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ABSTRACT

Ion mobility spectrometry-mass spectrometry offers the potential to characterize structures of transient
protein assemblies and protein isoforms by means of their orientationally-averaged momentum transfer
cross-sections. A commonly observed phenomenon is the compaction of a protein in the ion mobility
measurement, that is, the cross section measured for the protein by ion mobility spectrometry is smaller
than the cross section expected for its native structure. Consequently, this compaction means that at least
some structural changes of the protein must have occurred during the ion mobility measurement. A
major challenge is then to identify which aspects of the solution structure are retained in the ion mobility
measurement and which ones are not. Here, we apply our recently developed Structure Relaxation
Approximation (SRA) method in conjunction with trapped ion mobility spectrometry-mass spectrometry
(TIMS-MS) to probe compaction of the human protein chemokine (C-C motif) ligand 5 (also CCL5). lon
mobility spectra are recorded for various charge states and solution conditions of CCL5 under both “soft”
and collisionally-activated conditions. Our data show that the SRA reproduces the overall trends in the
experimental spectra: (1) the compaction of the CCL5 structure as seen in the experiments; (2) the
general increase in the cross section for the various charge states; and (3) the increase in cross section
after collisional-activation. The SRA attributes the compaction of the CCL5 structure mainly to the folding
of the unstructured N-terminus onto the central Greek key motif of CCL5. By contrast, the SRA indicates
that native residue-residue contacts present in the NMR structure are largely retained. Additionally, our
analysis indicates that accurate treatment of proton transfer processes during the structural relaxation
process would significantly improve the structural interpretation of ion mobility data by the SRA.

© 2021 Published by Elsevier B.V.

1. Introduction

assemblies implicated in Alzheimer's disease [4]. Another limita-
tion arises from the co-existence of proteoforms, differentially

The function of a protein is intimately linked to the structures it
adopts and to the motions by which they interconvert [1,2]. Thus,
traditional biophysical methods are invaluable for pharmaceutical
research by providing structural details about proteins involved in
human diseases [3].

Proteins are complex entities, however, and currently existing
biophysical methods are limited in what aspects of protein struc-
tures can be revealed. One limitation arises from presence of co-
existing, transiently populated species, such as the amyloid-g
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modified variants of the same protein [5]. Glycoforms of glyco-
proteins, protein variants that differ in the structure and sequence
of their glycans, are of particular current relevance because viral
spike proteins are often heavily and heterogeneously glycosylated
[6,7].

Ion mobility spectrometry-mass spectrometry (IMS-MS) offers
the potential to characterize structures of transient protein as-
semblies [8,9] or protein variants including glycoforms [10,11].
Nevertheless, a key challenge in applying IMS-MS to protein
structure characterization is that IMS-MS is not a “structure
method” in the same sense that, for example, X-ray crystallography
or nuclear magnetic resonance (NMR) spectroscopy both are.
Whereas the X-ray diffraction pattern is directly related to the
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atomic structure of the molecule [12], and NMR spectroscopy
directly yields interatomic distances and angles within a molecule
[13], IMS-MS provides no such direct, atomic information about the
molecule under investigation. In fact, IMS-MS convolves the entire
protein structure into a mean “effective area”, where the mean is
taken over all orientations and all conformations of the protein
samples during the measurement. This effective area is the
orientationally-averaged momentum transfer cross-section of the
ion. The challenge, thus, is to identify as many aspects as possible
about the atomic structure of the ion from its momentum transfer
cross-section.

The structural interpretation of the measured cross section is
challenging largely because the ion mobility experiment is not an
equilibrium measurement [14—16]. One commonly observed phe-
nomenon is the compaction of the protein in the ion mobility
spectrometer [17—23]. This means that the experimentally deter-
mined cross section is significantly lower than the cross section
expected for the X-ray or NMR structures. A compaction is often
reported for proteins with flexible linker or hinge regions such as
antibodies and other non-globular proteins [24].

We recently developed the Structure Relaxation Approximation
(SRA) method to structurally interpret ion mobility spectra [16].
The central aspect of the SRA is to predict charge-state specific ion
mobility spectra for a protein system. To this end, the SRA considers
the structural relaxation process that a native solution structure
would undergo during the ion mobility measurement in the gas
phase after removal of solvent. The idea is then that the more
charge states and experimental conditions are probed by experi-
ment and theory, the greater the confidence of the structural
interpretation of the ion mobility data because chance agreement
for all conditions becomes increasingly unlikely.

Equally important, however, is that discrepancies between the
experiment and the SRA predictions enable the analyst to identify
and improve shortcomings in the theoretical analysis of the IMS
data, thereby successively advancing the understanding of gas
phase dynamics occurring in protein systems during ion mobility
measurements. By contrast, and as discussed [16], no such
improvement can result from efforts rationalizing ion mobility
measurements through seeking agreement between theory and
experiment.

In our original formulation of the SRA, we probed how closely,
and in which aspects, ions of the protein ubiquitin detected by
“soft” ion mobility measurements resemble the native state [16].
The SRA predicted that ubiquitin retains essentially the same
residue-residue contacts as the native state determined by X-ray
crystallography when measured by “soft” ion mobility methods.
We were able to draw these conclusions because we varied solution
conditions and, using a home-built tandem-TIMS instrument
[25,26], we conducted charge-reduction experiments for selected
charge states of ubiquitin. Additionally, we were able to utilize the
equivalent data measured in a different buffer gas based on data
reported by other groups [14,27]. Equivalent data are not
commonly available, however, which renders it unclear how widely
applicable the SRA method is to study protein structures in
conjunction with commercially available ion mobility spectrom-
etry/mass spectrometry instruments. Further, it is unclear how well
the SRA would perform in describing the compaction of a protein.

A common and widely available approach to characterize the
structure of a protein using ion mobility spectrometry — mass
spectrometry methods is collision-induced unfolding (CIU) [28,29].
Hence, here, we probe how well the SRA assesses protein structures
using collisional-activation experiments. Additionally, we conduct
the measurements using TIMS-MS instead of tandem-TIMS-MS,
because this setup is equivalent to IMS-MS instruments that are
widely available. Hence, the approach discussed here can be carried
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out using commercial instruments.

Specifically, we apply the SRA method to probe the structure of
the chemokine CCL5. Chemokines are an important class of cyto-
kines involved in many biological processes, including inflamma-
tion, wound healing, lymphoid trafficking [30]. CCL5, also known as
RANTES (regulated on activation, normal T cell expressed and
secreted), is a CC-type chemokine containing two adjacent cyste-
ines at positions 10 and 11 that form disulfide bonds with cysteines
at positions 34 and 50, respectively. CCL5 mediates cell migration
in vivo, T cell activation and apoptosis [31—33]. CCL5 is also a po-
tential HIV inhibitor as its receptor CCR5 is the coreceptor of the
CD4 receptor used by HIV to enter T cells and monocytes [34,35].

2. Experimental and computational details
2.1. Materials and sample preparations

CCL5 was purchased from PeproTech, Inc. (Rocky Hill, NJ).
Ammonium acetate salt was purchased from Fisher Scientific In-
ternational, Inc. (Hampton, NH). Water, formic acid, and acetonitrile
were of LC/MS grade quality (Sigma-Aldrich). Dithiothreitol (DTT)
was purchased from Sigma-Aldrich. A 200 mM stock solution of
ammonium acetate with pH ~6 was prepared by dissolving 154 mg
ammonium acetate powder into 2 mL of water. A 10 uM stock so-
lution of CCL5 was prepared by adding 256 uL of water to a sample
vial containing 20 pg of CCL5. Solutions of CCL5 under three
different conditions (ammonium acetate/native, aqueous solution,
and reducing/denatured) were prepared for TIMS-MS measure-
ments. The native solution (2 pM CCL5 in 10 mM ammonium ace-
tate, pH 6) was prepared by diluting the stock CCL5 (10 uM in
water) using appropriate amount of water and stock solution of
ammonium acetate (200 mM). The aqueous solution (1 uM in wa-
ter) was prepared by diluting the stock CCL5 (10 pM in water) with
water. To reduce the disulfide-bonds and denature CCL5, a solution
with 2 uM CCL5 and 5 mM ammonium acetate was prepared using
the stock solution. The 2 pM CCL5 solution was then treated with
DTT (1 mM) at 70 °C for 30 min. Subsequently, the solution was
cooled over ice to 4 °C and acetonitrile and formic acid were added
to the protein sample to a final concentration of 50 % and 1 % v/v,
respectively, prior to mass analysis [36].

2.2. TIMS-MS instrumentation and measurements

All measurements were performed on a prototype ESI-TIMS-
QqTOF mass spectrometer (Bruker Daltonics, Billerica, MA) as
shown in Fig. S1 (Supplementary Data) and described in detail
elsewhere [37—39]. Samples were infused at a rate of 180 uL/h into
the electrospray ion source with the desolvation gas temperature
set to 304 K. The electrospray capillary voltage was set to
2.5—2.8 kV. An RF peak-to-peak voltage of 180 V was applied to
each section to confine ions radially in the funnel regions and inside
the TIMS tunnel. As described [40], high RF and DC potentials across
the components of the TIMS device should be avoided because they
promote denaturation of the protein structure during the mea-
surement. To preserve native-like conformations, we thus applied
“soft” operating settings as described [40]. As discussed [41], the DC
potentials prior to mobility separation in the TIMS tunnel are
crucial to conducting “soft” measurements; we hence applied 10 V
between the deflector and the first plate of the entrance funnel and
20 V DC potential differences across the entrance funnel in accord
with prior work. For collision-induced unfolding measurements,
we employed “harsh” conditions that denature the protein struc-
ture. To this end, we applied a DC potential difference between the
deflector and the first plate of the entrance funnel of 68 Vand 292 V
across the entrance funnel. For all ion mobility measurements, the
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Fig. 1. Native TIMS-MS analysis of CCL5. (A) Amino acid sequence and NMR structure of CCL5 (PDB code: 1HR], monoisotopic mass is 7841.83 Da). Two disulfide bonds pair Cys10
with Cys34 and Cys11 with Cys50. (B) Native mass spectrum shows presence of charge states 5+ and 6-+. (C) lon mobility spectra for charge states 5+ and 6+ reveal a dominant
feature with cross sections corresponding to 1130 A% and 1190 A?, respectively. The cross section of the NMR structure is calculated to 1416 A% by the PSA method.

potential at the entrance of the TIMS tunnel was increased from
-200Vto +10V at arate of § = 2.92 V/ms. The pressure in proximity
to the entrance of the TIMS tunnel was maintained at 2.75 mbar. For
each TIMS cycle, ions were accumulated for 13.68 ms prior to
separation and ion mobility separation was carried out over 72 ms.

2.3. Calibration of momentum transfer cross sections

Ion mobilities and cross sections in TIMS are determined via a
calibration procedure [37,38,42]. For calibration, we used phos-
phazenes contained in Agilent ESI tuning mix as calibrants as
described elsewhere [41—44]. The reduced ion mobilities for
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calibration were taken from a previous report [42] based on the
cross sections reported by Stow el at [45]. Each spectrum was
calibrated immediately after acquisition under identical operating
settings.

2.4. Structure Relaxation Approximation (SRA) calculations

Structure relaxation approximation (SRA) calculations were
carried out as described [16]. Initial structures for CCL5 were taken
from the protein data bank (PDB: 1HR]) [46]. For each of the
monomer structures present in the entry, explicit-solvent molec-
ular dynamics calculations were carried out with GROMACS [47] in
conjunction with the amber ff03 force field [48] as described. The
two disulfide bonds (Cys10-Cys34 and Cys11-Cys50) were kept
intact for the aqueous simulations whereas reducing conditions
were mimicked by breaking the disulfide bonds. The gas-phase
relaxation of solution structures was carried out as described
[16]; briefly, the experimental charge states were attained by (de)
protonating residues based on their solvent accessibility and
atomic partial charges. To predict spectra for the “soft” measure-
ment settings, the subsequent gas phase molecular dynamics
simulations were carried out as described [16]. This is based on the
fact that the RF and DC voltages in the experiment were chosen
comparable to those used in our previous studies [16,25,40] and
that hence the effective temperatures of the CCL5 ions are
approximately the same as those of the ubiquitin ions in our prior
report. To predict spectra for the “harsh” settings in our experi-
ments, we increased the duration of each heating step to 500 ps and
increased the maximum temperature of the heating cycle to 900 K
prior to cooling down to 300 K in steps of 100 K. This protocol was
deemed appropriate because visual inspection revealed prevalence
of fully unfolded and unstructured CCL5 species during the equil-
ibration cycle at 900 K. We used the Projection Superposition
Approximation (PSA) method to calculate cross sections as
described [16,49—52].

3. Results and discussion
3.1. Native TIMS-MS spectra reveal compaction of CCL5

Fig. 1A shows the NMR structure of CCL5, composed of a disor-
dered N-terminal loop followed by a 31p-helix, three antiparallel -
sheet arranged in a Greek key motif, and a C-terminal a-helix. CCL5
possesses two disulfide bonds (Cys10-Cys34; Cys11-Cys50) as
shown in the Figure. Fig. 1B shows the mass spectrum recorded for
CCL5 under native mass spectrometry conditions as described un-
der Experimental Details. Charge state 6+ predominates the spec-
trum with minor abundance of charge state 5+. The corresponding
ion mobility spectra are given in Fig. 1C. Both spectra reveal a
dominant feature with cross sections of 1130 A% and 1190 A?,
respectively. Overall, these results are in line with prior ion mobility
spectrometry/mass spectrometry measurements in the sense that
(1) the native mass spectrum shows a small number of charge
states; and that (2) the corresponding cross sections are similar in
value to each other and indicate predominance of compact, folded
structures.

The PSA method estimates the cross section for the NMR
structure of CCL5 (PDB code:1HR]) to 1416 A2, which is approxi-
mately 20 % larger than the cross sections measured in the exper-
iment. Consistent with prior reports [17—23], such large deviations
indicate that a significant “compaction” of the native CCL5 structure
occurred during the ion mobility spectrometry measurement.

This compaction highlights the challenge faced when inter-
preting ion mobility data in terms of the protein structure: it is
obvious from the data that some structural changes must have
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occurred to the CCL5 structure during the ion mobility experiment.
But the ion mobility data do not provide sufficient information to
delineate which aspects of the solution structure have changed and
which aspects have been retained in the experiment. For example,
the compaction of CCL5 could potentially result from the disor-
dered N-terminal loop folding onto the Greek key motif, which
means that the native residue-residue contacts of the Greek key
could largely be retained. An alternative would be that the
compaction could be caused by an overall re-folding of CCL5, in
which case native residue-residue interactions would unlikely be
retained. In the following, we apply the SRA method in conjunction
with collisional-activated experiments to identify which aspects of
the native structure are retained in the experiment and which are
not.

3.2. Collision-induced unfolding measurements of CCL5 for non-
reducing and reducing solution conditions

Fig. 2 shows the mass spectra for CCL5 recorded from aqueous
and reducing conditions as described above. Both spectra show the
same charge states (5+ to 11+) with similar abundances. Never-
theless, the isotopic patterns reveal that the two disulfide bonds
remain intact under non-reducing aqueous conditions whereas
they are both broken under reducing conditions (see Fig. S2, Sup-
plementary Data). The corresponding ion mobility spectra are
plotted in Fig. 3 and cross sections are tabulated in Table S1 (Sup-
plementary Data).

The ion mobility spectra for charge states 5+ and 6+ from
aqueous solution under “soft” conditions (Fig. 3A) resemble those
recorded from ammonium acetate: the spectra exhibit one domi-
nant feature at 1164 and 1225 A2, respectively, corresponding
closely to the cross sections recorded from native conditions
(1130 A? and 1190 A% see Fig. 1). Further, the peak widths are
comparable and indicate presence of numerous, unresolved con-
formations. We note that, with the two disulfide bonds intact under
non-reducing solution conditions, the cross sections and the peak
widths remain essentially the same for charge states 5+ and 6+
even after collisional activation (Fig. 3B). By contrast, the spectra
recorded for charge states 5+ and 6+ under reducing conditions
exhibit two features (Fig. 3C). One feature (1138 A% and 1213 A? for
charge states 5+ and 6+, respectively) is consistent in cross section
with the feature observed under non-reducing conditions. The
second feature, however, reflects more extended protein structures
(1388 A% and 1517 AZ for charge states 5+ and 6-+, respectively). The
collisional-activation experiments carried out for the reducing so-
lution conditions demonstrate unfolding of the compact features to
yield the extended feature (Fig. 3D).

For charge states 7+ to 11+, we observe more complex ion
mobility spectra with multiple features present for both non-
reducing and reducing solution conditions. The cross sections
tend to increase with increasing charge state, with the spectra
recorded under reducing conditions generally exhibiting more
features with larger cross sections. Additionally, we notice a sig-
nificant change in the number and the positions of peaks after
collision-induced unfolding. These observations are overall
consistent with prior reports and reflect the increased unfolding of
the protein structures with higher charge states. This holds in
particular for the reduced solution conditions where both disulfide
bonds are broken.

3.3. Spectra predicted by the SRA method reproduce the overall
trends observed in the ion mobility measurements

Fig. 4 compares the experimental ion mobility spectra to those
predicted by the SRA for charge states 6+ to 9+. Fig. 4A and B
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Fig. 2. Mass spectra recorded for aqueous and reduced CCL5 solutions. The same
charge states (5+ to 11+) with similar relative abundance are obtained.

compare the measured and predicted spectra for the aqueous
conditions for both “soft” and collisional-activating settings. We
make several observations in the Figure. First, the SRA correctly

A. Aqueous soft B. Aqueous harsh

International Journal of Mass Spectrometry 469 (2021) 116682

predicts a compaction to occur for charge states 6+ and 7+ with
respect to the NMR structure. This can be drawn from the obser-
vation that the predicted spectra for charge states 6+ and 7+ center
at ~1220 A% and ~1285 A?, respectively, which is consistent with the
experimental data (~1225 A? and ~1333 A?) but ~9—14 % smaller
than the cross section expected for the NMR structure (1416 A2).
Second, the SRA correctly predicts that the mean of the abundances
increases from approximately ~1200 A® to ~1700 A®> when the
charge state increases from 6+ to 9+. Further, the SRA correctly
predicts the cross section to increase upon collisional activation.
Hence, the data show that the SRA captures the essence of the
unfolding process taking place in the “soft” ion mobility measure-
ments for the various charge states.

The Pearson correlation coefficients p in Fig. 4A and B, however,
also reveal discrepancies between the experimental data and the
predictions made by the SRA. The coefficient p is 1.0 and 0.8 for
charge states 6+ and 7+, but decreases to 0.3 and 0.1 for charge
states 8+ and 9+, respectively. Indeed, the cross sections predicted
by the SRA underestimate the experimental data by ~10—15 % for
charge states 8+ and 9+ in Fig. 4A. Thus, the data indicate that the
SRA overestimates the rigidity of the CCL5 structure for charge states
8+ and 9+ under “soft” settings. This discrepancy points to the
notion that disulfide bonds could potentially break in the experi-
ment after proton-migration to the disulfide bond [53,54]. Addi-
tionally, the data show that the fine structure of the SRA predictions
deviates from those of the experiments. For example, the SRA does
not recover the bimodal peak measured for charge state 8+ for “soft”
settings from aqueous conditions in Fig. 4A. Moreover, the predicted
peaks are typically broader than the experimentally measured peaks
for “harsh” settings of higher charge states (7+ to 9+).

C. Reducing soft D. Reducing harsh
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Fig. 3. lon mobility spectra measured for CCL5. (A) Spectra recorded using “soft” TIMS settings for non-reducing, aqueous solution of CCL5 (blue trace). (B) Spectra recorded using
“harsh” TIMS settings for non-reducing, aqueous solution conditions (red trace). (C) Spectra recorded using “soft” TIMS settings for reducing solution conditions (cyan trace). (D)
Spectra recorded using “harsh” TIMS settings for reducing solution conditions of CCL5 (magenta trace). The dashed line indicates the cross section predicted by the PSA for the CCL5
NMR structure (PDB code: 1HR]). Cross sections generally increase with charge state and with collisional-activation. The “soft” and “harsh” spectra for charge states 5+ and 6+
produced from non-reducing solution conditions agree with each other, indicating only minor structural changes of CCL5 after collisional-activation. Asterisk: noise.
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Fig. 4. (A, B) Comparison between ion mobility spectra recorded for non-reducing, aqueous CCL5 solution (black trace) and spectra predicted by the SRA (blue trace) for charge
states 6+ to 9+ ions in nitrogen buffer gas. The two disulfide bonds are kept intact in SRA. The trend of unfolding as the increase of charge is successfully probed by SRA for both
“soft” (A) and “harsh” (B) conditions. However, the shape of ion mobility spectra has not been accurately recovered by SRA. (C,D) Comparison between ion mobility spectra recorded
for reducing CCL5 solution (black trace) and spectra predicted by the SRA (red trace) for charge states 6+ to 9+ ions in nitrogen buffer gas. The two disulfide bonds are kept broken
in SRA. The data indicate that the SRA correctly predicts the compaction of charge states 6+ and 7+ and the overall trends of the unfolding with increasing charge state. The dashed
line indicates the cross section predicted by the PSA for the CCL5 NMR structure (PDB code: 1HR]). Pearson correlation coefficients p indicate the similarity between the exper-

imental and predicted ion mobility spectra.

We make similar observations in Fig. 4C and D, which compare
ion mobility spectra recorded for the reducing solution conditions
to the corresponding SRA predictions (with all disulfide bonds
broken). The data shown in Fig. 4C and D reveal that the SRA pre-
dictions recover the overall trends in the experimental data when
going from charge state 6+ to 9+ for both the “soft” and the
collisional-activated spectra. That is, the SRA correctly predicts the
abundances to increase from approximately ~1200 A% to ~2000 A?
for charge states 6+ to 9+. The predicted peak widths, however, are
significantly broader than the experimental peaks, especially for
the collisional-activated spectra and the higher charge states. This
discrepancy is also reflected by correlation coefficients on the order
of 0.6—0.7 for all but charge state 6+ in Fig. 4C and D. Additionally,
the predictions do not accurately recover the fine structure of the
peaks. For example, the SRA predicts a broad feature for charge
states 6+ and 7+ under soft settings (Fig. 4C) with maximum
abundance in-between the positions of the experimental peaks.

Overall, the observations made above are in line with our ob-
servations made previously for the protein ubiquitin: the SRA
succeeds in describing the main trends of the unfolding process for
the protein in the gas phase. The Pearson correlation coefficients p
indicate that the SRA predictions here agree reasonably well with

the experiment for native conditions and low charge states as well
as for reduced conditions and high charge states. By contrast, dis-
crepancies are observed for high charge states obtained from native
conditions and for low charge states obtained from reducing con-
ditions. These discrepancies observed between the experimental
and predicted spectra indicate that the SRA method does not yet
succeed in modelling the details of the structural transitions
occurring in the ion mobility experiment for all combinations of
experimental conditions and charge states. This discrepancy likely
stems from the fact that currently available force fields do not allow
for appropriate modeling of proton transfer processes, and other
chemical reactions, taking place in the experiment. The two key
shortcomings with the current state of affairs are: (1) currently
available force fields are optimized for solution simulations and (2)
allow only the side chains of amino acids to be protonated or
deprotonated; (3) standard molecular dynamics packages do not
allow for changes in the bonding during the simulation. By contrast,
it is well-known from the proton mobile model and the pathways
in competition model of collision-induced dissociation of peptides
that the extra protons sample the carbonyl oxygen and amide ni-
trogen atoms of the peptide bonds [55,56]. Indeed, Konermann
et al. [57] reported on the significance of accounting for mobile
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Fig. 5. (A) NMR structure of CCL5 with unstructured N-terminal loop, the central region comprising the Greek key motif, and the C-terminal a-helix indicated. (B) Fraction of native
contacts Q calculated for the structures predicted by the SRA method for charge states 6+ and 7+ for aqueous, “soft” conditions (see Fig. 4A). (C) CCLS structure illustrating the

retention of native residue-residue interactions for charge state 6+.

protons in molecular dynamics simulations due to proton mobility
reducing the stability of salt bridges, thereby effecting the stability
of peptides and proteins in the gas phase. Hence, the discussion
here suggests that accurately treating proton transfer processes
during the gas phase relaxation process would significantly
enhance the fidelity of the predictions made by the SRA.

3.4. Compaction of CCL5 in the ion mobility experiment

The discussion above revealed that CCL5 undergoes a significant
compaction during the ion mobility spectrometry/mass spec-
trometry experiment. This compaction is indicated by the fact that
the cross sections measured for the charge states 5+ and 6+ under
native and aqueous conditions are significantly lower than the
cross sections expected for the NMR structure of CCL5 (see Figs. 1
and 3). Further, the discussion above showed that the SRA
correctly predicts the compaction of the CCL5 structure as well as
the overall trends in the experimental ion mobility spectra. In this
section we thus discuss the compaction of CCL5 on the basis of the
SRA calculations: what aspects of the solution structure are
retained, and what aspects are not retained, in the experiment?

Fig. 5A shows the NMR structure of CCL5 with color-coding of
the unstructured N-terminal loop, the central region comprising
the Greek key motif, and the C-terminal a-helix. To identify the
extent to which the native structure is retained in the ion mobility
experiments, we followed our prior approach [16] and calculated
the fraction of native contacts Q for the structures predicted by the
SRA for charge states 6+ and 7+ (see Fig. 5B). The analysis indicates
that the central region with the Greek key is strongly retained
(Q>=0.8). Further, the data indicate that approximately half of the
native contacts within the C-terminal a-helix are retained as are the
contacts between the central region and the C-terminal a-helix.
The N-terminal region remains unstructured and tends to fold onto
the central region containing the Greek key. We illustrate the
retention of native contacts by the representative structure (taken
as the central structure of the most abundant structural ensemble)
for charge state 6+ in Fig. 5C. Overall, the SRA predicts that the
significant compaction observed for the CCL5 structure in the ion
mobility measurement is caused mainly by the disordered N-ter-
minal loop folding onto the Greek key motif of CCL5, while the
native residue-residue contacts within the Greek key motif and C-
terminal a-helix are retained to a significant extent. These findings
are consistent with prior work [23] in that protein ions compact
upon solvent-removal while largely retaining a-helices and B-
sheets present in the native state.

4. Summary and conclusions

We recorded ion mobility spectra for various charge states and
solution conditions of the human CCL5. Comparison of the
measured cross sections to the NMR structure (PDB:1HR]) revealed
that CCL5 undergoes a significant compaction under native mass
spectrometry conditions. We applied the Structure Relaxation
Approximation (SRA) method to identify which aspects of the
native solution structure are retained in the ion mobility mea-
surement, and which aspects are not retained.

Our data show that the SRA predictions reproduce the overall
trends in the experimental ion mobility spectra: the SRA correctly
predicts (1) the compaction of the CCL5 structure as seen in the
experiments; and (2) the general increase in the cross section for
the various charge states. The SRA attributes the compaction of the
CCL5 structure mainly to the folding of the unstructured loop of
CCL5 onto the central Greek key motif. By contrast, the SRA in-
dicates that the native residue-residue contacts present in the NMR
structure are retained to a significant extent in these two regions.
Nevertheless, our analysis also indicates accurately treating proton
transfer processes would significantly improve the structural
interpretation of ion mobility data by the SRA.
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