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Abstract

New Analytical Tools for Native Mass Spectrometry and lon Mobility Mass Spectrometry
Analysis of Intact Proteins

Seoyeon Hong

Chair of Supervisory Committee:
Associate Professor Matthew F. Bush

Department of Chemistry

Native mass spectrometry (MS) is a structural biology tool that probes proteins and
protein complexes in the gas phase. In native MS, electrospray ionization (ESI) of protein
samples are prepared in nondenaturing conditions and generate “native-like” protein ions, which
retain noncovalent interactions observed in solution. Therefore, native MS is useful to provide
information about the stoichiometry, topology, and ligand binding of protein complexes. Native
MS coupled with ion mobility (IM) provides the momentum transfer collision cross section (Q),
which is indicative of the size and shape of ions. Collision-induced unfolding (CIU) is an energy-
dependent IM-MS technique that probes the unfolding of protein structures monitored by Q as a
function of energy. This dissertation explores the utility of native MS and IM-MS analysis to
study protein complexes. First, native MS analysis is used to investigate the stoichiometry of iron

and sulfur in the endogenous Fe-S clusters binding to the F-box and leucine-rich protein 5
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(FBXLS5) and Skpl from the Skp1-Cull-Fbox (SCF) ubiquitin ligase in Chapter 2. The thermal
activation in solution prior to ESI in combination with instrumental activation effectively
elucidates the binding of [2Fe-2S] to FBXL5-Skp1l by reducing the presence of nonspecifically
binding adducts (NSA).

The effects of polarity on native-like avidin tetramers are characterized using native MS
and IM-MS analysis in Chapter 3. The native MS of native-like avidin tetramer shows that the
average charge state distribution is different between the cations and the anions. The native IM-
MS results show that the Q of native-like avidin tetramer is similar regardless of the charge state
and polarity. However, the CIU results display differences due to the charge state and polarity. In
particular, the differences between the CIU results of 14+ and 14— avidin ions indicate that CI1U
analysis of the avidin ions is sensitive to solely polarity. In order to quantitatively compare the
CIU results of 14+ and 14— avidin ions, a similarity score is developed. Similarity score analysis
comparing the 14+ and 14— ions indicates that the largest difference in Q is observed at near 800
eV, while the greatest similarity is observed at low energy range (56 to ~400 eV).

The utility of native MS and IM-MS analysis is explored to characterize antibodies (Abs)
using two 1gG2 samples (°1gG2 and A1gG2) in Chapter 4. These two samples are from the same
subclass (IgG2), have the x light chain and were each purified from human myeloma plasma, but
were from different manufacturing origins. Native MS results of the two samples indicate that
the two Abs display vastly different apparent mass (°1gG2: ~154 kDa and AlgG2: 157, 159 kDa
respectively) and the relative mass heterogeneity based on the peak width and shape. The IM-MS
analysis demonstrates that the Q of the native-like Abs depends on the z, which contrasts from
the Q of most proteins. The strong dependence of Q on z may be due to large differences in

structural populations and/or the presence of flexible hinge region. The CIU analysis of SIgG2



and ~1gG2 demonstrates that the greatest difference in Q between the two Abs is present at low
energy with greater difference for anions than for cations. Overall, these results indicate that
anions and low energy may preferentially provide significant differences when comparing
similar proteins using native IM-MS and CIU analysis.

Collision-induced unfolding (CIU) is increasingly used to study the effects of ligand
binding to proteins and protein complexes. In chapter 5, a workflow is developed to more
accurately assess the effects of ligand binding on the CIU stability. Mass spectra of the
quadrupole-selected precursor ions at varying collision-energy display signals indicate that the
precursor ions for CIU analysis is interfered by the presence of NSA despite extensive buffer
exchange. Therefore, Sreiative method is developed to determine the minimum collision-energy
threshold at which all of the apparent NSA are removed from the initial m/z window of the

precursor ions. More generally, Sreiative may be used for quality control of CIU analysis.
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Nomenclature

Ab Antibody
CAPTR Cation-to-Anion Proton Transfer Reaction
CID Collision-Induced Dissociation

ClU Collision-Induced Unfolding

Da Dalton, the unified atomic mass unit

DC Direct Current

DT Drift tube, in reference to ion mobility instrument
e elementary charge, 1.6021766208(98) x 1071° C
E Electric Field

E-P1  drift field strength: electric field divided by pressure, V-cm - Torr !
ESI Electrospray lonization

Fe:S Stoichiometry of Fe and S in Fe-S cluster

Fe-S Iron-sulfur cluster

H Proton

He helium, in reference to IM buffer gas

1gG Immunoglobulin G

IM lon Mobility

ks Boltzmann’s constant, 1.38064852(79) x 1072% J-K?

m/z mass-to-charge ratio, the standard measurement unit in MS

mADb Monoclonal antibody
MS Mass Spectrometry

nESI nano-electrospray ionization
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NSA Nonspecifically binding adducts
rf Radio-Frequency, referring to the frequency of AC potentials
to drift time

ToF time-of-flight, an MS analyzer

z ion charge state
U reduced mass, often between ion and neutral masses
Q momentum transfer collision cross section

Median collision cross section

=)

12



Table of Contents

Y o151 1 =T TSRO 3
D =Te [ Tor= 11 [o] o WO TSP P PP TRPRRN 6
ACKNOWIEAGEMENTS ...t et e e te et e re e teenbeaneesteeseeaneesnaenneas 7
NOMENCIATUTE ...ttt e b et e e s e e be e beebesseenbeeeeeneesaeeneeas 11
L= o] (o) 0] g1 =] o | TSR SRTRRT 13
Chapter 1: INTrOTUCTION ......ouiiiiiiiiiiee et 16
1.1 MASS SPECLIOMEBTLIY ...ttt 16
1.2 Native Mass SPECIIOMETIY.........ciiiiiieieieiie sttt bbbt ene s 17
1.2.1 Native Mass Spectrometry of BiomoleCules.............ccooevveiiiiiieiiicc e 17
1.2.2 Noncovalent Interactions with Small Ligand Interactions..............cccocevvveieinennene 18

G 1Y 1Y SRS PRPTPRN 19
L3 L First PrinCiples OF IIM ......oooiiiii ettt 19
1.3.2 Q Calculation using DTIM ...........ccccoiiiiiiiiniie e 20
1.3.3 Mass Analyzers used fOr IM-MS ... 21
1.3.4 INSEFUMENTALION ....oviiieeie ettt te e sbeeae s e nreeneereenreennean 21
LANGUVE IM-MS ..ottt e e e et eere e eaee s 22
1.5 Energy Dependent IIM-IMIS ... 23
1.5.1 Mechanism of CIU 0f Protein T0NS .........ccccoiieiiieiiieieseseses e 23
1.5.2 CIU ANalysis Of PrOteINS.........coiiiiiici et 23
1.5.3 ANalysis Of CIU DAl@........cccoveiiiiiiiice et 24

1.6 Analysis of Native-like Antibody BiOtherapeutiCs............cccooviiiiiiniieieienese e 25
1.7 Polarity of “Native-like” Protein IonsS................cccccooiiiiiiiiee e 26
1.8 Outline of the PreSent STUAY .........ccooiiiiiiiiieie e 27
LI (C =T T TSRS 29
Chapter 2: [2Fe-2S] Cluster Binding t0 FBXLS ..o 37
N N ] - Uod SRRSO 37
P 1 011 oo [0 Tox £ o] o SRRSO 37
2.3 RESUILS ... et e e bt b e ns 40
2.3.1 MS Analysis of the Intact FBXL5-SKPL ......c.cooiieiiiiiiiciececse e 40
2.3.2 Fe-S Cluster Binding in Redox Conditions Induced by ESI..........ccccooivnininnnn. 46

13



2.8 CONCIUSIONS ..ottt e e e e e e e e ettt e e e e e e e e e eeeeeeeesea e aeeeeeeneaaaans 49

2.5 ACKNOWIEAGEMENTS. ..ottt e nte e e nneenns 49
2.6 RETEIEINCES ...ttt bbbt bbbttt e bbbt are s 49
Chapter 3: Collision-Induced Unfolding Is Sensitive to the Polarity of Proteins and Protein
(00 101 0] (3 (L USSP PSP PP URPRPRORO 52
BTN N ] - Uod AR 52
KT 1 011 oo [0 Tox £ o] o SRR 53
3.3 EXperimental MEthOAS. .........cooiii e 55
B RESUITS ...t bbbttt bbbt ene s 57
3.4.1 Effects of Polarity on the Mass Spectra and lon Mobility of Native-Like lons.... 57
3.4.2 Effects of Polarity on the Collision-Induced Unfolding of Native-Like lons........ 59
3.4.3 Effects of Polarity on CID EffiCIENCY.......c.ccovviiiiicce e 70
K TR I o] o 11151 o] 1 LTSRS 73
3.6 ACKNOWIEAGEIMENTS. ...ttt eneas 74
3.7 SUPPOIrtING INFOIMELION. ......eiiiiiiiiec bbb 74
IR I o] (=] =] o0 74
Chapter 4: Effects of Charge State and Polarity on Native-like Intact Antibody................ 78
N o 51 =T RSO PRPR 78
i 1 & (o Te (U T £ o] o ISP 78
4.3 Experimental MEethOds. .........ccooiiiiiii e e 81
A4 RESUILS ...ttt bbb e bbbt E ettt bt b neereenes 83
441 NAUIVE MS OF I1GG2 ... 83
4.4.2 Deglycosylation OF IgG2 ADS........cooiiiiiiieeeeeee e 86
4.4.3NAtIVE IM-MS OF IGG2 ..o 89
N o [N 10T OO 93
4.5 CONCIUSIONS ...ttt ettt et ettt s b be e s et e st e stesbesbesnearenneas 101
4.6 ACKNOWIEAGEMENTS.......eiiiiiiicie ettt e be s e beeaeeneeareeee s 102
4.7 SUPPOIrtiNg INTOrMAtiON.......ccviiiiie e 102
e ] (=] =] (o0 L TR RUORTRPPRRN 102
Chapter 5: CIU Analysis of Protein-Ligand Complexes of Interest in the Presence of
Nonspecifically Binding INTErfEreNCe...........oovv e 106
TN AN o ] 1 - Uod AU OSSSSRSSN 106
oI 1 011 oo [ Tox 1 o] o TSSOSO 106



5.3 EXperimental MEthOaS..........ccvoiiiiiice e 108

5.4 RESUITS ...t bbbt b et bbb 109
0. 4.1 PrECUISOE TONS.....ciiiiiiiiie ittt et ne e 109
5.4.2 DetermiNation OF Srelative ... .veevereerieiieeiieiie e see e sie e ie et sree e neesreesreenaens 112
5.4.3 CIU and CID Analysis: Effects of Ni(l1) Binding to the ACD Dimer.................. 116

5.5 CONCIUSION ... .oiiiiiie ettt te e et ebeeneeeseesteeneeareeateeneens 120

5.6 ACKNOWIEAGEMENT ...ttt r e sre e 120

5.7 RETEIEINCES ...ttt bbbttt bbbt 120

Supplemental Information for Chapter 3. 123
Supplemental Information for Chapter 4...........cccoov oo 137
Supplemental Information for Chapter 5. 146

15



Chapter 1: Introduction

1.1 Mass Spectrometry

Mass spectrometry (MS) separates gas-phase ions based on mass-to-charge ratio (m/z).
Typically, a mass spectrometer consists of at least an ion source, a mass analyzer and a detector.
Matrix assisted laser desorption ionization (MALDI) (1) and electrospray ionization (ESI) (2, 3)
are soft ionization techniques that are commonly used for MS analysis of biomolecules. MS
analysis of biomolecules benefits from relatively high speed, sensitivity, and selectivity. Samples
for most MS analyses are prepared in denaturing solvent (i.e., acidified or organic solvent). The
ionization of MALDI typically involves a dry analyte on a crystallized metal plate (matrix)
consisting of small organic compounds (e.g., nicotinic acid) and a laser that irradiates the analyte

on the matrix (4). lons formed from MALDI are typically singly charged (z=1).

ESI transfers ions directly from the liquid phase. An electrical circuit is established between
an ESI capillary and the mass spectrometer. A voltage is applied to the sample containing the
analyte placed in the capillary. The potential bias (between the capillary and the nearby
electrode, e.g., the sampling cone) causes the emission of a highly charged jet, called a Taylor
cone (5) at the tip of the capillary, which breaks into a spray of charged droplets (6) containing
the analyte. Through a series of solvent evaporation and coulombic fission (7), multiply-charged
ions in the gas phase are generated (2, 3). Though the exact mechanisms of ESI remain elusive,
the ion emission model (8, 9) generally describes low molecular weight ions, the charged residue
(9, 10) and combined charge-residue and field emission models (11-13) are attributed to large
globular ions such as proteins, and disordered polymers are related to chain ejection models (9).

The multiply charged protein ions from ESI are detected in a relatively low m/z range (compared
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to singly charged ions) and are amenable for most mass analyzers, making ESI a well-suited

ionization technique for the analysis of biomolecules.

1.2 Native Mass Spectrometry

1.2.1 Native Mass Spectrometry of Biomolecules

In native MS, native-like gas phase ions are generated from ESI or nanoelectrospray
ionization (nESI) of samples prepared using nondenaturing solvent such as aqueous ammonium
acetate. In native-like protein ions, noncovalent interactions from solution are preserved
including stoichiometry (14-16), ligand binding (14-16), dynamics and topology (17-19) in
solution. In particular, native MS is useful for providing insights about proteins and protein
complexes that are too small, large (20-22), heterogeneous (20, 22), dynamic (21, 22), or have
low copy numbers (23), which are properties that can make these analytes unamenable to
conventional structural biology techniques e.g., nuclear magnetic resonance, X-ray
crystallography, cryo-electron microscopy. For example, the Norwalk virus capsid (or also
known as Norovirus) has a large molecular weight (in MDa range) and can form multiple
populations. The native MS results of the Norwalk virus capsid provides insights into the intact
assembly that consists of 180 and 240 monomers, which corresponds to 3 and 4 MDa

respectively (20).

Native MS analysis of proteins and protein complexes displays lower and narrower
charge state distributions compared to MS analysis of proteins under denaturing conditions (24—
30). The relatively low and narrow charge state distributions are partly attributed to the folded
conformations accompanied by limited access to the ionizable sites (e.g., basic sites or acidic
sites) (31-34) and increased charge stabilizing interactions such as hydrogen bonding (33) and

salt-bridges (33) by the folded three-dimensional structures. As a comparison, ions generated
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from denaturing conditions display higher charge states of most protein ions and the higher

charge states are associated with unfolding of protein structures via coulombic repulsion (25).

1.2.2 Noncovalent Interactions with Small Ligand Interactions

Ligand binding to proteins and protein complexes plays an important role in the stability,
structure and function of proteins (35-38). Native MS of protein-ligand complexes has been used
to determine the identity of ligands (39—41), the relative or direct thermodynamic parameters
such as Kq and Ka (14, 15, 42, 43), and stoichiometry (44). Optimal sample preparation (e.g.,
purification (45) or titration (45, 46)) and accurate mass measurement may enhance the MS
analysis of ligand binding. For instance, MS analysis of insulin titrated with Zn(l1) and phenol at
pH 8.0 showed that the insulin hexamer ions are formed via chelation of Zn(ll) and phenol. The
accurate mass measurement unambiguously determined the stoichiometry of two Zn(ll) binding
(atomic mass of Zn(l1): 65.38 Da) per one hexamer insulin (mass of insulin hexamer: 34.6 kDa)
consistent with solution and crystal structures (46). Additionally, ESI-Fourier-Transform lon
Cyclotron Resonance (FTICR)-MS analysis exhibits mass resolution of 1 Da accuracy and was
used to determine the oxidation state of [4Fe-4S] binding to the high potential iron-sulfur protein
(HiPIP) from Chromatium vinosum (C. vinosum) by determining the number of protons and the

charge state of the apo and holo HiPIP (47).

In addition to specifically binding ligand interactions, nonspecifically binding ligand
interactions are observed within the native-like gas phase protein ions. In native MS,
nonspecifically binding ligands are often nonvolatile buffer molecules or adducts (e.g., Na*, K*)
attributed to insufficient buffer exchange or inevitable exposure to a surface containing the
adducts. Nonspecific binding interactions are induced during the ESI (48). The extent of

nonspecific interaction depends on the size of the droplets formed from ESI (48, 49), the
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electrospray current (48), and the flow rate (48). The presence of nonspecifically interacting
adducts may exhibit signals at the same or similar m/z values as protein-ligand complexes of

interest and so may interfere with the MS analysis.

Instrumental activation is useful to remove nonspecifically binding adducts and to study
protein-ligand complexes (50). For example, the ligand binding study of the deglycosylated
antigen-binding groove of recombinant soluble human cluster of differentiation 1 protein
(shCD1b) was hindered by nonspecific binding interactions at low desolvation energy (44);
however, the endogenous ligands, phosphatidylcholine (PC) and unknown ligands (UL), were
identified upon increasing activation energy. Alternatively, mathematical frameworks have been
developed to probe ligand binding interactions despite the interference by nonspecific binding
(15, 51). For instance, EI-Hawiet et al.(15) reported a combined mathematical-experimental
framework, namely, the proxy protein ESI-MS method, which implements competitive ligand
binding to determine the association constant (Ka) for specific binding interactions directly from

ESI-MS.

1.3 IM-MS

1.3.1 First Principles of IM

Ton mobility (IM) separates ions based on their size, shape and charge (52). In IM, ions
under the influence of an applied electric field traverse an IM cell filled with a neutral
background gas (e.g., N2 or He) (53). The key outputs from an IM measurement are the
mobilities of the ions. Based on the theory reported by Mason and McDaniel et al. in 1988 (54),
the mobility of an ion is related to the momentum transfer collision cross section, Q, of the
interactions between the ion and a background gas molecule, which approximates the projected

surface area of an orientationally averaged ion-neutral pair.
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In drift tube (DT) IM, the IM cell consists of stacked ring electrodes throughout which a
constant electric field is applied (53). The constant electric field enables direct measurement of
the mobilities of ions derived from the drift time. In DTIM, ions are pulled by the electric field
along the axis towards detection but this is balanced by a drag force of the same magnitude in the
opposite direction due to collisions and momentum transfer to the gas molecules. As a result, the
ions reach a constant steady-state velocity (vp), and they are separated by their shape, size, and
charge. For example, ions with extended conformations display longer drift times than those with

compact conformations due to greater interactions with the background gas molecules.

1.3.2 Q Calculation using DTIM

The Q may be determined using DTIM results from multiple field strengths (55) or a
single-field strength (55). In this report, all Q are obtained using multiple field strengths;
therefore, the following describes the determination of Q using multiple field strengths. The

steady-state velocity (vp) of the ions is as the following:
v
vp =KE =K~ (1.1)

where K is the mobility of the ion, E is the field strength, which is equal to the applied drift

voltage (V) over a specific length of the drift tube (L). Since the vy, is ti where t,is the
D

experimentally measured drift time of the ion, equation (1.1) is rearranged as the following:
2
tp =+ (1.2)

K is independent of applied drift voltage within the low field limit (54); therefore, the linear
regression of t; as a function of % over a range of V results in the slope, % (equation 1.2). The K
is used to determine the Q using the Mason-Schamp equation (54) as the following:
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=32 (27 yi/21
16N (ukBT) K (1.3)

where e is the elementary charge, z is the charge of the ion, N is the buffer gas density, | is the
reduced mass of the ion and the neutral buffer gas, kj is the Boltzmann constant and T is the

temperature of the drift-gas.

1.3.3 Mass Analyzers used for IM-MS

IM coupled with MS provides an additional separation dimension (56, 57). In addition,
the IM-MS analysis has been used as a structural biology tool to study intact protein systems
using Q since the 1990s (58). To date, IM has been coupled with several types of mass analyzers
(59) including magnetic sector instruments (60, 61), quadrupoles (62), Time-of-flight (ToF) (63,
64), and more recently, ion traps (65) and FTICR (66). The quadrupole mass analyzer prior to
IM-MS analysis enables a selection of ions of a specific m/z range prior to the IM analysis (67,
68) and enhances IM-MS analysis of complexed intact proteins (e.g., intact analysis of cell).
Most IM devices are coupled to ToF mass analyzers due to the short time scale (us) per ToF
cycle that enables several hundreds of mass spectra per IM cycle (typically, in ms timescale).
Additionally, ToF is suitable for efficient sampling for continuous ionization methods such as

ESI (69).

1.3.4 Instrumentation

One of the first commercial IM-MS instruments was the Waters Synapt HDMS
commercialized in 2005 (70). The commercial Synapt HDMS consists of an ion source,
quadrupole, trap cell, traveling wave ion mobility (TWIM) cell, transfer cell, and a ToF. TWIM
comprises a stacked ring ion guide in which opposite phases of radio-frequency (rf) voltages are

applied to adjacent ring electrodes, confining ions that would otherwise likely spread radially
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(71). A direct current (DC) potential pulse is superimposed with rf, and the combination of DC
and rf generates a moving electric field or T-wave (71). TWIM effectively separates intact
protein complexes (72). The Q is determined based on the calibration of ions with the known Q

using TWIM (73).

The commercially available Synapt G1 HDMS has been modified by replacing the
TWIM with an rf-confining drift cell in order to directly measure the absolute Q (74). The IM-
MS results in this book are acquired from the Waters Synapt G2 HDMS with the rf-confining DT
(75). The current DTIM incorporates a uniform DC gradient and alternating rf current (relative to
the adjacent electrode). The rf current confines the ions into the center and increases their
transmission. The effects of the electrodynamics (e.g., the rf, range of E/P and inner diameter
(i.d.) electrodes) of the rf-confining drift cell on the effective temperature, transmission, and drift
time provide insights into the optimal conditions to directly measure the mobilities of ions and

thus the absolute Q of native-like proteins (74-76).

1.4 Native IM-MS

In Native IM-MS analysis, Q are measured under native-like conditions i.e. the samples
are prepared with nondenaturing solution and/or no thermal and kinetic activation by the
instrumental conditions. The Q obtained from native IM-MS analysis provides insights into the
size and shape of proteins and protein complexes (52, 77). For instance, the Q of native-like
tryptophan RNA binding protein (TRAP) is consistent with the Q derived from x-ray
crystallography (78). Typically, charge state or polarity do not affect the Q of native-like
proteins for most globular proteins from small to large sizes (30) and non-globular proteins such

as the pentameric serum amyloid P (SAP) containing a large central cavity (34).
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1.5 Energy Dependent IM-MS

1.5.1 Mechanism of CIU of Protein lons

Collision-induced unfolding (CIU) is a slow heating method that has been used to study
the unfolding of protein ions in the gas phase. CIU enables gas phase ions to overcome the
energy barriers to access various free energy landscapes of folding and unfolding (79) which are
associated with Coulombic repulsion and structural components of the ions (80). In CIU,
selected ions are accelerated into the trap cell containing background gas molecules at varying
trap injection voltages. The varying kinetic energies of ions are converted into internal energy,
which causes the unfolding, upon several thousand collisions with the background gas molecules
(81-83) prior to IM-MS analysis. The unfolding of protein typically results in a larger

conformation i.e. larger Q; however, CIU results in further compaction in some cases (34, 79).

The extensive CIU energy eventually leads to collision-induced dissociation (CID) of
protein complexes. Previous studies show that CID of protein ions ejects one of the subunits with
a disproportionally large amount of charge concomitant with extensive unfolding of the ejected
subunit via Coulombic repulsion (82, 84-86). This phenomenon is referred to as asymmetrical
charge partitioning and is observed with other slow heating activation of gas phase protein ions
(87). Recent computational approaches (88, 89) incorporate mobile charges via mobile protons
within coarse-grain models and support asymmetric charge partitioning as the primary

mechanism of CID.

1.5.2 CIU Analysis of Proteins
CIU analysis has been used to classify or characterize protein ions by subclass (90),
isoform (91), ligand binding (92), the number of domains (90), and other structural

characteristics such as the presence of internal cavities (78). In addition, CIU is sensitive to
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structural characteristics that may be highly localized and may be above the resolution of the
current native IM-MS analysis (93, 94). For example, conformational states of Abelson protein
tyrosine kinase (Abl) is predicted to display less than 1% difference in terms of native Q (95).

However, the isoforms of Abl are differentiated using CIU analysis (94).

Interactions between proteins and buffer ions in the gas phase has been investigated using
CIU analysis (86, 96, 97). The binding of nonvolatile buffer ions to proteins in the gas phase
increases the CIU stability (86, 96, 97). The extent of increase in the CIU/CID stability differs by
the identity of the buffer ions including whether the ions are cations or anions. The binding of
cations generally appears to induce greater stability against CID compared to the equivalent
amount of anion binding (86, 97). Conversely, the binding of anions more effectively stabilizes
protein ions against CIU compared to the equivalent amount of cations (86, 97). The binding of
cations stabilizes protein ions by limiting the charge mobility (86). For example, cations can
tether multiple groups in proteins via multidentate interactions, or they can replace mobile
protons with less mobile cations. The binding of anions increases the stability of protein via
dissociative cooling i.e. dissociation of the protein-anion complex as neutral molecules to

stabilize the complex (97).

1.5.3 Analysis of CIU Data

CIU analysis holds promise for inclusion in high throughput applications including drug
binding screening (94, 98, 99) and sequence variant analyses (91, 100). Several efforts have been
reported to quantitatively analyze and visualize CIU data in automated fashions (101, 102). For
many automated or semi-automated analyses, CIU data is compiled in a matrix format that
consists of several mobility results varied by the activation energy (101, 102). One of the most

common ways to report CIU results is in the form of a heat map with additional features
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including normalization, interpolation, and smoothing (102). Quantitative classifications of
analytes based on CIU results have been implemented using various machine learning algorithms
and statistical models (102). Quantitative comparisons between CIU results have been reported
in terms of root-mean-square-deviation (RMSD) (102) or an in-house developed score, notably,

the similarity score (93).

1.6 Analysis of Native-like Antibody Biotherapeutics

Biotherapeutics are drug therapy products produced from a biological source e.g., living
cells. Monoclonal antibodies (mAbs) are one of the fastest growing drug classes that are
currently in development or are recently approved (103-105). The need for analytical techniques
to characterize and standardize mAbs for quality control is rapidly growing. The challenges of
developing analytical techniques for mAbs are their relatively large size (~ 150 kDa),
heterogeneity, and dynamic nature. To the best of my knowledge, there are only a few structures
of full-length mAbs determined from x-ray crystallography (106-108). Traditionally, MS or
tandem MS (MS/MS) in combination with liquid chromatography (LC) is used to analyze mAb
biotherapeutics. For example, this LC-MS/MS approach is commonly applied to obtain the
sequence of a mAb (109). Additionally, LC-MS is used to quantify mAbs in terms of the ratio of

the intact light and heavy chain (109) and drug-to-antibody conjugates (110).

Native MS provides insights into the apparent mass (111), mass heterogeneity (111),
glycan analysis (111), stability (112) and antibody:antigen stoichiometry (113) of the intact
mAb. The accurate mass information may be enhanced with high mass resolution mass analyzers
such as the ion trap mass analyzer (114). The IM analysis of native-like mAbs is sensitive to the
conformational heterogeneity induced by varying types of disulfide connectivity (115). The Q of

mADbs depends on the z (21, 116) in contrast to other proteins that do not contain the flexible
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hinge region (30, 34). The absolute Q of native-like mAb cations is lower than the Q determined
from x-ray crystallography (21). A molecular dynamics (MD) study supported that the

compaction is attributed to the presence of flexible hinge region of mAbs (116).

CIU analysis of mAbs is sensitive to the number and connectivity of disulfide bonds (90),
mutation (100), and glycosylation or deglycosylation (90) of mAbs. Recently, CIU was used to
compare Inflectra/Remsima (Celltrion), the biosimilar approved by the Food and Drug
Administration based off the original product Remicade (infliximab, Janssen) (117). The
difference between the CIU results was similar to “levels reported for replicates of the mAb
(90).” Additionally, the CIU results comparing the different lots of Remsima exhibited

noticeable differences in the low energy range attributed to possible variance by glycoforms.

1.7 Polarity of “Native-like” Protein Ions

lons formed from ESI are generated from electrolytic reactions (118). The electrolytic
reactions depend on polarity; positive ion mode induces oxidation while negative ion mode
induces reduction, generating or eliminating H* or OH™ or other acidic or basic species. As a
result, positive and negative ion mode induce acidic and basic solution respectively (118),
resulting in a different pH compared to the initial pH. The extent of the effects of electrolytic
reaction varies by several MS parameters including solution flow rate, ES current, metal
components of the capillary (e.g., Pt capillary), metal contact to the solution (e.g., Pt wire), and

the initial solution conditions including solvents, pH, and buffering capacity (118).

In native MS, positively charged protein ions formed from ESI contain excess protons,
[M+nH]"™, while the anions are proton deficient [M—nH]"". Typically, native anions display
larger extents of nonspecifically binding adducts indicated by broader peaks (30). The average

charge state of anions is lower than the cations (30). This has been attributed to the lower
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emission energy of anions by the charge residue-field emission model (13). The Q of most
native-like proteins is independent of z and polarity despite differences in the number of protons
(30, 93). This indicates that the structural differences between the anions and cations are highly

localized and may be above the resolution of the current IM-MS analysis.

Though most MS or native MS analyses of proteins are performed in positive ion mode,
some studies suggest that anions of native-like proteins may be beneficial. For example, native
MS analysis of a tetrameric membrane protein, AgpZ, displays that the anions better preserved
the quaternary structure and that peak resolution is enhanced compared to the cations (119).
Additionally, the lower average charge state distributions of anions increase the spectral
resolution by increasing the m/z spacing of ions of similar mass. This may be useful to analyze
species that appear at similar m/z 12 i.e. proteins of varying oligomeric states or binding of

small-molecules 4,

1.8 Outline of the Present Study

The present thesis primarily discusses native MS and IM-MS analysis of protein ions.

Chapter 2 investigates the stoichiometry of Fe:S in the endogenous Fe-S cluster that
binds to the complex of the F-box and leucine-rich protein 5 (Fbox) and Skpl (Fbox-Skpl) using
native MS. The native MS of Fbox-Skpl exhibited broad peaks indicating that both the current
TOF mass resolution and nonspecifically binding adducts interfere with the signal. Instrumental
and thermal activation in solution prior to nESI are applied to unambiguously understand the Fe-
S cluster binding. The thermal activation in solution prior to nESI combined with the
instrumental activation is a facile way to sufficiently release nonspecifically boundadducts. The
MS analysis with the thermal and instrumental activation demonstrates that Fbox-Skpl binds
primarily to [2Fe-2S].
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Chapter 3 discusses the effects of polarity on native MS, native IM-MS, and CIU of the
avidin tetramer. First, the effects of polarity on the apparent mass, apparent peak width, and the
charge state distributions are compared using native MS. The native-like anions exhibit lower
average charge state distributions and a greater extent of nonspecifically bound adducts, though
the apparent mass information is consistent with the cations. In addition, the IM-MS analysis
demonstrates that the apparent Q of native-like avidin ions are independent of z and polarity.
CIU analysis exhibits differences based on the native z and solely polarity. A similarity score
system is developed to quantitatively compare the CIU results as a function of laboratory frame
energy. The similarity score analysis comparing 14+ and 14— avidin indicates that the cations
and anions exhibit the largest difference in their Q distributions near 800 eV. Lastly, the CID

efficiency of avidin tetramer ions appears to be slightly greater for the cations than the anions.

Chapter 4 discusses native MS, native IM-MS, and CIU analysis of antibodies (Abs)
using two Abs, SIgG2 and A1gG2. S1gG2 and “IgG2 are the same subclass of IgG purified from
human myeloma plasma with the same type of light chain (k) produced and manufactured from
different vendors (Millipore Sigma-Aldrich and Athens Research and Technology respectively).
S19G2 and AlgG2 are used as model systems to evaluate native MS, native IM-MS, and CIU
techniques for differentiating similar proteins such as monoclonal antibodies (mAbs) and/or
biosimilar mAbs. Native MS analysis of the intact antibodies provides insights into the apparent
mass and relative mass heterogeneity. In addition, the MS analysis is used to investigate the
glycosylation of the intact antibodies. The deglycosylated MS of SIgG2 and AlgG2 was
deconvoluted by using cation-to-anion proton-transfer reactions (CAPTR) (120). This study is
useful to understand the extent of glycosylation and the heterogeneity of the overall mass

attributed to glycosylation. The effects of z and polarity on structures of Abs are explored using
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IM-MS analysis. The results show that the Q of the native-like Abs is sensitive to z and polarity.
Furthermore, the extent of the dependence of apparent Q on z and polarity varies by the type of
Abs. The CIU of SIgG2 and AlgG2 are quantitatively compared using the similarity score (first
reported in Chapter 3). The similarity score analysis shows that the comparison between

antibody ions is sensitive to energy, polarity, and z.

Chapter 5 investigates CIU analysis of protein-ligand complex of interest in the presence
of nonspecifically binding adducts. The precursor peak for CIU analysis is selected based on the
m/z of the protein-ligand complex of interest. The precursor selection includes both the protein-
ligand of interest and proteins bound by nonspecifically binding adducts despite extensive buffer
exchange. The presence of nonspecifically bound adducts increases the CIU stability (96) and
may interfere with the effects of the ligand binding of interest; therefore, an energy threshold is
determined using S,.;qtive- This approach may be used more generally for the quality control of

CIU analysis.
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Chapter 2: [2Fe-2S] Cluster Binding to FBXL5

Some passages of this chapter are reproduced with permission from Wang, Hui ; Shi, Hui ;
Rajan, Malini ; Canarie, Elizabeth R ; Hong, Seoyeon ; Simoneschi, Daniele ; Pagano, Michele ;
Bush, Matthew F ; Stoll, Stefan ; Leibold, Elizabeth A ; Zheng, Ning. “FBXLS5 Regulates IRP2
Stability in Iron Homeostasis via an Oxygen-Responsive [2Fe2S] Cluster” Molecular Cell 2020.

DOI: 10.1016/j.molcel.2020.02.011. Copyright 2020 Elsevier Inc.

2.1 Abstract

F-box and leucine-rich protein 5 (FBXL5) is the substrate receptor subunit of Skp1-Cull-
Fbox (SCF) E3 ubiquitin ligase complexes. Cellular iron homeostasis is maintained by
degradation of iron regulatory protein 2 (IRP2) mediated by FBXL5 (1, 2). Preliminary
biochemical and biophysical analysis by Wang et al. (3) suggests that FBXLS binds to Fe-S
clusters of unknown Fe:S stoichiometry. Here, the stoichiometry of Fe:S is investigated using
native MS and MS of the intact FBXL5-Skp1 under activating conditions. Native MS of FBXL5-
Skp1 was interfered by nonspecifically-binding adducts under low desolvation energy.
Instrumental activation in combination with thermal activation in solution prior to the ESI were
effective in removing the nonspecifically-binding adducts. The [2Fe-2S] primarily binds to
FBXL5-Skp!1 under positive and negative ESI polarity indicating that the [2Fe-2S] binding to

FBXL5-Skpl is independent of the redox induced by ESI under conditions used in this study.

2.2 Introduction
Iron-sulfur clusters (Fe-S) are important cofactors for proteins in many cellular processes
including photosynthesis (4), nitrogen fixation (5), redox reactions (6) and iron homeostasis (7).

The oxidation state of Fe-S clusters (8) depends on the surrounding amino acid (i.e. the 3-
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dimensional structure of the protein (9)) or the solvent environment (i.e. hydration (10)).
Biologically relevant Fe-S clusters can exhibit varying Fe:S stoichiometry (11-13). [2Fe-2S] and
[4Fe-4S] are the most common types of Fe-S clusters in biological systems (13).

Mass spectrometry (MS) of intact proteins has been used to identify the oxidation state (14)
and the stoichiometry (14, 15) of Fe-S clusters. For instance, MS was used to investigate the
changes to the stoichiometry of Fe:S in Fe-S clusters that interact with scaffold proteins in a
time-dependent manner (15). The oxidation state of Fe-S clusters is determined using a MS-
based approach that uses the accurate mass of the apo protein and the difference between the
number of excess protons and the charge state of the holoproteins. Therefore, determining the
oxidation state of the Fe-S cluster requires a high-resolution mass spectrometer (16-18) that
isotopically resolves the mass of the apo and holoprotein with at least 1 Da accuracy. For
example, the oxidation state of the [4Fe-4S] cluster that binds to the high-potential iron-sulfur
protein from Chromatium vinosum was determined to be 3+ using ESI-FT-ICR in positive ion
mode (14).

The iron responsive element (IRE) regulates the intracellular iron levels via interactions with
iron responsive domain 1 and iron responsive domain 2 (IRP2) (7, 19, 20). F-box and leucine-
rich protein 5 (FBXLY5) is the substrate receptor subunit of Skp1-Cull-Fbox (SCF) ubiquitin
ligase complexes that aids in the degradation of IRP2 under the iron-enriched environment (1, 2).
The biochemical basis for the interactions between FBXL5 and IRP2 has not been fully
understood. The UV/vis absorption analysis by Wang et al. (3) confirms the presence of the
endogenous Fe-S cluster binding to FBXLS5. Initially, the cryo-EM structure by Wang et al. at
resolution above 3 A supports the rhombic shape of the Fe-S cluster binding to FBXL5 which is

indicative of [2Fe-2S] stoichiometry (12). The objective of this study is to confirm the binding of
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endogenous Fe-S clusters to FBXL5-Skpl complex and to identify the stoichiometry of Fe:S. In
order to identify the Fe-S cluster and improve the spectrum quality, various methods of
activation including instrumental (e.g., collisional and sampling cone voltage) and thermal
activation are applied. Additionally, the stoichiometry of Fe-S cluster binding is assessed in both
polarities that induces reduction and oxidation conditions for negative and positive ion mode
respectively.
2.3 Experimental Methods

FBXL5-Skpl was purified and expressed by Wang et al (3). The FBXL5-Skp1 (3)
complex was buffer exchanged into aqueous 200 MM ammonium acetate at pH 7.0 using
centrifugal concentrators (10 kDa MWCO, Spin-X UF, Corning, Inc.) and a centrifuge operated
at 4 °C. The thermal activation includes heating the protein sample using a heating block at
~52 °C for one minute prior to the nESI. The protein samples were loaded into glass capillaries
with inner diameters of 0.78 mm that were pulled to approximately 1 to 3 pum on one end using a
micropipette puller (P-97, Sutter Instruments, Novato, CA) for nanoelectrospray ionization. 10
UM of sample was loaded into the glass capillary tip. Electrical contact with the solution was
attained by inserting a platinum wire electrode into the wide end of the capillary (21). To
minimize impurity carryover between experiments, the electrode was washed with aqueous 25%
HCI (v:v) and rinsed with ultrapure (18.2 MQ) water between samples. Data were acquired using
a Waters Synapt G2 HDMS hybrid mass spectrometer (Waters Co., Wilmslow, UK) (22) in
which the traveling-wave ion mobility cell was replaced with a radio-frequency (RF) confining
drift cell (23) that contained approximately 1.7 Torr He. The following MS parameters were used
for native MS in positive ion mode: capillary voltage, less than 1.0 kV; sampling cone, 20 V;

extraction cone, 5 V; source temperature, ~ 30 °C; trap collision energy, 4 V; trap gas flow, 3 — 8
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ml/min. MS parameters that deviated from those listed above are noted in the figure captions.
The following MS parameters were used for MS in negative ion mode: capillary voltage, less
than 1.0 kV; sampling cone, 50 V; extraction cone, 2 V; source temperature, ~ 30 °C; trap
collision energy, 30 V; trap gas flow, 1 mL/min. MS parameters of the instrumental activation of
FBXL5-Skp1l are noted in the corresponding figure captions. Mass spectra were analyzed using
MassLynx v4.1 (Waters, Co., Milford, MA).
2.3 Results
2.3.1 MS Analysis of the Intact FBXL5-Skpl

Figure 2.1 shows the native MS of FBXL5-Skpl in positive ion mode. The narrow range
of charge states is consistent with general characteristics of native-like proteins. Figure 2.2
shows the enlarged native MS of 13+ FBXL5-Skp1l and displays apparent two peaks. However,
the peaks are broad and show poor alignment with the theoretical mass of the apo FBXL5-Skp1.
The width is most likely attributed to binding of nonspecific adducts. Alternatively, the possible
binding of divalent metal ions (e.g., Fe-S cluster binding) may exacerbate the broadening

because the isotopic distributions of divalent metal ions differ from the amino acid.
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Figure 2.1. The native MS of FBXL5-Skplin positive ion mode.
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Figure 2.2. The native MS of FBXL5-Skplin positive ion mode (no activation).
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Figure 2.3a exhibits two primary peaks with reduced presence of adducts as a result of
instrumental activation achieved by increasing collision and sampling cone voltage. The bimodal
peak shape is a consistent feature observed with the native MS (Figure 2.1) indicating that the
noncovalent interactions between FBXL5 and Skpl and primary ligands are preserved. The two
peaks (Figure 2.3a) are aligned with the apo and the binding of [2Fe-2S] (Figure 2.3a). The most
intense signal corresponds to the binding of [2Fe-2S] suggesting that FBXL5-Skp1 primarily
binds to [2Fe-2S] clusters. This conclusion is consistent with the rhombic shape of the bound Fe-
S cluster observed by cryo-EM and stoichiometry of Fe:S later determined from electron
paramagnetic resonance (3).

Some additional signal other than the apo and [2Fe-2S] bound peaks were present in the
mass spectrum. This suggests that FBXL5-Skp1 binds to nonspecifically-binding adducts. In
order to further investigate the origin of the minor signal, additional thermal activation is applied.
A previous study reported that thermal activation of proteins in solution prior to ESI has been
utilized to induce more subtle unfolding as compared to collision-induced activation (24). The
extent of unfolding by thermal activation depends on the time scale, temperature range and the
precursor ions (24, 25).

Figure 2.3b shows the MS of FBXL5-Skpl under both thermal activation in solution
prior to the ESI and instrumental activation. Figure 2.3b shows that the baseline of the minor
signal decreased compared to Figure 2.3a, while FBXL5-Skpl primarily binds to [2Fe-2S]
cluster. This indicates that the thermal activation is useful to release nonspecifically-binding
adducts without disrupting specific noncovalent interactions with Fe-S clusters and/or between
FBXL5 and Skpl. On the contrary, increasing extent of activation solely by instrumental

parameters (i.e greater extent of instrumental activation than shown in Figure 2.3a) did not
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decrease the presence of adducts but appeared to release S (sulfur) from [2Fe-2S] clusters at
significantly higher energy (data not shown). This may indicate that the thermal activation may
induce subtle activation that removes adducts but preserves the characteristics of noncovalent
interactions observed using native MS (Figure 2.2). Therefore, additional thermal activation may
be a facile way to confer a relatively gentler activation to elucidate specific binding interactions

in combination with instrumental activation.
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Figure 2.3. Results from native mass spectrometry of the 13+ FBXL5-Skpl complex. The top
axis shows the mass relative to the apo complex. The relative masses expected for the 2Fe-2S
and 4Fe-4S containing complexes were calculated assuming Fe2+ and S2—. (a) The FBXL5-
Skpl complex was not heated prior to the nESI but subjected to instrumental activation
(sampling cone: 70 V and trap CE: 50 V). (b) The FBXL5-Skp1 complex was heated at 52 °C

prior to the nESI in addition to some instrumental activation (sampling cone: 70 V and trap CE:

50 V).
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2.3.2 Fe-S Cluster Binding in Redox Conditions Induced by ESI

The redox state of the Fe-S cluster affects the interaction between FBXL5 and IRP2 (3).
In addition, a previous study reported that metal binding stoichiometry depends on the polarity
for some protein systems (26). In ESI, the positive and negative ion modes induce oxidizing and
reducing conditions respectively (27). Figure 2.4 shows the full MS of FBXL5-Skpl in negative
ion mode. Compared to the positive MS (Figure 2.1), the average charge state is lower for anions
than cations, which is consistent with native MS of most proteins (28, 29). Figure 2.5a and 2.5b
show the enlarged MS of 13+ and 13— FBXL5-Skp1 respectively. The quality of the spectrum of
the anions (Figure 2.5b) is poorer than cations because anions contain more adducts than the
cations. The greater presence of adducts in anion spectra is commonly observed for other native-
like proteins (28). Despite the difference in the quality of the MS, the MS of 13— FBXL5-Skpl
shows the most intense signal corresponding to protein binding to [2Fe-2S] clusters (Figure
2.5b). This suggests that the [2Fe-2S] binding to FBXL5-Skp1 is not affected by the polarity

under conditions used in this study.
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Figure 2.4. The native MS of FBXL5-Skp1 in negative ion mode.
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Figure 2.5. The enlarged MS of (a) 13+ and (b) 13— FBXL5-Skp1 in positive and negative ion

mode respectively.
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2.4 Conclusions

The native MS analysis demonstrates that FBXL5-Skp1 primarily binds to endogenous
[2Fe-2S] clusters in positive and negative ion modes. The instrumental activation is useful to
remove the nonspecifically-binding adducts and to elucidate the stoichiometry of Fe:S in the Fe-
S cluster. The minor presence of nonspecifically-binding adducts can be further removed by
additional thermal activation in solution prior to ESI while maintaining the primary noncovalent
interactions of FBXL5-Skpl. This indicates that a brief thermal heating in solution prior to ESI
may be a facile and robust way to release nonspecifically-binding adducts and to improve the
spectrum quality.
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Chapter 3: Collision-Induced Unfolding Is Sensitive to the Polarity

of Proteins and Protein Complexes

This chapter is reproduced with permission from Hong, Seoyeon; Bush, Matthew F. “Collision-
Induced Unfolding Is Sensitive to the Polarity of Proteins and Protein Complexes™ Journal of
American Society of Mass Spectrometry 2019. DOI: 10.1021/jasms.8b06263. Copyright 2019

American Society for Mass Spectrometry.

3.1 Abstract

Collision-induced unfolding (CIU) uses ion mobility to probe the structures of ions of
proteins and noncovalent complexes as a function of the extent of gas-phase activation prior to
analysis. CIU can be sensitive to domain structures, isoform identities, and binding partners,
which makes it appealing for many applications. Almost all previous applications of CIU have
probed cations. Here, we evaluate the application of CIU to anions and compare the results for
anions with those for cations. Towards that end, we developed a “similarity score” that we used
to quantify the differences between the results of different CIU experiments and evaluate the
significance of those differences relative to the variance of the underlying measurements. Many
of the differences between anions and cations that were identified can be attributed to the lower
absolute charge states of anions. For example, the extents of the increase in collision cross
section over the full range of energies depended strongly on absolute charge state. However, over
intermediate energies there are significant difference between anions and cations with the same
absolute charge state. Therefore, CIU is sensitive to the polarity of protein ions. Based on these
results, we propose that the utility of CIU to differentiate similar proteins or noncovalent

complexes may also depend on polarity. More generally, these results indicate the relationship
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between the structures and dynamics of native-like cations and anions deserve further attention

and that future studies may benefit from integrating results from ions of both polarities.

3.2 Introduction

In native mass spectrometry (MS), native-like ions are generated using electrospray
ionization of proteins, nucleic acids, lipids, and/or other biological molecules in aqueous
solutions. Native-like ions can retain noncovalent interactions that were present in solution and
therefore native MS can probe the oligomeric state (1), topology (2), and stability (3) of
biomolecular complexes in solution. This information can be particularly valuable when the
biomolecular complex is too large or small, heterogeneous, or dynamic for other structural tools
such as nuclear magnetic resonance, X-ray crystallography, and cryo electron microscopy. For
example, native MS of hepatitis B virus capsid proteins provides evidence for complete capsids
containing 180 and 240 subunits (4), consistent with high-resolution characterization, as well as
the stoichiometry of antigen-binding domain binding (5) and mechanisms of the assembly
process (6, 7), which would have been challenging to investigate using conventional techniques.

Most native MS experiments have probed native-like cations, although some properties
of native-like anions have been investigated (8-11). Typically, native-like anions have lower
absolute charge states than the corresponding cations generated from the same solutions (9, 10).
This systematic difference has been attributed to different extents of charge-carrier emission
during the final stages of desolvation (10), with lower emission energies and therefore greater
numbers of competitive emission events (12) for anions. An atomic-level understanding of the
structural differences between cations and anions remains elusive. One obvious difference is that
native-like anions, [M-nH*]"", are proton deficient, whereas native-like cations, [M+nH*]"", are

proton rich. Even though these difference will affect hydrogen bonding, salt bridges, and other
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noncovalent interactions within the ion (13, 14), the collision cross section (Q) values
determined using ion mobility (IM) MS of native-like ions of medium- to large-mass proteins
and protein complexes appear to depend weakly on charge state (10, 15) and polarity (10). This
suggests that the structural differences between native-like anions and cations may be modest,
highly localized, and/or beyond the resolution of current IM measurements.

Collisional activation of native-like ions can result in the loss of nonspecific adducts,
changes in conformation, and eventually dissociation (16). Monitoring changes in conformation
(collision-induced unfolding, CIU (17)) and extents of dissociation (collision-induced
dissociation, CID) as a function of energy can provide information that is complementary to the
associated IM and MS characterization of minimally activated ions. For example, CIU can be
sensitive to charge state (18-20), domain structure (21), isoform identity (22), and ligand binding
(23-26). Consequently, there is great interest in using CIU “fingerprints” to differentiate similar
proteins (22, 24, 27, 28), particularly in cases where the associated native MS and native IM-MS
data are not sensitive to those difference. For example, native-like cations of IgG subclasses with
different disulfide bonding have similar Q values, but exhibit unique CIU features upon the
activation (22). Almost all applications of energy-dependent native MS have probed native-like
cations. Based on the similarity of the results from CIU of 21+ and 21— ions of serum amyloid P
(SAP) pentamers, Hall and coworkers reported that “the conformation and the gas-phase
behavior during collisional activation are the same for SAP pentamer, regardless of whether it
has an excess of positive or negative charges” (20). For complexes between cholera toxin B
subunit homopentamers and five GM1 pentasaccharide ligands, CID of cations results
predominantly in the loss of a protein subunit (without a ligand), whereas CID of anions results

predominantly in the loss of a ligand (without a protein) (29). These differences suggest that the
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CID products are a consequence of polarity-dependent structural changes that occur in the gas
phase prior to dissociation (29).

It is challenging to assess the general utility of CIU to differentiate similar proteins or
complexes because negative results, i.e., cases where CIU is not sensitive to those differences,
are usually not reported. Here, in order to broaden the potential utility of CIU, we demonstrate
the application of CIU to anions and compare the results for anions with those for cations.
Towards that end, we developed a “similarity score” that we use to quantify the differences
between the results of different CIU experiments and evaluate the significance of those

differences relative to the variance of the underlying measurements.

3.3 Experimental Methods
Sample Preparation

Avidin from egg white (A2667, Invitrogen, Carlsbad, CA) and B-lactoglobulin A from
bovine milk (product number L7880, Sigma-Aldrich Co., St. Louis, MO) were each buffer
exchanged into aqueous 200 mM ammonium acetate at pH 7.0 using centrifugal concentrators
(10 kba MWCO, Spin-X UF, Corning, Inc.) and a centrifuge operated at 4 °C. For charge-
reduction experiments, ions were generated from an aqueous solution containing 50 mM
trimethylamine and 200 mM ammonium acetate.
lon Mobility Mass Spectrometry and Collision-Induced Unfolding

Samples were each loaded into glass capillaries with inner diameters of 0.78 mm that
were pulled to approximately 1 to 3 um on one end using a micropipette puller (P-97, Sutter
Instruments, Novato, CA). 10 uM protein sample was loaded onto the glass capillary. Electrical
contact with the solution was achieved by inserting a platinum wire electrode into the wide end

of the capillary (30). To minimize analyte carryover between samples, the electrode was washed
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with aqueous 25% HCI (v:v) and rinsed with ultrapure (18.2 MQ) water. Data were acquired
using a Waters Synapt G2 HDMS hybrid mass spectrometer (Waters Co., Wilmslow, UK) (31)
in which the traveling-wave IM cell was replaced with a radio-frequency (RF) confining drift
cell (32) that contained 1.7 Torr He. To preserve the noncovalent interactions, the following
instrument parameters were used: capillary voltage, ~ 1.0 kV; sampling cone, 20 V; extraction
cone, 5 V; source temperature, ~ 30 °C; and trap collision energy, 4 V. To determine the
mobilities of minimally activated ions, those ions were introduced into the RF-confining drift
cell that was operated using at least 9 drift voltages ranging from 104 to 354 V (32). Q values of
minimally activated ions and the mobility-independent transport times of ions (to) were
determined from the slopes of plots of drift time versus reciprocal drift voltage as described
previously (32). For CIU experiments, ions were accelerated prior to entering the trap cell using
a range of trap injection voltages from 4 to 61 V with the RF confining drift cell operated at a
drift voltage of 104 V.
Data Analysis

Mass spectra were analyzed using MassLynx v4.1 (Waters, Co., Milford, MA). Arrival-
time distributions were extracted and analyzed using in-house software (33). The intensities of
each arrival-time distribution were normalized so that their sum equals one. To aid in the
comparison of IM data, arrival-time distributions were converted to apparent Q distributions and
then interpolated along a common Q axis. The axes used for avidin and -lactoglobulin

contained 1000 and 500 points, respectively.
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3.4 Results

3.4.1 Effects of Polarity on the Mass Spectra and lon Mobility of Native-Like lons

Figure 3.1a shows a representative native mass spectrum of avidin that was measured
while operating the instrument in positive ion mode and exhibits peaks that are assigned to the
17+, 16+, 15+, and 14+ tetramers of avidin. This spectrum and these assignments are consistent
with many examples in the literatures (10, 34). Figure 3.1b shows the analogous spectrum
obtained in negative ion mode, which exhibits peaks that are assigned to the 14—, 13—, and 12—
tetramers of avidin. The difference in the absolute charge states observed for the two polarities is
similar to that reported previously (10). However, we are not aware of any other reports of
native-like anions of avidin in the literature that could be used for comparison. The relative lack
of analogous spectra of anions can partially be attributed to the propensity of corona discharge at
the tip of electrospray emitters in negative ion mode (35). However, corona discharge was rare in
the present experiments, which may be attributable to the low onset voltage for electrospray in
this implementation (30).

The native-like cations and anions of avidin were also analyzed using IM-MS, which
revealed that the median Q (Q) values of these ions are all similar to each other (Table S1,
determined from cumulative distribution function of each apparent Q distribution as shown in
Figure S3.1). These results corroborate previous results suggesting that gas-phase structure can
depend weakly on charge and polarity under native-like conditions (10, 20). However, similar Q
values for native-like cations and anions does not preclude possible differences of anions and
cations that are not resolved in these IM measurements. To investigate the potential differences

between the cations and anions, we subjected avidin ions to CIU.
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Figure 3.1. Native mass spectra of avidin in positive (a) and negative (b) polarity obtained from
an aqueous solution of 200 mM ammonium acetate at pH 7.0. The predominant peaks are
assigned to tetramers, with charge states as labeled. The weak signals at higher m/z are assigned
to dimers of the avidin tetramer, which is attributed to nonspecific aggregation during

electrospray ionization .
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3.4.2 Effects of Polarity on the Collision-Induced Unfolding of Native-Like lons

Selected charge states of native-like cations and anions of avidin were subjected to CIU
by varying their laboratory-frame kinetic energy as they enter the trap cell that is positioned
immediately prior to the IM cell. Laboratory-frame energy is the product of the voltage used to
inject ions in the trap cell and the absolute value of charge state of the ion (36). The resulting
products were then separated by IM and the resulting apparent € distributions are shown in
Figure 3.2. The initial distributions are similar for all charge states, consistent with the Q values
discussed above. With increasing energy, features appear that are attributed to partially unfolded
and mostly unfolded structures, consistent with a previous study of native-like cations of avidin
(34). Although features for folded, partially unfolded, and mostly unfolded avidin ions are
observed in all cases, the appearance energy and Q of these features appear to depend on charge
state and polarity to varying extents. Differences are most apparent for the partially unfolded

ions. Aspects of these differences will be quantified and discussed in more detail below.
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Figure 3.2. Results from collision-induced unfolding (CIU) of selected charge states of the
avidin tetramer. lons were generated from an aqueous solution containing 200 mM ammonium
acetate, except the 13+ ions were generated from a solution that also contained 50 mM
trimethylamine. The heat maps display the Q distributions as a function of laboratory frame
energy, based on data acquired using 2 V increments of the trap injection voltage. Laboratory

frame energy was increased until the precursor was depleted due to dissociation.
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Even though the Q distributions at low energies are similar for charge states
characterized in both polarities, the distributions formed at the highest energies appears to exhibit
decreasing magnitudes with decreasing absolute charge state (Figure 3.2). Figure 3.3 shows the
Q values at the highest (Figure S3.2) and lowest (Figure S3.1) energies for each species. The
values at high energy increase with absolute charge states, which is consistent with visual
inspection of the CIU data (Figure 3.2). The Q value at high energy for the 14— ions is slightly
greater than that for the 14+ ions. Because these are the only ions with the same absolute charge
state that are observed in both polarities, it is challenging to draw more general conclusions
about the effects of polarity on the maximum expansion of protein ions by CIU. In order to
further investigate the effects of polarity separately from charge state, trimethylamine was added
to an avidin sample, which was then analyzed in positive ion mode. In these experiments,
trimethylamine acts as a charge-reducing agent (37) and enables the formation of 13+ avidin
ions. Interestingly, Q value at high energy for the 13— ions is less than that for the 13+ ions.
However, the binding of trimethylamine is evidenced by the mass spectra shown in Figure S3.3;
the centroids of the peaks in the originating from the sample with trimethylamine correspond to
masses that are ~556 Da heavier (equivalent to nearly 10 molecules of trimethylamine) than
those originating from the sample without trimethylamine. Based on these results alone, we are
unable to conclude whether the differences are a consequence of polarity or the presence of
trimethylamine in the sample used to generate the cations. Therefore, this topic will require

further investigation in the future.
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Figure 3.3. The median Q (Q) value at low (20 V) and high (16+: 64 V, 15+: 68 V/, 14+: 86 V,
13+: 118 V, 14-:86 V, 13-:100 V) trap injection voltage. Each marker represents the average of
the {1 values determined for three intendent technical replicates. The vertical bars span the 95%
confidence interval of the replicates. The upper and low bound of the shaded region represent the
Q values at 90% and 10% of the cumulative distribution function respectively, as shown in

Figures S3.1 and S3.2.
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Although the differences between the (1 values at high energies 14+ and 14— are subtle,
the CIU results for these ions appear to exhibit more significant differences over intermediate
energies (Figures 3.2b and 3.2d). For comparison, the apparent Q distributions for these ions at
selected energies are shown in Figure S3.4. To highlight the differences between the CIU results
for these ions of opposing polarity, the difference between those results is plotted in Figure 3.4a.
For comparison, Figures 3.4b and 3.4c shows the difference between the Q distribution of two
independent replicates of 14+ and 14— ions, respectively. Although the magnitudes of the
differences between replicate analyses of ions of the same polarity (Figures 3.4b and 3.4c) are
less than the differences between analyses of ions of different polarity (Figure 3.4a), it was
challenging to interpret these differences using these plots alone. For example, the differences at
low energies appear as red and blue streaks, but it appears that those differences are the
consequence of very slight differences in underlying distributions (e.g., Figure S3.4a) and that
the distributions may have been undersampled in the original experiments. However, both the
difference plot (Figure 3.4a) and the individual Q distributions (Figure S3.4) indicate that the
greatest differences occur over intermediate energies, in the region associated with partially
unfolded structures.

In order to quantitatively compare the apparent Q distributions underlying these CIU
results, we developed a similarity score that depends on the dot products of the pair of
distributions and the dot products of duplicate distributions. The similarity score of the

distributions for ions o and B is defined as:

Similarity Score = 2 (M + ﬂ) (Equation 3.1)
2 \Ig'ly IB'IB

where |, and Ig are the intensities of the distribution for a and B, respectively. Possible scores

range between zero and one. A similarity score of one indicates that the two distributions are
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identical. Conversely, differences in the two distributions will result in similarity scores that are
less than one. Figure 3.4d shows the similarity scores as a function of laboratory frame energy
determined from CIU analysis of 14+ and 14— avidin ions, i.e., where a and 3 have different
polarities. This trace is near one for energies <600 eV and near 950 eV, but decreases to
significantly lower values near 840 and 1050 eV. Figures S3.4a to S3.4e show representative
apparent Q distributions of 14+ and 14— avidin ions at 56, 840, 924, 1036, and 1288 eV. Visual
inspection of the distributions at each energy provides context for interpreting the scores
determined using Equation 3.1 and corroborates the preceding evaluation of similarity/difference
based only on similarity scores. The results demonstrate the utility of this score for quantifying
the similarity between two distributions and identifying the laboratory frame energies that yield
the greatest differences for samples from different classes.

Figures 3.4e and 3.4f plot the similarity score traces determined for the same data used
for the analysis in Figures 3.4b and 3.4c, respectively. These traces illustrate typical similarity
scores for comparisons between members of the same class. Relative to the traces determined
when a and B have the opposite polarity, these traces are largely independent of energy. To
provide context for this data and illustrate sources of variance, Figures S3.5 and S3.6 show
apparent € distributions and similarity scores at selected energies for two pairs of technical
replicates. Figure S3.5 shows that the results for a pair of technical replicates selected for the
anions have similarity scores that range from 0.97 to 0.99. At intermediate energies, it appears
that a slightly greater fraction of the ions in one replicate have unfolded than in the other, but the
differences between the two replicates are very subtle. Figure S3.6 shows that the results for a
pair of technical replicates selected for the cations have similarity scores that range from 0.96 to

0.99. Those slightly lower values appear to be a consequence of a systematic ~1 nm? difference
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in Q between the two replicates, which were acquired four months apart. Systematic differences
could be reduced by acquiring data for different samples on the same day or by standardizing the

mobility data (33).
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Figure 3.4. (a) The differences between the CIU intensities for 14+ and 14— avidin from native-

like conditions. Reds indicate greater relative intensities for the cations (positive values),

whereas blues indicate greater relative intensities for the anions (negative values). The

differences between the CIU intensities based on two independent technical replicates of 14+ and

14— avidin are shown in (b) and (c), respectively. (d) The similarity scores (Equation 1) for the

apparent Q distributions of 14+ and 14— avidin used for (a). The similarity scores for the

apparent Q distributions used for (b) and (c) are plotted in (e) and (f), respectively.
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Figure 3.5 show similarity score traces that were determined for many independent CI1U
analyses of 14+ and 14— ions. These results clearly show that the differences between the CIU
results for ions of different polarities are significantly greater than the differences between
technical replicates for ions of the same polarity. That is, even though the Q values at the lowest
and the highest energies depend subtly on polarity, the Q values of the ions generated at
intermediate energies depend strongly on polarity. An alternative method for analyzing these
results is CIU Suite 2 (38). For example, Figure S3.7 shows the comparison plot and RMSD
values generated using that method, default settings, and the same experimental data used for
Figure 3.4. The RMSD value for ions of different polarity (25%, Figure S3.7A) is larger than
those for ions of the same polarity (10%, Figures S3.7B and S3.7C). By comparison, the
similarity scores in Figure 3.5 (1) exhibit far larger differences between ions of different polarity
and ions of the same polarity and (2) directly indicate the energies that are most useful for
differentiating between species of interest.

In order to evaluate whether other proteins also exhibit polarity-dependent differences,
CIU was used to characterize monomers of -lactoglobulin, which has a mass of 18.4 kDa.
Figure S3.8 shows the native mass spectra of the 7+ and 7— ions, and that features for
unadducted protein ions (i.e., no nonspecific adducts) are resolved in both polarities. Unadducted
forms of these ions were each quadrupole selected (Figure S3.8) and subjected to CIU.
Unadducted ions are preferred for these experiments because previous studies have shown that
that ions subjected to CIU can be stabilized through interactions with nonspecific adducts (34,
39, 40); unfortunately this was not possible in the preceding example due to presence of multiple
glycoforms of avidin (41) and other challenges associated with native MS of higher mass

proteins, including decreased apparent resolving power associated with broader isotope
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distributions (42), increased binding of nonspecific adducts (43), and increased scattering with
background gas during time-of-flight mass analysis. Figure S3.9a shows the apparent Q
distributions of 7+ and 7— ions as a function of laboratory frame energy, which reveals very
different CIU fingerprints. For example, at 518 eV the 7— anions exhibit a bimodal Q
distribution that is significantly broader than that for the 7+ cations (Figure S3.4f). The similarity
scores are plotted in Figure S3.9b and indicate that the differences between the results for the
anions and cations increase with increasing laboratory frame energy. These results for -
lactoglobulin complement those for avidin and provide further support that the CIU of native-

like ions can depend on polarity.
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Figure 3.5. Similarity scores of results for 14+ and 14— avidin ions (solid lines) determined from
unique pairs of three replicate CIU analyses of 14+ and 14— avidin. Similarity scores for unique

pairs of replicate CIU analyses of 14+ (dotted lines) and 14— (dashed lines) avidin.
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3.4.3 Effects of Polarity on CID Efficiency
The highest energies used for CIU of the avidin tetramer also resulted in CID, yielding
monomers and trimers of avidin (Figure S3.10). The Figure 3.6a shows the survival yield of

quadrupole-selected tetramers ions:

Y. I(tetramers)

Survival Yield = (Equation 3.2)

S I(monomers)+Y I(trimers)+Y I(tetramers)
The survival yield of the tetramer decreases with increasing laboratory frame energy as a
consequence of the formation of monomers and trimers (Figure S3.10). Activation of the
precursor ions also results in the appearance of charge-reduced and higher-charge ions (Figure
S3.11 and S3.12); such charge-transfer products have been reported previously (44). In general,
anions exhibit greater propensity for charge stripping than the corresponding cations (Figure
S3.13). Note that survival yields were calculated using all ions observed for each oligomeric
state, including any charge-transfer products.

To help compare the stability of each precursor during CID, we determined “LFEsq
values, which are defined as the laboratory frame energy that results in a survival yield of 50%.
These values for all charge states and both polarities are plotted in Figure 6b. Note that in some
cases charge-stripped tetramers may have the same m/z as some trimers. The likelihood of this
occurring is greatest for the anions, which exhibit the greatest extent of charge stripping. In order
to estimate the possible contributions from such interferences, we calculated LFEsg values for the
13- and 14— ions assuming that the ambiguous ions are entirely trimers (the lower limit) or
charge-stripped tetramers (the upper limit). The lower and upper limits of the LFEsg for 14—
avidin are 1077 and 1089 eV, respectively. Those limits for 13— avidin are 1141 and 1191 eV,
respectively. Since these ranges are small, we did not evaluate this possibility further and use the

upper limits in the following discussion.
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Overall, the CID efficiency for the native-like anions is less than that of the native-like
cations, which to some extent is a consequence of the lower absolute charge states for the former.
Figure 3.6b shows that the LFEso of 14— avidin is higher than that of the 14+ avidin by 43 eV.
14+ and 14— avidin possess the same charge state but may differ in the presence of mobile
protons or charge carriers. For context, numerous studies have concluded that CID of
multiprotein complexes involves charge migration to one of the protein subunits, which leads to
unfolding and the subsequent ejection of that subunit (20, 45-49). Therefore, it is possible that
less efficient charge migration in anions, which are proton deficient, may also contribute to their
lower CID efficiency. There may be additional consequences of the number of protons in these
ions and the concomitant differences in the number of hydrogen bonds and salt bridges (13)

present in their structures.
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Figure 3.6. Results from collision-induced dissociation (CID) of avidin ions from native-like
conditions. Representative mass spectra are shown in Figure S3.10. (a) Survival yield of the
precursor ions as function of laboratory frame energy. The bars span the 95% confidence interval
of three independent technical replicates. Note that replicates were not collected for laboratory
frame energies that are far greater or lower than the LFEso. (b) LFEso for each charge state is
shown in both polarities. The bars span the 95% confidence interval based on three independent

technical replicates.
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3.5 Conclusions

Native-like anions and cations of the avidin tetramer were probed using IM-MS, CIU,
and CID. Visual inspection of the CIU data for avidin (Figure 3.2) indicate that there are
differences between the results for anions and cations. To analyze the significance of those
differences, we developed a “similarity score” (Equation 3.1) that we used to quantify the
differences between results for ions of difference polarities relative to the differences between
results for technical replicates of the same polarity (Figure 3.5). Many of the differences between
anions and cations that were identified can be attributed to the lower absolute charge states of
anions (Figure 3.1). For example, the extents of increase in Q values over the full range of
energies depended strongly on absolute charge state (Figure 3.3). However, over intermediate
energies there are significant difference between anions and cations with the same absolute
charge state (Figures 3.4, 3.5, and S3.4). Differences between the CIU of anions and cations of -
lactoglobulin were also observed and characterized (Figure S3.9). These results all indicate that
CIU is sensitive to the polarity of protein ions. The CID efficiency of avidin ions also appears to
depend on polarity (Figure 3.6). Characterizing the differences between these properties for
additional multiprotein complexes may enable more general insights into the role of charge
mobility on dissociation of multiprotein complexes.

Very few native IM-MS experiments have probed anions. Based on results for a selected
set of proteins and protein complexes, we reported previously that native-like cations and anions
(with minimal activation) can have very similar Q values and suggested that there was “no
inherent benefit to selecting a specific polarity for capturing a more native-like structure” (10).
Because the present results indicate that the CIU of equally charged ions is sensitive to polarity,

we propose that the utility of CIU to differentiate similar proteins or noncovalent complexes may
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depend on polarity. Therefore, we recommend that analyte polarity should be considered during
the development of native IM-MS methods for specific applications. More generally, these
results indicate the relationship between the structures and dynamics of native-like cations and
anions deserve further attention and that future studies may benefit from integrating results from

ions of both polarities.
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Chapter 4: Effects of Charge State and Polarity on Native-like

Intact Antibody

4.1 Abstract

Analytical tools for characterizing the antibodies (Abs) are in high demand with
increasing number of innovator antibody therapeutics and their biosimilars. The effects of charge
state and polarity are evaluated for the native mass spectrometry (MS) and ion mobility (IM) —
MS analysis of Abs using two samples of 1gG2. These two samples are from the same subclass
(19G2), have the « light chain, were each purified from human myeloma plasma, but were from
different manufacturing origins. Native MS analysis of the two samples was used to determine
the apparent mass and relative mass heterogeneity. Despite the similarities of the two samples,
the native mass spectra were vastly different. Native IM-MS results demonstrate that the median
Q values (Q) of native-like cations increased with increased by up to 9% with increasing,
whereas the anions increase by up to 12% with increasing charge. The strong dependence of Q
on charge may be due to large differences in structural populations; unimodal and bimodal Q
distributions were observed for different species. Interestingly, collision-induced unfolding
(CIU) revealed that the greatest differences between the two samples were present at the lowest
energies, with greater differences for anions than for cations. More generally, these results
demonstrate the benefits of using cation and anions when developing native IM-MS and CIU

methods for differentiating similar proteins.

4.2 Introduction
In native mass spectrometry (MS), native-like ions are formed from electrospray

ionization. The native-like ions preserve noncovalent interactions present in the solution phase
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and provide insights into topology (1), stoichiometry (2) and ligand binding (3) of biomolecular
complexes. The information from native MS is insightful particularly for biomolecules that are
too small, large, heterogeneous, dynamic for conventional structural techniques, such as standard
nuclear magnetic resonance, x-ray crystallography, and cryo-electron microscopy. For instance,
the composition of heterocomplex of the full-length small heat shock proteins, PsHSP18.1 from
pea and TaHSP16.9 from wheat shows the molar ratio ranging from 1:6 and 6:1 respectively (4).
Furthermore, the kinetic analysis using time dependent MS supports that the heterocomplexes
exchanges primarily dimeric species consistent with the results from high-resolution structural

technique (4).

In native MS, protein cations usually contain excess protons [M+nH]"" and protein
anions are usually proton deficient [M—nH]"". Although proteins in solution may be positively or
negatively changed, most native MS studies probe protein cations. The magnitude of charge
states depends on polarity; the average charge state of the protein anions is lower than those for
the corresponding cations formed from the same solution conditions (5, 6). The lower average
charge state of anions has been attributed to different extents of charge-carrier emission (7). In
native ion mobility (IM) analysis, native-like conformations are preserved by minimizing
solution denaturation (8, 9) and instrumental activation of the ions. The collision cross section
(Q) of many “medium-to-large” size protein ions are independent of the charge state and polarity
(5, 10) under native conditions. This suggests that the structural differences between native-like

cations and anions are highly localized and/or beyond the resolution of the current IM resolution.

Collision-induced unfolding (CIU) of proteins induces the unfolding of protein
complexes by increasing their internal energy. CIU probes the Q distributions as a function of

energy. Previous studies demonstrated that CIU is sensitive to polarity (11), charge state (11, 12),
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PTMs (13, 14), ligand binding (15, 16), domain structure (17), subclasses (18) and mutation (19).
For example, our previous study demonstrated that the Q of native-like 14+ and 14— AVD
appear very similar at low energy. However, the structural differences between the cations and

anions are elicited upon CIU (11).

Monoclonal antibodies (mAb) are glycoproteins that belongs to immunoglobulin (1g)
family. Therapeutic mAbs are widely used to treat cancer (20), autoimmune disease (21), neural
(22) and infectious diseases (23) in humans. The mAb product is consisting of heterogeneous
population due to PTMs such as glycosylation (24, 25), pyroglutamate formation (26), and
deamidation (27), and charge on the surface (28). These sources of heterogeneity can
significantly affect the function (29, 30) and structure (31) of mAbs. The full-length mAb is too
dynamic for structural analysis and only a few complete structures of full-length mAbs have
been solved using X-ray crystallography (32-34). Consequently, most studies investigate
fragments of mAb such as the antigen-binding fragment of the mAb complexed with its binding

partner (35-37).

IM-MS may be a useful tool to investigate the structural analysis of mAb. Previous study
reported that the gas-phase structure of native mAb (IgG1k) cations shows more compact
conformations by Q than the theoretical Q values using the crystal structure (38, 39). This has
been attributed to contraction near the hinge region (39), whereas the antigen binding domain,
most secondary structure and tertiary folding are maintained. The Q of native-like IgG1x
displays nearly 3% difference in Q over the range of five sequential charge states (38). In this
study, we investigate the effects of charge and polarity on the structures of antibodies (Abs)
using two samples of IgG2. Additionally, we evaluate the utility of CIU on differentiating the

two samples.
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4.3 Experimental Methods

Sample preparation for native and deglycosyalted 1gG

For native MS experiments, IlgG2« from human myeloma plasma was acquired from Sigma
Aldrich (15404, abbreviated as $1gG2«) and Athens Research and Technology (16-16-090707-
2M, abbreviated as “1gG2k) and buffer exchanged into 200 mM ammonium acetate at pH 7.0
using Micro Bio-Spin™ P-6 Gel Columns (Bio-Rad) at 4 °C. ADH (Sigma Aldrich, A7011) is
buffer exchanged into 200 mM ammonium acetate at pH 7.0. PNGase F (New England Biolabs,
P0705S) was used for N-linked deglycosylation of S1gG2k and “lgG2«. The nondenaturing
protocol suggested by the manufacturer was followed. The samples containing the enzyme were
incubated at 44 °C overnight. The control samples included all the elements for the
deglycosylation reaction except the enzyme. The deglycosylated and control samples were buffer

exchanged using centrifugal concentrators (10 kDa MWCO, Spin-X UF, Corning, Inc.)

MS and lon mobility Experiments

10 uM of protein samples were loaded into glass capillaries with inner diameters of 0.78 mm that
were pulled approximately 1 to 3 um on one end using a micropipette puller (P-97, Sutter
Instruments, Novato, CA). Electrical contact was attained by inserting a Pt wire into the wide
end of the capillary. In order to minimize potential sources of adducts and carryover between
experiments, the Pt wire was washed with 25% HCI (v/v) and rinsed with ultrapure (18.2 MQ)
water. All the experiments were conducted on a Waters Synapt G2 HDMS hybrid mass
spectrometer (Waters Co., Wilmslow, UK) (40) in which the traveling wave IM cell has been
replaced with an rf-confining drift cell (41), which contained ~ 1.7 torr He for all mobility
experiments. The experimental parameters for native MS experiments are the followings:

capillary voltage, ~ 1.0 kV; sampling cone, 20 V; extraction cone, 5 V; source temperature, ~
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30 °C; and trap collision energy, 4 V. To determine the mobilities of minimally activated ions,
those ions were introduced into the RF-confining drift cell that was operated using drift voltages
ranging from 104 to 354 V (41). For CIU experiments, mobility results are acquired for a range
of trap injection voltage in 4 V increments ranging from 4 to 200 V and 10 to 198 V, for Abs and

ADH, respectively.
CAPTR experiments with RF-confining drift cell

Cation-to-anion proton-transfer-reactions (CAPTR) were performed on the same instrument,
which has a glow-discharge ionization source (42) containing perfluoro-1,3-
dimethylcyclohexane (PDCH, Sigma Aldrich)(43). The source block at the interface between the
ambient pressure and vacuum regions of the instrument was heated to 120 °C, which prevents the
buildup of reagent in the source but also has been shown to transfer some heat to the sample
(44). The [PDCH — F]~ anions were generated using glow-discharge ionization. The anion was
selected at m/z 381 using quadrupole and was accumulated in the trap cell for 100 ms followed
by the polarity switch to positive ion mode. For the following 1 s, positively charged protein ions

were transmitted into the trap cell and reacted with [PDCH — F]~ to induce CAPTR.
Data Analysis

Mass spectra was extracted using MassLynx v4.1 (Waters, Co., Milford, MA). Arrival-time
distributions were extracted using in-house software(45). The Q and mobility-independent
transport time (t,) of distributions that appeared unimodal were determined from the slope of
drift time versus reciprocal drift voltage as described previously (41). The drift time used to
calculate the Q and ¢t of distributions that did not appear unimodal were analyzed by using the

median Q values (), which were determined from 50% of the cumulative distribution function
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of the arrival-time distribution (44). The intensity of Q distributions are normalized so that the
sum of the intensity equals one. The similarity score for CIU experiments was analyzed as
previously described (11). In order to compared CIU results using similarity score, drift time

were converted to apparent Q axis and then interpolated along a common 1000-point Q axis.

4.4 Results

4.4.1 Native MS of 1gG2

Figures 4.1a and 4.1b show the native mass spectra of IgG2 in positive and negative ion
mode, respectively. The average charge states of SIgG2 in positive and negative ion mode are 24
and 21, respectively. The peak width of SIgG2 is greater for anions than cations. This indicates
that anions contain greater presence of adducts than the cations, which has been observed
previously for other native-like protein anions (11). The native cations and anions both display
peaks that appear unimodal. The apparent mass corresponds to approximately 154 kDa in both
polarities. Though the apparent mass is approximate, it is distinct from that determined for 1gGs
of other subclasses (Figure S4.1). The resolution of the peaks may be limited by relatively broad
isotopic distributions of mAb, presence of non-specifically bound adducts, less efficient
desolvation (46) due to the large size, decreased TOF resolving power (47) and increased TOF
scattering with the background gas during the TOF analysis. Together with the broad peak width
and heterogeneity of mAb reported by others (28, 29), the presence of multiple species with
similar masses cannot be precluded. The heterogeneity of SIgG2 is further investigated in

Deglycosylation of IgG2 Abs (vide infra).

Figures 4.1c and 4.1d show the native spectra of #IgG2 in positive and negative ion
modes. The AlgG2 and S1gG2 display similar properties such as same subclass (IgG2) from

human myeloma plasma and « light chain, but produced from different manufacturing origins.
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The average charge states of 1gG2 in positive and negative ion mode are 26 and 22,
respectively. The native MS shows apparent bimodal peaks that correspond to approximately
157 and 159 kDa in both polarities. This indicates that the apparent mass of AIgG2 is greater than
S1gG2 by approximately 3 to 5 kDa. In addition, the bimodal peak shape of AIgG2 in native MS

demonstrates that the heterogeneity of AgG2 may be greater than S1gG2.
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Figure 4.1. Native mass spectra of S1gG2 (a) and “1gG2 (b) acquired in positive ion mode. The
corresponding spectra acquired in negative ion mode are shown in (b) and (c), respectively. The
apparent mass of S1gG2 is 154 kDa in both polarities. The apparent mass of A1gG2 is 157 and
159 kDa in both polarities. All ions were formed from aqueous 200 mM ammonium acetate at

pH 7.0.
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4.4.2 Deglycosylation of 1gG2 Abs

The N-linked glycosylation is one of the most-commonly observed PTMs in Abs.
Therefore, the effects of deglycosylation provides insights into the heterogeneity by
glycosylation. Figure 4.2a shows the mass spectrum of deglycosylated SIgG2. Figure S2 shows
the control MS of SIgG2 that underwent the same conditions as for deglycosylation reaction,
except lacking the presence of the enzyme. The control MS (Figure S4.2a) contrasts with Figure
4.2a and ensures that the features observed in Figure 4.2a are solely deglycosylated species of
S1gG2. In addition, the signal for the deglycosylated (Figure 4.2a) appear at similar m/z as the
intact SIgG2 (Figure 4.1a) so that the features by deglycosylation are not induced by incubation
conditions used for the deglycosylation reactions. The deglycosylated species of SlgG2 are noted
as Sa, Sp and Sy (Figure 4.2a). The apparent mass of Sa, 5B and Sy is determined from CAPTR
(cation-to-anion-proton-transfer-reaction) (48) (Figure S4.3). Figure S4.3a shows that the
selected 26+ Sy generate charge-reduced species (CAPTR product ions) via CAPTR. The
apparent mass of Sy (~151 kDa) is determined using the CAPTR product ions. Figure S4.3b
shows that the precursor ions for S and SB appeared unimodal, but CAPTR of the precursor
effectively differentiated So and Sp where the charge reduction increases m/z spacing between the
two species. The apparent mass of So and Sp are ~148 and 149 kDa respectively. The percent
composition of the deglycosylate species (5o, Sp and Sy) are calculated to evaluate the effects of
glycosylation on the mass heterogeneity of the intact SIgG2. The percent composition of Sy
relative to Sa, SB and Sy is ~95% indicating that deglycosylation of SIgG2 primarily results in one

species.

Figure 4.2b shows the spectrum of deglycosylated “1gG2. CAPTR of deglycosylated

AlgG2 (Figure S4.4) identified three species, which are noted as 5, A¢ and A in Figure 4.2b. The
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control MS (Figure S4.2b) shows that the emergence of A5, A¢ and A, (Figure 4.2b) are solely
attributed to deglycosylation. Since the A¢ and A( exhibit a mass difference of 0.9 kDa and are
partially resolved, the percent composition of ¢ and A relative to the sum of A3, A and A is
calculated and corresponds to 46.9% for the 25+ charge state. This indicates that AIgG2 is
consisting of three species distinguished by glycosylation with a relatively more even abundance

and therefore, the apparent heterogeneity by glycosylation for A1gG2 may be larger than S1gG2.

The extent of glycosylation is compared between 1gG2 and A1gG2. The extent of
glycosylation is the mass difference between mass of deglycosylated species and the respective
intact IgG2. The extent of glycosylation of #lgG2 may range from 4 to 8.5 kDa, which is 2.5 —
5.7% of the intact A1gG2. The glycosylation by Sy (the primary deglycosylated SIgG2) accounts
for 1.9% of the intact mass. This shows that the intact 1gG2 is relatively more glycosylated
compared to S1gG2. However, the mass of the deglycosylated AlgG2 (149 — 152 kDa) and SIgG2
(148 - 151 kDa) are identical (Figure 4.2). This indicates that the two samples may also vary by

other kinds of PTMs (24-27) and/or composition of primary amino acid.
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Figure 4.2. Spectra of the deglycosylated (a) S1gG2 and (b) A1gG2. (a) S0, Sp, and Sy indicate
three deglycosylated species of S1gG2. Based on results from CAPTR (Figure S4.3), the masses
of Sa, SB, and Sy are 148, 149, and 151 kDa, respectively. (b) A, Ac and A indicate three
deglycosylated species of A1gG2. Based on results from CAPTR (Figure S4.4), the masses of A3,

Ag and AC are 150, 153, and 153 kDa, respectively.
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4.4.3 Native IM-MS of 1gG2

Figure 4.3a shows the Q distributions of native-like SIgG2 in both polarities. The Q
distributions display apparent unimodal distributions. The Q values increase with increasing
charge state indicating that the structures of native-like SIgG2 adopt more larger conformations.
Additionally, the peak width of Q distributions increases with increasing z. This suggests that the
structural heterogeneity of native-like SIgG2 increases with increasing z. The Q of native-like
S1gG2 is determined as described in Data Analysis and plotted in Figure 4.3c. The  increases up
to 11% from the 20— to the 27+ charge states. To better understand the effects of polarity and z,
the linear regression was used to correlate the Q) values and the |z| (Figure 4.3c). The slope
indicates the rate of the Q change by charge state. The slopes are 0.8 and 1.2 nm? for cations and
anions respectively. This suggests that the structures of the SIgG2 anions increase by charge
state than the cations by a factor of 1.5. As result, the Q increases up to 4% (from 23+ to 27+),
while the anions increase up to 6% (from 20— to 23-). Since the anions display relatively more
compact conformations than the cations i.e increasing the nocovalent interactions within the Abs,
increasing z may more significantly disrupts the noncovalent interactions and induces a greater
expansion of the structures. To the best of our knowledge, the dependence of Q of native-like
Abs on the charge states for the anions has not been reported previously. The demonstrates that
the consideration of charge state and polarity may be useful for native IM-MS analysis of native-

like Abs.

For context, the strong relationship between charge state and Q observed for S1gG2 is not
observed for most globular native-like protein ions (5, 10). For example, alcohol dehydrogenase
(ADH) has a mass (~150 kDa) and exhibits similar charge state as most Abs. However, the Q of

native-like ADH (Figure 4.3c) does not depend on charge state. The changes of structures of
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native-like S1gG2 by charge state may be attributed to the flexible regions of Abs that enable to
adopt a wide range of conformations. However, non-globular shape of the proteins does not
guarantee the Q dependence on z at low energy. For example, the pentameric serum amyloid P
(SAP) contains a large central cavity and the Q depends on z at low energy (49). Therefore, the
Q dependence on z of native-like SIgG2 may be facilitated by the flexible hinge region that

enables a wide range of conformations with varying charge states.

Figure 4.3b shows that the Q distributions of AIgG2. The Q distributions of the anions
display bimodal distributions, indicating the presence of at least two structures. However, these
bimodal features disappear with increasing |z| and increasingly displays unimodal distributions.
This suggests that increasing |z| enables the more compact conformations in the bimodal
distributions to rapidly isomerize into larger structures. The Q of AlgG2 is shown in Figure 4.3c.
The linear regression is fitted to the {1 to understand the effects of z for each polarity (Figure
4.3c). The slope of the cations corresponds to 1.2 nm?, resulting in the increase of Q by 9%
(from 23+ to 28+). The slope of the anions is 1.7 nm?and is correlated to the Q increase to 12%
(from 19— to 24-). This indicates that the Q increase by z is greater for the anions than the
cations by a factor of ~1.4. The greater increase of  for the anions by z is associated with the
rapid isomerization to larger structures with increasing z partly indicated by disappearance of

bimodal distributions.

The Q of AlgG2 and S1gG2 are different for ions of the same charge states indicating that
the structures of native-like A1gG2 and SIgG2 are distinct from each other. For example, the
comparison of Q of 23+ AlgG2 than SIgG2 exhibits only up to 0.71% difference and may

undermine the difference between A1gG2 than S1gG2 elicited using 22— charge state that shows
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about 7.3% difference (Figure 4.3c). The difference in the apparent mass, mass heterogeneity
and the extent of glycosylation (vide supra) may be attributed to induce distinct conformations of
Abs under native conditions. The slopes of the linear regression are greater for IgG2 than S1gG2
for the anions and cations respectively by a factor of 1.6 and 1.4. This indicates that the
structures of AlgG2 enlarges due to increasing z to a greater extent than SIgG2. Since the
structures of the Abs varies by polarity and z, consideration of the z and polarity may enhance the
Q comparison of native-like 1gG2 and SIgG2 or other native-like Abs with the similar

properties.
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Figure 4.3. Native-like Q of SIgG2 and *IgG2. The Q distributions of (a) SIgG2 and (b) AlgG2 at

trap injection voltage of 4 V. The anions and cations are plotted in dotted (---) and solid (—) lines

respectively. (c) The Q of anions (xr) and cations (o) of S1gG2, AIgG2 and ADH(5) are plotted.
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Each marker represents the average of the Q of three independent technical replicates. Linear
regression of the results for the anions and cations is indicated by dotted black lines. The
equations for the fitted linear regression and the R? values are shown below. The error bars

indicate the standard deviation of the {1 of three independent technical replicates.

4.4.4 CIU of 1gG2

Selected charge states of SIgG2 ions were injected into the trap cell with a wide range of
laboratory frame energy. Laboratory frame energy is the product of the trap injection voltage and
the charge state. CIU analysis of SIgG2 ions monitors the conformational changes observe by Q
as a function of laboratory frame energy (Figure 4.4). The Q of the most compact conformation
is observed at low energy. The Q of the most compact conformation increases with increasing
charge state consistent with results discussed in Native IM-MS of IgG. Interestingly, the anions of
S1gG2 exhibit further compaction with increasing energy. This suggests that the ions of lower
charge states may adopt more compact conformations upon activation less inhibited by
coulombic unfolding compared to ions of higher charge states. Alternatively, a previous report
suggests that activation of the pentameric serum amyloid P (SAP) of low charge states induces
compaction due to collapse of the ring-like topology (49). Therefore, it may be possible that the

S1gG2 anions may contain cavity-like region that collapses upon the activation.
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Figure 4.4. Results of CIU of selected charge states of native SIgG2 precursor ions. The heatmap
exhibits apparent Q distributions as a function of laboratory frame energy in 4 V increment from

4-200 V.
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The CIU of S1gG2 is further characterized by comparing to the CIU of ADH (Figure
S4.5). The CIU fingerprints of S1gG2 (Figure 4.4) and ADH (Figure S4.5) show that the
unfolding stability of SIgG2 is greater than ADH, which display continuous increase in Q with

increasing energy. The extent of unfolding stability is quantified by M, where 0,4, and O,

Qmin

correspond to the Q at the highest and lowest laboratory-frame energy, respectively (Figure 4.5).

The gmﬂ of S1IgG2 and ADH increase with increasing z (Figure 4.5). The % of ADH is

min min

greater than S1gG2 for the ions of the same charge states. For instance, g’"ﬂ of ADH is 1.41 and

min

1.58 for 21- and 25+ charge states respectively, while the overall extent of unfolding for S1gG2 is

1.19 and 1.33 for 21- and 25+ charge states respectively. The higher g"ﬂ of ADH is attributed

to continuous unfolding in the intermediate energy (Figure S4.5). The difference in the unfolding
stability of SIgG2 may be attributed to the flexible region of S1gG2 that enable the *1gG2 to adopt
a wide range of conformations of the similar Q. Alternatively, the quaternary structure of ADH
(consisting of homotetramers via noncovalent interactions) may be inefficient in stabilizing the

ions the subunits compared to the SIgG2, a monomeric protein.

The CIU results of AIgG2 (Figure S4.6) is used to obtain g"ﬂ (Figure 4.5). The dmax of

Qmm

Qmax

AlgG2 increases with increasing z (Figure 4.5). The - of SIgG2 and AlgG2 are relatively

similar to each other compared to ADH. For example, the difference of g"ﬂ of SIgG2 and AlgG

min

are 0.07 and 0.05 for 21— and 25+ charge states respectively. On the contrary, the difference of
gm# of ADH and S1gG2 are 0.2 and 0.3 for 21— and 25+ charge states respectively. The visual

min

inspection of the SIgG2 and A1gG CIU fingerprints confirms that the CIU of the samplesare
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similar to each other than ADH. This indicates that the greater CIU stability than ADH is

consistently observed for both samples.
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Figure 4.5. The max of C|Y of S19G2 and A1gG2. The Q,,,4, and Q,,;,, represent the average of

min

the Q values of three independent technical replicates at 200 and 4 V for SIgG2 and A1gG2. The

(Em—‘f’“ of the cations (o) and anions (O) of SIgG2 and AIgG2 are plotted. The {4, and Q,,,;,, of

min

ADH cations () and anions (®) are the Q values at 198 and 10 V respectively. The standard

deviation of Q,,,, and £,,;,, of S1gG2 and A1gG2 is within 3% of the respective  values.
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Since the omax compares the Q at the lowest and highest energy, the CIU results for

S1gG2 and AlgG2 are quantitatively compared for the entire energy range (Figure 4.6 and Figure
S4.7) using a “similarity score”, which has been previously described in detail (11). Identical Q
distributions result in similarity score of exactly 1. However, dissimilarity between the Q
distributions decreases the similarity score from 1. Figure 4.6a shows the similarity score
analysis comparing 22— SIgG2 and AlgG2 comparison. The similarity score in the low energy
range (88 — 1500 eV) shows the greatest dissimilarity indicated by the lowest score (~0.6). The
Q distributions of 22— SIgG2 and “1gG2 (Figure S4.9) only partially overlap at the low energy.
Additionally, the similarity score comparing the technical replicates (Figure 4.6a and Figure
S4.8a) do not interfere the comparison between the samples in the low energy range (88 — 1500
eV). Therefore, the low energy range may be utilized to compare the structures of 22— S1gG2

and A1gG2 i.e the native IM-MS analysis is sufficient to effectively differentiate the two samples.

The similarity score increases with increasing energy indicating that the structures of 22—
S19G2 and A1gG2 isomerize into the similar structures. For example, Figure 4.6a shows that the
similarity score reaches approximately one at ~2000 eV confirmed by very similar Q
distributions of the two samples (Figure S4.8b and Figure S4.9b). The similarity score at the
highest energy range (~2000 — 4400 eV), but interfered by decreased reproducibility (Figure
S4.8c). The decreased reproducibility at high energy may be attributed to varying stability of the
samples amongst technical replicates or binding of nonspecific adducts (50) that is beyond the
resolution of the TOF. Therefore, the comparison of 22— S1gG2 and AlgG2 is not further pursued.
The largest difference in the low energy is observed for anions of other charge states (Figure

S4.7) without the interference by reproducibility.
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Figure 4.6b shows the similarity score analysis of 25+ 51gG2 and ~1gG2. Figure 4.6b
shows that the similarity score comparing the 25+ 51gG2 and ~1gG2 exhibits the lowest score
(~0.6 to 0.85) at the low energy range (100 — 1800 eV). Figure S4.9d confirms that the Q
distributions of 25+ S1gG2 and lgG2 indeed show distinct difference. However, the comparison
in this energy range is also interfered by decreased reproducibility (Figure 4.6b and Figure S4.7).
The decreased reproducibility is continuously observed at the intermediate energy (2000 — 3500
eV) (Figure 4.6b, Figure S4.8e and Figure S4.9e) until the 25+ S1gG2 and AlgG2 isomerize into
similar structures at the highest energy range (3500 — 5000 eV) (Figure 4.6b and Figure S4.9f).
Generally, the extent of difference in the low energy range is more modest for cations than any
of the anions (Figure S4.7). Additionally, the CIU results of the cations are disadvantaged from

decreased reproducibility.
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Figure 6. Similarity score (11) comparing unique pairs of triplicate CIU results of (a) 22— and
(b) 25+ 319G2 and “lgG2. The solid lines indicate the comparison between SIgG2 and A1gG2.
The dashed (---) and dotted (---) indicate the similarity score comparing the technical replicates of

S1gG2 and AlgG2, respectively.
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4.5 Conclusions

Native-like ®1gG2 and “1gG2 are probed using native MS, native IM-MS and CIU. 51gG2
and A1gG2 are Abs that have the that have «x light chain and are both extracted from human
myeloma plasma but have different manufacturing origins. The native IM-MS analysis shows
that z and polarity affect the Q of the samples. This result is very different than that obtained for
other native-like protein ions using similar experimental methods (41), including ADH (Figure
4.3). The strong relationship between Q and z and polarity may be attributed to the presence of
flexible hinge region that enable Abs to adopt a wide range of conformations. The rate of Q
increase with z is greater for the anions than the cations for both samples. These results show that
the consideration of z and polarity may enhance the utility of native IM-MS analysis of mAbs
with similar properties or biosimilar mAbs. These structural differences of native-like Abs
observed may be attributed to the difference in the apparent mass, relative mass heterogeneity

(Figure 4.1) and glycosylation (Figure 4.2) observed using native MS.

The CIU analysis is useful to distinguish these two samples from eachother (Figure 4.4
and S4.6), as well as from proteins with different properties such as ADH (Figure S4.5) (Figure
4.5). The similarity score comparing CIU results of SIgG2 and AlgG2 demonstrates that the
mADbs are most effectively differentiated at low energy range using anions (Figure 4.6). These
results indicate that comparison between the mAbs with similar properties are sensitive to energy
z, and polarity. The CIU fingerprints of the Abs and ADH are vastly different from each other

across the entire energy range for several ions except 20— 1gG2 and most anions of SIgG2 at the

low energy range. The comparison of the CIU results of the Abs and ADH demonstrates that the
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Abs are more stable than ADH, possibly due to the presence of the flexible hinge region in the

Abs.

The present study explores the effects of z, polarity and energy on native-like Abs using
IM-MS analysis. Unlike most proteins that have been analyzed using IM-MS (41), the structures
of native-like mAbs depend on z and polarity. The native IM-MS analysis of these samples
suggests that consideration of z and polarity may enhance native IM-MS analysis of Abs, and
more specifically, analysis of Abs with similar properties or biosimilar mAbs. In addition to z
and polarity, these CIU results indicate that the comparison between structures of Abs is
sensitive to energy, z and polarity. More generally, these results indicate that the consideration of
z, polarity and energy may be important to understand the structures and dynamics of native-like
Abs. Furthermore, the broader considerations of z, polarity and energy may enable improve

native IM-MS methods controlling the quality of and differentiating similar mAbs.
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Chapter 5: CIU Analysis of Protein-Ligand Complexes of Interest in

the Presence of Nonspecifically Binding Interference

5.1 Abstract

Collision-induced unfolding (CIU) is increasingly used to study the effects of ligand
binding to proteins and protein complexes. During CIU, precursor ions with a wide window of
m/z are usually isolated; the width of this window is associated with the broad features often
observed in native MS and in order to maximize sensitivity. Here, the mass spectra with
increasing collision-energy show that the quadrupole selected precursor ions are interfered by
nonspecifically binding adducts (NSA). Therefore, Srelative is developed to evaluate the
abundance of the interferants in the m/z windows of the precursor ions as a function of energy.
The Srelative Method is used to determine the minimum collision-energy threshold at which all of
the apparent NSA are removed. This energy threshold is used to unambiguously interpret the
effects of ligand binding of interest on the CIU and CID stability. More generally, the Srelative

method may be used for quality control of CIU analysis.

5.2 Introduction

lons in native MS are formed from ESI (electrospray ionization) (1, 2). Native MS
experiments are operated under nondenaturing conditions including low temperature, low
pressure, and minimal potential difference in the instrument. The ions of native MS display
characteristics that are correlated to noncovalent interactions in the agueous solution such as
stoichiometry (3, 4), heterogeneity (3, 4), dynamics (3) and ligand binding (5) of proteins and
protein complexes. Native MS analysis is increasingly used to study protein-ligand interactions

(6-9) and provides insights into direct binding information (6, 8, 10). For example, native MS
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results of the biotin retention protein A (BirA) from Staphylococcus aureus shows that the
dimeric protein makes a complex with an oligonucleotide that has the a biotin transporter (BioY)

recognition sequence under high biotin conditions (11).

lon mobility (IM) separates ions based on their mobility and provides information about
the size and shape of the analyte in terms of collision cross section (Q). IM-MS results correlate
the mobility of the ions with the respective results from MS. Energy-dependent IM-MS
techniques such as collision-induced unfolding (C1U) (12-15) or collision induced dissociation
(CID) (13, 14) provide further insights into the stability of protein complexes. Collisional
activation of protein complexes unfolds the proteins by increasing the internal energy prior to
IM-MS analysis. The CIU of protein complexes is mediated by migration of mobile protons (16,
17) to one of the subunits, which causes the Coulombic unfolding and the subsequent ejection of

the subunit at sufficiently high energy.

Previously, several studies have established that CIU is sensitive to ligand binding (18—
20). The application of CIU of the native precursor is often performed without narrow isolation
of the ion of interest (i.e., CIU of the whole spectrum) (21). Therefore, the effects of ligand
binding of interest may be convoluted by the interference of nonspecific adducts (NSA). For
instance, the binding of NSA including nonvolatile buffer ions (22) and alkali or alkali earth
metal ions (15, 23) can increase the CIU stability of proteins in the gas-phase. The presence of
NSA detected by MS are attributed to sample preparation (e.g., incomplete buffer exchange),
ionization conditions (e.g., droplet size (24) formed from ESI, heating) and/or inevitable

exposure to surface.

HSPBS5 alpha crystallin domain (ACD) is the core domain of the full-length HSPB5, a

mammalian small heat shock protein. HSPB5 ACD exists in equilibrium between monomers and
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dimers in solution (25). A previous work suggests that the function of the full-length HSPB5
may be modulated by the dimer and monomer equilibrium of the ACD. Various metal ion
binding to the full-length HSPB5 may increase or decrease the chaperone activity of the full-
length HSPB5 (26). Here, we aim to study the effects of Ni(ll) binding to the HSPB5 ACD
dimer on the CIU and CID stability. The initial precursor for CIU analysis is interfered by NSA,
precluding direct assessment of the effects of ligand binding. Increasing energy releases NSA
from the quadrupole selected peak and gives rise to additional signals of the ACD dimer at lower
m/z than the initially quadrupole selected peak. By probing the intensity in the initially
quadrupole selected m/z relative to all observed dimer signals as a function of energy, we
determine the minimum energy where the apparent NSA are fully released from the quadrupole
selected peak. This energy threshold is used to unambiguously investigate the effects of ligand

binding of interest on the CIU stability.

5.3 Experimental Methods

Sample Preparation

A TEV cleavable N-terminally His-tagged ACD of HSBP5 (residues 64-152 of the full-
length HSPB5, UNIPROT: P02511) was expressed (27) and purified (28) as reported previously.
The ACD was buffer exchanged into 200 mM ammonium acetate at pH 8.5 using centrifugal
concentrators (5 kDa MWCO, Spin-X UF, Corning, Inc.). The final solution containing 10 uM
ACD of HSBPS5 titrated with 30 uM NiCl2-6H20 (Sigma Aldrich) solutions were incubated for

20 to 24 hours at room temperature.

Native MS and IM-MS
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lons were generated using nESI as described previously (29). Mass spectrometry data
were acquired using a Waters Synapt G2 HDMS instrument in which the traveling-wave ion
mobility cell was replaced with a radio-frequency (rf) confining drift cell (30). The following
MS parameters were used: capillary voltage, equal or less than 1.0 kV; sampling cone, 20 V;
extraction cone, 5 V; source temperature, ~ 30 °C; trap collision energy, 4 for the native MS.
Mass spectra were analyzed using MassLynx (v4.1, Waters Co.). To determine the mobilities of
minimally activated protein ions, ions were introduced into the rf confining drift cell that was
operated using drift voltages ranging from 104 to 354 V (30). Q values of protein ions and the
mobility-independent transport times of ions (t0) were determined from the slopes of plots of
drift time versus reciprocal drift voltage as described previously (30). For CIU experiments, ions
were accelerated prior to entering the trap cell using trap injection voltages ranging from 4 to 61
V with 1V increments using the rf confining drift cell operated at a drift voltage of 104 V. For
all IM experiments, rf confining drift cell contained ~1.7 torr He. The arrival time distributions

were extracted and analyzed using in-house software (31).

5.4 Results

5.4.1 Precursor lons

Figure 5.1a shows the native spectrum of the 9+ dimer of HSPB5 ([2ACD+2Ni+5H]"). The
signals at higher m/z than the quadrupole selected Q precursor indicates the presence of NSA.
The mass difference in the resolved peaks indicates that Na (23.0 Da) may nonspecifically bind
to the ACD dimer. However, the unresolved baseline indicates that additional types of NSA are
present. The presence of NSA may be attributed to the insufficient removal of buffer that the
protein was prepared prior to buffer exchange into ammonium acetate. Additionally, the presence

of NSA may be attributed to the inevitable exposure to surfaces (e.g., glass capillary). Since the
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apo ACD displays the presence of NSA (Figure 5.1a), it is likely that the NSA are present in

Figure 5.1b, which shows HSPB5 with Ni(ll) titration.

Figure 5.1a and 5.1b show the quadrupole selection of precursor ions for CIU based on m/z.
Figure 5.1a shows that the quadrupole selection of the precursor of apo 9+ dimer HSPB5 does
not likely have any contributions from NSA. However, quadrupole selection of the
[2ACD+2Ni+5H]%* based on m/z is likely interfered by NSA. For example, the quadrupole
selected peak may include [2ACD+NSA]**and/or [2ACD+1Ni+NSA]*" in addition to
[2ACD+2Ni+5H]°*. The three species may be more resolved with instruments with higher mass

resolving power.
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Figure 5.1. The enlarged native mass spectrum of 9+ HSPB5 dimer (a) without the addition of
Ni(Il) and (b) with the addition of Ni (II) (noted with black solid trace). The shaded region
indicate the quadrupole selected (a) apo and (b) 2 Ni(ll) bound 9+ HSPB5 dimer based on m/z.

Relative mass axis indicates zero relative to the non-adducted 9+ HSPB5 dimer. (b) The arrows

indicate the relative mass of 0 to 3 Ni(ll) ions bound HSPB5 ACD.
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5.4.2 Determination of Srelative

Figure 5.2a shows the effects of collisional activation on the apparent [2ACD+2Ni+5H]°*
ions; the corresponding mass spectra with and without quadrupole selection are shown in Figure
5.1b. Interestingly, the activation of those ions gives rise to two additional peaks that align with
[2ACD+Ni+7H]®* and [2ACD+9H]®*. On the contrary, activation of the quadrupole selected ions
shown in Figure 5.1a did not give rise to additional peaks at lower m/z corresponding to other
types of ACD dimer (data not shown). This indicates that the emergence of additional peaks in
Figure 5.1b can be attributed to the loss of noncovalent interactions but not covalent bond

breaking.

The mass difference between the initial peak (2ACD+2Ni+5H]®*) and the additional peaks
([2ACD+Ni+7H]°" and [2ACD+9H]°") are approximately multiples of 58.69 Da. Additionally,
the release of adducts does not alter the charge state, inferring that the adducts are lost as neutral
molecules. One of the candidates that satisfy these two conditions is acetic acid (60.05 Da).

Acetic acid may be formed from a proton from the proteins and acetate from ammonium acetate.

Figure 5.2b shows the survival of the precursor ions as a function of laboratory frame energy.
Laboratory frame energy is the product of the charge state and trap injection voltage. The

survival yield will be quantified by S, where S is defined using Equation 1:

G Zmﬁzgg Intensity(m/z) Equation (1)

Zzﬁziizg Intensity(m/z)

S is used to determine the energy threshold that the signal from m/z 2275 to 2278 unambiguously
probes HSPB5 bound by two Ni(ll). S value decreases as the laboratory frame energy increases.
The decrease of S indicates that signal from NSA decreases from the m/z of the initially

quadrupole selected peak. The extent of decrease of S varies by the replicate. This indicates that
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each replicate contains varying amount of NSA. Therefore, the normalized S (Srelative) iS required
to determine the energy threshold (vide infra). The increase of S at high energy occurs as the
dimeric HSPB5 dissociates to monomers in the order of the [2ACD+9H]%*, [2ACD+1Ni+7H]®*

and [2ACD+2Ni+5H]°".
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Figure 5.2. The enlarged mass spectrum of 9+ HSPB5 dimer (a) with the addition of Ni(ll)
(black solid trace). The quadrupole selected (a) 2 Ni(Il) bound 9+ HSPB5 dimer based on m/z at
36 (shaded) and 288 eV (orange trace). (b) S as a function of laboratory frame energy. (c) The

average of the Srelative Of the three independent replicates is plotted as a function of laboratory
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frame energy. The error bar indicates the 95% confidence interval of the three independent

technical replicates.
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The Srelative IS defined as the following (Equation 2):

—2=Smin_ Equation (2)

Sy =
relative
L Smax—Smin

where Smin the minimum value of S and Smax the maximum value of S. The Srejative Of €ach
replicate reaches zero (Smin) at 288 eV for all replicates. This indicates that NSA are fully

released at 288 eV for all technical replicates despite the varying amounts of adducts.

Figure 5.3a and 5.3b show the CIU heat maps of [2ACD+2Ni+5H]**and [2ACD+9H]°*
respectively. The CIU of the most compact conformations (198 eV) is destabilized by two Ni(ll)
binding compared to the apo. On the contrary, the CIU of the intermediate conformations (333
eV) is stabilized by two Ni(ll) relative to the apo. Since the apparent adduct interference is no
longer present at energy higher than 288 eV, the increased CIU stability of the intermediate

conformations is unambiguously attributed to two Ni(Il) binding to HSPB5.

5.4.3 CIU and CID Analysis: Effects of Ni(l1) Binding to the ACD Dimer

Figure 5.3a and 5.3b show the CIU heat maps of [2ACD+2Ni+5H]**and [2ACD+9H]°*
respectively. Three major CIU species are observed for both [2ACD+2Ni+5H]**and
[2ACD+9H]°* based on the Q distribution: compact (I), partially unfolded (IT) and mostly
unfolded (I11) species. The Q distributions of conformer Il show bimodal and unimodal
distributions for [2ACD+2Ni+5H]°* and [2ACD+9H]°* respectively. The median Q values of
[2ACD+2Ni+5H]* and [2ACD+9H]°* at 270 eV are determined from 50% of the cumulative
distribution function of the Q distribution (32). The median Q values show 2% difference.
Therefore, both Q distributions are classified as conformer II for further analysis. The relative

abundance of CIU conformers are plotted in Figure 5.3c and 5.3d as a function of energy. The

116



transition midpoint energy (TME) indicates the energy for the appearance and disappearance of

CIU conformers by 50% and is used to evaluate the CIU unfolding stability of an ion.

The transition from conformer | to conformer Il occurs at a lower energy than the
threshold energy (288 eV) identified in the preceding section. On the contrary, the transition
from conformer 11 to conformer Il occurs above the threshold. Therefore, the unfolding from
conformer 11 to conformer 111 is used to compare the CIU stability of [2ACD+2Ni+5H]**" and the
apo counterpart. The TME for the transition from conformer 1l to conformer 111 of the
[2ACD+9H]°* and [2ACD+2Ni+5H]%" are 297 — 306 and 333 eV respectively. This suggests that
two Ni(Il) binding stabilizes the unfolding from conformer Il to conformer 111 by 27 — 36 eV.
One explanation for the observed increase in unfolding stability involves the type of charge
carrier of the apo and Ni(l1) bound protein. The CIU of [2ACD+9H]°* is mediated by migration
of mobile protons. In comparison, the charge carrier of [2ACD+2Ni+5H]** may be a
combination of protons and Ni(ll) that the complex may display less efficient CIU due to less

mobility of Ni(ll) via multidentate interactions compared to protons.

Increasing energy eventually leads to CID of the apo and Ni(Il) bound precursor dimers
mostly via asymmetric charge partitioning generating 6+ and 3+ monomers (Figure S5.1a).
However, some symmetric dissociation is evidenced by 5+ and 4+ monomers (Figure S5.1a).
The CID of precursors containing Ni(ll) generates product ions that retain Ni(ll) even after the
dissociations of the dimers, suggesting the high stability of Ni(ll) binding interactions with the
ACD dimer. To understand the effects of Ni(ll) binding on the CID stability, the CID survival
yield of precursor dimers relative to the dimers and dissociated monomers is probed as a function
of the energy (Figure 5.3c and 5.3d) using the relative intensity in the mass spectra. Note that the

precursor dimers in Figure 5.3d include all the dimers generated from the initially quadrupole
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selected peak ([2ACD+2Ni+5H]®*, [2ACD+1Ni+7H]** and [2ACD+9H]®"). Therefore, the
difference between the CID stability in Figure 5.3c and 5.3d is attributed to one Ni(ll) and/or two
Ni(Il) binding relative to the apo. The CID survival yield of the apo precursor dimer shows that
the survival yield drastically decreases with the appearance of conformer I11, indicating that the
unfolding from conformer I1 to I11 significantly contributes to the dissociation. The TME of the
apo and Ni(ll) containing precursors are 432 — 441 and ~ 459 eV respectively, suggesting that
Ni(Il) binding increases the CID stability by 18 — 27 eV. Since the unfolding from conformer 11
to conformer 111 is above the 288 eV threshold, it may be possible that the increased stability of

CID may be attributed to the increased CIU stability of [2ACD+2Ni+5H]°* compared to the apo.
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Figure 5.3. the CIU results of (a) the unadducted (Figure 5.1a) and (b) the quadrupole selected
peak (Figure 5.1b). The trap injection voltage ranges from 4 — 61 V by 1 V increment. The
survival yield plot of the CIU conformers of the precursors in (c) Figure 5.1a and (d) Figure 5.1b
are probed as a function of energy. The CID survival yield of the precursor dimers relative to
dissociated monomers (black trace) is plotted as a function of energy for the initial precursor

dimers shown in (c) Figure 5.1a and (d) Figure 5.1b.
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5.5 Conclusion

The objective of this research was to study Ni(ll) binding to the 9+ HSPB5 ACD dimer
using CIU and CID. Despite extensive buffer exchange, it was challenging to generate native MS
spectra without the presence of NSA (Figure 5.1). As a result, the quadrupole selected precursor
ions for CIU analysis of protein-ligand are interfered by NSA. In order to circumvent the adduct
interference, Sreiative 1S USed to determine the minimum collision-energy threshold at which all of
the adduct ions are released (Figure 5.2). Using the threshold, we unambiguously determined the
effects of two Ni(Il) binding on the CIU stability of HSPB5 ACD dimers in comparison to the
apo dimer. Ni(lIl) binding increases the stability of CIU from conformer 1l to I11, which
consequently increases the CID stability of the dimer (Figure 5.3). The Srelative method is useful to
understand the effects of ligand binding on the CIU and CID stability of protein-ligand
complexes. Furthermore, The Sreiative Method may be used for a general quality control for Cl1U

analysis of protein ions that may be interfered by nonspecifically binding adducts.
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Appendix A

Supplemental Information for Chapter 3

Table S1. Median Q Values.

Cations Anions
Protein Name |z] Q / nm? Q / nm?
Avidin 13 - 35.3
14 35.2 35.3
15 35.6 -
16 35.9 -
p-lactoglobulin 6 - 16.1
(monomer)
7 16.7 16.4
8 17.2 -
9 18.0 -
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Figure S3.1. Apparent Q distributions of avidin ions at low energy (blue traces) overlaid with

the corresponding cumulative distribution functions (orange traces).
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Figure S3.2. Apparent Q distributions of avidin ions at high energy (blue traces) overlaid with

the corresponding cumulative distribution functions (orange traces).
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Figure S3.3. Mass spectra of avidin in positive ion mode obtained from solutions containing (a)
200 mM ammonium acetate at pH 7.0 and (b) 50 mM trimethylamine and 200 mM ammonium

acetate.
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Figure S3.4. (a-e) Apparent Q distributions of 14+ and 14— avidin at selected laboratory-frame

energies. (f) Q distributions of 7+ and 7— B-lactoglobulin monomer at a laboratory-frame energy

of 518 eV.
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Figure S3.7. Comparison plots generated using CIU Suite 2 [38]. The plots were generated using

the same experimental data as Figure 3.4. The default (no additional) smoothing was applied.

The input files are normalized by CIU Suite 2 and is indicated by the color scale of +1 or —1.

38.  Polasky, D.A., Dixit, S.M., Fantin, S.M., Ruotolo, B.T.: CIUSuite 2: Next-Generation

Software for the Analysis of Gas-Phase Protein Unfolding Data. Anal. Chem. 91, 3147-3155

(2019). doi:10.1021/acs.analchem.8b05762
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Figure S3.8. Native mass spectra (—) of B-lactoglobulin in positive (a) and negative (b) polarity.

2615 2620

The unadducted 7+ (-, shaded) and 7— (-, shaded) B-lactoglobulin monomer at 28 eV were
quadrupole selected and overlaid with the original mass spectra. Note that these spectra were not

smoothed and are representative of those used for CIU analysis.
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Figure S3.9. (a) CIU of 7+ and 7— B-lactoglobulin monomer. Q distributions of the 7+ and 7— -
lactoglobulin monomer are shown as a function of laboratory frame energy. (b) Similarity score

based on the results in (a).
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Figure S3.10. Collision-induced dissociation spectra acquired for 16+ avidin at (top, laboratory

frame energy of 1024 eV) and 14— avidin (bottom, laboratory-frame energy of 1092 eV).
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Figure S3.11. Quadrupole-selected 16+ avidin at low laboratory frame energy (320 eV). Each

spectrum is an independent technical replicate.
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Figure S3.12. Quadrupole-selected 16+ avidin at high laboratory frame energy (1024 eV). Each

spectrum is an independent technical replicate.
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Figure S3.13. Mass spectra of 14+ and 14— avidin at 56 (top) and 500 (bottom) eV laboratory

frame energy. The 14+ and 14— avidin ions are indicated with “*”. Varying extents of charge-

stripped avidin ions are also observed.
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Appendix C

Supplemental Information for Chapter 4
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Figure S4.1. Native Mass of °1gG1, S1gG3 and S1gG4 in the positive (left) and negative (right)

ion mode. The apparent mass of *1gG1, *IgG3 and SIgG4 correspond to 149, 162 and156 kDa

respectively.
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Figure S4.2. Control Mass Spectra of Deglycosylation of (a) S1gG2 and (b) “lgG2. The control

samples of S1gG2 and A1gG2 were prepared using the same conditions for the deglycosylation

(Figure 4.2) except the presence of PNGase F.
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Figure S4.3. CAPTR MS of SIgG2. The top spectra of (a) and (b) correspond to the CAPTR
spectrum of (a) * and (b) e and o respectively. The bottom spectra demonstrate the selection of

the precursor peaks for the CAPTR of (a) * and (b) @ and o respectively.

139



—_—
1Y)
—

AlgG2 A6
CAPTR

s 29+
26+ AlgG2 "8
¥ No CAPTR

Relative Intensity
-L_—_
—
e
e
-

—
o
—

AlgG2 e
CAPTR

.U(.A. A . A
£6+

AlgG2 e
No CAPTR

Relative Intensity
h___

—_—
[a)
S

AlgG2 AL
CAPTR

L‘A AN at

26+ MgG24T
¥

No CAPTR
A

5600 6000 6400 6800 7200 miz

Relative Intensity
e
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spectra of #, A and ¢ respectively. The bottom spectra indicate the selection of the CAPTR

precursors for the respective top spectra.
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Figure S4.5. CIU of native ADH. The heatmap exhibits apparent Q distributions as a function of

laboratory frame energy in 4 V increment from 10 — 198 V.

141



Q /nm?

10 20 30 40 10 20 30 40

Laboratory Frame Energy /eV x10?

120
110
100
90
80
70
6 10 20 30 40

120
110

10 20 30 40 50 10 20 30 40 50

Laboratory Frame Energy /eV x10* Laboratory Frame Energy /eV x10?

Figure S4.6. CIU of native-like “1gG2. The heatmap exhibits apparent Q distributions as a

function of laboratory frame energy in 4 V increment from 4 — 200 V.
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Figure S4.7. Similarity score of 21—, 23— and 26+ SIgG2 and “1gG2. The comparison between

S1gG2 and AlgG2 are indicated by the solid lines. The technical replicates of S1gG2 and A1gG2

are indicated by dashed (---) and dotted (--) lines respectively.
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Figure S4.8. (a — c) the individual Q distributions of the technical replicates of SIgG2 (---) that
exhibited decrease in the similarity score at the high energy range (Figure 4.6a). (d — f) the
individual Q distributions of the technical replicates of AIgG2 (---) that exhibited the lowest

similarity score amongst the comparisons of replicates at the low energy range (Figure 4.6b).
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Figure S4.9. (a — ¢) Individual Q Distributions Comparing 22— 5IgG2 and AIgG2 corresponding
to the lowest and highest similarity score (Figure 4.6a). (d — f) Individual Q Distributions
Comparing 25+ SIgG2 and AlgG2 corresponding to the lowest and highest similarity score

(Figure 4.6D).
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Appendix D

Supplemental Information for Chapter 5
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Figure S5.1. (a) The overall mass spectrum during the CID of the 9+ ACD dimers (@) at 495

eV. (b) The 6+ and 3+ and 5+ and 4+ product monomers (O) generated by the CID of the

precursor at 495 eV. Intact Ni(ll) ions are indicated with by A.
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