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Abstract

Studying biological systems to determine structure has been performed by a number of analytical techniques, including
electrospray ionization (ESI)/ion mobility spectrometry (IMS) with mass spectrometry (MS) detection. ESI/IMS/MS enables
the determination of gas phase ionic molecular size and can be correlated to computational modeling for structural evaluation.
In this study, a molecular modeling program (CHARMm) coupled with a novel method of experimentally determining ion
radii with ambient pressure IMS/MS was utilized to determine the charge position on gas phase peptides. Molecular modeling
predicted the relative sizes of several isomeric peptides previously separated by IMS in a nitrogen buffer gas, although the
modeled radii were smaller than the experimental radii due to the large polarizability of the drift gas. To correct for the
polarization of the ambient pressure gas through which the ions migrate in the ion mobility experiment, ionic radii in drift
gases of differing polarizability were plotted as a function of drift gas polarizability. To compare with the zero-polarizability
ionic radii (y-intercept of the linear regression), the modeling experiment mimicked conditions of the actual experiment and the
modeled and measured ionic size matched well. Moreover, when all possible charge locations on the peptides were modeled,
only one modeled structure matched the experimental data, indicating that the combination of modeled and mobility data can
determine charge location on gas phase peptides. (Int J Mass Spectrom 219 (2002) 23–37)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Structural investigation of anhydrous peptide and
protein ions in the gas phase, enabled by the devel-
opment of electrospray ionization (ESI)[1,2] and

� Some of the data presented in this paper was first reported in a
symposium entitled “Novel Developments and Applications of Ion
Mobility Spectrometry,” PITTCON 99, Orlando, Florida, March
7–13, 1999.
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matrix-assisted laser desorption ionization (MALDI)
[3], provides a potentially powerful technique for the
investigation of biomolecular structure. Understand-
ing the anhydrous behavior of peptides and proteins
may provide fundamental information helpful in the
complete characterization of the hydrated forms of
biomolecules (see reviews[4,5]).

Several researchers have employed ESI with mass
spectrometry (MS) to elucidate biomolecular confor-
mations and structure hydrogen/deuterium exchange

1387-3806/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII S1387-3806(02)00557-2



24 H.H. Hill et al. / International Journal of Mass Spectrometry 219 (2002) 23–37

experiments[6], proton-transfer experiments[7], and
ion beam scattering experiments in which collision
cross-section for ions can be determined[8]. The cou-
pling of ESI with ion mobility spectrometry (IMS)
and MS detection has enabled further structural stud-
ies to be performed due to the technique’s inherent
ability to measure ionic size[9]. In the past decade,
ESI/IMS/MS studies have elucidated differences in
protein conformations[4,10–13], folding/unfolding
relationships for proteins[14] and peptides[15], and
provided understanding of predominating intramolec-
ular interactions[16].

Comparison between computational modeling and
experimental IMS results can provide an understand-
ing of the ionic structures that represent the measured
ionic collision cross-sections present in the gas phase.
The collision cross-section is defined as the average
collision integral between the ion and a neutral drift
gas [9]. Therefore, computational models need to
account for the contribution of the drift gas to the col-
lision cross-section (both due to the mass and interac-
tion with the ion). To reduce drift gas contributions and
modeling complexity, helium is typically employed
as the buffer gas[17–20]. Several methods have been
employed which estimate collision cross-sections
from molecular modeling calculations[16,17]. The
projection approximation method is the simplest and
oldest method[18,19]. More sophisticated methods
have been developed as the allowable error for these
measurements decreased (exact hard spheres scat-
tering model [20], the trajectory method[21] and
the scattering on electron density isosurfaces method
[22]). Errors associated with the representation of the
ion/drift gas collision integral can create deviations
between the experimental and modeled ionic sizes
[12,16].

Determination of ionic size from ion mobility
data is commonly accomplished by one of two ap-
proaches, sub-ambient pressure and ambient pressure
IMS. Sub-ambient pressure IMS was first developed
to measure ionic size by increasing the pressure in
drift mass spectrometers. Today, this approach is still
used by several groups measuring ionic size of large
molecular weight organic compounds[15,16,18]. To

eliminate effects from polarization and other long-
range effects of the drift gas, ion size is normally
measured in helium drift gas.

Although mobility measurements at atmospheric
pressure are more difficult than those obtained using
the sub-ambient approach, ambient pressure IMS has
several advantages. First, it is possible to use higher
voltages and remain in the low field region of opera-
tion where size is indirectly proportional to drift time.
Second, small errors in pressure measurements do
not significantly effect size measurement. And, third,
higher resolving powers can be achieved for the same
drift length.

Higher resolving powers can also be achieved for
drift gases that are more polarizable than He. The rea-
son for this is that for a given IMS instrument and set
of operating conditions, drift times are longer in more
polarizable drift gases, reducing the pulse width con-
tribution to the total peak width. In addition to longer
drift times, drift gases with higher polarizabilities can
withstand more voltage before breakdown occurs. As
long as ion drift times are sufficiently long to min-
imize the bandwidth contribution of the initial pulse
width, higher voltage across the drift tube results in
higher IMS resolving power. With higher resolving
power, ion size can be determined to a higher degree
of significance.

In order to use higher polarizable drift gases, a
new method where experimental ionic radii (based
on the rigid sphere model) were measured with IMS
in four different drift gases with varied polarizability
and a linear relationship between drift gas polariz-
ability and ionic radii was found[23,24]. Based on
this approach to account for the drift gas contribu-
tion, the zero-polarizability (y-intercept of the linear
regression) ionic radii were determined for two bio-
logically relevant peptides and were correlated with
molecular dynamics simulations in this study. The
determination of the ionic radii without contributions
from the drift gas enables direct comparison between
molecular models and experimental radii.

Understanding the charge location on biomolecules
enables an understanding of folding mechanisms
and electrostatic interactions[17]. Although typically
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residue basicity is employed as the guideline for as-
signing charge to specific amino acid residues[25],
the addition of two or more charges to a biomolecule
complicates this assumption due to Coulombic repul-
sion forces and self-solvation[17]. The comparison
of molecular models with experimental ion mobilities
enables assignment of the charge positions. In this
study, previously studied isomeric peptides[26] were
modeled and charge location on the peptide was deter-
mined based on the comparison between the modeled
radii and experimentally measured ionic radii.

2. Experimental

2.1. Ion mobility measurements

Collision cross-sections,Ω, were measured from
their proportionality to ion mobility drift times in
an atmospheric pressure IMS[9] and ion mass was
measured using a quadrupole MS coupled in series
to the IMS. Both the IMS and the MS have been de-
scribed previously[27]. The IMS drift tube consists
of two regions; a drift region (13.0 cm long) and a
desolvation region (7.2 cm long). Both regions were
maintained at a constant temperature of 250◦C. A po-
tential of 4.5 kV was applied to the target screen (first
ring of the IMS drift tube). The IMS was operated at
atmospheric pressure (typically 695 Torr in Pullman,
WA) with a counter-current flow of drift gas at a flow
rate of 1.2 L min−1. The IMS was interfaced to the
ABB Extrel (Pittsburgh, PA) 50-QC quadrupole mass
spectrometer via a 40�m pinhole (pinhole potential
+7.9 V) and five electrostatic lenses (−4.9, −20.1,
−7.4, −99.9, −23.2 V). The pressure in the ion fo-
cusing chamber was maintained at 2.2 × 10−4 Torr
and the ion separation chamber was maintained at
1.5 × 10−5 Torr.

Ion mobility measurements were obtained for so-
lutions of kemptide and neurotensin in four different
drift gases: He, Ar, N2 and CO2. Peptides were sprayed
into the IMS from a solution of 47.5% water/47.5%
methanol with 5% acetic acid. These solutions were
introduced into the IMS at a flow rate of 5�L min−1.

2.2. Molecular modeling experiments

The molecular modeling experiments were con-
ducted on a commercially available molecular me-
chanics and dynamics program called CHARMm
(Chemistry at Harvard Macromolecular Mechanics),
which uses empirical energy functions to describe the
forces on atoms in molecules (Molecular Simulations
Incorporated, San Diego, CA)[28]. First developed
by the research group of Professor Martin Karplus
at Harvard University in 1983[28], the CHARMm
molecular dynamics technique implements the Verlet
method of numerical integration to relate the mass
and acceleration of an atom in the system to the gradi-
ent of the potential energy field. This allows the user
to generate a realistic picture of a structure’s motions
and to perform conformational searching at vari-
ous temperatures. For these experiments, CHARMm
Version 24 was run on a 180 MHz Silicon Graphics
O2 machine in a UNIX IRIX 6.3 operating sys-
tem. Structures were imaged with QUANTA 97, a
windows-based program by Molecular Simulations
Incorporated (San Diego, CA).

The modeling protocol for the isomeric peptides
was the following: peptide sequence conformations
were generated using CHARMm molecular dynamics
and were imaged through the program QUANTA. For
each peptide sequence, 10 trial structures were gen-
erated in a simulated annealing procedure similar to
previous dynamics simulations for ion mobility exper-
iments[29,30]. Straight chain forms of each peptide
were minimized, then heated to 1000 K over 5000 ps,
equilibrated for 3000 ps, and then cooled to 523 K
over 20,000 ps. These cooled structures were equi-
librated for 1000 ps and then produced at 523 K for
10,000 ps. This production step traces the motions of
the molecule at the designated temperature, generating
a set of frames of coordinates that represent the trajec-
tory of the atoms over time. An average structure was
obtained from the behavior of the peptides over this
period and their final energy was recorded. Averaged
structures were then used at the beginning of the an-
nealing cycle in place of the initial straight chain forms
and the cycle was repeated until 10 averaged structures
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and 10 final energies had been generated. Although
a greater number cycles may have produced more
accurate structures with lower energies, 10 cycles pro-
vided an efficient method for predicting relative mo-
bility behavior of the isomers. The average structure
with the lowest final energy was considered the best
representation of the peptides conformation during
analysis.

The protocol for the neurotensin and kemptide
molecules was modified to better reflect experimental
conditions (ions generated from liquid phase ioniza-
tion into a heated drift gas). Each constructed ion
was initially subjected to polar conditions similar to
an aqueous environment (dielectric constant= 72).
In this polar environment, straight chain conforma-
tions were minimized, then equilibrated for 1000 ps
at 298 K, and allowed to behave dynamically at 298 K
for 1000 ps. It is not clear if sampling from a polar
environment will alter the sampled structures. Further
studies of both modeling methods would identify any
slight differences in the sampled structures. However,
the polar environment does simulate the experimental
conditions better than the method described in the
previous section. This process was done once for each
peptide and the resultant structures were used as the
initial conformation in a following cycle which used
non-polar conditions (dielectric constant= 1). In the
non-polar environment, the previously generated con-
formers were minimized, then heated to 523 K over
1000 ps. The structures were equilibrated for 1000 ps
and then produced at 523 K for 5000 ps. As with the
isomeric peptides, average structures over the 5000 ps
of production were generated and the final energies
were recorded. These average structures were placed
at the beginning of the second, non-polar cycle un-
til 10 average structures and 10 final energies were
generated. As with the isomeric peptide experiments,
10 cycles provided an efficient method for establish-
ing charge position. A larger number of cycles may
have provided a slightly more accurate structure with
lower energies. Again, the average structure with
the lowest final energy was chosen as the best rep-
resentation of peptide conformation for each charge
state.

For all of the peptides, once the lowest energy av-
erage structure was generated, the radius of gyration
(Rg) was calculated from the molecular dynamics tra-
jectory data.Rg is defined as

Rg =
√

1

Ni

∑
(ri − rcm)2 (1)

whereNi is the number of atoms in the ion,r i − rcm

is the distance between the atom ‘i’ and the center
of mass for the ion. The radius of gyration is consid-
ered to be an average radius for the ion at 523 K (the
operating temperature for the IMS drift tube) in the
absence of any other molecules.

2.3. Calculations

The reduced mobility values reported were calcu-
lated based on the following equation:
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whereL is the drift region length (13.0 cm),V the drift
voltage,T the effective temperature in the drift region
(523 K), andP is the pressure in the drift region.

The average ion collision cross-section (Ω) was cal-
culated from the following equation[9]:

Ω =
(

3

16N

) (
2π

µkT

)1/2 (
zeVtd
L2

)
(3)

wherez is the number of the charges on the ion,e the
charge of one proton,N the number density of the drift
gas,µ [=mM/(m+M)] is the reduced mass of an ion
(m) and the neutral drift gas (M), andk is Boltzmann’s
constant.

For the purpose of this discussion, ion radii were
determined using the hard sphere model in which

Ω = π(ri + rg)
2 (4)

whereri is the intrinsic radius of the ion andrg is the
radius of the neutral drift gas. As the polarizability of
a drift gas increases, the effective radii of the drift gas
is going to increase. This increase will be dependent
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Table 1
Polarizability and calculated radii of drift gases

Ion mobility
drift gas

Radius (Å)a Polarizability
(×10−24 cm3)b

Helium 1.03 0.205
Argon 1.67 1.641
Nitrogen 1.73 1.740
Carbon dioxide 2.02 2.911

a As calculated in[23].
b As tabulated in[32].

on both the drift gas and the specific ion. The effec-
tive drift gas radii (r g) can be thought to have two
contributions

rg = rp + rv (5)

whererp is that portion of the drift gas radius which
was due to the increase in the drift gas radii because
of the interaction with the ion during the collision and
rv is the actual drift gas radius in the absence of other
molecules (defined as the Van der Waals radius). The
Van der Waals radii used for the neutral drift gases in
these experiments are given inTable 1. For all of the
experimentally reported radii,Eq. (3) was employed
to calculate the collision cross-section. Substitution
of Eq. (5) into Eq. (4) and rearrangement ofEq. (4)
results in the following equation:

ri + rp =
√

Ω

π
− rv (6)

Eq. (6) was utilized to determine the experimen-
tally measured radius, defined as the sum of the

Table 2
Experimental and modeled radii for six isomeric peptides

Doubly charged peptide ion sequence MW (Da) Collision
cross-section (Å2)

Ion radius (Å) Modeled
radius (Å)

SerH+–Asp–Gly–ArgH+–Gly 492.5 222 6.7 6.3
GlyH+–ArgH+–Gly–Asp–Ser 492.5 211 6.5 5.3
SarH+–ArgH+–Gly–Asp–Ser–Pro 603.6 228 6.8 4.0
GlyH+–ArgH+–Gly–Asp–Thr–Pro 603.6 233 6.9 4.6
Leu–ArgH+–ArgH+–Ala–Ser–Leu–Gly 773.9 281 7.7 6.4
Leu–ArgH+–ArgH+–Ala–Ser–Val–Ala 773.9 280 7.7 6.5

Experimental values were obtained from[24] and were performed with nitrogen as the drift gas. Both modeled and experimental radii
were calculated according to equation where the nitrogen was approximated to be equal to 1.73 Å.

ion radii and polarizable radii contribution (re =
r i + rp)

2.4. Method of zero-polarizability radii

For direct comparison between the experimental re-
sults and the molecular modeled structures, the in-
trinsic ion radii was calculated by removingrp, the
contribution of the drift gas from the experimentally
measured radius (re), labeled the zero-polarizability
method. In this method, the mobility and collision
cross-section values for a given ion were determined
in four drift gases and there values were calculated in
each drift gas byEq. (6). There values were linearly
correlated with the drift gas polarizability. The linear
correlation betweenre and drift gas polarizability has
been demonstrated in previous studies[23,24]. In this
empirical correlation, it is assumed that the ionic radii
does not change significantly in the presence of dif-
ferent drift gases, but rather that the apparent drift gas
radii (rg) increases with increased polarizability. With
this assumption, the intrinsic ionic radiiri is defined
as there value where there is no contribution from
the drift gas (i.e.,rp = 0); i.e., they-intercept for
the linear relationship. For both the zero-polarizability
intrinsic ion radii and the computationally derived
radii of gyration, we are assuming that the structures
should be similar because they are both radii essen-
tially under vacuum conditions. Therefore, we feel that
a direct comparison between these two ionic radii is
valid.
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3. Results and discussion

3.1. Isomeric peptide models

The distinction between isomeric peptides is diffi-
cult to perform by MS alone but has been shown to
be easily achieved with high resolution IMS instru-
ments [26]. Based on previous IMS studies where
ion mobility separations of isomeric peptides were
demonstrated[26], modeling experiments for three
isomeric peptide pairs; (1) Ser–Asp–Gly–Arg–Gly
(SG)/Gly–Arg–Gly–Asp–Ser (GS); (2) Sar–Arg–Gly–
Asp–Ser–Pro (SP)/Gly–Arg–Gly–Asp–Thr–Pro (GP),
and (3) Leu–Arg–Arg–Ala–Ser–Leu–Gly (LG)/Leu–
Arg–Arg–Ala–Ser–Val–Ala (LA) were performed.
The ion mobility data for these ions were taken from
[26]. The experimental collision cross-section values,
the experimentally measured radii (re), and modeled
radii of gyration for the six peptides are listed in
Table 2.

For the first peptide pair which was the inverse
amino acid sequence, SG and GS, both singly and
doubly charged gas phase ions were observed. The
singly charged ions were not separated by IMS and

Table 3
Experimental ion mobility measurements for kemptide and neurotensin in four drift gases

Ion MW Gd Rr td Ko Ω ri

Kemptide 2+ (M + 2H)2+ 773 He 155.4 14.0 3.51 231.4 6.85
773 N2 42.7 25.0 1.10 285.8 7.81
773 Ar 19.7 27.8 0.98 267.9 7.57
773 CO2 9.8 36.1 0.76 332.5 8.27

Kemptide 1+ (M + H)+ 773 He 16.8 7.7 1.96 208.1 6.41
773 N2 2.6 45.2 0.61 258.2 7.34
773 Ar 2.9 50.2 0.54 241.9 7.11
773 CO2 0.7 61.8 0.44 284.5 7.50

Neurotensin 3+ (M + 3H)3+ 1674 He 100 9.5 2.86 425.4 9.91
1674 N2 10.7 29.3 0.94 492.3 10.91
1674 Ar 4.9 33.1 0.82 472.6 10.41
1674 CO2 1.3 41.4 0.66 564.1 11.40

Neurotensin 2+ (M + 2H)2+ 1674 He 47.6 12.7 2.16 376.9 9.23
1674 N2 10.7 37.7 0.73 426.6 9.92
1674 Ar 11.6 42.8 0.64 406.7 9.71
1674 CO2 2.8 51.4 0.53 466.8 10.17

MW: molecular weight (amu);Gd: drift gas; Rr : relative peak height response;td: drift time (ms); Ko: reduced mobility constant
(cm2 V−1 s−1); Ω: collision cross-section (Å2); ri : hard sphere ion radius (Å).

both produced an experimental collision cross-section
of 184.5 Å2 and measured radii of 5.94 Å. The dou-
bly charged inverse isomeric ions were completely
resolved, having experimental cross-sections in ni-
trogen of 222 Å2 (r = 6.7 Å) for SG and 211 Å2

(r = 6.5 Å) for GS. In Fig. 1, both the ionic struc-
tures and ionic radii of gyration determined from the
molecular modeling for the doubly charged ions are
shown (6.3 Å for SG and 5.3 Å for GS). For both pep-
tides, the modeled radii of gyration were significantly
smaller than the experimentally measured radii. This
result was expected since the molecular models were
generated without the influence of a drift gas while
the experimentally measured radii were obtained in
nitrogen and contain a contribution from the drift
gas (rp). The model does however predict that the
doubly charged SerH+–Asp–Gly–ArgH+–Gly (SG)
was elongated and maintained a stretched structure
due to separation of the two protonated sites. The
charge repulsion of the two adjacent charged sites for
GlyH+–ArgH+–Gly–Asp–Ser (GS) caused the back-
bone from the last three amino acids to fold around in
order to stabilize the charge on the N-terminal glycine
(see Fig. 1). While the modeled radii of gyration
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Fig. 1. Minimized molecular models of gas phase inverse-sequence isomeric peptide ions. Collision cross-section values were obtained
from [24], experimental ionic radii were calculated fromEq. (3).

and experimentally measured radii did not match, the
relative radii predicted separation.

As with the inverse isomeric pair, Sar–Arg–Gly–
Asp–Ser–Pro (SP) and Gly–Arg–Gly–Asp–Thr–Pro
(GP), produced both singly and doubly charged gas
phase ions. In this second pair, the methyl group
on sarcosine was moved to the serine, thus con-
verting sarcosine to glycine and serine to threonine.
Again, the singly charged ions could not be sepa-
rated, producing a cross-section of 210 and 211 Å2,
respectively. The doubly charged isomers could be
separated however, having cross-sections of 227 Å2

for SarH+–ArgH+–Gly–Asp–Ser–Pro and 233 Å2 for
GlyH+–ArgH+–Gly–Asp–Thr–Pro.Fig. 2 illustrates
the result of the molecular modeling for the doubly
charged isomeric peptides. As shown inTable 3, the
modeled ion radii of gyration were again signifi-
cantly smaller than the experimentally measured radii
(6.8 Å/4.0 Å for SP and 6.9 Å/4.6 Å for GP), however,
the peptide with the smallest experimental radii also
produced the smallest modeled radii of gyration.

For the methyl substituted isometric pair, Leu–Arg–
Arg–Ala–Ser–Leu–Gly and Leu–Arg–Arg–Ala–Ser–
Val–Ala, only doubly charged ions were observed
and the structures were not sufficiently different to
be separated. The only difference between these two
isomers was the methyl group at the non-charged,
C-terminal end of the peptide. For modeling, it was
not clear where the charges were located on the
peptide since there were three possible charge sites
but only two charges. For this modeling experiment,
charge locations were selected on relative basic-
ity and the two protons were attached to the Arg
groups.Fig. 3 illustrates a similar structure for both
of these isomers in which the Arg group nearest
the N-terminal end of the peptide is stabilized with
the carbonyl of the N-terminal amino acid and the
charged Arg group nearest the C-terminal end is sta-
bilized by interactions with carbonyl groups on the
C-terminal end of the peptide. The dominating factor
is the electrostatic repulsion of the two charged Arg
groups.
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Fig. 2. Minimized molecular models of primary and secondary amine isomeric peptide ions. Collision cross-section values were obtained
from [24], experimental ionic radii were calculated fromEq. (3).

Fig. 3. Minimized molecular models of R-group modified isomeric peptide ions. Collision cross-section values were obtained from[24],
experimental ionic radii were calculated fromEq. (3).
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Although the calculatedRg and experimentally
measured nitrogen radii for each peptide pair can
not be directly compared, the computational models
correctly described the experimental separation of the
each peptide pair. This is a qualitative approach to
understanding the separation characteristics and the
molecular structures that dictate differences in the
mobilities. It is important to point out that this is only
valid when each ion is analyzed separately and each
mobility is determined independently. For some ions,
the relative collision cross-sections will differ in a
polarizable drift gas from the relative sizes of each
ion without contribution from the drift gas.

3.2. Ion mobility size measurements of neurotensin
and kemptide in different drift gases

As already mentioned, modeled radii of gyration
were significantly smaller than the experimental radii
in all cases. The reason for this was that the modeled
Rg values were obtained without accounting for the
influence of the drift gas while the experimentally
measured values were obtained in a relatively polar-
izable drift gas, nitrogen. The experimental radii were
actually due to both the intrinsic ion radii (ri ) and the
increase in the drift gas radii due to the polarization of
the drift gas molecule (rp). To experimentally correct
for the effect of the polarizability of the drift gas, ionic
radii were determined in drift gases of different po-
larizability. The experimentally measured ionic radii
were plotted as a function of drift gas polarizability
[23,24] and the ion radii at the zero-polarizability
intercept (y-intercept for the linear regression) were
used to compare with modeledRg values.Table 1
lists the drift gases used in this experiment along with
their Van der Waals radii and polarizability.

Fig. 4 shows the ion mobility spectra obtained
for kemptide in the different drift gases. In all drift
gases, both the singly and doubly charged ions were
observed but the doubly charged ions were the pri-
mary species observed.Fig. 5 shows the ion mobility
spectra obtained for neurotensin in the different drift
gases. For neurotensin, only the (M+ 2H)2+ and
(M + 3H)3+ ions were observed.Table 3list the drift

Fig. 4. Ion mobility spectra of kemptide in four different drift
gases.

times, mobility values and collision cross-sections
calculated for these four ions.

Fig. 6 shows the experimentally measured radii
spectra plotted as a function of the polarizability of
the drift gasses for each of the kemptide and neu-
rotensin ions observed in the ion mobility. From the
graph, it is clear to see that the measured radii varied
linearly with polarizability of the drift in the following
manner:

re = mα + ri (6)

wherem is the slope of the line andα is the polar-
izability of the drift gas. In addition, it appears that
the slope of the line is a function of the charge den-
sity of the ion. FromFig. 6, the triply charged ion
for neurotensin had a steeper slope than the doubly
charged ion and the doubly charged ion of kemptide
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Fig. 5. Ion mobility spectra of neurotensin in different drift gases.

had a steeper slope than the singly charged ion. In
other studies, we have observed similar phenomenon
[23] where small singly charged ions have a steeper
slope than peptide ions.

In all cases, the ionic radii in He, Ar, and CO2 fell
on a line while the radii measured in N2 always fell
a little above the line. One explanation for this phe-
nomenon is that N2 was the only drift gas that had a
significant quadrupole moment. Thus, long-range in-
teractions between the gas and ion were larger that
predicted based on polarizability alone.

3.3. Molecular modeling measurements

Experimental results indicated that only the
(M + H)+ and (M+ 2H)2+ ions were generated by
the electrospray process for kemptide (Leu–Arg–Arg–

Fig. 6. Calculated ion radii as a function of drift gas polarizability
for kemptide and neurotensin. The slopes for the higher charged
ions for each peptide have a greater slope than their smaller
charged counterparts.

Ala–Ser–Leu–Gly) even though there were three ba-
sic sites (N-terminal leucine and the two arginines)
on the peptide where a proton could attach. Similarly,
neurotensin (Glu–Leu–Tyr–Glu–Asn–Lys–Pro–Arg–
Arg–Pro–Tyr–Ile–Leu) can accept four protons, one
on the N-terminal glutamine, one on the lysine, and
two on the arginines. However, experimental results
indicated that only the (M+ 2H)2+ and (M+ 3H)3+

ions were observed after electrospray. For modeling
the peptides, this presents a problem.

When faced with the problem of where to locate
charge on peptides, modelers in the past have selected
the most basic sites[25]. While this approach seems
reasonable, other considerations may also be impor-
tant such as proximity to other charges and intramolec-
ular stabilization of the charge, for example[17]. Thus,
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Fig. 7. Minimized molecular models of singly charged kemptide at all possible charge sites.

in these experiments, we modeled all possible charge
sites.

Modeling results for the singly charged kemptide
ion are shown inFig. 7. The position of the pro-
ton is denoted by the superscript H+. The smallest
configuration occurred when the proton was placed
on the N-terminal amino group of the peptide. Here,
the peptide folded back on itself to stabilize the
proton with the carbonyl groups of the C-terminal
end of the peptide producing a radius of gyration of
4.82 Å. When the proton was placed on the adjacent
arginine, the C-terminal end of the peptide folded
around the arginine group, leaving the N-terminal
amino acid free, sticking out of the folded portion
of the peptide and producing an ion with a radius
of gyration of 5.46 Å. Placing the proton on the sec-
ond arginine from the N-terminal end of the peptide
resulted in the largestRg. In this structure, placing
the charge near to the C-terminal end prevented the
peptide from folding as tightly, producing the largest
of the three structures with a radius of gyration of
6.51 Å. Thus, placing the charge on the N-terminal
end produced the smallest configuration, which in-
creased in size as the charge was placed nearer to
the center of the peptide. Which of these configura-

tions was the most likely to actually occur in the gas
phase?

FromFig. 4, it is clear that only one singly charged
peptide ion was observed in the ion mobility spectrum
of kemptide. If all three modeled stable configurations
had been produced in the electrospray ionization pro-
cess, then three ion mobility peaks corresponding to
Rg values of 4.82, 5.46, and 6.51 Å would have been
observed. The ion mobility spectrometer used in this
study had a resolving power of 80, which is capable
of separating ions with radii differences as small as
0.1 Å. Thus, the conditions used in this study were
sufficient to detect the presence of three stable singly
charged kemptide ions but only one was observed.

Was this single ion mobility peak the result of some
dynamic, proton-transfer process that occurred during
in the gas phase during the ion migration process? If
proton-transfer reactions were occurring during the
migration process, the measured radius of gyration
would be some weighted average of those radii calcu-
lated for the three modeled ion structures, the average
radius of gyration for the three modeled structures
would be 5.60 Å if all conformations were weighted
equally. The intrinsic ion radius that was actually mea-
sured with these ion mobility experiments was 6.40 Å,
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Fig. 8. Minimized molecular models of doubly charged kemptide at all possible charge sites.

well separated from the average of all conformations.
In fact, the measured ion radius was only slightly
less than the radius of gyration of 6.51 Å determined
from the conformation in which the proton was po-
sitioned on the arginine that was in the third amino
acid position. From this near match of measured and
modeled ionic radii, it would seem reasonable that the
proton was attached to the arginine in the third posi-
tion and that intramolecular gas phase proton-transfer
reactions did not occur during the migration of
the ion through the drift region of the spectro-
meter.

Similarly,Fig. 8shows the three modeled configura-
tions for the three possible proton positions in the dou-
bly protonated kemptide. Again, when protons were
attached to the N-terminal amino acid, the peptide
folded tightly to produce radii of gyration of 5.78 and
5.98 Å. When the two protons were attached to the two
arginines in the second and third positions, the pep-
tide was in the more unfolded state with a radius of
gyration of 6.70 Å. The actual intrinsic ion radius de-
termined from ion mobility experiments was 6.74 Å,
indicating that the stable gas phase ion structure of the
(M + 2H)2+ kemptide ion occurred when the protons
were attached to the two arginines.

For neurotensin, only the (M+ 2H)2+ and (M+
3H)3+ ions were observed in the IMS even though
there were four possible protonation sites in the pep-
tide. Modeling all of the possible proton-positions in
each ion was more challenging since there were six
possible positions in the (M+2H)2+ ion and four pos-
sible positions in the (M+ 3H)3+ ion. The six mini-
mum energy conformations modeled along with their
average radii of gyration for the six possible proton
positions for the doubly protonated neurotensin are
presented inTable 4. In this case, the intrinsic ion

Table 4
Calculated radii of gyration values for six possible doubly charged
ions of neurotensin (amino acid sequence is: E1LYENKPR1R2

PYIL)

Charge location on amino
acids in simulated structure

Calculated radius of gyration
(Å) for simulated structure

E1R1 8.15
KR1 10.13
E1R2 11.51
E1K 11.84
KR2 8.70
R1R2 9.74

Experimental zero-polarizability IMS radii was determined to be
9.17 Å.
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Fig. 9. Minimized molecular models of doubly charged neurotensin at all possible charge sites.

radius was 9.17 Å for the peak observed in the ion
mobility spectrum did not match any of the modeled
radii of gyration. Instead, it fell in between the radii
of gyration for the doubly protonated peptide in which
the protons were located on the sixth position lysine
and the ninth position arginine, 8.70 Å, and the one in
which the protons were located on the eighth position
arginine and the ninth position arginine, 9.74 Å (see
Fig. 9). The average of these two peptides was 9.22 Å,
suggesting that these two conformations were in dy-
namic equilibrium during the ion mobility migration
process.

In both structures, one of the protons was present
on the ninth amino acid, arginine. The second pro-
ton was present on either the eight position arginine
(Rg = 9.74 Å) or on the sixth amino acid, lysine
(Rg = 8.70 Å). One plausible explanation for the dis-
crepancy between the intrinsic ion radius and the radii
of gyration is that the ion was actually interconvert-
ing between the two structures already described. In
Fig. 9, the modeled representation for each of these
structures are shown. In both structures, an upper and
lower pocket, each containing one of the two pro-
tons, are seen. In each pocket, the proton is hydrogen

bonded to the surrounding functional groups from the
adjacent amino acids. In both structures, the protons
reside in approximately the same area within the ion,
and the difference in the structures is the rotation of
either the sixth lysine or the eighth arginine to as-
sociate with the proton. Therefore, it seems possible
that with the thermal energy provided by the ion mo-
bility experiment, the lysine and arginine could flip
back and forth within the experiment and that the
measured mobility for the doubly charged ion is ac-
tually a combination of these two different confor-
mations. One approach to discern the presence of in-
terchangeable conformers is by decreasing the drift
tube temperature and observing the predominant peaks
as the thermodynamic energy of the system is de-
creased. Researchers typically perform variable tem-
perature experiments in order to elucidate multiple
conformations in biomolecules[31] and a similar ap-
proach for neurotensin would be expected to corrobo-
rate the suggested conversion between the two peptide
structures.

Four proton positions were possible for the triply
protonated neurotensin ion and their minimum energy
models are shown inFig. 10along with their respective
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Fig. 10. Minimized molecular models of triply charge neurotensin at all possible charge sites.

radii of gyration. As with the kemptide ion models,
the ion mobility measured radius of 9.78 Å matched
only one of the modeled radii. In this case, the most
stable conformation occurred when the protons were
located on the N-terminal amino acid, the eighth posi-
tion arginine and the ninth position arginine, produc-
ing a radius of gyration of 9.82 Å. This was the only
case we observed where the proton was attached to
the N-terminal amino acid.

4. Conclusions

Molecular dynamics simulations provided accurate
three-dimensional models of possible gas phase ionic
structures for three isomeric peptide pairs. Although
the exact values of the modeled and experimental radii
differed, a relative comparison between the modeled
and experimental values provided an understanding of
the molecular shapes that were associated with the ion
mobility measurements. Interestingly, the molecular
models for the doubly charged ions of each isomeric

peptide pair provided not only relative shapes but also
showed the intramolecular interactions which occur to
stabilize the charge.

By using the varied drift gas method to determine
the zero-polarizability ion radii, the modeled and ex-
perimental radii could be directly compared. It was
possible to predict protonation sites of gas phase
peptides. From the limited number of examples pre-
sented here, it appears that most protonation sites are
localized and do not undergo intramolecular proto-
nation reactions in the gas phase. Nevertheless, gas
phase ion conformations exist where intramolecular
proton-transfer reactions can occur. Under these con-
ditions the ion mobility data produce intermediate
size information.
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