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ABSTRACT: Characterizing structures of protein complexes and their disease-
related aberrations is essential to understanding molecular mechanisms of many
biological processes. Electrospray ionization coupled with hybrid ion mobility/ ' SRA/
mass spectrometry (ESI-IM/MS) methods offer sufficient sensitivity, sample [*XPerent Eﬁj'ded
throughput, and dynamic range to enable systematic structural characterization of

proteomes. However, because ESI-IM/MS characterizes ionized protein systems in
the gas phase, it generally remains unclear to what extent the protein ions
characterized by IM/MS have retained their solution structures. Here, we discuss
the first application of our computational structure relaxation approximation
[Bleiholder, C.; et al. J. Phys. Chem. B 2019, 123 (13), 2756—2769] to assign
structures of protein complexes in the range from ~16 to ~60 kDa from their “native” IM/MS spectra. Our analysis shows that the
computed IM/MS spectra agree with the experimental spectra within the errors of the methods. The structure relaxation
approximation (SRA) indicates that native backbone contacts appear largely retained in the absence of solvent for the investigated
protein complexes and charge states. Native contacts between polypeptide chains of the protein complex appear to be retained to a
comparable extent as contacts within a folded polypeptide chain. Our computations also indicate that the hallmark “compaction”
often observed for protein systems in native IM/MS measurements appears to be a poor indicator of the extent to which native
residue—residue interactions are lost in the absence of solvent. Further, the SRA indicates that structural reorganization of the
protein systems in IM/MS measurements appears driven largely by remodeling of the protein surface that increases its hydrophobic
content by approximately 10%. For the systems studied here, this remodeling of the protein surface appears to occur mainly by
structural reorganization of surface-associated hydrophilic amino acid residues not associated with f-strand secondary structure
elements. Properties related to the internal protein structure, as assessed by void volume or packing density, appear unaffected by
remodeling of the surface. Taken together, the structural reorganization of the protein surface appears to be generic in nature and to
sufficiently stabilize protein structures to render them metastable on the time scale of IM/MS measurements.
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ion mobility structure

Bl INTRODUCTION understanding arises from traditional biophysical approaches
being most effective when investigating isolated, purified
protein systems without intrinsic disorder. For example, X-
ray and NMR spectroscopy have been applied with great
success to characterize protein conformational states.” '
However, X-ray spectroscopy requires conditions under
which the protein crystallizes and NMR works best at sample
concentrations that can be significantly higher than physio-
logical concentrations. As a result, assemblies may be formed

Protein complexes carry out most cellular functions,"” from
cellular signaling mediated by transient protein complexes’ to
the production of proteins by the ribosomal protein
machinery.” Structural perturbations of protein complexes
often alter their ability to carry out their designated functions
and may lead to disease phenotypes.”® For example, mutations
of transthyretin may promote non-native assembly states and
the drug tafamidis acts to prevent formation of such misfolded
states by stabilizing transthyretin tetramers.” Thus, character-

izing structures of protein complexes and their disease-related Received: February 14, 2023
aberrations is essential to understanding the molecular Revised:  May 20, 2023
mechanisms of many disease-related biological processes. Published: June 13, 2023

Nevertheless, our understanding of how structural changes
of protein complexes affect their function and dysfunction in
biological systems remains limited. In part, this gap in our
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that may not be biologically relevant. For example, the toxicity
of ALS-associated variants of Cu/Zn superoxide dismutase
(SOD1) requires dissociation of the SOD1 dimer. This
reaction has a dissociation constant K, in the low micromolar
range, which is accessible to MS but not to most NMR
experiments.”” Traditional methods are also limited in their
abilities to characterize structurally heterogeneous systems
where transiently populated species interconvert. By contrast,
many biological phenomena, from glycosylated proteinsM’15 to
protein assemblies implicated in cellular signaling'®'” or
neurodegenerative diseases,'”'*™*' involve steady states of
transiently populated species that often are structurally
heterogeneous and flexible. Further challenges to traditional
biophysical methods arise when protein function in the context
of biological cells, where processes are carried out collectively
by all proteins present in a cell (“proteome”) and are best
described by protein—protein interaction networks (“inter-
actome”).”> ™"

Hybrid ion mobility/mass spectrometry (IM/MS) methods
exhibit sufficient sensitivity, sample throughput, and dynamic
range to enable large-scale systematic measurements of
proteomes.””** However, these methods suffer from two
major shortcomings when attempting to characterize the
solution-phase structural heterogeneity of protein systems.
First, because IM/MS characterizes ionized protein systems in
the gas phase, it generally remains unclear to what extent the
protein ions characterized by IM/MS have retained their
solution structures.”*® While it is becoming apparent that
IM/MS measurements are nonergodic’” and protein solution
structures are metastable in the absence of solvent,® ™* it
remains unclear which structural aspects are retained and
which are not. There is further ample evidence that protein
complexes generally retain aspects of their native struc-
ture,”**™> but it remains underexplored to what extent
interfaces between the distinct polypeptide chains, ligand-
binding sites, or allosteric sites remain preserved in the IM/MS
measurement. The major challenge here is to elucidate
structural details from IM/MS data that characterize protein
conformations by their orientationally averaged mean “effective
area” termed “collision cross section”.>* >

To enable reliable structural interpretation of IM/MS
spectra for protein systems, we developed the structure
relaxation approximation (SRA) method.”” The SRA was
developed to predict how an ensemble of protein solution
structures would adopt to the gas-phase environment of an
IM/MS experiment such that structural changes caused by the
charge state and absence of solvent are not underestimated nor
overestimated. Originally formulated for monomeric pro-
teins,”””” the SRA is a large-scale computational method that
reliably assigns protein structures to IM/MS spectra. The
central idea of the SRA is that the more charge states and
experimental conditions are probed by experiment and theory,
the greater the confidence of the structural interpretation
because chance agreement for all conditions and charge states
becomes increasingly unlikely. The key aspects of the SRA
method are (1) to probe structural relaxation caused by
absence of solvent for an ensemble of protein solution
structures, (2) to predict ion mobility spectra through
accounting for the structural relaxation that protein systems
undergo during the IM/MS measurement, (3) to predict ion
mobility spectra for all charge states experimentally observed
for the protein systems, and (4) to consider various
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protonation site isomers of all titratable amino acid residues
based on solvent accessibility.

We successfully applied the SRA to characterize structures of
small monomeric proteins detected by IM/MS, such as
ubiquitin®” and CCLS.*” The main outcome of these studies
was that monomeric, globular proteins retain a high degree of
their native solution-phase backbone residue—residue contacts
during an IM/MS measurement. Native salt bridges were
found to largely remain intact and stabilize the protein
structure in the gas-phase environment of the IM/MS
instrument in accord with prior literature on this topic.”” %'
However, the SRA also indicated that native contacts within
structurally flexible regions, such as loops or terminal regions
of polypeptide chains that are not tethered to other regions by
intermolecular bonds, are largely lost during the IM/MS
measurement.

Prior computational analysis of experimental IM/MS spectra
indicated that native structures of protein complexes can
largely be retained during IM/MS.>”>* Furthermore, structural
reorganization in the absence of solvent molecules was
proposed to be largely restricted to the orientations of amino
acid side chains to self-solvate charged and hydrophilic
moieties, effectively resulting in a smoother protein surface.”’
However, protein complexes contain structurally important
grooves and cavities and it remains underexplored to what
extent these regions would be retained in IM/MS. Hence, a
clearer understanding of how these regions restructure in the
absence of solvent appears crucial for efforts that seek to
characterize protein complex structures using IM/MS as well
as those that seek to employ MS-based techniques for
preparative purpos<3s.62’63

Here, we describe the application of the SRA method to the
structural interpretation of protein complexes from IM/MS
data. We demonstrate that the SRA method is capable to
predict charge-state-specific ion mobility spectra for protein
dimers of the chemokine C—C motif ligand S (CCLS/
RANTES) and superoxide dismutase 1 (SOD1) and the
neutravidin and streptavidin tetramers ranging from ~15 to
~60 kDa. We discuss which aspects of the solution-phase
structure of these protein complexes are retained and discuss
how changes to the protein backbone contribute to the
compaction observed in IM/MS measurements. Our main
conclusions are that structural reorganization of these protein
systems is (1) driven by a modest 10% increase in hydrophobic
content of their surface areas and (2) associated mainly by the
reorientation of hydrophilic, solvent-exposed residues not part
of B-strand secondary structure elements. This remodeling of
the protein surfaces appears to sufficiently stabilize their
structures to render them metastable on the time scale of IM/
MS experiments.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

Sample Preparation. Human CCLS was purchased from
PeproTech (Cranbury, NJ). SODI1 from human erythrocytes
was purchased from Sigma-Aldrich (St. Louis, MO). As
purchased, SOD1 contains an artifactual polysulfane bridge
between two Cysl11 of the dimer.* SODI is prepared for
direct infusion electrospray ionization (ESI) as described
previously.®® Briefly, sulfane sulfur is cleaved by dithiothreitol
using conditions optimized not to cleave SOD1’s intrasubunit
disulfide, and then removed by ultrafiltration. The removal of
sulfane sulfur and the integrity of the intrasubunit disulfide are
confirmed by intact mass measurement on a 9.4 T Fourier
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Figure 1. Comparison between experimental ion mobility spectra (black traces) and spectra predicted by the SRA (nitrogen buffer gas) for (a)
CCLS dimers, (b) SOD1 dimers, (c) streptavidin tetramers, and (d) neutravidin tetramers (red traces). Agreement between the experimental and
predicted spectra are within the errors of theoretical methods (RMSD ~ 3.5%). Cross sections expected for the X-ray/NMR structures (shaded)
indicate a compaction for CCLS and SOD1 with respect to their native structures. Calculated cross sections for the different X-ray/NMR structures
can be found in the Supporting Information (Table S4), and the width of the shaded area reflects the range of the calculated cross sections.

transform ion cyclotron resonance MS (Bruker Daltonics).
Ammonium acetate salt, acetic acid, and recombinant
streptavidin and neutravidin from egg whites were purchased
from Thermo Fisher Scientific (Waltham, MA). Water used in
sample preparations was LC/MS grade quality and was
purchased from Sigma-Aldrich (St. Louis, MO). CCLS
samples were diluted to achieve a concentration of 10 yM in
LC/MS grade water with 10 v % acetic acid. SOD1 was diluted
to 10 uM in 200 mM ammonium acetate. Neutravidin was
desalted using a 3 kDa Amicon Ultra centrifugal filter
(Millipore Sigma, Burlington, MA) and diluted to achieve a
concentration of 60 yM in 10 mM ammonium acetate.
Streptavidin was buffer exchanged from tris buffer to
ammonium acetate using a Micro Bio-Spin 6 column (Bio-
Rad, Hercules, CA). After buffer exchange samples were
desalted using the same procedure as neutravidin. Streptavidin
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samples were diluted to ~37 yM in 10 mM ammonium
acetate.

Tandem-TIMS/MS Measurements. A full description of
the experimental details is given in the Supporting Information.
Briefly, ion mobility measurements were performed on the
recently developed coaxial tandem-TIMS-QTOF instrument
(tTIMS/MS) shown in Figures S1 and S2 with nitrogen buffer
gas described elsewhere.””®” Samples were loaded into a gas-
tight syringe (Hamilton, 250 uL) and directly infused into the
electrospray ionization source (positive mode) at a flow rate of
180 uL/h. Ions produced from ESI are deflected into the first
TIMS analyzer (TIMS-1) where they are mobility separated.
Ions were transmitted through the interface region and TIMS-
2 before mass analysis. Mobility selection and collision-induced
unfolding (CIU) of mobility-selected species were performed
between aperture-1 and aperture-2 and between aperture-2 and
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Figure 2. Collision-induced unfolding of streptavidin as a negative control. (a) Comparison of computed spectra for charge state 16+ of tetrameric
streptavidin to experimental spectra from native and collisional-activated measurements. The comparison underlines that the simulated spectra
reproduce the trends in the experiments due to collisional activation. (b) Fraction of native contacts for the simulated spectra under native (blue)
and activated (red) conditions. The plot confirms that native contacts are not retained after CIU. (c) Cartoon highlighting the significant structural
changes of the four streptavidin polypeptide chains (red, blue, yellow, purple) upon CIU.

deflector-2 (see Figure S2, Supporting Information), respec-
tively, as described elsewhere.””**®” Cross sections were
calibrated as described®®® using perfluorinated phosphazenes
contained in Agilent ESI tuning mix (m/z 922, 1522, 2122)
with reported7o reduced ion mobilities (0.841, 0.642, 0.530
cm?/(V s)).

Solution-Phase Molecular Dynamics (MD) Calcula-
tions. Initial structures were taken from the protein data bank
(PDB; CCLS: PDB 1HRJ; SODI1: PDB 1PUO; streptavidin:
PDB 1SWB; neutravidin: PDB 1AVD). Explicit-solvent
molecular dynamics (MD) calculations were carried out for a
total of 1.25 ps with the GROMACS package in conjunction
with the AMBER ff03 force field”' and the TIP3P”* solvent
model under periodic boundary conditions as described
elsewhere.”” More details are found in section S2 of the
Supporting Information.

Structure Relaxation Approximation (SRA) Calcula-
tions. Structure relaxation approximation (SRA) calculations
were carried out as described.”” Briefly, an ensemble of >1000
protein solution structures generated from explicit-solvent
molecular dynamics simulations (see above) was (de)-
protonated to the experimentally observed charge states.
Subsequently, short MD simulations were carried out to
account for gas-phase relaxation of the ionized solution
structures. The length and temperature of these short MD
simulations were previously calibrated against a set of
experimental IM/MS spectra.’” Gas-phase MD simulations
were carried out with GROMACS in conjunction with the
OPLS/AA”>"* force field. The experimental charge states were
attained by (de)protonating acidic and basic residues based on
their solvent accessibility as described.’” Details on the
location of charged residues can be found in Figure S3
(Supporting Information). Collision-induced unfolding spectra
were simulated by raising the temperature in steps of 50 K over
time steps of 5 ns as described.”””* Solvent-accessible surface
areas were calculated by the POPS algorithm.”® The
MOPAC’”” package was used for all electronic structure

5556

calculations. The ProteinVolume package was used to calculate
molecular volumes.”®

Cross Section Calculations. Theoretical cross sections for
protein model structures were computed by the projection
superposition approximation (PSA) for nitrogen.’®”" %>
Approximately 15% of the 500 snapshots saved during the
final simulation of the gas-phase relaxation simulations for each
structure from the solution ensemble were used for cross
section calculations as described.’” Overall, each SRA
spectrum depicted in this work was constructed from
approximately 112,500 individual cross section calculations.

B RESULTS AND DISCUSSION

Native Residue—Residue Contacts of Protein Com-
plexes Are Largely Preserved in the Absence of
Solvent. In prior work, we successfully predicted charge-
state-specific ion mobility spectra for two ~8 kDa monomeric
proteins,””*” which indicated that their native salt bridges and
hydrophobic cores as well as other native contacts are largely
retained upon ESI-IM/MS. We observed substantial structural
reorganization in the absence of solvent mainly for those
regions of the polypeptide chain that were not tethered to
other regions by intermolecular bonds. Our prior work also
showed that reorganization of flexible regions of the CCLS
chain causes the measured CCLS cross section to be
significantly smaller than the cross section calculated for the
NMR structure, ie. the hallmark compactiong’3’45’50’52’83
generally observed for protein systems in native IM/MS
measurements. Considering prior work indicating marginal
restructuring of the polypeptide backbone of protein
complexes upon solvent removal in IM/MS,*° it is unclear if
these lessons gleaned from small monomeric proteins
extrapolate to larger protein complexes nor is it obvious if
the computational demand of the SRA lends itself to interpret
structures of protein complexes from IM/MS spectra.

Figure 1 compares the experimentally measured native IM/
MS spectra to the corresponding spectra predicted by the SRA
method for the dimers of CCLS (16 kDa) and SOD1 (32 kDa)
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interfaces (dark blue triangles). Native contacts, except for the weakly bound subunit interface for streptavidin, appear largely retained in IM/MS
measurements. (b)—(e) Ensemble of SRA-predicted structures (blue) superimposed onto the native structure obtained from NMR or X-ray (red)
for the CCLS dimer, SOD1 dimer, streptavidin tetramer, and neutravidin tetramer. The SRA indicates the overall native topologies are retained

except for termini and regions containing loops.

as well as the tetramers of neutravidin (60 kDa) and
streptavidin (53 kDa). The data reveal that the main features
in the SRA-predicted spectra differ, on average, by approx-
imately 3.5% from the main experimental feature (see Table S1
in the Supporting Information). The SRA-predicted spectra
shown in Figure 1 do not randomly deviate from the
experimental spectra. In line with our prior application of the
SRA method to the monomeric protein ubiquitin,”” the SRA-
predicted spectra tend to overestimate the experimental cross
sections. As discussed, this systematic overestimation of cross
sections most likely arises from (1) minor systematic errors of
the PSA cross section calculation in nitrogen buffer gas and/or
(2) minor overestimation of the structural relaxation process of
the protein systems during the IM/MS measurement. The
SODI spectra deviate from this general trend and appear much
closer in agreement with the experimental data (~0—2%).
While the reason for this better agreement is not currently
known to us and warrants further investigations, we emphasize
that the deviations are overall consistent with those we
previously reported for monomeric proteins and compatible
with the errors of the experimental and theoretical methods as
discussed.””*’

As a negative control, we performed collision-induced
unfolding (CIU) of charge state 16+ of the streptavidin
tetramer and probed if our simulations reproduce the
experimental trends (Figure 2). Experimentally, collision-
induced unfolding (CIU) of the tetramer was accomplished
by placing 80 V between aperture-2 and deflector-2 (see Figure
S2, Supporting Information) as described previously.””*”
Figure 2a shows that the cross section of the streptavidin
tetramer increases by roughly 30% from ~4000 to ~5500 A%
Computationally, the unfolding process was simulated as
described previously’”>>”* by increasing the temperature of
the MD simulations in steps of 50 K and 5 ns up to a final
temperature of 850 K. Figure 2a underlines that the MD
simulations reproduce the increase in cross section observed in
the experimental CIU spectra, underlining the structural
denaturation of the polypeptide chains and loss of native
contacts due to collisional activation (Figure 2b,c).

Taken together, our analysis here indicates (1) that the SRA
predicts charge-state-specific ion mobility spectra for protein
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complexes within the errors of the computational and
experimental methods and (2) that the structures of the
protein complexes predicted by the SRA unlikely under-
estimate the structural reorganization the protein systems
undergo in the IM/MS experiment. Hence, our analysis
indicates that we can reliably use the SRA-predicted structures
to assess the structural reorganization of the protein complexes
during the IM/MS experiments. Further, our results suggest
that the SRA method appears to be generally valid for
prediction of charge-state-specific IM/MS spectra of protein
systems for a range of masses and oligomeric states.

To assess the extent to which the protein complexes
undergo restructuring of the backbone residue—residue
interactions, we calculated the fraction of native backbone
contacts,** Q, for the structures of the protein complexes
predicted by the SRA. We calculated Q with respect to the
corresponding X-ray or NMR structures (PDB 1HRJ for CCLS
dimers, PDB 1PUO for SODI1 dimers, PDB 1SWB for
streptavidin tetramers, and PDB 1AVD for neutravidin
tetramers) and tabulated the results in Table S2 (Supporting
Information).

Figure 3a shows the mean fraction of native contacts for the
different charge states predicted by the SRA method for the
CCLS and SOD1 dimers and the neutravidin and streptavidin
tetramers. The calculated fractions of native contacts (Q ~
0.75 to ~0.85) reveal that, overall, most of the native backbone
residue—residue interactions are retained for all protein
complexes studied here. The greatest loss of native backbone
interactions is observed for the CCLS dimer (Q ~ 0.77).
However, this loss of native contacts is traced back to mainly
arise from loss of native contacts related to the terminal amino
acid residues because the fraction of native contacts is ~0.85
for the internal residues 10—60 (see Table S2, Supporting
Information). These terminal regions, however, are flexible in
solution and also poorly retained in monomeric CCL5.> The
data further show that only minor changes of the fraction of
native contacts are observed for increasing charge states of the
same protein systems. This observation supports the notion
that the charge state of the detected protein ions does not
profoundly influence the retention of native interactions (in
the absence of overt changes to the detected cross
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compaction correlates weakly with loss of native contacts.

sections),"*” which is expected until the point that the added
protons are close enough to interact or disrupt salt bridges.
Hence, overall, our observations support previous litera-
ture”*?77* 752 that proposes that significant structural
reorganization of the native polypeptide chains of protein
complexes is unlikely during native IM/MS measurements,
except for flexible regions such as termini or loops.

An important but underexplored aspect is to what extent
binding interfaces between distinct polypeptide chains undergo
structural changes during IM/MS measurements. We expect
that structural changes resulting from desolvation to affect
binding interfaces less, to the extent that residues at a subunit
interface are less hydrated than residues on a surface. To
address this question, we calculated the fraction of native
contacts for the residues composing the binding interfaces
between the various protein chains with respect to their native
X-ray and/or NMR structures (see Figure 3a and Table S2,
Supporting Information, for details). The fractions of native
contacts indicate that the binding interface between the two
polypeptide chains of the CCLS dimer retains ~65% of native
contacts, whereas the SOD1 dimer retains more than 80%. We
rationalize the comparatively poor retention of native
interactions for the CCLS dimer by the fact that the flexible
N-terminal residues 1—10 dominate the interactions between
the polypeptide chains of the CCLS dimer. The neutravidin
and streptavidin tetramers can be decomposed into a strongly
and weakly bound dimer (an additional dimer can be extracted
from the transverse protein chains, but these have little contact
in the native structure and are thus disregarded for analysis
here). The data plotted in Figure 3 indicate that native
contacts are strongly retained for the strong binding interfaces
within the neutravidin and streptavidin tetramers (Q > 0.90).
By contrast, native contacts present in the weak interfaces are
not retained as strongly, with streptavidin being generally more
prone to structural changes than neutravidin (Q ~ 0.4 for
weakly bound interface of streptavidin and Q ~ 0.75 for that of
neutravidin).

Taken together, the fraction of native contacts calculated for
the structures predicted by the SRA method highlights strong
retention of the overall protein complexes and confirms
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notions made in prior literature in this regard.z’%_51 Further,
the SRA supports prior reports*®*’ that the charge states
observed under native IM/MS measurements for the same
protein complex exert only a negligible impact on the retention
of native contacts. Finally, the dominant binding interfaces
between polypeptide chains in the complexes studied here
appear retained largely to the same extent as native contacts
within the polypeptide chains. However, the SRA also indicates
that significant loss of native contacts can occur for weakly
binding interfaces (although this may depend on the specific
protein complex) and for interfaces composed of terminal and
untethered regions of polypeptide chains.

Compaction of Protein Systems Correlates Weakly
with Retention of Native Contacts. A significant body of
prior literature investigated structural reorganization of protein
complexes that occur in the absence of solvent during the
course of IM/MS measurements.”**™>" A hallmark of native
IM/MS of proteins and protein complexes is their
“compaction” in the absence of solvent, ie., the observation
that the cross section measured by IM/MS can be up to ~20%
smaller than the cross section calculated for the X-ray or NMR
structures. This compaction is significant because it points to
structural differences between the X-ray or NMR protein
structure and its structure detected by IM/MS. Recently,
Rolland et al. investigated compaction of several protein
complexes by means of MD simulations and proposed that
their compaction arises mainly from a smoothing of the protein
surface due to self-solvation by amino acid side chains in the
absence of solvent.”® Nevertheless, at least for some charge
states, compaction may be related to collapse of cavities and
grooves of the protein.””

The protein complexes studied here exhibit experimental
cross sections that are up to ~26% smaller than those
calculated for the respective X-ray and/or NMR structures (see
Figure 4 and Table S3, Supporting Information), which
indicates compaction of these systems. The most significant
compaction is observed for the dimers of CCLS (26 and 22%,
respectively, for charge states 7+ and 8+) and SOD1 (between
S and 8% for charge states 11+ to 13+). The increased
compaction for CCLS dimers and SOD1 dimers can be
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rationalized by the unstructured N-terminus of CCLS in
solution and the large regions that appear unstructured in
solution for SOD1 dimers (see the Supporting Information,
Figure S4). For the neutravidin and streptavidin tetramers, the
experimental and computed cross sections are within the errors
of the methods, and we hence conclude no compaction to
occur for these systems.

Our data indicate that the degree of compaction is only
weakly correlated with loss of native contacts (Figure 4b). As
an example, the SOD1 dimer and the neutravidin tetramer
retain a similar fraction of native contacts (Q ~ 0.83 and 0.87,
respectively) while SOD1 compacts by ~8% neutravidin does
not compact. Further, linear regression analysis of the data
shown in Figure 4b suggests that protein complexes would still
retain ~42% of their native contacts even if they were to
compact by 100% (i.e., in the hypothetical limit of a vanishing
cross section). Hence, our data underline that structural
reorganization of protein backbone contacts is not the
principal factor associated with compaction of protein systems
in native IM/MS. Our data further establish that the degree of
compaction within a series of charge states of the same protein
system is unrelated to the extent to which backbone residue—
residue interactions are retained: the fraction of native contacts
decreases slightly with increasing charge state, whereas the
compaction decreases (see Tables S2 and S3). These
observations argue against the notion>” that protein ions
with charge states that best match the cross section calculated
for native X-ray/NMR structures may also be most native in
structure.

Protein Structures Stabilize in the Absence of
Solvent by Remodeling Their Surface to Modestly
Increase Their Hydrophobic Content. To assess how
strongly the structural reorganization of the protein complexes
in IM/MS affects their surfaces, we calculated the solvent-
accessible surface areas’®® for the protein complexes as the
means over the corresponding ensembles (Table 1). The
tabulated values show that the surface area of each protein
system decreases during IM/MS measurements by ~10 to
~25%. These overall changes in their surface areas appear
uncorrelated with the degree to which native backbone
residue—residue interactions are retained as well as the extent
of the compaction. As an example, the SRA indicates that the
surface area of neutravidin decreases by ~25% (Table 1) but
the fraction of native contacts (Q ~ 0.9, see Figure 3 and Table
S2, Supporting Information) indicates only negligible loss of
native backbone contacts, and we found no indication for a
compaction during IM/MS (Figure 4 and Tables S3 and S4 in
the Supporting Information).

We next partitioned the surface areas into hydrophilic and
hydrophobic contributions (Table 1).° In line with prior
literature,*® the data show that the hydrophobic surface area
exceeds the hydrophilic area in solution (55 vs 45%,
respectively). Our data further indicate that the hydrophobic
surface area increases by only a modest 10% in the absence of
solvent (65% hydrophobic vs 35% hydrophilic, respectively).
What is further intriguing is that the ratios of hydrophilic vs
hydrophobic surface areas in Table 1 cluster around 65—35%,
irrespective of the protein system, assembly state, or charge
state. Taken together, our analysis indicates that a reduction of
the surface area by ~20% and a modest increase of the
hydrophobic surface by ~10% appear to sufficiently stabilize a
protein system in the absence of solvent so that its structure
becomes metastable on the time scale of IM/MS measure-
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Table 1. Mean Total Solvent-Accessible Surface Area
(SASA) and the Hydrophilic and Hydrophobic
Contribution to the SASA Calculated for the Solution-Phase
Ensembles and the Corresponding Ensembles Predicted by
the SRA for Each Charge State after Structure Relaxation in
the Absence of Solvent

solvent-accessible surface area (SASA)

protein solution/charge  total area  hydrophilic  hydrophobic
system state A? (%) (%)
CCLS solution 9689 44 56
7+ 7418 33 67
8+ 7493 33 67
SOD1 solution 18,052 44 56
11+ 14,327 35 65
12+ 14,434 35 65
13+ 14,579 35 65
streptavidin solution 26,461 43 57
15+ 22,699 38 65
16+ 23,086 35 65
17+ 23,498 35 65
18+ 23,888 35 65
neutravidin solution 30,117 45 SS
17+ 22,768 35 65
18+ 22,955 33 65
19+ 23,095 35 65

ments. This observation supports the proposition™ that
structure relaxation of protein systems in the absence of
solvent may largely be associated with remodeling of the
protein surface to increase the hydrophobic surface area.
Further, the consistency between the different protein systems
and charge states observed in Table 1 suggests that this
remodeling process of the protein surface is not protein
specific but may instead follow principles valid for various
classes of protein systems.

Protein Surface Remodeling in the Absence of
Solvent Is an Inherent Property of the Structural
Relaxation Process Rather than Protein-Specific. Our
discussion above supports prior work™’ that structural changes
in the absence of solvent are mainly associated with
remodeling of the protein surface. Further, the consistency of
the ratio between hydrophilic and hydrophobic surface area for
the different protein systems and charge states (Table 1)
suggests that this protein surface remodeling may follow
principles valid for various classes of protein systems. To assess
if reorganization of the protein surface in the absence of
solvent involves all amino acid residues equally or if surface
reorganization is mainly an effect of specific proteins and/or
certain residues, we calculated the change in the hydrophilic
and hydrophobic surface area for each residue before and after
gas-phase relaxation for each structure of the ensemble of each
protein complex.

Figure § correlates the mean changes of the surface areas for
each residue with their hydrophilic surface areas of the solution
structure (for brevity and clarity, we limit our discussion to the
lowest charge states of the systems studied here). The plots
show that residues that expose large hydrophilic areas in the
presence of the solvent undergo the strongest decrease of their
hydrophilic and hydrophobic surface areas upon structural
reorganization in the IM/MS experiment. Furthermore, Figure
S shows that this correlation is to a first approximation linear
and consistent between the different protein systems (see
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tetramers, and (D) neutravidin tetramers mapped onto the secondary structure elements. The plots indicate that residues with significant reduction
in surface area are most often located outside of helical or f-strand secondary structure elements.

Table SS, Supporting Information). We draw two conclusions reorganization of the protein surface is associated mainly with
from these observations: First, these observations support our self-solvation of amino acid residues exposing large hydrophilic
discussion above and prior work®® that reasoned that structural surface areas to the solvent. Second, linear regression analysis
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shows that the correlations between the change in hydrophobic
and hydrophilic contributions to the solvent-accessible surface
area and the solution hydrophilic surface area are similar for all
protein complexes (see Table SS, Supporting Information).
Furthermore, the low abundance of acidic and basic residues
exposed on the protein surfaces argues against the notion that
remodeling of the protein’s surface is significantly informed by
formation of salt bridges of the protein surfaces (see the
Supporting Information, Figures SS and S6). Taken together,
these observations underline that remodeling of the protein
surface upon removal of solvent is likely an inherent property
of the structural relaxation process rather than protein-specific.

To identify if the decrease in surface area is associated with
specific structural regions of the protein, we mapped the
change in surface area for each residue to the position of the
residue and its secondary structure element (Figure 6). Figure
6 indicates that residues with significant reduction in surface
area are most often located outside of helical or f-strand
secondary structure elements. We next classified the residues
per their secondary structure region (helical, f-strand, other)
and found that residues located outside of helical or f-strand
secondary structure elements contribute to the reduction of
the surface area significantly more strongly than residues
located within secondary structure elements (Figure 7). (Note
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Figure 7. Mean per residue change in solvent-accessible surface area
upon structural relaxation in the absence of solvent outside classified
by secondary structure type for CCLS dimers (green bars), SOD1
dimers (red bars), streptavidin tetramers (light blue bars), and
neutravidin tetramers (dark blue bars). Black squares indicate the
average change in surface area, while the length of each bar indicated
the standard deviation of the distribution. Residues that undergo a
significant reduction of their surface areas are most often located
outside of helical or f-strand secondary structure, whereas fS-strand
elements are found to only marginally contribute to the remodeling of
the surface area.

that the limited number of helical components in the protein
complexes studied here prevents a statistically meaningful
analysis of these residues.) Taken together, our analysis
suggests that remodeling of the protein surface in the absence
of solvent is mainly due to structural reorganization of
(hydrophilic) residues located outside of f-strand secondary
structure elements. We note that this observation is consistent
with the notion that f-sheet propensity is mainly driven by
entropic factors in solution,”” because this means that S-sheet
propensity should, to a first approximation, not be affected by
removal of solvent.

Protein Surface Remodeling Is Uncorrelated to
Changes in Protein Volume and Void Volume. Our

discussion above highlights that protein structures stabilize in
the absence of solvent via increasing the hydrophobic content
of their surface area by ~10% (Table 1). In line with prior
work,>® our data here suggest that this restructuring of the
protein surface is accomplished largely by the folding of
solvent-exposed, hydrophilic side chains onto the protein
scaffold not part of helical and f-strand secondary structure
elements (Figures S and 6).

To assess to what extent the internal structural organization
of the protein (i.e., packing of atoms and presence of cavities or
grooves within the protein scaffold) is affected by the
restructuring of the protein surface, we calculated the changes
to the mean total volumes, packing densities, and void volumes
of the protein systems. The values are listed in Table S6
(Supporting Information) and indicate no significant differ-
ences between the volumes of the protein solution ensembles
and those of the SRA-predicted ensembles for the various
charge states in the absence of solvent. This finding runs
counter to the idea of a simple geometrical contraction or
tightening of the protein scaffold upon removal of solvent. The
packing density, defined as the ratio of the van der Waals
volume and total (molecular) volume, is a rough measure for
the flexibility of the polypeptide chain where a denser packing
corresponds to lower flexibility. The packing density calculated
for the solvated protein systems varies between 0.72 and 0.75,
which is in the range expected for protein systems.”> The SRA
indicates that the packing density changes negligibly in the
absence of solvent (see Table S6, Supporting Information).
Hence, our analysis suggests that structural changes occurring
during IM/MS measurements do not significantly alter the
internal flexibility of the polypeptide chain. This finding further
argues against protein compaction in the absence of solvent
arising from a geometrical tightening of the protein solution
structure. We calculated the mean void volumes for the
solution ensemble and the SRA-predicted ensembles for the
various charge states to identify the extent to which cavities in
the protein scaffold change during an IM/MS measurement.
The data listed in Table S6 (Supporting Information) indicate
only minor differences between the void volumes of the
solution and IM/MS ensembles, underlining that cavities or
grooves appear retained. Because the void volume has been
used as an indicator for the pressure and thermal stability of
proteins, this observation further supports the notion that the
internal structures of the protein systems studied here appear
marginally affected by the remodeling of the protein surface in
the absence of solvent on the time scale of IM/MS
measurements.

B CONCLUSIONS

We used the structure relaxation approximation (SRA) to
structurally interpret ion mobility spectra for several protein
complexes in the range from ~16 to ~60 kDa and charge
states from +7 to +19. We found that the IM/MS spectra
predicted by the SRA method agreed with the experimental
spectra within the errors of the methods. The SRA indicates
the following:

(1) Native backbone residue—residue interactions appear
largely retained in the absence of solvent for the
investigated protein complexes and charge states.

(2) Strongly binding interfaces between polypeptide chains,
such as those within a dimer subunit of the streptavidin
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measurements.

(3) Retention of interfaces between different subunits of
protein complexes appears to be system-dependent and
strongly retained in some systems (i.e., binding between
two neutravidin dimer subunits) but less so in others
(i.e., binding between two streptavidin dimer subunits).

(4) Structural reorganization of the protein systems in IM/
MS measurements appears largely driven by remodeling
of the protein surface and associated with only a modest
10% increase in the hydrophobic surface area with
respect to their solution structures.

(5) Surface-bound, non-native salt bridges formed in the
absence of solvent do not appear to play a major role in
the remodeling of the protein surfaces.

(6) Remodeling of the protein surface appears to be an
inherent property of the structural relaxation and
stabilization process in the absence of solvent rather
than protein-specific.

(7) The hallmark compaction often observed for protein
systems in native IM/MS measurements appears to be a
poor indicator of the extent to which native residue—
residue interactions are retained in the absence of
solvent.

(8) The packing densities and void volumes of the protein
complexes studied here appear unaltered by the
structural reorganization of the protein systems in the
absence of solvent, regardless of charge state. This
suggests that the internal structure of protein systems
may be largely retained on the time scale of IM/MS
measurements.

We conclude that the SRA indicates that structural changes
occurring in the absence of solvent on the time scale of IM/
MS measurements appear largely associated with remodeling
of the protein surface to increase the hydrophobic surface area
by ~10%. Our analysis indicates that superficial changes
mainly of those residues not part of f-strand secondary
structure elements appear to be sufficient to achieve this
restructuring of the protein surface and lead to metastability of
the protein structures on the time scale of IM/MS experi-
ments.
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