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 ABSTRACT 

 

Native mass spectrometry (nMS) is an expanding technique whereby ions with low 

internal energies are ionized and non-covalent structural elements remain intact following 

desolvation from solution-phase molecules to solvent-free, gas-phase ions. By retaining 

weak, non-covalent interactions (i.e. H-bonds, salt bridges, hydrophobic contacts), these 

ions can be kinetically trapped in their solution conformers for analysis in the gas phase. 

Hyphenation of nMS with ion mobility (nIM-MS) then provides structural details of 

conformer preferences by separating ions by their size and/or shape to complement the 

mass and charge information encoded in the resulting IM-MS spectra. 

Principles of nIM-MS are applied to study labile non-biologically relevant small 

molecules formed through coordination-driven self-assembly (CDSA) reactions of rigid 

bidentate ligands capped with electron donating pyridyl groups or electron accepting, 

square planar Pt(II) groups. By retaining low ion internal energies, we show that these 

reaction products can maintain their solution-phase structures in the gas phase. nMS 

methods are also applied without IM separation towards the characterization of native 

large biomolecular complexes (>100 kDa), including soluble protein complexes, 

membrane protein complexes, and the protein chaperonin GroEL. Under the appropriate 

solution and instrument conditions, these protein complexes produce well-resolved charge 

state distributions with high sensitivity to better interrogate large protein contaminants at 

low relative abundances. 
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When sampled from native-like buffer conditions (e.g. ammonium acetate), high 

resolution MS of the monoclonal antibody (mAb), human immunoglobulin gamma-1 

kappa (IgG1κ) reveals the expected N-glycan mass profile. In addition to the distribution 

of glycoforms, at high resolution, we observe signals corresponding to an increase in mass 

of 40 Da to each glycan peak. The mass shift does not correspond to a common post-

translational modification; however, we interrogate the identity of this mass shift as (i) an 

exchange of mannose (Man) or galactose (Gal) sugar residue with an N-acetylglucosamine 

(GlcNAc) on the N-glycan structures, (ii) possible metal adduction of endogenous K+ or 

Ca2+ cations, or (iii) single point mutations of amino acid residues in the primary sequence 

of the heavy chain. 

Finally, nIM-MS spectra can have utility in discerning shifts in ground-state 

arrival-time or conformer population distributions; however, for some proteins and protein 

complexes, the changes in structure may not significantly affect the ground state 

conformer distributions. Collision-induced unfolding (CIU) works to probe the gas-phase 

conformational landscape through progressive collisional activation of the flexible ion of 

interest, (namely proteins and protein complexes) and correlating the collision-cross 

section (CCS) distribution as a function of collision energy or an instrument collision 

voltage. CIU experiments have traditionally been performed on travelling-wave IMS 

(TWIMS) based instrumentation; however, these instruments require external calibrants 

for CCS determinations and lose considerable sensitivity at the high m/z regimes needed 

to sample larger native protein complexes. We worked to evaluate a new desolvation 

assembly design with capabilities for higher energy CIU of large protein complexes in N2 
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without the need for additional dopant gases (e.g. Ar, SF6) in collaboration with a cross-

laboratory study prior to commercialization of the technology. 
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1. INTRODUCTION  

 

Mass spectrometry (MS) and ion mobility-MS (IM-MS) are powerful analytical 

characterization tools for interrogation of gas-phase structures of intact macromolecular 

ions ranging from small peptides1-3 and salt clusters4, 5 to complex protein machinery6-8 

and intact virus capsids9-11. IM-MS provides high-resolution and high-fidelity 

measurements that can be particularly impactful when analyzing complex mixtures by 

revealing what may be hidden by low resolution and/or solution-averaged 

measurements.12, 13 Herein, we apply methods of native MS and native IM-MS to study 

labile products of self-assembly reactions,14 evaluate structure and topology of native 

protein complexes,15 interrogate small (~40 Da) mass shifts on native, intact antibody ions, 

and evaluate new ion optic designs for performing collision-induced unfolding of protein 

and protein complex ions. 

 

1.1. Native Mass Spectrometry 

MS-based analytical methods fundamentally rely on the ability to ionize, transmit, 

separate, and detect gas-phase ions based on their mass-to-charge (m/z) ratios. Ionization 

techniques commonly include matrix-assisted laser desorption ionization (MALDI) and 

electrospray ionization (ESI). While ESI is often used in conjunction with separation 

techniques (e.g. high-performance liquid chromatography, capillary electrophoresis), 

these methods are often optimized under denaturing solution conditions using organic 

solvents and low pH buffers. These denaturing solvents can disrupt the non-covalent 
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contacts that hold proteins and other small molecules together. In contrast, native MS 

(nMS) is often defined by the ability to retain non-covalent interactions (e.g. H-bonds, salt 

bridges, hydrophobic patches) representative of the native solution environment upon 

transition from the solution phase to solvent-free, gas-phase ions.16 The traditional 

thermochemical definition of native structure is derived from the conformation with the 

lowest free energy and is often described by three-dimensional energy landscapes referred 

to as Dill folding funnels as shown in Figure 1.1.17, 18 Native protein structures reside at 

the low-energy base of the folding funnel, and high-energy, non-native or denatured 

structures reside at the upper rim of the funnel. In between the high- and low-energy 

regimes exist partially stable thermodynamic wells in which protein folding intermediates 

may reside.  

 

Figure 1.1. The potential energy landscape for proteins is depicted as a three-dimensional 

funnel containing many high-energy, denatured and non-native conformers at the upper 

rim and very few low energy, native or folded conformers at the base. Adapted from 

Science, 2012, 388, 1042-6. Reprinted with permission from AAAS.18 
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Maintaining native or native-like structures is partially achieved through 

replacement of denaturing organic solvents and acids with nMS-compatible buffers and 

cosolutes, including ammonium acetate (AmA), triethylammonium acetate (TEAA), and 

ethylenediamine diacetate (EDDA).19 nMS also requires the “soft” ionization and 

transmission of gas-phase ions whereby ions are gently transmitted through the MS 

instruments while minimizing effects of collisional activation, ion heating, and gas-phase 

unfolding.20 The primary challenges of nMS are two-fold: (1) preparing clean samples that 

require minimal additional energy to clean the ions following desolvation19 and (2) 

achieving a balance between minimizing ion activation and maximizing ion sensitivity 

and transmission.21, 22 On the latter point, for nMS experiments, mass spectrometers are 

often tuned to minimize effects of collisional activation through the reduction of the 

potential gradient across the instrument; however, reduced potentials can lead to reduced 

ion transmission and sensitivity.23 

For more flexible ions, the effects of collisional activation are typically not 

observed without an additional separation technique (e.g. ion mobility spectrometry); 

however, small, labile ions and labile protein complexes can fragment and/or dissociate 

even under mild collisional activating conditions.14, 21 This can lead to potential artifacts 

in the mass spectrum as signals may be observed that do not correlate to the native solution 

environment. Although these signals may still be informative for certain applications (viz. 

top-down proteomics),24, 25 the complex stoichiometry or topology may be completely 
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lost. Therefore, careful instrument tuning must be performed especially for analyses of 

complexes held together by weak intramolecular interactions.21, 26-28 

 

1.2. Nanoelectrospray Ionization 

Electrospray ionization is achieved through application of a potential offset 

between a spraying needle and the inlet or spray shield at the entrance to a mass 

spectrometer. This is typically accomplished using high voltage power supplies as shown 

in Figure 1.2 with application of 1-3 kV. This potential offset leads to the formation of a 

Taylor cone from which charged parent droplets are sputtered.29 Solvent evaporation then 

leads to accumulation of surface charge until the Rayleigh limit30 where following 

Coulomb fission or explosion events lead to formation of smaller product droplets. This 

process continues until solvated ions in microdroplets are desolvated into solvent-free, 

gas-phase ions. Specific desolvation mechanisms include the ion evaporation model 

(IEM) and charged residue model (CRM).31 In addition to the formation of solvent-free, 

gas-phase ions, desolvation also produces ions with low internal energies due to 

evaporative cooling effects, termed “freeze-drying effect” by Beauchamp and 

coworkers.32 These effects will then kinetically and thermodynamically trap protein 

solution-phase structures as gas-phase conformers following some gas-phase collapse and 

potential salt bridge rearrangements on the protein surface.33 

A hallmark of nMS of proteins and protein complexes are mass spectra with lower 

and more narrow charge-state distribution (CSD) than what would be observed from 

harsher solvent or instrumental tune conditions. CSD characteristics are often 
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representative of the solvent-accessible surface area (SASA) of the biomolecular ions as 

unfolded, non-native ion conformers will have greater SASA and generally produces mass 

spectra with wider CSDs centered at higher charge states and subsequently lower m/z 

ranges.34 Recently, nMS has achieved a resurgence through the use of static nanoESI 

(nESI) emitters. Some practical improvements that these nESI emitters provide are the 

significantly lower sample consumption as a few microliters of sample can be used for 

hours-worth of data collection at approximated flow rates of nanoliters per minute.35 In 

addition, the smaller emitters produce smaller droplets with fewer solvent and cosolute 

molecules to remove via desolvation and collisional activation. Also, smaller emitters with 

submicron outer diameters at the emitter tip have been used to essential desalt proteins in 

nonvolatile buffers for determination of protein structure without offline buffer exchange 

or desalting.36 

 

Figure 1.2. Applying a potential offset between the spray needle (left) and the MS inlet 

(right) produces a Taylor cone. This Taylor cone produces charged droplets that undergo 

solvent evaporation and Coulomb fission until solvent-free, gas-phase ions are formed as 

naked charged analytes. Reprinted with permission from International Journal of 

Analytical Chemistry, 2012, 2012, 1-40. Copyright 2012 Banerjee et al. Open-Access 

License.31  
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1.3. Ion Mobility Spectrometry 

Ion mobility spectrometry (IMS) provides the separation of ions under the 

influence of a weak electric field in the presence of a neutral, inert buffer gas (e.g. He, 

N2). Ion separation is governed in large part due to the electronic forces pulling the ions 

through the drift tube (which increase with increasing ion charge) and the friction forces 

dragging the ions pushing the ions back due to collisions with the background gas (which 

increase with increasing size and/or surface area). In general, IMS leads to separation 

based on an approximate size-to-charge ratio that determines the ions mobility, K, through 

the drift region. For the studies presented in Chapter 2 and Chapter 4, instruments 

employing traveling wave IMS (TWIMS, Figure 1.3(A)) and uniform-field drift tube IMS 

(DTIMS, Figure 1.3(B)) were used, respectively. 



 

7 

 

 

Figure 1.3. Schematics of the IMS devices for (A) TWIMS and (B) DTIMS show 

separation of ions with large (blue) and small (red) CCS values. Reprinted with permission 

from Nature Chemistry, 6, 281-294. Copyright 2014 Macmillan Publishers Limited.37 

 

In uniform field DTIMS devices, the drift velocity of the ions, v, is a product of 

the electric field, E, and the ion mobility, K, as shown in Equation 1.1. 

 𝒗 = 𝑲𝑬 (Eq. 1.1.) 

The Equation 1.1 can be rearranged such that the ion mobility, K, is be calculated 

from the resulting drift velocity, v, (as the drift time, td, divided by the drift tube length, 

L) and the applied electric field (as the potential difference between the DT entrance and 

exit potentials, V, divided by the drift tube length, L), as shown in Equation 1.2. 

 𝑲 =
𝑳𝟐

∆𝑽∗𝒕𝒅
 (Eq. 1.2.) 

(A) (B)
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 From the experimentally calculated mobility, K, the rotationally averaged, ion-

neutral collision cross section (CCS), , can be calculated from first-principles physics 

following the Mason-Schamp Equation38 shown in Equation 1.3. 

 Ω = (
3𝑧𝑒

16𝑁0
) (

2𝜋

𝜇𝑘𝐵𝑇
)

1

2 1

𝐾
(
𝑃0

𝑃
) (

𝑇

𝑇0
) (Eq. 1.3.) 

where z is the ion charge state, e is the elementary charge, N0 is the standard 

number density of the drift gas,  is the reduced mass of the ion-drift gas system, kB is the 

Boltzmann constant, T is temperature, K is the ion mobility (as defined by Equations 1.1. 

and 1.2.), P is the drift tube pressure, and P0 and T0 are the standard pressure and 

temperature, respectively. 

The CCS is also referred to as the solution to a momentum-transfer integral 

between the ions of interest and the IM bath gas and is directly proportional to the td of 

the ions of interest as the td is inversely proportional to K. For non-DT based IMS 

instruments, calibrants are often employed to convert between td or arrival time 

distribution (ATD) and CCS as is the case most commonly with traveling wave-IMS 

(TWIMS) 39-41  and trapped-IMS (TIMS).42, 43 For DTIMS, experimental strategies may 

also be employed to correct the arrival time of ions at the detector, tA, to the td of ions in 

the DT separation. This can be accomplished through “1/V Plots” wherein the y-intercept 

of the correlation between arrival time and inverse drift tube potential gradient (V) 

provides the t0 used to correct arrival time for td as shown by Equations 1.4 & 1.5 whereby 

reorganization of Equation 1.2 then defines the slope of the correlation as the ratio of 

L2/K which is independent of the DT potentials.  
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 𝑡𝐴 = 𝑡𝑑 + 𝑡0 (Eq. 1.4.) 

 𝑡𝐴 =
𝐿2

𝐾
∗
1

∆𝑉
+ 𝑡0 (Eq. 1.5.) 

The experimental CCS values are often compared between experiments performed 

on the same and different IM instrument platforms as well as values calculated from 

available structures in the protein databank (PDB).44 For many proteins and protein 

complexes, structures determined by x-ray crystallography, nuclear magnetic resonance 

spectroscopy, and cryogenic electron microscopy can be manipulated by molecular 

dynamics simulations to simulate the reorganization of secondary and tertiary structure 

elements upon transition into the less polar environment of the gas phase.45 Following 

these changes, CCS values can be calculated from the structures using different methods 

including projection approximation (PA),46 trajectory method (TM),47 and exact hard-

sphere scattering (EHSS),48 and projection superposition approximation (PSA).49-52 

MOBCAL was one of the original packages used to calculate PA, TM, and EHSS CCS 

values of input structures;47, 48 however, the program runs on Fortran 77 coding language 

and is not optimized for modern computing capabilities. Some combinations of these 

methods have been incorporated into more user-friendly software packages that often take 

advantage of multithreading and hardware acceleration to optimize calculation times, 

which is necessary for sampling theoretical CCS of large proteins and protein 

complexes.53 Some of these programs include PSA, which reports both PA and PSA 

values for input structures from a publicly available webserver,49-52 IMPACT, which 

quickly reports PA and an approximate TM value (called TJM*),54 and Collidoscope, 
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which more efficiently calculates TM CCS values for large proteins and protein 

complexes.55 

 

1.4. Ion Mobility-Mass Spectrometry 

IMS is commonly combined with MS due to the duty cycle matching between IM 

separations which occur on the order of milliseconds and MS measurements which occur 

on the order of microseconds for quadrupole and time-of-flight (TOF) based mass 

analyzers. This duty cycle matching allows for multiple MS transients per IM experiment 

such that each datapoint across an IM scan is accompanied by a mass spectrum. For IM-

MS experiments where the IM-MS duty cycles are mismatched, (e.g. IM-Orbitrap MS) 

dual ion gating regimes with Fourier Transform deconvolution have been employed for 

IM-MS experiments with high resolution in the mass and mobility domains.12, 53, 56 An 

added benefit of IM-MS is the information of mass and charge required to calculate CCS 

is encoded directly in the MS data. 

IM-MS instruments have been used to provide structural information on many 

classes of molecules ranging from peptides3, 57, 58 and lipids59-61 to membrane protein 

complexes62-64 and protein chaperones.65, 66 Native IM-MS (nIM-MS) methods allow for 

determination of CCS distributions with comparison to values calculated from available 

structures. These methods can provide important structural details that may be unavailable 

by traditional condensed phase techniques. Similarly to nMS, nIM-MS experiments aim 

to maintain low free energy of ions in the gas phase primarily by minimizing effects of 

collisional activation while maintaining ion transmission and sensitivity.67 This allows for 
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CCS determination of noncovalent protein and protein-ligand complexes. By progressive, 

gas-phase collisional activation against a neutral background collision gas, these proteins 

and protein complexes can unfold resulting in collision-induced unfolding (CIU).68 

Plotting the ATD or CCS distributions as a function of an instrumental collision voltage 

or some lab-frame collision energy (Elab), CIU heatmaps are generated.69, 70 Further 

comparison of these heatmaps following ligand binding, point mutations, or other changes 

in solution content can then provide inferences regarding stabilization and/or 

destabilization of protein structure. Practical applications of CIU will be discussed in more 

detail in Chapter 5. 

 

1.5. Instrumentation 

1.5.1. Waters Synapt G2 (Q-TWIMS-TOF) 

In Chapter 2, we apply methods developed for nIM-MS analysis of small, flexible 

proteins towards the topological analysis of fragile complexes formed through 

coordination-driven self-assembly (CDSA). CDSA reaction products are formed from 

self-organization of geometrically rigid structures typically capped with square planar 

platinum(II) (or palladium(II)) electron acceptors and rigid, electron-rich pyridyl electron 

donors.71 By tuning the bonding angles of the rigid backbones between the Pt(II) or pyridyl 

acceptor or donor, polygons and polyhedra can be easily synthesized with structures 

similar to those shown in Figure 1.4.72  
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Figure 1.4. By tuning the bond angles between ditopic or tritopic donor and acceptor 

ligands, a host of (A) two-dimensional and (B) three-dimensional polyhedra can discretely 

self-assemble.  Adapted with permission from Chemical Reviews, 2011, 111, 6810-6918. 

Copyright 2011 American Chemical Society.72 

 

Because these structures are only held together with labile Pt—N bonds, nIM-MS 

analysis was able to preserve the intact reaction product complexes and provide evidence 

that anionic adducts to the intact cationic CDSA complexes provide for gas-phase 

stabilization against collision-induced dissociation. These IM-MS experiments were 

performed using a Waters Synapt G2 shown in Figure 1.5. Some unique features of this 

instrument include a pre-IM quadrupole (Q) MS for mass selection prior to IM analysis. 

Between the Q and IMS regions, there is a trap region that allows for pre-IM CA of ions 

for CIU experiments by varying the trap collision voltage. Because of these design factors, 

the Waters Synapt instrument line has been the prominent instrument platform for 

performing CIU experiments. Following the trap region is the TWIMS device. TWIMS 

provides IM separation through application of a sinusoidal DC voltage and a confining RF 

voltage to the stacked ring ion guide.73, 74 The RF voltage works to radially confine ions 

to the TWIMS device while the sinusoidal DC voltage provides a traveling wave. 

(B)(A)
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Separation occurs as ions with high mobility will be pushed by the wave while ions with 

low mobility will roll over the wave. Due to the nonuniformity of the electric fields used, 

external calibrants are required to determine CCS.39 Following TWIMS separation, ions 

can be collisionally activated in the post-IM trap region prior to MS analysis on the 

orthogonal-acceleration time-of-flight (TOF) mass analyzer. 

 

Figure 1.5.  A schematic view of the Waters Synapt G2 show the overall layout of 

quadrupole (Q), TriWave, and orthogonal acceleration time-of-flight (oa-TOF) mass 

analyzer. TriWave device incorporates a pre-IM trap and post-IM transfer regions for 

optional collisional activation and a pre-IM helium cell for collisional cooling of ions prior 

to entry into the TWIMS device. Adapted from Waters Overview and Maintenance Guide. 

 

1.5.2. Agilent 6545XT (Q-TOF MS) 

For nMS analysis of large proteins and protein complexes, instruments with high-

mass capabilities are needed. The Agilent 6545XT (shown in Figure 1.6) is a Q-TOF mass 

spectrometer with advanced hardware capabilities for acquisition of up to 30,000 m/z. A 

unique feature of this instrument is its upgraded TOF mass analyzer that was built longer 
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and operated at lower pressures (low 10-8 Torr) compared to other Agilent Q-TOF MS 

instruments to improve mass resolution and sensitivity.  The source ion optics are 

primarily designed for fast polarity switching for simultaneous LC-MS acquisition in 

positive and negative ion polarities using a resistively coated borosilicate ion transfer 

capillary. While these optics are not specifically designed for nMS, the Agilent NanoSpray 

source was adapted for static nESI for the analysis of soluble and membrane protein 

complexes and the protein chaperonin, GroEL. Collision-induced dissociation (CID) of 

the native GroEL 14-mer ions produces signals up to ~22,000 m/z corresponding to the 

charge-stripped 13-mer ions. These results are discussed in further detail in Chapter 3. 

 

Figure 1.6. Schematic diagram of the Agilent 6545XT shows the general Q-TOF design 

of the instrument. This instrument was designed for advanced capabilities including high 

mass acquisition (up to m/z 30,000) with enhanced mass resolution from a longer TOF 

mass analyzer operating at lower pressures (ca. 10-8 Torr). Adapted from Agilent website. 

 

1.5.3. Thermo UHMR (Q-Orbitrap MS) 

Advances in high-resolution mass analysis continuously push the limits of 

resolving smaller and smaller mass shifts on larger and larger ions. The Q Exactive UHMR 

Ion Transfer 
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is a quadrupole-Orbitrap mass spectrometer from Thermo Fisher Scientific with state-of-

the-art capabilities including ultra-high mass range, high sensitivity, and available high 

resolution mass acquisition. The design changes towards development of this instrument 

were also realized with nMS capabilities in mind by reducing RF voltage frequencies to 

improve ion transmission at high m/z and implementing in-source trapping (IST) of ions 

to enhance desolvation of large ions prior to MS analysis. A schematic diagram of the 

UHMR is provided in Figure 1.7. 

 

Figure 1.7. Schematic diagram of the Thermo Fisher Scientific UHMR Q-Orbitrap mass 

spectrometer. In-source trapping (IST) provides more efficient desolvation in the source 

region. Adapted from the Thermo Fisher website. 

 

Enhanced desolvation and high mass resolution capabilities of this instrument 

were used to identify and further probe mass heterogeneity observed on a native, intact 

monoclonal antibody (mAb) in Chapter 4. mAbs are becoming ubiquitous research target 

to study their structure and function related to viral disease mechanisms and treatments as 

well as development of antibody-drug conjugates (ADCs) for biotherapeutic 
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applications.75 IgG1 is the most abundant antibody in human serum, and its structure is 

described in further detail in Chapter 4. The structural heterogeneity of mAbs results from 

two primary factors: (i) N-glycan heterogeneity and (ii) sequence variants in 

complementarity-determining regions (CDRs) that allow for highly specific antigen 

binding. 

 

Figure 1.8. (A) Immunoglobulin gamma (IgG) antibodies consist of two heavy chains 

(blue) and two light chains (red) connected with disulfide bonds. The structure is shown 

highlighting the antigen binding fragment (Fab) domains, crystallizable fragment (Fc) 

domains, hinge region. N-linked glycans are bound to each heavy chain (blue) and 

generally buried in the Fc domain. (B) Glycan structure is often depicted as cartoon 

drawings to simplify the structure with variability in the glycan residue size and 

heterogeneity typically depicted as G0F, G1F, G2F for each heavy chain. Figure from 

Frontiers in Immunology, 2017, 8,1-15. Copyright 2017 Li et al. Open-Access License.76  

 

N-linked glycans on IgG mAbs are attached on the amide nitrogen atom of an 

asparagine residue around position 300 of each heavy chain; however, they can be found 

on any glycosylated protein containing the Asn-X-Ser/Thr tripeptide sequence where X is 

any amino acid except Pro. The biosynthesis of N-glycans is governed by highly specific 
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enzymatic processes in the endoplasmic reticulum and Golgi in vivo.77 The resulting 

glycosylated IgG mAbs will then contain N-glycans bound to each heavy chain in the 

crystallizable fragment (Fc) domain with varying structures highlighted in Figure 1.8.76 

For human IgGs, differences in truncation or clipping of the N-glycan residues leads to 36 

possible structures. Human IgG1 mAbs are typically observed with G0F, G1F, and G2F 

residues on each heavy chain, annotated as a series of G0F/G0F, G0F/G1F, G1F/G1F (or 

G0F/G2F), G1F/G2F, and G2F/G2F glycan structures. These glycans each differ by one 

galactose (Gal) residue with mass shifts of 162 Da. Moderately high mass resolution is 

needed to achieve baseline resolution of these mass differences on an intact mAb of ca. 

148 kDa. For smaller mass differences of ~40 Da on intact glycosylated IgG1 mass signals 

as observed and described in Chapter 4, the high mass resolution capabilities of the 

UHMR are required. 

 

1.5.4. Agilent 6560 (DTIMS-Q-TOF) 

The Agilent 6560 IMS-Q-TOF is the only commercially available IM-MS 

instrument equipped with a uniform field DT for first-principles CCS determination 

without the need for external CCS calibrants. A schematic of the instrument is provided 

in Figure 1.9. Following ESI, ions are pneumatically focused through the ion transfer 

capillary into the high-pressure front funnel region. The front funnel focuses ions into the 

trapping funnel where ions are accumulated and then pulsed into the drift tube with 

controllable trap fill and trap release times. Following IM separation in the DT, ions are 

refocused in the post-IM rear funnel prior to transfer into the quadrupole mass filter, 
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collision cell, and TOF mass analyzer. In this instrument, the time spent outside the drift 

tube prior to detection (identified as t0 in Equations 1.4 and 1.5) accounts for the time 

ions spend transiting through these post-IM ion optics.  

  

 

Figure 1.9. Schematics of the Agilent 6560 DTIMS-Q-TOF. For collision-induced 

unfolding experiments, ions are activated in a lens placed at the end of the ion transfer 

capillary prior to entry into the high-pressure front funnel. Adapted from Agilent website. 

 

Because of the uniform field DT in this instrument, first-principles CCS 

determinations can be performed following correlation of ion ATDs with the inverse of 

the DT potential. Because the different DT fields must be scanned for the multiple-field 

CCS determination, these methods are largely unsuitable for temporally-limited scans, 

such as those performed in conjunction with LC-MS, where the timescale of acquisition 
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does not allow for acquisition across multiple DT E fields. As a solution, single-field CCS 

calibration strategies using Agilent TuneMix ions have been established.78 

This instrument is equipped with upgraded firmware for acquisition up to 20,000 

m/z and upgraded prototype desolvation assembly to facilitate CIU of proteins and protein 

complexes between the end of the ion transfer capillary and the entrance to the high-

pressure front funnel as highlighted in Chapter 5. In this region, ions are accelerated into 

the high-pressure front funnel (set at 4.5 to 4.8 Torr) with a tunable “in-source collision 

energy” potential. Increasing this potential leads to increasing CIU as observed by 

increases in ATD and CCS distributions. 
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2. TOPOLOGICAL CHARACTERIZATION OF COORDINATION-DRIVEN SELF-

ASSEMBLY COMPLEXES: APPLICATIONS OF ION MOBILITY-MASS 

SPECTROMETRY* 

 

2.1. Introduction 

 Self-assembly (SA) allows the spontaneous formation of ordered systems at all 

scales from the organization of weather systems to the formation of molecular crystals.79 

A subclass of SA reactions includes coordination-driven self-assembly (CDSA) reactions 

which form highly selective complexes through the coordination of nitrogen-containing, 

donor ligands and metal-containing acceptor ligands.80 Pioneering work from Lehn,81-83 

Stang,71, 84-86 Fujita,87-89 Wesdemiotis,90-92 and others has driven the design, synthesis, and 

characterization of a variety of CDSA reaction products. CDSA reaction products have 

been designed for use as catalysts, chemical sensors, drug transporters, and theranostic 

agents with recent success.84, 86, 93-97 However, their characterization is complicated by 

overlapping signals of precursor and product signals in NMR spectroscopic 

measurements, and CDSA products can be difficult to crystallize due to intrinsic 

physicochemical properties, such as void space. Additionally, their weak coordinating 

bonding networks are intrinsically dynamic in structure, and thus greatly benefit from 

characterization techniques that can measure condensed-phase structures or conformers.79  

 

* Reprinted with permission from Mallis, C.S.; Saha, M.L.; Stang, P.J.; Russell, D.H. 

Topological Characterization of Coordination-Driven Self-Assembly Complexes: 

Applications of Ion Mobility-Mass Spectrometry. Journal of the American Society for 

Mass Spectrometry, 2019, 30, 1654-1662. Copyright 2019 by American Chemical 

Society.  
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 Mass spectrometry (MS) and ion mobility-mass spectrometry (IM-MS) have been 

used to characterize intact supramolecular ions with the measured masses and gas-phase 

conformers related back to solution chemistry and crystal structures.98-100 The high mass 

resolution afforded by modern mass spectrometers provides accurate determination of 

elemental composition from nominal masses and correlation of complex isotopic 

distributions to the identity and number of metal centers in organometallic ions.101 

Specifically, IM provides an orthogonal separation of gas-phase ions based on their size-

to-charge  ratio and allows for determination of ion-neutral collision cross sections (CCS) 

from which conformational or structural information can be interpreted.102, 103 Drift tube 

based IM instruments separate ions based on size-to-charge ratio as they are transported 

by an electrostatic field filled with a buffer gas (typically helium or nitrogen). The 

traveling wave-based IM instrumentation uses a set of stacked ring ion guides to 

superimpose a traveling wave over the radio-frequency ion guide, wherein small ions 

travel with the wave and larger ions roll over the wave. Additionally, IM can separate 

isobaric ions which have overlapping m/z signals, yet different elemental compositions. 

Due to the high rotational symmetry of many CDSA product ions, the gas-phase 

dissociation of intact complexes will often produce isobaric ions as both the mass and 

charge of the ions are reduced by the same factor.  

 Wesdemiotis and coworkers used traveling wave IM-MS to separate and identify 

isobaric reaction and dissociative product ions of several metallated terpyridine 

macrocyclic complexes and have identified cyclic and linear gas-phase conformers.90-92 

Brocker et al. demonstrated that supramolecular square, triangle, and triangular prism 
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structures can be characterized by IM-MS with their CCS agreeing well reported crystal 

structures; however, their mass spectra contain a host of identified fragment ions.104 While 

these results are promising, the reported MS show a host of fragments, multiple charge 

states, and there is limited discussion on the effects of improper instrument tuning on the 

observed IM-MS spectra. 

 While IM-MS has demonstrated ability to observe gas-phase conformers of a range 

of biomolecular ions (viz. peptides, proteins, protein complexes, etc.), recent literature 

suggests that the sampling conditions (i.e. instrument tune settings) can greatly affect the 

sampled conformation space.21, 26, 105, 106 Here, we show that by properly tuning an IM-MS 

instrument, intact ions having low internal energies and minimal anion binding can be 

observed by IM-MS in high relative abundances. Additionally, collision-induced 

dissociation (CID) of the observed intact product ions reveals the topology of the 

rhomboid products and suggests that anionic adducts provide for Coulombic stabilization 

of self-assembly products in the gas phase. 

 

2.2. Methods 

2.2.1. Sample Preparation 

  The Pt-based precursor 1 and pyridine-based precursor 2 (1,3-bis(pyridin-4-

ylethynyl)benzene) were dissolved separately in HPLC-grade acetone (EMD Chemicals, 

NJ, USA) and mixed to a final product concentration of ~50 µM prior to being loaded into 

borosilicate capillary tips (~20 µm O.D.). A platinum wire was placed in contact with the 

solution inside the glass capillary to facilitate electrospray.  
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Figure 2.1. Solution mixing of precursors 1 and 2 in acetone solutions at room temperature 

results in the formation of the charged rhomboid ion 3 with four nitrate counterions. 

 

2.2.2. Ion Mobility-Mass Spectrometry 

 The Waters Synapt G2 (Manchester, UK) was operated in the positive mode as a 

nESI-Q-TWIMS-TOF and has been described in detail elsewhere.107 Briefly, after 

nanoelectrospray ionization (nESI), the ions generated can be mass selected in the 

quadrupole (Q), collisionally activated in the trap region prior to mobility separation, 

separated in the traveling wave ion mobility (TWIM) cell, and finally analyzed with the 

time-of-flight (TOF) mass analyzer. The IMS operates with three regions: trap, IMS, and 

transfer with a helium cell located between the trap and IMS regions. For pre-IMS CID 
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experiments, ions are mass selected in the Q and collisionally activated in the trap region. 

Capillary voltages were set to ~1.3 kV. For instrument tuning and CID experiments, 

traveling wave height was set to 10 V, wave velocity was set to 200 m/s, and IM nitrogen 

flow rate was set to 50 mL/min. These settings provided the greatest relative abundance 

of intact rhomboid ions 3 relative to dissociation product ions as shown in Figures 2.2 

and 2.3. 

 Mass spectra were externally calibrated with sodium iodide. In all experiments the 

source temperature was set to 100 °C. The trap DC was manually controlled (Entrance: 

0V; Bias: 40 V; DC: 0 V; Exit: -10 V). The IMS DC was manually controlled (Entrance: 

35 V; DC: 5 V; Exit: -5 V; Bias: 3 V; Exit: 0 V). For CID experiments, the approximate 

centroid of the m/z packet was selected with a low mass resolution of 15 for both 

experiments. 
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Figure 2.2. The wave heights (WH, units V) were increased in 5 V increments with the 

wave velocity (WV, units m/s) increased accordingly such that the ion velocity in the drift 

cell of 3 does not change significantly. (A) MS do not show significant differences in ion 

abundances as the wave settings are changed. (B) The isotopic distribution of the m/z range 

of the rhomboid, 3, does not change significantly and still is dominated by the intact 

rhomboid ion (3, 4+ charge) rather than the 2+ charge half-rhomboid ion fragment (4, 2+ 

charge). (C) In this experiment, the wave heights and velocities were changed such that 

the drift time of the main reaction product 3 (m/z 689 remains constant with a drift time of 

~5.9 ms. The IMS nitrogen flow rate was set 45 mL/min in each MS. 
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Figure 2.3. Nitrogen flow rates into the IMS cell (IMS, units mL/min) were increased in 

5 mL/min increments and traveling wave heights (WH, units V) were varied at constant 

wave velocity (200 m/s) while maintaining constant ion velocity of the intact rhomboid 

ion, 3. (A) Mass spectra show increased relative abundances of the of the nitrate-adducted 

rhomboid ion, 7, and its fragment, 8, as the IMS flow rate decreases. (B) The isotope 

distribution of the intact rhomboid, 3, shows very minimal fragmentation to a half-

rhomboid, 4, as the dominant charge state of the isotopic distribution remains 4+ 

throughout the experiment. (C) As the IMS flow rates and traveling wave heights are 

changed, the drift time of the intact rhomboid ion, 3, remains ~5.9 ms. In all MS, WV was 

set to 200 m/s. 

 

 Following instrument tuning methods similar to those published on ubiquitin and 

metallothionein for reducing the effective temperature of ions,26 a tuning grid was 

developed to study the effects of instrument tuning on the observed MS (Figure 2.4). 
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Select MS spectra are shown in Figure 2.8. Additionally, observed fragmentation 

pathways for the rhomboid and nitrate-adducted rhomboid ions are shown in Figure 2.5 

to label the identified ions. After tuning optimization, CID experiments were performed 

on the nitrate-free (3) and nitrate-adducted (7) rhomboid ions by mass selecting them in 

the quadrupole and increasing the collision voltage (CV) in the trap region up to a 

maximum of 40 V. The MS results of these CID experiments are presented in Figure 2.9.  

 

Figure 2.4. Mass spectra were taken after adjusting the source cone voltage (SC), 

extraction cone voltage (EC), trap bias voltage (TB), helium cell flow rate (He), and IMS 

N2 flow rates (labeled). This tuning grid was used to observe specific effects of lowering 

the source voltages (A to B) to reduce effects of in-source dissociation. Reduction of the 

trap bias voltage (B to C) shows decreased relative abundances of observed fragment ions. 

Increasing the helium flow rate results in decreased relative abundance of the nitrate-free 

fragment ion (4, m/z 549). Additionally, at lower helium flow rates, increasing the IMS 

flow rate leads to increased abundance of the m/z 549 fragment ion. 

 

IMS N2 Flow (mL/min)

SC EC TB He 40 45 50 55 60 65

A) 40 4 45 180

A1 A2 A3 A4 A5 A6

B) 5 1 45 180

B1 B2 B3 B4 B5 B6

C) 5 1 40 180

C1 C2 C3 C4 C5 C6

D) 5 1 40 200

D1 D2 D3 D4 D5 D6

m/z
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Figure 2.5. General structures, m/z, and charge state (z) of ions identified in the mass 

spectra resulting from CID of (A) the nitrate-free rhomboid 3 and (B) the nitrate-adducted 

rhomboid 7.  

 

 

 Due to the non-uniform electric field applied along the mobility device, external 

calibrant ions are required to convert an experimental traveling wave-based ATD to a 

rotationally-averaged CCS. While CCS calibrants have been developed for proteins and 

polymers,39, 40, 108 none have been developed for the ions studied herein. Therefore, IM 

ATDs were not converted to CCSs.  

 

 

(A) (B)
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2.2.3. Data Processing and Relative Abundance Determination 

 IM-MS data were initially extracted using MassLynx 4.1 (Waters Corporation, 

Manchester, UK). Gaussian peak fitting of select IM spectra was performed using Origin 

8 (OriginLab Corporation, Northampton, MA). Theoretical MS isotope distributions were 

calculated with ChemCalc.109 Comparisons of experimental and theoretical isotopic 

distributions are included Figure 2.6. Theoretical masses of the products identified in 

Figures 2.1 & 2.5 are provided in Table 2.1. 
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Figure 2.6. Comparisons of experimental MS to simulated MS (ChemCalc, Rm/z = 25,000) 

for the identified ions. 
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Table 2.1. A summary of precursor molecules (1 – 2), reaction product ions (3, 7), and 

fragmentation/dissociation product ions (4 – 6, 8) along with their average molecular 

weight, monoisotopic mass and monoisotopic m/z. 

 

 Determination of relative ion abundances was performed using the IM data rather 

than the MS data. Relative IM abundances (RAIM) were calculated as the ratio of the 

Gaussian peak fit area of identified ions to the total integrated area of the IM spectra. For 

example, an RAIM of 50% would indicate that half of the total ion signal is found under 

the Gaussian fit of an identified ion. These steps are necessary due to the overlapping 

signals in the mass spectra of the full (3) and half-rhomboid (4) ions. In this way, the 

relative abundances of isobaric ions can be quantified for the processing of CID data. A 

visual explanation of the RAIM determination is provided in Figure 2.7. 

ID Structural Formula Chemical Formula
Molecular 

Weight
Monoisotopic

Mass
Charge

Monoisotopic
m/z

1 ((Pt(PEt3)2)2C16H12O2)(NO3)2 C40H72N2O8P4Pt2 1223.060 1222.353 0 N/A

2 (C20H12N2) C20H12N2 280.323 280.100 0 N/A

3 (Pt2(PEt3)4C16H12O2)2(C20H12N2)2(4+) C120H168N4O4P8Pt4
+4 2758.748 2756.956 4 689.238

4 (Pt2(PEt3)4C16H12O2)(C20H12N2)(2+) C60H84N2O2P4Pt2
+2 1379.374 1378.478 2 689.238

5 (Pt2(PEt3)4C16H12O2)(2+) C40H72O2P4Pt2
+2 1099.051 1098.378 2 549.188

6 (C16O2H12)PEt3H(+) C22H28O2P+1 355.431 355.183 1 355.182

7 (Pt2(PEt3)4C16H12O2)2(C20H12N2)2(NO3)(3+) C120H168N5O7P8Pt4
+3 2820.753 2818.944 3 939.647

8 (Pt2(PEt3)4C16H12O2)(C20H12N2)2(2+) C80H96N4O2P4Pt2
+2 1659.697 1658.578 2 829.288
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Figure 2.7. Mathematical extraction of ion abundances using IM data allows for the 

calculation of relative abundance of isobaric ions, like the m/z 689, 2+ and 4+ ions 

(corresponding to the full rhomboid and half rhomboid complexes, respectively). (A) 

Integration of the IM spectrum allows for the calculation of the total ion current abundance 

area (ATIC). (B) Extraction of the Gaussian fit areas of the mass selected IM spectra of 

identified ions is correlated to ion abundance, and relative abundance can be calculated by 

dividing the Gaussian area by the integrated area of the full IM spectrum. 

 

2.3. Results 

2.3.1. Supramolecular Rhomboid Product Ions 

 The combination of the 60° bite angle between the square planar Pt(II) acceptors 

of precursor 1 and the 120° difference between the pyridine donor ligands of precursor 2 

(See Figure 2.1) yields the CDSA of a molecular ion with a rhomboidal supramolecular 

shape and an overall charge of 4+ (ion 3, m/z 689) from loss of four nitrate anions (two 
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solution, as is observed with the nitrate-adducted rhomboid ion, with an overall charge of 

3+ (ion 7, m/z 940). For clarity, ions resulting from gas-phase dissociation or 

fragmentation are identified in Figure 2.5. 

 

2.3.2. Reduction of Ion Internal Energies 

 To observe intact, solution-phase ion structures in the gas phase by IM-MS, the 

internal energy of the ions must remain below their respective dissociation thresholds. 

Default instrument tuning parameters promote high transmission of ions; however, these 

instrument conditions result in ions identified as products of dissociation and 

fragmentation of intact ions formed in solution. The ion with the highest relative 

abundance under these default conditions is identified as the nitrate-free analogue to the 

bis-Pt(II) precursor ion, 5 (m/z 549) (Figure 2.8A). Effects of in-source activation and 

dissociation are mitigated by reduction of source potentials including the source and 

extraction cones (Figure 2.8B) where the relative abundance of the nitrate-free rhomboid 

3 as well as the half-rhomboid 4 are observed in higher relative abundance. Finally, 

progressive tuning was completed by reduction of the trap bias potentials, increasing the 

flow to the pre-IM helium cell, and reducing the nitrogen flow to the IM cell (Figure 

2.8C). The finalized instrument parameters were selected to promote transmission of the 

intact nitrate-free and nitrate-adducted rhomboid ions (3 & 7, respectively) as the most 

abundant ions. A larger grid of instrument tuning parameters is available in Figure 2.4. 
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Figure 2.8. The effects of instrument tuning on the observed mass spectra. (A) 

Dissociation products dominate the mass spectrum under default tuning conditions. (B) 

Reduction of the source and extraction cone potentials reveals some intact rhomboid 4 in 

low relative abundance. (C) Reduction of the trap bias voltage, increasing the helium cell 

flow, and decreasing the IM nitrogen flow rates show the rhomboid ions 3 & 7 with the 

largest relative abundances. (D-F) Expansion of the mass spectrum around m/z 690 of A-

C, respectively, reveals the isobaric mass spectrum of the half-rhomboid ions (4, z = 2) 

and intact rhomboid ions (3, z = 4) with isotopic spacings of 0.5 and 0.25 amu, 

respectively. 
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Figure 2.9. MS from the CID of the (A) intact rhomboid, 3, and the (B) nitrate-adducted 

rhomboid, 4, with trap collision voltages labeled. The IM data for the ions identified by 

MS were used in Figures. 3 & 4 (main text). 
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products. As a result, collisional activation of intact ions can lead to loss of mass and 

charge such that the m/z of the precursor and product ions are the same. IM is implemented 

as an orthogonal separation tool for these isobaric ions, where the conformational 

heterogeneity of all ions can be observed, and the relative abundances of isobaric ions can 

be determined. 

 Secondary tuning of the IM separation conditions was performed by changing the 

traveling wave height and wave velocity while maintaining constant drift times of the 

rhomboid ion, 3 (m/z 689) (Figure 2.2). Others have noted that increasing wave height 

leads to narrowing of IM peak widths and increasing wave velocity leads to widening of 

mobility peak widths.110 To maintain constant ion drift times, both the wave heights and 

velocities must increase (or decrease). As a result, the observed changes in peak widths 

are minimal as relative increase and decrease in peak widths effectively cancel each other. 

 

2.3.3. Collision-Induced Dissociation of Intact Complexes 

 Collision-induced dissociation (CID) of the observed rhomboid complexes 

(nitrate-free rhomboid, 3, and nitrate-adducted rhomboid, 7) was performed to confirm 

topology of the reaction products. CID was accomplished through mass selection of the 

precursor ions of interest, collisional activation in the pre-IM trap region with increasing 

collision voltages (CV), separation in the TWIMS cell, then mass analysis of observed 

dissociative or fragmentation products in the TOF. Relative abundances of the identified 

products were determined using the previously described methods and are shown in 

Figure 2.10A & 2.10B and dissociation pathways are presented in Figure 2.5. Example 
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mass spectra for low and moderate collision voltages are presented in Figure 2.10C & 

2.11D for the nitrate-free rhomboid 3 and nitrate-adducted rhomboid 7, respectively. 

 CID of the nitrate-free rhomboid 3 reveals three sequential dissociation steps 

(Figure 2.10A). First, the intact rhomboid 3 dissociates to the isobaric half-rhomboid 4 

with a maximum relative abundance observed at a CV of 10 V. Next, the half-rhomboid 

4 loses its bis-pyridine ligand 2 to form the denitrated Pt-precursor ion 5 with a maximum 

relative abundance observed at 20 CV. The final step involves fragmentation of the Pt-

precursor ion 5 to form ion 6 with an undetermined structure, but with a mass and isotope 

pattern corresponding to [5 – 2 Pt – 3 PEt3 + H]+.  

 CID of the nitrate-adducted rhomboid 7 reveals 4 sequential dissociation steps 

(Figure 2.10B). The first two dissociative products are observed at 15 CV. These two 

products are identified: 8 is formed from the loss of  [5 + NO3
-]+ and the half-rhomboid 4 

is formed from the loss of a nitrate-adducted half-rhomboid ion. The half-rhomboid 4 can 

also result from the loss of one of its bis-pyridine ligands 2 from the observed ion 8. 

Continued dissociation and fragmentation of the half-rhomboid ion 4 then follows a 

similar pattern as observed with the half-rhomboid 4 from the dissociation of the nitrate-

free rhomboid 3, wherein ion 4 loses its bis-pyridine ligand 2 to form a nitrate-free 

precursor ion 5 before fragmenting to ion 3. 
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Figure 2.10. Plot of the relative IM abundances (RAIM) as a function of trap collision 

voltage for the CID of A) the nitrate-free rhomboid ion 3 and B) the nitrate-adducted 

rhomboid 7. Example MS spectra resulting from the CID of 3 and 7 are shown as panels 

C) and D), respectively. 

 

2.3.4. Survival Yield Comparisons 

 From the plots of the relative abundance of the CID precursor ions (either 3 or 7) 

as a function of collision voltage (Figure 2.10), it is apparent that the nitrate-adducted 

rhomboid 7 survives until significantly higher collision voltage compared to the nitrate-

free rhomboid 3. Converting collision voltages to laboratory-frame collision energies 

(Elab) can normalize for the relative collision energies of different charge states at the same 

collision voltages, since at the same collision voltage, an ion with higher charge will 

experience a greater acceleration (larger collision forces) into the collision cell than an ion 

with lower charge. Even when normalizing for effects of different ion charge in the 
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collision cell, it is still apparent that the nitrate-free rhomboid ions 3 are more fragile than 

the nitrate-adducted rhomboid 7. This result is likely due to the greater destabilizing 

Coulombic repulsion of ions with higher charge, wherein the charge reduction associated 

with nitrate adduction results in more stable gas-phase ions. 

 The survival yield (SY) abundances of the CID precursor ions were then plotted  

as a function of Elab of the CID precursor ions (Figure 2.11) to normalize for collision 

energy as ions with higher charge will experience greater acceleration in the collision cell. 

After fitting the SY data to sigmoidal curves, the inflection points were used to determine 

CE50 values for each precursor ion where half of the initial relative abundance is observed. 

Fitting of these data reveal CE50 values of 32.0 eV for the nitrate-free rhomboid 3 ion and 

40.4 eV for the nitrate-adducted rhomboid 7. While this manipulation is used as an attempt 

to mitigate the effects of different charge states when exposed to similar collision 

potentials, the difference in these energies is likely a result of increased Coulombic 

repulsion effects, wherein the ion with more charge sites may be driven to dissociate at 

lower energies. Overall, these data suggest an increase in gas-phase stability with the 

addition of the nitrate anion. 
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Figure 2.11. Plots of survival yield (SY) of the CID precursor ions as a function of their 

laboratory-frame collision energies (Elab). Sigmoidal fits of each SY data set reveal 

inflection points corresponding to the Elab,50 of 32.0 eV and 40.4 eV for the nitrate-free 

rhomboid (3, red) and nitrate-adducted rhomboid (7, blue) ions, respectively.  

 

2.4. Discussion 

 The utility of IM-MS as a reaction product characterization technique is dependent 

on its ability to preserve intact, solution-phase reaction products through separation and 

detection in the gas phase. Through proper tuning of the TWIMS-MS instrument, we show 

that intact, high-charge complexes can be ionized and transmitted through the instrument 

in high relative abundances. For the first time, counterion-free CDSA reaction product 

ions are observed from the mixture of precursors without prior isolation of reaction 

product complexes. Observed CDSA ion charge states are dependent primarily on the 

number of metal-centers and anion adducts, such that reduction in observed nitrate adducts 

leads to increase in ion charge and consequently an increase in repulsive Coulombic 
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forces. Therefore, high-charge complexes require careful instrument tuning to observe 

intact ions with internal energies below their respective dissociation thresholds. 

 The specific utility of IM herein is two-fold. First, IM is used as a separation tool 

for the isobaric nitrate-free full rhomboid 3 and the half-rhomboid 4 ions. These ions are 

separated using IM such that their relative abundances can be determined from the 

observed mobility spectra. Second, the IM distribution of each identified ion can be fit to 

single Gaussian peaks with high coefficients of determination (R2 > 0.995 for all fits). 

Therefore, all identified ions adopt singular conformers in the gas phase, or other 

conformers are indistinguishable at the given IM resolution. Unlike what has been 

observed with triangular CDSA complexes having a similar coordination motif,104 we did 

not observe multiple conformers (i.e. open and closed) of these rhomboidal ions at either 

charge state. 

 After tuning, mass selection and collisional activation (i.e. CID) of the observed 

nitrate-free and nitrate-adducted rhomboid ions (3 and 7, respectively) confirm the 

topologies of the ions as well. The sequential losses observed and highlighted in Figures 

2.5 & 2.10 show that the dissociation pathways of the two rhomboid ions to the half-

rhomboid ion 4 are different. The nitrate-free rhomboid 3 dissociates in half to form the 

half-rhomboid at relatively low collision energies, while the nitrate-adducted rhomboid 7 

appears to lose its nitrate adduct in its first dissociative loss either as a nitrate-adducted 

analogue of the fragment 5 (i.e. [5 + NO3]
+) to form 8 or a nitrate-adducted analogue of 

the half-rhomboid ion 4 (i.e. [4 + NO3]
+) to form 4. Because the appearance energies of 

these two observed dissociative products are the same (15 V), it appears that these ions 
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are both formed from the nitrate-adducted rhomboid 9 at lower collision energies and at 

higher collision energies, the half-rhomboid ion 4 may be formed from the loss of one bis-

pyridine ligand 2 from ion 8. Additionally, the IM drift times do not change as a function 

of collision voltage, and each ion can be fit to single Gaussian distributions throughout the 

CID experiment (see Figure 2.12); therefore, ions are observed to dissociate rather than 

rearrange or unfold in the gas phase. 

 
Figure 2.12. Gaussian peak-fitting IM spectra resulting from CID of the (A) isobaric 

nitrate-free rhomboid (3, 5.86 ms, green) and half-rhomboid (4, 6.25 ms, red) and (B) the 

nitrate-adducted rhomboid (7, 9.67 ms, blue). 

 

 Overall, these dissociation results suggest that the nitrate adduct is coordinated to 

one of the Pt-centers of the rhomboid complex and may disrupt closure of the rhomboid 

ring. Without experimentally determined CCS and crystallographic structures of these 
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ions, these conjectures cannot be definitively confirmed. Calibration of CCS on the 

traveling-wave based IM separations requires calibrants with similar interaction potentials 

to the buffer gas and the ions studied herein and which have not been previously 

established. While other calibrant systems are available, they have been primarily 

designed and tested for CCS determination of peptide111 and protein ions.39, 112 

 With proper CCS calibrants and MD simulations of candidate structures, it may be 

possible to determine the overall structure of the nitrate-adducted rhomboid, although the 

CCS difference between open and closed rhomboid conformers may be minimal and 

require significantly greater IM resolving power to separate than is commercially 

available. While MD simulations of other CDSA reaction products postulate that bulkier 

counterions, like triflate or hexafluorophosphate, can bind to the central void of larger 

supramolecular complexes and coordinate to metal centers,104 our results suggest that 

when nitrate is present, it is tightly bound to one of the Pt coordination sites. 

 Currently, commercial drift-tube based IM instrumentation (e.g. Agilent 6560 

IMS-Q-TOF) is unsuitable for first-principles determination of CCS of fragile complexes 

due to the post-mobility collision cell which cannot be tuned to preserve intact, high-

charge complexes without significantly reducing the resolving power of the mobility 

separation (data not shown).21, 106 Reduction of the potentials of the post-IM collision cell 

leads to the largest reduction of ion heating effects allowing for transmission and mass 

detection of fragile complexes; however, reduction of these potentials slows the ions, 

which leads to diffusional broadening of the observed IM spectra such that any CCS 

information is lost. Additionally, the potential for post-IM fragmentation severely 
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complicates assignment of IM signals for CCS determination as ions will transmit through 

the drift tube as high-order complexes but be identified as fragments or dissociation 

products. Thus, for first-principles determination of CCS of fragile CDSA reaction 

product complexes, home-built or modified commercial instrumentation must be used.104 

 Overall, we observe that careful instrument tuning is required to observe intact, 

anion-free CDSA reaction products in high relative abundances. CID provides topological 

confirmation of the expected reaction products and suggests that when observed, nitrate 

adducts are specifically coordinated to Pt-centers. Nitrate adducts mitigate effects of 

Coulombic repulsion in the gas phase as the nitrate-adducted reaction products survive at 

higher collision energies than the nitrate-free analogue. The gas-phase observations made 

herein may suggest that in the condensed phase, charge neutralization with counterions 

may improve the stability of larger reaction products, like 3D geometries or sheet-like 

reaction products,84 and that these effects may be beyond attractive Coulombic effects (vis. 

negatively charged counterions binding non-specifically to positively charged reaction 

products). While anionic adducts are often ignored (or omitted) when reporting MS or IM-

MS results of supramolecular complexes, the comparative effects of other anions (e.g. 

triflate, hexafluorophosphate, etc.) may prove valuable to the design of larger CDSA 

products where Coulombic repulsion effects may prevent observation of intact products 

either by condensed-phase or gas-phase characterization techniques. Rational design of 

the shape and structure of CDSA reaction products can be tested by CID results correlated 

to condensed-phase chemistries and to specific effects of adduction of other anionic 

counterions. While the effects observed herein are limited to the gas phase, condensed-
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phase reaction products will likely bind anions resulting from Coulombic attraction, which 

may affect the stability or intended performance of reaction products. Overall, gas-phase 

characterization of CDSA ions must be performed below their respective dissociation 

thresholds, and CID of intact ions reveal that charge reduction through adduction of anions 

results in increased stability of lower-charged reaction products in the gas phase. 

 

2.5. Conclusion 

 Detection and characterization of fragile complexes by MS and IM-MS must be 

performed carefully to minimize effects of collisional activation. By carefully tuning IM-

MS instruments for small molecules and complexes in a similar protocol to what has been 

published for proteins, large, intact reaction products have been observed from solution 

mixtures of reaction precursors. When MS signals overlap, the IM peak areas can be used 

for determination of relative abundance of isobaric ions. An additional benefit of 

determining relative abundance for CID experiments using extracted IM spectra includes 

the ability to focus on pre-mobility dissociation rather than the ensemble of all post mass-

selection dissociation events as pre-mobility dissociation will result in product ions with 

unique drift times; whereas, post-mobility fragmentation will result in m/z of the 

dissociation product ions but with the drift time (or arrival time) of the precursor ions. 

 The IM-MS data clearly show singular, gas-phase conformations and structures 

for the precursor and product ions of CID as each identified ion can be fit to singular 

Gaussian peaks, supporting the notion that these ions are rigid in structure and 

conformationally homogeneous. The results of CID reveal the fragmentation pathways, 
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and neutral and charged dissociation products help to confirm the topology of the mass-

selected reaction product ions and identify coordination sites of anionic adducts. 

Additionally, the SY results provide a basis for comparison of the stability of reaction 

products. They show that the gas-phase stability of these supramolecular complex ions is 

dependent on the supramolecular or macromolecular shape and charge rather than the 

number of Pt—N bonds. Application of IM-MS to the characterization of small molecules 

and labile complexes requires careful tuning to preserve solution-phase structures. IM-MS 

provides structural characterization of supramolecular complexes which may not be 

achieved by traditional spectroscopic techniques and serves as a potential high-throughput 

approach for characterizing CDSA reaction products once instrument tuning is complete. 

  



 

47 

 

3. DEVELOPMENT OF NATIVE MS CAPABILITIES ON AN EXTENDED MASS 

RANGE Q-TOF MS* 

 

3.1. Introduction 

Advancements in biophysical techniques drive greater understanding and deeper 

interrogation of the structure and function of proteins and protein complexes. 

Contributions of mass spectrometry (MS) towards studies of protein function have largely 

been realized through proteomics, including both bottom-up and top-down methods for 

analysis of protein primary structure.113, 114 These methods are often optimized using 

denaturing conditions to expose more amino acids to proteolytic digestion in solution or 

fragmentation in the gas phase. More recently developed methods include those used in 

studies of intact protein complexes, where solution-phase conformations and noncovalent 

contacts are retained in the transition from solution to the gas phase.16, 25 Recent 

developments in these areas are frequently referred to as native MS (nMS) and native ion 

mobility-MS (nIM-MS). One major focus of nMS has made possible studies of protein 

complexes with aims to develop better understanding of quaternary structure, including 

stoichiometry and topology. 

 

 

 

* Reprinted with permission from Mallis, C.S.; Zheng, X.; Qiu, X.; McCabe, J.W.; 

Shirzadeh, M.; Lyu, J.; Laganowsky, A.; Russell, D.H. Development of Native MS 

Capabilities on an Extended Mass Range Q-TOF MS. International Journal of Mass 

Spectrometry, 2020, 458, 1-7. Copyright 2020 Elsevier. 
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Challenges for nMS of intact proteins and protein complexes include developing 

better understanding of how the solution conditions (e.g. buffer, cosolutes, solvent) 

influence protein structure and ionization.115-118 Additionally, transmission of ions with 

high mass-to-charge ratios (m/z) represents a challenge that has been overcome by 

development of state-of-the-art MS instruments.12, 119, 120 Due to the high m/z of large, 

intact protein complexes (>100 kDa), high resolving power is needed to separate signals 

with smaller mass shifts. Separation of these signals makes possible the identification of 

sequence modifications (e.g. truncations, mutations, post-translational modifications 

(PTM)) and binding of endogenous ligands, salts, and other small molecule adducts.12 

Efficient desolvation helps to remove solvent and volatile buffer solutes from droplets 

formed by electrospray ionization (ESI), leading to narrower ion signals and greater ability 

to resolve what would otherwise be hidden.12 One method for enhancing desolvation 

includes the use of small, low flow emitters (1-3 m inner diameter, nL/min flow) that 

promote formation of smaller droplets compared to traditional direct infusion nanoESI, 

and their usage in nMS studies has been invaluable.121, 122 As the transition towards studies 

of larger (kDa to MDa) biomolecular complexes have progressed, numerous types of ESI 

emitters and ion source designs have evolved to accommodate static-spray nanoESI.123 

Here, we report results obtained using a quadrupole-time-of-flight (Q-TOF) 

instrument (Agilent 6545XT Q-TOF MS) that has extended mass range (m/z 30,000) and 

a modified static nanospray ESI emitter (1-10 m O.D.) for nMS studies of protein 

complexes. The performance of the instrument is demonstrated using results obtained for 

several soluble protein complexes, viz. alcohol dehydrogenase (tetramer, 147 kDa), 
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pyruvate kinase (tetramer, 232 kDa), a trimeric 127 kDa membrane protein complex 

(ammonium transport channel, AmtB), and the tetradecameric 801 kDa protein chaperonin 

GroEL from E. coli. This study reports enhanced performance (in terms of m/z range and 

resolution) of a Q-TOF mass spectrometer for large native, intact protein complexes. 

Additionally, interrogation of low relative abundance and low molecular weight adducts 

was performed on ions formed by collision-induced dissociation (CID) of the native 

protein complexes. 

3.2. Experimental 

3.2.1. Materials 

 Ammonium acetate and lyophilized powders of yeast alcohol dehydrogenase and 

rabbit muscle pyruvate kinase were purchased from Sigma-Aldrich (St. Louis, MO). Wild 

type and double mutant (E87C, C312T) AmtB protein complex from E. coli was expressed 

and purified as previously described.124 The GroEL chaperonin complex was purified as 

previously described.125 More detailed information for these complexes is provided in 

Table 3.1. All buffers and lyophilized protein samples were dissolved in 18.2 MΩ·cm 

water (Barnstead Easy Pure II, Thermo Scientific). All samples were buffer exchanged to 

200 mM aqueous ammonium acetate using Micro BioSpin P-6 gel columns (BioRad) at 

working concentrations of 1-10 µM. For AmtB, the samples were buffer exchanged into 

200 mM ammonium acetate supplemented with 2x critical micelle concentration of 

tetraethylene glycol monooctyl ether (0.5% C8E4). 
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Table 3.1. Protein complex details include UniProt ID codes for determination of 

theoretical molecular weights as well as PDB codes used for inset structures in the main 

text. 
Protein Species UniProt ID MW (kDa) Complex pI PDB Source

Alcohol dehydrogenase ADH1_YEAST P00330 147.0 Tetramer 6.21 4W6Z Sigma-Aldrich

Pyruvate Kinase KPYM_RABIT P11974 232.0 Tetramer 7.6 1F3W Sigma-Aldrich

Bacterial ammonium transport channel AMTB_ECOLI P69681 126.9 Trimer 6.25 1U7G Texas A&M University

GroEL CH60_ECOLI P0A6F5 800.7 Tetradecamer 4.85 1SS8 Texas A&M University   

 

3.2.2. Mass Spectrometry 

 The protein samples were analyzed on an Agilent 6545XT Q-TOF mass 

spectrometer (Agilent Technologies, Santa Clara, CA). Agilent MassHunter Acquisition 

(B.09) was used for data acquisition. The Agilent nanoelectrospray ionization (nanoESI) 

source was adapted using custom parts to enable static spray. Briefly, borosilicate capillary 

emitter tips were pulled in house using a flaming/brown micropipette puller (P-1000, 

Sutter Instruments), loaded with aqueous protein solution, and placed in a fabricated 

capillary tip holder containing a platinum wire as described previously (see Figure 3.1 & 

3.2 for details of the setup and technical drawings of the custom-fabricated tip holder).123 

The tip holder was mounted onto the nanoESI capillary holder and positioned to within 

~5-10 mm of the nanoESI spray shield. As the emitter solution is maintained at ground, 

no modification to the application of ESI potentials is required, allowing for the ease of 

transition between static spray and LC-compatible nanoESI. Capillary voltages are 

defined as the negative offset between the grounded emitter and the entrance to the ion 

transfer capillary (see Figure 3.1(C)). Capillary voltages were adjusted to maximize 

ionization efficiency for each protein complex.  For nMS analyses, capillary exit and 
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skimmer cone potentials were optimized to maximize ionization and ion transmission 

through the source region while simultaneously minimizing dissociation. 

 

Figure 3.1.  (A) A custom static-spray capillary emitter holder was fabricated in house to 

fit inside the Agilent capillary holder for compatibility with the Agilent nanoESI source. 

This tip holder contains a platinum wire to ground the solution and has a syringe 

attachement to apply backing pressure. The tip holder fits inside of the Agilent capillary 

holder which is placed inside the nanoESI source. The emitter tip is positioned within 5-

10 mm of the spray shield. (B) A schematic of the Agilent 6545XT is shown with ion 

optics labeled and the source region highlighted (red box). (C) A shematic of the 

instrument source shows location of the capillary exit and skimmer cone, where the 

capillary exit and skimmer potentials are applied, respecctively. Increasing these 

potentials allows for in-source activation.  



 

52 

 

 

 

Figure 3.2. CAD drawings of the modified static spray tip holder shown in Figure S1. 

This tip holder was machined out of 316 SS and features (left) a 1/16” Swagelok extrusion 

to secure the emitter tip with a graphite ferrule and (right) a #10-32 tapped hole for 

applying backing pressure. 

 

For alcohol dehydrogenase (ADH) and protein kinase (PK), the capillary exit and 

skimmer potentials were adjusted to optimize transmission of  intact protein complex ions 

or to promote collision-induced dissociation (see Figures 3.3-3.6). For example, in-source 

dissociation (ISD) is performed at high source (capillary exit >240 V; skimmer >260 V), 

leading to ejection of high charge monomer ions. At low source potentials, overall ion 

transmission is decreased leading to poor signal-to-noise ratios. The GroEL and AmtB 
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collisional activation and collision-induced dissociation (CID) experiments were 

performed by increasing potentials in the collision cell (Figure 3.1), and N2 was used as 

a bath gas at the recommended backing pressure (22 psi). 

 

Figure 3.3. Signals for alcohol dehydrogenase (ADH) were optimized by tuning capillary 

exit voltages (skimmer held at 140 V) to maximize ion abundances while minimizing 

collision-induced dissociation. (A) Total ion chromatogram (TIC) shows increasing ion 

current with increasing capillary exit potentials. (B) Increasing capillary exit voltages 

leads to decreased peak widths as noncovalent adducts are removed. (C) Full mass spectra 

show similar features with capillary exit voltages above 220 V including the native 

homotetrameric complex centered at 27+. 
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Figure 3.4. (A) Increasing skimmer potentials (capillary exit potential held at 220 V) leads 

to maximized TIC signal at 140 V. (B) At 140 V, the ADH27+ ions have the smallest peak 

widths. Above 140 V, ion transmission is decreased, leading to poor signal-to-noise. 

Below 140 V, poor desolvation leads to increased peak widths. (C) Mass spectra shown 

as a function of skimmer potential shows similar features at intermediate skimmer 

potentials (60 V – 240 V) including the native tetrameric complex centered at 27+. 
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Figure 3.5. Mass spectra of pyruvate kinase (PK) at increasing capillary exit potentials 

(skimmer held at 140 V) show collision-induced dissociation with increased capillary exit 

voltages. Ejected pyruvate kinase (PK) monomers are observed centered at 26+ with 

capillary exit voltages above 220 V. The observed monomer ions are ejected from the high 

relative abundance tetramer ions. No ejected monomers are observed from the other low 

relative abundance PK complexes. 
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Figure 3.6. Mass spectra resulting from increasing skimmer voltages (capillary exit 

potential held at 220 V) for PK show monomer ejection resulting from collision-induced 

dissociation at high skimmer potentials (>220 V). Similar to ejected PK monomers at high 

capillary exit voltages (Figure S5), the measured masses of monomer ions correspond to 

the high relative abundance, native PK tetramer ions. 

 

 ISD experiments (for GroEL) were performed as described above by increasing 

the capillary exit potentials from 200 V to 380 V. Prior to analysis of protein samples, the 

instrument was tuned in high-mass mode (m/z 20,000) and appropriate mass ranges were 

selected for different experiments. Sliding scales for different mass ranges are available 
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for m/z 90-10,000 through m/z 6,830-30,000 and were adjusted and recalibrated as needed 

to optimize for different experiments. 

 

3.2.3. Data Analysis 

 All mass spectra were compiled using standard vendor procedures (Agilent 

MassHunter Qualitative Analysis (B.10) and BioConfirm (B.10)). Experimentally 

measured molecular weights (MW) were determined from peak maxima with average 

masses and standard deviations calculated from identified charge states. Theoretical MW 

were calculated based on the appropriate UniProt sequences using ChemCalc.109, 126 

Theoretical isoelectric points (pI) were obtained using the ExPASy web server and are 

shown in Table 3.1.127 

 

3.3. Results & Discussion 

  For this study, we selected several large protein complexes ranging in size from 

127 kDa to 801 kDa which had been used in prior studies that employed the extended m/z 

range (20 kDa m/z) Agilent 6560 IM-Q-TOF and homebuilt ion mobility-Orbitrap 

instruments.13, 53, 56, 116, 120 These complexes include two soluble proteins (alcohol 

dehydrogenase (ADH) and pyruvate kinase (PK)), an integral membrane protein complex 

(ammonium transport channel (AmtB)), and a chaperonin protein (GroEL) from E. coli.  

3.3.1. Soluble Protein Complexes 

Optimization of ion source conditions was performed using the homotetrameric 

protein complexes ADH and PK (see Experimental Section). Tuning the source potentials 
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was necessary in order to optimize desolvation and ionization efficiencies. A compromise 

between maximizing ion transmission and minimizing dissociation was reached using 

similar source potentials for both protein complexes (capillary exit: 220 V; skimmer: 140 

V).  

 

Figure 3.7. Native mass spectra of (A) alcohol dehydrogenase (ADH) and (B) pyruvate 

kinase (PK) reveal the intact, native protein complexes. Zero-charge molecular weights 

determined from the experimental charge-state distributions are shown in the inset boxes 

along with the theoretical MW. Differences between theoretical and zero-charge 

molecular weights is attributed to unresolved, nonspecific adducts that are common 

features of native mass spectra.128 The peaks labelled with red triangles (154 kDa) 

correspond to an unidentified species; however, these same signals have been reported 

previously as impurities (see text).  
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Native mass spectra of intact ADH and PK are shown in Figure 3.7. The peaks for 

the intact ADH homotetrameric complex (Figure 3.7(A)) were observed to have a charge-

state distribution (CSD) centered at 27+ and a measured MW of 147.5 kDa which is in 

good agreement with the theoretical MW (146.9 kDa). The discrepancy between the 

theoretical and measured MW of ADH is attributed to unresolved adducts and/or 

endogenous ligands; CID of ADH produces monomers having a range of adducted small 

molecules (see Figure 3.8(C)). The MW of the apo-ADH ejected monomer (36,726 ± 2 

Da) is in excellent agreement with the theoretical monomer MW (36,718 Da).   

 

Figure 3.8. (A) CID of native ADH was performed by increasing CE voltages. (B) 

Tetramer (27+) spectrum at 0 V show signal corresponding to native ADH and another 

species heavier by ca. 660 Da. (C) Ejected monomer (18+) signal at 90 V shows a host of 

adducts with the apo-monomer (labeled c) matching the theoretical monomer MW (36,718 

Da). 
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The native mass spectrum of pyruvate kinase (PK) (Figure 3.7(B)) contains 

signals that are assigned to three different complexes. The intact homotetrameric complex 

shows peaks centered at the 36+ charge state with a measured mass of 232.0 kDa, which 

agrees well with the MW of PK after removal of the initiator methionine and acetylation 

of the N-terminal serine (231.8 kDa).129 Low abundance signals centered at 36+, yield a 

measured MW of 229.8 kDa, tentatively assigned to ions from truncation of the first five 

N-terminal residues (1MSKSH5) of each subunit with a corresponding theoretical MW of 

229.9 kDa for the resulting complex. A third CSD is observed that corresponds to a 153.9 

kDa complex centered at 27+. The increased peak widths, much lower MW compared to 

that of the native tetramer complex, and unidentified stoichiometry suggest that this 

complex is not a simple sequence modification of the native PK complex. It appears more 

likely to be a contaminant in the lyophilized preparation. While the specific sequence of 

this contaminant remains unknown, similar signals have been reported previously from 

samples that were prepared in a similar manner as was done here.24, 53, 130 

3.3.2. Membrane protein complexes 

 Membrane protein complexes have become more important as pharmaceutical 

drug targets,131 yet their detection by nMS methods has remained challenging due to 

nonspecific adduction of lipids and their instability in aqueous, hydrophilic environments. 

Solubilizing of membrane protein complexes in detergent micelles removes the complexes 

from their supporting lipids without precipitation into solution.132 The detergent micelles 

are then removed via collisional activation, resulting in well-resolved CSDs.  Here, a 

double mutant variant of the ammonium transport channel complex (DM-AmtB) as well 



 

61 

 

as wild-type (WT-AmtB) are used to evaluate the capabilities of our modified instrument 

towards characterization of native membrane protein complexes. 

 

 
Figure 3.9. Native MS of a trimeric integral membrane protein complex. (A) mass 

spectrum of DM-AmtB at low collision energy (30 V) reveals the native intact trimer 

complex with a mass of 126.7 kDa. (B) Increasing the collision energy to 60 V leads to 

ejected monomer ions. (C) The zero-charge mass spectrum reveals the presence of up to 

three β-mercaptoethanol (β-ME) (77 Da adducts) on the intact trimer ions. (D) Zero-

charge mass spectrum of ejected monomer also reveals low abundance salt adducts and a 

single β-ME adduct. 

 

Figure 3.9. contains native mass spectra for the double mutant (E87C, C312T) 

bacterial ammonium channel (DM-AmtB, 127 kDa) membrane protein complex. 

Abundant signals for the intact homotrimeric complex are centered at 16+ (Figure 3.9(A-

B)). The mass spectrum of the trimer (Figure 3.9(C)) contains a distribution of four 
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species, viz. the apo-AmtB trimer complex and signals for up to three adducts that are 

shifted by 77 Da. We attribute the mass shifts to covalent disulphide-binding of the β-

mercaptoethanol (β-ME) molecule to the cysteine side chain of the E87C mutant. 

Increasing the collision energy leads to monomer ejection, and the ejected monomer 

signals provide further evidence for the covalently bound β-ME molecules (see Figure 

3.9(D)). The measured mass of the apo-DM-AmtB monomer ions (42,235 Da) is in 

reasonable agreement with the theoretical MW (42,273 Da). Similar β-ME modifications 

are not observed in the mass spectra of the wild-type AmtB (see Figure 3.10). Ejected 

monomers from WT-AmtB also have measured molecular weights (42,292 Da) in 

agreement with theoretical MW (42,301 Da). These results further illustrate the utility of 

the Q-TOF platform for analyzing membrane proteins with sufficient resolving power to 

identify small molecule adducts with and its potential for future ligand and lipid binding 

studies.64, 123  
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Figure 3.10. Mass spectra of wild type AmtB shows no β-ME binding. (A) Similar charge 

state distribution is observed for WT-AmtB as with the double-mutant AmtB, centered at 

16+ with low relative abundance monomer ions. (B) Expansion of the 16+ trimer ions 

shows no -ME binding. (C) Deconvolution of AmtB trimer signals reveals no -ME 

binding. 

 

3.3.3. Chaperonin Complex (GroEL) 

Native mass spectrometry of GroEL, a homotetradecameric (14-mer) complex, 

further illustrates the utility of the modified instrument for studies of high MW, sub-MDa 

protein complexes.53, 65, 133, 134 The native GroEL complex is observed in high relative 

abundance with well-resolved charge states when electrosprayed using mildly activating 

source potentials (Figure 3.11(A)). The measured mass determined under these conditions 

(801,088 Da) agrees well with the theoretical MW of the chaperonin complex (800,760. 

Da). The observed differences are consistent with nonspecific binding of salts and/or water 

molecules.13, 53, 66 The CSD observed under these conditions, centered at 74+, also agrees 

well with those presented by others using aqueous ammonium acetate solutions.133-136  
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The measured masses of the intact GroEL 14-mer ions are observed to shift to 

lower mass by ~644 Da under conditions where ISD occurs (Figure 3.11(B)). This is 

evidence for loss of non-covalent adducts, salts, and/or water bound to the surface or 

internal cavity of GroEL. ISD of GroEL also leads to ejection of high charge state 

monomers with a bimodal CSD (centered at 20+ and 32+). The bimodal CSD of the 

monomer ions also provides evidence of non-uniform dissociation processes and agree 

well with CSDs previously observed following CID (32+) and SID (20+).65, 133 There are 

also low abundance signals corresponding to ejected dimer and trimer ions centered at 25+ 

and 29+, respectively. Dimer and trimer ions have been observed in previous studies of 

CID and by surface-induced dissociation (SID) of GroEL.65, 134 The subunit MW derived 

from the CID fragment ions (57,198 Da), is in excellent agreement with the experimental 

subunit MW of the activated 14-mer (57,173 Da) and the theoretical subunit MW of 

GroEL (57,197 Da).  
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Figure 3.11. Native mass spectrum for GroEL. (A) Mass spectrum of GroEL obtained 

using low source potential nESI contains abundance signals for intact 14-mer complex 

centered at 74+. The inset in (A) contains a narrow m/z range that illustrates the high 

resolution obtained for the intact 14-mer complex shown and the crystal structure of 

GroEL (PDB 1SS8). (B) In-source dissociation (ISD) mass spectrum of GroEL contains 

strong signals for unfolded and native-like monomer ions (charge states 20+ and 32+, 

respectively) as well as di- and tri-mer ions centered at 25+, and 29+, respectively. The 

measured MWs for each of the GroEL species are reported in the boxes. Note that the 

measured mass for the CSD labeled with an * (assigned as 51+ ions with MW of 465.9 

kDa) does not agree with any known ions derived from GroEL (see text). It is possible 

that this species could be an 8-mer of GroEL, as an intact 7-mer with a monomer trapped 

inside the cavity along with water, salts, and other small molecules.   

 

Signals corresponding to a possible 8-mer (labeled with * in Figure 3.11) are 

observed at both low and high ISD collision energies, suggesting that the ions are not a 

product of GroEL 14-mer ions. The measured mass of these ions at high energy (465,588 

± 23 Da) would result from an octamer complex with subunit MW of 58,198.5 Da. While 

octameric ring complexes are common features of Group II chaperonins,137 they are 

unlikely to coexpress with Group I chaperonins like GroEL. This species may be an 
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octamer of GroEL, wherein an unfolded monomer is bound to a 7-mer ring with the extra 

mass difference (ca. 1 kDa per subunit, 8 kDa total) due to salt, water, or small molecule 

binding to the interior and exterior of this complex. Further identification of the 

stoichiometry and topology of this contaminant species is ongoing. 

 

 

Figure 3.12. MS spectra of GroEL over a range of collision energy (CE) voltages. As the 

CE increases, both charge-stripping and CID are observed. Low abundance GroEL 28-

mer ions appear at higher relative abundance at high collision voltage due to lower 

abundance of neighboring signals.  
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The native GroEL complex was also examined using different CID energies 

(Figure 3.12). Note that increasing the collision cell voltage from 20 to 60 V results in 

shifts of the measured mass of the GroEL owing to removal of adducted species. At higher 

CID energies charge stripping of the 14-mer ions is observed as evidenced by shifts in the 

CSD towards lower charge states. Alternatively, the relative abundance of lower charge 

state ions (higher m/z) increases at higher CE owing to depletion of higher charge state 

ions. Note that at CE of 60 V low abundance 13-mer ions are detected, and at CE greater 

than 80 V 13-mer ions centered at 45+ are present in high abundances. When charge 

balanced, the CSD of the native 14-mer (CE 0 V, centered at 75+) and charge-stripped 13-

mer ions (CE 100 V, centered at 43+) suggest the ejected monomer ions would be centered 

at 32+ (m/z 1787.6), which agrees well with the results of ISD presented in Figure 3.11(B) 

as well as previously published tandem-MS spectra.65, 135 While the monomer signal 

(centered at m/z 1787.6) is outside the mass range available when sampling up to 24,000 

m/z on this instrument, some of the ejected monomer signal can be observed with the 

charge-stripped 13-mer when the upper m/z limit is reduced to to 20,000 m/z (see Figure 

3.13). Overall, these results agree well with the observation of ejected monomer ions 

centered at 32+ under conditions that promote dissociation (Figure 3.11(B)). It is 

interesting to note that no identifiable fragment ion, mass shifts, or charge-stripping 

product ions associated with the unidentified CSD noted in Figure 3.11 are observed in 

Figure 4.12 (labeled as *).  It is unclear as to whether the abundances of these fragment 

ions are below the detection level, or that these ions are resistant to fragmentation. Also 

of interest is the detection of ions that are assigned to a GroEL 28-mer, a dimer of native 
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GroEL 14-mers. It is unclear as to whether the 28-mer is a native complex that might be 

formed by an ESI-induced dimerization. While there is no known biological significance 

of these GroEL dimers, their transmission, mass analysis, and detection further illustrate 

the potential of the Agilent 6545XT Q-TOF for studies of megadalton protein complexes. 

 

Figure 3.13. CID of GroEL was performed by increasing the collision energy (CE) from 

0 to 80 V, leading to signals corresponding to monomer ejection and charge-stripped 13-

mer ions. The instrument was tuned for simultaneous detection of both CID products. Low 

abundance ions corresponding to a 28-mer (labelled †) and possible 8-mer (labeled *) are 

observed at high CE.  
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3.4. Conclusion 

MS studies of intact protein complexes require that they retain native contacts and 

minimal unfolding of the subunits as they undergo the transition from the native solution-

phase environment to a solvent-free, gas phase ion. For soluble protein complexes, this 

transition involves the removal of solvent, whereas for membrane protein complexes both 

solvent and detergents/buffers must be removed. Great progress has been realized over the 

past 30 years since Ganem, Li and Henion138 and Katta and Chait139 first reported their 

studies on soluble, non-covalent protein complexes using ESI-MS. Subsequent 

developments in the ESI processes, in particular static ESI using nm to μm size 

emitters,121, 122, 140 and MS instruments are now broadly recognized as native mass 

spectrometers.16, 25, 141, 142  

Recent advances in Orbitrap MS instrumentation has opened new vistas for studies 

of larger protein complexes (>100 kDa.) and even MDa virus (>10 MDa.);143 however, 

TOF-MS instruments are still widely used for native MS studies, especially for studies 

where quantitation is required.144-146 To date, however, the mass resolution of most TOF-

MS instruments is not sufficient for accurate determinations of MW of high mass 

complexes and efficient removal of solvent and salt adducts continues to be a challenge, 

especially for large protein complexes. The increased mass resolution and mass 

measurement accuracy of the Agilent 6545XT instrument is achieved by narrowing the 

pulse width for gating the ions into the TOF analyzer, increasing the length of the TOF, 

and decreasing the pressure within the TOF analyzer. The improvements in the instrument 

are most impactful for the analysis of larger ions (i.e. >100 kDa). because these ions are 
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prone to retaining small molecules, salt and/or water adducts during the transition to the 

gas phase.  

Here, these advantages are illustrated by results for soluble and membrane protein 

complexes as well as the chaperonin GroEL ranging in sizes from ~127 kDa. to ~801 kDa. 

Increasing MS resolving power allows for analysis of smaller adducts, and the increase in 

sensitivity allows for detection of low abundance species, which may have biological 

relevance. The improved mass resolution of advanced TOF analyzers allows for more 

detailed analysis of multiply-charged ion distributions, thereby expanding characterization 

of sample heterogeneity.12 In addition, the ability to perform ISD of these complexes 

affords a means for removal of some small molecule adducts, thereby allowing for more 

accurate determinations of molecular weight of the complex. ISD can also be used to 

dissociate the complex to better define the individual subunits of the complex. 

Collectively, these capabilities can be used to differentiate mass shifts resulting from 

PTMs and other sequence modifications and/or truncations.37 These improvements will 

then open new opportunities toward the study and characterization of larger and more 

complex systems. 
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4. HUMAN IgG1κ CHARACTERIZATION BY HIGH-RESOLUTION MASS 

SPECTROMETRY REVEALS NEW GLYCAN HETEROGENEITY 

 

4.1. Introduction 

Glycosylated monoclonal antibodies (mAbs) are ubiquitous research targets for 

understanding disease mechanisms and designing therapeutics.75 The topology of 

immunoglobulin gamma (IgG) mAbs is typically shown as a “Y”-shaped homodimer 

(H2L2) of heavy-light chain heterodimers (HL) (see Figure 4.1). For IgG1, the heavy 

chains (H) are each disulfide bound to one light chain (L), and the heavy chains are bound 

to each other with two disulfides located near the hinge region. The antigen-binding 

fragment (Fab) domains for the branches of the “Y”, where the structurally constant 

immunoglobulin domains of the heavy and light chains (CH1-3 and CL), are terminated in 

the variable heavy and light chains (VH and VL, respectively) responsible for antigen 

recognition and binding. The crystallizable fragment (Fc) then forms the base of the “Y” 

with two intra-heavy chain disulfides in IgG1 mAbs in the hinge region. IgG’s are also 

glycosylated by N-linked glycans in this region with one glycan bound to each heavy chain 

at Asn299 in human IgG1κ. The heterogeneity of N-linked glycans is attributed to differing 

levels of enzymatic processing in the endoplasmic reticulum and Golgi in vivo with up to 

36 possible resulting structures for N-linked glycans each differing by the number, 

identity, or linkage of the sugar residues.147 With both heavy chains singly glycosylated, 

as is the case with most mAbs, the statistical heterogeneity leads to a possible 1,296 glycan 

combinations on intact structures. 
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Figure 4.1. General structure of a glycosylated IgG1 mAb. 

 

In human IgG mAb standards, the observed glycan patterns are typically denoted 

as G0F through G2F for each heavy chain with linked geometric symbols corresponding 

to different sugar residues.148 The G0F nomenclature refers to a branched glycan structure 

containing four N-acetylglucosamine (GlcNAc) residues, three mannose (Man) residues, 

and one fucose (Fuc) residue bound to the base GlcNAc residue. This G0F glycan is 

formed following the loss of most of the antennary sugar residues. Sequential addition of 

up to two galactose (Gal) residues on each N-glycan is often observed; these glycans are 

denoted as G1F and G2F. Thus, for mAbs with two N-glycans, the five most abundant 

glycan combinations are often annotated in order of increasing mass as G0F/G0F, 

G0F/G1F, G1F/G1F (or G0F/G2F), G1F/G2F, and G2F/G2F. 

While the antigen-binding specificity of immunoglobulins is typically located 

within the loops of the complementary-determining regions (CDR) at the end of the 

variable regions of the Fab domains,149, 150 there is growing evidence regarding the impact 
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of glycosylation of heavy chains on the structure of the Fc domain and, by proxy, the 

stability of the mAbs.151-153 Identification of oligosaccharide structure, position, and 

quantitative abundance has created the field of glycomics;154 however, glycomics methods 

often involve enzymatic release of glycans for structural identification and quantitation by 

LC-MS/MS analyses.155 Methods for analysis of intact antibodies have also employed 

denaturing and/or reducing the antibodies.75 Denaturing LC-MS methods often use acids 

and organic solvents to achieve better chromatographic separation and enhanced 

desolvation of intact mAbs into the mass spectrometer compared to non-denaturing (or 

native) LC-MS; however, these methods often produce broad charge-state distributions 

(CSDs) centered at high charge states owing to the increased solvent-accessible surface 

area of the denatured mAbs.156 Antibody reduction methods are often used in conjunction 

with denaturing methods to solvent-expose and reduce the interchain disulfides to 

selectively separate and study the light chains, heavy chains, and light-heavy chain dimers, 

depending on the degree of disulfide reduction.157 

While methods of antibody denaturation and/or reduction have worked previously, 

antibody analysis by native MS is also of particular interest to study the folded structure 

of immunoglobulins as well as antibody-drug conjugates (ADCs), where the harsh 

conditions used in denaturing MS may disrupt formation, ionization, and transmission of 

ADCs prior to mass analysis.158 There is also growing concerns that analysis of denatured 

proteins by high resolution, Fourier transform-based MS or axially harmonic trapping MS 

(e.g. ion-cyclotron resonance MS or Orbitrap MS, respectively) suffers from significant 

losses in sensitivity compared to native MS. These losses have been attributed to the 
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increased collision-cross section of denatured antibodies (compared to native antibodies) 

owing to increased collisions in the orbitrap mass analyzer, reduced transient times, and 

decreased sensitivity and mass resolution.159  

Common methods for interrogation of glycosylated mAbs includes reduction of 

intrachain disulfides with reducing reagents and/or treatment with deglycosylation 

enzymes. Reducing intrachain disulfides leads to the release of heavy and light chains 

from the mAb complex. MS analysis of these samples is often used to determine MW and 

sequence information. By reducing the intrachain disulfide bonds to thiols, the disulfide 

bond connecting the subunit heavy and light chains can be reduced to measure and 

compare the experimental chain MW to the theoretical MW of the known sequences. 

Deglycosylation enzymes are often used to remove or release glycans from mAbs by 

selective cleavage of asparagyl glycosidic and/or interglycan bonds. Following 

deglycosylation, the MW of the deglycosylated mAbs can be compared against the 

theoretical sequence and/or the released glycans can be analyzed by LC-MS/MS methods 

to determine specific glycan structure based on fragmentation patterns of 

chromatographically separated released glycans.   

Herein, we show that when electrosprayed from native-like buffers, intact human 

IgG1κ mAbs from myeloma plasma reveal glycan heterogeneity that has not been 

previously observed. In-source trapping (IST) instrument tune settings produce clean, 

well-resolved IgG ion signals for baseline-resolved glycans for the intact mAbs. In 

addition, we observe a resolved mass shoulder on each of the intact glycosylated mAb 

peaks differing from the dominant mass signals by ~40 Da. These mass shoulders are 
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tentatively assigned as substitutions of GlcNAc residues for Man or Gal residues in the N-

glycan structures. While the specific identification of the structure of these glycans is 

unknown, the resolving power achieved herein provides the foundation for future high-

resolution analyses of native, intact antibodies and interpretation of glycan and other 

heterogeneity. 

 

4.2. EXPERIMENTAL 

4.2.1. Sample Preparation 

Human IgG1κ from myeloma plasma was obtained as a frozen, buffered solution 

from Sigma-Aldrich (St. Louis, MO). Upon arrival, the samples were defrosted, separated 

into 75 L aliquots, and flash frozen to prevent unnecessary freeze-thaw cycles for future 

experiments. Ammonium acetate (AmA), triethylammonium acetate (TEAA), 

dithiothreitol (DTT), and tris(2-carboxyethyl)phosphine (TCEP) were obtained from 

Sigma. Deglycosylation enzymes were expressed and purified by the Laganowsky group 

at Texas A&M University. To prepare the mAb samples for nMS analysis, the buffered 

antibody aliquots were defrosted and diluted to 1 M prior to desalting into 200 mM AmA 

using Micro BioSpin P-6 columns (BioRad). For the charge-reducing experiment, the IgG 

samples in 200 mM AmA were supplemented with 50 mM TEAA. For deglycosylation, 

the antibody-enzyme solutions were mixed, desalted, and allowed to incubate overnight 

at room temperature prior to mass analysis. For disulfide reduction, 1 mM of TCEP or 

DTT was added to the desalted IgG sample and loaded into a static spray emitter needle. 

This emitter was then incubated in a variable-temperature static nESI source160 at ~50°C 
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for several minutes to capture the loss of the light and/or heavy chains prior to sample 

aggregation.161 

4.2.2. Instrumental Analysis 

The MS analyses were carried out using a ThermoFisher Q-Exactive Plus UHMR 

(Bremen, Germany) mass spectrometer. ESI was facilitated using borosilicate glass 

capillaries pulled with a Flaming-Brown micropipette puller (P-1000, Sutter Instruments) 

to an O.D. of ~5 μm. ESI voltage was set to ~1.5 kV with a platinum wire inserted into 

the solution. The instrument was mass calibrated using CsI. The instrument was tuned by 

varying the desolvation energy from 0 to -300 V with in-source trapping mode enabled to 

enhance desolvation and removal of non-specific adducts prior to injection into the C-trap. 

The mass resolution was set to 25,000 to achieve efficient mass-to-charge separation of 

neighboring glycan signals while minimizing mass spectral artifacts. The best 

resolution/sensitivity was achieved with of desolvation energy set to -300 V while 

acquiring at a set mass resolution of 25,000 at m/z 200. 

4.2.3. Data Processing 

Data were initially extracted in Thermo Qual Software. UniDec was used to 

convert MS data files from .RAW to .txt files for visualization.162 Mass spectral 

deconvolution was performed using ProteinMetrics-Intact with peak sharpening enabled 

with a point spread function of 10 Da.163 Figures were prepared using OriginPro 2021. 

Calculation of theoretical molecular weight (MW) of the intact antibodies was performed 

using ChemCalc’s online tools109 with the available sequences for human IgG1κ heavy 

and light chains from UniProt (P0DOX7 and P0DOX5).164 
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4.3. RESULTS 

4.3.1. Optimization of Native, Intact IgG1κ MS Signals 

In-source trapping (IST) and collisional activation were first used to activate and 

remove residual nonspecific adducts from the IgG1κ ions. Increasing the magnitude of 

desolvation energy potentials from 0 to -400 V results in IgG ions with fewer bound 

adducts and with charge-state distributions (CSDs) shifted towards higher m/z (see Figure 

4.2(A)). At desolvation potentials below -200V, neighboring glycan signals become 

baseline-resolved for IgG1κ22+ ions as shown in Figure 4.2(B). The shoulder signals 

observed on each glycan peak at these high source energies have not been previously 

observed and is revealed in large part due to the combination of IST and the high practical 

mass resolution afforded by the Orbitrap mass analyzer. 

 

Figure 4.2. Effects of in-source trapping desolvation energy on spectral quality. (A) 

Increasing the magnitude of desolvation energy results in mass spectra with lower average 

charge. (B) As desolvation energy is increased to its maximum value of -300V, glycan 

signals become baseline resolved to reveal previously unresolved glycan 

microheterogeneity at a set resolution of 25,000 at 200 m/z. 
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In the experiments shown herein, mass resolution of 25,000 at m/z 200 reveals 

details that are hidden at lower mass resolutions. As shown in Figure 4.3, while changing 

the set mass resolution does not affect the observed CSDs (Figure 4.3(A)), at low and 

high resolution, the observed signal-to-noise ratio (SNR) decreases as the spectral baseline 

increases as shown in Figure 4.3(B) for IgG1κ23+ ions. The glycan mass heterogeneity 

revealed at high resolution for the mass shoulder signals is only well-resolved at a mass 

resolution of 25,000 (Figure 4.3(B), red trace), although m/z signals for the various glycan 

signals on IgG1κ23+ are observed with non-normal distributions at lower resolution 

(12,500, Figure 4.3(B), blue trace). When increasing the mass resolution to 50,000, mass 

spectral artifact peaks resulting from spectral leakage result in decreased sensitivity and 

SNR.165 
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Figure 4.3. The set mass resolution was increased to increase resolution of neighboring 

glycan signals. (A) At low and high mass resolution (6,250 and 50,000, respectively), 

baseline signal increases, reducing sensitivity. (B) Expanded mass spectra for the IgG1κ23+ 

ions reveal baseline resolved glycan signals for spectra collected at 12,500 and 25,000 set 

resolution. The signal obtained at 25,000 provided the best signal-to-noise ratio and 

resolving power while minimizing mass spectral artifacts. 

 

 Previous native MS studies of proteins and protein complexes have benefitted 

from the addition of charge-reducing reagents to increase spacing between neighboring 

mass peaks by reducing the charge component (z) of their respective m/z differences.116, 

117, 166 Results from mass deconvolution (with algorithmic peak sharpening enabled) from 

an AmA-buffered control sample and a z-reduced sample containing an additional 50 mM 

TEAA are shown in Figure 4.4. While the addition of TEAA shifts the CSD centroid from 

23+ (in AmA) to 17+ (spectra not shown), the apparent gains in resolution of neighboring 

glycan signals in minimal. In addition, the resolution of the glycan shoulder signals 

decreases slightly following addition of TEAA as observed by a decreased valley depth 
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between the sharpened shoulder. This may be a result of less efficient ionization (or 

transmission) of the lower-charge ions leading to decreased sensitivity; however, the 

overall MW of the identified features does not change significantly for the most abundant 

deconvolved signals. 

 

Figure 4.4. Charge reduction was implemented as an attempt to increase the apparent 

sensitivity and resolution of neighboring glycan signals. To a control sample in AmA (A), 

TEAA was added as a charge-reducing cosolute. Results from mass deconvolution with 

peak sharpening enabled show worse resolution of neighboring glycans in the z-reduced 

sample (B). 

 

4.3.2. ProteinMetrics Deconvolution and Peak Sharpening 

Peak sharpening is achieved through application of Richardson-Lucy 

deconvolution with a point spread function set herein to 10 Da.163 Unsharpened 

deconvolved mass spectra primarily reveals mass differences between neighboring, 

baseline-resolved signals of 162.4±0.8 Da for the first 6 mass peaks (see Figure 4.5(A), 
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black arrows). These differences are attributed to increasing numbers of galactose (Gal) 

or mannose (Man) glycans with theoretical glycan residue masses of 162.1 Da. After 

enabling peak sharpening, resolution of the shouldering signals allows for identification 

of new mass differences at lower relative abundance, featuring a series of Gal/Man 

additions with average mass differences of 162.7±1.6 Da (Figure 4.5(B), blue arrows).  

 

Figure 4.5. (A) Mass deconvolution without peak sharpening reveals neighboring signals 

differing by 162.4±0.8 Da, corresponding to sequential addition of Gal/Man glycans. (B) 

Mass deconvolution with peak sharpening enabled reveals additional signals separated by 

the mass of Gal/Man glycans (162.7±1.6 Da) as well as signals separated by the mass of 

GlcNAc glycans (202.1±1.6 Da). 

 

The mass difference between the main peak and sharpened shoulder of the adjacent 

baseline-resolved cluster (Figure 4.5(B), red arrow) is calculated as 202.1±1.6 Da. These 

mass differences were initially assigned to increasing numbers of N-acetylglucosamine 

glycan residues (GlcNAc; theoretical residue mass of 203.2 Da). While specific structural 
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assignments of these glycans is tentative without further confirmation by bottom-up and/or 

middle-down glycomics experiments, we note that the glycans assigned to the mass 

differences are within <1 standard deviation of their theoretical MWs. Careful comparison 

of these mass/glycan shifts with known structures of N-linked high mannose and hybrid 

glycans on human mAbs does not allow a simple identification of the bound glycan 

structural heterogeneity. Due to the highly conserved enzymatic mechanisms for N-

glycosylation,77, 147 it appears unlikely that Gal or Man residues could be substituted for 

GlcNAc in vivo. 

The mass difference between the main and shoulder pair of the baseline-resolved 

glycan mass clusters is ca. 40 Da, which does not correspond with an intuitive post-

translational modification (PTM) a priori; however, we cannot rule out certain point 

mutations (e.g. P→G, S→Q, H→P, D→R) which may lead to an increase in mass of ca. 

40-42 Da. Additional theoretical point mutation mass deltas are calculated and shown in 

Table 4.1.  The assignment of the mass shifts as metal cation adducts (e.g. K+ or Ca2+) is 

also possible; however, these metal adducts would likely replace charge carriers (viz. K+ 

or Ca2+ would substitute one or two protons, respectively) leading to mass differences 

closer to ca. 38 Da.   
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Table 4.1. Mass deltas were calculated for theoretical point mutations and are shown as 

the difference between the “high mass” residue and the “low mass residue”. Mass deltas 

of 40-42 Da are highlighted. 

 

4.3.3. Application of Glycomics Approaches 

Figure 4.6 contains the deconvolved mass spectra from samples incubated with 

deglycosidase enzymes PNGase F and Endo H (see panels (B) & (C), respectively). 

PNGase F removes the entire N-linked oligosaccharides from glycoproteins through 

enzymatic cleavage between the innermost GlcNAc and asparagine residues. Glycan 

cleavage following incubation with PNGase F should reduce the heterogeneity of the 

deconvolved MS spectra down to a single mass peak owing the fully degylcosylated mAb, 

with a theoretical MW of 145,056 Da. Instead, a truncation of the IgG1κ is observed as 

the distribution of glycosylated signals shifts by 2881.2 Da or 1440.6 Da per glycan 

without much change in the relative abundance of the neighboring glycan signals. The low 

MW glycans from the control (Figure 4.6(A)) and PNGase F (Figure 4.6(B)) incubated 
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samples are measured as 147,485.4 and 144,604.2 Da, respectively. While the expected 

mass loss from cleavage of two G0F N-glycans is 2,890 Da and could explain the observed 

mass shift, deglycosylation should result in a much more homogeneous spectrum. These 

results suggest that the enzymatic activity of PNGase F did not proceed as expected based 

on its known deglycosylating activity. In addition, many of the deconvolved mass signals 

from PNGase F incubation are below the calculated theoretical MW of the degylcosylated 

IgG1κ ions (shown as a vertical red line in Figure 4.6(B)), which suggests that the 

sequence used to calculate the theoretical MW may be incorrect.  
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Figure 4.6. Incubation with deglycosylation enzymes resulted in mass shift from (A) the 

unreacted control to samples incubated with (B) PNGase F and (C) Endo H enzymes. The 

vertical dashed lines represent the theoretical MW of the IgG1κ following full 

deglycosylation with PNGase F and partial deglycosylation with Endo H (panels (B) & 

(C), respectively. 

 

The Endoglycosidase H (Endo H) enzyme was used to cleave between to GlcNAc 

subunits proximal to the N-linked asparagine residue, leaving one N-linked GlcNAc 

residue without disrupting the possible fucose residue bound to the remaining GlcNAc. 

The deconvolved mass spectra resulting from incubation of IgG1κ with Endo H is shown 
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in Figure 4.6(C) and shows signals for unreacted IgG1κ and some signal for 

deglycosylated mAb. The theoretical MW of IgG1κ with one GlcNAc-Fuc residue on each 

heavy chain was calculated as 145,792 Da. The measured MW of the deglysoylated IgG1κ 

is measured as 145,838 Da. These MW values agree within 46 Da (~300 ppm error) and 

suggest that the N-glycans on IgG1κ may be fucosylated; however, the base glycan for 

fucosylated N-glycans is typically observed as G0F/G0F. The theoretical MW of this 

combination is 147,982 Da, which does not agree with the observed low-mass glycan-

bound IgG1κ MW of 147,485 Da (difference of 497 Da). The theoretical G0F/G0F MW 

best agrees with the fourth major glycan signal that has a measured MW of 147,973 Da 

(difference of 9 Da); however, their assignment by comparison with the theoretical MW 

is purely speculative, and the mass shifts to neighboring glycan signals do not agree with 

expected N-glycan heterogeneity in human mAbs in vivo. Future work will include 

evaluation with additional deglycosylase enzymes and follow-up bottom-up glycomics of 

the released glycans to further evaluate their structure. 

4.3.4. Reduction of IgG1 

To isolate the differences between the experimentally measured and theoretical 

sequences to the heavy and/or light chains of IgG1κ, disulfide reducing reagents (e.g. 

TCEP and DTT) were used to covalently separate and measure the MW of the heavy and 

light chains of IgG1κ. As shown in Figure 4.7(A), incubation with TCEP results in 

minimal disulfide reduction as very little additional signal is observed in the deconvolved 

spectra for mAbs other than the intact H2L2 complex. Following incubation with DTT 

(shown in Figure 4.7(B)), additional signals for the H2L complex are observed at ca. 125 
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kDa. The mass difference between the least glycosylated mAb signals for the H2L2 and 

H2L was calculated to be 23.41 kDa which agrees well with the theoretical MW of one 

light chain (23.38 kDa). These results suggest that if there are sequence differences 

between the known sequence of human IgG1κ and the sample used herein, that these 

sequence modifications are likely localized to the heavy chains. 

 

Figure 4.7. Deconvolved mass spectra following incubation of IgG1κ with (A) TCEP and 

(B) DTT are shown. DTT incubation results in greater disulfide reduction efficiency as 

signals for the loss of a light chain from IgG1κ are observed. 

 

4.4. Discussion 

Identification of glycan heterogeneity of intact mAbs by high-resolution, native 

MS represents a growing field of biopharmaceutical research as these glycans can affect 
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mAb structure and function; however, to take advantage of high mass resolution, mAbs 

must be ionized and transmitted while retaining few, if any, nonspecific solvent and/or 

salt adducts. Herein, we find that algorithmic peak sharpening of deconvolved mass 

spectra, a unique feature of the ProteinMetrics-Intact software suite, can be used to 

increase resolution of mass shoulder signals in the deconvolved mass spectra of IgG1κ. 

These mass shoulders are ~40 Da heavier than their neighboring glycoprotein mass 

signals. Disulfide reduction and deglycosylation experiments were performed to provide 

more insight into the structural heterogeneity of these human IgG1κ mAbs to answer two 

primary questions: (1) does treatment with deglycosylating enzymes result in the loss of 

glycans commonly observed in IgG1κ mAbs, and (2) can disulfide reduction be used to 

localize sequence misinformation to the light or heavy chains? Results from incubation 

with deglycosylase enzymes were largely inconclusive, and similar mass shoulders were 

observed on the partially deglycosylated mAb mass signals. Reduction of IgG1κ with DTT 

leads to loss of one light chain in good agreement with its theoretical MW. This then 

suggests that the observed mass shifts may be localized to the heavy chain sequence. Point 

mutations in the variable heavy and light immunoglobulin domains (VH and VL, 

respectively from Figure 4.1) may produce the observed 40 Da mass shifts. Mutant 

residues can affect antigen binding specificity, especially if these point mutations are 

localized within the so-called complementarity-determining region (CDR) loops.149 

Finally, at this time, we cannot rule out the possibility of metal cation adducts. Exchanging 

charge-carrying protons with K+ or Ca2+ cations would produce a nominal mass shift of 

38 Da. Although this theoretical metal mass shift is not accurate to the observed 40 Da 
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shift, current studies are ongoing to evaluate potential cooperative binding of metals to 

these mAbs. 

 

4.5. Conclusion 

 Intact analysis of glycosylated mAbs by high-resolution MS is becoming more 

routine in biopharmaceutical research to determine their representative sequences and 

glycan structural variants. While analytical methods using denatured mAbs is more 

traditional,167-169 sensitivity and SNR decreases from denatured protein analysis may limit 

the practical mass resolution from axial harmonic trapping-based MS instruments (i.e. 

Orbitrap MS). Intact MS analysis of glycosylated IgG1κ from human myeloma plasma 

from native-like buffers (e.g. ammonium acetate) produces spectra with previously unseen 

microheterogeneity in the deconvolved mass spectra. While the identification of the mass 

shifts is ongoing, the mass shifts between neighboring abundant glycan signals agrees well 

with subsequent addition (or removal) of Gal residues as is commonly observed in human 

mAbs. However, the additional mass shifts that agree with the addition (or removal) of 

GlcNAc has not been observed on other published work on intact analyses of glycosylated 

mAbs. That said, we tentatively note that the mass shifts between neighboring signals may 

result from singly mutated sequence variants and/or binding of metal cations. 

Results from incubation with deglycosylase enzymes suggest that the glycans on 

IgG1κ may be fucosylated which is not uncommon for human IgG mAbs; however, the 

measured intact MW of the glycosylated IgG1κ ions do not agree with the theoretical MW 

of commonly observed N-glycan distributions (G0F/G0F, G0F/G1F, G1F/G1F, etc.). This 
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suggests that (1) the N-glycan distribution contains an unexpected mix of different glycan 

types (e.g. high mannose, hybrid), or (2) the human IgG1κ sequence used to calculate the 

theoretical MW did not match the actual sequence of the mAb studied herein due to 

sequence variants and/or truncations. To isolate the potential sequence errors to the heavy 

or light chain, disulfide reduction experiments were performed. Results from these 

experiments suggest that the light MW matches the theoretical MW of the known 

sequence, thereby isolating potential sequence modifications to the heavy chains. Future 

work will include further bottom-up glycomics analysis of the released glycans and 

top/middle-down proteomic analyses of the IgG1κ heavy chains to characterize the mass 

shift, and application of these methodologies towards characterization of IgG1λ mAb from 

human myeloma plasma. 
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5. CONTRIBUTIONS TOWARD CROSS-LABORATORY EVALUATION OF ION 

OPTICS FOR COLLISION-INDUCED UNFOLDING OF PROTEINS AND PROTEIN 

COMPLEXES 

 

5.1. Introduction 

 Ion mobility-mass spectrometry (IM-MS) is increasingly used to study the 

structure of proteins and protein complexes in the gas-phase.170, 171 While MS provides 

information on the mass and structural heterogeneity encoded in ions’ respective mass-to-

charge ratios (m/z), IMS can yield information regarding gas-phase shape and/or structure. 

IMS devices provide separation based on differences in the interaction of ions with a weak 

electric field and a neutral buffer gas. IMS allows for the separation of ions based on their 

charge and size/shape due to their differing interactions with the weak electric field and 

friction forces from interaction with the buffer gas. This separation results in separation 

of ions and determination of an arrival time distribution (ATD) that can be converted to 

an ion-neutral collision cross section (CCS) for comparison between different 

experimental conditions.38 Encoded in the CCS is the rotationally averaged surface area 

of the ions of interest, and for proteins or protein complexes, this CCS will remain small 

for folded or compact ions and will increase for unfolded or denatured ions. 

Native IM-MS (nIM-MS) allows for the determination of ion CCS while retaining 

non-covalent interactions (e.g. H-bonds, salt bridges, hydrophobic interactions) through 

ionization and desolvation to the gas-phase ions while maintaining secondary, tertiary, and 

quaternary protein structure.67 nIM-MS is primarily facilitated in two parts: (1) 
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electrospray from nondenaturing buffers16 and (2) minimizing effects of pre-IMS 

collisional activation in the gas phase.21, 26 In nIM-MS, the experimental ion CCS can be 

compared to CCS values calculated from condensed-phase structures as determined by 

nuclear magnetic resonance spectroscopy, x-ray diffraction crystallography, and/or 

cryogenic electron microscopy.44, 49-52, 54, 55, 172 

The CCS distributions observed for proteins and protein complexes can be 

important for comparisons following ligand, substrate, or metal binding;173-176 however, 

for many systems, the ground-state CCS distributions do not significantly change.70, 177 

Experiments implementing collisional activation (CA) of protein ions prior to IMS 

analysis have been employed to survey the gas-phase conformational landscape of many 

proteins and protein complexes.178 This collision-induced unfolding (CIU) allows for the 

interrogation of partially and completely unfolded conformers resulting from progressive 

CA of gas-phase ions with background gas molecules. By plotting the ATD of these ions 

as a function of their collision energy or instrument potential, CIU fingerprints or 

heatmaps can show shifts in ATD or CCS as a function of collision energy.70 Identification 

and fitting of the observed IM features following CIU can then be used to compare CCS 

values of ground-state and unfolded features, and comparison of the transition energies 

between different features can inform on effects of structural (de-)stabilization of the 

respective ions in the gas phase.69 

Much of the modern CIU-based studies have employed the use of Waters 

SYNAPT traveling wave-IMS (TWIMS) instrumentation. This is largely due to (1) the 

SYNAPT was the first commercialized IM-MS platform, allowing for more widespread 
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access to IM experimentation without the need for home-built instrumentation, (2) the 

relative ease of performing CIU experiments by simply varying the trap CE potentials in 

the MassLynx software, and (3) the ability to perform quadrupolar mass selection prior to 

activation and TWIM analysis.  

More recently, Agilent Technologies has developed a uniform field, drift tube IMS 

(DTIMS) instrument with sampling capabilities up to 20,000 m/z. This platform allows 

for calculation of ion CCS values without the need for external calibrants as the 

experimental drift times can be directly converted to CCS using the Mason-Schamp 

equation based on first-principles ion-neutral collision dynamics.38 Following further 

research and development, Agilent has partially redesigned the source ion optics to 

facilitate ion activation (and CIU) prior to DTIMS separation. This has allowed for CIU 

experiments to be performed on this platform with its high-mass capabilities to probe 

protein complexes, antibodies, chaperonin ions in academic studies.120, 179, 180 

One area of concern then is the interlaboratory reproducibility of CIU results 

collected on this DTIMS instrument. Previously, interlaboratory studies were conducted 

to evaluate the robustness of the ground-state CCS determinations with great success for 

small molecule standards (CCS RSD 0.29%)181 and small and large native protein and 

protein complex ions (CCS RSD 0.43%)179 with great success. To test the reproducibility 

of CIU results collected using a new prototype desolvation assembly prior to 

commercialization, an interlaboratory study was designed using Agilent 6560 IM-Q-TOF 

instruments equipped with prototype source ion optics at Texas A&M University, 

University of Michigan, Vanderbilt University, and Agilent Technologies in Santa Clara, 
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CA. These optics were evaluated using proteins and protein complexes as standards which 

have been used previously in CIU experiments. 

 

5.2. Methods 

5.2.1. Sample Preparation 

Ammonium acetate (AmA), bovine ubiquitin (Ubq), horse heart myoglobin 

(Myo), bovine serum albumin (BSA), streptavidin from Streptomyces avidinii (SA), and 

Sigma SiLuLite IgG1 standard (IgG1) were purchased from Millipore-Sigma (St. Louis, 

MO). Lyophilized protein samples were acquired at University of Michigan, dissolved to 

5 M in 200 mM AmA at pH ~7.2, aliquoted, flash frozen, and shipped to each laboratory. 

Prior to IM-MS analysis, the frozen aliquots were defrosted and desalted to fresh 200 mM 

AmA using Micro BioSpin P-6 columns (BioRad Hercules, CA). Ubiquitin samples were 

not desalted due to sample loss near the molecular weight cut-off of the BioSpin columns.  

5.2.2. IM-MS 

The Agilent 6560 IM-Q-TOF used in this study was equipped with a second-

generation prototype desolvation assembly and power supplies to facilitate higher energy 

CA of ions for CIU. This source incorporates a ring electrode immediately following the 

ion transfer capillary exit prior to entrance of ions into the high-pressure funnel region. By 

increasing the potential offset between the capillary exit and ring electrode, increasing 

degrees of CA can be imparted on ions prior to refocusing, trapping, and release into the 

DTIMS analyzer. This prototype allows for significant CIU of protein ions without the 



 

95 

 

addition of heavier dopant gases (e.g. Ar, SF6) as was required by earlier prototypes.120, 

179, 180 

All samples were introduced to the Agilent 6560 by direct infusion ESI using a 

microflow nebulizer at flow rates of 1-5 L/min with the following ESI source settings: 

ion transfer capillary voltage, 2.5-3.5 kV; ion focusing nozzle voltage, 1-2 kV; drying gas 

flow, 5 L/min; drying gas temperature, 140°C; sheath gas flow, 11 L/min; sheath gas 

temperature, 140°C. The high-pressure funnel was maintained at ~4.80 Torr, the trapping 

funnel was set to ~3.80 Torr, and the DT pressure was set to ~3.95 Torr for all experiments. 

Desolvation, drying, and drift gases all employed high-purity N2. The default DT entrance 

and exit potentials were used (1700 V and 250 V, respectively). The maximum drift time 

was set to capture all features for each analyte, the trap fill time was set to 10 ms shorter 

than the maximum drift time, and the trap release time was set to 1 ms for all experiments. 

Following the manufacturer suggested protocols for single-field CCS calibration, 

TuneMix ions were electrosprayed using the microflow nebulizer with the In-Source CE 

set to 0 V, and their ATDs were collected under the same tune conditions used in the CIU 

studies.  

5.2.3. Collision-Induced Unfolding 

 CIU experiments were performed by sequential increase of the In-Source CE 

potential in MassHunter Acquisition (B.10.1) without addition of dopant gasses into the 

drying gas (N2) stream. The In-Source CE potentials were increased in 10 V increments 

from 0 to 450 V in most experiments or until signal for intact ions was depleted. Increasing 
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the In-Source CE potential beyond 450 V generally lead to electrical breakdown in the 

source region at the set pressures and temperatures used herein. 

5.2.4. Data Processing 

 IM-MS spectra for TuneMix ions were initially analyzed in Agilent IM-MS 

Browser (B.08) to determine tfix and  parameters for the single-field CCS calculations in 

CIUSuite2 following established protocols.78 CIU IM-MS data were analyzed in IM-MS 

Browser (B.08.00) and/or MassHunter Qualtitative Analysis Navigator (B.08.00) to 

identify charge states and m/z ranges for further processing. CIU fingerprints were 

extracted and processed in CIUSuite2 using default smoothing parameters.69 

 

5.3. Results & Discussion 

5.3.1. Cross-Laboratory CIU of Bovine Serum Albumin 

Bovine serum albumin (BSA) has been used previously as a standard protein due 

to its unique CIU pathway revealing unfolded features corresponding to unfolding of 

specific subdomains of BSA.182 Figure 5.1(A) contains CIU fingerprints from University 

of Michigan (UM), Texas A&M University (TAMU), and Vanderbilt University (VU) for 

BSA 16+ ions. Each laboratory was able to achieve triplicate RMSDs of less than 3%, 

showing excellent reproducibility of the CIU fingerprints. In addition, each laboratory was 

able to observe five features (labeled F1 through F5) in each CIU fingerprint including the 

native-like starting conformer (F1) of ~3400 Å². The CCS of the identified features from 

each laboratory are shown in Figure 5.1(B) with changes in CCS between features (as 

ΔCCS) shown in Figure 5.1(C). Comparisons of the CCS of these identified features 
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shows good agreement across the different laboratories with TAMU CCS values for BSA 

slightly smaller across all identified features compared to UM and VU. 

 

Figure 5.1. (A) CIU fingerprints for BSA 16+ ions were acquired on separate DTIM-MS 

instruments located at University of Michigan (UM), Texas A&M University (TAMU), 

and Vanderbilt University (VU). RMSDs from triplicate CIU experiments are included in 

each CIU heatmap. Five unfolding features (F1 through F5) are observed in each CIU 

fingerprint. The second feature in the TAMU fingerprint was lower in relative abundance 

and was identified using a modified feature fitting strategy. (B) CCS of each identified 

feature are compared between the different instruments. (C) ΔCCS of adjacent features 

were calculated and shown for each laboratory.  

 

 It is interesting to note that while the CIU feature CCS for BSA features are in 

good agreement, the observed activation thresholds are slightly different. For example, the 

UM CIU fingerprint shows an unfolding transition of F1 to F2 at a higher collision voltage 

(~180 V) than is observed in the TAMU and VU heatmaps (~140 V). This may be a result 

of less efficient collisional activation for BSA at UM at these collision potentials 

compared to TAMU or VU. These results are consistent and particularly apparent with the 

BSA 16+

*

100 200 300 400

TAMU, RMSD: 2.60  0.34%

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

100 200 300 400

VU, RMSD: 2.98  0.25%

BSA 16+

1

0

D
T
C

C
S

N
2
 (

Å
2
)

8000

4000

7000

6000

5000

F2

F3

F4
F5

100 200 300 400

UM, RMSD: 2.19  0.31%

BSA 16+

F1

D
T
C

C
S

N
2
 (

Å
2
)

4000

7000

6000

5000

F1 F2 F3 F4 F5
0

200

400

600

800

1000

Δ
D

T
C

C
S

N
2
 (

Å
2
)

F1 > F2 F2 > F3 F3 > F4 F4 > F5

(A)

(B) (C)
TAMUUM VU

Collision Voltage (V) Collision Voltage (V) Collision Voltage (V)



 

98 

 

final unfolded feature (F5) observed near the end of the CIU experiment for UM (~440 

V), whereas TAMU and VU observe the F5 feature at ~370 V. Ideally, both the CIU 

feature CCS values and the CIU potentials at which unfolding transitions occur would be 

consistent across instruments. While the former has been largely achieved for BSA, the 

latter is an active area of research and development for commercialization of the CIU 

hardware upgrades. 

5.3.2. Cross-Laboratory CIU of Proteins and Protein Complexes 

Figure 5.2 contains CIU fingerprints from UM, TAMU, and VU for the three 

lowest MW proteins studied herein: ubiquitin (Ubq6+, panel (A)), myoglobin (Myo8+, 

panel (B)), and streptavidin tetramer (SA11+, panel (C)). These CIU fingerprints show good 

reproducibility within each lab with an average RMSD across all laboratories and proteins 

of 2.8±0.4%. Qualitatively, these CIU fingerprints show similar features across the 

different laboratories with good agreements between ground-state and unfolded conformer 

CCS. Intermediate feature populations show much greater variability between different 

instruments. For example, Ubq6+ exhibits differing stabilities of the intermediate F2 

(~1400 Å²) and F3 (~1700 Å²) conformers relative to the fully unfolded feature, F4 (~1800 

Å²). Myo8+ shows excellent reproducibility of its unfolded feature (F3, ~2700 Å²); 

however, features F1 (~2000 Å²) and F2 (~2100 Å²) appear with different relative 

abundances across the different laboratories. SA11+ shows excellent agreement of the 

ground-state and unfolded features (F1 and F3, respectively); however, a collapsed 

intermediate conformer (F2, ~3500 Å²) is observed across the widest CIU voltage range 
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in the UM heatmap and the shortest voltage range for TAMU. For SA11+, there is also a 

CIU intermediate of ~4000 Å² with very low relative abundances. 

 

Figure 5.2. Average CIU fingerprints for (A) Ubq6+ (B) Myo8+, and (C) SA11+ from 

triplicate measurements are shown for UM, TAMU, and VU. RMSDs from triplicate 

measurements are shown in the upper left corner of each CIU fingerprint. Identified CIU 

features are indicated by arrows at the right of the CIU fingerprint grid. 

 

5.3.3. Cross-Laboratory CIU of Antibodies 

Figure 5.3 contains CIU fingerprints for the IgG1 antibody standard from each 

laboratory. These fingerprints have slightly higher triplicate RMSDs compared to the 

fingerprints contained in Figure 5.1 and Figure 5.2. These fingerprints also contain 
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significantly different observed features both in terms of the numbers of features and the 

CCS of these features. The starting, ground-state CCS of these IgG1 ions range from 

~7600 Å² (for VU, panel (C)) to ~8200 Å² (for TAMU, panel (B)) with noticeably 

differing CCS peak widths as well. These heterogeneous ground-state conformers then 

unfold through differing numbers of intermediate features prior to transitioning to a 

~11000 Å² feature in each laboratory. As shown in panels (A) and (C), UM and VU 

laboratories were able to observe discrete, partially unfolded intermediate features, 

whereas TAMU observes a smearing of intermediate features from the ground-state 

conformers until the end of the experiment (~450 V). This discrepancy in the overall shape 

of the TAMU fingerprint may result from unfolding of a more unfolded and less stable 

ground state conformer with a larger starting CCS whereby CIU from this state may not 

produce stable unfolding intermediates.  

 

Figure 5.3. CIU fingerprints for IgG126+ ions from (A) UM, (B) TAMU, and (C) VU are 

shown with RMSDs from triplicate measurements. 

 

Previous work on CIU of IgG1 and other monoclonal antibody ions via static 

nanoESI has shown discrete unfolding transitions.180, 183 The results presented herein used 

microflow direct infusion with elevated source gas temperatures (140°C) and gas flow 
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rates (5 L/min) to facilitate desolvation and ion transmission. For static nanoESI 

experiments, these elevated temperatures and gas flow rates are often unnecessary to 

achieve similar sensitivities. We postulate that differences in ground-state CCS 

distributions (and unfolding intermediate feature CCS) may result from differences in 

collisional activation and ion heating prior to the controlled CIU experiments performed 

in the high-pressure funnel region. Further development of optimized source conditions, 

especially for larger ions (>100 kDa) is ongoing. 

5.3.4. Cross-Laboratory CIU Feature Comparisons 

The CCS values of all significant features from each protein from each laboratory 

are summarized in Figure 5.4 and Table 5.1. Overall, the CCS of every feature is in good 

agreement across the different laboratories as well as compared to an earlier generation 

CIU prototype at VU (notated VUp). The feature CCS values also agree reasonably well 

with previously published values as indicated with the red arrows in Figure 5.4(A). These 

literature DTIMS values are summarized in Table 5.1 and are in good agreement (>2% 

bias) for all features except SA F1 (2.1% bias) and Ubq F3 (6.5% bias).120, 179, 184, 185 

Comparison of feature CCS across all laboratories results excellent reproducibility with 

cross-laboratory RSDs of less than 1% for a majority of the features (13/20) as shown in 

Figure 5.4(B). Two additional features (BSA F1, 1.2% and BSA F4, 1.1%) are also very 

close to this arbitrary 1% RSD threshold. The remaining features show much lower cross-

laboratory reproducibility, especially the Ubq F2 and Myo F2 features and the IgG1 

features discussed previously. Overall, for small and medium sized proteins and protein 

complexes (<100 kDa), we find good cross-laboratory agreement of CCS of CIU features. 



 

102 

 

For the IgG1 standard CIU fingerprints, the observed cross-laboratory differences largely 

stem from differences in ground-state ion conformer population distributions. Mitigation 

of these deleterious effects is under further investigation as well as isolating the cause of 

the observed differences to minute changes in ionization, desolvation source effects, or 

final sample preparation differences between each laboratory. 

 

Figure 5.4. (A) CCS of significant CIU features (F1, F2, etc.) are shown for each 

laboratory with the addition of a lower-energy prototype collected at VU (notated as VUp). 

The feature CCS average and standard deviations are indicated by the light blue boxes. 

Red arrows indicate previous literature DTIM-MS CCS values as shown in Table 5.1. (B) 

Interlaboratory relative standard deviations (%RSD) are shown for the identified features 

with a majority being at or less than ~1%. 
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Table 5.1. Previously reported DTIM-MS CCS values are summarized with respect to the 

cross-laboratory CCS values for identified features. 

 

5.4. Conclusion 

For small proteins and protein complexes (<100 kDa), the upgraded CIU hardware 

on the Agilent 6560 shows good cross-laboratory reproducibility. For Ubq, Myo, SA, and 

BSA, a strong majority (13/15) of the significant CIU features had excellent cross-

laboratory CCS RSDs around or below 1%. The greatest cross-laboratory variability was 

found for the second CIU features for Ubq and Myo, and both of these intermediate 

features were only stable across a narrow range of collision voltages. Overall, the 

DTCCSN2 values reported for each protein (A2) a.

2018 
May et al.

2020
Stiving et al.b.

2020
Zheng et al.

2020
Gadkari et al.c.

Lit.

Avg.
This work d. % 

Bias e.

Ubiquitin

(+6)

F1

F2

F3

F4

1222 14 (3)

1474 18 (4)

1628 13 (5)

--

--

--

--

1730 14 (3)

1214 9 (3)

--

--

--

1191 5 (3)

1345 9 (3)

1466 13 (3)

--

1209 (3)

1410 (2)

1547 (2)

1730 (1)

1215 12 (4), 0.9% 

1432 37 (4), 2.6%

1655 12 (3), 0.7%

1731 6 (2), 0.3%

0.5%

1.5%

6.5%

0.0%

Myoglobin

(+8)

F1

F2

F3

1937 30 (5)

--

--

--

--

--

--

--

--

--

--

--

1937 (1)

--

--

1969 10 (4), 0.5%

2108 50 (3), 2.4%

2728 28 (4), 1.0%

1.6%

--

--

Streptavidin
(+11)

F1

F2

F3

--

--

--

3760 41 (3)

--

--

--

--

--

--

--

--

3760 (1)

--

--

3683 8 (4), 0.2%

3518 12 (3), 0.3%

4345 17 (4), 0.4%

2.1%

--

--

BSA

(+16)

F1

F2

F3

F4

F5

--

--

--

--

--

4510 36 (3)

--

--

--

--

--

--

--

--

--

4526 19 (3)

--

--

--

--

4518 (2)

--

--

--

--

4517 53 (4), 1.2%

5364 36 (3), 0.7%

5759 42 (4), 0.7%

6149 69 (4), 1.1%

6406 55 (4), 0.9%

0.0%

--

--

--

--

IgG1

(+26)

F1

F2

F3

F4

F5

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

7976 258 (4), 3.2%

8997 79 (2), 0.9%

9959 235 (4), 2.4%

10409 80 (4), 0.8%

1071 188 (3), 1.8%

--

--

--

--

--

a. Number of measurements are indicated in the parenthesis. Percent RSDs, when reported, are converted to standard 

deviations in Å2.

b. The CCS values reported for ammonium acetate solution are used for ubiquitin, and BSA, and the value measured in 

TEAA solution is used for streptavidin. For ubiquitin, only one CCS value is reported for the +6 charge state and it is 

assumed this is the fully-extended conformer. The streptavidin +11 and BSA +16 values are assumed to be the lowest-

energy states.  CCS measurements were obtained with nano-ESI.

c. The CCS values for ubiquitin are assumed to correspond to F1, F2, and F3 in this study.  CCS measurements were 

obtained with nano-ESI.

d. The interlaboratory relative standard deviations are also provided at the end of each entry. In some cases, not all 

features were observed across all laboratories/hardware configurations.

e. The percent bias is referenced against the CCS values obtained in this study.
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identified features for these smaller proteins and protein complexes show good cross-

laboratory reproducibility in their respective CCS; however, the transition collision 

voltages are not reproducible between laboratories likely due to slightly different pressures 

and temperatures in the capillary exit region where CIU is occurring. This may require 

additional calibration strategies to normalize the applied collision voltage to the CID 

voltages required to fragment TuneMix calibrant ions. 

Of greater concern is the cross-laboratory reproducibility of CIU of IgG1 ions. The 

CIU fingerprints from each laboratory show significantly different features. This may be 

explained by the differences in ground-state conformer or CCS distributions leading to 

CIU of different ground-state conformers that only show cross-laboratory agreement of 

the fully unfolded conformer at ~11,000 Å². Others have claimed that monoclonal 

antibodies, like the IgG1 standard used herein, undergo significant structural collapse of 

the antigen binding fragment domains during desolvation.186 Disrupting this 

rearrangement process may then lead to different starting conformers for the CIU 

fingerprints observed herein.  

It is unclear if the interlaboratory variability between CIU fingerprints is related to 

ion heating in the source or differences in gas-flow dynamics (i.e. gas expansion, gas 

viscosity) in the CIU lens. Optimization of source desolvation conditions (e.g. drying gas 

flow rate and temperature) may be protein-specific and may affect ground-state CCS 

distributions. Additionally, in this instrument, CIU is performed in a region of supersonic 

expansion as the exit plume of the ion transfer capillary expands into the high-pressure 

funnel (at ~4.8 Torr). Minor fluctuations in the pressure or temperature in this region are 
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likely to affect collision dynamics and may impact cross-laboratory reproducibility of CIU 

results. Resolving these differences through optimization of acquisition methods and 

refinement of the desolvation assembly hardware is an ongoing area of interest. 
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6. CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1. Conclusions 

Methods of nIM-MS were successfully employed to study labile reaction products 

of CDSA reactions in Chapter 2. By reducing the internal energy of the reaction product 

ions in the gas phase, intact reaction products revealed rigid topologies with no observable 

conformational heterogeneity. In Chapter 3, nMS of large proteins and protein complexes 

produced well-resolved features of low relative abundant signals for further interrogation. 

Truncated PK tetramer ions were interrogated, and small, covalent -ME adducts were 

observed on the trimeric membrane protein complex AmtB. The native 14-mer of the 

protein chaperonin GroEL was also characterized as well as its CID products with 

resolvable signals up to 22,000 m/z for the charge-stripped 13-mer CID product on an 

extended mass range Q-TOF MS instrument. In Chapter 4, IgG1κ ions from human plasma 

were characterized by high-resolution MS from native-like buffer conditions. The high 

mass resolution revealed signals for a 40 Da mass shift on each observed glycan signal. 

These 40 Da mass shifts were investigated further using deglycosylation and antibody 

reduction techniques. Finally in Chapter 5, new desolvation assembly hardware was 

evaluated for CIU of proteins and protein complexes on a commercial DTIM-MS 

instrument in a cross-laboratory study. While the more traditional protein standards (e.g. 

Ubq, Myo, BSA, SA) demonstrated great interlaboratory reproducibility in CCS 

distributions of ground-state, intermediate, and unfolded conformer distributions, the mAb 

standard (e.g. universal IgG1 standard) from the different laboratories produced 
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significantly different CIU fingerprints, both in terms of ground-state CCS distributions 

as well as the number and CCS of observed intermediate features. The only common IgG1 

feature among the three laboratories was the most unfolded conformer with a CCS of 

~11,000 Å². Overall, it has been shown that nMS and nIM-MS methods are invaluable for 

the characterization and interrogation of ions ranging from small CDSA reaction products 

to monoclonal antibodies to protein folding chaperones. 

 

6.2. Future Directions 

6.2.1. IgG1κ Proteomic and Glycomic Identifications 

The specific identity of the 40 Da mass shift on the N-glycan mass peaks IgG1κ 

from human myeloma plasma discussed in Chapter 4 is still not known. Future work will 

include further probing primary sequence for point mutations using top-down proteomics 

(TDP) methods with electron-capture dissociation (ECD) to obtain sequence coverage of 

interior amino acid residues. More traditional CID top-down sequence coverage is often 

limited to N- and C-terminal residues. If sequences of the IgG1 heavy and/or light chains 

can be identified with neighboring signals differing by 40 Da, it may help to localize the 

mass shifts to a section of the primary sequence. Future work will also include 

characterization of deglycosylase digests by LC-MS/MS to identify the structure of 

enzymatically released glycans. Finally, the structures of the IgG1 mAbs from myeloma 

plasma containing the kappa or lambda light chain must be determined and correlated with 

the myeloma plasma disease state from which they were purified. Understanding the 
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structure-function relationship between these mAbs and myeloma may prove informative 

for future biotherapeutic approaches. 

 

Figure 6.1. The cartoon IgG1 structure from Figure 4.1 was modified to focus on the 

future directions of identifying potential sequence modifications, elucidating N-glycan 

structures, and connecting these properties from the IgG1κ and IgG1λ to mechanisms of 

myeloma from which they were purified. 

 

6.2.2. Variable-Temperature ESI of mAbs 

The relationship between solution temperature and protein conformer and 

structural preferences in solution has been studied for decades using solution-averaged, 

condensed-phase assays like differential scanning calorimetry and variable-temperature 

circular dichroism and nuclear magnetic resonance spectroscopy. While the denaturing 

effects of high solution temperatures on protein structure are well-understood, the effects 

of subambient temperatures are less understood. Recently, we have developed a stacked 

Peltier chip device (shown in Figure 6.2(B)) amenable to variable temperature, static nESI 

mass spectrometry (vT-nESI-MS) experiments where the solution temperature can be 

varied from ~5°C to ~95°C. The degradation or decomposition of the SiLuLite IgG1 

universal antibody (cartoon structure shown in Figure 6.2(A)) has been studied previously 
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by high-temperature vT-nESI-MS; however, the reversibility of conformational 

destabilization following repeat heating and cooling has not been studied until now. 

Figure 6.2(C) features Preliminary results from vT-nESI coupled to high-resolution MS 

shows distinct patterns of increased average charge below ambient temperatures owing 

the partial denaturation and increased SASA at low temperature. Future directions will 

include surveying effect of vT-nESI on other mAbs as well as transferring this technology 

to the Agilent ESI sources for vT-nESI-DTIM-MS on the Agilent 6560 using the source 

design shown in Figure 6.2(D). 

 

Figure 6.2. (A) The cartoon structure of the Sigma SiLuLite universal antibody standards 

shows the respective heavy (blue) and light (red) chains as well as the Fab and Fc domains 

and available Cys residues for disulfide scrambling. (B) The three-tiered Peltier chip stack 

assists in the heating and cooling of the static nESI emitters for vT-nESI-MS experiments. 

(C) The resulting correlation of average charge of the most abundant IgG1 glycoform with 
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temperature shows effects of reversible cold and heat denaturation. (D) The modular 

prototype design for vT-nESI source will provide opportunities to characterize the effects 

of temperature on protein structure using the Agilent 6560 DTIMS-Q-TOF and/or Agilent 

6545XT Q-TOF. Panel (A) reprinted with permission from Brown, C.J.; Woodall, D.W.; 

El-Baba, T.J.; Clemmer, D.E. Journal of the American Society for Mass Spectrometry, 

2019, 30, 2438-2445. Copyright 2019 American Chemical Society. Panel (B) reprinted 

with permission from McCabe, J.W.; Shirzadeh, M.; Walker, T.E.; Lin, C.-W.; Jones, B.J.; 

Wysocki, V.H.; Barondeau, D.P.; Clemmer, D.E.; Laganowsky, A.; Russell, D.H. 

Analytical Chemistry, 2021, 93, 6924-6931. Copyright 2012 American Chemical Society. 
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