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Abstract

There is growing interest in the characterization of protein complexes and their interactions with
ligands using native ion mobility mass spectrometry. A particular challenge, especially for
membrane proteins, is preserving noncovalent interactions and maintaining native-like structures.
Different approaches have been developed to minimize activation of protein complexes by
manipulating charge on protein complexes in solution and the gas-phase. Here, we report the
utility of polyamines that have exceptionally high charge-reducing potencies with some molecules
requiring 5-fold less than trimethylamine oxide to elicit the same effect. The charge-reducing
molecules do not adduct to membrane protein complexes and are also compatible with ion-
mobility mass spectrometry, paving the way for improved methods of charge reduction.

Corresponding Author Arthur Laganowsky — Department of Chemistry, Texas A&M University, College Station, Texas 77843,
nited States; ALaganowsky@chem.tamu.edu.
Author Contributions
J.L., Y.L., and J.W.M. contributed equally to this work. J.L., Y.L, and A.L. designed the research. J.L. expressed and purified the
protein. J.L., Y.L., and S.S. prepared chemical reagents and materials for experiments. J.L., Y.L., and J.M. performed the experiments.
J.L., Y.L, JM,, L.F and D.R. analyzed the data. J.L., Y.L., .M., and A.L. wrote the manuscript.

The authors declare no competing financial interest.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.analchem.0c01826.

Contains tabulated names and abbreviations, ECgq values, and number of charge states (S2-S4), mass spectra for membrane protein in
absence of charge reducing molecules and different detergents (S5-S6), mass spectra for soluble proteins (S7, S10-11), ion mobility
mass spectrometry data for AmtB (S8-S9), and mass spectra acquired at different solution temperatures (S12) (PDF)



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lyu et al.

Page 2

Graphical Abstract

HMN

9_
& & i
o]
&/154—
& G
) & .
a 14jf / TMAO Histaming
| Ell a4, 154/ — Spermidine — Spermine
8000 ~ 12000 16000 0 100
miz Concentration (mM)

Native mass spectrometry (MS) is an emerging biophysical approach for characterizing the
structure and function of biomolecular assemblies, especially for membrane protein
complexes.1# Under tuned conditions that minimize perturbation to protein structure, native
MS can maintain noncovalent interactions in the gas phase that enables quantitative studies
of ligand binding,>~ subunits stoichiometry®:9 and lipid—protein interactions.®19-12 jon-
mobility (IM) spectrometry in conjunction with MS provides means for the separation of
ions by their size and charge along with determination of the rotationally averaged collision
cross section (CCS). IM-MS approaches have also been developed to characterize the
resistance of membrane proteins and their complexes with ligands to unfolding in the gas-
phase.”11.13 Of late, native MS has uncovered that specific protein-lipid interactions can
allosterically modulate other interactions with protein,6-12 lipid,10 and drug'4-16 molecules.

Membrane proteins are typically encapsulated in detergent micelles for native MS studies.
The detergent solubilized complexes are ionized using nanoelectrospray ionization followed
by application of minimal collisional activation to release the protein complex from the
detergent micelle.1”18 In general, the mass spectrometer is tuned to preserve the structure
and noncovalent interactions of protein complexes.1® However, even under carefully tuned
instrument conditions, protein structure can inadvertently be disrupted, resulting in
measurements that deviate from those obtained by other biophysical techniques. An
attractive approach to preserve the noncovalent interactions is to reduce the charges carried
by protein molecules to reduce their internal energy and minimize Coulombic repulsion
thereby lowering the propensity for unfolding or activation.29-22 |t has been well-established
that detergents play an important role in the number of charge states acquired by membrane
proteins. 1117 ALDodecyl-B-p-maltopyranoside (DDM), a commonly used detergent for
purifying and solubilizing membrane proteins, results in charges states that are difficult to
minimize activation energy resulting in partial unfolding of membrane proteins.11:14.17 The
discovery of charge-reducing detergents, such as tetraethylene glycol monooctyl ether
(CgE4) and n-dodecyl- N, N-dimethylamine- NV-oxide (LDAO), has revolutionized the native
MS field by enabling IM measurements of compact, native-like complexes with collision
cross section (CCS) values that are in direct agreement with those calculated from atomic
coordinates.!! In addition to aiding the preservation of native-like states of protein
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complexes and increased spacing between bound adducts, which has been shown to be
beneficial for observing more lipid bound states of membrane proteins.23

Numerous studies have reported methods to achieve lower charge states of proteins for MS
measurements.21:23-27 Adding charge-reducing chemicals to protein samples, such as the
abundant naturally occurring osmolyte28-30 trimethylamine A-oxide (TMAQ), has been
shown to significantly lower the average charge state (Zg) Of protein complexes.?3:31.32
Imidazole and derivatives thereof have shown marginal charge reduction for membrane
protein complexes (by about ~2—3 charge states), especially in cases when noncharge-
reducing detergents are used.2133 Besides the addition of small molecules, synthetic
oligoglycerol detergents have been developed for membrane protein complexes that exhibit
varying charge-reducing properties.2# Despite recent advances in manipulation of charge,
these charge-reducing modalities have a number of limitations. Some charge-reducing
molecules require high concentration to be effective or an undesirable tendency to adduct to
protein complexes leading to broadened mass spectral peaks. There is a need to further
investigate charge-reducing approaches that are not only effective but also applicable to a
wide range of proteins.

EXPERIMENTAL SECTION

Protein Expression and Purification.

AmtB was expressed and purified as previously described! with the exception of a modified
expression plasmid was used. The AmtB gene from Escherichia coli with N-terminal TEV
protease cleavable Hisjg and MBP (described in previous studyl) was amplified by
polymerase chain reaction (PCR) and cloned into pCOLA backbone, which also coexpresses
GInK with Y51F mutation (removes possible heterogeneity arising from uridylation34) as a
TEV protease cleavable N-terminal fusion to Strep-tag 11 as described before.> The AmtB
used in this study contains the C312T mutation that retains the ability to couple to GInK
(manuscript in preparation). For soluble proteins, streptavidin was purchased from Sigma,
and egg white lysozyme was purchased from Amresco. GInK was expressed and purified as
previously described.?

Preparation of Charge-Reducing Reagents.

Trimethylamine Aoxide was purchased from Cayman Chemical. Spermidine was purchased
from Beantown Chemical. Spermine was purchased from Alfa Aesar. Histamine, bis(2-
aminoethyl)amine, bis(3-aminopropyl)amine, tris(2-aminoethyl)amine, 3,3"-diamino-/A-
methyldipropylamine, tris-(3-aminopropyl)amine, piperazine, 1-(2-aminoethyl)-piperazine,
and 1,4-bis(3-aminopropyl)piperazine were purchased from Sigma-Aldrich. Protein was
buffer exchanged into 200 mM ammonium acetate (supplemented with 0.5% CgE4 for
membrane protein). Charge-reducing reagents stocks were made by dissolving into the same
buffer as the protein and were mixed with protein to obtain desired final concentrations of
charge-reducing reagent.
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Native Mass Spectrometry (MS) Analysis of AmtB Native.

MS was performed on a Q Exactive Ultra-High Mass Range (UHMR) from ThermoFisher
Scientific, modified with a custom reverse entry ion source (REIS) and 1.5 m drift tube. A
Synapt G1 HDMS instrument with a 32-k RF generator from Waters Corporation was also
used for membrane and soluble protein measurements. Nanoelectrospray ionization was
performed as previously described.1® UHMR parameters applied for AmtB included 250 °C
capillary temperature, 1.40 kV spray voltage, 200 maximum inject time, resolution set to
6250 without averaging, 50 eV in-source CID, 40 CE, trapping gas pressure of 5. lon
transfer was set to high 77z mode, with in-source desolvation voltage set to —180 V.

Native MS Analysis of Soluble Proteins.

lon-Mobility

Measurements for soluble proteins were collected on a Synapt G1 HDMS from Waters. For
GInK, source temperature was lowered to 80 °C, and trap and transfer collision energy was
set to 40 and 25, respectively. Trap wave velocity and height set to 300 m/s and 1V,
respectively. IMS wave velocity and height set to 300 m/s and 18 V, respectively. For
streptavidin, source temperature was set to 80 °C, and trap and transfer collision energy was
set to 20 and 10, respectively. Trap wave and velocity and height set to 300 m/sand 1V,
respectively. IMS wave velocity and height set to 300 m/s and 18 V, respectively. For
lysozyme, capillary voltage was set to 1.5 kV. Source temperature was set to 50 °C, with 50
and 2 V on sampling and extraction cone, respectively. Trap and transfer CE were set to 30
and 15, respectively. Trap gas flow rate was set to 5 mL/min. Trap wave and velocity and
height set to 100 m/s and 0.4 V, respectively. IMS wave velocity and height set to 100 m/s
and 4 V, respectively. Soluble protein spectra were collected from 1000 to 10000 m/z. All
mass spectra were deconvoluted using Unidec.3°

Mass Spectrometry.

lon-Mobility Mass Spectrometry (IM-MS) was performed on a home-built periodic focusing
drift-tube (PF-DT) Fourier-transform IM (FT-1M) orbitrap platform, as described previously.
36-39 Briefly, ions are generated via a nano-ESI source before entering a heated capillary
transfer tube at 155 °C, which are then focused into a RF-ion funnel (~3 Torr) before being
differentially pumped into a DC only periodic focusing funnel with a field strength of 50
V/cm. lons are then gated using a modified Bradbury—Nelson gate that pulses ions into the
1.5 m PF-DT for mobility separation, with a second gate post-1M to allow for
implementation of FT-IM. Two MKS calibrated manometers where placed on both ends of
the PF-DT to ensure steady-state of He (99.999% purity). lons are then transferred via a
multipole into the HCD cell of the Thermo Scientific Exactive Series platform. FT-IM-PF-
DT data is processed into ATDs and subsequently to CCS using custom Python 3.7 scripts
utilizing Scipy*® and multiplierz.4

Determination of Half Maximal Effective Concentration (ECsg).

Native mass spectra of AmtB solubilized in 2x CMC CgE4 were processed with UniDec3® to
determine the weighted average charge state (Zyg). The half maximal effective
concentration (ECsg) or potency of charge-reducing compounds was calculated using a
modified form of the Hill equation:#2
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where 7y is the Hill coefficient, 4 is the value of the upper asymptote, and X'is the
concentration of charge-reducing molecule. Z,,4 data was essentially inverted to enable the
equation above to be fitted to the experimental data as follows:

, 100 100
Z' = || - [——
Zavg Zayg,max

where Zayg max is the maximum average charge state measured without any charge-reducing
molecule added. The equation was fitted to the inverted data using Python (version 3.7)
scripts making use of NumPy and SciPy modules.#344 The resulting fits had an /2 value of
0.98 or better. 2" and & were converted back to units of charge:

100

Zavg =00
74 100

Zavg,max

Plots were generated using Python and the Matplotlib module.4®

RESULTS AND DISCUSSION

Inspired by recent reports of TMAO and imidazole derivatives’ effectiveness for charge-
reducing protein complexes,21:23:31.32 e explored the potential of other small molecules
found in biology and characterized their impact on the trimeric ammonia channel (AmtB), a
model integral membrane protein (Figure 1). The first molecule we investigated was
histamine, an amine-functionalized imidazole involved in the immune response and plays
important roles in the nervous system.#® The addition of 100 mM histamine, which the
charge-reducing properties have not been studied before, to AmtB solubilized in CgE4
resulted in a reduction of the Z,4 by four compared to the mass spectrum acquired in the
absence of histamine (Zyq of 16.2) (Figures 1B and S1). For reference, the addition of 100
mM TMAQ results in a broad charge state distribution with a Z;,4 of 10.9 (Figure 1A). We
next explored spermidine and spermine, natural polyamines found in cells and involved in
many cellular functions, such as promoting cellular proliferation and required for replication
of many viruses.*’~50 Compared to histamine, spermidine, and spermine at 100 mM
displayed pronounced charge-reducing properties with Z,,g of 10.9 and 10.0, respectively
(Figure 1C). Unlike TMAQ, histamine, spermidine, and spermine resulted in narrow charge
state distributions (Figure 1D). More specifically, the total number of charge states (Zqy) for
10 and 250 mM TMAO was 13 and 6, respectively. The Zg for histamine, spermidine, and
spermine at the highest concentration investigated are 3, 4, and 3, respectively (Figure 1D).
Moreover, the quality of the mass spectra for these molecules did not diminish, unlike
previous reports showing the various degree of adduction to soluble proteins.>!
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We next titrated AmtB with different charge-reducing molecules to better understand the
potency of these compounds. For example, AmtB in the presence of increasing
concentrations of spermine progressively reduced charge on the protein complex (Figure
1F). At low concentrations of spermine the charge state distribution was broad and
asymmetric. Interestingly, at higher spermine concentrations the charge-reducing effect was
diminished and Zq4 reached a plateau around 10 (Figure 1E). In a similar fashion to
spermine, histamine and spermidine displayed a rapid decrease in Zq at lower
concentrations and reached a plateau at higher concentrations, over 100 mM (Figure 1E).
The trend for TMAO differed from other compounds where Z, 4 gradually decrease with
increasing concentrations (Figure 1E). To quantify the potency of these compounds, a
modified form of the Hill equation was fit to the Z; 4 data to determine the half maximal
effective concentration (ECgp) and the minimum .z, value (or upper asymptote). With the
exception of TMAQ, the charge-reducing molecules had an ECsg ~ 10 Mm whereas the
value for minimum Zg (Zayg,min) Was the lowest for spermine (Table S1). In contrast,
TMAO with an ECgq of 87 mM for the range of concentrations screened is nearly 9-fold
greater than the other molecules. Lastly, it is worth noting that 10 mM spermine achieved the
same degree of charge reduction for AmtB as 250 mM histamine, underscoring the potency
of this class of compounds.

Given the results for amine-functionalized linear molecules, cyclic amines such as
piperazine and piperazine derivatives were investigated for their ability to charge-reduce
AmtB in CgE,4 (Figure 2 and Tables S1 and S2). Titration of piperazine revealed a shallow
change in Z, 4 with increasing concentration and reaching a Zyg min 0f 14. Piperazine
derivatives with one aminoethyl (AEP, 1-(2-aminoethyl)piperazine) or two aminopropyl
(APP, 1,4-bis(3-aminopropyl)piperazine) substituents increased the amount charge-reduction
with a Zayg min Of 13 and 10, respectively (Figure 2B-C). Piperazine and derivatives have a
range of ECsq values (7-12 mM), and like other amine containing molecules, the charge-
reducing effect reached a plateau at higher concentrations. Interestingly, substitution of
piperazine with amine containing substituents not only increased the ability to charge-reduce
but also resulted in narrowing of the charge state distribution where Zq; decreased from 7 to
5 at the highest concentration studied (Table S3). However, APP, the best piperazine
derivative, was not as potent in regards to charge-reduction compared to spermine. Taken
together, these results suggest that aliphatic polyamines represent promising candidates as
charge-reducing agents.

The results for spermine and other natural polyamines prompted us to investigate analogues
of polyamines. Bis(2-aminoethyl)amine (B2A) and bis(3-aminopropyl)amine (B3A) are
symmetric variants of spermidine (contains aminopropyl and aminobutyl groups) and
addition of these compounds resulted in charge-reduction of AmtB (Figure 3A and B).
However, B2A and B3A were not as potent compared to spermine with a Z,q of 11. A
marginal increase in charge-reducing properties (2,4 decrease by ~1) was observed for 3,3-
diamino- A-methyldipropylamine (DMP), which differs from B3A by a methyl group
(Figure 3C). Tris(2-aminoethyl)-amine (T2A) and tris(3-aminopropyl)amine (T3A) are
molecules with four amines and showed increase charge-reducing properties compared to
their counterparts B2A and B3A, respectively. T3A at the highest concentration reduced
charge at comparable levels to that of spermine and spermidine. Notably, the addition of an
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amine resulted in a reduction of both Z and Zayg min- NO correlation is observed between
ECsg and Zyg min for these molecules.

We next evaluated the performance of charge-reducing molecules for native ion mobility
mass spectrometry (IM-MS) studies. Native IM-MS data was collected for a subset of
molecules at 50 mM concentration on a high-resolution Fourier-transform ion-mobility (FT-
IM) PF-DT Orbitrap platform38 (Figure 4). The mass spectrum of AmtB in CgE, acquired
on the FT-IM-PF-DT Orbitrap is comparable to that obtained using the commercial
ionization source (Figure 4 and S1). However, lower charge states for AmtB in the presence
of spermine were observed on the FT-IM-PF-DT, consistent with previous results.36:52 The
collision cross section (CCS) profiles for the lowest (CgE4) and most charge-reducing
(addition of spermine) show a 0.4% difference with a slightly decreased in the ion mobility
resolving power (Ry\) of spermine (Figure 4C). Here, CCS values for AmtB in the absence
and presence of different charge-reducing molecules show, at most, a 3% difference (Figure
4D).

We also explored the charge-reducing effect of these reagents on AmtB solubilized in the
non-charge-reducing detergent DDM. Mixtures of AmtB in DDM with different charge-
reducing molecules and at various concentrations could not generate interpretable mass
spectra (Figure S2). This finding is consistent with a recent study that reports charge-
reduction of membrane proteins with alkali metal acetate is dependent on detergent.26
However, the mechanism behind this phenomenon is not clear but a plausible explanation is
that DDM may directly compete with these molecules interacting with the membrane
protein. Alternatively, the larger micelle size of DDM may prevent meaningful contacts
between these molecules and the protein. Nevertheless, CgE4 exhibits charge-reducing
properties that are amplified (mutually or inclusive) with charge-reducing molecules, such
polyamines. These results highlight the fact that there is an urgent need for detergents
engineered for native MS applications that have desirable attributes, such as charge-reducing
properties, ease of release from the protein complex, and the ability to stabilize membrane
proteins.

The ability of these molecules to charge-reduce soluble proteins was also investigated. The
monomeric lysozyme, trimeric GInK, and tetrameric streptavidin were mixed with a charge-
reducing reagent at equimolar ratios (Figure S3). Some of the charge-reducing molecules
adducted to the protein giving rise to an uninterpretable mass spectrum. This adduction
behavior indicates that they interact strongly with proteins. Charge-reduced mass spectra for
the three soluble proteins were observed for T3A, while the others were largely protein-
dependent. For example, lysozyme in the presence of B2A was poorly resolved whereas
spermine, APP and B3A resulted in resolved mass spectra. Data quality and charge
reduction patterns differed for GInK and streptavidin. It is interesting to note that TMAQ’s
ability to charge-reduce does not prevent the gas-phase dissociation of oligomeric proteins
tested. Recently, charge reduction of soluble proteins by TMAQ has been reported to be
dependent on collisional activation.3! We next investigated the impact of increasing collision
energy and cone voltage for soluble proteins. Activation of lysozyme in the presence of 50
mM spermine using either collision energy or cone voltage did not result enhanced charge
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reduction (Figures S6-7). In summary, polyamines can charge-reduce soluble proteins but
their efficacy appears to be protein-dependent.

To better understand the mechanism of charge reduction for membrane proteins, we
conducted studies of AmtB in CgE,4 with either 100 mM spermine or TMAO at different
solution or capillary temperatures. Native mass spectra of AmtB in the presence of spermine
or TMAQ acquired under different solution temperatures (32.0 to 37.0 °C) showed similar
results (Figure S8). AmtB with either charge-reducing additive was introduced into the mass
spectrometer with the capillary temperature ranging from 100 to 430 °C. For spermine, a
capillary temperature below 200 °C resulted in severe adduction, presumably spermine
molecules, and a resolved mass spectrum was not obtained. For both additives, increasing
the capillary temperature resulted in reduction of Z4 (Figure 5). The Z,,q of AmtB with
spermine marginally decreased from 9.8 to 9.5 at 430 °C (Figure 5A). For TMAO, Zyq
significantly decreased from 12.0 to 9.3 at the highest capillary temperature (Figure 5B). We
also noticed that application of backing pressure to nanoESI emitter for AmtB with TMAO
resulted in significant reduction in charge (Figure 5C and D). This observation can be
rationalized by the production of larger droplets resulting in a higher concentration of
TMAO in the final droplets formed in the electrospray process. Taken together, our findings
agree with previous reports®1:53 and indicate that charge reduction occurs in the final stages
of the desolvation process.

By comparison of the chemical structures and their potency of charge reduction, a plausible
explanation is that potency is correlated with their gas-phase basicity. Heck and co-workers
have shown using soluble proteins a linear relationship between the additive gas-phase
basicity (or proton affinity) and average charge state.>3 For polyamines, it has been reported
that increasing either the number of nitrogen or carbon atoms results in higher gas-phase
basicity.>* Following on this generalization, the installation of a methyl group at the
secondary amine of B3A makes it more basic that in turn improves its charge-reduction
potency. Moreover, increasing the number of amino groups within the molecule, which
increase gas-phase basicity, also leads to a better charge-reducing molecule as seen for
piperazine and derivatives thereof. Our observation of the potency of these charge-reducing
chemicals reveals there is a correlation with ECgg and empirically measured gas-phase
basicity, which agrees with the previous reports.51:53-55 Another contributing feature of the
charge-reducing molecule is the number of carbons, which would increase gas-phase
basicity.>4-57 Polyamines with more carbons generally show greater degree of charge
reduction.>* Among these charge-reducing chemicals, TMAQO appears to be an outlier due to
the significant difference in the Hill plot compared to other polyamines, which could be
explained by the difference of charge reduction mechanism of TMAO. It has been proposed
that TMAO reduces charge of proteins by the proton transfer from gas-phase collision.3!
However, it remains difficult to discern if this process is result of (i) dissociation of the
additive ligand from the protein either taking a proton with it or leaves the proton on the
protein,>153.58 (ji) gas-phase collision of the additive with protein resulting in proton
transfer to the additive,3L or (iii) a combination of both processes.

The results of this study also point to an additional feature that implicates the direct
interaction of charge-reducing molecules and the protein. For example, there are marked
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differences when comparing spermidine and B3A, which differ by Zq ot by one charge. In
addition, longer alkyl chains may interact more strongly with membrane proteins or
detergent micelles. Different detergent environments may have different degrees of
accessible protein surface area because of potential changes in droplet size or detergent
micelle size. Taken together, the varied effects of polyamines on soluble proteins may be due
to the hydrophobicity of the molecules in combination with their basicity. In short, the
system composed of detergent encapsulated membrane proteins with charge-reducing
molecules is complex and further studies are warranted to better understand the dependence
of detergent on charge reduction.

CONCLUSION

In summary, this study reports a set of potent charge-reducing molecules for native IM-MS
studies. The reported molecules do not adduct nor impede the analysis of membrane proteins
for native MS studies. We also demonstrate improved charge-reduction potency; spermidine
requires nearly 10-fold less in concentration compared to TMAO to achieve the same degree
of charge reduction. Moreover, the polyamines are advantageous over TMAO as a narrower
charge state distribution is observed improving the signal-to-noise ratio. Polyamines provide
new approaches to manipulate charge in an effort to preserve noncovalent interactions and
minimize perturbation and overactivation of protein complexes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Natural compounds are potent charge-reducing molecules. (A—C) Representative mass

spectra of AmtB in CgE,4 doped with 100 mM of (A) TMAO, (B) histamine, or (C)
spermidine. Data was acquired on an ultrahigh mass range (UHMR) Orbitrap mass
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spectrometer under gentle instrument conditions. Structures of molecules are shown in the
inset. (D) Total number of charge states for AmtB in the presence of compounds at different
concentrations. (E) Plot of average charge states (Z,g, dots) as a function of concentration
of charge-reducing molecules. A modified form of Hill equation was fit to the data (solid
lines) to determine the half maximal effective concentration (ECsg). (F) Mass spectra of

AmtB doped with different concentrations of spermine ranging from 0 to 250 mM.
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Figure2.

Charge reduction of AmtB by piperazine and amine derivatives thereof. (A—C)
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Representative mass spectra of AmtB in CgE,4 doped with 100 mM of (A) piperazine, (B)
AEP, and (C) APP. Structures of molecules are shown in the inset. (D) Plot of Z,4 (dots) as
a function of concentration of charge-reducing molecules and regression of a modified Hill

equation (solid lines).
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Figure 3.

Charge-reduction of AmtB by synthetic polyamines. (A—E) Representative mass spectra of
AmtB in CgE,4 doped with 100 mM of (A) B2A, (B) B3A, (C) DMP, (D) T2A, and (E) T3A.
Structures of molecules are shown in the inset. (F) Plot of Z, 4 (dots) as a function of

concentration of charge-reducing molecules and regression of a modified Hill equation

(solid lines).
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Figure 4.

Native IM-MS of trimeric AmtB on a FT-IM-PF-DT Orbitrap platform. (A, B) lon mobility
mass spectra of AmtB in (A) CgE4 and in the presence of (B) 50 mM spermine. (C)

Collision cross section (CCS) profiles for the most abundant charge states. A Gaussian
function was fitted (solid lines) to the data (dashed lines) to determine the centroid CCS. (D)
Plot of CCS for different charge states from AmtB in the presence of different charge-
reducing molecules.
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Figure5.

Effects of capillary temperature and backing pressure on charge-reduction of AmtB. (A, B)
Zavg of AmtB in the presence of 100 mM (A) spermine or (B) TMAO acquired at different
capillary temperatures. (C, D) Mass spectra of AmtB charge reduced by 100 mM TMAO (C)
without and (D) with application of backing pressure to the nanoESI emitter.
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