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ABSTRACT: The conformations of ﬂexible molecular species, such as
oligomers and oligopeptides, and their interconversion in the gas phase have
been probed by ion mobility spectrometry measurements. The ion motion is
interpreted through the calculation of eﬀective cross sections in the case of
stable conformations of the macromolecules. However, when the molecular
structures transform to each other as the ions collide with gas atoms during
their ﬂight through the drift tube, the introduction of an average cross section is
required. To provide a direct way for the reproduction of the ion motion, we
employ a nonequilibrium molecular dynamics simulation method and consider
a molecular model that consists of two connected stiﬀ cylindrical bodies
interacting through an intramolecular model potential. With this procedure we
have calculated the ion mobility as a function of temperature for a prototype
peptide that converts between a helical and an extended globular form. The
results are in good agreement with ion mobility spectrometry data conﬁrming that an angular vibration coordinate can be used
for the interpretation of the shifting of the drift-time distributions at high temperatures. The approach produces mean kinetic
energies as well as various combined distributions of the ion degrees of freedom. It is easily applied to ﬂexible macromolecular
ions and can be extended to include additional degrees of freedom.

■

INTRODUCTION
Macromolecular ions drifting in low density He gas under the
action of a weak electric ﬁeld in ion mobility spectrometry
measurements may present a static or dynamic structural
behavior depending on the gas temperature. It has been
observed in sodiated oligomers1,2 and protonated oligopeptides,3,4 among other ionic molecular species, that at low
temperature multiple relatively stable structures prevail as the
ions transverse through the spectrometer, though at high
temperatures some of these structures interchange within
themselves throughout the ion ﬂight.5−7 In the latter case the
conformers of certain oligopeptides have been assumed to
participate in a unimolecular reaction that involves a reaction
coordinate associated with the structural change of the ion.
Although this dynamical behavior emerges through excitation
of various molecular modes and follows a cascade of structural
processes, one bending mode has been considered dominant.
This assumption appears adequate for the interpretation of the
experimental mobility measurements and the characterization
of the equilibrated properties of the processes. From the
experimental transport cross sections and their temperature
dependence various equilibrium constants have been obtained
together with the enthalpy and entropy of activation of the
folding processes.7 An additional factor that interferes with the
ion transport properties is the position of the charge on the
peptides, which may transfer between diﬀerent sites as the
structure of the peptides changes. The coil−helix transitions of
© 2015 American Chemical Society

various designed peptides have been associated with charge
transfer between bending or end sites that stabilizes the peptide
structures.5,8 Such charge shifts change the point of application
of the external electric ﬁeld and may introduce dynamic eﬀects
in the ion internal motion.
The interpretation of ion mobility spectrometry measurements rests on the expression that connects the ion−He cross
section Ω to the experimental ion drift velocity vd through the
mobility K = vd/E at weak electric ﬁeld strength E. The
expression has been obtained, among other more general ways,
through a two temperature kinetic theory solution at low
approximation9
3Ze ⎛ 2π ⎞
⎜
⎟
16N ⎝ μkTeff ⎠

1/2

K=

1
Ω1,1

(1)

where Z is the charge of the ion, N is the gas number density,
and μ is the reduced ion-neutral mass. The eﬀective
temperature Teff of the ions at weak ﬁelds is approximated
well through the Wannier formula10
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action of the electric ﬁeld and accumulate translational,
rotational and angular-vibration energy though the collisions
with the buﬀer gas atoms. The latter energy, stored on the
relative motion of the cylindrical parts of the peptide, will be
responsible for the transformation of the peptide conformations
as their potential barriers are overcome. The intraconversion of
the two structures, driven by the thermal motion and the
external electric ﬁeld, will settle at a steady state close to
equilibrium provided the ﬁeld is weak.
The whole procedure depends on the ion−neutral
interaction potential and the geometrical characteristics of the
peptide, which can be estimated through reproduction of the
experimental ion velocity or cross sections, eq 1, as a function
of the gas temperature. One then can calculate the energy
stored at the degrees of freedom of the peptide as well as
second moments of the angular and velocity distribution
functions as a function of gas temperature. We apply the
present procedure in the case of an oligopeptide RA15K (R is
arginine, K is lysine, and A is alanine)5 and observe a complex
behavior when rotation couples to vibration through the
centrifugal interactions. The eﬀect of the coupling, however, is
diminished when V(φ) is varied and the bending structures are
trapped at relatively deep local potential minima. In this case,
the population of the helix form, which emerges dominant at
low temperatures, shifts toward a contracted form at high
temperatures, in accordance to the results of ion mobility
spectroscopy measurements.5
The performance of the method is examined for a speciﬁc
peptide by varying the gas temperature but it can be used for
the study of the dynamics of ﬂexible peptides and macromolecules, which can be considered to vibrate along an eﬀective
(reaction) angular coordinate. Similarly, the electric ﬁeld
strength can be treated as an operational parameter and be
used for the study of the behavior of the model system at strong
ﬁelds and steady state conditions away from equilibrium.
Extension to two or other vibration degrees of freedom is
straightforward provided the equations of motion remain
simple. In the case where the evolution equations become
highly involved, the use of constraint dynamics methods has to
be invoked.

Here, M and T are the atomic mass and temperature of the gas,
respectively, and Tw is the Wannier temperature. At relatively
high temperatures (and weak electric ﬁelds) Teff is well
approximated by T. In general, the momentum transfer
collision integral Ω1,1 is approximated by Ω, which is the
ion−atom cross section averaged over all orientations. In most
cases Ω is calculated through consideration of a rigid molecular
frame,1,11,12 though the eﬀect of rotation and vibration in small
molecular ions has also been examined.13,14 The interpretation
of the dependence of the ion mobility spectrometry measurements on temperature for ﬂexible peptide ions in He has been
conﬁrmed indirectly by molecular simulations.7 The relatively
stable conformations have been determined ﬁrst through
molecular dynamics simulations with an eﬀective annealing
procedure and consequently their ion−atom cross sections
have been calculated through a scattering method employing
model interaction potentials. A direct reproduction of the
peptide conformation dynamics through MD simulations has
not been pursued due to diﬃculties in following the trajectory
of the many peptide degrees of freedom at the atomistic level.
To study directly the conformation dynamics of ﬂexible
peptides or macromolecules and its relation with the rotational
and translational motion, we employ a nonequilibrium
molecular dynamics (MD) simulation method to simulate the
ion motion15 through the use of a molecular model with
simpliﬁed structure, giving emphasis to the bending vibration.
The performance of the method and the simpliﬁed structure
model is examined through the reproduction of the ion
mobility spectrometry data for a ﬂexible designed peptide. The
MD method has been used in the past mostly for the
reproduction of the transport and dynamics of small ions in
gases under the action of an electrostatic ﬁeld.16−19
Experiments have shown that the increase of the buﬀer gas
temperature in drift tubes modiﬁes the drift-time distributions
of ion conformers.2,6,7 At low temperature in certain cases a
number of peaks appear in the distribution that have been
ascribed to relatively stable peptide conformations. As the
temperature is raised, two main modiﬁcations appear in the
experimental time distributions. The ﬁrst one involves the
disappearance of certain peaks attributed to thermal destabilization of relevant conformations and their transformation to the
remaining more stable ones. The second modiﬁcation involves
the shift of peaks with temperature from values characterizing
one conformer to values of another. The explanation of this
variation has been based on the possibility conformations to
interconvert to one another during their drift-tube ﬂight. The
relative residence time of the peptide spent on distinct
structures has been considered to weigh the contribution of
the conformers cross sections on the measured mean cross
section. As the temperature increases, the initial contribution of
the more stable structure is replaced gradually by one that
corresponds to a structure which is populated at high
temperatures.
On the basis of a two-state polymer folding model,20 we
consider the peptide to consist of two stiﬀ helical parts
represented by hollow cylindrical bodies connected at a point
of their rim. Locally stable conformation with respect to the
angle between the two rigid parts, φ, are introduced through
consideration of an intramolecular potential, V(φ), that
depends on φ. We consider here two competing conformations
with a closed (globule) and an extended (helix) form and
introduce two minima in the potential, one at a small angle and
one close to π. Thus, the peptide is allowed to move under the

■

METHOD
We consider a prototype model peptide that consists of two
stiﬀ helices connected by a ﬂexible joint that can bend at the
middle of the molecular body over an angle φ depending on an
interaction potential V(φ). The potential emerges primarily
from the transformation of the ﬂexible part of a macromolecule
as φ is changing along a folding pathway.21,22 In some cases, the
model is expected to apply eﬀectively to a bending process,
because during the peptide movement various conformation
modes are getting excited and relaxed, but it is suﬃcient to
consider only one dominant degree of freedom to reproduce
the experimental results.7,23 Further, assuming the existence of
a number of local minima in V(φ), one would be able to
reproduce the stabilization of a small number of structures
observed at low temperature ion-mobility measurements. The
corresponding heights of the barriers between the potential
minima determine the rates of the conformational transformations. These features of the potentials are related to
kinetic quantities obtained experimentally from analysis of the
shifts of the ion-mobility spectroscopy peaks as the temperature
is varied.7
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the inertial frame acting on the mass center due to interaction
with the gas atoms, ∑iFi and the action of the external
homogeneous electrostatic ﬁeld,

Speciﬁcally, the prototype peptide consists of two identical
rigid hollow cylindrical bodies connected to one another at a
point of their circular edges. A section along the symmetry
plane that includes the outer peptide body is presented in
Figure 1. The derivation of the equations of motion of the

mυ̇0 =

∑ Fi + Ze E

(6)

i

where Ze is the charge attached to the peptide and E the
electric ﬁeld assumed in the z-direction. The rotation is
followed through Euler equations in the body system,
Lẋ + (Izz − Iyy)ωyωz = τx
L̇y + (Ixx − Izz)ωzωx = τy
Lż + (Iyy − Ixx)ωxωy = τz

with the torque τ, the angular momentum L = Iω, and the
angular velocity ω, expressed in the body reference frame. We
mention that the moments of inertia are varying in time,
because they depend on the bending angle, eq 5. Torques may
arise from the ion−atom interactions or the action of the
external ﬁeld. In addition, provision has been taken the external
ﬁeld to apply at appropriate diﬀerent sites as the peptide folds
or extends, because conformation changes may be accompanied
by proton transfer between peptide residues.5
The kinetic equation of the angular vibration is obtained
from Lagrange’s equation with use of the kinetic energy from
eq 3,

Figure 1. Body reference system, (X, Y, Z), with center of axis, O, at
the center of mass (CM) of the two-hollow-cylinder peptide model
and local cylinder-A coordinate system, (XI, YI, ZI), with center OI at
the CM of cylinder A. The x-axes of both frames are pointing outward
from the page of the ﬁgure. The geometrical parameters used for the
cylinders are R1 = 2.5 Å (inner radius), R2 = 4.0 Å (outer radius), and
L = 8 Å for the length of the cylinder.

1 2 2
1
φ̇ mδ sin(φ + 2α) + sin φ(ωz2 − ωy 2)
16
2
1 2
c
c
(I zz − I yy) − mδ sin(φ + 2a)(ωz2 + ωx 2)
4

peptide degrees of freedom can be based on the kinetic energy
expressed in Lagrangian form in terms of the velocities of the
mass points of the peptide. The derivation of the kinetic energy
expression is presented in the Supporting Information,
1
1
1
T = mυ0 2 + (Ixxωx 2 + Iyyωy 2 + Izzωz 2) + Iφφ̇ 2
2
2
2

φ̈Iφ −

= Fφ

where υ0 is the inertial space velocity of the center of mass, m is
the mass of the peptide, Iii are the moments of inertia about the
body axes and Iφ is the moment of inertia for the bending of the
peptide,
⎛
φ⎞ ⎞
1⎛ c
⎜2I xx + δ 2 cos2⎜a + ⎟m⎟
⎝
⎝
4
2⎠ ⎠

(4)

with δ = [(L/2) + R2 ] and a the angle between the diagonal
and the height of the cylinder, Figure 1. The moments of inertia
Iii are further expressed through the moments of a (single)
hollow cylindrical rigid body about its symmetry axis, Icii,
2

2 1/2

Ixx = 2Icxx + mσ0 2
φ c
I yy + 2 sin 2
2
φ
Izz = 2 cos2 Iczz + 2 sin 2
2
Iyy = 2 cos2

φ c
I zz
2
φ c
I yy + mσ0 2
2

(8)

where Fφ is the total force exerted on the cylindrical bodies
having the tendency to modify the angle φ of the peptide. The
internal potential V(φ) contributes to the force, Fφ =
−(∂V(φ)/∂φ), along with the forces exerted by the gas
atoms and possibly by the external ﬁeld depending again on the
position of the ion charges.
To express the mean force exerted on the peptide by the gas,
we assume that the force is directed perpendicularly to the axis
of each cylindrical body of the peptide toward the atom and is
applied at a point located at a distance r0 from this axis. At the
ﬂat sides of the cylinders the force is calculated as the sum of
two contributions applied at the closest and the outermost
distant points of the rim of the cylinder from the approaching
atom. We have also taken provision for the atoms to be able to
pass inside the hollow cylindrical bodies of the peptide with the
forces acting as in the previous case, although the magnitude of
the radius of the interactions r0 and the form of the potential
could prevent the atoms from entering inside the peptide body.
However, the entrance of atoms inside the semirigid body of
the model may not be accurately representing all actual cases.
In some situations atoms with high kinetic energy may cross
laterally a peptide and remain shorter time inside their body
than in the present model where the particles always cross
longitudinally the inner cylindrical body of the peptide. The
scarcity of such energetic events in usual ion mobility
spectrometry measurements favors the present approach.
The transport of ions under the action of an electrostatic
ﬁeld is reproduced eﬃciently through the use of two parallel
MD simulation procedures, one for the gas atoms which remain

(3)

Iφ =

(7)

(5)

with σ0 = δ sin(a + φ/2). Finally, the moments of inertia of a
hollow cylinder with the z-axis set along the cylinder main axis,
Figure 1, are Icxx = Icyy = (mc/4)(R12 + R22 + (L2/3)) and Iczz =
(mc/2)(R12 + R22). The mass of a cylindrical body, mc, is equal
to m/2.
The form of the kinetic energy indicates that the motion of
the peptide can be separated in the translational motion of the
center of mass, the rotation, and an angular vibration. The
translational motion requires the calculation of the total force in
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1, Fb and τb. This transformation is indicated by arrows that
cross the right bridge in Figure 2 and is eﬀected by the use of
the rotation matrix A, which relates the inertial and body
coordinates, Fb = AFs and τb = Aτs. The opposite action in
transforming body to inertial coordinates is utilized by the
inverse matrix A−1. The matrices are renewed at every time step
of the procedure through the use of quaternions, q = {q0, q1, q2,
q3}, as intermediate quantities for the determination of the
molecular rotation.24 The quaternions also evolve in time
through

always at equilibrium, and one for the ions and images of atoms
that undergo collisions with the ions. Speciﬁcally, via the ﬁrst
procedure (A procedure) the motion of gas atoms is simulated
through an equilibrium microcanonical method without
assuming interactions with the ions. In the second procedure
(B procedure), however, the ions move independently from
one another but interact with images of the gas atoms up to an
interaction cutoﬀ distance, Rc1. These images are generated at a
distance, Rc2 > Rc1, away from the ions on the basis of the
positions of gas atoms of the A procedure. They are speciﬁc to
each ion and are allowed to interact with the ion and to one
another until they exit from the ion force ﬁeld without further
consideration. The approach works accurately at low density
conditions where binary ion−neutral encounters take place;
however, in moderately dense systems additional interactions
need to be applied to the image atoms from (additional) atoms
outside the interaction regions, so that they do not condense
on the ion. In dense systems interactions are introduced
speciﬁcally for each ion by atoms of the A procedure for some
distance Rc3 > Rc2, outside the ion−gas interaction region. Here,
for the cutoﬀs Rc1 > Rc2 > Rc3 we use the values 3.2σ, 15.4σ, and
16.8σ with σ = 2.556 Å, the He collision diameter. The last
cutoﬀ, however, is obsolete at ideal gas conditions.
The equations of motion are integrated over a small time
step with the use of the Gear predictor−corrector method,24
PC, which involves three main calculation steps; a prediction
step, where coordinates are predicted without evaluation of
forces, a second evaluation step, where forces and torques are
evaluated, and a third step, where prediction of new coordinates
and other molecular quantities are calculated with use of the
forces calculated in the second step. The molecular species are
deﬁned in space by three inertial coordinates, R, representing
the center of mass of the peptide, by a rotational matrix A
characterizing the orientation and by the angle φ controlling
the folding or extension of the peptide. The calculation
approach of all the degrees of freedom is displayed schematically in Figure 2 where the inertial and the body coordinate
systems are presented residing at diﬀerent “places” connected
by “bridges”. During the evaluation step forces and torques, Fs
and τs, are calculated initially at the inertial coordinate system
and subsequently are transferred to the body system of Figure

q ̇ = MΩ

(9)

⎛ q0 −q1 −q2 −q3 ⎞
⎜
⎟
q q0 −q3 q2 ⎟
1⎜ 1
T
where Ω = (0, ωx, ωy, ωz) and M = 2 ⎜
.
q q3 q0 −q1 ⎟
⎜ 2
⎟
⎜ q −q q
q0 ⎟⎠
⎝ 3
3
1
All the PC procedures are performed coherently, though
information is transferred within the procedures during the
intermediate evaluation step or at the end of a time step. One
can follow the arrows starting from the calculation of forces in
the inertial system, which are used for the calculation of the
center of mass coordinates, R, and the gas or image-gas
coordinates, Rg, directly through the PC procedure. The
torques are transferred in the body system and are used for the
evolution of the angular velocity, ω, and angle φ of the peptide,
eqs 7 and 8. This calculation requires also the evaluation of the
instantaneous moments of inertia of the ion, I, and their rate of
change, I.̇ Further, the quaternions and the matrices A and A−1
are evaluated with the use of ω as described above. In addition
we follow three points, Rb, that determine the molecular
structure relative to the peptide mass center which are needed
for the calculation of the ion-atom forces and their points of
application. These sites are the point connecting the cylinders
of the structure and the two mass centers of the cylinders. They
depend on angle φ and are transformed in the inertial frame
through Ri = A−1Rb.
The MD simulation involves two parallel procedures as
presented above, which are used to follow the motion of 108
gas atoms at ideal conditions of molar volume 0.02 m3 (A
procedure) and 130 independent ions (B procedure). The
simulation is conducted in three stages. In the ﬁrst stage, the
atoms and the ions are forced to acquire certain mean
properties for faster convergence to the ﬁnal state. The gas is
constrained at speciﬁc temperature and the peptide ions at
certain eﬀective temperatures parallel and perpendicular to the
ﬁeld, as well as, rotation and vibration temperatures. At weak
electric ﬁelds the ion temperatures are well approximated by
the gas temperature. In addition, at this stage the mean ion
velocity is ﬁxed close to the experimental value. At the second
stage, gas atoms and ions are left without control of their mean
values to relax to equilibrium and a steady drift state
respectively, before accumulation of statistical properties starts
at the last third stage. The duration of simulations is dictated by
the relaxation time of the vibration which relaxes slower than
the rest of the degrees of freedom of the ions. Eﬃcient and low
uncertainty results are obtained with a time step of 10−16 s. Due
to the nonequilibrium state of the system, we monitor the
evolution of the properties and extract mean values every δt =
19.2 × 106 time steps. The ﬁrst controlled stage was followed
for 5δt time steps and the relaxation stage lasted for another
25δt steps. The calculation of statistical results including time

Figure 2. Schematic representation of the evaluation of variables
during an integration (time) step of the equations of motion of a
vibrating molecular system. The predictor−corrector procedure,
denoted by (PC), acts at all evolving molecular coordinates and
quaternions. From them derived quantities are obtained such as the
moments of inertia and the rotational matrix, A.
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Diﬀusion components can be calculated as time integrals of
the velocity correlation functions,18 Cii = ⟨(vi(0) − ⟨vi(0)⟩)(vi(t) − ⟨vi(t)⟩)⟩, with i representing {x, y, z} directions,

distributions were obtained during additional 30δt steps, which
allowed several tenths of million ion−neutral encounters to
occur. The electric ﬁeld over the gas number density variable,
E/N, has been set equal to 10 Td (1 Td = 10−21 V m2). This
value is larger than the one used in ion mobility spectrometry
but produces more ion−atom encounters during the molecular
dynamics simulation and allows eﬃcient calculation of
properties without altering the results, because at such weak
ﬁelds the mean velocity and other ion properties are expected
to be independent of E/N.25
With these provisions the ions maintain a steady drift motion
and their trajectories can be employed for the study of the
transport properties measured in drift tube experiments. The
ion ﬂux J is well described by two contributions that
characterize drift and diﬀusion

J = n vd − D·∇n

Dii =

where E is the strength of the electric ﬁeld. Further, eﬀective
temperatures are deﬁned in perpendicular and parallel
directions to the ﬁeld through the mean kinetic energy
components

(12)

where m is the mass of the ion. The cylindrical symmetry of the
ion motion due to the electric ﬁeld sets TX = TY = T⊥ and TZ =
T||. Isotropy close to equilibrium requires T⊥ = T||. A total
eﬀective temperature can be determined for the translation
through
3
1
kTeff = kT⊥ + kT
2
2

(13)

Similarly, eﬀective temperature can be deﬁned for the rotation,
Tr =

1
(Trx + Try + Trz)
3

(14)

with Trx = /2⟨IXX⟩⟨(ωx − ⟨ωx⟩) ⟩, Try = /2⟨IYY⟩⟨(ωy −
⟨ωy⟩)2⟩, and Trz = 1/2⟨IZZ⟩⟨(ωz − ⟨ωz⟩)2⟩. In the case of
vibration we express the kinetic energy through
1

2

1

V (i)nm(φ)

n
⎛ φm , i − αi ⎞m⎤
nεi ⎡ m ⎛ φm , i − αi ⎞
⎢
=
⎜
⎟ −⎜
⎟ ⎥
n − m ⎢⎣ n ⎝ φ − αi ⎠
⎝ φ − αi ⎠ ⎥⎦

(17)

2

(Lφ − Lφ )
3
kTvib =
2
2 Iφ

(16)

APPLICATION
A. Interactions. Because the method can reproduce the
motion of folding macromolecules, it can also be applied to
systems that involve conformational changes, as well as other
molecular transformations in drift tube experiments. Here, we
apply the method to study the variation of ion transport and
dynamics with respect to temperature for a designed peptide,
RA15K (R is arginine, K is lysine, and A is alanine), which has
been studied experimentally.5 The dependence of the drift time
distributions of this prototype peptide on the temperature has
been explained with the consideration that the peptide ion
undergoes a globule to helix transition at about 370 K. Further,
as the temperature is raised above 400 K, a single peak remains
in the distribution, which gradually shifts to positions where an
extended globule ought to appear. The shift is attributed to
gradual change of the residence times of the helix and globular
forms of the peptide as eﬀected by the available thermal
agitation. The latter transition is best suited to be studied by
our procedure, because the dynamics of the angular vibration
can be followed eﬃciently by our nonequilibrium molecular
dynamics method. However, because during the peptide
transformation many degrees of freedom are involved, the
process will only be represented eﬀectively by a dominant
angular vibration mode. We mention, in addition, that it has
been suggested that the changes of the peptide structure are
accompanied by proton transfer between arginine and lysine
and therefore the force of the electric ﬁeld has to be applied
appropriately whenever the peptide structure changes.
Associating the two protein forms with bent structures, they
can be introduced in the molecular model through consideration an angular potential, V(φ), with functional form that
consists of two potential minima and a barrier in between, as
seen in Figure 3. The minima are introduced through two n−m
model potentials, one with origin at α1 = 0 and the other at α2
= π,

(11)

1
m⟨(νx − ⟨vx⟩)2 ⟩
2
1
m⟨(νy − ⟨vy⟩)2 ⟩
2
1
m⟨(νz − ⟨vz⟩)2 ⟩
2

Cii(t ) dt

■

where n is the ion number density, vd is the ion drift velocity in
the direction of the ﬁeld, and D is a two-dimensional diagonal
diﬀusion matrix with two independent components, a transverse one D⊥ = DXX = DYY and a longitudinal one D|| = DZZ. At
low ﬁelds the two components approach each other and the
diﬀusion coeﬃcient becomes scalar quantity. The ion mobility
is obtained from the mean velocity in the direction of the ﬁeld,
vd = ⟨vz⟩ , through

1
kTX =
2
1
kTY =
2
1
kTZ =
2

∞

Because CXX = CYY, two independent diﬀusion components
should appear, D⊥ = (DXX + DYY)/2 and D|| = DZZ. In addition,
the MD simulation method can provide rates of the
conformational change involving the folding of the peptide,
as well as correlations between all the degrees of freedom. For
later use, we have named the present program code MD2SF
standing for molecular dynamics of two-state folding model.

(10)

K = ⟨vz⟩/E

∫0

with i = 1, 2. Here, we use n = 4 and m = 2, Table 1. We
consider two local minima, one at small angle, φm,1 = 6°, and
one at large angle, φm,2 = 170°, that represent the globule and
helix forms. In addition, the shift of the time distribution peak
from that of the helix to the one of the globule as the
temperatures increases requires the helix (open structure) to be
more stable and thus the potential minimum at large angles to
be deeper. Initially, we have set ε2 − ε1 = 5 kcal mol−1, Table 1.

(15)

with Lφ = Iφφ̇ , in analogy to the translational temperature.
However, this is an indicative deﬁnition for the eﬀective
temperature because in systems where the internal degrees of
freedom are coupled, as in the present case, the equipartition
theorem does not apply.
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Figure 3. Angular model potential, V(φ), for the folding of a ﬂexible
peptide.

Figure 4. Experimental and calculated drift velocities of the protonated
peptide RA15KH+ in He as a function of the gas temperature at E/N =
10 Td. E1 represents V(φ) potential with ε2 = 14 kcal/mol and E2
represents potential depth ε2 = 34 kcal/mol, both with ±10% error
bars. The experimental data are estimated from the reported cross
sections5 through eq 1.

Table 1. Potential Parameters
φm,i or φo,i
(deg)

potential
V (1)4,2
V (2)4,2
V (1)G
V (2)G
Ion-He
He−He
(LJ)

rm (Å)

6
170
45
20

ε
(kcal mol−1)

A
(kcal mol−1)

σ
(deg)

9
14
0.05984
−1.995
4.39
2.869

axis. The radii of the hollow cylindrical bodies of the peptide
are used for the moments of inertia, the inner and outer radii
have been set R1 = 2.5 Å and R2 = 4.0 Å. In addition the length
of the cylindrical bodies has been estimated from mobility tests
to be L = 8 Å. The charge is positioned at one of the free ends
of the cylindrical bodies of the peptide, though analysis of the
protonation sites of the peptide indicates that the proton may
be transferred from one end of the peptide to the other as
globule converts to helix and vice versa.5 However, in both
cases the geometry of the site where the electric ﬁeld force is
applied does not change with the charge transfer, allowing us to
consider for simplicity the charge ﬁxed at one end of the
cylindrical bodies of the peptide. Tests of the use of a
dynamically transferred charge whenever the φ-angle crosses
the maximum of the barrier of V(φ) have shown that there are
no detectable variations on the simulation results as described
below. Finally, the gas interactions are introduced through a
Lennard-Jones He−He potential27 that reproduces the properties of the gas at the experimental conditions very well, Table 1.
B. Results. With the appropriate equations of motion for
the angular vibration, eq 8, and the peptide ion−atom model
potential we can reproduce the mean motion and predict the
dynamics of a ﬂexible peptide ion such as RA15KH+. The
calculated ion velocities are presented in Figure 4, together with
velocities of the peptide ion which have been inferred through
eq 1, with E/N = 10 Td, using the experimental cross section
data obtained from ion-mobility spectrometry measurements.5
The reproduction of the drift velocity as a function of
temperature has been used for the estimation of the ion−
atom interaction potential parameters, ε and rm of eq 20, as well
as the structural model parameters. At low T values the ion
mobility is more sensitive to the minimum of the ion−atom
interaction potential though at high temperatures the repulsive
part of the potential aﬀects more drastically the ion motion.
The obtained depth of the ion−atom interaction potential
should be accurate within 10−20% and the position of the
minimum within 5%. However, this estimate depends on the
speciﬁc form of the angular potential and on the peptide
structure that aﬀects the results over the whole temperature

10
500

3.94
0.02030

Additionally, the potential barrier has been shaped with the use
of two gaussians (i = 1, 2),
2

V (i)G(φ) = Ai e−(φ − φo,i) /2σi 2

(18)

The overall potential presented in Figure 2 consists of the two
contributions, eqs 17 and 18,
Vnm(φ) =

∑

(V (i)nm(φ) + V (i)G(φ))

i = 1,2

(19)

Further, the ion−He interaction potential between the He
atom and a cylinder of the peptide model was expressed
through a 12-6-4 model potential
V (r ) =

⎛ r ⎞12
⎛ r ⎞6
⎛ r ⎞4 ⎤
ε⎡
⎢(1 + γ )⎜ m ⎟ − 4γ ⎜ m ⎟ − 3(1 − γ )⎜ m ⎟ ⎥
⎝r ⎠
⎝r ⎠
⎝r ⎠⎦
2⎣
(20)

where r is directed perpendicularly to the axis of the cylindrical
bodies of the peptide and ε and rm are the depth and the
position of the potential minimum. These potential parameters
have been estimated through the reproduction of the ion
velocity data, Figure 4, by a trial and error procedure and are
reported in Table 1. The third parameter, γ = 0.3258, was
obtained by matching the long-range limit with the correct
form of the polarization interaction, −αd/2r−4,
V (r ) =

e 2αd
⎛ r ⎞4
3ε
(1 − γ )⎜ m ⎟ =
⎝r ⎠
2
2r 4

(21)

where αd is the dipole polarizability of He, αd = 1.3831a03.26
The ion−atom mean force, Fr = −dV(r)/dr, is applied
perpendicularly to cylinder axis at distance r0 = 1 Å from the
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range. The angular potential aﬀects the mean motion because it
controls the contribution of the cross sections of the globule
(contracted) and the helix (expanded) conformers to the
scattering of the ions. In addition, the dimensions of the
cylindrical bodies aﬀect the ion−atom cross-section, though in
a more uniform way with respect to the temperature.
With these reasonably accurate intermolecular interactions,
we have calculated mean energies of all the ion and atom
degrees of freedom. In Figure 5 we present the calculated mean

Figure 6. Comparison of eﬀective tarnslation temperature components, Tx, Ty, Tz, Txy = (Tx + Ty)/2, and Teff obtained from eq 13 and
T is the gas temperature, upper panel. Eﬀective temperatures for the
translation Teff, rotation Trot, vibration Tvib and the Wannier
temperature Tw, eq 2, lower panel.

temperature, Figure 7, starting from a quite low value at low
temperature, although the angular potential acquires a deeper

Figure 5. Mean ion kinetic energies Etr, Exy, Erot, and Evib of (total)
translation, translation transvers to the ﬁeld, rotation, and vibration,
respectively. The lowest curve is the kinetic energy of the ordered
mean motion, shown as mvd2/2. The curve with diamonds has been
obtained through the subtraction of the lowest curve from the upper
one, Etr.

kinetic energies of the ions as a function of the gas temperature.
The components, translational transverse to the ﬁeld, 3(Ex +
Ey)/2, rotational, Erot, and vibrational, Evib, seem to approach
each other within about ±10% diﬀerence. However, the (total)
translation kinetic energy, Etr, seems to deviate lying above the
rest of the curves. This is due to the inclusion of the ordered
kinetic energy due to the action of the electric ﬁeld, presented
with the lowest curve in Figure 5. The subtraction of this
contribution from Etr, produces a curve, indicated by Etr −
mvd2/2, which is consistent with the others.
The random energies expressed as eﬀective temperatures for
all the ion and atom degrees of freedom, through eqs 12−15,
are presented in Figure 6. We observe that all the translational
temperatures lie close to one another and all remain close to
the gas temperature. At higher ﬁeld strengths the situation is
expected to diﬀer, because during the ion ﬂight ﬁeld energy is
stored diﬀerently in the motion parallel and perpendicular to
the ﬁeld. A similar situation is found when the eﬀective
temperatures of the translation, rotation, and vibration are
compared with one another, Figure 6. In addition, the Wannier
temperature,10 obtained through eq 2, seems to lie close to the
translational temperature and to the rest of the internal
temperatures as expected from a kinetic theory result. This
coincidence is expected to hold for molecular ions with internal
degrees of freedom in atomic gases and is quite appropriate for
the description of the motion at weak ﬁelds.28
Although the translation and rotation of the ions is found to
behave as expected, the angular vibration seems to behave in a
complex way. The mean angle of the peptide increases with

Figure 7. Mean bending angles as a function of temperature for
potential V(φ) with ε2 = 14 kcal/mol (E1) and with ε2 = 34 kcal/mol
(E2).

potential minimum at 170°, Figure 3, and the opposite ought to
appear. This behavior can be explained if one considers the role
of the rotation in perturbing the motion of the angular
vibration through the introduction of an eﬀective angular
potential. Speciﬁcally, the Hamiltonian of the rotation−
vibration motion of a peptide ion based on the kinetic energy
of eq 3 is
H=

pφ 2
Ly 2
L2
Lx 2
+
+ z +
2Ixx
2Iyy
2Izz
2Iφ

(22)

where the numerators are squared angular and angularvibration moments, L = Iω and pφ = Iφφ̇ . We can consider
the rotation energy terms to act as eﬀective potential, Ve(φ), to
the last angular vibration term. This potential is proportional to
the inverse of the moments of inertia presented in Figure 8.
Because the eﬀective angular force Fe = −dVe(φ)/dφ depends
on the slope of these curves, we observe that only the y
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range. Increase of the slope of ⟨φ⟩ with respect to temperature
can be obtained by decreasing the potential barrier between the
angular potential minima. More generally, the relative
population of the two stable structures will be dictated by the
whole form of the angular potential and it may not lead to
quantitative transfer of population from one structure to the
other with variation of T. This case occurs often in peptide
transformations and involves many structural changes at the
residue level leading to transfer of the majority of the
population from one state to another. Such population transfer
can be implemented most easily in our procedure through
consideration of eﬀective angular potential that depends on
temperature. Here, we do not employ such a potential, to avoid
the introduction of additional empiricism in the molecular
model.
Additional information about the frequency of the structure
interchange is provided by the distribution of residence times of
the model peptide to remain in the attractive basins of the
angular potential. The potential basins that represent the two
structures are deﬁned by the position of the potential barrier,
which resides at φ = 110°. Thus, the contracted form has 0° ≤
φ ≤ 110° and the extended one 110° ≤ φ ≤ 180°. We monitor
the passage of the bending structures from the maximum of the
potential and calculate the time they spent at each side of the
barrier. The number of crossings, for the high ε2 case during the
last relaxed stage, is plotted in Figure 9, together with the

Figure 8. Inverse momets of inertia, in system units, proportional to
the eﬀective potential acting on the angular vibration.

component can produce a negative (contractive) force. This
rotation axis is passing through the centers of symmetry of the
two cylindrical bodies, Figure 1, and has the tendency to
decrease the angle φ.
To examine the role of the rotational motion and the depth
of the angular potential minimum at high φ values, we have
deepened this local minimum and calculated the mean value of
the bending angle at various temperatures, Table 2. We observe
Table 2. Mean Values of ⟨φ⟩ (deg) at Various Depths of the
Potential Minimum ε2 at φ = 170° and Two Gas
Temperatures (ε1 = 9 kcal/mol)
ε2 (kcal/mol)

T = 361 K

T = 600 K

14
24
34
44

25.8
85
135
151

56.6
84.5
123
146

that indeed the model structure at low T can be trapped at high
φ values provided the local potential depth becomes larger than
24 kcal/mol. This limiting value is sensitive to the rest of the
molecular model parameters and can be varied with the
structural parameters and the ion−atom interaction potential.
To ensure the trap of the peptide ion at the helix form at low
temperature, we have set ε2 = 34 kcal/mol and performed
molecular simulations for a number of gas temperatures. The
experimental velocities5 are reproduced equally well with the
shallow angular potential (low ε2) within the accuracy of the
calculation, Figure 4. Better agreement can be achieved through
weakening of the peptide ion−gas potential interaction, because
that would increase the ion mobility. We do not attempt this
here because our aim is to study the general performance of the
procedure in reproducing the dynamic behavior of the angular
vibration of a ﬂexible macromolecule with one bending mode.
Further, the deepened angular potential produces mean angles
that decrease with respect to the gas temperature, Figure 7, as
expected due to the increase of the population of the
contracted form with T. However, this decrease is weaker
than the corresponding increase obtained for the initial angular
potential. This indicates that the transfer of population out of
the extended structure basin toward the contracted structure
minimum is not fully developed at the present temperature

Figure 9. Number of helix to globule transitions and peptide ion−He
encounters that emerge during similar MD simulations as a function of
temerature.

number of peptide ion−atom collisions for comparison. We
observe an almost linear dependence of the crossings on the
temperature, with the structure interchange to vary faster with
T than the ion−atom collisions. At low T, a small number of
peptides have angular-vibration energy above the potential
barrier and thus most of the peptides acquire extended form,
whereas as the temperature increases and more peptides cross
the barrier the number of contracted peptides increases. At
these conditions the population of the structures involves
peptides of trapped (extended or contracted) forms and
energetic peptides that spend diﬀerent time in extended or
contracted forms. This time depends on the peptide vibration
energy and the extension of the potential attractive basins.
We plot the residence times (per jump) of the peptide forms
in Figure 10. The time distribution of the contracted structure
appears to be wider but shorter than the extended one due to
the form of the angular potential and the centrifugal forces
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allowed to translate, rotate, and vibrate under the action of an
electric ﬁeld, an eﬀective intramolecular angular potential and
the ion−neutral gas interactions. The latter is represented by a
12-6-4 model potential that acquires accurate long-range
polarization form. The proper equations of motion have been
obtained from Lagrange’s equation and have been implemented
in the MD method of images of gas particles. The folding of a
macromolecule is followed as an equilibrated unimolecular
reaction that proceeds along an angular coordinate. This
reaction coordinate crosses a potential barrier of an eﬀective
angular vibration potential as the peptide changes form.
The procedure is applied in the case of a peptide ion, RA15K,
that presents structural modiﬁcations with temperature in ion
mobility spectroscopy measurements. Speciﬁcally, we have
examined the shift of population of conformers between a
globule and a helix structure with temperature, assuming an
eﬀective intramolecular potential with two local minima, one
for the contracted and one for the extended peptide structure.
Our mobility results reproduce the ion mobility spectrometry
measurements within the calculation uncertainty but predict
partial transformation of the helix peptides to extended globule
ones and not transformation of the majority of the population
as considered in the interpretation of the experimental data.
The present procedure would require temperature dependent
potentials to obtain such transfer from the extended to the
globule form. We preferred to avoid the introduction of
additional eﬀectiveness into the two-cylinder model and we
deferred the use of such angular potential to the near future.
The method is general and can be applied to other small or
large ﬂexible molecules and can be extended to systems with
more vibration degrees of freedom, though the equations of
motion may become quite complex. In such many-body ﬂexible
molecular systems constraint dynamics methods have to be
implemented. The increase of the number of bending modes in
the case of a general protein or a macromolecule makes diﬃcult
the implementation of the method because it requires
determination of the position of bending modes and their
folding potential, as well as, the ion−atom interactions. As the
location of dominant bending modes may not be uniquely
identiﬁed through ion mobility spectrometry measurements,
theoretical methods should be invoked for their determination.
The folding potentials depend on the nature of the bending
modes and thus would have small transferability; however, the
ion−atom interactions as representing a mean force should be
more easily transferable. The direction of this mean force can
still be assumed to be perpendicular to the axis of a speciﬁc
body of a molecular system.
The method can also be implemented on a trial and error
basis. Starting from a speciﬁc molecular model and considering
a minimum of folding processes, one can produce results and
compare them to experimental data until good agreement is
obtained. On this basis, further improvements could be
achieved depending on the number and nature of the foldings
considered, as well as the suitability of the interaction
potentials.

Figure 10. Distributions of residence times at two gas temperatures.
[1] → (2) refers to the residence times at minimum [1] (small φ
value), as the ions await to cross the barrier and move to minimum (2)
(large φ-value), and vise versa for [2] → (1). Graphs indicated by A
are produced with ε2 = 14 kcal mol−1 and those by B with ε2 = 34 kcal
mol−1.

exerted on the ions. However, the increase of temperature shifts
the distributions toward smaller values, because the ions move
faster. In the case of shallow potential, ε2 = 14 kcal·mol−1, the
peak of the distribution of the globule, [1]A, seems to decrease
and that of the helix appears to increase, [2]A. This is in
accordance with the shift of the mean angle of the peptide
toward higher values with gas temperature, as seen in Figure 7.
The opposite is obtained in the case of the deeper helix basin,
ε2 = 34 kcal·mol−1, where the increase of the peak of the
relevant residence time with T, [1]B, is in accordance with the
shifts of population to the globule and the decrease of the mean
angle value. We have also studied the dynamic transfer of the
charge from one end of the peptide to the other as the ion was
crossing the maximum of the potential, as suggested in the
past.8 However, we did not obtain noticeable changes in the
results, probably because of the similarity of the geometries of
the two charged Λ-structures having the charge attached at
diﬀerent ends. Diﬀerences should occur in cases where the
charge shifts between the joint of the two cylinders and one of
the two ends of the peptide.

■

■

CONCLUSIONS
We have presented a nonequilibrium molecular dynamics
method that reproduces the motion of a two-cylinder
macromolecule model in a gas under the action of an
electrostatic ﬁeld. It is based on an approximation that treats
the vibrating ion as consisting of two stiﬀ hollow cylindrical
bodies attached to each other. The whole molecular structure is
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