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a b s t r a c t

Here, we report ion-helium collision cross-sections (CCS) for a number of peptide, small protein, and
peptide/protein ionic complexes. The CCS values reported here are compared to previously reported
results [1,2]. We also compare values for low charge state species, i.e., [M+H]+ and [M+2H]2+, formed by
MALDI with values for high charge state species formed by ESI, and the measured CCSs are compared with
predicted CCS for solid-state and solution phase structures and calculated structures obtained by using a
protein–protein structure algorithm generator, based on a combined Biomolecular complex Generation
eywords:
eptide and protein complex secondary
tructure
rotein oligomers
on-helium collision cross-section

with Global Evaluation and Ranking [3] and Multi Dimensional Scaling [4].
Published by Elsevier B.V.
on mobility spectrometry
rotein docking
luster analysis

. Introduction

Protein folding and protein–protein interactions in a physio-
ogical environment depend on numerous factors (e.g., electro-
tatic interactions, intermolecular interactions with the solvent,
ntropic effects, intramolecular hydrogen bonding and Van der
aals interactions). In native environments protein folding and

rotein–protein interactions occur under a range of conditions
ncluding aqueous solutions as well as hydrophobic and low dielec-
ric membranes [5–7]. Thus, solvent-free studies provide a means
f separating solvation effects from intrinsic properties of the pro-
ein side-chain and protein–protein site interactions. For example,
olvent-free studies may provide new approaches to studies of
non-native” structure that can be used to evaluate peptide and
rotein folding/unfolding models [8] as well as nucleation and
rowth [9].

Fundamental studies of gas-phase macromolecules, specifi-

ally studies of conformation and thermo-chemical properties
f anhydrous peptides and proteins have grown rapidly since
he introduction of ESI and MALDI [10–13]. For example, hydro-
en/deuterium (H/D) exchange reactions are frequently used to
robe the number of exchangeable hydrogen atoms as a mea-

� This article is part of a Special Issue on Ion Mobility.
∗ Corresponding author. Tel.: +1 979 845 3345.

E-mail address: russell@mail.chem.tamu.edu (D.H. Russell).

387-3806/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.ijms.2009.10.009
sure of the folding of a targeted protein [14–19]. IR spectroscopic
techniques have been developed to study secondary structural
elements, based on comparisons of theoretically estimated vibra-
tional frequencies of candidate structures, but this approach is
often limited to the study of small peptides [20,21]. Ion mobil-
ity spectrometry (IMS) combined with theoretical simulations
has proven to be the most versatile technique for conforma-
tional analysis of intermediate and equilibrium structures of
biomolecules by measuring the ion-neutral collision cross-section
(CCS) of molecular ions [1,2,22]. IMS combined with theoretical
calculations is a powerful technique for probing the equilib-
rium between conformational states of the macromolecular ions
[23–26]. A major difficulty in simulating processes occurring in
IMS experiments is the long timescale over which structural rear-
rangements may occur (∼few milliseconds) whereas molecular
dynamics simulations are typically limited to nanoseconds [27–29].
IMS measured CCSs correspond to an average of all thermodynam-
ically available conformations accessible during the experimental
measuring time or drift time. Although a number of theoretical
methods have been developed to reduce the computation time
[30–38], further improvements are needed to efficiently corre-
late the theoretical results with available experimental data for
peptide systems [39]. The theoretical limitation becomes even

more pronounced as the molecule of interest increases from small
model peptide ions to large ionic proteins or protein complexes;
the later systems demand the use of non-dynamic, theoret-
ical strategies to effectively sample the conformational space
[40–43].

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:russell@mail.chem.tamu.edu
dx.doi.org/10.1016/j.ijms.2009.10.009
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plexes was performed following the scheme contained in Fig. 1.
An initial set of candidate structures measured experimentally is
pre-defined as docking input elements. After each cycle, the high-
est score structure is selected as a potential docking input for
the next cluster size. All potential combinations of docking pre-
12 F.A. Fernandez-Lima et al. / International Jo

The goal of this study is to provide a high confidence level
on-helium CCS database of peptides, proteins and peptide/protein
omplexes. These new data will expand the region of reference
onformational space to protein and protein complexes, and com-
lement previous reports on CCS databases for peptide systems
1,2]. The advantages of a combined theoretical and experimental
nalysis of the molecular complex conformational space is illus-
rated for the insulin oligomer (n = 1–7) using a protein–protein
tructure algorithm generator, based on a combined biomolecular
omplex generation with Global Evaluation and Ranking [3] and
ulti Dimensional Scaling [4] analysis.

. Experimental method

The experimental details of the MALDI-IM-MS instrumenta-
ion and data acquisition used in this study have been described
lsewhere [44–47]. Briefly, ions are formed in an IM drift cell by
atrix-assisted laser desorption ionization (MALDI) using a micro-

rystal Nd:YAG laser (355 nm, Powerchip Nanolaser, JDS Uniphase
orp.), operating at a pulse rate of 200–300 Hz. Ions entering the
rift cell are separated on the basis of drift time through the cell
aintained at room temperature, a helium pressure of ∼3.0 Torr

nd field strength/pressure ratio (E/p) of 10–40 V cm−1 Torr−1. Ions
xiting the IM drift cell are focused (by a multi-element Einzel lens)
nto an orthogonal-TOF ion source. The TOF is biased at a potential
f −6 kV and the ions are extracted by applying a voltage pulse
o the TOF push/pull electrodes (+675 V/−675 V, respectively); the
OF extraction potential is pulsed at a rate ∼2 kHz, and typical mass
esolution for the reflectron TOF is 1500–3000. In all experiments,
he temperature of the bath gas is ca. 300 K. The experiments were
erformed using a laser power near the ion desorption threshold
o minimize peak broadening of the arrival time distribution (ATD)
ue to space charge effects [48].

All chemicals were purchased from Sigma–Aldrich (St. Louis,
O) and used without further purification. The analytes consist

f neuropeptide Y 1–24 (Human), melittin (honey bee venom),
nsulin �-chain (bovine), �-amyloid 1–40, insulin (bovine pan-
reas), ubiquitin (bovine red blood cells), cytochrome C (horse
eart), RNase A (bovine pancreas), lysozyme (chicken egg white),
nd apomyoglobin (horse heart). All analytes were dissolved in dis-
illed water at a concentration of 1.0 mg/ml and mixed (1:1, v:v)
ith 5 mg/ml �-cyano-4-hydroxycinnamic acid (CHCA), dissolved

n 60% acetonitrile, 38% distilled water, 1% of 10% trifluoroacetic
cid solution (TFA), and 1% ammonium phosphate solution. The
ixture of matrix and analyte was spotted onto a 96-well MALDI

arget plate. The sample spots were prepared in quadruplicate to
uarantee spot-to-spot reproducibility and triplicate CCS measure-
ents were performed as independent experiments.
The ion-helium collision cross-sections (CCSs) were determined

y using the method described by Mason and McDaniel [49]. Briefly,
CSs are obtained by recording the ATD at different applied voltages
V) to the IM cell and plotting the mean ATD versus 1/V. The ATD-
ntercept of this linear plot equals the time the ions spend outside
he IM cell (to), which permits the determination of the CCS values
s a function of the drift time (td = 〈ATD〉 − to) from the equation:

CS = (18�)1/2

16
ze

(kbT)1/2

(
1

mi
+ 1

mg

)1/2
tdE

L

760
P

T

273.2
1

N0
(1)

here z and e are number of charges and elementary charge, kb is
oltzmann’s constant, T is drift gas temperature, mg and mi are the

ath gas and ion masses, E is the electric field, L is drift length, p is the
elium bath gas pressure, and N0 is bath gas number density. The
CSs are reported including the propagated error of ATD, to deter-
ination, and standard deviation of CCS at different E/p values. A

ullerene mixture was used as a CCS reference [50,51].
of Mass Spectrometry 298 (2010) 111–118

3. Theoretical and computational details

The structures of protein complexes were predicted using a
Biomolecular complex Generation with Global Evaluation and
Ranking (BiGGER) program [3]. Briefly, BiGGER uses an efficient
algorithm to search and select a set of candidate complexes. Each
candidate is then evaluated according to the estimated probabil-
ity of being an accurate model of the complex. This allows the
user to rank all models according to a single criterion and focus
on the more likely ones if no additional information is available.
In the first stage, a step-by-step search through all the possible
docking configurations is performed, followed by a stringent filter-
ing criterion that will retain only a small fraction of the possible
structures. The maximum number of docking candidates was set
to 5000; the docking search was performed using angular steps of
15◦, and docking resolution and added radius of 1.0 Å. In the sec-
ond stage, each solution is evaluated using a neural network to
estimate its likelihood of being an accurate model of the complex.
The overall evaluation of docked solutions is given by the Interac-
tion Global Score. This is the estimated probability (in percentage)
that a docking solution with that Neural Network response is an
accurate model of the complex as a function of the surface docking
score, side-chain contact filter, electrostatics interaction score, and
hydrophobic score [8,52]. Despite modeling some side-chain flex-
ibility of the individual docking units, BiGGER assumes that there
are no significant conformational changes during complex forma-
tion. To overcome this problem, the top 100 configurations were
further optimized using the Open Force Field program in Accelrys
Cerius2, by Accelrys Inc. [53]. The Consistent Force Field (version
2002) was employed in the geometry optimization [54]. Following
geometry optimization, the theoretical ion-neutral, collision cross-
sections were calculated using the Trajectory Method implemented
in the MOBCAL software, with all the interaction potentials taken
as the default values [50,51].

The search for candidate structures of the protein–protein com-
Fig. 1. Scheme of the protein–protein candidate structure generation algorithm. On
the right, the combinatory process is illustrated for the case of pre-defined protein
monomer and dimer structures as docking elements (green). New docking elements
are obtained from each combinatory output (red). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of the
article.)
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Table 1
Ion-helium collision cross-section values for single-charged peptides, proteins, and peptide and protein complexes.

Analyte m/z n-mer Average CCS (A2) Average Ko (cm2 V−1 s−1)

Neuropeptide Y (1–24)
Monomer 2657.9 1 417 ± 36 1.29 ± 0.096
Dimer 5314.8 2 651 ± 34 0.83 ± 0.041
Trimer 7971.7 3 771 ± 34 0.70 ± 0.028
Tetramer 10628.6 4 932 ± 39 0.58 ± 0.026
Pentamer 13285.5 5 1044 ± 46 0.51 ± 0.026
Hexamer 15942.4 6 1159 ± 35 0.46 ± 0.012
Heptamer 18599.3 7 1192 ± 105 0.48 ± 0.038
Octamer 21256.2 8 1227 ± 103 0.46 ± 0.040

Melittin
Monomer 2847.5 1 469 ± 30 1.15 ± 0.057
Dimer 5694 2 774 ± 35 0.69 ± 0.015
Trimer 8540.5 3 881 ± 68 0.62 ± 0.038
Tetramer 11,387 4 1009 ± 92 0.56 ± 0.040

Insulin �-chain
Monomer 3496.9 1 501 ± 27 1.07 ± 0.043
Dimer 6992.8 2 730 ± 30 0.74 ± 0.028
Trimer 10488.7 3 872 ± 41 0.62 ± 0.030
Tetramer 13984.6 4 1016 ± 40 0.53 ± 0.026
Pentamer 17480.5 5 1167 ± 101 0.47 ± 0.039
Hexamer 20976.4 6 1270 ± 103 0.45 ± 0.033
Heptamer 24472.3 7 1370 ± 122 0.41 ± 0.035
Octamer 27968.2 8 1436 ± 134 0.40 ± 0.038

�-Amyloid (1–40)
Monomer 4330.9 1 560 ± 35 0.96 ± 0.067
Dimer 8660.8 2 773 ± 46 0.70 ± 0.055
Trimer 12990.7 3 950 ± 57 0.57 ± 0.044
Tetramer 17320.6 4 1118 ± 60 0.48 ± 0.031
Pentamer 21650.5 5 1300 ± 114 0.44 ± 0.041
Hexamer 25980.4 6 1377 ± 115 0.41 ± 0.034

Insulin
Monomer 5734.6 1 654 ± 37 0.82 ± 0.044
Dimer 11468.2 2 930 ± 41 0.58 ± 0.029
Trimer 17201.8 3 1119 ± 52 0.48 ± 0.028
Tetramer 22935.4 4 1356 ± 101 0.43 ± 0.033
Pentamer 28,669 5 1486 ± 110 0.40 ± 0.037
Hexamer 34402.6 6 1592 ± 144 0.38 ± 0.050
Heptamer 40136.2 7 1705 ± 141 0.35 ± 0.037

Ubiquitin
Monomer 8565.8 1 821 ± 45 0.66 ± 0.040
Dimer 17130.6 2 1147 ± 57 0.47 ± 0.029
Trimer 25695.4 3 1410 ± 129 0.41 ± 0.045
Tetramer 34260.2 4 1580 ± 122 0.37 ± 0.041

Cytochrome C
Monomer 12,232 1 983 ± 58 0.55 ± 0.030
Dimer 24,463 2 1303 ± 101 0.41 ± 0.031

RNase A
Monomer 13683.4 1 983 ± 52 0.55 ± 0.039
Dimer 27365.8 2 1407 ± 107 0.41 ± 0.043
Trimer 41048.2 3 1838 ± 132 0.34 ± 0.040

Lysozyme
Monomer 14306.1 1 1017 ± 56 0.53 ± 0.031
Dimer 28611.2 2 1464 ± 106 0.39 ± 0.035
Trimer 42916.3 3 1895 ± 107 0.33 ± 0.032

d
i
d
d
t
1
m
s
d
c

Apomyoglobin
Monomer 16952.5 1
Dimer 33,904 2

efined inputs are considered. For example, the scheme contained
n Fig. 1 considers the structure of a protein monomer (n1) and
imer (n2) as pre-defined docking elements. For n = 2, the candi-
ature structure pool is composed of the dimer structure and the
op 100 (n1 + n1) structures. The highest score structure from the

00 n1 + n1 structures is then defined as the n1n1 docking ele-
ent and used in the search for larger cluster sizes. That is, the

earch for trimer (n3) candidates will consider n1n1, n2, and n1 as
ocking elements, which yield n1n1 + n1 and n2 + n1 as potential
ombinations. In the insulin example, since the number of poten-
1077 ± 77 0.50 ± 0.052
1587 ± 144 0.37 ± 0.040

tial combinations increases geometrically with the cluster size, the
number of new defined docking elements after the optimization
cycle for a given combination was simplified to the highest score
candidate (i.e., only 1 structure); nevertheless, this algorithm has
the potential to set the number of new defined elements by the

number of structurally different cluster families. The docking ele-
ments for the insulin monomer (n1) and dimer (n2) were obtained
from X-ray diffraction data [55].

A user-developed algorithm was used to classify the resulting
optimized structures in clusters. The cluster analysis is based on
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Fig. 2. Plot of ion-helium collision cross-sections vs. m/z for single-charged peptide
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nd peptide and protein ionic complexes. In the inset, CCS for single-charge peptide
ons obtained by digesting nine standard proteins with three proteolytic enzymes
trypsin, chymotrypsin, and pepsin) is shown [1,2]. The total fitting function is
CS = 8.8(m/z − 210)1/2.

he comparison of all structures and subsequent classifications in
lusters, i.e., structures are classified such that a given cluster con-
ains a set of structures that are more similar to one another than
o members of other clusters. Comparison between the similari-
ies of two structures is made using the average root mean square
eviation (RMSD) using the SUPPOSE program [56]. Average RMSD
alues are computed from the pair-wise RMSD measured between
orresponding backbone atoms of two structures, once the cor-
esponding atoms have been identified and the molecules have
een rotated and translated as rigid bodies to the best match. A
ultidimensional scaling (MDS) method was used to generate an n-

imensional projection of all the structures, where the inter-point
istances are “close” to their average RMSD values [4]. Briefly, the
imension, n, of the MDS space was chosen such that the inter-point
istances and the RMSD values correspond within a stress value
elow 5% [4]. The structures were classified in the n-dimensional
DS space using a hierarchical clustering algorithm (HCA) [57]. The
CA classifies the structures without a predetermined number of
lusters, which permits users to determine the natural grouping
ith interactive visual feedback (e.g., dendrograms, 3D projec-

ions and/or color mosaic). The optimum number of clusters can
e defined by the user or can be determined using an iterative
lgorithm from a user-defined RMSD tolerance criteria within a
luster.

. Results and discussion

Ion mobility-mass spectrometry separates gas-phase ions on the
asis of ion-neutral collision cross-section (CCS) and m/z ratios. One
f the objectives of the present study is to compile a database of
CS values for single-charged peptide and protein ionic complexes,
hich can be used as calibration standards for CCS values (Table 1).

stablishing a CCS database of macromolecules and molecular com-
lexes is especially important for techniques such as differential
obility analyzers (DMA) [58], field asymmetric waveform ion
obility spectrometers (FAIMS) [59,60], and T-wave ion mobil-

ty spectrometers [61,62], because the data obtained from such
xperiments cannot be used for first principle CCS calculations.
Fig. 2 contains a plot of CCS versus m/z for a large number
f single-charged, peptide and protein ions, as well as oligomeric
eptide and protein ionic complexes. The dataset includes CCS val-
es of previously reported single-charged peptide ions obtained by
igesting nine standard proteins with three proteolytic enzymes
of Mass Spectrometry 298 (2010) 111–118

(trypsin, chymotrypsin, and pepsin) [2]. Inspection of Fig. 2 shows
that peptide ions and peptide/protein ionic complexes fall on the
same trend line in the CCS versus m/z plot, and this average CCS
trend line can be described as a square-root function of m/z:
〈CCS〉 = 8.8(m/z − 210)1/2. We have previously observed that in the
case of peptide ions, a small number of ion signals deviate from
the average CCS trend line, while other molecular classes fall on
very different trend lines [2,63]. For calibration purposes, we rec-
ommend the use of the CCS data reported in Table 1. The broad
distribution of CCSs contained in Fig. 2 illustrates the structural
diversity of the peptide and peptide ion complexes while highlight-
ing the utility of the IM-MS separation to identify a single molecular
class. For example, the CCS for melittin [M+H]+ ions (see Table 1)
lies above (by approximately 4%) the average peptide ion CCS trend
line. The deviation from the expected value could be an indication
of helical character for the melittin [M+H]+ ion, which in its native
state is ∼88% helical [64–66]. In addition, helical character was pre-
viously used to explain the results for gas-phase MS fragmentation
reactions and MALDI hydrogen/deuterium (H/D) exchange [19,67],
and formation of melittin oligomers with helical character has been
also observed in basic or high ionic strength solutions using NMR
studies [68].

On the other hand, the [M+H]+ ion of neuropeptide Y 1–24
presents a large negative deviation in CCS (−4.3%), that could be
related to the lower helical content (<40%) observed in native
state studies [69]. As the molecular size increases, the influence
of the helical/sheet content on the CCS may be overshadowed by
other structural features, i.e., side-chain and intramolecular inter-
actions. The CCS for insulin [M+H]+ ions agrees very well with the
expected value, whereas the CCS for apomyoglobin [M+H]+ ions
has a large negative deviation (−5.4%) from the average CCS. In
their native states, these proteins contain ∼46% and ∼74% helical
character, respectively [55,70,71]. Quite possibly the intramolecu-
lar disulfide bonding of insulin makes the total secondary structure
spherical/globular, where the helical contribution to a more elon-
gated form (and larger CCS) has been reduced by these side-chain
interactions [55]. Similarly, for apomyoglobin the side-chain inter-
action with the heme group in the native state forces the [M+H]+

ion to adopt a globular/spherical compact configuration surround-
ing the heme group [70,71]. Overall, side-chain and intramolecular
interactions may also stabilize the secondary structure of the ionic
complex in “non-native” states, while not conserving the original
secondary structure and/or helical/sheet content. Only large dif-
ferences in the secondary structure of native versus “non-native”
states will significantly contribute to the packing density or CCS,
making higher resolution IMS experiments necessary to success-
fully observe these effects for large peptides and proteins. The CCS
values contained in Table 1 are in good agreement with reported
data obtained using DMA analyzers [72–74], where the electromo-
bility particle diameter correspond to the diameter of a sphere if
the molecular complex is assumed to have a globular shape.

The CCS values reported in Table 1 are for single-charged, proto-
nated molecules, [M+H]+, which are always the most abundant ions
formed by MALDI. In some cases, double-charged ions, [M+2H]2+

ions can be observed in MALDI-IM-MS experiments (e.g., results
of McLean et al. [75] and Blase et al. [76]), and measured CCSs for
some of the [M+2H]2+ ions are compared with previously reported
CCS values obtained by using ESI (Fig. 3) [77,78]. Note that the col-
lision cross section increases as the charge state increases. Thus
it appears that as the charge state increases Coulombic interac-
tions also increase, forcing the molecular structure to separate the

charge sites, which in turn increases the total conformational space
and leads to larger CCS values. Comparison of the CCS values with
reported Protein Data Bank structures obtained by using nuclear
magnetic resonance (solution phase structure) and X-ray diffrac-
tion (crystal structure) results shows that the best agreement is
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(see Fig. 4 inset), which suggests a more compact structure for
this species. Fig. 5 contains the most abundant backbone orienta-
tion of the insulin trimer (n = 3) obtained from the protein–protein
structure algorithm generator. The insulin trimer is obtained from
a combination of the insulin dimer (n2) and docked structures of
ig. 3. Ion-helium CCS variation as a function of the ion charge state, z. Single- and
tates were previously reported using an ESI source [77,78]. The dashed lines repres
tructure) and X-ray diffraction (crystal structure) reported structures [70,71,79–85

bserved for the lower charge states CCS values obtained using a
ALDI source (Fig. 3) [70,71,79–85]. Larger deviations for CCS for

he higher charge states may also arise if higher energy configura-
ions or “non-native” states are sampled. For example, denaturing
f proteins in the gas-phase at high charge states has been previ-
usly observed in ESI-IM-MS experiments [86,87].

Many of the peptides studied in the present work are also
bserved as oligomeric structures (see Table 1). The CCS of the
rotein complexes do not deviate significantly from the predicted
rend line, and as discussed earlier can be used to infer structural
nformation of the ionic protein complexes. That is, the CCS pro-
ides an experimental verification for the packing density of the
ligomeric structures, which may ultimately be correlated with the
eptide/protein aggregation mechanism, or as shown recently by
uotolo et al. could be used to infer denaturation of peptide/protein

onic complexes [86,87].
In previous studies we have shown that IMS data are greatly

nhanced when complemented with theoretical studies of can-
idate structures by direct comparison of the theoretical and
xperimental CCS values [27,88–90]. In this study we use a
rotein–protein structure algorithm generator to compare exper-

mental and theoretical CCS values for insulin oligomers (n = 1–7).
he spherical/globular shape of the insulin monomer makes it a
ood candidate to illustrate the utility of this method.

Fig. 4 contains a comparison between theoretical and experi-
ental CCS for the insulin oligomers. The protein–protein structure

lgorithm generator assumes that there are no significant confor-
ational changes during complex formation. That is, the secondary

tructure of the insulin monomer does not significantly change as

he individual units assemble. The binding orientations will ulti-

ately define the total conformational state of the protein complex,
hich can be related to the gas-phase packing density.

Theoretical CCSs are obtained after averaging the highest score
tructures obtained in the protein–protein structure algorithm
le-charged ions were produced using a MALDI source, and the higher order charge
e corresponding average CCS values of nuclear magnetic resonance (solution phase

generator. The docking parameters (e.g., angular step, docking reso-
lution and added radius) of the protein–protein structure algorithm
generator were verified by the observation of the n2 structure of the
insulin dimer as one of the 100 highest scores for insulin monomer
(n1 + n1) combinations. Good agreement is observed between the
predicted and experimentally observed CCS values (<2%). Close
inspection reveals smaller CCSs for the n = 3 and n = 6 oligomers
Fig. 4. Theoretical and experimental ion-helium CCS for the insulin oligomers. In
the inset, relative CCS deviations to the average experimental CCS values are shown.
Notice the negative deviations for the insulin trimer and hexamer. The average
theoretical and experimental CCS values agree within 2%.
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ig. 5. Illustration of the docking procedure for the insulin trimer using the protein–
rom the combination of n2 + n1 and n1n1 + n1. Bottom: Backbone and side-chain
ighest score structures.

nsulin monomers (n1 + n1) with the insulin monomer (n1). Eight
epresentative structures were obtained for the insulin trimer, and
he main differences between these structures are related to the ori-
ntations of the docking sites. It appears that the spherical/globular
hape of the insulin monomers makes the trimer structure more
table owing to a larger number of interactions. Each monomer unit
n the trimer structure is attached to two other monomer units. For
arger oligomers, multiple docking regions are observed, which in
ome cases promotes formation of a triangular pyramid.

The hexameric insulin ion also appears to favor a single struc-
ural motif, where each unit is coordinated with three insulin

onomer units forming a compact structure that resembles two
arallel, triangular trimer structures coupled together. This com-
act hexamer configuration shares some similarities with solution
ased studies, where the insulin hexamer counterparts are coor-
inated to Zn metal ions and each insulin monomer unit is
oordinated to three other insulin monomer units [91–93]. A high
egree of stabilization of the oligomeric complexes with the larger
umber of docking-site interactions can be directly correlated
ith negative CCS deviations if the monomer unit has a spher-

cal/globular shape. When the monomer unit deviates from the
pherical/globular shape, docking-site interactions between the
ligomer counterparts may be sufficiently strong to stabilize the
ligomer complex in site-oriented configurations, where their cor-
elation with the CCS may not be straightforward.

. Conclusions

A high confidence level peptide and peptide/protein ionic com-
lex ion-helium CCS reference database has been compiled, which

ignificantly extends the conformational space of single-charged
ons up to ∼50 kDa. This database provides essential data for future
heoretical studies and contains calibration standards for other
as-phase separation techniques where direct CCS measurements
annot be obtained.
in structure algorithm generator. Top: Overlay of the backbone structures obtained
entation of the representative structures obtained from the cluster analysis of the

We also describe the use of a protein–protein structure algo-
rithm generator to estimate CCSs for protein ions as well as protein
ionic complexes. On the basis of these studies it appears that
intramolecular interactions stabilize the secondary structure of the
ionic complexes in native and/or “non-native” states. The end result
is that only large differences in secondary structure of native versus
“non-native” states will significantly contribute to the measured
CCS, thus higher resolution IMS experiments will be needed to
observe these effects for large molecular systems. We anticipate
that a 3–4-fold increase in the IMS resolution will permit the study
of docking-site orientations on the peptide and protein complex
assembly, disassembly and exchange of subunits between protein
complexes.

The advantages of a protein–protein structure algorithm gen-
erator were illustrated by the comparison of theoretical and
experimental CCS of insulin oligomers, where deviations in the
CCS values were associated with structural motifs of the protein
complex. This work provides a step forward for the development
of theoretical algorithms to efficiently sample the protein com-
plex conformational space. Future efforts will be focused on the
implementation of higher-level docking strategies and the study
of protein complexes where side-chain groups and/or “structural
pockets” have been modified to induce specific molecular attach-
ment as a method to study drug delivery mechanisms and their
effect on the biological function of protein complexes.
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