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ABSTRACT: Native mass spectrometry (MS) is used to elucidate
the stoichiometry of protein complexes and quantify binding
interactions by maintaining native-like, noncovalent interactions in
the gas phase. However, ionization forces proteins into specific
conformations, losing the solution-phase dynamics associated with
solvated protein structures. Comparison of gas-phase structures to
those in solution, or to other gas-phase ion populations, has many
biological implications. For one, analyzing the variety of
conformations that are maintained in the gas-phase can provide
insight into a protein’s solution-phase energy landscape. The gas-
phase conformations of proteins and complexes can be investigated using ion mobility (IM) spectrometry. Specifically, drift tube
(DT)-IM utilizes uniform electric fields to propel a population of gas-phase ions through a region containing a neutral gas. By
measuring the mobility (K) of gas-phase ions, users are able to calculate an average momentum transfer cross section (DTCCS),
which provides structural information on the ion. Conversely, in traveling-wave ion mobility spectrometry (TWIMS), TWCCS values
cannot be derived directly from an ion’s mobility but must be determined following calibration. Though the required calibration
adds uncertainty, it is common to report only an average and standard deviation of the calculated TWCCS, accounting for uncertainty
associated with replicate measurements, which is a fraction of the overall uncertainty. Herein, we calibrate a TWIMS instrument and
derive TWCCSN2 and

TWCCSN2→He values for four proteins: cytochrome c, ubiquitin, apo-myoglobin, and holo-myoglobin. We show
that compared to reporting only the standard deviation of TWCCS, propagating error through the calibration results in a significant
increase in the number of calculated TWCCS values that agree within experimental error with literature values (DTCCS).
Incorporating this additional uncertainty provides a more thorough assessment of a protein ion’s gas-phase conformations, enabling
the structures sampled by native IM-MS to be compared against other reported structures, both experimental and computational.

Native mass spectrometry (MS) has become a valuable
tool for structural biology, enabling the study of protein

complexes and binding interactions,1,2 DNA assemblies,3,4

intact viruses,5 lipid membranes,6 and transmembrane
proteins.7 These studies have been used to determine the
stoichiometry of protein complexes,8,9 describe the organ-
ization of subunits within complexes,10,11 and quantify binding
constants.12 Yet, each of these studies requires that some
degree of higher order structure be preserved in the gas phase
for the protein or complex. Thus, in native MS, proteins are
sprayed from buffers and aqueous solvents using soft ionization
techniques, such as nanoelectrospray (nanoESI), to maintain
noncovalent interactions. However, ionization results in
proteins losing their dynamic structures and adopting static
conformations. While a single gas-phase conformer is not
representative of the protein’s solution-phase energy landscape,
the ability to sample a variety of conformers can provide
insight into the dynamic structures that exist in solution.13,14

Therefore, to characterize the range of structures associated
with the observed gas-phase conformers, native MS is regularly
coupled to ion mobility spectrometry (IM).
IM allows for the determination of an ion’s gas-phase

mobility as it travels through a drift gas under an electric field.

Gas-phase ions rotate as they move through the drift cell and
interact with inert gas molecules, undergoing multiple
momentum transfers.15,16 These interactions include accel-
eration of the ion via the electric field and deceleration due to
opposing resistance, or friction, caused by collisions with the
inert buffer gas.16−18 Collisions with the buffer gas molecules
impede the analyte ion’s movement, directly affecting the time
it takes for the ion to move through the mobility cell. Larger,
extended ions interact with the buffer gas more than smaller,
condensed structures, resulting in larger ions spending more
time in the mobility cell. The momentum transfer that the ion
experiences can be averaged to give an average momentum
transfer cross section (CCS). This ion-neutral CCS provides
information on the size and shape of the ion. Thus, differences
in mobility, and by extension CCS, are partially correlated to
differences in structure.
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In drift tube (DT)-IM, an ion’s mobility (K) through a
homogeneous gas is determined by measuring its steady-state
velocity (vd), where td is the time that it takes the analyte to
travel the length (L) of the mobility cell. The acceleration and
deceleration of gas-phase ions have a direct effect on td and, by
extension, vd.

v
L
td
d

=
(1)

As the analyte travels through the mobility cell, colliding
with inert gas molecules, such as N2 or He, the ion is under the
influence of an electric field (E) that is determined by the
magnitude of the voltage (V) across the length of the cell (L).

E
V
L

=
(2)

Upon considering eqs 1 and 2, K can be written as a ratio
between the steady-state velocity of the analyte and the electric
field, as shown in eq 3.

K
v
E
d=

(3)

An ion’s K can then be used to derive a CCS (Ω) using the
low-field, ion mobility equation,17−19 also referred to as the
Mason−Schamp equation (eq 4).

k T
ze
NK

3
16

2

B

π
μ

Ω = ×
(4)

Here, μ is the reduced mass of the ion and buffer gas
molecules, kB is the Boltzmann constant, T is the absolute
temperature of the drift gas, z is the charge state of the ion, e is
the charge of an electron, and N is the drift gas number
density.
Equation 4 is an oversimplification of what occurs in an IM

experiment and incorporates several assumptions. Many of
these assumptions are associated with the effect of collisions
between the analyte and buffer gas, which can influence
temperature (T). Equation 4 assumes that the electric field (E)
is weak.19 Thus, it is assumed that the energy that the gas-
phase ions receive from the electric field is minimal compared
to the thermal energy transfer caused by collisions with the
buffer gas.17,19 This means that eq 4 fails to consider how the
rate of collisions increases as E increases.17,19,20 Another
assumption is that there are no three-body collisions21 between
the analyte and drift gas, which is unlikely with large analytes,
such as proteins. Thermal conductivity of the buffer gas is also
ignored. The thermal conductivity of the buffer gas determines
its ability to transfer energy22,23 to the analyte upon collision,
which can affect not only T but the three-dimensional
structure. Extensive heat transfer can cause unfolding or
fragmentation of the analyte.24−26 As an example, He has a
larger thermal conductivity than N2 and thus produces more
heat upon interactions with an analyte,27 affecting T. The
characteristics of the different drift gases are often overlooked
as well. Monatomic (e.g., He) and diatomic drift gases (e.g.,
N2) have differences in polarizability, which affect analyte
mobility due to changes in long-rage interactions.29−32

Equation 4 also assumes that the drift gas is not a mixture,
which affects μ.18 If the user chooses to utilize a mixed buffer
gas, K can be corrected by incorporating the mole fraction of
the gases.18,28 However, for some instruments, such as the
Waters Synapt G2-S, unintentional mixing occurs in which the

ratio of gases is not known, preventing K from being corrected.
While these assumptions are accepted to calculate CCS values
with the Mason−Schamp equation, they introduce uncertainty.
There are several opportunities for experimental uncertain-

ties to arise (Figure 1). First, for traditional DT-IM the exact

drift cell length must be known, so any uncertainty in the
measured length adds uncertainty to K and the calculated CCS
values.33−36 The electric field strength and homogeneity18 are
other critical sources of uncertainty. Equation 4 becomes less
accurate as field strength increases. For eq 4, it is assumed that
the electric field is weak and has little effect on T compared to
the thermal energy experienced by the ions due to collisions
with the buffer gas.19,20 Additionally, increasing E causes the
rate of collisions to increase, causing more thermal energy and
thus changing T, which would have a compounding effect on
the accuracy of K. Therefore, deviations in E affect the
accuracy of T and alter the measured K (eq 3), which affects
the calculated ion-neutral CCS (eq 4). While it has been
estimated that the error caused by uncorrected field strengths
is below 10%,19 this decrease in accuracy prevents comparison
of DTCCS values determined by different research groups and
across different platforms. These factors affect the mobility of
each ion within the population and increase the uncertainty
associated with both the measured mobility and the calculated
DTCCS values.
Furthermore, there are sources of uncertainty that affect all

IM experiments. Temperature of the drift gas is an important
factor for IM experiments as K or CCS are inversely
proportional to T. While most instruments allow users to
input a value to control T, T is rarely measured in the IM cell.
Additionally, as the gas-phase ions collide with the inert buffer
gas they experience frictional forces, generating heat, which
alters the experimental T. Drift gas pressure37,38 and power
supply voltages33,34 are extremely important as changes in IM
pressure affect frictional drag experienced by the gas-phase
ions, and fluctuations in the voltage affect that ion’s ability to
be propelled through the IM cell. While most instruments
allow users to input values for the power supply and gas
pressure, fluctuations can occur that affect the measured K
value. Ion injection pulse width into the IM cell affects the
homogeneity of the ion population and, by extension, broadens
the mobility distribution of the ions.18,39,40 This in turn limits
resolving power (Rp), which is a quantification of ion
separation defined as

Figure 1. Venn diagram illustrating sources of uncertainty for DT-IM
(red) and TWIMS (blue) instruments.
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R
t
wp
A=

(5)

where tA is the ion’s arrival time and w is the temporal peak
width-at-half-maximum. Since mobility peak broadening can
also be a sign of inadequate two-peak resolution, control of ion
population homogeneity, and by extension resolving power,
limits the uncertainty associated with the measured arrival
times.33,40 Lastly, protein ion clustering, which has been
observed at reduced electric field strengths,41 is often ignored.
Due to these sources of potential error, the IM community
recently published guidelines emphasizing the need to report
propagated errors for both mobility and DTCCS values
measured by DT-IM.18

Traveling-wave ion mobility spectrometers (TWIMS) use
nonuniform electric fields to propel ions through the drift cell,
which allows users to change parameters, such as wave height
and velocity, to optimize ion separation. By doing this,
instruments that use traveling-wave (TWAVE) technology are
not limited by drift cell length. However, TWIMS requires
calibration to determine CCS values (TWCCS) for proteins and
protein complexes because the electric field is not con-
stant.42−45 In DT-IM, td is directly related to the opposing
forces that cause ion acceleration in the potential field and
deceleration due to collisions with the buffer gas. However, for
TWIMS, td is affected by the traveling wave parameters, and
because the potential field is not constant, K cannot be
measured directly.18 Therefore, current methods calibrate
arrival times of denatured or native-like proteins measured in
TWIMS against literature DTCCS values. During calibration,
uncertainty is introduced to the measurement from calibration
and uncertainties in the reported DTCCS values for protein
standards. These uncertainties are in addition to the random
error associated with replicate measurements. Together, these
uncertainties are expected to be between ±5% to 8% of the
calculated TWCCS.43 However, in the current literature, it is
common to report an average TWCCS with only the associated
standard deviation46−48 or partial error propagation,49

accounting for a small portion of the experimental error.
Figure 1 shows sources of uncertainty for both DT-IM and
TWIMS.
Herein, we define partial error propagation as the sum of the

squares of the standard deviation of replicate CCS measure-
ments, the error associated with the calibration curve, and the
uncertainty of the calibrant CCS values. Though this method
has been used to report uncertainty with TWIMS calibra-
tions,50 it fails to consider how the uncertainty propagates
through the multiple equations used to calculate the final
TWCCS. When a value, which has an uncertainty associated
with it, is used to calculate another value, the initial uncertainty
can increase significantly, depending on the applied mathe-
matical function. The partial propagation method fails to
consider how the uncertainty compounds with each
mathematical calculation. Because of this, we hypothesize
that the method of partial error propagation underestimates
the uncertainty of the final TWCCS value.
We hypothesize that limiting reported uncertainty to the

standard deviation or partial error propagation inaccurately
describes the measurement precision. Because native MS and
IM are regularly used for structural biology analyses across
different platforms and often compared to computationally
determined CCS values,51−53 it is necessary to include the
uncertainty associated with these measurements to allow for

robust, thorough comparison. Furthermore, for proteins and
complexes with unknown structures, reporting these un-
certainties will enable comparison to structures that may be
reported in the future. Here, we detail how to propagate error
associated with a commonly used TWIMS calibration method.
Further, we show that error propagation increases agreement,
within experimental error, between the measured TWCCS
values and literature DTCCS values for four folded proteins.

■ EXPERIMENTAL SECTION
Materials. Lyophilized myoglobin from equine skeletal

muscle (95−100% purity), ubiquitin from bovine erythrocytes
(≥98% purity), and cytochrome c from equine heart (≥95%
purity) were from Sigma-Aldrich (St. Louis, MO). Methanol
was from Thermo Fisher (Thermo Fisher Scientific Inc.,
Waltham, MA). All other materials were from VWR Interna-
tional (Radnor, PA). Nanopure water was acquired from a
Purelab Flex 3 purification system (Elga, Veolia Environment
S.A., Paris, France).

Sample Preparation. For native-like samples, lyophilized
proteins were dissolved in 200 mM ammonium acetate, pH ∼
7.0, and desalted using micro Bio-spin P-6 gel columns (Bio-
Rad Laboratories, Mississauga, ON). The final concentration
of each protein was 10 μM. After preparation, native-like
samples were kept on ice when not in use. For denatured
samples, lyophilized proteins were dissolved in nanopure water
and diluted to final protein concentrations of 10 μM in 50:48:2
(v/v/v) methanol/water/formic acid. All samples were
prepared fresh daily.

MS Analysis. Samples were loaded into pulled capillaries
before being introduced to the instrument. Glass capillaries
(Sutter Instrument Company, Novato, CA) were pulled to an
inner diameter of ∼10 μm using a P-1000 micropipette puller
(Sutter Instrument Company). The inner diameter of the tips
was measured using a Hitachi TSM3030 Plus tabletop
scanning electron microscope (Hitachi High-Tech, Tokyo,
Japan). The tips were mounted to a tip holder and aligned to
the source using an XYZ stage. A platinum wire was inserted
into the liquid to apply potential for electrospray. The
platinum wire was cleaned with methanol followed by
nanopure water between each replicate as well as between
protein samples.
A Waters Synapt G2-S High Definition MS (Waters

Corporation, Millford, MA) with N2 gas (>99.999%) in the
IM cell, He gas (>99.999%) in the helium cell, and Ar gas
(>99.999%) in the trap and transfer cells, was used. In the G2-
S, He from the helium cell can leak into the IM cell, resulting
in an unintended mixture of drift gases (Figure 1). This adds
uncertainty to CCS calibrations (see below, eq 10), which
assumes the use of a homogeneous drift gas.
Voltage was applied to the tip holder starting at 0.20 kV and

increased by 0.20 kV until a Taylor cone was formed and signal
was stable. The operating potential was dependent on the
spray solvent and ranged from 1.10 kV to 1.60 kV for native-
like samples (folded ubiquitin, cytochrome c, holo-myoglobin,
and apo-myoglobin) and 0.80−1.40 kV for denatured
calibrants (ubiquitin, cytochrome c, and apo-myoglobin). IM
wave velocity and height were 250 m/s and 20 V, respectively.
Transfer wave velocity and height were 200 m/s and 8 V,
respectively. Additional MS and IM parameters can be found
in Table S1. Mass spectra were generated by signal averaging
over a 10- to 20 min acquisition. Arrival times were analyzed
using MassLynx Version 4.2 (Waters Corp.).
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The sampling frequency of the instrument is another source
of error that should be considered (Figure 1). While an
analyte’s arrival time is the time it takes for it to traverse the
IM cell, the analyte must also travel through a transfer cell and
through the mass analyzer before detection. Therefore, the
time resolution of IM experiments is limited by the TOF-MS
sampling frequency. Our instrument uses a TOF analyzer and
has a time resolution that corresponds to 1

TOF MS freq‐
. For a

TOF-MS frequency of 10 kHz, this corresponds to
uncertainties of 2% and 1% for arrival times of 5 ms and 10
ms, respectively.
Calibration using Denatured Calibrants. Calibration

followed the protocol by Ruotolo et al.,43 herein referred to as
the Robinson method. Using a TWIMS instrument with N2
buffer gas, we measured and extracted the arrival times for
numerous charge states of denatured calibrants in six replicate
trials (tA,1 through tA,6) (see Table S2). Denatured calibrants
were chosen for these experiments due to their extensive
characterization and wide range of reported CCS values
(1525−3815 Å2).54,55 We used two sets of reported DTCCS
values for our calibration curves: one measured in N2

56 (see
Table S3) and the other measured in He55−57 (see Table S4).
We made a third calibration curve using native-like calibrants
whose DTCCS values were reported in He56 (see Table S5).
We did not observe significant differences between the
TWCCSN2→He values calculated from the calibration curves
using either denatured or native-like calibrants (see Figures S1
and S2 and Table S6).
To calibrate, we determined a corrected arrival time (tA′) for

each charge state of all calibrants, where C is the instrument-
dependent enhanced duty cycle (EDC) delay coefficient and
m/z is the mass-to-charge ratio for the calibrant at a particular
charge state.43

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ
t t

C

1000

m
z

A A′ = −
(6)

We then calculated corrected CCS values (Ω′)43 based on
either the DTCCSN2

56 or DTCCSHe
55−57 values reported in

literature (Ω), the protein charge state (z), and the reduced
mass of the protein and IM drift gas (μ).

z 1
Ω′ = Ω

μ (7)

Next, we generated a plot of lntA′ against lnΩ′ and fit the plot
to a linear relationship where X is the slope and lnA is the y-
intercept (see Figures S1 and S2).

X t Aln ln lnAΩ′ = ′ + (8)

Calculation of TWCCS for Native-like Proteins. We
determined CCS values (TWCCSN2 and

TWCCSN2→He) for a set
of folded, native-like proteins and propagated the associated
uncertainty using the linear-calibration method described
above.43 We measured and extracted the arrival times for
numerous charge states of our folded, native-like proteins in six
replicate trials (tA,1 through tA,6) (see Figures S3 and S4 and
Table S7). We determined the arrival time (tA), then used eqs
6 and 8 to calculate tA′ and lnΩ′, respectively.
To calculate TWCCS for folded, native-like proteins, the

Robinson method uses eq 9, which contains a power law

relationship, where A and X are determined from the
calibration curve.

At z
1

A
x

μ
Ω = ′

(9)

For the purpose of error propagation (see below), we
rearranged eq 9 and utilized the identity defined in eq 8,
resulting in eq 10.

zexp(ln )
1
μ

Ω = Ω′
(10)

We then compared measured TWCCS values for the folded
proteins to literature values (DTCCSN2 and

DTCCSHe).
55−57

Uncertainty Calculations for Native-like Proteins. To
calculate the standard deviation of replicate TWCCS values for
the folded proteins, the arrival times from our six replicates
(tA,1 through tA,6) were used to calculate six TWCCS values
(TWCCS1 through

TWCCS6) using eqs 6−10. An average CCS
and standard deviation were then determined, TW(CCSavg ±
CCSstd).
In comparison, to propagate error through the calibration,

we calculated an average, observed arrival time and standard
deviation (tA,avg ± tA,std) from the six replicate trials of native-
like proteins. Using tA,avg, we calculated TWCCS using eqs
6−10. Then we propagated the error through each step of the
calibration to determine the uncertainty, TW(CCS ±
CCSuncert).
We determined the uncertainty associated with the arrival

time correction (etA′). For subtraction of a constant (see eq 6),
the constant is omitted during error propagation;58 thus, the
absolute error for tA′ is the same as tA,std.

e t( )t A,std
2

A
=′ (11)

We determined the error of the natural log function (elntÁ) by

dividing etÁ by tA′ .58

e
e

tt
t

ln
A

A

A=
′′
′

(12)

To propagate the error associated with our calibration curve,
we used the LINEST function in Excel to determine the error
associated with the slope (ex) and y-intercept (elnA). The
LINEST function is based on the method of least-squares,
which assumes that there is no error associated with the x
values. Therefore, we used all replicate arrival times to generate
the calibration curves.
We then propagated the error for XlntA′ (eXlntÁ).

i
k
jjj

y
{
zzz

i
k
jjjjj

y
{
zzzzz

e

X t
e
x

e

tln ln
X t

A

x tln
2

ln

A

2
A A

′
= +

′
′ ′

(13)

Based on eq 8, we found the error for lnΩ′ (elnΩ′,a) using eq
14.

e e ea X t Aln , ln
2

ln
2

A
= +Ω′ ′ (14)

Two denatured calibrant proteins, ubiquitin57 and cyto-
chrome c,59 have reported DTCCSHe uncertainties of
approximately 1% for multiple charge states. Therefore, past
work has made the assumption that other protein calibrants
have DTCCS values with a 1% uncertainty.43,50 We assumed a
1% uncertainty for the DTCCSHe values for all denatured and
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native-like calibrant proteins at all charge states. The denatured
calibrants measured in N2 had reported standard deviations for
each charge state for all the proteins analyzed here. These
uncertainties (Ωstdev) in calibrant DTCCS add uncertainty to
the lnΩ′ values used to generate the calibration curve. To
account for these uncertainties, we first determined the error
for Ω′ for each calibrant charge state (eΩ′,calibn)) by dividing the

reported uncertainty, (Ωstdev) by the product of z and ( )1
0.5

μ

(see eq 7).

( )
e

z
n,calib

stdev

1
0.5=

Ω

μ

Ω′

(15)

We determined the error associated with the natural log
function (elnΩ′,calibn) for each calibrant by dividing eΩ′,calibn by
Ω′.

n
e

e

,calibn
n

ln ,calib
,calib=

Ω′Ω′
Ω′

(16)

We averaged the elnΩ′,calibn values.

n
e

e n
ln ,calib

ln ,calib=
∑

Ω′
Ω′

(17)

The LINEST function in Excel calculates the root-mean-
square error of the calibration curve (calrmse) using eq 18,
where (y − (b − mxi))

2 describes the residuals, or the vertical
deviation of each point from the strait line, and n is the number
of data points.

y b mx
n

cal
( ( )

2
i

rmse

2

=
∑ − −

− (18)

Then, we combined elnΩ′,calib, calrsme, and elnΩ′,a from the
calibration curve (eq 14).

e ee ( ) (cal ) ( )aln ln ,calib
2

rmse
2

ln ,
2= + +Ω′ Ω′ Ω′ (19)

Finally, we derived eq 10 to prevent propagating error
through a power function where the power has error associated
with it. To determine the uncertainty of TWCCS (TWCCSuncert),
the value of Ω (eq 10) was multiplied by the error of lnΩ′.

i
k
jjjj

y
{
zzzze zCCS (exp(ln ))

1
uncert ln

0.5

μ
= Ω′Ω′

(20)

For the partial error propagation calculations (CCSpart), we
followed eq 21, where CCSstd is the standard deviation of the
calculated CCS values, calrsme is the root-mean-square error of
the calibration curve, and eΩ′,calib is the uncertainty of the
calibrant DTCCS values (assumed to be 1%).

eCCS CCS calpart std
2

rsme
2

,calib
2= + + Ω′ (21)

Replicates and Statistics. Six replicates were taken
throughout the day on four different days for both the
denatured calibrants and folded proteins. On each day we
performed separate calibrations and TWCCS calculations to
examine the intermediate measurement precision.
In general, F-tests and t tests, at the 95% confidence interval,

were used to compare TWCCS to the McLean data.
Alternatively, 95% confidence intervals were calculated from
the TWCCS values to compare to the Clemmer data. However,

for the 7+ ion population of cytochrome c, the calculated
TWCCSstd values were zero. Therefore, we calculated 95%
confidence intervals from the McLean data and compared the
confidence interval to calculated TWCCSavg values. There were
three McLean DTCCSHe values with reported standard
deviations of zero. For these values, we compared 95%
confidence intervals calculated from the TWCCSavg values to
the DTCCSHe values reported by the McLean group.
Lastly, we plotted Venn diagrams of our data using a

program developed by the Pacific Northwest National
Laboratory.60

■ RESULTS AND DISCUSSION
TWCCS Values Are Similar, Independent of Calcu-

lation Method. We compared TW(CCSavg)N2 and TWCCSN2
values calculated using either individual arrival times or an

average arrival time, respectively (Table 1). The calculated
TWCCSN2 values were the same for all charge states of ubiquitin
using both calculation methods. Additionally, for most charge
states of cytochrome c, the TWCCSN2 values were the same for
both calculation methods. For one of the ion populations
associated with the 7+ charge state of cytochrome c, similar
TWCCSN2 values were measured (2310 Å2 versus 2300 Å2), but
they differed due to the uncertainty and thus the number of
significant figures that were reported. We observed this trend
for two additional proteins (see Table S8).
We also compared TW(CCSavg)N2→He and TWCCSN2→He

following calibration using DTCCSHe (Table 2). For most of
our samples, the TWCCSN2→He values were the same for both
calculation methods. This can be seen for the ion populations
of cytochrome c at the 5+, 6+, and for one set of the 7+ and 8+
charge states (1700 and 1750 Å2, respectively). This was also
observed for all charge states of ubiquitin. For the remaining
conformers of cytochrome c (7+ and 8+ charge states), the
TW(CCSavg)N2→He and

TWCCSN2→He values are similar, though
the magnitude of the uncertainty alters the significant figures
that we report in Table 2. This trend was also observed for two
additional proteins (see Tables S9 and S10).
Similar TWCCS values result when either individual arrival

times or an average arrival time are used for calculation of

Table 1. Comparison of Measured TWCCSN2 and Literature
DTCCSN2 Values

z
TW(CCSavg ±
CCSstd)N2 (Å

2)
TW(CCS ±

CCSuncert)N2 (Å
2)

McLean DT(CCS ±
CCSstd)N2 (Å

2)b

Cytochrome c
5+ 1400 ± 20 1400 ± 60 1400 ± 10
6+ 1600 ± 20* 1600 ± 70* 1480 ± 10
7+ 2010 ± 20* 2010 ± 90* 2120 ± 20
7+ 2310 ± 30 2300 ± 110 −a

8+ 2120 ± 10 2120 ± 90 2110 ± 30
8+ 2400 ± 20* 2400 ± 110 2440 ± 20

Ubiquitin
5+ 1300 ± 10* 1300 ± 60* 1220 ± 20
6+ 1680 ± 10* 1680 ± 70 1630 ± 10
7+ 1830 ± 0* 1830 ± 80 1870 ± 10

aDashes represent the absence of literature values for the specified
protein charge state. *Indicates values that are statistically different
than McLean literature values at the 95% confidence interval. bSee
May et al.56
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TWCCS. This is expected since the same data and equations
were used for both analyses. Similar results were seen on all
days of analysis (see Tables S11 and S12).

DTCCS Literature Values Vary Based on Drift Gas and
Instrumentation. Before we compared our calculated
TWCCS values to literature values, we first compared literature
DTCCS values to each other. We used two databases for
comparison: the Clemmer database55,57 and the McLean
compendium.56 The values reported by the Clemmer group
utilized a drift tube containing He while the values in the
McLean compendium were determined using drift tubes
containing either He or N2 as the drift gas.56 Table 1 shows
DTCCSN2 values from the McLean group while Table 2 shows
DTCCSHe values from both groups. Additional DTCCSN2 and
DTCCSHe values can be found in Tables S8−S10.
The contrast in DTCCSHe and DTCCSN2 values can be

attributed to differences of analyte mobility in the different
drift gases. Interactions between an analyte and He are
comparable to collisions with a hard sphere, while long-range
interactions between the same analyte and N2 are more readily
achieved due to the polarizability of N2.

16,61 To put it simply,
when interacting with the hard-sphere-like He, the analyte will
either hit or miss the drift gas. Conversely, the same analyte
will experience long-range interactions when interacting with
N2.

61 These long-range interactions contribute to the larger
observed K, and by extension CCS, values measured in
N2.

56,62−64 In addition, as an analyte’s charge increases, the
analyte may take an extended form to minimize Coulombic
repulsion. It has been shown that when using a polarizable gas,
such as N2, the magnitude of the CCS scales with the analyte
charge state due to this change in size.32 Peptides, which have
lower charge states, tend to have CCS values that can be
correlated across different drift gases. However, proteins, which
have higher charge states, and thus different extended forms,
interact with each drift gas differently, resulting in a more
diverse range of reported CCS values.32,65 Therefore, it is
uncommon to compare DTCCSHe and DTCCSN2 values for
proteins.
Additionally, the ion population that is measured during IM

may be affected by processes that unfold the protein or alter its
structure before or during IM. It has been suggested that
protein DTCCS values determined using a drift tube containing
He reflect some degree of unfolding associated with collisional
heating of the protein ions due to the higher pressure required
for operation.56 This results in fewer conformations and fewer

DTCCSHe values compared to the number of conformations
measured when using N2 as a drift gas.

32,56

Looking at Table 2, we see differences in the two sets of
literature DTCCSHe values. The percent difference was
calculated using eq 22, where CCSHe,Clemmer represents
DTCCSHe values determined by the Clemmer group and
CCSHe,McLean represents DTCCSHe values determined by the
McLean group.

i
k
jjjjj

y
{
zzzzz%diff 100

CCS CCS

(CCS )/2
He,Clemmer He,McLean

He
= ×

| − |
∑ (22)

Smaller percent differences illustrate more consistent values.
We see a wide range of percent difference between the two
literature sets, with the lowest being 0.501% (indicating highly
consistent DTCCSHe values) and the highest being 10.7%
(indicating different DTCCSHe values).
These differences are likely due to (1) several of the

assumptions discussed in the introduction and (2) the different
platforms that were used. An ion’s gas-phase structure can
change due to differences in sample preparation and source
conditions.18 Thus, when comparing CCS values determined
using different platforms, different gas-phase ion conformations
may result. Additionally, differences in the temperature and
pressures within the drift cells could affect the reported
DTCCSHe values. As described above, the conformers present
during IM are dependent on ionization and ion heating.
Differences in the instruments may have resulted in different
levels of protein unfolding during ionization and as a result of
ion heating. Therefore, instrument and sample preparation
differences likely contribute to why the McLean and Clemmer
DTCCSHe values are statistically different for most protein
conformations.

TWCCSuncert Are Less Precise than TWCCSstd. We
compared the magnitude of the uncertainty for
TW(CCSstd)N2→He versus TW(CCSuncert)N2→He. Table 2 shows
that TW(CCSuncert)N2→He is consistently higher than
TW(CCSstd)N2→He for all charge states of each protein. The
calculated TWCCSN2→He and associated uncertainties for two
additional proteins are presented in Table S9. This trend can
also be seen for TW(CCSstd)N2 and

TW(CCSuncert)N2 (see Table
1 and Table S8). When calculating TW(CCSstd)N2→He, the
uncertainty mostly relates to the variability associated with
replicate measurements. For all four proteins, the average
relative standard deviation (RSD) was 1% of the calculated

Table 2. Comparison of Measured TWCCSN2→He and Literature DTCCSHe Values

z
TW(CCSavg ± CCSstd)N2→He

(Å2)
TW(CCS ± CCSuncert)N2→He

(Å2)
McLean DT(CCS ± CCSstd)He

(Å2)a
Clemmer DTCCSHe

(Å2)b,c
% difference (McLean vs

Clemmer)

Cytochrome c
5+ 1170 ± 20* # 1170 ± 60* 1100 ± 10 1196 8.27
6+ 1320 ± 10* # 1320 ± 60* # 1400 ± 10 1393 0.501
7+ 1700 ± 20# 1700 ± 80# 1690 ± 30 1785 5.47
7+ 2030 ± 30* 2000 ± 100* 1830 ± 30 2007 9.23
8+ 1750 ± 10* # 1750 ± 80 1800 ± 20 1702 5.60
8+ 2050 ± 30 2100 ± 100 2050 ± 0 2061 0.536

Ubiquitin
5+ 1070 ± 10# 1070 ± 50 1050 ± 20 1027 2.21
6+ 1410 ± 10* # 1410 ± 70# 1370 ± 20 1525 10.7
7+ 1510 ± 0* # 1510 ± 70 1550 ± 10 1580 1.92

*Indicates values that are statistically different than McLean literature values at the 95% confidence interval. #Indicates values that are statistically
different than the Clemmer literature values at the 95% confidence interval. aSee May et al.56 bSee Valentine et al.57 cSee Shelimov et al.55
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TW(CCSavg)N2→He value. For comparison, we calculated
uncertainty based on partial error propagation (eq 21)50 and
concluded that the resulting uncertainty was less than 2% RSD
of the final TW(CCSavg)N2→He values. Both values are less than
the anticipated 5% to 8% error suggested by Ruotolo et al.43

following calibration. In comparison, when we calculate
TW(CCSuncert)N2→He, we include the uncertainties associated
with calibration and the calibrant standards. Our propagated
error values are consistently between 4% and 6% RSD of the
calculated TWCCSN2→He values, with the average RSD for all
four proteins being 5%.
Propagating Error Improves Agreement, within

Experimental Error, between Calculated TWCCS Values
and Literature DTCCS Values. In addition to calculated
TWCCSN2 values, Table 1 shows DTCCSN2 values from the
McLean group. When comparing the experimental values to
literature DTCCSN2 values, we see that there are several
instances where TW(CCSavg ± CCSstd)N2 are statistically
different from the literature values but TW(CCS ± CCSuncert)N2
are within the experimental error of the literature values. We
see this with the ion population of the 6+ charge state of
ubiquitin where the TW(CCSavg ± CCSstd)N2 value of (1680 ±
10) Å2 is statistically different from the literature DTCCSN2
value of (1630 ± 10) Å2, but the TW(CCS ± CCSuncert)N2 value
of (1680 ± 70) Å2 is within the experimental error of the
literature value. This can also be seen for ion populations
associated with the 7+ charge state of ubiquitin and one
conformer of the 8+ charge state of cytochrome c. We see a
similar trend for two other proteins (see Table S8). When
considering all four proteins, we see that 14% of the TW(CCSavg
± CCSstd)N2 values agree, within experimental error, to
McLean literature DTCCSN2 values. However, 50% of
TW(CCS ± CCSuncert)N2 values are within the error of the
McLean literature values.
Table 2 also shows literature values for two native-like

proteins measured using DT-IM in He. When comparing the
experimental TW(CCS ± CCSuncert)N2→He and literature
DTCCSHe values, two different observations were made. First,
for some of the data, the values reported by the Clemmer and
McLean groups generated a range that encompassed the
average, experimental TWCCSN2→He value. This was observed
for the ion population of the 5+ charge state of cytochrome c,
where the range of 1196 Å2 (Clemmer) to 1100 Å2 (McLean)
encompass the average, calculated TWCCSN2→He of 1170 Å2.
Second, some of the experimental TWCCSN2→He values were
similar to either the McLean or Clemmer literature values, but
not both. This is seen for one of the ion populations associated
with the 7+ charge state of cytochrome c, where the TWCCS
N2→He of (2000 ± 100) Å2 aligns with the DTCCSHe reported
by the Clemmer lab (2007 Å2) but was statistically different
from that reported in the McLean compendium (1830 ± 30
Å2).
It was more common for the calculated TW(CCS ±

CCSuncert)N2→He values to agree, within error, with one set of
DTCCSHe literature values compared to agreeing with both sets
or neither set of literature values. Alternatively, the TW(CCSavg
± CCSstd)N2→He values differed from both sets of literature
values more than they agreed with one or both sets of literature
values (Figure 2).
For cytochrome c, 33% of the calculated TW(CCSavg ±

CCSstd)N2→He values agreed, within error, with the McLean
DTCCSHe literature values (Table 2). We see an increase to

50% agreement when incorporating error propagation and
comparing TW(CCS ± CCSuncert)N2→He to the McLean
DTCCSHe literature values. This trend was also observed
when comparing experimental values with and without error
propagation to the reported literature values for ubiquitin, apo-
myoglobin, and holo-myoglobin (see Table S9). When
considering all four proteins, 27% of the TW(CCSavg ±
CCSstd)N2→He values agree, within error, to McLean DTCCSHe
literature values. This agreement increases to 67% when
comparing TW(CCS ± CCSuncert)N2→He to

DTCCSHe literature
values.
Similarly, we see that for cytochrome c, 33% of calculated

TW(CCSavg ± CCSstd)N2→He values agree, within error, to the
Clemmer DTCCSHe literature values (Table 2). We see an
increase to 67% agreement between TW(CCS ±
CCSuncert)N2→He and Clemmer DTCCSHe literature values
when incorporating error propagation to our analysis.
Furthermore, we observe only 15% agreement between
experimental TW(CCSavg ± CCSstd)N2→He values for all four
proteins and Clemmer DTCCSHe literature values (see Table
S10). This agreement increases to 69% when comparing
experimental TW(CCS ± CCSuncert)N2→He and DTCCSHe
literature values. Thus, by incorporating error propagation
through our measurements, we were able to measure
TWCCSN2→He values that had improved accordance with two
different DT-IM platforms.
In this paper, we calculated both TWCCSN2 and

TWCCSN2→He values using an IM cell with N2 and calibrant
DTCCS values measured with either N2 or He. However, in the
Synapt G2-S, the TWIMS cell may contain a mixture of both
He and N2 in the IM cell due to leakage from the He cell. This
could increase the uncertainty of the calculated TWCCS values.
If the exact molar fractions of the two gases are known, then
they could be accounted for using Blanc’s law. A recent
publication suggests that, with knowledge of mobilities in neat
gases, Blanc’s law can be applied retrospectively.28 However, in

Figure 2. Venn diagrams illustrating agreement between literature
DTCCS values and experimental (A) TW(CCS ± CCSuncert)N2→He or
(B) TW(CCSavg ± CCSstd)N2→He values. McLean DTCCSHe are in blue,
Clemmer DTCCSHe are in yellow, and experimental (Exp.)
TWCCSN2→He are in red. Comparisons include ion-neutral CCS
from eight detected charge states of cytochrome c, ubiquitin, and apo-
myoglobin, all of which had standard deviations not equal to zero. For
(B), the McLean DTCCSHe for the 5+ charge state of ubiquitin agreed
with the experimental TWCCSN2→He and Clemmer DTCCSHe, but the
experimental TWCCSN2→He did not agree with the Clemmer DTCCSHe.
Venn diagrams highlight the improved agreement between
TWCCSN2→He and

DTCCSHe values when error is propagated through
the calibration.
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the Synapt G2-S, we do not know the exact molar ratio of the
two gases. Though we anticipate that the gas mixture adds
uncertainty, Gabelica et al. suggests that the uncertainty may
be minimal.18 This may explain why we see reasonable
correlation between our TWCCS values and the literature
values, whether we compare TWCCSN2 to DTCCSN2 or
TWCCSN2→He to

DTCCSHe.

■ CONCLUSIONS

IM allows for the determination of an ion’s gas-phase mobility
by measuring the momentum transfers that occur as ions move
through a drift cell containing an inert buffer gas. The average
of the momentum transfers is reported as a momentum
transfer cross section (CCS), which is partially related to ion
structures. TWIMS is one such IM technique that has the
capability to discern structural differences between gas-phase
ion populations. However, TWIMS inadvertently introduces
error into structural comparisons due to the need for
calibration. While it is not currently common to consider all
error contributions, we have shown that error propagation
through the TWIMS calibration significantly increases the
agreement, within error, between calculated TWCCS values and
literature DTCCS values, compared to reporting only the
standard deviation of replicate measurements. Additionally, the
propagated error values fall within the predicted ±5% to 8%
range defined by Ruotolo et al.43

Herein, error propagation was applied to the calibration of
known DTCCS values versus the arrival times of denatured
calibrants. However, the utility of propagating error through
the calibration is relevant as the IM community moves toward
using native-like, folded protein calibrants16,66,67 or considers
calibrating ion mobility (K) rather than CCS values, as has
been recently suggested for DT-IM.18

Additionally, beyond the Waters Synapt platform, other
TWIMS devices are becoming commercially available. We
expect to see an increase in agreement between experimental
TWCCS and literature DTCCS values when using error
propagation for any of these TWIMS instruments that require
calibration, such as in structures for lossless ion manipulations
(SLIM)68−70 or cyclic IM-MS.71 This method of error
propagation can be formatted to fit any type of mathematical
equation, thus allowing for incorporation of all uncertainties
that would arise from experimentation and data analysis.
Regardless of what calibrants or calibration is used, regular use
of error propagation in calibration of any TWIMS device will
further legitimize the use of native IM-MS for analyses related
to structural biology. Furthermore, wide use of error
propagation will allow for more robust comparison of ion-
neutral CCS values determined by various groups using
different platforms.
We cannot know a protein’s “true” gas-phase mobility a

priori as it is a property of the ion and neutral-species and is
thus dependent on experimental conditions.17,18 Therefore, the
calibration required for TWIMS allows users to compare, not
validate, experimental data to other platforms and to
computationally determined CCS values. In this Critical
Insight, we describe multiple assumptions and uncertainties
that affect CCS values, whether they are derived from mobility
measurements in DT-IM or calculated following calibration of
TWIMS. We put forth a challenge to the IM community to
reconsider how TWIMS calibration, and its associated
uncertainty, are regarded and used. Herein, we present a

method that propagates error through TWCCS calibrations to
provide a more robust picture of measurement uncertainty.
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