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In this study we explore the use of collision cross section distributions to allow comparability of IM-MS data for
proteins on different instruments. We present measurements on seven standard proteins across three IM-MS
configurations, namely an Agilent 6560 IM QToF, a Waters Synapt G2 possessing a TWIMS cell and a
modified Synapt G2 possessing an RF confining linear field drift cell. Mobility measurements were taken using
both He and N2 as the drift gases. To aid comparability across instruments and best assess the
corresponding gas-phase conformational landscapes of the protein ‘standards’ we present the data in the

form of averaged collision cross section distributions.
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Table S1. Analyte sources and final solution conditions.

Protein Source Supplier Catalogue # Solution conditions
Ubiquitin Bovine erythrocytes Sigma U6253 50 mM AmAc pH 7.4
(8.6 kDa)

Cytochrome ¢ Horse heart Sigma C2506 50 mM AmAc pH 7.4
(12.4 kDa)
Myoglobin Horse heart Sigma G7882 50 mM AmAc pH 7.4
(17.6 kDa)

Avidin Chicken egg white Sigma A9275 200 mM AmAcpH 7.4
(64 kDa)

Serum albumin Bovine Bio-rad labs 500-0007 200 mM AmAcpH 7.4

(BSA)

(66 kDa)
Concanavalin a Jack bean Sigma Cc2010 200 mM AmAc pH 7.4
(103 kDa)
Alcohol Yeast Sigma A7011 200 mM AmAcpH 7.4
dehydrogenase
(148 kDa)
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Figure S1. Schematic of standard protein/protein complex preparative procedure. Samples were purchased as
lyophilised powders. Samples were then dissolved in 50 mM AmAc (monomeric proteins < 20 kDa) or 200 mM AmAc
pH 7.4 (proteins/protein complexes > 20 kDa) to a stock concentration of ~ 100 uM. Stock solutions were then
desalted using two equilibrated Bio-rad spin columns. After this process the buffer exchanged stock solutions were
aliquoted out, flash-frozen in liquid nitrogen and then stored at -80 °C until the day of analysis. On the day of
analysis aliquots were thawed at r.t., diluted to their final concentrations, loaded into nESI borosilicate emitters,
centrifuged for 15 seconds and loaded onto an IM-MS holder prior to voltage application. Final analyte
concentrations utilised for experiments within this study were between 1.25 — 10 uM.
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Figure S2. Schematic of the Synapt G2 (TWIMS) and its corresponding potential landscape. a) Schematic of the
Synapt G2 (TWIMS). lons travel through the instrument as follows: 1) droplets produced from nESI undergo
continuous evaporation/fission processes whilst navigating a z-spray ion source via a favourable potential gradient
and pressure differential, 2) ions are then transferred through a T-wave ion guide into a quadrupole mass analyser
(which permits ion selection up to 32,000 m/z), after which they enter the “Tri-wave” region, 3) an argon filled trap
cell encompasses the first 9 cm of this region. Within the trap cell ions are “axially focussed” by gas-ion collisions,
whilst a transient DC gating field permits regular ion pulses into the next stage of the instrument?, 4) post gating, the
ion pulse travels through a 4 cm travelling wave ion guide into a 7 mm cell pressurised with helium gas. A
comparatively high pressure in this region acts to permit the use of greater pressures in the downstream IM region
whilst “collisionally cooling” ions prior to IM separation, 5) ions then enter the 25.2 cm long IM region (consisting of
168 stacked ring electrodes) whereby mobility separation is permitted by the application of a DC potential to
sequential plate pairs in single plate pair steps. This effectively creates a propagating wave which separates ions
based upon their charge and their propensity to interact with the drift gas,? 6) following mobility separation, ions
traverse a 9 cm transfer region pressurised in the same fashion as the trap cell. The application of low velocity, high
amplitude travelling waves in this region acts to ferry ions toward the ToF analyser (for m/z detection) without
further activation and IM separation. b) Schematic of the potential gradient along the instrument. Voltages which
impart the greatest energy upon ions, thus promoting their gas-phase activation, are highlighted by grey stars. The
voltage gradient from the sample cone (SC) to the extractor cone (EC) can be utilised to promote in-source ion
activation. Furthermore, the trap bias voltage, which acts to accelerate ions (analogous to an injection voltage in
DTIMS) from a comparatively low pressure environment (the trap cell) to a higher pressure one (the Helium and IM
cell) can also significantly perturb ion structures if not tuned. Both a) and b) were adapted from Chen et al.3.



Table S2. Synapt G2 (TWIMS) tuning parameters. For proteins/protein complex ions >60 kDa, backing pressure and
trap cell pressures were raised to ~4-7 and ~4e-2 mbar respectively in order to maximise ion transmission.
Furthermore, larger protein complexes were analysed using higher source and pre-IM voltages which permitted

greater transmission without notable structural alteration.

Source voltages (V) and gas flows (mL/min)

Capillary voltage (kV) 0.7-1.2

Source temperature (°C) 40.0
Sample cone 10.0-20.0
Extractor cone 1.0
Trap gas flow 2.0
Helium cell gas flow 200
IMS gas flow 75.0
DC voltages

Trap cell energy (V) 0.0-6.0

Trap DC entrance 4.0

Trap DC bias 40.0
Trap DC -2.2

Trap DC exit 5.0
Trap height (V) 10-15
IMS DC entrance 27.0
Helium cell DC 30.0
Helium cell exit -5.0

IMS bias 2.0

IMS DC exit 0.0

Transfer cell energy (V) 0.0-6.0
Transfer DC entrance 4.0
Transfer DC exit 15.0
RF voltages (V)

Source 350

Trap 300

IMS 300

IMS mobility 250
Transfer 350

Wave velocities (ms™) and heights (V)

Source wave velocity 8
Source wave height 0.0
Trap wave velocity 450

Trap wave height 0.5
IMS wave velocity 100-300
IMS wave height 9-19.5
Transfer wave velocity 100-600
Transfer wave height 10
Pressures (mbar)
Backing 2.90
Trap 2.81e?
Helium cell 1.41€3
IM cell 4.26
Transfer 2.96e?
ToF 1.04e®
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Figure S3. Schematic of the RF cell modification for the G2 and the establishment of the drift voltage within the RF
cell. a) Schematic of the RF cell modification for the G2. The DC drift voltage applied across the cell is established by
the resistor series which are parallel to one another. The presence of two 330 pF capacitor series running along the
length of the cell acts to promote ion transmission via radial confinement of the ion beam. b) Schematic showing
how the drift voltage is applied across the RF cell. The entrance drift voltage (Vin) is established using the He cell DC
(2), IM Bias (4) and He cell exit (3) voltages. The IMS DC entrance (1) controls the helium exit plate and thus does not
affect the drift voltage. Within our study (1) was set at approximately a quarter of the value of (3). The effective drift
voltage is calculated by subtracting Vo from Vi, and correcting for two individual resistors (one before Vi, and one
between the RF-confining drift cell exit plate and (5)). As such, the effective drift length (25.05 cm) is slightly shorter
than the cell length (25.2 cm) as the drift voltage is only applied from the first electrode to the exit plate of the cell.
Drift voltages utilised for the experiments described in this study ranged from 325 to 75 V. Both a) and b) were
adapted from Allen et al.*.
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Figure S4. Schematic of the RF cell configuration and gas inlet system. Drift gas composition was controlled using the
original MassLynx V4.1 software, where the “IMS” tab permitted nitrogen gas flow and the “He” tab permitted
helium gas flow. Gas pressures within the drift cell were controlled via Bronkhorst MANI-FLOW controllers which
responded to controls on the original MassLynx V4.1 software, whereby “IMS gas” regulated the amount of nitrogen
in the cell and “Helium cell gas” regulated the amount of helium in the cell. Drift gas pressures were measured via a
capacitance manometer (MKS Baratron type 626C) placed above the centre of the drift cell which permitted
absolute pressure measurements. This figure was adapted from Allen et al.*.




Table S3. Synapt G2 (DTIMS) tuning parameters. For proteins/protein complex ions >60 kDa, the backing pressure
and trap cell pressure was raised to ~ 4-7 and ~ 4e-2 mbar respectively in order to maximise ion transmission.
Furthermore, larger protein complexes were analysed using higher source and pre-IM voltages as no notable
structural alterations occurred whilst significant increases in transmission were observed.

Source voltages (V) and gas flows (mL/min)
Capillary voltage (kV) 0.7-1.2
Source temperature (°C) 40.0
Sample cone 10.0-20.0
Extractor cone 1.0
Trap gas flow 2.0
Helium gas flow (for experiments in He) 100.0
Nitrogen gas flow (for experiments in N,) 41.0
DC voltages
Trap cell energy (V) 0.0-4.0
Trap DC entrance 1.0
Trap DC bias 1.0
Trap DC 0.0
Trap DC exit 1.0
Trap height (V) 10-15
IMS DC entrance -6.5
Helium cell DC < altered incrementally (25 V steps) to establish Drift
Voltages
Helium cell exit -40
IMS bias < altered incrementally (25 V steps) to establish Drift
Voltages
IMS DC exit 0.0
Transfer cell energy (V) 0.0-6.0
Transfer DC entrance 4.0
Transfer DC exit 15.0
RF voltages (V)
Source 350
Trap 300
IMS 300
IMS mobility 250
Transfer 350
Wave velocities (ms) and heights (V)
Source wave velocity 200
Source wave height 0.2
Trap wave velocity 313
Trap wave height 2.0
IMS wave velocity 650
IMS wave height 0
Transfer wave velocity 300
Transfer wave height 4
Pressures
He N
Backing (mbar) 2.7 2.7
Trap (mbar) 1.3e? 1.1e?
IM (Torr) 1.94 1.98
Transfer (mbar) 1.4e? 1.1e?
ToF (mbar) 7.4e7 7.5e7
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Figure S5. Schematic of the Agilent 6560 IMQToF and gas inlet system. Schematic of the Agilent 6560 IMQToF (with
a nESI source) with nitrogen gas inlets (blue), helium gas inlets (red) and inlets which can be configured to allow
either nitrogen or helium gas in (purple). In all configurations the internal structure of the instrument remains
unchanged. In both configurations nitrogen is pumped into the source (as drying gas), HP funnel region, and collision
cell (back end of the instrument post IM). Drying gas flow into the source is regulated by a manually adjustable flow
controller (Porter instrument company, USA). For all of the experiments carried out with nitrogen as the drift gas, a
mass flow controller (installed as part of the Agilent gas kit upgrade) was utilised to actively regulate the pressure
differential between the IM cell and the trapping funnel. In this configuration, manually adjustable pressure
regulators prior to the drift cell and HP funnel were also used to help establish the IM pressure and IM-Trap pressure
differential. However, for all the experiments done in helium the mass flow controller was bypassed, as pressure
stabilisation was not possible. As such, we installed pressure regulators and needle valves which we positioned prior
to the IM cell and trap funnel to permit manual control of IM cell and trap funnel pressures. Pressures at the front
end of the 6560 are maintained by a single scroll pump (Edwards) whilst at the back end of the instrument the scroll
pump works in synergy with two turbo pumps to maintain the low pressures required in the QToF region. Absolute
pressure measurements for the trapping funnel and drift tube are recorded by CDG 500 capacitance gauges
positioned at the end of the aforementioned regions (black and white cylinders). The HP funnel pressure is recorded
via a pirani gauge (grey and white cylinder) which yields a relative pressure measurement. This figure was adapted
from May et al.>.
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Figure S6. Impact of drying gas flow rates upon protein/protein complex CSDs. Mass spectra of myoglobin and
alcohol dehydrogenase obtained using different drying gas flow rates on the Agilent 6560 IMQToF. a) Mass spectra
of myoglobin obtained when employing drying gas flow rates of 0.1, 0.5, 1 and 2 L/min. No parameters except drying
gas flow rate were altered between the acquisition of the mass spectra. The CSD centres on the 8+ ion of myoglobin
at the lowest drying gas flow rate employed and is observed to shift in favour of the 9+ ion as the drying gas flow
rate is increased. b) Mass spectra of alcohol dehydrogenase obtained when employing drying gas flow rates of 0.1,
0.5, 1 and 2 L/min. No parameters except drying gas flow rate were altered between the acquisition of the mass
spectra. The CSD centres on the 25 and 26+ ions of alcohol dehydrogenase at the lowest drying gas flow rate
employed and is observed to shift in favour of higher charge states (eventually centring on the 28+ ion) as the drying
gas flow rate is increased. As such, the CSD of protein/protein complex ions can be seen to shift in favour of higher
charge states with greater drying gas flow rates. Interestingly, this affect appears to be more significant for larger
protein complexes (which present with larger Az values) in comparison to smaller proteins (which present with
smaller Az values). No parameters except drying gas flow rate were altered between the acquisition of the mass
spectra shown above Both myoglobin and alcohol dehydrogenase were sprayed from 50 mM and 200 mM AmAc
solutions (pH 7.4) respectively. It is important to note that the associated IM landscape of each ion (peak apexes,
ATD morphology and widths) did not noticeably alter with differing drying gas flow rates.
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Table S4. Establishing the helium IM-Trap differential on the modified Agilent 6560 IMQToF using Agilent tune mix.
a) Average PTCCSy. literature values and our experimental °"CCSy. values for the 622, 922 & 1222 1+ ions of tune mix
obtained under helium IM-Trap differentials of 0.109, 0.130, 0.134, 0.138 & 0.143 Torr. b) Relative differences (%)
between the average literature values and our experimental PTCCSy. values obtained from the aforementioned
helium IM-Trap differentials.

a) helium IM-Trap differential (Torr)
0.109 0.130 0.134 0.138 0.143
Tune mix Avg of Literature PTCCShe PTCCShe PTCCShe DTCCShe PTCCShe
(m/z) & DTIMS (G2) DTIMS DTIMS DTIMS DTIMS DTIMS
PTCCSke values®’ (6560) (6560) (6560) (6560) (6560)
622 138.2 142.4 138.7 137.8 137.2 136.9
922 1746 +1.1 180.2 175.9 176 173.3 173.2
1222 208.2+1.4 214.2 207.4 207.9 205.6 205.3
b) helium IM-Trap differential (Torr)
0.109 0.130 0.134 0.138 0.143

Tune mix AExp vs Ref (%) AExp vs Ref (%) AExp vs Ref (%) | AExp vs Ref (%) AExp vs Ref (%)
(m/z)
622 3.04 0.36 -0.29 -0.72 -0.94
922 3.23 0.76 0.82 -0.73 -0.78
1222 2.88 -0.38 -0.14 -1.25 -1.39

Average 3.05+0.17 0.25+0.58 0.13+0.60 -0.90+0.30 -1.04+£0.32
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Table S5. Establishing the helium IM-Trap differential on the modified Agilent 6560 IMQToF using polyalanine. a)
Average PTCCSye literature values and our experimental °TCCSy. values for a series of 1+, 2+ & 3+ ions of polyalanine
obtained under helium IM-Trap differentials of 0.128, 0.132, 0.135 & 0.140 Torr. b) Relative differences (%) between
the average literature values and our experimental P"CCSy. values obtained from the aforementioned helium IM-
Trap differentials.

a) helium IM-Trap differential (Torr)
0.128 0.132 0.135 0.140
Polyalanine Avg of PTCCShe PTCCShe PTCCShe PTCCShe
Literature DTIMS DTIMS DTIMS DTIMS
PTCCShe (6560) (6560) (6560) (6560)
values*®
z=1+
7 140.8+0.4 144.1 142.6 140.3 141.1
8 156.3+1.1 158 157 157.6 156.3
9 169.0+1.5 168.5 169 169.2 168.2
10 178.7+3.3 180.5 179.1 179.4 178.9
11 193.1+1.3 191.6 192.6 190.6 190.6
12 204.2+25 202 203.2 203.2 200.4
13 216.0+15 215.3 213 220 210.8
14 226.5+2.2 225 221.4 214.1 220.8
z=2+
12 208 209.9 207 208.5 206.7
13 220 220.4 221.4 222.5 220
14 232 232.6 232.5 233.6 229.6
15 243 243.4 242.3 242.5 242
16 255 255.7 254.2 254.8 252.5
17 265 267.5 264.4 265.2 264.6
18 276 277.5 273.2 275.8 275.1
19 287 287.9 285.6 285 284.9
20 297 298.7 297.5 295.7 295.3
21 308 306.8 307.1 306.6 305.6
22 317 319.3 314.2 313.3 315.9
23 327 330.2 324.7 326.4 326.2
24 337 336.4 336.8 3324 334.8
25 348 351.8 347.2 344 346.7
26 358 356.8 359.5 362.2 355.4
z=3+
22 373 369.5 371.1 375.2 373.3
23 386 384 388.8 388.4 386.1
24 399 401.6 401.8 400.1 398.6
25 412 415.3 407 4104 408.7
26 425 427.6 424.9 423.5 424.3
27 438 437.9 436.8 432.6 436.7
28 452 451 449.5 448.4 451.2
29 465 465.4 463.3 460.7 461.7
30 479 475.5 474.8 473.2 473.8
31 490 486 482.6 482.7 487.9
32 502 498.3 495.7 499.2 501.4
33 516 508.5 511.9 503.8 513.3
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b) helium IM-Trap differential (Torr)
0.128 0.132 0.135 0.14
Polyalanine AExp vs Ref (%) AExp vs Ref (%) AExp vs Ref (%) AExp vs Ref (%)
z=1+
7 1.31 -0.32 0.25 2.38
8 0.48 0.86 0.03 1.12
9 0.03 0.15 -0.44 -0.27
10 0.25 0.42 0.14 1.04
11 -0.26 -1.29 -1.29 -0.78
12 -0.49 -0.49 -1.86 -1.08
13 -1.37 1.88 -2.38 -0.30
14 -2.23 -5.45 -2.50 -0.64
z=2+
12 -0.48 0.24 -0.63 0.91
13 0.64 1.14 0.00 0.18
14 0.22 0.69 -1.03 0.26
15 -0.29 -0.21 -0.41 0.16
16 -0.31 -0.08 -0.98 0.27
17 -0.23 0.08 -0.15 0.94
18 -1.01 -0.07 -0.33 0.54
19 -0.49 -0.70 -0.73 0.31
20 0.17 -0.44 -0.57 0.57
21 -0.29 -0.45 -0.78 -0.39
22 -0.88 -1.17 -0.35 0.73
23 -0.70 -0.18 -0.24 0.98
24 -0.06 -1.36 -0.65 -0.18
25 -0.23 -1.15 -0.37 1.09
26 0.42 1.17 -0.73 -0.34
z=3+
22 -0.51 0.59 0.08 -0.94
23 0.73 0.62 0.03 -0.52
24 0.70 0.28 -0.10 0.65
25 -1.21 -0.39 -0.80 0.80
26 -0.02 -0.35 -0.16 0.61
27 -0.27 -1.23 -0.30 -0.02
28 -0.55 -0.80 -0.18 -0.22
29 -0.37 -0.92 -0.71 0.09
30 -0.88 -1.21 -1.09 -0.73
31 -1.51 -1.49 -0.43 -0.82
32 -1.25 -0.56 -0.12 -0.74
33 -0.79 -2.36 -0.52 -1.45
Average 0.12+0.80 -0.34 £ 0.72 -0.42+1.24 -0.58 + 0.64
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Table S6. Establishing the helium IM-Trap differential on the modified Agilent 6560 IMQToF using apo-myoglobin. a)
Average PTCCS literature values and our experimental °"CCSy. values for a series of monomorphic ions (18-26+) of
apo-myoglobin obtained under helium IM-Trap differentials of 0.125, 0.130, 0.135 & 0.140 Torr. b) Relative
differences (%) between the average literature values and our experimental PT"CCSy. values obtained from the
aforementioned helium IM-Trap differentials.

a) helium IM-Trap differential (Torr)
0.125 0.130 0.135 0.140
Apo- Avg of Literature | PTCCSy. DTIMS bTCCSHe DTIMS bTCCSHe DTIMS bTCCSHe DTIMS
myoglobin | PTCCSy. values®*? | (6560) (6560) (6560) (6560)
(2)
18+ 3488 + 38 3534 3487 3499 3476
19+ 3578 £ 18 3646 3587 3610 3578
20+ 3671+ 26 3749 3686 3698 3669
21+ 3760 £ 27 3824 3770 3774 3733
22+ 3816 £ 21 3881 3829 3821 3795
23+ 3893 +32 3913 3874 3848 3828
24+ 3952 + 45 3936 3897 3881 3847
25+ 3995 + 49 3966 3933 3908 3891
26+ 4034 £ 47 4008 3968 3948 3928
b) 0.125 0.130 0.135 0.140
Apo- AEXp vs Ref (%) AEXp vs Ref (%) AEXp vs Ref (%) AEXp vs Ref (%)
myoglobin
(2)
18+ 1.35 -0.02 0.33 -0.34
19+ 1.92 0.25 0.92 0.03
20+ 2.12 0.40 0.74 -0.04
21+ 1.70 0.26 0.38 -0.71
22+ 1.70 0.36 0.14 -0.55
23+ 0.53 -0.46 -1.14 -1.67
24+ -0.41 -1.38 -1.80 -2.65
25+ -0.71 -1.55 -2.18 -2.60
26+ -0.63 -1.63 -2.11 -2.61
Average -0.84£1.16 -0.42 £ 0.87 -0.53£1.27 -1.24+1.15
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Table S7. Agilent 6560 IMQToF tuning parameters. The Quad AMU was set at 500 for ubiquitin, cytochrome c and
myoglobin, at 1000 for Avidin and BSA and 2000 for concanavalin a and alcohol dehydrogenase. These settings were
observed to be optimal for the transmission of the different analyte ions analysed during this study. For
proteins/protein complexes < 70 kDa, the collision cell flow was maintained at 22. However, for protein complexes >
100 kDa the collision cell flow was increased to 25 in order to aid transmission of these larger ions.

Source voltages (V) and gas flows (L/min)
Capillary voltage (kV) 09-14
Source temperature (°C) 50.0
Drying gas flow 0.1-0.3
Fragmentor 300-375
DC voltages
HP Funnel delta 120-180
Trap entrance grid delta 1
Trap entrance grid low 97
Trap entrance grid high 98
Trap entrance 91
Trap exit 90
Trap exit grid 1 delta 4
Trap exit grid 1 low 87.6
Trap exit grid 1 high 91.6
Trap exit grid 2 delta 7.1
Trap exit grid 2 low 87.5
Trap exit grid 2 high 94.6
Trap Funnel delta 180
IM Hexapole delta -8
IM Hexapole entrance 41
Rear Funnel entrance 240
Rear Funnel exit 45
RF voltages (V)
Octapole 750
High Pressure Funnel 100-140
Trap Funnel 100-160
IM Hexapole 300
Rear Funnel 200
Other parameters
Trap fill time (us) 5000
Trap release time (us) 150
Pressures (Torr)
He N>
HP Funnel 4.50-4.80 4.30-4.70
Drift tube 3.89-3.93 3.95
Trap Funnel 3.76-3.80 3.80
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Table S8. Calibrants employed for TWIMS experiments and their associated pearson coefficients. Note that for
ubiquitin, cytochrome ¢ and myoglobin, there was not a complete selection of calibrant ions with previously
published PTCCSy;, values. In these instances we utilised our own PTCCSy; values (denoted by *), derived from our RF
confining drift cell (to remain consistent with our other literature CCS origins), as calibrant literature CCS for the
calibration procedure.

Protein TWIMS calibrants Calibrant TWIMS TWIMS Average r? Average
literature | WV (ms?) WH (V) N,>He r?
Q source N>
Ubiquitin Melittin Bush et 300 18 0.9971 *0.9872
(8.6 kDa) Insulin (1n) gl 41213 (+0.0003) (+0.0002)
Cytochrome C *QOur RF
CCS
Cytochrome C Ubiquitin Bush et 200 14 0.99317 *0.9940
(12.4 kDa) Lysozyme al.4*? (+0.0005) (£0.0035)
B-Lactoglobulin A *QOur RF
(1n) CCS
Myoglobin Lysozyme Bush et 300 18 0.9824 *0.9969
(17.6 kDa) Cytochrome C al 412 (+0.0012) (+0.0011)
B-Lactoglobulin A ~Our RF
(1n)
CCS
Avidin TTR Bush et 300 19.5 0.9932 0.9994
(64 kDa) Concanavalin A al A1? (+£0.0024) (x0.0005)
Serum albumin Avidin Bush et 100 9.5 0.9920 0.9956
(BSA) Concanavalin A al A1? (+0.0012) (x0.0014)
(66 kDa)
Concanavalin A Avidin Bush et 100 9.5 0.9951 0.9706
(103 kDa) Alcohol al 412 (£0.0036) (£0.0102)
dehydrogenase
Alcohol Concanavalin A Bush et 300 19.5 0.9977 0.9851
dehydrogenase Pyruvate kinase al 412 (£0.0004) (£0.0043)
(148 kDa)
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Zoy | Species # DTCCS,,. (A2) %RSD DTCCS,,. (A2) %RSD TWECS,, (A2) %RSD
[M+4H]4+ 1 072 0.27 963+ 7 0.72 961+ 7 0.71
o [M+5HF | 1 9245 0.51 965+ 8 0.84 9552 0.25
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Figure S7. Ubiquitin helium CCS & CCS distributions. Top) Mass spectrum of Ubiquitin sprayed from 50 mM AmAc
solution at pH 7.4, where charge states are denoted by z+. Upper middle) Total CCS distributions of Ubiquitin. Lower
middle) Stacked CCS distribution plots for each ion normalised to the same intensity with magnification factors
applied. Two black circles denote the presence of coincident dimer. Table) Average CCSy. values with replicate (n=3)
standard deviations (+) and associated RSDs (%) for Ubiquitin obtained across the instrument platforms utilised.
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[M+n‘.].H]“Jr 1 1128+13 1.15 1148+10 0.90 1118+*3 0.45
o0 [M+5H]5Jr 1 1163¢4 0.31 1166+ 6 0.54 11671 0.08
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i 2 1401 %2 011 1386+ 4 0.32 1268+2 0.15
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Figure S8.Ubiquitin nitrogen CCS & CCS distributions. Upper) Total CCS distributions of Ubiquitin. Lower) Stacked CCS
distribution plots for each ion normalised to the same intensity with magnification factors applied. Two black circles
denote the presence of coincident dimer. Table) Average CCSy, values with replicate (n=3) standard deviations (%)

and associated RSDs (%) for Ubiquitin obtained across the instrument platforms utilised. Interactive versions of
Figures S7 & S8 are available online at https://france-ccs-2019.netlify.com/assets/ubi_s7&s8.
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Figure S9. Cytochrome c helium CCS & CCS distributions. Top) Mass spectrum of cytochrome c sprayed from 50 mM
AmAc solution at pH 7.4, where charge states are denoted by z+. Upper middle) Total CCS distributions of Ubiquitin.
Lower middle) Stacked CCS distribution plots for each ion normalised to the same intensity with magnification
factors applied. Two black circles denote the presence of coincident dimer. Table) Average CCSy. values with
replicate (n=3) standard deviations (+) and associated RSDs (%) for cytochrome c obtained across the instrument
platforms utilised.
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Figure $10. Cytochrome c nitrogen CCS & CCS distributions. Upper) Total CCS distributions of cytochrome c. Lower)
Stacked CCS distribution plots for each ion normalised to the same intensity with magnification factors applied. Two
black circles denote the presence of coincident dimer. Table) Average CCS, values with replicate (n=3) standard

deviations (t) and associated RSDs (%) for cytochrome c obtained across the instrument platforms utilised.
Interactive  versions  of  Figures S9 & S10 are available online at https://france-ccs-
2019.netlify.com/assets/cytc_s9&s10.
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Figure S11. Myoglobin helium CCS & CCS distributions. Top) Mass spectrum of myoglobin sprayed from 50 mM
AmAc solution at pH 7.4, where charge states are denoted by z+. Upper middle) Total CCS distributions of
myoglobin. Lower middle) Stacked CCS distribution plots for each ion normalised to the same intensity with
maghnification factors applied. Two black circles denote the presence of coincident dimer. Table) Average CCSye
values with replicate (n=3) standard deviations () and associated RSDs (%) for myoglobin obtained across the

instrument platforms utilised.
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Figure S12. Myoglobin nitrogen CCS & CCS distributions. Upper) Total CCS distributions of myoglobin. Lower)
Stacked CCS distribution plots for each ion normalised to the same intensity with magnification factors applied. Two
black circles denote the presence of coincident dimer. Table) Average CCSh, values with replicate (n=3) standard

deviations (x) and associated RSDs (%) for myoglobin obtained across the instrument platforms utilised. Interactive
versions of Figures S11 & S12 are available online at https://france-ccs-2019.netlify.com/assets/myo_s11&s12.
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Figure S13. Avidin helium CCS & CCS distributions. Top) Mass spectrum of avidin sprayed from 200 mM AmAc
solution at pH 7.4, where charge states are denoted by z+. Upper middle) Total CCS distributions of avidin. Lower
middle) Stacked CCS distribution plots for each ion normalised to the same intensity with magnification factors
applied. Table) Average CCSy. values with replicate (n=3) standard deviations () and associated RSDs (%) for avidin
obtained across the instrument platforms utilised.
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Figure S14. Avidin nitrogen CCS & CCS distributions. Upper) Total CCS distributions of avidin. Lower) Stacked CCS
distribution plots for each ion normalised to the same intensity with magnification factors applied. Table) Average
CCsw, values with replicate (n=3) standard deviations () and associated RSDs (%) for avidin obtained across the

instrument platforms utilised. Interactive versions of Figures S13 & S14 are available online at https://france-ccs-
2019.netlify.com/assets/avi_s13&s14.
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Figure S15. BSA helium CCS & CCS distributions. Top) Mass spectrum of BSA sprayed from 200 mM AmAc solution at
pH 7.4, where charge states are denoted by z+. Upper middle) Total CCS distributions of BSA. Lower middle) Stacked
CCS distribution plots for each ion normalised to the same intensity with magnification factors applied. Table)
Average CCSye values with replicate (n=3) standard deviations (1) and associated RSDs (%) for BSA obtained across
the instrument platforms utilised.
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Figure S16. BSA nitrogen CCS & CCS distributions. Upper) Total CCS distributions of BSA. Lower) Stacked CCS
distribution plots for each ion normalised to the same intensity with magnification factors applied. Table) Average
CCS, values with replicate (n=3) standard deviations (t) and associated RSDs (%) for BSA obtained across the

instrument platforms utilised. Interactive versions of Figures S15 & S16 are available online at https://france-ccs-
2019.netlify.com/assets/bsa_s15&s16.
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Figure S17. Concanavalin a helium CCS & CCS distributions. Top) Mass spectrum of concanavalin a sprayed from 200
mM AmAc solution at pH 7.4, where charge states are denoted by z+. Upper middle) Total CCS distributions of
concanavalin a. Lower middle) Stacked CCS distribution plots for each ion normalised to the same intensity with
maghnification factors applied. Table) Average CCSu. values with replicate (n=3) standard deviations (t) and
associated RSDs (%) for concanavalin a obtained across the instrument platforms utilised.
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Figure S18. Concanavalin a nitrogen CCS & CCS distributions. Upper) Total CCS distributions of concanavalin a.
Lower) Stacked CCS distribution plots for each ion normalised to the same intensity with magnification factors
applied. Table) Average CCSw, values with replicate (n=3) standard deviations () and associated RSDs (%) for

concanavalin a obtained across the instrument platforms utilised. Interactive versions of Figures S17 & S18 are
available online at https://france-ccs-2019.netlify.com/assets/cona_s17&s18.
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Figure S19. Alcohol dehydrogenase helium CCS & CCS distributions. Top) Mass spectrum of alcohol dehydrogenase
sprayed from 200 mM AmAc solution at pH 7.4, where charge states are denoted by z+. Upper middle) Total CCS
distributions of alcohol dehydrogenase. Lower middle) Stacked CCS distribution plots for each ion normalised to the
same intensity with magnification factors applied. Table) Average CCSy. values with replicate (n=3) standard
deviations (+) and associated RSDs (%) for alcohol dehydrogenase obtained across the instrument platforms utilised.
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Figure S20. Alcohol dehydrogenase nitrogen CCS & CCS distributions. Upper) Total CCS distributions of alcohol
dehydrogenase. Lower) Stacked CCS distribution plots for each ion normalised to the same intensity with
magnification factors applied. Table) Average CCSw, values with replicate (n=3) standard deviations (t) and

associated RSDs (%) for alcohol dehydrogenase obtained across the instrument platforms utilised. Interactive
versions of Figures S19 & S20 are available online at https://france-ccs-2019.netlify.com/assets/alcdehy_s19&s20.
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Figure 21. Raw ATDs (He).Raw single replicate ATDs, obtained with He as the drift gas, for all of the protein/protein

complex ions analysed across the instruments utilised within this study.
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Figure S22. ATDs (N). Raw single replicate ATDs, obtained with N, as the drift gas, for all of the protein/protein
complex ions analysed across the instruments utilised within this study. Interactive versions of Figures S21 & S22 are

available online at: 1) https://france-ccs-2019.netlify.com/assets/ubi_s21&s22, 2)
2019.netlify.com/assets/cytc_s21&s22, 3)
https://france-ccs-2019.netlify.com/assets/avi_s21&s22, 5)
2019.netlify.com/assets/bsa_s21&s22, 6)

https://france-ccs-2019.netlify.com/assets/alcdehy s21&s22.

https://france-ccs-
https://france-ccs-2019.netlify.com/assets/myo_s21&s22,

4)

https://france-ccs-

https://france-ccs-2019.netlify.com/assets/cona_s21&s22,

7)
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Figure S23. Scatter plots showing the range of CCSw, values taken for the protein/protein complexes analysed within

this study across the instrumental platforms utilised. In all cases the CCS for the single most abundant conformation
for each charge state was compared across the three instruments. The black, red, blue and green squares represent
the average CCSh, values obtained for single conformations as an average across all the instruments, on the 6560,

the G2 (DTIMS) and the G2 (TWIMS) respectively. The associated coloured bars show the standard deviation across
the experimental replicates.
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Figure S24. Global CCSy. histogram plots for the charge states of ubiquitin observed across the experiments outlined
in this study. Literature as well as our own experimentally obtained CCS were grouped into 20 A2 bins, whereby the
frequency of CCS to the nearest 20 A2 increment were summed and represented as solid bars within the histogram
plots. Within these stacked histogram plots, blue, yellow and red bars represent the frequency and size of CCS values
for the 4+, 5+ and 6+ ions of ubiquitin respectively.
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Figure S25. Global CCSh, histogram plots for the charge states of ubiquitin observed across the experiments outlined

in this study. Literature as well as our own experimentally obtained CCS were grouped into 20 A2 bins, whereby the
frequency of CCS to the nearest 20 A2 increment were summed and represented as solid bars within the histogram
plots. Within these stacked histogram plots, blue, yellow and red bars represent the frequency and size of CCS values
for the 4+, 5+ and 6+ ions of ubiquitin respectively.
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Figure S26. Global CCSye histogram plot for the charge states of myoglobin observed across the experiments outlined
in this study. Literature as well as our own experimentally obtained CCS were grouped into 20 A2 bins, whereby the
frequency of CCS to the nearest 20 A2 increment were summed and represented as solid bars within the histogram
plot. Within the histogram plot, blue, yellow and red bars represent the frequency and size of CCS values for the 7+,

8+ and 9+ ions of myoglobin respectively.
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Figure S27. Global CCSw, histogram plots for the charge states of myoglobin observed across the experiments

outlined in this study. Literature as well as our own experimentally obtained CCS were grouped into 20 AZ bins,
whereby the frequency of CCS to the nearest 20 A? increment were summed and represented as solid bars within
the histogram plots. Within these stacked histogram plots, blue, yellow and red bars represent the frequency and
size of CCS values for the 7+, 8+ and 9+ ions of myoglobin respectively.
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Figure S28. Global CCSy. histogram plot for the charge states of avidin observed across the experiments outlined in
this study. Literature as well as our own experimentally obtained CCS were grouped into 40 A2 bins, whereby the
frequency of CCS to the nearest 40 A? increment were summed and represented as solid bars within the histogram
plot. Within the histogram plot, blue, green, orange and red bars represent the frequency and value of CCS for the

14+, 15+, 16+ and 17+ ions of avidin respectively.
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Figure S29. Global CCSw, histogram plot for the charge states of avidin observed across the experiments outlined in

this study. Literature as well as our own experimentally obtained CCS were grouped into 40 A2 bins, whereby the
frequency of CCS to the nearest 40 A2 increment were summed and represented as solid bars within the histogram
plot. Within the histogram plot, blue, green, orange and red bars represent the frequency and value of CCS for the
14+, 15+, 16+ and 17+ ions of avidin respectively.
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Figure S30. Global CCSye histogram plot for the charge states of BSA observed across the experiments outlined in this
study. Literature as well as our own experimentally obtained CCS were grouped into 40 A? bins, whereby the
frequency of CCS to the nearest 40 A2 increment were summed and represented as solid bars within the histogram
plot. Within the histogram plot, blue, green, orange and red bars represent the frequency and value of CCS for the
14+, 15+, 16+ and 17+ ions of BSA respectively.

43



o
£
L 4
-1
]
©
Q
i —
> |
=
e
£
<
-— 2_
2
-
[}
=
Q
-1
> .
@
1™
Ll
0 L] l T | T I l L) l L) l

3500 3700 3900 4100 4300 4500 4700 4900 5100
Ccsy, (A2)

Figure 31. Global CCSh, histogram plot for the charge states of BSA observed across the experiments outlined in this

study. Literature as well as our own experimentally obtained CCS were grouped into 40 A? bins, whereby the
frequency of CCS to the nearest 40 A2 increment were summed and represented as solid bars within the histogram
plot. Within the histogram plot, blue, green, orange and red bars represent the frequency and value of CCS for the
14+, 15+, 16+ and 17+ ions of BSA respectively.
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Figure S32. Global CCSye histogram plot for the charge states of concanavalin a observed across the experiments
outlined in this study. Literature as well as our own experimentally obtained CCS were grouped into 40 A2 bins,
whereby the frequency of CCS to the nearest 40 A? increment were summed and represented as solid bars within
the histogram plot. Within the histogram plot, blue, green, yellow, orange and red bars represent the frequency and
value of CCS for the 18+, 19+, 20+, 21+ and 22+ ions of concanavalin a respectively.
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Figure S33. Global CCSw, histogram plot for the charge states of concanavalin a observed across the experiments
outlined in this study. Literature as well as our own experimentally obtained CCS were grouped into 40 A? bins,
whereby the frequency of CCS to the nearest 40 A2 increment were summed and represented as solid bars within
the histogram plot. Within the histogram plot, blue, green, yellow, orange and red bars represent the frequency and
value of CCS for the 18+, 19+, 20+, 21+ and 22+ ions of concanavalin a respectively.
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Figure S34. Global CCSy. histogram plot for the charge states of alcohol dehydrogenase observed across the
experiments outlined in this study. Literature as well as our own experimentally obtained CCS were grouped into 40
A2 bins, whereby the frequency of CCS to the nearest 40 A2 increment were summed and represented as solid bars
within the histogram plot. Within the histogram plot, black, blue, green, yellow, orange and red bars represent the
frequency and value of CCS for the 22+, 23+, 24+, 25+, 26+ and 27+ ions of alcohol dehydrogenase respectively.
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Figure S35. Global CCSh, histogram plot for the charge states of alcohol dehydrogenase observed across the

experiments outlined in this study. Literature as well as our own experimentally obtained CCS were grouped into 40
A2 bins, whereby the frequency of CCS to the nearest 40 A? increment were summed and represented as solid bars
within the histogram plot. Within the histogram plot, black, blue, green, yellow, orange and red bars represent the
frequency and value of CCS for the 22+, 23+, 24+, 25+, 26+ and 27+ ions of alcohol dehydrogenase respectively.
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Table S9. Literature and experimentally determined CCSye values obtained for the protein/protein complex ions

described within this study. Within this table ‘n’ represents the multimeric state of the protein, ‘2’ denotes the

protein charge state and the ‘Source’ column highlights the references from which the CCSy. values were found,

where the ‘#" denotes CCSy. values that were obtained experimentally within this study. Abbreviated versions of the

IM techniques employed to obtain the corresponding CCSye values are noted in the ‘IM technique’ column. CCSye

values highlighted in red were obtained from graphs within the associated references and as such will likely not be
completely accurate. The ** after some CCS denotes the high likelihood that these values actually correspond to

misidentified coincident dimer species and not more compact monomeric conformations.

Analyte Z(+) CCShe IM technique Source
Ubiquitin 4 791 TWIMS 14
800 TWIMS 15
889** DTIMS °
904 DTIMS 16
907 DTIMS #
961 TWIMS #
963 DTIMS #
971 DTIMS °
972 DTIMS 4
972 DTIMS 13
1004 DTIMS 17
1020 DTIMS 18
1059 DTIMS 7
5 840 TWIMS 15
872 DTIMS 16
924 DTIMS #
955 TWIMS #
965 DTIMS
979 DTIMS 16
982 DTIMS 4
983 DTIMS 13
1003 TWIMS #
1027 DTIMS 7
1053 DTIMS °
1100 TWIMS 19
1135 TWIMS 20
1137 DTIMS 7
1150 DTIMS 18
1239 DTIMS 7
1260 TWIMS 19
1390 ROMIAC 21
6 863 DTIMS 16
870 TWIMS 15
943 DTIMS #
950 TWIMS 15
950 DTIMS 22
950 TWIMS 3
966 TWIMS #
970 DTIMS 23
970 DTIMS 24
970 DTIMS 25
980 TWIMS 3
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980 TWIMS 26
987 DTIMS #
1000 DTIMS 13
1000 DTIMS 22
1006 TWIMS #
1020 DTIMS 18
1041 DTIMS 17
1056 DTIMS 16
1080 FAIMS 27
1103 DTIMS 9
1110 TWIMS 3
1113 DTIMS #
1143 DTIMS #
1143 TWIMS #
1160 FAIMS 27
1200 TWIMS 3
1220 DTIMS 7
1220 DTIMS 18
1280 FAIMS 27
1311 TWIMS 19
1314 DTIMS 16
1368 DTIMS °
1380 FAIMS 27
1400 TWIMS 3
1440 FAIMS 27
1480 FAIMS 27
1500 DTIMS 18
1500 TWIMS 3
1525 DTIMS 7
1553 TWIMS 20
1590 FAIMS 27
1613 ROMIAC 21
1700 TWIMS 19
Cytochrome C 1050 TWIMS 15
1080** DTIMS 28
1120 TWIMS 23
1130 TWIMS 30
1150 TWIMS 29
1182 DTIMS #
1190 TWIMS 23
1230 DTIMS 28
1230 TWIMS 23
1234 DTIMS #
1238 TWIMS #
1238 DTIMS °
1240 DTIMS 4
1240 DTIMS 12
1240 TWIMS 14
1240 DTIMS 28
1243 DTIMS 31
1244 DTIMS 32
1254 DTIMS 33 (found in 28)
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1270 TWIMS 29
1270 TWIMS 30
1280 TWIMS 23
1290 TWIMS 14
1360 TWIMS 34
1393 DTIMS 32
1400 DTIMS 33 (found in 28)
1402 DTIMS 9
1530 TWIMS 23
1571 TWIMS 35
1602 DTIMS 32
1611 DTIMS 33 (found in 28)
1880 DTIMS 28
1000 DTIMS 36
1100 TWIMS 15
1170 TWIMS 30
1196 DTIMS #
1230 TWIMS 2
1247 DTIMS 32
1250 TWIMS 2
1257 DTIMS 33 (found in 28)
1280 DTIMS 12
1286 DTIMS #
1290 TWIMS 30
1300 DTIMS 4
1304 TWIMS #
1338 DTIMS 37
1380 DTIMS 28
1418 DTIMS 9
1426 DTIMS 33 (found in 28)
1500 TWIMS 29
1520 TWIMS 30
1520 TWIMS 14
1546 DTIMS 31
1550 TWIMS 29
1579 TWIMS 35
1580 TWIMS 14
1600 DTIMS 36
1620 DTIMS 32
1629 DTIMS 33 (found in 28)
1640 TWIMS 23
1650 DTIMS 28
1650 TWIMS 2
1650 TWIMS 30
1650 TWIMS 34
1660 DTIMS 28
1670 TWIMS 14
1680 TWIMS 2
1685 DTIMS 9
1720 TWIMS 35
1785 DTIMS 32
1790 TWIMS 34
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1792 DTIMS 33 (found in 28)
1826 DTIMS 9
1870 TWIMS 30
1900 DTIMS 28
2007 DTIMS 32
2018 DTIMS 33 (found in 28)
2120 TWIMS 35
1250 DTIMS 32
1250 TWIMS 15
1250 TWIMS 23
1258 DTIMS #
1260 DTIMS 33 (found in 28)
1297 DTIMS #
1370 TWIMS 15
1373 DTIMS #
1399 TWIMS #
1430 TWIMS 15
1450 TWIMS 30
1477 DTIMS 33 (found in 28)
1540 DTIMS #
1583 DTIMS 9
1625 TWIMS #
1670 TWIMS 2
1680 TWIMS 2
1700 TWIMS 30
1702 DTIMS 32
1709 DTIMS 33 (found in 28)
1710 TWIMS 14
1768 TWIMS #
1796 DTIMS 9
1802 TWIMS 35
1820 TWIMS 34
1845 DTIMS 32
1854 DTIMS 33 (found in 28)
1863 DTIMS 31
1875 TWIMS 35
1918 TWIMS #
1940 TWIMS 29
1940 TWIMS 30
1980 TWIMS 14
2000 TWIMS 14
2020 TWIMS 2
2020 TWIMS 14
2040 TWIMS 29
2053 DTIMS 9
2061 DTIMS 32
2071 DTIMS 33 (found in 28)
2114 DTIMS °
2150 TWIMS 35
2230 TWIMS 34
Myoglobin 1398 TWIMS 35
1546** DTIMS 9
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1566 DTIMS #
1613 TWIMS 35
1641 TWIMS
1664 DTIMS #
1695 DTIMS 38
1700 TWIMS 34
1716 DTIMS °
8 1593 TWIMS 35
1604 DTIMS #
1674 TWIMS #
1704 DTIMS
1788 DTIMS 38
1824 DTIMS °
1850 TWIMS 34
9 1650 DTIMS #
1713 TWIMS #
1818 TWIMS #
1832 DTIMS #
1835 DTIMS 38
1900 TWIMS 34
1907 DTIMS °
2106 DTIMS 38
Avidin 14 3441 DTIMS #
3614 TWIMS #
3633 DTIMS #
15 3347 DTIMS 39
3350 DTIMS 40
3485 DTIMS #
3570 DTIMS 4
3601 TWIMS #
3640 DTIMS #
3640 DTIMS 12
16 3350 DTIMS 40
3434 DTIMS 39
3471 DTIMS #
3581 TWIMS #
3590 DTIMS 4
3640 DTIMS 12
3665 DTIMS #
3900 DTIMS 40
17 3446 DTIMS 39
3467 DTIMS #
3566 TWIMS #
3610 DTIMS 4
3633 DTIMS #
3640 DTIMS 12
BSA 14 3433 DTIMS 39
3700 TWIMS 30
3891 DTIMS #
4010 DTIMS 4
4041 DTIMS #
4090 DTIMS 12
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4108 TWIMS #

4167 DTIMS 39

15 3653 DTIMS 39
3956 DTIMS #

4030 DTIMS 4

4087 TWIMS #

4093 DTIMS #

4100 DTIMS 12

4100 TWIMS 30

4419 DTIMS 39

16 3788 DTIMS 39
3800 TWIMS 15

3989 DTIMS #

4051 TWIMS #

4060 DTIMS 12

4070 DTIMS 4

4084 DTIMS #

4400 TWIMS 30

4535 DTIMS 39

17 3766 DTIMS 39
3900 TWIMS 15

3956 DTIMS #

4026 DTIMS #

4040 DTIMS 12

4094 TWIMS #

4110 DTIMS 4

4600 TWIMS 30

4613 DTIMS 39
Concanavalin A 18 4800 TWIMS 30
5412 TWIMS #

19 4681 DTIMS 39
4900 DTIMS 40

5000 TWIMS 30

5340 DTIMS #

5399 DTIMS #

5409 TWIMS #

5440 DTIMS 4

20 4713 DTIMS 39
4800 DTIMS 40

5384 DTIMS #

5397 DTIMS #

5400 DTIMS 6

5412 TWIMS #

5450 DTIMS 4

5500 TWIMS 30

5550 DTIMS 12

21 4700 DTIMS 40
4804 DTIMS 39

5345 DTIMS #

5401 DTIMS #

5434 TWIMS #

5460 DTIMS 4
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5550 DTIMS 12

5850 TWIMS 30

22 4600 DTIMS 40
4977 DTIMS 39

5335 DTIMS #

5405 DTIMS #

5460 DTIMS 4

5480 DTIMS 12

6100 TWIMS 30

6285 DTIMS #

Alcohol Dehydrogenase 22 6579 DTIMS #
7015 TWIMS #

7696 TWIMS 41

23 6584 DTIMS #
6800 TWIMS 30

6940 DTIMS 12

6968 DTIMS #

6990 DTIMS 4

7020 TWIMS #

7545 TWIMS 41

24 6606 DTIMS #
6940 DTIMS 12

6943 DTIMS #

7000 TWIMS 30

7020 DTIMS 4

7027 TWIMS #

7457 TWIMS 41

25 6588 DTIMS #
6830 DTIMS 12

6914 DTIMS #

7020 DTIMS 4

7045 TWIMS #

7300 TWIMS 30

7428 TWIMS 41

26 6557 DTIMS #
6720 DTIMS 12

6879 DTIMS #

7020 DTIMS 4

7069 TWIMS #

7388 TWIMS 41

7500 TWIMS 30

27 6908 DTIMS #
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Table S10. Literature and experimentally determined CCSy, values obtained for the protein/protein complex ions

described within this study. Within this table ‘n’ represents the multimeric state of the protein, ‘z’ denotes the
protein charge state and the ‘Source’ column highlights the references from which the CCSy, values were found,

where the ‘# denotes CCSy, values that were obtained experimentally within this study. Abbreviated versions of the

IM techniques employed to obtain the corresponding CCSn, values are noted in the ‘IM technique’ column. CCSn,

values highlighted in red were obtained from graphs within the associated references and as such will likely not be
completely accurate. The “**’ after some CCS denotes the high likelihood that these values actually correspond to
misidentified coincident dimer species and not more compact monomeric conformations.

Analyte Z(+) CCSn, IM technique Source
Ubiquitin 4 949** DTIMS 9
967 DTIMS 42
1116 DTIMS °
1118 TWIMS #
1128 DTIMS #
1148 DTIMS #
2125 TIMS 43
5 1011 DTIMS 9
1116 DTIMS 42
1139 DTIMS 42
1149 TIMS 43
1163 DTIMS #
1166 DTIMS #
1167 TWIMS #
1204 SLIM 44
1208 DTIMS #
1208 TWIMS #
1221 DTIMS 9
1271 OrbiCCS 45
1700 TIMS 43
6 1196 DTIMS 42
1199 DTIMS #
1200 DTIMS 25
1209 DTIMS #
1217 TIMS 46
1222 DTIMS 9
1229 TIMS 43
1229 TWIMS #
1258 SLIM 44
1268 TWIMS #
1380 DTIMS 25
1382 TWIMS #
1386 DTIMS #
1401 DTIMS #
1417 TIMS 43
1466 DTIMS #
1474 DTIMS 9
1517 OrbiCCS 45
1628 DTIMS °
Cytochrome C 6 1289 TIMS a3

56



1330 DTIMS 42
1360** DTIMS 9
1398 TWIMS 42
1413 OrbiCCS a5
1438 TIMS 43
1449 DTIMS 42
1450 SLIM 44
1454 TWIMS #
1456 DTIMS #
1465 DTIMS #
1477 DTIMS 9
1490 DTIMS 12
1590 DTIMS ha
1769 TIMS 3
1030 TMIMS 47 interpolated from 32
1307 TIMS 43
1481 DTIMS #
1508 DTIMS 2
1533 TWIMS 2
1536 DTIMS 9
1537 TWIMS #
1540 DTIMS #
1540 TMIMS 47 interpolated from 31
1548 TIMS 43
1550 SLIM 48
1560 SLIM “
1561 DTIMS #
1574 TIMS 3
1590 DTIMS 12
1636 TMIMS 47 interpolated from 32
1810 OrbiCCS 45
1922 TIMS 3
1948 TMIMS 47 interpolated from 32
1970 DTIMS “
2083 TIMS 43
2115 DTIMS °
2326 TMIMS 47 interpolated from 32
1036 TMIMS 47 interpolated from 32
1053 TMIMS 47 interpolated from 42
1519 DTIMS #
1629 DTIMS #
1654 TWIMS #
1654 DTIMS #
1686 TIMS 43
1793 DTIMS 9
1806 TMIMS 47 interpolated from 32
1887 TWIMS #
1915 DTIMS #
1925 TIMS a3
2043 TWIMS #
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2050 TMIMS 47 interpolated from 32
2084 TMIMS 47 interpolated from 31
2114 DTIMS 9
2146 OrbiCCS 45
2201 TWIMS #
2249 TIMS 43
2418 TMIMS 47 interpolated from 32
2441 DTIMS 9
2468 TIMS 43
2496 TIMS 43
2528 DTIMS °
2543 TMIMS 47 interpolated from 4°
Myoglobin 7 1697** DTIMS 9
1709 DTIMS 42
1788 TWIMS 42
1863 DTIMS °
1896 TWIMS #
1899 DTIMS #
1903 DTIMS #
1908 DTIMS 42
2037 DTIMS 38
2353 DTIMS 38
2952 DTIMS 38
8 1839 TWIMS 42
1934 DTIMS #
1937 DTIMS °
1949 TWIMS #
1953 DTIMS 42
1972 DTIMS #
2089 OrbiCCS 45
2147 TIMS 43
2187 TIMS 50
2939 DTIMS 38
9 1908 TIMS 43
1995 DTIMS #
2003 TWIMS #
2010 TWIMS 42
2038 DTIMS 42
2040 DTIMS #
2085 DTIMS °
2114 TWIMS #
2149 DTIMS #
2187 TIMS 43
2280 OrbiCCS 45
2399 TIMS 50
2465 TIMS 50
2756 DTIMS 38
3027 DTIMS 38
Avidin 14 3996 DTIMS #
4029 DTIMS #
4053 TWIMS #
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15 4008 DTIMS #
4057 DTIMS #

4060 DTIMS 44

4073 TWIMS #

4120 SLIM 44

4150 DTIMS 12

16 4038 DTIMS #
4066 DTIMS #

4080 DTIMS 44

4086 TWIMS #

4150 SLIM 44

4150 DTIMS 12

17 4041 DTIMS #
4063 DTIMS #

4100 DTIMS 44

4101 TWIMS #

4160 DTIMS 12

4170 SLIM 4

BSA 14 4349 DTIMS #
4425 DTIMS #

4490 DTIMS 12

4535 TWIMS #

15 4392 DTIMS #
4467 TIMS 3

4478 DTIMS #

4490 DTIMS 12

4548 TWIMS #

16 4188 TIMS 43
4200 TIMS 43

4445 DTIMS #

4470 DTIMS 12

4514 DTIMS #

4567 TWIMS #

17 3941 TIMS 43
4291 TIMS 43

4490 DTIMS 12

4506 DTIMS #

4523 DTIMS #

4648 TWIMS #
Concanavalin A 18 5740 TWIMS #
5838 DTIMS #

19 5820 TWIMS #
5879 DTIMS #

5905 DTIMS #

5920 SLIM 4

6060 DTIMS 12

6060 DTIMS 44

20 5900 TWIMS #
5902 DTIMS #

5913 DTIMS #

6020 SLIM 44

6060 DTIMS 44
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6080 DTIMS 12

21 5921 DTIMS #
5937 DTIMS #

5997 TWIMS #

6060 DTIMS 44

6070 SLIM 44

6090 DTIMS 12

22 5890 DTIMS #
5930 DTIMS #

6030 SLIM 44

6050 DTIMS 12

6070 DTIMS 44

6846 DTIMS #

7011 DTIMS #

Alcohol Dehydrogenase 22 7330 DTIMS #
7594 DTIMS #

23 7399 DTIMS #
7420 DTIMS 12

7422 DTIMS #

7640 TWIMS #

24 7427 DTIMS #
7447 DTIMS #

7450 DTIMS 12

7693 TWIMS #

25 7429 DTIMS #
7440 DTIMS 12

7465 DTIMS #

7750 TWIMS #

26 7424 DTIMS #
7473 DTIMS #

7500 DTIMS 12

7814 TWIMS #

27 7470 DTIMS #
7520 DTIMS #
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Abstract

Careful transfer of ions into the gas-phase permits the measurement of protein structures, with ion mobility-mass
spectrometry, which provides shape and stoichiometry information. Collision cross sections (CCS) can be obtained
from measurements made of the proteins mobility through a given gas, and such structural information once
obtained should also permit inter-lab comparisons. However, until recently there was not a recommended standard
form for the reporting of such measurements. In this study we explore the use of collision cross section distributions
to allow comparability of IM-MS data for proteins on different instruments. We present measurements on seven
standard proteins across three IM-MS configurations, namely an Agilent 6560 IM QToF, a Waters Synapt G2
possessing a TWIMS cell and a modified Synapt G2 possessing an RF confining linear field drift cell. Mobility
measurements were taken using both He and N, as the drift gases. To aid comparability across instruments and best
assess the corresponding gas-phase conformational landscapes of the protein ‘standards’ we present the data in the
form of averaged collision cross section distributions. For experiments carried out in N,, CCS values for the most
compact ion conformations have an inter-instrument variability of < 3%, and the total CCS distributions are similar
across platforms. For experiments carried out in He, we observe the total CCS distributions to follow the same trend
as observed in N, whilst CCS for the most compact ion conformations sampled on the 6560, are systematically
smaller by up to 10%, than those observed on the G2. From this study, we observe the applied protein calibration
procedure (for TWIMS) to yield "WCCS for native-like proteins which are largely similar to those obtained on DTIMS
instruments. However, when considering the ease by which unintentional protein structural activation in vacuo can
occur and the broad range of PTCCS within the literature from which to calibrate drift times against, we advise
caution when calibrating sample protein drift times against protein ‘standards’ in order to obtain CCS values and

recommend the use of CCS distributions.

1. Background & Motivation

lon mobility spectrometry (IMS) coupled with mass spectrometry (IM-MS) permits the characterisation of an ions
structure from its mobility in a gas (IM) as well providing its mass (MS).! IM-MS is now established as a method to
interrogate the structure of proteins, and under gentle ionisation conditions ESI can produce ions which retain
aspects of their solution-phase structure.?”” IM-MS approaches have been exploited to permit the structural and
functional characterisation of many types of biomolecules, including peptides;®® small monomeric proteins;>1°

cytosolic and membrane bound protein complexes;!'? protein-protein and protein-ligand interactions;*3-'® Nucleic



acids”'® and amyloidogenic proteins.'®?° Regardless of the molecular species to be analysed there are features or
constraints that are common to all IM-MS experiments. These have recently been well outlined for all the prevalent
forms of IM-MS.2! Protein measurements have in the main utilised a form of ion mobility which can be generally
described by a common process. In this, packets of ions are focussed to traverse a drift cell filled with an inert buffer
gas at a known temperature and pressure (1Imbar to atmospheric) whereby weak electric fields act to axially propel
them through a drift cell/region. As they traverse this gas filled cell, the “frictional” force of gas-ion collisional events
retards their motion, thus permitting the temporal separation of ions based upon their size, shape and charge.?>?3
IM-MS experiments record the arrival time (ta) of m/z selected ions and this data can be used to determine their
rotationally averaged collision cross sections (CCS).?* Leading a wide community effort Gabelica recently
recommended how to report IM-MS measurements to better facilitate inter-lab comparability and in this work we

take this as the basis by which we can compare the data obtained on well-studied proteins.?*

In so called, ‘native’ mass spectrometry experiments, a protein of interest is infused from an aqueous solution along
with volatile salts such as ammonium acetate buffered to appropriate physiological pHs (~¥6-8).2%> In order to retain
solvated structures in vacuo, careful optimisation of source parameters is necessary to minimise collisional heating
and subsequent structural rearrangement.?® Such effects can also occur on the injection of desolvated ions into the
ion mobility drift tube.?” Foundational studies from Clemmer and Jarrold demonstrated that minimising the energy
of ions prior to IM separation permits the retention of native-like conformations for the monomeric proteins
ubiquitin and cytochrome ¢.1%2 In addition, Williams and Russell, using a 2" generation Waters Synapt G2 ion
mobility-mass spectrometer, demonstrated how voltages and trapping conditions prior to the drift cell can
substantially affect the conformational landscapes of ubiquitin and metallothionein-2A.262° Furthermore, Gabelica et
al. defined tuning parameters on an Agilent 6560 IMQToF which allowed the preservation of a compact so called “N
state” of Ubiquitin as well as the ammonium-bound states of a fragile nucleic acid complex.3° Such efforts to
establish optimal gentle transfer of biomolecules via careful tuning of ion optics across homemade and commercially
available IM-MS instruments, have been used to support arguments about the preservation of solution-like

biomolecular structures in vacuo, although it is evident that the ESI process also plays a major role.

Despite the body of work that reports the conditions required to ‘least perturb’ the structure of proteins for IM-MS
measurements, there has been less focus on the reproducibility of CCS, with exceptions being studies on small
biomolecule CCS on single vendor platforms.3:733 To our knowledge, there have only been a handful of publications
in which protein CCS have been compared across different platforms.3*3> That being said, none of these studies have
employed the use of CCS distributions to probe the conformational landscape of the systems under analysis.
Visualising these ion conformational landscapes for malleable systems has great utility in defining optimal tuning

parameters for native IM-MS experiments and as such, is commonly employed within many labs including our own.

In this study we establish “starting point” operational parameters which minimise the gas-phase activation of
proteins across three instrumental platforms. We report CCS distribution/CCS across three ion mobility-mass
spectrometers: the Synapt G2 (TWIMS & RF DTIMS configurations) and the Agilent 6560, in helium and nitrogen drift
gases, to ascertain the degree of differentiation between protein structures sampled across different IM-MS
platforms under “soft” tuning conditions. In addition, we provide interactive representations of CCS distributions to

augment traditionally numerical CCS datasets. Furthermore, we present global CCS histogram distributions for



compiled literature CCS values of our chosen systems, in order to facilitate a better understanding of where

individual “native IM-MS” CCS lie relative to previously published values.

2. Methods and Materials

2.1. Sample preparation and ionisation

Seven commercially available protein/protein complex standards were utilised for the experiments outlined in this
study. Sample identities, sources, suppliers, catalogue numbers and final solution conditions are detailed in SI Table

S1.

Ammonium acetate solutions were made by dissolving ammonium acetate (Sigma) in ultrapure water (Merck Milli-
Q) to yield ionic buffer concentrations of 50 or 200 mM (SI Table S1). All of these solutions were then adjusted to a

pH of 7.4 using ammonium hydroxide solution (Sigma).

All seven samples were purchased as lyophilised powders which were dissolved in either 50 or 200 mM ammonium
acetate solution, pH 7.4, to form protein stock solutions (typically 100 uM protein concentrations). These stocks
were then de-salted twice using Biospin-6 columns (BioRad, USA), aliquoted out, flash frozen and stored at -80 °C
until the day of analysis. On the day of analysis, aliquots were thawed at r.t and diluted to their final concentration

prior to experimentation (Sl Figure S1).

A mixture of commercially available phosphazine salts pre-dissolved in a acetonitrile/water solution (95:5, % v:v)
(G1969-85020) known as “tunemix” (Agilent technologies, Santa Clara, CA), as well as poly-DL-alanine (Sigma,
P9003) and myoglobin (Sigma, G7882) dissolved in water/methanol/formic acid (50:50:0.1, % v:v) were used to
optimise the helium IM-Trap differential on the modified Agilent 6560 IMQToF.

All experiments were performed using nano-electrospray ionisation (nESI) in positive ionisation mode. Samples were
infused into emitters prepared in-house from thin walled (O.D. 1.2 mm, I.D. 0.9 mm; WPI, UK) and thick walled (O.D.
1.2 mm, I.D. 0.69 mm; Sutter Instrument Company, USA) fire polished borosilicate glass capillaries using either a
Flaming/Brown P-97, Sutter P1000 or P2000/F micropipette puller (Sutter Instrument Company, USA). In order to
facilitate more facile spraying, all solution loaded emitters were centrifuged at 5000 rpm for 15 seconds prior to
loading into the instrument tip holder. Platinum wire (diamater 0.125 mm, Goodfellow Cambridge Ltd, UK), was
inserted into the capillaries to permit efficient ionisation. In order to compensate for the reduction in ion
transmission which typically accompanies native IM-MS instrument optimisation, all experiments were carried out in

sensitivity mode.

2.2 Instrumentation

2.2.1. Waters Synapt G2 (TWIMS)

Travelling wave derived CCS distributions/CCS were obtained on a Synapt G2 (Waters, UK) with nitrogen as the drift
gas (S| Figure S2). Within this instrumental configuration, ions can be mass selected in the quadrupole prior to IMS.
After navigating the quadrupole, ions enter the “Tri-wave” region which encompasses: 1) an argon filled trap cell,

where ions are periodically stored and gated into the helium cell, 2) a helium cell held at a comparatively high



pressure to the trap cell, where ions experience “collisional cooling” prior to IM separation, 3) an ~25 cm long
TWIMS cell filled with nitrogen, whereby propagating DC waves enable the mobility separation of ions based upon
their size, charge and conformation and 4) a transfer cell which acts to ferry ions toward the ToF analyser for m/z
quantitation. For all the TWIMS experiments within this study, IM wave velocities of 100-300 ms™* and wave heights
of 9.5-19.5 V were employed. General parameters employed for native TWIMS experiments are outlined in Table S2.

For a more detailed description of the Synapt G2 (TWIMS), see Giles et al.3*.

2.2.2. Waters Synapt G2 (DTIMS)

The Synapt G2 was modified via substitution of the travelling-wave IM cell (incorporating the helium cell) with an
~25 cm long RF-confining drift cell (Waters, UK) (SI Figure S3).37 Helium/nitrogen gas was introduced into the RF cell
using a gas inlet system positioned in the centre of the cell to promote pressure homogeneity (SI Figure S4).
Absolute IM cell pressure readouts were enabled by the installation of a baratron (model 626C, MKS, UK). Drift gases
could be switched by toggling the “He” (for helium) or “IMS” (for nitrogen) tabs, whilst the RF confining drift cell
could also be operated using the original instrument software (MassLynx V4.1) (SI Figure S4). The static potential
gradient required for IMS was applied across the RF cell using a combination of four DC voltages (S| Figure S3). For all
the experiments outlined in this study, six drift voltages separated by 25 V increments were employed to obtain ion
dead times (to) and subsequent CCS/CCS distributions. It is important to note that the RF cell pressure was left to
equilibrate for >30 minutes after gas initiation/switching prior to data acquisition. General parameters employed for
native DTIMS experiments performed on the modified G2 are outlined in Sl Table S3. For a more detailed description

of the modified Synapt G2 (DTIMS), see Allen et al.?".

2.2.3. Agilent 6560 IMQToF

The setup employed for helium and nitrogen experiments carried out on the 6560 is described in Sl Figure S5. For
experiments undertaken on the 6560, an orthogonally configured nESI source (G1988-60000 Nanospray, Agilent)
was utilised. The source drying gas flow (nitrogen), which was observed to have a large impact upon the observed
analyte charge state distributions (CSDs) (SI Figure S6), was adjusted to below 2 L min? by a manual flow controller
(Porter instrument company, USA) fitted to the drying gas outlet and source inlet. Post source, ions were transferred
through a heated capillary into a two-stage ion funnel, the first of which focuses ions via the use of elevated
pressures, whilst the latter operates as an ion funnel trap which enables the release of discrete ion pulses into the
IM cell. The IM region comprises an ~78 cm long static field drift tube with an absolute pressure capacitance gauge
(CDG 500, Agilent) positioned at the far end of the cell and a thermocouple (Type K, Omega engineering) positioned
above the middle of the cell. The instrument configuration employed for measurements taken with nitrogen and
helium drift gases is depicted in S| Figure S5. For measurements taken in nitrogen, a positive IM cell pressure
differential of 0.15 Torr relative to the preceding trapping funnel was utilised, as described previously.3® The
pressure differential was maintained within 0.01 Torr via the inclusion of a drift gas kit (G2582A, Agilent) fitted with
a precision flow controller (640B 10 Torr range, MKS) which regulated drift tube pressure by responding to the
absolute pressure capacitance gauge (CDG 500, Agilent). However, we found the precision flow controller to be
unable to maintain pressure differentials when the instrument was operated with helium as the drift gas. As such,
we modified the gas inlets into the trap and IM cell so as to bypass the flow controller and permit manual control of

the gas pressures using needle valves (Swagelok) (See S| Figure S5). After carrying out pressure differential

4



optimisation experiments in helium using tunemix (SI Table S4), polyalanine (SI Table S5) and myoglobin (SI Table
S6), we settled on an optimum helium IM-Trap differential of ~0.13 Torr. This differential prevented nitrogen
contamination in the IM cell, resulting in °TCCSy. values closest to those previously published. It is important to note
that all gases pass through a gas purifier trap (nitrogen and helium; RMSN and RMSH, Agilent) prior to entering the
instrument in both of the instrumental configurations employed. Data was recorded using the MassHunter Data
Acquisition software (Agilent) using the stepped-field method, whereby incremental variation of the electric field
(five 100 V steps) across the drift cell permitted enumeration of the CCS distributions for a given ion. General
parameters employed for native experiments performed on the 6560 IMQToF are outlined in Sl Table S7. For a more

detailed description of the 6560 IMQToF, see May et al.*.
2.3. Data Analysis and CCS distribution production

All experimental data obtained from the Synapt G2 (with TWIMS/DTIMS configurations) was analysed using
MassLynx V4.1 software (Waters, UK). Arrival time distributions (ATDs) encompassing a drift time axis (x-axis) and an
associated ion intensity axis (y-axis) were extracted for the desired m/z region (Figure 1 a. ii). The drift time axis was
transformed to a CCS axis by employing suitable calibrant ions (SI Table S8) following an approach described
previously for TWIMS,*14041 or DTIMS data (Figure 1 a & b iii & iv).2>*? Data acquired on the 6560 IM-QToF was
analysed using MassHunter IM-MS Browser software (Agilent). Drift times and their corresponding ion intensities
were extracted for the desired m/z regions (Figure 1 b. ii), as for data acquired on the Synapt G2. However, unlike
MassLynx software, the MassHunter IM-MS browser records all IMS parameters, these can then be extracted as
tabulated data and applied to the Mason-Schamp equation to convert the x-axis from drift time to CCS units (Figure

1 b. i &iv).

Each replicate yielded a single CCS distribution plot with slightly different x-axis CCS binning increments (due to
different A and X values from TWIMS experiments and different dead times in DTIMS experimental replicates)
(Figure 1 b. iv. Top). In order to produce averaged CCS distribution plots from individual CCS distribution replicates,
Gaussian fits were made to the experimental data using a consistent number of data points (e.g. 1000) across a fixed
CCS range (e.g. 2500-4500 A2). After fitting all CCS distribution replicates for a single ion across the same CCS range
and number of data points, the average CCS distribution plot was constructed as follows: 1) The range employed for
the CCS distribution replicate was extracted and used to form the x-axis of the averaged CCS distribution plot. 2) The
ion intensity across the CCS range of each replicate was averaged whereby standard deviations denote the variation
between replicates. 3) The constructed x-axis, y-axis and y-axis standard deviation were combined to obtain
averaged CCS distributions (Figure 1 b. iv. Bottom). lon CCS were obtained via averaging apex values from Gaussian
fitted CCS distribution replicates. Associated CCS errors () came from the standard deviation of these values. Total
CCS distribution plots for protein/protein complexes were obtained by combining averaged ion CCS distribution
plots (normalised for mass spectral peak intensity and CCS distribution area). All CCS distributions produced within

this study were constructed using OriginPro 2015/2017 software.

2.4. Interactive figures

A number of main text and Sl figures presented in this article were recreated in an interactive format to enable in-
depth interrogation of the presented results. These are deposited online at https://france-ccs-2019.netlify.com/.


https://france-ccs-2019.netlify.com/

The interactive figures were created using ORIGAMIANAYSE and require the use of a modern internet browser and
access to the internet.®
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Figure 1. Schematic showing how TWIMS (LHS) & DTIMS (RHS) data yields averaged ion CCS and CCS distributions. a)
i) Schema for the trajectories of ions in each type of IM experiment. ii) Example ATDs required to determine CCS
distributions. For DTIMS data (RHS) the ATD corresponding to the lowest DV is marked by (*). iii) LHS: Drift times
from calibrant ions with previously measured PTCCS which bracket the mass of the ion of interest are corrected for
their charge, time spent outside the drift cell post IM and reduced mass, yielding a plot that converts experimental
corrected drift times (t'p) to CCS (Qc). From the plot of In(Qc) vs In(t'p), the exponential factor (X) and fit-determined
constant (A) can be obtained for conversion of ATDs into CCS distributions. RHS: The arrival time apex of ions
obtained from each DV are plotted against a reciprocal of the DVs (1/V), where the y-intercept of this plot yields the
ion ‘dead time’ (to), which is the time spent outside of the drift cell. Additionally, the slope of the plot represents the
ions mobility. iv) CCS axes are not the same across CCS distribution replicates, so interpolation of the data yields an

averaged CCS distribution wherein error bars (blue) represent the deviation between replicates.

3. Results and Discussion

3.1 Tuning ion transmission to preserve structure

Native IM-MS workflows are dependent upon the solvation of biomolecules within non-denaturing, MS compatible

solutions which adequately reflect the electrolytic milieu of the cell.>#44> Accordingly, aqueous ammonium acetate



adjusted to pH (~7) is the most commonly employed solution for native IM-MS experiments.?>#4> In order to sample
macromolecular structures which most closely resemble those found in physiological solutions, IM-MS
instrumentation has to be carefully tuned so as to reduce lab frame energies and in turn, ion internal energies (Eint)
which promote gas-phase restructuring.?® Perturbations in protein conformation, via ion heating, often have
minimal effects upon the observed CSD (Figure 2a insets);?® as a result, structural conclusions derived solely from

protein charge state signatures (i.e CSDs) observed via native MS should be addressed with caution.*4”

To ascertain the degree to which a set of instrument parameters promote ion activation, we use the observed ATD
of selected proteins as a measure of transmission ‘softness’, analogous to the use of fragments from thermometer
ions.2>#49 Given this approach, suitable ions are those with a well-documented “native” globular state and defined
unfolding pathway previously observed with IM-MS. Accordingly, we recommend the [Ubiquitin+6H]®* and

[Cytochrome c+7H]"* ions as suitable (Figure 2a).

Post ionisation, optimisation for ‘soft’ ion transmission is dependent upon: 1) the reduction of accelerating voltages
and 2) the modulation of gas pressures, both of which act in synergy to minimise the energy of ion-neutral collisions.
In the instance where desirable ‘soft’ tuning has been achieved, the ATD of the thermometer ion (cytochrome c in
this instance) should present with a comparatively narrow, Gaussian-like peak (indicative of a single conformational
population) observed at low arrival times (Figure 2a, Top). These observations would likely point to the retention of
a folded form of the protein which effectively is a dehydrated solution-phase structure; this hypothesis can be
confirmed via CCS determination.>® The associated mass spectrum (Figure 2a, Top, inset) presents with a dominant
7+ peak and a small amount of the 6+ ion. This mass spectrum is typical for cytochrome c sprayed from non-
denaturing solutions.5? Critical to our workflow is the observation that when certain ions undergo collisional heating,
they first anneal into highly collapsed structures prior to unfolding. These collapsed structures will present in much
the same manner as the native-like dehydrated ion, except with lower CCS values. Subsequently, in situations where
gas-phase annealing to collapsed structures is suspected, it is instructive to compare the associated CCS with those

found within the literature.>?

For many commercial mass spectrometers the default settings employ greater accelerating voltages in tandem with
gas pressures which permit increased gains in ion transmission (~5 fold) and detection efficiency. Often these gains
in signal intensity are concomitant with a reduction in salt adducts (observed via MS). Under default settings a
protein will undergo a degree of gas-phase restructuring, typically yielding more complicated ATDs (Figure 2a,
Middle). Interestingly, within the corresponding MS (Figure 2a, Middle, Inset), under such conditions we observe an
slight increase in the relative abundance of lower charge states (6 & 5+) when compared to the soft tune, perhaps
attributed to the loss of counterions. If accelerating potentials within the instrument are increased further still, then
the intermediary conformations largely re-organise to an extended gas-phase form which tends to have one
conformer.1%>3 This capability to manipulate the structure of a given ion in vacuo is exploited in activated ion
mobility (alM)/ collision induced unfolding (CIU) experiments, which describe the gas-phase restructuring of an ion,
often induced by high energy gas-ion collisions, monitored via IM-MS.*® alM/CIU has played a pivotal role in the
interrogation of protein unfolding mechanisms as well as the effect of ligand/co-factor binding upon protein

stability.26-°45>
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Figure 2. a) IM conformational landscapes of [cytochrome c +7H]’* obtained from the Synapt G2 (TWIMS) under
different tuning conditions. Top) 7+ ATD observed under ‘soft’ settings. Middle) 7+ ATD observed under ‘Default’
settings. Bottom) 7+ ATD observed under ‘Harsh’ settings. Insets) Mass spectra corresponding to each set of tuning
conditions. b) Schematic of the three IM-MS configurations employed within this study illustrating the differences in
the trapping regions prior to injection to the drift cells. Top) G2-TWIMS configuration - lons are gated from the trap
region (1) into the He cell (2) where they are ‘collisionally cooled’ prior to reaching the IM cell. Upon entering the IM
cell, ions are separated by propagating DC waves (blue line) which propel ions through the stacked ring ion guide
(SRIG) filled with an inert drift gas. lons then reach the transfer DC entrance (3) after which they enter the transfer
cell (4) prior to entering the ToF-MS for m/z quantitation. Middle) G2-DTIMS configuration - In this setup, the helium
cell entrance plate & TWIMS cell have been replaced by a linear drift cell.3” RF-confinement of the ion beam within
this configuration is established by a dual series of 330 pF capacitors. lons traverse a uniform DC voltage gradient
established via a network of resistors (‘R’ Boxes). Bottom) 6560 IMQToF — The trapping funnel (5) permits the
temporal release of ions into the drift cell where they drift under the influence of a shallow DC potential (without RF
confinement). After which the ion beam is axially refocused by the rear funnel (6) at the exit of the drift cell prior to

entering the post-IM optics.

To least perturb the ions structure, its kinetic energies must be kept at or near the minimum threshold required for
successful transmission. On the Synapt G2, parameters such as the trap cell gas flow, trap bias DC (which acts as an
injection voltage) and Trap CE, are critical determinants of transmission ‘softness’ (Figure 2b, Top & Middle). The
trap cell gas flow, when tuned with voltages within the trap cell, permits effective trapping of ions prior to gating
into the IM region. In addition, this gas collisionally focuses ions by dampening their axial and radial velocities, which
in turn increases overall ion transmission. That being said, if the trap cell flow is too high, then structural
perturbation can occur due to the increased ion-gas collision frequency. In the G2 TWIMS configuration, the addition
of a gas cell before the drift region (2) which acts to permit higher IM resolution, offers another parameter to alter,

that of the helium gas within it.3¢

Raising the trap bias DC increases the potential difference between the trap and IM region of the G2 instrument

which effectively imbues ions with greater kinetic energies as they enter the IM cell (Sl Figure S2 b). Raising the Trap




CE, as with alM experiments, acts in much the same way. Even for stable protein complexes, for example the
tetrameric alcohol dehydrogenase, large potential differences applied between the trap and IM regions result in
individual subunit unfolding (Figure 3a) prior to the ejection of highly charged monomers.>®>” When modulating the
trap bias DC it is crucial that a compromise between transmission ‘softness’ and signal intensity/MS resolution is
struck, as this parameter significantly effects MS resolution and ion transmission. Surprisingly for the Synapt G2
(DTIMS configuration), we also found the trap wave height (WH) has an observable impact upon the conformational
landscape sampled for monomeric protein ions. We believe this affect to be due to the increased kinetic energy
imparted upon ions within the trap when higher trap WHs are employed. Interestingly, we did not observe this
effect on the Synapt G2 (TWIMS configuration). In agreement with Williams et al.?°, we did not observe TWIMS wave
velocity or wave height to have any observable effect upon the conformational landscape sampled for any of the
ions analysed. Voltages at the beginning of the IM cell, namely the IMS entrance voltage and the He cell DC (Figure
3a), were also observed to have a ‘fine tuning’ effect on the observed ion ATD (for monomeric proteins), with the

latter only impacting the ATD when the G2 was configured for TWIMS.

In contrast to the aforementioned pre-IM DC voltages, variation of RF voltages within both instrument
configurations were not observed to have any significant effects upon ion ATDs, although they did have a notable
impact upon ion transmission.>® To offset reductions in ion transmission which occur under native IM-MS settings,
the IM bias DC, transfer CE and transfer wave velocity can be raised. Increasing the IM bias DC and/or the transfer
CE, raises the potential energy difference between the IM and transfer region and thus raises ion kinetic energies
post-IMS (S| Figure S2b). Optimisation of these three parameters permit favourable gains in ion transmission

concomitant with the dissociation of non-volatile salt adducts.

Tuning for ‘soft’ ion transmission on the Agilent 6560 IMQToF, like the Synapt G2, is largely dependent upon the
application of voltages within the trapping region (Figure 2b, Bottom). Most importantly the trap entrance grid delta,
which is the potential difference between the trap during filling (low) and during storage and release (high), had a
significant effect upon ion activation. This effect was most notable for small monomeric proteins such as cytochrome
c (Figure 3b) and was in corroboration with findings from Gabelica et al.3°. Unlike the Synapt G2, we observed tuning
of the RF voltages within the 6560 to have a noticeable effect upon ion activation (Figure 2b). The most significant of
these was the trapping funnel RF which acts to radially confine ions within the trapping funnel prior to gating into
the IM cell. In contrast to Gabelica et al.*° and Mclean et al.>!, we found that maintaining the trap DC voltages
employed across both N, and He drift gases (SI Table S7) did not yield any observable differences in protein
conformation (See Sl Figures S7-20, LHS column). Within the source region of the instrument we observed minor
effects on the conformation of monomeric proteins when the fragmentor voltage, was altered within the 300-400 V
range. Lower fragmentor voltages led to losses in signal transmission without gains in transmission ‘softness’, whilst

higher fragmentor voltages did not permit gains in signal intensity yet began to promote ion activation.3°



a) Synapt G2 (TWIMS) — N, b)

Alcohol dehydrogenase 24+

6560 IMQToF — N,

Cytochrome c 7+
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TrapCE=0V Trap entrance
gridA=1V
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Activated Activated
TrapCE=80V Trap entrance
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gridA=36V
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Tuning parameters which affect gas-phase protein structure

SC Trap bias | Trap CE Trap entrance grid A
He cell IM DC
flow* Ent Trap WH Fragmentor RFs DCs

Figure 3. The use of alcohol dehydrogenase and cytochrome ¢ (200 mM and 50 mM AmAc solutions respectively) to
illustrate the effect of altering instrument parameters a) [Alcohol dehydrogenase + 24H]?**, Synapt G2, Top) soft
tuning, whereby no trap collision energy is applied. Bottom) activating tuning: trap collision energy has been raised
to 80 V. b) [Cytochrome ¢ + 7H]”* 6560 IM-QToF, Top) soft tuning parameters: gating height of the trap entrance is
+1V. Bottom) using activating tuning parameters: whereby the gating height of the trap entrance is +3.6V. The table
describes the parameters which we have found to have substantial (grey & bold) and lesser (just grey) affects upon
ion activation on the Synapt G2 (LHS) and 6560 IMQToF (RHS). (*) G2-TWIMS configuration only. SC = source cone

potential for the G2.

3.2 Assessing inter-instrument variation in the CCS distributions for proteins and protein complexes

After ‘soft’ and comparable ion transmission parameters were defined across the three instrumental platforms, we
focused upon the IM-MS analysis of a range of protein analytes that are readily available and have been much
studied before (Table S1). We sought to compare analyte gas-phase CCS distributions with both He and N, as drift
gases (Sl Figure S7-20). In Figure 4 we compare the data obtained for tetrameric concanavalin a with cytochrome c.
Concanavalin a presents with a CSD centring on the 20+ species and a Az of 5 (although the charge states at either
end of the CSD are often barely visible). Across all three instruments, the CCS distributions for the tetrameric species
of concanavalin a largely present as unimodal Gaussian-like peaks which yield CCSye values (replicable to within
~0.5%) that differ by ~0.1-0.9% across charge states and <2% across instruments (when comparing like charge

states).
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Figure 4. Total CCS distribution for a flexible protein and rigid protein complex obtained across all instrumental
platforms utilised within this study with helium as the drift gas. a) Total CCS distributions obtained when analysing
monomeric cytochrome c using parameters tuned for native IM-MS on the i) Agilent 6560 IMQTOoF, ii) Synapt G2
(TWIMS) and iii) Synapt G2 (DTIMS). b) Total CCS distributions obtained when analysing tetrameric concanavalin a
using parameters tuned for native IM-MS on the i) Agilent 6560 IMQToF, ii) Synapt G2 (TWIMS) and iii) Synapt G2
(DTIMS). The total CCS distribution trace encompassing the averaged CCS distributions for each analyte charge state
are represented by the thick black lines. The colours of the CCS distributions for each charge state observed
correspond to the key at the RHS of each total CCS distribution. The table underneath the total CCS distributions
describes the average CCSue values obtained for the observed conformations of concanavalin a (LHS) and
cytochrome c (RHS) across the three instrumental configurations employed. The () values represent the standard
deviations across replicates. For all of these experiments concanavalin a and cytochrome ¢ were sprayed from 200

mM and 50 mM AmAc solution (pH 7.4) respectively.

Our findings suggest that we are probably sampling a single conformational population which is retained across the

charge states analysed, as might be expected for a well-structured protein complex. The only exception to this is the
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[M+22H]%* species which presents as a bimodal CCS distribution with a larger conformer observed at ~6300 A2 (Sl
Figure S17). Previous alM experiments on concanavalin a, showed a larger species with a drift time which was ~25%
higher than the structure sampled prior to activation.*>*® Regarding the CCS distribution for concanavalin a analysed
in He, the charge states sampled on a given instrument possess almost identical widths (with the exception of the
19+ species sampled on the 6560 which is notably narrower) (SI Figure S17). However, across instruments there are
observable differences in CCS distribution width. Most notably the CCS distributions obtained from the G2 (TWIMS),
both for N;>He (SI Figure S17) and N, (SI Figure S18) are ~50% narrower than the corresponding CCS distributions
obtained from the 6560 and G2 (DTIMS) respectively, which themselves are very similar to one another (Figure 4a).
With nitrogen as the drift gas, we observe predominantly unimodal Gaussian-like CCS distributions (as in He) but
with CCS (replicable to within ~0.5%) that differ more significantly across charge states (~0.9-4.3%) but not
instruments (<2%) (Sl Figure S18). For clarity we have provided representative raw ATDs to show the unprocessed
gas-phase conformational landscapes we observe by IM in both He (Sl Figure $21) and N (S| Figure S22), within this

study. The most notable variation across CCSh, values is observed on the G2-TWIMS, where the highest charge state

(21+4) is ~4.3% bigger than the lowest charge state (18+). This difference is most likely due to the Qi values

employed for the T""CCSN2 calibration procedure. In accordance with this hypothesis, a significantly smaller CCS
variation across charge states is observed (~0.5%) for the same raw data set calibrated to yield TWCCSNZ_)He values. In
contrast, the range of CCS, values obtained for concanavalin a on the G2 (DTIMS) and 6560 do not vary to the same

degree, at ~1.7 and 0.9% respectively.

Cytochrome c also presents as a narrow CSD, with a Az = 2-3, centring on the [M+7H]’* species (Figure 2 and SI
Figure S9). Across all three instruments, the ATDs for the [M+6H]¢* are bimodal, but here the earlier arriving species
corresponds to a concentration specific coincident dimer whilst the [M+7H]”* ATD is unimodal. Slight tailing toward
higher CCS is observed for the [M+6H]® on the G2 (TWIMS) and the 7+ ion analysed on the 6560 and G2. The CCS
distribution of the 7+ ion, analysed on the G2 is comparatively broad (Figure 4 & SI Figure S9). This tailing and
broader CCS distribution (7+, G2) may be indicative of a lowly populated, partially unfolded conformer which we
were unable to resolve. In contrast to the highest charge states of concanavalin a, the 8+ species of cytochrome ¢
when sampled on the G2 presents as a broad unresolved peak with one dominant, partially resolved apex with a
notable tail. This tail likely constitutes numerous unresolved, closely related intermediate conformations resulting
from differing degrees of structural activation. On the other hand, the 8+ ion sampled on the 6560 presents as a far
narrower, albeit partially resolved peak with minimal tailing. Across the three instruments, the CCSy. values for the
most compact ion conformations observed vary by ~0.3-9%, with the variation increasing with increasing charge
(Figure 4 & Figure 5). However, most of this variation is due to the CCSy. values obtained on the 6560 which are ~4-
9% smaller than those obtained on the G2 platform. When comparing CCSy. values obtained on the 6560 and G2 we
observe the same trend (to differing degrees) for all analytes within this study, except for concanavalin a (Figure 5).
Interestingly, the systematic reduction in measured CCS on the 6560 relative to the G2 is not observed with nitrogen
as the drift gas (SI Figures S7-S20 & S23). Comparing the total CCS distribution plots for cytochrome c across the
three instruments employed, we see that the CCS distribution widths, particularly for the 7+ and 8+ ion, are
considerably wider on the G2 platform (~50%) than on the 6560. This finding is inconsistent with the total CCS

distributions of concanavalin a, where the opposite is observed.

12



= Average = 6560 = G2 (DTIMS) = G2 (TWIMS)

Cytochrome c

6 — . - 3 .- ———=
z 5- — T z 71 el
af = — 6
T T T T ) v T T v T \
900 920 940 960 980 1000 1150 1200 1250 1300 1350 1400 1450
CCSye (A7) CCSpe (A?)
Myoglobin Avidin
. 17 . ==
o] - =
164 - - ==
7 84 - = z
i .
154 « - e
1" 144 - =
1550 1600 1650 1700 1750 1800 1850 1900 3400 3450 3500 35'505 3600 3650 3700
CCsye (A7) CCSpe (A?)
BSA Concanavalin a
17 1—._. 22 ——
16+ — 214 —_— e T
Z Z
—_—
154 e 20 e
144 . - = 194 . L
T T T ) T T T )
3800 3900 4000 4100 4200 5300 5350 5400 5450 5500
CCSpe (A7) CCSpe (A?)
Alcohol dehydrogenase
26+ - = =
254 - - —
Z 24 - - =
23 - —
224 . -
6450 6550 6650 6750 6850 6950 7050 7150
CCSye (A7)

Figure 5. Scatter plots showing the range of CCSy. values obtained for the protein/protein complexes analysed
within this study across the instrumental platforms utilised. In all cases the CCS for the single most abundant
conformation for each charge state was compared across the three instruments. The black, red, blue and green
squares represent the average CCSy. values obtained for single conformations as an average across all the
instruments, on the 6560, the G2 (DTIMS) and the G2 (TWIMS) respectively. The associated coloured bars show the

standard deviation across the experimental replicates.
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3.4 Comparisons with literature

In order to visualise the general spread of conformations for proteins/protein complexes across the literature, as
well as this study (as discussed above), we have plotted all of the CCS values we could find, for all the analytes and
their charge states observed in this study, as global CCS frequency histogram plots (see Figure 6 for cytochrome ¢
[He & N,] and SI Figures S24-5S35 and Tables S9 & S10 for all of the analytes). These plots, along with their associated
tabulated CCS should act as a rough guide for future native IM-MS analyses of the analytes discussed within this

study.

The CCSke values obtained for the 6+ and 7+ ions of cytochrome ¢ within our study are ~6% smaller to 5% larger than
the most compact conformations sampled by Clemmer and co-workers on their 50.6 cm and 7.6 cm long drift tube
instruments (Figure 6a & Table 59).106061 Additionally, our CCSke values are ~ 8 % smaller to 2 % larger than those
measured by Bush et al. on a modified Synapt G2 with an RF confining linear cell (Figure 6a & Table $9).374
Regarding the most compact conformations of the 8+ ion sampled on the G2 our CCSy. values are ~9-12% larger
than those reported by Clemmer, whilst the values obtained from the 6560 are <1% larger than the most compact
conformation sampled by Clemmer (Figure 6a & Table $9).10696 Furthermore, our measurements for the most
compact conformations of the 6+, 7+ and 8+ ions range from 5-21% smaller than the most compact conformations
sampled by Mclean et al. on a 6560 IMQToF (Figure 6a & Table $9).>! Importantly, our measurements on the 6560 in
He, are seen to provide the largest source of variation when comparing our CCSy. values with those found in the

literature.

The CCSye values measured for concanavalin a within this study are in good agreement (~0.5-3% smaller) with those
obtained on a modified Synapt G2 (RF confining linear cell) by Bush et al.3’*!, and those measured on a home built
VT-IM-MS instrument by Barran et al. (S Figure 32 & Table S9).62 That being said, Barran et al. also recorded CCS, on
a home-built IMQToF, which were ~8-18% smaller than those observed in our study (SI Figure S32 & Table $9).5%63

Regarding the small body of published CCSn, measurements, the values we have obtained within this study are

systematically smaller (~0.5-4%) than those measured by Bush and coworkers on a 15t and 2" gen RF confining drift

cell and on a SLIM system (S| Figure S33 & Table $10).4%64

When comparing our CCSh, values with those obtained in the literature, our values for the 6+ and 7+ ions of

cytochrome c are systematically smaller than the most compact conformers obtained in a series of studies by Bush
et al. by anywhere from ~1 up to 25% (Figure 6b & Table $10).4+%* In comparison to measurements by Mclean et al.
on a 6560 IMQToF, our measurements range from 5-13% smaller for the 8+, 4 % smaller to 2% larger for the 7+ and
7-8% larger for the 6+ ion (Figure 6b & Table S10).°! We reason that the most compact conformation measured for
the 6+ ion by Mclean et al. corresponds to a trace amount of coincident dimer, which, if we were to measure as a

compact conformer of the 6+ ion (as an average across the three instruments utilised), does yield a CCSw, of 1326
48 A? which is in close agreement with their published CCSy, value of 1360 + 13 A2.51 Accordingly, our measurements

for the 6+ ion are <1-2% smaller than the measurement given for the most abundant conformer they observe,
making it more likely that this species is indeed the most compact conformation of the 6+ ion which they sampled.
The above information, together with prior EHSS and PSA models (in He) for the native fold of cytochrome c, suggest

that for the 6+, 7+ (on all instruments) and 8+ ion (measured on the 6560), we are sampling dehydrated, partially
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collapsed, native-like structures of cytochrome c.1%°1%> Regarding the 8+ ion, the conformations sampled on the G2
likely represent different intermediates along the gas-phase unfolding pathway toward more extended structures, as
seen previously.1%% In contrast, concanavalin a does not show the same degree of charge/instrument dependent

CCS distribution variation and CCS increase, likely due to its more rigid structure.
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Figure 6. Global histogram plots of cytochrome c. a) Global CCSye histogram plots, b) Global CCS, histogram plots,

for all the experimentally observed charge states of cytochrome c. Literature as well as our own experimentally
obtained CCS values were grouped into 20 A? bins, whereby the frequency of CCS values to the nearest 20 A?
increment were summed and represented as solid bars within the histogram plots. Within these stacked histogram
plots, blue, yellow and red bars represent the frequency and size of CCS values for the 6+, 7+ and 8+ ions of
cytochrome c respectively. Grey, orange, green and purple arrows represent the smallest CCS values measured from

this study, and the literature values of Clemmer et al., Bush et al. and McLean et al. respectively.1041,51,60,6164

Across all of the protein/protein complexes analysed, we present CCSn, values which are reproducible to within <3 %

across the 6560 and G2 (TWIMS and DTIMS) configurations. Similarly, this degree of variation was observed when
comparing CCSy. values obtained across both configurations of the G2. However, CCSy. values derived from the
Agilent 6560 proved significantly different to those obtained on the Synapt G2 platform, with the (notable)
exception of concanavalin a. If this difference in CCS was a result of applying an incorrect IM-Trap pressure A, then
we would expect 1) The CCSy. values obtained for the monomorphic test systems utilised to be significantly different
from their published values and 2) all of the CCSy. values to be systematically larger on the 6560 relative to the G2,
as the drift cell would be contaminated with nitrogen gas (if the IM-Trap pressure A was too low), which would

retard ion motion more than helium, leading to comparatively longer drift times and thus larger CCS.>! Instead, at a
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A of ~0.13 Torr, we observe the CCSy. values for the monomorphic systems to be in close agreement with the
average helium CCS derived from previously published data (<0.5%).27:37:5367-70 |n addition, the CCSye values for the
analytes under test were systematically smaller than those observed on the G2, by an average of 4.3% and a
maximum of ~ 10 %. As we employed the same trapping DC voltages across both N, and He gas experiments we
thought it possible that analyte ions injected into the IM cell filled with helium might be introduced with such force
(due to the relative differences in mass between He and N,) that they do not immediately begin to ‘drift’ within the
IM cell, thus shortening their effective drift length, which would lead to a systematic reduction in CCSy. values.
However, this effect was not observed for the monomorphic test systems and concanavalin a, which were analysed

using identical pre-IM DC voltages to those employed for the other analytes studied.

4. Conclusion and Outlook

Native IM-MS is used to measure a host of protein/protein complexes across many instrumental platforms. Within
this study we have shown that, when parameters are tuned to minimise gas-phase activation via the employment of
suitable thermometer ions, compact conformations and highly similar structural landscapes can be sampled across
three common platforms. These findings in tandem with the body of literature for CCSye values suggests things: 1)
that the instrument parameters employed on the 6560 (when operating in He) permit access to native-like
dehydrated solution-phase like structures that are notably smaller than those obtained on the G2, or 2) that the
instrument parameters employed on the 6560 (when operating in He) promote gas-phase annealing of all but the
most rigid structural conformations. When comparing our 6560 CCSy. values with the smallest values from the
literature (SI Table S9), we observe that our measurements are not systematically smaller, and actually range from
~16% larger to 11% smaller than the smallest P"CCSy. values published. As such, we conclude that the smallest CCSye
values we observe on the 6560 are most probably dehydrated, native-like solution-phase structures sampled in
vacuo. Our findings in combination with the broad range of accessed CCS observed within our global CCS frequency
histogram plots (and their associated tables) show that proteins/protein complexes are often conformationally
flexible, dynamic structures which can easily undergo unintentional gas-phase restructuring to yield non-native
conformations. As such, regarding the future of CCS calibration procedures (as utilised to obtain "WCCS) we propose
that the ideal set of calibrants would be monomorphic (and therefore impervious to gas-phase ion activation), unlike
proteins. But similar to the array of protein ‘standards’, these calibrants would span a wide range of masses,
mobilities, Az’s and effective densities (thus mimicking the breadth of potential protein samples) whilst being readily

available, highly stable and easily sprayed. This version of a calibration approach will be the focus of future studies.
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Using Collision Cross Section Distributions to Assess the Distribution
of Collision Cross Section Values

Aidan P. France, Lukasz G. Migas, Eleanor Sinclair, Bruno Bellina and Perdita E. Barran*

Michael Barber Centre for Collaborative Mass Spectrometry, Manchester Institute of Biotechnology and Photon Science Institute,

University of Manchester, 131 Princess Street, Manchester, M1 7DN, UK

Careful transfer of ions into the gas-phase permits the measurement of protein structures, with ion mobility-mass spectrometry, which
provides shape and stoichiometry information. Collision cross sections (CCS) can be obtained from measurements made of the ions
mobility through a given gas, and such structural information once obtained should also permit inter-lab comparisons. However, until
recently there was not a recommended standard form for the reporting of such measurements. In this study we explore the use of
collision cross section distributions to allow comparisons of IM-MS data for commonly analysed proteins. We present measurements
from seven proteins across three IM-MS configurations, namely an Agilent 6560 IMQToF, a Waters Synapt G2 possessing a TWIMS
cell and a modified Synapt G2 possessing an RF confining linear field drift cell. Mobility measurements were taken using He and N
as the drift gases. To aid comparability across instruments and best assess the corresponding gas-phase conformational landscapes of
the protein ‘standards’, we present the data in the form of averaged CCS distributions. For experiments carried out in N, CCS values
for the most compact ion conformations have an inter-instrument variability of < 3%, and the total CCS distributions are generally
similar across platforms. For experiments carried out in He, we observe the total CCS distributions to follow the same trend as
observed in N2, whilst CCS for the most compact ion conformations sampled on the 6560 are systematically smaller by up to 10%
than those observed on the G2. The calibration procedure (for TWIMS) yields ™CCS for native-like proteins which are largely
similar to those obtained on DTIMS instruments. We collate previously reported values of CCS for these proteins in the form of
histograms which bear a remarkable similarity to the CCS distributions, reflecting the conformational heterogeneity of proteins and
also how conformer populations can be altered on transfer from solution to the detector. This gives concern for some caution when

calibrating sample protein drift times simply with single numeric CCS values.

1. Background & Motivation

lon mobility spectrometry (IMS) coupled with mass spec-
trometry (IM-MS) permits the characterisation of an ions struc-
ture from its mobility in a gas (IM) as well as providing its mass
(MS).! IM-MS is established as a method to determine struc-
ture, and under gentle ionisation conditions ESI can produce
ions which retain aspects of their solution-phase structure.?3
IM-MS approaches have been exploited to permit the structural
and functional characterisation of many types of biomolecules,
including peptides;* small monomeric proteins;®® cytosolic and
membrane-bound protein complexes;”® protein-protein and
protein-ligand interactions;*'® Nucleic acids***? and amyloido-
genic proteins.** Regardless of the molecular species to be an-
alysed, there are features or constraints that are common to all
IM-MS experiments. These have recently been well outlined for
all the predominant forms of IM-MS.*® Protein measurements
have in the main utilised a form of ion mobility which can be
generally described by a common process. Within this process,
packets of ions are focussed to traverse a drift cell filled with an
inert buffer gas at a known temperature and pressure (1mbar to
atmospheric), whereby weak electric fields act to axially propel
them through a drift cell/region. As they traverse this gas-filled
cell, the “frictional” force of gas-ion collisional events retards
their motion, thus permitting the temporal separation of ions
based upon their size, shape and charge.'® IM-MS experiments
record the arrival time (ta) of m/z selected ions and this data can

be used to determine their rotationally averaged collision cross
sections (CCS).Y" As part of a wide community effort Gabelica
and co-authors recently recommended how to report IM-MS
measurements to better facilitate inter-lab comparability and in
this study we take this as the basis by which we can compare
the data obtained on well-studied proteins.*®

In so-called, ‘native’ mass spectrometry experiments, a pro-
tein of interest is infused from an aqueous solution, containing
volatile salts such as ammonium acetate, buffered to appropri-
ate physiological pHs (~6-8).8 In order to retain solvated struc-
tures in vacuo, careful optimisation of source parameters is nec-
essary to minimise collisional heating and subsequent structural
rearrangement.*® Such effects can also occur on the injection of
desolvated ions into the drift tube.?® Foundational studies from
Clemmer and Jarrold demonstrated that minimising the energy
of ions prior to IM separation permits the retention of native-
like conformations for the monomeric proteins ubiquitin and
cytochrome ¢.>? In addition, Williams and Russell, using a 2™
generation Waters Synapt G2 ion mobility-mass spectrometer,
demonstrated how voltages and trapping conditions prior to the
drift cell can substantially affect the conformational landscapes
of ubiquitin and metallothionein-2A.1%22 Furthermore, Gabelica
et al. defined tuning parameters on an Agilent 6560 IMQToF
which allowed the preservation of a compact so-called “N state”
of ubiquitin as well as the ammonium-bound states of a fragile
nucleic acid complex.?® Such efforts to establish optimal gentle
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transfer of biomolecules via careful tuning of ion optics across
homemade and commercially available IM-MS instruments,
have been used to support arguments about the preservation of
solution-like biomolecular structures in vacuo, although it is ev-
ident that the ESI process and solution conditions are also inte-
gral.

Despite the body of work that reports the conditions required
to ‘least perturb’ the structure of proteins for IM-MS measure-
ments, there has been less focus on the reproducibility of CCS,
with exceptions being studies on small biomolecule CCS on sin-
gle vendor platforms.?*2% To our knowledge, there have only
been a handful of publications in which protein CCS have been
compared across different platforms,? 28 and none of these stud-
ies have employed the use of CCS distributions to probe the
conformational landscape of the systems under analysis. Visu-
alising these ion conformational landscapes for malleable sys-
tems has great utility in defining optimal tuning parameters for
native IM-MS experiments and as such, is commonly employed
within many labs including our own.

In this study we establish “starting point” operational param-
eters which minimise the gas-phase activation of proteins across
three instrumental platforms. We report CCS/CCS distributions
across three ion mobility-mass spectrometers: the Synapt G2
(TWIMS & RF DTIMS configurations) and the Agilent 6560,
in helium and nitrogen drift gases, to ascertain the degree of
differentiation between protein structures sampled across dif-
ferent IM-MS platforms under “soft” tuning conditions. In ad-
dition, we provide interactive representations of CCS distribu-
tions to augment traditionally numerical CCS datasets. Further-
more, we present global CCS histogram distributions for com-
piled literature CCS for our chosen systems, in order to facili-
tate a better understanding of where individual “native IM-MS”
CCS lie relative to previously published values.

2. Methods and Materials
2.1. Sample preparation and ionisation

Seven commercially available proteins were used. The prep-
aration of samples, their identities, sources, suppliers, catalogue
numbers and final solution conditions are detailed in SI 1.1-1.2,
Table S1 & Figure S1.

2.2 lon Mobility Mass Spectrometry Measurements

lon mobility mass spectrometry data was acquired on each of
the three platforms (See Sl 2.1-2.3, Figures S2-5 for more in-
formation). Acquisition conditions to obtain arrival time distri-
butions (across platforms), and pressure differential optimisa-
tion (for the Agilent 6560 IMQTOF) are available in the supple-
mentary dataset (Tables S2-7).

2.3. Data Analysis and CCS distribution production

All experimental data obtained from the Synapt G2 (with ei-
ther TWIMS/DTIMS configurations) was analysed using Mass-
Lynx V4.1 software (Waters, UK). Arrival time distributions
(ATDs) encompassing a drift time axis (x-axis) and an associ-
ated ion intensity axis (y-axis) were extracted for the desired
m/z region (Figure 1. ii). The drift time axis was transformed to
a CCS axis by employing suitable calibrant ions (Table S8 and
supplementary calibrant data set) following an approach de-
scribed previously for TWIMS,” 2% or using the stepped field-
method for DTIMS (Figure 1a & b iii & iv).*5% Data acquired
on the 6560 IMQToF was analysed using MassHunter IM-MS
Browser software (Agilent). Drift times and their corresponding
ion intensities were extracted for the desired m/z regions (Figure
1b. ii), as for data acquired on the Synapt G2. The MassHunter

IM-MS browser records all IMS parameters, these can then be
extracted and applied to the Mason-Schamp equation to convert
the x-axis from drift time to CCS units (Figure 1b. iii & iv).
Each replicate yields a single CCS distribution plot with slightly
different x-axis CCS binning increments (due to different A and
X values from TWIMS experiments and different dead times in
DTIMS experimental replicates) (Figure 1b. iv.).
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Figure 1. Schematic showing how a) TWIMS & b) DTIMS data
yields averaged ion CCS and CCS distributions. i) Schema for the
trajectories of ions in each type of IM experiment. ii) Example
ATDs required to determine CCS distributions. For DTIMS data
(RHS) the ATD corresponding to the lowest DV is marked by (*).
iii) LHS: Drift times from calibrant ions with previously measured
PTCCS which bracket the mass of the ion of interest are corrected
for their charge, time spent outside the drift cell post IM and re-
duced mass, yielding a plot that converts experimental corrected
drift times (t'p) to CCS (Qc). From the plot of In(Qc) vs In(t’p),
the exponential factor (X) and fit-determined constant (A) can be
obtained for conversion of ATDs into CCS distributions. RHS: The
arrival time apex of ions obtained from each DV are plotted against
a reciprocal of the DVs (1/V), where the y-intercept of this plot
yields the ion ‘dead time’ (to), which is the time spent outside of the
drift cell. Additionally, the slope of the plot represents the ions mo-
bility. iv) CCS axes are not the same across CCS distribution rep-
licates, so interpolation of the data yields an averaged CCS distri-
bution wherein error bars (blue halo) represent the deviation be-
tween replicates.

In order to produce averaged CCS distribution plots from in-
dividual CCS distribution replicates, Gaussian fits were made
to the experimental data using a consistent number of data
points (e.g. 1000) across a fixed CCS range (e.g. 2500-4500 A?)
(See SI 3). After fitting all CCS distribution replicates for a sin-
gle ion across the same CCS range and number of data points,
the average CCS distribution plot was constructed as follows:
1) The range employed for the CCS distribution replicates was
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extracted and used to form the x-axis of the averaged CCS dis-
tribution plot. 2) The ion intensity across the CCS range of each
replicate was averaged whereby standard deviations denote the
variation between replicates. 3) The constructed x-axis, y-axis
and y-axis standard deviation were combined to obtain aver-
aged CCS distributions (Figure 1b. iv. Bottom). lon CCS were
obtained via averaging apex values from Gaussian fitted CCS
distribution replicates. Associated CCS errors () came from
the standard deviation of these values. Total CCS distribution
plots for proteins were obtained by combining averaged ion
CCS distribution plots (normalised for mass spectral peak in-
tensity and CCS distribution area). All CCS distributions pro-
duced within this study were constructed using OriginPro
2015/2017 software. The width of an ATD for a rigid ion is
comprised of the longitudinal diffusion of the ion pulse in the
drift cell as well as other instrumental factors, as described by
Marchand et al. %, for more flexible molecules it may be com-
prised of several unresolved conformers and also may indicate
conformational dynamics on the timescale of the experiment.

2.4. Interactive figures

A number of main text and S| figures presented in this article
were recreated in an interactive format to enable in-depth inter-
rogation of the presented results. These are deposited online at
https://france-ccs-2019.netlify.com/. The interactive figures
were created using ORIGAMIANALYSE and require the use of a
modern internet browser and access to the internet.®

3. Results and Discussion
3.1 Tuning ion transmission to preserve structure

Native IM-MS workflows are dependent upon the solvation
of biomolecules within non-denaturing, MS compatible solu-
tions which adequately reflect the electrolytic milieu of the
cell 183435 Accordingly, aqueous ammonium acetate adjusted to
pH ~7 is the most commonly employed solution for native 1M-
MS experiments. In order to sample macromolecular structures
which most closely resemble those found in physiological solu-
tions, IM-MS instrumentation has to be carefully tuned so as to
reduce lab frame energies and in turn, ion internal energies (Ein)
which promote gas-phase restructuring.'® Perturbations in pro-
tein conformation, via ion heating, often have minimal effects
upon the observed CSD (Figure 2 insets);!° as a result, structural
conclusions derived solely from protein charge state signatures
(i.e CSDs) observed via native MS should be addressed with
caution.®%” To ascertain the degree to which a set of instrument
parameters promote ion activation, we use the observed ATD
of selected proteins as a measure of transmission ‘softness’,
analogous to the use of fragments from thermometer ions.?238:%°
Given this approach, suitable ions are those with a well-docu-
mented “native” globular state and defined unfolding pathway
previously observed with IM-MS. Accordingly, we recommend
the [Ubiquitin+6H]®* and [Cytochrome c+7H]™* (Figure 2) ions
as suitable.

Post ionisation, optimisation for ‘soft’ ion transmission is de-
pendent upon: 1) the reduction of accelerating voltages and 2)
the modulation of gas pressures, both of which act in synergy to
minimise the energy of ion-neutral collisions. In the instance
where desirable ‘soft’ tuning has been achieved, the ATD of the
thermometer ion (cytochrome ¢ 7+ in this instance) should pre-
sent with a comparatively narrow, Gaussian-like peak (indica-
tive of a single conformational population) observed at low ar-
rival times (Figure 2, Top). These observations would likely
point to the retention of a folded form of the protein which ef-

fectively is a dehydrated solution-phase structure; this hypoth-
esis can be confirmed via CCS determination.*’ The associated
mass spectrum (Figure 2, Top, inset) presents with a dominant
7+ peak and a small amount of the 6+ ion. This mass spectrum
is typical for cytochrome ¢ sprayed from non-denaturing solu-
tions.* Critical to our workflow is the observation that when
certain ions undergo collisional heating, they first anneal into
highly collapsed structures prior to unfolding. These collapsed
structures will present in much the same manner as the native-
like dehydrated ion, except with lower CCS values. Subse-
quently, in situations where gas-phase annealing to collapsed
structures is suspected, it is instructive to compare the associ-
ated CCS with those found within the literature.*?

7+
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6+
1000 2000 3000
mjz
T T 7 1
6+
Default
5+
1000 2000 3000
m/fz
7+ L
6+
Harsh
8+ 5+
1000 2000 3000
mjz
r T
5 10 15 20

Arrival time (ms)

Figure 2. IM conformational landscapes of the [cytochrome ¢
+7H]™ ion obtained from the Synapt G2 (TWIMS) under different
tuning conditions. Top) ‘soft’ settings. Middle) ‘Default’ settings.
Bottom) ‘Harsh’ settings. Insets) Mass spectra corresponding to
each set of tuning conditions.

For many commercial mass spectrometers, the default set-
tings employ greater accelerating voltages in tandem with gas
pressures which permit increased gains in ion transmission (~5
fold) and detection efficiency. Often these gains in signal inten-
sity are concomitant with a reduction in salt adducts (observed
via MS). Under ‘default’ settings a given flexible ion may un-
dergo a degree of gas-phase restructuring, typically yielding
more complicated ATDs (Figure 2, Middle). Interestingly,
within the corresponding MS (Figure 2, Middle, Inset), we ob-
serve a slight increase in the relative abundance of lower charge
states (6 & 5+) when compared to the soft tune, perhaps attribut-
able to the loss of counterions. If accelerating potentials within
the instrument are increased further still, then the intermediary
conformations largely re-organise to an extended gas-phase
form which tends to have one conformer.5* This capability to
manipulate the structure of a given ion in vacuo is exploited in
activated ion mobility (alM)/ collision-induced unfolding (CIU)
experiments, which describe the gas-phase restructuring of an
ion, often induced by high energy gas-ion collisions, monitored
via IM-MS %340 aIM/CIU has long played a pivotal role in the
interrogation of protein unfolding mechanisms as well as the
effect of ligand/co-factor binding upon protein stability.*> Gas
phase unfolding of ions within the G2 instrument can be facili-
tated by raising the trap bias DC and/or the trap CE (as with alM
experiments), which increases the potential difference between
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the trap and IM region thus effectively imbuing ions with
greater Kinetic energies as they enter the IM cell (Figure S2b).
Even for stable protein complexes, for example the tetrameric
alcohol dehydrogenase, large potential differences applied be-
tween the trap and IM regions result in individual subunit un-
folding (Figure 3a) prior to the ejection of highly charged mon-
omers.*64” When modulating the trap bias DC, it is crucial that
a compromise between ‘softness’ and signal intensity is struck,
as this parameter significantly effects ion transmission. For the
Synapt G2 (DTIMS configuration), we also found the trap wave
height (WH) to have an observable impact upon the conforma-
tional landscape sampled for monomeric protein ions. We be-
lieve this effect to be due to the increased kinetic energy im-
parted upon ions within the trap when higher trap WHSs are em-
ployed. Interestingly, we did not observe this effect on the Syn-
apt G2 (TWIMS configuration). In agreement with Williams et
al. we did not observe TWIMS wave velocity or wave height to
have any observable effect upon the conformational landscape
sampled for any of the ions analysed.?? Voltages at the begin-
ning of the IM cell, namely the IMS entrance voltage and the
He cell DC (Figure 3a), were also observed to have a ‘fine tun-
ing’ effect upon the observed ion ATD (for monomeric pro-
teins), with the latter only impacting the ATD when the G2 was
configured for TWIMS. In contrast to the aforementioned pre-
IM DC voltages, variation of RF voltages within both instru-
ment configurations were not observed to have any significant
effects upon ion ATDs, although they did have a notable impact
upon ion transmission.*® To offset reductions in ion transmis-
sion which occur under native IM-MS settings, the IM bias DC,
transfer CE and transfer wave velocity can be raised. Increasing
the IM bias DC and/or the transfer CE, raises the potential en-
ergy difference between the IM and transfer region and thus
raises ion Kinetic energies post-IMS (Figure S2b).

a) Synapt G2 (TWIMS) — N, b) 6560 IMQToF - N,

Alcohol dehydrogenase 24+ Cytochrome ¢ 7+

Soft Soft
TrapCE=0V Trap entrance
grida=1V
5 10 15 20 25 20 30 40 50 60
Activated Activated
TrapCE=80V Trap entrance

gridA=3.6V

5 10 15 20 25 20 30 40 50 60
Arrival time (ms) Arrival time (ms)

Figure 3. The use of alcohol dehydrogenase and cytochrome ¢ to
illustrate the effect of altering instrument parameters a) [Alcohol
dehydrogenase + 24H]?**, Synapt G2, Top) soft tuning, whereby
no trap collision energy is applied. Bottom) activating tuning: trap
collision energy has been raised to 80 V. b) [Cytochrome ¢ + 7H]™*
6560 IMQToF, Top) soft tuning parameters: gating height of the
trap entrance is +1V. Bottom) using activating tuning parameters:
whereby the gating height of the trap entrance is +3.6V.

Optimisation of these three parameters permit favourable
gains in ion transmission concomitant with the dissociation of
non-volatile salt adducts.

Tuning for ‘soft’ ion transmission on the Agilent 6560
IMQTOoF, like the Synapt G2, is largely dependent upon the ap-
plication of voltages within the trapping region. Most im-
portantly the trap entrance grid delta, which is the potential dif-
ference between the trap during filling (low) and during storage
and release (high), had a significant effect upon ion activation.
This effect was most notable for small monomeric proteins such
as cytochrome c (Figure 3b) and was in corroboration with find-
ings from Gabelica et al.?®. Unlike the Synapt G2, we observed
tuning of the RF voltages within the 6560 to have a noticeable
effect upon ion activation. The most significant of these was the
trapping funnel RF which acts to radially confine ions within
the trapping funnel prior to gating into the IM cell. In contrast
to Gabelica et al. and Mclean et al., we found that maintaining
the trap DC voltages employed across both N, and He drift
gases (Table S7) did not yield any observable differences in
protein conformation (See Figures S7-20, LHS column).24
Within the source region of the instrument we observed minor
effects on the conformation of monomeric proteins when the
fragmentor voltage, was altered within the 300-400 V range.
Lower fragmentor voltages led to losses in signal transmission
without gains in transmission ‘softness’, whilst higher fragmen-
tor voltages did not permit gains in signal intensity yet began to
promote ion activation.?

3.2 Assessing inter-instrument variation in the CCS distri-
butions for proteins and protein complexes

After ‘soft’ ion transmission parameters were defined across
the three instrumental platforms, we focused upon IM-MS anal-
ysis of a range of protein analytes that are well studied and read-
ily available (Table S1). We sought to compare analyte gas-
phase CCS distributions, utilising He and N, as drift gases,
across instruments (Figure S7-20). Figure 4 compares the data
obtained for tetrameric concanavalin a with cytochrome c.
Concanavalin a presents with a CSD centring on the 20+ species
and a Az of ~5 (although the charge states at either end of the
CSD are often barely visible, Figure S17). Across all three in-
struments, the CCS distributions for the tetrameric species of
concanavalin a largely present as unimodal Gaussian-like peaks
which yield CCSy, values (replicable to within ~0.5%) that dif-
fer by ~0.1-0.9% across charge states and <2% across instru-
ments (when comparing like charge states). Our findings sug-
gest that we are probably sampling a single conformational pop-
ulation which is retained across the charge states analysed, as
might be expected for a well-structured protein complex. The
only exception to this is the [M+22H]?* species which presents
as a bimodal CCS distribution with a larger conformer observed
at ~6300 A? (Figure S17). Previous alM experiments on conca-
navalin a showed a larger species with a drift time which was
~25% higher than the structure sampled prior to activation,334°
Regarding the CCS distributions for concanavalin a analysed in
He, the charge states sampled on a given instrument possess al-
most identical CCS peak widths (with the exception of the 19+
species sampled on the 6560 which is notably narrower) (Figure
S17).
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Figure 4. Total CCS distributions for a flexible protein and
rigid protein complex obtained across all instrumental plat-
forms utilised within this study with helium as the drift gas. a)
Total CCS distributions obtained when analysing monomeric
cytochrome c using parameters tuned for native IM-MS on the
i) Agilent 6560 IMQTOF, ii) Synapt G2 (DTIMS) and iii) Syn-
apt G2 (TWIMS). b) Total CCS distributions obtained when an-
alysing tetrameric concanavalin a using parameters tuned for
native IM-MS on the i) Agilent 6560 IMQToF, ii) Synapt G2
(DTIMS) and iii) Synapt G2 (TWIMS). The total CCS distribu-
tion trace encompassing the averaged CCS distributions for
each analyte charge state are represented by the thick black
lines. The colours of the CCS distributions for each charge state
observed correspond to the key at the RHS of each total CCS
distribution. The table underneath the total CCS distributions
gives the average CCSye values obtained for the observed con-
formations of concanavalin a (LHS) and cytochrome ¢ (RHS)
across the three instrumental configurations employed.

However, across instruments there are observable differences
in CCS distribution width. Most notably the CCS distributions
obtained from the G2 (TWIMS), both for N.->He (Figure S17)
and N (Figure S18) are ~50% narrower than the corresponding

CCS distributions obtained from the 6560 and G2 (DTIMS) re-
spectively, which themselves are very similar to one another
(Figure 4a). With nitrogen as the drift gas, we observe predom-
inantly unimodal Gaussian-like CCS distributions (as in He) but
with CCS (replicable to within ~0.5%) that differ more signifi-
cantly across charge states (~0.9-4.3%) but not instruments
(<2%) (Figure S18). For clarity, we have provided representa-
tive raw ATDs to show the unprocessed gas-phase conforma-
tional landscapes we observe by IM in both He (Figure S21)
and N (Figure S22), within this study. The most notable varia-
tion across CCSy, values is observed on the G2-TWIMS, where

the highest charge state (21+) is ~4.3% bigger than the lowest
charge state (18+). This difference is most likely due to the Qi
values employed for the TWCCSN2 calibration procedure. In ac-

cordance with this hypothesis, a significantly smaller CCS var-
iation across charge states is observed (~0.5%) for the same raw
data set calibrated to yield ™CCS,s+e values. In contrast, the

range of CCSy, values obtained for concanavalin a on the G2

(DTIMS) and 6560 do not vary to the same degree, at ~1.7 and
0.9% respectively.

Cytochrome c also presents as a narrow CSD, with a Az = 2-
3, centring on the [M+7H]™* species (Figure 2 and Figure S9).
Across all three instruments, the ATDs for the [M+6H]%* are bi-
modal, but here the small earlier arriving species can be as-
signed to a concentration specific coincident dimer whilst the
[M+7H]* ATD is unimodal. Slight tailing toward higher CCS
is observed for the [M+6H]®* on the G2 (TWIMS) and the 7+
ion analysed on the 6560 and G2. The CCS distribution of the
7+ ion analysed on the G2 is comparatively broad (Figure 4 &
Figure S9). This tailing and broader CCS distribution (7+, G2)
may be indicative of a lowly populated, partially unfolded con-
former which we were unable to resolve. In contrast to the high-
est charge states of concanavalin a, the 8+ species of cyto-
chrome ¢ when sampled on the G2 presents as a broad unre-
solved peak with one dominant, partially resolved apex with a
notable tail. This tail likely constitutes numerous unresolved,
closely related intermediate conformations resulting from dif-
fering degrees of structural activation. The 8+ ion sampled on
the 6560 presents as a far narrower, albeit partially resolved
peak with minimal tailing. This finding is consistent with what
is observed for the highest charge states of the other small pro-
teins (Figure S7-12) and suggests that transmission on the 6560
is softer than that observed on the G2 under the conditions we
have employed. Across the three instruments, the CCSy. values
for the most compact ion conformations observed vary by ~0.3-
9%, with the variation rising with increasing charge (Figure 4
& Figure 5). However, most of this variation is due to the CCSye
values obtained on the 6560 which are ~4-9% smaller than
those obtained on the G2 platform. When comparing CCS val-
ues obtained on the 6560 and G2 we observe the same trend (to
differing degrees) for all analytes within this study, except for
concanavalin a (Figure 5). Interestingly, the systematically
lower CCS measured on the 6560 relative to the G2 are not ob-
served with nitrogen as the drift gas (Figures S7-S20 & S23).
Comparing the total CCS distribution plots for cytochrome ¢
across the three instruments employed, we see that the CCS dis-
tribution widths, particularly for the 7+ and 8+ ion, are consid-
erably wider on the G2 platform (~50%) than on the 6560. This
finding is inconsistent with the total CCS distributions of conca-
navalin a, where the opposite is observed.
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Figure 5. Range of CCShe values obtained for the proteins analysed
within this study. In all cases the CCS for the single most abundant
conformation for each charge state was compared across the three
instruments. The black, red, blue and green squares represent the
average CCSre values obtained for single conformations as an av-
erage across all the instruments, on the 6560, the G2 (DTIMS) and
the G2 (TWIMS) respectively. The associated coloured bars show
the standard deviation across the experimental replicates.

3.3 Comparisons with literature

In order to visualise the general spread of conformations for
proteins/protein complexes across the literature, as well as this
study (as discussed above), we have plotted all of the CCS val-
ues we could find, for all the analytes and their charge states
observed in this study, as global CCS frequency histogram plots
(see Figure 6 for cytochrome ¢ [He & N;] and Figures S24-35
for the other analytes). These plots, along with their associated
tabulated CCS (Tables S9 & S10) may act as a guide for future
native IM-MS analyses.

The smallest CCSy.e values obtained for the 6+ and 7+ ions of
cytochrome ¢ within our study range from ~6% smaller to 5%
larger than the most compact conformations sampled by Clem-
mer and co-workers on their 50.6 cm and 7.6 cm long drift tube
instruments (Figure 6a & Table $9).5%5% Additionally, our
CCShe values for the 6+ and 7+ ion range from ~7% smaller to

2% larger than those measured by Bush et al. on a modified
Synapt G2 with an RF confining linear cell (Figure 6a & Table
89).30’53
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Figure 6. Global histogram plots of cytochrome c. a) Global CCShe
histogram plots, b) Global CCSn, histogram plots, for all the ex-

perimentally observed charge states of cytochrome c. Literature as
well as our own experimentally obtained CCS values were grouped
into 20 A2 bins, whereby the frequency of CCS to the nearest 20 A2
were summed and represented as solid bars within the histograms.
Within these stacked histogram, blue, yellow and red bars represent
the frequency and size of CCS for the 6+, 7+ and 8+ ions of cyto-
chrome c respectively. Red, blue and green arrows represent the
smallest CCS we obtained on the 6560, the G2 (DTIMS) and the
G2 (TWIMS) respectively, whilst black triangles, orange circles,
and purple diamonds represent the smallest literature CCS values
from Clemmer et al., Bush et al. and McLean et al. respec-
tive|y.5,30,41,50—52

Regarding the most compact conformations of the 8+ ion
sampled on the G2, our CCSy values range from ~9-12% larger
than those reported by Clemmer (Figure 6a & Table S9), whilst
the values obtained from the 6560 are <1% larger than the most
compact conformation sampled by Clemmer (Figure 6a & Ta-
ble 59).5%°51 Furthermore, our values for the most compact con-
formations of the 6+, 7+ and 8+ ions sampled across the three
instruments range from 0-21% smaller than the most compact
conformations sampled by Mclean et al. on a 6560 IMQToF
(Figure 6a & Table S9).** Notably, our values on the 6560 in
He, provide the largest source of variation when compared with
literature.

The CCShe values measured for concanavalin a within this
study are in good agreement (~0.5-3% smaller) with those ob-
tained on a modified Synapt G2 (RF confining linear cell) 3°53,
and those measured on a home built VT-IM-MS instrument by
Barran et al. (Figure S32 & Table $9).5 In a separate study
Barran et al. also recorded CCS, on a second home built
IMQToF, ~8-18% smaller than those observed here (Figure S32
& Table S9).*>% Regarding the small body of published CCSy,,

the values we have obtained are systematically smaller (~0.5-
4%) than those reported by Bush and coworkers on a 1% and 2™
gen RF confining drift cell (Figure S33 & Table S10).3052

When comparing our CCSy, values with those obtained in the

literature, our values for the 6+ and 7+ ions of cytochrome c are
systematically smaller than the most compact conformers ob-
tained in a series of studies by Bush et al. (Figure 6b & Table
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$10).%3%%2 In comparison to values published by Mclean et al.,
our smallest values obtained across the three instruments range
from 5-13% smaller for the 8+, 4% smaller to 2% larger for the
7+ and 7-8% larger for the 6+ ion (Figure 6b & Table S10).4
We reason that the most compact conformation measured for
the 6+ ion by Mclean et al. may actually correspond to a m/z
coincident dimer. If we discount this signal the most intense
smallest conformer (on all platforms) has for us a CCSn,1460

AZin close agreement with their published CCSn, value of 1477

+ 6 A2% Accordingly, our values for the 6+ ion are <1-2%
smaller than the values given for the most abundant conformer
they observe, making it likely that this species is indeed the
most compact accessible conformation of the 6+ ion. The above
information, together with prior EHSS and PSA models (in He)
for the native fold of cytochrome c, suggest that for the 6+, 7+
(on all instruments) and 8+ ion (measured on the 6560), we are
sampling dehydrated, contracted, native-like structures of cyto-
chrome ¢.>%1%¢ Regarding the 8+ species, the conformations
sampled on the G2 likely represent different intermediates
along the unfolding pathway toward more extended structures,
as seen previously.>%" In contrast, concanavalin a does not show
the same degree of charge/instrument dependent CCS distribu-
tion variation and CCS increase, likely due to strong inter and
intra molecular interactions preserving the fold.

Across all of the proteins analysed, we present CCS, values

which are reproducible to within <3% across the 6560 and G2
(TWIMS and DTIMS) configurations. Similar variation was
observed when comparing CCSye values obtained across both
configurations of the G2. However, CCSy values derived from
the Agilent 6560 proved significantly different from those ob-
tained on the Synapt G2, with the (notable) exception of conca-
navalin a. If this difference in CCS was a result of applying an
incorrect IM-Trap pressure A, then we would expect 1) The
CCSe values obtained for the monomorphic test systems uti-
lised to be significantly different from their published values
and 2) all of the CCSye values to be systematically larger on the
6560 relative to the G2, as the drift cell would be contaminated
with nitrogen gas (if the IM-Trap pressure A was too low),
which would retard ion motion more than helium, leading to
comparatively longer drift times and thus larger CCS.*! Instead,
ata A of ~0.13 Torr, we observe the CCSpe values for the mon-
omorphic systems to be in close agreement with the average he-
lium CCS derived from previously published data
(<0.5%).20415358-61 | addition, the CCSye Vvalues for the ana-
lytes under test were systematically smaller than those observed
on the G2, by an average of 4.3% and a maximum of ~10%.
Conclusion and Outlook

Native IM-MS is used to measure a host of proteins across
many instrumental platforms. Within this study, we have shown
that when parameters are tuned to minimise gas-phase activa-
tion via the employment of suitable thermometer ions, compact
conformations and highly similar structural landscapes can be
sampled across three common platforms. These findings in tan-
dem with the body of literature for CCSy. values suggests that
the instrument parameters employed on the 6560 (when operat-
ing in He) permit access to native-like dehydrated solution
phase-like structures that are notably smaller than those ob-
tained on the G2 as a result of “softer” pre-IMS conditions.
When comparing our 6560 CCSy, values with the smallest val-
ues from the literature (Table S9), we observe that our values
are not systematically smaller, and actually range from ~16%

larger to 11% smaller than the smallest °TCCSy, values pub-
lished. As such, we conclude that the smallest CCSye values we
observe on the 6560 are most probably dehydrated, native-like
solution-phase structures sampled in vacuo. Regarding the dif-
ference between He and N, CCS values across instruments, we
propose that the G2 platform facilitates more activation pre-
IMS than the 6560, as shown previously by Camacho et al.2,
With He as the drift gas, proteins injected into the IM cell likely
undergo negligible annealing, and therefore retain a memory of
the more activating source conditions thus leading to the dis-
crepancy between instrument CCSy for all but the most rigid
proteins (Con A). However in Ny, injected proteins likely un-
dergo partial annealing, due to collisions with the heavier N,
atoms, yielding similar CCSy, across instruments.

Our findings in combination with the range of accessed CCS
observed previously show that whilst careful tuning allows re-
producible data to be obtained proteins/protein complexes are
often conformationally flexible, dynamic structures which can
easily undergo unintentional gas-phase restructuring. IM-MS is
highly suited to the measurement of flexible systems, but they
are less suitable as calibrants. A more ideal set of calibrants
would be monomorphic and therefore impervious to gas-phase
ion activation, unlike proteins. But similar to the protein ‘stand-
ards’, these calibrants would span a wide range of masses, mo-
bilities, Az’s and effective densities. CCS distributions, or even
raw ATDs provide more insights than single CCS values as to
the relative population of a given conformer and should be re-
ported along with CCS to allow comparability.
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Table S10. Literature and experimentally determined CCSy; values obtained for the
protein/protein complex ions described within this study

1. Sample preparation and ionisation

1.1 Sample preparation

For the proteins, ammonium acetate solutions were made by dissolving ammonium acetate
(Sigma) in ultrapure water (Merck Milli-Q) to yield ionic buffer concentrations of 50 or 200 mM
(SI Table S1). All of these solutions were then adjusted to a pH of 7.4 using ammonium
hydroxide solution (Sigma). All seven samples were purchased as lyophilised powders which
were dissolved in either 50 or 200 mM ammonium acetate solution, pH 7.4, to form protein
stock solutions (typically 100 uM protein concentrations). These stocks were then de-salted
twice using Biospin-6 columns (BioRad, USA), aliquoted out, flash frozen and stored at -80 °C
until the day of analysis. On the day of analysis, aliquots were thawed at r.t and diluted to
their final concentration prior to experimentation (SI Figure S1). A mixture of commercially
available phosphazine salts pre-dissolved in a acetonitrile/water solution (95:5, % wv:v)
(G1969-85020) known as “tunemix” (Agilent technologies, Santa Clara, CA), as well as poly-
DL-alanine (Sigma, P9003) and myoglobin (Sigma, G7882) dissolved in water/methanol/formic
acid (50:50:0.1, % v:v) were used to optimise the helium IM-Trap differential on the modified
Agilent 6560 IMQToF.

1.2 lonisation

All experiments were performed using nano-electrospray ionisation (nESI) in positive
ionisation mode. Samples were infused into emitters prepared in-house from thin walled (O.D.
1.2 mm, I.D. 0.9 mm; WPI, UK) and thick walled (O.D. 1.2 mm, I.D. 0.69 mm; Sutter
Instrument Company, USA) fire polished borosilicate glass capillaries using either a
Flaming/Brown P-97, Sutter P1000 or P2000/F micropipette puller (Sutter Instrument
Company, USA). In order to facilitate more facile spraying, all solution loaded emitters were
centrifuged at 5000 rpm for 15 seconds prior to loading into the instrument tip holder.
Platinum wire (diamater 0.125 mm, Goodfellow Cambridge Ltd, UK), was inserted into the
capillaries to permit efficient ionisation. In order to compensate for the reduction in ion
transmission which typically accompanies native IM-MS instrument optimisation, all
experiments were carried out in sensitivity mode. Sensitivity mode is a manufacturer setting
which may be employed for all instrumentation within this study. Sensitivity mode describes
instrument MS operating parameters which maximise ion transmission, at the expense of MS
peak resolution.

2. lon Mobility Mass Spectrometry Measurements

2.1 Waters Synapt G2 (TWIMS)

Travelling wave derived CCS distributions/CCS were obtained on a Synapt G2 (Waters, UK)
with nitrogen as the drift gas (Sl Figure S2). Within this instrumental configuration, ions can be
mass selected in the quadrupole prior to IMS. After navigating the quadrupole, ions enter the
“Tri-wave"” region which encompasses: 1) an argon filled trap cell, where ions are periodically
stored and gated into the helium cell, 2) a helium cell held at a comparatively high pressure
to the trap cell, where ions experience “collisional cooling” prior to IM separation, 3) an ~25
cm long TWIMS cell filled with nitrogen, whereby propagating DC waves enable the mobility
separation of ions based upon their size, charge and conformation and 4) a transfer cell which
acts to ferry ions toward the ToF analyser for m/z quantitation. For all the TWIMS experiments
within this study, IM wave velocities of 100-300 ms™® and wave heights of 9.5-19.5 V were
employed. General parameters employed for native TWIMS experiments are outlined in Table
S2. For a more detailed description of the Synapt G2 (TWIMS), see Giles et al.’.

2.2 Waters Synapt G2 (DTIMS)

The Synapt G2 was modified via substitution of the travelling-wave IM cell (incorporating the
helium cell) with an ~25 cm long RF-confining drift cell (Waters, UK) (SI Figure S3).2
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Helium/nitrogen gas was introduced into the RF cell using a gas inlet system positioned in the
centre of the cell to promote pressure homogeneity (SI Figure S4). Absolute IM cell pressure
readouts were enabled by the installation of a baratron (model 626C, MKS, UK). Drift gases
could be switched by toggling the “He” (for helium) or “IMS” (for nitrogen) tabs, whilst the RF
confining drift cell could also be operated using the original instrument software (MassLynx
V4.1) (S| Figure S4). The static potential gradient required for IMS was applied across the RF
cell using a combination of four DC voltages (SI Figure S3). For all the experiments outlined in
this study, six drift voltages separated by 25 V increments were employed to obtain ion dead
times (to) and subsequent CCS/CCS distributions. It is important to note that the RF cell
pressure was left to equilibrate for >30 minutes after gas initiation/switching prior to data
acquisition. General parameters employed for native DTIMS experiments performed on the
modified G2 are outlined in SI Table S3.

2.3 Agilent 6560 IMQToF

The setup employed for helium and nitrogen experiments carried out on the 6560 is
described in SI Figure S5. For experiments undertaken on the 6560, an orthogonally
configured nESI source (G1988-60000 Nanospray, Agilent) was utilised. The source drying gas
flow (nitrogen), which was observed to have a large impact upon the observed analyte charge
state distributions (CSDs) (Sl Figure S6), was adjusted to below 2 L min? by a manual flow
controller (Porter instrument company, USA) fitted to the drying gas outlet and source inlet.
Post source, ions were transferred through a heated capillary into a two-stage ion funnel, the
first of which focuses ions via the use of elevated pressures, whilst the latter operates as an
ion funnel trap which enables the release of discrete ion pulses into the IM cell. The IM region
comprises an ~78 cm long static field drift tube with an absolute pressure capacitance gauge
(CDG 500, Agilent) positioned at the far end of the cell and a thermocouple (Type K, Omega
engineering) positioned above the middle of the cell. The instrument configuration employed
for measurements taken with nitrogen and helium drift gases is depicted in S| Figure S5. For
measurements taken in nitrogen, a positive IM cell pressure differential of 0.15 Torr relative to
the preceding trapping funnel was utilised, as described previously.®> The pressure differential
was maintained within 0.01 Torr via the inclusion of a drift gas kit (G2582A, Agilent) fitted with
a precision flow controller (640B 10 Torr range, MKS) which regulated drift tube pressure by
responding to the absolute pressure capacitance gauge (CDG 500, Agilent). However, we
found the precision flow controller to be unable to maintain pressure differentials when the
instrument was operated with helium as the drift gas. As such, we modified the gas inlets into
the trap and IM cell so as to bypass the flow controller and permit manual control of the gas
pressures using needle valves (Swagelok) (See SI Figure S5). After carrying out pressure
differential optimisation experiments in helium using tunemix (S| Table S4), polyalanine (SI
Table S5) and myoglobin (SI Table S6), we settled on an optimum helium IM-Trap differential of
~0.13 Torr. This differential prevented nitrogen contamination in the IM cell, resulting in
PTCCSye values closest to those previously published. It is important to note that all gases pass
through a gas purifier trap (nitrogen and helium; RMSN and RMSH, Agilent) prior to entering
the instrument in both of the instrumental configurations employed. Data was recorded using
the MassHunter Data Acquisition software (Agilent) using the stepped-field method, whereby
incremental variation of the electric field (five 100 V steps) across the drift cell permitted
enumeration of the CCS distributions for a given ion. General parameters employed for native
experiments performed on the 6560 IMQToF are outlined in Sl Table S7.

3. Creating CCS distributions from ATDs
a) Extract ATD chromatogram list for a given m/z (ion of interest).

b) Convert the drift time axis into a CCS axis (in Az) using either a TWIMS calibration
procedure (for TWIMS data)* or the Mason-Schamp equation (for DTIMS data).®

c) Take the normalised ion intensity across each triplicate measurement and plot against
their corresponding CCS axes in Origin.

d) This will yield three CCS distribution plots (one for each replicate). Using the Peak
Analyser tool accurately fit Gaussian distributions to best reflect the experimental
data. It is imperative that replicates are fitted using a consistent number of data
points (e.g. 1000) across a fixed CCS range (e.g. 2500-4500).

e) After fitting take the CCS range for the fitted peaks, which in the exemplary case

would be 1000 data points across a CCS range of 2500-4500 Az, you will obtain the x
axis of your averaged CCS distribution plot. Then take the ion intensity across each

3



fitted replicate and average the intensity of each replicate to give a representative y-
axis intensity and standard deviation across the replicates.



Table S1. Analyte sources and final solution conditions.

Protein Source Supplier Catalogue | Solution conditions
#
Ubiquitin Bovine Sigma u6253 50 mM AmAc pH 7.4
(8.6 kDa) erythrocytes
Cytochrome c Horse heart Sigma C2506 50 mM AmAc pH 7.4
(12.4 kDa)
Myoglobin Horse heart Sigma G7882 50 mM AmAc pH 7.4
(17.6 kDa)
Avidin Chicken egg white Sigma A9275 200 mM AmAc pH 7.4
(64 kDa)
Serum Bovine Bio-rad labs 500-0007 200 mM AmAc pH 7.4
albumin (BSA)
(66 kDa)
Concanavalin Jack bean Sigma Cc2010 200 MM AmAc pH 7.4
a
(103 kDa)
Alcohol Yeast Sigma A7011 200 mM AmAc pH 7.4
dehydrogenas
e

(148 kDa)
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Cﬁ holder and apply potential to solution.

Figure S1. Schematic of standard protein/protein complex preparative procedure. Samples
were purchased as lyophilised powders. Samples were then dissolved in 50 mM AmAc
(monomeric proteins < 20 kDa) or 200 mM AmAc pH 7.4 (proteins/protein complexes > 20
kDa) to a stock concentration of ~ 100 puM. Stock solutions were then desalted using two
equilibrated Bio-rad spin columns. After this process the buffer exchanged stock solutions
were aliquoted out, flash-frozen in liquid nitrogen and then stored at -80 °C until the day of
analysis. On the day of analysis aliquots were thawed at rt., diluted to their final
concentrations, loaded into nESI borosilicate emitters, centrifuged for 15 seconds and loaded
onto an IM-MS holder prior to voltage application. Final analyte concentrations utilised for
experiments within this study were between 1.25 - 10 uM.
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Figure S2. Schematic of the Synapt G2 (TWIMS) and its corresponding potential landscape.
a) Schematic of the Synapt G2 (TWIMS). lons travel through the instrument as follows: 1)
droplets produced from nESI undergo continuous evaporation/fission processes whilst
navigating a z-spray ion source via a favourable potential gradient and pressure differential,
2) ions are then transferred through a T-wave ion guide into a quadrupole mass analyser
(which permits ion selection up to 32,000 m/z), after which they enter the “Tri-wave” region,
3) an argon filled trap cell encompasses the first 9 cm of this region. Within the trap cell ions
are “axially focussed” by gas-ion collisions, whilst a transient DC gating field permits regular
ion pulses into the next stage of the instrument®, 4) post gating, the ion pulse travels through
a 4 cm travelling wave ion guide into a 7 mm cell pressurised with helium gas. A
comparatively high pressure in this region acts to permit the use of greater pressures in the
downstream IM region whilst “collisionally cooling” ions prior to IM separation, 5) ions then
enter the 25.2 cm long IM region (consisting of 168 stacked ring electrodes) whereby mobility
separation is permitted by the application of a DC potential to sequential plate pairs in single
plate pair steps. This effectively creates a propagating wave which separates ions based upon
their charge and their propensity to interact with the drift gas,! 6) following mobility
separation, ions traverse a 9 cm transfer region pressurised in the same fashion as the trap
cell. The application of low velocity, high amplitude travelling waves in this region acts to
ferry ions toward the ToF analyser (for m/z detection) without further activation and IM
separation. b) Schematic of the potential gradient along the instrument. Voltages which
impart the greatest energy upon ions, thus promoting their gas-phase activation, are
highlighted by grey stars. The voltage gradient from the sample cone (SC) to the extractor
cone (EC) can be utilised to promote in-source ion activation. Furthermore, the trap bias
voltage, which acts to accelerate ions (analogous to an injection voltage in DTIMS) from a
comparatively low pressure environment (the trap cell) to a higher pressure one (the Helium
and IM cell) can also significantly perturb ion structures if not tuned. Similar representations
of a) and b) are present in Chen et al.”.



Capillary voltage (kV) 0.7-1.2
Source temperature (°C) 40.0
Sample cone 10.0 - 20.0
Extractor cone 1.0
Trap gas flow 2.0
Helium cell gas flow 200
IMS gas flow 75.0
DC voltages
Trap cell energy (V) 0.0-6.0
Trap DC entrance 4.0
Trap DC bias 40.0
Trap DC -2.2
Trap DC exit 5.0
Trap height (V) 10-15
IMS DC entrance 27.0
Helium cell DC 30.0
Helium cell exit -5.0
IMS bias 2.0
IMS DC exit 0.0
Transfer cell energy (V) 0.0-6.0
Transfer DC entrance 4.0
Transfer DC exit 15.0
RF voltages (V)
Source 350
Trap 300
IMS 300
IMS mobility 250
Transfer 350

Wave velocities (ms™) and heights (V)

Source wave velocity 8
Source wave height 0.0
Trap wave velocity 450

Trap wave height 0.5
IMS wave velocity 100 - 300
IMS wave height 9-19.5
Transfer wave velocity 100-600
Transfer wave height 10
Pressures (mbar)
Backing 2.90
Trap 2.81e?
Helium cell l.41e®
IM cell 4.26
Transfer 2.96e7
ToF 1.04e*

Table S2. Synapt G2 (TWIMS) tuning parameters. For proteins/protein complex ions >60 kDa,
backing pressure and trap cell pressures were raised to ~4-7 and ~4e-2 mbar respectively in
order to maximise ion transmission. Furthermore, larger protein complexes were analysed
using higher source and pre-IM voltages which permitted greater transmission without notable

structural alteration.
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Figure S3. Schematic of the RF cell modification for the G2 and the establishment of the drift
voltage within the RF cell. a) Schematic of the RF cell modification for the G2. The DC drift
voltage applied across the cell is established by the resistor series which are parallel to one
another. The presence of two 330 pF capacitor series running along the length of the cell acts
to promote ion transmission via radial confinement of the ion beam. b) Schematic showing
how the drift voltage is applied across the RF cell. The entrance drift voltage (Vi) is
established using the He cell DC (2), IM Bias (4) and He cell exit (3) voltages. The IMS DC
entrance (1) controls the helium exit plate and thus does not affect the drift voltage. Within
our study (1) was set at approximately a quarter of the value of (3). The effective drift voltage
is calculated by subtracting V.. from Vi, and correcting for two individual resistors (one before
Vin and one between the RF-confining drift cell exit plate and (5)). As such, the effective drift
length (25.05 cm) is slightly shorter than the cell length (25.2 cm) as the drift voltage is only
applied from the first electrode to the exit plate of the cell. Drift voltages utilised for the
experiments described in this study ranged from 325 to 75 V. Similar representations of a)
and b) are present in Allen et al.°.
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Figure S4. Schematic of the RF cell configuration and gas inlet system. Drift gas composition
was controlled using the original MassLynx V4.1 software, where the “IMS” tab permitted
nitrogen gas flow and the “He” tab permitted helium gas flow. Gas pressures within the drift
cell were controlled via Bronkhorst MANI-FLOW controllers which responded to controls on the
original MassLynx V4.1 software, whereby “IMS gas” regulated the amount of nitrogen in the
cell and “Helium cell gas” regulated the amount of helium in the cell. Drift gas pressures were
measured via a capacitance manometer (MKS Baratron type 626C) placed above the centre of

the drift cell which permitted absolute pressure measurements. A similar representative figure
is present in Allen et al.2.
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Source voltages (V) and gas flows (mL/min)
Capillary voltage (kV) 0.7-1.2
Source temperature (°C) 40.0
Sample cone 10.0 - 20.0
Extractor cone 1.0
Trap gas flow 2.0
Helium gas flow (for experiments in 100.0
He) )
Nitrogen gas flow (for experiments in 41.0
N.) '
DC voltages
Trap cell energy (V) 0.0-4.0
Trap DC entrance 1.0
Trap DC bias 1.0
Trap DC 0.0
Trap DC exit 1.0
Trap height (V) 10-15
IMS DC entrance -6.5
Helium cell DC < altered mcrement_ally (25 V steps) to establish
Drift Voltages
Helium cell exit -40
IMS bias < altered mcrement'ally (25 V steps) to establish
Drift Voltages
IMS DC exit 0.0
Transfer cell energy (V) 0.0-6.0
Transfer DC entrance 4.0
Transfer DC exit 15.0
RF voltages (V)
Source 350
Trap 300
IMS 300
IMS mobility 250
Transfer 350
Wave velocities (ms™) and heights (V)
Source wave velocity 200
Source wave height 0.2
Trap wave velocity 313
Trap wave height 2.0
IMS wave velocity 650
IMS wave height 0
Transfer wave velocity 300
Transfer wave height 4
Pressures
He N:
Backing (mbar) 2.7 2.7
Trap (mbar) 1.3e? 1.1e?
IM (Torr) 1.94 1.98
Transfer (mbar) 1.4e? 1l.1e?
ToF (mbar) 7.4e”7 7.5e7

Table S3. Synapt G2 (DTIMS) tuning parameters. For proteins/protein complex ions >60 kDa,
the backing pressure and trap cell pressure was raised to ~ 4-7 and ~ 4e-2 mbar respectively
in order to maximise ion transmission. Furthermore, larger protein complexes were analysed
using higher source and pre-IM voltages as no notable structural alterations occurred whilst
significant increases in transmission were observed.
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Figure S5. Schematic of the Agilent 6560 IMQToF and gas inlet system. Schematic of the
Agilent 6560 IMQToF (with a nESI source) with nitrogen gas inlets (blue), helium gas inlets
(red) and inlets which can be configured to allow either nitrogen or helium gas in (purple). In
all configurations the internal structure of the instrument remains unchanged. In both
configurations nitrogen is pumped into the source (as drying gas), HP funnel region, and
collision cell (back end of the instrument post IM). Drying gas flow into the source is regulated
by a manually adjustable flow controller (Porter instrument company, USA). For all of the
experiments carried out with nitrogen as the drift gas, a mass flow controller (installed as part
of the Agilent gas kit upgrade) was utilised to actively regulate the pressure differential
between the IM cell and the trapping funnel. In this configuration, manually adjustable
pressure regulators prior to the drift cell and HP funnel were also used to help establish the IM
pressure and IM-Trap pressure differential. However, for all the experiments done in helium
the mass flow controller was bypassed, as pressure stabilisation was not possible. As such, we
installed pressure regulators and needle valves which we positioned prior to the IM cell and
trap funnel to permit manual control of IM cell and trap funnel pressures. Pressures at the
front end of the 6560 are maintained by a single scroll pump (Edwards) whilst at the back end
of the instrument the scroll pump works in synergy with two turbo pumps to maintain the low
pressures required in the QToF region. Absolute pressure measurements for the trapping
funnel and drift tube are recorded by CDG 500 capacitance gauges positioned at the end of
the aforementioned regions (black and white cylinders). The HP funnel pressure is recorded
via a pirani gauge (grey and white cylinder) which yields a relative pressure measurement. A
similar representative figure is present in May et al.%.
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Figure S6. Impact of drying gas flow rates upon protein/protein complex CSDs. Mass spectra
of myoglobin and alcohol dehydrogenase obtained using different drying gas flow rates on the
Agilent 6560 IMQToF. a) Mass spectra of myoglobin obtained when employing drying gas flow
rates of 0.1, 0.5, 1 and 2 L/min. No parameters except drying gas flow rate were altered
between the acquisition of the mass spectra. The CSD centres on the 8+ ion of myoglobin at
the lowest drying gas flow rate employed and is observed to shift in favour of the 9+ ion as
the drying gas flow rate is increased. b) Mass spectra of alcohol dehydrogenase obtained
when employing drying gas flow rates of 0.1, 0.5, 1 and 2 L/min. No parameters except drying
gas flow rate were altered between the acquisition of the mass spectra. The CSD centres on
the 25 and 26+ ions of alcohol dehydrogenase at the lowest drying gas flow rate employed
and is observed to shift in favour of higher charge states (eventually centring on the 28+ ion)
as the drying gas flow rate is increased. As such, the CSD of protein/protein complex ions can
be seen to shift in favour of higher charge states with greater drying gas flow rates.
Interestingly, this affect appears to be more significant for larger protein complexes (which
present with larger Az values) in comparison to smaller proteins (which present with smaller
Az values). No parameters except drying gas flow rate were altered between the acquisition
of the mass spectra shown above Both myoglobin and alcohol dehydrogenase were sprayed
from 50 mM and 200 mM AmAc solutions (pH 7.4) respectively. It is important to note that the
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associated IM landscape of each ion (peak apexes, ATD morphology and widths) did not
noticeably alter with differing drying gas flow rates.

Table S4. Establishing the helium IM-Trap differential on the modified Agilent 6560 IMQToF
using Agilent tune mix. a) Average P'CCS;. literature values and our experimental P"CCSye
values for the 622, 922 & 1222 1+ ions of tune mix obtained under helium IM-Trap
differentials of 0.109, 0.130, 0.134, 0.138 & 0.143 Torr. b) Relative differences (%) between
the average literature values and our experimental °"CCS,. values obtained from the
aforementioned helium IM-Trap differentials.

a) helium IM-Trap differential (Torr)
0.109 0.130 0.134 0.138 0.143
Tune Avg of DTCCShe DTCCShe DTCCShe DTCCShe DTCCShe
mix Literature & | DTIMS DTIMS DTIMS DTIMS DTIMS
(m/z) DTIMS (G2) (6560) (6560) (6560) (6560) (6560)
PTCCShe
values®?*°
622 139.5 142.4 138.7 137.8 137.2 136.9
922 1746 + 1.1 180.2 175.9 176 173.3 173.2
1222 208.2 + 1.4 214.2 207.4 207.9 205.6 205.3
b) a) | helialiu iiviFM dpati fGeffentiati 6Tdidrr)
0.109 0.130.128 001B3R 0.D3538 | 0.1400.143
Tune | Polysapins RAYg|dfExp vs REES. AEXP'CLBRf | APYGLSs.Refl TQESH. vs Ref
mix | e | (%) Literdttre | DTIMS (%) DTIMS (DYIMS DTMS
(m/z) OTCCShe (6560 (6560) (6560) (6560)
622 2vaiues? ™! -0.58 -1.23 -1.68 -1.90
922 [, 41+ 3.23 0.76 0.82 -0.7B -p.78
1222 7 2B880(8 + 0.4 -0.3844.1 -G4A 146132 141.1-1.39
Averag | 2.72 £ 0.656|3 +0.0/|% 0.72 15818 £ 1.5/ | -1.2215 064 -1136 % D.56
e 9 1690 +1.5 168.5 169 169.2 168.2
10 | 178.7 = 3.3 180.5 179.1 179.4 178.9
11 | 193.1 + 1.3 191.6 192.6 190.6 190.6
12 | 204.2 = 2.5 202 203.2 203.2 200.4
13| 216.0 = 1.5 215.3 213 220 210.8
14 | 2265 = 2.2 225 221.4 214.1 220.8 | 1abl
e 7z =2+ S5
12 208 209.9 207 208.5 206.7
13 220 220.4 221.4 222.5 220
14 232 232.6 232.5 233.6 229.6
15 243 243.4 242.3 242.5 242
16 255 255.7 254.2 254.8 252.5
17 265 267.5 264.4 265.2 264.6
18 276 277.5 273.2 275.8 275.1
19 287 287.9 285.6 285 284.9
20 297 298.7 297.5 295.7 295.3
21 308 306.8 307.1 306.6 305.6
22 317 319.3 314.2 313.3 315.9
23 327 330.2 324.7 326.4 326.2
24 337 336.4 336.8 332.4 334.8
25 348 351.8 347.2 344 346.7
26 358 356.8 359.5 362.2 355.4
z =3+
22 373 369.5 371.1 375.2 373.3
23 386 384 388.8 388.4 386.1
24 399 401.6 401.8 400.1 398.6
25 412 415.3 407 410.4 408.7
26 425 427.6 4249 423.5 4243
27 438 437.9 436.8 432.6 436.7
28 452 451 449.5 448.4 451.2
29 465 465.4 463.3 460.7 461.7 14
30 479 475.5 474.8 473.2 473.8
31 490 486 482.6 482.7 487.9
32 502 498.3 495.7 499.2 501.4
33 516 508.5 511.9 503.8 513.3




Establishing the helium IM-Trap differential on the modified Agilent 6560 IMQToF using
polyalanine. a) Average °"CCSy. literature values and our experimental °"CCSy. values for a
series of 1+, 2+ & 3+ ions of polyalanine obtained under helium IM-Trap differentials of 0.128,
0.132, 0.135 & 0.140 Torr. b) Relative differences (%) between the average literature values
and our experimental °"CCSy. values obtained from the aforementioned helium IM-Trap
differentials.
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b)

helium IM-Trap differential (Torr)

0.128 0.132 0.135 0.14
Polyalanine AExp vs Ref | AExp vs Ref | AExp vs Ref | AExp vs Ref
(%) (%) (%) (%)
z=1+
7 1.31 -0.32 0.25 2.38
8 0.48 0.86 0.03 1.12
9 0.03 0.15 -0.44 -0.27
10 0.25 0.42 0.14 1.04
11 -0.26 -1.29 -1.29 -0.78
12 -0.49 -0.49 -1.86 -1.08
13 -1.37 1.88 -2.38 -0.30
14 -2.23 -5.45 -2.50 -0.64
z=2+
12 -0.48 0.24 -0.63 0.91
13 0.64 1.14 0.00 0.18
14 0.22 0.69 -1.03 0.26
15 -0.29 -0.21 -0.41 0.16
16 -0.31 -0.08 -0.98 0.27
17 -0.23 0.08 -0.15 0.94
18 -1.01 -0.07 -0.33 0.54
19 -0.49 -0.70 -0.73 0.31
20 0.17 -0.44 -0.57 0.57
21 -0.29 -0.45 -0.78 -0.39
22 -0.88 -1.17 -0.35 0.73
23 -0.70 -0.18 -0.24 0.98
24 -0.06 -1.36 -0.65 -0.18
25 -0.23 -1.15 -0.37 1.09
26 0.42 1.17 -0.73 -0.34
z =3+
22 -0.51 0.59 0.08 -0.94
23 0.73 0.62 0.03 -0.52
24 0.70 0.28 -0.10 0.65
25 -1.21 -0.39 -0.80 0.80
26 -0.02 -0.35 -0.16 0.61
27 -0.27 -1.23 -0.30 -0.02
28 -0.55 -0.80 -0.18 -0.22
29 -0.37 -0.92 -0.71 0.09
30 -0.88 -1.21 -1.09 -0.73
31 -1.51 -1.49 -0.43 -0.82
32 -1.25 -0.56 -0.12 -0.74
33 -0.79 -2.36 -0.52 -1.45
Average | 0.12 + 0.80 -0.34 £ 0.72| -042+1.24| -0.58 +£0.64
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Table S6. Establishing the helium IM-Trap differential on the modified Agilent 6560 IMQToF
using apo-myoglobin. a) Average P'CCSy. literature values and our experimental P"CCSye
values for a series of monomorphic ions (18-26+) of apo-myoglobin obtained under helium IM-
Trap differentials of 0.125, 0.130, 0.135 & 0.140 Torr. b) Relative differences (%) between the

average

literature values and our

aforementioned helium IM-Trap differentials.

experimental

PTCCShe

values obtained from the

a) helium IM-Trap differential (Torr)
0.125 0.130 0.135 0.140
Apo- Avg of PTCCShe PTCCShe PTCCShe PTCCShe
myoglo | Literature DTIMS DTIMS DTIMS DTIMS
bin PTCCShe (6560) (6560) (6560) (6560)
(2) values'*15
18+ 3488 + 38 3534 3487 3499 3476
19+ 3578 = 18 3646 3587 3610 3578
20+ 3671 = 26 3749 3686 3698 3669
21+ 3760 * 27 3824 3770 3774 3733
22+ 3816 = 21 3881 3829 3821 3795
23+ 3893 = 32 3913 3874 3848 3828
24+ 3952 + 45 3936 3897 3881 3847
25+ 3995 + 49 3966 3933 3908 3891
26+ 4034 * 47 4008 3968 3948 3928
b) 0.125 0.130 0.135 0.140
Apo- AExp vs Ref AExp vs Ref (%) | AExp vs Ref AExp vs Ref
myoglobi | (%) (%) (%)
n
(z)
18+ 1.35 -0.02 0.33 -0.34
19+ 1.92 0.25 0.92 0.03
20+ 2.12 0.40 0.74 -0.04
21+ 1.70 0.26 0.38 -0.71
22+ 1.70 0.36 0.14 -0.55
23+ 0.53 -0.46 -1.14 -1.67
24+ -0.41 -1.38 -1.80 -2.65
25+ -0.71 -1.55 -2.18 -2.60
26+ -0.63 -1.63 -2.11 -2.61
Average -0.84 £ 1.16 -0.42 + 0.87 -0.53 £ 1.27 -1.24 £ 1.15
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Table S7. Agilent 6560 IMQToF tuning parameters. The Quad AMU was set at 500 for
ubiquitin, cytochrome ¢ and myoglobin, at 1000 for Avidin and BSA and 2000 for concanavalin
a and alcohol dehydrogenase. These settings were observed to be optimal for the
transmission of the different analyte ions analysed during this study. For proteins/protein
complexes < 70 kDa, the collision cell flow was maintained at 22. However, for protein
complexes > 100 kDa the collision cell flow was increased to 25 in order to aid transmission of
these larger ions.

Capillary voltage (kV) 09-14
Source temperature (°C) 50.0
Drying gas flow 0.1-0.3
Fragmentor 300-375
DC voltages
HP Funnel delta 120-180
Trap entrance grid delta 1
Trap entrance grid low 97
Trap entrance grid high 98
Trap entrance 91
Trap exit 90
Trap exit grid 1 delta 4
Trap exit grid 1 low 87.6
Trap exit grid 1 high 91.6

Trap exit grid 2 delta 7.1

Trap exit grid 2 low 87.5
Trap exit grid 2 high 94.6
Trap Funnel delta 180
IM Hexapole delta -8
IM Hexapole entrance 41
Rear Funnel entrance 240
Rear Funnel exit 45
RF voltages (V)
Octapole 750
High Pressure Funnel 100-140
Trap Funnel 100-160
IM Hexapole 300
Rear Funnel 200
Other parameters
Trap fill time (us) 5000
Trap release time (us) 150
Pressures (Torr)
He N:
HP Funnel 4.50-4.80 4.30-4.70
Drift tube 3.89-3.93 3.95
Trap Funnel 3.76-3.80 3.80
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Table S8. Calibrants employed for TWIMS experiments and their associated Pearson
coefficients. Note that for ubiquitin, cytochrome ¢ and myoglobin, there was not a complete
selection of calibrant ions with previously published P"CCSy, values. In these instances we
utilised our own PTCCSy, values (denoted by *), derived from our RF confining drift cell (to
remain consistent with our other literature CCS origins), as calibrant literature CCS for the
calibration procedure. The WVs and WHs employed for analytes were selected from three
different WV/WH combinations: 1) 100/9.5; 2) 200/14 and; 3) 300/18 (or 19.5 for larger ions,
to prevent mobility wrap around) based upon which WV/WH combination gave the highest
pearson coefficient for each calibrant set.

Protein n TWIMS Calibra | TWIMS | TWIMS | Average | Averag
calibrants nt wv WH r2 er?
literatu (ms?) (V) N.>He N:
re Q
source
Ubiquitin 1 Melittin Bush et 300 18 0.9951 *0.9872
(8.6 kDa) Insulin (1n) al.»1>1e (x0.0016) | (+£0.00
Cytochrome C | *Our RF 02)
CCS
Cytochrome 1 Ubiquitin Bush et 200 14 0.9931 *0.9940
C Lysozyme al.>¥ (£0.0006) | (+0.00
(12.4 kDa) B- *Our RF 35)
Lactoglobulin CCs
A (1n)
Myoglobin 1 Lysozyme Bush et 300 18 0.9824 *0.9969
(17.6 kDa) Cytochrome C al.>¥ (£0.0012) | (£0.00
B- 11)
Lactoglobulin *Our RF
A (1n) CCs
Avidin 4 TTR Bush et 300 19.5 0.9932 0.9994
(64 kDa) Concanavalin al.>*® (£0.0025) | (+0.00
A 05)
Serum 1 Avidin Bush et 100 9.5 0.9956 0.9956
albumin Concanavalin al.>¥ (£0.0011) | (+0.00
(BSA) A 14)
(66 kDa)
Concanavali 4 Avidin Bush et 100 9.5 0.9951 0.9706
nA Alcohol al.?*® (£0.0036) | (+£0.01
(103 kDa) dehydrogenas 02)
e
Alcohol 4 Concanavalin Bush et 300 19.5 0.9977 0.9851
dehydrogen A al.>¥ (£0.0004) | (£0.00
ase Pyruvate 43)
(148 kDa) kinase
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Ubiquitin (8566 Da) 6560-DTIMS G2-DTIMS G2-TWIMS
Zng | Species # DTCLS,, (A2) %RSD DTCCS,, (A2) %RSD TWCCS,,, (A2) %RSD
[M+4H]4+ 1 9072 0.27 9637 0.72 961+7 0.71
a [M+5H]5+ 1 924+5 0.51 965+ 8 0.84 955+ 2 0.25
3 2 - - - - 1003+2 0.22
;: [M+6H]f'+ 1 943+ 8 0.86 987+ 4 0.37 966+ 0.2 0.02
o 2 1113+10 0.85 1143%2 0.14 10069 0.88
3 - - - - 1143+ 4 0.35

Figure S7. Ubiquitin helium CCS & CCS distributions. Top) Mass spectrum of Ubiquitin
sprayed from 50 mM AmAc solution at pH 7.4, where charge states are denoted by z+. Upper
middle) Total CCS distributions of Ubiquitin. Lower middle) Stacked CCS distribution plots for
each ion normalised to the same intensity with magnification factors applied. Two black circles
denote the presence of coincident dimer. Table) Average CCSy. values with replicate (n=3)
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standard deviations (=) and associated RSDs (%) for Ubiquitin obtained across the instrument
platforms utilised.
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[M+'5|-H]4Jr 1 1128+13 1.15 1148+ 10 0.90 1118%3 0.45
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n 2 1401+2 0.11 1386+ 4 0.32 1268+2 0.15
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Figure S8.Ubiquitin nitrogen CCS & CCS distributions. Upper) Total CCS distributions of
Ubiquitin. Lower) Stacked CCS distribution plots for each ion normalised to the same intensity
with magnification factors applied. Two black circles denote the presence of coincident dimer.
Table) Average CCSyy values with replicate (n=3) standard deviations (+) and associated

RSDs (%) for Ubiquitin obtained across the instrument platforms utilised. Interactive versions
of Figures S7 & S8 are available online at https://france-ccs-
2019.netlify.com/assets/ubi_s7&s8.
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Q
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Figure S9. Cytochrome c helium CCS & CCS distributions. Top) Mass spectrum of cytochrome
c sprayed from 50 mM AmAc solution at pH 7.4, where charge states are denoted by z+.
Upper middle) Total CCS distributions of Ubiquitin. Lower middle) Stacked CCS distribution
plots for each ion normalised to the same intensity with magnification factors applied. Two
black circles denote the presence of coincident dimer. Table) Average CCSy. values with
replicate (n=3) standard deviations (x) and associated RSDs (%) for cytochrome c obtained
across the instrument platforms utilised.
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Figure S10. Cytochrome c nitrogen CCS & CCS distributions. Upper) Total CCS distributions of
cytochrome c. Lower) Stacked CCS distribution plots for each ion normalised to the same
intensity with magnification factors applied. Two black circles denote the presence of
coincident dimer. Table) Average CCSyy values with replicate (n=3) standard deviations ()

and associated RSDs (%) for cytochrome c obtained across the instrument platforms utilised.
Interactive versions of Figures S9 & S10 are available online at https://france-ccs-
2019.netlify.com/assets/cytc_s9&s10.
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Zny | Species TCCSy, (A2) %RSD 0TCCS,,, (A2) %RSD TWCCS,. (A2) %RSD
o [Me7HP | 2 156645 0.25 16641 0.07 16412 0.14
—
o [MesHPE | 1 160445 0.33 17044 0.21 1674412 0.71
+l
@ [M+OH]* | 2 16494 0.39 1832430 1.63 1713+17 0.72
[+4]
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Figure S11. Myoglobin helium CCS & CCS distributions. Top) Mass spectrum of myoglobin
sprayed from 50 mM AmAc solution at pH 7.4, where charge states are denoted by z+. Upper
middle) Total CCS distributions of myoglobin. Lower middle) Stacked CCS distribution plots for
each ion normalised to the same intensity with magnification factors applied. Two black circles
denote the presence of coincident dimer. Table) Average CCSy. values with replicate (n=3)
standard deviations (%) and associated RSDs (%) for myoglobin obtained across the
instrument platforms utilised.
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Znyg | Species # PTCCSy, ) %RSD PTCCSy, (42) %RSD ™WCCSy, (A2) %RSD
@ [M+7H]7"+ 1 1899+12 0.82 1903+8 0.40 1896+*3 0.17
[=]
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+
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Figure S12. Myoglobin nitrogen CCS & CCS distributions. Upper) Total CCS distributions of
myoglobin. Lower) Stacked CCS distribution plots for each ion normalised to the same
intensity with magnification factors applied. Two black circles denote the presence of
coincident dimer. Table) Average CCSy; values with replicate (n=3) standard deviations (*)

and associated RSDs (%) for myoglobin obtained across the instrument platforms utilised.
Interactive versions of Figures S11 & S12 are available online at https://france-ccs-
2019.netlify.com/assets/myo_s11&s12.
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Figure S13. Avidin helium CCS & CCS distributions. Top) Mass spectrum of avidin sprayed
from 200 mM AmAc solution at pH 7.4, where charge states are denoted by z+. Upper middle)
Total CCS distributions of avidin. Lower middle) Stacked CCS distribution plots for each ion
normalised to the same intensity with magnification factors applied. Table) Average CCSke
values with replicate (n=3) standard deviations (*) and associated RSDs (%) for avidin
obtained across the instrument platforms utilised.
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Figure S14. Avidin nitrogen CCS & CCS distributions. Upper) Total CCS distributions of avidin.
Lower) Stacked CCS distribution plots for each ion normalised to the same intensity with
magnification factors applied. Table) Average CCSyy values with replicate (n=3) standard

deviations (*) and associated RSDs (%) for avidin obtained across the instrument platforms
utilised. Interactive versions of Figures S13 & S14 are available online at https://france-ccs-
2019.netlify.com/assets/avi_s13&s14.
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Figure S15. BSA helium CCS & CCS distributions. Top) Mass spectrum of BSA sprayed from
200 mM AmAc solution at pH 7.4, where charge states are denoted by z+. Upper middle) Total
CCS distributions of BSA. Lower middle) Stacked CCS distribution plots for each ion normalised
to the same intensity with magnification factors applied. Table) Average CCSue values with
replicate (n=3) standard deviations (%) and associated RSDs (%) for BSA obtained across the
instrument platforms utilised.
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Figure S16. BSA nitrogen CCS & CCS distributions. Upper) Total CCS distributions of BSA.
Lower) Stacked CCS distribution plots for each ion normalised to the same intensity with
magnification factors applied. Table) Average CCSyy values with replicate (n=3) standard

deviations (x) and associated RSDs (%) for BSA obtained across the instrument platforms
utilised. Interactive versions of Figures S15 & S16 are available online at https://france-ccs-
2019.netlify.com/assets/bsa_s15&s16.
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Figure S17. Concanavalin a helium CCS & CCS distributions. Top) Mass spectrum of
concanavalin a sprayed from 200 mM AmAc solution at pH 7.4, where charge states are
denoted by z+. Upper middle) Total CCS distributions of concanavalin a. Lower middle)
Stacked CCS distribution plots for each ion normalised to the same intensity with
magnification factors applied. Table) Average CCSy. values with replicate (n=3) standard
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deviations (*) and associated RSDs (%) for concanavalin a obtained across the instrument
platforms utilised.
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Figure S18. Concanavalin a nitrogen CCS & CCS distributions. Upper) Total CCS distributions
of concanavalin a. Lower) Stacked CCS distribution plots for each ion normalised to the same
intensity with magnification factors applied. Table) Average CCSy, values with replicate (n=3)

standard deviations (£) and associated RSDs (%) for concanavalin a obtained across the
instrument platforms utilised. Interactive versions of Figures S17 & S18 are available online at
https://france-ccs-2019.netlify.com/assets/cona_s17&s18.
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Figure S19. Alcohol dehydrogenase helium CCS & CCS distributions. Top) Mass spectrum of
alcohol dehydrogenase sprayed from 200 mM AmACc solution at pH 7.4, where charge states
are denoted by z+. Upper middle) Total CCS distributions of alcohol dehydrogenase. Lower
middle) Stacked CCS distribution plots for each ion normalised to the same intensity with
magnification factors applied. Table) Average CCSy. values with replicate (n=3) standard
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deviations (*x) and associated RSDs (%) for alcohol dehydrogenase obtained across the
instrument platforms utilised.
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Figure S20. Alcohol dehydrogenase nitrogen CCS & CCS distributions. Upper) Total CCS
distributions of alcohol dehydrogenase. Lower) Stacked CCS distribution plots for each ion
normalised to the same intensity with magnification factors applied. Table) Average CCSyy

values with replicate (n=3) standard deviations (*) and associated RSDs (%) for alcohol
dehydrogenase obtained across the instrument platforms utilised. Interactive versions of
Figures S19 & S20 are available online at https://france-ccs-
2019.netlify.com/assets/alcdehy s19&s20.
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Figure S21. Raw ATDs (He).Raw single replicate ATDs, obtained with He as the drift gas, for
all of the protein/protein complex ions analysed across the instruments utilised within this

study.
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Figure S22. ATDs (N.). Raw single replicate ATDs, obtained with N, as the drift gas, for all of
the protein/protein complex ions analysed across the instruments utilised within this study.
Interactive versions of Figures S21 & S22 are available online at: 1) https://france-ccs-

2019.netlify.com/assets/ubi_s21&s22, 2)
2019.netlify.com/assets/cytc_s21&s22, 3)
2019.netlify.com/assets/myo_s21&s22, 4)
2019.netlify.com/assets/avi_s21&s22, 5)
2019.netlify.com/assets/bsa_s21&s22, 6)
2019.netlify.com/assets/cona_s21&s22, 7)

2019.netlify.com/assets/alcdehy_s21&s22.
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Figure S23. Scatter plots showing the range of CCSy;, values taken for the protein/protein

complexes analysed within this study across the instrumental platforms utilised. In all cases
the CCS for the single most abundant conformation for each charge state was compared
across the three instruments. The black, red, blue and green squares represent the average
CCSy» values obtained for single conformations as an average across all the instruments, on

the 6560, the G2 (DTIMS) and the G2 (TWIMS) respectively. The associated coloured bars
show the standard deviation across the experimental replicates.
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Figure S24. Global CCSye histogram plots for the charge states of ubiquitin observed across
the experiments outlined in this study. Literature as well as our own experimentally obtained
CCS were grouped into 20 A? bins, whereby the frequency of CCS to the nearest 20 A2
increment were summed and represented as solid bars within the histogram plots. Within
these stacked histogram plots, blue, yellow and red bars represent the frequency and size of
CCS values for the 4+, 5+ and 6+ ions of ubiquitin respectively.
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Figure $25. Global CCSy, histogram plots for the charge states of ubiquitin observed across

the experiments outlined in this study. Literature as well as our own experimentally obtained
CCS were grouped into 20 A? bins, whereby the frequency of CCS to the nearest 20 A2
increment were summed and represented as solid bars within the histogram plots. Within
these stacked histogram plots, blue, yellow and red bars represent the frequency and size of
CCS values for the 4+, 5+ and 6+ ions of ubiquitin respectively.
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Figure S26. Global CCS;. histogram plot for the charge states of myoglobin observed across
the experiments outlined in this study. Literature as well as our own experimentally obtained
CCS were grouped into 20 A? bins, whereby the frequency of CCS to the nearest 20 A2
increment were summed and represented as solid bars within the histogram plot. Within the
histogram plot, blue, yellow and red bars represent the frequency and size of CCS values for
the 7+, 8+ and 9+ ions of myoglobin respectively.
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Figure S27. Global CCSyy histogram plots for the charge states of myoglobin observed

across the experiments outlined in this study. Literature as well as our own experimentally
obtained CCS were grouped into 20 A2 bins, whereby the frequency of CCS to the nearest 20
A% increment were summed and represented as solid bars within the histogram plots. Within
these stacked histogram plots, blue, yellow and red bars represent the frequency and size of
CCS values for the 7+, 84+ and 9+ ions of myoglobin respectively.
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Figure S28. Global CCSx. histogram plot for the charge states of avidin observed across the
experiments outlined in this study. Literature as well as our own experimentally obtained CCS
were grouped into 40 A? bins, whereby the frequency of CCS to the nearest 40 A% increment
were summed and represented as solid bars within the histogram plot. Within the histogram
plot, blue, green, orange and red bars represent the frequency and value of CCS for the 14+,
15+, 16+ and 17+ ions of avidin respectively.
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Figure $29. Global CCSy; histogram plot for the charge states of avidin observed across the

experiments outlined in this study. Literature as well as our own experimentally obtained CCS
were grouped into 40 A? bins, whereby the frequency of CCS to the nearest 40 A% increment
were summed and represented as solid bars within the histogram plot. Within the histogram
plot, blue, green, orange and red bars represent the frequency and value of CCS for the 14+,
15+, 16+ and 17+ ions of avidin respectively.
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Figure S30. Global CCSy. histogram plot for the charge states of BSA observed across the
experiments outlined in this study. Literature as well as our own experimentally obtained CCS
were grouped into 40 A2 bins, whereby the frequency of CCS to the nearest 40 A2 increment
were summed and represented as solid bars within the histogram plot. Within the histogram
plot, blue, green, orange and red bars represent the frequency and value of CCS for the 14+,
154, 16+ and 17+ ions of BSA respectively.
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Figure S31. Global CCSyy histogram plot for the charge states of BSA observed across the

experiments outlined in this study. Literature as well as our own experimentally obtained CCS
were grouped into 40 A? bins, whereby the frequency of CCS to the nearest 40 A2 increment
were summed and represented as solid bars within the histogram plot. Within the histogram
plot, blue, green, orange and red bars represent the frequency and value of CCS for the 14+,
154, 16+ and 17+ ions of BSA respectively.
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Figure S32. Global CCSy. histogram plot for the charge states of concanavalin a observed
across the experiments outlined in this study. Literature as well as our own experimentally
obtained CCS were grouped into 40 A2 bins, whereby the frequency of CCS to the nearest 40
A? increment were summed and represented as solid bars within the histogram plot. Within
the histogram plot, blue, green, yellow, orange and red bars represent the frequency and
value of CCS for the 18+, 19+, 20+, 21+ and 22+ ions of concanavalin a respectively.
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Figure S33. Global CCSy;, histogram plot for the charge states of concanavalin a observed

across the experiments outlined in this study. Literature as well as our own experimentally
obtained CCS were grouped into 40 A2 bins, whereby the frequency of CCS to the nearest 40
A% increment were summed and represented as solid bars within the histogram plot. Within
the histogram plot, blue, green, yellow, orange and red bars represent the frequency and
value of CCS for the 18+, 19+, 20+, 21+ and 22+ ions of concanavalin a respectively.
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Figure S34. Global CCSy. histogram plot for the charge states of alcohol dehydrogenase
observed across the experiments outlined in this study. Literature as well as our own
experimentally obtained CCS were grouped into 40 A% bins, whereby the frequency of CCS to
the nearest 40 A% increment were summed and represented as solid bars within the histogram
plot. Within the histogram plot, black, blue, green, yellow, orange and red bars represent the
frequency and value of CCS for the 22+, 23+, 244, 254, 26+ and 27+ ions of alcohol
dehydrogenase respectively.
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Figure S35. Global CCSy, histogram plot for the charge states of alcohol dehydrogenase

observed across the experiments outlined in this study. Literature as well as our own
experimentally obtained CCS were grouped into 40 A2 bins, whereby the frequency of CCS to
the nearest 40 A? increment were summed and represented as solid bars within the histogram
plot. Within the histogram plot, black, blue, green, yellow, orange and red bars represent the
frequency and value of CCS for the 22+, 23+, 24+, 25+, 26+ and 27+ ions of alcohol
dehydrogenase respectively.
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Table S9. Literature and experimentally determined CCSy. values obtained for the
protein/protein complex ions described within this study. Within this table ‘n’ represents the
multimeric state of the protein, ‘z’ denotes the protein charge state and the ‘Source’ column
highlights the references from which the CCSy. values were found, where the ‘#’ denotes
CCShe values that were obtained experimentally within this study. Abbreviated versions of the
IM techniques employed to obtain the corresponding CCSk. values are noted in the ‘IM
technique’ column. CCSye values highlighted in red were obtained from graphs within the
associated references and as such will likely not be completely accurate. The “**’ after some
CCS denotes the high likelihood that these values actually correspond to misidentified

coincident dimer species and not more compact monomeric conformations.

Analyte n (Z) CCSwx IM technique Source
+ e

Ubiquitin 1] 4 791 TWIMS 17
800 TWIMS 18

889+ DTIMS 12

904 DTIMS 19

907 DTIMS #

961 TWIMS #

963 DTIMS #

971 DTIMS 12

972 DTIMS 2

972 DTIMS 13

1004 DTIMS 20

1020 DTIMS 2

1059 DTIMS 20

1| 5 840 TWIMS 18
872 DTIMS 19

924 DTIMS #

955 TWIMS #

965 DTIMS #

979 DTIMS 19

982 DTIMS 2

983 DTIMS 13

1003 TWIMS #

1027 DTIMS 20

1053 DTIMS 12

1100 TWIMS 22

1135 TWIMS 23

1137 DTIMS 20

1150 DTIMS 21

1239 DTIMS 20

1260 TWIMS >

1390 ROMIAC 2

11 6 863 DTIMS 19
870 TWIMS 18

943 DTIMS #

950 TWIMS 18
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950 DTIMS >
950 TWIMS 7
966 TWIMS #
970 DTIMS >
970 DTIMS 2
970 DTIMS ’°
980 TWIMS 7
980 TWIMS i
987 DTIMS #
1000 DTIMS 13
1000 DTIMS >
1006 TWIMS #
1020 DTIMS ’!
1041 DTIMS 2
1056 DTIMS '
1080 DTIMS >
1103 DTIMS 12
1110 TWIMS 7
1113 DTIMS #
1143 DTIMS #
1143 TWIMS #
1160 DTIMS >
1200 TWIMS ’
1220 DTIMS 2
1220 DTIMS >t
1280 DTIMS >
1311 TWIMS ’2
1314 DTIMS '
1368 DTIMS 12
1380 DTIMS >
1400 TWIMS 7
1440 DTIMS >
1480 DTIMS >
1500 DTIMS >
1500 TWIMS ’
1525 DTIMS 2
1553 TWIMS 2
1590 DTIMS >
1613 ROMIAC 24
1700 TWIMS ’2
Cytochrome C 1050 TWIMS '°
1080
ok DTIMS >
1120 TWIMS >
1130 TWIMS >
1150 TWIMS 32
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1182 DTIMS #
1190 TWIMS 32
1230 DTIMS 31
1230 TWIMS 32
1234 DTIMS #
1238 TWIMS #
1238 DTIMS 12
1240 DTIMS 2
1240 DTIMS s
1240 TWIMS v
1240 DTIMS 31
1243 DTIMS 34
1244 DTIMS 3
1254 DTIMS 36 (found in 3')
1270 TWIMS 32
1270 TWIMS 33
1280 TWIMS 32
1290 TWIMS v
1360 TWIMS 37
1393 DTIMS 3
1400 DTIMS 36 (found in 3%)
1402 DTIMS 12
1530 TWIMS 32
1571 TWIMS 38
1602 DTIMS 3
1611 DTIMS 3 (found in 3')
1880 DTIMS 31
1000 DTIMS 39
1100 TWIMS 18
1170 TWIMS 33
1196 DTIMS #
1230 TWIMS 32
1247 DTIMS 35
1250 TWIMS 32
1257 DTIMS 36 (found in 3?)
1280 DTIMS 5
1286 DTIMS #
1290 TWIMS 33
1300 DTIMS 2
1304 TWIMS #
1338 DTIMS 40
1380 DTIMS 31
1418 DTIMS 12
1426 DTIMS 36 (found in 3%)
1500 TWIMS 32
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1520 TWIMS 33
1520 TWIMS v
1546 DTIMS 34
1550 TWIMS 32
1579 TWIMS 38
1580 TWIMS v
1600 DTIMS 39
1620 DTIMS 3
1629 DTIMS 3 (found in 3')
1640 TWIMS 32
1650 DTIMS 31
1650 TWIMS 32
1650 TWIMS 33
1650 TWIMS 37
1660 DTIMS 3
1670 TWIMS v
1680 TWIMS 32
1685 DTIMS 12
1720 TWIMS 38
1785 DTIMS 3
1790 TWIMS 37
1792 DTIMS 36 (found in 3?)
1826 DTIMS 12
1870 TWIMS 33
1900 DTIMS 31
2007 DTIMS 35
2018 DTIMS 36 (found in 3?)
2120 TWIMS 38
1250 DTIMS 3
1250 TWIMS 18
1250 TWIMS 32
1258 DTIMS #
1260 DTIMS 36 (found in 3%)
1297 DTIMS #
1370 TWIMS 18
1373 DTIMS #
1399 TWIMS #
1430 TWIMS 18
1450 TWIMS 33
1477 DTIMS 36 (found in 3%)
1540 DTIMS #
1583 DTIMS 12
1625 TWIMS #
1670 TWIMS 32
1680 TWIMS 32
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1700 TWIMS 33
1702 DTIMS 35
1709 DTIMS 36 (found in 31)
1710 TWIMS v
1768 TWIMS #
1796 DTIMS 12
1802 TWIMS 38
1820 TWIMS 37
1845 DTIMS 35
1854 DTIMS 36 (found in 3)
1863 DTIMS 34
1875 TWIMS 38
1918 TWIMS #
1940 TWIMS 32
1940 TWIMS 33
1980 TWIMS 1
2000 TWIMS 1
2020 TWIMS 32
2020 TWIMS 1
2040 TWIMS 32
2053 DTIMS 12
2061 DTIMS 35
2071 DTIMS 36 (found in 3%)
2114 DTIMS 12
2150 TWIMS 38
2230 TWIMS 37
Myoglobin 1398 TWIMS 38
1546
ok DTIMS 12
1566 DTIMS #
1613 TWIMS 38
1641 TWIMS #
1664 DTIMS #
1695 DTIMS a1
1700 TWIMS 37
1716 DTIMS 12
1593 TWIMS 38
1604 DTIMS #
1674 TWIMS #
1704 DTIMS #
1788 DTIMS a1
1824 DTIMS 12
1850 TWIMS 57
1650 DTIMS #
1713 TWIMS #
1818 TWIMS #
1832 DTIMS #
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1835 DTIMS o
1900 TWIMS >
1907 DTIMS 12
2106 DTIMS 4
Avidin 14 3441 DTIMS #
3614 TWIMS #
3633 DTIMS #
15 | 3347 DTIMS a2
3350 DTIMS 43
3485 DTIMS #
3570 DTIMS 2
3601 TWIMS #
3640 DTIMS #
3640 DTIMS 15
16 3350 DTIMS 43
3434 DTIMS 42
3471 DTIMS #
3581 TWIMS #
3590 DTIMS 2
3640 DTIMS 15
3665 DTIMS #
3900 DTIMS 43
17 | 3446 DTIMS 42
3467 DTIMS #
3566 TWIMS #
3610 DTIMS 2
3633 DTIMS #
3640 DTIMS 15
BSA 14 | 3433 DTIMS a2
3700 TWIMS 33
3891 DTIMS #
4010 DTIMS 2
4041 DTIMS #
4090 DTIMS 15
4108 TWIMS #
4167 DTIMS 42
15 3653 DTIMS 42
3956 DTIMS #
4030 DTIMS 2
4087 TWIMS #
4093 DTIMS #
4100 DTIMS 15
4100 TWIMS 33
4419 DTIMS 42
16 3788 DTIMS 42
3800 TWIMS 18
3989 DTIMS #
4051 TWIMS #
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DTIMS

4060 13

4070 DTIMS 2

4084 DTIMS #

4400 TWIMS 33

4535 DTIMS 42

17 3766 DTIMS 42
3900 TWIMS 18

3956 DTIMS #

4026 DTIMS #

4040 DTIMS 15

4094 TWIMS #

4110 DTIMS 2

4600 TWIMS 33

4613 DTIMS 42
Concanavalin A 18 | 4800 TWIMS 33
5412 TWIMS #

19 4681 DTIMS 42
4900 DTIMS 43

5000 TWIMS 33

5340 DTIMS #

5399 DTIMS #

5409 TWIMS #

5440 DTIMS 2

20 4713 DTIMS 42
4800 DTIMS 43

5384 DTIMS #

5397 DTIMS #

5400 DTIMS 9

5412 TWIMS #

5450 DTIMS 2

5500 TWIMS 33

5550 DTIMS 15

21 4700 DTIMS 43
4804 DTIMS 42

5345 DTIMS #

5401 DTIMS #

5434 TWIMS #

5460 DTIMS 2

5550 DTIMS 15

5850 TWIMS 33

22 4600 DTIMS 43
4977 DTIMS 42

5335 DTIMS #

5405 DTIMS #

5460 DTIMS 2

5480 DTIMS 15

6100 TWIMS 33
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6285 DTIMS #
Alcohol Dehydrogenase 22 6579 DTIMS #
7015 TWIMS #

7696 TWIMS 44

23 6584 DTIMS #
6800 TWIMS 33

6940 DTIMS 15

6968 DTIMS #

6990 DTIMS 2

7020 TWIMS #

7545 TWIMS 44

24 6606 DTIMS #
6940 DTIMS 15

6943 DTIMS #

7000 TWIMS 33

7020 DTIMS 2

7027 TWIMS #

7457 TWIMS 44

25 6588 DTIMS #
6830 DTIMS 15

6914 DTIMS #

7020 DTIMS 2

7045 TWIMS #

7300 TWIMS 33

7428 TWIMS 44

26 6557 DTIMS #
6720 DTIMS 15

6879 DTIMS #

7020 DTIMS 2

7069 TWIMS #

7388 TWIMS 44

7500 TWIMS 33

27 6908 DTIMS #
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Table S10. Literature and experimentally determined CCSy, values obtained for the

protein/protein complex ions described within this study. Within this table ‘n’ represents the
multimeric state of the protein, ‘2" denotes the protein charge state and the ‘Source’ column
highlights the references from which the CCSyy values were found, where the ‘#’ denotes

CCSyy values that were obtained experimentally within this study. Abbreviated versions of the
IM techniques employed to obtain the corresponding CCSyy values are noted in the ‘IM
technique’ column. CCSy, values highlighted in red were obtained from graphs within the

associated references and as such will likely not be completely accurate. The “**' after some
CCS denotes the high likelihood that these values actually correspond to misidentified
coincident dimer species and not more compact monomeric conformations.

Analyte n (Z) CCSN2 IM technique Source
+

Ubiquitin 1 4 949%* DTIMS 12
967 DTIMS 45

1116 DTIMS 12

1118 TWIMS #

1128 DTIMS #

1148 DTIMS #

2125 TIMS 46

1 5 1011 DTIMS 12
1116 DTIMS 45

1139 DTIMS 45

1149 TIMS 46

1163 DTIMS #

1166 DTIMS #

1167 TWIMS #

1204 SLIM 4

1208 DTIMS #

1208 TWIMS #

1221 DTIMS 12

1271 OrbiCCS 8

1700 TIMS 46

1 6 1196 DTIMS 4
1199 DTIMS #

1200 DTIMS 2

1209 DTIMS #

1217 TIMS 9

1222 DTIMS 12

1229 TIMS e

1229 TWIMS #

1258 SLIM 47

1268 TWIMS #

1380 DTIMS 2

1382 TWIMS #

1386 DTIMS #

1401 DTIMS #

1417 TIMS 16
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1466 DTIMS #
1474 DTIMS 12
1517 OrbiCCS 8
1628 DTIMS 12
Cytochrome C 1289 TIMS 46
1330 DTIMS 45
1360** DTIMS 12
1398 TWIMS 45
1413 OrbiCCS 8
1438 TIMS 46
1449 DTIMS 45
1450 SLIM 47
1454 TWIMS #
1456 DTIMS #
1465 DTIMS #
1477 DTIMS 12
1490 DTIMS 15
1590 DTIMS 47
1769 TIMS 46
1030 TMIMS 0 interpolated from %
1307 TIMS 46
1481 DTIMS #
1508 DTIMS 45
1533 TWIMS 45
1536 DTIMS 12
1537 TWIMS #
1540 DTIMS #
1540 TMIMS 0 interpolated from 34
1548 TIMS 46
1550 SLIM 31
1560 SLIM 47
1561 DTIMS #
1574 TIMS 46
1590 DTIMS 5
1636 TMIMS 0 interpolated from 3
1810 OrbiCCS 8
1922 TIMS 46
1948 TMIMS 50 interpolated from 3
1970 DTIMS 47
2083 TIMS 46
2115 DTIMS 12
2326 TMIMS 0 interpolated from %
1036 TMIMS %0 interpolated from 3
1053 TMIMS % interpolated from *2
1519 DTIMS #
1629 DTIMS #
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1654 TWIMS #

1654 DTIMS #

1686 TIMS 46

1793 DTIMS 12

1806 TMIMS 50 interpolated from 3

1887 TWIMS #

1915 DTIMS #

1925 TIMS 46

2043 TWIMS #

2050 TMIMS 50 interpolated from 3

2084 TMIMS % interpolated from 3*

2114 DTIMS 12

2146 OrbiCCS 8

2201 TWIMS #

2249 TIMS 46

2418 TMIMS % interpolated from *

2441 DTIMS 12

2468 TIMS 46

2496 TIMS 46

2528 DTIMS 12

2543 TMIMS % interpolated from *2
Myoglobin 169 7% DTIMS 12

1709 DTIMS 45

1788 TWIMS s

1863 DTIMS 12

1896 TWIMS #

1899 DTIMS #

1903 DTIMS #

1908 DTIMS s

2037 DTIMS a

2353 DTIMS 4

2952 DTIMS 4

1839 TWIMS 4

1934 DTIMS #

1937 DTIMS 12

1949 TWIMS #

1953 DTIMS 45

1972 DTIMS #

2089 OrbiCCS 8

2147 TIMS 46

2187 TIMS >3

2939 DTIMS 4

1908 TIMS 46

1995 DTIMS #

2003 TWIMS #

2010 TWIMS 45
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2038 DTIMS s

2040 DTIMS #

2085 DTIMS 12

2114 TWIMS #

2149 DTIMS #

2187 TIMS 46

2280 OrbiCCS 8

2399 TIMS >3

2465 TIMS >3

2756 DTIMS 4

3027 DTIMS 4

Avidin 14 3996 DTIMS #
4029 DTIMS #

4053 TWIMS #

15 4008 DTIMS #
4057 DTIMS #

4060 DTIMS 47

4073 TWIMS #

4120 SLIM 47

4150 DTIMS 15

16 4038 DTIMS #
4066 DTIMS #

4080 DTIMS 47

4086 TWIMS #

4150 SLIM 4

4150 DTIMS 15

17 4041 DTIMS #
4063 DTIMS #

4100 DTIMS 47

4101 TWIMS #

4160 DTIMS 15

4170 SLIM 47

BSA 14 4349 DTIMS #
4425 DTIMS #

4490 DTIMS 15

4535 TWIMS #

15 4392 DTIMS #
4467 TIMS 46

4478 DTIMS #

4490 DTIMS 15

4548 TWIMS #

16 4188 TIMS 46
4200 TIMS 4

4445 DTIMS #

4470 DTIMS 15

4514 DTIMS #

4567 TWIMS #

17 3941 TIMS a6
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TIMS

4291 46

4490 DTIMS 15

4506 DTIMS #

4523 DTIMS #

4648 TWIMS #
Concanavalin A 18 5740 TWIMS #
5838 DTIMS #

19 5820 TWIMS #
5879 DTIMS #

5905 DTIMS #

5920 SLIM 47

6060 DTIMS 15

6060 DTIMS 47

20 5900 TWIMS #
5902 DTIMS #

5913 DTIMS #

6020 SLIM 47

6060 DTIMS o7

6080 DTIMS 15

21 5921 DTIMS #
5937 DTIMS #

5997 TWIMS #

6070 SLIM 47

6090 DTIMS 15

22 5890 DTIMS #
5930 DTIMS #

6030 SLIM 47

6050 DTIMS =

6070 DTIMS 47

6846 DTIMS #

7011 DTIMS #
Alcohol 22 7330 DTIMS #
Dehydrogenase 7594 DTIMS #
23 7399 DTIMS #
7420 DTIMS 15

7422 DTIMS #

7640 TWIMS #

24 7427 DTIMS #
7447 DTIMS #

7450 DTIMS 15

7693 TWIMS #

25 7429 DTIMS #
7440 DTIMS 15

7465 DTIMS #

7750 TWIMS #

26 7424 DTIMS #
7473 DTIMS #

7500 DTIMS 15

7814 TWIMS #
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4 27 7470 DTIMS #

7520 DTIMS #
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