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Abstract 

 

Mass spectrometry (MS) serves as an indispensable technology for modern pharmaceutical drug 

discovery and development processes, where it is used to assess ligand binding to target proteins 

and to search for biomarkers that can be used to gauge disease progression and drug action. 

However, MS is rarely treated as a screening technology for the structural consequences of drug 

binding. Instead, more time-consuming technologies capable of projecting atomic models of 

protein-drug interactions are utilized.  In this thesis, ion mobility-mass spectrometry (IM-MS) 

methods are developed in order to fill these technology gaps.  Principle among these is collision 

induced unfolding (CIU), which leverages the ability of IM to separate ions according to their 

size and charge, in order to fingerprint gas-phase unfolding pathways for non-covalent protein 

complexes.   

 

Following a comprehensive introductory chapter, we demonstrate the consequences of sugar 

binding on the CIU of Concanavalin A (Con A) in Chapter 2. Our CIU assay reveals cooperative 

stabilization upon small molecule binding, and such effect cannot be easily detected by solution 

phase assays, or by MS alone.  In Chapter 3, the underlying mechanism of multi-protein 

unfolding is systematically investigated by IM-MS and molecular modeling approaches. Our 



xvii 

 

results show a strong positive correlation between monomeric Coulombic unfolding and the 

tetrameric CIU process. This provides strong evidence that multi-protein unfolding events are 

initiated primarily by charge migration from the complex to a single monomer. In Chapter 4, the 

interactions between human histone deacetylase 8 (HDAC8) and poly-r(C)-binding protein 1 

(PCBP1) are investigated by IM-MS. Our data suggest that these proteins interact with each 

other in a specific manner, a fact revealed by our optimized ESI-MS workflow for quantifying 

binding affinity (KD) for weakly-associated hetero-protein complexes. In Chapter 5, the 

translocator protein (TSPO) dimer from Rhodobacter sphaeroides, as well as its disease-

associated variant forms, is analyzed by IM-MS and CIU assays. By utilizing a combination of 

CIU and collision induced dissociation (CID) stability data, an unknown endogenous ligand 

bound to TSPO is detected and identified. 



1 

 

Chapter 1.Introduction 

Mass spectrometry (MS) is a critical component of many drug development efforts worldwide, 

where it is used to assess small molecule binding to target substrates and the pharmacokinetics of 

drug action.[1, 2]  However, MS is rarely used to screen for the structural consequences of drug 

binding, and more time-consuming technologies capable of projecting atomic models of protein-

drug interactions are utilized instead.[3]  As the intended phenotypes of drug interactions trend 

toward those that target critical conformation changes within the bound substrates, in many cases 

binding to proteins having no known enzymatic active site, developing rapid tools capable of 

screening subtle conformational changes within protein-ligand complexes is critical.[4]As such, 

the content of this thesis deals directly with these technology challenges and endeavors, in an 

effort to create MS-based novel technologies for protein-ligand screening. 

Since the early 1990s, technological advances such as combinatorial chemistry[5] and high-

throughput screening (HTS)[6] have been serves as indispensable components for modern 

pharmaceutical industry.[7]Well-established protein-ligand screening pipelines typically require 

some type of fluorescent- or radio-labeling to deduce the binding of a ligand molecule to its 

receptor. Most of these label-dependent screening platforms are based on measurements of 

fluorescence, such as fluorescence resonance energy transfer (FRET) and fluorescence 

polarization, or radioactivity, such as filter binding assays and scintillation proximity 

experiments.[8, 9] These techniques are widely applied in the pharmaceutical industry due to 
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their high throughput (up to 100,000 compounds per day)[10].The disadvantages of such 

methods are often linked to the labeling step. Such process can be costly and time-consuming, 

provide little information about the structural consequences upon binding, and may interfere with 

molecular interactions by disrupting the binding site, causing false negatives. 

Our approach involves ion mobility separation coupled to MS (IM-MS). This technology detects 

not only the mass (m/z) of ions produced from protein-ligand mixtures, but can also detect their 

orientationally-averaged size, and we are developing methodologies that utilize such multi-

dimensional measurements in order to screen protein-ligand complexes for drug discovery. Our 

main approach is termed collision induced unfolding (CIU), and it involves heating of protein-

ligand complex ions following electrospray ionization (ESI) from solution so that the protein-

ligand complex ions unfold in the absence of bulk solvent. There are still many unanswered 

questions and challenges for the development and applications of the CIU method, and the goal 

of this thesis is to develop tools and protocols capable of robustly assessing the binding 

consequences, including binding strength and stability, as well as subtle conformational change, 

within protein-small molecule and protein-protein complexes. In addition, the underlying 

mechanistic details of the CIU process itself, as well as its ability to be universally applied in 

ligand screening to a range of various protein targets, is still not fully understood. 

 

1.1   Mass Spectrometry in Drug Discovery and Development 

The process of introducing a new pharmaceutical compound as an approved therapeutics serves 

as a highly integrative endeavor, involving disciplines ranging from computer science to 

biology.[11, 12] Following the identification of viable biological targets, the majority of which 
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are proteins that fall into a few narrow functional classifications, the generation of small 

molecule drugs can be broken roughly into two equally important phases of work.[1] The first, 

termed ‘discovery’, involves the experiments needed to identify molecular scaffolds and 

structures that alter the function of the desired biological target and terminates with a candidate 

compound of promising potency. The second, generally referred to as ‘development’, refers to 

the experiments and clinical trials that seek to validate the toxicology and safety of the drug for 

use in patients. In both drug discovery and development, many analytical tools are utilized to 

assess the binding, structure, stability, and mechanism of action of potential drugs. For example, 

fluorescence and radiometric assays are routinely used during drug discovery to search vast 

compound libraries for any that bind to a target protein.[13, 14] Mass spectrometry (MS) of large 

bio-molecules is a versatile tool used within both drug discovery and 

development.[1]Technologies such as electrospray ionization (ESI)[15]enable MS to contribute 

to proteomic analyses[16], purity assessments of isolated targets, structural determinations of 

protein-ligand complexes during discovery[17, 18], and biomarker discovery that link candidate 

molecules to critical metabolic processes in pre-clinical evaluations.[2, 19] 

Over 20 years ago, the first evidence that intact protein-ligand interactions could be retained 

during ESI-MS was reported.[20, 21] Following these key observations, many reports followed 

that illustrated the power of MS for assessing the stoichiometry and strength of small molecule 

binding to various protein targets.[22]Subsequent experiments expanded the role of such ESI-MS 

to include larger multi-protein targets,[23] complex mixtures of small molecule binders,[24, 25] 

accurate measurements of dissociation constants,[26, 27] and ultimately proteome-wide 

information on direct protein-ligand interactions.[28] In each of these cases, the power of the MS 

approach for drug discovery and development was clearly illustrated, and its complementarily 
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with other technologies within the pharmaceutical pipeline made clear. The ability of MS to gain 

a large amount of both qualitative and quantitative information from complex, dynamic 

biological mixtures is its chief advantage over other analytical tools. When labeling 

chemistries,[29, 30] chemical cross-linking,[31] hydrogen-deuterium exchange,[32-34] and other 

technologies are combined with MS, it becomes clear that the range of this information content 

can include significant structural data on the protein-ligand interaction that can rapidly inform 

the discovery of lead compounds.[14] 

Ion mobility (IM) spectrometry, a gas-phase separation tool analogous to electrophoresis in 

solution,[35] is often combined with MS to generate tandem, multi-dimensional datasets for 

complex peptide mixtures,[36, 37] tissue imaging experiments,[38, 39]and protein-ligand 

complexes of pharmaceutical interest.[40, 41] IM separates gas-phase ions based on their 

differential transport through an environment of inert neutrals in the presence of a relatively 

weak electric field.[42, 43] Many versions of the technology exist, and in most cases precise 

measurements of ion transport properties can be used to generate ion size information, in the 

form of an orientationally-averaged ion-neutral collision cross section (CCS). While IM 

measurements of protein size take place in the absence of bulk water, and it is clear that surface 

groups likely rearrange during desolvation,[43, 44] many datasets now exist that point to a clear 

correlation between the CCS values recorded and X-ray or NMR datasets for the same proteins 

and complexes, thus enabling their utility for structural biology.[23, 45] These results, combined 

with the recent introduction of commercially-available technology make such IM-MS 

experiments a potentially-powerful addition to the discovery and development process for 

therapeutic small molecules.[46, 47] 
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1.2   Mass Spectrometry for Studying Protein Complexes 

1.2.1 ESI 

The desolvation and ionization of analytes serves as the first step in MS experiment. ESI is the 

most widely used soft ionization method to produce gas phase ions for labile bio-molecule 

analysis.[48]ESI generates gas-phase ions by applying a large electrostatic potential difference 

between the tip of a capillary emitter and a counter-electrode which typically comprises the entry 

inlet of the MS vacuum system (1-4 kV). For protein-containing solutions, a positive voltage is 

typically applied, making the liquid at the capillary tip enriched with positive ions. The high field 

causes the exposed liquid surface to form an extended structure, known as a Taylor cone, from 

which droplets are emitted. Aided by both parallel and then counter-directional flows of 

nebulizing and drying gases respectively, solvent evaporation from these droplets results in a 

reduction of their diameter. This reduction in droplet size continues until the Columbic repulsion 

between the increasingly crowded surface charges becomes strong enough to overcome the 

liquid surface tension. At this point, termed the “Rayleigh limit”, droplet fission occurs. The 

upper limit of net droplet charge is given by the Rayleigh equation: 

𝑧𝑅 =  
8𝜋

𝑒
√ԑ0𝛾𝑅3                                                            (1) 

Where zR is the number of elementary charge e, R is the droplet radius, and ԑ0 is the vacuum 

permittivity. The surface tension γ is 0.059 N m
-1

 for water at its boiling point. 

There are two main mechanisms that govern ESI ion formation. Smaller analytes are thought to 

be primarily created through the Ion Evaporation Model (IEM)in which analyte ions are emitted 

directly from the droplet surface prior its complete evaporation.[15, 49]In the case of larger 
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analytes, like intact proteins, successive Rayleigh fission events result in a nano-scale droplet 

from which all solvent evaporates, leaving behind a charged analyte.[50] This process is 

typically referred to as the Charge Residue Model (CRM).[51]Recently, a combined CRM and 

IEM model was proposed by Hogan et al,[52] in which macromolecular ions are produced by 

CRM, but their charge state is determined by the field emission of charged ions from highly 

charged droplets. Alternatively, it's been proposed that for unfolded proteins, ion formation 

occurs via a chain ejection model (CEM), during which  proteins are expelled from the droplet 

prior to complete solvent evaporation as disordered chains.[53, 54] Both computational and 

experimental investigations support this model, which is primarily driven by electrostatic 

repulsion and hydrophobicity-based arguments specific to unfolded proteins.[55] 

Typically, ESI sources use pressure-driven flow, with rates in the µL /min range, utilizing 

emitter outlet sizes in the range of 50-100 µm. Ion desolvation typically requires the application 

of a drying gas and heating, and results in relatively low (<1%) ionization efficiencies.[56]To 

solve many of these problems, nano-electrospray ionization (nESI) was developed,[57] using 

emitter sizes of only 5-10 µm. Flow rates for these devices are in the low nL/min range, thus 

generating small droplet sizes with no application of additional heat or drying gas, and resulting 

in higher (~10%) ionization efficiencies with lower potential voltages required for Taylor cone 

formation. nESI also shows significantly improved sensitivity and higher tolerance to salts and 

other contaminants when compared to conventional ESI because of its ability to produce 

decreased initial droplets.[58, 59] 

 

1.2.2Native Mass Spectrometry 
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Buffer conditions encountered by proteins prior to ESI plays a pivotal role in the resultant ions' 

structure in the gas phase and observed mass-to-charge ratios (m/z).[60] When proteins are 

prepared using conditions that favor denaturation, typically employing solvent compositions that 

include  water/methanol or water/:acetonitrile mixtures and low pH, the gas-phase ions created 

tend to acquire a relatively large amount of ionic charges and  unfolded gas-phase 

conformations[60].In contrast, if these same proteins are exposed to aqueous, buffered solutions 

at pH 7, compact sizes  and native-like quaternary structures can be maintained in the gas 

phase.[43, 61] Ammonium acetate salts are often used to maintain ionic strength and establish a 

weak, volatile buffer for native MS experiments.[62-64] 

In the early 1990s, Chait[21] and Henion[20] demonstrated that protein-ligand complexes can be 

directly observed by altering the conditions of the ESI experiment, specifically the pH.[65, 66] 

With the development of nESI, coupled with the use of volatile buffers, the field of native MS 

leapt forward to analyze larger, more complex non-covalent assemblies of biomolecules. For 

example, early work by Robinson[66] and Heck[67]demonstrated the capacity of MS to analyze 

megadalton-scale multi-protein complexes[68, 69]Such assemblies can now be routinely 

investigated by MS, leading to insights into the assembly pathways and ligand binding 

stoichiometries of macromolecular protein machines.[70, 71] 

Several reports have demonstrated that ESI is capable of transporting intact protein complexes 

from solution into the gas phase, while still retaining native state stoichiometries for the gas-

phase assemblies detected when low protein concentrations are used.[43, 61, 66]On the other 

hand, when high protein concentrations are used for native MS analysis, multiple biological units 

can be trapped in the same ESI droplet during the fission process, thus leading to the detection of 

false-positive complexes. This process produces complexes that are commonly referred to as 
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'non-specific' assemblies or 'ESI artifacts'. (See Figure 1-1 for detailed illustration) Such ion 

formation mechanisms can lead to highly-complicated MS spectra and decreased overall signal 

intensity, both of which can be detrimental to any quantitative  analyses of the extracted MS 

signals.[26]To minimize the formation of ESI artifacts, several strategies can be employed, 

including using nESI to generate smaller droplets, applying mild activation to dissociate the 

artificial complexes, as well as lowering the concentration (<20 µM) of protein samples. For 

quantitative MS measurements that aim to determine binding affinities (KD), a titration of protein 

concentration and/or protein : ligand molar ratio is typically applied, and the averaged binding 

affinity is reported from multiple measurements, taken over the concentration range probed.[26, 

27, 72] 

 



9 

 

 

Figure 1-1. Mechanistic depiction of electrospray ionization (A) Schematic representation of the 

droplet desolvation process, depicting how non-covalent interactions of a protein is retained from 

solution phase to gas phase (B) A CRM (charge residue model) type schematic depiction of the 

nESI process where two distinct proteins (green and red)are present in a sample. Typically, 

signals for individual protein ions (top right), specific interactions that exist in solution(middle 

right), as well as non-specific ESI artifacts(bottom right) can all be detected by MS.  Analytical 

workflows and software approaches are available to differentiate between the various channels 

shown (described in text). 

 

 

1.2.3 Quadrupole Mass Filter 
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Quadrupole filters consist of two pairs of parallel conductive rods, positioned perpendicularly to 

each other. The two opposite electrodes have an applied potential of U+Vcos(ωt), and the other 

two have a potential of –(U+Vcos(ωt)), where U is a DC voltage and Vcos(ωt) is an RF potential. 

The applied voltage will affect the trajectory of ions traversing the flight path centered between 

the four rods. For given DC and RF voltages, only ions of certain m/z values can pass through 

the quadrupole, and all other ions deflected into the electrodes. The quadrupole serves as a 

narrow band mass filter in this mode, whereby ions of a desired m/z value can be selected by 

tuning the DC potential and RF field. Alternatively, quadrupole can also act as a broad-band 

mass filter when only RF field is applied. This mode is widely used since it has good tolerance to 

high pressures and capability to access a wide range of masses. To achieve enhanced 

transmission efficiency for large protein assembly ions, a modified quadrupole mass filter is 

housed in the Synapt G2 IM-MS system used for measurements described in this thesis, capable 

of selecting ions up to 32,000 m/z, in contrast to the typical m/z range for such devices 

(<4,000).Installing this capability within our MS instrument involves decreasing the operating 

RF frequency that drives the quadrupole rods.[47, 73] Selected ions can be subjected to collision 

induced dissociation (CID) or collision induced unfolding (CIU) following selection in the 

quadrupole. 
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Figure 1-2.Schematic representation of a quadrupole mass analyzer. Ions are introduced in 

parallel with four electrodes arrange in a cylinder. Opposite rods are connected in pairs to the 

same DC voltage and RF field. Each pair has opposing DC polarity and RF field phase 

difference of π. 

 

1.2.4 Time of Flight Mass Analyzer 

In Time of flight (ToF) mass analyzers, ions are accelerated by an electric field of known 

strength. A classic instrumental setup consists of electrostatic rings to compact ion beams to 

produce packets of ions, a pusher where the ion packets are accelerated by a constant voltage (U) 

to the same kinetic energy, and a drift tube where ions are separated according to the time taken 

for ions of charge z to travel through a field-free drift region. Electrostatic lenses are often used 

to focus ion beams into the ToF analyzer, and then ion packets are injected into the drift region. 

A pulse may be delayed to correct for a spread of kinetic energy of ions. Optimizing the delay 

coefficient will average out the influence of kinetic energy distribution. In order to radially 
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confine ion beams, a space focus can be achieved in the orthogonal extraction source by 

carefully tuning of DC fields and the magnitude of the extraction pulse utilized at the pusher. All 

ions must traverse a same fixed distance in the flight tube to reach the detector. Since the ions of 

different mass possess different velocities, the time each ion takes to reach the detector is 

recorded and is directly related to the m/z by: 

𝑡 =
𝑑

√2𝑈
√

𝑚

𝑧
                                                                      (2) 

Where t is the flight time, d is the fixed distance that ion travels through the drift tube and U is 

the electric potential applied in the pusher to give all like charged ions equivalent kinetic energy. 

Most commercially-available ToF instruments are equipped with one or more reflectrons. When 

ions are ejected from the pusher into the flight tube, two ions with the same m/z theoretically 

have the same kinetic energy, and therefore the same velocity.  However, due to differences in 

starting positions within the pusher, and differing initial kinetic energies in the direction of flight, 

this is not typically the case in real-world instruments. The purpose of the reflection is to 

compensate for the different kinetic energies for ions of identical m/z.[74]To achieve this, the 

reflectron acts as an ion mirror, where a series of equality spaced ring or grid electrodes creates 

an electric field to redirect the ions, in a fashion similar to light on a mirror, toward the detector 

or a successive reflectron. Ions of greater kinetic energy will penetrate the electric field more 

deeply and take a longer time to reach the detector, while ions with lower kinetic energy will 

penetrate less deeply and more quickly reach the detector. Properly configured, the difference is 

flight distance caused by reflection will normalize the total flight times of equal m/z ions for 

different starting kinetic energies, and therefore produce mass spectra with higher resolving 

power.[74] 
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1.3Ion Mobility-Mass Spectrometry 

Though the history of ion mobility spectrometry can be traced back to the early 20th century, 

IM-MS was only recently coupled to soft ionization techniques, for example ESI and MALDI, 

and released as a key commercially-available platform for biomolecular analysis. By measuring 

the changes in analyte CCS, important information, such as conformational dynamics[75, 76], 

folding and unfolding intermediates[77], ligand-induced stability/conformation changes[78, 79], 

aggregation intermediates and protein topologies[43] can be obtained. It should be noted that all 

the experimental measurements described in this thesis were all carried out on a Synapt G2 

HDMS (Waters, Milford, MA) platform. Pictorial representation of the instrument in shown in 

Figure 1-3, which includes an nESI source, a quadrupole mass filter modified for high-mass (32k 

m/z range) operation, a T-wave ion mobility separator (TWIMS), and a time-of-flight (ToF) 

mass analyzer, all arranged in tandem.  
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Figure 1-3.A Schematic diagram of the Synapt G2, quadrupole-ion mobility-time-of-flight mass 

spectrometry instrument used in this thesis work.(A) Overall schematic of the complete 

instrumentation indicating the four main regions of instrument operation: ion generation (using a 

nESI ion source), ion selection (using a modified quadrupole mass analyzer capable of selecting 

ions up to 32,000 m/z), ion mobility separation (carried out in the tri-wave region described in 

detail in B), and ion mass analysis (using a time-of-flight mass analyzer capable of ~40,000 mass 

resolving power). (B) Detail is shown for the ion mobility separation, or tri-wave region of the 

instrument. Three major T-wave ion guides dominate this section of the instrument, including the 

ion trap (blue), ion mobility (purple), and the transfer (red) regions. A fourth pressurized region 

is shown as the He cell (green), which facilitates the injections of ions across the pressure 

gradient that exists between the ion trap and the ion mobility regions with minimal ion 

activation. Typical mass flow controller values are also shown for the gas flow (in ml/min) into 

each enclosed region of the instrument. 

 

1.3.1 IM Separation 

IM separation, when coupled to MS, enables to collection of protein complex size information, 

and when this is combined with the connectivity information described above, coarse-grained or 

atomic models of the assemblies can be constructed.[80] IM separates protein ions based on their 

ability to traverse a chamber filled with inert neutrals under the influence of an electric field. 

Larger protein ions undergo a greater number of collisions with the inert neutrals filling the 

chamber, and therefore have a larger CCS values, than more compact protein ions of identical 

m/z (Figure 1-4).[42] While this description holds for most contemporary IM separations 

described currently in the literature, modern IM technology expands this basic principle into a 

variety of instrument platforms available for IM-MS experiments. Such instrumentation, as 

applied to multi-protein complexes, takes three basic forms: Drift Tube (DT)-type, Differential 

Mobility Analyzer (DMA)-type, and TWIMS instruments. All of these technologies have both 

strengths and weaknesses for the analysis of multi-protein assemblies.[35, 81] 
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Figure 1-4.Fundamental separation principles and data acquisition schematic of ion mobility-

mass spectrometry. Ions are generated at the ion source (lower left), and are allowed to drift in 

an ion guide filled with neutral gas molecules under the influence of an electric field.  The ions 

migrate through this region according to their size-to-charge ratio.  They are then injected into a 

time-of-flight (ToF) mass analyzer under vacuum for mass-to-charge (m/z) analysis.  The 

resulting data is 3-dimensional, containing ion intensity, size, and mass information.  The various 

dimensions of the data can be shown as a contour plot (middle, bottom), or 2D selections in 

drift time or m/z (lower right).  Figure legend for the diagram is shown in upper right. 

 

 

Early native IM-MS studies on intact proteins and small complexes were mostly conducted using 

DT type instruments.[35, 82] DT-IMS typically comprise a series of ring electrodes upon which 

a fixed axial gradient of electric potential is constructed. Measured IM drift time is then 

proportional to ion CCS, thus enabling direct access to ion size information. While early versions 
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of DT-type devices suffered from ion loss and poor sensitivity when used for biomolecule 

analysis, contemporary implementations of the technology use ion guides either during or after 

IM separation in order to refocus ions and preserve limits of detection.[83-86] Moreover, tandem 

DT analyzers have been used to assess micro-conformational states within the structural 

envelope of gas-phase protein ions, and have illustrated that such structural populations can be 

stable on the millisecond timescale, thus enabling detailed investigations of protein structure in 

the gas phase.[87, 88] 

 

Since the introduction of the Synapt platform, the majority of IM-MS datasets for multi-protein 

complexes have been generated on IM-MS instruments using TWIMS. Such analyzers are 

similar in basic construction to DT-type IM devices, but differ significantly in their operation. 

Rather than a linear field gradient, ions are propelled through the analyzer using a series of low-

voltage waves.[47, 89] Ions are carried by the waves relatively briefly before being subsumed by 

the wave front in a manner depending on the CCS of the ions being separated, generating a time-

domain IM separation similar to DT-IM devices.[90] An important feature of this process is that, 

due to the nature of the separation mechanism employed, TWIMS drift times are most often 

calibrated using standard CCS values for protein complexes rather than calculated directly from 

drift time measurements.[91] Apart from being the first high-transmission efficiently IM 

analyzer currently incorporated into commercially available, TWIMS analyzers offer some 

modest advantages in terms of separation resolution when compared to other IM devices.[46, 92, 

93]Often defined in terms of the centroid arrival time of the IM peak normalized to the IM peak 

width (t/Δt), drift time resolutions for DT analyzers range from 30-150 for research-grade 

instruments, with those at the high end of the range produced using instruments with very long 
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flight tubes (>1m) and high separation voltages (multiple kV).[94-96] Because of the physical 

principles involved in T-wave IM separation, drift time is correlated to CCS through an 

exponential relationship, which results in a TWIMS drift time axis that is effectively ‘stretched’ 

relative to those achieved on DT analyzers.[91]This relationship enables TWIMS separators to 

achieve 40-60 CCS resolution (CCS/ΔCCS) using comparatively shorter devices, operating at 

lower fields and pressures, than DT devices of equivalent dimensions.[46, 93, 97] 

 

1.3.2 Collision Induced Unfolding (CIU) 

ESI-MS plays a pivotal role in quantifying the bound states within complex multiprotein-ligand 

systems, and IM-MS can supplement such efforts by isolating protein-ligand complexes for 

stability measurements in the gas phase, following collisional activation. Such CIU assays can be 

used to investigate the stability and conformational difference of protein ions with/without ligand 

binding. Ions are collisionally activated in the ion trap T-wave region by collision with argon 

gas, the resulting ion conformations are further separated in the IMS drift cell and detected by 

ToF. By adjusting the 'trap' collision voltage, the kinetic energies of protein ions entering trap 

region can be controlled. Activation profiles are typically collected from step-wise increments. 

Such CIU experiments were first described for small monomeric proteins ions[98] but have 

rapidly expanded to include more detailed instrumentation and applications covering large multi-

protein complexes.[76, 78, 79, 99] 

Since the first observation of protein complex CID, protein unfolding events have been invoked 

to describe the details of the process,[100]. During protein complex CID, charges are partitioned 

asymmetrically on the eventual product ions observed, and thus an asymmetrically unfolded 
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transition state was invoked for such experiments early in the development of the field. For 

example, Jurchen and co-workers provided convincing evidence suggesting that the origin of 

such asymmetric charge partitioning within protein homodimers is linked directly to the foldness 

of the transition state, resulting in some monomeric units that carry away the majority of 

charge.[101, 102] In terms of the underlining mechanism of this collisional 

unfolding/dissociation phenomenon, it is proposed that the apparent gas phase basicity of the 

elongated proteins is greater than that of a folded one at the same charge state, rendering it 

energetically favorable to transfer protons from a folded to an unfolded protein.[101] Moreover, 

high transition-state entropies measured during blackbody infrared dissociation experiments on 

homo-pentameric protein complexes described by Klassen et al also indicate that unfolding 

events take place during the CID transition state.[100] 

 

In modern experiments, CIU fingerprints, contour plots that tracks the size change of protein ion 

as a function of collision energy, have been developed to assess the subtle stability and 

conformational changes that occur within proteins in the presence and absence of ligand binding 

(detailed workflow in generating CIU fingerprints is illustrated in Figure 1-5), evaluate the 

binding potency of various sugar ligands to a lectin protein[4, 79], classify a broad set of kinase 

inhibitors[76], differentiate various lipid binders potencies upon binding a an ammonia channel 

membrane protein[99], infer the correlation between gas phase unfolding to protein domain 

structures in solution[103]and differentiate the monoclonal antibody structural iso-forms with 

various disulfide mapping patterns.   
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Figure 1-5. Schematic workflow for generating CIU fingerprints: (I) Protein ions are first 

generated by nano-electrospray ionization and different stoichiometries are identified by MS.  

Preliminary surveys are conducted which assess the change in IM drift time observed at different 

activation voltages. (II) A detailed collision voltage ramp is conducted with a single charge state 

selected in a quadrupole mass filter prior to the IM stage, collision cross-sections (calibrated to 

known ions) for all IM features are recorded, and all features having similar collision cross-

sections are assigned to the same structural ‘family’ [shown as A-E].  (III) A three-dimensional 

contour plot is created that charts the change in intensity of each of the features observed in IM 

data as a function of collision voltage. 

 

1.4TechnologiesforStudying Protein-ligand Interactions 

1.4.1 Non-Mass Spectrometry Technologies 

The screening of bio-molecular interactions involves the determination of binding strength, 

activity, structural/conformational information and predicted in vivo availability of drug 

candidates, serves as a pivotal part of modern drug discovery process.[104]Well-established 

pharmaceutical screening pipelines currently require some type of fluorescent- or radio-labeling 

to deduce the binding of a ligand molecule to its receptor. Most of these label-dependent 

screening platforms are based on measurements of fluorescence, such as fluorescence resonance 

energy transfer (FRET) and fluorescence polarization, or radioactivity, such as filter binding 

assays and scintillation proximity experiments.[8, 9] These techniques are widely applied in the 
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pharmaceutical industry due to their high throughput (up to 100,000 compounds per 

day)[10].The disadvantages of such methods are often related to the labeling step, as well as the 

lack of structural and conformational information acquired during screens. The labeling process 

can be costly and time-consuming, and may interfere with molecular interactions by disrupting 

the binding site, causing false negatives. In contrast, label-free screening approaches provide 

enormous flexibility for protein-ligand screening and high throughput drug discovery efforts. 

Surface plasmon resonance (SPR) spectroscopy is a fast growing technique and serves as a key 

label-free technique for protein ligand binding assays.[105, 106] SPR involves spectroscopically 

interacting with a resonant oscillation of conducting electrons at a metal surface. A typical SPR 

assay involves tethering protein (bait) onto the surface, and a microflow cell is used to rapidly 

wash analytes (prey ligand) through, based on the change of SPR signal response, the ‘on’ and 

‘off’ rates of the binding event can be deduced, and thus binding affinity (KD) can be calculated. 

SPR is capable of measuring the real-time quantitative binding affinities and kinetics for protein-

ligand complex with relatively low sample consumption. The interacting molecules may be 

proteins, peptides, lipids, viruses, nucleic acids, or small organic molecules such as fragments or 

drug candidates. The ease with which real time information can be obtained has changed many 

conventional approaches in both antibody and small molecule/fragment interaction analysis, 

from label based and affinity/IC50 (a measure of how effective a drug is. It indicates how much 

of a particular drug or other substance is needed to inhibit a given biological process by half.) 

based protocols towards a label free and kinetic based workflow.[107] 

Isothermal titration calorimetry (ITC) has long been viewed as the 'gold standard' in 

characterizing the thermodynamics and stoichiometry of protein-ligand interactions. When titrant 

ligand is injected into the protein solution and binds to each other, heat is generated or absorbed, 
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which is proportional to the fraction of bound ligand. Sensitive thermocouple circuits detect the 

subtle heat change plots as a function of incoming ligand concentration.  The complete 

thermodynamic profile(enthalpy, entropy and free energy), as well as the binding constants and 

reaction stoichiometries for protein-ligand complexes can be deduced with careful isothermal 

curve fitting.[108] ITC does not require target immobilization or modification of reactants with 

fluorescent tags. It has been routinely used to characterize various types of binding reactions 

including protein-small ligand, protein-protein, protein-membrane, as well as drug-receptor 

interactions.  To achieve high quality ITC data, however, great care in concentration 

determination and sample preparation is required.[109]In addition, large amounts of sample 

(typically milligram level) having high purity is often required for successful ITC analyses. 

Moreover, in the context of multi-ligand binding proteins, sophisticated models are often needed 

to fully interpret data.[110]An application of ITC toward protein-sugar binding is discussed in 

detail in Chapter 2. 

 

1.4.2 Mass Spectrometry Related Technologies 

MS is wildly applied in probing the structure and dynamics of various protein-ligand complexes 

present at physiologically relevant concentrations over a wide range of solution conditions.[111] 

Numerous, sensitive strategies can be used for interrogating structural/conformational changes, 

folding and ligand binding via mass shift readouts, such as covalent labeling[112, 113] and 

HDX[114, 115]. The fundamental principle of these solution phase labeling methods is to alter 

the analyte mass in a conformation-dependent fashion. Protein structures that are disordered or 

unfolded experience more extensive labeling, whereas tightly folded structures, often achieved 
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upon ligand binding, undergo less modification from labeling. HDX-MS evaluates the solvent 

accessibility of a protein, or a protein-ligand complex. Such an information profile can be further 

used to annotate regions of protein structure/sequence according to its apparent flexibility and 

stability. Similarly, covalent cross-linking also serves as indispensable tool for uncovering the 

connectivity of multi-protein assemblies, and generating distance constraints that are highly 

important for constructing structural architectures.[116, 117] 

 

1.4.3 Estimating KD Values by Mass Spectrometry 

Classically, KD values for protein-ligand complexes can be quantitatively evaluated by a variety 

of techniques (details in section 1.4.1). MS combined with soft ionization techniques has been 

used for over a decade to perform similar assessments of protein-ligand KD values, having the 

primary advantages of sensitivity, speed, and the direct detection of binding stoichiometries 

within mixtures. Klassen[26] and Zenobi[118] have both developed methodologies that directly 

evaluate protein-small molecule binding affinities using ESI-MS intensity values, and related 

these signal intensities directly to protein concentrations in bulk solution. By carefully analyzing 

the influence of factors including: solution pH, analyte absolute concentrations and relative 

molar ratios, and as in-source CID, binding constants for a host of protein/small molecule 

systems can be measured by nESI-MS in a manner that provides good agreement with ITC 

experiments.[26]The Klassen lab have further enhanced the throughput of MS based approaches 

specifically aimed at the analysis of protein-carbohydrate complexes through the development of 

catch and release ESI-MS methodologies [119],.  
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MS-based KD values reported for protein-ligand binding are built upon several key assumptions, 

one of which that requires that the ionization and detection efficiencies for both the bound and 

apo states of the protein are similar, if not identical. Many studies have borne out the accuracy of 

this assumption, in general, for relatively large proteins bound to small molecule ligands, as such 

binding events do not alter the charge-accessible surface area or intact mass of the apo protein 

significantly.[26, 27] In contrast, very few reports of MS-based KD values for protein-protein 

binding events have been reported, as it is challenging to predict the validity of the key 

assumption discussed above a priori. For example, Konermann and co-workers have studied the 

self-dissociation constants of both β-lactoglobulin and hemoglobin homo-dimer.[120]In addition, 

the Robinson group quantified an impressive number of protein-protein KD values that define the 

Hsp90 chaperone complex interaction network using direct MS and kinetics assays.[121] 

Lingering questions still remain unanswered, however, regarding appropriate methods and 

interpretation frameworks surrounding MS-based KD values recorded for weakly associated 

protein-protein complexes. A detailed discussion on the subject of such binding affinity 

measurements for hetero-protein complexes is provided in Chapter 4.  

 

1.4.4 Binding Cooperativity in Protein Substrates 

The activity of multi-protein systems is often subjected to allosteric regulation that is achieved 

by conformational changes induced or stabilized by ligand binding.[122]The allosteric control of 

protein activity is classically measured using sigmoidal plots of the initial ligand binding reaction 

velocity or through the fractional protein saturation observed as a function of ligand 

concentration. For example, ensemble measurements methods like ITC[123] can, in principle, be 
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analyzed to determine Hill coefficients which quantify the relative cooperativity of  binding 

observed in experimental data, but such analyses are often difficult to execute, nor to extract any 

mechanistic insights, especially for large multi-protein systems, and highly dependent upon the 

absolute and relative ratio of ligand concentration.[124, 125] To assess the stability shifts and 

depict mechanistic insights behind the allosteric interactions for such systems, the separation of 

individual bound states of the bio-molecules is required, which is often not possible for 

conventional spectroscopic or chromatographic techniques.  These difficulties have resulted in a 

general dearth of experimental evidence for cooperative stabilization effects in proteins upon 

ligand binding. 

As a gas-phase analog of calorimetry experiments, CIU and MS measurements can be used to 

capture cooperative increases in protein stabilities as a function of ligand attachment within 

multi-protein complexes that are either challenging or impossible to record using solution-phase 

ensemble-based measurements.[76, 79, 126]MS provides a means to distinguish between various 

allosteric binding models, as individual bound states of the protein can be resolved by MS. As 

such, the binding constants for each individual bound state within large multimeric protein 

assemblies can be deduced, and any allosteric/cooperative mechanistic details can be inferred 

directly from such MS data.[126]Alternatively, stability shifts between adjacent protein bound 

states can be recorded through CIU measurements to reveal important insights to the allosteric 

binding behavior, especially for large proteins and complexes that bind multiple ligands. [79] 

 

1.4.5 Strategies for Studying the Structure and Ligand Binding Properties of 

Membrane Proteins 



25 

 

Membrane proteins play a pivotal role in mediating the transport of solutes in and out of the cell, 

and translating the action of extra-cellular stimuli into function.[127, 128] These assemblies are 

of great pharmaceutical significance, and thus represent more than two thirds of all the druggable 

targets.[129, 130]However, their general insolubility in aqueous solvents, reliance upon fragile 

membrane-lipid interactions for structural stability, and their propensity to aggregate renders the 

structural and functional characterization of membrane proteins remain challenging.[131] While 

remarkable advances have been achieved by X-ray crystallography and NMR spectroscopy for 

individual membrane proteins and small complexes,[132, 133]as well as recent developments in 

Cryo-EM technique and technology that have yielded near atomic resolution for membrane 

protein complexes prepared in detergent micelles, comprehensive structural analysis of 

membrane proteins is well beyond our current structural tools.[134] 

Within the past decade, MS has made profound contributions to the structural characterization of 

membrane proteins.[135-138] MS has already been applied to identify the sequence of the 

membrane proteome,[139]and by coupling such workflows to chemical labeling techniques, 

secondary and tertiary structure information for membrane-bound proteins can also be 

achieved.[140-142]Similarly, Native MS is capable of providing invaluable information on 

membrane protein structure, interactions and dynamics, and works primarily by releasing intact 

protein ions from gas phase from detergent micelles ions generated by nESI, formed originally in 

solution.[136, 138, 143] Such methods, when used in tandem with IM, can provide a direct 

measure of the binding consequences of small molecules on membrane protein structure and 

stability.[99, 144, 145]The Native MS membrane protein analysis workflow requires detergent 

molecules in order to stabilize and solubilize membrane protein in solution prior to MS, which 

then must be removed in the gas-phase through collisional activation. As shown in Figure 1-6, 
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the choice of detergent is critical as excessive stabilization leads to insufficient detergent release 

from the analyte protein ions, while insufficient stabilization results in protein unfolding in 

solution. . The optimal choice is highly dependent on the nature of the detergents and the 

structure of the proteomicelle formed,[138, 146] Hence, a systematic screen is often necessary to 

achieve optimal resolution for native MS membrane protein experiments. 

 

Figure 1-6.A schematic depiction of the transport of a membrane protein (Translocator Protein, 

TSPO used as an example), protected within a micelle, from solution (blue shaded region) to the 

gas phase (yellow shaded region) for subsequent detection by MS. Three scenarios are depicted: 

the detergent stabilizes the membrane protein optimally (top), excessively (middle) and 
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insufficiently (bottom).  Note that ionization and other desolvation processes are not shown in 

this schematic. 

 

 

1.5   Computational Strategies to Assist IM-MS analysis 

1.5.1 Theoretical CCS measurements 

Theoretical modeling is often used to provide structural explanations for IM-MS experimental 

measurements. A number of CCS calculation algorithms are broadly available, each developed 

for particular applications and molecular size ranges. The most accurate and complex of these is 

the trajectory method (TM)[147], which  takes into account long-range interactions (Lennard-

Jones potentials for example) and aims to approximate the momentum transferred upon each ion-

neutral collision event. The TM typically provides the most accurate CCS estimates for a given 

model structure; however, the method is also computationally expensive and requires a precise 

understanding of the partial charges, charge placement, and charge mobility within the model to 

provide accurate results. The exact hard sphere scattering (EHSS) algorithm [148] ignores the 

ion-neutral long range interaction potential, and simply treats all atoms as hard spheres to 

compute the resultant momentum transfer collision integral. This method performs well for 

molecules with rigid structures like carbon clusters, but tends to over-estimate of the CCSs of 

most bio-molecular ions. The projection approximation (PA)[149, 150] method serves as the 

simplest and fastest CCS calculation method, equating the CCS to an orientationally-averaged 

projected area of the model. Because this algorithm ignores long range interactions and 

scattering effects, it is extremely fast but also tends to under-estimate the CCS. However, 

detailed comparisons between PA calculations performed on X-ray and NMR structures revealed 



28 

 

strong correlations to both experimental measurements and TM values computed for the same 

structures, enabling the generation of scaled PA values that can be used for the generation of 

solution-phase relevant multiprotein models and highly-accurate gas-phase structures 

respectively.[91, 111] 

All of the above basic CCS calculation methods are available in the MOBCAL[147, 148] 

software package. Recent alternative software packages, such as IMoS[151], PSA[152] and 

IMPACT[153]are also now broadly available, and offer advantages over MOBCAL in the 

context of providing easy access to scaled PA values, or the ability to estimate CCS values in 

drift gases other than Helium. The theoretical CCS calculations presented in this thesis were all 

performed by either MOBCAL or IMoS, with specific details stated explicitly in chapter 3.  

 

1.5.2 Molecular Dynamics: Simulated Annealing 

Molecular dynamics (MD) simulations, specifically those employing simulated annealing-type 

MD, are often performed in order generate the model structures referenced in the sections above 

for comparison with IM-MS data.[154, 155]In a typical simulated annealing experiment aimed at 

generating models for protonated (positively charged) protein ions, an all-atom representation of 

the protein structure is subjected to an initial charge assignment phase, where ionic charge in the 

form of an ionizing proton is placed on the side chains of the most basic residues (Lys, Arg, His, 

and N-terminus) on the protein surface in a manner aided by an MD force field. After the 

resulting protein structure is subjected to an energy minimization calculation, in both NVT and  

NPT space, the resultant model structures are further subjected to a series of periodic gradual 

temperature ramps, where the elevated temperature enhances the energy of the system in order to 
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disorder the structure.[156] Each temperature increase is followed by a gradual decrease to 

anneal the protein structure from local minima on the potential energy landscape, eventually 

funneling the protein toward its lowest energy configuration in the gas phase.[157, 158] All the 

structures generated from the simulation can be evaluated in comparison with CCS 

measurements, using the CCS calculation algorithms described above. Models found in good 

agreement with experimental CCS measurements are considered as candidates for the final gas 

phase ensemble of structures.[159] 

 

1.6   IM-MS for Protein-ligand Screening 

1.6.1 Paradigms for Protein-ligand Screening by IM-MS 

Early IM data for protein ions produced by ESI indicated a strong structural dependence on ion 

charge.[98, 100-102] Subsequent experiments have refined the ability of IM to separate subtly 

different conformational forms of proteins over a range of charge states produced during the ESI 

process.[45, 160] Computational methods are typically used in conjunction with IM data to 

generate atomic models of peptide and protein structure,[161] and have advanced significantly 

over the past few years in their ability to generate such models for ever larger systems.[162] 

Smaller protein-ligand systems can make use of such technology to deduce binding locations for 

small molecules within protein targets[76, 163-165] and, in some cases, atomic models of 

protein-ligand complexes.[166, 167] Larger protein-ligand complexes are currently beyond the 

scope of such detailed computational methods, and as such, screening in such cases first involves 

the observation of a key protein conformation shift as a function of a known binding event that 

can be linked directly to compound efficacy. Subsequent experiments can then be constructed to 
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search a broader library of compounds for similar conformation shifts upon binding the same 

target (Figure 1-7). This general mode of operation is currently the most-commonly employed 

approach for IM-MS in the context of protein-ligand analysis and screening, as reflected in the 

literature surveyed below. 

In addition to the above-noted charge state dependence for gas-phase protein CCS, early studies 

noted other critical variables that affect the gas-phase structure of desolvated protein ions.[98, 

168] Among these, altering the internal temperature of the ions produced had a dramatic 

influence on the size of the protein ion recorded by IM, primarily leading to a positive 

correlation between protein ion CCS and temperature with protein ions of high internal 

temperatures adopting large, string-like conformational states.[98] Subsequent data have 

extended these observations to include protein-protein[40, 43, 160, 169] and protein-ligand[78, 

170] complexes, each of which displays similar yet distinct unfolding properties upon gas-phase 

activation. Most contemporary experiments utilize collisional activation to initiate unfolding,[78, 

160, 170-173] however other activation methodologies have been shown to elicit conformational 

change,[98, 161, 174-176] although to a lesser extent. Collision induced unfolding (CIU) can be 

used in two basic modes in the context of protein-ligand screening experiments (Figure 1-7). In 

many experiments, the surviving population of the most-compact form of the protein, typically 

the form of the protein most-highly correlated to its solution structure, is tracked as a function of 

the voltage used accelerate ions and initiate unfolding. Differences recorded in protein ligand 

complex stabilities primarily relate to the stability of the gas-phase complex, and can be 

compared to both solution measurements and apo-protein CIU data to provide a workable 

screening methodology.[61, 78, 169, 171, 172] In addition to measuring the survival of a single 

conformational form of the protein-ligand complex upon activation, the unfolding pathway of the 
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protein can be followed in detail to generate additional points of comparison between either apo-

states or alternate conformational families of the protein. Since many possible tertiary structures 

project identical ion CCS values, the detection of subtle conformational shifts in protein-ligand 

complexes is often challenging for IM-MS methods. CIU fingerprints can be a useful tool in 

circumventing such imitations, as the unfolding intermediates accessed by proteins during CIU 

can be uniquely related to specific protein-ligand binding modes.[78, 169, 171, 172, 177] 

All of the above modes of operation can be combined into metrics that define the structural 

stability and conformation changes that occur upon ligand binding for an efficacious molecule, 

the properties for which are sought to be replicated in new molecular scaffolds (Figure 1-7). 

Alternatively, IM-MS results can be interpreted using other data, including NMR and X-ray 

structure information, or computational models in an attempt to link specific conformational 

shifts observed to desired ligand binding modes.[23, 40, 45, 76, 163, 165, 178] Once 

sufficiently-descriptive scoring algorithms are established, the developed screen can be applied 

to larger libraries to search for molecules that bear similar effects on target protein conformation 

and stability. 
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Figure 1-7.Basic screening strategies for intact protein–ligand complexes by IM-MS. Several 

different modes are available to assess the consequences of small molecule binding within intact 

proteins using IM-MS screens. Binding may result in a clear conformation shift by IM, and can 

thus be used as the basis for a conformational shift assay. Ligand binding may also alter the 

stability of the protein ion when compared to control data, enabling a stability shift assay. 

Finally, detailed protein unfolding data can be recorded by tracking the sizes occupied by 

protein–ligand complexes upon activation, and the differences observed between protein–ligand 

complexes of known binding modes or conformations can be used to construct CIU Fingerprint-

based assays. Once known binders are analyzed and metrics assembled that allow for sufficiently 

accurate scoring of known data, resulting in clustered responses that differentiate a desired class 

of binder from other potential ligands, a library can be assembled from previously untested 

molecular scaffolds and used to search for new compounds that replicate the stability or 

conformation shifts observed in efficacious molecules. 

 

1.6.2 Searching for Shifts in Protein-ligand Stability 
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Gas-phase protein-ligand stability measurements by ESI-MS have a long history.[61, 179, 180] 

While relative ion intensities can be used to generate binding constant information,[111, 161] 

collision induced dissociation (CID)[22, 181]and other tandem MS technologies have been used 

for many years to study the stability and dissociation of protein-protein and protein-ligand 

complexes.[101, 102] More recently, ESI-CID-MS has been applied to ever more complex 

protein-ligand complex systems of potential pharmaceutical interest. For example, a recent study 

investigated the dimeric monocytechemo attractant protein-1 (MCP-1), and found CID 

thresholds for the complex to be relatively low in the absence of Arixtra, a glycosaminoglycan 

analog binder. The results, which included IM-MS, indicated that the dimeric MCP-1 is 

significantly stabilized upon Arixitra binding, and that Arixtra interacts with both of the subunits 

within the MCP-1 complex.[182] 

Such IM measurements have appeared with increasing frequency in conjunction with MS-based 

stability measurements of protein-ligand complexes. For instance, IM-MS was used to study the 

stability of ubiquitin-cis-[Pd(en)(H2O)2]
2+

 complexes, and indicated that Pd-bound ubiquitin 

exhibits diminished gas-phase unfolding when compared to the apo protein. Furthermore, it was 

found that Pd
2+

 binding aided conformational stability to a greater extent than Pd(en)
2+

.[183] IM 

measurements of protein ions bound to extensive anion and cation populations have been used to 

deduce a Hofmeister series analog for gas-phase protein structure.[171, 172] These studies 

identified several gas-phase specific mechanisms by which proteins can gain differential stability 

from bound ligands in the absence of solvent. Bound anions, for example, tend toward 

evaporation upon collisional activation of the complex, thus allowing the protein to dissipate 

excess internal energy and retain its shape over a broader array of IM-MS conditions. In contrast, 

cation adducts tend to stabilize complexes through remaining bound to the protein, serving to 
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tether regions of the protein through multi-dentate interactions.[177] More recently, IM-MS data 

for crown ether (CE) – protein complexes have suggested new modes of stabilizing protein 

structures in the gas-phase upon ligand binding.[44] The CE compounds studied non-covalently 

bind preferentially to primary amines, e.g. lysine side chains, and serve to solvate the ionic 

charge present. The IM-MS data collected showed that CE binding can compensate for 

rearrangements local to the charge site in a manner potentially similar to solvent molecules in the 

condensed phase, and thus suggests future routes for tuning and manipulating protein structures 

in the gas phase through ligand attachment.  

Detailed CIU datasets have also been used to study protein-ligand stabilities, and serve as 

powerful tools to investigate the consequences of small molecule attachment in larger protein 

systems. In a recent study, ESI-IM-MS was used to evaluate the structural stability of natively-

compact protein ions (FK-binding protein, hen egg-white lysozyme, and horse heart myoglobin) 

as a function of small molecule binding.[170]The results show clear shifts in the CIU stabilities 

of ligand bound complexes relative to apo protein, shifting the onset of CIU by up to 21 eV. CIU 

datasets were also used to assess the stability changes produced in familial amyloid 

polyneuropathy (FAP)-associated variant form of the tetrameric protein transthyretin (TTR) upon 

binding its natural ligand, thyroxine.[78] By combing CID and CIU datasets, it was found that 

thyroxine binding stabilizes the L55P disease-associated form of TTR to a greater extent than the 

wild type protein. Furthermore, CIU fingerprints were shown not to depend on the L55P point 

mutation, and that ligand binding primarily influenced the stability of the most compact tetramer 

conformations, rather than significantly unfolded intermediate unfolded forms of the complex. 

An example of this type of analysis is shown in Figure 1-8. Concanavalin A (Con A) is a 103 

kDa lectin tetramer with well-known structure and sugar binding properties.[184]This data 
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shows CIU datasets recorded for three ConA-manosyl sugar complexes, and indicates strong 

shifts in CIU stability for different ligand bound populations. Importantly, if selected areas of the 

CIU plot are interrogated as shown, the relative stabilities recorded for the most compact form of 

the protein track precisely with the relative binding strengths of the manosyl sugars used in our 

experiments. While more data will be required to validate this result, it also illustrates the 

potential utility of CIU based stability measurements for protein-ligand complexes.[79] 

 

Figure 1-8. IM-MS stability measurements differentiate ligand binding in a tetrameric protein 

complex. (a) CIU fingerprints of the Concanavalin A (Con A) tetramer, bound in a 1:4 protein 

tetramer:ligand stoichiometry for three different manosyl sugars: 3α,6α-mannopentaose (M5, 

MW = 828.74), 3α,6α-mannotriose-di-(N-acetyl-d-glucosamine) (M3G2, MW = 910.84) and 

3α,6α-mannopentaose-di-(N-acetyl-d-glucosamine) (M5G2, MW = 1235.10). Regions of the 

CIU fingerprints marked with a dashed box shown for each complex are selected for detailed 

analysis over a range of voltages. (b) Drift time data for the selected regions from (a) show 

differential stabilities for the ligand complexes that relate primarily to the strength of the protein–

ligand complex isolated in the gas phase. 

 

1.7  Summary 

As we move forward into the future of drug discovery and development, it is clear that many 

protein targets, and their associated disease mechanisms, will challenge existing paradigms.[185, 

186] Many of the protein targets discussed above exist in multiple conformational states, linked 
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by rapid dynamic motions, present as polydisperse multi-protein ensembles, and lack any 

enzymatic active site for small molecule attachment. All of these factors conspire to create an 

environment where the rapid assessment of binding strength alone will likely be insufficient 

information to identify potential lead compounds. Instead, next-generation high-throughput 

screening technologies will need to detect small molecules that elicit an efficacious 

conformational change, shift in stability/flexibility, or oligomeric state alteration within a target 

protein system in a manner that may not correlate with overall binding strength. 

 

Overall, the IM-MS protein–ligand screening methods discussed here are primarily limited by: 

the detection limits associated with ESI-MS and the software solutions currently available to 

rapidly extract scored responses and computational models of protein structure from IM-MS 

data. Significant development challenges also surround the throughput of IM-MS screening 

technology, which is currently limited to hundreds of samples-per-day, primarily through 

deficiencies in rapid sample introduction methods and post-analysis software tools. Despite these 

challenges, the advantages of IM-MS based screens, which are capable of detecting minor 

conformational changes in protein targets within mixtures at relatively low concentrations 

without the need for chemical labeling, are enabling a growing number of studies involving 

protein–ligand complexes of pharmaceutical interest. This trend is likely to continue in the 

future, and lead to both the support and the acceleration of continued efforts in the 

pharmaceutical sciences. In this thesis, IM-MS and CIU methods are developed in an effort to 

develop robust protein-ligand screening protocols focusing on the structural binding 

consequences, including binding strength and associated conformational changes.   
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In chapter 2, the binding and CIU profile of the Concanavalin A – manosyl sugar system, using a 

range of sugar ligands with known KD values, binding modes and structures, were systematically 

investigated, in an effort to evaluate the impact of ligand binding strength and size on the CIU 

process. (Published. Niu, S. and B.T. Ruotolo, Collisional unfolding of multiprotein 

complexes reveals cooperative stabilization upon ligand binding.Protein Science, 2015.) 

In chapter 3, molecular modeling approaches were performed in conjunction with experimental 

measurements, to investigate the fundamental mechanism of collision induced unfolding of the 

multi-protein complexes. 

In chapter 4, the interactions between Human histone deacetylase 8 and Poly-r(C)-binding 

protein 1 were systematically probed by IM-MS, and for the first time, a working protocol to 

measure the binding affinity between hetero-protein-protein complexes by MS was developed. 

In chapter 5, the integral membrane protein Translocator Protein (TSPO) and its therapeutic 

ligand binding behavior was investigated by IM-MS, a native endogenous ligand was observed 

within the A139T mutant, and its identity was systematically screened via MS- and CIU-based 

approaches. 

Part of the content in this introduction was published as a review on Current opinion in 

chemical biology, 2013. 17(5): p. 809-817. 
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Chapter 2 

Collisional Unfolding of Multiprotein Complexes 

Reveals Cooperative Stabilization Upon Ligand 

Binding 

 

 

2.1 Introduction 

Protein biochemistry is replete with binding and interaction mechanisms that rely upon 

cooperativity, which acts as a form of general control to drive protein-ligand selectivity and 

function in many higher-order complexes (1-3).  Beyond well studied systems, such as the 

cooperative mechanism surrounding the binding of molecular oxygen and other ligands to 

hemoglobin (2; 4), many additional proteins and protein complexes have been identified that 

exhibit cooperative ligand binding mechanisms.  For example, many protein-DNA complexes 

have well known cooperative binding mechanisms that functionally regulate DNA replication (5; 

6).  In addition, many protein-based motors and pumps rely upon cooperative binding of lipids 
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and other small molecules to allosterically control protein function (7).  While many questions 

remain surrounding the details of cooperative protein-ligand interactions in vitro and in vivo(8), a 

combination of theoretical models of protein-ligand binding cooperativity (9; 10), in combination 

with detailed measurements of binding thermodynamics (11), have been used to describe the 

functional consequences of a broad range of protein-ligand complexes (12; 13).       

 

In contrast to our understanding of protein-ligand binding cooperativity, detailed mechanisms 

that describe cooperative increases in protein stability as a function such ligand binding events 

remain relatively elusive.  For many years, cooperative effects have been invoked to describe 

enhancements to protein stability upon folding (11).  Computational chemistry approaches, for 

example, have been used to analyze the detailed cascade of non-covalent interactions, hydrogen 

bonds, and salt-bridges that give rise to folded structures, and have identified cooperative 

elements in many cases (14-18) .  Similar examples centering on the protein stability acquired 

upon ligand binding are rare, but several have been reported (15; 19-22) .  For example, density 

functional and ab initio methods in combination with molecular modeling have been used to 

quantify the hydrogen-bonding cooperativity in the context of biotin-avidin binding to be on the 

order of 4 kcal/mol(23) .  Computational efforts dominate this area of research, as measurements 

of cooperative protein-ligand stabilization energies are tremendously challenging, beginning with 

the difficulties associated with recording evidence of cooperative binding patterns (10; 18; 24).  

Calorimetry data can, in principle, be analyzed to determine Hill coefficients which quantify the 

relative cooperativity of binding observed in experimental data, but such analyses are often 

difficult to execute, especially for large multiprotein systems, and dependent upon overall ligand 

concentration (4; 25; 26) .   In order to assess stability shifts for such systems, the separation of 
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individual bound states of the biomolecules is required, which is often not possible using 

conventional spectroscopic or chromatographic techniques.   These difficulties have resulted in a 

general dearth of experimental evidence for cooperative stabilization effects in proteins upon 

ligand binding.    

 

Gas-phase structural biology methods, primarily based on nano-electrospray ionization (nESI) 

mass spectrometry (MS), possess the separation resolution and information content sufficient to 

address many of the challenges associated with the assessment of protein-ligand cooperativity 

and stability described above.    MS methods can detect protein-ligand complexes (27-29) , either 

intact or indirectly through mass shifts associated with chemical labeling (29-31), and have been 

used broadly to assess protein-ligand dissociation constants (KD) and stability shifts in protein-

ligand complexes (32-36).  Recently, global methods, based on radical labeling and hydrogen 

deuterium exchange (HDX) have been developed, capable of the in vivo assessment of protein-

ligand binding and stability shifts throughout an entire proteome (37) .  Similarly, MS of intact 

protein-ligand complexes has been used to resolve individual binding stoichiometries of small 

molecule ligands on large multiprotein targets, including the individual adenosine tri-phosphate 

(ATP) binding states of the 800 kDa GroEL chaperone assembly (22; 38; 39).  In the most recent 

of these studies, MS was used to assess the cooperativity of ATP binding to GroEL, 

demonstrating a strong fit to the Monod–Wyman–Changeux model of cooperativity, which 

preserves the symmetry of the protein-ligand states created (40; 41).   
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In addition to quantifying the bound states within complex multiprotein-ligand systems, MS can 

also act to isolate protein complexes for stability measurements in the gas-phase, following 

collisional activation. Such collision induced unfolding (CIU) experiments were first described 

for small monomeric protein ions (42), but have rapidly expanded to include more detailed 

instrumentation (43) and applications covering large multiprotein complexes (35; 44; 45).  In 

order to track gas-phase protein unfolding, MS must typically be coupled with ion mobility (IM), 

which acts to separate protein ions according to their orientationally-averaged size and charge 

(46).  For example, CIU results have been used to record the gas-phase folding landscape of 

ubiqutin ions over a range of charge states using tandem IM instrumentation, with collisional 

activation regions between IM stages (47).  Additionally, CIU of protein complexes has 

measured the stability of salt-adducted assemblies (48; 49), been used to assess stability 

enhancements in pathogenic mutants (35), and differentiate conformationally-selective kinase 

inhibitors (50).   Most recently, IM-MS and CIU data have been used to ascertain the selectivity 

and stability of bound lipids within the mechanosensitive channel of large conductance from 

Mycobacterium tuberculosis, s well as E. coli aquaporin and ammonia channels (44). 

Here we apply CIU and MS measurements to capture cooperative increases in protein stability as 

a function of ligand attachment in a multiprotein-ligand binding system.   Our target system is 

Concanavalin A (Con A), a 103kDa lectin tetramer that has been well studied both in 

solution(51; 52)  and in the gas-phase (53),  due in part for its central role in lectin affinity 

chromatography (54).  Beyond its well-understood structure, the affinities of the four 

carbohydrate binding sites on Con A (one per monomer) are well known for a variety of manosyl 

carbohydrate ligands (55; 56).  The complex bound to many of these carbohydrates has been 

studied intact by MS (53), as has its structural transitions as a function of solvent composition 
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(57).   Cooperative binding models for the assembly have been discussed in the literature (58; 

59), but the extent of the cooperativity observed, and how that varies as a function of 

carbohydrate ligand, is currently relatively unknown.   Our IM-MS and CIU data for Con A, 

which we acquired comprehensively over a range of carbohydrate ligands and binding 

stoichiometries, reveals evidence for differential cooperative stabilization that favors larger 

ligands.  We discuss our methods and alternative explanations for our observations, as well as 

their potential implications for IM-MS, CIU and structural biology in general. 

2.2 Experimental Methods 

2.2.1 Sample Preparation 

Con A was purchased from Sigma (St. Louis, MO), and associated manosyl carbohydrate ligand 

systems were purchased from V-LABS (Covington, LA). Con A is a lectin manosyl 

carbohydrate-binding protein tetramer, with well-studied sequence and structure.(52) Con A 

contains one carbohydrate binding site per protein subunit, with each monomer consisting of 237 

amino acids (Mw 25.7kDa), arranged into two anti-parallel β-sheets. While the biological unit 

of the complex is a tetramer, the assembly has an established pH-dependent equilibrium with a 

dimeric form, with the dimer dominating below pH 5.6 and at low temperatures(60). Con A has a 

high affinity to glucose / mannose carbohydrates, and exhibits the highest affinity for 

carbohydrates having a tri-mannoside, 3,6-di-O-(α-D-mannopyranosyl)-D-mannose core(55; 61). 

The Con A carbohydrate binding site is situated on a solvent exposed cap of each monomeric 

unit, proximal to two metal binding sites; a transition metal ion site (S1, typically Mn
2+

) and a 

Ca
2+

 site (S2)(62).It has been reported that dimeric and tetrameric Con A bind similarly to a 

variety of carbohydrates, as reported by both calorimetry (58)and nESI-MS(53).We have chosen 
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five oligo-saccharide ligands with different binding affinities, having KDs ranging from 0.32 -

2.97μM and molecular weights ranging from 504-1235 Da (See Table 2-1 for details), to 

evaluate the CIU responses for Con A. 

 

2.2.2 Ion Mobility-Mass Spectrometry 

Protein-ligand samples (~10uL) were analyzed using our quadrupole ion mobility time-of-flight 

mass spectrometry (Q-IM-ToF MS) instrument (Synapt G2 HDMS, Waters, Milford, MA). 

Complex ions were generated using a nESI source and optimized to allow transmission of 

protein-ligand complexes. The capillary voltage of the nESI source was typically held around 1.6 

kV, with the source operating in positive mode. The sampling cone was operated at ~90V. The 

traveling-wave IM separator was operated at an N2 pressure of approximately 3.5 mbar, using a 

40V wave amplitude traveling at 800-1000 ms
-1

,in order to generate IM separation.  Protein 

samples were prepared in 100 mM ammonium acetate at pH7 to a concentration of 10 μM 

following buffer exchange. Saccharide ligand samples were also prepared in aqueous solution at 

concentrations of 10 μM using 100 mM ammonium acetate buffer concentrations. All ligands 

were incubated with Con A for 30 minutes prior to nESI-IM-MS analysis. 

 

2.2.3 Collision Induced Unfolding Measurements 

Collisional activation in the ion trap traveling-wave ion guide prior to the IM separator was used 

for CIU of protein complexes in order to investigate the gas-phase stability of protein ions bound 

to different carbohydrate ligands. Experiments were initially performed in tandem-MS mode. 
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Ions were selected in the quadrupole mass filter at an m/z corresponding to the 19+ and 20+ 

charge state of Con A bound to different ligands. Results showed that carbohydrate ligands bind 

tightly to Con A under our experimental conditions, with no apparent ligand dissociation and 

charge stripping (up to 9% signal lost for 19+ and 13% for 20+, at trap collision energy of 

100V). Data were then collected under a high-throughput native MS1 mode, where we 

transmitted all ligand bound states simultaneously into the ion trap, to undergo CIU 

simultaneously. CIU data was acquired by varying the trap collision voltage experienced by ions 

as they enter the ion trap region of the instrument in 2-5 volt increments and recording IM data 

for MS-isolated peaks at each discrete voltage value. 

 

2.2.4 Data Analysis 

All mass spectra were processed with Masslynx 4.1 software (Waters). The relative intensities of 

compact Con A tetramer / dimer ions for both apo and ligand bound species (If), the only features 

observed when no activation energy was applied, were calculated as a percentage of the total ion 

intensity observed at a selected m/z value corresponding to the intact corresponding tetramer or 

dimer ions using Eq.1. This value is used to chart the unfolding process of protein oligomers as a 

function of activation voltage used throughout our dataset. The typical standard deviation for the 

determination of If(%) was 2-4%. 

 

𝐼𝑓(%) =
𝐼𝑓𝑜𝑙𝑑𝑒𝑑

∑ 𝐼𝑐𝑜𝑛𝑓𝑜𝑟𝑚𝑒𝑟𝑠
× 100(1) 
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Figure 2-1 further demonstrates the typical experimental protocol we have developed for 

measuring the gas-phase stabilities of Con A-Carbohydrate complexes: Protein ions are first 

generated by nESI and different binding stoichiometries are identified by MS, in the positive ion 

mode. When low activation voltages are used (blue data, Figure 2-1A), all protein charge states 

and ligand bound states remain compact and monomodal with respect to their IM arrival time 

distributions. As the activation voltage is increased (shown in red), IM distributions increase in 

drift time and become multimodal, indicating protein unfolding in the gas phase. Prior to 

collecting complete datasets, we conducted preliminary surveys of the IM-MS data as a function 

of activation voltage in order to assess the course changes in IM drift time encountered by Con A 

over the activation voltage range available for CIU measurements.  The IM drift time signals are 

further isolated according to the m/z values corresponding to each ligand bound species detected 

(Figure 2-1B), and the percentage of compact Con A complex ions observed is computed at each 

activation voltage used for CIU data collection (Figure 2-1C).The resultant compact ion 

intensities are then plotted against a range of activation voltages, typically ranging from 20-

100V, for both the dimeric and tetrameric forms of the Con A – oligosaccharide complexes 

observed. When we compare protein CIU as a function of ligand binding, additional bound 

carbohydrates universally stabilize Con A(Figure 2-1D). To quantitatively evaluate the 

stabilizing influence of carbohydrate binding on Con A, histograms captured at the 50% intensity 

thresholds shown in Figure 2-1C are generated, which quantify the relative collisional energy 

required to unfold 50% of the selected protein complex ions (Figure 2-1E). CIU voltage 

differences captured at 50% relative ion intensity between two adjacent bound states are also 

calculated in order to assess potential cooperative increases in Con A stability (Figure 2-1E). 
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Figure 2-1. Experimental protocol for measuring the gas-phase 

stabilities of Con A – carbohydrate complexes. (A) Protein ions 

are first generated by nESI and different binding stoichiometries 

are identified by MS. Representative data at activation voltages of 

50V (blue) and 75V (red) are shown, and exhibit different extents 

of collisional unfolding. (B) The IM drift time signals are further 

isolated according to the m/z values corresponding to each ligand 

bound species detected, and analyzed as a function of activation 

voltage (shown as a IM drift time stack plot). (C) The percentage 

of compact Con A complex ions observed is computed at each 

charge state, and each activation voltage, ranging from apo to all 

carbohydrate-bound species. (D) Representative IM drift time 

stack plots of protein CIU response as a function of ligand binding. 

The relative population shift from structural family b to a upon 

ligand binding is related to the stability conferred to the Con A 

complex upon ligand binding. (E) Histograms captured at 50% 

intensity thresholds shown in Figure 2-1C are generated, which 

quantify the relative collision voltage required to unfold 50% of 

the selected protein complex ions. Differential CIU stabilities 

extracted for proximal bound states are also calculated for our 

cooperative stabilization analysis.  
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2.2.5Isothermal Titration Calorimetry 

Isothermal titration calorimetry (ITC) measurements were performed on a nanoITC 2G model 

system from TA Instruments (Waters LLC, New Castle, DE).  Briefly, 20 μM Con A and 

500~600 μM carbohydrate ligand, both in 100 mM ammonium acetate buffer at pH 7, were used 

to achieve optimal isotherm titration curves.  Blank buffer runs were performed for baseline 

determination prior to protein ligand titration experiments. Con A solutions were degassed for 15 

min, taking care to avoid air bubble formation in the sample, before loading them into the 

calorimeter cell. The titrations were performed at 25
o
C, a 300 rpm stir rate, with a >1800 sec 

equilibration time, and followed by 24 injections separate sample injections each with a 240 sec 

spacing. Raw ITC data were analyzed by NanoAnalyze software, and were exported to excel for 

further cooperativity analysis. 

 

 

 

2.3 Results and Discussion 

Figure 2-2A and 2B show nESI-MS results for dimeric and tetrameric Con A incubated with all 

five of the carbohydrate ligands shown in Table 2-1. For dimeric Con A, we observe largely apo, 

1:1 and 1:2 Con A-ligand stoichiometries, with small amounts of non-specific 1:3 complexes 

detected due to excess ligand added in solution.  Similarly, we observe resolved MS signals for 
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apo, 1:1, 1:2, 1:3 and 1:4 Con A tetramer-ligand complexes, with negligible evidence of any 

non-specific interactions and having integrated intensity values (over all charge states) that 

correlate well with expected KD values (32,33).  Furthermore, we note that the relative intensities 

of the bound states observed favor higher ligand occupancies more strongly for lower protein 

charge states, as observed previously (53), an observation most-likely linked to differences in the 

kinetic and internal energies of the Con A ions as a function of charge state.  In general, manosyl 

carbohydrate ligands, which are ranked in increasing size and binding affinity (top to bottom), 

show concomitant increases in the bound population observed when ligand concentration is kept 

constant. Under our conditions, we found that the M3 ligands (504Da) bound to the Con A 

tetramer represented the practical limits of our MS resolving power, as shown in Figure 2-2B. 

Similarly, excess M5G2 (1,235Da) binding can cause MS overlap between the 19+ and 20+ 

signal clusters in Figure 2-2B. By tuning the molar ratio between ligand and protein used during 

our experiments, we were able to optimize our MS signal to the extent where such overlaps were 

minimized.  
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Table 2-1.Carbohydrate ligands, their correlated abbreviations, molecular mass, and dissociation 

constant (KD) relative to the Concanavalin A tetramer. 

Structure Abbr. Mw(Da) KD(µM)

* 

 

 
 

M3 504.4 2.97 

 

 
 

M5 828.7 
2.85 

1.51 

 

 
 

G2M3 910.8 0.71 

 

 
 

M3G2 910.8 0.77 

 

 
 

M5G2 1235.1 0.32 

* All KD values are derived from previous data (53).  In cases where multiple KD values are reported for the same carbohydrate ligand, they are 

reported from Mandal et al(61).  

CIU data was recorded for each of the signals observed in Figures 2A and 2B, and the CIU 

stabilities associated with each of these ligand bound states are summarized in Figures 2C and 

2D for Con A dimers and tetramers respectively, displayed as a normalized laboratory frame 

collision energy averaged overall all charge states observed (45). The CIU outputs shown are 

averaged from multiple charge states and normalized relative to the CIU stabilities recorded for 

apo Con A.  Results show that when carbohydrates interact with either dimeric or tetrameric Con 

A, the stability of the assembly is generally enhanced. In addition, our CIU stabilities do not 

possess a strong correlation with either the molecular mass or the solution-phase KD values for 

the ligands assessed (Figure S2-1). The stability enhancements observed in our CIU 
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measurements cover a broad a range. For example, by comparing apo and 1:4 tetramer-ligand 

complexes, we measure a stability enhancement of 101.5 eV (laboratory frame energy)forM5G2 

complexes when compared to those comprised of M3-bound Con A. It is worth noting that all of 

the carbohydrate ligands tested in this report contain a tri-mannose core structure previously 

observed to interact with high affinity with Con A (58; 61). As reference, we tested a number of 

ligands that lacked this tri-mannose structure and observed no evidence of ligand binding, in a 

similar fashion to previous data (56; 58) . 

 

In order to ascertain the information content of our IM-MS and CIU data relative to the stabilities 

of the Con A-ligand complexes obtained through conventional MS measurements, collision 

induced dissociation (CID) stabilities were also recorded for all signals observed in Figures 2A 

and 2B and compared to those generated from CIU.  As discussed previously (34; 35), CID 

stabilities can be extracted from MS data in a similar manner to the CIU stability values that are 

extracted from IM data (see Figure 2-1), and correspond to the collision energy required to 

dissociate 50% of the bound ligand from the intact Con A-ligand assembly.  For example, CID 

and CIU stabilities are recorded and compared for Con A-M3G2 complexes in Figure 2-3, and 

these data are representative of all similar comparisons that we conducted comprehensively 

throughout our Con A-ligand complex dataset (data not shown). While uniform CID stabilities 

are recorded for all ions, we observe significant differential effects on protein stability by CIU, 

varying by 13% over the apo to 1:4 Con A tetramer-ligand complexes detected.  Similar 

disparities between CID and CIU stability values have been observed for tetrameric transthyretin 

(TTR)-thyroxine complexes, with CIU results indicating significant stability differences both 
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between bound states and mutant forms of the protein, whereas CID only detected stability 

differences upon protein mutation (35) .   

 

 

Figure 2-2. MS and CIU results of Con A incubated with all five ligands. MS results for (A) 

dimeric and (B) tetrameric Con A incubated with all five carbohydrate ligands shown in Table 2-

1. CIU stability responses associated with each ligand bound states, across all protein charge 

states, are summarized in (C) and (D) for Con A dimers and tetramers, in terms of a laboratory 

collision energy (eV) normalized to that of the apo state. The presented CIU outputs are averaged 

from multiple charge states and normalized relative to the CIU stabilities recorded for apo Con 

A.  
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In addition to detecting stability enhancements upon ligand binding that are not apparent using 

CID, CIU detects significant differences in the stability conferred to Con A upon ligand binding 

that, upon close inspection, appears non-linear with respect to Con A ligand occupancy.  Figure 

2-4A shows CIU stability values for M3 and M5 bound to the 20+ charge state of the Con A 

tetramer.  As discussed above, increasing levels of ligand occupancy enhances the stability of the 

resulting Con A complex.  However, Figure 2-4B, which plots the collision voltage differences 

recorded between adjacent Con A bound states for M3 and M5, and reveals significant non-

linear increases in stability for M5 that are not apparent for M3.  For example, upon transitioning 

from a 1:1 to a 1:2 Con A tetramer: ligand complex, M3 binding allows the assembly to survive 

for an additional 0.9 V, while M5 binding adds 1.4 V of stability enhancement, despite both 

ligands conferring nearly identical stability increases upon transition from apo to 1:1 complex 

forms.   Similarly to 1:2 complexes, M5 binding shifts CIU stability by 2.2 V, whereas 1.1 V of 

stability are added to CIU data for M3, when 1:4 Con A tetramer : ligand complexes are 

considered.  Conversely, 1:3 complexes generated with either ligand generate similar 

enhancements in tetramer CIU stability.  Both of the stability differences cited above, for 1:2 and 

1:4 complexes, are outside of the computed standard deviation derived error bars (ranging 

between 0.1-0.3V) for our relative CIU comparison plots.   Overall, the data presented in Figure 

2-4B clearly supports a positively cooperative stability enhancement in the Con A tetramer upon 

binding M5, congruent with known Con A structure and ligand binding mechanisms (58).  

Similar data analysis was performed in M5G2 and M3G2, also revealing evidence of cooperative 

stabilization (Figure S2-2), leaving M3 as the only carbohydrate ligand for which no cooperative 

enhancements in CIU stability are detected. 
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Figure 2-3. MS/CIU/CID results of Con A bound with M3G2. Representative MS results (top), 

and histograms (bottom) revealing the collision energy required for 50% unfold/dissociation of 

the 20
+
ConA complexes (as labeled), each having different numbers of bound M3G2. The ability 

to detect differential stabilization upon ligand binding, and thus any cooperative stabilization 

effect, is unique to our CIU measurements, as no significant differences in MS bound state 

intensity or CID stability are detected. 

 

 

In order to compare our gas-phase CIU results with direct measurements of cooperative binding 

in solution, we performed ITC assays on ~500M Con A samples incubated with three 

carbohydrate binders (M3, M5, G2M3). Figure S2-3 plots the enthalpy change recorded by ITC 

against the number of sample injections performed, which is correlated with carbohydrate ligand 

concentration.  Recorded isotherms for all three Con A-carbohydrate complexes exhibit a ‘U’ 

shaped profile, instead of a sigmoid, indicative of positive binding cooperativity (58). Further 

attempts were made to differentiate and rank the cooperative binding observed.  For example, we 

plotted the fractional saturation ratio of Con A against the free carbohydrate ligand concentration 

(data not shown), but this analysis resulted in similar values for the relative cooperativity of all 
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ligands tested. Typically, the magnitude of the binding cooperativity detected is strongly reliant 

upon ligand binding affinity(63; 64).  The ligands chosen for our ITC screen all exhibit similar 

KD values relative to Con A, in agreement with this general observation (see Table 2-1). CIU 

results do not detect any cooperative stabilization upon M3 binding to Con A, despite evidence 

of a cooperative binding mechanism in solution.  This observation may be due to the relatively 

small mass (504.4 Da) and weak affinity (KD=2.97 M) of M3 relative to the other 

carbohydrates studied here. Alternatively, cooperative stabilization of Con A might not 

necessarily be linked with cooperative binding, as few examples exist in the literature where both 

values are probed simultaneously through experiment.   Regardless, CIU and ITC results both 

detect cooperative stabilization and binding, respectively for the other carbohydrate ligands 

studied here, providing clear evidence of a potential correlation between gas-phase Con A 

structure and stability and solution-phase protein function.   

 

Still deeper analysis of CIU data provides a more comprehensive picture of the stabilization 

mechanism adopted by Con A- carbohydrate ligand complexes, as well the potential limitations 

surrounding the detection of the cooperative stabilization effects described above.  Figure 2-4C 

shows a comparison of the relative differences in CIU stability recorded for 19+ Con A complex 

ions in comparison with 20+ ions, where the latter ions and their stabilities are described in detail 

above (Figure 2-4A and 4B).  While strong cooperative stabilization of Con A is observed for 

M5 bound complexes when 20+ ions are analyzed, little evidence of positive cooperativity is 

observed in the CIU data for 19+ Con A-M5 complex ions.  We rationalize this result based on 

the likely differential ion temperature and energetics of the 19+ and 20+ Con A complexes.   It 

has been observed previously that the CIU and collisional remodeling of protein complexes is 
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highly charge state dependent [35; 44; 45; 50].  As such, it is not surprising that cooperative 

stabilization cannot be detected throughout all Con A-ligand complex charge states, as these ions 

likely possess different threshold energies for collisional unfolding and do so via different 

mechanistic pathways.  Additional pathway details are available through the use of CIU 

‘fingerprints’ which track the size of the Con A complex as a function of the collision voltages 

used to initiate CIU.  These data (Figure S2-4) strongly indicate that the presence of the bound 

ligand does not alter the unfolding pathway of the Con A tetramer, when compared with control 

fingerprints acquired for the Apo protein.  Instead, global stabilization of Con A relative to CIU 

(for both the 19+ and 20+ ions) occurs through an increased stability of the most compact form 

of the assembly (Figure S2-5 and S6).  Since such compact forms of the protein are more-closely 

linked to the native state structure of Con A (35), such results link more closely the cooperative 

stabilization effects observed to potential analogous stabilization upon Con A-carbohydrate 

binding in solution. 
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Figure 2-4. (A) CIU stability responses for ligand M3 (purple) and M5 (blue) bound to the 20
+
 

charge state of Con A tetramer. (B) Collision voltage differences recorded between adjacent Con 

A bound state for ligand M3 and M5. Data indicates significant non-linear stability increment for 

M5 that are not apparent for M3. (C) CIU-based collision voltage difference values for M5 

bound Con A complexes recorded for 19+ (open blue box) and 20+ (filled blue box) ions. The 

cooperative stabilization effect observed is clear for those ions having a higher overall charge, 

but not apparent for those of lesser charge state. 
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2.4 Conclusions 

Here, we present evidence of the cooperative stabilization of a 103 kDa lectin protein tetramer 

upon carbohydrate ligand binding.  We utilize CIU, a novel MS-based methodology that has only 

been applied in a few cases, to make this assessment, and show that such stabilization cannot 

easily be detected using solution phase technologies (e.g. ITC) or by MS alone.  Indeed, such 

stability measurements require the separation of resolved ligand bound states of the protein 

complex in order to individually address the stability of each state in isolation.  The IM-MS and 

CIU methods described here are uniquely able to accomplish this, and generate stability data that 

can potentially be used to inform energy calculations aimed at assessing the details of such 

cooperative effects.  We note a general agreement between our data, and cooperative binding 

data acquired in solution here, as well our general agreement with previous reports (53; 58; 61).  

We also note that weak correlations are found between CIU stability and ligand KD values or 

molecular mass, demonstrating the orthogonality of CIU stability data and its likely dependence 

upon complex structure, as well as the mechanistic details of the CIU process.   

 

It is clear, however, that caveats exist for the trends reported here.  First, cooperativity is most 

apparent in higher charge states for the Con A complexes observed.  Previous data has linked 

lower charge states more closely to native-state protein structures (35; 65), but has also 

discovered clear CIU dependencies upon protein charge state that connect to the overall 

mechanism of activation-initiated gas-phase protein unfolding and remodeling.  In addition, 

small ligands (e.g. M3) do not exhibit cooperative stabilization effects in our CIU dataset, but do 
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exhibit cooperative binding in solution (Figure S2-2).  This discrepancy likely stems directly 

from the CIU process, which may discriminate against small, weak binders that cannot remain 

bound to the protein in large numbers following collisional activation.  Despite these minor 

caveats, however, the CIU data shown here adds substantially to the growing list of applications 

that such gas-phase experiments have found, which currently includes: stability assessments of 

protein-cation/anion complexes (45; 66),  the discovery of conformationally-selective kinase 

inhibitors (50), and the assignment of membrane protein-lipid binding modes (44).  It is clear 

that future work will continue to expand the CIU experiment to more experiments that utilize its 

unique ability to extract protein stability values from complex protein mixtures, using relatively 

small amounts of sample. 
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2.6Supporting Information 

 

 

 

 

Figure S2-1.Plot showing the first energy leap (Apo - Holo) upon different sugar ligand binding, 

as a function of (left) Mw and (right)pKd. Results indicate a mild positive correlation in that, 

larger/tighter ligand tends to provide better stabilization effect; Within the each ligand binding 

scenario, lower charge state (+19) consistently provides larger stabilization compared with 

higher charge state (+20)  
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Figure S2-2 Collision voltage differences recorded between adjacent Con A bound state for 

ligand M3, M5, M3G2 and M5G2. Non-linear stability increments were observed for all the 

investigated ligands other than the smallest ligand M3.  Complete CIU response data for ligand 

G2M3 is not available, due to insufficient signal at 20+ charge state. Mild cooperative 

stabilization effect can still be observed based on 19+ data. 
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Figure S2-3.  Isothermal titration calorimetry data of Con A bound to ligand M3/M5/G2M3. As 

Con A has 4 identical but dependent binding sites, the fact that the first few injections are 

increasing in magnitude, instead of decreasing, making the overall isotherm in a non-sigmoidal, 

U-shaped curve, is the critical evidence revealing positive binding cooperativity in all three 

cases.  
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Figure S2-4. Representative CIU fingerprints shown for Con A bound to ligand M5 in four 

stoichiometries at 20
+
 charge state. Results show that, upon activation in the gas-phase, ligand-

bound Con A tetramer uniformly unfolds into at least 2 structural intermediate forms over the 

displayed voltage range.  The dashed white boxes highlight the most-compact form of the 

protein, which persists over larger voltage ranges in cases where more ligands are bound, 

indicating that ligand binding primarily stabilizes this native-like conformation, rather than other 

activated structural intermediates. 
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Figure S2-5 Representative CIU fingerprints shown for Con A bound to ligand M5G2 in four 

stoichiometries at 19
+
 charge state. Consistent trends were observed in larger carbohydrate 

ligand, at lower charge state. 
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Figure S2-6 Representative CIU fingerprints shown for Con A dimer bound to ligand M3 in two 

stoichiometries at 15
+
 charge state. Consistent trends were observed in the smallest carbohydrate 

ligand M3, for Con A dimer as well. 
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Chapter 3 

Development of a Detailed Molecular Model for the 

Collision Induced Unfolding of Multiprotein-Ligand 

Complexes 

 

 

3.1 Introduction 

Proteins often function in the context of large assemblies in order to regulate the various 

biological processes necessary to life.[1, 2] Thus, protein complexes are critically important 

targets for drug discovery and development.[3, 4]Mass spectrometry (MS) is a critical 

component of many drug development efforts worldwide, where it is used to assess small 

molecule binding to target substrates and the pharmacokinetics of drug action.  However, MS is 

rarely used to screen for the structural consequences of drug binding, and more time-consuming 

technologies capable of projecting atomic models of protein-drug interactions are utilized 

instead.  As the intended phenotypes of drug interactions trend toward those that target critical 
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conformation changes within the bound substrates, in many cases binding to proteins having no 

known enzymatic active site, developing rapid tools capable of screening subtle conformational 

changes within protein-protein and protein-ligand complexes is acritical goal.[5] 

 

Currently, there are many different MS approaches able to recover information from intact 

protein complexes. As shown in Figure 3-1, intact protein-ligand complexes can be mass 

analyzed following nESI, revealing binding stoichiometries and affinities,.[6-9]On the other 

hand, the collisional activation experiments have also been reported as a means of recovering 

useful structural information from intact assemblies.[10-13]While much is known regarding the 

composition of the products ions generated upon protein complex collision induced dissociation 

(CID), much less is known regarding the intermediate protein structural forms produced during 

the CID process.  

 

It is worth noting that in the context of  the first observation of protein complex CID, protein 

unfolding events were invoked to describe the details of the dissociating process[14]. During 

protein complex CID, charges are partitioned asymmetrically on the eventual product ions 

observed, and thus an asymmetrically unfolded transition state was invoked for such experiments 

early in the development of the field. For example, Jurchen and co-workers provided convincing 

evidence suggesting that the origin of such asymmetric charge partitioning within protein 
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homodimers is linked directly to the foldness of the transition state, resulting monomeric product 

ions that carry away the majority of the precursor charge.[15, 16] Moreover, high transition-state 

entropies measured during blackbody infrared dissociation experiments on homo-pentameric 

protein complexes described by Klassen et al also indicate that unfolding events take place 

during the CID transition state.[14]IM-MS data for protein complexes following collisional 

activation has been used, as well, to directly observe collision induced unfolding (CIU) in protein 

complexes, and link these forms in general to CID product ion formation[10]. In addition to 

basic arguments of involving Coulombic repulsion and the increased surface area of the 

transition state, it has also been  proposed that the apparent gas phase basicity of the elongated 

proteins is enhanced relative to that in the folded state, rendering it energetically favorable to 

transfer protons  asymmetrically relative to product ion mass.[15]However, despite the details 

above, there are a number of persistent, lingering questions surrounding the nature and 

consequences of the unfolded CID transition state. For example, what are the chief driving forces 

for the unfolding process? Does multiprotein unfolding follow a single monomer unfolding 

mechanism, or do multiple subunits unfold simultaneously? To what extent to native-like small 

molecule binding sites remain intact within the unfolding proteins, and how would such 

information be used to interpret CIU data for such systems?  
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Figure3-1.Schematic illustration of the multi-protein (shown as a homo-tetramer) unfolding and 

dissociation process. Native protein subunits are labeled in green, unfolded conformers are in 

blue, and a small molecule binder is shown in red. Two distinct unfolding mechanisms are 

proposed: A. Charges migrates onto a single monomer following thermal unfolding, and this 

triggers a broader unfolding event (highlighted in red box); B. Multiple subunits unfolding 

simultaneously to achieve maximum transition state entropy, with mixed charge migration 

effects.  

 

 

To address these questions, we attempt to use IM-MS, in conjunction with molecular modeling 

(MM) approaches, to provide enhanced fundamental understanding of the CIU process for .the 
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tetrameric sugar binding protein Concanavalin A (Con A). Con A is a lectin manosyl 

carbohydrate-binding protein tetramer, with well-studied sequence and structure.[17, 18] Con A 

contains one carbohydrate binding site per protein subunit, with each monomer consisting of 237 

amino acids (Mw 25.7kDa), arranged into two anti-parallel β-sheets. While the biological unit 

of the complex is a tetramer, the assembly has an established pH-dependent equilibrium with a 

dimeric form, with the dimer dominating below pH 5.6 and at low temperatures[19]. Previous 

modeling efforts that have aimed to elucidate the details of protein complex CIU and CID have 

either used coursed-grained models or have not completely accounted for inter-protein charge 

migration [20, 21].  We employ experimental CIU fingerprints of the intact Con A complex [10, 

22] along with Coulombic unfolding data for Con A monomers, to surmount these challenges 

and create full atomic models of the CID transition states for the first time.  We find a strong 

correlation between the Coulombic unfolding of Con A monomers, and the CIU of intact Con A 

tetramer, which suggests a single monomer unfolding mechanism.  Furthermore, when MM 

models of Coulombically unfolded Con A monomer are docked onto a folded Con A trimer, 

strong agreement is found between the measured Con A sizes achieved during CIU of the intact 

complex.  In order to validate this agreement, we develop a new calibration curve that converts 

between projected model areas and full Monte Carlo, physics-based estimates of ion size.  

Finally, we quantify the amount of charge transfer needed to achieve each of the four unfolded 

states observed during Con A tetramer CIU, discovering that the majority of charge transfer 

takes place during the initial unfolding phase of a single Con A monomer within the assembly.  



90 

 

These results are discussed in the context of the CID mechanism for protein complexes, as well 

as emerging needs for CIU data analysis.  

 

 

3.2 Experimental Methods 

3.2.1 Ion Mobility-Mass Spectrometry 

Con A(jack bean) and m-NBA (3-Nitrobenzyl alcohol)were purchased from Sigma (St. Louis, 

MO).Con A samples (~10uL) were analyzed using quadrupole ion mobility time-of-flight mass 

spectrometry (Q-IM-ToF MS) instrument (Synapt G2 HDMS, Waters, Milford, MA). Complex 

ions were generated using a nano-electrospray ionization(nESI) source and optimized to allow 

transmission of protein assemblies. The capillary voltage of the nESI source was typically held 

around 1.6 kV, with the source operating in positive mode. The sampling cone was operated at 

~90V. The traveling-wave IM separator was operated at an N2 pressure of approximately 3.5 

mbar, using a 40V wave amplitude traveling at 800-1000 ms
-1

, in order to generate IM 

separation. In terms of the solution disruption experiment, Con A sample was incubated with 5% 

m-NBA, a classic super-charging reagent,[23] to disrupt the monomer-monomer interface of Con 

A and generated charge amplified monomeric units.  

 



91 

 

 

Figure3-2.Schematic workflow for computational modeling protein complex CID and CIU. Con 

A monomer is isolated from the crystal structure tetramer (PDB: 1VAL), and subject to initial 

charge assignment; the charged monomer models are then further interrogated by an annealing-

type MD simulation, and filtered against experimental CCS measurements. Model structures 

with low force field energy values and CCSs that agree with experimental values are highlighted, 

and docked back onto the remaining Con A trimer, yielding the artificial tetrameric model, which 

is compared to CIU data for the intact assembly. 
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Intact protein samples were prepared in 100 mM ammonium acetate at pH7 to a concentration of 

10 μM following buffer exchange. CIU fingerprints, a contour plot that tracks the size change of 

the interested protein ions as a function of collision energy, were generated based on the 20
+
 and 

21
+
 charge states of Con A tetramer. All mass spectra were calibrated externally using a solution 

of cesium iodide (100 mg/mL) and analyzed using MassLynx 4.1 and Driftscope 2.0 software. 

CCS measurements were externally calibrated using a previously published database of known 

values in helium, using values for peptides and proteins that bracket the likely collision cross 

section (CCS) and ion mobility values of the Con A ions. 

 

3.2.2 Computational Work Flow 

Figure 3-2 illustrates the computational working protocol of this chapter. Briefly, simulated 

monomer structure models for Con A were isolated from the intact tetrameric complex X-ray 

crystal structure. (PDB ID: 1VAL[24]) We started with assigning charges onto the basic residues 

(Lys, Arg, His and N-terminus) within monomers in a manner such that charge positions were 

distributed evenly over the surface of the protein structure, in an effort to minimize Coulombic 

repulsion. 40 different charge assignments, representing monomer charge state ranging from 10
+
 

to 18
+
, were generated. Molecular dynamics simulations were then performed using the 
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GROMACS[25] software package (ver. 4.5.5) utilizing the GROMOS96 53a6 force 

field.[26]The charged assigned models were placed in a cubic simulation box with the minimum 

distance between the simulated molecules and the box wall being 1.0 nm. The system was 

energy-minimized by the steepest descent approach, and then went through and NVT and 

subsequently an NPT simulation. The resultant models were subjected to simulated annealing 

where the system temperature was ramped from 300 to 800K, then cooled back to 300K in a 

periodic manner within 200 pico-seconds for 5×10
4
 iterations over the course of a 20 nano-

second simulation (namely 1×10
7
 total time steps), in order to allow generated models to escape 

from local energy minima and enhance equilibration. Simulated structures were saved every 

1000 time steps, yielding 10,000 saved structures throughout the simulation. LINCS algorithm 

was used to constrain the bond lengths, and the particle mesh Ewald method was employed to 

account for long range electrostatic interactions. Temperature was maintained using the modified 

Berendsen method.[27] After performing 20 ns of simulation, every 100
th

 300K structure was 

exported, yielding 100 models for each charge assignment, 4,000 structures in total. From these 

structures, compact models that both agreed well with experimental monomeric CCS 

measurements (as calculated using a scaled projection approximation (PA) method in MOBCAL, 

with scaling factors described in detail in the text below referenced against the trajectory method 

(TM), also as implemented in MOBCAL), and possessed the lowest final potential energy with 

respect to the simulation, were highlighted to construct the artificial docking model.[28, 29] This 

step yielded 25 monomeric Con A models (as not every simulation would generate theoretical 

CCS that agree well with experimental measurements) with different extent of unfolding, and 
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were further docked back onto an intact Con A trimer (indicated by red arrow) using HEX 8.0.0 

software package.[30] The CCS of resultant artificial tetramer models were computed using the 

scaled PA method as mentioned above. These CCS values were compared with experimental 

tetrameric Con A CCS at various collisional energy levels, as presented on the CIU fingerprints. 

According to figure 3-7, a scaling factor of 25.38% was used throughout the modeling process, 

and such scaling factor was generated from thirteen Con A monomer model structures having 

different degrees of unfolding, ranging from monomers extracted from the tetramer X-ray 

structure, to near string-like unfolded models. 

 

3.3 Results and Discussion 

3.3.1 Depicting the mechanism of multi-protein unfolding using charge state 

as the only variable 

Denatured Con A samples were subjected to IM-MS analysis, resulting in signals for highly 

unfolded monomeric Con A features detected at multiple charge states, ranging from 9
+
 to up to 

20
+
, as shown in figure 3-3(left). The significant elongation of the monomer signal in the drift 

time dimension indicates the subunits are highly unfolded. Figure 3-3 (right panel) shows the 

centroid CCS values for unfolded Con A as function of monomer charge state were. The data 

show that that for most Con A charge states larger than 10
+
, multiple conformers families are 

observed, with four broader groupings of conformations visible over all charge states analyzed. 
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These groupings are visible as pseudo-linear trends within the data, with the third of these trends, 

starting at 2800 Å
2
, representing a broader array of CCS values than the other three.  By 

comparing the upper and lower limit of the CCS distribution detected, our data shows that Con A 

monomer can be enlarged by more than a factor of 2 through charge amplification from 9
+
 to 

18
+
. 

 

 

Figure3-3.(Left) IM-MS data for denatured Con A monomers reveals highly unfolded 

monomeric structures at various charge states. (Right) plot of Con A ion CCS as a function of 

protein charge states. Four distinct groupings of conformational families are observed, with 

representative CCS marked with a, b and c highlighted in red for discussion in figure 3-4.  

 

 

Following the Con A monomer data acquisition, experimental CCS values were used to filter 

low energy structural generated through simulated annealing. Model monomer structures, having 
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different degrees of unfolding, were then docked back onto the remaining trimer structure, 

yielding completed tetramer models containing a single unfolded subunit. As highlighted in 

Figure 3-3, CCSs corresponding to the conformer families marked a, b and c were selected to 

filter monomer models. The corresponding representative low energy models that match the 

CCSs of a, b and c, are shown in Figure 3-4 (left panel). The CCS values of the resultant tetramer 

models, also shown in Figure 3-4(right panel), were calculated using the scaled PA method as 

described above. 
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Figure 3-4. Model monomeric structures a, b and c and their docked tetrameric models. (Left) 

Atomic model structures corresponding to CCS values marked as a, b and c in figure 3-3 at 17
+
 

charge state are shown, exhibiting increasing degree of unfolding. (Right) The resultant tetramer 

model with docked a, b and c monomers onto the intact Con A trimer.  
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As noted above, Con A monomer Coulombic unfolding yields four total CCS groupings, 

categorized by linear trends observed in Figure 3-3. Figure 3-5 compares these four groupings of 

Con A monomer conformations (left panel) to CIU fingerprint for Con A tetramer acquired for 

the 20
+
 charge state (right panel). Remarkably, four main conformational transitions are observed 

for the intact Con A tetramer , labeled as feature I, II, III (a and b) and IV; highly similar to the 

Coulombically unfolded Con A monomer data (color coded, in Figure 3-5). It is worth noting 

that the complexity of feature III in the intact tetramer CIU data is also reflected in Con A 

monomer data, as the analogous CCS grouping exhibits the broadest array of structural forms. In 

addition, computational models constructed from docking low energy Con A monomer models 

that match CCS values for monomer groups I, II, III, or IV onto folded trimers, agree well with 

the correspondingly labeled CIU feature for the intact tetramer. . Such a trend was not specific to 

only the 20
+
 Con A tetramer charge state, data shown in Figure 3-6 exhibits a  similar correlation 

between denatured Con A CCS values and CIU transitions for the 21
+
 intact tetramer. Overall, 

these results strengthen the general hypothesis linking multi-protein unfolding events to charge 

migration events from the complex to a single monomer. 
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Figure 3-5.(Left) A Plot of Con A monomer CCS as a function of protein charge state, in 

comparison to 20
+
 Con A tetramer. The CCS distributions observed are grouped into four 

families and labeled as I, II, III and IV (highlighted in green, blue, yellow and red, respectively) 

(Right) CIU fingerprint for the 20
+
 Con A tetramer charge state. Four discrete structural families 

are presented, and labeled as feature I, II, III (including III-a and III-b) and IV. 

 

 

In order to comprehensively calculate the models output from the workflow shown in Figure 3-2, 

rapid, scaled projection type calculations needed to be performed. Despite this throughput 

necessity, typical scaling factors applied commonly to such calculation output for IM-MS data 

analysis had not been applied to asymmetrically-unfolded proteins, and instead validated on 

compact, globular protein systems [28].  Furthermore, such scaling factors are only appropriate 

when comparing X-ray data with IM-MS output, and do not provide information on the potential 
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gas-phase structures formed [28, 31]. As such, we undertook an effort to generate a new scaling 

factor that effectively converts PA-type CCS estimates into TM values, which are most 

appropriate for assigning models to potential gas-phase structures.  As shown in Figure 3-9, the 

CCSs of above docking models were computed with a scaling factor of 18.4% (for 20
+
) and 

25.8% (for 21
+
), respectively, derived, in part, by computing the CCS of thirteen selected models 

that represent different levels of subunit unfolding, using both the PA and TM methodology. A 

linear trend line was generated through regression analysis having an excellent correlation 

coefficient (R
2
 = 0.9346), resulting in a slope matching the upper end of the conversion factors 

that scaled from CIU fingerprints for the 20
+
 and 21

+
 data. These scaling coefficients were 

generated based on the assumption that the observed most compact native-like structure should 

represents the CCS of Con A’s crystal structure, and are thus only valid for unfolded Con A 

structures. Because the TM approach requires ~10 hours to finish a CCS calculation for a single 

monomer model and >30 hours of CPU time for a single tetramer model), and PA calculations 

take only seconds to complete per model structure, the scaling factors described here enhance the 

throughput of our modeling workflow by a factor of 4 to 5 orders of magnitude.   
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Figure 3-6.(Left) A plot of Con A monomer CCS as a function of protein charge state, in 

comparison to 21
+
 Con A tetramer. The CCS distributions are further categorized into four 

groupings, and labeled as I, II, III and IV (highlighted in green, blue, yellow and red, 

respectively) (Right) A CIU fingerprint for the 21
+
 Con A tetramer. Four discrete structural 

families are presented, and labeled as I, II, III (including III-a and III-b) and IV. 
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Figure 3-7. Thirteen Con A monomer model structures having different degrees of unfolding, 

ranging from monomers extracted from the tetramer X-ray structure, to near string-like unfolded 

models. CCSs for each model are shown, calculated by both the TM and PA (unscaled) 

approaches. A linear regression model (shown in red trend line) reveals a scaling factor of 

25.38%. 

 

3.3.2Investigating the charge pooling effect and intactness of ligand binding 

pocket 

. Based on the strong agreement between Coulombic monomer unfolding and tetramer CIU for 

Con A, we worked to leverage the models discussed above in order to quantify the amount of 

charge migration required to generate each unfolded state observed in Con A tetramer CIU. 

Figure 3-8 illustrates schematically the charge transfer values estimated from our model for 
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20
+
tetramer Con A ions. This model assumes that charges are evenly distributed over each Con 

A subunit prior to CIU, so that each subunit possesses 5 positive charges on average. Our models 

suggest, surprisingly, that it takes between 6 and 11 (30% to 55% of total charge) extra charges 

transferred onto one Con A subunit to trigger the first CIU transition observed in the, 20
+
 Con A 

fingerprint (i.e., I→ II). However, the II→III transition requires the transfer of only 3 additional 

charges on average. Detailed values for the charges required to affect additional CIU transitions 

in Con A are delineated in table 3-1. These striking results are in good agreement with typical 

CID experiments for multi-protein ions, where the highly unfolded ejected monomer tends to 

take more than 50% of the total charge present on the precursor ion prior to activation. Such 

trends were similar for the 21
+
 Con A models constructed, which are listed in table 3-2.  
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Figure 3-8.(Top) A schematic diagram outlining the charge transfer required to initiate CIU 

transitions in the 20
+
 Con A tetramer(Bottom) Con A models showing detailed local structure at 

the tri-mannose sugar binding site (red) as each unfolding state is achieved. 

 

Increasingly, CIU assays are being used to evaluate the consequences of small molecule binding 

in the context of target structure and stability, often using features achieved at large activation 

voltages to differentiate binding modes or structural features [18, 22, 32, 33]. In order to evaluate 

the integrity of the sugar binding pocket during Con A CIU, we highlight the tri-mannosyl sugar 

binding site within the Con A monomer models (red) shown in Figure 3-8.[34] Our modeling 
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suggests that the I→II CIU transition likely destroys most of the binding pocket structure, and 

that all local structure is disrupted in the transition II→III, as the unfolded monomer achieves a 

nearly string-like form at this stage. These observations forecasts that any ligand-relevant 

information in Con A CIU is most likely to be found in transition I→II, and this prediction is 

strongly supported by our previous analysis of CIU data where evidence of cooperative ligand 

stabilization was extracted exclusively from this transition. 

Table 3-1. Detailed tabular data of charge migration summary for 20
+
 Con A. 

Con A 20
+
, 5 charges/monomer 

# charges needed to achieve % charge transferred feature 

11-16 (6-11 transferred) (30%-55%) II 

14-18 (9-13 transferred) (45%-65%) III 

>16 (>60%) IV 

Charges are assumed to be evenly distributed on each subunit in native state.  

Table 3-2. Detailed tabular data of charge migration summary for 21
+
 Con A. 

Con A 21
+
, 5.25 charges/monomer 

# charges needed to achieve % charge transferred feature 

11-15 (5.75-9.75 transferred) (27%-46%) II 

15-18 (9.75-12.75 transferred) (46%-61%) III 

>17 (>56%) IV 

Charges are assumed to be evenly distributed on each subunit in native state.  

 

 

3.4 Conclusions 
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Here, the underlying mechanism of multi-protein unfolding is systematically studied by IM-MS 

and MM approaches. The sugar-binding tetrameric protein Con A is used as a model system for 

this process, mostly due to its well-studied sequence and structure, in both solution and in the gas 

phase [18, 19]. We observe a strong positive correlation between monomeric Coulombic 

unfolding and tetrameric CIU. This provides strong evidence that multi-protein unfolding events 

are initiated primarily by charge migration from the complex to a single monomer. In addition, 

we investigate how many charges are transferred in order to achieve the various features 

observed in Con A CIU. Surprisingly, our models suggest that the majority of the charge transfer 

(up to 55%) takes place during the first of 3 main unfolding transitions in Con A tetramer, and 

that this event likely disrupts most of the sugar binding pocket structure within the protein. All 

these results are supported by our previous studies of Con A tetramer, and provide critical, 

predictive insights for understanding the fundamental mechanism of multi-protein unfolding. 

 

To further evaluate multiprotein unfolding, we plan to expand this work to other multi-protein 

systems, ranging from dimeric proteins like β-lactoglobulin, to other tetramers like avidin, and 

transthyretin, as well as and larger protein multimers. Experimental and theoretical validation of 

our basic workflow and scaling factors developed here from multiple protein systems will 

provide broader insights into protein complex CIU.  
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Chapter 4 

Ion Mobility-Mass Spectrometry Reveals Evidence of 

Specific Complex Formation between Human Histone 

Deacetylase 8 and Poly-r(C)-binding Protein 1 

 

 

4.1 Introduction 

Histone deacetylases (HDACs) play a key role in regulating transcription and many other 

cellular processes by catalyzing the hydrolysis of ɛ-acetyle-lysine residues.[1, 2]Over the past 

decade, tremendous interest has been centered on these enzymes due to their promise as targets 

for therapeutic development in the context of a variety of diseases, including asthma, cancer and 

inflammatory lung diseases.[3-6] Understanding the fundamental role of histone acetylation and 

deacetylation in the basic processes surrounding gene expression is thus critically important in 

treating various diseases, as well as for our understanding of basic biochemistry.[7, 8] 
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There are 18 known HDAC enzymes divided phylogenetically into four classes: class I 

(HDAC1-3, and HDAC8), class II (HDAC4-7 and HDAC9-10), class III (sirtuins 1-7), and class 

IV (HDAC11).[3] Among these, histone deacetylase 8 (HDAC8) serves as our scientific focus in 

this work (Figure 4-1). This enzyme has been directly linked to acute myeloid leukemia and the 

development of the actin cytoskeleton via its native enzymatic activity.[6, 9] Upon its discovery, 

HDAC8 was validated as a Zn(II)-dependent metalloenzyme;[10]however, in vitro activity and 

binding affinity assays suggest that Fe could also serve as a native metal cofactor in vivo.[11]A 

recent systematic investigation suggests that HDAC8 can be activated by either Zn(II) or Fe(II), 

depending on the local cellular environment of the enzyme.[11] 

 

In cells, the majority of class I HDACs execute their biological function as a part of a multi-

protein complex[12-14]and it is proposed that HDAC8 may operate similarly, forming 

complexes that alter the metal selectivity to adjust the activity of HDAC8. The mechanism by 

which HDAC8 recognizes and incorporates the cognate metal ions (zinc or iron) in the cell is 

largely unknown. Metal incorporation for a number of metallo-proteins is facilitated by metallo-

chaperones[15, 16]and while there are currently no zinc-specific metallo-chaperones identified, 

several potential iron-specific metallo-chaperones are being investigated for roles in iron 

homeostasis, particularly in the assembly of Fe-S clusters.[17-20] In 2008, the Philpott lab 

reported that poly r(C)-binding protein 1 (PCBP1), a cellular iron storage protein, can function as 

a cytosolic iron chaperone in the delivery of iron to ferritin.[21] 

. 
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The first global protein interaction network for 11 HDACs in human CEM T-cells ( leukemic 

cell line) revealed HDAC8 interacting with multiple members of the cohesin complex[12] 

associated with sister chromatid segregation during mitosis.[21] Moreover, this analysis suggests 

that HDAC8 may also interact with the PCBP family of iron-metallo-chaperones, despite 

lingering controversy on the subject..[12] 

 

The  PCBP  family consists of  four  homologous  RNA-binding proteins  (PCBP2, PCBP3, and 

PCBP4) that are ubiquitously expressed in the mammalian cytosol and nucleus.[22]Human 

PCBP1 was recently identified as an iron chaperone for human ferritin (Figure 4-1)[12] and 

functional assays in yeast indicate that PCBP1 facilitates the incorporation of  iron  into  ferritin  

through  a  direct  protein-protein interaction.[23]Most recently, in-vivo co-immunoprecipitation 

assays revealed the formation of the HDAC8-PCBP1 complex in cells, indicating that PCBP1 

and HDAC8 are physically interacting independent of cellular iron concentrations, although the 

specificity and strength of this interaction has yet to be determined. 
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Figure4-1. Crystal structure of HDAC8 and PCBP1 (A) Crystal structure of HDAC8. (PDB: 

2V5X) Black sphere indicates divalent metal (Zn or Fe) binding, the two blue spheres indicates 

monovalent metal (K or Na) binding (B)  Truncated crystal structure of PCBP1 (PDB: 3VKE). 

The presented structure represents 96% of the full sequence, with all four biological assembly 

units in the model.  

 

Over the past two decades, ESI-MS has emerged as a key technology for the identification and 

quantification of protein-ligand interactions in vitro.[24-27]. High throughput assays of binding 

affinity of protein-small ligand complexes [26, 28-30] have been applied to the investigation of 

systems which are not accessible by conventional techniques, such as protein-glycolipid 

systems.[29]The major advantages of the ESI-MS approach includes simplicity (no labeling or 

immobilization required), speed (data can be acquired in minutes), and selectivity (protein 

assemblies and mixtures can be further analyzed by techniques coupled to MS, for example ion 

mobility spectrometry).[27]The introduction of ion mobility (IM), which separates ions 

according to their size and charge on the millisecond timescale, in tandem with MS further 

enables the acquisition of such binding information by highlighting conformer-specific small 
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molecule interactions [31, 32], as well as offering an enhanced ability to deconvolute signals for 

target oligomers [33-36]. 

 

 

While ESI-MS has proven exceptionally useful for quantification of protein-small molecule KD 

values, there are many key challenges to the wide application of the methodology. For example, 

one of the key assumptions in the interpretation of the results referenced above is that the apo 

and bounded protein possess nearly identical spray and detection efficiencies. The validity of 

such an assumption is strongly supported by protein-small molecule KD data currently available, 

as the overall accessible surface area of the binding target does significantly upon small molecule 

attachment.[26, 28] In contrast, very few applications have been made for protein-protein KD 

estimations by direct MS method. Direct ESI-MS measurements have led to accurate self-

dissociation constants for both the β-lactoglobulin and hemoglobin homo-dimer,[37]as well as 

the complexes involved in the Hsp 90 interaction network.[38]Quantifying protein binding 

constants by ESI-MS for such stable assemblies is already challenging; however, moving to the 

analysis of weaker complexes necessarily leads to a background of artifact protein complex 

borne from the ESI process itself.  When protein concentrations are increased in order to favor 

the formation weaker protein-protein complexes, the ESI droplet formation process can capture 

more than one biological unit, thus forcing the formation of non-specific complexes through the 

solvent evaporation and ionization process.  As interest in weak protein-protein interactions, and 

their role in formation of transient signaling complexes, intensifies, it is clear that there is a need 

for new ESI-MS strategies for the detection and quantification of such assemblies.  
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Here we explore, for the first time, the binding affinity of a protein-protein system by ESI-MS.  

We conduct systematic IM-MS investigations of the HDAC8 and PCBP1 complex, in 

conjunction with Co-IP, metal binding activity and kinetics studies performed by our 

collaborators, to address three major questions: 1) Is the interaction between HDAC8 and PCBP1 

specific? 2) Can we quantify the strength of this interaction via the direct ESI-MS method? 3) 

How does metal association (Zn
2+

 or Fe
2+

) affect the binding behavior of this complex?  Our 

ESI-MS data provides strong evidence that such assemblies are indeed specific, their binding 

strength can be quantified by ESI-MS if specific control experiments are performed, and that 

metal ions alter the binding strength of the HDAC8:PCBP1 assembly to a small, yet measurable 

extent.  This data is discussed both in the specific context of HDAC8 activity, as well as the 

ability of the ESI-MS techniques described here to broadly quantify the binding strengths of 

weak protein-protein interactions. 

 

4.2 Experimental Methods 

4.2.1 Expression and purification of HDAC8 and PCBP1 

Recombinant His6-HDAC8 was expressed in BL21(DE3) E. coli transformed with pHD4 and  

purified  as  previously  described and  concentrated  to  2-12  mg/mL . Metal-free HDAC8 was 

generated by dialyzing purified HDAC8 twice into 500 mL of 25 mM MOPS (pH 7.0), 1 mM 

EDTA for 12-14 hr at 4 °C, followed by buffer exchange into 25 mM MOPS (pH 7.5), 0.1 mM 

EDTA and finally 25 mM MOPS (pH 7.5) for 12-14 hr at 4 °C. Where necessary, anaerobic 
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conditions were achieved using either the captair pyramid glove-bag filled with argon or nitrogen 

or an anaerobic chamber (Coy, Grass Lake, MI) 

 

Chemically  competent  BL21(DE3)  cells  were  transformed  with  pCDF  encoding 

His6SUMO-tagged  PCBP1.
22

 Starter  cultures  (10  mL)  were  inoculated  by  addition  of  a  

single colony and grown in  LB  media with 100 μg/  μl  streptomycin  for 5  hr at 37 °C  and 250 

rpm. The starter culture was diluted (1:1000) into 2 L of LB with appropriate antibiotics in a 6 L 

culture flask. The temperature was decreased to 15 °C at induction.  Expression was induced by 

addition of 0.1 mM IPTG, and the cells were incubated overnight at 15 °C. Cells from the 2 L 

growth were harvested,  re-suspended  in  30  ml  buffer  A  (20  mM Tris  [pH  7.9],  250  mM 

NaCl,  30  mM imidazole,  10%  glycerol,  and  2.5  mM  TCEP)  with  one  EDTA-free  

protease  inhibitor  cocktail tablet (Roche). Resuspended cells were lysed using a microfluidizer. 

The extract was centrifuged at 6000 g for 30 min and the supernatant loaded onto a nickel 

column. Protein fractionation was carried out using a linear gradient in buffer A from 30 mM to 

500 mM imidazole, to buffer B (20 mM Tris [pH 7.9], 250 mM NaCl, 500 mM imidazole, 10% 

glycerol, 2.5 mM TCEP), with PCBP1 eluting at 110–230 mM imidazole. The His6 -SUMO tag 

was cleaved by incubating with 1 unit/μl Saccharomyces cerevisiae  SUMO protease (Life 

Technologies)  overnight at 4  °C.  The protein was buffer exchanged using dialysis with buffer 

A before passing over the nickel column a second time to separate the tag from the untagged 

protein. The protein was dialyzed overnight at 4 °C first against buffer A containing 1 mM 

EDTA to remove metals and then against buffer A  95 to  remove  EDTA.  Finally,  the  protein  

was  fractionated  on  a  PD-10  column  to  remove  any remaining EDTA. Apo-PCBP1 was 

concentrated to 100 – 200μM, flash-frozen and stored at ~80°C, prior to IM-MS investigations. 
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4.2.2IM-MS experiments 

All experiments were performed on a Synapt G2 ESI quadrupole-ion mobility- time-of-flight (Q-

IMS-TOF) mass spectrometer (Waters, Milford, MA), equipped with a nanoflow ESI source. 

Mass spectra were collected under positive ion mode using cesium iodide for calibration. A 

capillary voltage of 1.68kV was applied and sampling cone voltage and source temperature 

maintained at 50V and 20 
o
C during signal acquisition. Backing pressure was set at 7-8 mbar. 

Quadrupole profile was set as: M1*= 2000, M2*= 5000, dwell time1= 2%, ramp time1-2= 98%, to 

ensure near uniform transmission efficiency. To optimize the mass resolution, trap collision 

voltages ranging from 30-50V were applied, with argon collision gas at a pressure of 2.56 ×10
-2

 

mbar. The ion mobility measurements were carried out using N2 as the mobility buffer gas, at a 

pressure of 3.5 mbar. Data acquisition and processing were carried out using MassLynxV4.1 

software. Protein samples were subjected to a 500 mM ammonium acetate buffer exchange 

protocol, to produce a final concentration range of 2 -18 μM, prior to MS investigations.  

Positive control experiments were carried out using Ferredoxin-NADP
+
 reductase and 

Ferredoxin protein (Sigma, St. Louis, MO, USA). For metal substitution experiments, either 5 

μM Zn(NO3)2 or 5 μM (NH4)2Fe(SO4)2 with 250 μM ascorbic acid were used as a source of Zn
2+

 

or Fe
2+

, respectively. 

 

4.2.3Binding affinity (KD) calculation by ESI-MS 
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The binding affinity, often used as the dissociation constant KD, for a given protein-ligand 

interaction, in our case is interaction between two different proteins P1 and P2, is determined 

from the ratio (R) of the total abundance (Ab) of bounded and free protein ions, as measured by 

ESI-MS for solutions of known initial concentrations of protein (the larger protein [P1]0) and 

ligand (namely the smaller protein [P2]0). For a typical 1 to 1 protein-protein interaction as 

shown in equation (1), KD is calculated using equation (2): 

 

P1P2 ⇋ P1 + P2                                                        (1) 

 

KD =  
[P1]eq [P2]eq

[P1P2]eq
 =  

[P2]0

𝑅
−  

[P1]0

1+𝑅
                                       (2) 

 

Where R is given by equation (3): 

[P1P2]eq

[P1]eq
=  

𝐴𝑏(P1P2)

𝐴𝑏(P1)
= 𝑅                                          (3) 

 

4.3 Results and Discussion 

4.3.1 Characterization of HDAC8 and PCBP1 interactions 
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Figure 4-2 shows the mass spectra acquired from a solution of HDAC8 and PCBP1 and 

demonstrates the presence of a new species of approximately 80kDa, attributed to the formation 

of a HDAC8 - PCBP1 heterodimer (42.5kDa + 37.5kDa) which remains stable under mildly 

collisional activation conditions.  The identity of the HDAC8 - PCBP1 heterodimer (H-P) was 

confirmed by MSMS of the 18
+ 

H-P assembly precursor ion at m/z 4452. In addition to the H-P 

complex, HDAC8-HDAC8 (H-H) and PCBP1-PCBP1 (P-P) homo-dimer, even trimeric 

complexes at higher PCBP1 to HDAC8 molar ratio were observed.  (as shown in Figure 4-2, 

blue shaded region).  

 

Figure4-2.Native MS data of HDAC8 incubated with PCBP1. Individual protein ions (orange 

for HDAC8, blue for PCBP1) and the HDAC8-PCBP1 complex are observed. Low levels of 

homo-dimer and trimer signals are also evident but these dissociate quickly upon collisional 

activation.  

 

 

To rule out the possibility that the H-P dimer is a gas phase artifact, carbonic anhydrase II (CAII, 

molecular mass 29kDa) was employed as a negative control, since this protein is well studied 
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and does not bind with HDAC8 or PCBP1. Figure 4-3 shows the mass spectra from a 1:1 

solution of CAII in the presence of PCBP1 and HDAC8, demonstrating that no CAII-PCBP1 or 

CAII-HDAC8 hetero-dimer complexes are generated and indicating that HDAC8 binds to 

PCBP1 in a specific manner.  

 

 

Figure4-3. Negative control MS data with CAII (A) HDAC8 and PCBP1 form a heterodimer 

complex. (B) CAII and PCBP1 and (C) CAII and HDAC8 spectra reveal no hetero-dimer 

complex formation (as indicated by the dashed arrows, representing the projected m/z values for 

the hetero-dimer assemblies) 
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4.3.2Estimating Protein-Protein KD Values for the HDAC8:PCBP1 Complex 

In order to overcome the challenges associated with quantifying weak protein KD values by ESI-

MS, we constructed a workflow based on the above-described direct ESI-MS method of protein-

protein binding constant determination, we worked to verify key assumptions implicit in the ESI-

MS KD quantification workflow for HDAC8 and PDCB1 specifically, and also build controls 

that validated the approach for weak protein-protein complexes in general. 

Table 4-1.The binding affinity (KD) values for (Apo/Zn/Fe) HDAC8 - PCBP1 complex. 

 KD(µM) # of replicas 

(Apo-Apo) 68±30 4 

(Zn-Apo) 60±18 3 

(Fe-Apo) 44±29 5 

 

The first step in our workflow involves the buffer exchange of analyte protein into an ammonium 

acetate buffer system appropriate for native MS. Previous reports have indicated that the solution 

concentration of proteins can be significantly reduced during buffer exchange[39], and as such 

we worked to quantify any losses experienced for the proteins studied here.  We find that for a 

typical exchange into 500mM ammonium acetate buffer using widely-available centrifugal ion 

exchange columns (see Experimental Methods section for details), the resultant concentration of 

HDAC8 tends to decrease by 30-60%, and that of PCBP1 can decrease by up to 80% percent. 

Such significant drops in protein concentration can result in a 5 fold deviation in ESI-MS KD 

measurements, if not controlled. Based on this data, we built a post-buffer exchange 

concentration measurement step into our ESI-MS protocol for determining HDAC8:PCBP1 KD 

values.  
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In order to control for differential ESI signal intensities as a function of both PCBP1 and 

HDAC8 concentrations in solution, we carried out a series of carefully-controlled calibration 

experiments. Figure 4-4 shows a series of ESI-MS intensity values for the two proteins 

referenced above, charted against their post-buffer exchange concentrations in solution.  Our 

results suggest that both HDAC8 and PCBP1 exhibit similar ionization and detection 

efficiencies, especially in the primary range from which we extract KD values (5-15 μM). As its 

solution concentration is unknown, we cannot present the ESI signal intensities for the intact 

complex between these two proteins on Figure 4-4; however, from the data shown it is likely the 

assembly follows similar intensity trends.  
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Figure4-4. A plot of the logarithm of ESI-MS intensity for HDAC8 (blue diamonds) and PCBP1 

(red triangles), as a function of protein solution concentration following buffer exchange. Linear 

trend lines from regression analysis are shown,.  Taken together, these two trend-lines indicate 

that ESI-MS intensity can be used to confidently determine HDAC8 and PCBP1 concentrations 

in solution, and thus the KD value associated with their complex formation.   

 

 

In some cases, mild collisional activation is used to dissociate weakly associated artifact 

assemblies that can be formed at high concentration during ESI. Such experiments must be 

tightly controlled in terms of their application, however, as they can also act to skew the apparent 

ESI-MS KD values of real complexes. In order to evaluate the influence of collisional activation 

on HDAC8:PCBP1 complexes, we performed a series of systematic CIU/CID experiments, 
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finding no significant dissociation using up to 140V of activating potential in the ion trap 

preceding the IM separator in our instrument platform, indicating that the complex formed is 

highly stable and an unlikely source of KD error. In addition, we altered the nESI flow rate in an 

effort to test altered droplet size and rate of production generated any variances in nESI-MS 

signal intensities for HDAC8 or PCBP1 ions. Results show that any ESI artifact assemblies are 

too weakly associated to generate any spurious signals for our ESI-MS measurements. In order 

to ensure that our ESI-MS KD values were robust, however, we acquired multiple datasets over a 

wide range of assays require concentrations, and report average values over that range.  
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Table 4-2.The binding affinity (KD) values for HDAC8 - PCBP1 complex measured by direct 

ESI-MS method. 

HDAC8 conc. (µM) PCBP1 conc. (µM) KD (µM) 

 

6 

 

13 

21 

28 

29 

 

10 

 

10 

60 

82 
72 

 

18 

 
15 

56 
59 

63 

 

5 

 

5.5 

78 

101 

112 

Twelve measurements (four different molar ratios, each with three replicas) are presented. 

Protein concentrations are measured by nanodrop from buffer exchanged solution. 

 

Based on the discussion and data above, herein we report KD measurements that cover four 

different molar ratios, each performed in triplicate, (Table 4-2)for the HDAC8 - PCBP1 

complex, yielding an average KD value of 68 ± 30 μM on average (Table 4-1). The error in 

these measurements likely comes from 1) errors of the ESI-MS methodology generated from the 

sample preparation, ionization, transmission and detection processes and 2) batch-to-batch 

sample difference that may influence protein structure, and thus binding behavior. Ultimately, 

advancements in IM-MS instrument design and measurement protocols should lead to even more 

precise KD values. Currently, it is clear those measurements of protein-protein KD values that lie 

within the micro-molar range are challenging using traditional technologies (ITC, SPR, etc), and 

that our method likely provides one of the only routes to an accurate HDAC8:PCBP1 KD value.  
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In order to determine either methodology error or lot-to-lot variance yields a larger contribution 

to the observed error for the reported KD results, systematic statistical analysis was performed 

based on the measurements listed in Table 4-2. Briefly, four groups of KD measurements, each 

contains three observations (replicas) are listed in the following two groups: 

Group I: A (21, 28, 29), B (56, 59, 63) 

Group II: A (60, 72, 82), B (78, 101, 112) 

With the knowledge that measurements in Group I and Group II were performed with different 

batch of protein sample, we thus assume different batch of sample has different sample variance 

whereas the same batch of sample generate same variance, then we assume observations from 

group IA and IB follow normal distribution N(µ1, σ1
2
) and N(µ2, σ1

2
), respectively. Similarly, we 

assume the observations from Group IIA and IIB follow N(µ3, σ2
2
) and  N(µ4, σ2

2
), respectively. 

As we switch to a new batch of protein sample for Group II data, we want to demonstrate that 

σ2
2
is statistically significantly larger than σ1

2
, And at 95% level, we want to construct a lower 

bound of the ratio σ2
2
/ σ1

2 

First, we performed the one sided test. The null hypothesis is set to be H0: σ1
2
= σ2

2
 while the 

alternative hypothesis is σ1
2
<σ2

2
. We have the estimator 𝜎̂1

2 for σ1
2
 which is 15.67 from Group IA 

and IB samples. Similarly we calculate 𝜎̂2
2 = 211.16 from Group IIA and IIB observations. Under 

the null hypothesis, the ratio 𝑓: = 𝜎̂1
2/𝜎̂2

2 follows an F distribution with degrees of freedom 4 and 

4. Results show the p-value is 0.0136 smaller than 0.05, which means at 95% confidence level 

we believe that the variance of the Group I is smaller than that of the Group II. 

Next we would like to construct a 95% level confidence interval for the ratio ofσ2
2
 andσ1

2
. As the 

0.05 percentile of F(4,4) distribution is 0.15635. This means that if we perform another test with 
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H0: ησ1
2
= σ2

2
 and Ha : ησ1

2
<σ2

2
, then under the null hypothesis, the ratio 𝑓η: = η𝜎̂1

2/𝜎̂2
2 follows 

an F-distribution with degrees of freedom 4 and 4. So in order to not reject this null hypothesis, f 

needs to be at least 0.15635. Solving for η𝜎̂1
2/𝜎̂2

2=0.15635 we have η = 2.11. This means at 95% 

confidence interval, σ2
2
/ σ1

2
 is at least 2.11. In other words, with 95% confidence, σ2

2
 is at least 

2.11 times of σ1
2
. Such statistical analysis suggests switching to new batch of protein sample 

may lead to non-negligible error for KD estimation, therefore same batch of analyte sample is 

strongly recommended. 

 

4.3.3ESI-MS Reveals the Role of Metal Ions in HDAC8:PCBP1 Complex 

Formation 

In order to further investigate the influence of metal-containingHDAC8 or PCBP1 on complex 

formation, samples containing either Zn
2+

 or Fe
2+

 containing HDAC8, as well as Fe
2+

 bounded 

PCBP1, were screened for complex formation and structural effects by IM-MS. HDAC8 binds 

tightly to zinc (KD = 5 pM) and relatively weakly to iron (KD = 0.2 μM).  In the case of PCBP1, 

three iron binding sites are available, and ITC assays reveals a 0.9 μM affinity to the first site, 

and 5.8 μM for the remaining two. Our results, shown in Figure 4-5, suggest that, as observed in 

Figure 4-2, by using optimized buffer conditions and properly tuned instrument parameters, 

formation of apoHDAC8:PCBP1 complexes can be observed in significant excess relative to any 

homoligomer formation by either protein. This observation holds for metal-containing HDAC8 

and PCBP1 forms, verified by a binding activity assay, as the mass shifts associated with metal 

binding for both proteins are too small to resolve by native MS experiments. 
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Figure4-5. MS data of (A)apo- (B) Zn
2+

 bounded (purple star) (C) Fe
2+

 bounded (green star) 

HDAC8 incubated with PCBP1. Hetero-dimer of HDAC8 and PCBP1 are detected in all cases, 

independent of metal substitution. However, quantitative KD analysis suggests iron mildly 

promotes the binding between HDAC8 and PCBP1, and behave as effective as the natural metal 

binder zinc. 

 

 

Quantitative ESI-MS KD measurements further reveal a dissociation constant for the zinc-

containing HDAC8 – PCBP1 complex 60±18μM, while the KD for iron-containing HDAC8 – 

PCBP1 assemblies is 44±29μM (see table 4-3 for details). Data from Table 4-1 indicates that 

Fe(II) mildly promotes the binding between HDAC8 and PCBP1, while noting that the complex 

KD values recorded for this assembly are within error of those generated for Zn(II) containing 

HDAC8 forms. Given that Zn(II) has long been viewed as the natural metal center for the 
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HDAC8 active site in vivo,[10] our results strongly suggest that Fe(II) generates equivalently 

competent HDAC8 proteins in the context of PCBP1 binding.  

Table 4-3.The binding affinity (KD) values for (Zn/Fe) HDAC8 - PCBP1 complex, as well as the 

Ferredoxin-NADP
+
 reductase – Ferredoxin complex measured by direct ESI-MS method 

Protein 1 Conc. (µM) Protein 2 Conc. (µM) KD(µM) Avg(µM) Stdev(µM) 

 

(Zn)HDAC8 

9 

4.5 

4.5 

 

PCBP1 

8 

5.5 

5.5 

77 

71 

34 

 

60 

 

18 

 

 
(Fe)HDAC8 

3 

4.5 
5.5 

8.5 

8.5 

 

 
PCBP1 

2 

2.3 
5.5 

8 

8 

15 

21 
28 

70 

88 

 

 
44 

 

 
29 

Ferredoxin 

Reductase 

2.2 

4.1 
3.1 

 

Ferredoxin 

4 

7.5 
11.2 

10 

10 
27 

 

16 

 

8 

Protein concentrations are measured by nanodrop from buffer exchanged solution. Averaged KD 

values and standard deviations are listed in the right-most two columns. 

 

4.3.4Validating ESI-MS Protein-Protein KD Measurements Through 

Additional Control Experiments 

As the KD values for the PCBP1: HDAC8 complexes reported here were not known previously, 

and the ESI-MS methodology has rarely been used to quantify the strength of weak protein-

protein contacts as we have described, we undertook additional control experiments to evaluate 

the ability of our ESI-MS methodology to measure accurately the KD of a similar protein 

complex of known binding strength.  . Following a systematic screen of the structure-based 

benchmark library for protein-protein binding affinity,[40] summarized by Kastritis et al, we 

selected the Ferredoxin-NADP
+
 reductase (32kDa) – Ferredoxin (10.5kDa) complex (which we 

represent as the FNR – FDX complex here) as our positive control system. The FNR – FDX 
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complex has a known binding affinity of 3.57 µM, measured by difference absorption 

spectroscopy, [41] and is similar to HDAC8-PCBP1 complexes in terms of both KD molecular 

mass of the interacting partners (the intact complex has a mass of 43 kDa). Our results, listed in 

table 4-3, reveal a binding affinity of (16±8) μM, in good agreement with the literature value. 

We also note that the absolute precision of our ESI-MS KD value for FNR-FDX is also 

improved when compared with those extracted for HDAC8 – PCBP1, suggesting that the 

strength of the interaction observed in the latter case may also be a quantifiable source of error in 

our experiments. Overall, however, these results clearly suggest the direct ESI-MS method 

described here, when coupled with carefully controlled experimental conditions and control 

experiments can be used to assess the accurate binding affinities for weak protein-protein 

interactions. 

 

 

4.4 Conclusions 

In this chapter, the strength of the interactions formed between HDAC8 and PCBP1 were 

systematically investigated by ESI-MS. Our data suggests that HDAC8 and PCBP1 interact with 

each other in a specific manner, as confirmed by tandem MS experiments and comparisons with 

homo-oligomers also observed. Negative control experiments that tested the ability ofcarbonic 

anhydrase II, a protein with no known affinity for either protein but possessing similar surface 

area to both HDAC8 and PCBP1, to form complexes with either of the two binding partners 

discussed above.  These experiments revealed no detectible carbonic anydrase II complexes with 

either HDAC8 or PCBP1, further supporting the specificity of the HDAC8-PCBP1 complex and 
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the ability of the ESI-MS method to quantify the strength of weakly associated protein 

complexes. By optimizing buffer conditions and carefully adjusting instrument settings, binding 

affinities of a weakly-associated hetero-complex can be measured by directly ESI-MS, and we 

report a KD value of 68 ± 30 μM for the HDAC8-PCBP1 dimer. In order to better understand 

how bound metals  affect the structure and binding behavior of the HDAC8 and PCBP1, 

Zn
2+

/Fe
2+

 doped HDAC8 were incubated with PCBP1 (with and without Fe
2+

), and demonstrate 

that the above-noted dimer forms in a manner independent of metal association. As for the 

strength of the interactions detected, our measured KD values suggests that Fe(II) mildly 

promoting the formation of the HDAC8-PCBP1 dimer.  

The accuracy of ESI-MS-based KD measurements in general for similar hetero-protein dimers 

was further evaluated by measurements on the FNR - FDX protein complex. Our ESI-MS 

measurements yield a KD value the literature value, providing support the general accuracy and 

precision of this approach from such studies.[26, 27, 30]Future work will aim to produce a 

comprehensive, robust methodology with high accuracy and precision for the measurement of 

KD values for weak protein assemblies. For example, IM separation can be folded into the 

existing workflow described here to provide additional confidence in identifying heterodimer 

charge states when the two proteins are close in mass. Moreover, IM offers the capability for 

monitoring any changes in protein conformational upon complex formation, which when coupled 

with accurate KD values would be a powerful approach for validating many key therapeutic 

targets. [32]Overall, the data presented here predicts a bright future for the application of similar 

ESI-MS toward weakly-associated proteins that currently represent a bottleneck in the detailed 

evaluation of many key processes in molecular biochemistry.  
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Chapter 5 

Collision Induced Unfolding Identifies Small Molecule 

Binding Signatures for the Integral Membrane Protein 

Translocator Protein (TSPO) 

 

 

5.1 Introduction 

Membrane proteins are responsible for a variety of biological functions and physiological 

responses vital to the survival of organisms, ranging from the transport of chemical signals, to 

cancer development and progression. [1, 2] Based on this importance, such as semblies are of 

great pharmaceutical significance in a general sense, representing more than half of all current 

therapeutic targets.[3, 4]As one of the important transporter membrane protein complexes 

discussed above, the 18 kDa translocator protein (TSPO), a mitochondrial outer membrane 

protein dimer that plays a pivotal role in cholesterol and porphyrin transport, apoptotic signaling 

and cancer development, serves as the focal point of the work described here. [5, 6] 
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TSPO was originally known as the peripheral-type benzodiazepine receptor (PBR), as it was first 

discovered as a target for such drugs in peripheral tissues.[7, 8] In 2006, the protein was given its 

current name to better represent emerging understanding regarding its structure, sub-cellular 

roles and tissue-specific functions.[5] In addition to the above described functions, TSPO is also 

associated with many other cellular roles, including the biosynthesis of steroid hormones, cell 

proliferation, anion transport regulation of mitochondrial functions and immuno-modulation.[9-

14] accordingly, numerous potential clinical applications of TSPO modulation have been 

proposed, in broadly-defined areas ranging from oncology to neuropharmacology and the 

treatment of neurodegenerative diseases.[15-18] 

 

Recently, the crystal structures of WT TSPO from Rhodobacter sphaeroides and a mutant, 

A139T, (crystal structure shown in Figure 5-1) that mimics the human polymorphism associated 

with psychiatric disorders and reduced pregnenolone production, were reported, revealing its 

dimeric conformation and topology for the first time.[6] The RsTSPO currently serves as the 

best-characterized bacterial homolog in the TSPO family. Previous studies suggest highly 

conserved functions between bacterial and mammalian organisms, strongly-indicating the value 

of the R.sphaeroides homolog as a model system to investigate structure-function relationships 

in TSPO.[19-21]It is worth noting that within the A139T X-ray structure, a cluster of electron 

density found within a cavity between TM-I and TM-II and beneath the LP1region, was 
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observed and did not fit any known components in the crystallization medium, suggesting the 

existence of a previously unknown native endogenous ligand bound to the dimer. While the 

identity of this unknown TSPO binder has been the subject of speculation and putative 

assignments based on the X-ray data alone, no other data is currently available to directly 

confirm the identity of this endogenous TSPO ligand, in part due to a lack of appropriate 

methodologies capable of detailed membrane protein ligand binding analysis.[6] 

 

While many challenges in data interpretation and collection persist, remarkable advances in X-

ray and NMR have enabled the structural analyses of host of individual membrane proteins and 

small complexes.[22, 23]In addition, recent advancements in Cryo-Electron Microscopy 

(EM)have yielded near atomic resolution of membrane protein complexes prepared in detergent 

micelles.[24] However, localizing small binders within high resolution atomic structures is still a 

challenge, as it is often difficult to distinguishing the specific binders within a background of 

detergent molecules and other buffer components present.[25, 26] 

 

Mass spectrometry (MS) has made profound contributions to the structural characterization of 

membrane proteins, through methodologies ranging from liquid chromatography (LC)-MS based 

proteomics to chemical labeling strategies aimed at structure determination.[27-30]  MS 

technologies that detect intact multiprotein membrane protein complexes ionized directly from 
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carefully-controlled detergent (or lipid) clusters and micelles have more recently emerged, and 

offer label free analysis of protein complex stoichiometry and ligand binding properties [27, 28].  

Through the addition of ion mobility (IM), which is capable of separating membrane protein ions 

according to their size and charge in the gas phase, and collision induced unfolding (CIU), which 

can measure shifts in membrane protein stability upon small molecule binding, such 'native MS' 

experiments have been used to construct models of massive ATPase assemblies and assess the 

role of lipids in stabilizing ion channel complexes [29]. Many challenges persist, however, in the 

development of such native IM-MS experiments.  Chief among these revolve around the 

difficulties in performing tandem MS experiments on membrane protein complexes in order to 

assign the precise composition and ligand identities for isolated assemblies, as such ions are 

typically encapsulated within extremely polydisperse detergent micelles during their transit  

through the MS filter proximal to the ion source, rendering any attempts at meaningful precursor 

ion isolation futile.   

 

Here, we present new IM-MS data for multiple forms of RsTSPO dimers suggesting that careful 

analysis of CIU data can be used to identify small molecule binders to membrane proteins.  We 

systematically screen eight non-ionic detergents for their ability to preserve compact, dimeric of 

RsTSPO (wild type and mutants in a manner congruous with predicted IM data from the 

available X-ray structure. In line with X-ray data,[6]we observe an endogenous ligand bound to 

the A139T mutant protein in apo, 2:1, and 2:2 stoichiometries. CIU stability assays of these 
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complexes indicate a larger than expected stability value for 2:1 complexes. Through the 

construction of detailed control experiments using the A138F TSPO construct that can be 

purified without endogenous ligand but is still competent for small molecule binding, we find 

strong correlations between CIU stabilities recorded for TSPO bound to a phosphoglycerol lipid 

and those observed for the unknown endogenous ligand, strongly supporting its assignment as a 

similar structure,  We conclude by discussing our CIU stability profiling, and put these results in 

context for both continued studies of TSPO, as well as membrane protein structure in general.   
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Figure 5-1.Crystal structure of RsTSPO A139T dimer. (PDB: 4UC2) Two monomeric units are 

labeled in blue and green, respectively. The position of the A139T mutation is labeled in red and 

shown in sticks. 

 

5.2 Experimental Methods 

5.2.1 Materials 

Wild type (WT) RsTSPO, as well as its various mutants were expressed and using established 

protocols.[6, 19] All TSPO samples were generated at a concentration of 70-110 µM, in 50mM 

Tris, 150mM NaCl, 0.2% decylmaltoside (DM) buffer. Nonionic detergent samples were 

purchased from Anatrace (Maumee, OH), see Figure 5-2 for details (detergent names, CMC 

values, and chemical structures). PG lipid (1,2-dihexadecanoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (sodium salt)) was purchased from Avanti Polar Lipids (Alabaster, Alabama). PpIX, 

(Protoporphyrin IX, 3,7,12,17-tetramethyl-8,13-divinyl-2,18-porphinedipropionicacid disodium 

salt) was purchased from Sigma-Aldrich (St. louis, MO). 
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Figure 5-2. List of screened detergents with their abbreviations and CMC values (Left) 

Abbreviations, CMC values to TSPO membrane protein of the detergents screened are listed in 

left table. Abbreviations stand for: DM, n-Decyl-β-D-Maltopyranoside; NM, n-Nonyl-β-D-

Maltopyranoside; OM, n-Octyl-β-D-Maltopyranoside; NG, n-Nonyl-β-D-Glucopyranoside; OG, 

n-Octyl-β-D-Glucopyranoside; Cymal-5, 5-Cyclohexyl-1-Pentyl-β-D-Maltoside;C10E5, 

Octaethyleneglycolmonododecylether; C10E8, Pentaethyleneglycolmonodecylether. 

(Right)Representative molecular structure of OG, DM and Cymal-5. The structure of CxEy is in 

the form of CH3(CH2)x-1-O-(CH2CH2O)yH 

 

 

5.2.2 Detergent screen and buffer exchange protocol 

In order to alter buffer conditions to include detergents of interest and reduce salt content, , 

Amicon® Ultra-0.5 centrifugal filters (Merck Millipore Ltd. Tullagreen, Carrigtwohill, Co. 
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Cork, IRL) were pre-rinsed with MS-compatible buffer containing 200mM ammonium acetate 

(pH 8.0) and detergent of interest at 2x its critical micelle concentration (CMC) . Bio-spin 

centrifugal columns (accuSpin Micro 17R, Fisher Scientific) were set at 4
o
C, and a speed of 

2,000 x g for 10 minutes. An activation wash was performed three times prior to the introduction 

of TSPO containing sample solutions (50-100 µL) into centrifugal tubes. Amicon tubes were 

filled with 400-450 µL of rinsing buffer for 20-30 minutes, allowing sufficient time for detergent 

interaction. The resultant solution underwent another 5-10min spin at the above same conditions 

as described above. A 5-10 µL aliquot of the resulting   supernatant was subjected to nESI-IM-

MS analysis. 

 

5.2.3 IM-MS and CIU Measurements 

All experiments were performed on a Synapt G2 nESI- ion mobility separation- time-of-flight 

(nESI-IMS-TOF) mass spectrometer (Waters, Milford, MA). Capillary voltage was typically 

kept at ~1.6kV to allow for stable ion current and source backing pressure was set around 7.5-8.9 

mbar to obtain optimum transmission efficiency for membrane proteomicelle complexes. 

Sampling and Cone voltages were set to their maximum values (200V and 10V respectively) and 

the source temperature was set at 40
o
C to achieve maximum desolvation and enhanced MS 

resolving power. Within the traveling-wave IM region, trap and transfer voltages were carefully 

tuned, in an effort to achieve complete detergent removal and release the ionized protein 

assemblies from within the gas-phase micelles. IM measurements were carried out using 
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N2asbuffer gas, at a pressure around 2.1 mbar. IM wave velocity and wave height was set at 700 

m/s and 32.5V, respectively. Experimental collision cross sections (CCSs), an orientationally 

average ion-neutral collision integral, were determined following the method described 

previously using cytochrome c (equine heart), β-lactoglobulin (bovine milk, both monomer and 

dimer), avidin (egg white) and Concanavalin A (jack bean) standards.[30, 31] Theoretical CCSs 

were calculated based on PDB structures by the projection approximation approach from 

Driftscope software. A  scaling factor of 1.15 was applied to correlate experimental and 

computational CCS measurements for large biomolecules.[32]Monomer model extraction from 

crystal structure was performed by PyMol. All experimental data acquisition and processing 

were carried out using MassLynxV4.1 software. 

 

5.3 Results and Discussion 

5.3.1 Optimal Detergents for the IM-MS Analysis of TSPO 

As shown in Figure 5-2, eight non-ionic detergents were systematically screened with the above 

described IM-MS protocol in section 5.2.3, in an effort to achieve optimal ionization and 

analysis conditions for both WT and various mutant forms of RsTSPO. For these experiments, 

DM served as our control detergent, due to its ubiquity in both native MS and structural biology 

in general. IM-MS results for DM containing TSPO samples, however, exhibited poor quality, 

low resolving power MS data at maximum acceleration voltage values,  , indicating that DM 
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binds to TSPO to tightly for facile release in the gas phase. In similar fashion, NM, OM and NG  

produced IM-MS data outcomes for TSPO similar to DM. In contrast, TSPO samples prepared 

using the detergent cymal-5 produced well-resolved MS data for both monomeric and dimeric 

forms of the protein when large activation voltages (trap CV>170V, transfer CV>70V) were 

employed. A closer inspection of the IM data recorded for this experiment reveals that while 

high MS resolving power is achieved, TSPO undergoes extensive, uncontrolled CIU making the 

comprehensive separation of monomer and dimer TSPO forms impossible, indicating 

insufficient stabilization of the TSPO structure by cymal-5. In contrast, TSPO samples 

containing OG result in well resolved IM-MS data for all protein variants studied here, requiring 

only 80V of accelerating potential in the ion trap in order to generate well-resolved, IM-MS data 

for the A139T and A138F mutants specifically.  

 

In general, we find that surfactants comprised of longer alkyl chains and larger saccharide head 

groups tend to provide greater stabilization of TSPO, binding more tightly to the gas-phase ions 

created, and thus requiring larger accelerating potentials for complete desolvation Previous 

reports have identified polyoxyethylene glycols, such as C10E5 nor C12E8, and n-dodecyl--D-

maltopyranoside (DDM) as optimal detergents for the general IM-MS analysis of membrane 

proteins. [27, 33] Neither of these classes of surfactant proved optimal for our TSPO studies, 

further indicating the necessity to optimize such variables on a protein-by-protein basis. In the 

case of DM, NM, OM and NG bound complexes, our instrument likely the necessary activation 
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capabilities to completely dissociate the bound detergent, hence yielding unresolved IM-MS 

data.  

,  

5.3.2 IM-MS detects native-like TSPO monomer/dimer structures in the gas 

phase 

Figure 5-3 shows the MS data overlaid with an IM-MS contour plot acquired for the TSPO 

A138F variant, using the optimized OG detergent and activation voltages described above. 

Signals corresponding to both TSPO monomers (red, 18kDa) and dimers (green, 36kDa) are 

observed, in accordance with expectations derived from other biophysical data [6, 19]. Data 

acquired for WT TSPO indicates significant protein unfolding under these conditions, resulting 

in overlapped IM data that makes the annotation of dimer and monomer signals within this 

dataset challenging. IM-MS data for the A138F variant reveals resolved 4
+
 and 5

+
 monomer 

signals which are well resolved from 8
+
 and 10

+
 dimer signals respectively by IM. Similarly 

clear separation of monomer/dimer signals are observed in the case of the A139T variant (Figure 

5-3), which exhibits excellent MS resolving power and monomodal IM drift time populations for 

the majority of the signals recorded.  
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Figure 5-3.(A)MS and (B)IM-MS results for the TSPO A138F variant membrane protein 

monomer (18KDa, in red), and dimer (36KDa, in green), collected at a Trap Collision Voltage of 

190V, a Transfer Voltage of 70V, and using 2xCMC (~1%) of Octyl Glucoside (OG) as a 

detergent. 
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In an effort to assess the correlation between native-state and gas-phase TSPO structures, we 

generated CCS estimates based on the TSPO X-ray structure. Using the dimeric TSPO A139T 

variant as a starting point (PDB ID: 4UC2), we compute a theoretical CCS of 2742Å
2
, which 

agrees well with our experimental CCS values obtained for 9
+
 dimeric TSPO (2751Å

2
While an 

X-ray  structure for TSPO monomer is not currently available CCS values for the two non-

equivalent monomers found within the X-ray dimer are 1755Å
2
 and 1714Å

2
. A comparison 

between these model values and experimental CCSs indicates the presence of compacted (4
+
), 

native-like (5
+
), as well as highly unfolded (6

+
 and 7

+
) TSPO structures in the gas phase. Overall, 

our observations suggest carefully tuned collisional activation allows for the complete 

desolvation of detergent from the proteomicelle, while generating protein ions that retain a strong 

correlation with expected native-like protein structures.  

 

 

5.3.3 Native MS Analysis of a Disease-associated TSPO Variant 

As discussed above, the A139T TSPO variant is strongly associated with reduced pregnenolone 

production, which is in turn correlated with depression and neurodegenerative disease 

progression [5, 6]. Figure 5-4 shows a representative dataset for A139T TSPO, acquired using 

the optimized sample preparation and instrument conditions described above.  In this dataset, we 

observe strong signals that correlate to TSPO monomer and dimer (marked with yellow 
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triangles), as observed in Figure 5-3, as well as new groups of signals having molecular masses 

that shift by between 720 and 780 Da relative to Apo TSPO, which we putatively identify as an 

unknown endogenous ligand bound exclusively to the dimeric form of the protein. While weak 

signals in our IM-MS dataset can be observed for higher binding stoichiometries, the strongest 

and most consistent signals correspond to 2 specific binding events (1 per TSPO monomer).  

Taken together, this data suggests the detection of a specific endogenous ligand extracted from 

the TSPO cellular environment upon protein purification, and determining both its identity and 

impact on protein structure/stability would clearly illuminate the role TSPO plays in various 

disease states.    
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Figure 5-4.(A) MS and (B)IM-MS data for the TSPO A139T variant monomer (18kDa, in half-

triangle), and dimer (36kDa, in complete triangle), collected at a Trap Collision Voltage of 

150V, a Transfer Voltage of 70V, using 2xCMC (~1%) of OG as the detergent system. An 

endogenous unknown ligand (molecular weight 720-780Da, indicated using black circles) is 

observed bound in 2:1 and 2:2 stoichiometries to the dimeric A139T form.  
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Prior to this study, native MS workflows provided few, if any, options for the identification of 

previously unknown small molecules bound to a membrane protein such as TSPO.  Direct 

measurements of bound ligand masses are obscured by the low resolving power and mass 

accuracy that is often encountered in native MS data for membrane protein complexes, resulting 

from incomplete adduct removal [27, 34]. Protein denaturation of soluble protein-ligand 

complexes typically leads to ligand release following binding conformation [35], but such 

experiments would unquestionably result in the development of insoluble aggregates for 

membrane protein samples.  Q-ToF methods developed for soluble protein-ligand complexes, 

such as MS/MS experiments that aim to select signals for intact complex ions and eject ligand 

ions upon collisional activation for precise MS analysis, also cannot be typically employed for 

membrane protein complexes, as such assemblies are encapsulated within heterogeneous 

detergent micelles during their transmission through the quadrupole [27]. As such, any ions 

observed in the ToF region of the instrument likely do not possess similar m/z values in the Q 

region of the instrument, making the direct application of tandem MS experiments exceptionally 

challenging. Alternative bottom-up strategies for identifying ligand binding would likewise be 

obscured by chemical noise from potentially unknown populations of co-eluting, but non-

interacting, small molecules.  In sum, there is a clear need to develop native IM-MS methods that 

enable the identification of unknown small molecules when bound to intact membrane protein 

complexes. .  
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Figure 5-5. Electron density cluster found in the crystal structure of TSPO A139T mutant and 

proposed structure to the endogenous ligand (Top)Electron density cluster (in blue) found in the 

crystal structure of TSPO A139T mutant.  A porphyrin ring structure (pink) was suggested as a 

tentative assignment for the unknown endogenous ligand. (Right and Bottom) Detailed 

structure of the two small molecules proposed for the putative identities of the TSPO A139T 

endogenous ligand: Protoporphyrin IX (PpIX, Mw=606Da) and phosphatidyl-glycerol lipid (PG, 

Mw=745Da) 

 

In an effort to build such a native MS methodology for membrane protein ligand identification, 

we carried out s set of experiments that spiked excess amounts of candidate molecules for the 

unknown endogenous TSPO ligand into A139T samples.  Similar to methods commonly 

employed in chromatography, following the addition of selected ligand, MS signal intensities are 

monitored.  Increases in the intensity values for pre-existing bound states under these conditions 
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would be interpreted as evidence that the added ligand matches the unknown endogenous ligand, 

whereas the appearance of new MS features would preclude the possibility that the added ligand 

corresponds to the unknown TSPO binder. Key assumptions in this approach include: 1) That 

added ligands can penetrate the micelles that encapsulate TSPO in solution, 2) That the 

endogenous ligand binding pattern observed in Figure 5-4 does not represent the maximum 

extent of ligand binding under these conditions and 3) That if the new ligands are introduced that 

do not match the endogenous ligands already bound, that ligand displacement will occur.  Given 

the measured molecular mass range for the unknown endogenous ligand, X-ray modeling efforts 

with the A139T mutant (Figure 5-5)[6], and previous reports of TSPO binders [19], we selected 

both phosphatidyl-glycerol lipid (PG, Mw=745Da), and B). Protoporphyrin IX (PpIX, 

Mw=606Da) for the spiking experiments described above (Figure 5-5).[34, 36, 37] The MS 

results for our spiking experiments, shown in Figure 5-6, reveal not only the apo A139T protein 

peak (yellow triangles), but also multiple  signals corresponding to either PG or PpIX binding. 

Similar signal intensities and binding stoichiometries are observed when PpIX is added to 

A139T TSPO samples, and decreased signal intensities are observed upon the addition of PG, 

with no experiments providing either new MS-resolved features or, with no increases in MS 

intensity values. We interpret these results as evidence that are primary assumptions in the 

context of this experiment are likely not valid.  In the case of PpIX, if the small molecule 

penetrates the pre-existing micelle, then clearly it cannot generate a concentration gradient 

sufficient to increase signal content, or perhaps lack the ability to exchange with pre-existing, 

more strongly-bound ligands.  For PG, if ligand exchange or binding takes place, excess lipid 
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must also incorporate into the micelle, altering TSPO stability and decreasing our ability to 

observe ligand binding overall.  Taken together with our inability to resolve any significant 

differences in the intact mass of the bound species observed, it is not possible based on this data 

alone to identify the endogenous TSPO binder.  
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Figure 5-6.MS data of native A139T TSPO variant bound to an unknown endogenous ligand 

(A), as well as for A139T samples incubated with PpIX (B) and PG (C). The calculated mass for 

apo dimeric protein are 36119±16 Da (A),  36186±3 Da (B),  36015±7 Da (C), respectively.  

Ligand bound species are observed in all cases, but their identity cannot be conclusively 

identified based on the lack of any increases in MS signal intensity or the appearance of new MS 

features.  Consequently, this data also cannot be used to identify the unknown TSPO binding 

partner shown in the top panel. 

 

 

5.3.4 CIU Identifies an Unknown Endogenous Ligand Bound to TSPO 

In a further attempt to identify the endogenous binding partner for A139T TSPO, we initiated a 

series of CIU experiments, aiming to develop differentiating gas-phase stability profiles for PG 

and PpIX ligands bound to TSPO [38]. Data shown in Figure 5-7(A), acquired using the minimal 

accelerating voltage required to sufficiently desolvate TSPO ions , reveals signals for both single 

and doubly bound TSPO dimers; whereas larger accelerating voltages, shown in Figure 5-7(B), 

result in the gas-phase unfolding and ligand dissociation of TSPO ions.  A cursory comparison of 

Figures 5-7A and B reveals atypical CIU stabilities for TSPO complexes attached to endogenous 

ligands, characterized by an increased stability upon binding the first ligand, and then a gas-

phase stability decrease upon binding the second. Figure 5-7C compares this pattern of CIU 

stability at a fixed acceleration voltage (120V) with identical data acquired for TSPO samples 

incubated with PG and PpIX.  This dataset reveals that PG incubated samples exhibit similar 

shifts in CIU stability when compared with TSPO bound to the unknown endogenous ligand, 

while samples incubated with PpIX do not.   
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While the data in Figure 5-7C strongly suggests that the unknown endogenous TSPO binding 

partner is a PG-like lipid, we worked to confirm this observation through a series of further 

control experiments.  Figure 5-7D shows extensive CID data that monitors the transition between 

the 2:1 TSPO-ligand complex state and the apo state, acquired over a broad range of accelerating 

voltages, for A139T variant ions generated from samples with added small molecule binders, as 

discussed above.  As for CIU stability datasets acquired at a single voltage as a function of 

binding stoichiometry, the CID stabilities of 2:1 TSPO-ligand complex ions bound to the 

endogenous ligand, match the stabilities for samples incubated with PG, which decay from 65-

70% bound to ~40% bound over the voltage range probed, and not PpIX, which retains a 75-80% 

bound ratio at all instrument settings.  In order to test if the CIU and CID stability pattern 

agreement between PG and the unknown A139T TSPO ligand, we incubated the A138F TSPO 

variant, which can be isolated without endogenous ligands, with both PpIX and PG for stability 

measurements.  We observe binding of both of these ligands to the A128F variant, and are able 

to record their CID stabilities, which are also plotted for comparison within Figure 5-7D.  These 

data confirm the stability based assignments made with A139T, and further confirm that a PG-

like lipid is the likely endogenous binding partner of observed for this form of TSPO dimer.  . 
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Figure 5-7. CIU/CID analysis of the identity of endogenous unknown ligand. Representative 

CIU data for endogenous A139T-ligand complex ions at trap collision voltages of 120V(A) and 

140V(B).  Yellow triangles represent apo A139T protein ions, black circles represent TSPO-

ligand complexes .(C)A histogram of CIU stabilities for ions within the red box in (A), showing 

the percentage of protein signal that remains in its compact state at 120V for Apo, singly (1B) 

and doubly bound (2B) bounded species. Native A139T bound to the unknown endogenous 

ligand, and A139T incubated with PG and PpIX are shown in grey, blue and purple, respectively. 

(D)A plot of the gas phase CID stabilities, showing the ratio of 1B/Apo species as a function of 

trap CV. Native A139T are listed in black, PG and PpIX bounded cases are labeled in blue and 

purple. Control test with A138F mutant are listed in dashed line.  

 

5.4 Conclusions 
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Here, the 18-kDa TSPO dimer from Rhodobacter sphaeroides, as well as its disease-associated 

variant forms have been analyzed by IM-MS and CIU assays. Our detergent compatibility screen 

suggests that Cymal-5 is compatible with wild type RsTSPO, but OG has proven to be the 

optimum surfactant for IM-MS analysis of all TSPO variants. Trends in our data indicate that the 

optimum detergent for IM-MS membrane protein analysis should, on the one hand, be able to 

solubilize and stabilize the membrane protein in solution, as well as survive the nESI process 

while retaining the non-covalent interactions within the intact membrane protein. In addition, 

once present in the gas-phase, the surfactant should be easily shed following collisional 

activation of the proteomicelle. Our data demonstrates that surfactants possessing larger 

saccharide head groups and longer alkyl chain tend to provide increased membrane stabilization, 

and that OG is the most ‘balanced’ yet compatible surfactant for TSPO IM-MS analysis. When 

compared to other native-MS reports [27, 28, 34, 39], our data strongly suggests that optimal 

detergent selection is highly protein specific, as the balance referenced above  likely depends 

strongly on both the nature of the detergent the proteomicelle formed.[27, 33] 

 

Our IM-MS data also provides a direct probe of membrane protein ligand binding, and how such 

events alter protein structure and stability. Optimal buffer and detergent choice leads to the 

recovery of native-like TSPO CCS values for both dimers and monomers.  In addition, for the 

first time, we utilize a combination of CIU and CID stability data to identify an unknown 

endogenous ligand bound to a disease-associated variant of the TSPO dimer. Our data strongly 
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supports a PG-like structure for this unknown binder, a class of molecule observed to interact 

with TSPO in previous work [19], when compared to a porphyrin binder that was previously 

suggested by X-ray data[6].  The CIU and CID methods discussed here are among the few 

techniques available for annotating such ligand binding events for intact membrane protein 

complexes, with other potential MS workflows likely involving electron-mediated dissociation 

techniques [40], and has the potential to enable a wide array of therapeutic screening work 

involving myriad membrane protein targets.  Furthermore, the knowledge of specific, 

endogenous lipid attachment occurs preferentially with the A139T variant, which is linked 

pregnenolone production enables the construction of new models of TSPO function in this 

context. Future work will focus on screening additional TSPO binders and lipids to assess the 

specificity of the CIU/CID fingerprints developed in this report, as well as analyzing further 

TSPO variant forms.  .  
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Chapter 6 

Conclusions and Future Directions 

 

6.1 Conclusions 

Here we have demonstrated using collisional unfolding of multiprotein complexes reveals 

cooperative stabilization upon small molecule binding. (Chapter 2). We use IM-MS and CIU to 

individually assess the stabilities of Concanavalin A bound states. Our results show that the 

cooperative stabilization effect, as revealed from CIU assays, cannot easily be detected by 

solution phase technologies (For example, ITC) or by MS alone. Indeed, this type of stability 

measurements require the separation of resolved ligand bound states of the protein complex to 

individually address the stability of each state in isolation. The IM-MS and CIU methods 

described above are uniquely able to accomplish this and generate stability data that can 

potentially be used to inform energy calculations aimed at assessing the details of such 

cooperative effects.[5] 

 

By combining IM-MS and molecular modeling approaches, the underlying mechanism of multi-

protein unfolding wassystematically investigated. (Chapter 3) The sugar-binding tetrameric 
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protein Concanavalin A (Con A) was used as a model system for this process, our results 

revealed a strong positive correlation between monomeric Coulombic unfolding and tetrameric 

CIU process. This provides strong evidence that multi-protein unfolding events are 

initiatedprimarily by charge migration from the complex to a single monomer. Moreover, the 

number of charges that are transferred in order to achieve the various features observed in Con A 

CIU were investigated based on our docking simulations. Surprisingly,molecular modeling 

assays suggested that the majority of the charge transfer (up to 55%) takes place during the first 

of 3 main unfolding transitions in Con A tetramer, and that this event likely disrupted most of the 

sugar binding pocket structure within the protein. All these resultswere supported by our 

previous studies of Con A tetramer, and provide critical, predictive insights for understanding the 

fundamentalmechanism of multi-protein unfolding. 

 

Probing the binding strength of protein assemblies is critically important in understanding their 

interaction and cellular functions. The interactions between HDAC8 and PCBP1 were 

systematically investigated by IM-MS. (Chapter 4) Our data suggest that HDAC8 and PCBP1 

interact with each other in a specific manner, as confirmed by tandem MS and negative control 

experiments with carbonic anhydrase II. With optimized buffer conditions and careful adjusted 

instrument tuning, we for the first time expanded the utility of the classic ESI-MS method onto 

assessing the binding affinity for HDAC8 - PCBP1 hetero-complex, and reported the KD of H-P 

complex 68± 30 μM.The non-negligible variances of the measured KD results are majorly 
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generated from two sources: A) error of the ESI-MS method itself and B) batch differences of 

protein sample. Systematic statistical analysis suggests that with 95% confidence, the variances 

of the second batch measurements are at least 2.11 times big as that of the first batch. Such 

results demonstrate the fact switching to different batch of protein sample may generate major 

deviation for KD calculation, which in turn confirms the usefulness of our methodology. 

Analytically speaking, in ideal cases, sufficient sample supply with equal quality is strongly 

recommended for this type of binding affinity estimation. In addition, as for the metal 

substitution (with Zn
2+

/Fe
2+

) experiments,our data suggested that Fe
2+

 mildly promotes the 

binding between HDAC8 and PCBP1. Given the scenario that Zn
2+

 has long viewed as a natural 

binder to HDAC8 in cell,[6, 7] our results suggested that iron, at the very least, performed 

similarly to zinc as an HDAC8 binder in vitro. 

 

In Chapter 5, the TSPO dimer from Rhodobactersphaeroides, as well as its disease-associated 

variant forms, has been analyzed by IM-MS and CIU assays. According to our detergent 

compatibility screen test,OG has proven to be the optimum surfactant for IM-MS analysis of all 

TSPO variants. In addition, our IM-MS data also provided a direct probe of membrane protein 

ligand binding, and elucidated the extent to which such events alter protein structure and 

stability. Optimal buffer and detergent choice lead to the recovery of native-like TSPO CCS 

values for both TSPO dimers and monomers.  In addition, for the first time, we utilized a 

combination of CIU and CID stability data to identify an unknown endogenous ligand bound to a 
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disease-associated variant of the TSPO dimer.Our data strongly supported a PG-like lipid 

structure for the unknown binder.The CIU and CID methods employed in this workwere among 

the few techniques available for annotating such ligand binding events for intact membrane 

protein complexes, with other potential MS workflows likely involving electron-mediated 

dissociation techniques [8], and has the potential to enable a wide array of therapeutic screening 

work involving myriad membrane protein targets. 

 

6.2 Future Directions  

6.2.1 CIU of large multi-dentate protein-ligand assemblies 

The underlying mechanism of protein CIUwas systematically evaluated in Chapter 2, as well as 

in other previous studies. That previous work, however, was mainly focused on proteins bound 

to a four or less small molecule ligands. In the future, the CIU mechanism for even larger multi-

proteinsystems, that exhibit larger-order multi-dentate binding behavior should be 

probed.RuBisCo (ribulose-1,5-bisphosphate carboxylase oxygenase), an assembly thought to be 

themost abundant protein in nature, would serve as a excellent model system for such 

mechanistic studies.[9]The complex has a molecular mass of 550kDa,consisting of 16 subunits - 

8 large and 8 small. Rubisco is the key enzyme of both the carbon reductive pathway (i.e., the 

Calvin cycle) and of photorespiration. It catalyzes the carbon-fixing reaction in which a molecule 

of CO2 is added to the enediol form of ribulose-1,5-bisphosphate (RuBP), which is a double 
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phosphate ester of the ketose (ketone-containing sugar) called ribulose, with a molecular weight 

of 310 Da.[10-12]It would be of great interest is to map the well-established CIU protocol for 

small protein complexes onto the 550 kDa assembly, and attempt to detect the influence of 

ligand binding and the unfolding pathway(s) observed. 

 

Figure 6-1.(Left)X-ray structure of hexadecameric Rubisco.(PDB: 8RUC) (Right)Theactive 

binding site of Rubisco. The basic catalytic unit of all Rubisco molecules is a dimer of large 

catalytic subunits in which each monomer interacts with the N-terminus of the second monomer. 

The active site thus contains residues from primarily the C-terminus of the one monomer, but 

also includes residues from the N-terminus of the second monomer, conferring two active sites 

per dimer. 

 

 

6.2.2 An alternative protein model system for studying the details of multi-

protein CIU. 

http://en.wikipedia.org/wiki/Phosphate_ester
http://en.wikipedia.org/wiki/Ribulose
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The mainhypothesis that work shown in chapter 3 attempts to validate states that multi-protein 

unfolding events areinitiated by charge migration from the complex to a single monomer.Chapter 

3 uses the Con A tetramer to systematically investigate this claim, but in order to evaluate the 

universality of our findings, additional model systems must be similarly evaluated. Multi-protein 

systems, ranging from dimeric proteins like β-lactoglobulin, to other tetramers like avidin or 

transthyretin,extending to even larger protein multimers could all be used in such studies.  

Ideally such systems would cover a broad range of protein folds, domain archetypes, and 

sequence bacisities in order to establish the true breadth of the predictions generated by our 

models. 

Another factor that could be validated in a potentially more rigorous way, is the scaling factor 

used to related PA CCS calculations to X-ray model structures. As mentioned in Chapter 3, a 

value of 1.15 was developed an extensively validated for globular protein models, and our work 

in chapter 3 creates a new set of scaling factors that relate unfolded models to their 

corresponding TM CCS estimate.  There are two routes toward broadly evaluating the generality 

of the scaling coefficientswe discuss in Chapter 3. The first is to use TM methods to calibrate the 

PA results more broadly,using advanced computing; the other is toutilize  next-generation CCS 

calculators. For example, IMPACT[13] provides ultra-high speed CCS computing based on a 

projection method, but this method is well benchmarked to convert such values to those that 

emulate TM computations for compact globular proteins and complexes .  
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6.2.3Searching for Ligand-specific CIU Fingerprints in the TSPO-LAF 

Variant 

We studies both WT and disease-associated variants of RsTSPO in Chapter 5. The cholesterol 

binding behavior of TSPO would be an potentially interesting and impactful area of study.  This 

would also be highly challenging using the variants from Chapter 5, as it has been reported that 

RsTSPO shows more than 1000-fold lower affinity for cholesterol binding than mammalian 

TSPO.[14] Therefore another variant, RsTSPO-LAF, in which the three residues (A136-T137-

A138) that precede the cholesterol binding motif are replaced with the human sequence LAF, has 

been constructed in order to understand how such binding events could affect TSPO structure 

and stability. [15, 16]Preliminary datashown in figure 6-2 indicates that the dimeric TSPO 

structure for this variant is largely disrupted, and protein existsprimarly as highly unfolded 

monomer under our optimized detergent conditions. In addition, putative mass assignments and 

preliminary CIU assays reveal the evidence of yet another native endogenous ligand bound to the 

protein. To fully understand the structure and ligand binding behavior of this LAF variant, 

further experiments,  focused on optimizing detergent and IM-MS analysis condition would need 

to be conducted.  Following this work, controls and workflows simlar to those described in 

Chapter 5 could be used to decipher the identity of unknown binder.In addition, a variety of other 

TSPO ligands, including cholesterol, curcumin, Gossypol, retinoic acid, as well as the diagnostic 

drug PK11195,  (1-(2-Chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-
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isoquinolinecarboxamide)[15]could be screened to generate comprehensive CIU/CID profiles 

capable of discriminating a range of different TSPO binders. Once completed, such a dataset 

could be further utlized to perform medium or high-throughput assays aimed at developing 

TSPO binding inhibitors that may be impactful in the treatment in human diseases ranging from 

psychological disorders to cancer. 

 

Figure 6-2.Preliminary IM-MS data for TSPO LAF mutant in the presence of cholesteryl hemi-

succinate (CHS) at Trap voltage 140V, with 2xCMC of OG as the detergent. The protein dimer 

structure is largely disrupted and exists in its monomeric form under these conditions.  
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