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ABSTRACT: The use of charge-reducing reagents to generate
lower-charge ions has gained popularity in the field of native mass
spectrometry (MS) and ion mobility mass spectrometry (IM-MS).
This is because the lower number of charged sites decreases the
propensity for Coulombic repulsions and unfolding/restructuring,
helping to preserve the native-like structure. Furthermore, lowering
the charge state consequently increases the mass-to-charge values
(m/z), effectively increasing spacing between signals originating
from small mass differences, such as different proteoforms or
protein−drug complexes. IM-MS yields collision cross section
(CCS, Ω) values that provide information about the three-
dimensional structure of the ion. Traveling wave IM (TWIM) is an
established and expanding technique within the native MS field.
TWIM measurements require CCS calibration, which is achieved via the use of standard species of known CCS. Current databases
for native-like proteins and protein complexes provide CCS values obtained using normal (i.e., non-charge-reducing) conditions.
Herein, we explored the validity of using “normal” charge calibrants to calibrate for charge-reduced proteins and show cases where it
is not appropriate. Using a custom linear field drift cell that enables the determination of ion mobilities from “first principles”, we
directly determined CCS values for 19 protein calibrant species under three solution conditions (yielding a broad range of charge
states) and two drift gases. This has established a database of CCS and reduced-mobility (K0) values, along with their associated
uncertainties, for proteins and protein complexes over a large m/z range. TWIM validation of this database shows improved accuracy
over existing methods in calibrating CCS values for charge-reduced proteins.

Within native mass spectrometry (MS), ion mobility
(IM) has developed as a useful gas-phase technique

capable of providing structural information about macro-
molecules and macromolecular complexes. In IM experiments,
ions drift through a gas-filled cell, typically under the influence
of a weak electric field. Ions with different mobilities (K) will
attain different drift velocities, affecting temporal separation at
the exit of the cell. An ion’s mobility is a property of both the
ion and buffer gas molecules and is representative of the
frequency of collisions between them.1 Numerous factors can
contribute to differences in mobility such as shape, charge
state, and masses of ion and gas molecules. Ions with high
charge state or small collision cross section (CCS) traverse the
ion mobility cell faster (higher K) than those with lower charge
state or higher CCS (lower K). Similarly, increasing the size of
the buffer gas molecule would result in a lower measured K
value. Ions that are “elongated” (e.g., an unfolded/extended
protein) will undergo more collisions with the buffer gas and
thus traverse the cell slower than a compact protein of
comparable mass and charge. With the development of
commercial IM instrumentation expanding the user base, the
use of this technology to answer structural biology questions
has dramatically increased.1−5 Interrogation of arrival time

distributions (ATDs) can provide additional information
regarding the ion population present. For example, a broad
ATD or the presence of multiple peaks within an ATD can
indicate different shapes/ion structures, protonation isomers
[present at coincident mass-to-charge ratio (m/z)], and
different charge states (e.g., m/z-coincident oligomers).6−8

Coupling IM separators with quadrupole time-of-flight mass
spectrometry platforms (IM-MS) enables separations orthog-
onal to mass spectrometry analysis. The ability to convert K
values obtained from IM experiments into CCS can provide
direct information on the conformations adopted and can be
compared to theoretical CCS generated from structural
models.9−11 Calculating CCS using drift time-derived mobi-
lities provides a value that represents the momentum transfer
cross section (Ω), though is often more simply thought of as a
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rotationally averaged cross-sectional area of the molecule’s
three-dimensional structure. More detail regarding the
approximations used in obtaining CCS values from ion
mobilities can be found in a comprehensive review from
Gabelica et al.12

Several types of IM instrumentation currently exist: drift
tube ion mobility spectrometry (DTIMS),13−15 traveling wave
IMS (TWIMS),15 field asymmetric waveform IMS (FAIMS),16

and trapped IMS (TIMS),17 to name a few. In TWIMS and
TIMS experiments, both of which are available commercially
and afford good sensitivity and resolving power,18 calibration
using previously established reference compounds is necessary
to obtain K and CCS values. While it may theoretically be
possible to obtain K values directly from these IM methods
without calibrating, the uncertainty and accuracy in this type of
approach has yet to be fully understood.19,20 Despite the need
to calibrate these measurements, there is no current consensus
for a single primary standard compound.12 Thus, the use of
established calibrant databases across a range of analyte classes
is needed to obtain useful values from these methods. When
selecting reference compounds to be used as calibrants, only
robust, stable analytes should be chosen (i.e., those that are
stable in storage, produce stable ion current upon ionization,
and those that are less susceptible to restructuring upon ion
activation).12 Once these calibrant databases have been
created, the choice in calibrant for a particular unknown
requires matching the calibrants with the analyte in terms of
molecular class, mass, and charge (i.e., factors influencing
mobility).12,21,22 While this requires some advance knowledge
for an unknown protein, matching all of these features is
desired in order to minimize the need for unnecessary
extrapolations.12,23

Taking advantage of the higher gas-phase basicity of charge-
reducing solution additives, it is possible to generate protein
ions at lower charge states via positive-mode (nano)-
electrospray ionization when compared with ammonium
acetate, the most common native mass spectrometry (MS)
electrolyte. In recent years, charge-reducing reagents have
grown in popularity within the native MS community for many
reasons.24−26 Charge-reduced ions are thought to better
preserve the native-like conformations of the protein ions
because they have less Coulombic repulsion and have been
shown to be less susceptible to activation.26−30 Recent work
has also shown that minimizing conformational disruptions to
proteins when they undergo dissociation can be utilized to
investigate structures of subcomplexes or subunits in their
native-like forms, and the use of charge-reducing reagents can
help to accomplish this.26 It is important to note, however, that
care should always be taken to tune the mass spectrometer to
reduce the likelihood of unintended activation when studying
proteins and protein complexes in the gas phase, regardless of
this proposed characteristic of charge-reduced species.
Reduction of charge state when studying proteins via native
MS has also been used to increase the spacing between peaks, a
method especially useful when investigating overlapping
oligomeric states or small-molecule binding.24,25,30,31

In addition to work with soluble proteins, the use of
tetraethylene glycol monooctyl ether (C8E4) has been shown
to demonstrate a charge-reducing effect and has proven useful
in studying membrane proteins while minimizing perturbation
to the native-like structure.23,32 In addition to its charge
reduction effects, C8E4 is also more easily removed with low
activation energies.23 Other detergents such as C12E9 and

C12E8 have charge-reducing abilities but are not as easy to
remove. Even without the use of this charge-reducing
detergent, certain classes of proteins, such as membrane
protein complexes, can have a lower average charge than
soluble proteins of comparable mass. In work from 2016,
Allison et al. showed that using soluble proteins to calibrate for
CCS measurements of membrane proteins in charge-reducing
detergents proved challenging when the calibrants were
selected based on mass and CCS alone.23 Because these
membrane proteins had lower mobilities than soluble proteins
(due to their 30% lower average charge state), the use of larger
soluble protein calibrants was required to avoid erroneous
extrapolation of the calibration function.23 Additional work has
shown that some proteins may also possess higher charge
states than their mass alone may suggest, as in the case of
DNA-bound SgrAI oligomers, which held a total charge greater
than that of globular proteins of comparable molecular
weight.33 This, along with the growing use of charge-reducing
reagents in native MS, highlights the need for calibrants with
more comparable charge densities and mobility values.
As illustrated in the literature, it is necessary to choose IM

calibrants with comparable mobility (K) values rather than
mass or CCS alone.12,23 Thus, we have established a new
calibrant database of proteins and protein complexes with a
broad range of mobilities. To accomplish this, we utilized a
custom linear field drift cell installed within a commercial mass
spectrometer to obtain K values from “first principles.”
Utilizing the Mason−Schamp equation, we then determined
the primary CCS values for each calibrant. We report here this
dataset of CCS and K values for 19 proteins and protein
complexes generated from three different solution conditions
(one “normal-charge”from ammonium acetateand two
“charge-reducing”from EDDA or AmAc/TEAA) and two
different drift gases (He and N2). This allows for a
comprehensive database that spans a wide range of calibrant
masses, charge states, and consequently mobility values, and
expands upon previously established native-like ion CCS
databases. These values are reported according to the
guidelines set forth by a comprehensive review from many
experts in the field of ion mobility in an effort to provide clear
values and uncertainties that can be utilized in experiments
across laboratories with confidence.12

■ EXPERIMENTAL SECTION
Sample Preparation. Proteins were purchased from

suppliers as listed in Table S1. Those that arrived as lyophilized
powders were reconstituted in ultrapure water (Sartorius
Arium Pro, Göttingen, Germany) and stored as aliquots at −20
°C until needed for analysis to prevent freeze−thaw cycles that
could alter protein structure. GroEL was refolded according to
a procedure described previously34 and stored at −80 °C until
needed for analysis. Prior to mass spectrometry analysis,
samples were thawed and immediately buffer-exchanged using
Micro Bio-Spin P6 spin columns with a 6 kDa cutoff (Bio-Rad,
Hercules, CA, U.S.A.) into the respective electrolyte solution.
Samples prepared under “normal-charge” conditions labeled
“AmAc” were buffer-exchanged into 200 mM ammonium
acetate (99.99%, MilliporeSigma). Samples prepared under
“charge-reducing” conditions and labeled “EDDA” were buffer-
exchanged into 200 mM ethylenediamine diacetate (98%,
MilliporeSigma). Samples prepared under “charge-reducing”
conditions and labeled “TEAA” were buffer-exchanged into
200 mM ammonium acetate and subsequently adjusted with
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triethylammonium acetate (TEAA) (1 M, MilliporeSigma) and
ultrapure water for a final concentration of 160 mM
ammonium acetate plus 40 mM TEAA. AmAc and TEAA
solutions had a measured pH of 6.8 (a word of caution: from
experience, different purities of ammonium acetate may result
in different solution pH, so it is recommended to check the pH
prior to use in IM calibration experiments), and EDDA had a
measured pH of 6.2. For all experiments, unless indicated
otherwise, the pH of the electrolyte solution was not externally
adjusted. Following buffer exchange, protein concentrations
were measured using a Nanodrop 2000c spectrophotometer
(Thermo Scientific, Wilmington, DE, U.S.A.) and diluted to a
final protein complex concentration of 5−10 μM using the
respective final electrolyte solution.
Instrumentation. For all experiments in this work, ions

were generated via nanoelectrospray ionization. Borosilicate
capillaries were pulled in-house using a micropipette tip puller
(Sutter Instruments model P-97, Novato, CA). All linear field
drift cell measurements were performed on a Waters Synapt
G2 HDMS instrument (Waters Corporation, Wilmslow, U.K.).
The mass spectrometer was modified to replace the
commercial TWIM cell with an rf-confining linear field drift
cell as described in detail previously.35,36 In brief, this linear
field drift cell is 25.05 cm long and was designed in a manner
to allow operation utilizing the existing electrical inputs from
the TWIM cell, which allows for control of the drift voltage via
the commercial instrument software (MassLynx v4.2, Waters
Corporation). Buffer gas is introduced utilizing an alternative
inlet system which delivers the drift gas (either nitrogen
>99.998% or helium >99.999%) to the center of the linear field
drift cell, minimizing the net flow of gas throughout the drift
region. The pressure of the drift gas was stabilized each day
prior to initiating experiments and measured using a calibrated
capacitance manometer (MKS Baratron model 626C,
Wilmington, MA). Pressure readings were recorded every
minute using the procedure outlined in the Supporting
Information. The temperature of the drift gas and linear drift
cell region was measured using a type K vacuum thermocouple
(Omega Engineering, Norwalk, CT, U.S.A.). Temperature
readings were recorded every 5 min as outlined in the
Supporting Information. The thermocouple was placed
immediately next to the linear field drift cell to obtain accurate
recordings of the temperature that ions experience within the
cell. A diagram of the Baratron and thermocouple locations
with respect to the linear field drift cell can be observed in
Figure S1.
For all experiments, tune settings were adjusted to minimize

ion activation from the point of ion generation throughout the
instrument to mass analysis while still allowing for sufficient
signal. For most proteins, the cone voltage was set to 20 V. Ion
gating and injection were controlled with a mobility trap height
of 5−10 V. For all proteins with the exception of glutamine
synthetase (GS) and GroEL, the peak-to-peak rf amplitude in
the linear drift cell was set to 150 Vpp; for GS and GroEL, the
amplitude was adjusted to 250 Vpp. More detailed lists of tune
settings are displayed in Tables S2−S4. The drift voltages used
in these experiments ranged from 20 to 252 V in 0.9−2 Torr
drift gas for both drift gases; the voltages and pressures were
adjusted based on the protein of interest to optimize ion
transmission through the drift cell. Corresponding reduced
electric field strengths for these experiments span 0.8−13 V
cm−1 Torr−1 (3.1 to 15.5 Td), which falls well within the low-
field limit (20−45 V cm−1 Torr−1) as reported for peptide

ions37 and, consequently, falls well within the higher low-field
limit for large ions.38,39 Drift voltages and additional variable
instrument parameters used in linear field drift cell experiments
for each specific protein standard are outlined in Tables S5 and
S6.
All TWIM experiments were performed on a Waters Synapt

G2 HDMS. All proteins were prepared in the same manner as
described above prior to IM-MS analysis. For all TWIM
experiments, the cone voltage was set to 20 V, the extraction
cone was set to 1 V, trap and transfer CID were both set to off,
the backing pressure was approximately 4 mbar, the IM wave
height (WH) was set to 17 V, and wave velocity (WV) was set
to 350 m/s, the transfer WH was set to 2 V, and WV was set to
100 m/s. Argon was used as the trap/transfer gas at a 2 mL/
min flow rate, nitrogen (≥99.998%) was used as the ion
mobility drift gas with a 60 mL/min flow rate, and helium
(≥99.998%) was used in the helium cell at a 120 mL/min flow
rate. Temperature was measured in the same manner as the
linear field drift cell experiments (Figure S1) and averaged
299.4 K each day of the triplicate TWIM experiments.

■ RESULTS AND DISCUSSION

Collision Cross Sections. Proteins and protein complexes
used in this database were selected based on commercial
availability, ease of sample preparation, ability to produce
stable spray via nanoelectrospray ionization, and thorough
coverage of a wide mass and charge state range.
Arrival time distributions were extracted using TWIMEx-

tract40 and ion mobilities were calculated using the procedure
outlined in the Supporting Information. Collision cross section
values were calculated using the reduced-mobility (K0) values
as indicated by the Mason−Schamp equation,38,41−43 eq 1:

π
μ
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2 1

0 B
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in which e is the elementary charge, z is the charge state of the
ion, N0 is the drift gas number density at STP (1 atm, 0oC), μ
is the reduced mass of the ion and drift gas, kB is the
Boltzmann constant, and T is the drift gas temperature.
All CCS values reported in this work are averages from

triplicate mobility measurements conducted on different days.
The standard deviations associated with the reported CCS
values are ≤1% of the reported average. Combined standard
uncertainty for each CCS and K0 value was calculated as
outlined in the Supporting Information and eqs S5 and S6,
respectively. The combined standard uncertainty considers
uncertainties within the peak centroid, arrival time vs P/V
slope, pressure measurements (Baratron manufacturer-re-
ported accuracy is 0.25% of the measured value), and
measured temperature (thermocouple manufacturer-reported
accuracy is ∼0.75% of the measured value). Uncertainties are
reported in the final database alongside each CCS and K0
value. In all, the combined standard uncertainties for K0 and
drift cell primary CCS values (DT,1ryCCS) reported within this
database are estimated to be <2% and <1.7%, respectively. The
average effective density of all proteins (across both drift gases
and all solution conditions) included within this database was
calculated to be 0.60 ± 0.08 g cm−3, which is well below the
solvent-excluded regions of proteins (>1.2 g cm−3), confirming
that proteins selected for this database retain their native-like
structure rather than collapsing in the gas phase.44
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In all, a large database of K0 and DT,1ryCCS values was
collected utilizing native-like proteins and protein complexes,
providing calibrants for ion mobility experiments that include
19 protein species, three different solution conditions, and two
drift gases. A summary of all collected DT,1ryCCSHe values is
shown in Figure 1 below, and the corresponding CCS, K0

values, and uncertainties in both helium and nitrogen are listed
in Tables S7 and S8. We note greater charge reduction for
larger m/z values shown in Figure 1.
Comparison with Prior Results. Previously published

CCS datasets for proteins and protein complexes assumed drift
gas temperature equal to an average ambient laboratory
temperature of 293 K.35 While it was not expected that the
assumption of temperature would create a significant error
(previous estimates of error caused by temperature assump-
tions were ≈0.5%),35 a difference between laboratories of 5 K
can propagate to cause CCS errors of >1%. This, along with
the lack of reported reduced mobility values, provided
motivation to re-collect most of the CCS values stated in the
literature to incorporate experimentally measured temperature
and to provide corresponding uncertainty values for K0 and
CCS values. Comparison of literature CCS values from
multiple publications with those determined from this work
in both nitrogen (Figure 2A) and helium (Figure 2B) drift
gases in AmAc solution conditions showed good agreement.
Temperature is likely the greatest contributing factor any
differences observed. Such agreement gives confidence in the
measurements reported here for alternative solution con-
ditions.
Solution and Gas-Phase Factors Affecting Protein

Conformation and CCS. After establishing the database of
DT,1ryCCS values for three different solution conditions, it was
apparent that the CCS values were not always identical
between charge states that overlap between solution
conditions. While 83% of the charge states that overlapped
between AmAc and EDDA or between EDDA and TEAA
provided ≤2% difference in CCS from one another (including
both helium and nitrogen drift gas values), there was a general

trend of CCS(EDDA) > CCS(AmAc) for those that differed
by >2%. This discrepancy may be due to a combination of
both solution and gas-phase effects.
First, differences in ionic strength and pH between different

solution conditions may alter the protein conformation, which
translates onto the determined CCS. Database CCS(AmAc)
values utilized an electrolyte solution with 200 mM total ionic
strength and a pH of 6.8. Database CCS(EDDA) values
utilized an electrolyte solution with 600 mM total ionic
strength and a pH of 6.2. To investigate these possible solution
condition effects, we selected a set of four protein complexes
that showed larger (>2%) differences in overlapping charge
state CCS values when using EDDA and AmAc solution
conditions: bovine serum albumin (BSA), avidin (AV),
phosphorylase B (PHB), and transthyretin (TTR). We
prepared each protein under two different solution conditions.
First, to test for CCS(EDDA) differences in ionic strength
while keeping pH consistent with the database, we prepared
proteins in 66.7 mM EDDA solution (total ionic strength of
200 mM) at a pH of 6.2. Second, to test for CCS(EDDA)
differences in pH while keeping ionic strength consistent with
the database, we prepared proteins in 200 mM EDDA solution
with an ethylenediamine-adjusted pH of 6.8 while ensuring a

Figure 1. Summary of DT,1ryCCSHe values collected for this database.
The values collected here encompass a wide range of protein size and
charge. This database provides CCS values ranging from 930 to 20
540 Å2 corresponding to reduced-mobility values ranging from 0.38 to
2.7 cm2/V s across both drift gases. Error bars are included but
typically fit within the data point size.

Figure 2. Comparison of CCS values from “normal-charge”
ammonium acetate experiments in this work with numerous literature
values using comparable solution conditions (refs 6, 35, and 36)
(from Waters Synapt equipped with a linear field drift cell, and
Agilent 6560 DTIMS platforms) in (A) nitrogen drift gas and (B)
helium drift gas. The colored linear fit line in each plot represents
perfect agreement between the data sets, and data points fit to these
lines have high R2 values in each case. Error bars on CCS values from
this work are shown but typically remain within the data point size.
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final total ionic strength of 600 mM. This allowed us to test
one variable at a time to determine if either ionic strength or
pH were responsible for the increased CCS(EDDA) values
when using the database EDDA conditions of 200 mM (600
mM ionic strength) and pH 6.2. The results of these
experiments are summarized in Figure 3, parts A and B,
along with Figure S2. Overall, the effect of adjusting the ionic
strength or pH of EDDA to match that of AmAc depended on
the protein. For example, TTR and PHB DTCCS values more
closely aligned with those of AmAc values for the overlapping
charge states when either the ionic strength or the pH of the
EDDA solution was adjusted to match that of AmAc, resulting
in DTCCS values <0.65% different from the AmAc values. This
is within the standard deviation of the DT,1ryCCS obtained
within this database.
Second, the efficiency of ion desolvation (dependent on

solution conditions) may induce changes in the volume and/or
mass of detected species, in turn affecting the observed CCS.
The latter effect was readily observed when generating ions
from EDDA: peaks in the mass spectra were often substantially
broader and shifted to higher m/z due to the presence of
adducts. The extent of adduction can be readily observed in
the experimental masses of each protein under varying solution
conditions, displayed in Table S9. For the proteins where the
ionic strength or pH did not have as much impact, such as in
the case of BSA, the differences in CCS between AmAc and
EDDA solution conditions are likely due to these salt adducts
that remain bound when analyzing these proteins. To
interrogate this further, a Gaussian peak function was fitted

to the selected mass spectral peaks. Taking an average of the
individual charge states between triplicate measurements of
BSA, AV, TTR, and PHB, the full width at half-maximum
(fwhm) of the EDDA peaks was 1.6 ± 0.4 times the fwhm of
their AmAc counterparts. Importantly, the use of EDDA (200
mM, 600 mM ionic strength, pH 6.2) resulted in an average of
807 ± 173 Da increase in mass with these proteins, indicating
more salt adducts on some proteins when using EDDA
solution conditions. Figure S3 illustrates this with the bovine
serum albumin 14+ peak. All DT,1ryCCS database calculations
incorporated the experimentally observed mass of each protein
(Table S9). While the molecular weight contributes only a
small portion within the Mason−Schamp equation to
determine CCS, the increase in mass from EDDA adducts
likely contribute to the overall volume and, consequently, CCS
of the protein. For all overlapping charge states, the change in
experimentally observed molecular weight was plotted against
the change in CCS and shows a positive trend between extent
of adduction and observed CCS (Figure S4). Generally, the
smaller proteins within the database do not accumulate as
many adducts and consequently do not demonstrate these
changes in CCS between solution conditions. The exper-
imentally observed masses for each protein often correlate with
differences observed in CCS (e.g., more adduction results in
higher experimental mass and CCS) of overlapping charge
states, though it is likely that adduction, pH, and ionic strength
all contribute.
Ion desolvation can be enhanced at the potential cost of

structural changes. For example, increasing the cone voltage

Figure 3. (A and B) Impact of ionic strength and pH on CCS values for overlapping charge states using AmAc and EDDA solutions. Database
CCS(AmAc) are displayed in black (200 mM ionic strength, pH 6.8), database CCS(EDDA) are in red (200 mM EDDA, 600 mM ionic strength,
pH 6.2), and CCS(EDDA) adjusted for (A) ionic strength (66.7 mM EDDA, 200 mM ionic strength) or (B) pH (6.8) are in blue. Neither ionic
strength nor pH had strong effects on the CCS of BSA; adjusting ionic strength shifted CCS(EDDA) from an average 4.3% difference with
CCS(AmAc) to 3.3%, and adjusting pH shifted CCS(EDDA) to an average 2.7% difference with CCS(AmAc). (C−F) Impact of source activation
in removal of adducts in the gas phase. Panels C and E illustrate the mass spectrum and ATD (14+) of BSA (200 mM EDDA, 600 mM ionic
strength, pH 6.2) with “cool” source voltages (sampling cone 20 V, extraction cone 1 V). Panels D and F illustrate the mass spectrum and ATD
(14+) of the same BSA solution with increased source activation to remove EDDA adducts (sampling cone 120 V, extraction cone 5 V). Increasing
source activation removes more adducts but results in restructuring, as evidenced by the increased width in the corresponding ATD. The shoulder
observed in panel F is likely an additional structure, which is further evidence of restructuring upon cone activation. A more complete series of
source activation voltages is displayed in Figure S5.
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resulted in reduction of the amount of EDDA bound to BSA
(Figure 3, parts C and D) but also caused a degree of protein
unfolding, as evidenced by the change in arrival time
distribution centroids and widths shown in Figure 3, parts E
and F, with more data points illustrated in Figure S5. These
experiments illustrate the importance of following sample
preparation procedures carefully when utilizing CCS calibrant
databases as differences in the resulting calibrant structure may
arise from differences in sample preparation. Additionally,
keeping instrument conditions cool to retain native-like
structures is also an important aspect of accurately calibrating
for CCS values. The latter may be at a cost of reduced
sensitivity and mass spectral quality. In all, if the standard
proteins are prepared in the same manner and instrument
conditions are tuned to minimize activation of the proteins
throughout IM analysis, the structures produced in the gas
phase should match those produced within this database for
correlation with the listed CCS values. In order for users of this
database to best reproduce the CCS of included calibrants, the
experimentally observed mass for each charge state is provided
in Table S9 and representative mass spectra for each protein
are provided in the Supporting Information.
Importance in Matching K0 when Calibrating IM: Two

Case Studies. An ion’s mobility is related to its charge and
CCS, with CCS and molecular weight broadly correlated with
one another.45−47 While it is clear that, at a given molecular
weight, a variety of structures may be possible as represented
by differing CCS, there is a gross trend between weight and
CCS for globular proteins.48 Because of this, it is common
practice to select CCS calibrants based on their molecular
weight and CCS values because this will typically provide
calibrants with mobility values similar to that of the
measurand.49 However, different numbers of charged residues
(on the same protein) can result in a very different mobility.
When working with analytes using charge-reducing additives or
those that have a lower charge per surface area than normal-
charge soluble protein calibrants, selecting these calibrants
using molecular weight and CCS criterion alone results in a
mobility mismatch. This mismatch results in the need for
extrapolation during calibration, which can cause significant
errors.49 Previous work has demonstrated that a mismatch of
both molecular class and charge state result in greater errors
upon CCS calibration than when one or both of these features
are appropriately matched to the analyte of interest.50 While
work is underway to understand TWIM on a more
fundamental level, leading to the opportunity to obtain CCS
measurements with fewer calibrants51,52 or without calibrating,
more work is required to develop and further test these results
with high-mass, native-like protein ions. Differences in mobility
due to charge and molecular weight are illustrated in Figure S6,
which demonstrates the effect of different charge states
(generated from different solution conditions) when analyzing
the same proteins by IM. The differences in measured mobility
between solution conditions are more pronounced at higher
molecular weights.
Calibrating for Membrane Protein Ions Generated from

Charge-Reducing Detergents and Alternative Charge-
Reducing Reagents. The mobilities of three standard
membrane proteins in C8E4 (charge-reducing) from Allison
et al. are also included in Figure S6 alongside these curves and
show mobility values most similar to the TEAA calibrants from
this database. In this 2016 study, these membrane proteins
were calibrated using soluble protein data, and results showed

that larger calibrants were required to avoid long-range
extrapolations that result from this mismatch in mobility.3

Utilizing larger soluble protein calibrants was effective because
they have lower mobilities and therefore bracket the mobility
of the membrane proteins better than their lower-mass soluble
protein counterparts.3 While this result illustrates an alternative
solution using existing normal-charge database values, it is clear
from previous work that it is important to select native-like
protein calibrants as similar to the analyte as possible (i.e.,
shape, mass, and charge).12,49,50 Thus, IM analysis of
membrane proteins with lower mobilities, using both charge-
reducing and normal-charge detergents, could benefit from this
charge-reduced calibrant database. In addition, numerous
other reagents or methods can be utilized to charge-reduce
proteins (both membrane and soluble) such as imidazole and
its derivatives or acetonitrile vapors.29,29,53 The charge-reduced
calibrants generated within this database represent a 14−31%
decrease in average charge from their normal-charged AmAc
counterparts. If the charge is reduced by a greater percentage
using other methods, then a similar procedure to that used by
Allison et al. may be required for appropriate mobility
matching. In the cases where the properties of a protein are
unknown, it may be challenging to select appropriate
calibrants. Then, molecular weight and charge, which can be
obtained from a mass spectrum, should be utilized to select
appropriate calibrants. A summary of the average charge versus
molecular weight for all calibrants generated for this database is
shown in Figure 4 (for He drift gas) and Figure S7 (for N2 drift
gas).

Calibrating for Charge-Reduced Soluble Proteins. The
need to mobility-match calibrants to an unknown can also be
observed when calibrating a charge-reduced soluble protein
against existing normal-charge soluble protein calibrants.
Figure S8 demonstrates a TWIM calibration that emphasizes
the need for matching mobility between calibrants and the

Figure 4. Average charge vs molecular weight for all proteins and
protein complexes generated for this CCS database in He drift gas.
Star data points illustrate membrane proteins utilized in work from
Allison et al. as a comparison (ref 23). The mass spectrum of a protein
with unknown CCS or mobility can be used to compare with this
figure in selecting appropriate mobility-matched calibrants. Trend
lines are used to guide the eye.
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measurand for smaller “unknown” proteins. Calculations of the
CCS values from the TWIM calibrations were performed as
described previously.21 Utilizing calibrants under normal-
charge AmAc conditions to determine the CCS of either β-
lactoglobulin A or transthyretin charge-reduced with TEAA
results in significantly greater error than using calibrants under
the same charge-reducing conditions (i.e., mobility matching).
This same experiment was conducted with the slightly less
charge-reducing EDDA (Figure S9) and yielded similar, but
less pronounced, results. Exploring this further, additional
TWIM experiments were conducted for higher-mass “un-
knowns” while also investigating the ability to use either a
“narrow” (i.e., close window of mobility data points) or a
“wide” (i.e., spread out mobility data points) set of calibrants
(Figure 5). For these experiments, streptavidin (53 kDa),
concanavalin A (103 kDa), and C-reactive protein (115 kDa)
were treated as “unknowns”. These results demonstrate the
importance in mobility-matching to obtain an accurate CCS
calibration because the error is greatly reduced when using
appropriately matched calibrants. The effect of using a “wide”
versus “narrow” set of calibrant ions (Table S10) is relatively
minor as long as the mobility values are appropriately
bracketed. Combining the observations from previous work
and those from this study demonstrates the general importance
in matching charge along with molecular weight when selecting
appropriate CCS calibrants.

■ CONCLUSIONS

The use of charge-reducing solution additives is gaining
popularity in the field of native mass spectrometry because of
their propensity to minimize perturbation to the native-like
protein structure and the ability to resolve small differences in
mass through lower charge states. Ion mobility mass
spectrometry offers valuable information regarding the
architecture of proteins and protein complexes for use in

structural biology. Commercial ion mobility mass spectrom-
eters afford increased sensitivity and resolution but require
calibration in order to obtain TWCCS or TIMSCCS values. Using
the appropriate calibrants is critical to minimizing error in such
experiments. While traditional calibration procedures typically
utilize molecular weight and CCS to determine the most
appropriate calibrants, our results, along with previously
published work, show that charge and mobility are also
important factors. Utilizing calibrants that bracket molecular
weight but do not have comparable mobility values results in
greater error than using calibrants appropriate in both
molecular weight and charge (i.e., mobility). With the growing
use of charge-reducing reagents, in addition to increased
emphasis on membrane protein mass spectrometry which
often utilizes charge-reducing detergents, this new database
provides additional protein and protein complex calibrants and
charge states compared to already existing data sets. This
database provides DT,1ryCCS values in both He and N2 drift
gases across an extensive range of protein masses and
mobilities by using “normal-charge” ammonium acetate and
“reduced-charge” ethylenediamine diacetate and triethylam-
monium acetate solution conditions. This comprehensive
database focuses on providing calibrants that are widely
available and easy to prepare and analyze for a broad range of
users. Special care was taken to calculate and provide CCS and
K0 uncertainties and details regarding data acquisition and
processing as specified by the ion mobility community to
contribute to standardized reporting and increased trans-
parency in such database values. Increasing the range of
calibrant mobility values with which IM experiments can be
calibrated allows for determination of more accurate CCS
values if the appropriate care is taken to prepare calibrants in
the same manner and retain “cool” instrument conditions that
do not alter the native-like structure of these calibrants.

Figure 5. TWIM calibration of streptavidin (green), concanavalin A (blue), and C-reactive protein (red) using mobility-matched (closed data
points) or mobility-mismatched (open data points) calibrants. Each data point is the average of the respective protein charge states over triplicate
measurements. Calibrants were also selected to contain either a “narrow” or “wide” window of mass and mobility values as shown in Table S10. Use
of this database to calibrate lower-charge proteins via mobility-matching is more accurate when compared to traditional methods of calibrating with
“normal-charge” calibrants.
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