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Abstract. A database of 1470 collision cross sections (666 doubly- and 804 triply-
charged) of alkaline-earth-coordinated tryptic peptide ions [where the cation (M2+)
correspond to Mg2+, Ca2+, or Ba2+] is presented. The utility of such an extensive
set of measurements is illustrated by extraction of general properties of M2+-
coordinated peptide structures. Specifically, we derive sets of intrinsic size
parameters (ISPs) for individual amino acid residues for M2+-coordinated
peptides. Comparison of these parameters with existing ISPs for protonated
peptides suggests that M2+ binding occurs primarily through interactions with
specific polar aliphatic residues (Asp, Ser, and Thr) and the peptide backbone. A
comparison of binding interactions for these alkaline-earth metals with interactions

reported previously for alkali metals is provided. Finally, we describe a new analysis in which ISPs are used
as probes for assessing peptide structure based on amino acid composition.
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Introduction

Metal-containing protein conformations arise from a
balance of many interactions, including those that are

intrinsic to the polypeptide chain and those that are induced
upon binding of a metal cofactor [1–3]. In some cases, it
appears that the protein sequence has evolved to contain a
metal. In such a case, the protein retains its structure, regardless
of the presence of the metal in the binding site. In other cases,
the interactions leading tometal binding may have a substantial
influence on the entire protein conformation, even regions that
are distal to the metal. Because so many proteins require metal
ions in order to adopt functional structures, and because so
many different types of metals (12 “life metals” are particularly
relevant for vital activity in biological systems) [3] are used, it
is of interest to develop a fundamental understanding of metal–
polypeptide interactions [4–24].

In the work presented here, we report a relatively large
database of metal ion-containing peptide collision cross sections
for the alkaline-earth series Mg2+, Ca2+, and Ba2+. The cross

section of an ion is a measure of its overall shape and, thus, is
related to its structure. These measurements are carried out in the
gas phase and, thus, provide a direct look at the intramolecular
interactions of metal-containing peptides in the absence of effects
associated with solvation. From the data that are obtained, we are
able to determine likely binding interactions.

The present work is possible because of the advent of soft
ionization techniques developed for mass spectrometry (MS)
[25]. MS measurements provide information about metal–
protein stoichiometry as well as insight into metal coordination
sites [26–31] even when only minute quantities of sample are
available. Recently, we used ion mobility-mass spectrometry
(IMS-MS) techniques to generate a large database of 1772
peptide ion collision cross sections of which 954 entries
incorporated the alkali cations Li+, Na+, K+, and Cs+ [32].
From these data, it was possible to determine that alkali metal
cations are primarily solvated by certain polar residues
(specifically Asp, Glu, Asn, Gln, His, and carboxyamidome-
thylated Cys). In this paper, we expand these measurements to
study the influence of alkaline-earth metal cations on peptide
ion structure. Such a large dataset makes it possible to obtain
insight about general trends in peptide ion structure upon
binding to alkaline-earth cations. Correlations can be drawn
between these relative sizes and the amino acid composition of
the peptide ion with the derivation of intrinsic size parameters
(ISPs) [33–36]. These ISPs suggest which amino acids are
generally associated with binding each metal.
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Another important aspect of ISPs is that they provide a
means for predicting collision cross sections [33, 36]. Such
predictions can be used to refine assignments of unknown
sequences that are generated by MS/MS analyses combined
with database searching methodologies [37]. Below, we
demonstrate a new use of this approach by applying the ISPs
derived from the [Pep + M]2+ peptide ions to predict cross
sections for the observed [Pep + M + H]3+ peptide ions. The
idea that some sequences containing an additional proton
can be predicted from ISP values derived from sequences
containing only the metal ion suggests that the parameters
may be identifying elements of structure that are imposed by
the metal (i.e., the similar metal binding interactions are
defining the structure with and without an additional proton).

Experimental
Instrumentation

General theoretical and experimental aspects of IMS
techniques are discussed elsewhere [38–44]. Briefly, for
the measurements reported here, nested IMS-MS measure-
ments were recorded using a home-built instrument [45–47].
Solutions of tryptic peptides are electrosprayed using a
Nanomate autosampler (Advion Biosciences, Inc., Ithaca,
NY, USA). Sample ions are electrosprayed directly into a
Smith-geometry hour-glass ion funnel that is operated as a
trap [48, 49]. Ions accumulate in the ion funnel trap, and an
electrostatic ion gate is periodically lowered in order to
release pulses of ions into a 1.8 m drift tube. Diffusing ions
are guided through the drift tube containing ~3 Torr of He
buffer gas (300 K) under the influence of a uniform electric
field (~10 V·cm-1). Ion packets are radially focused with two
ion funnels (one in the middle of the drift tube and one as the
ions exit the drift tube). Upon exiting the drift tube, mobility-
separated ions are extracted into a home built orthogonal
geometry reflectron time-of-flight mass spectrometer. Because
flight times in the mass analysis region are much shorter than
drift times in the ion mobility region, it is possible to record
data in a nested fashion, as described previously [50].

Sample Preparation of Mixtures of Peptide Ions

The protocol for the tryptic digestion of known protein and
protein subunits to produce large mixtures of peptides is
described elsewhere [32]. Briefly, for the samples that were
analyzed here, tryptic peptide solutions were suspended in a
50:50 acetonitrile:water solution at a concentration of
~0.1 mg·mL–1. Acid was omitted to reduce competition of
free protons in solution with the alkaline-earth metal cations.
Separate solutions containing each alkaline-earth cation with
the addition of metal acetate (Aldrich or Sigma, St. Louis,
MO, USA) at a concentration of ~0.5 mM were prepared for
introduction into the IMS-MS instrument by electrospray
ionization (ESI). Competition of the metal cations and

protons leads to a distribution of charge carriers, as
described below.

Peptide Ion Assignments

Distributions of peptide ions (either protonated or metalated
by Mg2+, Ca2+, or Ba2+) were produced by ESI and
introduced into the source region of the IMS-MS instrument,
where nested mobility and mass information was collected
for 5 min per sample. Software (developed in house) was
used to pick the positions of peaks in the two dimensional
datasets. This resulted in lists of experimental m/z values for
each specific protein digestion that could be compared with
expected values (i.e., theoretically calculated) generated by
the ExPASy Proteomics Server PeptideMass [51] online tool.
In the present analysis, we considered peptides containing up to
two missed cleavages. A peak-picking tolerance of 0.25m/z
with a five-count intensity threshold was set for locating all
peaks of interest above the noise threshold. Drift time
distributions for each picked peak were obtained at the
monoisotopic mass by integrating all m/z bins (across a range
corresponding to ±0.25m/z) at each drift time. Specific drift
times were recorded for peak maxima of prominent features
within the drift time distribution. All recorded peak maxima
were visually verified against the nested IMS-MS datasets for
verification of expected charge state or possible interfering
peaks. For the metalated samples, the assigned peaks were
further cross-checked against the nested IMS-MS datasets for
the protonated samples to help eliminate false positives. The
validity of the peak assignments for expected metalated
products was additionally supported with corresponding
increases in population intensity, m/z, or drift time shifts, as
well as the expected isotopic distribution.

Determination of Experimental Collision Cross
Sections

Drift times (tD) can be converted into collision cross sections
using Equation 1 [38],

Ω � 18pð Þ1=2
16

ze

kbTð Þ1=2
1

mI
þ 1

mB

� �1=2 tdE

L

760

P

T

273:2

1

N
ð1Þ

where ze is the charge of the ion, kb is Boltzmann’s constant,
mI is the ion mass, mB is the mass of the buffer gas (He), E is
the electric field, L is the drift tube length, P is the pressure,
T is the temperature, and N is the neutral number density of
the buffer gas at STP. Because the drift tube contains two
ion funnels with nonlinear field regions, calculated cross
sections are calibrated to well-known systems (e.g., brady-
kinin and polyalanine). Cross sections can also be deter-
mined using the selection gate in the middle funnel region of
the instrument, as previously described [52]. Both methods
have provided high accuracy in the measurement of cross
sections, with values typically determined within ~1 % of
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previously reported values for ions believed to be of the
same structure [34].

Results and Discussion
Nested IMS-MS Measurements and Observation
of Charge-State Families

An example of a nested IMS-MS dataset is displayed in
Figure 1 for the protonated and calcium-containing tryptic
digestion of equine cytochrome c. Distributions of ions
generally fall into families within the nested measurements on
the basis of the ion charge state and size. The data for
protonated tryptic digests primarily show peaks corresponding
to doubly-charged peptide ions and, to a lesser extent, singly-
and triply-charged ions. The observation of doubly-charged
ions is consistent with likely protonation sites at the C-terminal
basic residue (lysine or arginine) and the N-terminal amino
group. A third proton could be incorporated along the peptide
backbone, and is expected for peptides containing missed
cleavages (or histidine), which provides a third highly-basic
protonation site.

Upon addition of alkaline-earth cations, doubly-charged
and triply-charged ions are observed. Unlike protonated

systems, triply-charged species are often observed to be the
most abundant charge state in the metal-containing systems.
This shift in charge distribution might be expected based on
the consideration that we have substituted the doubly-
charged M2+ species for the singly-charged H+. Where the
metal cation resides is much less clear in these systems.
Crystallographic studies of metal-containing proteins indi-
cate that metal cations are often coordinated by oxygen-rich
functional groups, including backbone carbonyls and residue
side chains containing a hydroxyl or carboxylic acid [53].
Additionally, an increasing coordination number is typically
observed for cations of increasing size with coordination
numbers of 6, 7, and 8 often observed for Mg2+, Ca2+, and
Ba2+, respectively [3, 54]. Below, we show that the derived
ISPs provide some insight into preferable interactions that
occur for metal-containing peptides in the absence of
solvent.

Changes in Drift Time upon Substitution of Ca2+

for H+ in Peptide Sequences

It is useful to think of the doubly- and triply-charged metal-
containing ions in terms of substituting one H+ with one M2+

ion, yielding [Pep + M]2+ and [Pep + M + H]3+ species.
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Figure 1. Nested IMS-MS dot plots of the electrosprayed mixture of peptides for the tryptic digestion of equine cytochrome c.
The sample concentration was ~0.1 mg·mL–1 in 50:50 water: acetonitrile solution. Panel (a) displays the protonated spectrum
and panel (b) displays the spectral change upon addition of calcium acetate. Doubly- and triply-charged mobility families are
overlayed with white dotted lines. Specific peptides are labeled to display drift and mass shifts upon interaction with Ca2+.
Panel (c) shows the drift profiles for these specific peptide ions as [Pep + 2H]2+ (solid black), [Pep + Ca]2+ (solid pink), [Pep +
3H]3+ (dashed black), and [Pep + Ca + H]3+ (solid green) species. These drift distributions are obtained by integration of all bins
at each drift time over a narrow m/z range encompassing the monoisotopic mass. Mass spectra are displayed on the left,
obtained by integration of all bins at each m/z across the entire drift time range
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Additionally, to a lesser extent, we observe some [Pep +
2 M – H]3+ species. Here, we focus on the [Pep + M]2+ and
[Pep + M + H]3+ peptide species for elucidation of
structural effects upon substitution of M2+ for H+. Each of
the tryptic digestions displayed significant differences in the
drift time distribution upon addition of metal acetate. From
Figure 1 we observe these general differences with drift time
distributions for specific calcium-coordinated peptides from
the cytochrome c digest. In these datasets, the peptide
sequences of MIFAGIK, KYIPGTK, MIFAGIKK, and
TGPNLHGLFGR are observed as [Pep + 2H]2+ and [Pep
+ Ca]2+ species. Variations in the drift distribution are
apparent, with the calcium-coordinated MIFAGIK,
KYIPGTK, MIFAGIKK, and TGPNLHGLFGR peptides
displaying changes of 3.6 %, 1.8 %, –0.4 %, and −1.0 %
compared with the respective doubly-protonated species.
Metalation also appears to be important in some triply-
charged species but not others. As examples, see the drift time
distributions for the peptide sequences TGPNLHGLFGRK and
KTGQAPGFTYTDANK, observed as the [Pep + 3H]3+ and
[Pep + Ca + H]3+ species. Here, the most intense peaks
observed for the [Pep + Ca + H]3+ species of
TGPNLHGLFGRK and KTGQAPGFTYTDANK change by
4.4 % and −2.4 % compared with the respective triply-
protonated species.

It is also common to observe multiple conformer
populations for metalated peptide species (where features
of lower relative abundance are hereby referred to as minor
features). Typically, [Pep + M]2+ species favor a single
conformer population with minor features generally ob-
served at longer drift times of significantly lower intensity
(generally G5 % relative abundance). Broader drift time
distributions are often observed for [Pep + M + H]3+

species, generally with several peaks of intermediate
intensity. The larger number of peaks presumably arises
because there are many possible charge site configurations.

Summary of the Alkaline-Earth Cationized Peptide
Database

A summary of the derived cross sections for observed
conformers of doubly- and triply-charged peptide species
observed within the tryptic digest of cytochrome c are
presented in Table 1. Complete lists of the derived cross
sections for all observed doubly- and triply-charged peptide
ions can be found in Supplemental Tables 1 and 2,
respectively. These tables also provide information regard-
ing peptide sequence, residue length, protein origin, molec-
ular mass, and cross sections for all observed conformers.
All cross sections reported here were obtained from data
collected concurrently with a previously reported database of
alkali metal-containing peptide cross sections, where the
accuracy of the reported measurements was assessed [32].
Here, cross sections for 222 doubly- (containing 2 to 14
residues) and 202 triply-charged (containing 4 to 23
residues) peptide ions coordinated with a doubly-charged

alkaline-earth cation are reported. A total of 1470 cross section
entries (666 doubly- and 804 triply-charged) is provided,
of which 1360 cross section entries (581 doubly- and
779 triply-charged) contain a C-terminal lysine or
arginine. Of these 1470 cross sections, 455 are charged
with a Mg2+ (190 [Pep + Mg]2+ and 265 [Pep + Mg +
H]3+), 611 are charged with a Ca2+ (291 [Pep + Ca]2+ and 320
[Pep + Ca + H]3+), and 404 are charged with a Ba2+ (185
[Pep + Ba]2+ and 219 [Pep + Ba + H]3+).

As mentioned above, those metalated peptides that
contain an additional proton (i.e., the [Pep + M + H]3+

species) often exhibit multiple resolvable mobility peaks. On
average, protonated [Pep + 2H]2+ ions show ~1.5 peaks for
each peptide. Whereas most peptides have two resolvable
features, these distributions are still dominated by one large
feature. The triply-protonated [Pep + 3H]3+ ions display
~1.9 peaks per distribution. One reason for the increase in
the number of peaks is that the more highly charged ions are
also larger (length and mass) and, thus, can adopt con-
formations that have substantially different structures that
allow them to be resolved. Localization of the H+ at the
various basic sites offered by these tryptic peptide ions also
could contribute to the increase in the number of peaks.

The distributions for metal-containing peptides are often
more complicated than their protonated counterparts. Often,
several peaks with similar intensities are observed. On average,
[Pep + Mg]2+ species show ~1.6 peaks, and this increases
to ~2.4 for [Pep + Mg + H]3+). The [Pep + Ca]2+ species
average ~1.7 peaks per mobility distribution, and this increases
to ~2.2 for the triply-charged [Pep + Ca + H]3+ forms.
Similarly, distributions for the barium-coordinated [Pep + Ba]2+

species contain ~1.6 peaks per spectrum, and this value
increases to ~2.1 for [Pep + Ba + H]3+ ions.

Range of Cross Sections for Species with Similar
Masses

At a given mass, triply-charged species exhibit a larger range
of cross sections than their doubly-charged counterparts.
Figure 2 shows a comparison of cross sections to molecular
weight for [Pep + Ba]2+ or [Pep + Ba + H]3+ species with
doubly- or triply-protonated species, respectively. Cross
sections increase with molecular mass for both the doubly-
and triply-charged species. However, the range of values at a
given mass is significantly different for the doubly- and
triply-charged populations. For the [Pep + M]2+ species, the
range of cross sections is relatively constant, with a standard
deviation of ±3.6 % over the entire dataset. Such a narrow
range may suggest that structures are relatively similar for
these doubly-charged metal-containing species.

A much larger range is observed for the intense features
of [Pep + M + H]3+ species. At m ~1000, cross sections
vary by±10 % as Coulombic repulsion between the two
cations may result in more extended conformations. As m
increases (and thus the number of amino acid residues),
additional functional groups become available for interaction
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with the metal cation. The range of values associated with
major features decreases with increasing m, resulting in a
range of ±7 % at m ~1500 and ±5 % at m ~2000. This may
result from a more globular peptide structure at larger
masses with a smaller effect from charge solvation. Figure 2
shows that minor features also exist over a wide distribution
of cross sections (for a given value of m). Similar
comparative plots for the doubly- and triply-charged peptide
ions containing Mg2+ or Ca2+ are provided in Supplemental
Figures 1 and 2, respectively. Overall, the trends in these
metal systems are similar to those described here for Ba2+.

Variations in Cross Section with Cation Size

Figure 2 also provides some insight about general trends
regarding the relationship of overall cross section with
differences in the cation sizes. The ionic radii for alkaline-
earth cations are r(Mg2+)00.72 Å, r(Ca2+)01.00 Å, and
r(Ba2+)01.35 Å (coordination number of 6) [55]. The ionic
radii for these cations increase if larger coordination
numbers are considered. For the intense features of [Pep +
M]2+ peptide ions, the average cross sections increase with
increasing cation size. Compared with [Pep + 2H]2+ species,
these [Pep + M]2+ ions are slightly larger in size [i.e., average

increases of 1.4±7.9 Å2 (Mg2+), 4.0±7.6 Å2 (Ca2+), and 6.5±
9.2 Å2 (Ba2+), corresponding to a percentage change of 0.9 %±
4.2 %, 2.4 %±4.0 %, and 3.8 %±5.0 %, respectively, for the
data in Figure 2]. Compared with observed [Pep + 2H]2+

species, larger [Pep + M]2+ cross sections are observed for
larger fractions of the metal containing species according to
increased ionic radii [i.e., the percentage of metal containing
ions having a larger cross section is as follows: 60.6 % (Mg2+),
73.9 % (Ca2+), and 79.6 % (Ba2+) of the metal-containing
species]. Presumably, the doubly-charged metalated peptides
are relatively compact because the tight interactions of M2+

with peptide functional groups [12]. The large deviations noted
for these changes in cross section upon metalation indicate that
the metals have a significant influence on the overall peptide
structure for many of these peptides.

Finally, we note that cross sections decrease with increasing
ionic size for the intense features of [Pep + M + H]3+ peptide
ions. Compared with [Pep+3H]3+ species, the [Pep + M + H]3+

cross sections are significantly smaller by an average of 14.8±
13.7 Å2 (Mg2+), 16.5±15.8 Å2 (Ca2+), and 18.5±17.7 Å2

(Ba2+), corresponding to a respective percentage decreases of
4.4 %±4.8 %, 4.9 %±4.4 %, and 5.5 %±5.0 %. Smaller cross
sections for the intense features of [Pep + M + H]3+ peptide
ions are observed for 87.0% (Mg2+), 83.9% (Ca2+), and 88.1%
(Ba2+) compared with the respective [Pep + 3H]3+ species.
These decreases are primarily clustered at masses between 800
and 1600 (generally corresponding to an amino acid residue
length of 7 to 15). We speculate that the broader distributions of
structures are related to the ability of larger alkaline-earth
cations to accommodate larger coordination numbers. An
increased coordination number may lead to a larger portion of
the peptide solvating the metal cation, resulting in a more
compact conformation.

Derivation of Intrinsic Size Parameters
for Individual Amino Acids

The assembly of such large datasets of peptide ion species
makes it possible to evaluate the role of the metal cation in
establishing the structure for a gas-phase peptide ion. As
such, generalizations associated with these metal-mediated
structures can be assessed to relate the interaction of the
metal cation with specific amino acid residues. These
interactions can be elucidated with the use of intrinsic size
parameters (ISP), of which derivations are made by relating
the occurrence frequency of individual amino acid residues
with the cross section deviation from the population mean.
The utility of such an analysis has been demonstrated with a
previously reported database of alkali-containing peptide
ions [32] with these ISPs displaying a preference for the
metal to interact with polar aliphatic amino acid residues and
methionine.

To begin, differences in cross section originating from
mass are removed with a normalization by a second-order
polynomial fit relating the cross section to the molecular
mass for each [Pep + M]2+ population. The normalized

100

150

200

250

300

100 900
150

200

250

300

350

400

450

500

400 1500 2600

C
o

lli
si

o
n

 C
ro

ss
 S

ec
ti

o
n

 (
Å

2 )

(a) (b)

1700
Molecular Mass (Da) 

Figure 2. Cross sections as a function of molecular mass
for all tryptic peptide ions that are protonated or charged by
Ba2+. Doubly-charged peptide ions ([Pep + 2H]2+ as com-
pared with [Pep + Ba]2+) and triply-charged peptide ions
([Pep + 3H]3+ compared with [Pep + Ba + H]3+) are shown in
panels (a) and (b), respectively. Protonated ions (gray
diamonds) and barium-coordinated ions (pink diamonds)
are displayed with minor features for the barium-coordinated
species (green circles). Insets are provided (defined by the
overlayed gray dashed box) to display an expanded view of
the range of cross sections observed for a given molecular
mass
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value is obtained as a ratio of the experimental cross section
to the polynomial fit cross section and is termed the reduced
cross section. As noted previously, the reduced cross section
can be used to decipher differences in cross section
associated with amino acid composition [32, 34, 36].
Original reduced cross section calculations utilized a
polynomial relating cross section to mass for singly-
protonated polyalanine peptide ions, allowing comparison
to a globular (sphere-like) conformation. However, the
relationship between molecular mass and collision cross
section is unique for each peptide ion species, primarily
characterized by ionic size, ionic charge, coordination
number and geometry, and the number of charge carriers.
As such, it is more instructive to utilize a molecular weight fit
for the calculation of reduced cross sections [32, 33]. Reduced
cross sections calculated for the [Pep + M]2+ datasets range
from 0.93 to 1.12 for Mg2+, 0.91 to 1.09 for Ca2+, and 0.87 to
1.11 for Ba2+.

ISP values are calculated by relating the reduced cross
sections with a matrix of the product of size parameters and
the occurrence frequency for each amino acid residue
intrinsic to each peptide sequence, as defined by Equation 2
[34, 36]:

Σn
j¼1Xijpj ¼ yi ð2Þ

Here, i corresponds to each unique peptide sequence
comprising the dataset and j corresponds to each amino acid
present within the population set [20 in these data, with Cys
modified during the digestion protocol by a carboxyamido-
methyl protecting group (hereafter denoted as Cys* or C*)].
The variable Xij refers to the frequency of occurrence of each
residue j in each sequence i. The variable pj refers to the
unknown parameters for each residue j and is the variable
determined from these datasets. The sum of the products of
the occurrence frequency of each residue and the unknown
residue parameters are equated to the variable yi, which
corresponds to the reduced cross section for each sequence i.
Each equation provides a relationship between the product of
residue frequencies and the unknown size parameters with each
measured reduced cross section. This system of equations is
solved for the best fit ISP values ( pj ) using a linear least-
squares regression analysis [56]. Uncertainties for each derived
parameter are calculated as the square root of the variance and
are representative of one standard deviation.

Comparisons of ISP Values from Peptides
Containing Different Metals

The derived ISPs for protonated and metalated species are
listed in Table 2. Only the observed major features were
utilized in these derivations. In general, ISPs derived for
these different systems are similar. Values for nonpolar
aliphatic residues are relatively large (from 0.95 to 1.22),
whereas values for polar aliphatic residues are small (0.77 to

1.02). Intermediate ISP values are observed for aromatic
residues (0.88 to 1.12). The errors reported for the [Pep +
Ba]2+ species are larger than the [Pep + Mg]2+ or [Pep + Ca]2+

species. This is interesting, considering the similar number of
measurements included within the datasets. We interpret
this as evidence of increased structural diversity within the
[Pep + Ba]2+ species, possibly because of a variance in
coordination number to accommodate the larger cation size.

At first glance, it appears that the alkaline-earth cations
influence the specific amino acid residues similarly to alkali
cations. That is, trends in ISP values for nonpolar aliphatic,
aromatic, and polar aliphatic residues are similar for both
types of ions. However, upon closer inspection, we do
observe differences. For example, the ISPs for the nonpolar
aliphatic residues (Ala, Val, Ile, Leu, and Met), aromatic
residues (Phe, Tyr, and Trp) as well as Asp are generally
smaller for the [Pep + M]2+ species than those observed for
the alkali [Pep + M + H]+ species. ISPs for most polar
aliphatic residues (Glu, Asn, Gln, Ser, Thr) as well as Pro,
however, are larger for these alkaline-earth-coordinated
species compared with the alkali species.

Insight into the Interactions of Alkaline-Earth
Cations with Specific Amino Acids

Figure 3 shows a relative difference plot of ISPs upon substitution

ofM2+ for H+ (i.e.,
ISP Pep þ M½ �2þ � ISP Pep þ H½ �þ

ISP Pep þ H½ �þ
). The [Pep + H]+

ISPs used in this analysis were derived using the singly-
protonated cross section database (absent Cys-containing
peptide ions) provided by Valentine et al. [34] Compared with
alkali-containing tryptic peptide ions, the alkaline-earth ISP
values suggest that these specific amino acid residue interac-
tions are less pronounced [32]. This can be observed by
comparing the panels in Figure 3 for the alkaline-earth- and
alkali-containing ISPs. Based on the alkali series, we anticipated
increased contributions to cross sections for the nonpolar
aliphatic and aromatic residues [36]. Overall, this is the case.
However, a residue size dependence is observed for the
nonpolar aliphatic residues. For example, the ISP for Ala is
relatively small. As the length of the side chain increases, the
contribution to cross section also increases. These results
suggest that the alkaline-earth metal cations interact less
specially with specific side chains than the alkali metal ions.
Presumably theM2+ species interacts with oxygen or (to a lesser
degree) with nitrogen atoms on the peptide backbone [57].

The polar aliphatic residues of Asp, Ser, and Thr, all show
relatively small ISP values. These values are ~13 %, ~7 %, and
~4 % smaller than values observed in the protonated system,
respectively. Pro and Gly also show smaller ISP values,
presumably by distortion of the peptide backbone to enable
interaction of the M2+ with other peptide functional groups.
The aromatic residues generally show larger ISP values (by
values up to ~7 %). Similarly, His shows a larger ISP (by
values up to ~5 %). Of the aromatic residues, smaller ISP

J. M. Dilger et al.: Alkaline-Earth Peptide Ion Structural Insight
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values are displayed only by coordination with Ba2+ (particu-
larly with Tyr by ~10 %). It is possible that the larger size of
Ba2+ enables a more effective interaction with the hydroxyl
group of Tyr. It is noted, however, that pi-solvation effects
specifically by Ba2+ with Phe are reported [23]. The plot of the
individual ISPs used in the alkaline-earth structural analysis

accentuates the subtle differences noted between the metalated
and protonated systems.

Comparison of Metalated ISPs with Metal-Binding
Sites in Known Protein Systems

Data mining of detailed crystal structures of metalloproteins
indicates the binding preferences of biologically relevant
metals (Na+, K+, Mg2+, and Ca2+) with specific amino acid
residues [53]. Our interpretations of the large ISP values for
aromatic and nonpolar aliphatic residues agree that the
frequency of metal-residue interactions is limited for these
residues. A difference is observed for alkali cations and the
sulfurous moiety of Met (as well as Cys). These residues
appear to interact strongly with the metals in the gas phase,
but not in the crystallography data. Our interpretation of
metalated ISPs also agrees with interactions of alkali metals
with all polar aliphatic residues as well as alkaline-earth
metals with the polar residues of Asp, Glu, and Asn (as well
as Ser and Thr, specifically with magnesium) from the
crystallography data. In addition to the specificity of these
metal-residue interactions, it is interesting that relative
binding preferences for specific residues are similar in both
the ISP analysis and the crystallography data. A difference is
noted, however, with the limited frequency of interaction of
alkaline-earth metals with the main chain (backbone)
functional groups reported in the crystallography data (all
normalized frequency values reported for Mg2+ and Ca2+

with the main chain oxygen or nitrogen are less than 1.5).
Our interpretation of the alkaline-earth ISPs suggests an
interaction of the metal cation with the backbone functional
groups. One final disagreement is noted for the frequency of
interaction for magnesium with histidine. Presumably, the
differences noted here are attributed to the metal-peptide
system providing a relatively limited number of functional
groups to solvate the M2+. As such, the metal–residue
interactions described here are more generalized compared
with the evolutionarily-specialized metalloproteins compris-
ing the crystallography data.

Application of ISP Values for Prediction of Cross
Sections

ISP values can be used to estimate cross sections. Typically,
MS-MS techniques are used for identification of a peptide
sequence, although false identifications often persist [37].
Complementary mobility-derived ISP values offer an inde-
pendent means of improving the confidence of these peptide
ion assignments [33]. Figure 4 shows the ratios of the
retrodicted and experimental reduced cross sections for both
the ISP fit and the molecular weight fit. Improvements of
estimation of cross section are shown for each of the [Pep +
M]2+ ISPs, with cross sections within ±2 % of experimental
values for 66 % of [Pep + Mg]2+ peptide ions (75 of 113
cross sections), 70 % of [Pep + Ca]2+ peptide ions (112 of
160 cross sections), and 61 % of [Pep + Ba]2+ peptide ions
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Figure 3. Relative difference plots of the ISP values for
specific amino acid residues for the [Pep + M]2+ species as
compared to [Pep + H]+ species. Panel (a) displays the plot
of the ISP values for [Pep + H]+ and [Pep + M]2+ species
used in the relative difference calculations. White, gray, and
black diamonds (with dashed lines) correspond to M2+0Mg2+,
Ca2+, and Ba2+, respectively. Black crosses (with solid lines)
correspond to the ISP values for [Pep + 2H]2+ species. Error
bars represent one standard deviation about the mean. Panel
(b) shows the relative difference in alkaline-earth ISPs with
white, gray, and black bars corresponding to M2+0Mg2+,
Ca2+, and Ba2+, respectively. Comparisons of Cys* are not
presented due to a lack of this modified residue within the
[Pep + H]+ peptide ion cross sections provided by Valentine et
al. [34]. Panel (c) shows the relative difference in alkali ISPs
with white, medium gray, dark gray, and black bars
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equivalent to those derived from the respective protonated
parameterization sets
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(67 of 110 cross sections). This is in contrast to the
retrodictive ability of the molecular weight fit, as cross
sections are within ±2 % of experimental values for 42 % of
[Pep + Mg]2+ peptide ions (47 of 113 cross sections), 47 %
of [Pep + Ca]2+ peptide ions (75 of 160 cross sections), and
46 % of [Pep + Ba]2+ peptide ions (51 of 110 cross sections).
Variances of the retrodictions using ISPs as compared to the
molecular weight fit significantly decrease by 58% [F(1,109)0
2.01, PG0.001], 60 % [F(1,159)02.48, PG0.001], and 50 %
[F(1,112)02.37, PG0.001] for the respective [Pep + Mg]2+,
[Pep + Ca]2+, and [Pep + Ba]2+ species.

Probing of structural elements of [Pep + M + H]3+

peptide ions using [Pep + M]2+ and [Pep + 2H]2+

ISPs

The ISP values are descriptive of the general interactions that
govern structure within the metalated and protonated systems
as well as the overall sizes of the amino acid residues. As
such, it is interesting to consider using these ISPs as a
structural probe for the multiple conformers typically ob-
served for [Pep + M + H]3+ peptide species. Here we apply
the ISPs derived from the [Pep + M]2+ and [Pep + 2H]2+

species to query the [Pep + M + H]3+ conformers. Those

conformers predicted with the [Pep + M]2+ ISPs are assumed
to contain elements of structure that arise by specific metal-
residue interactions. Similarly, conformers predicted by the
[Pep + 2H]2+ ISPs presumably arise from solvation of the
protons and the repulsive Coulombic forces exhibited by the
dual charge carriers.

Figure 5 shows the experimental reduced cross sections at
a given molecular mass for the [Pep + Ca + H]3+ species.
As discussed previously, the range of reduced cross sections
is larger for ions of smaller masses resulting primarily from
Coulombic repulsion of the two cations. ISPs derived from
the [Pep + M]2+ and [Pep + 2H]2+ species are used to
predict a reduced cross section for each peptide sequence
observed within the [Pep + M + H]3+ species. This
prediction is then compared with the empirical reduced
cross section. For the [Pep + Ca + H]3+ species, ~66 % have
a reduced cross section that is predicted within ±2 % (94 of
the 142 peptide sequences). Similar results are predicted for
the [Pep + Mg + H]3+ and [Pep + Ba + H]3+ species
[~73 % of magnesium-containing species (80 of 109 peptide
sequences) and ~74 % of barium-containing species (76 of
103 peptide sequences)]. Additionally, most of these predicted
measurements are major features. For example, 71 of the 94
predicted [Pep + Ca + H]3+ conformers are observed as the
most abundant feature in the drift distribution.

Those measurements predicted within±2 % by both the
[Pep + M]2+ and [Pep+2H]2+ ISPs are generally clustered
around the midline of the distribution (reduced cross section
of 1.0). Conformers predicted only by the [Pep + M]2+ ISPs
are structurally more compact (12 of 17 reduced cross
sections predicted below the midline). Conversely, con-
formers predicted only by the [Pep + 2H]2+ ISPs are
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peptide ions. Here, Xxx is any naturally occurring amino acid
(where cysteine is modified with a carboxymethylated
protecting group) and n01 to 13. Retrodictions produced
by ISPs are displayed in panel (a) with those produced by a
second-order polynomial regression relating molecular
weight to cross section in panel (b). Dotted lines are
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is the molecular mass of the ion)

J. M. Dilger et al.: Alkaline-Earth Peptide Ion Structural Insight



generally more elongated (14 of 20 reduced cross sections
clustered above the midline). Similar trends are noted for the
magnesium- and barium-containing species.

There also exists a population of conformers that are
either more compact or more elongated (largely of minor
features) that are not accurately predicted by either set of
ISPs. Structures that are more compact could arise from
higher coordination numbers of the metal cation. Additional
elongated structures are expected as the triply-charged
peptide experiences a larger Coulombic repulsion between
the M2+ and H+. In both cases, the influence of the metal
cation on peptide structure is altered through a change in the
interactions associated with solvation of both charge carriers.

Summary and Conclusions
This work presents a database containing 1470 cross section
entries of peptide ions containing alkaline-earth metals (Mg2+,
Ca2+, and Ba2+) in the [Pep + M]2+ and [Pep + M + H]3+

charge configurations. Cross sections were calculated from
IMS-MS measurements of tryptic digestions of 24 proteins.
This large number of values allows for generalizations on
peptide structure resulting from the coordination of an alkaline-
earth cation. Cross sections for [Pep + M]2+ peptide ions are
larger with increasing cation size. However, [Pep + M + H]3+

peptide ions often exhibit multiple resolvable conformers with
cross sections of major features that decrease with increasing
metal cation size.

Interactions between the metal cation and specific amino
acid residues were probed using ISP derivations. The ISPs
presented here display general charge solvation effects
similar to those previously derived for protonated [32–34,
36] or alkali-coordinated [32] peptide ion species. Specifi-
cally, ISP values are generally larger for nonpolar aliphatic
residues, intermediate for aromatic residues, and smaller for
polar aliphatic residues. Analysis of the relative difference of
[Pep + M]2+ ISPs with [Pep + H]+ ISPs shows the ability of
the alkaline-earth cation to interact with some polar aliphatic
residues (specifically Asp, Ser, and Thr, as well as the
aromatic residues with Ba2+). Comparisons of the relative
difference of ISPs for alkaline-earth-coordinated to alkali-
coordinated peptide ions show a lessened interaction of
alkaline-earth cations with specific residues. This suggests
general solvation by the peptide backbone within M2+-
coordinated systems. The interactions of these metals (alkali
and alkaline-earth) with specific amino acid residues
described by the ISP analysis are largely in agreement with
the normalized frequencies of interaction reported from
metalloprotein crystallographic data [53].

The ability of the ISPs to predict cross section is
demonstrated by applying the [Pep + M]2+ and [Pep +
2H]2+ ISPs on the [Pep + M + H]3+ dataset. Here we
assume that the interactions that govern structure for [Pep +
M]2+ and [Pep + 2H]2+ species can predict conformers that
arise in the [Pep + M + H]3+ species. These derived ISPs
predict reduced cross sections within ±2 % to an observed

feature within ~73%, ~66%, and ~74%of the [Pep + M + H]3+

peptides for Mg2+, Ca2+, and Ba2+, respectively. Confomers
predicted with the [Pep + 2H]2+ ISPs are relatively more
elongated, whereas the [Pep + M]2+ ISPs generally
predicted more compact conformers.
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