14

For instance, they can be exploited as chiral catalytic sites for synthesis or as chiral resolving

agent in chromatography.6,15 Up to now, the most studied helical peptoids bear bulky and chiral

side chains such as (S)-N-1-phenylethyl (Nspe) (Scheme 1), which have been identified as two

requirements to form well-defined helices.16 While most structural studies on peptoid helices rely

on similarities between the circular dichroism (CD) signature of peptides vs. peptoids and on

nuclear magnetic resonance spectroscopy (NMR) to assess the secondary structure of peptoids in

solution,2,17 they rarely focused on mass spectrometry (MS) as a structural characterization tool,
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except for a comparison made between cyclic poly(alanine) peptides and cyclic poly(sarcosine)

peptoids.18

Scheme 1. General primary structure of peptides and peptoids, represented from the N to C

terminus extremity. The side chains R considered are: A) hydrogen (glycine), B) methyl (Nsar

for peptoids and alanine for peptides) or C) (S)-1-phenylethyl (Nspe for peptoids or ‘spe’ for

peptides).

MS methods are typically exploited to elucidate the primary structure of peptoid compounds

and validate synthetic routes.19,20 In order to reach an additional analytical dimension, MS can be

coupled to ion mobility (IM-MS). IM-MS allows differentiating gaseous ions based on their size,

shape, charge and mass.21 In such experiments, the drift time of ions passing through a mobility
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cell filled with a buffer gas under the influence of an electric field is measured. For a given mass

to charge ratio (m/z), extended ions will collide more with the gas than compact ions, and hence

will remain longer in the mobility cell. The time spent in the cell is referred to as drift time and is

directly related to the collision cross section, which reflects the 3D structure (and thus the

conformation) of the ions.22 In particular, ESI-IM-MS has been widely used to determine the

conformation adopted by peptides/proteins and polymers.23–25 A detailed structural assignment

can be achieved by comparing the experimental collision cross sections to corresponding

theoretical values computed on candidate structures obtained by experimental methods (X-ray

crystallography or NMR),26,27 or by computational chemistry.25,28 Along the manuscript, the

collision cross sections will be abbreviated using the current accepted notation.21 The collision

cross sections will be represented by Ω, with the experimental ones abbreviated as TWΩN2🡪He and

the theoretical ones by TMΩHe. A full description of the notation can be found in SI. It has to be

recognized that IM-MS is not exempt of caveats. Indeed, the conformation of gaseous ionized

molecules might significantly differ from the structure in solution due to structural

rearrangements linked to the electrospray processes that involve ionization and desolvation.29

Another way to shed light on the gas-phase ion conformations, without relying on

computational chemistry to generate the actual structures, is to study the evolution of Ω as a

function of the mass-to-charge ratio (m/z) of homologous compounds. Such trend analyses are

typically well-adapted to the study of polymers and homopeptides based on their intrinsic

oligomer distributions.30–32 For instance, singly charged polymer ions of different nature or

protonated peptides often adopt globular conformations in the gas phase,25,33–36 for which the

evolution of Ω as a function of the mass (or the degree of polymerization (DP)) matches a power
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law of Ω = A MB where M is the molecular mass, B is around 2/3, i.e., a characteristic value for a

spherical evolution (see SI for details) and A is related to the ion density.37 In this framework,

polymer ions with B < 2/3 are considered as more compacted, while ions with B > 2/3 are more

extended. Therefore, a value of B close to 1 is expected to be characteristic of extended

structures growing linearly with the number of monomer units (or the mass). This trend line

analysis has also been used for peptides, especially for protonated poly(alanine) ions, which fall

into the trend line with B close to 2/3 as they adopt globular shapes in the gas phase.34

In the present communication, we investigate the conformation of singly charged Nspen (n = 3

– 15) peptoid ions in the gas phase. In particular, we analyze the experimental trend line (

TWΩN2🡪He vs. M) to compare it to the theoretical trend line obtained for fully rigid hypothetic

helical models. We chose to study these peptoids due to their propensity to form helical

structures in solution2,17 and to assess whether the helix is preserved in the gas phase. Moreover,

we also investigate their conformation by performing molecular dynamics simulations on Nspe

ions in vacuum to mimic the experimental environment. Theoretical collision cross sections

(TMΩHe) values are then computed and compared to the experimental results.

2. Materials and Methods

Peptoid synthesis

All reactants and solvents are commercially available (VWR chemicals) and are used without

any supplementary purification. Nspe peptoids are synthesized using the solid-phase reaction

protocol reported by Zuckermann and co-workers and used without further purification; all

details are described elsewhere.38–40 The Nspe peptoids prepared for the present study were not

extensively purified since they were only subjected to mass spectrometry analyses that, by

definition, isolate ions in the gas phase based on their mass-to-charge ratio. Since, the
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homopeptoids used in the present study were obtained by an efficient solid-phase protocol, their

characterization is achieved based on the determination of the mass-to-charge ratio of the

corresponding ions, [M+H]+. A Table is added in the SI presenting all the investigated peptoids

together with their mass parameters as neutrals and ions.

Ion mobility experiments

IM measurements are performed using a traveling wave ion mobility cell operated in N2 as drift

gas (Synapt G2-Si, Waters, U.K). The instrument description can be found elsewhere and the

parameters are described in SI.20 In TWIMS experiments, a calibration is required to convert drift

times obtained in nitrogen into Ω. The calibration is carried out using singly charged polymers

(poly(ethyleneglycol). This procedure is described elsewhere.41 Reported TWΩN2🡪He corresponds

to the average of 3 replicates carried out at different wave velocities. Collision cross sections

(experimental and theoretical) are reported using the currently accepted notation.21

Computational chemistry

Simulations were performed with Materials Studio 18.0,42 using the PEPDROID force field

parameter set.43 For each polymerization degree, multiple starting geometries, carrying a proton

on the terminal amine, were built (random and helical structures, with backbone and side chain

dihedrals set as described by Armand et al.).44 Partial charges are defined with the Gasteiger

method based on the electronegativity of the bonded elements.45 Each starting geometry is first

optimized at the molecular mechanics level (MM) using the Conjugate Gradient algorithm with a

200 Å cut-off value for the non-bonded interactions so that none of them are neglected. Each

optimized structure is then used as the starting point of a conformational search which is

described in SI. Briefly, consecutive quenched dynamics are performed at different temperatures

to obtain good starting geometries.25 Then, the most stable one is used as the starting geometry
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for two consecutive MD (NVT, 300 K, 10 ns, equilibration and production). From the production

run, 100 conformations (frames saved every 0.1 ps) are submitted into the Collidoscope software

using the ‘trajectory method’ (TM) algorithm with helium as colliding gas to calculate the

collision cross sections (TMΩHe).
46,47 Reported computed TMΩHe correspond to the average of 100

TMΩHe computed from the individual snapshots extracted from the last MD run.

3. Results and discussion

The Nspe peptoids under investigation carry an amine moiety at their N terminus extremity

(Scheme 1), which acts as the most basic site where the proton is located, whether in solution or

in the gas phase. All the protonated Nspe peptoids are transferred to the mass spectrometer gas

phase via Electrospray ionization and further submitted to ion mobility separation. Every Nspe

peptoid ions are then characterized by monomodal arrival time distributions (ATD), see SI

Figure S1. Beside the case of unresolved ions due to weak differences in TWΩN2🡪He, a monomodal

narrow ATD indicates either that a unique ion structure is present or that multiple conformations

interconverting faster than the timescale of the measurement (on the order of 10-20 ms) cannot

be resolved.48 The ATDs of each peptoid ion (Nspen, n = 3 – 15) are converted into
TWΩN2🡪He (see

experimental) and plotted as a function of mass (Figure 1 D). As reported in a recent paper, we

prefer to represent the evolution of Ω with the mass rather than with the DP, since this allows to

include the (0,0) point in the fitting process.32 A power fit of the form Ω = A (M)B yields a B

value of 0.685, which is slightly larger than that expected for globular shaped ions (0.685 vs.

0.666) and much lower than the value of 1 expected for extended structures if the helical

condensed phase structure is conserved upon transfer in the gas phase, as it is the case for

polyalanine derivatives.49 The difference between the measured B parameter (0.685) and the
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typical evolution for a sphere (0.666) is rather weak, but significant as observed in Figure 1 D,

thus suggesting that we might be in presence of other conformations in the gas phase.

To validate this hypothesis, we have computed the theoretical trend line (Ω ∝ MB) for ideal

helical Nspe peptoids in the gas phase over a wide mass range. To do so, we calculate TMΩHe for

hypothetic fully rigid helical structures of Nspe ions of growing size (from DP 5 corresponding

to the onset of formation of the helix until DP 60, Figure 2 A) without any optimization, with the

dihedral angles based on those described by Armand et al., i.e., similar to those of polyproline

type I (ω = 0°, φ = -70°, ψ = 180°, χ1 = 60°, χ2 = -120°, definitions in SI, Scheme S1).44 Such

helical structures will be referred as ‘peptoid helix’ along the manuscript. From the trend line, we

obtain a B parameter of 0.901 (Figure 1 A), which is strikingly different from 0.666 for globular

shapes and 0.685 for the experimental data. Nonetheless, it must be emphasized that the mass

range selected for the theoretical models is much larger than that spanned by the experiments. If

we compute the B parameter for the theoretical data over the same range as in the experiment (up

to DP 15), we obtain a value of 0.778 which is still higher than Bexp but also smaller than 0.901

found for the full series of model helices. When examining the evolution of the B parameter over

different mass ranges, we observe an increase in B when extending the range (Figure 1 B). In

order to calculate the B parameter evolution, we proceed as follows: starting at the origin, we

determine the B parameter when increasing the mass range and plot the B value against the

highest mass of the considered mass range. From these plots, we can extrapolate that B tends to

the expected value of 1 for an infinite mass (see SI, Figure S2). We are thus led to the conclusion

that the B parameter can be very misleading when analyzing a narrow range of DPs since its

actual value is range dependent.

8



Figure 1. Theoretical trend lines of TMΩHe as a function of the mass for (A) ideal peptoid helices

and (C) ideal peptide α-helices. (B) Evolution of the B parameter with the mass range for

peptoids and α-helices with different side chains, as obtained by fitting the curves from plots (A)

and (C). (D) Experimental trend line of TWΩN2🡪He for protonated Nspe peptoid ions (black

triangles) and theoretical trend line for a spherical evolution with the same mass and A parameter

as those obtained extracted from the experimental trend line (empty green circles).

Based on this result, we wanted to further assess the influence of the nature of the side chain

over the B parameter. We have thus extended our analysis by replacing the Nspe side chains by

methyl groups (Nsar) or by hydrogen atoms (glycine) in new purely hypothetic structures

(Figure 1 A). Due to the difference in mass of the side chains, and since we seek to compare

their influence on the B parameter, Nsar and glycine are spread over a larger DP range (from DP
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5 to 132 and DP 5 to 168, respectively) to cover the same mass range than Nspe peptoids.

Interestingly, the theoretical B parameter is still higher than the 2/3 value of globular shapes (>

0.9) and is also higher for a given mass when the side chain is less sterically hindered (BNspe <

BNsar < BGlycine), reaching a value of almost 1 only in presence of hydrogen atoms (Table 1).

Therefore, the evolution of B for these extended helices tends systematically toward 1, but at a

different rate depending on the lateral substituents (Figure 1 B).

Table 1. A and B parameters obtained by fitting the theoretical TMΩHe vs. mass curves for the

ideal hypothetic peptoid and peptide helices.

  A parameter B parameter

Ideal hypothetic peptoid helix  

Nspe 0.452 ± 0.021 0.901 ±
0.005

Nsar 0.358 ± 0.007 0.964 ±
0.002

Glycine 0.364 ± 0.007 0.966 ±
0.002

Ideal hypothetic peptide α-helix  

Alanine 0.378 ± 0.012 0.936 ±
0.004

Glycine 0.368 ± 0.012 0.939 ±
0.010

In view of the close structural similarities between peptoids and peptides, we have also

estimated the B parameter for purely hypothetic perfect protonated α-helices (ω = 180°, φ = -60°,

ψ = -40°) bearing hydrogen atoms (glycine) and methyl moieties (L-alanine).50 Such helices will
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be described as ‘peptide α-helix’ in the rest of the manuscript. The B parameters for both trend

lines are also higher than 0.666 but slightly lower that those obtained with the peptoid helices

(Figure 1 C & Table 1). This difference finds its origin in the actual helical geometry; indeed,

for a given mass, α-helices are more compacted than the peptoid helices, because of the specific

combination of dihedral angles. Moreover, the helix base (2D helix projection) in peptides has a

circular shape (Figure 2 D & E, bottom) with the hydrogen atoms or the methyl side chains

tilted toward the inner core of the helix, while the peptoid helices feature a triangular base shape

(Figure 2 A, B & C, bottom), with the side chains pointing out at the edges of the triangle.

Consequently, the evolution of B as a function of the mass range also keeps increasing towards 1,

as observed previously, though at a lower rate (Figure 1 B). The variations in the B parameter

can be rationalized by approximating a helix to a cylinder in which the height corresponds to the

number of monomer units (or their mass) and the radius to the distance between the helix center

and the atom lying the furthest away (Figure S3). For increasing helix size, the helix base (or its

radius) is constant, while its height keeps increasing. If we analyze how the total surface and

volume of a cylinder with a given radius evolves with increasing height, we find that the B

parameter also tends towards 1 in both cases (see SI). However, for short radius, the evolution of

B towards 1 is more rapid than for a larger radius, as it is the case when comparing the Nspe

peptoid helix and the Nsar peptoid helix.
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Figure 2. Ideal helix structures (viewed sidewise on top and along the helix axis from the C

terminus at the bottom) for peptoids and peptides having about the same mass. (A), (B) and (C)

are ideal peptoid helices (Nspe, Nsar, and glycine respectively), (D) and (E) are ideal α-helices

(L-alanine and glycine, respectively). Side chains have been highlighted in green.

Due to the narrow range of DPs accessible experimentally and the associated B value different

from 1, we cannot conclude that the protonated peptoids adopt helical shapes in the gas phase.

This renders molecular modeling mandatory to suggest candidate structures and geometries.

Accordingly, we have performed a conformational search by means of quenched MD simulations

on the protonated Nspe ions using the PEPDROID force field.43 The most stable structures
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obtained for each DP are clearly not spherical nor helical, as indicated by a trend line analysis.

From DP 3 to 10, Nspe ions adopt loop-like structures, with the ammonium in their center and

the carbonyl groups pointing toward it to stabilize the charge by electrostatic interactions (Figure

3 A, B). This type of structure is reminiscent of the threaded loop structure adopted exclusively

by the nonameric Nspe peptoid in polar aprotic solvents, in which the terminal amine is

protonated and allows for the formation of intramolecular H-bonds.3 For DP comprised between

10 and 15, the additional monomer units do not take part in the charge solvation due to steric

hindrance, but rather start forming a helical structure protruding out of the loop (Figure 3 C).

The TMΩHe computed for the most stable structure of each DP are in very good quantitative

agreement with the TWΩN2🡪He values (Table S3). As a result, the B parameter is also very similar

for the two sets of data (0.685 in experiments vs. 0.697 in theory, see SI Figure S4). These

results are consistent with an analysis carried out using trend lines, since a slight deviation of B

from 0.666 is indeed enough to relate to a conformation different from spherical shaped objects

and less compacted. The conformational ensemble of helices formed by Nspe peptoids evidenced

in solution2 is thus not retained in the gas phase upon protonation. The main driving force for the

structure collapse is the electrostatic stabilization of the charge in absence of solvation effects.

Interestingly, the folding around the proton into loop-like structure is obtained at each

polymerization degree, in contrast to the threaded loop structure dominating at DP 9 in solution

when the peptoid is protonated.
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Figure 3. Most stable structures of Nspe protonated ions obtained by successive quenched MD

runs for (A) DP 7, (B) DP 9 and (C) DP 15. Hydrogens on the terminal ammonium are

represented as green spheres while all other hydrogens were omitted for clarity.

Since the previous analysis on helices was made from ideal and frozen structures, we go one

step further by considering possible slight structural rearrangements (side chain relaxation,

structural changes around the ammonium) induced by the chain dynamics. To do so, we perform

a single quenched MD at 300 K starting from the ideal helices for each DP (see SI, Figure S5).

The relative energies of the relaxed helical structures are systematically higher than those of the

loop structures described above (between 5 and 30 kcal/mol, see SI Table S1), thus giving

further evidences that helices should not be observed in the experiment. In the narrow range of

DPs under study, the B value obtained for relaxed structures (0.718) turns out to be close to that

computed for the coiled structures (0.697), demonstrating the need for a computational support

for unambiguous structural assignments.

4. Conclusions
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Altogether, this communication sheds light on the structure of protonated peptoids revealed by

IM-MS and points to the need of combining trend analysis and computational chemistry to

identify the actual structures of the ions. Our calculations highlight that extended objects such as

helices have their B parameter tending to 1 as their mass (or length) tends to infinity, but at a

different rate depending on the chemical nature of the side chains. Since the B parameter

extracted from trend line analyses depends on the range of DPs under consideration, much care

should be taken when assigning shapes without the support of simulations of candidate

structures. We evidence here that the non-retention of the helical structure of Nspe peptoid ions

when going from the solution to the gas phase is mainly caused by intramolecular charge

solvation. Further work will be focused on peptoids having their N terminus capped to avoid the

charge solvation process at this particular location. We are also working on peptoids bearing

charged side chains to potentially promote the conservation of an extended structure in the gas

phase.

ASSOCIATED CONTENT
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Supporting Information

Details about the trend lines expected for spheres and cylinders, IM-MS notations,

experimental details (calibration and analyses) and MD simulations can be found as

supplementary material.
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