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The role of solvation on the conformational
landscape of a-synucleint
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Native ion mobility mass spectrometry has been used extensively to characterize ensembles of intrinsi-
cally disordered protein (IDP) conformers, but the extent to which the gaseous measurements provide
realistic pictures of the solution conformations for such flexible proteins remains unclear. Therefore, we
systematically studied the relationship between the solution and gaseous structural ensembles by measur-
ing electrospray charge state and collision cross section (CCS) distributions for cationic and anionic forms
of a-synuclein (aSN), an anionic protein in solution, as well as directly probed gas phase residue to
residue distances via ion/ion reactions between gaseous a-synuclein cations and disulfonic acid linkers
that form strong electrostatic bonds. We also combined results from in-solution protein crosslinking
identified from native tandem mass spectrometry (MS/MS) with an initial SN ensemble generated com-
putationally by IDPConformerGenerator to generate an experimentally restrained solution ensemble of
aSN. CCS distributions were directly calculated for the solution ensembles determined by NMR and com-
pared to predicted gaseous conformers. While charge state and collision cross section distributions are
useful for qualitatively describing the relative structural dynamics of proteins and major conformational
changes induced by changes to solution states, the predicted and measured gas phase conformers
include subpopulations that are significantly different than those expected from completely “freezing”
solution conformations and preserving them in the gas phase. However, insights were gained on the
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Introduction

An overwhelming amount of evidence in the literature exists
for the retention of major aspects of solution structure of pro-
teins when analyzed in the gas phase under nondenaturing
solution conditions while avoiding collisional activation
during the transfer of gaseous ions through ion mobility/mass
spectrometry (IM/MS) instruments." Charge state distributions
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various roles of solvent in stabilizing various conformers for extremely dynamic proteins like a-synuclein.

(CSD) of proteins electrosprayed (ESI) from nondenaturing
conditions have been used as a measurement of the extent pro-
teins are unfolded or folded in solution®” since nearly the
advent of electrospray.*® Collision cross section (CCS) distri-
butions measured by IM/MS have shown that for low charge
states of ions analyzed under nondenaturing, non-activating
conditions, many aspects of the overall solution structure are
maintained,’® making so-called “native”'® IM/MS (n-IM/MS)
an important technique in structural biology, especially due to
the exquisite ability of n-IM/MS to rapidly measure proteins
with structural'® and proteoform'® heterogeneity from very
small samples™® (picomoles or less of total protein). However,
these relationships become much more tenuous at higher
charge states due to gas phase extension of structures by cou-
lombic repulsion.'*®

Intrinsically disordered proteins (IDPs), proteins that
lack a single well-defined native structure, are important in
many cellular processes and diseases."®'® The ability of n-IM/
MS to characterize their many functional/structural states that
are “averaged out” in bulk solution methods makes the devel-
opment and application of n-IM/MS towards characterizing
IDPs an important research area. For instance, IDPs exhibit
high charge states,>*>> broad CSDs, and broad CCS distri-
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butions, facilitating the identification of intrinsically dis-
ordered regions (IDRs).'' n-IM/MS has been successfully
applied to characterizing a-synuclein (aSN), which is a dis-
ordered monomer in solution at pH 7 and low concen-
trations.>® For instance, the effects of pH,>* small molecule
binding,*® metal binding,”®>® and the presence of membrane
mimics®® on the a-synuclein conformational ensemble have all
been characterized by n-IM/MS.

The ability of n-IM/MS to directly probe kinetically-trapped
solution-like conformers®® of IDPs has been evaluated by com-
paring small-angle X-ray scattering (SAXS) ensembles of a set
of IDPs against measured and calculated CCS distributions.?"
This work revealed that in the absence of solvent, IDPs can
explore a much broader conformational space than solution,
which was attributed to differences in electrospray mecha-
nisms between more compact and extended conformations,
while the authors did note that the ESI-generated structures
have to be related in some form to the solution structures.
Herein, we have sought to systematically characterize changes
in conformations and long-range interactions experienced by
aSN in n-IM/MS experiments using CCS as well as solution
structure molecular descriptors calculated from the solution
ensembles and predicted gas phase ensembles. The solution
phase and gas phase data are compared, and the implications
of the similarities and differences are discussed.

Materials and methods

Details on the materials used, including various chemicals
and reagents, the expression and purification of aSN, in-solu-
tion crosslinking (XL), gas-phase XL and ion/ion chemistry,
ion mobility measurements, data analysis, and computational
methods can be found in the ESI.{ Briefly, dilute concen-
trations of aSN, produced by recombinant expression in E. coli,
were reacted in buffered solution with either lysine/amine or
aspartic acid/glutamic acid XLs. The solutions were electro-
sprayed and the CSD, CCS, and fragmentation spectra were
determined by n-IM/MS. Additionally, XL in the gas phase was
performed with electrosprayed disulfonate dianionic reagents
to link positively charged sites of aSN. These data, obtained
from three method replicates each, were integrated with com-
putational approaches to determine solution and gaseous
ensembles of aSN.

Results
Charge state specific analyses of «SN

aSN was first reacted with 2.5 molar excess XL reagent for
15 minutes at room temperature in PBS, pH 7.4, and then
buffer exchanged into 50 mM ammonium acetate pH 6.85 to
quench the reaction and ionize from a more MS-compatible
solution. Products of the aSN XL reaction were first assessed
by native ESI-MS through static nanoelectrospray (Fig. 1). The
sulfo-NHS ester reagents BS2G, BS3 and sulfo-EGS were
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Fig. 1 XL-native MS/MS approach using sulfo-NHS ester reagents and
native ESI mass spectra (MS) of aSN products at different charge states
(z = +8, +9, +11 and +13). (A) Structures of XL reagents BS2G, BS3 and
sulfo-EGS, with linker regions of various lengths (highlighted in gray). (B)
Full range MS1 showing the CSDs of unmodified protein (U) as well as XL
products, which are all centered around z = +10. (C)-(F) Zoomed in
views of charge states after XL, labeled with the number of XL (0—-4XL)
observed per aSN monomer.

chosen to target primary amines such as the N-terminus
amine group on methionine at position 1 and side chains of
lysine residues. The resulting linker regions span a range of XL
distances highlighted in gray (Fig. 1A). The CSD of the unmo-
dified protein was broad (+7 < z < +14) as expected for an IDP
such as aSN monomer™' and was centered around z = +10.
Similar trends were observed for the CSDs of XL «aSN,
suggesting that the presence of the XL did not significantly
affect the aSN structural ensemble in solution being sampled
by ESI-MS (Fig. 1B). We also measured CSDs of unmodified
aSN in negative mode as a-synuclein is anionic in pH 7 solu-
tions (Fig. S1B and Cft).>* Our observations of high charge
states over a broad distribution for SN compared to narrower,
lower charged distributions for cooperatively folded proteins of
similar mass in both positive and negative mode matches pre-
vious studies, strong evidence that the monomeric state of aSN
explores many conformations in solution at pH 7.'%>%?%32
Higher charge states on average were observed in the anion
distributions measured by TWIMS/MS than by DTIMS/MS, but
this can perhaps be explained by differences in ESI emitter
size and flow rate (standard electrospray for Agilent DTIMS
and static nanoelectrospray for Waters TWIMS) as well as sig-
nificant differences in the source regions. We also note that
the CSD of oSN can be highly variable, and thus caution
against the overinterpretation of the CSD and its direct corre-
lation to solution structures.*?

This journal is © The Royal Society of Chemistry 2024
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Our modified Synapt G2-Si mass spectrometer
(Q-TWIMS-TOF instrument) allows for selection of individual
charge states of XL aSN via the quadrupole, and the electro-
magnetostatic cell, positioned between the ion mobility and
transfer cells, enables fragmentation by ECD** and identifi-
cation of the XL sites on aSN. Products with multiple XL were
observed, with up to 4 covalent XL in the case of the +8 charge
state XL with BS3 (Fig. 1C). The reaction conditions were opti-
mized to predominantly form the single XL (1XL) product
labeled ‘1’ (Fig. 1C-F) and no dead-end XL (where only one of
the sulfo-NHS ester groups reacts) were observed. The
additional peaks clustered around the major product peaks
were due to Na" adducts despite multiple buffer exchange
steps prior to ESI-MS in ammonium acetate. Finally, no evi-
dence of intermolecular XL was observed in Fig. 1B (no
observed oligomers or XL oligomers).

In addition, the +8 and +9 aSN charge states showed more
additions of XL compared to +11 and +13. For example, the
major XL BS3 product observed for the +8 and +9 was the 2XL
while the 1XL product was the main peak for the higher
charge states (Fig. 1C-F). The compactness of protein confor-
mers in solution strongly affects their ionization by electro-
spray. Less compact conformers produce ions with higher net
charges as more charges can be accommodated on the protein
surface.”® The lower charge states likely emerge from more
compact solution conformers, resulting in more primary
amines being within the XL range. Also, increased XL can
potentially make structures artificially compact, which would
decrease the charge of the resulting electrospray charge state.
Hence, more XL events per aSN monomer were observed for
aSN +8 and +9 compared to +11 and +13 charge states.
However, the presence of only a monomodal CSD was
observed, which may suggest that the increase in XL was not
due to structural differences.

Intrinsically disordered proteins such as aSN are not only
characterized by their wide CSDs observed by ESI-MS, but also
show a diverse conformational ensemble when studied by
IM-MS. IM-MS has previously been used to characterize the
effects of pH and ligand binding on the conformational
ensemble of aSN from solution.’®**?*® The following charge
states, z = +8, +9, +11 and +13 were chosen to broadly represent
the conformational heterogeneity of aSN as demonstrated by
the different arrival time distributions (ATDs) of the unreacted
protein (bottom plots labeled ‘U’) (Fig. S21). The ATDs for the
lower charge states +8 and +9 showed more conformer hetero-
geneity since the drift time ranges were broader and at least 3
distinct IM peaks were observed, suggesting at least 3 co-exist-
ing conformer subpopulations. The +11 and +13 charge states
had narrower ATDs indicating less gas phase conformational
dynamics. The ion mobility data was assessed qualitatively to
determine the effects of the different XL on conformational
distribution. Overall, a single XL did not perturb the ATDs of
aSN at different charges states as the drift time range and IM
peak features remained mostly unchanged. In contrast, the
presence of two and three XL per aSN monomer decreased the
relative abundance of the more extended conformers at later

This journal is © The Royal Society of Chemistry 2024
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drift times, especially for the lower charge states z = +8 and +9,
suggesting that the multiple XL are restricting the conformer
population to become more compact with an earlier drift time
(Fig. S2A and Bf). Despite containing more extended confor-
mer populations, the higher charge states z = +11 and +13
showed less drastic changes after multiple XL, with the appear-
ance of relatively low abundance peaks at earlier drift times
(Fig. S2C and Dt). Among the three XL reagents, sulfo-EGS XL
caused the most pronounced ATD shifts to more compact con-
former subpopulations, especially with the multiply XL +8
charge state, possibly due to its different linker group chem-
istry (ethylene glycol vs. hydrocarbon). Also, although sulfo-
EGS is more extended relative to BS2G and BS3, MD simu-
lations using Amber15 have shown that it often adopts a more
compact conformation, making its spacer arm shorter than
BS3*” and perhaps driving reduced reactivity relative to BS3.
The tightening of the aSN conformational space after multiple
BS3 XL has been observed before by IM-MS using a drift tube
instrument,®® which suggests that the extent of XL should be
monitored by, e.g., n-IM/MS, analogous to covalent labeling
“dosimetry”.*®?°

The XL samples were also analyzed by a bottom-up
approach using Glu-C digestion and pLink software to search
for XL peptides, with the ones identified in at least two
method replicates listed in Table S3.f Due to the nature of
bottom-up proteomics, information on the total number of XL,
specific proteoform, protein-ligand interaction, or protein-
protein interaction is lost during digestion. Though these
assignments include digestion and thus a mixture of the
doubly, triply, and quadruply linked protein (Fig. 1), they do
provide a definitive list of all the possibilities for XL that could
be encountered in our XL/n-MS/MS singly linked data. Sulfo-
EGS data were omitted due to the lack of identified XL.

In contrast, owing to the restraining effects observed from
multiple XL per aSN monomer, only the 1XL products were
selected for fragmentation by ECD to identify the XL pairs for
each charge state conformer population. ECD fragments
corresponding to the unmodified ions and modified ions
(with the added mass of covalent adduct) were mapped onto
the primary sequence of aSN to visualize the sequence cover-
age for individual charge states and their respective 1XL pro-
ducts, with the assigned XL shown in gray (Fig. S3 and S47%).
Individual charge states of the non-XL (NC) protein were also
analyzed using the same instrument conditions to obtain NC
fragment maps, which showed efficient ECD fragmentation for
all the charge states in the absence of XL (Fig. S51). Details on
the identification of XL with n-MS/MS are provided in the
ESLt

Table 1 summarizes the XL that could unambiguously be
assigned to each charge state. The XL pairs N-term-K12 and
K43-K96 were observed with BS2G and BS3. K96-K102 was
unique to BS2G while K-60-K102 was unique to BS3. Sulfo-EGS
data were omitted due to the lack of coverage from both
bottom-up and top-down methods. We also note that the
identified XL seem to have no trend based upon charge state,
and the C-terminal acidic region was not probed. Therefore,
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Table 1 Summary of identified XL sites using n-MS/MS

Reagent z=+8 z=19 z=+11 z=+13
BS2G N-term/K12 N-term/K12 N-term/K12 N-term/K12
K96/K102 K43/K96 K96/K102 K43/K96
BS3 N-term/K12 N-term/K12 N-term/K12 N-term/K12
K60/K102 K60/K102 K43/K96 K60/K102
MDH E130/E137 D121/E139 D121/E137 E130/E137
ADH D121/E137 D121/E137 E130/E137 E130/E137

we used acidic reactive linkers to probe the C-terminal tail
(Fig. S6 and S71). Again, with the acidic linkers, there was also
no trend based on charge state and linker location. This sup-
ports that each charge state for aSN, observed in a monomodal
distribution, is not itself representative of a particular solution
conformational family. This also supports that the gaseous
structures measured by ion mobility are thus largely governed
by gas-phase electrostatics, not kinetically trapped solution
states. However, though cases where the CSD of aSN was
observed as a bimodal or multimodal distribution were indica-
tive of the presence of a more compact conformational
subfamily;****%? we observed no evidence of a second distri-
bution under our experimental conditions.

The utility of XL/n-MS/MS for defining the solution aSN
conformational space

IDPs form highly dynamic structural ensembles in solution in
contrast to folded globular proteins, which cooperatively form
more closely related structures. Solution experiments and com-
putational techniques such as NMR**™** and MD**** respect-
ively are often combined to address the challenges of analyzing
interconverting IDP conformers. For instance, an implemen-
tation of paramagnetic relaxation enhancement (PRE) NMR
has utilized cysteine mutations at Q24, S42, Q62, S87, N103
and N122 for labeling with a nitroxide spin label. The PRE-
derived distance restraints (12-20 A range) together with MD
simulations then produced an ensemble consisting of struc-
tures collected every 5 ps for 1.2 ns per replica. The ensemble
was biased to obtain a hydrodynamic radius of 32.0 A,
measured from pulsed-field gradient NMR and SAXS,** with
every 10™ structure uploaded on Protein Ensemble Database
(PED00024).*® This ensemble (n = 576) was used as reference
for benchmarking the XL/n-MS/MS approach. Here,
IDPConformerGenerator (IDPConf) was used to produce the
initial ensemble of conformations for aSN. This open-source
software platform generates IDP conformer ensembles by con-
structing side chains from Monte Carlo algorithms and back-
bone angles for various secondary structural elements from
secondary structure and loops in the Protein Data Bank and
producing coordinates using a machine learning approach.*”
Finally, the XL identified experimentally by native MS/MS were
used as distance restraints when evaluating the initial aSN
ensemble obtained from IDPConf. For XL pairs identified for
two reagents, the shorter XL distance was used as the restraint
distance, such as the BS2G XL distance used for the N-term-
K12 pair (Table 1).
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The following descriptors were used to characterize the
structures populating the conformational spaces occupied by
the reference PRE NMR- (again, those measured by Allison
et al.*®) and XL-filtered IDPConf ensembles. The radius of gyra-
tion (R,) and end to end distance (Re.), i.e., the C4~C, distance
measured from M1 to A140, for aSN provided a measure of the
overall size and shape of protein structure. R, has previously
been used as an indicator of protein compactness®® as proteins
undergo conformational transitions upon ligand binding.*®
The distributions of the spin label NMR reference ensemble
(NMR, n = 576) and the XL/n-MS/MS filtered IDPConf ensem-
ble (IDPConf, n = 621) were plotted against R, (Fig. 2). The XL/
n-MS/MS filtered structures were biased to an experimentally
determined R, *° by the removal of random structures with Ry
< 30 A, until the average R, was between 30 and 34 A (XL, Ry
Biased, Fig. 2). The unbiased and biased R, ranges are very
similar. The calculated average R, from the deposited NMR
ensemble using GROMACS is 31.3 A, while the XL IDPConf

>

*

XL XL, R;-Biased NMR

X3

0 ] 1
XL XL, Rg-Biased NMR

Fig. 2 Box and whisker plots of the NMR ensemble calculated in ref. 48
compared to XL-native MS/MS and Rg-biased XL-native MS/MS results
for calculated Ry (A) and Ree (B).

This journal is © The Royal Society of Chemistry 2024
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unbiased and biased data gave an average of 27.9 and 30.0 A,
respectively. However, our data did not show evidence of the
highest R, structures identified in the NMR data. The R, data
agree strongly with the NMR data, though the longest outliers
were not supported by the XL data. We note that these differ-
ences can be related to the means of generating a starting
ensemble and side chain arrangements. Additionally, single
molecule FRET (smFRET) experiments performed on oSN
monomers reported a mean distance between dyes attached to
cysteines (inserted by G to C mutation at residues 7 and 84) of
roughly 50 A (ref. 50) which agrees quite well with the mean C,
to C, distance from residue 7 to 84 from the unbiased
XL-IDPConf ensemble, 52.8 + 1.79 A (99% confidence
interval).

Short-distance XL data have also been used as constraints
in discrete molecular dynamics to characterize the confor-
mational landscape of aSN.>" An all-atom Replica Exchange
(REX) simulation was applied to a completely unfolded start-
ing aSN structure and the resulting trajectories were ranked so
that the lowest 10% energy structures were selected, as deter-
mined by a DMD Medusa force field. aSN was XL using
various short-distance XLs and combined with a bottom-up
proteomics approach to identify XL peptides, resulting in
experimental restraints in the 0-7 A range, which fit much
more compact structures compared to the structures populat-
ing the PRE NMR and IDPConf ensembles, with their observed
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R, ranging from 5-21 A and a major structural subpopulation
R, around 16 A. The authors noted that the bias to more
compact conformers could be due to the shortrange XL
reagents and the Medusa force field used in their study. Also,
differences in R, could be explained by the fact that PRE NMR
data sampled an equilibrium of monomeric and multimeric
states under the experimental conditions used. However, using
our XL/n-MS/MS approach allows for m/z specific XL site
identification so that only XL monomers are analyzed, and the
agreement in R, between the unbiased XL-IDPConf data, SAXS,
and PRE NMR suggests that this situation did not occur fre-
quently under the low aSN concentration, salty conditions
used in these three measurements.

The conformers populating the PRE NMR and unbiased
IDPConf ensembles were clustered based on structural simi-
larity, with one representative structure shown per cluster (C1-
Cé6) as well as the calculated R, (Fig. S8f and Fig. 3, respect-
ively). C3 represented 32% of the IDPConf conformational
space, with the ond highest R,, where the more extended con-
formers clustered to C6, representing 18% of the confor-
mational space. The other half of the represented confor-
mational space ranged R, values 19.9 to 26.0 A. While the N-
and C-termini (blue and red) were modeled to be folded onto
themselves to different extents in all 6 representative struc-
tures, lower R, i.e. structure compactness, resulted from the
folding of the NAC region (gray) as well as close interactions
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S 100-
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Fig. 3 Summary of clustered filtered IDPConf structural ensemble (n = 377, C1-C6). (A) Cluster dendrogram showing distribution of conformational
space into specific clusters. (B) Table summarizing the number of structures per cluster in order of decreasing Ry of the representative structures per
cluster. (C) Representative structures for each cluster, rotated 90° along the x-axis.

This journal is © The Royal Society of Chemistry 2024

Analyst, 2024,149,125-136 | 129


https://doi.org/10.1039/d3an01680c

Published on 17 November 2023. Downloaded on 4/14/2024 7:20:13 PM.

Paper

between the N-terminal portion and C-terminal tail and the
NAC region (C5) and between the N- and C-terminal portions
(C2, C1, C4). The solvent accessible surface area (SASA) ranged
from 129 nm? for C2 to 144 nm” for C1 (lowest and highest
SASA for the six representative structures, respectively), in
agreement with recent MD studies.”> Together, C1 and C3
(58%) represented the most compact conformers with the
lowest R, for the PRE NMR ensemble while C2 (7%) rep-
resented the most extended conformer with Ry = 52.0 A
(Fig. S8t). A more compact NAC region and closer interactions
between the C-terminus and NAC region and between the N-
and C-terminal portions resulted in the more compact repre-
sentative structures from the PRE NMR ensemble, similar
trends to the unbiased XL-IDPConf ensemble.

CCS distributions of aSN monomers

Insights into gas phase ion structure can be made by measur-
ing CCS distributions. Due to the lack of nitrogen CCS values
available for protein anions, aSN anions were measured with
DTIMS to improve CCS accuracy. Fig. 4 shows a comparison of
the estimated CCS distributions calculated from the PRE NMR
ensemble to the measured values from positive and negative
mode. The distributions are all centered near the
3000-4000 A range indicating a large overall gas phase shape/
1124 compared to similar mass proteins (for example, the
average nitrogen CCS of native-like cytochrome C in positive
mode electrosprayed from aqueous 20 mM ammonium acetate
is 1536 A?).%® The overall features are quite broad, showing
that the gas phase conformers populate extremely diverse
states, either through gas-phase processes or during the elec-
trospray process itself. However, the positive mode CCS distri-
bution was more compact than negative mode distribution at
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Fig. 4 CCS distributions plotted for gas phase ensembles measured

experimentally using positive (z = +8 to +15) and negative (z = -9 to
—15) ESI and the CCS distribution calculated from the NMR ensemble.
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similar but opposite polarity charge states. We investigated
this phenomenon as a function of charge state (Fig. S9t), with
similar CCS distributions for positive and negative polarities
with nine and ten net charges, but substantially larger CCS for
anions at charge state 11 and above. These results showed that
the anionic gas phase structural ensemble more closely
matched the overall sizes/shapes of the solution ensemble
while the cation gas phase ensemble was significantly more
compact. This illustrates the importance of examining proteins
with ESI/MS conducted in the same polarity as their solution
net charge, in agreement with a recent study showing signifi-
cantly different gas phase behavior for avidin and
pB-lactoglobulin ions with the same magnitude total charge but
opposite overall polarity.>® Therefore, and since positive ion
mode is the typical choice for n-MS, we sought to investigate
deviations of the positive mode CCS from the other distri-
butions by predicting the positive mode gas phase conformers
with the structure relaxation approximation (SRA, see ESIt
methods for description) which has been applied to and reca-
pitulates the average cross sections and widths of cross section
distributions from monomeric proteins®> and protein
complexes.*®

Comparison of structural descriptors (R, Ree)

The CCS distribution of a-synuclein cations predicted by the
SRA is shown as a function of charge state in Fig. S9.1 Though
the relative intensities and shapes of features do show differ-
ences, the overall range of CCS for each charge state agrees
with the measured cation cross sections. Therefore, structural
descriptors from the final SRA ensembles were used to
compare the similarity between gas phase and solution ensem-
bles beyond using CCS alone. CCS measurements include the
interaction potentials between gaseous ions and drift gas,
while R.. and R, are calculated directly from atomic coordi-
nates. The structural descriptors for the SRA, XL-native MS/
MS, and NMR distributions are illustrated in Fig. 5. Fig. 5A
shows the R, distribution as a function of charge state for the
SRA ensembles. First, the R, for the SRA ensembles are extre-
mely dependent on charge state, with a portion of the +8 distri-
bution being more compact than the solution distribution,
and the +13 distribution being significantly larger than the
solution R, distributions. This observation agrees with pre-
vious observations of the ability of gaseous disordered proteins
to sample a larger conformational space in the gas phase than
in solution."***

Strikingly, the R.. distribution plotted as a function of R, in
Fig. 5B for the SRA conformers versus the solution conformers
in Fig. 5C highlights not only that a portion of the +13 charge
state conformers is extremely extended (R.. > 175 A) but also
shows a strange feature with similar R, to the solution ensem-
bles but extremely small R... This shows that a significant sub-
population has mass distributed away from the center of mass,
but the N and C termini are positioned very close to one
another, indicative of head-to-tail cyclization which was not
observed for the solution ensemble.** Therefore, while some
of the SRA conformers are in fact similar to the solution distri-
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butions, there are new subpopulations at the extremes that are
only populated in the gas phase.

Comparison of SRA GP representative conformers to NMR and
IDPConf

Next, the gas phase conformers from the SRA performed on
each charge state were clustered by backbone RMSD, with the
results and representative conformers from each cluster shown
in Fig. 6 and Fig. S11.} Representative conformers C1 and C3
from +8 (Fig. S11C¥) are quite compacted, while the rest, as
well as +11 and +13, (e.g., C6 in Fig. 6C and C6 in Fig. S11D%)
show virtually no “empty space” in the structure in stark con-
trast to the clustered NMR and XL-native MS/MS ensembles.
The structural compaction for the +8 conformers is similar to
what is observed for well-folded proteins where cavities col-
lapse due to the absence of water.””>° The representative solu-
tion conformers are characterized by longer range contacts
(e.g., NMR C5 in Fig. S10Ct and XL C1 in Fig. 3C) and show
substantial space in the structure which is inhabited by
solvent molecules and formed by interaction with the solvent
(see NMR C5, XL C1, C4, C6). Long range contacts for solution
conformers are between the acidic C-terminal region or amphi-
pathic N-terminal region and non-amyloid component (NAC)
(e.g., NMR C1, XL C3, C6), and between the N- and C-terminal
regions (e.g., NMR C5, XL C4). In contrast, several of the +11
and +13 SRA representative conformers show cyclization
between the very beginning of the N-terminal region (which
contains 3 lysine residues in the first 12) and the acidic
C-terminal tail. This cyclization is likely driven by long-range
electrostatic forces, including the formation of new salt
bridges, which dominate in the absence of solvent.®® This
cyclization takes two forms, an open ring type conformation
(e.g., +11 C4, +13 C4) or a closed type conformation (e.g., +13
C5) that is likely stabilized by additional electrostatic and van
der Waals forces. Though the +8 ions follow well-understood
“compaction” mechanisms, it is clear that some of the highly
charged ions explore a huge range of conformations in the gas
phase, including the formation of new intramolecular inter-
actions that have not been identified for aSN with solution
measurements.*>*®%! Therefore, while the CCS distributions
are accurate descriptors of the relative order or disorder of pro-
teins'" and reflect changes in solution conformational space
upon change in solution conditions®* or ligand/metal
binding,>**® the structural features of the conformers them-
selves may not reflect the solution conformers.

Validation of the SRA ensemble with gas phase XL

We sought to validate the SRA predictions of aSN with gas
phase XL via ion/ion reactions of aSN with various length dis-
ulfonate salts.®*%* C,-C, maximum distances included the
lengths of the linkers and the sulfur to lysine side chain/
N-terminus salt bridge lengths calculated previously®* as well
as the length of lysine side chains or the N-terminus to residue
M1 C, distance depending on the residues involved in the XL.
Also, we added an additional 15 A “padding” to the length of
the linker and used C,-C, distances. Previous work has
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suggested that a cutoff distance of >14 A is suitable for
gaseous electrostatics in molecular dynamics of proteins.®*
Therefore, the total maximum lysine to lysine C,~C, distances
were 37.7, 40.0, 41.2, 49.8, 54.0, and 58.3 A for 1,2-BDSA, 1,3-
BDSA, 1,5-NDSA, BS2G, BS3 and sulfo-EGS, respectively, and
the total maximum lysine to N-terminus C,-C, distances were
32.8, 35.1, 36.3, 44.9, 49.1, and 53.4 A for 1,2-BDSA, 1,3-BDSA,
1,5-NDSA, BS2G, BS3 and sulfo-EGS, respectively.

The singly XL +11 and +13 charge states resulted in net
charges of +9 and +11, respectively, after ion/ion reactions with
disulfonate dianions. As a control, the unmodified forms of
the +9 and +11 charge states were produced by proton transfer
charge reduction reactions with two deprotonated PFO
anions.®*”®” IM allowed for the separation of the XL and
charge reduced ions from the precursors as a function of net
charge (Fig. S127). ECD of the +9 and +11 charge reduced ions
gave extensive coverage over all the positively charged residues
(Fig. S137). Again, fragment assignments were validated by

132 | Analyst, 2024, 149, 125-136

three replicates and used only in cases where the signal to
noise of the precursor and fragment ions for the XL (Fig. S14
and S157 for the +11 and +13 charge states, respectively) and
proton transferred precursors were similar. Use of the 1,5-
NDSA XL badly over restrained the data (for example, only 6 of
the 724 conformers from SRA of the +11 charge state could be
explained using the 1,5-NDSA links), so the 1,5-NDSA identifi-
cations were not used to filter the SRA conformers. This is
likely due to the rigidity of the XL inducing structural artifacts.

The SRA ensembles for each charge state were filtered by
whether the predicted distances from the atomic coordinates
of the conformers were less than the maximum allowed dis-
tance between the XL residues, given in ESI Table 5.1 21% of
the +11 SRA conformers and 87% of the +13 SRA conformers
were supported by the XL results (only the N terminus to K21
XL was used for +13). The XL-selected +11 conformers had an
average R, of 31.4 A, versus the entire +11 SRA ensemble
having an average R, of 37.4 A, while the XL-selected +13 had
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an average R, of 42.3 A and the entire +13 ensemble from SRA
had an average R, of 42.8 A. Comparing representative confor-
mers from the entire +11 SRA ensemble and the XL distance
filtered +11 ensemble reveals that the gas phase XL conformers
were structurally similar to the representative conformers from
the overall SRA ensemble (Fig. 6). Specifically, representative
conformers for both the overall ensemble (Fig. 6C) and the XL-
satisfying subpopulation (Fig. 6D) both show evidence of the
gas phase-specific structural motifs of compaction and head to
tail cyclization. Overall, these data support structural patterns
and CCS distributions predicted by the SRA for IDP cations.

Recently, solution molecular dynamics has been combined
with native IM/MS and atomic force microscopy for aSN.>* The
predicted structures were clustered into four clusters, based on
observed CCS measurements. These clusters, named C0, C1,
C2, and C3, respectively, had reported CCS of 2188, 2388,
2722, and 2944 A%, roughly matching our observations for posi-
tive mode analysis. The R, of these structures were similar to
+11 from our SRA data for C3 and the C1 state close to the +8
from the SRA. Our solution data in Fig. 2A best supports struc-
tures resembling the C2 and C3 states, and the smallest repre-
sentative structure from Fig. 3, representative structure C2,
with R, of 19.9 A, is in good agreement with the CO cluster.*”
Although we do expect compaction in the gas-phase, it is of
interest to note that using CCS as a constraint for molecular
dynamics appears to be, overall, a useful way to measure IDP
conformational families, even though the gas-phase structures
of IDPs likely do not represent the solution structures.?!
Therefore, further research on comparing XL, CCS, and mole-
cular modeling is warranted to gain insight into IDP confor-
mational states, since there is a clear correlation between solu-
tion order/disorder and gaseous order/disorder, and the ability
of CCS distributions, in general, to guide accurate solution
state modeling.

Conclusions

In this study, a systematic comparison of solution and gaseous
aSN conformers was conducted, utilizing solution XL deter-
mined by native MS/MS, CCS measurements and predictions
alongside additional information from calculated molecular
descriptors, and gas phase XL, which served as an orthogonal
approach to CCS measurements. The solution XL studies illus-
trated the importance of knowing the reaction stoichiometry
of XL to protein for measuring tertiary structure and the ability
of XL coupled to emerging computational tools to provide
insight into protein conformational dynamics. Good agree-
ment with SM-FRET and PRE-NMR was realized with this
method.

Charge state and CCS distributions are highly effective in
qualitatively describing the disordered nature of aSN mono-
mers, reinforcing these tools as valuable for gaining insights
into how changes in solution conditions and binding to other
molecules impact the protein’s structure. However, it was
observed that non-CCS descriptors and visual examination of
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representative gaseous conformers revealed significant differ-
ences when compared to solution ensembles. This finding pro-
vided crucial insights into the role of the solvent in the system.
In solution, water and the high concentration of electrolytes in
biochemical buffers and inside the cell screen the head-to-tail
electrostatic interactions and mediate the protection of the
most hydrophobic part of the protein through long-range
interactions of the NAC with the C-terminal and N-terminal
regions. Although interactions between the C-terminal and
N-terminal regions were observed, solution long-range inter-
actions were not proximal (ie., ring like) to the N-terminus
itself and did not show collapse, unlike the characteristic gas
phase cyclization. This indicates that while electrostatic inter-
actions remain vital in solution, the strengths and localization
of these forces differ for aSN in solution versus in vacuo, high-
lighting the significant role of solvation in mediating protein
folding and dynamics, even for IDPs. Finally, the ESI process
(from droplet to bare ion) is not modeled by the SRA, but
there was still excellent agreement between the SRA, CCS, and
gas phase XL results. This perhaps indicates that differences
between the observed gas phase ensemble and solution
ensemble for aSN monomers are driven by changing the
strengths of electrostatic and other intramolecular interactions
in the presence and absence of water and electrolytes, not by
different ESI mechanisms.

The knowledge that can be gained from systematic solution
versus gas phase comparisons will be instrumental in further
investigations into the structural roles of the solvent and
intrinsic interactions, both for cooperatively folded and
unfolded proteins. Understanding these aspects will not only
enhance our understanding of protein behavior but also shed
light on how the solvent environment influences the confor-
mational dynamics of biomolecules.
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