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ABSTRACT 

 

This dissertation presents efforts to expand the role of mass spectrometry (MS) in 

structural biology.  Determination of quaternary structure of a protein complex has been 

hindered by limited fragmentation from collision-induced dissociation (CID).  As an 

alternative, surface-induced dissociation (SID) was implemented for a quadrupole – time-

of-flight instrument in the Wysocki laboratory.  This research tested the hypothesis that 

SID should produce fragmentation reflective of subunit organization.  Furthermore, ion 

mobility (IM) was used to prove the direct relationship between precursor conformation 

and observed dissociation patterns, and the relationship between activation and product 

ion conformation. 

 The structure and dynamics of a dimeric small heat shock protein (sHSP) with no 

solved structure was investigated.  The importance of N- and C-terminal domains for 

dimerization was determined, and the dimers were shown to exchange subunits.  From 

exchange kinetics it is proposed that subunit exchange is unrelated to heat shock activity. 

 SID was used to elucidate the subunit architecture of heterogeneous protein 

assemblies, including one previously solved protein structure and two formerly 

uncharacterized proteins.  The heterohexamer toyocamycin nitrile hydratase dissociated 

into trimers, revealing the hexamer to be a dimer of trimers.  The bacterial ribonuclease 

toxin:antitoxin tetramer was shown to have an antitoxin dimer at its core, with flanking 

individual toxin subunits.  The examples presented here are the first clear proof that SID 

results can clearly indicate the substructure of a protein assembly. 
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IM was used to study the conformation of precursor and product ions.  A greater 

understanding of the relationship between precursor conformation and observed 

dissociation patterns was developed.  Different charge states of a dodecameric sHSP were 

found to have significantly different conformations, which were directly reflected in SID 

spectra.  IM comparison of CID and SID product ions showed that the same charge state 

of a product ion from either method has the same CCS.  This suggests the product ion 

conformation is dependent upon ion charge state, and independent of activation method 

and collision energy.  The cause and effect relationship between precursor conformation 

and MS/MS patterns, and activation and product ion conformation were clearly 

illustrated. 

 Together, this body of research expands the role of MS for structural biology. 
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CHAPTER ONE  

BACKGROUND AND SIGNIFICANCE 

 

1.1 The importance of protein folding and protein-protein interactions 

The solution of the human genome at the beginning of the 21st century resulted in 

much excitement due to the enormous wealth of information that could be used to 

improve human lives in countless ways [1-3].  However, an organism’s genome does not 

contain the full explanation of how an organism functions, as it is ultimately the 

proteome which carries out all of the tasks necessary to survival.  The genome remains 

more or less constant over an organism’s lifetime; it is the proteome that responds to 

stimuli and changes in the environment keeping the organism alive.  DNA encodes a 

protein’s primary sequence, which affects its three dimensional fold, but it does not 

encode for post-translational modifications, protein-small molecule interactions, or multi-

protein interactions that ultimately allow proteins to perform their functions.  As a 

protein’s three-dimensional structure is so closely tied to its function, it is imperative that 

scientists have the tools to solve structures of individual proteins, as well as the structures 

of multi-protein assemblies. 

There are a number of biological advantages to the formation of higher order 

quaternary structures, beginning with enhanced stability for many proteins [4].  

Association of multiple subunits may shield hydrophobic residues from an aqueous 

environment, or increase stability through reduction of the protein’s surface-to-volume 

ratio.  It is more genetically efficient for an organism for its proteins to form assemblies, 



24 
 

and affords the molecular machinery that synthesizes proteins fewer opportunities for 

error if less DNA is needed.  Finally oligomerization can increase the efficacy of a 

protein by bringing active sites together, or allowing for cooperative phenomena 

associated with subunit interactions [4]. 

 

 

Figure 1.1 Distribution of protein oligomeric states in the Swiss-Prot database as of April, 

2009.  Reprinted with permission from Shen, H.; Chou, K., Quatident: A web server for 

identifying protein quaternary structural attribute by fusing functional domain and 

sequential evolution information. Journal of Proteome Research 2009, 8, 1577-1584.  

Copyright 2009 American Chemical Society. 

 

Given the stabilizing and functional advantages of protein assemblies, it is hardly 

surprising that a large percentage of proteins exist as part of non-covalent protein 

complexes.  According to a survey of the Swiss-Prot database (collection of all solved 
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protein structures) performed by Shen et al. in 2009, shown in Figure 1.1, half of all 

proteins in the database exist as dimers, with substantial percentages existing as larger 

oligomers.  Beyond preference for oligomerization, nature also prefers assemblies with 

small, and/or even numbers of subunits, frequently organized into highly symmetric 

structures [5-7]. 

 

1.2 Traditional methods for studying protein-protein interactions 

Over many decades a wide variety of methods have been developed for the 

structural characterization of proteins.  However, given the immense diversity of protein 

structure and behavior, no single technique has proven sufficient for the complete 

description of a protein assembly.  Even a technique that produces atomic-level structural 

information can not reveal the dynamics, kinetics, or mechanism of the protein’s 

function.  Due to the strengths and weaknesses of all structural biology methods, 

biochemists employ a wide variety of complementary techniques in order to elucidate a 

complete picture of protein structure and function [8]. 

 

1.2.1 X-ray crystallography 

In x-ray crystallography (XRC) the molecule of interest is crystallized, and then 

bombarded with x-ray radiation.  The electron density of the atoms in the molecule 

diffracts the x-ray light, creating a pattern which is then computationally deconvoluted 

into a three-dimensional structure.  XRC has been used to solve protein structures since 

the late 1950s, beginning with the structure of sperm whale myoglobin in 1958 [9]. 
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XRC has the ability to produce structures with remarkable atomic resolution, and 

as a result is the gold standard method for structural biology.  Unfortunately there are a 

number of drawbacks that make XRC ineffective for a large number of protein 

complexes.  First and foremost, a crystal must be obtained, and many proteins simply will 

not crystallize for a wide variety of reasons.  Heterogeneity of the protein system, in 

terms of amino acid sequence, post-translational modification, or three-dimensional 

conformation, is one significant obstacle to crystallization.  Chemical purity is another.  

Membrane proteins are extremely difficult to crystallize due to the surfactants necessary 

to stabilize the protein in solution [8].  Frequently milligrams of protein are necessary to 

obtain crystals of sufficient size, therefore quantity requirements are frequently 

prohibitive even before the issue of whether or not the protein will crystallize [8].  Even 

when a structure has been obtained, the major limitation to the data is that the structure in 

the solid-phase crystal is only a snapshot of the protein, and does not reflect the 

movement of the protein, or the multitude of conformations that may be sampled under 

various solution-phase conditions [8].  

 

1.2.2 Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy takes advantage of the 

radiofrequency region of the electromagnetic spectrum.  In the presence of a magnetic 

field, the protein solution is subjected to radio frequency (rf) radiation, which causes the 

spin states of atomic nuclei in the molecule to flip.  The energy needed to cause this 

transition is then used to determine distances between atoms, which can then be 
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translated to a three-dimensional structure of the molecule.  Ideally, each atomic nucleus 

would require a different amount of energy for this transition due to its unique electronic 

environment within the molecule. 

Unfortunately with very large molecules such as proteins, there is frequently a 

high degree of overlap between the chemical shifts of the nuclei.  To compensate for this, 

protein NMR is generally done in multiple dimensions, where different types of nuclei 

(i.e. 1H, 13C, 15N) are probed and all of the data are combined to generate a protein 

structure.[10-12]  It is this spectral complexity that limits the size of protein that may be 

studied to approximately 40 kDa [8, 13]. 

NMR may also produce very high resolution, atomic-level structural data for a 

protein, and unlike XRC, it is able to capture the dynamics of a protein in solution.  

Studying the protein in solution rather than the solid phase as is done in XRC is 

preferable as solution more closely resembles a native protein environment, and artifacts 

from the crystallization process may be circumvented.  NMR also has the advantage of 

being non-destructive.  Like XRC, NMR also has its limitations. Aside from the protein 

size limitation, the large amount of protein necessary for NMR studies – generally 

hundreds of microliters of low millimolar protein concentrations – is a challenge and 

sometimes prohibitive [8]. 

 

1.2.3 Electron microscopy 

Electron microscopy (EM) is a useful means of gathering structural data for 

proteins that are not amenable to crystallization [8, 14].  In an EM experiment the sample 
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is bombarded with a high energy electron beam, and an image of the sample is 

constructed based on the position and energy of transmitted, diffracted, or back-scattered 

electrons, or emitted secondary electrons.  The biggest challenge associated with EM 

experiments is walking the fine line between imaging and damaging the biological 

sample.  As electrons are more energetic than the x-rays used in XRC, radiative damage 

is a major concern.  Low radiation dosage and low temperatures (known as cryo-EM, 

where the sample is frozen using liquid N2 or He) mitigate sample damage, but limit 

resolution to ~10 Å [8].  EM images individual particles, which sidesteps the need for 

crystals, but many particles must be imaged to develop a model of the overall structure 

and heterogeneity of the protein [15].  Even with all the challenges, cryo-EM has been 

successfully applied in structural studies of particles well beyond the current scope of 

MS, including the 150 MDa human adenovirus capsid [16]. 

 

1.2.4 Low-resolution methods 

There are a number of other structural methods available that can answer basic 

questions such as molecular weight and oligomeric state with varying degrees of 

accuracy.  Size exclusion chromatography (SEC) separates macromolecules based on 

size.  The solution-phase sample is applied to a column packed with porous beads of 

defined pore size.  Protein that are too large to enter the pores are eluted first, and 

progressively smaller proteins interact with the pores for longer periods of time and elute 

later.  Protein elution is most commonly detected by UV absorption.  A series of known 

proteins may be run over the same column in order to roughly calibrate molecular weight.  
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From an approximate molecular weight the oligomeric state of a protein assembly can be 

estimated.  Unusual three-dimensional shape, chemical contaminants such as detergents, 

or chemical interactions with the stationary phase may lead to error in assessment of 

protein size.  SEC effectively measures the hydrodynamic radius of the protein rather 

than its molecular weight [8]. 

Analytical ultracentrifugation (AUC) can be a more reliable way to determine the 

molecular weight of a protein assembly.  AUC pits the centripetal force generated by a 

centrifuge against the buoyancy of the particle, and UV absorption is used to monitor the 

radial position of the particle in the experimental cell.  Equilibrium AUC allows for direct 

calculation of molecular weight.  Non-equilibrium AUC requires a priori knowledge of 

the three-dimensional shape of the protein, such as the ratio of its length to its width, in 

order to determine a molecular weight [8, 17].  AUC has the advantage of examining the 

protein in its native buffer conditions and is non-destructive; sample can be recovered 

and used for further experiments [17]. 

 

1.3 Gas phase methods for studying protein-protein interactions 

Since the advent of electrospray ionization, gas-phase methods such as mass 

spectrometry (MS) and ion mobility spectrometry (IM or IMS) have become increasingly 

popular techniques for the structural analysis of protein-protein complexes.  Like the 

techniques described previously, gas-phase methods have their disadvantages, but MS 

and IMS overcome many of the limitations specific to techniques like XRC and NMR.  

MS and IMS require much smaller sample quantities (down to low picomoles), and can 
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be used to study heterogeneous populations of proteins, both in terms of composition and 

conformation [18-19]. 

While gas phase methods compensate well for some of the specific challenges 

associated with more traditional protein structure methods, they have their own unique 

drawbacks.  MS or IMS require relatively pure samples, as protein and non-protein 

components can suppress ionization of the analyte of interest, making it impossible to 

detect in spectra.  The majority of salts and solution additives frequently employed by 

biochemists to stabilize proteins in solution are frequently incompatible with electrospray 

ionization (described below), or appear as adducts in spectra and quickly foul the 

instrument source region.  Liquid chromatography methods that can greatly improve 

protein purity lead to denaturation, limiting MS analysis to single, non-native subunits.  

Furthermore, some proteins simply do not ionize well, and unlike some methods, gas-

phase methods are destructive and sample can not be recovered.  Finally, while gas-phase 

methods handle heterogeneity better than other approaches, heterogeneity is still 

complicates data interpretation in MS, although combining IMS with MS can 

significantly alleviate spectral congestion. 

 

1.3.1 Generation of gas phase protein ions: electrospray ionization 

Electrospray ionization (ESI) is a “soft” ionization process that has the major 

advantage of ionizing a sample directly from the solution phase.  This is especially 

advantageous for biological systems, as proteins may be kept in appropriate buffer 

conditions up until the mass spectrometry experiment begins [18].   
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Typically the sample is loaded into, or flows through a metal coated capillary, to 

which a large potential (1-2 kV) is applied [19-22].  The potential causes charges to 

gather at the tip, forming a “Taylor cone,” from which highly charge droplets are emitted 

[23-25].  As the droplets are electrostatically drawn toward the instrument opening, 

nebulizing gas assists the evaporation of solvent from the droplets.  The droplets continue 

to decrease in size via evaporation until the Coulombic repulsion on the surface surpasses 

the strength of the surface tension and jet fission occurs.  This desolvation and fission 

cycle is repeated until desolvated, or nearly desolvated ions are formed.  The fission 

process is hypothesized to happen via one of two mechanisms.  In the charged residue 

model (CRM), the evaporation and fission process occurs repeatedly until a “naked” 

analyte is released, i.e. the charged residue [26].  The alternative mechanism based on 

work by Iribarne and Thomson is the ion evaporation model (IEM), in which the charge-

charge repulsion is proposed to be strong enough to overcome the energy of solvation, 

and the ion is ejected from the droplet into the gas phase [27].  In the literature there is 

evidence to support both mechanisms, and neither method can explain all experimental 

observations, but it appears that protein assemblies follow the CRM [28-29]. 

Nanoelectrospray ionization (nESI) is a gentler version of ESI [25, 30-31].  The 

size of the droplet ejected from the Taylor cone depends upon the size of the opening at 

the tip of the capillary.  ESI capillary tips generally have a diameter of about 5 µm, while 

nESI tip have a diameter closer to 1 µm.  Reduced capillary diameter decreases the flow 

rate from several µL/min to a few nL/min, hence the term nanoelectrospray [32-33].  

Because the droplets produced by nESI are significantly smaller (150-200 nm versus 
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several µm), fewer rounds of evaporation and fission are required, resulting in less stress 

to the structure and non-covalent interactions of proteins in solution [32, 34-35].  Smaller 

initial droplets also cause nESI to be more salt tolerant, which is also conducive to 

preserving non-covalent interactions, and have lower propensity for nonspecific 

aggregation [18, 34].  The extremely low sample consumption of nESI, down to the low 

picomole range, make gas phase methods more appealing than many of the structural 

biology methods discussed previously that demand much more sample [8, 18].  Although 

matrix assisted laser desorption ionization (MALDI) and desorption electrospray 

ionization (DESI) can occasionally preserve non-covalent interactions, nESI is the 

ionization method of choice for MS or IMS studies of macromolecular assemblies [18, 

36-38]. 

 ESI or nESI typically produces a Gaussian distribution of multiply charged ions 

[39].  “Native-like” protein structures tend to have a very narrow distribution of only 

about three to five charge states, while denatured proteins display a much wider charge 

state distribution of easily ten or more charge states.  Protein charge states have been 

shown to be indicative of the gas phase structure of a protein assembly through 

correlation to the surface area of the protein [40-42].  Additionally, multiple Gaussian 

distributions within the charge state distribution is typically indicative of multiple protein 

conformations, frequently more and less folded or “native-like” conformations. 
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1.3.2 Mass spectrometry 

Mass spectrometry (MS) is a gas-phase method that analyzes ions by their mass to 

charge ratio (m/z).  The instrument consists of three major components: an ionization 

source, a mass analyzer, and a detector.  There are numerous types of each component, 

each of which has its own distinct advantages and disadvantages. 

 

1.3.2.1 Mass analyzers 

The mass analyzer of a mass spectrometer is the component that actually 

separates ions by their m/z ratios.  Ions of different m/z ratios behave differently in 

electric and/or magnetic fields, enabling their separation.  Analyzers range in their 

resolving power, speed, m/z range, and expense.   Mass to charge information from MS 

or tandem MS experiments can be used to determine characteristics such as an ion’s 

molecular weight and structure.  For a non-covalent protein complex, this can address 

questions such as the protein’s oligomeric state and arrangement of subunits within the 

complex. 

 

1.3.2.1.1 Quadrupole mass analyzer 

A quadrupole mass analyzer consists of 4 parallel cylindrical or hyperbolic rods.  

When the rods are operated in rf-only mode, the analyzer acts as an ion guide, 

transmitting a wide m/z range of ions the length of the rods.  Each pair of opposite poles 

is electrically connected.  Rf voltage is applied to each pair of poles, 180° out of phase 
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from one another.  When a DC voltage is superimposed upon the rf voltage, the poles 

may then serve as mass analyzers, transmitting only one m/z at a time.  Quadrupoles have 

been adapted for large molecule analysis by lowering the rf frequency in order to increase 

the highest resolvable m/z ratio [18, 43-45].  The largest m/z ([m/z]max) that may be 

resolved is described by Equation 1.1, where Vm is the rf amplitude, ν is the rf frequency, 

ro is the radius between the quadrupole rods.  

�� �⁄ ���� = 7 ∗ 10��� ��������    Equation 1.1 

Quadrupoles are well suited for the study of large protein complexes as they 

perform well at the relatively high pressures caused by deliberately raising the pressure in 

the source region in order to transmit large, non-covalent protein assemblies into the gas 

phase.  The continuous transmission of ions is also amenable to the continuous ion beam 

that results from a ESI or nESI source [18]. 

 

1.3.2.1.2 Time-of-flight mass analyzer 

A time-of-flight (TOF) mass analyzer consists of a long flight tube in which ions 

are separated by their m/z ratio according to the amount of time the ions take to travel the 

length of the flight tube.  Considering that velocity is distance divided by time (v = d/t), 

the ion’s flight time is related to its m/z ratio by kinetic energy (KE) , as shown in 

Equations 1.2 and 1.3. 

�� = �
� ��� = ��    Equation 1.2 

�
� = ����

��      Equation 1.3 
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In these equations, KE is the ion’s initial kinetic energy, which is determined by the 

potential difference, V, which accelerates the ion.  ν is the velocity of the ion, t is the 

flight time, which is measured, and d is the length of the flight tube, which is known. 

 TOF analyzers have the advantage of a theoretically unlimited m/z range, and 

have the highest resolution available outside of the FT domain of mass analyzers.  The 

downside of TOF analyzers for the largest m/z ions is a limited duty cycle due to long 

flight times of very large ions, during which many ions are lost unanalyzed [18].  When 

combined with an ESI source, as for protein complexes, the analyzer is positioned 

orthogonally to the ion source [46-47].   

 

1.3.2.1.3 Quadrupole – Time-of-Flight tandem instruments 

The combination of quadrupole and TOF analyzers into a Q-TOF mass 

spectrometer has been by far the most popular instrument for analysis of large, non-

covalent protein complexes [18].  One such tandem instrument, Waters’ QTOF 2, is 

shown in Figure 1.2.  Nearly all mass analysis is performed by the TOF, and the 

quadrupole either serves as an ion guide for MS experiments, or is used to isolate a single 

m/z for tandem MS experiments.  A collision cell for collision-induced dissociation 

(CID) experiments is located between the quadrupole and TOF regions.  When used in 

combination with an ESI source, the TOF is arranged orthogonally to the ion beam to 

allow for a pulsed start to the flight time measurement [46-47].  The use of the Q-TOF 

instrumentation for the studies of non-covalent complexes presented in this dissertation is 

described in more detail in Chapter 2. 



36 
 

 

Figure 1.2 Quadrupole – time-of-flight mass spectrometer [Waters Q-Tof 2TM Literature]. 

 

1.3.2.2 Activation methods 

As ESI and nESI produce intact protonated molecules, tandem mass spectrometry 

is necessary to obtain structural information beyond molecular weight.  Activation 

methods in tandem mass spectrometry are means of increasing the internal energy of ions 

to the point where fragmentation or dissociation occurs.  There are a wide variety of 

activation methods available, ranging from collision with neutral gas or a surface, to 

absorption of photons, to capture or transfer of electrons, to radiative heating.  As 

collision-based methods have been most effective and most widely-used for non-covalent 

protein assemblies, only those will be discussed here. 
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1.3.2.2.1 Collision-induced dissociation 

Collision-induced dissociation (CID) is the single most widely used activation 

method in mass spectrometry [48].  An ion is accelerated into a region of the instrument 

that is pressurized with a neutral gas (He, N2, or Ar for example).  Collisions with the 

neutral gas convert some of the ion’s kinetic energy into internal vibrational energy, 

which is distributed throughout the molecule.  If the internal energy of the activated ion 

surpasses the energetic barrier, fragmentation or dissociation will occur, as represented in 

Equation 1.4, where AB+ is the precursor ion, N is the neutral collision gas, AB+* is the 

excited precursor, and A+ and B are product ions [48].   

 

AB+ + N  �  AB+* + N  �  A+ + B + N    Equation 1.4 

 

While many mass spectrometrists use the terms “fragmentation” and “dissociation” 

interchangeably, the smaller community of native protein mass spectrometrists frequently 

use “dissociation” to refer to disruption of non-covalent bonds and “fragmentation” to 

indicate cleavage of covalent bonds.  Observation of product ions depends upon the 

timescale of the unimolecular decay reaction relative to the observation timescale of the 

instrument.  To increase the probability that product ions will be observed within the 

timescale limitations, excess energy is generally deposited through use of higher collision 

energies.  This phenomenon is known as the kinetic shift. 

In a “beam-type” or “tandem-in-space” instrument such as a Q-TOF, the initial 

collision with the gas of the pressurized collision cell is the most effective, as after the 
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first collision some of the ion’s starting kinetic energy has been lost.  The number of 

collisions undergone by a protein in a collision cell like that shown in Figure 1.3 depends 

upon the collision cell length, gas pressure, temperature, and the collisional cross section 

(CCS) of the precursor ion.  This value is estimated to be thousands to tens of thousands 

of collisions for large protein assemblies [18].  Depending on the ion’s initial kinetic 

energy, the amount of time spent in the collision cell is estimated to be a few hundred 

microseconds [18].  The limitations of CID specifically concerning protein complexes 

will be discussed in Chapter 4. 

 

1.3.2.2.2 Surface-induced dissociation 

Surface-induced dissociation (SID) is an activation method in which the precursor 

ion collides with a surface rather than neutral gas atoms or molecules.  A wide variety of 

outcomes are possible from an ion-surface interaction, depending on the energy regime of 

the interaction.  At the lowest energy interactions, in the thermal or low hyper thermal 

range, one may observe soft landing or elastic collisions.  At somewhat higher energies, 

in the hyperthermal or low energy range, one may observe ion-surface reactions, 

chemical sputtering, or SID.  Depending the size and number of degrees of freedom of 

the ion under study, SID may result from collisions ranging between less than 10 eV and 

10 keV.  At higher collision energies, ion sputtering (SIMS – secondary ion mass 

spectrometry) or implantation may occur.  SID results in ion activation and dissociation 

as shown in Equation 1.5 [49].  This is analogous to Equation 1.4, except S represents the 

surface. 
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AB+ + S  �  AB+* + S  �  A+ + B + S   Equation 1.5 

 

A number of parameters can significantly impact the result of an ion-surface 

collision, including the kinetic energy and identity of the molecular ion, the identity of 

the surface, the angle of incidence of the collision, the interaction time, and the 

penetration depth during impact.  Many of these factors are interrelated.   The interaction 

time with the surface has been estimated to be in the femtosecond to picosecond range 

[50].  The efficiency of conversion of translational to vibrational energy has been 

suggested to depend upon the effective mass of the surface, ranging from 12-17% for 

hydrocarbon self-assembled monolayer surfaces and 18-28% for the analogous 

fluorocarbon surfaces [51-55]. 

SID was initially studied as a means of dissociating molecular ions in the mid 

1970s in Graham Cooks’ lab [49].  While SID was initially implemented in a sector 

instrument, it has been used in a wide variety of instrumentation, including tandem 

quadrupole, ion cyclotron resonance, and Q-TOF mass spectrometers [49, 56-60]. 

SID differs from an activation method like CID in the manner in which the 

precursor ion’s kinetic energy is converted to internal energy.  In CID, a large protein 

complex may undergo up to tens of thousands of collisions with a neutral gas, however 

by SID, there is a single collision event.  When the internal energy of an ion gradually 

increases as in CID, the only dissociation pathway available to it is the lowest energy 

pathway, as is depicted in Figure 1.3.  Alternatively, SID imparts a much higher amount 
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of internal energy through a single collision, granting access to multiple pathways that 

require less energy than the internal energy deposited (also illustrated in Figure 1.3).  

This topic, particularly the implications for non-covalent protein complexes, is further 

discussed in Chapter 4. 

 

 

Figure 1.3 Reaction coordinates or CID and SID illustrating the different outcomes 

resulting from many low-energy collisions and a single higher-energy collision.  Adapted 

from Springer and the Journal of the American Society for Mass Spectrometry, 19, 2008, 

190-208, Surface-induced dissociation of small molecules, peptides, and non-covalent 

protein complexes, V. Wysocki, K.E. Joyce, C.M. Jones, R.L. Beardsley, Figure 2, 

original copyright notice is given to the publication in which the material was originally 

published, by adding; with kind permission from Springer Science and Business Media. 

 

1.3.3 Ion mobility 

Ion mobility spectrometry (IM or IMS) is a gas-phase method that separates and 

analyzes ions based on not only their m/z ratio, but also their three-dimensional size and 
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shape.  The arrival time, or drift time, of an ion is recorded based on the amount of time 

necessary for an ion to cross a pressurized chamber referred to as the drift tube or IM cell.  

The drift time is then related to the rotationally averaged collision cross section (CCS) of 

the ion, which is a two-dimensional representation of the ion’s three-dimensional shape 

and size.  Ion mobility can provide information pertaining to the conformation(s) of an 

ion, under a given set of conditions.  For protein assemblies IM addresses questions 

relating to the protein’s state of folding or unfolding, arrangement of subunits, three-

dimensional shape, or structural changes induced by environmental stimuli such as 

binding of a ligand [61]. 

 

1.3.3.1 Ion mobility instrumentation 

Like mass analyzers, a wide variety of IM instrumentation has been developed, 

from stacked-ring ion guide drift tubes to traveling wave instruments.  Each type of 

instrument has trade-offs in cost, resolution, ease of use, and efficiency. 

The oldest and simplest type of IM instrumentation is a classic drift tube based on 

a stacked ring ion guide.  A drift tube is composed of many ring lenses stacked together 

with radially confining rf voltage and a linear DC voltage gradient the length of the tube.  

The drift tube is pressurized with a neutral gas – frequently N2, He, or even air.  Ions with 

smaller CCS, or larger mobilities undergo fewer collisions with the bath gas and cross the 

drift cell faster than ions with larger CCS and lower mobilities [62]. 

Drift tube IMS can be done at a variety of pressures, ranging from 1 Torr to 760 

Torr (atmospheric pressure).  Lower pressures (<10 Torr) have the advantage of being 
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more easily coupled to MS, which operates under much higher vacuum than IMS.  The 

disadvantage of working at lower bath gas pressure is lower resolution, were t/∆t = 10 – 

20.  Higher pressures (>100 Torr) lead to higher resolution, with t/∆t = 200 – 400, but 

higher pressure leads to significantly lower transmission efficiency [62]. 

The type of IM instrumentation used in the research presented in this dissertation 

is based on a traveling-wave (T-wave) ion guide, and uses a much more complicated 

electric field [63-66].  The non-traditional IM instrumentation offers much higher 

sensitivity, especially at higher pressures.  T-wave ion guides are based on the same 

stacked ring geometry as a drift tube, but utilizes non-linear rf and DC electric fields, as 

illustrated in Figure 1.4 [65].  Alternating rings have opposite rf voltages applied, while 

the DC voltage is applied to pairs of lenses in sequential fashion.  The “wave” in the 

name refers to this DC voltage that travels the length of the drift cell.  Smaller ions with 

higher mobilities (K) are propelled forward by the DC wave, while larger ions with lower 

mobilities “roll over” the wave and cross the drift tube more slowly, achieving 

separation.  This type of instrumentation has been commercialized by Waters Corporation 

as a Synapt, and is now in its second generation, shown in Figure 1.5 [65-66]. 
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Figure 1.4 On the left, an illustration of the stacked ring ion guide as used in Waters’ 

Synapt instrument showing opposite rf voltages applied to alternating rings.  On the right, 

a depiction of the DC traveling “wave” as it progresses across the IM cell. Adapted with 

permission from Giles, K.; Pringle, S. D.; Worthington, K. R.; Little, D.; Wildgoose, J. 

L.; Bateman, R. H., Applications of a travelling wave-based radio-frequencyonly stacked 

ring ion guide. Rapid Communications in Mass Spectrometry 2004, 18 (20), 2401-2414. 

Copyright 2004 John Wiley & Sons, Ltd. 
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Figure 1.5 Combination T-wave ion mobility – QTOF instrument [Waters Synapt G2™ 

literature]. 

 

1.3.3.2 Experimental determination of collision cross section 

The way in which the CCS is experimentally determined depends very heavily 

upon the type of IM instrumentation used.  The greatest strength of classic drift tube style 

IM is the ability to directly convert drift time to CCS mathematically.  The mobility of an 

ion, K, in cm2/V-s, is related to the drift time, t, as shown in Equation 1.6 [67-68]. 

 

�� = � = ! "#      Equation 1.6 
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E is the applied linear electric field, ν is the ion’s velocity across the drift tube, and L is 

the length of the drift tube.  With a linear electric field and a low E/N (electric field to 

pressure) ratio, the mobility can be related to the CCS, Ω, as follows in Equation 1.7 [67-

68]. 

� = $ %&
��'( $ �)

*+,-(
� �# $�

Ω(   Equation 1.7 

 

In Equation 1.7, q is the charge of the ion, N is the bath gas number density (indicative of 

the pressure), µ is the reduced mass of the ion/bath gas pair, kB is the Boltzman constant, 

and T is the temperature. 

 Experimental determination of CCS from a drift time measurement in a T-wave 

IM instrument is much less straight forward.  Because the electric field is decidedly non-

linear, it is not possible to mathematically convert drift times directly to CCS, therefore 

the drift time must be correlated to CCS by external calibration [69-70].  This is done by 

measuring the arrival time of a number of standards with known CCS under precisely the 

same separation conditions used for the sample of interest.  There are currently two 

databases of commonly used calibrants.  The first is a collection of denatured peptides 

and small proteins assembled by David Clemmer’s group at the University of Indiana 

using a conventional drift tube type instrument [71-74].  The second, more recently 

created database consists of non-covalent protein complexes ranging in molecular weight 

from tens of kilodaltons to ~800 kDa, assembled by Bush et al in Carol Robinson’s group 

at the University of Oxford [69].  Calibration of CCS for proteins using other native-like 

protein assemblies was shown to be more accurate than calibration with denatured 
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peptides and small proteins [69].  As IM becomes increasingly popular as a tool for 

structural biology, development of this second database was a crucial contribution to the 

ability to accurately measure large biological systems.  Detailed methods for calibrating 

CCS for the Synapt instruments are described elsewhere [69-70]. 

 

1.3.3.3 Theoretical determination of collision cross section  

Depending on the structural question to be answered, experimental CCS 

measurements may be sufficient on their own, but are frequently more meaningful in 

conjunction with CCS values calculated from theoretical or solved structures.  CCS can 

be calculated from solved structures, such as XRC or NMR structures, or from theoretical 

models of the protein system.  These calculations are performed using a Fortran program 

MOBCAL, which uses up to three different algorithms [68, 75].   

The projection approximation (PA) method is the simplest, both in its physics and 

in its computational demands.  The PA method assumes hard sphere ions with the same 

projection area as the input structure, significantly simplifying the post-collision 

scattering process, as all collisions are treated as single collisions [68].  This assumption 

is particularly risky for molecules with concave surfaces and cavities within the structure, 

frequently leading to underestimation of the CCS.  Other assumptions that diminish the 

accuracy of this method are the assumption of evenly distributed charges and the absence 

of long-range interactions between the ion and buffer gas [61, 68].  Despite these 

shortcomings, the PA method is a quick and inexpensive computation, which can be 

challenging attributes to find otherwise for large biological molecules. 
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The exact hard sphere scattering (EHSS) method is more accurate than the PA 

method, while requiring only slightly more computational resources.  This algorithm does 

consider the structure of the ion’s surface, however it also neglects long-range interaction 

potentials [75].  Neglect of long-range interactions are likely to be especially problematic 

for increasingly large molecules such as proteins [61, 68].  EHSS method results 

frequently err towards overestimation of an ion’s CCS. 

The trajectory method (TM) is the most accurate and most computationally 

demanding algorithm for the calculation of CCS [76].  The TM uses realistic potentials, 

takes multiple scattering events into consideration, and most importantly, accounts for 

long-range interaction potentials.  This method is the most desirable to use, but its 

computational expense makes it impractical when there is a large survey of structures to 

be analyzed or when the structures are too large [61, 76]. 

One potential source of error associated with all three methods – PA, EHSS, and 

TM – is the use of helium as the in silico buffer gas when nitrogen or other heavier, more 

polarizable gasses are generally used for proteins and protein assemblies [77-78].  As ion-

buffer gas interactions are important in the calculation of CCS, the use of differing buffer 

gases could be problematic, however a study by Chen et al illustrated negligibly differing 

CCS measurements for proteins in neon, argon, and krypton [79].  Presumably if neon 

and krypton are sufficiently similar, any differences observed between neon and nitrogen 

would also be negligible.  However, Bush et al report that errors of up to 15% can result 

when comparing small, denatured peptide CCS measurements in nitrogen to calculations 
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done with helium.  The error of this comparison decreases significantly with increasing 

CCS, down to about 2% for most native-like protein complexes [69]. 

 

1.3.4 Native protein mass spectrometry 

Mass spectrometry plays a role in the study of protein structure from primary 

through quaternary through, even to so called “quinary structure” [80-81].  The primary 

structure of a protein is its amino acid sequence, which is encoded by the genome, and 

post-translational modifications.  While technically the study of the entire proteome, 

including protein structure and function, the field of proteomics is frequently understood 

to refer to the mass spectrometric identification of primary structure as a means of 

identifying proteins in a biological sample [82].  MS serves as the detection method for a 

number of mass-shifting labeling techniques such as hydrogen-deuterium exchange and 

oxidative foot-printing that report on the secondary and tertiary structure of a protein, and 

how those structures may change in different conditions.  Secondary structure includes 

specific three-dimensional shapes of small regions of a protein, mainly α-helices and β-

sheets, while tertiary structure refers to the specific three-dimensional arrangement within 

a protein of these secondary structure features as well as looped or coiled regions [4]. 

It is the investigation of the quaternary and quinary structure that is the realm of 

“native” MS [19].  Quaternary structure describes the stoichiometry and arrangement of 

individual proteins within a non-covalent assembly, and can be revealed by MS and 

tandem MS, respectively.  Quinary structure refers to transient protein interactions – the 

exchange of subunits between protein complexes or temporary binding to exchange 
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ligands [80].  The only way these types of studies can be done is if the protein’s native 

structure is preserved as much as possible upon transition into the gas phase, hence the 

term “native” mass spectrometry. 

The most common protein mass spectrometry experiments are done using solution 

conditions that denature proteins.  Any experiment where liquid chromatography is 

coupled to the front end of the mass spectrometer will result in denatured proteins.  

Electrospray solvents are frequently composed of about 50% organic solvent, commonly 

methanol or acetonitrile, with a small percentage (<1%) acid, usually acetic or formic 

acid.  Under these conditions non-covalent interactions are lost, and higher order protein 

structure can not be observed. 

Native mass spectrometry uses solution conditions that favor preservation of the 

fold and non-covalent interactions of a protein.  While not a true buffer, most native MS 

is done using solutions of ammonium acetate or ammonium bicarbonate to achieve 

appropriate pH and ionic strength conditions.  Appropriate solution conditions combined 

with delicately balanced instrument conditions designed to desolvate the protein 

assembly as much as possible while not disrupting non-covalent interactions greatly 

expands the potential of MS to serve as a useful tool for structural biology. 

In order to capitalize on this recent addition to the structural biologists’ toolbox, it 

is necessary to fully understand the behavior of non-covalent protein complexes in the 

gas phase.  At this stage of research, preservation of non-covalent structure is reasonably 

well understood.  However there are almost certainly more experimental and intrinsic 

characteristics that affect protein structure that remain to be clearly understood.  Large 
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macromolecules such as non-covalent protein assemblies remain notoriously difficult to 

fragment effectively.  To obtain the highest quality information from protein MS 

experiments some of these gaps need to be filled.  It is imperative to thoroughly 

understand what happens to protein structure during MS, MS/MS, and IM, and how that 

information relates to the solution phase structure and behavior of the protein. 

 The central goals of this dissertation are first to examine the maximum 

capabilities of SID for large protein assemblies, and second to use IM combined with SID 

to investigate the relationship between SID and precursor and product ion conformations.  

SID has been shown to dissociate macromolecules more effectively than CID, but use of 

the method must be expanded to more structurally and stoichiometrically diverse systems 

than the homo-oligomers studied thus far [83-85].  This dissertation aims to explore the 

capacity of SID to produce structurally relevant dissociation patterns that directly reflect 

the arrangement of subunits within a protein complex.  These results are some of the first 

to illustrate the combination of SID before or after IM.  IM can effectively separate ions 

of the same m/z with different structures, but it remains to be seen if different 

conformations of the same precursor ion dissociate differently.  Due to the wider variety 

of dissociation patterns possible with SID, it is better suited than CID to investigate this 

possibility.  Finally, it is proposed that the use of IM to study the conformations of SID 

product ions, particularly in comparison with CID product ions, may result in a better 

understanding of the SID process.  



51 
 

CHAPTER TWO  

EXPERIMENTAL METHODS AND INSTRUMENTATION 

 

 This chapter describes the materials, methods, and instrumentation used to collect 

and analyze the data presented in this dissertation.  The two instruments used for this 

research, a commercial quadrupole time-of-flight mass spectrometer and a commercial 

combination quadrupole – ion mobility – time-of-flight instrument, are described in detail 

along with the modifications made to allow these particular studies. 

 

2.1 Materials 

 Proteins.  Small heat shock proteins AtHsp18.5 and TaHsp16.9 were provided by 

the Vierling Laboratory in the Department of Biochemistry & Molecular Biology at the 

University of Massachusetts at Amherst (formerly of the Department of Chemistry & 

Biochemistry at the University of Arizona) [86-89].  Toyocamycin nitrile hydratase 

(TNH) was prepared by the Bandarian Laboratory, also in the Department of Chemistry 

& Biochemistry at the University of Arizona [90].  Bacterial ribonuclease antitoxin and 

toxin (BrnAT) were sent to the Wysocki Laboratory by the Crosson Laboratory in the 

Department of Biochemistry & Molecular Biology at the University of Chicago [91].  

Cholera toxin (CTx) was purchased from List Biological Laboratories, Inc (Hercules, 

CA).  Human hemoglobin (Hb) from a healthy adult female was used where indicated in 

the main text.  Transthyretin (TTR) and equine heart cytochrome c (Cyt c) were 

purchased as lyophilized powders from Sigma Aldrich (St. Louis, MO).  Serum amyloid 
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P component from human serum (SAP) and recombinant human C-reactive protein 

(CRP) expressed in E. Coli were purchased as lyophilized powders from EMD 

Chemicals, Calbiochem product (Gibbstown, NJ). 

 Reagents and Supplies.  Triethylamine was purchased from Sigma Aldrich (St. 

Louis, MO).  Ammonium acetate salt, acetic acid, and ammonium hydroxide were 

purchased from EMD Chemicals (Gibbstown, NJ).  Silica capillaries with O.D. ~ 1.1 mm 

and I.D. ~ 0.8 mm were purchased from Corning, Inc. (Pyrex Laboratory Glassware, 

Corning, NY). 

 Triethylammonium acetate synthesis.  Triethylamine and acetic acid were each 

diluted separately to 20 mM in water.  At room temperature, the two aqueous solutions 

were then slowly mixed using a magnetic stirrer and allowed to react to form 

triethylammonium acetate.  The entire process was performed in a fume hood. 

 Surfaces.  Gold coated glass (1 x 2 cm) was purchased from Evaporated Metal 

Films (Ithaca, NY).  High purity ethanol was purchased from Decon Laboratories (King 

of Prussia, PA).  Perfluoroctylethanethiol was synthesized by the Chemical Synthesis 

Facility in the Department of Chemistry & Biochemistry at the University of Arizona. 

 

2.2 Protein sample preparation and ionization 

 Proteins obtained as lyophilized powders were dissolved directly into 10-100 mM 

ammonium acetate, pH 7.  All proteins were stored as indicated by the manufacturer or 

provider, either in the freezer at -20 °C or the refrigerator at 4 °C.  Immediately before 

use, 10-30 µM protein solution (concentration per oligomer, not monomer) was buffer 
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exchanged into 10-100 mM ammonium acetate pH 7 using Micro BioSpin columns from 

Bio-Rad (Hercules, CA).  Where indicated in Chapters 5 and 6, protein was exchanged 

into 10 mM triethyl ammonium acetate, pH 7, by the same method.  If necessary, samples 

were concentrated using Microcon centrifugal filters (Millipore, Billerica, MA). 

 For all experiments, proteins were ionized via nano-electrospray ionization (nESI) 

using a source built in-house [84].  Briefly, silica capillaries were pulled to a fine tip of 1-

2 µm using a P-97 micropipette puller (Sutter Instruments, Hercules, CA).  3-10 µL of 

protein solution was loaded into the capillary, which was then placed on the platinum 

wire of the home-built nESI source.  1.0-2.0 kV were applied to the platinum wire to 

achieve spray and sample ionization.  Fundamentals of electrospray ionization were 

discussed in Chapter 1.  Sample cone voltages ranging from 50 V to 150 V were used 

depending upon the experiment.  For larger protein assemblies, higher cone voltages 

frequently increased signal, but for IM experiments lower cone voltages were preferred to 

preserve native-like structure. 

 

2.3 Subunit exchange of AtHsp18.5 

 For subunit exchange experiments, wild-type AtHsp18.5 was combined with an 

isotope-labeled or strep-tagged version of itself in order to observe exchange of 

monomers between dimers.  Prior to mixing, a 100 µM solution of each individual 

protein was buffer exchanged as described above into 10 mM ammonium acetate, pH 7.  

The lower concentration buffer was selected in order to minimize buffer adducts and 

maximize resolution.  Individual proteins were then placed in a water bath at 25 °C, 35 
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°C, or 45 °C.  Once the temperature of the individual protein was equilibrated with the 

water bath, the two proteins were mixed in a 1:1 molar ratio and returned to the water 

bath.  The point of mixing is noted as t = 0 minutes.  Following mixing, 3-5 µL of the 

mixture was removed from the water bath, loaded into a silica capillary, and nano-

electrosprayed to obtain a native mass spectrum.  A spectrum was collected in this 

fashion at intervals until sometime after equilibrium of the subunit exchange had been 

achieved, generally 24 hours.  Subunit exchange at each temperature was measured in 

triplicate.  The amount of heterodimer in each spectrum relative to the remaining 

homodimer was measured to determine the extent of subunit exchange at each time point. 

 

2.4 Instrumentation 

 Quadrupole time-of-flight (Q-TOF) instruments have proven themselves to be 

excellent instruments for the analysis of large protein complexes, due to their relatively 

good sensitivity and theoretically unlimited mass range.  Instrument modifications and 

methods for studying non-covalent complexes by mass spectrometry have been described 

thoroughly elsewhere [92-94].  The Wysocki Laboratory has two such instruments that 

have been adapted for the study of protein assemblies and modified to include a surface-

induced dissociation device.  As described in Chapter 1, nESI is the gentlest option 

available for successful introduction of non-covalent complexes into the gas phase, and 

so a nESI source was fitted to each instrument [84].  The main modification necessary is 

the insertion of a Speedi-valve in the source backing vacuum line in order to increase the 

pressure in the source region [95].  On the QTOF 2, the backing pressure (actually 
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measured by a Pirani gauge installed in the source hexapole region of the instrument 

rather than from the backing vacuum line) is raised to ~ 9 x 10-3 mbar.  On the Synapt G2, 

the backing pressure is raised to ~4-5 mbar.  Calibration over a large m/z range (up to 

m/z ~ 20,000) for both instruments was achieved using 10-100 mg/mL CsI in 50/50 

H2O/acetonitrile following manufacturer’s standard calibration procedures.  All 

experiments were performed in positive-ion mode.  Data was analyzed with Waters’ 

MassLynx version 4.0 or later, version 4.1, and Driftscope version 2.1. 

 

2.4.1 SID in a Waters QTOF 2 

 The Waters QTOF 2 is a quadrupole time-of-flight instrument that has been 

modified in-house to perform SID.  This modification has been described previously [56].  

The commercial instrument, prior to modification, was shown in Figure 1.2.  The SID 

device was installed between the selection quadrupole and the hexapole collision cell as 

depicted in Figure 2.1.  Space for the device was created by substituting the original 

collision cell with a custom shorter model. 
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Figure 2.1 Illustration of the SID device (right) and its placement between the selection 

quadrupole and the collision hexapole (left). 

 

External power supplies (Spectrum Power Supplies, 9-channel, ±500V) are used 

to provide power to the SID device.  A DC potential may be applied to each lens 

independently to operate the SID device in MS and CID mode, or in SID mode, as shown 

in Figure 2.2.  In the former instance, the ions are steered directly through the SID device 

with no surface collision for either mass analysis in the TOF (MS mode) or collision with 

argon in the hexapole collision cell (CID mode).  In the latter case, ions are steered 

upward, primarily by the lower front deflector, to strike the surface, and then recollected 

for transmission through the collision cell to the TOF for mass analysis.  Typical voltages 

for both operating conditions may be found in Table 2.1.  In this instrument, the collision 

cell is held at ground, and all of the ion optics arranged prior to that are electrically 

“stacked uphill” from ground.  “Stacked uphill” refers to the gradual voltage drop from 

one electrostatic lens to the next from the instrument source all the way to the collision 
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cell in order to ensure that ions travel the entire length of the instrument. 

 

 

Figure 2.2 Each lens of the SID device is independently addressable.  Ions may either be 

(a) steered through the device as in MS or CID mode, or (b) directed up to collide with 

the surface for SID. 
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Table 2.1 Typical voltages applied to the QTOF 2 SID device for transmission and SID 

modes. 

Lens MS or CID (V) SID (V) 

Collision Energy (MassLynx) +12 +40 

1.1 1st entrance lens +5.4 +40.7 

1.2 2nd entrance lens -29.2 -10.8 

1.3 3rd entrance lens +9.3 -3.9 

1.4 Front bottom deflector -12.8 +16.8 

1.5 Front top deflector -12.9 -68.9 

1.6 Middle bottom deflector +8.5 +9.4 

1.7 Rear top deflector -7.0 -3.2 

1.8 Rear bottom deflector -7.9 -29.7 

2.1 1st exit lens -11.5 -11.6 

2.2 2nd exit lens -88.3 -54.8 

2.3 Collision cell entrance lens -20.5 -23.9 

2.4 Collision cell exit lens -25.8 -27.4 

2.5 Surface +10.0 +10.0 

 

All instrument voltages aside from the SID device are controlled via Waters 

instrument software, MassLynx.  For MS mode, the collision energy set in MassLynx is 

12V.  For CID experiments, the pressure in the collision cell is raised to 1 x 10-4 mbar or 

higher (but keeping the TOF pressure below 2 x 10-6 mbar) and the collision energy in 

MassLynx is raised to the desired value.  Argon gas was used as the collision target for 

CID.  With the increased kinetic energy of the ions, the voltages on certain SID lenses 

must change to optimally transmit the ions.  Accordingly, the first entrance lens (1.1) 
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increases with collision energy, generally trailing the MassLynx collision energy setting 

by ~15V.  The surface voltage also needs to increase gradually with increasing collision 

energy, to a maximum of approximately 30V.  For SID, the collision energy is also set in 

MassLynx, and the effective collision energy (accelerating potential difference) is taken 

to be the difference between the software-set collision energy (effectively the DC offset 

applied to the quadrupole and everything before it) and the voltage on the surface itself 

(generally 10V).  As the collision energy for SID is increased, the voltage applied to 

lenses 1.1 (1st entrance lens) and 1.4 (front bottom deflector) must also be increased to 

better focus the ion beam (1.1) and successfully deflect the ion beam up to the surface 

(1.4).  Settings for the SID device are described in more detail elsewhere [84]. 

 

2.4.2 SID in a Waters Synapt G2 

 The Synapt G2 is a combination of an ion mobility instrument and a quadrupole 

time-of-flight instrument.  A diagram of the unmodified instrument is shown in Figure 

1.5.  The instrument was modified to contain an SID device either before or after the ion 

mobility region.  To create space, the first 3 cm of the transfer device were removed.  The 

device itself was modeled upon that in the QTOF 2, and is tuned in a similar fashion for 

MS, CID, or SID.  Insertion of the SID device after the ion mobility region has been 

described previously [96].  To achieve ion transmission the transfer region has the lowest 

voltage of all electrostatic lenses prior to the TOF, however unlike in the QTOF 2, this is 

held at -120V rather than at ground.  Accordingly, everything prior to the transfer region, 

including the SID device, is “stacked uphill” of -120V. 
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 The tuning of the SID device varies depending whether it is placed before or after 

the ion mobility cell.  Typical tune settings for the device in MS and CID mode, SID 

prior to IMS, and SID after IMS are shown in Table 2.2. 

 

Table 2.2  Typical voltages applied to the G2 SID device for transmission and SID modes 

before and after IMS.  All values are in volts. 

Lens 
SID pre-IMS (V) SID post-IMS (V) 

MS or CID SID MS or CID SID 

Trap Bias +5 +80 +5 +5 

IMS Bias +3 +3 +3 +80 

1.11st entrance lens -110.5 -41.7 -113.3 -43.8 

1.2 2nd entrance lens -112.8 -120.1 -135.8 -115.9 

1.3 Front top deflector -111.7 -140.8 -112.4 -140.4 

1.4 Front bottom deflector -113.0 +12.2 -113.8 -11.6 

1.5 Middle bottom deflector -111.8 -134.0 -117.5 -135.5 

1.6 Rear top deflector -112.2 -174.3 -117.3 -181.9 

1.7 Rear bottom deflector -111.9 -109.7 -116.5 -104.9 

1.8 1st exit lens -136.0 -140.8 -114.3 -140.7 

1.9 Surface -111.9 -105.6 -115.2 -108.1 

2.1 2nd exit lens -112.8 -112.1 -128.9 -117.5 

 

 When the device is positioned between the trap and ion mobility regions, the SID 

collision energy is set in the “Trap DC Bias” field in MassLynx, and the collision energy 

is determined by the potential difference between the exit of the trap and the surface 

itself.  An additional bias voltage is applied to the SID device in order to transmit ions 
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into the ion mobility region.  When no gas fills the IMS region (i.e. the instrument is 

being operated in MS mode only) this offset is around 40V, however when the instrument 

is operated in ion mobility mode this offset may need to be as much as 60V. 

 When the device is positioned between the ion mobility and transfer regions, the 

SID collision energy is set in the “IMS DC Bias” field in MassLynx, and the collision 

energy is defined as the potential difference between the IMS exit and the surface.  In this 

instrument configuration, the SID device is tuned to have minimal bias between it and the 

transfer device.  No additional DC bias is necessary. 

 In either instrument configuration, the CID may be performed in either the trap or 

transfer regions.  The collision energy is set in the instrument software in either the Trap 

CE or Transfer CE fields (CE = collision energy).  The collision target is argon, and the 

argon flow rate is 3.0 to 5.0 mL/min, resulting in a pressure of 2.8 x 10-2 to 3.8 x 10-2 

mbar.   

 

2.4.3 Energy-resolved mass spectrometry 

 Energy-resolved mass spectrometry (ERMS) can help clarify the source of each 

observed product ion and the fragmentation pathways, which may in turn be useful in 

determining the structure of a precursor ion.  ERMS plots may be used to analyze either 

CID or SID data, and are created by plotting the relative abundance of any given product 

ion versus the collision energy.  When the abundance of one product ion type decreases 

as another increases, it may indicate that the increasing ion dissociated from the 

decreasing ion.  The most obvious illustration of this is the decrease in precursor ion 
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coinciding with the increase of product ions, but sequential dissociation pathways (further 

dissociation of a product ion) may also be observed in this way.  ERMS plots will be used 

primarily in Chapter 4 of this dissertation. 

 

2.4.4 Ion mobility 

 Methods for ion mobility of protein complexes has been described by Ruotolo, et 

al, and have generally been followed for the experiments described here [70].  The 

Synapt G2 contains a traveling-wave (T-wave) ion mobility device that is based upon a 

stacked-ring ion guide [63, 66].  Alternating rings have opposite polarity rf voltage 

applied, with a superimposed “traveling” DC voltage.  This DC voltage is applied to pairs 

of lenses sequentially over the length of the device.   

 

2.4.4.1 T-wave voltages 

Ion mobility separation is primarily controlled by adjusting the “height,” or 

amplitude, of the DC voltage, and “velocity,” or frequency, of the traveling wave.  There 

is some evidence that higher voltages may activate the protein, leading to structural 

changes, which are undesirable in an ion mobility instrument [97].  Accordingly, lower 

than maximum voltages were used despite the corresponding loss of ion mobility 

resolution.  For protein complex studies, typical wave heights were 12-20V and typical 

wave velocities ranged from 100-400 m/s.  For a given wave height the wave velocity 

was adjusted to maximize IMS resolution.  Guidelines for maximizing resolution and 

accuracy have been published by Zhong, et al [98]. 
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2.4.4.2 Gas pressures 

 Ion mobility was performed using nitrogen as the bath gas, with helium filling the 

helium cell shown at the front of the IMS region in Figure 1.5.  The He cell was an 

addition to the second generation Synapt to decrease activation upon injection into the 

ion mobility region.  Higher pressures generally improve IMS resolution.  When the SID 

device was located after the IMS region, maximum gas flow rates were used: 180 

mL/min He and 90 mL/min N2, which translated to pressures of >1 x 10-3 mbar and 3.2 

mbar, respectively.  When the SID device is positioned in front of the IMS region, ion 

transmission is greatly reduced at these pressures.  To overcome this lower gas flow rates 

were used: 120 mL/min He and 60 mL/min N2 resulting in pressures of >1 x 10-3 mbar 

and 2.2 mbar, respectively. 

 

2.4.4.3 Calibration of collision cross section 

 The non-linear electric field in the ion mobility cell of the Synapt G2 necessitates 

that collision cross sections (CCS) be externally calibrated rather than calculated directly 

from measured drift times.  The procedure for this calibration has been described by 

Ruotolo et al [70].  Briefly, the arrival times are recorded for a series of standard ions of 

known CCS.  The arrival times are corrected for charge state and a linear calibration 

curve is created of the charge-corrected arrival time versus the known CCS.   Arrival 

times are also collected and charge-state corrected for the sample of interest, and are then 

converted to CCS using the calibration curve.  For smaller species, the CCS of a 

collection of peptides and small proteins have been determined by the Clemmer group 
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[71-72, 99].  A database of calibration standards consisting of larger proteins that are 

appropriate for calibrating IMS experiments using non-covalent protein complexes was 

established by Bush et al [69]. 

 

2.4.5 Surface preparation 

 The fluorinated self-assembled monolayer (FSAM) surface installed in the SID 

device is based upon a glass slide, measuring 18 mm by 12 mm, coated with a 10 Å layer 

of titanium followed by a 100 Å layer of gold.  The bare gold coated chip is first rinsed 

with ethanol and dried with nitrogen gas.  The surface is then cleaned in a UV cleaner 

(Model 135500, Boekel Industries, Inc., Feasterville, PA) for 15 minutes before being 

placed in a clean test tube and covered with fluoralkane-thiol solution to form a 

fluorinated self-assembled monolayer (FSAM).  The fluoralkane-thiol solution is 1 mM 

in ethanol.  Nitrogen gas is introduced into the test tube, and then the opening of the test 

tube is covered with parafilm and the entire tube is covered with aluminum foil.  These 

steps are taken to minimize exposure to oxygen and light in order to minimize disulfide 

bond formation.  The surface is allowed to incubate in this solution for 24-72 hours.  

Following incubation, the surface is rinsed with ethanol and sonicated for 1 minute to 

remove any unbound FSAM material.  This rinse step is repeated 5 times before the 

prepared FSAM surface is dried with nitrogen gas and immediately installed in the SID 

device. 
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2.5 Theoretical collision cross section calculation 

 For many types of IMS experiments, mobility results hold little meaning without 

any comparison to either a known structure (from x-ray crystallography or NMR for 

example) or a hypothetical model.  Rotationally averaged collision cross sections are 

calculated from either a solved structure or a hypothetical model using a Fortran program 

called MOBCAL [68, 75].  MOBCAL contains three different algorithms for calculating 

CCS.  In order of increasing complexity, accuracy, and computational expense they are: 

projection approximation (PA), exact hard sphere (EHS), and trajectory model (TM).  PA 

calculates a CCS based solely on the two-dimensional projection of the molecule on a 

surface (essentially its shadow).  EHS factors collisions between the molecule and the 

bath gas.  TM takes into account the most chemical information, as it also considers the 

long-range interaction potentials between the molecule and the bath gas.  Given the 

structural complexity and the sheer size of non-covalent protein complexes, there is much 

debate regarding which method is best and efforts have been made to develop better 

alternatives [69-70, 100].  As a relatively small number of calculations were needed and 

the sizes of the complexes investigated did not make the calculations prohibitive, the TM 

was used unless otherwise indicated. 
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CHAPTER THREE 

CHARACTERIZATION OF QUATERNARY STRUCTURE AND DYNAMICS OF A 

UNIQUE SMALL HEAT SHOCK PROTEIN FROM ARABIDOPSIS THALIANA BY 

NATIVE MASS SPECTROMETRY 

 

This chapter describes the potential of a number of deletion mutants for 

dimerization as well as the subunit exchange behavior of the unique small heat shock 

protein (sHSP) AtHsp18.5 from Arabidopsis thaliana.  sHSPs are a class of molecular 

chaperones that mediate cellular response to heat, oxidative, and other environmental 

stressors [101-103].  There are at least twelve different sHSP families in Arabidopsis, the 

majority of which assemble into large oligomers [101].  AtHsp18.5 is unique in that it 

exists as a dimer under all conditions studied.  Based on previous hydrogen-deuterium 

exchange (HDX) and limited proteolysis results, a number of truncated species were 

designed in order to elucidate the function and importance of each domain.  In this 

chapter, the competency of each dimer is examined, and compared to heat shock activity 

as observed by the Vierling group.  To better understand the structure and function of this 

unique sHSP in relation to more typical sHSPs, subunit exchange was performed.  The 

dimer was found to readily exchange monomeric subunits, unlike other sHSPs where 

dimers are the most commonly exchanged unit.  This work contributes to the ongoing 

structural characterization of AtHsp18.5, and illustrates the unique dynamics that 

accompany the quaternary structure of this uncommon sHSP. 

 



67 
 

3.1 Introduction 

Small heat shock proteins (sHSPs), a ubiquitous class of ATP-independent 

molecular chaperones, are involved in cellular response to environmental stressors such 

as heat, salt, and oxidants [101-103].  As a general mode of operation, sHSPs “rescue” 

distressed proteins that are partially denatured by binding to them, preventing irreversible 

aggregation until conditions return to normal and an ATP-dependent chaperone may 

assist in protein refolding or degradation.  Humans have ten different sHSP sequences, 

and there are twelve known families of sHSPs in Arabidopsis thaliana [101-102]. Some 

sHSPs exist in normal, healthy tissues, but mutation or altered expression has been linked 

to a number of disease states, including cataract formation, neuropathies, and myopathies 

[101-102, 104-107].  sHSPs have also been implicated in protein misfolding disorders 

and resistance to chemotherapy treatments [108-109].  In light of their critical role in 

cellular quality control and presence in nearly all organisms, understanding their 

mechanism of action is essential. 

 The majority of sHSPs are stored as large oligomers (dodecamers or larger) in 

their native state, and the dimer has been proposed to be the active form that binds 

substrate under stress conditions [104].  sHSPs are defined by a conserved α-crystallin 

core of approximately 90 amino acids edged by non-conserved N- and C-terminal 

domains [89, 102, 110].  The first two sHSP structures solved by x-ray crystallography 

were the dodecamer TaHsp16.9 from Triticum aestivum and the 24-subunit MjHsp16.5 

from Methanococcus jannaschii [88, 111].   In both structures, the larger oligomer is built 

from dimeric subcomplexes.  A β-6 loop of one monomer undergoes strand-swapping 
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with the α-crystallin domain of the other monomer to form the dimer.  The dimers then 

form larger oligomers via interactions requiring the α-crystallin domain and the N- and 

C-termini [88, 111].  Most plant, bacterial, and yeast sHSPs are predicted to have this 

type of structure [101].  More recently, structures were solved for a handful of vertebrate 

sHSPs, which are missing β-6 [112-116].  In this case, β-7 is extended, and forms the 

dimer interface along with the β-7 of the other monomer [113-114]. 

sHSPs are classed by their sequence homology and subcellular localization, and 

classes are known to coexist within the same cellular compartment.  In A. thaliana, Class 

I, II, and III sHSPs exist in the cytosol and nucleus, while other classes localize to 

specific organelles [89].  With so little structural data, even less is known about how the 

sequence differences between classes translate to structural or functional differences.  It 

is currently believed that chaperone activity is promoted upon a heat-induced structural 

change.  This structural change likely exposes hydrophobic binding sites that can then 

bind denaturing substrate protein [102]. 

AtHsp18.5, the focus of this chapter, is induced during heat stress and localizes to 

the plant cytosol.  It is most closely related to Class I sHSPs [117].  Unlike other sHSPs 

though, native AtHsp18.5 exists as a dimer.  Like other sHSPs, it also has the conserved 

α-crystallin core and non-conserved terminal domains.  However, sequence alignment 

with other sHSPs reveals that AtHsp18.5 is missing the β-6 loop that is essential for 

dimer formation in TaHsp16.9, a class I sHSP [117].  The structure of a dimeric unit from 

TaHsp16.9 is shown in Figure 3.1, where the β-6 loop missing from AtHsp18.5 is 

indicated.  This missing loop makes the structure of AtHsp18.5 all the more intriguing.  
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Because efforts to crystallize this protein to obtain a high-resolution structure have been 

unsuccessful to date, efforts were made to gather low-resolution structural information, 

including hydrogen-deuterium exchange, limited proteolysis, and analytical 

ultracentrifugation [117]. 

 

 

Figure 3.1 Ribbon structure of the dimeric building block of TaHsp16.9 (PDB 1GME).  

AtHsp18.5 is missing the indicated analogous loop from its sequence (Figure courtesy of 

E. Basha and E. Vierling). 

 

3.1.2 Hydrogen/deuterium exchange of AtHSP 18.5 

 Solution-phase hydrogen-deuterium exchange (HDX) of AtHSP 18.5 was 

performed by Guilong Cheng in the Wysocki group in an effort to characterize its 

structure [118].  The intact, native dimer was exposed to deuterated water (D2O) and 

freely allowed to exchange hydrogen and deuterium for a limited period of time.  The 

protein was then digested on-column prior to HPLC separation of the digestion products 
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and mass spectrometry analysis.  The extent of deuterium incorporation in each peptide 

was determined, the results of which are shown in Figure 3.2.  The data indicate very low 

rates of exchange for the α-crystallin core of the protein and very high rates of exchange 

for both the N- and C-terminal regions of the protein.  High solvent accessibility indicates 

that the termini are not involved in stable secondary structure, and in fact are very 

flexible in solution.  Alternatively, low exchange rates indicate the core is highly 

structured and protected. 

 

 

Figure 3.2. Degree of deuterium incorporation by hydrogen-deuterium exchange for 

AtHsp18.5 for 5 seconds, at pH 7.0, at 42 °C as determined by G. Cheng, used with 

permission from [118]. 
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3.1.3 Limited proteolysis of AtHSP 18.5 

 Limited proteolysis of AtHSP 18.5 was performed by Christopher Jones of the 

Wysocki group in an effort to further characterize the dimer and to gain an understanding 

of which regions of the protein may be important to dimerization [84].  The native, 

dimeric protein was incubated with trypsin for a limited period of time prior to separation 

of digestion products by reverse-phase HPLC and mass spectrometry analysis.  As 

indicated in Figure 3.3, both the N- and C-termini were found to be readily cleaved 

within an hour at 37 °C, while a rather large portion of the protein core (residues 48-150) 

remained intact even after 24 hours.  These results are consistent with the earlier HDX 

results.  Additionally, native MS was performed on the mixture of proteolysis products, 

and it was determined that the longer core proteolysis products (shown in red in Figure 

3.3) were still dimeric under native conditions, and even the shortest core proteolysis 

products (shown in blue in Figure 3.3) were bound in a dimer with one of the longer 

products (red). 
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Figure 3.3 Limited proteolysis timecourse of AtHsp18.5, showing products observed 

following tryptic digestion at 37 °C. The shortest core products are indicated in blue, 

while longer core protein segments are shown in red.  Figure courtesy of C. Jones, used 

with permission from [84].   

 

3.2 Dimer competency of AtHsp18.5 deletion mutants 

 Since the HDX and limited proteolysis results indicated that the termini of 

AtHsp18.5 were relatively unstructured, deletion mutants were generated with the hope 

that at least one of the shortened proteins could be crystallized.  Guided by the limited 

proteolysis results, portions of the N- and C-terminus were removed either individually or 

both simultaneously.  The full length protein (WT) is composed of 162 amino acids (aa), 

and the following truncated species were made and studied: aa 12-153, aa 25-153, aa 48-
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153, aa 37-162, and aa 1-146.  AtHSP 18.5 with a strep-tag added to either the N- or C-

terminus was also expressed.  Expression of aa 12-153 resulted in both aa 12-153 and aa 

25-153 in solution due to multiple start codons in the recombinant DNA.  Unfortunately 

none of these mutants have resulted in crystals, but they have been useful in determining 

the role and importance of each domain of the protein in dimer formation and chaperone 

function. 

 To assess the ability of each variant to form a stable dimer, native mass spectra of 

each variant were collected, and are shown in Figure 3.4.  It is immediately clear that 

some proteins have higher propensity towards dimerization, but to gain a more 

quantitative perspective, mass spectra of several proteins were collected in triplicate at 

varying concentrations.  The ratio of dimer to monomer in each spectrum was then 

determined, and is plotted versus protein concentration (where concentration is in terms 

of the monomeric unit) in Figure 3.5. 
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Figure 3.4 Native mass spectra of wild-type and assorted shortened variations of 

AtHsp18.5 comparing the relative amounts of dimer to monomer for each protein at 100 

µM.  N-ter and C-ter reflect the location of the strep tag. 
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Figure 3.5 Ratio of dimer to monomer for a wild-type, strep-tagged, and truncated 

AtHsp18.5 as a function of protein concentration. 

 

 From Figure 3.4, it appears that both strep-tagged variants, as well as the 1-146 

truncation of AtHSP18.5 dimerizes just as well as the wild-type protein.  However, upon 

closer examination, as in Figure 3.5, it becomes clear that while the strep-tag on the C-

terminus does not affect dimerization, the strep-tag on the N-terminus decreases dimer 

competency, particularly at lower concentrations.  From both Figures 3.4 and 3.5, it is 

evident that removing residues from the N-terminus of the protein significantly decreases 

the stability of the dimer.  Based on the spectrum in Figure 3.4 of the 1-146 truncation, it 

appears that the C-terminal residues do not play a significant role in formation of the 

dimer, at least at 100 µM.  The behavior of the two strep-tagged variants supports the 
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important to dimerization than the C-terminal residues.  While perhaps unexpected, the 

finding that the addition of residues to the N-terminus slightly decreases dimerization 

efficiency suggests that the structure of the wild-type N-terminal domain plays a key role 

in dimerization despite the HDX and limited proteolysis suggesting that this domain is 

highly solvent accessible [84, 118].  Alternatively, the additional residues could cause a 

structural change elsewhere in the protein, or perhaps block a key binding site required 

for dimerization. 

 These results were found to correlate well with the work done in the Vierling lab 

concerning the heat shock activity of each deletion mutant (or strep-tagged species) 

[117].  When the substrate was porcine mitochondrial malate dehydrogenase (MDH) or 

firefly luciferase, both strep-tagged proteins and C-terminal truncation mutant aa 1-146 

were able to prevent substrate aggregation as well as the wild-type protein.  With MDH, 

all proteins trimmed at the N-terminus failed to prevent substrate aggregation, but the 

longer of the N-terminally cleaved proteins (aa 12-153 and aa 25-153) retained activity 

when the substrate was luciferase [117].   

Results from Haslbeck et al. indicate that when the first 30 N-terminal residues 

are removed from yeast Hsp26, a large oligomer still forms and has heat shock activity, 

though is less effective than the full length protein [119].  While their results are similar 

to those discussed here, truncated Hsp26 retained its oligomeric state, while dimer 

competency of AtHsp18.5 decreased significantly.  This suggests that the N-terminal 

domain plays a direct role in substrate binding.  Basha et al. also report evidence that 

substrate binding efficiency depends upon the identity of the N-terminal arm for 
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TaHsp16.9 and PsHsp18.1 [120].  In the case of AtHsp18.5, it is unclear whether the N-

terminus is specifically important to heat shock activity, or whether the 

presence/abundance of intact dimer is more directly related to activity.   

 

3.3 Subunit exchange 

Other sHSPs have been observed to readily exchange subunits with other sHSPs 

in the same class [121].  While a correlation has yet to be proven, subunit exchange 

behavior may somehow reflect upon the structure and function of the chaperone.  For 

example, two class I dodecamers TaHsp17.6 and TaHsp18.1 have been shown to 

exchange dimeric units on the timescale of several minutes, although no exchange occurs 

between sHSPs of different classes [121-122].  The exchange of dimers between 

oligomers is interesting given that dimers are proposed to be the active species.  To 

further characterize this atypical sHSP, the Vierling group incubated AtHsp18.5 with 

other sHSPs from A. thaliana (six Class I and one Class II).  No subunit exchange was 

observed with either class; AtHsp18.5 does not coassemble with other sHSPs [117].  This 

can likely be explained by the structural differences in AtHSP18.5 versus other sHSPs.  

Given the absence of the β-6 loop, the dimer may not be able to form contacts within a 

larger Class I or Class I sHSP oligomer. 

The observation that other sHSPs exchange dimeric units (rather than individual 

monomers for example) led to reconsideration of the subunit exchange behavior of 

AtHsp18.5.  From the limited structural information available, larger sHSPs appear to be 

composed of dimeric subcomplexes, which are proposed to be the substrate binding form 
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under stress.  Perhaps for AtHsp18.5 the dimer is not the functional form.  To study this 

possibility, wild-type AtHsp18.5 was incubated with each of the strep-tagged variants as 

well as an N15 labeled variant of itself and mass spectrometry was used to follow 

potential subunit exchange within the dimer. 

 Native mass spectra of wild-type AtHsp18.5 mixed with N15 labeled, N-strep 

tagged, or C-strep tagged after 10 hours incubation at 25 °C are shown in Figure 3.6.  

Surprisingly, WT AtHsp18.5 was found to exchange monomers to form heterodimers.  

With the heavy N15 isotope occupying each of the backbone amide nitrogens, each 

monomer has an increased mass of 162 Da.  Therefore, the heterodimer (resulting from 

subunit exchange) has a mass 162 Da higher than the wild-type dimer (36,960 Da vs. 

36,798 Da) and the heavy homodimer has a mass shift of 324 Da from the wild-type 

dimer.  On the m/z scale these shifts are quite small at the charge states observed (10+ – 

12+), only 12-15 m/z units (i.e. 37,112 Da/11 charges = 3374 m/z versus 36960/11 = 

3360 versus 36798/11 = 3345).  Because native protein complexes tend to carry some 

amount of solvent and buffer adducts in the gas phase, their peaks in the spectrum are 

frequently fairly broad.  The combination of broader peaks and a small mass shift means 

that baseline resolution can not be achieved for subunit exchange with the N15 labeled 

protein.  Even so, the resolution is sufficient to clearly see each of the three species 

present once the heterodimer becomes the dominant species in the mass spectrum. 
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Figure 3.6 Native mass spectra of wild-type AtHsp18.5 after 10 hours of subunit 

exchange with heavy variations (N15 labeled, N-terminal strep-tag labeled, C-terminal 

strep-tag labeled). 

 

To overcome the limitations of the small mass shift provided by the N15 labeled 
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the heterodimer and 2082 Da for the heavy homodimer.  The mass difference between the 

N- and C-terminal tagged species is 131 Da, which is accounted for by deletion of the 

methionine residue in the first position of the wild-type sequence by E. coli that is not 

lost when preceded by the strep-tag (sequence: WSHPQFEK) [123].  The kDa mass shift 

is sufficient to allow baseline resolution between the various dimers present, enabling 

relative quantification of the each type of dimer. 

 

3.3.1 Subunit exchange of truncated AtHsp18.5 

 Given the retained (although diminished) ability of truncated AtHsp18.5 to 

dimerize and the subunit exchange behavior observed, wild-type AtHsp18.5 was 

incubated with the deletion mutant that formed the weakest dimer, aa 48-153.  Subunit 

exchange between the two species was observed, as shown in Figure 3.7.  The 

heterodimer identity was confirmed by MS/MS, where the 9+ heterodimer was selected 

and dissociated by collision-induced dissociation (CID).  The only product ions observed 

were wild-type and aa 48-153 monomers. 
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Figure 3.7 Mass spectrum illustrating subunit exchange between WT and truncated (aa 

48-153) AtHsp18.5 (top) and CID spectrum of m/z 3399 (9+ heterodimer) confirming the 

heterodimer (bottom). 

 

3.3.2 Kinetics of subunit exchange 

 In order to monitor the rate of subunit exchange, mass spectra were collected 
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in order to study the timescale of subunit exchange.  Each species was present at 50 µM 

after mixing.  The relative amount of heterodimer versus homodimer was quantified for 

exchange with the N- and C-terminally strep tagged species.  Representative data of 
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the similar exchange pattern observed in Figure 3.6, the N- and C-terminally strep tagged 

species exchange with the wild type protein in nearly identical fashion.  However because 

of the greater similarity in behavior between the wild type and C-strep tagged dimers (as 

seen in Figure 3.5), the C-terminally labeled species was the best option for further 

studies of exchange kinetics. 

 

 

Figure 3.8 Increasing abundance of the subunit exchange product with time for exchange 

between wild type AtHSP18.5 and the N-terminal and C-terminal strep tagged variations.  

Exchange kinetics are nearly identical between the two pairs at 50 µM per species and 25 

°C. 

 

 Figure 3.9 shows three time points during the exchange of wild-type AtHsp18.5 
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representative set of these results for subunit exchange at 25 °C, 35 °C, and 45 °C are 

shown in Figure 3.10. 

 

 

Figure 3.9 Native MS spectra of mixed WT and C-strep tagged AtHsp18.5 at three time 

points after mixing showing subunit exchange between the two proteins at 25 °C. 
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Figure 3.10 Increasing abundance of heterodimer as subunit exchange proceeds between 

wild type AtHSP18.5 and the C-terminal strep tagged species at 25, 35, and 45 °C 
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Figure 3.11 Extraction of initial subunit exchange rates following first order kinetics at 25 

(blue diamonds), 35 (green circles), and 45 (red triangles) °C.  Rate constants, k, are in 

units of min-1. 

 

Table 3.1 First order rate constants and half-lives for AtHsp18.5 at 25, 35, and 45 °C. 

Temperature (°C) Rate Constant, k 
(min-1) 

Half life 
(min) (hr) 

25 0.0024 289 4.81 
35 0.0058 119 1.99 
45 0.0152 46 0.76 
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3.1, the activation energy of the rate-limiting step was determined to be 72.7 kJ/mol.  In 

this equation, k1 and k2 are the rate constants at two different temperatures, T1 and T2, Ea 

is the activation energy, R is the ideal gas constant.  The straight-forward, linear fit of 

three temperature points to determine the Ea suggests that the rate of dissociation to 

monomers (the rate-limiting step) has traditional kinetics-temperature dependence and 

that the increase in exchange rate is not directly related to heat-induced activity. 

 

/0 $+1
+�

( = 23
4 $ �

-�
− �

-1
(    Equation 3.1 

 

Subunit exchange rates among other protein complexes have been observed by 

mass spectrometry, FRET (fluorescence resonance energy transfer), or other tagging 

approaches accompanied by the appropriate spectroscopic method [127-131].  Rate 

constants for other sHSP dimers exchanging within a larger oligomer ranged from 0.16 to 

0.24 min-1 at 24 °C [122, 126], which is two orders of magnitude larger than the rate 

constant calculated for AtHsp18.5 monomers within the dimer at 25 °C.  Assuming 

dissociation truly is the rate-limiting step, and that the terminal domains are largely 

responsible for formation of the oligomer being broken in both cases, it is difficult to 

speculate the reasons behind such drastically different rate constants.  MjHsp16.5 from 

thermophilic Methanococcus jannaschii does not exchange at temperatures below 50 °C, 

but at 65 °C has a rate constant of 0.025 min-1, which is on the same order of magnitude 

as the rate constant determined for AtHsp18.5 at 45 °C (0.0152 min-1).  The activation 

energy determined for subunit exchange in MjHsp16.5 was 84 kJ/mol, also on the same 
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order of magnitude as that calculated for AtHsp18.5 (72.7 kJ/mol, see previous page) 

[129].  At 45 °C, heat shock activity is observed for AtHsp18.5, so perhaps comparison of 

the “heat-activated” state of this dimeric protein with other sHSPs may lend more insight 

into its function. 

The small body of literature concerning subunit exchange of protein complexes 

reports a wide variety of results, with little correlation to structure or function 

demonstrated.  While the majority of reported results are for other heat shock proteins, it 

remains difficult to put results for AtHsp18.5 into context [122, 124, 126, 129, 132].  As 

the relationship between this sHSP and other, more typical, sHSPs is unclear, it is 

challenging to find meaningful comparison in terms of exchange kinetics.  As many more 

“typical” sHSPs are believed to dissociate to dimers upon activation, the existence and 

heat shock activity of this dimeric sHSP supports this model.  However AtHsp18.5 

exchanges monomers, in direct contrast to larger sHSPs which exchange dimers.  It is 

unknown what role the AtHsp18.5 monomer may play in heat shock activity. The 

correlation between the subunit exchange behavior and heat shock activity is intriguing to 

consider, but remains to be determined. 

 

3.5 Conclusions 

 The structure and dynamics of a unique dimeric sHSP, AtHsp18.5, have been 

studied by means of native mass spectrometry.  Based on the earlier work of G. Cheng 

and C. Jones in the Wysocki lab, a number of truncated species of the protein were 

designed by the Vierling lab.  This work examines the ability of the protein to maintain 
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an intact dimer when missing significant portions of the N- and/or C-terminal domains.  

It was discovered that the N-terminal region is very important to the dimerization, and 

that the decrease in dimerization due to a truncated N-terminus correlates with a decrease 

in heat shock activity.  Alternatively, when the last 16 residues of the C-terminus are 

removed, the resulting dimer is as strong as the wild-type dimer at the concentration 

reported.  This also correlates to equal chaperone activity between the aa 1-146 truncation 

mutant and wild type species.  Addition of a strep-tag to the C-terminus was not found to 

affect dimerization, although addition of the same strep-tag to the N-terminus resulted in 

a slight decrease in dimer abundance relative to the constituent monomers.  This decrease 

was not nearly as significant as when residues were removed from the N-terminus.  It is 

unclear whether the N-terminal domain directly affects heat shock activity, or whether 

activity depends on dimer competence, which does depend directly upon the presence of 

the N-terminal segment. 

 Wild-type AtHsp18.5 was incubated with N15 labeled, N-terminally strep-tagged, 

and C-terminally strep-tagged AtHsp18.5.  In each case, monomers were found to 

exchange.  The subunit exchange of wild-type with the C-terminal strep-tagged species 

was studied as a function of time and temperature, and rate constants and half lives for 

the exchange process were determined.  Exchange was found to be significantly slower 

(an order of magnitude or more) than other reported cases of subunit exchange of sHSPs.  

In typical sHSPs, the dimer is formed via interactions of the β-6 loop of the α-crystallin 

core, and the dimers assemble into larger oligomers via the N- and C-terminal domains. 

AtHsp18.5 also forms its highest order structure through the N-terminal contacts. Based 
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on the observation that it is this highest order structure that dissociates during subunit 

exchange (large oligomers dissociating to dimers, and AtHsp18.5 dissociating to 

monomers), one might speculate that analogous interactions must be disrupted for subunit 

exchange.  Considering this comparison, it is unclear why exchange of monomers from 

AtHsp18.5 should be so much slower than exchange of dimers from dodecamers.  Where 

dimers appear to be the basic building blocks of larger sHSPs, the subunit exchange 

demonstrated here indicates that the dimer is not the most basic functional unit of 

AtHsp18.5. The fact that even this unusual sHSP undergoes subunit exchange furthers the 

question of whether this exchange behavior is important for or reflective of heat shock 

activity. 

 Further studies of AtHsp18.5 are discussed in Chapter 6.  The dimer was 

dissociated by CID and SID, and the product ion conformations studied via IM. 
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CHAPTER FOUR  

DISSOCIATION OF LARGE HETEROGENEOUS NON-COVALENT PROTEIN 

COMPLEXES: DETERMINATION OF QUATERNARY STRUCTURE 

 

Partial content of this chapter has been published in: 

 

Blackwell, A.E.; Dodds, E.D.; Wysocki, V.H. “Revealing the quaternary structure of a 

heterogeneous noncovalent protein complex through surface-induced dissociation.” 

Analytical Chemistry. 2011, 82, 2862-2865. 

 

Heaton, B.; Herrou, J.; Blackwell, A.E.; Wysocki, V.H.; Crosson, S. Molecular structure 

and stress regulation of a novel type II toxin-antitoxin system in Brucella abortus. 

Journal of Biological Chemistry, 2012, 287, 12098-12110. 

 

 Over the past decade mass spectrometry has made monumental strides in the 

study of non-covalent protein assemblies, but one major obstacle has been the limited 

ability of traditional activation methods to dissociate massive assemblies (tens to 

hundreds of kilodaltons).  For several years now, the Wysocki laboratory has been 

developing surface-induced dissociation (SID) in a Q-TOF platform for application to 

large protein complexes.  Much of the previous work in this arena has focused on well-

characterized, homogenous protein assemblies.  Results obtained so far have been 

promising, indicating strong potential for SID to contribute to structural characterization 
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of large assemblies.  However it is necessary to further test the capabilities of SID with 

more diverse, heterogeneous assemblies, as well as some less-characterized protein 

complexes. 

This chapter contains tandem mass spectrometry data for a collection of 

heterogeneous protein assemblies, with the dual purpose of gaining a further 

understanding of the structural information that may be obtained via SID and determining 

the quaternary structure of two previously unsolved protein complexes.  Cholera toxin, a 

well-studied αβ5 hexamer, serves as an initial test-case.  Likely due to the large mass 

difference between the α and β subunits, collision-induced dissociation (CID) is only able 

to dissociate the lighter β subunit, while SID is also able to eject the heavier α subunit 

from the complex.  The stoichiometry of two previously uncharacterized proteins, 

bacterial ribonuclease toxin:antitoxin and toyocamycin nitrile hydratase, was determined 

unambiguously.  For each of these proteins, CID yielded insufficient information to 

completely characterize the proteins’ quaternary structure.  The addition of SID results 

enabled development of complete subunit interaction maps. 

 

4.1 Introduction 

Since the advent of electrospray ionization (ESI) in the 1980s and the adaptation 

to nanoelectrospray ionization (nESI) in the 1990s, certain analyses of proteins and non-

covalent protein complexes by mass spectrometry have become routine [20-21, 25, 32].  

A straightforward mass spectrometry experiment can determine the molecular weight of a 

protein or the oligomeric composition of a protein assembly [94].  Collision-induced 
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dissociation (CID) produces product ions, monomer and the complementary n-1 

oligomer, that may be used for further confirmation of the oligomeric state.  

Unfortunately, obtaining further structural information about a protein complex by mass 

spectrometry is still difficult and not a straight-forward endeavor [18-19, 81, 83, 94, 133-

134].  It is desirable to be able to determine the quaternary structure, or arrangement of 

subunits, within a protein assembly in addition to the number and type of subunits. 

 

4.1.1 Limitations of collision-induced dissociation 

Nearly all CID experiments result in the loss of a very highly charged monomer 

(relative to the precursor) and the complementary n-1 oligomer [18, 83, 135].  The 

departing monomer has been observed to carry away nearly half the charge of the original 

precursor ion in many cases [83, 85, 135].  The high charge on departing monomers 

indicates significant structural change and information pertaining to the original, or 

native, structure is lost.  It is also possible, with sufficient energy deposition, to 

sequentially dissociate a second monomer, but it is only in rare exceptions that anything 

other than a monomer is ejected from the precursor [84, 92, 136].  CID is believed to 

proceed via the gradual unfolding of a subunit until its intermolecular contacts with the 

rest of the complex are compromised to a point where dissociation occurs [40, 135].   

Due to the nature of this process, only a limited amount of structural information 

can be obtained by CID.  However, some structural information can still be obtained from 

CID data.  Because the subunit dissociates by an unfolding mechanism, presumably only 

subunits that have at least some access to the surface of the protein complex are viable 
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candidates for dissociation.  Subunits that are buried within the center of the protein have 

no space to unfold, and logically can not be dissociated from the assembly by this 

pathway.  In the case of a very large or heterogeneous assembly, or one which has buried 

proteins or asymmetric structure, obtaining experimental evidence of which subunits lie 

on the surface is a useful starting point. 

A handful of exceptions to this ubiquitous dissociation pattern have been reported, 

some under specific circumstances where protein unfolding is restricted, for example due 

to extensive disulfide bonding or buried termini [137-138].  The Heck group has reported 

two instances of dissociation of subcomplexes directly from the precursor (as opposed to 

loss of individual monomers): (αβ)12 Helicobactor pylori urease which dissociates into 

(αβ)3 units and homotetrameric 2-keto-3-deoxyarabinonate dehydratase which dissociates 

directly into dimers [92, 136].  Unfortunately no explanation is given or can be inferred 

for this unusual dissociation.  There is also one reported instance where core subunits 

were observed as CID products, with none of the previously discussed explanations 

[139].  In this instance the unusual fragmentation is attributed to extensive structural 

rearrangement upon activation.   

One line of investigation that is still very much active concerns the effect of 

precursor charge manipulation.  An example from the Robinson laboratory in which the 

precursor charge state is deliberately reduced indicates that precursor charge dramatically 

affects the MS/MS dissociation pathways observed [140].  When the homotetrameric 

protein transthyretin (TTR) is sprayed from ammonium acetate, the most commonly used 

buffer for native mass spectrometry experiments, precursor charge states 13+ to 15+ are 
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observed.  CID of the 15+ precursor produces highly charged monomers (5+ through 9+, 

well over half the original charge on the complex) and the complementary trimers.  

However, when the protein is exchanged into triethylammonium acetate, the precursor 

charge is reduced to 10+ to 12+.  In this case, CID of the 11+ precursor results in 

monomer products of lower charge (5+ and 6+) and a narrower charge state distribution, 

however the monomers still carry half the charge of the tetrameric precursor.  When the 

precursor charge is further reduced to 7+ to 9+ by the addition of crown ether to the 

electrospray solution, CID produces covalent peptide fragmentation in addition to 

monomer dissociation.  What is most remarkable about this study, is that ion mobility 

indicates that lower charged precursor does not unfold prior to dissociation and that the 

lower charged monomer product ions are also not unfolded [140].  This illustrates the 

dramatic effect that precursor charge has on the observed dissociation pathways.  The 

Wysocki laboratory also has considerable results illustrative of this cause and effect 

relationship, some of which will be discussed in Chapters 5 and 6.  This line of research 

indicates that charge manipulation may make CID a more viable pathway to quaternary 

structure determination if subunit dissociation can occur with little or no structural 

change. 

Currently, little is known regarding which subunit will dissociate first by CID 

from a non-covalent protein complex, other than the expectation that surface-exposed 

subunits are likely to be involved.  In CID, the kinetic energy of the ion is translated to 

internal vibrational energy by way of thousands of collisions with a neutral gas.  As CID 

is an ergodic process, the vibrational energy is then randomized throughout the protein 



95 
 

complex and the most labile bonds should be the first broken.  There is some evidence 

that subunit mass plays a role, where smaller subunits are expected to be preferentially 

ejected over larger subunits [138], but too few heterogeneous complexes have been 

studied for a definitive understanding to be achieved.  

CID of proteins is fundamentally limited by the very small mass of the collision 

target relative to the mass of the protein.  According to Equation 4.1, the larger the mass 

of the collision target, the higher percentage of initial kinetic energy may be converted to 

internal energy [93, 141]. 

 

�678 = �9�: $ 8;
8;<8=>?

(   Equation 4.1 

 

ECOM is the center-of-mass energy (COM = center of mass) and represents the amount of 

energy converted to internal energy with each collision.  Elab is the lab-frame collision 

energy, which is the product of the ion’s charge and the potential difference through 

which the ion is accelerated.  MN is the mass of the neutral gas (usually Ar for protein 

complexes) and Mion is the molecular weight of the ion.  When the collision target is 

argon, ECOM is less than 0.01% of Elab for each collision, meaning that each collision 

event is highly inefficient.  It has been estimated that a protein undergoes >22,000 

collisions in the collision cell of a beam-type instrument (such as a Q-TOF) [18].  To 

effectively dissociate an ion, the percentage of energy transferred per collision needs to 

be much higher, which dictates that the collision target needs to be significantly more 

massive when the ion is something as large as a protein complex [18, 93]. 
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4.1.2 Combined solution-based and mass spectrometry approaches  

A few research groups have attempted to gain more information from CID by 

disruption of the protein complex in solution prior to mass spectrometry studies [134, 

142-145].  The goal is to break a very large protein complex into smaller, intact 

subcomplexes in solution, such that these smaller complexes may be effectively 

dissociated by CID.  Disruption has mainly been accomplished by significantly 

increasing the ionic strength of the buffer or by the addition of organic solvents.  Perhaps 

the most impressive example of this is the determination of the complete subunit contact 

map for the eukaryotic translation factor, eIF3, which has 13 unique subunits [146].  The 

ionic strength of the solution was increased to produce three stable subcomplexes that 

were then dissociated by CID.  The MS/MS information on these subcomplexes was 

combined with homology modeling and immunoprecipitation experiments to yield a 

complete subunit interaction map [146]. 

 

4.1.3 SID as an alternative to CID 

 Surface-induced dissociation (SID) is an alternative activation method that fulfills 

the need for a more massive collision target.  While the effective mass of the surface has 

not been determined, it is clear that it serves as a much “heavier” collision partner than 

argon, or any other neutral gas that may be used.  Investigation into heavier collision 

gases such as xenon have resulted in more extensive fragmentation, as expected for a 

collision with a heavier target [48, 93].  The efficiency of kinetic to internal energy 

transfer by SID has been reported to be 20-28% for fluorinated self-assembled monolayer 
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surfaces, which is orders of magnitude more efficient than a collision with gas ( < 0.01% 

for a protein complex) [147].  Collision efficiency has been linked to the identity of the 

surface, specifically properties such as rigidity and mass of the terminal groups [148-

149].  It is for this reason that we use fluorocarbon rather than hydrocarbon self 

assembled monolayers in our laboratory, as we wish to maximize the efficiency of the 

SID collision event (described in Chapter 2).  SID has been studied previously in the 

Wysocki laboratory as a means of effectively dissociating non-covalent protein-

complexes [56, 83-85, 150-152].  Homogeneous protein assemblies were found to 

dissociate more symmetrically with respect to charge and at lower lab frame collision 

energies by SID than by CID. 

 

4.1.4 Heterogeneous protein assemblies 

 While heterogeneous protein complexes are difficult to study for a number of 

reasons, they offer a means of further investigating the potential of SID to characterize 

non-covalent protein assemblies.  Heterogeneous protein complexes are difficult to 

express and/or purify, making it harder to obtain sufficient quantities for traditional 

structural methods such as nuclear magnetic resonance (NMR) or x-ray crystallography.  

At the same time, these proteins successfully crystallize less often, and are more likely to 

be beyond the molecular weight limits of NMR analysis.  Mass spectrometry overcomes 

limitations of quantity and size, and while the resulting spectra are increasingly 

complicated, a wealth of information can be obtained.  A heterogeneous complex enables 

the study of the factors that drive preferential dissociation of one subunit versus another, 
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such as differences in molecular weight or intermolecular interactions.  Previous work in 

the Wysocki Laboratory on SID of protein complexes has focused mainly on 

homogeneous, well-characterized protein complexes; however, to fully understand SID 

of protein assemblies it is necessary to expand the types and structures of proteins 

studied.  SID studies of three progressively more complicated non-covalent protein 

complexes will be presented here. 

 

 4.2 Cholera toxin 

Cholera toxin (CTx) is a heterohexameric αβ5 protein produced by toxinogenic 

strains of Vibrio cholera.  Cholera infection causes severe gastrointestinal disease which 

manifests as toxemia and/or chronic diarrhea, causing loss of over 10-20 L of body fluids 

per day and leading to death in 20-50% of untreated cases [153-155].  CTx is the main 

toxic species produced during infection, and its structure is shown in Figure 4.1 [156].  It 

consists of a donut-shaped ring of β subunits and a single α subunit comprised of two 

distinct covalently linked domains, α1 and α2.  The α1 domain is responsible for the 

enzymatic activity of the toxin while the α2 domain non-covalently connects the α 

subunit to the β-ring by inserting into and through the center of the ring.  CTx affects a 

number of metabolic processes via modification of a variety of G proteins.  The β 

subunits bind to the glycosphingolipid GM1 on the cell surface, which triggers toxin 

uptake into the cell.  A native mass spectrum is shown in Figure 4.2, indicating a mixture 

of αβ5 hexamer, β5 pentamer, α monomer, and β monomer in solution, with the most 

abundant charge state of each species labeled.  The α subunit has a molecular weight of 
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27.5 kDa, and the β subunit has a molecular weight of only 11.6 kDa.  The α subunit 

demonstrates some heterogeneity in cleavage occurring between two disulfide bonded 

cysteine residues [157].  While this mass difference is relatively small (27.5 kDa vs. 26.9 

kDa vs. 26.6 kDa) it contributes to the peak broadness of any ion containing the α subunit 

as the m/z difference is often difficult to resolve. 

 

 

Figure 4.1 X-ray crystal structure of cholera toxin (PDB ID 1XTC) [156].  The α subunit 

is shown in red, and the β subunits are shown in blue. 
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Figure 4.2 Native mass spectrum of the heterohexamer cholera toxin (αβ5).  Peaks at 

higher m/z are aggregates of the hexamer and pentamer. 

 

4.2.1 Collision- and surface-induced dissociation of cholera toxin 

Representative CID and SID spectra of cholera toxin (CTx) are shown in Figure 

4.3.  In the CID spectrum shown, the dominant fragmentation channel observed is 

ejection of individual β subunits, even though the collision energy is relatively high at 

140V.  The pentamer αβ4 is complementary to the monomeric β product ions.  Energy 

resolved CID results, shown in Figure 4.4, indicate that the αβ3 tetramer arises from two 

pathways.  The coincidence of decreasing αβ4 pentamer with the increase in αβ3 tetramer 

indicates the subsequent dissociation of αβ4 into β monomer and αβ3 tetramer.  

Observation of β2 dimer, and the fact that its onset energy matches that of the αβ3 
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tetramer indicate that they are complementary ions and products of direct dissociation 

from the αβ5 hexamer.  The observation of non-covalent dimeric product ions by CID is 

highly unusual, but agrees with previously reported CID fragmentation of the β5 

pentamer, which yielded a very small amount of β2 dimer and complementary β3 trimer 

[157].  It is intriguing that the parallel dissociation of β2 dimer is observed from the 

complete αβ5 hexamer. 

Given that the β subunit is less than half the mass of the α subunit, and that there 

are five β monomers for each α monomer, it is plausible that β dissociation is the 

dominant process observed.  However the clear presence of β5 pentamer in solution 

indicates that it is a stable structure, making it interesting that CID can not deposit 

sufficient energy to dissociate the α monomer from the stable β ring or can not unfold the 

α monomer sufficiently to allow its dissociation.  It is clear that CID does not produce 

fragmentation that is representative of the native structure or complete substructure of 

CTx. 
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Figure 4.3 Comparison of CID (top) and SID (bottom) for the 18+ charge state of cholera 

toxin.  The precursor, as well as charge-stripped hexamers, are marked by black circles. 
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Figure 4.4 Relative abundance of each product ion type from energy-resolved CID 

spectra.  The bottom plot shows the low abundance region of the top plot.  H represents 

the hexamer and α and β represent each subunit. 
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Unlike CID, SID shows dissociation of the much more massive α subunit (Figure 

4.3, bottom).  Although low in abundance, the complementary β5 pentamer is also 

observed.  The presence of αβ4 pentamer, αβ3 tetramer, and β2 dimer indicate that the 

same pathways seen in CID are also observed by SID, providing some substructure 

information in both cases.  Higher energy deposition makes numerous alternative and 

additional dissociation pathways accessible, but does not necessarily preclude the 

possibility of low-energy pathways occurring.   

Energy resolved SID data is shown in Figure 4.5, and reveals that every possible 

subunit combination of one α monomer and up to five β monomers is observed.  It is 

unique to see such an array of product ions.  The only possible origin for β5 and αβ4 

pentamers are direct dissociation from the hexameric precursor, with complementary α 

and β monomers, respectively.  Examination of the curves for αβ4, αβ3, αβ2, and αβ 

reveals a series of sequential β monomer dissociation to form the next smaller species.  

For example, the abundance of αβ3 increases as the abundance of αβ4 decreases, 

illustrating that αβ3 dissociates from αβ4.  Considering the curves for β2, β3, β4, and β5 in 

Figure 4.5 relative to one another, it is impossible to speculate as to the possibility of a 

series of sequential monomer losses to form each species.  Sequential monomer loss is a 

possible pathway and explains the presence of these ions, but due to numerous competing 

and parallel dissociation pathways there is no logical correlation between the rise of one 

species and the fall of another to relate them to each other.  There are two other possible 

sources for the various β oligomers.  One is direct dissociation from the hexamer, as is 

clear for the β2 dimer.  This pathway was seen by CID, and is also observed by SID, as 
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indicated by the simultaneous increase in abundance of the β2 dimer and the αβ3 tetramer 

seen in Figure 4.5.  The other possibility is sequential dissociation from an α-containing 

product ion, for example dissociation of the αβ4 pentamer into α monomer and β4 

tetramer.  In this case, one would expect the abundance of the α monomer and β4 tetramer 

to increase as the relative abundance of the αβ4 pentamer decreases, which is in fact 

observed.  Considering the 1:5 ratio of α to β monomers in the precursor, it is odd that the 

β monomer is only about twice as abundant as the α monomer in Figure 4.5.  This 

disproportionate amount of α supports the likelihood of α dissociation from an oligomer 

that has previously lost one or more β subunits (i.e. αβ4 � α + β4) as an additional source 

of α monomer in the spectra. 

For a protein system in which such variety of product ions are observed, and so 

many dissociation pathways are possible, it is extremely difficult to specifically 

determine which pathways are in fact occurring and their respective contributions to the 

overall dissociation pattern.  Possible dissociation pathways for CTx are illustrated in 

Scheme 4.1.  Other pathways, such as dissociation of dimers or larger oligomers are 

possible, but not necessarily shown due to lack of conclusive evidence. While this 

particular example is very complicated, SID of CTx illustrates the potential of SID to 

produce additional fragmentation patterns, beyond those observed by CID.  Additional 

pathways generally mean more structural information, which may be useful in mapping 

the quaternary structure of a protein.   
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Figure 4.5 Relative abundance of each product ion type from energy-resolved SID 

spectra.  The bottom plot shows the low abundance region of the top plot. 
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Scheme 4.1 Dissociation pathways for CTx by SID.  The red circle represents the α 

subunit, while the smaller blue circles represent the β subunits.  The pathways also 

observed in CID are indicated by the label “CID also” by the appropriate arrows.  

Question marks indicate pathways that are probable, but are without conclusive evidence.  

There are other possible dissociation pathways that are not depicted due to lack of 

supporting data. 

 

4.2.3  Product ion transmission bias 

Product ion transmission has traditionally been a challenge for MS/MS of non-

covalent protein complexes [158].  When product ions span a very wide range of m/z 
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ratio, mass, and charge, it is extremely difficult to tune the instrument to allow unbiased 

transmission of all product ions simultaneously.  Typically the larger a protein complex 

is, the more pronounced the bias.  It is possible to increase high m/z transmission, most 

commonly by increasing pressure in all pre-TOF instrument regions, though it is difficult 

to compensate completely for the transmission bias so that complementary product ions 

are observed with equal intensity.  As seen in the spectra presented for CTx in Figure 4.3, 

as well as those shown below for BrnAt and TNH, this problem is more exaggerated for 

CID than for SID.  This is in line with our past experience with homogeneous protein 

complexes, but has yet to be clearly understood. 

A result of this bias is that the relative abundances of different product ions within 

any given spectrum may not be directly compared.  For example, in CID of CTx, where 

the αβ4 and β product ions are known to be complementary, one would expect them to be 

of equal abundance in the product ion spectrum.  Ignoring the effect of sequential 

dissociation pathways, this simply is not observed.  Rough comparisons of different 

product ion types that appear within the same m/z region of the spectrum are possible, 

such as comparison of the relative amounts of α and β monomers.  The most reliable way 

to compare product ion abundances is to compare the trends observed over a range of 

collision energies in the ERMS plots used throughout this Chapter. 

 

4.3 Bacterial ribonuclease toxin-antitoxin 

The Crosson Laboratory at the University of Chicago recently identified a novel 

type II gene cassette in the intracellular pathogen Brucella abortus [91].  The cassette 
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contains the toxin gene, brnT, and the corresponding antitoxin gene, brnA.   Type II 

toxin-antitoxin systems encode cytoplasmic proteins that regulate stress adaptation and 

persistence during antimicrobial treatments.  Transcription of brnT-brnA is strongly 

induced by chloramphenicol (broad spectrum antibiotic) treatment, and by acidic or 

oxidative stress.  Binding between BrnT and BrnA negates the toxicity of BrnT, and the 

resulting protein complex binds its own promoter, auto-repressing its expression [91]. 

 

4.3.1 Determination of oligomeric state 

A crystal structure has been solved for BrnT, indicating monomeric structure, but 

no high resolution structures for either BrnA or the BrnTA complex have been obtained.  

Sedimentation velocity analysis from analytical ultracentrifugation experiments indicated 

the BrnTA complex had a sedimentation coefficient of 2.9 S.  The molecular weight of 

the particle can be calculated theoretically, although this requires knowledge of the shape 

and other parameters that affect the particle’s hydrodynamic properties [159].  

Conversely, given a molecular weight, conclusions may be drawn regarding the shape 

and folded state of a protein complex from sedimentation velocity data.  Native mass 

spectrometry results shown in Figure 4.6 reveal that the protein exists as a 2:2 

toxin:antitoxin tetramer, with molecular weight 48,904 Da.  The Crosson laboratory 

determined that a 48.9 kDa, 2.9 S particle is consistent with a frictional ratio of 1.6.  

Typical globular proteins have a frictional ratio of 1.1-1.3, and the higher frictional ratio 

for this protein indicates that some portion of the tetramer is loosely structured or random 

coil, or an elongated/non-spherical geometry [160]. 
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Figure 4.6 Native mass spectrum of BrnTA indicating the complex is a 2:2 

heterotetramer.  A small amount of aggregated oligomers may be seen at higher m/z. 

 

4.3.2 Collision-induced dissociation of BrnTA 

A series of CID spectra were collected at various collision energies in order to 

gather more structural information, as well as to study the dissociation patterns observed 

for this uncharacterized protein.  Representative CID spectra are shown in Figure 4.7.  

The 15+ precursor, m/z 3265, was selected to reduce the probability of oligomer overlap 

in the product spectra. 
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Figure 4.7 Collision-induced dissociation spectra of m/z 3265, the 15+ charge state of the 

A2T2 tetramer at various collision energies. 

 

Looking at the CID spectra, one can see that both the toxin (T) and antitoxin (A) 

are released from the tetramer, however T is much more abundant than A, and is ejected 

at a lower collision energy.  Trimers A2T and AT2, complementary to T and A, 

respectively, are observed.  The only dimers observed are the A2 homodimer and the AT 

heterodimer.  No T2 homodimer is observed.  This absence is noteworthy, however not 

conclusive due to the limitations of CID discussed earlier.  An ERMS plot of the CID 

data collected for BrnTA is shown in Figure 4.8. 
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Figure 4.8. Energy resolved CID-MS: relative abundance of each product ion type as a 

function of collision energy.  The lower plot shows a zoomed view of the low abundance 

region of the top plot. 
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 As the precursor ion decreases, both the A and T monomers increase.  The ERMS 

plots indicate clearly the lower energy dissociation and higher abundance of T relative to 

A.  Observation of both monomers indicates that both subunits have surface access.  The 

T subunit actually has a higher molecular weight than the A subunit (12,945 Da vs 

11,507 Da), indicating that subunit mass is not the sole driving force behind which 

subunit preferentially dissociates.   

Examination of the lower plot in Figure 4.8 reveals that the dimers (AT and T2) 

increase in abundance at the same time as both trimers are decreasing in abundance.  

Logically, the AT dimer may arise from further dissociation of either the AT2 or A2T 

trimers, but the A2 dimer may only be due to further fragmentation of the A2T dimer.  As 

both monomers slightly increase in abundance at the same time that the dimers are 

increasing and the trimers are decreasing, it can not be determined if AT comes more 

from one trimer or the other. 

 

4.3.3 Surface-induced dissociation of BrnTA 

A similar energy series of SID spectra were collected for BrnTA, and a few 

representative spectra are shown in Figure 4.9.  To allow direct comparison, the 15+ A2T2 

tetramer was isolated, same as in the CID experiments.  The same product ions are 

observed in the SID spectra as in the CID spectra, though at different on-set energies and 

different relative abundances.  An ERMS plot was also constructed from the SID data, 

and may be found in Figure 4.10. 
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Figure 4.9 Surface-induced dissociation spectra of m/z 3265, the 15+ charge state of the 

A2T2 tetramer at various collision energies. 
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Figure 4.10 Energy-resolved SID-MS: relative abundance of each product ion type from 

BrnTA as a function of collision energy. 
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substantial amount of AT at the lowest observed collision energy allows the possibility 

that some may originate directly from the tetramer, rather than by way of sequential 

monomer dissociation.  Dissociation of the tetramer directly into dimers is a higher 

energy pathway that generally can not be accessed by CID; more surface contacts and 

therefore more intermolecular interactions must be disrupted for dissociation.  The 

increase in A2 while AT is decreasing may indicate that A2 is a stronger dimer than AT, 

or that A2 arises due to sequential fragmentation (loss of one T, and then the second) 

while at least some AT comes directly from the tetramer.  The charge states observed for 

the AT heterodimer are further evidence for direct fragmentation.  The complementary 

pairings of 8+ and 7+, and 9+ and 6+ dimers are likely direct products of the 15+ 

tetramer.  By CID no AT dimer carries more than 7+ charges.  The charge symmetric 

fragmentation into dimers is similar to previously observed charge symmetric 

fragmentation [56, 83-85, 152]. 

 A CID spectrum is compared directly to an SID spectrum in Figure 4.11 to 

illustrate the often dramatic differences between CID and SID.  The difference in product 

ion charge states, particularly of the monomers and dimers, is the most striking difference 

in this example.  This general trend agrees with the previous observations of more 

“charge-symmetric” fragmentation by SID of homogeneous protein complexes [56, 83-

85, 152].  Both activation methods may provide useful structural information, and it is by 

combining all of the data that a more complete structure may be described. 
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Figure 4.11 Comparison of CID and SID of 15+ A2T2 tetramer.  Information from both 

activation methods may be combined to create a more complete picture of the protein’s 

quaternary structure. 
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tetramer, but the absence of T2 in even the SID spectra is very strong evidence that toxin 

monomers do not interact with each other. 

 

 

Scheme 4.2 Dissociation pathways observed by CID and SID for BrnAT heterotetramer.  

Dissociation directly into hetero-AT dimers is only observed as a minor pathway in SID. 

 

4.3.4 Proposed quaternary structure 

Consideration of all of the fragmentation pathways observed by CID and SID 

leads to the quaternary structure proposed in Figure 4.12.  It is most likely that the A2 

dimer forms the core of the protein, with a T monomer flanking opposite sides of the 

dimer, but with no interaction between the two T subunits.  The arrangement in the top 

right of Figure 4.12 is impossible due to the observation of the AT2 trimer by both CID 
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and SID.  For this linear structure to be possible an enormous rearrangement would have 

to occur prior to dissociation, and to date there has been very little evidence for such 

possibility [139].  The two structures in the lower right corner of Figure 4.12 are remote 

possibilities.  Their likelihood is lower due to the complete absence of T2 in any MS, 

CID, or SID spectra.  If there is any contact or proximity between the T subunits in the 

native structure it is most likely very weak and entirely a consequence of the binding site 

between A2 and T, and not specific interaction between T monomers.  X-ray 

crystallography, size exclusion, analytical ultracentrifugation, and mass spectrometry 

experiments all indicate that BrnT exists as a monomer in the absence of BrnA.  On the 

other hand, size exclusion, analytical ultracentrifugation, and mass spectrometry all 

indicate BrnA to be a dimer, supporting the theory that it forms the core of the A2T2 

tetramer. 

 

Figure 4.12 Proposed quaternary structure of BrnAT based on CID and SID results (left) 

and alternative structures considered and ruled impossible or improbable based on CID 

and SID results (right). 
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4.4 Toyocamycin nitrile hydratase 

Toyocamycin nitrile hydratase (TNH) is a heterogeneous protein complex from 

Streptomyces rimosus consisting of three unique subunits, α – 21.2 kDa, β – 10.1 kDa, 

and γ – 11.5 kDa.  The α subunit binds cobalt in the active site of the enzyme.  TNH is 

involved in the production of deazapurine antibiotics, specifically for the conversion of 

toyocamycin to sangivamycin.  TNH has sequence similarity to other nitrile hydratases as 

well as thiocyanate hydrolases, which also bind metal (either cobalt or iron) in the active 

site [90]. 

No structure has been solved for TNH, but a homology model, shown in Figure 

4.13, has been constructed.  The x-ray crystal structure of the homologous thiocyanate 

hydrolase (SCNase) is also shown in Figure 4.13 [161].  SCNase is actually a 

dodecameric protein, though only six subunits are shown here.  Conclusions have been 

drawn based on the mass spectrometry results alone, however the structure of SCNase 

was used as convenient model to illustrate the dissociation pathways of TNH. 
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Figure 4.13 X-ray crystal structure of thiocyanate hydrolase (PDB ID 2DD5) (left), which 

is homologous to toyocamycin nitrile hydratase, shown as a homology model (right).  In 

thiocyanate hydrolase, one trimer in the hexamer is shown as a ribbon structure while the 

other is shown as a wire frame model.  (Homology structure courtesy of V. Bandarian & 

Sue Roberts.) 

 

4.4.1 Determination of oligomeric state 

Given the presence of three unique subunits, TNH was previously assumed to 

exist primarily as a trimeric protein assembly with some possibility for a larger complex, 

however the exact oligomeric state was unknown.  Mass spectrometry results shown in 

Figure 4.14 illustrate that the protein exists exclusively as a hexamer of stoichiometry 

(αβγ)2 with a molecular weight of 85.6 kDa. 
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Figure 4.14 Native mass spectrum of toyocamycin nitrile hydratase indicating the protein 

is a heterohexamer.  A small amount of aggregated protein may be seen at higher m/z.  

Reprinted with permission from Blackwell, A. E.; Dodds, E. D.; Bandarian, V.; Wysocki, 

V. H., Revealing the quaternary structure of a heterogeneous noncovalent protein 

complex through surface-induced dissociation. Analytical Chemistry 2011, 83 (8), 2862-

5.  Copyright 2011 American Chemical Society. 

 

4.4.2 Collision-induced dissociation of TNH 

CID was performed at several collision energies to observe dissociation of the 

heterocomplex.  Representative spectra are shown in Figure 4.15.  The lowest collision 

energy shown, 50 V, is barely sufficient to begin dissociating the β subunit, the lightest 
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While it is plausible that the lightest subunit is most readily ejected from the complex, it 

is curious that the next subunit to be ejected is α, which is not only the heaviest subunit, 

but has nearly twice the mass of the γ subunit.  Higher collision gas pressures can 

facilitate more extensive dissociation of a protein complex, but regardless of the argon 

pressure or the collision energy applied, the γ subunit was never observed as a 

monomeric product ion by CID.  This suggests that the γ subunit either has little or no 

surface-access in the architecture of this protein complex, or that it is otherwise restricted  

 

 

Figure 4.15. Collision-induced dissociation spectra of the 19+ (αβγ)2 hexamer at various 

collision energies. 
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from unfolding.  There is also the possibility that the γ subunit has significantly stronger 

interactions with the rest of the complex than either the α or β subunits.  The impact of 

salt bridges versus hydrophobic interactions versus hydrogen bonding at the protein-

protein interface has not been systematically studied by CID or SID, but some results 

indicate that interfaces dominated by salt bridges are substantially more difficult to 

dissociate [150, 162]. 

 

4.4.3 Surface-induced dissociation of TNH 

SID of TNH was carried out at several collision energies to determine if SID 

would yield more structural information.  Unlike the previous two examples, where SID 

produced moderately different fragmentation with some additional structural information, 

SID results in drastically different fragmentation in this case that is much more 

structurally rich.  Representative spectra are shown in Figure 4.16. 

At the lowest collision energy shown, ∆V = 40V, the 17+ hexamer splits 

primarily into 8+ and 9+ trimers.  Very little monomer is observed.  As the collision 

energy increases, the relative amount of trimer decreases as the relative abundance of all 

three monomers increase.  The presence of γ monomer is significant largely because of 

its complete absence in CID spectra.  Besides trimers and monomers, there is also a 

substantial amount of αβ dimer product ion.  The absence of pentamer (which would be 

complementary to monomer) and tetramer (αβγ2 tetramer would be complementary to the 

αβ dimer observed) suggests that the monomeric and dimeric product ions are unlikely to 

originate directly from the hexamer.  Trimeric and dimeric product ions clearly illustrate 
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the substructre of the heterohexamer.  This drastically different dissociation clearly 

illustrates that alternative, higher-energy dissociation pathways are accessible when using 

a single-collision, high-energy deposition method such as SID. 

 

Figure 4.16 Surface-induced dissociation spectra of the 17+ (αβγ)2 hexamer (boxed, 

marked H17+) at various collision energies.  The 15+ hexamer, also boxed, is a charge-

stripping product. 
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usually carries away a disproportionate amount of charge relative to its mass [83, 85, 135, 

150-152, 163-164].  In the CID spectrum in Figure 4.17, the most abundant charge state 

of the β monomer is 9+, which is 47% of the original 19+ charges on the hexamer, 

despite the β monomer only constituting 12% of the hexamer mass.  Similarly, the α 

subunit is 25% of the precursor mass and yet its most abundant charge state is 12+, or 

63% of the original precursor charge.  When the sequence identity of each subunit is 

considered rather than the mass, it is found that the number of percentage of the 

hexamer’s basic residues that reside on each subunit is comparable to the subunits’ 

percent mass.  One α subunit contains 23% of the basic residues found in the hexamer 

while the β subunit has 9% of the total basic sites.  Even when the charges are 

theoretically distributed according to proportion of basic residues, the proportion of basic 

residues per subunit is still much lower than the percentage of precursor charge carried 

away by each departing monomer. 

The αβγ trimer product ions, observed only by SID, are charge symmetric, with 

the 19+ hexamer dissociating into 9+ and 10+ trimers.  8+ and 7+ trimers are also 

observed; the 11+ and 12+ trimers that are complementary to the 8+ and 7+ trimers, 

respectively, are presumed to have further dissociated into αβ dimer and γ monomer.  

While not quite charge-symmetric, the monomer product ions observed by SID are closer 

to what one might theoretically expect.  By SID the monomeric α subunit carries away 

predominantly 8+ charges, or 42%, the β subunit carries 5+ charges, or 26%, and the γ 

subunit is most abundant as the 4+ charge state, or 21% (the γ subunit is 13% of the 

hexamer mass).  Analysis of the percent charge relative to percent mass carried by each 
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monomer is complicated by the generation of monomeric product ions via multiple 

dissociation pathways. 

 

 

Figure 4.17 Comparison of CID and SID spectra for 19+ TNH.  For this protein, SID 

alone can yield a model of the protein’s substructure, however inclusion of CID results an 

improved model.  Adapted with permission from Blackwell, A. E.; Dodds, E. D.; 

Bandarian, V.; Wysocki, V. H., Revealing the quaternary structure of a heterogeneous 

noncovalent protein complex through surface-induced dissociation. Analytical Chemistry 

2011, 83 (8), 2862-5.  Copyright 2011 American Chemical Society. 
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CID and SID were performed on 17+, 18+, and 19+ hexameric precursor.  The 

18+ precursor has not been shown here because spectral interpretation is complicated by 

the overlap of oligomers.  For example, an 18+ (αβγ)2 hexamer and a 9+ αβγ trimer will 

have the same m/z.  To simplify interpretation and explanations, the results from the 17+ 

and 19+ hexameric precursors have been shown here.  Within a narrow range, the 

precursor charge state does not affect fragmentation; the 17+, 18+ , and 19+ hexamers all 

fragment in the same fashion by CID or by SID.  Different fragmentation can occur when 

the precursor charge state differs dramatically, but that is not the case here [140]. 

 In addition to the quaternary structure information obtained from MS/MS spectra 

of TNH, evidence of cobalt binding may also be observed upon closer examination of the 

spectra.  Figure 4.18 shows the 10+ α subunit observed by both CID and SID.  The 

doublet corresponds to mass difference of 59 Da, which is the mass of a single cobalt ion.  

For both activation methods, the holo species dominates at lower collision energies, while 

the apo species increases in abundance with increasing collision energy.  Although the 

same charge state is shown for both CID and SID in Figure 4.18, it should be noted that 

the lower charge states generally observed by SID facilitate resolution of very small mass 

differences.  A mass difference of ~60 Da is a m/z shift if only 6 Th for a 10+ species, but 

is a m/z shift of 10 Th for a 6+ species. 

 



129 
 

Figure 4.18 Apo- and holo- 10+ α monomer observed by (a) SID and (b) CID at various 

collision energies. 

 

4.4.4 Dissociation pathways 

Dissociation pathways for TNH may be inferred from energy-resolved MS/MS 

data, and these dissociation pathways, in turn, assist in forming a model of protein 

quaternary structure.  ERMS plots for TNH are shown in Figure 4.19 and dissociation 

pathways are illustrated in Scheme 4.3. 
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Figure 4.19 Energy resolved SID (top) and CID (bottom) for TNH heterohexamer 

showing relative intensities of various product ions as a function of collision energy.  

Reprinted with permission from Blackwell, A. E.; Dodds, E. D.; Bandarian, V.; Wysocki, 

V. H., Revealing the quaternary structure of a heterogeneous noncovalent protein 

complex through surface-induced dissociation. Analytical Chemistry 2011, 83 (8), 2862-

5.  Copyright 2011 American Chemical Society. 
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 The CID ERMS plot (Figure 4.19, bottom) is relatively straight-forward.  As the 

precursor ion initially decreases in abundance, the abundance of the β monomer 

increases.  At 90 V collision energy the α monomer dissociates in higher abundance than 

the β monomer.  As the only other ions are pentamers, each monomer dissociates directly 

from the hexameric precursor; the absence of tetramer indicates the lack of sequential 

dissociation steps.  As the α subunit is double the mass of the β subunit it is logical that 

more energy is required to eject it because more unfolding steps are required before this 

monomer can depart from the complex. 

 The SID ERMS plot is significantly more complicated, but quite clearly illustrates 

the origin of different product ions.  At the lowest collision energy the precursor 

abundance is already greatly reduced.  As the precursor intensity continues to decrease, 

the abundance of the trimeric product ion increases, indicating the trimer is a direct 

dissociation product of the hexamer.  Similarly, as the trimer abundance decreases, the αβ 

dimer and the γ monomer abundances increase, indicating that these are products of 

trimer dissociation.  Finally, at the highest collision energies recorded, the αβ dimer 

decreases as α and β monomers continue to increase.  This sequential dissociation pattern, 

illustrated in Scheme 4.3, reveals the subcomplexes that comprise the (αβγ)2 hexamer – 

the hexamer is composed of two trimers, of which the αβ dimer is the stronger unit. 

 The investigations into the conformations of CID and SID product ions for TNH 

are presented in Chapter 6. 
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Scheme 4.3  TNH dissociation pathways by CID and SID.  Adapted with permission 

from Blackwell, A. E.; Dodds, E. D.; Bandarian, V.; Wysocki, V. H., Revealing the 

quaternary structure of a heterogeneous noncovalent protein complex through surface-

induced dissociation. Analytical Chemistry 2011, 83 (8), 2862-5.  Copyright 2011 

American Chemical Society. 
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studies.  In all three cases, CID provides some structural information, indicating which 

subunits are the most labile and have surface access within the complex.  However, in all 

cases, the amount of structural information that may be obtained by CID is limited. 

 For CTx, SID deposits sufficient energy to eject the α subunit that is over twice 

the mass of the β subunits.  CID only releases individual β monomers and a small amount 

of β2 dimer, resulting in an incomplete picture of the protein’s quaternary structure.  SID 

produces a myriad of dissociation pathways, providing additional information to assist in 

piecing together a more complete structure.  CTx is a well-understood protein, whose 

previously solved structure allows it to serve as a test-case for what sort of fragmentation 

and information may be obtained by SID. 

 The added information obtained via SID for BrnTA is more subtle.  Stoichiometry 

was determined to be 2:2 toxin:antitoxin.  CID data suggested that the two toxin subunits 

did not have appreciable contact within the tetramer, as A2, but no T2 product was 

observed.  However, due to the limitations of CID imposed by the mechanism of 

dissociation and the minute amount of energy deposited per collision, there is no way to 

know from CID data alone whether the T subunits are truly non-interacting or whether 

that dissociation simply can not be observed by CID.  Knowing that the energy 

deposition is significantly greater by SID, and based on previous work where higher 

energy pathways are observed, the absence of the T2 product in all SID spectra is much 

more compelling evidence that there is negligible contact between the two toxin subunits. 

 Finally, TNH was the most convincing example of the potential for SID to yield 

structurally informative fragmentation.  The dissociation patterns observed by CID and 
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SID are dramatically different.  CID yields the expected dissociation pattern – loss of 

single monomers.  In the context of a heterocomplex this information is still valuable as it 

reveals the most labile subunits as well as those which are not restricted from unfolding.  

By SID, the TNH hexamer dissociates directly into two charge-symmetric αβγ trimers.  

At higher collision energies, the trimers further dissociate into αβ dimers and the 

complementary γ monomer.  While inter-subunit contacts can not be determined at an 

atomic level, a fairly complete quaternary structure has been solved.  For proteins with no 

previously known structural information, this is valuable indeed. 

 Given the structural diversity of protein complexes at the tertiary and quaternary 

level, no single structural technique is able to provide the answers sought for all protein 

assemblies.  More experiments on more protein systems are needed to fully understand 

the extent and type of information that SID can provide.  However the data presented 

here illustrates clearly the ability and potential for SID to add valuable information to 

structural biology studies. 
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CHAPTER FIVE  

CORRELATION OF PRECURSOR CONFORMATION WITH DISSOCIATION 

PATTERNS FOR A LARGE NON-COVALENT PROTEIN COMPLEX 

 

In order for tandem MS methods to be useful tools for determination of 

quaternary structure, it is necessary to understand the limitations imposed by not only the 

activation method, but also the solution and instrument conditions.  The instrument 

conditions necessary to successfully transmit intact, “native-like” protein assemblies into 

and through the gas phase are well understood at this point.  What is still an active area of 

research are the effects of solution conditions on protein structure in the gas phase, and 

how those effects manifest themselves in MS/MS data. 

This chapter presents an investigation into the effect of precursor charge state on 

the conformation of TaHsp16.9 – a dodecameric, stacked-ring protein with a hollow 

central cavity – and the resulting CID and SID spectra that occur as a result of different 

starting structures.  When nanosprayed from ammonium acetate, TaHsp16.9 was found to 

have a small collision cross section compared to the cross section calculated from the x-

ray crystal structure.  This discrepancy is attributed to a collapse of the protein into its 

central cavity.  Reducing the nESI charge states through use of triethylammonium acetate 

buffer results in a larger collision cross section which agrees with that calculated from the 

x-ray crystal structure.  CID of both collapsed and open conformations produces the same 

result, with a single highly charged, unfolded monomer being ejected from the 

dodecamer.  SID of the collapsed structure also results in dissociation of a single 
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monomer, but SID of the charge-reduced, “native-like” precursor yields fragmentation 

indicative of the stacked ring dodecameric structure, including hexameric product ions.  

This is another example of SID producing structure-specific fragmentation where CID 

falls short.  This work is also an important example of the need to ensure that the starting 

gas-phase structure actually resembles the biologically relevant, solution-phase structure. 

 

5.1 Introduction 

The advantages of mass spectrometry over more traditional structural biology 

methods (see Chapter 1) have driven researchers to understand the effects of a vacuum 

environment on protein structure and the limitations that may be imposed upon structural 

studies.  In the previous chapter, the limitations of collision-induced dissociation (CID) 

were discussed, and data were presented illustrating the ability of surface-induced 

dissociation (SID) to produce fragmentation that reflects quaternary structure.  CID is 

inherently limited by the nature of the activation method, with a limited amount of energy 

deposited in a step-wise fashion.  SID overcomes these specific limitations by virtue of 

the large effective mass of the surface and the single collision event, but it is important to 

consider all of the factors that may influence the feasibility of gas-phase protein 

measurements.  Logically, SID can only produce fragments indicative of the precursor 

ion structure, and if that structure is compromised by a significant change from its native 

conformation, any MS/MS information obtained is likely to be misleading. 

There is already abundant evidence that it is possible to transfer proteins into the 

gas phase with little deviation from “native” structure [81, 134, 137, 165-169].  Much of 



137 
 

this evidence is derived from good agreement between ion mobility measurements and 

collision cross sections calculated from x-ray crystallography or NMR structures [61, 

165].  While x-ray crystallography only samples one possible conformation available to 

the protein in solution, it is generally still a valid structure of the protein even though 

protein dynamics are not reflected.  Other evidence that protein quaternary structure may 

be maintained in vacuo comes from research published by Benesch et al. where the 800 

kDa, torroidally shaped GroEL was imaged by TEM [166].  The protein was deposited 

directly from solution, by nESI deposition outside of the mass spectrometer, and from a 

third experiment where the protein was soft-landed on a surface in a Q-TOF mass 

spectrometer prior to ex situ imaging.  The stacked ring structure of GroEL could be 

observed by TEM in all three instances [166].  The most convincing evidence that 

proteins may retain structures resembling the solution phase upon transition to the gas 

phase is the demonstration of retained activity of viruses and enzymes collected via soft-

landing in a mass spectrometer [170-174]. 

Gentle source conditions have been shown to be key to successfully transmitting 

“native-like” proteins into the gas phase [18-19, 81, 85, 92, 94, 169, 175].  Finding 

appropriate source conditions to maximize transmission while minimizing activation of 

the protein is a delicate task.  To successfully transmit large, non-covalent protein 

complexes into the instrument, higher sample cone voltages in particular are often 

required, but increasing sample cone voltage may cause “in-source” CID, and has been 

tied to the activation, unfolding, and dissociation of protein complexes [85].  

Experimentation has revealed that higher source pressures help decrease the necessary 
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cone voltage, making it easier to transmit “native-like” structures.  Voltage biases 

throughout the instrument, from one stage to another, must also be carefully controlled to 

avoid activation.  Minimizing biases requires finding a balance between minimizing 

activation and maximizing ion transmission.  Finally, one must also consider the voltages 

used for ion mobility separation.  There are conflicting results in the literature as to how 

“hot”, or how activating, T-wave ion mobility is [97, 176].  Until there is a conclusive 

consensus, care should be taken such that the injection voltage (bias between the ion 

mobility region and the trapping region before it) and the T-wave amplitude and 

frequency are not contributing to precursor activation. 

 

5.1.1 Solution additives & precursor charge manipulation 

 The vast majority of native MS is done with the protein system buffered in 10-200 

mM ammonium acetate [94].  The pKa of ammonium acetate (7.0) makes it a suitable 

buffer for protein studies at or near a physiological pH of 7.4.  Some studies will use 

ammonium bicarbonate for its slightly higher pKa (7.8).  Buffers such as ammonium 

acetate or bicarbonate are preferable for native MS due to their volatility.  In order to 

have sharp peaks in the mass spectra, or at the very least, resolvable charge states, it is 

necessary for the protein to carry as few buffer and solvent adducts as possible.  So 

buffers are chosen to increase their likelihood of evaporating with the solvent (water) 

during the nanospray process. 

 Unfortunately, not all proteins are stable in the solution phase in the absence of 

various additives.  Biochemists use a wide variety of buffers and solution additives to 
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stabilize proteins in solution, most of which are not conducive to producing clean, 

interpretable mass spectra.  While it can be challenging enough to keep a protein stable in 

vitro, the struggle can be even greater in vacuo.  To investigate this potential obstacle, 

researchers have tested a variety of small molecule additives, such as TrisH+ acetate or 

various ammonium salts, in the electrospray buffer to enhance the stability of the protein 

in the gas phase [177-178].  Ion mobility was then used to examine the propensity of the 

protein to unfold with and without the additives.  TrisH+ acetate and ammonium chloride, 

nitrate, and tartrate were found to stabilize a number of protein complexes in the gas 

phase, in the sense that higher collision energies were needed to initiate protein unfolding 

than without these additives [177-178].  The increased onset energy for unfolding 

correlates with an increased onset energy for dissociation.  While the proteins are indeed 

“more stable” in the gas phase, it is unclear whether this restores protein stability to 

match that found in solution, or whether the protein is then even more “stable” than in 

solution, giving a false indication of the proteins’ inherent properties.  What is not 

apparent from these papers is how closely the precursor ion collision cross section (CCS) 

matches the CCS from solved structures.  These results are only useful if the “stabilized” 

protein structure still resembles that found in solution.  Also, protein-specific ligands 

have been demonstrated to stabilize a protein in the gas phase, leading to higher onset 

energies for unfolding and dissociation [77, 179]. 

 There are a wide variety of small molecule solution additives known to either 

increase or decrease the average charge state of the protein precursor [137, 140, 180-

189].  Supercharging, or increasing the protein’s charge state, was initially investigated as 
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a means of shifting an ESI spectrum to lower m/z, to lessen the m/z requirements of the 

instrument used.  Most of supercharging reagents investigated have been either nitro- or 

alcohol-containing small molecules – typically compounds with low solution- and gas-

phase basicities and lower volatility than water [182].  The most popular compounds have 

been m-nitrobenzyl alcohol and sulfolane [181-182].  These reagents were initially 

thought not to influence the protein structure, but were recently shown to significantly 

unfold and dissociate non-covalent protein assemblies [184, 189].  The structural effects 

of charge reducing agents – mostly alkyl ammonium salts and crown ethers to date – 

have been investigated less methodically, but appear not to harm protein structure [137, 

140]. 

 Charge state has been clearly shown in the past to affect the CCS of individual 

proteins [69, 72-74, 190-194].  A classic example using Cytochrome c was published by 

the Clemmer group and is shown in Figure 5.1 [190].  Various charge states of 

Cytochrome c were studied by ion mobility, illustrating a clear correlation between 

charge state and CCS, as the protein populates a wide variety of conformations between a 

completely compact globule and a completely extended, linear chain.  Charge-charge 

repulsion is believed to drive the protein’s unfolding, thus the higher the charge, the more 

unfolded and extended the protein becomes [190]. 
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Figure 5.1 Collisional cross section of each charge state of Cytochrome c as measured by 

ion mobility.  Cross section increases with increasing charge for this monomeric protein.  

Reprinted with permission from Clemmer, D. E.; Hudgins, R. R.; Jarrold, M. F., Naked 

protein conformations - cytochrome-c in the gas-phase. Journal of the American 

Chemical Society 1995, 117 (40), 10141-10142.  Copyright 1995 American Chemical 

Society. 

 

 There is some evidence in the literature that charge state also affects the structure 

of a multi-protein complex.  The example published by the Robinson group, and shown 

in Figure 5.2, shows the exact opposite trend of that exhibited by Cytochrome c for the 

undecameric protein complex [77].  Tryptophan RNA-binding attenuation protein 

(TRAP) is composed of a single 11-membered ring with a large central cavity.  Higher 

charge states of the protein have a smaller CCS.  The lowest charge state observed when 

nanosprayed from ammonium acetate, 19+, is the best match for the CCS calculated from 
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the x-ray crystal structure.  The measured CCS from the 21+ charge state is a good match 

for the CCS of the theoretically modeled collapsed form of the protein. 

 

 

Figure 5.2 Collisional cross section of each charge state of TRAP.  The cross section 

decreases with increasing charge state for this ring-shaped non-covalent protein complex. 

From Ruotolo, B. T.; Giles, K.; Campuzano, I.; Sandercock, A. M.; Bateman, R. H.; 

Robinson, C. V., Evidence for macromolecular protein rings in the absence of bulk water. 

Science 2005, 310 (5754), 1658-6.  Adapted with permission from AAAS. 

 

 A second example from the Robinson group illustrates the effects of charge 

manipulation on transthyretin (TTR), a tetrameric protein complex with only a very small 

central cavity [140].  In this instance, precursor charge state has no effect on the CCS, but 
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a drastic effect on the fragmentation by CID.  Dissociation of the protein when it was 

nanosprayed from ammonium acetate (standard native MS buffer) resulted in the typical 

dissociation of one highly charged, highly unfolded monomer.  Reducing the precursor’s 

charge with TEAA resulted in the ejection of a monomer whose charge is still roughly 

half that of the precursor, but the absolute charge is lower, and that monomer is relatively 

folded.  It does not unfold appreciably prior to dissociation.  When the charge on TTR is 

further reduced through the addition of 18-crown-6 ether, monomers are no longer 

released via CID, but covalent peptide fragmentation directly from the tetramer is 

observed instead.  This paper supports the concept that protein unfolding during CID is at 

least partially driven by Coulombic repulsion of the higher number of mobile charge 

carriers. 

 

5.1.2 TaHsp16.9 

 The protein used in this study is a Class I sHSP from Triticum aestivum (common 

wheat), TaHsp16.9.  Unlike AtHsp18.5 (discussed in Chapter 3), TaHsp16.9 is a classic 

~200 kDa, dodecameric sHSP, where each subunit has a molecular weight of ~16.9 kDa.  

The crystal structure of this protein, shown in Figure 5.3, indicates that the protein 

consists of a ring of six subunits stacked on an identical ring of six [88].  Figure 5.3 also 

shows the dimeric subcomplex which is believed to be the active form of the protein.  

This protein has been widely studied by mass spectrometry, and the dodecamer has a 

distinct torroidal geometry which has not been supported by any previous MS/MS 

experiments, CID or SID [83-84, 122, 137]. 
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Figure 5.3 X-ray crystal structure of TaHsp16.9 (PDB ID 1GME) dodecamer (left) and 

dimer (right).  The dimer is proposed to be the biologically active species [88]. 

 

5.2 Collision cross section calculations 

The CCS of TaHsp16.9 was calculated from its crystal structure (PDB ID 1GME) 

using all three algorithms available in MOBCAL, projection approximation, exact hard 

sphere, and trajectory method [68, 75].  These results are listed in Table 5.1.  MOBCAL 

is discussed at length in Chapter 1, but briefly, the trajectory method result, 97.2 nm2, is 

considered to be the most accurate, and as such will be used for comparison to 

experimental CCS results throughout this Chapter. 
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Table 5.1 Collision cross sections calculated from the x-ray crystal structure of 

TaHsp16.9 (PDB ID 1GME) using the algorithms available in MOBCAL. 

MOBCAL Method CCS (nm2) 
Projection approximation (PA) 74.4 
Exact hard sphere (EHS) 99.5 
Trajectory Method (TM) 97.2 

 

 

5.3 Collision cross section of TaHsp16.9 as a function of charge state 

The CCS of TaHsp16.9 under standard, ammonium acetate buffer conditions, was 

studied to determine the structure relative to the solved crystal structure.  The native mass 

spectrum of TaHsp16.9 from 100 mM, pH 7 ammonium acetate is shown in Figure 5.4.  

Charge states 31+ through 36+ may be clearly observed, which agrees with previous MS 

results for TaHsp16.9 [83-84, 122, 137]. 

 

Figure 5.4 Native mass spectrum of TaHsp16.9 in 100 mM ammonium acetate, pH 7. 
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 Ion mobility measurements were made on the entire charge state distribution, as 

shown in Figure 5.5, and the drift time of each individual charge state was extracted.  The 

highest charge state has the shortest drift time, while the lowest charge state in the packet 

has the longest drift time.  For ions of approximately the same shape and size, it is to be 

expected that those with higher charge will move fastest through the electric field 

imposed upon the ion mobility drift cell. 

 

 

Figure 5.5 Ion mobility arrival time distribution for TaHsp16.9 in 100 mM ammonium 

acetate.  The arrival time of each m/z can be extracted from the arrival time of the entire 

ion packet.  Masslynx normalizes the abundance of each extracted peak to 100% 

automatically. 

 

 By externally calibrating the drift time to CCS using a series of proteins of known 

CCS, the CCS of each charge state observed when the protein is sprayed from 

ammonium acetate was determined [69-70].  These results, for which the number of 

measurements n is ≥ 3, are listed in Table 5.2.  The CCS of TaHsp16.9 sprayed from 
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ammonium acetate is significantly smaller than the structure captured by x-ray 

crystallography.  The 36+ charge state, with the smallest cross section, is over 10% 

smaller than the 97.2 nm2 calculated from the crystal structure. 

 

Table 5.2 CCS measurements for the precursor charge states from nESI from ammonium 

acetate. 

Precursor Charge CCS (nm2) 
36+ 85.7 ± 1.0 
35+ 86.2 ± 0.8 
34+ 86.7 ± 0.3 
33+ 88.2 ± 0.6 
32+ 89.8 ± 1.2 
31+ 92.3 ± 0.0 

 

 To begin investigating the discrepancy between the experimentally measured and 

the crystal structures, the protein was exchanged into 10 mM, pH 7 triethyl ammonium 

acetate (TEAA) to reduce the charge state of the precursor.  The resulting MS spectrum is 

shown in Figure 5.6, with peaks corresponding to 23+ through 26+ TaHsp16.9.  100 mM 

TEAA was tried initially, but the protein precipitated prior to analysis.  A mixed solution 

of 90 mM ammonium acetate and 10 mM TEAA, also adjusted to pH 7 produced a 

complete charge state series from 36+ to 23+ in a single spectrum (although several 

charge states are of very low abundance). 
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Figure 5.6 Native mass spectrum of TaHsp16.9 in 10 mM, pH 7 triethyl ammonium 

acetate. 

 

Figure 5.7 Collisional cross section as determined by ion mobility for each charge state of 

TaHsp16.9.  The red line indicates the CCS calculated from the x-ray crystal structure. 
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 As was done for the ammonium acetate buffered TaHsp16.9, the TEAA buffered 

protein was studied by ion mobility, and the CCS determined for each charge state.  The 

average CCS for each charge state, +23 through +36, averaged from all solution 

conditions examined, where n ≥ 3, is shown in Figure 5.7.  The red line across the plot is 

at 97.2 nm2, the CCS of the protein’s crystal structure.  The crystal structure corresponds 

best to the 24+ and 25+ charge states.  The experimental CCS gradually decreases as the 

charge state increases, until it appears to be leveling off around 33+.  The trend of 

decreasing CCS with increasing charge state parallels the example published by Ruotolo 

et al, although the TRAP example is more extreme [77].  Only a few charge states are 

shown by Ruotolo et al, as they did not manipulate the charge state in that paper, but the 

same trend of decreasing CCS with increasing charge state is seen.  The dramatic change 

in CCS over only a few charge states for TRAP versus the change in CCS over a dozen 

charge states for TaHsp16.9 may be due to the difference in structure.  The stacked ring 

structure of TaHsp16.9 is likely more resistant to collapse than the single, large ring 

structure of TRAP.  The explanation offered by Ruotolo et al, as well as the most 

plausible explanation here, is that the protein collapses upon itself at higher charge states.  

The protein may restructure itself in order to stabilize the additional charges in the 

vacuum environment.  As a vacuum environment may be regarded as hydrophobic, a 

large number of exposed hydrophilic charge sites would be unfavorable [195].  A 

collapse in protein structure also makes sense considering the apparent minimum reached 

at the highest charge states observed – the hollow space in the native protein is only so 

big, so the protein can only collapse so far. 



150 
 

5.4 Collision-induced dissociation of TaHsp16.9 

A variety of charge states of TaHsp16.9 were dissociated by CID, including 

precursors from the collapsed and “native-like” conformation regimes.  Representative 

CID spectra of the 25+ and 34+ precursors are shown in Figure 5.8.  The spectra are 

essentially identical, as the only product ions produced are highly charged monomers and 

complementary undecamers.  The charge state distribution of each product ion is much 

smaller from the 25+ precursor, with about half as many charge states observed. The 

narrower charge state distribution may indicate that these monomers are more folded, 

analogous to the monomers ejected from charge-reduced TTR in the example from Pagel 

et al [140].  Despite this, and having fewer charges to distribute in the first place, at 12+ 

the dominant charge on the monomer from the 25+ precursor is almost half the original 

charge, where the departing monomer from the 34+ precursor takes an average charge of 

about 41%. 
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Figure 5.8 Comparison of CID spectra from the 34+ precursor from ammonium acetate 

(top) and the 25+ precursor from triethyl ammonium acetate (bottom). 

 

 A more subtle difference in the CID of different charge states and precursor 

structures may be observed when the dissociation is studied as a function of energy, as 

shown in Figure 5.9.  To directly compare the onset dissociation energy between 

differing charge states, the collision energy on the x-axis has been converted to a lab-

frame collision energy, which is the potential difference through which the ions are 

accelerated times the precursor charge state (Elab = ∆V * z).  The 34+ charge state 

dissociates at a lower collision energy than does the 25+.  From this data alone, it is 

unclear whether this is due to substantially different precursor conformations or the 

presence of additional charge.  However, there is an example in the literature of a similar 
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trend, where the protein studied, transthyretin (TTR), does not have a central cavity and 

the precursor structure does not depend upon charge state [140].  Higher charge states of 

TTR also dissociate at lower collision energies than lower charge states.  The trend may 

be explained by subunit unfolding prior to dissociation being charge-driven, and therefore 

facilitated by the presence of more charge.  This example from the literature suggests that 

this behavior is dependent upon the presence of additional mobile charges.  While this 

scenario explains observed CID results, it does not explain why a similar result is 

observed by SID, where lower charge states also need higher collision energies to achieve 

the same extent of dissociation [196].  Simple charge-charge repulsion aside from any 

unfolding could explain the lower collision energy dissociation at higher charge states. 

 

 

Figure 5.9 Relative abundance of remaining precursor in a series of energy-resolved CID 

spectra for the 25+ charge state (TEAA) and the 34+ charge state (ammonium acetate). 

 

0.0

0.2

0.4

0.6

0.8

1.0

200 1200 2200 3200

Σ
P

re
cu

rs
o

r/
Σ

A
ll

 Io
n

s

Elab (V)

25+

34+



153 
 

 The similar dissociation pattern from both collapsed and open precursors of 

TaHsp16.9 may be understood by studying what happens to the precursor conformation 

as it is activated.  Figure 5.10 shows the arrival time distribution of the remaining 

precursor after CID for the 31+ (collapsed) and 23+ (open) proteins.  At essentially no 

activation (5V, bottom spectra), the arrival time distribution is a single Gaussian 

distribution of closely associated conformations.  As it is subjected to higher collision 

energies, the 31+ precursor becomes increasingly unfolded, as indicated by the shift in 

drift time to later and later times, with distinct unfolding intermediates.  This behavior is 

expected based on other examples in the literature [135].  The 23+ precursor, which 

corresponds to a more open conformation and believed to contain an open central cavity 

as seen in the crystal structure, exhibits completely different behavior upon activation.  

Higher collision energies cause the protein to actually collapse to smaller conformations, 

as indicated by the decreasing arrival time of the surviving precursor.  Only at the highest 

collision energies observed is there evidence of larger, unfolded conformations.  At this 

highest collision energy, the smallest conformation is only slightly larger than the starting 

conformation of the 31+ precursor.  Unfolding is also seen at much higher collision 

energies for the 23+ precursor than the 31+, correlating to the higher dissociation 

energies needed for the open protein conformations.  It is unclear why CID would cause 

collapse of the protein assembly rather than direct unfolding and dissociation. 
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Figure 5.10 Arrival time distribution of the surviving 31+ and 23+ precursors of 

TaHsp16.9 after CID at various collision energies. 

 

Hall et al have recently published a similar example, where the lower charge 

states of the homopentamer serum amyloid P (SAP) collapse prior to CID dissociation 

[197].  Where comparison to this set of data fails is that they found the precursor 

conformation to be independent of the charge state, and all charge states studied 

corresponded well with the theoretical value from the x-ray crystal structure.  Where 

TaHsp16.9 is comprised of two stacked rings, SAP monomers assemble into a single ring 

with a substantial central cavity.  While the SAP precursor conformation appears to be 

charge state independent, structural changes to the precursor prior to dissociation are 
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charge state dependent.  Other proteins with smaller or negligible central cavities (TTR 

and avidin) were not found to adopt more compact structures prior to dissociation [197]. 

If TaHsp16.9 must first pass through a collapsed conformation prior to unfolding, 

it would suggest that the higher energies needed to dissociate the lower charge state 

precursor is not solely due to the lower number of mobile charges as discussed above.  

This contribution is clearly protein dependent, and further study of other proteins with 

and without central cavities would be needed to generalize this behavior. 

 

5.5 Surface-induced dissociation of TaHsp16.9 

Multiple charge state precursors of TaHsp16.9 were also dissociated by SID to 

determine if the alternative activation method could distinguish between the differing 

conformations.  Representative SID spectra of the 34+ and 25+ precursors are shown in 

Figure 5.11.  As reported previously, SID of the 34+ precursor yields only dissociation to 

monomers and complementary undecamers, the same as seen by CID [83-84].  However, 

the charge-reduced 25+ precursor yields a wide variety of fragments beyond the 

anticipated monomer and complementary undecamer.  Dimers through hexamers are also 

observed.  There are no oligomers larger than the hexamer, beside the undecamer.  Even 

though these product ions are present in very low abundance, the signal to noise ratio is 

more than sufficient to identify them clearly, and their existence is remarkable.  The only 

ambiguity in identification is in the case of overlapping oligomers.  For example, the 4+ 

monomer, 8+ dimer and 12+ trimer all appear at the same m/z ratio.  While ratios are not 

clear, the presence of each component can generally be confirmed by the presence of 
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adjacent unique charge states of each oligomer (such as the 11+ and 13+ trimer, which 

have unique m/z ratios). 

The extent of charge stripping seen for this protein complex is unusual.  The 34+ 

precursor loses up to 10+ charges, down to 24+ at its least charged.  While some charge 

stripping (1-3 charges) is normal, this is a larger than average amount of charge stripping. 

It is plausible that those charges really may be salt adducts rather than protons attached to 

basic sites on the protein given that the more lowly charged protein more closely 

resembles the structure solved by x-ray crystallography.  However, even the 25+ 

precursor loses up to 5+ charges upon activation, and it is not readily apparent that those 

charges are beyond to the ideal number of charges for the protein.  Unfortunately with 

large proteins and especially non-covalent complexes, the resolution is insufficient at that 

m/z range to determine whether the charge lost is due to a salt adduct (either ammonium 

or triethylammonium in this case) or a protonated solvent (H3O
+). 
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Figure 5.11 SID spectra of the 34+ dodecamer of TaHsp16.9 from ammonium acetate 

(top) and the 25+ dodecamer from triethyl ammonium acetate (bottom).  Both spectra 

were collected at ∆V = 70V, which corresponds to Elab = 2370 eV for the 34+ precursor 

and Elab = 1750 eV for the 25+ precursor. 

 

 The overlap of other oligomers, especially the charge-stripped dodecamer, with 

the hexamer makes it difficult to be completely certain that the hexamer is present.  The 

13+ hexamer is the only charge state that has a unique m/z ratio, and two or more peaks 

per species are strongly preferred to positively confirm its presence.  Higher collision 

energies result in the complete dissociation of the dodecamer, and therefore its 
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disappearance from the spectrum, enabling confident identification of the hexamer.  

Figure 5.12 shows the middle m/z range of the same SID spectrum seen previously in 

Figure 5.11 along with the same region of a higher energy SID spectrum.  In the ∆V = 

110V spectrum (top of Figure 5.12) the dodecamer is completely gone, and the hexamer 

may be clearly seen.   

 

 

Figure 5.12 Two partial SID spectra at different collision energies.  All dodecamer has 

been dissociated in the higher energy (top) spectrum, clarifying the presence of hexamer 

product ions. 
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5.6 Dissociation pathways 

The proposed dissociation pathways for 25+ TaHsp16.9 by SID are illustrated in 

Scheme 5.1.  The most dominant pathway is still the “CID-like” loss of a single 

monomer.  These monomers may be highly unfolded based on the high charge states 

observed (11+ most abundant, 44% of the precursor charge), although based on the 

charge-reduced TTR example discussed earlier, the lower charge states (as compared to 

CID  monomer products) may reflect a more folded structure [140].  The other observed 

dissociation pathway begins with dissociation directly into two hexamers, presumably 

into the two rings that comprise the intact dodecameric precursor, although this has not 

yet been proven.  If the hexameric products were not rings, and the complex were split 

vertically through the two stacked rings, complementary octamer and tetramer would be 

far more logical than hexamers based on the crystal structure (Figure 5.3).  The charges 

observed on hexameric product ions are such that charge-symmetric, complementary 

hexamers may be identified – 12+ and 13+, 11+ and 14+, etc.  The pentamer, tetramer, 

trimer, and dimer observed in the SID spectra are proposed to originate from further 

dissociation of the hexamer.  For example, the hexamer may further dissociate into 

pentamer and monomer, or tetramer and dimer.  The trimer observed may arise from a 

variety of sequential dissociation pathways.  Hexamer dissociating into two trimers is one 

possibility (15+ hexamer into 7+ and 8+ trimers), or further dissociation of the tetramer 

into trimer and monomer is another (10+ tetramer into 7+ trimer and 3+ monomer).  The 

complementary ions that would be observed if the dimer through pentamer were direct 

products of dodecamer dissociation – heptamer, octamer, nonamer, and decamer – are not 
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observed.  For this reason the dimer through pentamer more likely originate from 

subsequent dissociation of the hexamer rather than directly from the dodecamer.  The 

charge states of the observed oligomeric product ions are plausible relative to the 

observed charge states of the hexameric product ions.  Each of the product ions shown in 

Scheme 5.1 are labeled with experimentally observed charge states.  Unfortunately 

ERMS plots to facilitate identification of dissociation pathways would be extremely 

difficult given the large extent of overlapping oligomers.  It is already very difficult to 

assign fractions of a m/z peak to various components, but the m/z bias that is clearly 

present in these spectra magnifies the problem considerably. 
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Scheme 5.1 Dissociation pathways observed by SID for the 25+ precursor (from 

triethylammonium acetate) of TaHsp16.9, using observed product ion charge states. 
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5.7 Conclusions 

The influence of charge state on the conformation of the dodecameric small heat 

shock protein TaHsp16.9 was studied through ion mobility and MS/MS.  The gas-phase 

CCS of the protein was found to decrease as the charge on the protein increased, 

appearing to level off at the lowest charge states studied.  Lowering the charge by 

changing the buffer to TEAA increased the CCS to closely match the CCS calculated 

from the crystal structure.  When precursor charge states from both the collapsed and 

open conformations were selected and fragmented by CID, no difference was seen 

between the spectra.  This lack of structure-specific dissociation is due to the nature of 

the CID process where one subunit unfolds prior to dissociation, and the apparent 

collapse of the torroidal protein structure (initially preserved at lower charge states) prior 

to unfolding and dissociation.  On the other hand, the collapsed and open precursor 

conformations dissociate differently by SID, where SID of the lowly charged, torroidal 

precursor yields fragmentation indicative of the precursor structure.  This is another 

example, beyond those presented in Chapter 4, where SID successfully determined a 

protein’s structure although CID did not. 

This example of a protein whose conformation in the gas-phase is highly charge 

state dependent is an important warning that one must use extreme care to not only 

preserve the intact protein assembly, but also consider what factors may adversely impact 

the protein’s structure.  The charge states observed from typical electrospray buffers may 

not be ones that encourage the native structure of the protein.  It is unreasonable to expect 
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MS/MS to produce meaningful fragmentation if the precursor structure has been 

compromised.   
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CHAPTER SIX  

ION MOBILITY DETERMINATION OF MS/MS PRODUCT ION CONFORMATION 

 

Beyond an understanding of what types of product ions may be produced by an 

activation method, and what experimental parameters can affect fragmentation, the utility 

of MS/MS stands to benefit greatly from an understanding of the conformations of 

product ions.  Knowledge of what happens to a protein during SID, and how closely the 

product ions resemble their native structure should lead to a better understanding of the 

SID process.  IM of intact proteins is already used to guide molecular modeling of protein 

assemblies, but knowing of the correlation between product ions and native structure 

could open the door for IM measurements of product ions to also guide in silico structural 

methods.  Towards this end, investigations into the conformations of CID and SID 

product ions from a homodimer (AtHsp18.5) and a heterohexamer (TNH) are presented 

in this chapter. 

A homodimer is a system that has the same product ions in the same charge states 

produced by both CID and SID, allowing for a direct comparison of product ion 

conformations between the two activation methods.  The ions frequently have drastically 

different abundances from one activation method to another, but the same ions exist.  

Product ion conformation was found to be solely charge state dependent, and independent 

of activation method or collision energy.  These findings carried over to a more 

complicated, heterohexameric protein system.  Additionally, product ions formed during 

both CID and SID, but by way of completely different mechanisms, were also found to 
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have the same conformation at the same charge states.  These findings suggest that a 

given charge state of a given protein, may have the same CCS regardless of the activation 

method, collision energy, or dissociation pathway. 

 

6.1 Introduction 

Two earlier chapters of this dissertation have illustrated the dissociation of 

heterogeneous protein assemblies by SID (Chapter 4), and shown an example where 

charge state dramatically affects the precursor conformation and therefore the 

dissociation (Chapter 5).  Between the data presented in those Chapters and previously 

published results, we are now thoroughly convinced that SID does produce structurally 

useful dissociation and is a valuable asset to a structural biologist’s toolbox [83-85, 91, 

198].  What must be determined next is the conformation of product ions generated by 

SID, and what happens to the protein’s structure during activation. 

As discussed in Chapter 4, CID proceeds via the gradual unfolding of a subunit 

prior to dissociation from the precursor complex [40, 135].  As the subunit unfolds, 

charges migrate to the newly exposed surface area, and the resulting monomeric product 

ion is highly charged and highly unfolded.  Dissociated monomers typically carry up to 

half the charge of the precursor ion.  The highly unfolded nature of monomeric CID 

product ions was thus suspected long before the IM experiments to prove it were 

performed [163-164].  There is now ample ion mobility evidence in the literature to 

support the highly extended nature of the monomer ejected by CID [85, 135, 140, 177, 

179, 199]. 
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The Wysocki laboratory has long hypothesized that the product ions of SID were 

more compact and more closely resembled native structure [56, 83-85, 150-152, 198].  

Just as the high charge states of monomeric CID products reflects their extended 

structure, we believe that the more charge-symmetric nature of SID product ions is 

evidence of less structural change to protein subunits during SID.  The homodimer 

cytochrome c dissociates charge-asymmetrically by CID, but charge symmetrically by 

SID [152, 163-164].  The 25+ charge state of the homopentamer serum amyloid P (SAP) 

dissociates directly into 4+, 5+, and 6+ monomers [83, 85].  Presumably a protein 

assembly begins with evenly distributed charges on the surface of the complex, so for 

those charges to remain evenly distributed after dissociation implies little structural 

rearrangement to the individual subunits.  SID of toyocamycin nitrile hydratase (TNH) 

discussed in Chapter 4, is also an example of charge symmetric dissociation, with the 19+ 

hexamer dissociating directly to 9+ and 10+ trimers [198]. 

Theoretical studies by Thachuk et al lead to the conclusion that symmetric charge 

partitioning is favorable between proteins of equal surface area [200-201].  If the surface 

area of the unfolded monomer is then approximately equal to that of the complementary 

(n-1) oligomer, then it is plausible that the monomer should be so highly charged.  

Thachuk et al propose that if the dissociation occurs faster than unfolding (as may be the 

case by SID) it would then be energetically favorable to maintain charge symmetry with 

respect to mass.  That is, a monomer dissociated from a tetramer would have a quarter of 

the precursor’s original charge, or a monomer from a pentamer would have a fifth of the 

precursor’s total charge.  Dissociation prior to unfolding, without charge migration, 
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would be an alternative arrangement which still maintains uniform charge density [200].  

In practice the alternative dissociation channels observed in SID are likely to be not only 

a question of dissociation rate relative to unfolding rate, but also due to the single 

collision rather than multi-collision nature of SID. 

The conformations of MS/MS product ions were studied by installing the SID 

device in the Synapt G2 between the trapping and IM regions, as described in Chapter 2.  

In parallel with the research described here, the product ions from a handful of well-

studied, homogeneous tetramers and pentamers have been studied by CID-IM and SID-

IM by Mowei Zhou, another Wysocki group member [202].  The monomers dissociated 

from these homotetramers and homopentamers indicate that SID product ions are 

compact and have CCSs that correlate well with CCS calculated from the x-ray crystal 

structures of these proteins.  Monomeric product ions produced by CID have larger CCS, 

which increase with increasing charge state, as expected based on the literature [190, 

202]. 

An investigation into the product ion conformations from the dissociation of a 

homodimer (AtHsp18.5, discussed in Chapter 3) and a heterohexamer (toyocamycin 

nitrile hydratase, discussed in Chapter 4) is presented here.  The CCS of the product ions 

formed by CID and SID were determined using the Synapt G2, as described in Chapter 2. 

 

6.2 Product ion conformations from a homodimer 

AtHsp18.5 is a valuable case study for the investigation of product ion 

conformation precisely because of its oligomeric state.  Because typical CID monomer 
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products are so highly charged, there are rarely any common charge states observed 

between CID and SID, making direct comparison of CID and SID product ions difficult.  

It has already been observed that charge state can significantly impact the conformation 

of both individual proteins and non-covalent protein complexes, and so the best way to 

compare product ions from different activation methods is to compare ions of the same 

charge [77, 190].  When a homodimer is dissociated the same product ions are formed, 

whether activation is by CID or SID, as shown in Figure 6.1 for AtHsp18.5.  As seen in 

Figure 6.1, the relative abundances of the complementary ion pairs are dramatically 

different between CID and SID, which agrees with previous SID studies of a another 

homodimeric protein [152].  By CID, the 9+ and 4+ ion pair, considered asymmetric with 

respect to mass, is the most abundant.  By SID the 7+ and 6+ complementary ion pair are 

the most abundant product ions.  Despite the drastically different abundances, the same 

product ions at the same charge states are produced by both CID and SID and therefore 

their conformations may be directly compared. 

By performing CID in the trapping region of the Synapt G2, and installing the 

SID device in front of the ion mobility region, MS/MS product ions could be mobility 

separated according to their shape and size.  CID and SID were performed at a range of 

collision energies, and the CCS of the resulting product ions were examined as a function 

of charge state, shown in Figures 6.2 and 6.3, respectively.   
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Figure 6.1 Representative CID (top) and SID (bottom) spectra for the 13+ dimer of 

AtHsp18.5 (labeled D13+).  All product ions are monomers. 

  

Looking at the CID product ion conformations in Figure 6.2, it is clear that the 

CCS has very little dependence on the collision energy.  A second, larger conformation 

appears for the 7+ monomer only at the highest collision energies observed, but otherwise 

the same CCS is produced for each charge state at each collision energy studied.  The 8+ 

monomer also has approximately two conformations, but these both appear at several 

collision energies rather than having an “on-set” energy for the second conformation as 

the 7+ monomer does.  The lower charge states, 4+ through 7+, all have a CCS around 22 

nm2, with a slight compaction with increasing charge.  It is likely that these all share the 
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same closely associated conformation.  The 7+ and 8+ monomers appear to be at a 

transition point between compact and extended monomer structures. 

 

Figure 6.2 CCS of monomeric product ions from dissociation of AtHsp18.5 by CID at a 

variety of collision energies as a function of charge state (n ≥ 3). 

 

 Figure 6.3 shows a result for SID that is similar to that observed for CID.  The 

conformation of the monomeric product ions is independent of the SID collision energy.  

In this case there is even less variation in CCS from one collision energy to another.  The 

8+ monomer product only has one conformation by SID, while it had approximately two 

conformations by CID.  Only the 7+ monomer SID product has two conformations.  

Similar to CID, the CCS decreases to a small degree with increasing charge, but the 3+ 

through 7+ monomers all have a CCS of approximately 22 nm2, indicative of one group 

15

25

35

345678910

Ω
(
n
m
2
)

z

30 V

50 V

70 V

90 V

110 V



171 
 

of closely associated conformations.  The 7+ charge state is the transition between 

compact and unfolded monomer conformations. 

 

 

Figure 6.3 CCS of monomeric product ions from dissociation of AtHsp18.5 by SID at a 

variety of collision energies as a function of charge state (n ≥ 3). 

 

 When the collision cross sections measured at all collision energies are averaged 

together for a single activation method, as shown in Figure 6.4, it becomes clear that the 

CCS of each monomer is the same whether produced by CID or SID.  Considering the 

differences between these activation methods – time scale, single versus multiple 

collision, relative amount of energy deposition – this is remarkable.  The only 

discrepancy between the two methods is the second conformation of the 8+ monomer 
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produced by CID but not by SID.  For all other charge states, the CCS measured for each 

method is in excellent agreement. 

 

 

Figure 6.4 Direct comparison of CCS of monomeric product ions from AtHsp18.5 

produced by CID and SID (n ≥ 3). 

 

 The CCS of surviving precursor following CID and SID was also measured, and 

those results are shown in Figure 6.5.  As expected based on published literature, the 

precursor gradually increases in size by approximately 50% prior to complete 

dissociation by CID [140, 179, 199].  The surviving precursor after SID is extremely 

difficult to measure for this protein as it is almost entirely depleted even at the lowest 

collision energy that could be recorded.  Due to transmission difficulties, it is difficult to 
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obtain SID spectra with collision energies lower than 40-50 V.  As AtHsp18.5 is a 

relatively small dimer, very little dimer remains intact even at relatively low collision 

energies.  At ∆V = 50V the small amount of remaining precursor following SID has also 

increased significantly in size. 

 

 

Figure 6.5 Arrival time distribution of the surviving AtHsp18.5 precursor after CID (left) 

and SID (right). 

 

 A homodimer is the simplest non-covalent protein complex that may be studied, 

thus it may offer valuable insights into the activation and dissociation of protein 

assemblies with a minimum number of variables.  CCS measurements of the monomeric 
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product ions from dissociation of AtHsp18.5 indicate that the CCS for a given charge 

state is largely independent of collision energy and activation method, although different 

charge states dominate for different activation methods.  The independence of CCS upon 

collision energy and activation method must also be shown to be true for larger and more 

complicated protein systems before any generalizations may be drawn.  

 

6.3 Product ion conformations from a heterohexamer 

The heterohexamer toyocamycin nitrile hydratase (TNH), previously studied in 

Chapter 4, will serve as an example of a complex protein system.  Briefly, TNH is a 

heterohexamer composed of a dimer of trimers with three unique subunits, α, β, and γ 

[90, 198].  As presented in Chapter 4, the CID and SID fragmentation of TNH are 

completely different.  Only α or β monomers are ejected from the hexamer by CID 

(Figure 4.15), while by SID the hexamer dissociates directly into two αβγ trimers (Figure 

4.16).  The trimer produced by SID further dissociates into αβ dimers and γ monomers, as 

well as α and β monomers.  As with AtHsp18.5, the CID and SID product ion cross 

sections were measured by IM. 

Due to the very limited dissociation from CID and the completely different 

dissociation pattern produced by SID, the only product ions common to both CID and 

SID are the α and β monomer, although they arise from two very different pathways.  The 

measured CCS of the α and β monomers are shown in Figure 6.6.  The most striking 

aspect of this data is the very close agreement between CID and SID for both the α and β 

monomers.  There is slight disagreement at the highest charge states of the α monomer, 
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but at all other charge states that are observed by both activation methods there is 

excellent agreement.  Whether generated by CID or SID, the 5+ through 7+ α monomers 

all have the same cross section, approximately 22 nm2.  At higher charge states the α 

monomer CCS gradually increases with increasing charge, including those produced by 

SID.  The β monomer CCS appears to increase with increasing charge in a more step-

wise rather than gradual fashion.  The 3+ and 4+ β monomers have the most compact 

conformation, with a CCS of about 13.5 nm2, while the 5+ and 6+ β monomers have CCS 

of about 18 nm2.  The 7+ β monomer is the highest charge state observed, likely due to 

the relatively small size of the β subunit (~10.5 kDa).  It is likely that higher charge states 

would have more extended conformations, but those charge states are not observed. 

Figure 6.6 Comparison of CCS of α and β monomer product ions from TNH produced by 

CID and SID from the 17+ hexameric precursor (n ≥ 3). 
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 The product ions unique to either CID or SID were also studied, and their CCS 

are shown in Figures 6.7 and 6.8, respectively.  In the case of CID, the only other product 

ions observed are the pentamers which complement the ejected monomers.  Figure 6.7 

shows the experimental CCS of the (αβγ)(βγ) pentamer (loss of α) and the (αβγ)(αγ) 

pentamer (loss of β).  Unlike the monomers ejected by CID, the corresponding pentamers 

have remarkably consistent CCS across all charge states observed.  CID is proposed to 

occur via unfolding of a single subunit, which then departs.  The consistent CCS of the 

remaining pentamer suggests only the departing monomer unfolds and the (n-1) oligomer 

remains compact.  If multiple subunits unfolded, a much broader distribution with 

multiple arrival times, and/or some charge state dependence, would be expected for the 

remaining (n-1) oligomer.  These pentamers all have one cluster of closely associated 

conformations with the peak of the arrival time distribution represented in Figure 6.7.  

Most studies reported in the literature concerning the conformation of CID product ions 

focus on the departing monomer, though the only known report of (n-1) product ion 

conformation also indicate a single, consistent CCS [140]. 
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Figure 6.7 CCS of pentameric product ions produced by CID from the 17+ hexameric 

precursor (n ≥ 3). 

 

 The product ions formed uniquely by SID are more diverse in their composition 

as well as their conformation, as shown in Figure 6.8.  The αβγ trimer has the same CCS 

at all charge states, ~ 34 nm2, except for the 10+ charge state which has an additional 

conformer at 40 nm2.  The larger conformation of the 10+ trimer could be a higher energy 

structure with the internal energy to unfold but not dissociate further.  If sequential 

dissociation proceeds via an unfolding step, higher charge states of the trimer are likely 

more susceptible to sequential dissociation due to higher charge.  The 11+ trimer, which 

would be complementary to the 6+ trimer, is missing from the spectra, and may have 

already dissociated into αβ dimer and γ monomer.  The agreement in CCS across all 

trimer charge states suggests that it has a compact structure. 
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The αβ dimer and γ monomer are complementary product ions, arising from 

sequential dissociation of the trimer.  The γ monomer has the same CCS, approximately 

14.5 nm2, at all charge states observed.  Comparison to collision cross sections of other 

native-like protein monomers of similar molecular weight, this consistency and size-

range suggests that the protein is compact, perhaps native-like [69].  The complementary 

αβ dimer has a CCS which increases with charge state, with what appears to be a plateau 

at intermediate charge states (6+ - 8+, ~ 27.5 nm2).  Based on parallel studies, this 

leveling off at intermediate charge states is unusual, as this trend is more commonly seen 

at the lowest charge states of a given product ion [202].  Perhaps these moderate charge 

states are favorable for native-like conformations, but without a solved structure for 

comparison this is only speculation. 

Sequential dissociation by CID is presumed to occur via the same mechanism as 

the initial dissociation – subunit unfolding followed by dissociation.  For as little as is 

known to date about the SID process, even less is known about sequential dissociation by 

SID, and what conformations those product ions will have.  The evidence presented here 

portrays a complicated picture, with the γ subunit appearing to be compact while the αβ 

dimer has a variety of conformations at different charge states.  While there is growing 

evidence that SID produces lower charged, more native-like product ions, it is not well 

understood from this data whether or not sequential product ions resulting from SID 

should be folded or unfolded, or why [202].  The larger conformer of the 10+ trimer 

(which may be more likely to further dissociate than the 6+ monomer given its higher 

charge) coupled with the larger conformation αβ dimer conformers suggests the 
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possibility that sequential dissociation pathways may be less “SID-like” and more “CID-

like.”  Alternatively, the compact conformation of the γ subunit may have nothing to do 

with CID, SID, or sequential dissociation, and may indicate significantly higher 

resistance to unfolding of the γ subunit relative to the α and β subunits. 

 

Figure 6.8 CCS of αβ dimer, γ monomer, and αβγ trimer product ions produced uniquely 

by SID from the 17+ hexameric precursor (n ≥ 3). 

 

 As with AtHsp18.5, the arrival time of the surviving TNH precursor was 

measured following CID or SID.  The arrival time distributions for the TNH hexamer are 

shown in Figure 6.9.  Once there is appreciable dissociation by CID (∆V = 110V, left 

panel, second spectrum), the CCS of the remaining precursor has already increased by 

25%.  Consistent with similar reports in the literature, unfolding prior to dissociation 
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proceeds via distinct intermediate conformations, with a second conformation at a CCS 

of 82.0 nm2 [137, 140, 179, 194, 203].  Interestingly, the surviving precursor after SID 

adopts conformations with the same CCS as the precursor subjected to CID, at 76.2 nm2 

and 82.0 nm2, although the ratios are very different(Figure 6.9, right column).  It appears 

that a larger portion of the ion population has higher internal energy after SID.  This 

result is unexpected as SID proceeds through a completely different dissociation pathway 

for this protein.  The onset energy for dissociation into trimers is low (lower than could 

be measured, Figure 4.16), in fact trimers are the lowest-energy onset fragments 

observed.  The precursor that survives activation intact did not gain enough internal 

energy to dissociate.  It has long been postulated that CID must occur by way of the 

lowest energy pathway, as internal energy gradually increases.  Ions that gained some 

internal energy via SID, but insufficient energy to dissociate, may plausibly have similar 

structure to ions that were activated by CID but also did not gain sufficient internal 

energy to dissociate, if the protein unfolds and dissociates via distinct intermediates. 
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Figure 6.9 Arrival time distribution of the surviving TNH precursor after CID (left) and 

SID (right). 

 

Unfortunately neither of these protein systems has a solved structure to compare 

to the experimentally measured CCS.  Therefore, the extent to which a product ion 

remains compact versus unfolded must be inferred from the CCS of several charge states 

rather than by direct comparison to CCS calculated from solved structures.  When several 

adjacent charge states of the same product ion have the same CCS, it is very likely that 

they are compact, although it can not be known whether that structure represents a 

“native-like” or collapsed structure. 
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6.4 Conclusions 

Based on the CCS measurements of product ions from the homodimer AtHsp18.5 

and the heterohexamer TNH, it appears that a particular charge state of a given product 

ion has the same CCS regardless of the activation method or collision energy that 

produced it.  We previously had few examples of the same charge state of a product ion 

being produced by both CID and SID; frequently the methods only produce one charge 

state in common, which is a low-abundance charge state on the fringes of the product ion 

distribution.  The homodimer example is particularly useful because of the complete 

overlap of product ion charge states (although not intensities) between CID and SID.  

These product ion conformations were illustrated to be consistent across a range of 

collision energies as well as between the two activation methods.  While there are only 

two product ion types from TNH that appear in both CID and SID spectra, the α and β 

monomers, these both have the same CCS at the same charge states produced by both 

activation methods.  This is particularly strong evidence for a certain charge state of a 

protein having the same conformation regardless of its origin.  More proteins that 

produce the same product ions by both CID and SID, particularly ones with solved 

structures, need to be studied to validate this hypothesis. 

Another aspect that also needs additional investigation is the nature of sequential 

dissociation processes.  The sequential SID dissociation products of TNH are mixed in 

nature, with the αβ dimer adopting a variety of conformations across a wide range of 

charge states while the complementary γ monomer has the same CCS for all charge states 

observed.  If conformation is truly dependent upon charge state alone, then the 
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conformations observed depend upon the product ions charge states that result from the 

given activation method.  With few examples of sequential dissociation by SID to date, it 

is not known whether the product ions are expected to be as compact as the products from 

the initial dissociation step. 

This type of study into the conformation of MS/MS product ions is an important 

step towards tandem MS becoming an even more useful tool for structural biology.  IMS 

measurements from native-like precursors are increasingly used as constraints for 

modeling the quaternary structure of a protein assembly.  If it can be definitively proven 

that SID product ions produced under carefully controlled conditions closely resembled 

the subunits’ structure in the original protein complex, then IMS measurements of those 

ions may also be useful as further constraints to guide molecular modeling. 
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CHAPTER SEVEN  

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 The aim of this dissertation is to expand the role of gas-phase measurements in 

structural biology by pushing the limits of tandem MS methods for non-covalent protein 

complexes and to further the understanding of the state of protein assemblies during MS 

and MS/MS experiments.  Surface-induced dissociation, first implemented for non-

covalent protein complexes over seven years ago, has been proven to induce dissociation 

indicative of a protein’s subunit architecture.  Ion mobility was used to study the 

conformations of proteins before and after activation.  The conformation of a protein 

precursor was demonstrated to be charge-state dependent in some cases, a dependence 

that directly affected the dissociation patterns observed by SID.  The conformations of 

MS/MS products were studied in order to improve our understanding of the SID process, 

as well as to expand its potential as a tool for structural biology. 

 SID of heterogeneous protein assemblies can lead to product ions that reflect the 

substructure, or arrangement, of individual subunits in a protein complex, significantly 

expanding the amount of quaternary structure information previously achievable by mass 

spectrometry.  Especially when CID results are used to complement SID results, a more 

complete picture of protein architecture may be developed.  Two hexamers, αβ5 cholera 

toxin (CTx) and (αβγ)2 toyocamycin nitrile hydratase (TNH), were dissociated into their 

constituent oligomers using SID.  CID only dissociated the lighter β monomer from the 

CTx hexamer and failed to eject the heavier α subunit from its position in the center of 
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the 5-membered β ring.  SID was able to eject the α subunit, as well as deposit sufficient 

energy to cause sequential dissociation of the β ring.  When TNH was activated by CID, 

only the α or β monomers were ejected.  Given that this was a protein of unknown 

structure, this result indicates that both of these monomers have surface-access within the 

complex.  SID of TNH resulted predominantly in charge-symmetric dissociation into the 

assembly’s constituent αβγ trimers.  Higher collision energies resulted in secondary 

dissociation of the γ monomer from the trimer, further revealing the organization of this 

protein complex [198].  Finally, CID and SID studies were both used in complementary 

fashion to determine the quaternary structure of a previously uncharacterized 2:2 

toxin:antitoxin complex.  It was determined that the assembly has an antitoxin dimer at 

its core, with two toxin monomers flanking the dimer without appreciable contact 

between the individual toxin subunits [91].  We now have conclusive evidence that SID 

can produce structurally relevant dissociation patterns, in addition to higher energy 

deposition and more charge-symmetric fragmentation. 

 The conformation of a small heat shock protein, TaHsp16.9, was studied by ion 

mobility to investigate the relationship between the precursor conformation and the 

dissociation pattern obtained via CID or SID.  This stacked ring dodecamer was found to 

have a significant dependence on charge state.  The charge states observed under typical 

ammonium acetate solution conditions were found to be appreciably collapsed when 

compared to the x-ray crystal structure.  Substituting triethylammonium acetate for the 

ammonium acetate encouraged the protein to adopt a conformation with a CCS that very 

closely matched the CCS of the solved structure.  When the native-like structure was 
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preserved in the gas phase, SID could produce a small amount of hexameric product ions, 

which reflects the stacked six-member ring structure of the sHSP.  SID only dissociated 

monomers from the collapsed precursor structure, yielding no more information than 

CID.  This example highlights the importance of carefully controlled experimental 

conditions to preserve native-like protein structures in the gas phase. 

 Investigation of precursor conformation revealed the direct relationship between 

precursor structure and observed dissociation.  In contrast, the study of SID product ion 

conformations contributed to a better understanding of the SID process.  In addition to 

gaining further comprehension of SID, and how it compares to CID, these studies 

provided insight into the factors affecting product ion conformation.  Using a 

homodimeric small heat shock protein, AtHsp18.5, and a heterohexameric protein 

complex TNH, CID and SID product ions for each protein studied were demonstrated to 

have the same CCS at the same charge state.  Furthermore, the product ion conformation 

was shown to have very little dependence upon the collision energy for both activation 

methods.  The lack of correlation between protein conformation and both collision energy 

and activation method leads to a higher confidence in the initial hypothesis that the 

conformation in the gas phase is dependent solely upon the ion’s charge state. 

 The immediate next step to be taken with much of this tandem MS and IM data is 

to use the determined connectivity and cross section measurements to refine models of 

unsolved proteins.  Given the size of protein assemblies, which frequently contain 

thousands to tens of thousands of atoms, molecular modeling is difficult and 

computationally demanding.  Computational modeling of protein systems is possible, but 
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the accuracy depends upon the quantity and quality of the experimentally determined 

constraints available.  CCS measurements can help distinguish between multiple 

theoretical structures [61].  There are no solved structures for either AtHsp18.5 or TNH, 

but there are solved structures of homologous proteins in both cases.  Experimental 

measurements could be used to refine the homology structures of both proteins.  Both of 

these systems, as well as many future studies, could benefit from the combination of 

molecular modeling and IM results. 

 Much of the research presented in this dissertation, as well as much of the 

literature concerning mass spectrometry of protein assemblies, has focused on the ability 

to completely describe the quaternary structure of a protein.  Along those lines, the 

stability of the AtHsp18.5 dimer was studied as portions of one or both terminal regions 

were removed.  This particular sHSP is atypical in its quaternary structure, as most sHSPs 

are very large oligomers, making it of particular interest to understand.  The N-terminus 

was found to affect dimerization more significantly than the C-terminal domain.  

However, there remains another aspect of protein structure beyond quaternary structure, 

which is the “quinary structure”, or the dynamics of a protein-protein complex.  The 

dynamics of subunit exchange between AtHsp18.5 dimers was monitored by MS.  First 

order exchange rates were measured at three different temperatures.  The rates were 

found to follow the Arrhenius relationship, suggesting that subunit exchange for this 

protein has traditional kinetics-temperature dependence.  While the heat shock protein is 

activated at elevated temperatures, it appears that this subunit exchange behavior does not 

contribute to the protein’s activity. 
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 In the near future of this research, it is necessary that the greatest possible 

diversity of protein systems be studied by SID, IM, and the combination thereof.  As 

discussed in the introduction, no single structural biology method can be successfully 

applied to every protein system.  The immense diversity of proteins in their 

hydrophobicity/hydrophilicity, strength of inter- and intramolecular interactions, in 

addition to secondary, tertiary, quaternary, and quinary structure makes it extremely 

difficult to draw generalized conclusions.  Even among the group of proteins that are 

amenable to study by one particular method there is enough diversity of structure and 

chemical properties to hinder efforts to develop guidelines for data interpretation.  In the 

research presented here efforts were made to study a variety of proteins that differed in 

structure and stoichiometry from those studied previously in the Wysocki group.  

However, it is still necessary to continue to study more protein systems in order to 

broaden the data on which conclusions and future experimental guidelines are based. 

 While additional protein systems need to be studied for all of the experiments 

presented here, it is the SID-IM study of SID product ion conformation that needs the 

most attention.  It is well understood that CID does not produce ions that have any 

resemblance to native structure, but SID can sometimes lead to native-like product ion 

conformations.  If it could be well understood when SID did and did not produce native-

like product ions, the cross section measurements of SID product ions could be used to 

guide and constrain computational efforts to model structures of protein assemblies. 

Some protein assemblies are harder to study by MS than others, such as 

membrane proteins, due to the detergents necessary to stabilize these hydrophobic 
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assemblies in aqueous solution.  Despite this challenge, considerable progress has been 

made recently in terms of ionizing, transmitting, and identifying components of 

membrane protein assemblies by MS [204-208].  With the initial obstacles addressed, 

these are naturally the next types of proteins to attempt to study with SID.  Membrane 

proteins are typically electrosprayed with non-ionic detergents, and without significant 

CID activation appear simply as large, uninterpretable broad regions of non-baseline 

intensity in mass spectra.  CID is able to sufficiently desolvate the protein assembly, 

removing enough surfactant to allow identification of molecular weight from a charge 

state distribution.  Beyond desolvation, dissociation of membrane protein assemblies by 

CID is significantly limited.  If CID could be used to “clean up” the protein assembly 

prior to SID for quaternary structure determination, MS could be a far more effective tool 

for membrane protein assemblies than at present. 

MS, MS/MS, and IMS provide low resolution, or gross quaternary structure 

information.  There are a number of solution based foot-printing methods, such as 

hydrogen-deuterium exchange, oxidative foot-printing, and chemical cross-linking that 

can provide residue or peptide level insight to the interactions between protein subunits.  

Combination of the gross and fine level structural information from a variety of MS 

experiments will lead to a more complete structural picture than either type of experiment 

will alone.  Similarly, combining gas-phase results with data from other experimental 

methods, such as electron microscopy, can help guide modeling efforts. 

Gas phase methods can provide structural information for many protein systems 

that remain inaccessible to other structural biology methods.  Mass spectrometry can 
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readily determine the molecular weight, oligomeric state, and assembly dynamics.  

Tandem mass spectrometry and ion mobility contribute to the creation of connectivity 

maps describing the arrangement of subunits within a protein complex.  The results 

presented in this dissertation describe a significant contribution to the pursuit of 

quaternary structure determination of protein assemblies.  Continued efforts to 

understand the structure of product ions and improve computational modeling will serve 

to expand the role of gas phase measurements in structural biology even further. 
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