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We present mechanistic studies aimed at improving the understanding of the product ion
formation rules in electron capture dissociation (ECD) of peptides and proteins in Fourier
transform ion cyclotron resonance mass spectrometry. In particular, we attempted to
quantify the recently reported general correlation of ECD product ion abundance (PIA)
with amino acid hydrophobicity. The results obtained on a series of model H-RAAAAXAAAAK-
OH peptides confirm a direct correlation of ECD PIA with X amino acid hydrophobicity and
polarity. The correlation factor (R) exceeds 0.9 for 12 amino acids (Ile, Val, His, Asn, Asp, Glu,
Gln, Ser, Thr, Gly, Cys, and Ala). The deviation of ECD PIA for seven outliers (Pro is not taken
into consideration) is explained by their specific radical stabilization properties (Phe, Trp, Tyr,
Met, and Leu) and amino acid basicity (Lys, Arg). Phosphorylation of Ser, Thr, and Tyr
decreases the efficiency of ECD around phosphorylated residues, as expected. The systematic
arrangement of amino acids reported here indicates a possible route toward development of
a predictive model for quantitative electron capture/transfer dissociation tandem mass
spectrometry, with possible applications in proteomics. (J Am Soc Mass Spectrom 2009, 20,
2273-2283) Published by Elsevier Inc. on behalf of American Society for Mass Spectrometry

and structure-function relationships is an impor-

tant and challenging step in the drug discovery
process. Further insights into the influence of specific
amino acids on molecular conformation and physico-
chemical properties are needed to increase the through-
put and accuracy of the methods and techniques used
to investigate these critical relationships [1, 2]. Electron
capture dissociation (ECD) [3] and electron-transfer
dissociation (ETD) [4, 5] are generally employed to
determine peptide and protein primary structures and
to characterize labile modifications in tandem mass
spectrometry (MS/MS)-based proteomics. In addition,
recent findings demonstrate that the probability of a
given N-C, bond in a peptide backbone being cleaved
by ECD/ETD, which can be monitored by product ion
abundance (PIA), is governed by peptide or protein
conformation [6-9]. A number of experiments ranging
from targeted peptide analysis to statistical interpreta-
tion of fragmentation have been performed for several
thousand tryptic peptides [6, 7, 10-13] to examine the
dependence of ECD PIA on peptide sequence. The
experimental results have confirmed the complementa-
rity of ECD and vibrationally induced dissociation, e.g.,
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collision-induced dissociation (CID), but have failed to
provide a general quantitative model for ECD. Enhanc-
ing models to include intramolecular hydrogen bond-
ing has provided the best quantitative description of
ECD PIA to date, as shown by Zubarev and coworkers
[14]. However, their reported correlation is built upon
extensive molecular dynamics simulations performed
for a specific case of a selected part of a small (20-amino
acid) protein, Trp cage. Although general application of
the model would be time-consuming, it demonstrates
the importance of hydrogen bonds when attempting to
quantitatively describe ECD. Recent molecular dynam-
ics modeling complemented with quantum chemistry
calculations on penta- and hexapeptides supports the
hypothesis that ECD/ETD possess strong conforma-
tional selectivity [15]. The reported results demonstrate
the ability to find specific peptide conformations that
lead to formation of a given product ion in ECD or ETD
mass spectra. However, the extremely large size of a
peptide’s conformational space and the fact that the
same product ion can be formed from a number of
conformers via different pathways limits the ability to
quantitatively model ECD/ETD fragmentation pat-
terns. Importantly, the performed calculations do not take
into account peptide properties that influence peptide con-
formation and dynamics, e.g., entropy and ion internal
energy [16, 17]. Therefore, an alternative, presumably phe-
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nomenological model may be helpful when developing a
quantitative description of ECD/ETD.

Recently, we reported observation of sequence-
dependent ECD PIA of amphipathic peptides [12]. Due
to periodic variation of spatially separated hydrophobic
and hydrophilic sequence regions in amphipathic pep-
tides, their most probable conformational state in solu-
tion is an a-helix. Distinguishing sequence and confor-
mational (e.g., secondary structure) effects on ECD PIA
of amphipathic peptides is a complex task requiring
extensive computational and experimental studies. Ne-
vertheless, our observed correlation of ECD PIA with
the amino acid hydrophobicity distribution represents a
novel insight into the dependence of ECD on peptide
sequence. Therefore, we have taken the suggested corre-
lation between ECD PIA and amino acid hydrophobicity
as a starting point in developing a quantitative phenom-
enological description of ECD/ETD.

Here we present a mechanistic study on the influ-
ence of amino acid properties, particularly hydropho-
bicity /polarity and radical stability, on ECD PIA. ECD
Fourier transform ion cyclotron resonance mass spec-
trometry (FT-ICR MS) patterns of a complete series of
model, single amino acid-substituted H-RAAAAXAAAAK-
OH peptides involving all 20 naturally occurring and three
phosphorylated amino acids are compared and correlated
with various X amino acid physicochemical properties. The
presented results can be considered an initial step toward
development of a quantitative ECD/ETD model.

Experimental
Design and Synthesis of Model Peptides

A series of model peptides based on the general se-
quence H-RAAAAXAAAAK-OH (where X is one of 20
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natural amino acids or a phosphorylated T, Y or S) was
produced by solid-state Fmoc chemistry on an Applied
Biosystems 433 A Synthesizer with further purification
by liquid chromatography (Protein and Peptide Synthe-
sis Facility, Biochemistry Department, University of
Lausanne, Switzerland). Peptides were dissolved in
water to a concentration of ~1 mM and further diluted
in a standard spraying solution (H,O/CH,OH 50:50
volume ratio with 1% H;COOH) to a final peptide
concentration of ~1 uM. Circular dichroism (CD) spec-
troscopy measurements were performed at 25 °C and
80 °C in either pure H,O or 50/50 H,O/ACN using a
J-810 CD system from Jasco (St. Michaels, MD, USA)
equipped with a 500-uL cell.

The design of model peptides to probe the effect of
amino acid properties on ECD PIA was performed
based on ECD-specific experimental constraints (e.g.,
influence of charge location on ECD PIA) and custom
structures of model peptides employed in amino acid
hydrophobicity scale analysis (e.g., the translocon
insertion method). Scheme 1 illustrates the structure
of H-RAAAAXAAAAK-OH peptides with an ex-
changeable middle amino acid. The N-terminal Arg
and C-terminal Lys define charge location and pro-
vide sufficient ionization efficiency for multiply
charged ion production. Although the N-terminal
amide can compete with Arg and Lys for a proton, we
believe that the side-chains of the basic amino acids
located next to the termini were the primary locations
of protonation. We confirmed proton location on Arg
and Lys in peptides without a basic amino acid (e.g.,
Lys, Arg, and His) in the middle by joint theoretical
peptide conformation landscaping with replica ex-
change molecular dynamics simulations and an ex-
perimental ion mobility mass spectrometry-based ap-
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product ion abundance in ECD. Polyalanine spacers separate protonated N-terminal and C-terminal
basic amino acids from a centrally located modification. All 20 naturally occurring amino acid residues
have been examined, as have phosphorylated Tyr, Ser, and Thr.
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proach [18]. The substantial difference in mass
between Lys and Arg side chains separates poten-
tially overlapping C-terminal and N-terminal prod-
uct ions of poly-Ala peptides. (Ala), spacers were
designed to be long enough to keep a middle amino
acid of interest far enough away from the protonated
sites to reduce the potential for direct charge influ-
ence. On the other hand, spacers longer than four
amino acids may substantially reduce ECD efficiency
in the central part of the sequence for doubly charged
precursor ions [12]. The model peptide with X = Ala
may be considered as a reference molecule without a
structural “defect” at the central amino acid.

ECD-Based Tandem Mass Spectrometry

ECD experiments were performed on a hybrid linear ion
trap Fourier transform ion cyclotron resonance mass spec-
trometer (LTQ FT-ICR MS) equipped with an 11 T supercon-
ducting magnet [12, 19]. Peptides were electrospray-
ionized with a TriVersa robot using a standard ESI chip
(10 pm i.d. capillaries) from Advion (Ithaca, NY, USA)
at a flow rate of ~200 nL/min. Doubly protonated
peptides were isolated in the LTQ (isolation window of
4 Th) and transferred to the ICR ion trap for subsequent
tandem mass spectrometry following standard proce-
dures [20]. ECD was performed with low-energy elec-
trons for ~70 ms using a pencil electron beam from a
dispenser cathode located in the homogenous region of
the magnetic field [21]. The variable delay before elec-
tron injection was optimized to account for ion magnet-
ron motion [22]. To improve the statistical validity of
the acquired data, 100 single-scan mass spectra were su-
mmed to produce each mass spectrum. ECD PIA ana-
lysis was performed as previously described [12].
Briefly, isotopic peaks for each product ion were
summed to provide a list of absolute abundances for
product ions in a given tandem mass spectrum. Relative
values for the ECD PIA were then obtained by dividing
the absolute values of c-type or z-type product ions by
the sum of abundances for all c-type ion series and
z-type ion series. Taking into account all isotopes for a
given product ion diminishes the discrepancy in ion
internal energies between different experiments as iso-
topes of both odd-electron (radical) and even-electron
(prime) product ions are considered [23]. Statistical
analysis of the relative ECD PIA variation within a
single accumulated spectrum (100 summed scans) gives
an estimated error of less than 1%. The error in repeat-
ability and reproducibility of relative ECD PIA is more
pronounced, with an estimated 5% to 10% day-to-day
error for replicate experiments performed on the same
instrumental set-up. The variation is presumably due to
the influence of precursor ion and incoming electron
energy sensitivity to experimental parameters during
the ECD process. Despite the use of automatic gain
control (AGC), electrospray instabilities modulate the
amount of precursor ions in the ICR trap, thereby
influencing the ion-electron beam overlap and the am-
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plitude of space charge effects. Additional error is due
to imperfect product ion excitation and detection re-
peatability. Nevertheless, local maxima and minima of
the reported ECD PIA distributions are reproducible
even with the estimated errors.

Results and Discussions

ECD PIA of H-RAAAAXAAAAK-OH Peptide
Series

ECD FT-ICR mass spectra of the model peptide series
demonstrate extensive sequence coverage by primarily
c-type ions for all peptides studied (Figure 1 and
Supplemental Material Figure S1, which can be found
in the electronic version of this article). Although sev-
eral c-ions show radical components, yield of odd-
electron c-ions is low. ECD PIA distributions show a
characteristic response to the “defect” (e.g., amino acid
substitution) incorporated into the polyAla chain, as
shown in Figure 2. The dominance of c-type ions is
presumably due to higher propensity of Lys compared
with Arg for charge neutralization in ECD [24]. Never-
theless, z-type ions formed by N-C,, cleavage near the
N-terminus were observed for all peptides. Addition-
ally, several peptides demonstrate formation of z-ions
around the substituted amino acid. To study the impact
of the substituted amino acid on ECD PIA, difference
graphs were constructed. The difference graphs (Figure
3) demonstrate the variation of ECD PIA versus a
polyAla chain (e.g., the peptide where X = Ala, also
referred to as the reference peptide). ECD of the refer-
ence peptide demonstrates almost equal probability for
the N-C, bond cleavage in the middle of the sequence,
with decreasing bond rupture efficiency toward the
N-terminus. The N-terminus remains charged during
c-ion formation. A line is included at a value of zero
change in the ECD PIA shown in Figure 3 to help
highlight up- and down-regulation of the ECD PIA
when compared with the X = Ala peptide. Amino acids
in Figure 3 are grouped in regard to the fragmentation
behavior they demonstrate. As shown in Figure 3 d-f,
enhanced fragmentation generally occurs at the C-
terminal side of the inserted amino acid (at N-C_, bond
number 7). In contrast, ECD efficiency is enhanced at
the N-terminal side of the inserted amino acid (e.g.,
N-C, bond number 6) for Met and Leu residues (Figure
3¢). Ile and Val, the most hydrophobic amino acids,
demonstrate enhanced ECD efficiency at N-C, bond
number 5, even further toward the N-terminus. A
symmetric decline in ECD PIA at N-C,, bond number 6
is observed for Ile and Val. Of the 3 basic amino acids,
His demonstrates ECD PIA behavior similar to polar
residues (e.g., Glu). Substitution with more basic Arg
and Lys (Figure 3b) yields drastic differences in the
ECD PIA distribution along the sequence. Presumably,
His is not charged in the X = His peptide due to the
higher basicities of the Arg and Lys residues at the
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Figure 1. A typical tandem mass spectrum of peptide H-RAAAADAAAAK-OH, acquired under
standard ECD FT-ICR MS conditions. Data for all other peptides are shown in the Supplementary

material (Figure S1).

peptide termini, and thus His does not substantially
impact charge location.

The secondary structure of the H-RAAAAXAAAAK-
OH peptides were probed by circular dichroism (data
not shown). No pronounced secondary structure ele-
ments, e.g., an a-helix or a B-strand, could be assigned
to any of the peptides in the series.

Correlation of ECD PIA with Amino Acid
Properties

We sought to determine the particular amino acid
properties that influence the ECD PIA through correla-
tion of amino acid hydrophobicity or polarity scales
with the ECD PIA around the substituted amino acid,
following recent reports of a correlation between the
ECD PIA and the amino acid hydrophobicity [12].
However, to distinguish the influence of hydrophobic-
ity /polarity on ECD fragmentation pattern from other
amino acid properties, we had to exclude a number of
amino acids from the consideration. First, based on the
previous knowledge on the influence of basic residues
on peptide protonation and ECD fragmentation pattern,
we excluded the basic amino acids (Lys and Arg) from
the correlation fit. The data reported in Figures 2 and 3
clearly suggest charge location perturbation within the
precursor ions for X = Arg and X = Lys. Second, we
excluded the group of five amino acids, namely Leu,
Phe, Tyr, Trp, and Met, which are known to provide
strong radical stabilization that may dominate hydrogen-
bonding properties reflected by hydrophobicity or po-

larity [25, 26]. Radical stabilization in molecular system
depends on the possibility of delocalization of the
electron density excess on as many atoms or groups of
atoms as possible to minimize its potential energy. To
evaluate the extent of stabilization, two criteria should
be taken into consideration: the degree of bonding of
the atom on which the radical is initially located, and
the proximity of stabilizing groups (such as electron
withdrawing groups). As ECD and ETD are considered
to be radical-driven, the extent of radical stabilization
should play a crucial role in determining the Gibbs
enthalpy of the reaction and the relative energy of the
resulting product ions. A reasonable assumption is that
to form fragment ions, namely c and z°, not only the
activation barrier leading to the N-C, bond cleavage
has to be overcome but also the resulting radical has to
be stable. From that perspective, leucine should provide
higher radical stability than isoleucine despite its com-
parable hydrophobicity/polarity values. That is be-
cause leucine radical is stabilized on a tertiary carbon
atom, whereas it is stabilized only on a secondary or a
primary carbon for isoleucine. Substantial difference
between impact of Leu and Ile on radical-driven pep-
tide fragmentation was recently confirmed by Julian
and coworkers [25]. Similarly, although methionine and
cysteine are close on a hydrophobicity /polarity scale,
methionine is characterized by stronger radical stabiliz-
ing properties than cysteine. Methionine may form
secondary sulfur radical upon ECD, enhancing product
ion stabilization and decreasing its energy, whereas
cysteine forms only primary sulfur radical that does not
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Figure 2. Product ion abundance distribution for c-ions, z-ions, and a sum of ¢- and z-ions obtained
by ECD FT-ICR MS of peptides H-RAAAA-X-AAAAK-OH, where X is one of 20 naturally occurring
amino acids. Product ion abundances are normalized to the sum of all ¢- and z-ions. The statistical
error of the relative ECD PIA variation is less than 1%. C-terminal product ions (z-ions) are shown in
inverse order to correlate with the corresponding c-ions.

provide extensive radical stabilization. The remaining
amino acids, Phe, Tyr, and Trp, are aromatic and, thus,
provide strong radical stabilization due to their specific
ring-associated radical-forming properties.

With the exception of five amino acids, which are
excluded due to their known radical-stabilizing prop-

2277

erties and two basic amino acids, excellent correlation is
observed between the ECD PIA and the hydrophobicity
and polarity of the substituted residue, Figure 4. The

top of Figure 4 demonstrates a correlation of the ECD

PIA with Hessa’s amino acid hydrophobicity scale,
employed in [12]. The bottom of Figure 4 shows the
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ECD PIA plotted versus the amino acid polarity scale
introduced by Grantham [27]. A linear fit shows almost
direct correlation between the ECD PIA and amino acid
polarity with a correlation factor of R = 0.97 for the
remaining 12 amino acids (Figure 4, bottom). The ECD
PIA correlation with the Hessa amino acid hydropho-
bicity obtained for the same 12 amino acids demon-
strates a slightly lower correlation factor of R = 0.93
(Figure 4, top). The direct correlation reported here
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includes more amino acids and achieves a higher cor-
relation factor than previously reported correlations of
cleavage frequencies in ECD versus amino acid prop-
erties. The initial assumption that the ECD PIA corre-
lates with amino acid hydrophobicity has been con-
firmed for most of the amino acids.

We consider polarity scales here due to the direct
relation of polarity to hydrophobicity, with polarity
defined in a similar manner but for a broader range of



J Am Soc Mass Spectrom 2009, 20, 2273-2283

0.18+

0.16 Phe
0.14
0.12
<
o 0.10
o
2 0.08 .
% —=—cions
¢ 0064 —e—zions
0.04 —a—c&zions
0.02
0.00-— T T T 1 T T T T T
1 2 3 4 5 6 7 8 9 10
Residue number
0.18
o] Met
0.14
0.124
<
o 0.10
o 0.08 —s—cions
Z —e—zions
& 0.06+ —A—c&zions
0.04+
0.02
0.00-— T ; T T T T T T T

1 2 3 4 5 6 7 8 9 10
Residue number

Figure 2.

solvents than hydrophobicity. This particular scale of
polarity is selected because it correlates best with the
ECD PIA for most amino acids as described below.
Only c-ions around the substituted amino acids are
taken into account in Figure 4. Normalization is done
on the sum of all c-ions, with the z-ions excluded from
consideration. Interestingly, including z-ions into nor-
malization slightly reduces the overall correlation (R
~0.8). Indeed, data in Figures 2 and 3 clearly indicate
absence of z-ions for the N-C, cleavages around the
middle amino acid in most cases with the exception for
Asp, Ile, Ser, Arg, and Thr. The most abundant z-ion is
observed for Thr despite its lower hydrophobicity/
polarity compared with other amino acids from this
group, Figure 2. Although previously reported data
confirm correlation of z-ion abundance with amino acid
hydrophobicity for ECD of doubly and triply charged
peptides [12], data presented here indicate different
reactivity of z-ions compared with the c-ions, presum-
ably due to their radical nature. Furthermore, for the
doubly charged peptide series employed in the current
work, z-ions could only be formed accompanied by the
charge neutralization at the N-terminal Arg. On the
other hand, c-ions could only be formed accompanied
by the charge neutralization at the C-terminal Lys.
Therefore, differences in peptide conformations due to
the interactions between Arg and Lys side chains with
a middle amino acid side chain may also contribute to
the observed behavior. Understanding the selectivity
and specificity of ECD to the amino acid nature and
peptide properties in the formation of z-ions requires
further research.
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Although incorporation of basic amino acids (Lys
and Arg) drastically changes the ECD PIA distribution
compared with non-basic amino acids, Figures 2 and 3,
the ECD PIA for Arg is close to the main trend line,
Figure 4. We consider the location of Arg on the main
trend to be a coincidence, as the fragmentation effi-
ciency around the N-terminus and C-terminus in the
ECD of those peptides with X = Arg is perturbed. The re-
ported data, however, do not allow estimation of the
probability that the middle amino acid is protonated
when X = Lys or Arg. Complementary experimental
measurements (e.g., ion mobility mass spectrometry)
combined with molecular dynamics simulations are
needed. Importantly, all five amino acids that provide
strong radical stabilization cluster outside the linear fit.
They demonstrate higher ECD efficiency for the back-
bone cleavages around them, as expected, Figure 4.

Table 1 summarizes both the reported values for the
ECD PIA around substituted amino acids and the
corresponding properties of the amino acids. The pro-
line residue is not taken into account when examining
the general correlation. Table 1 also shows that phos-
phorylation of a middle site in model peptides with X =
Thr, Tyr, and Ser reduces the likelihood that N-C,
bonds located close to the modification will be cleaved.
This decrease in the ECD efficiency is in agreement with
the recent studies by Creese and Cooper, which suggest
reduction in ECD efficiency of phosphopeptides due to
the formation of salt-bridges between the phosphor-
groups and protonated amino acids [28]. Furthermore,
phosphorylation reduces radical stabilization of tyro-
sine [29]. Finally, phosphor groups may act as radical
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Difference graphs for product ion abundance distribution versus X = Ala for c-ions

obtained by ECD FT-ICR MS of H-RAAAA-X-AAAAK-OH, where X is (a) Ile and Val; (b) His, Lys,
and Arg; (c) Leu, Met, and Cys; (d) Asn, Asp, Glu, and GlIn; (e) Ser, Thr, and Gly; (f) Phe, Trp, and Tyr.
The statistical error of the relative ECD PIA variation is less than 1%.

traps and inhibit radical-driven fragmentation reaction
[30]. Therefore, despite the liquid chromatography-
mass spectrometry-based experimental fact that phos-
phorylation increases overall peptide hydrophilicity,
other processes prohibit increase of ECD efficiency.

In total, a set of 17 amino acid property scales out of
the 60 probed [31] returned a correlation factor R higher
than 0.5 for all amino acids but Arg, Lys, His, Gly, Pro,
Cys, and Leu. Among others, the following scales were
considered: hydrophobicity (Hessa [32], Kyte and Doo-
little [33], Black [34]), polarity (Grantham [27], and
Zimmerman et al. [35]), a-helix tendency [36], B-turn
tendency [36], and transmembrane tendency [37]. In
addition, we correlated other physicochemical proper-
ties of amino acids with the ECD PIA, including [31]:
dipole moment [38], molecular weight, bulkiness [35],
average flexibility index [39], pKa, substituent effect

scale [40], and diverse electron properties of the amino
acid side chains [41]. High correlation factors were
observed when correlating the ECD PIA with the trans-
membrane tendency scale (R = 0.89), hydrophobicity
indices at pH 7.5 as determined by HPLC (R = 0.93)
[42], and Black hydrophobicity (R = 0.93) [34]. Exclu-
sion of amino acids from consideration was based on
their specific basicity or structural properties as de-
scribed above.

Considerations for the ECD PIA Correlation with
Polarity
Correlation of the ECD PIA with amino acid polarity as

a function of the amino acid sequence may be attributed
to the ECD PIA dependence on specific conformations
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Figure 4. Correlation of the ECD product ion abundance with (top) amino acid hydrophobicity 32
and (bottom) amino acid polarity 27. The ECD product ion abundance is the summed abundance of
c-ions due to cleavage of N-C, bonds around the substituted amino acid at position 6 (N-C,, bonds
number 6 and 7). Normalization of each ECD PIA value is performed using the sum of all detected
c-ions. Linear correlation is performed on 12 amino acids shown by open circles. The six outliers are
shown with filled circles and are not considered during correlation analysis.

that precursor ions populate. The probability of forming
hydrogen bonds to and from the substituted amino acid
residue in solution is presumably directly related to
amino acid hydrophobicity and polarity. In addition to
hydrogen bonds, the peptide conformation is influ-
enced by other effects, including interactions between
the aromatic rings or interactions between an aromatic
ring and a charge. Therefore, the observed linear corre-
lation between the ECD PIA and the amino acid hydro-
phobicity /polarity may indicate an amino acid-dependent
peptide conformation preference and suggests that the
tendency to form hydrogen bonds in the gas phase is
similar to that observed in solution.

On the other hand, an alternative explanation should
be entertained in which polarity is considered as a
measure of electric charge separation in a peptide (e.g.,
the propensity to form electric dipoles). In the homog-
enous reference peptide with X = Ala, the structural
“defect” is absent and the ECD PIA is not perturbed
(Figure 2a). For other peptides, the middle amino acid
can be considered to be a defect for energy relaxation

along the peptide backbone and the hydrogen-bonded
network after electron capture [43]. For instance, sub-
stituted amino acids may modulate charge (electron)
transfer along the peptide’s backbone and hydrogen-
bonding networks [44-47]. Presumably, excited elec-
trons or “hot electrons” created at the charge neutral-
ization site may move along the peptide structure via
the electron subsystem. Indeed, the electron orbitals of
atoms near the charge-solvated site are polarized before
charge neutralization. Increased density of electronic
states around the protonation site results in an accumu-
lation of electrostatic energy around that point in the
peptide. Upon charge neutralization, the local electric
potential suddenly drops. As we recently demonstr-
ated, acoustic phonons may be formed due to this su-
dden perturbation, and may distribute energy along the
peptide structure upon relaxation [43]. At the same
time, the electronic subsystem receives additional en-
ergy, which may lead to formation of hot, energetic
electrons. Hot electrons may move in the peptide struc-
ture via covalent bonds and hydrogen bonding net-
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Table 1. Selected physicochemical properties of amino acids,
e.g., hydrophobicity (after Hessa et al. 32) and polarity (after
Grantham 27), versus the ECD PIA (summed abundances of c5
ions and ¢, ions). The order is alphabetical based on the single
amino acid nomenclature code. The statistical error of the
relative ECD PIA variation is less than 1%

Transm.

Amino acid Hydrophobicity Polarity tendency ECD PIA

Ala (A) 0.11 8.1 0.38 0.276
Cys (C) -0.13 5.5 -0.3 0.231
Asp (D) 3.49 13 -3.27 0.346
Glu (E) 2.68 12.3 -2.9 0.331
Phe (F) -0.32 5.2 1.98 0.336
Gly (G) 0.74 9 -0.19 0.274
His (H) 2.06 10.4 -1.44 0.314
lle (1) -0.6 5.2 1.97 0.238
Lys (K) 2.71 11.3 -3.46 0.264
Leu (L) -0.55 4.9 1.82 0.287
Met (M) -0.1 5.7 1.4 0.318
Asn (N) 2.05 11.6 -1.62 0.347
Pro (P) 2.23 8 -1.44 0.087
GIn (Q) 2.36 10.5 -1.84 0.310
Arg (R) 2.58 10.5 -2.57 0.324
Ser (S) 0.84 9.2 -0.53 0.292
Thr (T) 0.52 8.6 -0.32 0.283
Val (V) -0.31 5.9 1.46 0.236
Trp (W) 0.3 5.4 1.53 0.300
Tyr (Y) 0.68 6.2 0.49 0.320
Phosphorylated
Ser(pS) 0.202
Thr(pT) 0.163
Tyr(pY) 0.266

works toward the remaining charge sites, e.g., toward
the N-terminal Arg for the studied peptide di-cation
series [44, 47]. An electron approaching the substituted
amino acid detects the difference in electronic proper-
ties between Ala and the inserted amino acid. Enhanced
fragmentation at the C-terminal side of the inserted
amino acid (Figure 3 d-f) can be rationalized as a
response to formation of an energetic (electrostatic)
barrier for an electron to overcome. Similarly, ECD
efficiency enhanced at the N-terminal side of the in-
serted amino acid (Figure 3c) may indicate formation of
an electrostatic well in the middle of a peptide by
hydrophobic amino acids with specific radical proper-
ties. The created well would decrease the N-C_, bond
strength inside the inserted amino acid, which corre-
sponds to the N-terminal side of the amino acid residue.
Increased amino acid hydrophobicity (Figure 3a) pro-
motes ECD toward the N-terminus from the modifica-
tion site. The probability of backbone cleavage de-
creases as hot electrons travel away from the charged
C-terminus due to energy dissipation.

Conclusions

Correlation of the ECD PIA with amino acid hydropho-
bicity /polarity, a phenomenon that has recently been
reported in ECD, has been quantified for the first time
using a complete amino acid-substituted set of model

J Am Soc Mass Spectrom 2009, 20, 2273-2283

peptides. The high correlation factor found (R > 0.9) for
most amino acids is somewhat surprising giving the
solution phase-based definition of hydrophobicity/po-
larity and the gas-phase-based ECD reactions. Distin-
guishing three groups of amino acids (those that follow
the main correlation with hydrophobicity/polarity, ba-
sic amino acids, and amino acids with strong radical
stabilization preference) is less surprising, given what is
known from recent literature on radical stabilization
effects in ECD/ETD, and earlier reports on the influ-
ence of charge location on ECD/ETD fragmentation
patterns. In accordance with the current understanding
of the ECD/ETD mechanism, the reported results could
be considered from two alternative directions: conformation-
specific effects, and radical migration-specific effects.
Both explanations require substantial theoretical calcu-
lation efforts that are currently being undertaken not
only by researchers in the ECD/ETD field but also in
complementary fields, e.g., radical-driven UV spectros-
copy and electron photodetachment dissociation [29].
The simplicity of the model peptides selected in the
current manuscript and the clear differences in the
influence of different amino acids on the ECD PIA
distribution may allow development of a better under-
standing of not only ECD, but also of other techniques
in radical-driven peptide chemistry. To complete the
ECD PIA data and quantum chemistry calculations,
probing the peptide conformational landscape and de-
termination of the charge location can be performed by
combined ion-mobility mass spectrometry and molecular
dynamics simulations [18]. Finally, the presented results
indicate a possible route toward the development of a
general model for predicting ECD/ETD product ion
abundances in a typical proteomics experiment.
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