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ABSTRACT: Previously, we have demonstrated the eﬀect of salt bridges on the electron capture dissociation mass
spectrometry behavior of synthetic model phosphopeptides and applied an ion mobility spectrometry/molecular modeling
approach to rationalize the ﬁndings in terms of peptide ion structure. Here, we develop and apply the approach to a biologically
derived phosphopeptide. Speciﬁcally, we have investigated variants of a 15-mer phosphopeptide VVGARRSsWRVVSSI (s
denotes phosphorylated Ser) derived from Akt1 substrate 14-3-3-ζ, which contains the phosphorylation motif RRSsWR.
Variants were generated by successive arginine-to-leucine substitutions within the phosphorylation motif. ECD fragmentation
patterns for the eight phosphopeptide variants show greater sequence coverage with successive R → L substitutions. Peptides
with two or more basic residues had regions with no sequence coverage, while full sequence coverage was observed for peptides
with one or no basic residues. For three of the peptide variants, low-abundance fragments were observed between the
phosphoserine and a basic residue, possibly due to the presence of multiple conformers with and without noncovalent
interactions between these residues. For the ﬁve variants whose dissociation behavior suggested the presence of intramolecular
noncovalent interactions, we employed ion mobility spectrometry and molecular modeling to probe the nature of these
interactions. Our workﬂow allowed us to propose candidate structures whose noncovalent interactions were consistent with the
ECD data for all of the peptides modeled. Additionally, the AMBER parameter sets created for and validated by this work are
presented and made available online (http://www.biosciences-labs.bham.ac.uk/cooper/datasets.php).

■

ECD is the preservation of noncovalent interactions.9,10
(Evidence for the presence of noncovalent interactions in the
gas phase has been provided by blackbody infrared dissociation
studies of bradykinin11 and multiple studies showing the
preservation of noncovalently bound protein−ligand complexes.)12−15 This feature of ECD has enabled its use as a
probe of protein structure by inferring that regions of poor
fragment coverage by ECD have more noncovalent inter-

INTRODUCTION
Electron capture dissociation (ECD)1 is a fragmentation
technique typically employed in Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometers and,
more recently, in other mass spectrometers by the addition
of a linear ECD cell.2,3 ECD makes use of low-energy electrons
to irradiate multiply charged analyte ions and induce
fragmentation. In proteins and peptides, cleavages at the N−
Cα bond are preferred, while labile post-translational
modiﬁcations (PTMs), such as phosphorylation, are retained
on the backbone fragment, enabling localization of modiﬁcation sites in proteins and peptides.4−8 A particular feature of
© 2019 American Chemical Society
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Table 1. Model Peptide Sequencesa
peptide sequence

abbreviated name

monoisotopic mass (Da)

[M + 2H]2+ (m/z)

VVGARRSsWRVVSSI
VVGARLSsWRVVSSI
VVGARRSsWLVVSSI
VVGALRSsWRVVSSI
VVGARLSsWLVVSSI
VVGALRSsWLVVSSI
VVGALLSsWRVVSSI
VVGALLSsWLVVSSI

Pep-01
Pep-02
Pep-03
Pep-04
Pep-05
Pep-06
Pep-07
Pep-08

1737.27158
1694.25453
1694.25453
1694.25453
1609.19053
1609.19053
1609.19053
1608.22043

869.64307
848.13455
848.13455
848.13455
805.60255
805.60255
805.60255
805.11750

TW

CCSN2→He (Å2)

354.82
346.17
329.55
333.42
332.47
331.42
336.19
329.73

±
±
±
±
±
±
±
±

0.74
1.05
0.65
1.10
0.49
1.91
1.39
0.65

a

Arginine and phosphoserine residues are shown in bold.

the viability of candidate structures to be assessed.30 Traveling
wave ion mobility spectrometry (TWIMS) is one such IMS
platform31 through which CCS can be calculated from an ion’s
arrival time by means of a calibration to reference standards.32
TWIMS and MM have been successfully combined for
structural studies of various molecular classes including
drugs,33 nucleic acids,34 peptides,35 and proteins and their
complexes.36
Here, we have combined ECD, TWIMS, and MM for the
study of the RRSsWR phosphorylation motif, from the 15-mer
phosphopeptide VVGARRSsWRVVSSI (s denotes phosphorylated Ser) found in the Akt1 substrate 14-3-3-ζ. The S58
residue of 14-3-3-ζ has been shown to be phosphorylated in
vivo by PKB/Akt37 and SDK.38 Successive arginine-to-leucine
substitutions allowed us to examine the eﬀect of multiple
positive-charge carriers on ECD behavior. Further, we found
that our approach allowed us to propose candidate structures
consistent with the ECD and IMS data for all peptides
investigated and interrogate their possible protonation patterns
and conformers.

actions and therefore more rigid structures. ECD studies of the
IR-induced unfolding of ubiquitin ions showed the diﬀerences
between solution- and gas-phase unfolding pathways,16 with
later work focusing on the unfolding of ubiquitin ions via
desolvation.17 In a study of the protein KIX, the presence of
noncovalent interactions was shown to increase the longevity
of the native solution-phase structure in the gas phase.18 A
study combining ECD and ion mobility spectrometry (IMS)
data allowed the extent and location of collision-induced
unfolding in human hemoglobin to be discerned,19 while
similar techniques were used to study the unfolding landscape
of both the wild type and mutants of the protein Ltn.20
Similarly, electron transfer dissociation (ETD), an electronbased dissociation method similar to ECD, has been used in
conjunction with IMS to study the unfolding of several
proteins.21 ETD has also been used to predict intramolecular
salt-bridge locations in several proteins by observing regions of
the peptide sequence without fragment coverage. These
proposed salt-bridge locations were then compared to all
possible salt bridges and were found to closely resemble the
salt bridges of the native protein structures.22,23 It has been
shown that both ECD and ETD can be used to determine the
site of intermolecular interactions between acidic and basic
peptides.12
We have shown previously that reduced ECD sequence
coverage is observed in a suite of synthetic phosphopeptides
based on the sequence APLSFRGSLPKSYVK, particularly in
peptides containing two or more basic residues.24 We
concluded that this observation was the result of salt-bridge
interactions between the phosphate and the basic residues.
This conclusion was in agreement with prior ion mobility
spectrometry experiments, which revealed that phosphopeptides have lower CCS than would be predicted for a random
coil.25−27 This compaction has been attributed to noncovalent
interactions between the phosphate group and positively
charged residues in the peptide sequence.25 In more recent
work, we showed that the presence of phosphorylated serine
and basic amino acids alone (in peptides that otherwise only
contained alanine and proline residues) was insuﬃcient to
inhibit ECD fragmentation and that the conformation of the
peptide (and therefore the relative positions of the interacting
residues) was important in determining ECD behavior.28
Further work on the APLSFRGSLPKSYVK phosphopeptides used an ion mobility spectrometry/molecular modeling
(MM) approach to assess whether model structures could
rationalize the observed ECD behavior.29 The combined
application of IMS and MM is a well-established approach for
the investigation of gas-phase ion structure. That is, collision
cross sections (CCS) are derived from IMS experiments and
compared with those calculated for molecular models, enabling

■

MATERIALS AND METHODS
Materials. Model peptides were synthesized by GenicBio
(Shanghai, China) and used without further puriﬁcation.
Methanol (liquid chromatography−mass spectrometry (LC−
MS) grade), water (LC−MS grade), and formic acid (LC−MS
grade) were purchased from Fisher-Scientiﬁc (Leicestershire,
U.K.). Stocks (1 mg/mL) of Pep-01 to Pep-08 (see Table 1) in
methanol/water/formic acid (39.9:60:0.1) were diluted in
methanol/water/formic acid (49.5:49.5:1) to a ﬁnal concentration of ∼1.0 μM. Tryptic peptides were obtained from
Thermo Scientiﬁc (Waltham, MA) and diluted to 100 μL in
water.
Electron Capture Dissociation Mass Spectrometry.
Samples were introduced to a 7 Tesla solariX-XR (Bruker
Daltonics, Bremen, Germany) mass spectrometer equipped
with a ParaCell via static positive ion mode nanospray
ionization (nESI) with pulled glass capillaries (P-97 Flaming/Brown micropipette puller tip Sutter Instrument Company, Novato, CA). The capillary voltage was 800 V, and the
temperature was 120 °C. Peptide ions were isolated in the
quadrupole (isolation width 5 m/z) prior to fragmentation by
ECD. ECD was performed by the use of thermal electrons at a
current of 1.50 A, with a cathode bias of 0.6 V and a lens
potential of 10 V. The pulse length was varied between 0.1 and
0.5 s according to each precursor ion. Data analysis was
performed with Data Analysis 4.2 software (Bruker Daltonics)
and manually searched for a, x, c•/c, b, y, z/z• fragment ions.
Traveling Wave Ion Mobility Mass Spectrometry.
TWIMS experiments were performed on a Synapt G2S mass
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Figure 1. ECD mass spectra and corresponding fragmentation patterns observed for (a) Pep-01, (b) Pep-02, (c) Pep-03, (d) Pep-04, (e) Pep-05,
(f) Pep-06, (g) Pep-07, and (h) Pep-08. Low abundance fragments are indicated with blue ticks in the fragmentation pattern and blue labels in the
mass spectra.
DT

spectrometer (Waters Corp., Milford, MA) equipped with a
Triversa Nanomate nanoelectrospray (nESI) source (Advion,
Ithaca, NY). Samples were introduced using nESI voltages in
the range of 1.2−1.8 kV and gas pressures of 0.3−0.35 psi.
TWIMS was operated at a wave velocity of 450 ms−1 and wave
amplitudes of 19, 20, and 21 V, with the TWIMS cell
maintained at ∼2 mbar of nitrogen. Further information on
instrument parameters can be found in Supporting Table S1,
while details of the pressure readings observed during these
experiments are in Supporting Table S2. Arrival time
distributions were produced using a mass range that contained
all of the isotopologues of each peptide, and collision cross
sections (CCSs) were calculated from the apex value. CCS
calibration was performed by an adaptation of the procedure
described by Ruotolo et al.32 Reduced drift time (DT′) of the
calibrant ions was calculated by 1
DT′ = DT −

c m/z
1000

Ω′ =

CCSHe

z

1
μ

(2)

where z is the charge of the ion and μ is the reduced mass. A
power regression of Ω′ = A·DT′b gives values for A and b,
which can be used to calculate Ω for the analyte ions by 3
CCSanalyte =

A ·z ·TW DT′N2 b
μ

(3)

This process was carried out over three wave amplitudes, from
which a mean and standard deviation of CCSanalyte was
calculated. Standards used for calibration were [M + 2H]2+
tryptic peptides of BSA, cytochrome c, and myoglobin, with
reference drift-tube helium CCS obtained from the Clemmer
database.39 The list of calibrant ions used can be found in
Supporting Table S3, and the calibration curves are in
Supporting Figure S1. TWIMS data and data processing are
reported according to the guidelines published by Gabelica et
al.40 Data acquisition and processing were carried out using
MassLynx 4.1 and Driftscope 2.1 software (Waters Corporation, Manchester, U.K.).
Molecular Modeling. Parameters for neutral phosphoserine, neutral arginine, neutral C-terminal isoleucine, and neutral
N-terminal valine residues were built in Avogadro 1.2.41 with

(1)

where DT is the drift time and c is the “enhanced duty cycle”
(EDC) delay coeﬃcient (c = 1.43 for our instrument).
Reduced cross section (Ω′) of the calibrant ions was calculated
by 2
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replaced with Leu compared to the wild-type motif. A
summary of the observed fragments can be found in
Supporting Table S5. No fragment ions resulting from cleavage
between the phosphoserine and the Arg at position 10 are
observed, suggesting an interaction between these two
residues. There are, however, very low abundance (i.e., an
order of magnitude smaller than the next most abundant)
fragment ions observed, resulting from cleavages between the
Arg at position 5 and the phosphoserine (c5/c5•, c6/c6•, and
c7/c7•), indicated by blue ticks in the fragmentation pattern in
Figure 1b. We hypothesize that these fragments may derive
from a minor peptide conformation, which lacks an interaction
between Arg5 and pSer, and that a major conformation exists,
which does contain this interaction. Fragmentation of the
major conformer does not result in the formation of c5/c5•, c6/
c6•, and c7/c7•, and these fragments are therefore detected in
very low abundance as they originate only from the minor
conformation. The ECD mass spectrum of Pep-03 (Figure 1c),
in which Arg10 is replaced with Leu, lacks fragments between
Arg6 and phosphoserine (see Supporting Table S6). There is a
very low abundance fragment (c5/c5•) between Arg5 and Arg6
(see the blue tick in the fragmentation pattern in Figure 1c),
which may again indicate the presence of major conformation(s) in which Arg5 is interacting with pSer and minor
conformation(s) where it is not. Figure 1d shows the ECD
mass spectrum of Pep-04, in which Arg5 is replaced with Leu.
See Supporting Table S7. No fragments were observed within
the R6SsWR10 motif in positions 6−9. It is notable that the
substitution of Arg10 by Leu (Pep-03) results in the largest
diﬀerence in the peptide’s ECD behavior compared to that of
the wild-type fragmentation spectrum, with two additional high
abundance fragments being observed. When Arg5 or Arg6 is
substituted, the region of the peptides’ sequence in which
fragments are not observed is more similar to the wild type,
especially with low abundance fragments excluded. This
observation implies that there is some redundancy between
Arg5 and Arg6 in maintaining the fold of the peptide, i.e., if
one is not present, the other is available to interact with pSer.
The results obtained for these peptides suggest the presence of
interactions between phosphoserine and Arg at position i ± 2,
which are suﬃciently strong to prevent separation of any ECD
fragments, provided that another Arg residue is present.
To test this hypothesis, peptides in which two Arg residues
were replaced by two Leu residues in the R5RSsWR10 motif,
see Table 1 (Pep-05, Pep-06, and Pep-07), were subjected to
ECD. The resulting ECD mass spectra show complete
fragment coverage, see Figure 1e−g and Supporting Tables
S8−S10, although it is notable that for Pep-05, which has the
motif R5LSsWL, the fragment ions observed between the Arg
and pSer residues (c5/c5•, c6/c6•, and c7/c7•) are of very low
abundance. As with Pep-02 and Pep-03, these fragments
(indicated by blue ticks in the fragmentation pattern in Figure
1e) may indicate that there are conformers of Pep-05 in which
a noncovalent interaction is present between Arg5 and pSer.
These results agree with the previous work in our laboratory,
which showed that the presence of a single basic amino acid
residue is insuﬃcient to prevent the observation of full
fragment coverage by ECD in phosphopeptides.20 ECD of
doubly charged ions of the peptide in which all Arg residues
are replaced with Leu residues (Pep-08) also resulted in
complete sequence coverage (Figure 1h and Supporting Table
S11).

an acetyl-glycine cap on the N-terminus and an amidated
glycine cap at the C-terminus and then optimized using
Gaussian 09 (HF 6-31G (d,p)).42 The electrostatic potential
surface of the residue was calculated using the Merz−Singh−
Kollman scheme,43 and the residue was added to a .oﬀ library,
using the prepgen, parmchk2, and tleap AMBER utility
programs. The .oﬀ libraries and corresponding .frcmod ﬁles
for these residues are available online (http://www.
biosciences-labs.bham.ac.uk/cooper/datasets.php). Molecular
modeling was performed in the AMBER16 suite44 using the
ﬀ99sb and phos10aa forceﬁelds. While these forceﬁelds were
developed for solvated proteins and are not as accurate for gasphase simulations, they are considered suitable for semiquantitative, gas-phase molecular modeling studies.45 Simulations were performed using a three-tiered simulated
annealing (SA) approach (tSA = 25.2 fs, T = 1000 K; tier 1,
n = 1000; tier 2, n = 12 000; tier 3, n = 12 000) from an
extended starting structure to produce a 25 000-strong
ensemble. MM ensembles were processed using cpptraj.46
The simulated helium CCS for each of these structures was
calculated in IMoS47 using the trajectory method. A new CCSmatched ensemble was created from models whose simulated
CCS was within the experimental CCS ± 5%. Onward analysis
of CCS-matched ensembles was performed using MATLAB
R2018b (Mathworks, Natick, MA).
Pairwise distances between all atoms were calculated for
each model of the CCS-matched ensemble to create an natoms2
× nstructures matrix, which was subjected to dimensionality
reduction by random projection following the procedure
described by Palmer et al.48 The compression factor of the
random projection was optimized on a subset of the ensemble
to select the greatest compression factor, from which the
ensemble could still be accurately reconstructed. For this
optimization, the L1 norm of the diﬀerence between the
original data (M) and the reconstructed data (Q × P) was used
as an error metric and calculated for a number of compression
factors. Fitting a double exponential to these data and
graphically solving for the compression factor at 2/3 the
point of maximum curvature gives the optimum compression
factor. The projections produced were clustered by k-means (n
= 10, Euclidean), and the sum of least-squares method was
used to deﬁne the structures closest to the centroids of each of
the 10 clusters, which would serve as a representative of each
cluster.

■

RESULTS AND DISCUSSION
The sequences, calculated monoisotopic masses, calculated
mass-to-charge ratios, and experimentally derived CCS of the
doubly protonated ions of the eight phosphopeptides derived
from 14-3-3-ζ (Pep-01−Pep-08) are shown in Table 1. Pep-01
corresponds to the wild-type sequence, Pep-02−Pep-04
contains single Arg→Leu substitutions, and Pep-05 to Pep07 contains two Arg→Leu substitutions. In Pep-08, all arginine
residues have been substituted for Leu residues.
Electron Capture Dissociation. Figure 1a shows the
ECD mass spectrum of the doubly charged
[VVGARRSsWRVVSSI + 2H]2+ (Pep-01) peptide ion. The
observed fragment ions are summarized in Supporting Table
S4. There is an absence of c/z-type ions within the R5RSsWR10
phosphorylated motif, suggesting the presence of interactions
between the phosphoserine and the side chain of Arg5 and
Arg10. Figure 1b shows the ECD mass spectrum of the peptide
with the motif R5LSsWR10 (Pep-02), in which Arg6 was
464
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Ion Mobility Spectrometry and Molecular Modeling.
To further investigate the gas-phase structures of these ions, we
employed an ion mobility spectrometry−molecular modeling
approach. TWIMS arrival time distributions of the doubly
charged ions of Pep-01−Pep-08 are shown in Supporting
Figure 2, and their corresponding CCS values are shown in
Table 1. The focus of the IMS/MM study was placed on Pep01−Pep-05 as the ECD behavior of these suggested the
presence of intramolecular noncovalent interactions between
the phosphoserine and arginine residue(s). It was necessary to
model several protonation patterns for each peptide owing to
the presence of multiple basic residues (i.e., the N-terminal
valine and arginine residues), the acidic phosphoserine, and the
necessity of maintaining a net charge of 2+ for all of the
peptides. The locations of the charges for each protonation
pattern are summarized in Table 2, in which the basic residues
and phosphoserine are labeled 0,+, or − to denote whether they
are neutral, positive, or negative, respectively.

the van der Waals radius of at least one of the phosphate
oxygen atoms, while also allowing for variations in bond angles
and bond lengths from their equilibrium values. A noncovalent
interaction deﬁned on these terms was considered to be a salt
bridge when it involved a negatively charged phosphorylated
residue and a positively charged residue, while a noncovalent
interaction between a neutral phosphorylated residue and a
positively charged residue was considered an ionic hydrogen
bond, as described by Kim et al.29 Using this process, it was
possible to reduce the complexity of the information in each
25 000-strong molecular modeling ensemble to 10 representative structures, i.e., one structure for each of the 10 clusters.
Details of the 10 clusters for each CCS-matched ensemble,
including the percentage of the CCS-matched ensemble that
each representative structure represents, can be found in
Supporting Table S12. The information on the noncovalent
interactions with pSer across the representative structures for
each of the 11 sequences modeled is summarized in
Supporting Table S13, in which the proton−phosphorus
distances for each of the 10 representative structures for model
A−K are shown. For each representative structure, proton−
phosphorus distances <4 Å are highlighted in red, while
distances <4.5 Å are outlined with a red box.
As described above, for each peptide, we interpret a lack of
fragments in the experimental ECD mass spectrum between
any arginine and the phosphoserine as being indicative of the
presence of a noncovalent interaction being present between
these residues. For Pep-01, models A−D had no representative
structures containing noncovalent interactions consistent with
those predicted from the ECD fragmentation pattern (i.e., the
absence of fragments between Arg5 and Arg10). Structures D2
and D6 from model D, in which all three arginine residues
were protonated and pSer was deprotonated (i.e [SerPO4H]‑), had noncovalent interactions between pSer and
Arg5, while protons on Arg10 were just outside the range that
we have deﬁned as being a noncovalent interactions (at 4.2 and
4.1 Å, respectively). Although these two structures do not
themselves have the noncovalent interactions predicted by the
ECD data, they represent clusters that contain many structures
in which both Arg5 and Arg10 form noncovalent interactions
with pSer. Some 13% of the structures in cluster 2 contain
noncovalent interactions consistent with the ECD data, while
for cluster 6, 11% of the structures have those noncovalent
interactions. These representative structures cumulatively
represent 18% of the model D CCS-matched ensemble (i.e.,
cluster 2 and cluster 6) and are shown in Figure 2a. The
interactions in these representative structures are characterized
as being salt bridges, as the groups interacting are all charged.
Model D is the only protonation pattern that produced any
representative structures exhibiting noncovalent interactions
that were close to being consistent with the ECD data,
suggesting that Pep-01 exists predominantly in this protonation state, i.e., all arginine residues protonated and
phosphoserine deprotonated, in the gas phase.
For Pep-02, model F produced a single representative
structure with the Arg10−pSer noncovalent interaction
consistent with the full ECD fragmentation pattern, including
the low abundance c5/c5•, c6/c6•, and c7/c7• fragments (Figure
2b). This representative structure (F4) represented 12% of the
F CCS-matched ensemble. The noncovalent interactions in
model F are between two ionic residues, the negative
phosphoserine and positive arginine residues, and so are
characterized as salt bridges. The representative structure F4

Table 2. Protonation Patterns Modeled for Each Peptide
peptide

model

sequence

Pep-01

A
B
C
D
E
F
G
H
I
J
K

V0 V G A R+ R0 S s0 W R+ V V S S I
V+ V G A R+ R0 S s− W R+ V V S S I
V+ V G A R0 R+ S s− W R+ V V S S I
V0 V G A R+ R+ S s− W R+ V V S S I
V0 V G A R+ L0 S s0 W R+ V V S S I
V+ V G A R + L 0 S s − W R + V V S S I
V0 V G A R+ R+ S s0 W L0 V V S S I
V+ V G A R+ R+ S s− W L0 V V S S I
V0 V G A L0 R+ S s0 W R+ V V S S I
V+ V G A L0 R+ S s− W R+ V V S S I
V0 V G A R+ L0 S s0 W L0 V V S S I

Pep-02
Pep-03
Pep-04
Pep-05

Each of these 11 protonation patterns was modeled by
simulated annealing to produce eleven 25 000-strong molecular ensembles, and simulated CCS were calculated for each of
those models. By ﬁltering the SA ensembles by CCSexperimental ±
5%, we produced a CCS-matched ensemble for each
protonation pattern: these ranged in size from 6477 structures
to 21386 structures. Dimensionality reduction was performed
on each of the CCS-matched ensembles to reduce the
computational cost of the onward analysis and to improve
the quality of the subsequent clustering. The projections
produced by the dimensionality reduction were clustered by kmeans (n = 10, Euclidean), a method that should ﬁnd any
clusters in the data or, in the absence of any clusters (i.e., the
data existing as a continuum), should segment the data into 10
equally sized portions. By ﬁnding the structure closest to the
centroid of each cluster, it was possible to analyze the
noncovalent interaction patterns across each CCS-matched
ensemble (assuming that the structure closest to the centroid
of each cluster is representative of the whole cluster). These
representative structures were grouped according to the
noncovalent interactions between the phosphoserine and
other pertinent residues (Val1, Arg5, Arg6, Arg10), with a
noncovalent interaction being deﬁned as occurring when a
proton on one of these four residues was less than 4 Å distance
from the phosphorus atom. Distances are measured between
the phosphorus atom (as it is the center of the charge on the
phosphate group) and the protons on the N-terminus (Val1)
and the Arg side chains. We calculate that a P−H distance of 4
Å would bring the van der Waals radius of the proton within
465
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Figure 2. Representative structures with noncovalent interactions consistent with ECD fragmentation patterns for the clustered, CCS-matched
modeling ensembles of (a) Pep-01, (b) Pep-02, (c) Pep-03, (d) Pep-04, and (e) Pep-05. Structures are labeled with their model letter and cluster
number. Those structures labeled in blue have noncovalent interactions consistent with the ECD data once low abundance fragments have been
excluded. Structure J8 only has one of the Arg−pSer interactions predicted by the ECD; the other (Arg6−pSer) is too far (5 Å) to be considered a
noncovalent interaction.

Arg5−pSer interaction, although the representative structure
H10 also had protons from the N-terminal valine and Arg6 in
close proximity with pSer. We propose G4 as the structure of
the minor conformation from which the c5 fragment arises,
while all of the representative structures G2, G7, G5, H2, H10,
and H7 are suitable candidates for the structure of the major
conformation. As both models G and H produce several
representative structures consistent with the proposed
fragmentation pattern of the major conformer, we suggest
that the two protonation patterns coexist in the gas phase. It
should be noted that many of the representative structures
produced from models G and H are very similar: G2, G7, and
G5 are all structurally similar, as are H2 and H7. A lack of
diversity in the representative structures may indicate that the
G and H ensembles contain a narrower range of conformers to
select from, which is consistent with the observed arrival time
distribution for Pep-03, which is narrow relative to the other
peptides (Supporting Figure 2).
For Pep-04, no representative structures from either model J
or I were consistent with the ECD data, in which no fragments
were observed between Arg6 and Arg10, indicating Arg6−pSer
and Arg10−pSer noncovalent interactions. For model J, the
representative structure of cluster 2 has a salt bridge between
Arg6 and pSer and at least one proton on Arg10 within 4.5 Å.
While a distance of 4.5 Å is too great to be considered a
noncovalent interaction, it is possible that the cluster that this
structure represents contains other structures that do have the
Arg6−pSer and Arg10−pSer noncovalent interactions that are

does not have both the Arg5−pSer and Arg10−pSer
noncovalent interactions that would be consistent with the
ECD pattern once low abundance was excluded; however,
Arg5 is in close proximity to pSer, with a proton−phosphorus
distance of 4.3 Å. It is possible that this represents a weaker
Arg5−pSer interaction that hinders the production of fragments in this region but is not suﬃciently strong to prevent
fragmentation altogether, resulting in the low abundance
fragments observed. Alternatively, it is possible that the cluster
that F4 represents contains structures with both Arg5 and
Arg10 interacting with pSer and that these conformers are
responsible for the low abundance of the c5/c5•, c6/c6•, and c7/
c7• fragments.
Model G produced one representative structure whose
noncovalent interactions were consistent with the full
fragmentation pattern of Pep-03 (Figure 2c). This representative structure (G4) contains an interaction between Arg6 and
pSer and could be the conformer from which the c5 fragment is
generated. G4 represents 7% of the model G CCS-matched
ensemble. Once the low abundance c5 fragment is excluded,
three further representative structures from model G and three
representative structures from model H have the noncovalent
interaction Arg5−pSer that is consistent with the ECD data.
The three model G representative structures (G2, G7, and G5)
all exhibit only the Arg5−pSer interaction and together
represent 31% of the model G CCS-matched ensemble. The
three representative structures from model H, representing
33% of the H CCS-matched ensemble, also had only the
466
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consistent with the ECD data. Examining the whole model J
CCS-matched ensemble, 649 of the 14,442 (4%) structures
have a proton on both Arg6 and Arg10 within 4 Å of the pSer
phosphorus atom, while the protons on the N-terminal valine
residue are further than 4 Å from the pSer phosphorus atom,
i.e., the salt bridges are consistent with the ECD data. Cluster 2
contains 100 of these ECD-consistent structures; therefore, its
representative structure is the most appropriate of those
produced and has been selected as the candidate structure for
model J (Figure 2d).
For Pep-05 (which contains a single arginine residue), only
one sequence (model K) was modeled as there was only one
likely combination of charges that produced a net charge of 2+.
One representative structure (Figure 2e) was produced that
was consistent with the ECD spectrum after the exclusion of
low abundance fragments, representing 12% of the ensemble.
Eight other representative structures (representing 84% of the
K CCS-matched ensemble) had no noncovalent interactions
between pertinent residues, which is consistent with the full
ECD pattern with low abundance fragments included, in which
full fragment coverage was observed and so would not predict
the presence of any noncovalent interactions.

predicted lack of noncovalent interactions between pS8 and
positively charged residues.
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CONCLUSIONS
We have shown that the ECD behavior of the doubly charged
ions of eight peptides derived from 14-3-3-ζ results in a
reduced sequence fragment coverage when there are two or
more arginine residues present. These missing regions allowed
the locations of noncovalent interactions to be predicted. For
the ﬁve peptides (Pep-01−Pep-05) for which reduced
sequence coverage was observed, we employed an ion mobility
spectrometry/molecular modeling workﬂow to probe the
structures of their [M+2H]2+ ions further. For Pep-02 where
the ECD mass spectrum indicated the presence of conformers
with two patterns of noncovalent interactions, the IMS/MM
workﬂow produced a single candidate structure from the
model F protonation pattern; this structure had noncovalent
interactions consistent with the full ECD fragmentation
pattern, though the Arg5 residue was suﬃciently near the
pSer residue to suggest that it may sometimes interact, leading
to the reduced abundance of the c5/c5•, c6/c6•, and c7/c7•
fragments. One representative structure from model G was
produced with noncovalent interactions consistent with the
ECD data of Pep-03; however, with low abundance fragments
excluded, six further representative structures had ECDconsistent noncovalent interactions. These seven representative structures could all serve as candidate structures for Pep03. No representative structures generated for either Pep-01 or
Pep-04 had noncovalent interactions that exactly matched
those predicted from the ECD data; however, two structures
from model D and one structure from model J had one of the
predicted Arg−pSer and the other Arg just outside of
interaction distance (<4.5 Å). Closer inspection of the
associated clusters showed that they contained many structures
that did have noncovalent interactions consistent with the
ECD data, making them the most suitable representative
structure to propose as candidates. For Pep-05, one structure
was proposed as a candidate for the conformation containing
the Arg5−pSer noncovalent interaction as indicated by the
ECD fragmentation pattern with low abundance fragments
removed. With low abundance fragments included, eight
possible candidate structures were consistent with the
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