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ABSTRACT

The effects of charge states, charge sites and side chain interactions on
conformational preferences of gas phase peptide ions are examined by ion mobility-mass
spectrometry (IM-MS) and molecular dynamics (MD) simulations. Collision cross
sections (CCS) of [M + 2H]?" and [M + 3H]*" ions for a series of model peptides, viz.
Ac—(AAKAA)Y-NH; (AKpn, n = 3-5) and Ac-Y(AEAAKA).F-NH; (AEK,, n = 2-5)
are measured by using IM-MS and compared with calculated CCS for candidate ions
generated by MD simulations. The results show that charge states, charge sites and
intramolecular charge solvation are important determinants of conformer preference for
AKn and AEK, ions. For AK, ions, there is a strong preference for helical conformations
near the N-terminus and charge-solvated conformations near the C-terminus. For [AEK;
+ 2H]?" ions, conformer preferences appear to be driven by charge solvation, whereas

[AEK, + 3H]®* ions favor more extended coil-type conformations.
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1. INTRODUCTION"

Peptides and proteins are highly dynamic, sampling many conformations on
rapid time scales, and both the dynamics and conformational preferences are sensitive to
the local environment*. Conformational preferences and the dynamics of
interconversions among the different conformations are highly dependent on
intramolecular interactions, i.e., van der Waals interactions, hydrogen bonding, and
electrostatic interactions. The presence of water as well as cations and anions also plays
a key role in determining conformational preferences, both in terms of the hydrophobic
effects as well as hydrophilic interactions, viz. solvent-accessibility to hydrophilic side
chains of histidine, lysine, arginine, and interactions (salt-bridges) of these charge sites
with oppositely charged aspartate and glutamate (R-COO") as well as asparagine and
glutamine® © The effects of intramolecular hydrophilic interactions on the
conformational preferences of peptides/proteins have been extensively studied”™ and
advances in experimental techniques and molecular dynamics (MD) simulations are
providing new approaches to studies of both thermodynamic stability and
folding/unfolding kinetics of native and non-native conformations® °. Although MD

simulations are widely used for studies of peptide/protein conformational preferences,

“ Reproduced in part with permission from “Effects of Charge States, Charge Sites and
Side Chain Interactions on Conformational Preferences of a Series of Model Peptide
ions”, C. Xiao, L. M. Pérez and D. H. Russell, Analyst, 2015, 140, 6933-6944. DOI:
10.1039/C5AN00826C. Copyright [2015] Royal Society of Chemistry.



simulations only provide candidate conformations that must be evaluated against
experimental data, i.e., from circular dichroism (CD), fluorescence and fluorescence
resonance energy transfer (FRET)!2 13 nuclear magnetic resonance (NMR)* 1, X-ray
diffraction (XRD), and small-angle X-ray scattering (SAXS)®-18, There is increasing
awareness that mass spectrometry (MS) approaches add new dimensions for
understanding peptide/protein structure and extending our understanding of
structure/function relationships, especially for studies of systems that are composed of
multiple conformations.

MS-based approaches for studies of peptide/protein conformations have evolved
to include H/D exchange!® %, chemical labeling?: 2, IR-UV double resonance
spectroscopy? 24 and tandem MS?> 26, IM-MS combined with MD simulations
complements the more traditional approaches mentioned above?’ since it provides a
direct determination of the conformational heterogeneity of the ion population, and it can
be adapted to high throughput workflows for screening complex peptide/protein
libraries®™ 28, Electrospray ionization (ESI) is clearly the ionization method of choice for
structural MS since it has been shown to maintain noncovalent interactions®®=2, and even
to retain solution phase secondary structure®®. Recently, Breuker and co-workers studied
protein structures in the solution and gas phase, and demonstrated that salt bridges can
help to stabilize native/compact structure on short time scales when the proteins are
transferred from solution phase to the gas phase®* %. A significant advantage of ESI is
the ability to produce mass spectra dominated by multiply-charged ions; however, it is

difficult to determine the location of the charge for molecules that contain multiple



possible charge sites.

IM-MS is based on the measurement of ion-neutral CCS, which reflects the size
and three-dimensional shape of an ion, and provides a direct measurement on population
heterogeneity, viz. the number of peaks in the IM arrival-time distributions (ATD). A
priori assignment of IM CCSs is a daunting task, viz., currently there exist no guiding
principles for correlating the measured CCS for an ion to specific 3-D shapes. In some
cases it is possible to correlate CCS with 3-D shapes derived from other experimental
measurements, specifically XRD or NMR?*®-°; however, MD simulations provide a
broader sampling of candidate conformations of the ions whose CCS values can be
calculated by using MOBCAL* (or similar methods)®® #'. The “theoretical” CCS
obtained using MD simulations and MOBCAL can then be compared to the
experimental CCS.

This study employs two series of peptides to illustrate the data mining made
possible by integration of IM-MS and MD simulations. The peptide sequences are Ac-
(AAKAA)nY-NH2 (AKn series, n = 3-5) and Ac-Y(AEAAKA)\F-NH: (AEKn series, n =
2-5); Ac- indicates acetylation at the N-termini and -NH: indicates amidation at the C-
termini. The N-termini and C-termini of the peptides in each series were protected to
reduce the likelihood of collapse of the helix by having charge(s) located at the termini“?,
The model peptides used in this study have been used previously by several groups to
probe helical propensities of alanine-containing peptides in solution*® 4 and in low
dielectric gas phase (solvent-free) environments®. Previous CD studies show that in

solution, the helical content of both AK, and AEK, increases as n increases*> ** 46 and



the helical content of AEK, is higher than that of AKn for peptides of comparable length
owing to the stabilization afforded by salt bridges. In prior IM-MS studies of the singly-
charged ions for the two peptides, it was found that gas phase ions of AK, (n = 3-6) have
higher helical content (ca. 60% helical) than AEK,, and helical propensity is the highest
when charge is aligned with the helix macrodipole, i.e., the charge is located on or near
the C-termini*. Despite extensive studies of the AK, and AEK, series, the following
questions still remain unanswered: (i) how do charge sites and charge states affect
conformer preferences; (ii) how do intramolecular interactions involving the polar side
chains affect conformer preferences; and (iii) is there any relationship between solution
phase and gas phase conformations? Here, ESI-IM-MS in conjunction with MD
simulations was used to evaluate the conformational preferences of the two model

peptide series in an effort to address these questions.



2. METHODS AND MATERIALS

2.1 Sample Preparation

Model peptides AKn (n = 3 - 5) and AEK, (n = 2 - 5) were purchased from
Shanghai Mocell Biotech Co., Ltd and used without further purification. Solutions of the
model peptides (2 uM) were prepared using 10:90 (v / v) methanol / buffer (buffer:
50mM ammonium acetate, 25mM imidazole; pH was adjusted to 7 with 0.1 M acetic
acid).
2.2 ESI-IM-MS

All mobility profiles were acquired on a Waters Synapt HDMS G2 mass
spectrometer (Manchester, U.K.). lons were produced by nano-ESI with a source
temperature of 120 °C and capillary voltage of 1.5 kV, sampling cone voltage of 40 V
and extraction cone voltage of 4 V. For ion mobility experiments, the traveling wave ion
mobility cell was maintained at 3.01 mbar N,. The travelling wave velocity is 500 m/s
and wave height is 20 V for [AK, + 3H]®*; wave velocity and wave height are 300 m/s
and 20 V respectively for both [AK, + 2H]?* and [AEK, + 3H]*"; wave velocity and
wave height are 800 m/s and 40 V respectively for [AEK, + 2H]?* due to the difference
in mobility of different peptides.

CCS calibration was performed as previously described by Ruotolo*’ et al.
Tryptically digested peptides of cytochrome ¢ and myoglobin were used as calibration
standards and literature CCS values of doubly-charged peptide ions are cited from the

Clemmer group’s CCS database®. It should be noted that the triply-protonated model



peptides are also calibrated using doubly-charged ions because currently there is no

standard calibrant database for triply-protonated peptide ions.

[AEK+3H]*
1 1 — MeOH 10%/[Na*] 20uM
09 4 — ACN 40%/[Na*] 20uM
08 ETOH 60%/[Na*] 20uM
& | — n-PrOH10%
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=
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Figure 1. Profiles of [AEKs+3H]** in different solutions. Instrumental condition:
capillary cone voltage 1.5 kV, sampling cone voltage 40 V, extraction cone 4 V, wave
velocity 300 m/s, wave height 20 V. If not mentioned, the solutions are aqueous
solution. Buffer: 50 mM ammonium acetate, 25 mM imidazole and pH was adjusted to 7
with 0.1 M acetic acid.



To probe the stability of the model peptides, solvents conditions were screened to
ensure CCS profiles are not influenced by the solvents (Figure 1). Instrumental
conditions such as capillary voltage, sampling cone voltage and extraction cone voltage,
were also screened to ensure arrival time distribution (ATD) did not change under
various conditions.

2.3 Calculation of Helical Content and Number of Helical Residues

Helical content (%) = (:”h—st:fﬂ) X 100 Equation 1

Hyelix ~Hglob

number of helical residues =

Helical content X total residue number Equation 2
Qobs is the CCS determined by the centroid of the peak profiles. Qneiix is the calculated
CCS for a rigid a-helix cited from literature®. Qqiob is the calculated globular CCS using
the standard globular trend line equations:
v = 0.1364x + 105.99 For +2 species Equation 3
v=01272x+ 134 For +3 species Equation 4
Here, x is the mass of peptides, and y is the CCS of globular structures.

The standard trend line for doubly-protonated peptide ions (grey in Figures 4
and 8) was drawn based on the literature data of doubly-charged ions*. The standard
trend line for triply-protonated ions (grey in Figures 4 and 8) was drawn based on
standard triply-protonated peptide ions prepared from the miscleavage of trypsin

digestion of proteins (Ubiquitin, lysozyme (from chicken egg white), aldolase, enolase,

avidin (from egg white), albumin (from chicken egg), ribonuclease (bovin pancrease),



myoglobin (horse), cytocrome ¢, BSA (horse)). All proteins were obtained from Sigma-
Aldrich and used without further purification.
2.4 Molecular Dynamics (MD) Simulations

Candidate conformations of AK, and AEK, ions were generated by simulated
annealing (SA) using AMBER11%° with the FF99SB force field*®. For the AK, and
AEK, peptide series, both the N-termini and C-termini are protected (acetylated and
amidated, respectively), thus the lysine side chains, which have high proton affinities,
were considered as the charge carrying sites. In cases where the number of lysines
exceeded the numbers of protons, all possible proton positions were considered. The a-
helical and fully extended conformations were used as starting structures for SA. During
one annealing cycle, the system was heated from 300 K to 1000 K and then cooled down
to 300 K over 8400 fs with a time step of 1 fs. After each annealing cycle, the structure
energy was minimized. SA was performed for 300 annealing cycles producing 300
minimized structures per simulation. To ensure proper sampling of the conformational
space, a second set of simulations was performed starting with the lowest energy
structures from the first set of simulations. For [AEK, + 2H]?*, two sets of simulations
did not produce enough sampling, i.e., the candidate structures did not vary much,
therefore, a third set of simulations was performed. The highest energy conformation
and a randomly selected middle energy conformation with CCSs in the range of 2% of
the experimental value from the first and second set of simulations were chosen as the

starting structures of the third set of simulations. CCSs were calculated by the trajectory



method in MOBCAL™. The secondary structure was calculated using DSSP program®"
52_

When processing the simulation data, filtering by CCS and RMSD cluster
analysis was performed on the candidate conformations. The procedure for making
clusters is described in Figure 2. First, all generated conformations that have CCSs
within £ 2% of the experimental CCS value for the doubly-charged ions form family 1
(in the case of triply-charged ions, * 5% of the experimental data form family 1 because
the triply-charged ions were calibrated by doubly-charged standard ions which may
result in higher error). Structures in family 1 were then clustered based on backbone
RMSD (Root-mean-square deviation). Cluster 1 consists of all conformations in family 1
that have an RMSD of the backbone atoms less than a specified value (RMSD cutoff is
typically 4-4.5 A?) when compared to the lowest energy structure in family 1. All of the
conformations with an RMSD higher than the specified value make family 2. Cluster 2
contains all structures with an RMSD of the backbone atoms below the cutoff when
compared to the lowest energy structure in family 2 and all the conformations with an
RMSD higher than the cutoff make family 3. The procedure was repeated for the
remaining structures until all the structures were allocated into a cluster. Therefore, the
reference structure for cluster 1 has the lowest energy, the reference structure for cluster
2 has higher energy than that for cluster 1 and the reference structure for the last cluster
has the highest energy. It should be noted that due to the different size of peptides, the
RMSD cutoff was adjusted to produce a reasonable number of clusters (< 60). Only the

clusters having abundances exceeding 12% (percentage cutoff) are presented. If only one



cluster has a population higher than 12%, the second cluster is also presented. In the
event that no clusters have a percentage higher than 12%, the two most populated

clusters are presented.

number of structures

| Filter by CCS |

| Filter by RMSD |

Figure 2A. General strategy to make clusters.
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Figure 2B. An example of making clusters. The dots and letters indicate conformations generated by molecular dynamics
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clusters. Colored letters (red, green, blue and purple) in each family indicate the conformations having an RMSD of the

backbone atoms less than a specified value when compared to the lowest energy conformation (circled).

11



The average helical content of structures in family 1 from molecular dynamics
simulations (HCwmps) for methylated and unmethylated AK3z and AEK3 ions is calculated
using equation 5:

e . 2, helical content of structure i
ues m Equation 5

Here, m is the number of structures in family 1.

The helical content of structure i is calculated using equation 6:

number of helical residues

Helical content of structurei = , .
total residue number Equation 6

Here, the different helical propensity of each residue is calculated by DSSP program.

And the helices includes a-helix, 310-helix and n-helix.

12



3. RESULTS AND DISCUSSION

Biological environments are highly diverse, ranging from solution to lipid
membranes, with the latter more closely resembling the gas phase than solution. That is,
the dielectric environment of the cell membranes (e = 2) is similar to that of a vacuum (e
= 1), but it differs greatly from that of an aqueous solution (e = 80)°3. Therefore, studies
of gas phase ions offer new approaches for understanding peptide/protein conformer
preferences in membrane-like, low dielectric environments different from those in
solution® %, Although gas phase ions of [AK, + H]* and [AEK, + H]* have been studied
previously®, their counterparts carrying multiple charges in the gas phase have not been
examined using ion mobility.

3.1 Charge States and Polar Side Chain Interactions are Important to
Conformational Preference of Peptides
AKn Series

Figure 3 shows the CCS profiles for [AK, + 2H]?" (solid line) and [AK, + 3H]®*
ions (dashed line). The CCS profiles for both [AKn + 2H]?* and [AK, + 3H]® ions are
narrow and symmetrical, indicative of an ion population that is composed of similar
conformers. The only exception is the CCS profile for the [AKz + 2H]?" ion, which
contains two peaks (denoted A and B). It should be noted that the CCS difference
between [AKn + 3H]®" and [AK, + 2H]?* decreases from AK3 to AKs and the CCS for

[AKs + 3H]** is even smaller than that for [AKs + 2H]?".

13



Relative abundance

300 350 400 450 500
CCS A2

550 600

Figure 3. CCS profiles for AK; ions. Green peaks are the deconvoluted peak profiles for
[AK;3 + 2H]?". “A” and “B” are the higher and lower abundance peaks for [AK3z + 2H]?".

Previous studies show that in the gas phase, peptide ions with globular

conformations are distributed along a trend line in which the structures lying above the

trend line are helical or extended coils®. For comparison, the CCS values for AK, ions

are plotted as a function of molecular weight (Figure 4), and the trend line for the

random coil peptide ions is drawn in grey.*® Note that in both cases, the data points are

offset and have different slopes from the expected values of globular peptide ion

conformations.
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Figure 4. CCS vs. molecular weight of AK ions. Grey points are standard peptide data
representing CCS for peptide ions that prefer compact globular conformations in the gas
phase. The doubly-charged standard data is cited from the database of the Clemmer
group and triply-charged standard data are from digested proteins.

15



& I~
o o O
| | J

D W B W
o O
! I

O
I

Helical content %

[—
O
|

S

Repeat unit (n)

Figure 5. Helical content of AKn ions in the solution phase (SP, black) and gas phase
(GP, blue).

Figure 5 shows the calculated helical content (calculated using Equation 1 (see
Experimental Section)) for the gas phase AK, ions (GP, shown in blue), including
values for [AK, +H]* ions reported previously®, and the reported values for the solution
phase species (SP, shown in black)** 4. The data clearly show that the helical content
for [AKn + H] * does not change dramatically and the helical content for [AKn + 2H]?
ions increases (n = 3 to 5). Yet an increase in the helical content for [AKn + 2H]?* ions
(n =3 to 5). The helical content for [AKn + 3H]** decreases and then increases with n = 3

to 5. By comparison with the helical content in the solution phase (SP, black), the helical

16



content for [AK, + 2H]** (GP?*, blue) ions is parallel to the trend observed for solution

phase ions.
Figure 6A
10
Peptides Representative ribbons and surface structures Representative
ribbons
[AKs+2H]** N CP ke
Peak A S\ ocs: 319 £3 A2 -
Exp. CCS: S \ 3
321 A? 'F}\/g
Cluster 1 \ } G
37% N\“\ Vs ia
6% -
[AK3+2H]2+ / ’ K
Peak A N / 4
Exp. CCS: CP: K3K'3 r 5
321 A? CCs:323+4 A2\
Cluster 2 N
27% N

Figure 6. Backbone and surface structures of the most populated clusters for
[AK,+2H]?" (Figure 6A) and [AK.+3H]3" (Figure 6B) generated by MD simulations. All
the conformers shown were generated by VMD. The second column contains the lowest
energy structures in clusters and the third column contains 10 lowest energy ribbon
structures in each cluster. “N” and “C” indicate the N- and C-terminus respectively.
“CP” indicates charge sites (position). The superscript on K indicates protonated lysine.
For example, K3K® indicates that the third and eighth residues, lysines, are protonated.
All the polar side chains and the residues that are involved in the interaction with polar
side chains are shown. The dashed black lines (---) represent H-bonds marked with red
circles. Colors in the backbones indicate different secondary structures: m (Purple): a-
helix, m (violet): "10-helix, ~ (yellow): turn, m (orange): P-sheet, m (cyan): random coil;
different color on peptide surface indicates different atoms: m (cyan): C; m (red): O; m
(blue): N; = (grey): H. Charge sites, experimental CCSs and calculated CCSs are also
listed.
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Figure 6 continued
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Figure 6 continued
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Figure 6 continued
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To interpret the experimental data in Figures 3, 4 and 5, MD simulations (See

Experimental Section: Molecular Dynamics (MD) Simulations) were used to

investigate the following: (i) the effect of charge states and charge sites on conformer

20




preferences, (ii) the effect of intramolecular interactions (charge solvation) on conformer
preferences, and (iii) whether extended conformers more closely resembled helices or
extended-coils. Representative structures of the most populated clusters (see
Experimental Section for details) are provided in Figure 6.

Figures 6A shows the structures for [AK, + 2H]?" . The second column shows
representative ribbon (backbone) structures that illustrate how polar side chains affect
the conformation of peptide ions, and how side chain interactions affect the 3-D shape of
the molecule. It should be noted that the K-K interactions include both K*-K° and K°-K°
interactions (K" indicates protonated lysines and K° indicates neutral lysines. The
charged lysines are marked by “CP” in Figure 6. The lysines that are not mentioned in
“CP” are neutral). The third column reveals the similarities in backbone conformations
(10 lowest energy structures). The representative structures for [AK, + 2H]?* (Figure
6A) show that (i, i+5) K-K side chain interaction only exists in the representative
conformations of [AK3 + 2H]?* (Peak A and B in cluster 2) and [AKs + 2H]?* and the K-
K interaction at the position (i, i+5) inhibits formation of helical conformations. Most of
the charged lysines primarily interact with nearby amide linkages to form a charge-
solvated structure. Therefore, the conformation preference for [AK, + 2H]?*" is largely
related to charge solvation effects. When charge solvation effect is dominant, peptides
tend to form a random coil type conformation, e.g. [AKs + 2H]?*. When backbone length
increases, charge solvation does not dominate peptide conformation; with high helical
propensity of alanine, the representative conformations of [AK4 + 2H]?>" and [AKs +

2H]?" ions have high helical propensity.
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The representative structures of the most populated clusters for [AKn + 3H]*
ions are shown in Figure 6B. For [AKs + 3H]*" and [AK4 + 3H]®*" ions, charge-solvated
structures comprise the most populated cluster which indicates that charge solvation
effect is the dominant factor to determine the conformations of these two peptide ions.
Interestingly, representative structures of the second most populated cluster are extended
conformations (include extended coil and helix): the [AKs + 3H]*" ion is an extended
random coil and [AK4 + 3H]*" ion appears to be more helical. Moreover, the [AKs +
3H]3* ion has more extended conformation (20% of the conformations in family 1 which
contains conformations that have CCSs within £5% of the experimental CCS value for
the triply-charged ions. See Experimental Section: MD Simulations) than the [AK4 +
3H]®" ion (14% of the structures in family 1). This could be caused by stronger
Coulombic repulsion imparted by the shorter backbone length of the [AK3 + 3H]** ion®’.
As backbone length increases, Coulombic repulsion is minimized and charge solvation is
not dominant, so the [AKs + 3H]®* ion has higher propensity for a helical conformation.
The results for the [AKn + 3H]®* ions indicate that the presence of charges exerts two
effects: multiple charges lead to high Coulombic repulsion resulting in peptide ions with
an extended conformation, and alternatively more charged lysines also collapse helical
structure by breaking backbone H-bonds to form charge-solvated structures. The final
conformation adopted by the peptide is the result of the competing effects of Coulombic
repulsion and charge solvation.

Based on the simulation results shown in Figure 6, the helical content in Figure

5 can be understood. The increasing helical content for [AK, + 2H]?* ions (n = 3 to 5)
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appears to be a result of higher helical propensity. Yet, [AK, + 3H]** ions present a more
complicated case. The [AKsz + 3H]** ion is very extended due to high Coulombic
repulsion. When the backbone becomes longer, Coulombic repulsion diminishes, and
charge solvation begins to be more important, so [AKs + 3H]*" ion is less extended than
[AK;3 + 3H]3". The [AKs + 3H]** ion has higher helical propensity with a much longer
backbone and less effect of charge solvation and Coulombic repulsion (Figure 6B).
Thus, the helical content for [AK, + 3H]3" ions decreases and then increases from n =3 to
5. Based on the reasoning for the difference in helical content of [AK, + 3H]®*" ion
conformations, the larger CCS for [AKs + 3H]** compared to that for [AKz + 2H]?*
(Figure 3) is due to higher Coulombic repulsion caused by three charges, while the
smaller CCS for [AKs + 3H]** compared to that for [AKs + 2H]?" is the result of greater
charge solvation effect caused by more charges.
AEK, Series

AEK, peptides contain both basic residue lysine and acidic residue glutamic acid,
so they are better candidate peptides to study the effect of side chain interactions on
peptide conformation. The CCS profiles of AEK, ions (Figure 7) are less symmetrical
and relatively broader. The CCSs for the AEKSs ions are especially broad, composed of
multiple peaks that span a range of more than 100 A? suggesting the presence of multiple
conformers. When compared to the globular peptide trend line (grey, Figure 8), the plot
for [AEK, + 2H]?*" (red) is parallel to the trend line, while that for [AEK, + 3H]*
deviates in slope. This suggests that the structure of [AEK, + 3H]*" is more extended

than that of [AEK, + 2H]?*.
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Figure 7. CCS profiles for AEK, ions. Green peaks are the deconvoluted peak profiles
for [AKz + 2H]?*. “A” and “B” are the higher and lower abundance peaks for [AK3 +
2H]>".
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group and triply-charged standard data are from digested proteins.
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Figure 9 shows that the calculated helical content for [AEK, + H]" decreases
sharply and then increases slightly (n = 2 to 5). The helical content for [AEK, + 2H]*
ions increases slightly and then decreases slowly as repeat unit n increases (from 2 to 5)
whereas the helical content for [AEK, + 3H]3* keeps increasing with increase in repeat
unit n (from 3 to 5). In comparison to the helical content in the solution phase (SP,
black)** 6 (Figure 9), only the triply-charged gas phase ions (GP**, red) display a trend

in helical content vs. repeat unit similar to that of solution phase ions.
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Figure 9. Helical content of AEK, ions in the solution phase (SP, black) and gas phase
(GP, red).
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Figure 10A

10
Peptides Representative ribbons and surface structures Representative
ribbons
CP: KK €
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333 A?
Cluster 1
55%
CP: K6K 2
[AEK=N+2H]*" CCS: 338+ 5A% 50 )
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16% ~«\/
N =~

Figure 10. Structures of the most populated clusters for [AEKq+2H]?* and [AEK,+3H]**
generated by MD simulations. In column 1, “AEK.” indicates that only lysines are
protonated and all the glutamic acids are neutral (EN); “AEKq5“” indicates that all
lysines are protonated and some of glutamic acids ((n-2) for doubly-charged ions and (n-
3) for triply-charged ions) are negatively charged (EC). CP indicates charge site. The
superscript of K in the second column indicates the residue that is protonated and the
superscript of E indicates the residue that is deprotonated. Figure 4A: [AEKq+2H]?*;
Figure 4B: [AEK,+3H]*". The polar side chains and the residues that are involved in the
side chain interactions are also represented. Red circles indicate the side chain
interactions. The color coding and cluster selection criteria are the same as in Figure 6.
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Figure 10 continued

Peptides
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Figure 10 continued
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Figure 10 continued

Figure 10B
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Figure 10 continued

10
Peptides Representative ribbons and surface structures | Representative
ribbons
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Representative structures of the most populated clusters for AEK, are shown in
Figure 10. For AEK, ions, when the number of lysine residues (n) exceeds charge state,
there are many possible protonation sites that can lead to AEK, peptides carrying two or
three positive charges. Here, two possibilities are considered: 1) AEK, &N indicates that
only lysine residues are protonated and all glutamic acid residues are neutral (EN); 2)
AEK,EC indicates that all lysines are protonated and (n-2) for [AEKhEC + 2H]?* or (n-3)
for [AEK.EC + 3H]** glutamic acids are negatively charged (EC).

The representative conformations of the most populated clusters for doubly-
charged ions are shown in Figure 10A. Side chain — side chain interactions are marked
with red circles. The protonated lysines and deprotonated glutamic acids are marked by
“CP”. The lysines and glutamic acids that are not listed in “CP” are neutral. The

representative structures show that only one side chain — side chain interaction is
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involved in the structures for [AEK.EN + 2H]?* (except the representative structure for
[AEK.EN + 2H]?" in cluster 2). In the representative structure for [AEKZEN + 2H]?" in
cluster 1, the single E-K interaction lies in the region of helix. It appears that the E-K
interaction may stabilize the helical structure, however, all other E-K interaction in the
representative conformations for [AEK.EN + 2H]?* ions (Figure 10A) lie in the random
coil region. These results suggest that E-K interactions in the position (i, i + 3) are not a
perfect helical stabilizer. This conclusion is consistent with previous studies that
suggested that (i, i + 3) spacing decreases the helical abundance due to the competition
for backbone H-bonds by side-chains® °8. The representative structures of [AEKhEC +
2H]?* ions (Figure 10A) show that when (n-2) glutamic acid residues are deprotonated,
the side chain interactions increase greatly. For example, there are six side chain
interactions in [AEK3EC + 2H]?* (cluster 1) compared to one in [AEK3EN + 2H]?* (cluster
1). The increased side chain interactions may be caused by a greater number of charged
lysine and glutamic acid side chains that can form more stable salt bridges. Yet, these
interactions cross-link with each other to make the entire peptide compact.
[AEKEN+3H]*" ions (Figure 10B) have more side chain — side chain interactions
involved in the representative structures compared to [AEK.EN+2H]?* ions. For example,
the [AEK3EN+3H]3* ion contains two side chain interactions whereas the [AEKEN+3H]%*
ion contains three (the most populated clusters). Compared to the compact charge-
solvated structure of [AEK.EN+2H]** ions, the representative conformations of
[AEKAEN+3H]®" ions are more extended. The simulation results for AK, (Figure 6)

suggest that three charges can result in higher Coulombic repulsion than two charges.
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Therefore, to release the high Coulombic repulsion, under the support of side chain
interactions, [AEK.EN+3H]** ions form extended coils leading to higher CCS. On the
other hand, when one glutamic acid is deprotonated ([AEK4ES+3H]3* ion in Figure
10B), side chain — side chain interactions do not increase compared to those in
[AEKEN+3H]**. The reason should still be Coulombic repulsion which may inhibit
cross-linking side chain — side chain interactions, thus favoring an extended coil
structure.

The results for AEK, further suggest that both charge solvation and Coulombic
repulsion play an important role in determining peptide conformations. At lower charge
state ([AEK, + 2H]?"), Coulombic repulsion is decreased, so charge solvation is the
dominant factor influencing structure and the peptide forms a charge-solvated structure.
However, at higher charge state, ([AEK, + 3H]®*", n =3, 4), the higher Coulombic
repulsion serves to destabilize the collapsed coil and lead to an extended random coil
supported by more side chain interactions. With a longer backbone (AEKSs), Coulombic
repulsion caused by three charges is not strong enough to inhibit cross-linking
interaction, therefore, the profile of [AEKs + 3H]** (Figure 7) is broad and includes
some compact conformations

Depending the simulation results, different helical content for [AEK, + 2H]?* and
[AEK, + 3H]*" (Figure 9) can be explained. [AEK, + 2H]?* ions prefer charge-solvated
structure owing to cross-linking intermolecular interactions, therefore, the calculated

helical content for [AEK, + 2H]?* is low. However, the conformation preference for
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Theoretical net charge distribution (TNCD)
CS +2 +3
Peptides AK3 AKs AKs AEK3 AEKs AEK3FC AEKsC | AKs  AKs  AEKs  AEK(EC
N (%) 33 33 40 33 33 / 17 50 40 25 0
M (%) 33 33 20 / / / / / 20 0 25
C (%) 33 33 40 67 67 100 83 50 40 75 75
Group A (NCD)
CS +2 +3
Peptides | AKz-A AKz-B AKs AKs AEKs AEKs AEKsF© AEKEC | AKs AKs  AEKs  AEK,EC
N (%) 37 34 33 32 42 33 / 19 57 46 25 /
M (%) 33 34 33 19 / / / / / 20 / 25
C (%) 30 32 34 49 58 67 100 81 43 34 75 75
Group B (NCD)
CS +2 +3
Peptides | AKz-A AKz-B AKs AKs AEK:s AEKs AEKsF© AEK4EC | AKs AKs  AEKs  AEK,EC
N (%) 26 25 23 7 63 51 / 14 28 19 31 /
M (%) 45 43 28 17 / / / / / 26 / 25
C (%) 29 32 49 76 37 49 100 86 72 55 69 75

Table 1. Net charge distribution (NCD) for AEK, and AKx ions. CS is charge state; theoretical net charge distribution (TNCD)
is calculated based on the premise that charges have the same chance to be located at all possible charge sites; Group A
structures have CCSs that lie in the range of 2% of experimental CCS data for [M + 2H]?* and 5% for [M + 3H]®*. Structures
in group A with energy not more than 20 kcal/mole higher than the energy of the lowest energy structure comprise group B.
The position of net charge is calculated by (X 1)/z, where “i” denotes the position number of charges in peptides and “z”
denotes the charge state. Middle of peptides is calculated by m/2, where “m” indicates the residue number of the whole
peptides. (X i)/z < m/2 indicates the net charge is located on the N-terminal half (N) of the peptide, (X i)/z = m/2 indicates the

net charge lies near the middle of the peptide (M) and (X i)/z > m/2 denotes that the net charge is located on the C-terminal
half (C).
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[AEK, + 3H]*" ions is extended random coil which results in larger CCS value, so the
calculated helical content is higher.
3.2 Charge Sites Preference

Figures 6 and 10 show the charge sites (position) (CP) of the representative
structures which suggest that different peptide structures prefer different charge sites.
Both [AK4 + 2H]*" and [AKs + 2H]?* ions have higher helical propensity on the N-
terminal side with charges located on the C-terminal side, suggesting that when charges
are located on the C-terminal side, peptides prefer structures with high helical
propensity. For [AEK+2H]?" ions which contain less helical content, the representative
conformations show that the positive charges prefer the N-terminal side. However, the
individual structures shown in Figures 6 and 10 are not comprehensive and do not fully
represent charge site preference for the peptides. To identify the relationship between
charge sites and peptide structures more precisely, two groups of structures were studied
and the results are summarized in Table 1. Here, net charge distribution (NCD) ((X)/z,

[13%:2]
1

where denotes the site number of charges in peptides and “z” denotes the charge
state, see the caption of Table 1 for detail) was used to investigate the effect of charge
sites on peptide structure®. Group A includes all the candidate conformations from MD
simulations with CCSs within +2% of experimental CCS for [M + 2H]?* ions (+5% of
experimental value for [M + 3H]*" ions). The structures in Group A with energy of not
more than 20 Kcal/mole higher than the energy of the lowest energy structure comprise

Group B. Theoretical net charge distribution (TNCD), which is used to evaluate the

NCD of Group A and Group B, is calculated based on the premise that charges have the
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same chance to be located at all possible charge sites. For example, [AKs + 2H]?* has ten
possible charge sites, K3K®8, K3K13, K3K!8, K3K%, K8K®3, KE8K18, KBK?3 K13K!8 K13KZ
and K!8K?, The (X i)/z values of four of these charge sites (K3K8, K3K®3, K3K!8, K8K™?),
two (K3K2 and K&K!8), and the other four (K8K?, KPK!8, K13K?3 K8K23) are less than,
equal to, and greater than the value of m/2 =13, respectively. Therefore, 40% of TNCD
is located at the N-terminal side, 20% is located in the middle and 40% is located at the
C-terminal side. The data in Table 1 show that the NCD in group A for both AK, and
AEKj ions is close to the TNCD which suggests that for the conformations in Group A,
there is no preference as to charge sites and charges are located on different sites
randomly. However, the NCD in Group B varies depending on the identity of the
peptides.

In group B, the NCD changes greatly for AK, ions. For the shorter [AK3 + 2H]?*
ion, group B contains a higher percentage of structures whose net charge is located in the
middle of the peptide ion (i.e. the charges are located on K3K?'3, 45% (AKs-A) and 43%
(AK3-B)) when compared to the TNCD (33%), since charges that are separated can
reduce Coulombic repulsion more efficiently. This further suggests the existence of
Coulombic repulsion for short peptide ions with multiple charges. For longer [AK, +
2H]?* and [AK, + 3H]*" ions, AK, and AKs have a higher percentage of structures with
net charge at the C-terminal side in group B compared to the TNCD (Table 1). This is
because AK4 and AKs ions have high helical propensity at the N-terminal side (Figure
6), and the net charge at the C-terminal side can stabilize the helix macrodipole>® .

Therefore, owing to the preference of net charge site at the C-terminal side and with less
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side chain — side chain interactions, AKs and AKs ions prefer conformations with high
helical propensity at the N-terminal side and charge-solvated structure at the C-terminal
side. Owing to the restricted conformation space of peptides with high helical
propensity, the CCS profiles for AKs and AKs ions are narrow and symmetrical (Figure
3). On the other hand, for [AK3 +2H]?" ions, although the middle net charge site (K3K?®)
is preferred, N- and C- net charge sites (net charge is located on the N- and C-terminal
side) are still competitive, so the possibility of multiple charge sites results in multiple
peaks (Figure 3).

Unlike AK, ions, the NCD for AEK, ions depends on charge states. [AEK; +
2H]?" ions have a higher percentage of conformations whose net charge lies on the N-
terminal side in group B compared to TNCD (Table 1). Combined with the charge-
solvated structure for [AEK, + 2H]?* (Figure 10A), the result further suggests that N-
terminal side net charge does not promote formation of helical conformations.
Conversely, the net charge site in group B is almost the same as the TNCD for [AEK; +
3H]%" ions. This suggests that if a peptide has no high helical propensity, even though its
conformation is extended, the C-terminal side is not the preferred position for net

charges, viz. the charge sites are random.
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3.3 Meaning of Model Peptides Trend Lines

In Figures 4 and 8, the trend lines for [AK, + 2H]?* (blue), [AKn + 3H]** (blue)
and [AEK, + 3H]** (red) ions deviate sharply from that of globular conformations,
whereas the trend line for [AEK, + 2H]?* (red) ions deviate only slightly and is parallel
to the globular trend line as repeat unit n increases. These trends are different from the
trend in helical content with repeat unit n (Figures 5 and 9). To study the meaning of
model peptide trend line, the number of helical residues (residues included in the helical
region) was calculated using Equation 2 (2. Methods and materials) and plotted in
Figure 11. Note that the number of helical residues for [AK, + 2H]?* ions (blue triangle)
increases linearly with repeat unit n, whereas these values change very little for the
[AEK, + 2H]? ions (red diamond, n = 3 — 5) which matches the trend lines for [AK, +
2H]?* (Figure 4) and [AEK, + 2H]?** (Figure 8) ions well. A similar relationship is also
observed for [AK, + 3H]*" and [AEK, + 3H]**. Therefore, the trend lines for model
peptide ions in Figures 4 and 8 reflect the change in the number of helical residues with

repeat unit (molecular weight).
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Figure 11. The number of helical residues for AK, (blue triangle) and AEK, ions (red
diamond).
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3.4 Chemically Modified AK» and AEKn lons

The simulation results suggest that for both AK, and AEK, ions, charge states,
charge sites, and side chain interactions all affect the conformation of peptide ions.
Further evidence in support of this general statement can be found in preliminary results
for this same series of peptide ions where E and K side chains have been modified, viz.
methylation of E and K as well as acetylation of K. Selected CCS profiles for the
modified peptides are shown in Figure 12. The CCS profiles show that different
chemical modifications of charge carrying side chains have different effects on peptide
structure, which is mostly triggered by the changes in the side chain interactions and
charge sites.

Figure 12 shows that after methylation of lysine (K-(CHzs)2) and glutamic acid
residues (E-(CHs)n), CCS increases. Methylation of lysine and glutamic acid does not
change the charge carrier position, i.e., lysine side chains are still the preferred charge
carrier due to their high proton affinity®l. Hence, alteration of the side chain —
backbone/side chain interaction may be the origin of the change in peptide structure.
After methylation, the added methyl groups on lysine may inhibit the side chain —
backbone and side chain — side chain interactions due to steric effects. As a result, the
charge solvation effect decreases. A similar effect was also observed in the case of

methylated glutamic acid residues.
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Figure 12. Collision cross section profiles of [M + 2H]?" ions for chemically modified AKn and AEK; ions. K-(CHa)z
indicates the methylation of lysine side chains; K-Ac indicates the acetylation of lysine side chains; E-CHz indicates the
methylation of glutamic acid side chain. For each peptide, all the functional groups are methylated and/or acetylated.
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After acetylation of the lysine chains (Figure 12, (K-Ac)n and (K-Ac)n&(E-
CHp3)n), the lysine side chains have no apparent advantage over backbone N and O atoms
in terms of proton affinity.®> 52 All the backbone and side chain carbonyl groups may be
charge carriers. Under this condition, the CCS profiles of AK, and AEK, ions change
drastically. For AEK, ions, the peak number increases from a single peak in the
unmodified peptide to multiple peaks after acetylation. For AK, ions, although the peak
shapes do not change dramatically, the peak width broadens, indicating the presence of
multiple conformers. The CCS profiles for the modified peptides clearly show that charge
sites and side chain interactions do affect peptide conformation. Differences in charge
solvation and Coulombic repulsion, owing to multiple potential sites of protonation, has
been shown to have a direct influence on the heterogeneity of peptide ion conformations.

The MD simulations results for the lysine methylated AKs and AEK3 ions are
shown in Figures 13 and 14 (B. (Lysine methylation) column). The ribbon structures of
unmethylated AKsz and AEK3 ions (A. (No modification) column) are also shown for
comparison. After methylation (B column), less side chain — side chain and side chain —
backbone interactions are involved in ribbon structures. For some structures, the polar
methylated lysine chains even do not need to be solvated by backbone or side chains

([AK3 + 3H]** (cluster 1) in Figure 13 and [AEK3 + 3H]** (cluster 2) in Figure 14).
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Figure 13. Representative ribbon structures for lysine methylated and unmethylated AK3
ions generated by MD simulations. Unmethylated AKz ions are presented in A column
and methylated AK3 ions are presented in B column. All the lysine side chains are
methylated. Polar side chains and the residues that are involved in the side chain
interactions are also represented. The dashed black lines (---) represent H-bonds. Red
circles indicate the side chain interactions. Green indicates n-helix and other color coding
and cluster selection criteria are the same as in Figure 6.
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Figure 14. Representative ribbon structures for lysine methylated and unmethylated
AEKG3 ions generated by MD simulations. Unmethylated ions are presented in A column
and lysine methylated ions are presented in B column. All the lysine side chains are
methylated. Polar side chains and the residues that are involved in the side chain
interactions are also represented. The dashed black lines (---) represent H-bonds. Red
circles indicate the side chain interactions. The color coding and cluster selection criteria
are the same as in Figure 6.
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Figure 14 continued
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Figure 15. The average helical content of structures from MD simulations (HCwmps) for
methylated and unmethylated AK3z and AEK3 ions. Structures with CCSs in the range of
+2% of the experimental value for doubly-charged ions and +5% for triply-charged ions,
see Methods and Materials for details. Blank bar indicates unmethylated AKs and AEK3
ions. The dotted bar indicates lysine methylated AK3z and AEKS3 ions. a indicates a-helix,
310 indicates 10-helix and 7 indicates n-helix.
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Figure 15 shows the average helical content for structures from MD simulations
for methylated and unmethylated AKs and AEK3 ions (HCwmps) using equation 5
(structures with CCSs in the range of 2% of the experimental value for doubly-charged
ions and 5% for triply-charged ions, see Methods and Materials for details). The HCwmps
shows that after lysine methylation, the helical propensity for both AK3 (blue dotted bar)
and AEK3z (red dotted bar) ions increases. Therefore, the simulation results further
suggest that charge solvation is important factor to affect peptide structure. When the
charge solvation effect is reduced, peptides tend to form structures with higher helical

propensity.
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4. CONCLUSIONS

Here, we examined the effects of charge states, charge sites and polar side chain
interactions on peptide ion structure using two model peptide series, AKn and AEK:.
Results obtained from ion mobility and MD simulations can be summarized as follows:
1). Higher charge state leads to increased Coulombic repulsion and if the Coulombic
repulsion dominates in the peptide, an extended random coil structure is formed. For
example, for [AEK, + 3H]*" ions, with the support of Coulombic repulsion, cross-linking
side chain interactions decrease greatly. As a result, the side chain — side chain
interactions help to support an extended random coil. 2). Side chain — side chain
interactions at the position (i, i+5) for K-K and (i, i+3) for E-K do not promote formation
of a helical structure. Side chain — backbone interaction tends to break backbone H-bonds
and leads to a charge-solvated structure. 3). The position of charges is significant to
peptide structure: a C-terminal half net charge that can stabilize the helix macrodipole
results in a helical structure while an N-terminal half net charge results in a random coil
structure. Therefore, considering all the factors affecting peptide structure, preferred
conformations of AK, ions have higher helical propensity at the N-terminal side and
charge-solvated structure at the C-terminal side; [AEK, + 2H]?* ions prefer to be in
charge-solvated conformations owing to the cross-linking side chain — side chain and side
chain — backbone interactions, while [AEK, + 3H]®* ions prefer to be in extended random
coil conformations owing to the support of side chain — side chain interactions under

higher Coulombic repulsion.
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Results from the modification of polar side chains of AK, and AEK, ions further
indicate that side chain interaction and charge sites significantly influence peptide
structure. Methylation of lysine and glutamic acid side chains may increase helical
propensity owing to the steric effect of bulky methyl groups which reduces charge
solvation effects. On the other hand, the possibility of multiple charge locations leads to
more heterogeneous conformations due to differences in charge solvation and Coulombic
repulsion.

Comparison of the helical content of gas phase ions with different charge state
(+1, +2 and +3) to the helical content of solution phase ions shows that [AK, + 2H]?* has
similar helical content to solution phase AKh ions; the helical content of [AEK, + 3H]*"is

similar to that of solution phase AEK, ions.
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