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ABSTRACT
This dissertation presents an investigation into the structure of
macromolecular protein assemblies by mass spectrometry.

The experiments

described within are designed to systematically assess the analytical utility of
surface-induced

dissociation

(SID)

tandem

mass

characterization of multi-subunit protein complexes.

spectrometry

in

the

This is accomplished by

studying the effects of ion-surface collision on the fragmentation products of
protein assemblies that vary by mass, number of subunits, and protein structural
features. The dissociation energetics and mechanisms of protein complexes are
considered by examining the influence of ion internal energy and sub-oligomeric
protein structure on the dissociation process.
Conditions are first established for the preservation of “native” protein
quaternary structure and applied to previously characterized systems for proof-ofconcept. These conditions are subsequently extended to determine the molecular
weight and subunit stoichiometry of several small heat shock proteins. Native mass
spectrometry is then combined with limited proteolysis experiments to characterize
the subunit interface of a unique small heat shock protein, Hsp18.5 from
Arabidopsis thaliana, identifying regions of the protein essential for preservation of
the native dimer.
The dissociation of non-covalent protein assemblies is then explored on a
quadrupole time-of-flight (Q-TOF) mass spectrometer, modified for the study of
ion-surface collisions.

This instrument allows ions to be dissociated through
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collisions with a surface or more conventional collisions with gas atoms. The
dissociation of protein complexes is explored by both activation methods beginning
with specific and non-specific dimers with masses less than 40 kDa. These studies
are extended to larger assemblies with as many as 14 subunits weighing over 800
kDa, and are applied to both homo- and hetero-oligomeric protein complexes.
Activation of a protein complex with “n” subunits through multiple collisions with
inert gas atoms results in asymmetric dissociation into a highly charged monomer
and complementary (n-1)-mer regardless of protein size or subunit architecture.
This process is known to occur through an unfolding of the ejected subunit, and
limits the amount of structural insight that can be gleaned from such studies.
Collision at a surface however, results in more charge and mass symmetric
fragmentation, and in some instances reflects the substructure of the protein
assembly under investigation.
The differences observed between the CID and SID of protein complexes is
attributed to the rapid deposition of large amounts of internal energy deposited upon
collision at a more massive target such as a surface. The ion activation time-frame
and energy transfer efficiency are proposed to induce dissociation on a time-scale
that precedes subunit unfolding providing access to dissociation pathways that are
inaccessible by traditional means of activation. The systems studied here represent
the largest ions fragmented via surface collisions within a mass spectrometer, and
the fragmentation products observed by SID demonstrate its promise for expanding
the role of mass spectrometry in the field of structural biology.
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CHAPTER ONE
BACKGROUND AND SIGNIFICANCE

1.1 The Importance of Protein/Protein Interactions
The fruits of the human genome initiative, completed in 2003 [1-3], promise
that this century will be one of unparalleled advancement in medical science. The
four letter code that makes up our DNA provides a blueprint for unraveling the
mysteries of cellular function, disease, and essentially, what it means to be human.
It is clear however, that while the genome holds enormous potential for
understanding our physiology, the products of gene expression, namely proteins, are
just as significant.

Proteins play an essential role in nearly all biochemical

processes, and their expression profiles, modifications and interactions are crucial if
we are to understand, rather than simply decode, the information within in our
genes. In order to fully harness the promise of the genomic revolution, we will
have to comprehend how proteins translate that information into action.
Efforts to elucidate protein function have unveiled the fact that most
proteins act synergistically to carry out actions not afforded by individual
polypeptide chains [4]. Proteins fashion intricate assembly lines or work in unison
as complex macromolecular machines to perform tasks such as enzyme catalysis,
signal transduction and DNA replication. In fact, many proteins are only operable
within the context of an entire assembly of other proteins. One such example is the
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GroEL-GroES molecular chaperone system responsible for the successful folding of
approximately 10% of all newly synthesized polypeptides in Escherichia coli (E.
coli) [5]. GroEL is composed of 14 subunits of molecular mass 57 kDa which
organize into two heptameric rings stacked on top of one another [6]. This is
capped by the GroES heptamer of 10 kDa proteins and binds to the hydrophobic
regions of unfolded polypeptide substrates to prohibit improper protein folding, a
function essential to cellular survival. Altogether, this chaperone system weighs
approximately 870 kDa. Such macromolecular assemblies allow for new functions
that can only be understood in terms of both the individual proteins and the partners
with which they interact.
The complexity of protein assemblies cannot be overstated. It is by no
coincidence that such assemblies are often referred to as “machines” as this
terminology appropriately refers to their interrelated components, collective
synchronicity, and energy consumption. Structurally, protein assemblies are highly
ordered, the vast majority having subunits arranged in a symmetric fashion and
exhibiting various degrees of rotational symmetry [6]. In addition, it is not simply
proteins that constitute many of these assemblies, but oligonucleotides,
carbohydrates, lipids, and a number of small molecule cofactors.

Protein

assemblies are often involved in biochemical pathways that are endergonic, thus
many of the cofactors necessary are free energy sources such as nucleotide
triphosphates. The spliceosome is a prime example of the complexity displayed by
large protein assemblies. During transcription, the spliceosome coordinates 5 small
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nuclear RNA molecules and 50 proteins to catalyze a sequence of more than 10
RNA rearrangements with single nucleotide precision [7]. The majority of RNA
splicing steps are energy-dependent, requiring additional molecules of ATP or GTP
to drive each rearrangement.
The intricacy of protein assemblies is only enhanced by their dynamics. Not
only are protein assemblies highly ordered structures, but they mediate processes
through carefully controlled conformational changes and transient binding events.
This flexible nature complicates the study of proteins, especially those in which
protein dynamics are essential for understanding their function [8,9]. Consequently,
the study of protein assemblies presents a more difficult challenge than that of
single proteins.

1.2 Traditional Approaches to Studying Protein-Protein Interactions
To fully characterize a given protein or protein network, a comprehensive
picture of its dynamics, interactions and quaternary structure is needed.
Unfortunately, there is no one method or analytical technique capable of providing
all of this information in one experiment. Rather, it is necessary to pursue several
different angles to answer questions about the system of interest, and a myriad of
complementary approaches must be employed.
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1.2.1 X-ray Crystallography
X-ray crystallography remains the gold standard for protein structural
studies because its inherently high resolution allows for the determination of atomic
coordinates of a protein in three-dimensional space.

This approach entails

expressing the protein of interest, usually from a heterologous organism such as E.
coli, and purifying a sufficient quantity for crystallization.

From a practical

standpoint, a sufficient quantity has traditionally referred to several milligrams of
protein, though recent advances have demonstrated reduced sample requirements
that allow for automation and high-throughput imaging [10,11]. From the solutionphase protein sample, crystallization conditions must be attained by optimizing
several parameters that promote nucleation such as concentration, ionic strength,
pH, and various additives. Upon successful crystallization of a protein, its x-ray
diffraction pattern can be measured and a three-dimensional structure of the protein
can be derived.
While superior resolution for individual proteins and MDa protein
complexes alike can be achieved by x-ray crystallography, the technique still has
fatal drawbacks for many proteins.

Outside of high-throughput laboratories,

adequate sample volumes still present a challenge, while the stringent purity and
well-ordered structural requirements are a major bottleneck [10]. Several proteins
contain regions of disorder or “floppiness” that prevents protein crystallization [12].
As a consequence, there exist a large number of proteins for which crystallographic
data are nearly impossible to achieve.
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1.2.2 NMR Spectroscopy
NMR spectroscopy is sensitive to local fluctuations in protein structure,
and thus is not limited by the dynamic motion concerns that plague x-ray
crystallography. In NMR experiments, radio waves are used to flip the spin states
of atomic nuclei in the presence of a magnetic field. The energy required to cause
this spin transition is then used to extract distances between atoms within the
protein and reconstruct a three-dimensional view of the molecule. As with x-ray
crystallography, the reconstruction can yield high resolution images down to
approximately 1.5 Å [10]. The other major advantage of NMR spectroscopy is that
protein structure can be determined in the solution-phase, the protein’s natural
environment. This eliminates artifacts observed only in the crystalline lattice and
non-specific aggregation that might occur upon crystal packing.
Unfortunately, the NMR spectra generated become increasingly difficult
to interpret as protein size increases. Proton NMR alone is typically only useful for
proteins under 10 kDa in size. For larger proteins, enrichment with

15

N and

13

C

isotopes can provide sufficient resolution to reduce spectral overlap [13]. Such
approaches however, still limit NMR studies to proteins and protein complexes of
approximately 40 kDa [10]. While protein structures as large as the 870 kDa
GroEL-GroES chaperone complex have been resolved by transverse-relaxation
optimized spectroscopy (TROSY)-based NMR, this type of analysis is not routine,
and thus the majority of protein complexes lie outside the practical size regime of
NMR studies [14].

An additional drawback of this technique is the sample
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requirement for analysis.

Typically, several hundred microliters of sample at

millimolar protein concentrations are required for analysis.

As with many

traditional crystallography studies, obtaining a sufficient amount of sample can
prove to be problematic.

1.2.3 Electron Microscopy and Electron Tomography
Two-dimenstional imaging of proteins, protein complexes, sub-cellular
organelles and whole cells can be performed with an electron beam [15]. Unlike
light microscopy, the wavelengths of electrons are on the sub-Angstrom level,
meaning the resolution that can be achieved in electron microscopy (EM) is not
fundamentally limited by the wavelength of the electron radiation itself.

The

resolving power of this technique however, remains lower than that of x-ray
crystallography and NMR due to sample preservation concerns. Biological species
cannot be imaged with high doses of electrons as the radiative damage causes the
breakage of chemical bonds and a collapse of structure. Analysis of organic matter
must be carried out under low dose conditions to preserve the sample, leading to
poor signal-to-noise images.

One way to counter this phenomenon is by

cryogenically freezing samples and performing microscopy with the specimen
cooled by liquid helium or liquid nitrogen. This reduces biological motion, but also
offers additional protection against radiation damage. Another approach used to
improve poor S/N conditions is single-particle EM in which thousands of images
from identical specimens randomly oriented relative to the electron beam are
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averaged. This method routinely provides resolution lower than 10 Å, requires
only modest amounts of pure protein, and does not call for crystallized protein [16].
It does still however, require that the sample being averaged be fairly
homogeneous, and can limit the resolution achievable for heterogeneous samples or
highly dynamic proteins.
Electron tomography (ET) entails recording a series of electron
microscope images at various tilted views of the same particle. The orientation of
the species is changed with respect to the electron beam such that three-dimensional
volume images can be constructed. This has been successful in imaging protein
complexes with little to no structural symmetry such as the herpes simplex virus at
near molecular resolution, using only 30 virion particles [17]. Electron imaging
techniques have also been used in conjunction with x-ray crystallography to
elucidate the structural features of protein assemblies. By fitting electron images of
macromolecular species with high resolution structures of their individual
components, a better understanding of protein interactions can be obtained [18].

1.2.4 Low Resolution Techniques
While the above techniques allow for protein structural analysis to be
performed at atomic or near-atomic resolution, a variety of low resolution methods
can provide valuable information about quaternary protein structure. Methods such
as the yeast-two hybrid system and affinity purification have been used to create
interaction maps of proteins within the cell. These methods employ “bait” proteins
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to capture endogenous protein interaction partners. The protein-protein interaction
is identified by activation of a reporter gene in the case of the yeast-two hybrid
system or captured on a chromatography column in the case affinity purification.
The downside to these approaches is that false-positive and false-negative
identifications remain commonplace, requiring strict interpretation of experimental
findings [19].
Spectroscopic techniques such as fluorescence resonance energy transfer
(FRET) and fluorescence correlation spectroscopy (FCS) can be used to identify
protein-protein interactions and provide dynamic analysis of protein complexes
[20]. In FRET, the proximity between two labeled sites within a protein complex
can be determined through the use of fluorescent donor and acceptor pairs. FCS
meanwhile, allows transient interactions between proteins to be monitored. Various
forms

of

chemical

footprinting

such

as

hydroxyl

radical

labeling,

hydrogen/deuterium exchange, or chemical cross-linking can be employed in
conjunction with detection methods such as NMR and mass spectrometry to
identify sites of protein-protein interaction, ligand binding, or general
conformational changes that result upon interaction [21,22].

Binding affinities

between proteins or a protein and its ligand can be determined by surface plasmon
resonance (SPR).

In SPR one binding partner is immobilized, while another

diffuses by in solution.

The binding event can be measured by a change in

refractive index of the solution, allowing association constants to be extracted [23].
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Protein molecular mass has been estimated by methods such as
ultracentrifugation, size-exclusion chromatography, and gel electrophoresis.
Protein quaternary structure and stoichiometric details about the subunits that
comprise protein complexes can be determined by these methods, though they have
low mass resolution, and are often influenced by physiological properties of the
protein as well as its conformational shape [24]. Recently, multiple-angle laser
light scattering (MALLS) has been used to make molecular weight measurements
of biopolymers and applied as a detection method for identifying interacting
proteins [25].

1.3 Mass Spectrometry
As stated above, there is no one technique that is ideal for studying all
proteins, but rather a combination of biophysical tools is necessary to address the
questions of protein function. Over the past 20 years, mass spectrometry has
progressed into a powerful method for investigating protein structure. Initially it
was used to determine the amino acid sequence of proteins, and remains one of the
predominant tools for protein identification. Mass spectrometry, however, can also
be used to elucidate higher order protein structure, and is often enhanced by
coupling this technique with traditional biochemical methods such as chemical
cross-linking, limited proteolysis, and hydrogen/deuterium exchange. Recently,
mass spectrometry has also emerged as an important new technique for
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characterizing protein quaternary structure. All of these advances transpired in the
wake of significant breakthroughs in molecular ionization methods.

1.3.1 Soft Ionization Methods
The development of soft ionization sources, namely fast atom
bombardment (FAB) [26], matrix-assisted laser desorption/ionization (MALDI)
[27,28], and electrospray ionization (ESI) [29,30], in the 1980’s propelled mass
spectrometry into the fields of biological science and medicine.

Prior to the

development of these techniques, mass spectrometry required volatile samples,
preventing the study of biological molecules. The development of FAB in 1981
demonstrated that a rapid input of energy could generate molecular ions of samples
previously difficult to transfer into the gas-phase, but was still limited to peptides
and small proteins.
Shortly thereafter, MALDI and ESI showed no such limitation, with
proteins well in excess of 100 kDa being successfully ionized before the end of the
decade [30,31].

Both of these methods have exponentially increased the

applications of mass spectrometry and have been widely applied to the study of
biomolecules.

While they are both considered relatively gentle, electrospray

ionization is generally considered to produce ions of lower internal energy [32], and
consequently more amenable to the study of weakly bound species such as
multimeric proteins and protein-ligand complexes (however, it should be noted that
MALDI is capable of preserving such species, though it is far less common than
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analyses conducted by ESI) [32,33]. Electrospray also has the inherent advantage
of ionizing biological samples directly from physiological solution conditions rather
than an acidified solid organic matrix typically employed in MALDI experiments.
Thus ESI has become the method of choice for analyzing higher order protein
structure directly by mass spectrometry [24].

Due to its overwhelming

predominance in these studies, ESI and the miniaturized variant, nanospray
ionization, will be the only methods discussed further.

1.3.1.1 Electrospray Ionization
In his 2002 Nobel lecture, John Fenn described electrospray as an
ionization method that could produce “flying elephants,” referring to the apparent
limitless mass ions that could be transferred into the gas-phase [34]. To date, ions
over 40 MDa have been successfully ionized by electrospray, and this limit is
imposed more by the detection and mass analysis technology currently available
than the ionization method [35]. ESI is also a very robust method, in that proteins,
nucleic acids, saccharides, polymers, and small organic and inorganic molecules
can all be ionized [36]. One unique feature of ESI is that it is capable of producing
multiply charged ions, and that charging generally increases with the size and
surface area of the molecules being sprayed. While FAB and MALDI produce
proteins that are typically singly or doubly charged, large molecules generated by
ESI have been shown to carry over 100 charges [37].
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ESI is typically performed by pumping solvent through a metal capillary
at a rate of a few microliters per minute (Figure 1.1). The spray capillary is held at
a few kilovolts electric potential relative to a counter electrode. The electric field
at the tip of the spray capillary induces a cone-shaped liquid jet, called a Taylor
cone, from which fine, highly charged aerosol droplets containing analyte are
emitted (Scheme 1.1). These droplets evaporate, usually with the aid of source
heating and a coaxial or countercurrent gas flow, to a point where the charge
density of the droplet becomes greater than the surface tension. At this point the
droplets undergo a Coulombic fissure, releasing smaller progeny droplets.

Figure 1.1 A typical electrospray ionization interface (Reproduced with permission
from [38]).

The final mechanism for the release of a naked gas-phase ion has been
somewhat debated, with evidence existing in the literature for a charge residue
model [39] and an ion evaporation model [40,41]. In the charge residue model, the
above process continues to occur until there is no longer solvent left after the final
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fission. The ion evaporation model suggests that as the droplets decrease in size
there comes a point where emission of a gas-phase ion from the surface is more
favorable than Coulombic fission. Recent evidence seems to suggest that the ion
evaporation model may dominate for small ions, whereas the charge residue model
may dictate the fate of large biomolecules [42].

Scheme 1.1 Mechanistic depiction of the electrospray process (Reproduced with
permission from [42])

1.3.1.2 Nanospray Ionization
In conventional electrospray, the sample solution is driven by syringe
pump at a rate of about 1-10 μl/min with the metal spray capillary being
approximately 100 μm in diameter. This results in the emission of droplets that
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have an initial diameter in the neighborhood of 1-2 μm upon emission from the
Taylor cone [43].

Wilm and Mann demonstrated, both theoretically and

experimentally, that the desolvation of droplets and ionization efficiency of analyte
molecules could be increased by lowering the flow rate and thereby creating smaller
diameter initial droplets [44,45].

This miniaturized version of ESI, termed

nanoelectrospray ionization (nanospray), emits droplets less than 200 nm in
diameter from a spraying orifice of 1-5 μm.
In a typical nanospray source, solution containing analyte is filled into
the back end of a glass capillary that is tapered at the spraying end down to a few
micrometers. The capillary is either coated with a conductive metal such as gold, or
a metal wire is inserted in the back end to apply the spraying potential. A voltage
ranging from a few hundred volts to just under 2kV is typically applied, as opposed
to the 3-5 kV applied in ESI. The sample is held a few millimeters away from the
entrance orifice to the mass spectrometer, and no sheath gas is necessary. In
contrast to conventional electrospray, solvent flow through the capillary is governed
predominantly by the electrostatic force applied to the capillary tip rather than being
driven by a syringe pump. This leads to flow rates of approximately 20-40 nl/min
[45]. Despite the inherently low flow rates, which in and of itself is an advantage
from the standpoint of sample consumption, there is no decrease in sensitivity
compared to conventional electrospray.
The true advantage of nanospray lies in the small diameter of the droplets
emitted from the Taylor cone. The higher surface area to volume ratio reduces
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discrimination against analytes with low surface activity. For example, neutral
sugars and hydrophobic peptides that would gravitate to the interior of a larger
droplet, reducing the degree to which they are ionized, are forced closer to the
droplet surface in nanospray as depicted in Scheme 1.2 [38]. Nanospray is also far
more tolerant of salts and buffers than conventional ESI. Prior to each electrospray
fissure, solvent evaporation leads to concentration of both analyte and
contaminants.

Therefore, the smaller initial droplet size facilitates fewer

concentration steps and electrolytes can be prevented from dominating the mass
spectrum. This also has an effect on the measurement of protein-ligand binding
ratios which the electrospray process is known to alter [46].

The enhanced

desolvation of these droplets also allows analytes to be sprayed from more polar
solvents than those used in electrospray. While conventional ESI usually requires
the addition of at least 50% organic solvent, nanospray can be routinely performed
with entirely aqueous-based solvents and volatile buffers.

This is particularly

important for the analysis of native protein species if they are to be analyzed from
solutions that mimic the physiological environment. Consequently, analysis of
proteins for which it is imperative to maintain a substantial degree of higher order
structure is most often conducted by nanoelectrospray ionization.

57

Scheme 1.2 View of the differences between conventional and nano-electrospray
ionization (Reproduced with permission from [38])

1.3.2 Mass Analyzers
After the ionization source, the second defining component of a mass
spectrometer is the analyzer in which mass filtering or dispersion takes place.
Several types of mass analyzers exist, each of which sort ions according to their
mass-to-charge ratio (m/z) through the use of various physical principles such as
ion flight time in a field free region or ion cyclotron frequency in a magnetic field.
The reason for the diverse assortment of mass analyzers is that no single instrument
is ideal for every analysis. Selection of the best suited instrument is dependent on
the user’s application. The analyzers relevant to this work shall be discussed in
detail.
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1.3.2.1 Quadrupole Mass Analyzer
A quadrupole mass analyzer consists of four hyperbolic or cylindrically
shaped rods aligned in a parallel fashion. Each of the rods carries both an AC and
DC potential, with opposing rods being held at identical potentials and polarity, and
adjacent rods being identical in potential, but opposite in polarity. This creates a
quadrupolar electric field between the rods such that only ions within a narrow mass
range (typically ≥ 1 Thomson, Th, where 1 Th = 1 atomic mass units per unit
charge) can pass through the device. Ions that enter the quadrupole will oscillate
through the analyzer unhindered only if they have a stable trajectory in the applied
electric field (i.e. are of the appropriate m/z ratio). All other ions will eventually
crash into the quadrupole rods due to instability caused by the AC and DC
potentials. A quadrupole therefore acts qualitatively like a variable band pass mass
filter to separate ions by their mass-to-charge ratio. By scanning the band pass
region over a range of several thousand Th, an entire mass spectrum can be
collected. Alternatively, the AC and DC potentials applied to each pair of rods can
be held constant so that only ions of a given m/z value pass through during the
course of the experiment. This is typically done in tandem mass spectrometry
experiments with the quadrupole used in conjunction with other mass analyzers
such as time-of-flight (TOF) or sector mass analyzers, or other quadrupoles [47].
Several advantages have led to the widespread use of quadrupole mass
analyzers. They are compact, low cost analyzers with a wide dynamic range, and
capable of being operated at relatively high pressures, making them compatible
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with numerous ionization sources. One drawback is that quadrupoles typically
provide only unit mass resolution; though in the case of many hybrid instruments
this limitation isn’t critical as the quadrupole is only used in the first stage of mass
analysis (see the section on hybrid instruments). There have been reports in which
resolution can be improved through multiple passes through the mass filter [48], or
by operating outside of the conventional first stability region [49], however these
approaches are far from common.
An additional drawback is that most quadrupoles traditionally operate up
to a mass range of 2,000-4,000 Th. This is suitable for the analysis of small
molecules, and with the multiple charging afforded by electrospray, even most
peptides and proteins fall within this limit. However, ESI is capable of generating
ions above 20,000 Th [35,50], and many biological species sprayed from
physiological solutions tend to have mass-to-charge ratios above 4000. These ions
consequently fall outside the transmission limit of most quadrupoles. The upper
mass range of a quadrupole is dependent on the applied rf amplitude and frequency
and the distance between the metal rods. This relationship is expressed in Equation
1.1 [51]:
m/zMax =

V
2

7.219ν r0

2

(1.1)

where V is the peak-to-peak amplitude of the rf voltage applied to the rods, ν is the
frequency in MHz, and r0 is the inner radius between the two rods in centimeters.
The mass range can therefore be altered by adjusting any of these three parameters,
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however increasing the rf amplitude can lead to insulation difficulties and
decreasing r0 can reduce transmission and tolerance to misalignment. Most efforts
to extend the mass range of quadrupole analyzers have involved lowering the
frequency of the rf waveform.

Labastie and Doy used a 9000 mass range

quadrupole to study large cluster ions [51], while Smith and co-workers developed
a quadrupole for studying native proteins that extended out to 45,000 m/z [52]. The
extended mass range comes at the expense of resolution, as ions experience fewer rf
cycles as they traverse through the quadrupole.

1.3.2.2 Time of Flight Mass Analyzer
Although the time-of-flight (TOF) mass analyzer was first invented in the
1940’s [53], its widespread use did not arise until the development of pulsed laser
desorption/ionization sources nearly three decades later. In time-of-flight mass
analysis, ions are separated in a field free drift region of known length. Provided all
of the ions enter this region at the same time, with the same initial kinetic energy,
the lightest ions will reach the end of the drift region first. The m/z ratio of an ion
can be determined by the following relationship[54]:
m/z =

2eUt2
s2

(1.2)

where e is the charge of an electron, U is the voltage at which the ions are
accelerated into the field free flight tube, t is the measured flight time, and s is the
length of the drift region. These requirements demand that only a single packet of
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ions be subjected to mass analysis at a given time rather than sampling a continuous
beam of ions. As such, pulsed ionization sources with a definitive starting point for
ion motion were ideal for coupling with time-of-flight.
The MALDI source was particularly well suited for TOF analysis and led
to an instant rebirth of the mass analyzer. Theoretically, TOF mass spectrometers
have an unlimited mass range and are capable of transmitting the large, singly
charged biological molecules that can be generated by MALDI. In addition, TOF
mass spectrometers are inherently fast with regards to the experimental time frame
and the number of spectra that can be acquired in a given length of time. An entire
mass spectrum can be collected in tens of microseconds. Other advantages include
high ion transmission through the flight tube leading to high sensitivity, ease of
construction, potential for miniaturization, and high resolution. This last advantage
can be attributed to a couple of significant improvements in TOF technology since
its coupling to pulsed laser sources.

As mentioned above, TOF analysis is

dependent on ions entering the field free drift region with identical starting points
and times and the same initial kinetic energies. MALDI and other laser desorption
techniques however, generate ions with large spatial and kinetic energy spreads
which causes significant peak broadening. Use of a reflectron or ion mirror can
compensate for the variation in kinetic energy by placing a retarding electric field at
the end of the field free region [55]. Ions penetrate the reflectron region until they
reach zero kinetic energy, at which point they are reflected back into the field free
region. Ions that enter this region with greater kinetic energy therefore penetrate
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deeper into the field than those with lesser energies, and the kinetic energy
distribution can be corrected. Another great improvement in resolution came with
the development of delayed extraction from the ion source [56-58]. This technique
corrected for spatial spread from the source by allowing laser-generated ions to
spread out spatially in a field free region for a variable length of time. Following
this delay, ions are pulsed into the flight tube with an electric field gradient so ions
that have traveled far from the source experience the field to a lesser extent.
Development of the reflectron and delayed extraction has provided TOF analyzers
with resolution above 10,000.
It wasn’t until the development of orthogonal acceleration TOF (oa-TOF)
analyzers that this technique could be coupled with continuous ionization sources
such as electrospray [59,60]. Orthogonal acceleration TOF instruments collimate
the beam of ions normal to the flight tube to prevent the orthogonal spatial
dispersion of the beam. A packet of the ion beam is then pushed off axis into the
TOF analyzer where it is accelerated into the flight tube at a potential of several
kilovolts. Once the ion packet has reached the detector, the orthogonal pusher
region has refilled with ions from the continuous source and a new portion of the
ion beam is sent to the TOF.

1.3.2.3 Hybrid Instruments
Many current instruments are composed of a combination of different
analyzers rather than a single stand alone mass spectrometer. The advantage is that

63
the strengths of various analyzers can be combined to provide new or enhanced
capabilities.

Several types of hybrids have been developed including, but not

limited to, magnetic or electric sectors paired with quadrupoles [61], sector-TOFs
[62], quadrupole ion trap (QIT)-TOFs [63], linear ion trap (LIT)-Forier transform
ion cyclotron resonance (FTICR) instruments [64], quadrupole-LITs [65], and
quadrupole-time-of-flight (Q-TOF) mass spectrometers [66].

Many of these

combinations have become widespread and commercially available owing to their
superior versatility. Independently, some of these analyzers are capable of only a
single stage of mass spectrometry. Jointly however, they offer the advantage of
tandem mass analysis through which additional structural information can be
derived. In tandem mass spectrometry (MS/MS or MSn), ions of a given m/z are
selected, energetically excited, and the resulting dissociation products are subjected
to a second stage of mass analysis. Although dissociation of the molecular ion in
single-stage MS can be accomplished via high laser intensities or harsh source
conditions, without the selective capabilities of a true MS/MS experiment, the
resulting product ion spectrum can often be too complicated to decipher or lead to
misinterpretation.

The sequential stages of tandem mass spectrometry can be

conducted in time, as done in ion trapping instruments such as the FTICR or QIT,
or in space with triple quadrupole and Q-TOF instruments. The Q-TOF mass
spectrometer, while it has numerous applications, has carved out a particularly
important niche in the study of macromolecular protein complexes, and will be
discussed in further detail.
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The concept of the orthogonal ESI-TOF progressed into a hybrid
instrument incorporating a quadrupole as the first analyzer in a tandem mass
spectrometer. The Q-TOF (Figure 1.2) is typically paired with an ESI or nanospray
source, though other ionization sources may also be employed. It also consists of
electrostatic focusing elements in the initial source region of the instrument, a
quadrupole mass analyzer, a gas-filled collision cell, and the time-of-flight tube. In
MS experiments, ions are transmitted from the source through a series of ion
focusing devices and into the TOF mass analyzer. The quadrupole in this instance
functions as an rf-only device, allowing transmission of ions over the full mass
range of the analyzer.

MS/MS experiments are performed by allowing the

quadrupole to selectively pass ions of a specific m/z into the gas-filled collision cell
with kinetic energies great enough to induce dissociation. The TOF is still used for
the final product ion analysis retaining its inherent advantages of speed and
unlimited mass range.
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Figure 1.2 Quadrupole-Time-of-Flight Mass Spectrometer (Waters Q-Tof 2TM
Literature)

The Q-TOF configuration provides a powerful platform for peptide
sequencing, drug discovery, and LC-MS/MS applications [67,68]. An abundance
of information about molecular ion structure has been gained through covalent bond
fragmentation. Recently, this mass spectrometer has also proven particularly adept
in the analysis of biological macromolecules and used to derive structural
information through the disruption of their non-covalent interactions. Both ESITOF and Q-TOF mass spectrometers have found extensive application in the
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analysis of non-covalent protein complexes, owing largely to the unlimited mass
range of TOFs [69]. While the Q-TOF offers the advantage of MS/MS capabilities,
the front end quadrupole, as stated above, does have an upper mass limit. As such,
instruments employed in this field of research have used low radio frequency
quadrupoles to select ions out to 32,000 Th [70,71]. This has allowed MS/MS of
ions well into the MDa size regime [72]. Such adjustments are becoming more
commonplace, and are no longer restricted to laboratories willing to build and
develop their own instrumentation. In fact, multiple commercial Q-TOF mass
spectrometers are now available with an extended mass range option [70,73].
Additional adjustments in Q-TOF mass spectrometers have also been made
to improve the analysis of macromolecular structures. As ions are electrosprayed
from the atmospheric environment into vacuum, they expand adiabatically and are
focused into a molecular beam by the electrostatic lenses in the source. Although
the source lenses work to limit their off-axis motion, ions with high m/z ratios are
less influenced by the electric field and subject to greater scattering. Focusing of
the high m/z species can be aided through low energy collisions with inert gas
molecules.

Increases in source pressure have been shown to increase ion

transmission by dampening both the axial and radial motion of ions through the
instrument. This phenomenon of “collisional cooling” has been implemented in QTOFs and other mass spectrometers by throttling rotary pumps, adding extra gas
inlets, and restricting gas flow via conductance limiting sleeves [70,71,74]. For the
analysis of high m/z ions, the source region and quadrupole chamber of most Q-
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TOFs are operated in the range of 10-2 torr and 10-4 torr, respectively, an order of
magnitude higher than the base operating pressures.

1.3.3 Ion Activation Techniques
The propensity of soft ionization techniques to yield molecular ions with
little fragmentation has made tandem mass spectrometry an essential part of the
structural elucidation process. As mentioned above, while it is possible to cause
metastable dissociation of ions through the addition of excess internal energy during
the ionization step, the structural detail available is limited. Consequently, the
methods of activation described in this section shall refer to those commonly
employed in tandem mass spectrometry, and presumed to occur after the selection
of a precursor ion unless otherwise stated. Several methods exist for exciting the
molecular species, the fragmentation of which is highly dependent upon the nature
of the activation method itself. Activation of molecular ions has been accomplished
through collisions with gases and surfaces, absorption of photons, transfer of
electrons, and radiative heating.

These methods vary from single collision to

multiple collision, low eV to keV energy regimes, picoseconds to several seconds in
time frame, and even possibly from stoichastic to non-ergodic (i.e. vibrational
redistribution of internal energy vs. direct bond scission). Thus, in order to realize
the full capacity of each method and derive the optimum amount of information
from MS/MS experiments, the fundamental aspects of each activation technique
must be understood.
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1.3.3.1 Collision-Induced Dissociation
The most commonly used ion activation technique in tandem mass
spectrometry is collision-induced dissociation (CID), also known as collisionally
activatied dissociation (CAD). In CID the molecular ion, AB+ is allowed to collide
with neutral molecule, N, resulting in subsequent dissociation of the molecular ion
according to Equation 1.3.
AB+ + N Î AB+* + N Î A+ + B + N

(1.3)

Upon collision, some of the molecular ion’s translational energy is transferred into
the ion’s internal energy modes creating the excited molecular ion, AB+*.
Dissociation of the excited species proceeds through a unimolecular decay process
in which the excess energy equilibrates over all of the ion’s available quantum
states, as the timescale for energy redistribution is rapid compared to the timescale
for bond dissociation. Once the internal energy is redistributed throughout the
vibrational modes of the ion, if there is enough energy to exceed the threshold for
dissociation, the ion will fragment. Observation of fragment ions is dependent on
the rate of the dissociation reaction and the timescale of the mass spectrometer.
Excess energy above the activation barrier is therefore added such that
fragmentation can be observed on the timescale of the mass spectrometer, a
phenomenon known as the kinetic shift.
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The maximum amount of energy available for transfer into internal
energy modes is defined in terms of the center-of-mass collision energy, ECOM in
Equation 1.4.

ECOM

=

MN
MAB + MN

ELAB

(1.4)

where ELAB is the laboratory collision energy and MAB and MN are the masses of the
ion and neutral, respectively. This relationship becomes especially important in the
activation of large biological molecules, as the efficiency of energy transfer
decreases with increasing size of the molecular ion, rendering individual collisions
less effective. Indeed, early CID studies of high mass ions were hindered by an
upper mass limit of approximately 3,000 Da for which fragmentation of a molecular
ion could be achieved [75-77]. This was especially the case for singly charged ions,
but was eventually overcome by the increased use of multiple collisions in CID and
the ease of fragmenting multiply charged ESI-generated proteins[78].
As the most widely employed activation technique, CID has been
implemented in every type of mass spectrometer and is available in most
commercial instruments. Ion activation by CID is affected by both the nature of the
collision gas and the gas pressure inside the trap or collision cell. According to
Equation 1.4, ECOM increases with increasing mass of the reagent gas.

Thus

collision yield can be enhanced through the use of Ar or Xe as opposed to He gas,
though all three are commonly employed in CID experiments. The gas pressure
affects the collision frequency with ions experiencing a greater number of collisions
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at higher pressures. Multiple collision-CID is carried out at low energies (1-200
eV), and is most commonly implemented in quads, trapping instruments, and
hybrids such as Q-TOFs. Activation in low energy CID occurs in a stepwise
fashion with the precursor ion gradually increasing in internal energy with each
subsequent collision. Low energy CID is thus often referred to as a slow heating
method of ion activation and generally favors low energy dissociation pathways
such as ion rearrangement. High energy (keV), single-collision CID on the other
hand, is performed in TOF/TOF and sector instruments.

Here, high energy

pathways such as direct bond cleavage are more accessible. Consequently, both
methods can be advantageous in that they can provide different fragmentation
products offering complementary structural data.

1.3.3.2 Surface-Induced Dissociation
Surface-induced dissociation (SID) is analogous to CID except that the
collision target is a surface rather than a gas molecule. The incorporation of a
surface into a mass spectrometer was pioneered in the laboratory of R. Graham
Cooks in the mid-1970’s and 1980’s [79-81].

Ion/surface collisions in the

hyperthermal energy regime (1-100 eV) provide enough energy to disrupt chemical
bonding interactions and probe the structural composition of both the projectile ion
and the surface target. In addition to ion activation, several other ion/surface
phenomena are observed in this regime and depicted in Figure 1.3 – atom or
functional group transfer, charge transfer and neutralization, “soft landing” of the
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ion onto the surface, or chemical sputtering of the surface itself [82,83]. These
processes have been useful for characterizing surfaces by mass spectrometry,
chemically tailoring surfaces, and studying fundamental ion/surface reactions. The
most widespread application of ion/surface collisions in biological mass
spectrometry, however, has been its use as an ion activation method for determining
projectile ion structure.
SID presents several advantages for ion activation, including no added
gas load on instruments for which high vacuum requirements are essential for
optimum performance, controllable, narrow deposition of energy into the projectile
ion, and activation in a single collision event rather than the “slow heating” of ions
provided by CID. One of the major motivations for the development of SID was
the idea that a massive collision partner (MN in Equation 1.4) could offer efficient
translational to vibrational (TÎV) energy transfer. The center-of-mass collision
energy in a CID experiment is limited by the mass of the collision gas employed. In
SID, ECOM approaches the laboratory collision energy if one assumes the surface to
be an infinitely large collision partner with respect to the incident ion. In this case,
the center-of-mass energy would be independent of the mass of the projectile ion.
There is debate about the effective mass of the surface, however, and there are
instances where the mass of the terminal groups on the surface influence the amount
of energy transfer [84,85]. Nonetheless, the use of a massive surface target should
provide greater energy transfer.
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As the development of SID coincided chronologically with advances in
sample ionization for biological molecules, the benefit of SID for fragmenting
peptides and small proteins was realized [86,87]. Although multiple-collision CID
is now routinely used for the fragmentation of these ions as well, especially
multiply-charged ESI-generated species, SID has been influential in the study of
peptide fragmentation and the advancement of proteomic technologies[88].

Figure 1.3 Pictoral representation of the various processes that occur during lowenergy collisions of ions with surfaces (Reproduced with permission from [83])
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1.4 Protein Mass Spectrometry
The advances in mass spectrometry that allowed the ionization and
characterization of biological molecules coincided with the first fully sequenced
genomes of free-living organisms [89]. The subsequent exponential growth in
genome sequencing, combined with improvements in computing capacity, spurred
the advent of mass spectrometry as the foremost proteomics technology. The first
determinations of a protein’s primary sequence by mass spectrometry were realized
over 25 years ago [90-92]. Two and half decades later, mass spectrometry is used
to identify and quantify proteins worldwide. Briefly, most proteomic approaches
entail the proteolytic digestion of intact proteins followed by LC-MS/MS analysis
of the resulting peptides. The peptides are fragmented within the mass spectrometer
and identified from their tandem MS spectra by searching protein databases
extracted from genomic data. Using this approach, proteins can be identified in a
high-throughput manner, from complex mixtures, even if they have extensive posttranslational modifications (PTMs) to their primary sequence. Because proteins,
unlike the static genome, are subject to change qualitatively in terms of PTMs, and
quantitatively in terms of expression level, mass spectrometric studies have evolved
to include approaches for studying the ever-changing proteome. Using certain
activation methods, such as electron capture dissociation (ECD) and electron
transfer dissociation (ETD), for example, the type, number, and location of PTMs
can even be uncovered.

Mass spectrometry’s pivotal role in the field of

proteomics has in turn driven the fundamental understanding of biological structure
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in the gas-phase [93], mechanisms of peptide fragmentation [94], and development
of novel bioinformatic approaches[95].
Mass spectrometry however, is not limited solely to studies of primary
structure. It has infiltrated protein structural studies at all levels of organization,
from single amino acids to multi-subunit assemblies. A large number of companion
technologies have been used in conjunction with mass spectrometry to provide
additional insight into higher order protein structure and dynamics. A few of the
more prominent techniques include hydrogen/deuterium (H/D) exchange, limited
proteolysis, chemical cross-linking, and affinity purification. H/D exchange and
limited proteolysis, for example, can probe the solvent accessible sites within a
protein, and using MS on the detection end, can provide snapshots of secondary and
tertiary conformation [96]. The time-resolved nature of these strategies has made
them powerful approaches for observing biological processes such as protein
folding in real time, especially in the case of H/D exchange, which can probe
structural changes on the millisecond timescale.

Chemical cross-linking and

affinity purification have both been used to define protein binding partners as well
as potential interaction sites [97].
The ability to elucidate protein quaternary structure is particularly
important. As stated at the beginning of this chapter, the reality is that the vast
majority of life’s processes are not carried out by individual proteins, but by protein
interaction networks and macromolecular assemblies of proteins, oligonucleotides,
carbohydrates, and other cellular components. While the combinatorial approaches
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mentioned above have been used to tackle protein-protein interactions, most of
these methods are employed in solution, but disrupt the complex prior to mass
analysis.

Thus, while each can probe aspects of quaternary structure, only

individual proteins can be measured in the gas-phase.

The preservation of

biological macromolecules within the mass spectrometer, however, has significant
advantages. Only in the last decade or so has the potential for mass spectrometry to
contribute in this way become apparent.

1.4.1 Macromolecular Protein Complexes
At first, mass spectrometry might seem an odd choice for the study of
higher order protein structure. After all, life is carried out in solution, while the
environment within the mass spectrometer has a dielectric constant of one. This has
often generated skepticism, even from within the MS community, as to what degree
studies of protein structure performed in vacuo are relevant to biology.
Electrosprayed ions, however, having been transferred directly from solution into
the gas-phase, has shown clear correlations to solution-phase structure.
Traditional ESI is typically conducted with a high percentage of organic
solvent at low pH (for positive ions) to facilitate stable spray current and droplet
desolvation. Early studies revealed significant differences in the charge states of
proteins when sprayed from acidic and organic solvents versus those generated
from aqueous, neutral environments [98]. Physiological solutions produce more
compact or folded proteins, and therefore carry fewer charges than those denatured
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in solvents that are insensitive to protein structure. This provides evidence that the
gas-phase protein ions retain some “memory” of the solution from which they were
generated. This was only confirmed by reports that specific biological interactions,
such as those between myolglobin and its non-covalenly bound heme group, and
enzyme substrate complexes could be retained within the mass spectrometer [99101]. These early studies demonstrated the potential for mass spectrometry to
contribute a great deal to the field of structural biology and ushered in a new subfield of “native” mass spectrometry [102].

1.4.1.1 Preservation and Transmission of Protein Complexes
There are now a large number of reports in which proteins have been
studied in association with ligands, carbohydrates, nucleic acids, and other proteins
within the mass spectrometer.

Large assemblies consisting of hundreds of

individual components and a large degree of heterogeneity have been transmitted
and analyzed in the gas-phase [35,72,103]. A wealth of structural and dynamic
information that is difficult or impossible to obtain by alternative means can be
gleaned from mass spectrometry experiments that are rapidly becoming routine.
Preservation of multimeric protein assemblies begins with solvent
conditions that favor native structure in solution. Typically, proteins are sprayed
from physiological conditions – aqueous buffers and near neutral pH. The most
commonly used buffers are ammonium acetate or ammonium bicarbonate based, as
they are volatile enough for the majority of the solvent to evaporate during the
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electrospray process. In some cases, metal ions or cofactors can be added to the
buffer if they are known to help stabilize the protein complex [104,105]. During
the ionization process, it is important that the labile, noncovalent interactions
responsible for holding proteins together be maintained. This requires the use of
gentle conditions in the source region of the mass spectrometer. Harsh voltages and
temperatures can lead to dissociation of protein subunits.

At the same time

however, harsh source conditions can be advantageous. Proteins sprayed from
physiological solutions tend to retain solvent molecules within their folds and
crevasses and between subunits. While this may help to maintain a “native-like”
structure, it also causes considerable peak broadening and large mass error.
Molecular weight measurements of intact protein complexes tend to be slightly
heavy with a mass error as great as 1%. Though still more accurate than other
methods for such large and often heterogeneous assemblies, peak broadening can
cause difficulties in charge state assignment, complicating interpretation. The most
accurate mass measurements are obtained when the majority of the solvent
molecules can be stripped off of the protein, usually by raising the voltages in the
source region. Consequently, ion generation often necessitates a balance between
preserving the intact assembly and knocking off detrimental solvent molecules.
Once generated, these ions must be efficiently transmitted through the
mass spectrometer for detection. This is no small task considering some assemblies
have m/z ratios well above 10,000 Th and thus have presented new challenges to
conventional methods of analyzing ions. This has largely been overcome through
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increased pressure throughout the mass spectrometer, but especially in the initial
regions of the instrument.

Transmission of ions through multipole focusing

elements commonly employed in mass spectrometers has been observed to vary
drastically with pressure [106,107]. This is attributed to a collisional dampening or
focusing of ions that undergo an increased number of low energy collisions at
higher gas pressures. Collisional cooling results in a decrease of ion motion in both
the radial and axial directions, preventing off-axis dispersion of the ion beam.
While the electrostatic fields of multipole devices can sufficiently focus ions of low
m/z ratio in the absence of any collisional cooling, it is imperative for the
transmission of large ions. Pressure control is typically regulated by closing off the
vacuum line from a mechanical pump in the source region [70], or permanently
operating at high pressure by employing a conductance limiting sleeve around the
entrance to the multipole [74]. In ESI-TOF and Q-TOF instruments, pressure in the
first differentially pumped stage of the instrument (RF multipole in Figure 1.5
adopted from Benesch et al. [108]) typically ranges from approximately 10-4 torr
(low) to 10-2 torr (high).

Pressure in the collision cell of the Q-TOF can be

regulated by the amount of collision gas leaked into the instrument.
Collisional cooling can also have a severe effect on the detection of ions
at the end of the TOF tube. If ions enter the orthogonally pulsed TOF region with
too much energy in the axial direction (perpendicular to the TOF tube), they can
overshoot the MCP detector. If they enter with too little energy (due to too much
collision cooling) they can undershoot the detector. Even upon hitting the MCP,
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high mass ions arrive with lower velocities making less impact on the detector and
creating yet another source of mass bias. Ion transmission throughout a Q-TOF
mass spectrometer is summarized in Figure 1.4A.

Figure 1.4B, shows ion

transmission along the axis of a multipole focusing device as a function of
collisional cooling pressure, demonstrating the benefit of operating these regions at
higher pressure. At the highest pressure (93.3 μbar, blue) the ions are most tightly
focused in the radial dimension (y-axis). Figure 1.4C demonstrates the shift of the
ion beam along the MCP detector as a function of pressure, indicating that ion loss
in this region is also affected by the degree of collisional focusing. While some
inherent challenges remain in universally transmitting and detecting ions over a
wide m/z range with equal abundance, enough obstacles have been surmounted to
permit the successful analysis of large protein assemblies.
A single stage of MS can be used to obtain accurate molecular weights of
protein assemblies.

This in itself can be a powerful tool for determining

stoichiometry of subunits or binding ratios between a protein and ligand.
Complexes that cannot be analyzed by traditional biophysical methods such as
crystallography and NMR due to insufficient quantity or lack of homogeneity can
be easily characterized by MS. Perhaps the most powerful application of onedimensional mass spectrometry is the observation of time-dependent biological
events. Robinson and co-workers have followed the assembly of the MtGimC
complex from its individual subunits [109], and measured the kinetics of subunit
exchange between two small heat shock protein dodecamers [110]. The most
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striking use of mass spectrometry to monitor multimeric protein dynamics might be
the chaperone-assisted protein folding observed by Heck and co-workers [111]. In
this case, the folding of bacteriophage capsid gp23 by the GroEL-gp31 chaperone
was followed by diluting the urea-denatured gp23 into buffer containing the
chaperone. Folding intermediates and a folded, hexameric gp23 were observed
under appropriate conditions, demonstrating the power of this methodology.

Figure 1.4 (A) Ions traverse a Q-TOF mass spectrometer from source to detector.
(B) Effect of pressure on collisional focusing of the ion beam in an rf-only
multipole. (C) Position along the MCP detector axis of ions pulsed down the TOF
after various extents of collisional focusing. Ions that enter the TOF region with too
much kinetic energy (i.e. experience too few collisions) overshoot the MCP
detector, while ions that enter with too little kinetic energy (ions experiencing too
many collisions) undershoot the MCP. Reproduced with permission from [108].
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1.4.1.2 Activation and Dissociation
While one-dimensional MS experiments divulge valuable stoichiometric
information, tandem MS holds the potential to probe the sub-oligomeric
architecture of protein complexes. Tandem mass spectrometry can provide insight
into the bonding interactions of ions by piecing together the fragments that result
from the activation and dissociation process.

By dissociating intact protein

complexes within the mass spectrometer, it is conceivable that additional structural
insight into the architecture of subunits within a protein assembly could be
obtained. The ability to piece protein complexes together in such a way may
transform mass spectrometry from a complementary biophysical method into a
powerful structural biology technique of its own.
Curiously,

the

collision-induced

dissociation

of

protein-protein

complexes has resulted in a fascinating phenomenon in which a single subunit is
ejected from the complex, taking with it a large percentage of charge from the
original precursor ion. An example of this is shown in the lower panel of Figure
1.5, where 200 kDa dodecamers of HSP Ta16.9, centered about the 33+ charge
state, fragment to yield monomer and undecamer product ions [112]. In this case,
the monomeric subunit, despite accounting for only 1/12 of the mass of the overall
complex, takes away nearly half of the charge.

Thermal dissociation of this

complex in solution however, results in formation of monomers and dimers (with
dimers proposed to be the biologically active form toward which equilibrium is
shifted upon thermal activation) and also tetradecamers. In addition, the crystal
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structure of this complex reveals that it exists as two stacked rings with six subunits
per ring [113].

Consequently, the asymmetric gas-phase dissociation reflects

neither the equilibrium products observed in solution nor the substructural
arrangement of subunits within the complex. Perhaps even more intriguing is the
fact that this ejection of a highly charged monomer appears to occur regardless of
the size, subunit number, or composition of a protein complex. In addition, this
process can occur repeatedly, with successive monomers being ejected one at a time
as the internal energy of the ion increases.

Figure 1.5 Solution-phase thermal dissociation (top) and gas-phase dissociation
(bottom) of HSP Ta16.9 dodecamers. Gas-phase dissociation results in the ejection
of a single, highly-charged monomer. Reproduced with permission from [112].
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Evidence now exists that attributes this process to the unfolding of a
single subunit with the complex, and an accompanying proton transfer as the
surface area of the unfolded subunit increases [114-116]. While the dissociation of
protein complexes results in charge partitioning that is quite asymmetric in terms of
the mass of the two fragment populations, it has been observed that it is relatively
symmetric in terms of surface area [117].
In some ways, this dissociation pattern limits the type of structural
information that can be extracted from tandem MS experiments. As this ejection of
a highly charged monomer is nearly ubiquitous, tandem MS experiments reveal
little about the sub-oligomeric structure and binding interactions of the individual
subunits.

This is not to say however, that MS/MS experiments can’t further

elucidate aspects of protein structure. Subunits ejected during MS/MS experiments
tend to lie on the periphery of the assembly, allowing some topographical
information about the exterior subunits to be obtained [118].

The gas-phase

dissociation of protein-protein complexes has also proven useful in distinguishing
between different oligomeric sub-populations of polydisperse assemblies [103]. To
date, most tandem MS studies of protein complexes have been conducted using
multiple-collision CID. One way to expand the role of mass spectrometry as a
structural biology technique may be through the activation of protein ions by
alternative means. Studies of small molecules, peptides, carbohydrates, and other
molecules have all benefited from the use of alternative activation methods. Some
of these methods may offer access to dissociation pathways that can provide
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complementary, or even more biologically relevant, insight into the structure of
protein complexes, but have yet to be fully explored.
The potential exists for mass spectrometry to revolutionize the field of
structural biology, much in the way it has become a keystone for proteomics. In
order to fully realize this potential, there must be a thorough understanding of the
factors that govern both the preservation and dissociation of protein assemblies.
Particularly, the possibility that alternative dissociation channels may exist, and
elucidate additional aspects of subunit architecture, must be explored.
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CHAPTER TWO
EXPERIMENTAL METHODS AND INSTRUMENTATION

This chapter describes the general methods and instrumentation used for
the experiments presented throughout this dissertation. Included here are sample
preparation procedures, ionization techniques, and strategies for analyzing proteins
from physiological buffers by mass spectrometry. In addition, detailed descriptions
are given for a commercial quadrupole time-of-flight mass analyzer, and
optimization of an in-house surface-induced dissociation apparatus is described.

2.1 Materials
Proteins. Equine heart cytochrome c, bovine serum albumin, bovine insulin,
human transthyretin (Prealbumin), human hemoglobin, concanavalin A from jack
bean, and recombinant chaperonin 60 (GroEL) expressed in E.coli were purchased
as lyophilized powders from Sigma-Aldrich Co. (St. Louis, MO). Samples of
hemoglobin prepared from fresh hemolysate of a healthy adult male were also used
where indicated.

Samples of chaperonin 60 were also provided by Dr. Mike

Salvucci at the United States Department of Agriculture Arid-Land Agricultural
Research Center along with ribulose-1,5-biphosphate carboxylase/oxygenase
(rubisco). Recombinant human C-reactive protein, expressed in E.Coli and serum
amyloid P component from human serum were purchased from EMD Chemicals,
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Calbiochem product brand (Gibbstown, NJ).

Small heat shock proteins were

prepared by the research group of Dr. Elizabeth Vierling according to previously
reported literature methods [119,120].
Reagents and Supplies.

Glu-Fibrinopeptide B, apomyoglobin, and

bovine trypsinogen, and cesium iodide were purchased from Sigma-Aldrich Co. and
used as calibration standards. Leucine enkephalin, acetic acid, sodium hydroxide,
methanol, and acetonitrile were purchased from Sigma-Aldrich Co. and used
without further purification. Ammonium acetate and ammonium bicarbonate were
purchased from Spectrum Chemicals & Laboratory Products (Gardena, CA).
Borosilicate capillaries measuring approximately 1.0 mm O.D. x 0.78 mm I.D. were
purchased from Harvard Apparatus Ltd. (Edenbridge, UK) and Corning, Inc. (Pyrex
Laboratory Glassware, Corning, NY).
Surfaces. Gold surface were purchased from Evaporated Metal Films
(Ithica, NY). Hexadecanethiol was purchased from Sigma-Aldrich Co. and 2(perfluoroctyl)-ethanethiol was synthesized in the Chemical Synthesis Facility at
the University of Arizona.

Diamond surfaces were purchased from Applied

Diamond, Inc. (Wilmington, DE).

2.2 Protein Sample Cleanup and Preparation
For native mass spectrometry analysis, commercially available protein
samples purchased as lyophilized powders were dissolved directly into 200 mM
ammonium acetate buffer, pH 7.0 unless otherwise stated. Proteins analyzed at pH
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8.0 were dissolved into 200 mM ammonium bicarbonate. Recombinant protein
samples provided by collaborators were buffer exchanged from their native storage
buffers into 200 mM ammonium acetate with Micro-Biospin centrifuge columns
(Bio-Rad, Hercules, CA) 1-2 times depending on sample purity.

Protein

concentrations were measured by UV-visible absorption on a Thermo Scientific
NanoDrop 1000 spectrophotometer as necessary. Unless previously reported, molar
absorption coefficients for proteins were estimated using the following equation
based on the results of Pace et al. for predicting such values at 280 nm [121]:
ε(280)(M-1 cm-1) = (5,500)(#Trp) + (1,490)(#Tyr) + (125)(#Cys)

(2.1)

Sample concentration was performed with Microcon centrifugal filters (Millipore,
Billerica, MA) if necessary.

2.3 Limited Proteolysis of AtHsp18.5
A 1ug/uL stock solution of trypsin was prepared by dissolving 25ug of
trypsin in a 1mM HCl solution. AtHsp18.5, was incubated with trypsin in a 400:1
ratio, protein:trypsin in 25 mM sodium phosphate buffer, pH 7, with and without
150 mM KCl. The digestion was heated to 37oC and allowed to proceed for 1, 2, 4,
8, or 24 hours before stopping the reaction by freezing the solutions at -80oC. For
analysis, samples were thawed, but kept on ice, and immediately analyzed by
HPLC-MS or buffer exchanged into 200 mM ammonium acetate using ice cooled
Bio-Spin size exclusion columns for nanoESI-MS analysis, as described in the
Instrumentation section of this chapter.
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2.4 Sample Ionization for Native Mass Spectrometry
2.4.1 NanoESI Ionization Source
As discussed in chapter one, the ionization of proteins from physiological
conditions often benefits from, if not necessitates, the use of nanoESI.
Consequently, a nanospray source was built, tested and optimized for the ionization
of proteins and protein complexes. The design was based on a previous source
reported by Zhang and employed a platinum wire inserted into the back end of a
glass capillary for conductivity (Figure 2.1) [122]. The glass capillaries were
pulled using a P-97 micro-pipette puller (Sutter Instrument Co. Novato, CA) to a
final tip diameter of a few micrometers. An x-y-z manipulator was used to adjust
the position of the nanoESI emitter relative to the front of the Q-TOF entrance
orifice (sample cone), maintaining the original Z-spray design of the ESI source.
As the initial droplet generated by nanoESI is only a couple of microns in diameter,
pneumatic assistance and source heating used in conventional ESI was often
unnecessary with this source.
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Figure 2.1 A picture of the nanoESI source used for native protein mass
spectrometry
2.4.2 NanoESI Emitter Capillary Tips
Typically, 1-10 μL of sample was loaded into the back of the capillary
prior to use. The tip of the glass capillary is clipped with a pair of electron
microscopy tweezers (Electron Microscopy Sciences, Hatfield, PA) to ensure
solvent can flow through. Figure 2.2 shows two pulled glass capillaries filled with
solvent. The tip in the top panel (a) contains an air bubble in the solvent as well as
air at the end of the emitter. Air in either position, or particulate present in the tip,
can prevent stable ion current. An incompletely filled tip is often rectified shortly
after loading the solution via capillary action or upon clipping the end of the tip,
and can sometimes be overcome even if it is still present when voltage is applied to
the solution. Bubbles within the tip can often be removed through the inherent
buoyancy of air by holding the capillary tip-down and lightly tapping the side of the
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capillary tube. Figure 2.2b shows a properly filled capillary tip that is far more
likely to provide stable ion current and successful nanospray signal.

Figure 2.2 Picture of glass capillaries filled with solution for nanoESI. (a) A
capillary filled with air bubbles that may prohibit stable ion current, and (b) a
properly filled glass capillary.

2.5 Instrumentation
2.5.1 Peptide and Protein Analysis by HPLC-MS
All molecular weight measurements of enzymatic protein digest products
and intact, denatured proteins were conducted by reverse phase-HPLC-MS.
Peptides were separated on a polymer Styros 2R/MB column (OraChrome Inc.,
Woburn, MA) and proteins on a 5μm C4 column (MicroTech Scientific, Vista, CA)
with a Shimadzu VP Series HPLC controller (SCL-10A) and pumps (LC-10AD).
Typical HPLC solvents consisted of 99.95:0.05% H2O:trifluoroacetic acid as
solvent A and 99.95:0.05% ACN:trifluoroacetic acid for solvent B. The HPLC
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setup also included an inline peptide/protein trap (Michrome BioResources,
Auburn, CA) prior to column separation to retain peptides/proteins and wash away
buffer salts.
For each HPLC separation, 100-200 pmol of peptide/protein was injected
into a 6 port Rheodyne injector valve (Rohnert Park, CA) without any prior
purification. Peptide/protein samples were washed through to the trap over the
course of 2-3 minutes using 95% solvent A, 5% solvent B. After the trapping
period, a second Rheodyne valve was used to reverse solvent flow and direct
samples onto the reverse phase column. Typical peptide HPLC gradients consisted
of 2 ramping steps; a 4-8 minute ramp from 5% to 65% solvent B, followed by a 12 minute ramp to 90% solvent B before returning to the initial starting conditions at
the end of the run. Protein separations typically involved a 1-2 minute ramp to 35%
solvent B, a 4-8 minute ramp to 65% solvent B, followed by a 1-2 minute ramp to
90% B. The HPLC conditions were optimized for each individual sample.
After separation, samples eluting from the HPLC column were delivered
to a Q-Tof microTM mass spectrometer (Waters Corp., Milford, MA) and ionized
via conventional microflow electrospray. ESI-MS parameters were set as follows:
ESI capillary voltage = 3000 V, sample cone = 35 V for peptides, 40 V for proteins,
extractor = 0-2 V, collision energy = 5-10 V, desolvation gas flow rate = 400 L/min,
cone gas flow rate = 100 L/min. Instrument vacuum was maintained at base
operating pressures. Data processing was performed by smoothing spectra 3 times
with a 3 channel wide mean smoothing function.

Peptides and proteins were
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identified by mass mapping of the measured molecular weights with theoretical
values. Charge state distributions of intact proteins were deconvoluted with the
Maximum Entropy package of the MassLynxTM software system using a resolution
of 1 Da/channel, a uniform Gaussian width at half height of 0.5 Da, and minimum
intensity ratios of 33%.

2.5.2 Q-TOF Settings for the Analysis of Non-Covalent Protein Complexes
A Q-Tof 2TM instrument (Waters Corp.) was used for all native protein
mass spectrometry experiments described throughout this thesis. As mentioned
previously, a benchtop version of this instrument, a Q-Tof microTM (Waters Corp.),
was used for some of the denaturing ESI-MS analyses of proteins, and for the
limited proteolysis experiments described in Chapter Four. Both instruments are
controlled by the MassLynxTM software system for Microsoft Windows operating
systems.
Proteins were introduced into the gas-phase through the nanoESI source
described above by applying a DC potential of 1.5-2kV to the protein solution
within the nanospray emitter capillary. The sample cone and extractor voltages
were maintained at settings to preserve the intact molecular ions unless otherwise
stated. Cone voltages of 30-40 volts were employed for peptide analysis, 40-50
volts for proteins, and 50-200 volts for protein complexes, depending on the degree
of solvation. The extractor cone was typically held at 0-2 volts. Solvent ions and
molecules were found to be removed most efficiently at sample cone voltages
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above 150 V, and the extractor was occasionally raised to between 10-100 V to
facilitate desolvation.

For MS analysis, the source hexapole, quadrupole and

collision cell were used for ion transmission with m/z separation of the ions
occurring in the TOF tube. For CID experiments, ions with a given m/z ratio were
selected with the quadrupole mass analyzer, fragmented through multiple low
energy collisions with argon gas in the collision cell, and the product ions were
analyzed in the TOF. SID experiments were performed in an analogous manner but
replacing the gaseous collision target with a surface, as described below. Typical
smoothing conditions consisted of a 15 channel wide mean smoothing function,
performed 15 times.
As the instrument tuning and operation for the analysis of high m/z ions
is somewhat different from conventional settings, the basic description of Q-TOF
operation outlined in the introductory chapter will be elaborated upon here as it
pertains to the study of protein complexes. As mentioned previously, the pressures
employed in the source region and analyzer chamber are critical for the efficient
transmission of high m/z ions. In addition, a number of electrostatic voltages also
play a key role. The sample cone voltage in the Q-Tof 2TM instrument typically has
a significant effect, necessitating higher voltages for higher m/z ions. For example,
optimum signal for protein assemblies is often achieved with the cone voltage set
between 150-200 volts DC, whereas most small peptides would fragment at values
higher than 50 V. The DC offset on the transport hexapole (Transport) and the
differential pumping aperture (Aperature 2) prior to the TOF region are also
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optimized for sensitivity rather than resolution, as the former is more often a
limiting factor in the analysis while the latter is more sample dependent (i.e. limited
by the number of solvent ions retained by a given protein complex) than
instrumentally constrained. The Q-Tof 2TM User’s Manual provides a list of typical
settings for each focusing element in the instrument; however the voltage, pressure,
and source conditions that differ considerably from these conventional settings are
summarized in Table 2.1 along with accompanying schematics of the Q-TOF lens
system in Figure 2.3.

Parameter
ESI Capillary Voltage
Sample Cone
Extractor
Source Temp.
Desolvation Temp.
Transport
Aperture 2
Source Hexapole
Pressure
Analyzer Pressure

Tune Settings for
Protein Complexes
1.5-2.0 kV (NanoESI)
150-200 V
0-2 V
20oC
20oC
20.0 V
20.0 V
-3
3.0x10 -1.0x10-2mbar

Conventional Tune Settings
for Peptide/Protein Analysis
2.5-3.5 kV (Conventional
ESI)
30-50 V
0-2 V
80oC
150oC
7.0 V
4.8 V
1.0x10-3mbar

1.0x10-4-6.0x10-4mbar

3.0x10-4mbar

Table 2.1 Typical Q-TOF 2TM tune settings for transmitting non-covalent protein
complexes
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Figure 2.3 Schematics of the Q-Tof 2TM lens train and voltage settings
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2.5.2.1 Implementation and Linearization of an Extended Mass Range Quadrupole
It is not uncommon for protein complexes with masses in the hundreds of
kDa or higher to have m/z ratios that exceed ten- or twenty-thousand, despite the
multiply charging nature of the electrospray process. In order to perform tandem
mass spectrometry experiments on complexes of this size in a Q-Tof 2TM, the mass
range of the quadrupole was extended, allowing precursor ion selection for ions up
to 32,000 m/z. To accomplish this, an rf-generator that operates at a frequency of
300 kHz was installed courtesy of Waters Corp. in place of the original 8K
generator (~600 kHz) along with an appropriate printed circuit board (PCB) for
quadrupole control.

The quadrupole was linearized using CsI clusters as a

calibration standard to provide peaks over a wide mass range. CsI salts are known
to form high mass clusters with the general formula (CsI)nCs+, along with more
highly charged species [70,123,124], though forming and transmitting these cluster
ions over a wide mass range is highly dependent on source dynamics, vacuum
pressure, and the rf transmission profile of the quadrupole. In addition to setting the
sample cone voltage and instrument pressure as indicated in Table 2.1, the
quadrupole was biased to enhance transmission of high m/z ions. In MS-mode, the
quadrupole is operated in rf-only mode (no resolving DC voltage is applied), acting
as a wide band pass filter. When acquiring data over a wide mass range, it is
necessary to scan the quadrupole rf amplitude during the acquisition scan, as the
quadrupole transmission gradually decays at higher masses. The quadrupole can be
biased to preferentially transmit one m/z region more efficiently by setting the rf
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amplitude to “dwell” on that region for long portions of the scan, though this comes
at the expense of ion transmission outside this mass range.

For quadrupole

linearization, this was done to enhance the high m/z CsI clusters. The quadrupole rf
settings and resulting CsI spectrum are shown in Figure 2.4 with ions above m/z
16,000 being successfully transmitted.

Figure 2.4 Sample CsI spectrum used for linearization of the 32K mass range
quadrupole.

The quadrupole linearization was accomplished by observing each of the
theoretical CsI cluster ions at the photomultiplier detector (located after the

98
quadrupole analyzer chamber, before the TOF region – see Fig. 2.3). A list of the
theoretical m/z values for the (CsI)nCs+ cluster ions is given in Table 2.2 according
to the value of “n” in the general formula. Ion intensity for (CsI)nCs+ clusters
decreases rapidly with increasing values of n [125], only allowing clusters as large
as n ~ 23 (m/z 6108.5) to be detected at the photomultiplier for sensitivity reasons.
As shown in Figure 2.5, the MassLynx tune page can be set so that the quadrupole
will pass up to four m/z values in a given scan, allowing the cluster ions at each m/z
to be monitored at the photomultiplier. The mass accuracy and resolution of the
quadrupole can then be adjusted through a series of five interrelated variable
resistors on the 32K quadrupole PCB. Linearization of the 32K quadrupole was
performed using a few low m/z CsI cluster peaks as shown in Figure 2.5. The
linearization was tested over the entire mass range by examining higher m/z ions at
the MCP detector after quadrupole selection.
N
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14

m/z
132.905
392.715
652.525
912.335
1172.145
1431.955
1691.765
1951.575
2211.385
2471.195
2731.005
2990.814
3250.624
3510.434
3770.244

N
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

m/z
4030.054
4289.864
4549.674
4809.484
5069.294
5329.104
5588.914
5848.724
6108.533
6368.343
6628.153
6887.963
7147.773
7407.583
7667.393

n
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

m/z
7927.203
8187.013
8446.823
8706.633
8966.442
9226.252
9486.062
9745.872
10005.682
10265.492
10525.302
10785.112
11044.922
11304.732
11564.542

Table 2.2 Theoretical peak list for CsI clusters

N
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

m/z
11824.351
12084.161
12343.971
12603.781
12863.591
13123.401
13383.211
13643.021
13902.831
14162.641
14422.451
14682.260
14942.070
15201.880
15461.690

N
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

m/z
15721.500
15981.310
16241.120
16500.930
16760.740
17020.550
17280.340
17540.169
17799.979
18059.789
18319.599
18579.409
18839.219
19099.029
19358.839
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Figure 2.5 Screen-capture of the MassLynx tune page during linearization of the
32K quadrupole mass analyzer.

2.5.2.2 Collisional Ion Focusing: Addition of a Gas Inlet to the Source Hexapole
Chamber
To examine the effects of gas pressure on the collisional focusing of high
m/z ions, the second differentially pumped chamber of the Q-Tof 2TM, which
contains the first rf hexapole ion guide, was modified to accommodate an additional
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gas inlet and Pirani gauge. Schematics and a picture of this modification are
provided in Figure 2.6 and Figure 2.7, respectively. Both Ar and a mixture of
Ar/Xe were leaked into this region through the use of a needle valve to test the
influence of gas in this region on the total ion current.

The results of this

modification and comparison to pressure increases achieved by throttling the rotary
pump are discussed in Chapter 3.

Figure 2.6 Schematics for the hexapole chamber modified to add a gas line and
pirani gauge. All measurements are listed in inches.
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Figure 2.7 Photograph of the gas line and pirani gauge installed on the Q-Tof 2TM.

2.5.2.3 Optimization of an In-Line SID Assembly for the Dissociation of
Macromolecular Protein Complexes
The Q-Tof 2TM mass spectrometer described throughout this chapter has
been modified with an in-line SID device to allow ion activation by both CID and
SID within the same instrument. As Q-TOF instruments have been used for much
of the reported tandem MS work on non-covalent proteins, it was an ideal choice in
which to implement SID for the study of large macromolecules.

A detailed

description of the design has been previously published by Galhena et al [126,127].
Briefly, an in-line SID device was installed in between the quadrupole mass
analyzer and the hexapole gas collision cell (Figure 2.8). The SID device, which
includes a surface holder, ion beam deflectors, and focusing lenses, is 45 mm in
length, and was inserted by removing the transport hexapole following the collision
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cell. The collision cell was moved closer to the entrance of the TOF to make room
for the SID device. As shown in Figure 2.9, the instrument can be operated in two
modes; one that allows deflection of the ion beam into the surface for SID
experiments, or alternatively, a bypass mode in which ions are transmitted through
the apparatus without hitting the surface for single-stage MS and CID experiments.
This allows direct comparison between the two ion activation methods in the same
instrument and over similar observation time frames.
A later design incorporated a shortened, 13 cm gas collision cell provided by
Waters Corporation in place of the traditional 18.5 cm collision cell to
accommodate the SID device without removing the transport hexapole.

This

allowed the conventional ion optics to remain in place, and facilitated the use of
high gas pressures within the collision cell (1-6 x 10-4 mbar in the analyzer
chamber) following surface collision while limiting detrimental pressure increases
in the adjacent TOF region. This setup was used predominantly for the analysis of
protein complexes above ~200 kDa in mass to collisionally focus and enhance the
high m/z product ions after surface collision.
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Figure 2.8 Schematic of the Q-TOF 2TM modified to accommodate an in-line
surface-induced dissociation apparatus. The SID device consists of a series of
entrance and exit lenses, ion beam deflectors, and a surface holder. It was installed
in between the quadrupole mass analyzer and the hexapole gas collision cell by
removing the transport hexapole ion guide between the collision cell and TOF
region.
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Figure 2.9 Depiction of the ion beam passing through the SID device when
operated in (a) SID-mode in which the ion beam is directed toward the surface or
(b) MS/CID-mode in which the ions pass through the electrostatic focusing
elements without hitting the surface.

DC potential to the surface and focusing elements was provided externally
through two TD-9500 multi-output, variable power supplies (Spectrum Solutions,
Russellton, PA). Voltage settings for the electrostatic focusing elements of the SID
device were optimized for the transmission of non-covalent protein complexes. As
many of the settings are similar for transmission of small peptides and large
complexes, tune conditions were optimized first for the transmission of peptides
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and subsequently optimized for protein complexes.

A list of typical voltages

applied during MS/CID and SID are listed in Table 2.3 and Table 2.4, respectively.

TD9500 Dial
MassLynxTM
Tune Page
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.1
2.2
2.3
2.4

SID Focusing Element
Acceleration Voltage (Defined as Collision
Energy on MassLynxTM Tune Page)
Entrance Lens 1
Entrance Lens 2
Entrance Lens 3
Front Bottom U-Shaped Defletor (F.B.U.)
Front Top Flat Deflector (F.T.F.)
Middle Bottom U-Shaped Deflector (M.B.U.)
Right Bottom Flat Deflector (R.B.F.)
Right Top Flat Deflector (R.T.F.)
CID Entrance/Exit Lens
Exit Lens 1
Exit Lens 2
Surface Extractor Lens
Surface

Voltage (V)
+ 12.0
+ 5.2
- 3.6
- 96.1
- 10.2
- 43.9
- 10.1
- 46.9
- 93.0
- 53.6
- 44.0
+ 11.1
+ 4.5
+ 9.7

Table 2.3 Typical voltage settings for the SID device when operated in MS- or
CID-mode (no collision with the surface).
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TD9500 Dial
MassLynxTM
Tune Page
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.1
2.2
2.3
2.4

SID Focusing Element
Acceleration Voltage (Defined as Collision
Energy on MassLynxTM Tune Page)
Entrance Lens 1
Entrance Lens 2
Entrance Lens 3
Front Bottom U-Shaped Defletor (F.B.U.)
Front Top Flat Deflector (F.T.F.)
Middle Bottom U-Shaped Deflector (M.B.U.)
Right Bottom Flat Deflector (R.B.F.)
Right Top Flat Deflector (R.T.F.)
CID Entrance/Exit Lens
Exit Lens 1
Exit Lens 2
Surface Extractor Lens
Surface

Voltage (V)
+ 40.0
+ 24.0
- 3.6
- 96.1
+ 25.0
- 36.5
+ 9.9
- 16.1
- 93.3
- 55.0
- 13.4
+ 11.0
+ 1.2
+ 10.6

Table 2.4 Typical voltage settings for the SID device when operated in SID-mode
for a collision at 30 volts acceleration (ΔV = 30 V: 40 volts acceleration minus 10
volts applied to the surface)
While ion size has minimal effect on the DC potentials applied to each lens,
the collision energy employed has a drastic influence, especially with respect to the
voltages applied to Entrance lens 1, the front bottom U-shaped deflector, and the
surface. As collision energy is increased in both CID- and SID-modes of operation,
it is necessary to apply a more positive potential to Entrance Lens 1. In theory, this
should retard the ions, bunching them closer together to pass a more tightly focused
beam through the first entrance lens and into the SID device. In CID-mode, raising
the surface voltage with increasing collision energy improves ion transmission, and
in SID-mode, increasing the front bottom U-shaped deflector (Lens 1.4 in Tables
2.3 and 2.4) is vital for deflecting the ion beam into the surface at higher collision
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energies. The voltages applied to each of these lenses are shown as a function of
collision energy in Table 2.5 and Table 2.6, respectively.
Acceleration Voltage
+ 12.0
+ 20.0
+ 30.0
+ 40.0
+ 50.0
+ 75.0
+ 100.0
+ 125.0
+ 150.0
+ 175.0
+ 200.0

Entrance Lens 1 (1.1) Voltage
+ 5.2
+ 5.2
+ 17.8
+ 24.0
+ 33.6
+ 60.8
+83.4
+ 114.6
+ 135.0
+160.0
+ 169.5

Surface Voltage
+ 9.4
+ 17.2
+ 21.6
+ 22.3
+ 30.9
+ 33.5
+ 33.5
+ 33.5
+ 33.5
+ 33.5
+ 33.5

Table 2.5 Optimum voltage settings for entrance lens 1 and the surface as a
function of collision energy when operating the SID device in CID-mode.
Acceleration Voltage

Entrance Lens 1 (1.1) Voltage

+ 20.0
+ 30.0
+ 40.0
+ 50.0
+ 60.0
+ 80.0
+ 90.0
+ 100.0
+ 120.0
+ 140.0
+ 160.0
+ 180.0
+ 200.0

+ 5.2
+ 17.8
+ 24.0
+ 33.6
+ 45.8
+ 63.8
+ 76.0
+83.4
+ 105.0
+ 125.0
+ 135.0
+ 158.0
+ 169.5

Front Bottom “U”
Deflector Voltage
+ 8.7
+ 16.4
+ 25.0
+ 31.4
+ 50.6
+ 55.8
+ 64.3
+ 72.5
+ 81.0
+ 111.0
+ 124.7
+ 136.1
+ 136.1

Table 2.6 Optimum voltage settings for entrance lens 1 and the front bottom Ushaped deflector as a function of collision energy when operating the in SID-mode.
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While Tables 2.3-2.6 give approximate tune settings and demonstrate which
lenses are most sensitive to changes in collision energy, they serve only as
guidelines. Each time the surface is changed or the device is re-installed, these
settings will remain largely similar, but need to be fine tuned. Once under vacuum
however, they typically remain very reproducible.

2.6 Surface Preparation
18 mm x 12 mm x 0.5 mm glass surfaces coated with a 10 Å layer of
titanium followed by a 100 Å layer of gold were employed as SID targets. The gold
surfaces were chemically modified with a self-assembled monolayer of either 2(perfluoroctyl)-ethanethiol or hexadecanethiol to reduce neutralization and enhance
energy transfer efficiency.

The gold surfaces were first UV-cleaned (Boekel

Industries, Inc., Feasterville) for 15 minutes, followed by incubation in a 1mM
ethanolic thiol solution for a period of 24-72 hours. After incubation, the surface
was sonicated in ethanol five times prior to insertion into the instrument. The
diamond surfaces employed in SID experiments consisted of a 2 micron thick layer
of chemically vapor deposited diamond on a silicon substrate. The diamond was
cut by the manufacturer to the same dimensions listed for the gold surfaces. The
diamond surfaces were UV-cleaned for 15 minutes and inserted into the instrument
without further modification.
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CHAPTER THREE
PRESERVATION AND STOICHIOMETRIC CHARACTERIZATION OF
NON-COVALENT PROTEIN COMPLEXES

This chapter presents the development and implementation of methods for
preserving non-covalent protein complexes intact in the gas-phase. The influence
of factors such as ion source conditions and gas pressures within the mass
spectrometer are examined, and their influence on peak resolution and mass
accuracy are discussed. Several examples of non-covalent complexes are shown to
demonstrate the reliability of mass spectrometry to determine biologically specific
subunit stoichiometry, with comparisons made to solution-phase data.

Finally,

these methods are applied to the characterization of a number of small heat shock
protein (sHSPs) complexes to characterize their oligomeric state(s).

These

molecular chaperones come from two different classes of cytosolic sHSPs, as
defined by their sequence relatedness. Mass spectrometry is used to analyze these
chaperones and compare quaternary structural features of proteins from both
classes.

3.1 Introduction
Most cellular processes are carried out not by individual polypeptide chains,
but by protein networks or multi-subunit assemblies of proteins, in conjunction with

110
small organic ligands, nucleotides, and carbohydrates. Proteins interact with other
biological species in the cell to carry out functions such as enzyme catalysis, DNA
repair, and signal transduction through specific mechanisms dictated by their
structure.

For non-covalent protein assemblies, this means that a thorough

understanding of protein quaternary conformation must be realized in order to
predict and manipulate structure-function relationships.
One of the keys to studying oligomeric proteins is the preservation of higher
order protein structure. Proteins are sensitive to changes in temperature, pH, or
solvent, and can be easily denatured. The ability to maintain aspects of higher order
structure in the absence of bulk solvent is even more difficult as water contributes
to the non-covalent forces that stabilize proteins. The earliest applications of mass
spectrometry to proteins indicated that although primary amino acid sequences
could be derived, the higher order structural information was lost upon transfer to
the gas-phase. Several studies in the early 1990’s however, revealed that compact
conformations of proteins resembling their native fold could be retained in vacuo
provided the appropriate solvent conditions were employed [98,99,128,129].
Electrospray ionization, in which ions are transferred into the mass spectrometer
directly from the solution-phase, allows ions to retain some “memory” of the
solvent from which they were generated [115]. The most convincing evidence for
the retention of aspects of higher order protein structure has been the preservation
of non-covalently bound oligomers in biologically specific stoichiometries [130].
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Ion mobility spectrometry (IMS) is a complementary approach to studying
gas-phase ions and has provided supplemental support for the retention of protein
structure in the gas-phase [131,132]. Recent advances in IMS-MS instrumentation
have allowed conformational analysis of non-covalent protein assemblies through
measurement of their collision cross section, a parameter directly related to the ion
size and shape. When generated from physiological solutions, ions with the lowest
charge states have been shown to be in good agreement with cross-section
measurements derived from x-ray crystallography[133].
To date, the most common protein assemblies explored intact by mass
spectrometry have been molecular chaperones or heat shock proteins (Hsps)
[5,103,110,112,134-136].

Molecular

chaperones

assist

in

protein

folding/preventative misfolding and consist of the GroEL/GroES system from E.
Coli (Hsp60/Hsp10 chaperonin in other systems) discussed in Chapter 1, the ATPdependent “foldases” that help fold newly synthesized proteins, and ATPindependent “holdases” that prevent protein aggregation during times of duress
[137]. Their prevalence in the mass spectrometry literature likely stems from the
fact that these proteins are highly prevalent in nature, form large oligomers, bind to
other substrate proteins to carry out folding-related functions, and have very
dynamic oligomeric states that dictate their function. In addition, there are crystal
structures and solution-phase data for some of these assemblies, but also a large
number of closely related proteins for which no such information exists.
Consequently, their investigation has benefited both mass spectrometry by
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providing model systems for proof-of-concept studies, and the systems themselves,
as MS has been able to elucidate new aspects of their structure and dynamics.
The small heat shock proteins (sHSPs) represent one class of molecular
chaperones that have a conserved α-crystallin domain, a small molecular mass of
~12-40 kDa, form large oligomers, exhibit chaperone activity to prevent protein
aggregation, and are activated by conditions of stress such as heat or oxidation.
They are associated with a variety of protein misfolding-related disorders such as
cataract formation, Alzheimer’s and Parkinson’s disease, and stroke- or heart
attack-induced ischemia [138]. Most plant sHSPs are localized to the cytoplasm
and organelles. The cytosolic sHSPs are divided into seven different classes, with
only two of these classes consisting of more than one protein (class I and class II)
[139]. Crystal structures exist for three sHSPs [113,140,141], but only one of these
structures comes from plants, the class I cytosolic sHSP 16.9 from Triticum
aestivum (wheat). The oligomeric states of many class I assemblies have been
studed and are in agreement with the sHSP class-I solved structure. However, the
available structural information for class-II sHSPs is very limited. In addition, the
dynamics,

mechanisms

of

chaperone

activity,

and

the

protein-substrate

stoichiometry during stress conditions are poorly understood for both classes of
cytosolic sHSPs.
In this chapter, methods for preserving non-covalent complexes are
described. Peak resolution and mass accuracy are examined as a function of source
voltages and pressures to determine conditions suitable for the analysis of non-
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covalent complexes. A series of small heat shock proteins are analyzed to test the
validity of these procedures and then to investigate the quaternary structure of
unknown heat shock proteins.
3.2 Preservation of Protein Quaternary Structure
3.2.1 MS of Myoglobin
One of the earliest examples that non-covalent interactions could be
maintained in the gas-phase was the preservation of the heme-globin complex of
holo-myoglobin demonstrated by Katta and Chait in 1991 [99]. By changing the
pH of the solution from which myogobin was electrosprayed, conformational
changes could be observed, including ones which permitted the retention of the
non-covalently bound heme. At a pH of 3.5, myoglobin undergoes a transition
from fully denatured to the native form which takes shape above pH 4.5. In
between these two pH values, both the denatured and native forms were found to
coexist as evidenced by two separate charge state distributions in the ESI mass
spectrum.
Myoglobin was chosen as an initial system to test in these studies as it was
previously characterized and commercially available. Lyophilized holo-myoglobin
was dissolved into either an aqueous solutions with 1% acetic acid, pH 3 or 10 mM
ammonium acetate, pH 7 for a total protein concentration of 10 uM. Each solution
was ionized with a conventional ESI source at a flow rate of 5 uL/min. The top
panel in Figure 3.1 shows an ESI mass spectrum of the pH 3 solution, for which
charge states corresponding to a single species (at least in terms of mass) is
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observed centered about the 11+ charge state. The charge state distributions of
multiply charged electrosprayed ions are known to correlate to protein
conformation, with higher charge states corresponding to extended conformations,
and lower charge states indicative of more compact, folded structures.
Deconvolution of this spectrum onto the mass scale reveals that this charge state
series corresponds solely to the apo- form of the protein. At pH 7 (Figure 3.1
middle panel), the charge state distribution is shifted such that it is now centered
about the 9+ charge state, implying a more folded protein conformation.

In

addition, two distinct charge state series are observed, one corresponding to apomyoglobin, and another corresponding to the intact heme-globin complex. The ions
corresponding to the holo-form of the protein increase in relative abundance when
the pressure in the initial source regions of the instrument is raised as described in
Chapter One. While the ions likely undergo additional collisions at higher pressure,
each individual collision is less energetic due to a reduction in the axial velocity of
the ions. Consequently, these conditions further favor the preservation of the holoform. The bottom panel of Figure 3.1 shows the ESI-MS of myoglobin at pH 7 and
a quadrupole analyzer pressure of 7.0 x 10-5 mbar, at which point holo-myoglobin is
more abundant than apo-myoglobin.
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Figure 3.1 ESI-MS of sperm whale myoglobin at pH 3 (top), pH 7 at an analyzer pressure of 4.5x10-5 mbar (middle), and pH 7
at an analyzer pressure of 7.0x10-5 mbar (bottom).

At low pH, myoglobin is denatured such that only the species

corresponding to the apo-form of the protein is observed. At physiological pH, with the analyzer pressure raised to preserve
non-covalent protein complexes, the intact heme-globin complex is observed in greater abundance than apo-myoglobin. The
spectra on the left-had side show the mass deconvolution of the spectra on the right.
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3.2.2 Preservation of a Biologically Specific Dodecameric Small Heat Shock Protein
The conditions optimized for the preservation of holo-myoglobin were tested to
determine if they were suitable for measuring the molecular weight and stoichiometry of
a biologically specific protein-protein complex.

A small heat shock protein from

Triticum aestivum (wheat) with monomeric subunits weighing approximately 16.9 kDa
(TaHsp16.9) was generously provided by the lab of Prof. Elizabeth Vierling. The crystal
structure for this protein was published in 2001 [113], and has previously been analyzed
by native MS [110,112]. Consequently, it is known to exist as a dodecamer under native,
room temperature conditions, and served as an ideal system on which to test and improve
the methods developed for the analysis of non-covalent complexes.
The protein was first denatured and analyzed by HPLC-ESI-MS to assess sample
purity and obtain an accurate molecular weight for the protein monomer. The protein, in
25 mM Tris buffer pH 7.5, was injected onto a Styros 2R/MB column preceded by an
inline protein trap to wash away buffer salts. Protein samples eluting from the column
were run directly into a Q-TOF Micro with a conventional ESI source as described in
Chapter Two. The ESI mass spectrum and mass deconvolution of denatured TaHsp16.9
are shown in Figure 3.2. The charge state envelope for the protein is centered about the
19+ charge state at 880 Th. The molecular weight of the monomer is 16,723 Da, slightly
less than the 16.9 kDa indicated by the name of the protein and the genome sequence due
to removal of the N-terminal methionine residue.
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Figure 3.2 Denaturing ESI-MS spectrum and charge state deconvolution of TaHSP16.9
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A separate aliquot of the protein was buffer exchanged into 10 mM ammonium
acetate, pH 7, and directly infused into the Q-TOF 2 instrument by conventional ESI at a
flow rate of 1-5 ul/min. The resulting mass spectrum is shown in Figure 3.3. Several
peaks corresponding to the native dodecamer are observed around 5,300-6,300 Th. In
addition three peaks corresponding to monomer are present at the low mass end of the
spectrum. The spectrum also contains large “humps” that span more than 1,000 Th at
either end of the spectrum. While the mass of the native dodecamer can be derived from
this spectrum, the broadness of the dodecamer peaks (74 Th wide at half height for the
35+ dodecameric charge state) results in a mass that is approximately 900 Da too heavy,
presumably due to the presence of solvent ions or molecules [24,142]. These proteinsolvent adducts can be collisionally “cleaned” removing solvent through the use of higher
source voltages. In this case, the use of a sufficiently high extractor cone voltage (20 V)
aids in the cleaning process, but is also the likely cause of the monomer ions observed
through disruption of the native dodecamer.
The left panel of Figure 3.4 shows the ESI-MS spectrum of the same protein,
only with a nanoESI source rather than a conventional micro-flow source. The small
diameter of the nanoESI emitter capillary and subsequently lower flow rate produces
smaller first generation droplets (see Chapter One) that aid in efficient desolvation of
aqueous buffer molecules. In this case, only dodecamer is observed, indicating that the
complex is better preserved than in the case of the conventional ESI spectrum. Although
the extractor cone voltage is lower in this case (1 V), the dodecameric peaks are better
resolved (now only ~17 Th wide at half height). This may also be attributed to the use of

119
higher pressures in the gas collision cell. The pressure in the rf source hexapole region
was approximately 1x10-2 mbar in both cases, but was 1.4x10-4 mbar in Figure 3.4 as
opposed to 6.7x10-5 mbar in Figure 3.3. The higher pressure in this chamber along with
the use of nanoESI contributed to the improvements observed in Figure 3.4. The right
panel of Figure 3.4 shows the charge state deconvolution of the nanospray spectrum of
TaHsp16.9. While the mass is still heavy by 143 Da, this corresponds to a mass error of
less than 0.1% rather than nearly 0.5% observed in the conventional ESI mass spectrum.

Figure 3.3 ESI-MS spectrum of TaHsp16.9 from physiological buffer conditions using a
conventional ESI source.
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Figure 3.4 Native nanoESI-MS spectrum (left) and charge state deconvolution (right) of the TaHSP16.9 dodecameric protein
complex
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3.2.3 Validity of Mass Spectrometry in Predicting Quaternary Structure
When studying higher order protein structure by mass spectrometry, there is
always a concern about correlations between the gas-phase species that is actually being
measured and that which exists in solution. It is difficult, a priori, to know what aspects
of protein structure might be conserved upon transfer to the gas-phase, and what
assumptions can legitimately be made about the native protein. Within the last few years
it has become widely accepted that nanoESI-MS can be used to accurately determine the
stoichiometry of protein complexes generated from physiological solutions. In fact, a
number of cases exist in which mass spectrometry has been used to resolve discrepancies
in stoichiometric measurements made by other methods [143].
In order to test the validity of the ESI-MS measurements made in this dissertation,
comparisons have been made between solution-phase and gas-phase experiments. One
such example is shown in Figure 3.5. Small heat shock protein 17.7 from Arabidopsis
thaliana (AtHsp17.7) was separated by size exclusion chromatography (SEC), indicating
the presence of at least four different species (Figure 3.5a). The molecular weights of
the four species roughly correspond to the presence of AtHsp17.7 in stoichiometric ratios
of 12, 8, 4, and 2 subunits. The nanoESI mass spectrum of this protein is shown in
Figure 3.5b, and also reveals the presence of multiple species, indicated by four distinct
charge state distributions. The molecular weights of these distributions correspond to
dodecamers, octamers, tetramers, and dimers of AtHsp17.7, in excellent agreement with
the SEC data. Even the relative abundance of each species is in good agreement between
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the two methods, and demonstrates the reliability of mass spectrometry in making
stoichiometric measurements of monodisperse and polydisperse protein assemblies.

123

Figure 3.5 Comparison of size exclusion chromatography (a) with nanoESI-MS (b) for AtHSP17.7. Both methods reveal the
presence of four distinct oligomers: dodecamers, octamers, tetramers, and dimers in approximately the same relative
abundance.
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3.3 The Effect of Collision “Cleaning” on Peak Resolution and Mass Accuracy
As mentioned above, the molecular weight measurements for protein complexes
are typically heavy by as much as 0.1-1.0% due to the retention of solvent ions or
molecules in the folds, crevasses, and inter-subunit spaces of the protein [144]. These
protein-solvent adducts are believed to come from retention of ions such as Na+, Mg2+,
NH4+, CH3COO-, as well as neutral buffer molecules and water [142,144]. While the
smaller droplet sizes produced by nanoESI aids in the desolvation process, additional
solvent removal can be achieved through the collisional “cleaning” by allowing protein
ions to undergo energetic collisions in the source. Even then there is a limit to the
amount of solvent that can successfully be removed, as the collisions must be sufficiently
energetic to remove solvent, but not disrupt the non-covalent interactions between
subunits.
Collisional cleaning can be accomplished through the adjustment of source
pressure, or by increasing the DC potential applied to the rf source hexapole (i.e. the
collision energy), the extractor cone, or the sample cone. As the source pressure is
typically maintained at high pressures (1x10-2 mbar in the rf hexapole region) for
optimum transmission of large ions, most collisional cleaning is performed by
manipulating the various voltage settings.

Figure 3.6 demonstrates the effect that

increasing the sample cone voltage has on the peak shape, resolution, and mass accuracy
for a dodecameric protein complex of molecular weight 215,640 Da. As the sample cone
voltage is increased from 50 V to 180 V, the resolution of the individual charge states of
this protein drastically improves. At the lowest sample cone voltage, only about five
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peaks can be identified atop a large, solvated “hump.” The broadness of the peaks makes
for ambiguous charge state determinations and mass errors greater than 2%. At higher
sample cone voltages, solvent molecules are collisionally removed from the protein
complex, the individual charge states narrow, and a physical shift of any given charge
state to a lower m/z ratio can be observed (dashed line in Figure 3.6 corresponding to the
center of the 34+ charge state in the top spectrum). At 180 V, as many as nine well
resolved charge states can be observed and the peak width narrows from several hundred
Thomsons to a couple tens of Thomsons. Consequently, the mass accuracy improves to
within 0.4% of the theoretical value. Although the experimental molecular weight is still
heavy by several hundred Daltons in this case, this is still more accurate than other
conventional methods of macromolecular mass measurement such as analytical
ultracentrifugation or size exclusion chromatography.
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Figure 3.6 Influence of source voltages on the protein desolvation, peak resolution, and
mass accuracy. Harsh source voltages and energetic collisions in the source collisionally
“clean” the mass spectrum of PsHsp18.1

3.4 Stoichiometric Characterization of Small Heat Shock Proteins
Quaternary structural analysis of several small heat shock proteins by native mass
spectrometry has been performed to assess the stoichiometry of subunits within each
oligomeric protein. As mentioned above, most small heat shock proteins are stored in the
cell as large oligomers, and their biological activity is highly dependent upon the
dynamics of their quaternary structure. As such, knowledge of their oligomeric state is
paramount to understanding the mechanisms by which they operate.
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3.4.1 Model for sHsp Activity
The mechanism by which small heat shock proteins act as molecular chaperones
is poorly defined. It is widely accepted that they can bind to a wide variety of partially
denatured proteins to prevent their irreversible aggregation under times of stress, though
the precise protein-substrate interaction is unknown. A proposed model for small heat
shock protein activity based on current knowledge is shown in Scheme 3.1. Evidence
exists for the dimeric form of the protein as the basic state important to biological
functionality. The strongest subunit interaction in the crystal structure of dodecameric
TaHsp16.9 is a strand exchanged loop that forms between pairs of monomers, with
additional dimeric contacts stabilizing the overall oligomer [113]. Thermal heating of the
complex has also shown the presence of a suboligomeric species in equilibrium with
dodecamers at elevated solution temperatures [113].

Mixtures of class I sHSP

dodecamers have revealed that these complexes are capable of exchanging subunits in
solution [113], with kinetics measurements implicating dimers as the primary exchange
units [110,145]. Though dimers appear to play a biologically significant role in substrate
binding, sHSPs heated in the context of substrate have demonstrated the ability to form
high molecular weight complexes, suggesting the sHSP assembly undergoes a
dissociation-reassociation process [120].

Unfortunately, the specific sHsp-substrate

stoichiometry remains convoluted due to the large size of the resulting complex and a
heterogeneity that depends on the identity of the sHsp, the identity of the substrate, and
the ratio between the two [120,146]. Nonetheless, the ultimate result is stabilization of
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denatured proteins in a folding-competent state that prevents irreversible aggregation and
increases the stress resistance of cells.

Scheme 3.1 Proposed model for small heat shock protein chaperone activity. Figure
provided courtesy of Prof. E. Vierling.

3.4.2 Comparison of Oligomeric State between Class I and Class II Plant sHSPs.
Plants contain at least twelve classes of sHSPs, seven of which are expressed in
the cytoplasm. Only two of these seven cytosolic classes are represented with more then
one protein (class-I and class-II). The majority of the structural information from plant
sHSPs, and thus the basis for the above chaperone model, comes from the cytosolic class
I proteins.

While the two cytosolic classes have much in common, such as their
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fundamental domain architecture, small monomeric size, and heat-shock activity, subtle
differences between the two classes have suggested slight variations in function. For
example, antibodies raised against class II sHSPs did not cross react with those from
class I, and while two different class I sHSPs will exchange subunits when mixed in
solution, no such inter-class exchange behavior has been observed [147]. The plant
cytosolic class I proteins studied to date exist predominantly as dodecamers at room
temperature, and exhibit a dimeric substructure. Previously, a class II sHsp from wheat
demonstrated substrate-dependent differences in chaperone efficiency compared to a
class I counterpart [120]. Differences in the oligomeric nature of these proteins may
provide pivotal insight into their functional operation and help elucidate aspects of
substrate specificity.
The oligomeric conformations of several cytosolic class I and class II plant sHSPs
have been compared by native mass spectrometry. In each case, the proteins were
provided by collaborators in the research group of Prof. Elizabeth Vierling and stored in
25 mM Tris Buffer, pH 7, at protein concentrations of 200-600 uM. They were analyzed
by HPLC/ESI-MS to obtain an accurate molecular weight for the denatured monomer and
native nanoESI-MS to determine the stoichiometric ratio of subunits as described above
for the analysis of TaHsp16.9. In cases where assignment of the oligomeric state was
ambiguous due to the addition of solvent, tandem mass spectrometry was used to
dissociate the intact complex and confirm the oligomeric state of the mass selected
precursor ion from the sum of the product ions observed.
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Figure 3.7 and Figure 3.8 show the oligomeric characterization of class I sHSPs
Ps18.1 (pea) and At17.6 (Arabidopsis). The denaturing MS spectra are shown in panel
(a) of each respective figure. In both cases the proteins are pure with the exception of
minor post-translational modifications (PTMs).

Ps18.1 has both methylated and

acetylated forms. The major form in each case is unmodified, but missing the N-terminal
methionine from the gene sequence, a common modification in the expression of proteins
[148]. The native mass spectrum of Ps18.1 is shown in Figure 3.7b and the inset shows
the charge state deconvolution of the native mass spectrum, indicating a molecular
weight of 200,070 Da, or 12 Ps18.1 subunits. At17.6 also has a dodecameric quaternary
structure as shown in Figure 3.8b, though in this case the peaks were too broad to
convert the mass spectrum onto the mass scale using the MassLynx Maximum Entropy
algorithm so masses were calculated manually. Along with TaHsp16.9 shown in Figure
3.4, the three class I sHSPs all exist predominantly as dodecamers, consistent with
measurements of class I sHsp oligomers characterized by other methods (note: denaturing
ESI-MS spectra courtesy of Guilong L. Cheng [148]).
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Figure 3.7 Denaturing ESI-MS spectrum (a), and native nanoESI-MS spectrum (b) of
PsHsp18.1. Insets in (a) and (b) show charge state deconvolution of the spectra and
indicate the respective monomeric and oligomeric molecular weight. Oligomeric MW
indicates dodecameric quaternary structure.

Figure 3.8 Denaturing ESI-MS spectrum (a), and native nanoESI-MS spectrum (b) of
AtHsp17.6. Oligomeric MW indicates dodecameric quaternary structure.
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Native MS analysis was also carried out on three class II sHSPs. Figure 3.9
shows the denaturing (a) and native MS spectra (b) of TaHsp17.8 (wheat). The protein is
very pure, and lacks the PTMs observed in the class I sHsp samples. The N-terminal
methionine is still present in this case, but is likely a factor of protein expression in E.
coli rather than a difference between Class I and Class II sHSPs. Also unlike the class I
sHsp systems, TaHsp17.8 is a polydisperse complex, existing in a variety of oligomeric
forms ranging from dimers to dodecamers, though the dodecameric form is still the most
dominant species. Mass measurement of the dodecameric species yielded a molecular
weight that was > 1,200 Da heavier than the theoretical value. In contrast, mass errors
for most other sHSPs were only 100-400 Da heavier than the theoretical value (See Table
3.1 and discussion below). One reason such a large mass error is observed in this case, is
that the energy needed to collisionally remove solvent ions and molecules from the
dodecameric species is comparable to the threshold for disrupting the coexisting
complex. Thus, while it might be necessary to obtain a more accurate mass measurement
for the dodecameric complex, this is not possible without disrupting the non-covalent
interactions in the smaller oligomers. Experimental molecular weights measured for the
octameric and dimeric species are closer to the theoretical values as they are heavy by
only 433 and 23 Da, respectively. Figure 3.10 shows the denaturing (a) and native (b)
MS spectra of AtHsp17.7. Although a native MS spectrum of this protein was shown in
Figure 3.5, the protein sample used in that analysis was purified by ion exchange
chromatography in the presence of 3.2 M urea, and is believed to be an artifact of the
preparation protocol. For the spectrum shown below, AtHsp17.7 was purified in the
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absence of urea, using 25mM Tris/HCl, 1 mM EDTA at pH 7.5, and permitted to refold
in native buffer. The denaturing spectrum shows that this protein also maintains the Nterminal methionine residue. Under native conditions, it is predominantly dodecameric,
though a minor amount of dimer is observed. Figure 3.11 shows the denaturing (a) and
native (b) MS spectra of PsHsp17.7. Much like the class I sHSPs, Ps17.7 appears to exist
almost exclusively as dodecamers. Thus, while both classes of cytosolic plant sHSPs
exist in a predominantly dodecameric state, the class II sHSPs appear to exhibit greater
oligomeric diversity than their class I counterparts, with some proteins existing in
equilibrium between multiple oligomeric forms at room temperature. The purpose of
these subtle differences in oligomeric form is still unclear, though they may provide clues
about the mechanism by which sHSPs regulate substrate specificity. As stated above,
sHSPs exhibit differences in chaperone efficiency that are dependent upon both the
nature of the sHsp and the substrate to which it binds. The results for the comparison of
class I and class II sHSPs are summarized below in Table 3.1, along with results for a
class-I like protein (AtHsp18.5) that will be discussed further in Chapter Four. The
theoretical molecular weights are based on the gene sequence, accounting for deletion of
the N-terminal methionine residue where applicable.
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Figure 3.9 Denaturing ESI-MS spectrum (a), and native nanoESI-MS spectrum (b) of
TaHsp17.8.

Oligomeric MW indicates the presence of dodecamers, octamers, and

dimers.

Figure 3.10 Denaturing ESI-MS spectrum (a), and native nanoESI-MS spectrum (b) of
AtHsp17.7. AtHsp17.7 exists predominantly as dodecamers, though dimers are also
present in low abundance.
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Figure 3.11 Denaturing ESI-MS spectrum (a), and native nanoESI-MS spectrum (b) of
PsHsp17.7. The native mass spectrum indicates PsHsp17.7 predominantly exists as
dodecamers at room temperature.

Dodecamer
Dodecamer
Dodecamer
Dodecamer
Dimer
Dodecamer
Dodecamer
Octamer
Dimer

Theoretical
MW (Da)
200,676
209,676
215,640
212,232
35,372
212,796
213,372
142248
35,562

Experimental
MW (Da)
200,819
209,996
216,070
212,400
35,413
212,972
214,641
142,681
35,585

ΔMW
(Da)
143
320
430
168
41
176
1269
433
23

Dimer

36,796

36,859

63

sHSP

Class

Stoichiometry

Ta16.9
At17.6
Ps18.1

1
1
1

At17.7

2

Ps17.7

2

Ta17.8

2

At18.5

“Class 1like”

Table 3.1 Summary of oligomeric assessment of cytosolic class I and class II sHSPs by
nanoESI-MS
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The subtle differences between the oligomeric states of class I and class II sHSPs
at room temperature raise questions as to the structural differences that might exist under
heat shock conditions. As noted above, dimers are viewed as the building blocks of the
class I sHsp dodecamers, and are believed to be important to their biological function at
elevated temperatures. Previous thermal dissociation of class I sHSPs were carried out
by Benesch, et al. using a thermocontrolled nanoESI probe [112]. This probe consisted
of a thermoelectric heating device connected to an aluminum block holding the
nanospray capillary to heat solutions of sHSPs before analyzing them on an ESI-TOF
mass spectrometer.

Solution-phase thermal dissociation revealed the presence of

monomers, dimers, and tetradecamers at temperatures as high as 74oC.
Identical experiments were conducted with class II sHSPs in the laboratory of
Prof. Carol Robinson using the same heated nanospray source and an ESI-TOF mass
spectrometer (LCT, Waters Corp.). A nanospray capillary containing 10 uM PsHsp17.7
(per dodecamer) was loaded into a nanospray capillary and placed in the aluminum block.
The temperature probe was raised to 45oC and allowed to equilibrate for approximately
10 minutes. Voltage was then applied to the nanospray emitter and mass spectra were
recorded for the heated sample. The results of solution-phase heating are shown in
Figure 3.12a along with comparisons to the room temperature sample in Figure 3.12b.
In addition to the dodecameric population observed at room temperature, a dimeric
population is also observed at 45oC. This is consistent with the class I model that
implicates dimers as the biologically functional building blocks. In fact, Figure 3.12a
shows a greater abundance of dimers than were observed in the case of the class I sHSPs
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[112]. This is possibly a reflection of the greater oligomeric diversity observed with class
II sHSPs, as the equilibrium appears to be easily shifted to the dimeric form in the case of
Ps17.7.

Figure 3.12 Comparison of nanoESI mass spectra of PsHsp17.7 acquired at (a) 45oC
with a thermally controlled nanospray probe, and (b) at room temperature. In addition to
the dodecameric population observed at room temperature, a dimeric population is also
observed at 45oC.
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3.5 Conclusions
In summary, methods to preserve non-covalent protein complexes have been
implemented and tested on model systems previously examined by mass spectrometry.
Conditions for native MS analysis were optimized by studying the influence of ion source
conditions and gas pressures within the mass spectrometer. In general, it was found that
harsh source voltages help to collisionally remove solvent and can drastically improve
peak resolution and mass accuracy. However, sufficiently harsh source voltages can also
disrupt non-covalent interactions between subunits, so it is necessary to balance narrow
peak width with preservation of the native complex. This can be difficult to achieve for
complexes that exist in multiple oligomeric forms, where fewer collisions are needed to
dissociate the smaller oligomers. Thus, the smaller oligomeric species can dissociate
before adequate desolvation of the larger oligomers. In terms of gas pressures used to
transmit protein complexes, it has been found that increasing the pressure in both the ion
source region by throttling the front roughing pump and the quadrupole analyzer chamber
through the addition of argon gas, are beneficial to ion transmission. In general, the
larger the m/z ratio of the analyte ions, the higher pressure must be raised for optimum
transmission.
These methods have applied to the quaternary characterization of a number of
small heat shock proteins. The biological function of these systems is intimately tied to
their oligomeric state, and their structure can provide insight into the mechanisms of
chaperone operation. Both class I and class II plant sHSPs exist in the cytosol, but differ
slightly in their gene sequence and oligomeric protein state.

Class I proteins are
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monodisperse, existing entirely as dodecamers. Class II sHSPs, also exist predominantly
as dodecamers, but exhibit a slightly greater degree of polydispersity, existing in low
abundance in other oligomeric forms such as dimers or octamers. These subtle variations
may attribute to differences in chaperone efficiency and affinity for cellular substrates.
Interestingly, for all of the oligomeric species observed across the sHsp family, each
oligomer was comprised of an even number of subunits, a fact likely reflective of the
dimeric unit as the building blocks of the larger oligomeric forms.
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CHAPTER FOUR
STRUCTURAL CHARACTERIZATION OF A UNIQUE SMALL HEAT SHOCK
PROTEIN FROM ARABIDOPSIS THALIANA BY LIMITED PROTEOLYSISNATIVE MASS SPECTROMETRY

Abstract
The quaternary structure of an unusual small heat shock protein (sHsp) from
Arabidopsis thaliana (At) has been investigated by native mass spectrometry. The sHsp
family consists of molecular chaperones that prevent the irreversible aggregation of
cellular proteins during times of heat stress. One of the many defining characteristics of
this class is that they are stored in the cell as large homo-oligomers (9 to >24 subunits)
under mundane conditions, and undergo heat- or oxidation-induced dissociation and
reassociation with denatured substrates under stress conditions.

Native mass

spectrometry analysis of a recently identified member of the sHsp family, AtHsp18.5,
reveals this protein to be dimeric under room temperature conditions.

Despite the

dimeric nature of this sHsp, it still exhibits traditional chaperone activity at elevated
temperatures. Limited proteolysis was combined with native mass spectrometry to probe
the solvent accessible surface area of the protein, define regions of the protein that are
essential to preserving the native dimer, and identify truncations promising for
crystallization of the dimeric core. The structural characterization of AtHsp18.5 provides
new insights into the mechanism of chaperone activity for all sHSPs.
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4.1 Introduction
Small heat shock proteins (sHSPs) have several defining characteristics. They act
as molecular chaperones, binding proteins in non-native conformations to prevent
substrate aggregation, are typically small in size (12-42 kDa as monomers), and have a
conserved C-terminal alpha crystallin domain of approximately 90 residues [149]. In
addition, one of their more intriguing qualities is the propensity to form large, homooligomeric structures (200-750 kDa) under normal cellular storage conditions.
Much of the structural information about these proteins comes from the high
resolution images of two sHSPs that have been determined by x-ray crystallography;
MjHsp16.5 (Methanococcus jannaschii, a hyperthermophilic archaeon), a hollow ball-like
structure composed of 24 identical subunits [140], and TaHsp16.9 (Tricitum aestivum,
wheat), a barrel-like homododecamer [113]. In both cases, the alpha crystalline domain
is an immunoglobulin-like beta sandwich, with an extending loop that engages in βstrand exchange with a neighboring subunit [149]. This serves as the dimeric interface,
providing a basic building block of the larger oligomer. A short C-terminal extension
from the alpha crystalline domain and a floppy N-terminus coordinate the pair-wise
interaction of each dimer in the overall assembly. Many of the intricacies of sHsp
chaperone activity are unknown, but one current model includes the heat-induced
dissociation of these large oligomers down to the basic dimeric unit to bind denatured
substrate [120]. The resulting sHsp-substrate complex however, is significantly larger
than the stored oligomers, suggesting a reassociation of the complex with substrate into a
high molecular weight assembly.
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Plants contain at least two classes of cytoplasmic-nuclear sHSPs along with other
isoforms specific to various organelles.

A recent comprehensive analysis of the

Arabidopsis thaliana genome revealed 13 sHSPs from 6 different classes according to
intracellular localization or sequence relatedness, and 6 additional sHSPs distantly related
to cytosolic class I or plastid sHSPs [139]. Amino acid sequence alignment (Figure 4.1)
of one of these class I-related sHSPs, AtHsp18.5, with other plant sHSPs revealed the
absence of the loop containing the exchanged β-strand (β6) responsible for the dimeric
interface in MjHsp16.5 and TaHsp16.9 (Figure 4.2).

Consequently, the quaternary

structure of this protein, its ability to form oligomers, and the interaction between
subunits likely differs from those found in other cytosolic sHSPs.
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Figure 4.1 Amino acid sequence alignment of AtHsp18.5 with homologs from Corylus
avellana, Populus trichocarpa, Gossypium hirsutum, Citrus aurantium, Brassica rapa,
and Brassica napus compared to cytosolic class I, II, and III sHSPs from Arabidopsis
thaliana. The α-crystallin domain comprises β2 through β9, but the region containing the
extended loop and swapped β-strand (β6) is missing from At18.5 and homologues
(Figure courtesy of E. Basha and E. Vierling).
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Figure 4.2 Crystal structure of the TaHsp16.9 monomer and dimer (original subunit in
yellow and the complementary subunit in green, PDB ID 1GME). The alpha crystalline
domain consists of an immunoglobulin-like β-sandwich. The extended loop containing
β6 binds in an anti-parallel fashion to β2 of the neighboring subunit. Twenty amino
acids from this loop region are missing from the amino acid sequence of AtHsp18.5
(Figure courtesy of E. Basha and E. Vierling).

The unique dimeric interface in AtHsp18.5 makes it an intriguing candidate for
further structural investigation, especially high resolution methods such as x-ray
crystallography.

Unfortunately, not every protein is amenable to crystallographic
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analysis. Sample volume requirements and the necessity for pure and homogeneous
proteins restrict which samples will yield suitably diffracting crystals. Even if these
conditions are met, the inherently dynamic nature of proteins makes many of them too
flexible for conventional crystallographic methods, a fact that holds true for many
proteins in the sHsp family. Low resolution techniques however, can provide valuable
structural insight for proteins too challenging to crystallize.

Chemical footprinting

methods such as hydrogen/deuterium exchange (H/D exchange) [150], laser-induced
radical oxidation [151], and covalent modification [152], can be used to identify the
solvent accessible surface area of a protein, distinguishing between regions involved in
secondary structural interactions and those that are highly unstructured. This can also be
assessed through enzymatic footprinting using proteases to cleave the most accessible
sites without denaturing or digesting the entire protein [153]. Identification and removal
of the unstructured regions of a protein can often facilitate their analysis, and even result
in a rigid, truncated core adequate for crystallization [12,154].
This chapter presents a combined strategy of solution-phase footprinting and
native mass spectrometry to probe the structure of AtHsp18.5. The quaternary structure
of AtHsp18.5 was characterized by native mass spectrometry, and the protein was found
to be entirely dimeric, as opposed to other sHSPs, which exist as much larger oligomers.
Limited proteolysis of the protein was then used to identify regions of the protein
susceptible to enzymatic digestion under native conditions, and to confirm the identity of
unstructured regions of the protein determined from previous hydrogen/deuterium
exchange experiments [148]. Proteolysis products were subjected to native MS analysis
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to define which regions of the protein were necessary for dimer formation. Truncations
were identified that might be provide a rigid, stable core of the protein suitable for future
crystallization of the dimeric interface. Scheme 4.1 depicts the different strategies used
for characterizing the AtHsp18.5 dimer.

Scheme 4.1 Experimental strategy used to probe the structure of AtHsp18.5.

4.1.1 Hydrogen/Deuterium Exchange of AtHsp18.5
H/D exchange previously performed by G. Cheng revealed that the alphacrystallin domain of AtHsp18.5 is very well protected, while the N- and C-terminal
extensions from this domain are highly flexible/dynamic [155]. In these experiments
AtHsp18.5 was incubated for 5 seconds in D2O, followed by online pepsin digestion,
peptide identification, and mass analysis by HPLC-MS. The number of amide hydrogens
exchanged for deuterium was measured, and is plotted in Figure 4.3 as a percentage of
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total possible deuterium incorporation for each peptide. Each of the peptides located at
the N- and C-termini exchange greater than 80% of their amide hydrogens for deuterium.
This indicates that the termini are in rapid equilibrium with the solvent, and free to
undergo exchange, an indication that these regions are highly unstructured/dynamic. The
alpha-crystallin domain however, is extremely well protected, with the majority of
peptides from the interior of the protein exchanging only 20% or fewer of their possible
amide hydrogens. This exchange profile is consistent with those of dodecameric sHSPs,
which undergo rapid exchange at the termini, but have a protected alpha-crystallin
domain. Notably however, the alpha crystalline domain of AtHsp18.5 lacks the more
easily exchanged loop containing β6 that is observed in dodecameric sHSPs [148]. The
interior region of AtHsp18.5 is highly inaccessible to solvent throughout the entire alphacrystallin domain.

Figure 4.3 Hydrogen/deuterium exchange profile of AtHsp18.5 showing flexible N- and
C-termini and a protected alpha-crystallin domain, as determined by G. Cheng [148].
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4.2 Native MS of Intact AtHsp18.5
NanoESI-MS analysis was carried out to gain insight into the quaternary structure
of AtHsp18.5 and determine if it existed in as an oligomer despite the lack of the β6 loop
region.

Molecular weight determination by nanoESI-MS demonstrated that native

AtHsp18.5 is dimeric at room temperature (Figure 4.4). Deconvolution of the nanoESI
spectrum indicated a molecular weight of 36,859 Da for the intact oligomer, a mass only
0.17% heavier than that expected for a dimer of the known amino acid sequence. As this
protein is missing the strand exchanged region that stabilizes other sHsp dimer units, the
interactions between subunits of AtHsp18.5 must also differ. AtHsp18.5 still functions as
an effective chaperone however [155], and may function similarly to other sHSPs. As
dimeric substructure appears to be essential to the function of larger sHsp oligomers, the
structure of the AtHsp18.5 dimer might provide insight into the chaperone mechanisms of
all sHSPs.
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Figure 4.4 NanoESI-MS of AtHsp18.5 from physiological solution conditions. In its
native form, AtHsp18.5 exists as a dimer. Individual charge states of the intact dimer are
labeled (D) followed by the number of attached cations.

The inset shows the

deconvolution of the mass spectrum and measured molecular weight of the AtHsp18.5
dimer as determined at the left or fronting edge of the deconvoluted peak.

4.3 Limited Tryptic Proteolysis
To further investigate the structure of the AtHsp18.5 dimer, limited proteolysis
experiments were performed by digesting the protein with trypsin under non-denaturing
conditions for varying lengths of time.

Trypsin, a serine protease, catalyzes the

hydrolysis of peptides at the C-terminus of basic amino acid residues lysine and arginine.
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Peptides generated from a tryptic digest can thus be reliably predicted for a protein of
known amino acid sequence. Its sequence specificity and ability to operate under native
conditions have made trypsin a common protease for mass spectrometry-based protein
digest experiments, including “bottom-up” protein identification and limited proteolysis.

4.3.1 Identification of Proteolysis Products by HPLC-MS
AtHsp18.5 was incubated with trypsin at a ratio of 400:1 protein:trypsin for up to
24 hours in the presence and absence of 150 mM KCl. The proteolysis products for each
time point were then identified by HPLC-MS to probe the solvent accessible surface area
of the protein and supplement the structural details gained through H/D exchange
experiments.
program

in

Proteolysis product identification was performed using the MS-Digest
Protein

Prospector

http://prospector.ucsf.edu).

(University

of

California,

San

Francisco,

The amino acid sequence was entered into the online

program along with the appropriate protease to generate a theoretical digest list. For
limited proteolysis experiments, up to 50 missed cleavages were permitted to ensure all
potential proteolysis products were included. Truncations were identified through mass
mapping of the experimental m/z ratios observed to those peptides generated by the
theoretical digest.
Figure 4.5a shows the HPLC-MS ion chromatogram for a 4 hour digest in the
presence of KCl. A number of low molecular weight peptides eluted from the HPLC
column between 4.5-6 minutes, all of which were under 5 kDa in mass and corresponded
to cleavages of residues from the N- and C-termini of the protein. Two intense peaks
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were observed at 9.8 (highlighted in blue on the ion chromatogram) and 10.4 (red)
minutes after injection. A mass spectrum of the first peak (Figure 4.5b) shows the
presence of two predominant truncations spanning from residues 48-150 and 48-153,
indicated by solid blue squares, and open blue circles, respectively. These truncations
correlate well with the position of the alleged alpha crystallin domain in the core of the
protein. The second major peak contains several species around 16 kDa in size (Figure
4.5c), still corresponding to the alpha crystallin domain, but with an additional 30-40
amino acid residues, mostly attached to the N-terminal side.

The major 16 kDa

proteolysis products are indicated by red symbols, with their amino acid residue numbers
and molecular weights listed in the legend of Figure 4.5c. All of the tryptic proteolysis
products observed for this time point are mapped onto the amino acid sequence in Figure
4.6 and listed in Table 4.1.
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Figure 4.5 HPLC-MS analysis of AtHsp18.5 after incubation with trypsin for 4 hours in
150 mM KCl. (a) HPLC ion chromatogram showing the separated proteolysis products.
(b) Mass spectrum of the major products observed at 9.8 minutes corresponding to amino
acid residues 48-150/153. (c) Mass spectrum of the major products observed 10.4
minutes after injection, corresponding to amino acid residues 11/12-150/153 and 18-162.
The major proteolysis products are marked with a blue or red symbol, with each symbol
corresponding to a span of amino acid residues as indicated in the figure legend.
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Figure 4.6 Tryptic digest map for the four hour limited proteolysis of AtHsp18.5.
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Peptide

Molecular
Mass

Mostintense
Charge
State
Observed

Mostintense
m/z
Observed

Sequence

2-9

916.48

1+

917.54

SMIPISNR

2-10

1072.58

2+

537.33

2-10
(Acetylated)

1114.59

2+

558.34

5-9

585.32

1+

586.38

SMIPISNRR
SMIPISNRR
(acetylated)
PISNR

11-47

4356.19

4+

1090.11

RL………………….SR

11-150

16029
(avg.)

15+

RL………………….NR

11-153

16398(avg.)

15+

1069.6
(avg.)
1094.2
(avg.)

12-47

4200.10

4+

1051.09

LS………………….SR

1059.2
(avg.)
1083.8
(avg.)

LS………………….NR

1192.66

IW…………………..SR

1184.03
(avg.)
1299.7
(avg.)
1296.7
(avg.)

IW………………….DD

962.48

VVEITGDDD

12-150
12-153
18-47
18-162
48-150
48-153
154-162

15873
(avg.)
16242
(avg.)
3574.77
16562
(avg.)
11688
(avg.)
12058
(avg.)
961.42

15+
15+
3+
14+
9+
7+
1+

RL………………….VR

LS………………….VR

EI………………….NR
EI………………….VR

Table 4.1 List of AtHsp18.5 proteolysis products observed after a four hour tryptic digest
in 150 mM KCl.
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Identical HPLC-MS analyses were performed for AtHsp18.5 samples incubated
with trypsin for 1, 2, 8, and 24 hours (Figure 4.7). After 24 hours of digestion, the
truncations 11/12-150/153 and 18-162 had entirely degraded. Remarkably, however, the
truncation spanning from amino acid residues 48-150 (MW = 11,688 Da) was present as
the major proteolysis product. The resistance of this region to proteolysis indicates the
stability of the alpha-crystallin domain, and supports the evidence of a highly protected
core observed by H/D exchange. The regions outside the alpha-crystallin domain are
easily cleaved over this time range, again in good agreement with H/D exchange results
that indicate highly flexible/dynamic termini. For the one and two hour time points, only
one product was present in high abundance with a higher molecular weight than those
products observed after 4 hours, a truncation spanning from residues 10-162 (MW –
17,500 Da). The relative intensity of the most abundant proteolysis products is shown in
Figure 4.8 as a function of digestion time. Those products larger than 16 kDa in mass
reach their maximum abundance after 1-2 hours of digestion, and gradually decay until
they are barely observable in the mass spectrum at 24 hours. The truncation from 48-153
becomes the dominant species observed around 4 hours, but eventually loses the final
three residues until truncation 48-150 is the major proteolysis fragment remaining after
24 hours of digestion.
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Figure 4.7 HPLC-MS analysis of proteolysis products for digestion times of 1,2,4,8, and 24 hours. Ion chromatogram (a) and
mass spectra for the peaks highlighted in blue (b) and red (c).
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Figure 4.8 Relative abundance of the major tryptic proteolysis products over time.

Limited proteolysis was also carried out in the absence of KCl.

Salt

concentrations have been known to influence enzymatic proteolysis, often through
alterations in protein-ligand interactions, enhancement of protease activity, or saltinduced conformational changes to the protein itself [156,157]. In these experiments,
KCl was removed from the digest mixture to examine the effects on the proteolysis
products observed. The proteolysis products were identified by HPLC-MS as described
above for the samples digested in 150mM KCl. In the absence of KCl, the only high
molecular weight (>10 kDa) proteolysis products observed were the truncations
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corresponding to amino acid residues 48-150/153. Even after only one hour of digestion,
most of the N- and C-terminal extensions off of the alpha crystallin domain had been
cleaved. This is evident in Figure 4.9, where the 48-153 truncation is the most abundant
product at early time points, though the 48-150 truncation is also present. The abundance
of the 48-153 truncation decreased with time however, and after 24 hours of digestion, is
no longer observed at all. The alpha-crystallin core of the protein (48-150) remains
intact, even after 24 hour incubation with trypsin under conditions that enhance
proteolytic efficiency. The resistance of this core region again demonstrates its stability
and limited accessibility to solvent. In this case it is suggested that KCl might cause saltinduced conformational changes in protein structure, limiting enzymatic access to
cleavage sites, or work as a shield to reduce protein accessibility to trypsin.
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Figure 4.9 HPLC-MS analysis of proteolysis products for digestion times of 1, 2, 4, 8,
and 24 hours in the absence of KCl. Ion chromatogram (a) and mass spectra of the major
proteolysis products (b) for each time point show the digestion occurs more rapidly in the
absence of salt. Despite this fact, the core alpha-crystallin domeain remains intact after
24 hours of digestion.
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4.3.2 Assessment of Dimeric Structure by Limited Proteolysis-Native Mass Spectrometry
In order to determine which of the truncations identified by HPLC-MS were still
capable of forming a dimer, each proteolysis time point was examined by nanoESI-MS.
Instead of injecting each sample onto an HPLC column, a separate aliquot was buffer
exchanged into 200mM ammonium acetate using Bio-Spin size exclusion columns with a
3 kDa molecular weight cutoff. This served to transfer the sample to suitable MS
compatible buffers and remove low molecular weight peptides that might suppress
ionization of the larger, potentially dimer-forming species. Both the ammonium acetate
buffer and the Bio-Spin columns were chilled in ice prior to use to reduce further
proteolysis. A given proteolysis sample in physiological buffer was then loaded into a
glass capillary and analyzed immediately by nanoESI-MS. Argon gas was added even
for single-stage MS experiments to aid in ion focusing and collisional desovlation of
protein complexes. The kinetic energy of the ions was kept low (acceleration voltage =
10-20 V) so as not to disrupt the non-covalent interactions between subunits.
Figure 4.10 shows the nanoESI-MS spectrum for a 4 hour tryptic digest in the
presence of KCl. In the high mass region of the spectrum (> m/z 2,600), several dimeric
species are observed. The inset of Figure 4.10 shows an expansion of the region above
3,100 Th.

The identity of each species in the spectrum is indicated by red and blue

symbols as done for the denaturing mass spectra, with dimers being indicated by two
adjacent symbols, one for the identity of each subunit.

The dimers can either be

truncated homodimers, in which both subunits have been cleaved at the same sites and
have identical amino acid sequences, or truncated heterodimers, in which cleavage occurs
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at disparate sites, resulting in subunits that differ by a few amino acid residues. In some
cases, the subunits that comprise a heterodimer differ by only a single amino acid residue.
For example, the dimer at 3,265 Th, indicated by a red diamond and a red triangle, is
composed of one subunit that contains amino acid residues 12-153 and a second subunit
consisting of residues 11-153. Truncations occur at both of these sites due to adjacent
arginine residues in the sequence.
Examining the proteolysis products in the native mass spectrum shows that the
truncations larger than 16 kDa in mass (i.e. truncations spanning from residues 11/12150/153 and 18-162) are still capable of forming stable dimers. Truncations in which the
first 47 N-terminal residues have been cleaved are capable of forming dimers only when
paired with one of the 16 kDa subunits. In other words, the first 47 N-terminal residues
must be present in at least one of the subunits in order to form a competent dimer. When
both subunits lack this region, the ability of AtHsp18.5 to form a dimer is severely
inhibited as evidenced by the abundant monomer peaks corresponding to truncations 48150/153 at the low mass end of the spectrum. Proteolysis products 11/12-150/153 and
18-162 appear to exist only as dimers as no monomeric ions corresponding to these
species are observed.
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Figure 4.10 NanoESI spectrum of AtHsp18.5 after a 4 hour digestion with trypsin in the
presence of KCl. Monomers are indicated by a single red or blue symbol, dimers are
indicated with adjacent symbols. Each symbol corresponds to a different truncation of
the protein as indicated in the figure legend.

The analysis of non-covalent complexes is oftentimes complicated by the
presence of solvent. While some degree of solvation may be necessary to preserve the
interactions between protein subunits, protein-solvent adducts are detrimental to accurate
mass determinations for intact complexes. The presence of both homo- and heterotruncated dimers from the limited proteolysis of AtHsp18.5 results in a complex mixture
for which accurate measurement of the nominal dimer mass is necessary for proper
identification. In this scenario, ions were sufficiently desolvatated such that the measured
m/z ratio for each species was in good agreement with the theoretical m/z ratio.
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Nonetheless, the identity of the homo- and hetero-dimers was confirmed by MS/MS
experiments in which the ion of interest was selected and fragmented via collisions with
argon in the gas cell. Figure 4.11 shows the tandem mass spectrum for the heterodimer
composed of truncated subunits 48-153 and 11-153. The lowest energy dissociation
pathway for all homo- and hetero-dimers of AtHsp18.5 is separation of the two noncovalently bound subunits. For example, dissociation of the 9+ heterodimer in Figure
4.11 predominantly yields the 6+ monomer of truncation 11-153, and the 3+ monomer of
truncation 48-153. Consequently, the subunit composition of the selected dimer can be
determined through tandem MS experiments, corroborating the measurements made by
single-stage MS. While this strategy was mainly used for verification purposes here, it
might prove necessary to identify the composition of larger, more heavily solvated
oligomers, or elucidate the subunits involved in more complex mixtures. Additional
details on the dissociation mechanisms of protein complexes will be further discussed in
the subsequent chapters.
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Figure 4.11 Tandem mass spectrum of the 9+ hetero-dimer composed of truncated
subunits 11-153 and 48-153. Upon collision with Ar gas atoms, the dimer dissociated
into its component monomers, confirming the identity of subunits that form the original
dimer. Symbols are the same as those used in Figure 4.10.

Proteolysis products digested in the absence of KCl were also subjected to native
mass spectrometry analysis. As indicated in the denaturing HPLC-MS experiments, only
the stable truncated core remained after even just one hour of digestion. Consequently,
none of the 16 kDa species generated from proteolysis in the presence of KCl and
capable of forming stable dimers were present in the absence of salt. In addition, these
larger subunits were unavailable as a scaffold upon which truncations 48-150/153 could
dimerize. The previous nanoESI-MS experiments demonstrated that the presence of at
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least one N-terminal extension from the core region was a critical factor in the formation
of a competent dimer.
Figure 4.12 shows the nanoESI-MS spectrum of the 48-150/153 proteolysis
products alone. Again, a single symbol represents a monomeric species, whereas two
adjacent symbols represent either homodimers composed of truncations 48-150 or 48153, or heterodimers in which one subunit contains amino acid residues 48-150, and the
other, residues 48-153. Although the first 47 N-terminal residues have been removed
from both subunits, some dimer is still observed, despite the fact that these truncations
formed little to no dimer when generated in the presence of KCl. This may be due to the
low abundance of these small truncations in the presence of KCl, or a preference for the
larger, 16 kDa truncations if present. However, unlike the 16 kDa truncations, which
existed solely in dimeric form, a significant portion of the 48-150/153 truncations exist
only in the monomeric state. This indicates that even if this region alone is still capable
of forming a dimeric protein, the stability of the dimer has been severely compromised.
Native MS analysis of these proteolysis products therefore confirms the importance of the
N-terminal extension from the alpha-crystallin domain in the formation of a competent
AtHsp18.5 dimer.
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Figure 4.12 NanoESI-MS of AtHsp18.5 after a 1 hour digestion with trypsin in the
absence of KCl.

Inset shows an expansion of the region from 1700 – 3700 Th.

Monomers are indicated by a single blue symbol, dimers are indicated with adjacent blue
symbols.

4.4 Limited Proteolysis of AtHsp18.5 with Chymotrypsin and Thermolysin
In effort to more precisely define the boundaries necessary for stable dimer
formation, AtHsp18.5 was digested with other proteases to provide additional truncated
products for nanoESI-MS analysis. Chymotrypsin, another serine protease specific for
hydrophobic and aliphatic side chains, and thermolysin, a zinc protease that also cleaves
peptides with hydrophobic residues, were used to further probe the dimeric core of
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AtHsp18.5. The proteolysis products were divided into two aliquots for identification by
HPLC-MS and quaternary analysis by nanoESI-MS, as done for the tryptic products.
Figure 4.13a shows the HPLC-MS chromatogram for the 4 hour chymotryptic
digest of AtHsp18.5. As with trypsin, the most readily cleaved sites were those on the Nterminus. The largest and most abundant proteolysis product eluted after 11.2 minutes
(highlighted in green) and corresponded to a truncation spanning from amino acid
residues 38-162, the final 125 residues of the protein. The denaturing ESI mass spectrum
and deconvolution for this truncation are shown in Figure 4.13b and c, respectively.
Compared to the longest tryptic proteolysis products, the major truncation from the
chymotryptic digest extends further on the C-terminal end, all the way to the final amino
acid residue of the protein. The major chymotryptic proteolysis product is truncated at
residue 38 on the N-terminal side, a cleavage site in between those of the 11/12-150/153
and 48-150/153 tryptic products. This chymotryptic product is therefore a valuable
truncation for further evaluating the importance of the two termini in dimer formation.
The fact that this truncation is missing the first 37 N-terminal residues is particularly
useful, as cleavage of the first 11 residues appears to permit a stable dimer, whereas
cleavage of the first 47 amino acids does not. All of the peptides identified from limited
proteolysis with chymotrypsin are listed in Table 4.2, with most corresponding to low
molecular weight truncations from the N-terminus of the protein.
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Figure 4.13 HPLC-MS analysis of AtHsp18.5 after incubation with chymotrypsin for 4
hours. (a) HPLC ion chromatogram showing the separated proteolysis products. (b) Mass
spectrum of the major product observed at 11.2 minutes corresponding to amino acid
residues 38-162. (c) Mass deconvolution of the 38-162 truncation.
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Peptide

Molecular
Mass

Mostintense
Charge
State
Observed

Mostintense
m/z
Observed

Sequence

23-28

753.34

1+

754.69

ELMNTF

30-37

892.44

1+

893.22

DFPSPALF

29-37

1005.52

1+

1006.26

DFPSPALFL

30-38

1005.52

1+

1006.26

LDFPSPALF

13-22

1203.58

2+

602.1

SPGDRIWEPF

2-12

1341.77

2+

671.66

SMIPISNRRRL

23-37

1740.85

1+

1741.41

ELMNTFLDFPSPALF

13-28

1937.91

2+

969.72

SPGDRIWEPFELMNTF

2-22

2526.34

3+

842.89

SM…..........................PF

2-28
38-73
109-162
38-162

3263.82
(avg)
4099.54
(avg)
6101.76
(avg)
14163.77
(avg)

3+
3+
5+
11+

1088.63
(avg)
1366.55
(avg)
1220.92
(avg)
1288.12
(avg)

SM…..........................TF
LS…..........................VF
KL…..........................DD
LS…..........................DD

Table 4.2 List of AtHsp18.5 proteolysis products observed after a four hour chymotryptic
digest.

An aliquot of the four hour chymotryptic digest was buffer exchanged into 200
mM ammonium acetate, pH 7.0 and analyzed by nanoESI-MS.

The native mass

spectrum is shown in Figure 4.14. Two species are observed, a peptide with a molecular
mass of 6,102 Da, just above the molecular weight cutoff of the buffer exchange spin
columns, and the 38-162 truncated product. The larger truncation is capable of forming
some dimer (indicated by adjacent green circles), but clearly a significant amount of
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monomer is also present (single green circle). It is difficult to quantify the exact ratio
between the two species, as their relative abundance can be affected by the gas pressure
within the mass spectrometer. It is clear however, that both monomer and dimer are
present, and that the ability of this protein to exist as a dimer is still compromised after
cleaving only the first 37 amino acid residues.

Figure 4.14 NanoESI-MS of AtHsp18.5 after a 4 hour digestion with chymotrypsin.
Two proteolysis products are observed, with the truncation spanning from amino acid
residues 38-162 capable of forming a minor amount of dimer. Monomers are indicated
by a single green symbol and dimers are indicated with adjacent green symbols.
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The results for the limited proteolysis of AtHsp18.5 with thermolysin are shown
in Figure 4.15. As with the other two enzymes, the most intense peak in the ion
chromatogram corresponds to the largest proteolysis products.

At 11.2 minutes, 3

truncations are observed spanning from amino acid residues 62-151, 58-151, and 49-151.
The ESI mass spectrum and deconvolution of these three species is shown in Figure
4.14b and c, respectively. As with trypsin and chymotrypsin, these high molecular
weight truncations represent the stable alpha crystallin core of AtHsp18.5. Thermolysin
generated a greater quantity of small peptides from the N- and C-termini of the protein
than either of the other enzymes. The most abundant of these proteolysis products are
listed in Table 2.3. A few of them could not be definitively identified due to overlap in
m/z ratio of another peptide. These peptides are indicated with a star in Table 2.3 and
the observed charge states differ from another potential thermolysin peptide by less than
0.1 Th. For example, the only difference between truncations 18-23 and 19-24 is that an
isoleucine residue at position 18 in the former peptide has been replaced by a leucine at
position 24 in the latter peptide. Both residues have the same exact mass, and as all other
residues between the two peptides are identical, it is not possible to distinguish between
the two peptides by MS mass matching alone. As these peptides were likely too small to
dimerize, no effort was made to distinguish between the two. The largest molecular
weight truncations, while confidently identified, were nearly identical to those products
formed during the tryptic digest. For this reason, native nanoESI-MS analysis was not
carried out on the thermolysin digest products.
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Figure 4.15 HPLC-MS analysis of AtHsp18.5 after incubation with thermolysin for 4
hours . (a) HPLC ion chromatogram showing the separated proteolysis products. (b) Mass
spectrum of the major products observed at 11.2 minutes corresponding to amino acid
residues 49/58/62-151. (c) Mass deconvolution of the ESI spectrum shown in (b).
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Peptide

Molecular
Mass

Mostintense
Charge
State
Observed

Mostintense
m/z
Observed

Sequence

17-23

643.71

1+

644.78

LSPGDR

*18-23

819.93

1+

821.00

IWEPFE

*19-24

819.93

1+

821.00

WEPFEL

*38-44

823.92

1+

825.02

LSHHFPS

*35-41

823.96

1+

825.02

ALFLSHH

28-35

893.02

1+

894.10

FLDFPSPA

154-162

961.99

1+

963.20

VVEITGDDD

49-57

967.05

1+

968.24

IFPQTSSST

*62-71

1169.27

1+

1170.49

LNWTETPTAH

*12-21

1169.32

1+

1170.49

LSPGDRIWEP

105-114

1177.41

2+

589.68

MSRFKLPNNA

152-162

1217.31

1+

1218.54

VRVVEITGDDD

49-61

1409.53

1+

1410.83

IFPQTSSSTVNTQ

*50-69

2239.40

3+

747.35

FPQTSSSTVNTQLNWTETPT

*132-151

2239.40

3+

747.35

VEKDASSSPPQLPEIEENRN

*104-122

2239.61

3+

747.35

FMSRFKLPNNALTDQVTAW

87-109

2699.07

3+

900.88

AF………………………....FK

87-109

2699.07

2+

1350.77

AF………………………....FK

115-151

4264.72

4+

1067.85

LT………………………....RN

115-151

4264.72

3+

1423.45

LT………………………....RN

62-151

10281.53

8+

1286.19

LN………………………....RN

58-151

10724.01

9+

1192.56

VN………………………....RN

49-151

11673.04

8+

1460.13

IF………………………....RN

Table 4.3 List of AtHsp18.5 proteolysis products observed after a four hour thermolysin
digest. Proteolysis products marked with a star are tentative assignments due to overlap
in m/z ratio (within 0.1 Th) of another theoretical thermolysin peptide.
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4.5 Conclusions
The quaternary structure of a new small heat shock protein, AtHsp18.5, has been
explored through a combination of solution-phase footprinting, native mass spectrometry,
and gas-phase dissociation. In comparison to other cytosolic plant sHSPs, this protein is
missing a key region from the normally conserved alpha-crystallin domain, a stretch of
20 amino acid residues proposed to be responsible for the sHsp dimeric interface and the
basis of larger oligomer formation. Despite this omission, our collaborators have found
AtHsp18.5 still exhibits chaperone activity. Native mass spectrometry indicates that this
protein does not exist as a large oligomer as other cytosolic plant sHSPs, but exclusively
in a dimeric form at room temperature. Previous studies have implicated sHsp dimers as
the biologically functional, substrate-binding unit, suggesting the larger oligomers that
exist at room temperature must dissociate under stress conditions in order to facilitate
substrate interaction [120]. While the specific details of this process are still unclear, it is
apparent the mechanism of AtHsp18.5 dimer-substrate interaction must differ from those
dimers generated by dissociation of class I and II plant sHSPs.
Limited proteolysis- and H/D exchange-MS have demonstrated that AtHsp18.5
has an extremely stable alpha-crystallin core, and floppy N- and C-terminal extensions.
Limited proteolysis in conjunction with native MS revealed that protions of all three
regions contribute to the stability of the native dimer. Only the first 11 N-terminal
residues and final 10 C-terminal residues could be removed without sacrificing the native
quaternary structure. Removal of additional N-terminal residues from more than one
subunit results in dissociation of the dimer into individual monomeric subunits. Attempts
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to more accurately pinpoint the core dimeric region of AtHsp18.5 through proteolysis
with various enzymes confirmed that only a few residues could be removed from either
terminus without reducing dimer stability.
The unique quaternary structure of AtHsp18.5 makes it a model system for
understanding heat shock activity. The fact that this protein can be studied in its dimeric
form, without heat-induced dissociation, simplifies the number of mechanistic steps in
the chaperone process.

Insight into its interaction with substrate proteins and an

understanding of the differences between AtHsp18.5 and other sHSPs may provide a
better general understanding of chaperone activity in all heat shock systems.
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CHAPTER FIVE
CHARGE SYMMETRIC FRAGMENTATION OF DIMERIC PROTEINS: BUILDING
A FRAMEWORK FOR UNDERSTANDING THE SURFACE-INDUCED
DISSOCIATION OF PROTEIN-PROTEIN COMPLEXES

Recent advances in mass spectrometry (MS) have made it possible to study intact
protein assemblies in the gas-phase such that aspects of their quaternary organization may
be revealed. MS experiments divulge valuable stoichiometric information about protein
subunits, while gas-phase dissociation of the intact complex has the potential to elucidate
sub-oligomeric architecture. Unfortunately, dissociation of protein complexes through
multiple collisions with inert gas atoms such as argon or xenon has resulted in fragment
ions that are asymmetric by charge and mass, providing limited insight into the chemical
nature of subunit organization and interaction.

In this chapter, the dissociation

mechanisms and energetics of dimeric protein complexes are explored not only by
traditional methods through collisions with gas atoms, but also by employing a surface as
an alternative collision partner. It is shown that a symmetric charge distribution results
from an “energy sudden” collision of a protein-protein complex with a surface, indicating
that it may indeed be possible to probe the sub-oligomeric structure of non-covalent
complexes in the gas-phase. It is proposed that “energy sudden” surface activation of
homodimers results in dissociation without significant unfolding of one of the monomeric
subunits.
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5.1 Introduction
Nanoelectrospray mass spectrometry (nanoESI-MS) is rapidly becoming a viable
method for the analysis of multimeric protein complexes. The soft ionization conditions
afforded by nanoESI provide for gentle transfer of proteins from physiologically relevant
solutions into the gas phase, making it possible to maintain many of the weak, noncovalent interactions that exist between protein subunits.

This has allowed

macromolecules of great size and complexity to be examined by mass spectrometry,
including intact ribosomes [50,72], virus particles [35], and enzyme assemblies [158].
The chemical architecture of a given assembly can be further investigated through
tandem mass spectrometry (MS/MS). Unfortunately, the interpretation of tandem mass
spectra for large biological complexes is hindered by a relatively crude understanding of
their dissociation. Upon activation of protein complexes, the primary observations have
been an asymmetric partitioning of both mass and charge. For example, dissociation of
homotetrameric complexes of concanavalin A and avidin and heterotetrameric
hemoglobin by Smith and coworkers [159,160] yielded monomers and trimers as the
primary products. This was contrary to the known substructure in solution, where each
complex is considered to be a “dimer of dimers.” Also notable was that the monomer
product, despite accounting for only one quarter of the complex in terms of mass,
retained approximately half of the overall charge from the original tetramer. Asymmetric
partitioning is not limited to tetramers as it has been observed for several protein
complexes, regardless of size or number of subunits [105,108].
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Smith and coworkers proposed that this dissociation pattern was similar to the
fission of electrospray droplets [160]. In this model, the monomer fragment ions have a
disproportionately high surface area, and therefore retain an uneven amount of charge.
Heck and co-workers [161] and later Williams and co-workers [115,116] demonstrated
that charge separation also occurs asymmetrically in homodimers, complexes that should
theoretically partition evenly.

Williams and co-workers proposed that one of the

monomeric subunits is unfolding during the dissociation process, and due to the increased
surface area of the elongated subunit, there is a Coulombically favorable charge transfer
from the folded subunit to the unfolded one (Scheme 5.1). Klassen and co-workers have
also observed evidence of proton transfer in a pentameric protein complex, proposing
asymmetric dissociation to be an entropically favorable pathway facilitated by charge
enrichment of a single subunit [114]. Recently, Robinson and coworkers have correlated
the degree of charge partitioning to the relative surface areas of the unfolded monomer
and the remaining complex [117]. Despite these advancements, questions remain about
the preferential unfolding of a single subunit and the driving force behind this process
(e.g. does coulombic repulsion actively drive the denaturation of the monomeric
subunit?). Ultimately, it remains difficult to assess the solution-phase nature of subunit
binding from tandem mass spectrometry experiments due to the asymmetric dissociation
of protein complexes in the gas phase.
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Scheme 5.1 Proposed dissociation model for non-covalent protein multimers activated by
slow heating methods such as collision-induced dissociation (CID). Activation results in
the unfolding of and charge transfer to a single monomeric subunit prior to dissociation
from the remaining complex.

The tendency of protein complexes to eject only a single subunit is likely due to
the amount of energy deposited into the projectile ion, and the timeframe over which the
activation event occurs. To date, protein complexes have predominantly been dissociated
by collision-induced dissociation (CID, also referred to as collisionally activated
dissociation or CAD) in which the projectile ion of interest is allowed to undergo
multiple low energy collisions with an inert target gas, such as argon. The small size of
the collision target (40 amu) relative to a multimeric protein complex (typically hundreds
to thousands of kDa) makes for a highly inefficient energy transfer process during each
collision event. The extent of dissociation or even the extent of desolvation of a complex
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can be increased by using a more massive target gas such as Xe, suggesting that the
efficiency of energy transfer is related to the mass of the target as expected. Still, this
inefficiency, combined with the fact that most protein subunits interact over a multitude
of sites along the subunit interface, necessitates a high number of collisions in order to
achieve dissociation of a protein complex. Consequently, the mode of ion activation
likely plays a key role in the unfolding of the ejected monomer. For example, protein
complexes activated by the capture of a low energy electron (electron capture
dissociation, ECD) have yielded product ions that are still highly asymmetric in terms of
mass, but dissociate with charge proportional to their molecular weight (i.e. a 21+
pentamer dissociates into a monomer with 2-3 charges and a hexamer with 14-17
charges) [162,163].
An alternative ion activation method not previously explored is to dissociate
protein complexes via collision with a more massive collision target, such as a surface.
Surface-induced dissociation (SID) provides efficient kinetic to internal energy
conversion, and has shown to be an effective technique for the fragmentation of large
biological ions [86,87,164]. In addition, SID is a fast, single step activation process in
which internal energy is deposited into the projectile ion in a matter of picoseconds
[165,166]. Consequently, the dissociation products might differ significantly from those
produced by multiple collision slow-heating methods.
In this chapter, the dissociation of protein complexes has been studied by
activating ions through traditional methods of colliding them into inert gas atoms, as well
as by non-conventional activation via surface collision. The modified Q-TOF instrument
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described in Chapter Two was used to compare fragmentation of protein complexes by
CID and SID, eliminating any discrepancies that might arise from different source
conditions and observation time frames therefore allowing direct comparison between the
two activation methods. Initial studies were carried out with homodimers of cytochrome
c, non-specific aggregates formed at high solution concentrations. This complex serves
as a model system as it is relatively small and simple, being composed of only two
subunits that are identical in terms of mass.

In addition, the gas-phase structural

properties of cytochrome c have been extensively studied [129,167,168], including
independent analysis of the homodimers by the Heck and Williams groups [115,116,161].
The crystal structure of the cytochrome c monomer with the covalently bound heme
group has also been solved and is shown in Figure 5.1 [169,170].

Figure 5.1 X-ray crystal structure of a cytochrome c monomer, PDB ID 1HRC

First, CID of cytochrome c is thoroughly investigated to gain a better
understanding of the dissociation energetics and pathways available to protein complexes
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by this method, and the instrumental parameters that affect product ion transmission and
detection. The same cytochrome c homodimer is then fragmented by SID, resulting in a
more symmetric charge state distribution of product ions. It is proposed these differences
in charge partitioning reflect the conformation of the monomer product ions, with those
generated by SID retaining a more folded conformation. These studies are then extended
to biologically specific dimers of small heat shock protein 18.5 from Arabidopsis.

5.2 CID of Non-Specific Cytochrome c Dimers
Cytochrome c forms non-specific aggregates when electrosprayed from solution
concentrations higher than 10-4 M. Figure 5.2 shows the nanoESI mass spectrum of 200
μM cytochrome c when sprayed from a buffer solution of 10 mM NH4Ac:NH4HCO3, pH
7. A distribution of positively charged cytochrome c ions is generated with the majority
of the ion signal coming from the monomeric protein (indicated by Mx+, where x
represents the charge state of the ion). Ions corresponding to cytochrome c dimers (Dx+)
are also observed, albeit at much lower abundance.

Some of the peaks labeled as

monomers in Figure 5.2 likely also contain a small amount of dimer (i.e. the M5+/D10+
peak), as each even dimer charge state overlaps in m/z ratio with a monomer having half
the charge. The peaks are broad due to the presence of solvent, with the dimer peaks
retaining more solvent than the monomeric ions. The inset of Figure 5.2 shows an
expansion of the region containing the 11+ dimer (D11+), which is more than 50 Th wide
at the base of the peak.
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Figure 5.2 Nano-electrospray ionization mass spectrum of 200 μM cytochrome c in a
buffer solution of 10 mM ammonium acetate:ammonium bicarbonate, pH 7. Inset shows
an expansion of the region around the 11+ charge state of the cytochrome c homodimer.

The 11+ dimer of cytochrome c was selected and fragmented by CID to yield the
spectrum displayed in Figure 5.3. The selected charge state contained an odd number of
charges to ensure that if the dimer separated into its two component subunits, the
monomer product ions would not overlap in m/z ratio with the precursor ion. Upon
dissociation, three fragmentation pathways are evident for the 11+ dimer precursor ion:
formation of the 3+/8+, 4+/7+, and 5+/6+ complementary monomers (Scheme 5.2).
While the higher order symmetry of the precursor ion in the gas phase is not known, it is
composed of two polypeptide chains of identical amino acid sequence. Despite this, it is
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clear from the CID spectrum in Figure 5.3 that the most asymmetric dissociation
pathway (the M3+/M8+ monomer pair) is dominant. As stated above, this is presumably
due to a breaking of symmetry in the complex by an unfolding of one of the subunits.

Figure 5.3 CID of the 11+ dimer of cytochrome c at a collision energy of 550 eV. The
dimer fragments into its component subunits with the charge being asymmetrically
partitioned between the fragments such that the predominant product ions are the 8+ and
3+ monomer.
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Scheme 5.2 Fragmentation pathways observed for the collision-induced dissociation of
the 11+ cytochrome c homodimer. Three pairs of complementary fragment ions are
observed upon dissociation: an M6+/M5+ pair, an M7+/M4+ pair, and an M8+/M3+ pair,
with the most asymmetric dissociation channel (circled in red) being the most intense
under the conditions used to acquire the spectrum in Figure 5.3.

It should be noted that CID of cytochrome c dimers in a Q-TOF performed by
Heck and coworkers yielded monomer ions with high m/z ratios in much lower
abundance than their complementary monomer fragment ions at low m/z, a phenomenon
also observed in early experiments in our lab and shown in Figure 5.4. There is an
exponential decrease in signal intensity with increasing m/z of the product ion, such that
the 8+ ion is by far the most abundant product ion, but the complementary 3+ monomer
is barely visible. This observation has been noted in the literature, and attributed to the
decreased ability to focus ions of high m/z and the lower velocity of these ions as they
impinge upon the detector [115,161]. Dissociation of cytochrome c ions in FTICR
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instruments were also biased against the high m/z ions, but to a lesser degree, showing
that the M8+ and M3+ ions are indeed complementary. As evident from Figure 5.3,
discrimination against ions with high m/z ratios can be at least partially surmounted in QTOF analyzers, as will be discussed below. Here, the high m/z discrimination was
observed with the manufacturer’s suggested tuning (Figure 5.4), and overcome through
the tuning of source conditions and reducing the DC potential on the tube lens prior to the
TOF mass analyzer (Figure 5.3). CID in the latter case results in 3+ and 8+ ions of
approximately equal abundance.

Regardless of tuning parameters, however, the 8+

fragment is always more abundant at this CID energy than the 7+ or 6+ fragment ions.

187

Figure 5.4 CID of the (cyt c)211+ at the same collision energy employed in Figure 5.3.
Here, the cone voltage was set to 50 V in contrast to the 150 V used above and the tube
lens was maintained at 85 volts as opposed to zero volts.

See below for further

discussion of these parameters.

5.2.1 Effect of Collision Energy on Dissociation of Cytochrome c Dimers
Jurchen et al. explored a number of factors affecting the CID of cytochrome c
homodimers [115], such as charge state and conformational flexibility, and other
properties related to the gas-phase protein ion itself. Here, the influences of various
instrumental factors (argon gas pressure, collision energy, source voltages) are studied to
ascertain the effects of internal energy, ion scattering, and product ion kinetic energy.
This reveals not only mechanistic details about the dissociation of protein complexes, but
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also instrumental biases of the Q-TOF platform that might affect the dissociation
products observed.
One parameter that has a large effect on the appearance of the mass spectrum is
the internal energy of the dissociating ion. By CID, the internal energy of the ion can be
increased by increasing the laboratory collision energy, thereby accelerating the projectile
ion at a higher velocity, or increasing the pressure of the collision gas, allowing for a
greater number of collisions. There is a possibility that the latter can also result in a net
decrease in internal energy if the collisions reduce the axial velocity of the projectile ion.
Thus, while the number of collisions increases, each collision event results in lower
energy deposition, a similar phenomenon to that described for collisional focusing or
“cooling.”
Figure 5.5 shows the effects of increasing laboratory collision energy on the
dissociation of cytochrome c. It should be noted that the instrument conditions were set
as in Figure 5.4, with the exception of the DC potential applied to the source hexapole
used to define the laboratory collision energy. At low collision energies, the 11+ dimer
dissociates to give predominantly 6+ and 5+ complementary monomer product ions. The
dissociation of the dimer is symmetric, with the observed complementary fragments
retaining nearly half the mass and charge of the original 11+ homodimer. The most
asymmetric products, the 8+ and 3+ monomer ions, are present only at low abundance.
As the collision energy is increased, the asymmetric products increase in abundance until
the 8+ monomer ion is the most abundant fragment. This increase in charge asymmetry
of the product ions as a function of increasing collision energy is consistent with
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observations made by Jurchen et al. in an FTICR. An increase in the internal energy
deposited into the ion presumably allows a greater degree of subunit unfolding, causing
the denatured monomer to carry away most of the charge, while the other subunit remains
relatively folded.
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Figure 5.5 Energy-resolved CID of the 11+ homodimer of cytochrome c. The voltage
difference between the source hexapole and the collision cell is listed as ΔV and
multiplied by the 11+ charge state to determine the laboratory collision energy (CE). The
charge asymmetry of the product ions increases with increasing collision energy.
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5.2.2 Effect of Collision Gas Pressure
As stated above, in CID experiments, the collision gas pressure also influences the
amount of internal energy deposited into the projectile ion. Higher pressures result in a
greater number of collisions, and although this generally results in the deposition of more
internal energy, this is not always the case. At higher pressures, the mean free path of an
ion between two consecutive collisions decreases, limiting its acceleration through a gasfilled chamber. The ion consequently experiences frequent low energy collisions, which
can actually deposit less energy than a fewer number of high energy collisions.
Gas pressure also has a dramatic effect on ion scattering/focusing.
Radiofrequency ion guides and gas collision cells are often operated near atmospheric
pressure (10-2-10-3 torr), a range at which some ion loss might be expected due to
scattering. Douglass and French showed that gaseous collisions can also provide a
focusing effect by reducing the axial and radial velocity of ions as they pass through the
ion guide, thereby keeping the ion beam closer to the center-line of the device [106]. A
similar effect has long been manipulated in three dimensional ion traps, as helium buffer
gas is used to dampen ion motion, keeping ions focused in the center of the trap [171].
By increasing the pressure of an rf-only quadrupole from 2.4 x 10-3 torr to 1 x 10-2 torr
they demonstrated that ion signal first increased and then decreased, reaching a maximum
throughput around 5 x 10-3 torr for ions under 1000 amu in mass. They also noted that
this phenomenon was size dependent, and that large protein ions likely required greater
gas pressures or a heavier collision gas to provide similar focusing.
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In CID, the main purpose of the gas is to serve as a collision partner for transfer of
ion kinetic energy into internal energy rather than as an ion focusing agent. Other
collisional processes such as scattering or charge transfer to the target however, cannot be
separated from the activation process, and also determine which product ions are
observed. To examine the influence of gas pressure on the CID of protein complexes,
cytochrome c dimers were fragmented at argon pressures ranging from 9 to 18 psi
(Figure 5.6). The pressure here was read from the collision cell pressure gauge on the
front panel display of the Q-TOF, as there is no pressure gauge connected to the inside
the gas cell itself. The pressure in the analyzer chamber was read from a penning gauge
and was 5.9 x 10-5 mbar at 12 psi. The pressure in the source hexapole region was
measured at an active pirani gauge and held constant at 9 x 10-3 mbar. The laboratory
collision potential defined at the source hexapole was held at 50 V, corresponding to a
collision energy of 550 eV, as in Figure 5.4.
At 9 psi (Figure 5.6a), dissociation of the 11+ homodimer looks similar to the
550 eV CID spectrum shown in Figure 5.4. The 8+ monomer is the dominant product
ion and there is an exponential decrease in ion intensity as the product ions increase in
m/z ratio. Consequently, there is little to no (cyt c)3+ monomer ion observed. As the
pressure is increased, the high m/z ions (M5+, M4+ and M3+) all increase in abundance
with respect to the low m/z complementary fragments. This effect is most dramatic at 18
psi (Figure 5.6d), where the M4+ product ion, barely visible in Figure 5.6a, is the base
peak in the CID spectrum. This is attributed to the difference in optimal pressure for
focusing ions of different m/z ratio. Higher gas pressures enhance the focusing of ions
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with a high m/z ratio, but may cause scattering loses for smaller ions. Smaller ions may
also undergo enough collisions that they have insufficient axial velocities when
accelerated into the TOF region, causing them to undershoot the MCP detector.
Likewise, at low pressure, ions with a low m/z ratio are transmitted without impediment,
but the larger ions are dispersed off-axis due to their large radial velocities. While
dispersion of low m/z ions can be corrected by the rf hexapole, high m/z ions are not
sufficiently focused to pass through the collision cell exit aperature.

Figure 5.6

illustrates the important role that collision gas pressure plays in CID, especially for ions
with high m/z ratios.

Collision gas can be used to manipulate, or inadvertently

discriminate, the product ions observed. It is important for the user to be aware of these
potential discriminations when operating the Q-TOF or interpreting results.
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Figure 5.6 CID of (cyt c)211+ as a function of argon pressure in the collision cell.
Pressure is recorded as read from the Q-TOF front panel display on the instrument
housing. Ions with high m/z ratios are discriminated against at low argon pressures,
whereas ions with low m/z ratios are lost at high pressures.

5.2.3 Effect of Cone Voltage
The initial internal energy of ion population can also impact the dissociation
products observed in tandem MS experiments.

Harsh ionization methods, source

voltages, and temperatures can increase the internal energy of an ion at birth or shortly
thereafter, generating “hot” ions, capable of fragmenting at lower acceleration voltages
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into the gas collision cell. Ions generated under high energy source conditions can lead to
the observation of dissociation pathways not otherwise accessible [87].
To test the influence of source heating on the dissociation of protein complexes,
cytochrome c dimers were fragmented as a function of increasing sample cone voltage
(Figure 5.7). Ions generated in the source were accelerated into the quadrupole, where
the 11+ homodimer was selected, regardless of its initial energy. It was subsequently
fragmented at 550 eV in the collision cell, using an argon pressure of 12 psi as indicated
by the gauge on the front instrument panel. At all three sample cone voltages shown in
Figure 5.7, the low m/z region of the spectrum looks similar in appearance, with the ion
intensity increasing with asymmetry of the charge, such that M6+ < M7+ < M8+. The
relative abundance of the high m/z product ions, however, changes with increasing
sample cone voltage. As the sample cone voltage is increased, the relative abundance of
the most asymmetric pathway increases.

At a cone voltage of 50 V, the relative

abundance of the high m/z monomer ions is M3+ < M4+ < M5+. At a sample cone voltage
of 125 V, the M4+ is the most abundant ion, and at a cone voltage of 150 V the trend is
reversed from that observed at 50 V.
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Figure 5.7 Dissociation of (cyt c)211+ as a function of increasing sample cone voltage.
Heating ions in the source region alters the relative abundance of the high m/z monomer
product ions, with the more asymmetric ions increasing in relative intensity at higher
cone voltages.

At first, it might seem odd that only the high m/z region of the spectrum is
influenced by the increase in sample cone voltage, but there are two explanations for the
observed effect. Protein complexes are known to fragment by the same dissociation
mechanism, whether they are activated in the source region or in the collision cell [117].
Partial activation of the ions in the source region however, can affect how far along the

197
collision cell an ion travels before fragmenting. For example, an ion at near thermal
energies may traverse the majority of the 18.5 cm long collision cell in this instrument
before fragmenting. Due to the asymmetric mass and charge partitioning observed in
CID of protein complexes, the (n-1)-mer fragments will have m/z ratios higher than that
of the initial precursor. The late-stage fragmentation of the precursor leaves little time to
focus these high m/z product ions before reaching the exit aperture of the collision cell.
Alternatively, an ion that is heated in the source will reach the collision cell with a higher
internal energy and be more susceptible to fragmentation. A hot ion can fragment much
closer to the front end of the collision cell, allowing it to experience more cycles of rf
focusing in the hexapole collision cell before reaching the exit lens. Consequently, the
hotter the ion is initially, the sooner it will fragment in the collision cell, a factor that
should increase the abundance of high m/z ions to a greater degree.
The second explanation for the observed increase in relative abundance of the M3+
ion relative to M4+ and M5+ is that the overall energy of the system is higher in Figure
5.7c. The collision energy, as defined by the DC offset between the hexapole and the gas
collision cell, was the same in each spectrum in Figure 5.7. Ions born with high internal
energies will ultimately be raised to higher internal energy levels after collisional
activation in the gas cell than those ions created at thermal energies. As shown in the
energy-resolved CID spectra in Figure 5.5, charge asymmetry of the product ion
distribution increases with increasing internal energy of the projectile ion. The increase
in relative abundance of the M3+ ion is likely due in part to the enhancement of
asymmetric dissociation at high energy.
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5.2.4 Effect of Tube Lens Voltage
As mentioned above, and in Chapter One, the kinetic energy of ions as they enter
the TOF region has a significant effect on their detection. First, the trajectory of ions
entering the TOF is determined by not only an orthogonal extraction voltage (pusher or
pusher/puller combination), but also by their velocity as they enter the TOF region. In
the Q-TOF 2 instrument, the axial kinetic energy of the ions entering the TOF region is
defined by the entrance lens, and is typically set to -65 V (65 eV/charge) for ions to
collide central to the detector. Ions that enter with high excess kinetic energy after
passing through the collision cell can potentially overshoot the detector, despite the
orthogonal orientation of the TOF analyzer. Similarly, ions with high m/z values that
might be slowly accelerated into the TOF region can undershoot the detector if they have
insufficient axial kinetic energy.

Secondly, ions with high m/z ratios have lower

velocities as they pass through the TOF tube and impinge upon the detector.
The influence of various TOF voltages was examined to optimize conditions for
the detection of ions with high m/z ratios. The voltage on the TOF entrance lens was
adjusted, as it has the most direct impact on the kinetic energy of the entering ions. Small
changes to this lens however, were found to have little effect on the product ion
spectrum, while significant changes (> 25 V) resulted in peak splitting, possibly due to an
increase in fragmentation after the pusher region.
The tube lens, located immediately prior to the TOF entrance lens (see lens
labeled “tube” in Figure 2.3), was also adjusted to examine its influence on the
dissociation products of cytochrome c. The tube lens is responsible for helping to shape
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the ion beam on entry to the pusher region, and effects resolution and peak shape. It is
determined by the manufacturer and was operated at -85 V for the experiments described
thus far. It was found that lowering the tube lens to zero volts resulted in a magnification
of ions at high m/z. Figure 5.8a-c reproduces the CID spectra of (cyt c)211+ from Figure
5.7, where the cone voltage is increased from 50-150 V at a tube lens voltage of -85 V.
Adjacent to those spectra, in Figure 5.8 (d-f), are CID spectra of (cyt c)211+ at identical
cone voltages, but at a tube lens voltage of 0 V. In each case, the spectra in the righthand column are near perfect reflections of those on the left-hand side, but with all
product ions higher in m/z than the D11+ precursor (red dot), magnified in intensity. This
is attributed to the rapid acceleration of ions as they pass from the tube lens (0 V) to the
TOF entrance lens (-65 eV), suggesting ions with high m/z values are now as likely to hit
central to the detector as ions with low m/z ratios. At cone voltages high enough to
access the most asymmetric dissociation pathway (D11+ Î M8+ + M3+), and with the tube
lens voltage at 0 V, the complementary dissociation products are of nearly equal
abundance (Figure 5.8f), and similar to the spectrum acquired in Figure 5.3.
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Figure 5.8 The effect of tube lens voltage on the CID spectra of (cyt c)211+. At tube lens
voltages of -85 V (a-c), the high m/z ions (> 2,300 Th) are present in low abundance
relative to their complementary monomer fragments at low m/z. When the tube lens in
dropped to zero volts (d-f), the high m/z end of the spectrum is magnified, such that the
abundance of the high m/z monomer product ions compare more closely in intensity to
their complementary monomer product ions with low m/z ratios. Spectra were acquired
as a function of increasing cone voltage from top (50 V) to bottom (150 V).
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5.3 Potential of SID to Study Sub-Oligomeric Structure of Protein Macromolecules
Several research groups have contributed to the current dissociation model of
non-covalent protein complexes [24,105,108,114,115,160].

In an effort to further

develop this model and improve the general understanding of the mechanisms and
energetics that govern the fragmentation of protein assemblies, ion activation methods
other than CID have been explored [114,162,172]. The use of alternative activation
methods also has the added benefit of potentially generating fragment ions
complementary to those observed by CID. As CID provides very limited insight into the
structural composition of protein complexes, access to alternative dissociation channels is
highly desirable. One way to more efficiently activate protein complexes is to use a
surface as a more massive collision target. Surface-induced dissociation has the benefits
of providing a narrow, well defined distribution of internal energy that can be easily
varied by changing the acceleration of the projectile ion into the surface. SID also has
the advantage of providing efficient transfer of translational energy into the internal
modes of an ion on a very rapid timescale [165,166].

5.3.1 SID of Cytochrome c Dimers: Comparisons to CID
In order to explore the effects of an “energy sudden” surface collision on protein
complexes, the cytochrome c 11+ homodimer was collided with a fluorinated selfassembled monolayer on gold. The precursor ion was selected by the quadrupole, but
rather than entering into the gas-filled collision cell, the ion beam was instead deflected
off-axis into the gold surface, which resided approximately 8 mm above the center of the
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ion beam. The collision energy was defined by the difference in DC potential between
the source hexapole and the surface. Following collision, the beam was deflected back
on axis and directed into the hexapole collision cell. For the SID experiments described
throughout this chapter, no argon was leaked into the gas cell so it was used solely as an
ion guide.

Fragment ions were analyzed in the TOF region as in a typical CID

experiment.
A comparison between CID and SID for the 11+ dimer is shown in Figure 5.9.
The CID spectrum in Figure 5.9a is the same shown previously in Figure 5.3, but is
reproduced here for comparison. It should be noted that all CID spectra were acquired
both with and without the SID device installed to ensure the presence of the apparatus
had no effect on the dissociation products observed. With the device installed, CID was
accomplished by operating the SID device in transmission mode, passing the ion beam
through the ion optics without hitting the surface, and into the gas-filled collision cell.
SID of the 11+ homodimer was acquired under identical source and TOF conditions
(sample cone and tube lens operated at 50 and 0 volts, respectively). The SID spectrum,
shown in Figure 5.9b reveals a symmetric partitioning of charge between the two
monomeric fragments as opposed to the highly asymmetric dissociation observed by
CID. In the SID case, the predominant pathway is the formation of monomer products
with five and six protons, while the 3+ and 8+ monomer ions that dominated the CID
spectrum account for a small percentage of the total ion current (Scheme 5.3). Hence,
surface collision divides the dimer into two fragments, equivalent in terms of both mass
and charge.
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Figure 5.9 Comparison of tandem mass spectra for (cyt c)211+ by CID (a) and SID (b).
The precursor ion is shown in red for clarity. The voltage difference between the source
hexapole and the collision cell (CID) or the surface (SID) is listed as ΔV. The collision
energy (CE), the product of ΔV and the precursor ion charge state, is also given for each
spectrum.
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Scheme 5.3 Fragmentation pathways observed for the surface-induced dissociation of the
11+ cytochrome c homodimer. The same three pairs of complementary fragment ions are
observed as in the CID spectrum, but in the case of SID the most symmetric dissociation
channel (circled in red) is the most intense.

5.3.2 Energy-Resolved SID of Cytochrome c Dimers
To study the dissociation energetics of this system, the 11+ homodimer was
fragmented via surface collision over a broad range of energies. The surface potential
was held constant at 10 volts, while the collision energy was varied by changing the DC
offset on the source hexapole. For these experiments the cone voltage was kept low to
restrict ion activation in the source region, and the TOF tube lens was kept at 85 volts to
show that the symmetric dissociation observed in Figure 5.9 was indeed the result of the
ion activation method, and not merely of instrument tuning. This symmetric dissociation
pattern is observed over a broad range of collision energies by SID, as shown in Figure
5.10. As the potential difference (ΔV) is varied from 30 to 90 volts, the symmetry of
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charge changes by CID, whereas by SID, the 5+ and 6+ monomer ions are always the
most abundant monomers. Interestingly, even at the lowest SID collision energies of 330
eV, the precursor ion is barely visible. This indicates the cytochrome c dimer dissociates
more readily by SID than by CID, where it is the base peak at 330 eV. Lower collision
energies could not be achieved by SID, presumably because the collision angle is too
shallow at lower energies to collect product ions that scatter off of the surface. At a
ΔVhex-surface of 90 V, the SID spectrum shows removal of the covalently bound heme
group from the cytochrome c monomers. This effect was observed slightly at higher CID
collision pressures and energies, but never to the extent observed by SID.
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Figure 5.10 Energy-resolved CID (column a) and SID (column b) tandem mass spectra
for the 11+ homodimer of cytochrome c. The voltage difference between the source
hexapole and the collision cell (CID) or the surface (SID) is listed as ΔV. The collision
energy (CE), the product of ΔV and the precursor ion charge state is also given for each
spectrum. All other experimental conditions were identical for each spectrum collected.
The cone voltage was set at 50 volts, in contrast to the 150 volts used for the spectra of
Figure 5.9 and the tube lens was maintained at 85 volts. These more conventional
settings (as opposed to those used in Figure 5.9) were used to show that the symmetric
nature of dissociation is indeed a result of the activation method employed rather than
harsh source conditions or manipulation of the kinetic energy as ions enter the TOF tube.
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5.3.3 Proposed Model for Symmetric Dissociation of a Protein Complex
The observation of more symmetric charge partitioning in the case of ion-surface
collision is proposed to be a direct result of the “energy-sudden” activation provided by
SID. CID slowly adds internal energy through multiple collisions, over a time period of
hundreds of microseconds [108], during which subunit unfolding can gradually occur.
Given that the activation time for ion-surface collisions is on the picosecond timescale
[165,166], it is possible that subunit unfolding does not occur, or occurs to a far lesser
extent, before dissociation yields a more symmetric product distribution.
Scheme 5.4 suggests a simplified reaction pathway for two competing
dissociation processes. Pathway (a) represents slow, low energy dissociation of a protein
complex as previously shown by Klassen and coworkers, in which monomer
unfolding/proton transfer (U-PT) precedes subunit loss (SL) [114].

Pathway (b)

represents a single step activation process in which little or no unfolding occurs before
subunit loss (SL’). Dissociation via pathway (a) occurs via a multi-step activation in
which the conformation changes with collisions, and the structure of the complex after
the nth collision is different than that of the original precursor ion. In contrast, in pathway
(b) sufficient energy is deposited in a single step to overcome the energy threshold for
subunit loss. The transition state structure for subunit loss in these two pathways is
unlikely to be the same, thus the charges and subunit structures of the product ions should
also be different.
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Scheme 5.4 Simplified reaction diagram for collision-induced (a) vs. surface-induced
dissociation (b) of non-covalent protein complexes.

SL = subunit loss, U-PT =

unfolding/proton transfer.

5.4 Dissociation of a Biologically Specific, Dimeric Small Heat Shock Protein
While the surface-induced dissociation of cytochrome c dimers proved to be
symmetric in terms of mass and charge, cytochrome c exists primarily as a monomer, and
does not dimerize in a biologically specific manner. The gas-phase dissociation of this
complex therefore provides little insight into whether additional structural details can be
probed through surface collisions. In order to determine if the symmetric dissociation
patterns observed by SID extended to biologically specific protein multimers,
homodimers of small heat shock protein 18.5 from Arabidopsis (AtHsp18.5) were

209
investigated by CID and SID. As this system was probed by H/D exchange, limited
proteolysis and a single stage of native MS in Chapter Four, much detail is known about
the structural arrangement of these dimers.
The nanoESI mass spectrum of AtHsp18.5 was previously shown in Figure 4.4,
and revealed that this protein is exclusively dimeric. Here, the 11+ dimer was selected
for comparison to the same charge state fragmented in the study of cytochrome c. Figure
5.11 shows a comparison of CID and SID tandem mass spectra for the dissociation of the
(AtHsp18.5)211+ ion. As with the dissociation of cytochrome c dimers, the predominant
pathway observed by both activation methods is disruption of the non-covalent
interactions, separating the two monomeric subunits. Collisions with argon primarily
generate complementary monomer fragments with 4 and 7 charges, though the M5+/M6+
monomer pair as well as the M8+ ion are also present in very low abundance (< 10%
relative abundance in Figure 5.11a).
SID of this complex (Figure 5.11b) generates three pairs of complementary
monomers: the M5+/M6+, M4+/M7+, and M3+/M8+ pairs, the same three monomer charge
states observed in the dissociation of the 11+ cytochrome c dimer. With AtHsp18.5
however, the dominant SID pathway is similar to that observed by CID, with the M4+/M7+
monomer fragment ion pair being the most intense. The most symmetric dissociation
pathway is slightly enhanced in the SID spectrum, with the 5+ and 6+ monomer fragment
ions appearing at approximately 20 and 40% relative abundance, respectively. The more
asymmetric 3+ and 8+ monomer ions are also observed at low abundance by SID.
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Figure 5.11 MS/MS of biologically specific homodimers of AtHsp18.5 by CID (a) and
SID (b).

While fragmentation of the AtHsp18.5 homodimer is more slightly more
symmetric by SID, the effect is clearly not as dramatic as for the dissociation of
cytochrome c dimers. One explanation for this could be the highly flexible termini of this
protein, making it more susceptible to subunit unfolding upon dissociation. As discussed
in Chapter Four, the N- and C-terminal ends of small heat shock proteins tend to be very
dynamic by nature, as demonstrated by facile H/D exchange and proteolysis of these
regions. This may provoke some degree of monomer unfolding even under conditions of
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rapid activation. Another possibility is that there is variability in the distribution of
charge on the two subunits prior to hitting the surface. For a population of protein dimers
generated by ESI, a number of charge configurations should exist, including ones in
which the charge is not necessarily distributed equally between the two subunits [173].
Permutations in uniform charge distribution may account for some asymmetry, and the
SID-generated product ions in Figure 5.11b are only slightly asymmetric. The protein is
also likely to undergo some gaseous collisions prior to reaching the surface, despite
efforts to use gentle source conditions.
One way to further explore contributions leading to charge asymmetric
dissociation is to investigate the dissociation of AtHsp18.5 homodimers after removal of
the most flexible regions of the protein. The limited proteolysis experiments described in
Chapter Four provided several truncated forms of this protein still capable of forming a
dimeric core.

One of these truncations, a “heterodimer” consisting of one subunit

encompassing amino acid residues 48-153 and a second subunit with residues 48-150,
was selected for tandem MS studies. The MS spectrum of these proteolysis products was
shown in Figure 4.12. The 48-150 and 48-153 truncations form a mixture of monomers
and dimers, indicating that cleavage of the first 47 N-terminal residues begins to disrupt
the dimeric core of the protein. The core piece that does remain is more rigid than the
termini and resistant to proteolysis.
The 8+ heterodimer at 2,969 Th was fragmented by CID and SID, and the
resulting product ion spectra are shown in Figure 5.12. By CID (a), the heterodimer
fragments into monomers, with the majority of the charge residing on truncation 48-153.
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In other words, the fragmentation of the 8+ dimer predominantly yields monomers with 5
and 3 charges, where the 5+ monomer of the larger subunit is most abundant (D8+ Î
[M48-153]5+ + [M48-150]3+). The 48-153 subunit is larger by only 3 residues, and thus not
expected to have a significantly greater surface area whether folded or unfolded, but one
of those residues is a basic arginine, a likely site for protonation.

Thus, it is not

surprising that this truncation would be more likely to take the majority of the charge if
the two subunits were to fragment in an asymmetric fashion. The heterodimer can also
fragment with both subunits retaining half of the precursor ion charge, or with 48-153
truncation retaining a minority of the charge (D8+ Î [M48-153]4+ + [M48-150]4+ or D8+ Î
[M48-153]3+ + [M48-150]5+), but both of these pathways are less abundant.
By SID, with the most flexible regions of the protein removed, the 8+ heterodimer
composed of nearly mass and residue equivalent subunits, fragments into two monomers
that spilt the charge of the precursor ion equally. While charge asymmetric pathways are
also observed, they are present at less than 50% relative abundance compared to the
symmetric dissociation products. Here, the surface-induced dissociation of the complex
is drastically more symmetric relative to CID than in the case of the intact protein. This
implies that the regions that are naturally very floppy may still undergo some unfolding
even when activated by a rapid surface collision event. When these flexible regions are
removed however, the rest of the protein remains mostly folded upon dissociation,
whereas both the whole protein and truncated form are free to unravel during CID. It is
also interesting to note that the truncated heterodimer fragments much easier by both gasphase activation methods than the intact homodimer. This is likely due to the decreased
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stability of this dimer, as evidenced by the presence of monomer in the MS spectrum.
Thus, the gas-phase dissociation energetics provide a way to probe the relative stability of
the dimeric complex.

Figure 5.12 MS/MS of the truncated 48-153/48-150 heterodimer of AtHsp18.5 by CID
(a) and SID (b). Removal of the most flexible regions of the protein lead to an increase
in charge symmetric fragmentation pathways by SID.
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5.5 Conclusions
Surface-induced dissociation has been explored as a means of activating noncovalent protein complexes. While SID has provided valuable insight into the structure
of small organic ions, peptides, and even proteins, these studies represent the first
application of SID for the fragmentation of multimeric assemblies of proteins. It is
shown that both specific and non-specific protein dimers fragment symmetrically in
terms of mass and charge. This is in sharp contrast to slow heating activation methods
such as CID and BIRD, which result in a highly asymmetric dissociation of protein
subunits from the intact complex. The differences observed by SID have been attributed
to the rapid deposition of energy achieved by a single surface collision event, and are
proposed to induce dissociation of protein complexes prior to structural rearrangement
(unfolding) of a single monomer subunit.
A conclusion that may be drawn from the present and published CID data is that it
appears one monomer unfolds to a greater extent than other subunits within the same
complex. While it has been debated as to what drives this asymmetric partitioning (i.e.
does unfolding facilitate proton transfer or does proton transfer promote unfolding
[114,115,117]?), it is likely that an increasing number of non-covalent bonds are broken
as the complex undergoes multi-step collisional heating.

Ultimately, the unfolded

monomer will dissociate from the remaining complex, taking with it a substantial fraction
of the overall charge.
In the case of ion-surface collisions, the collision partner is larger, and ions make
more direct contact upon collision. A large percentage of the protein’s overall surface
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area will make physical contact with the surface, and the collision is more energetic in the
center-of-mass reference frame. This may provide the possibility that multiple noncovalent interactions in the interfacial subunit regions are disrupted nearly simultaneously
leading to ejection of the colliding monomer before substantial unfolding. While the
mechanisms of this process are still being investigated, the current work provides insight
into the timescale of the subunit unfolding process, the prospect of subunit dissociation
without unfolding, and the effect of activation timeframe on the dissociation patterns of
protein complexes
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CHAPTER SIX
DISSOCIATION ENERGETICS AND MECHANISMS OF NON-COVALENT
TETRAMERIC AND PENTAMERIC PROTEIN COMPLEXES

In recent years mass spectrometry based techniques have emerged as structural
biology tools for the characterization of macromolecular, non-covalent assemblies. Many
of these efforts involve preservation of intact protein complexes within the mass
spectrometer, providing molecular weight measurements that allow the determination of
subunit stoichiometry and real-time monitoring of protein-protein interactions. Attempts
have been made to further elucidate subunit architecture through the dissociation of
individual subunits from the intact complex by colliding it into inert gas atoms such as
argon or xenon. Unfortunately, the amount of structural information that can be derived
from such strategies is limited by the nearly ubiquitous ejection of a single, unfolded
subunit.

Previous gas-phase dissociation experiments on dimeric protein-protein

complexes indicated that it might be possible to derive more biologically relevant
structural information by colliding these ions into a massive surface rather than gas
atoms. Here, a series of tetrameric and pentameric proteins demonstrate that alternative
subunit fragments, not observed through multiple collisions with gas atoms, can be
generated through surface collision. Evidence is presented for the retention of individual
subunit structure, and in some cases, retention of non-covalent interactions between
subunits and ligands. We attribute these differences to the large energy input of ion-
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surface collisions, which leads to the dissociation of subunits prior to the unfolding of
individual monomers.

6.1 Introduction
Since Theodor Svedberg’s landmark invention of the analytical ultracentrifuge
first revealed that proteins can consist of more than one polypeptide chain, the
stoichiometry and quaternary arrangement of subunits has become essential to the
definition of protein structure [174]. We now realize that proteins often function in large
assemblies, making it paramount that these molecules be understood in the context of the
various ligands to which they bind (i.e., other proteins, oligonucleotides, and small
molecules). Biophysical methods for characterizing macromolecular assemblies have
primarily been the domain of x-ray crystallography, NMR, and electron microscopy, but
mass spectrometry has recently emerged as powerful structural biology tool in its own
right. Fifteen years ago, it was demonstrated that non-covalently bound proteins could be
preserved within the mass spectrometer, and that these complexes reflected the
biologically specific interactions that existed among protein subunits [175-177]. Mass
spectrometry has since evolved from the simple mass measurement of non-covalently
bound species, into a robust technology capable of discovering novel protein-protein
interactions [178], identifying ligand binding sites [179], probing substrate-specific
conformational changes [5], and monitoring dynamic binding events [110,180].
Recently, efforts to elucidate the arrangement of proteins within multimeric
complexes have added a powerful new dimension to MS as a structural biology approach.
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Most of these methods have relied on chemical cross-linking [181,182], or partial
solution-phase denaturation [182-184], followed by MS to identify spatially proximate
subunits. In theory, the direct gas-phase dissociation of intact macromolecules should
also provide insights into their subunit architecture, avoiding any prior tedious and timeconsuming solution-phase chemistry.

In tandem mass spectrometry (MS/MS), a

molecular ion of interest can be mass selected and fragmented, and the resulting fragment
ions can provide additional structural information about the original precursor ion. Gasphase dissociation experiments have enhanced the structural analysis of biological
molecules such as DNA [185], carbohydrates [186], and individual proteins [91].
Smith and coworkers were the first to fragment protein multimers in the gas-phase
when they investigated a series of biologically specific tetramers [159,160]. Gas-phase
dissociation of these tetramers produced exclusively monomer and trimer fragment ions,
products not reflective of the strong dimer-dimer interactions observed in solution. It is
now known that MS/MS of multimeric proteins, with few published exceptions [71],
leads primarily to the ejection of a single, highly charged monomer, regardless of the
protein size, structure, or subunit composition. The number of charges retained by the
monomer is significant as it provides insight into the conformation of the product ion. It
is well known that the multiply charged ions produced by electrospray reflect protein
structure, with denatured proteins accommodating more charge than compact, folded
conformations [98,128,129]. Similarly, several research groups have concluded that a
protein with “n” subunits dissociates through the unfolding of a single monomer,
presumably to relieve Coulomb repulsion within the multiply charged intact complex
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[114-117,159,173]. The increase in surface area is accompanied by considerable charge
enrichment of the unfolded monomer such that the ejected subunit absconds with a
disproportionate share of the charge with respect to its relative mass. A more folded (n1)-mer is left with the remainder of the charge resulting in charge partitioning that is
highly asymmetric with respect to the mass of each product, but symmetric in terms of
their surface areas [117,173]. With few exceptions [71], this effect is ubiquitous, having
been observed with complexes as small as dimeric cytochrome c [115,116,161], and as
large as the 800 kDa tetradecamer of chaperonin GroEL [5,135]. The consequence of
this general dissociation mechanism is that little structural information on the
arrangement of subunits within the complex can be derived from their tandem mass
spectra. While some gas-phase dissociation experiments have provided limited spatial
information for weakly bound proteins or proteins on the periphery of a complex
[50,118], a comprehensive picture of the overall subunit architecture remains elusive.
The interpretation of protein quaternary structure by mass spectrometry would be greatly
facilitated if larger, structurally significant subcomplexes could be observed directly from
the gas-phase dissociation of the intact complex.
One way to overcome this problem may be through alternative means of
activating protein complexes, allowing access to dissociation channels other than the
ejection of a single, unfolded monomer.

Currently, the predominant method of

dissociating protein complexes is through collision-induced dissociation (CID). In CID,
the projectile ions are accelerated into inert gas atoms (i.e. argon or xenon) to provide
collisions that convert the precursor ion kinetic energy into internal vibrational modes,
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leading to unimolecular decay. As a protein complex often carries a high net charge, its
laboratory frame kinetic energy will typically be several thousand electron volts (eV)
during a CID experiment. Despite this high kinetic energy, the number of collisions
necessary for dissociation of a protein complex may still number in the tens of thousands
as conversion of that energy into internal modes of the protein is highly inefficient due to
the relative size of the protein ion and the collision gas. Alternatively, the use of a more
massive collision target, such as a surface, can offer more efficient energy transfer,
activating ions on a much shorter time frame (picoseconds rather than microseconds).
Previous work presented in Chapter Five indicated that surface-induced dissociation
(SID) may provide the ability to dissociate intact protein complexes without significant
monomer unfolding [172]. In that study, non-specific dimers of cytochrome c were
investigated by SID and CID in a modified quadrupole time-of-flight (Q-TOF) mass
spectrometer [126]. Collision of the dimers with 11 charges into a fluorinated selfassembled monolayer (FSAM) covalently bound to a gold surface, produced monomer
fragments with five and six charges, as opposed to the highly asymmetric charge
partitioning observed by gaseous collisions. The charge equivalence of the monomer
fragment ions suggested that the two subunits dissociate from the dimeric complex with
similar conformations rather than through the unfolding of one of the monomers.
In the present chapter, several tetrameric and pentameric protein complexes are
investigated by comparing the effects on dissociation pathways induced by either a single
surface collision event (SID) or multiple collisions with neutral gas atoms (CID).

It is

demonstrated that tetrameric and pentameric protein complexes dissociate via charge-

221
symmetric pathways during SID, unlike the asymmetric behavior observed during CID
experiments. Based on these observations we propose that the dissociation of protein
complexes following a surface collision must proceed through a relatively folded
transition state, and is affected by the internal energy of the activated ion. Furthermore,
disruption of protein complex structure (i.e. unfolding of protein subunits) prior to
surface collision leads to more asymmetric pathways suggesting that dissociation likely
occurs faster than large-scale protein structural rearrangement.

6.2 Gas-phase Dissociation of Tetrameric Protein Complexes
A series of tetrameric protein complexes were fragmented by tandem mass
spectrometry using either argon gas or a fluorinated SAM surface as the collision target.
Here a thorough investigation into their dissociation is conducted by examining homoand hetero-oligomeric complexes, energy-resolved surface-induced dissociation, and the
influence of protein conformation prior to surface collision. The mechanism proposed in
Chapter Five is expanded upon to further explain differences observed in the product ion
spectra when colliding oligomeric proteins into a surface rather than gas atoms.

6.2.1 Comparison of CID and SID of Homotetrameric Transthyretin
Transthyretin, a protein that forms non-covalent complexes composed of four
identical ~13.7 kDa subunits, was used to probe the dissociation products generated by
surface collision.

The gas phase dissociation behavior of this complex has been

previously investigated by Robinson and coworkers through collisions with argon in a Q-
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TOF mass spectrometer [142]. The CID fragmentation of this non-covalent assembly is
thus well characterized, making it a suitable model system for the evaluation of SID of
multimeric complexes. Figure 6.1 displays the dissociation of the 15+ charge state of
this tetramer through multiple argon collisions in the collision cell (Figure 6.1a) and
collision into an FSAM surface (Figure 6.1b).

Both spectra were acquired on the

modified Q-TOF with the surface assembly installed. The spectra displayed in Figure
6.1 were acquired at laboratory collision energies of 1350 eV [(ΔVsource-gas cell = 90 V) x
15+ charge state] and 750 eV [(ΔVsource-surface = 50 V) x 15+ charge state], for CID and
SID respectively. These collision energies were chosen for comparison because the
survival of the precursor ion is similar in each case.
It is immediately apparent from these spectra that the complex dissociates via
very different pathways by surface collision versus collisions with gas atoms. The
predominant dissociation pathway upon collisions with argon was the ejection of a single
subunit with the monomeric and trimeric product ions retaining approximately the same
number of charges. The monomer distribution is centered at a charge state of 8+, while
the most intense trimer product ion is the 7+ charge state, a distribution of product ions
that is very similar to the results previously reported by Robinson and coworkers. It is
important to note that these products are not reflective of the subunit interactions that
occur within the transthyretin complex, as dimers are considered the tetrameric building
blocks due to extensive anti-parallel hydrogen bonding interactions between β–sheets in
the monomer-monomer interface of each subcomplex [187].
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In contrast to the data obtained by collisions with gaseous Ar, a much broader
monomer charge state distribution was formed by surface collision. In the latter case, the
charge retained by the monomer ions was more proportional to their mass within the
original tetramer. The most abundant peak in Fig. 6.1b corresponds to the 4+ monomer
ion, implying the subunit retains approximately ¼ of the charge from the original
precursor ion, rather than carrying out over ½ of the charge as in Fig 6.1a. As stated
above, the charge state of the dissociating subunit is indicative of its conformation. The
high charge state observed by dissociation through argon collisions implies the ejected
monomer has undergone extensive unfolding prior to ejection from the complex.
Likewise, it is proposed that the low monomer charge states observed by surface collision
suggest a more folded monomer conformation upon dissociation from the complex. The
trimeric product ions generated by surface collision also retain an amount of charge that
is proportional to their mass. These ions carry an increased number of charges relative to
those produced by gaseous collisions, with the 11+ trimer retaining about 75% of the
precursor ion charge. In addition to monomers and trimers, dimeric product ions are also
present following surface collision. While a minor amount of dimer is observed by CID,
up to eight dimeric charge states are observed following collision with the surface. Here
both the mass and charge of the complex is split nearly symmetrically. Again, the
significance of this is that the basic unit of structure is believed to be dimeric [187]. Even
in the case of surface collision however, the dimeric product ions are still present in much
lower abundance than monomeric and trimeric ions. Due to the homo-oligomeric nature
of this complex, charge states for several of the product ions overlap in m/z ratio, thus it
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is difficult to estimate of the exact percentage of dimer, i.e. the 7+ dimer overlaps in m/z
ratio with the 14+ tetramer.

Figure 6.1 Dissociation of the 15+ charge state of homotetrameric transthyretin through
collisions with argon atoms (a) and an FSAM film on gold (b). Laboratory collision
energies of 1350 eV and 750 eV were employed for gaseous and surface collisions,
respectively.

The product ions are labeled in each spectrum with colored circles:

monomers are represented by a single black circle, dimers by two light gray circles,
trimers by three white circles, and tetramers by four striped circles
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In attempt to resolve overlapping product ions and gain a clearer picture of the
oligomers generated by surface collision, a theoretical deconvolution of the experimental
SID spectrum was performed by simulating individual charge state envelopes for each
oligomeric product in a manner similar to that described by Aquilina et al [103]. Starting
with the monomer population, each individual peak was modeled using a three point
Gaussian curve based on the m/z ratio, intensity, and width of each peak from the
experimental spectrum.

Dimer and trimer populations were simulated in the same

manner, while only two peaks were modeled for the tetramer population, the isolated
precursor ion and one adjacent charge state representing the loss of a single positively
charged solvent ion, a common observation in the dissociation of non-covalent protein
complexes [142]. In cases where experimental peaks could be comprised of different
oligomers with overlapping m/z values, the contribution of each oligomeric species to the
overall intensity of the peak was estimated by assuming a Guassian distribution for the
charge state population of each oligomer.
Figure 6.2 shows the deconvoluted spectra for each oligomer present in the SID
spectrum (monomer:red, dimer:green, trimer:blue, tetramer:purple). The sum of these
simulated spectra are shown at the top of Figure 6.2 in orange and overlayed by the
experimental spectrum in black. The total simulated spectrum is a close representation of
the experimental data. While the simulated charge state envelopes of the dimer and
trimer ions have a near Gaussian distribution, the monomer population appears to have
two separate charge state envelopes, one centered around the 7+ charge state and the
other around the 4+/5+ charge state. We attribute the non-Gaussian behavior of the
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monomer distribution to the presence of different subunit conformations within the
population. The higher charge states represent an unfolded conformation as observed in
the case of gaseous collisions, while the lower charge states corresponding to a more
folded subunit. This suggestion is supported by the fact that the relative intensity of the
lower charge states increases at higher surface collision energies (see below). It becomes
evident from the simulated spectra that the 15+ tetramer dissociates primarily into a
monomer with 5 charges and trimer with 10 charges, or a complementary pair of dimers
with 7 and 8 charges (shown with brackets in Figure 6.2), This signifies a much more
even split of the tetramer than that produced by argon collisions, and slightly more
representative of the dimeric substructure of transthyretin.
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Figure 6.2 Theoretical deconvolution of the overlapping oligomeric fragment ions
present in the SID spectrum of (TTR)415+. Spectra for each individual oligomeric species
(monomer through tetramer) were simulated from the m/z values and intensities for the
corresponding peaks in the experimental spectrum. It was assumed that each oligomer
population would have a Gaussian distribution, with exception of the tetramer spectrum
for which the precursor (15+) and one charge stripped ion (14+) were included. The
orange spectrum at the top represents the sum of the simulated spectra and provides a
close match to the experimental spectrum shown in black.
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The dissociation characteristics of transthyretin were further considered by
accelerating the tetrameric ions into the surface over a wide range of kinetic energies.
Surface-induced dissociation spectra for the 15+ transthyretin tetramer as a function of
increasing collision energy are displayed in Figure 6.3(a-c) and demonstrate that the
observed dissociation products are affected by the collision energy that is employed.
Comparison of all three spectra shown in this figure reveals that monomers are ejected
with a lower number of charges as the collision energy increases. The lowest collision
energy (Figure 6.3a) was acquired at a DC offset of 30 volts between the source
hexapole and the surface (ΔV = 30 V, corresponding to a collision energy of 450 eV once
corrected for the 15+ precursor ion charge state). At this energy, the most abundant ions
are tetramers that have not dissociated after collision with the surface.

There are

however, a low abundance of monomeric and trimeric product ions observed. The most
intense monomer peak corresponds to the 8+ charge state, while the most abundant trimer
is the 7+ product ion. Therefore, as observed by gaseous collisions in Figure 6.1a, the
favored monomer product ion carries approximately one-half of the available protons.
This is dramatically different from the surface collision spectrum shown in Figure 6.1b
which was collected at a collision energy of 750 eV. At even higher collision energies
(Figure 6.3b, 6.3c) the product ions are predominantly monomers centered about the 4+
charge state, which represents a nearly symmetric split of charges with respect to the
relative mass of an individual subunit (1/4 of the precursor ion). Consequently, while
low energy surface collisions yield highly charged monomer and complementary trimer
ions, high energy collisions predominantly generate monomers with a low charge state.
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Collisions with argon, even at energies as high as 3000 eV (i.e. 200 V DC offset, data not
shown) always resulted in highly charged monomer product ions and the 4+ monomer
ion was never observed.

Figure 6.3 Energy resolved SID spectra of transthyretin at laboratory collision energies
of (a) 450 eV, ΔV = 30 V; (b) 1050 eV, ΔV = 70 V; and (c) 1350 eV, ΔV = 90 V.

In addition to differences in the product ions generated, it was observed that the
dissociation of the tetrameric precursor ions could be achieved at much lower laboratory
collision energies when a surface was employed as the collision target. Figure 4 shows
the decay of tetramer ion intensity as a function of collision energy for both gas and
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surface collisions.

The point corresponding to approximately 50% depletion of the

tetramer occurs at approximately 400 eV lower when collided into a surface, despite the
fact that the gas pressures used in these CID experiments predict around 4,000 collisions
with argon [108].

Figure 6.4 Decay of transthyretin tetramer ion signal as a function of increasing
laboratory collision energy when collided into a surface (dashed) or argon gas (solid).

6.2.2 Mechanism of Dissociation for Protein Assemblies Activated via Gaseous vs.
Surface Collisions
Scheme 6.1 illustrates plausible pathways that may lead to the product ions
observed and help shed light on the differences between gaseous and surface collisions.
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As was shown in Figure 6.1 and in multiple publications [105,108,130], the collision of
non-covalent protein complexes with gas atoms leads to dissociation pathways that are
asymmetric with respect to both mass and charge. To explain the monomer charge
enrichment that is typically observed it has been proposed by numerous research groups
that significant unfolding of the ejected subunit must occur allowing charge to be
redistributed in a Coulombically favorable manner proportional to the surface areas of
the unfolded monomer and complementary (n-1)-mer [114-117].

This can be

rationalized, in part, because internal energy is added incrementally via multiple lowenergy collisions with small inert gas atoms or molecules. The activation time frame for
CID of transthyretin is on the order of a few hundred microseconds [108]. During this
gradual activation it may be possible to disrupt the structure of a protein complex
initiating unfolding of a monomer with only a small fraction of the collisions that are
ultimately required for dissociation. Although this is shown in Scheme 6.1 as the initial
barrier along the reaction pathway that must occur prior to the dissociation event, it is
feasible that multiple unfolding transitions occur. Clemmer and coworkers previously
reported the possibility of multiple protein unfolding transitions in a study of cytochrome
c monomers stored in an ion trap prior to an ion mobility experiment [188]. It is likely,
however, that once a monomer begins to unfold, further unfolding of that monomer is a
lower energy process than unfolding of other still-folded monomers. Evidence of this
comes from observations made during the force-induced unfolding of multi-domain
proteins. For example, mechanical unraveling of tandem immunoglobulin domains in the
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protein titin by atomic force microscopy (AFM) results in successive rather than
simultaneous unfolding of the individual domains [189,190].
Given the makeup of subunit interfaces, it is possible to envision a scenario
during the CID activation process in which the internal energy of the protein is only
sufficient enough to destabilize a fraction of the non-covalent bonds between the leaving
subunit and the rest of the complex. A systematic analysis of oligomeric proteins ranging
from dimers to octamers revealed that the subunit interface area for such complexes can
range from approximately 700 to over 10,000 Å2 per subunit [191]. Oligomers with
interfacial surface areas above 1500 Å2 per subunit contained, on average, one
intermolecular hydrogen bond per every 200Å2, implying a single subunit can contain as
many as tens of hydrogen bonds to the rest of the complex. In addition, much of the
inter-subunit surface area is dominated by hydrophobic side chains (~65% nonpolar on
average), but also contains a large number of charged residues. After leucine, arginine
residues were found to make the most prevalent contribution to inter-subunit surface area,
implying a significant enrichment of both salt-bridges and hydrophobic interactions when
compared to the non-interfacial regions of oligomeric proteins. The fact that each subunit
interacts with the rest of the protein through multiple sites suggests that each successive
gas collision may disrupt some of the inter-subunit bonds, but allow other interactions in
the subunit interface to remain intact, or even form bonds at new sites. Simultaneously,
intramolecular non-covalent bonds may also break, leading to an extended subunit
“clinging” to the remainder of the complex.
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The SID process on the other hand, is a sudden, single-step activation. While this
does not necessarily imply a single solitary collision or contact point (in fact it is very
likely the complex makes contact with the surface at multiple positions, or possibly even
rolls across the face of the surface) the residence time of the ion at the surface is likely on
the order of picoseconds [165,166]. The dissociation event itself may occur on a longer
timescale, but, as depicted on the right-hand side of Scheme 6.1, the ion excitation step
occurs in a brief period of time relative to multiple collisions with argon. We propose
that this process is sufficiently rapid and energetic to facilitate the rupture of multiple
intermolecular bonds between subunits prior to large scale structural rearrangement of a
single monomer. Product ions generated via surface collisions should therefore have a
more compact or “folded” structure than those produced by gaseous collisions. It also
appears (Figure 6.1) that product ions other than monomers and (n-1)-mers could be
produced by such a mechanism. If the SID collision energy is too low to break the
numerous non-covalent attachments of a subunit or subunits to the remainder of the
complex, unfolding can occur producing a spectrum similar to that of CID (compare
Figure 6.1a and 6.3a). This again parallels the mechanical resistance of proteins studied
by AFM in which the simultaneous rupture of multiple bonds requires greater force than
the sequential breaking of single bonds [190,192].

234

Scheme 6.1 Simplified reaction pathway for dissociation of a non-covalent protein
complex via CID or SID. In the former case, multi-step activation with gas atoms causes
structural rearrangement resulting in the ejection of an unfolded subunit. In the latter
case, rapid energy deposition through surface collision is proposed to induce dissociation
prior to significant protein structural rearrangements leading to alternative dissociation
channels.

6.2.3 Probing Monomer Unfolding by In-Source Activation Prior to SID: Dissociation of
Heterotetrameric Hemoglobin
In order to test the hypothesis that product ions generated by surface collision are
more compact than those produced through gas collisions, the influence of protein
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conformation on the dissociation products observed was investigated. In the Q-TOF 2
instrument employed for these studies, it is possible to either preserve or
activate/dissociate protein complexes by using gentle or harsh voltages, respectively, in
the initial source regions of the instrument.

It has been demonstrated that protein

complexes dissociate through the same subunit unfolding mechanism, whether they are
activated through multiple argon collisions in the gas cell or through collisions with air in
the source [117]. Ruotolo et al. applied ion mobility measurements to source-activated
macromolecular complexes, demonstrating that by monitoring protein conformation in
the gas-phase, unfolded (but intact) protein intermediates can be observed long after
source activation [193]. Here, we varied the source voltages to compare the surface
collision of a partially unfolded intermediate produced under harsh source conditions
versus that of a more “native-like” conformation preserved under more gentle source
conditions.
We examined hemoglobin, a heterotetramer composed of two pairs of hemecontaining alpha- and beta-subunits. Each subunit weighs just under 16 kDa (minus the
heme), making the intact complex approximately 12 kDa larger than the TTR tetramer.
Also like the TTR tetramer, human hemoglobin exhibits a dimeric substructure, with αβ
dimers existing in equilibrium with the tetrameric form [194].

Figure 6.5 is a

comparison of dissociation spectra for tetrameric human hemoglobin acquired by gaseous
and surface collisions under identical source conditions and laboratory collision energies.
Collision of the 17+ tetramer with argon (Figure 6.5a) causes the typical ejection of
highly charged monomers along with trimeric product ions that carry the remainder of
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charge. As hemoglobin is a heterotetramer, either the alpha- or beta-subunit can be
ejected from the precursor ion, and both monomers are observed in the product ion
spectrum. Trimeric product ions corresponding to 2α- plus one β-subunit and 2β- plus
one α-subunit are observed, with varying numbers of non-covalently bound heme groups
attached to each.

The inset of Figure 6.5 shows an expansion of the m/z region

containing the 10+ trimeric products in which each of the ions in this complex mixture
can be resolved.
Figure 6.5b shows SID of the 17+ tetramer acquired at the same collision energy
as the spectrum in Figure 6.5a. At this particular collision energy, the product ions are
almost entirely monomeric. The charge state distribution of the monomers generated by
SID is shifted toward lower charge states, as was the case for SID-generated monomers
of TTR at higher collision energies, indicating a more folded conformation.
Significantly, the monomer ions that retain the least amount of charge (i.e. the 3+ and 4+
alpha subunit) and likely correspond to the most compact conformations, also exhibit
some retention of the non-covalently bound heme group. This observation supports the
hypothesis

that

surface-induced

dissociation

precedes

significant

structural

rearrangement, and suggests that elements of the native monomer tertiary structure are
conserved following dissociation.
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Figure 6.5 Comparison of CID (a) and SID (b) spectra for the 17+ tetramer of human
hemoglobin at a collision energy of 1190 eV. Inset is an expansion of the trimeric
product ion mixture of heme, α-, and β-subunits for the 10+ charge state observed by
CID.

The 17+ tetramer was then examined as a function of increasing cone voltage in
the ion source to study the effects of partial protein unfolding prior to mass selection and
dissociation. Lower cone voltages help to better preserve the intact complex, while
higher cone voltages serve to activate and partially unfold the protein by allowing it to
undergo more energetic collisions with air molecules in the rough vacuum of the source
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region. In-source activation of hemoglobin followed by ion mobility-MS experiments
were first performed on a Synapt HDMS instrument (Waters Corp., Milford, MA) to
confirm that the ion’s collision cross-section does indeed increase due to unfolding at
high cone voltages (Figure 6.6). In these experiments, ions were generated with a
nanoESI source, activated in the source region by using cone voltages ranging from 80200V, and the 17+ charge state of hemoglobin was mass selected using an extended m/z
range quadrupole. Ions were trapped using a T-Wave ion trap and injected into a second
T-Wave device filled with 0.5-1 mbar N2 for ion mobility separation. The ions were then
guided by a third T-Wave ion guide into a time-of-flight mass analyzer for product ion
analysis
Figure 6.6 shows drift scans (1 scan/msec) for the 17+ charge state as the cone
voltage is increased from 80 V (Figure 6.6a) up to 200 V (Figure 6.6f). At the lowest
cone voltages employed, hemoglobin ions with a drift time of approximately 16 msec are
observed corresponding to the preserved hemoglobin tetramer. As the cone voltage is
gradually increased to 140 V (Figure 6.6b-d) tetramer ions are still present, but the drift
time increases, presumably due to an increased collisional cross-section of the tetramer
brought about by an unfolded intermediate state. At a cone voltage of 180 V (Figure
6.6e) a second distribution is observed corresponding to monomer fragment ions that
have dissociated from the tetramer.

At 200 V (Figure 6.6f) the spectrum consists

predominantly of collision-induced dissociation products of the tetramer.
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Figure 6.6 Ion mobility drift scans (Synapt HDMS, Waters Corp.) of the 17+ charge state
of tetrameric hemoglobin at various sample cone voltages. The following sample cone
potentials were employed: 80 V (a), 100 V (b), 120 V (c), 140 V (d), 180 V (e) and 200 V
(f).

Dissociation of hemoglobin was then examined by varying the cone voltage in the
modified Q-TOF from 40 to 120 volts, and subjecting the mass selected 17+ tetramer to
collisions with argon in the gas cell or collision with the fluorinated SAM film to explore
the effects of protein conformation on fragmentation. The left-hand column of Figure
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6.7 shows an expanded view of the low m/z region to demonstrate the effect of increasing
cone voltage on the CID spectra of hemoglobin. Regardless of how harsh the source
conditions are, subsequent 1190 eV collisions with argon in the hexapole collision cell
result in the ejection of a highly charged monomeric subunit, centered about the 9+
alpha-subunit. The right-hand column of Figure 6.7 (d-f) shows the results of colliding
with the surface at 1190 eV, with ions produced initially at the same three source voltages
used for source activation prior to CID (Figure 6.7 a-c). Unlike the CID product ions,
the charge state distribution of monomeric products observed in the SID spectra changes
with cone voltage. When a source voltage of 40 volts is employed (Figure 6.7d), the 5+
alpha-subunit is the most abundant monomer charge state, as was the case in Figure
6.5b. As the cone voltage is increased to 80 and 120 volts (Figure 6.7e and 6.7f,
respectively), and the conformation of the selected precursor (activated in the ion source)
presumably becomes more unfolded, the charge state distribution shifts such that the 6+
and 7+ alpha subunits, respectively, become the most abundant. In addition, the 9+
alpha-subunit is also now observed at the two higher cone voltages. The SID results
illustrate that denaturation of the tetramer through collision with air molecules in the
source region generates an unfolded conformation prior to surface collision. In this
scenario, charge transfer to a partially unfolded monomer may occur before the complex
even comes into contact with the surface, resulting in more highly charged monomers at
higher cone voltages. This suggests that the dissociation products that result from surface
collision are highly sensitive to the conformation of the protein that strikes the surface.
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Figure 6.7 In-source activation of human hemoglobin followed by selection of the 17+
tetramer and dissociation by CID (a-c) or SID (d-f). At cone voltage of 40 V (a, d), a
more folded conformation of hemoglobin is selected for dissociation.

Higher cone

voltages (b-c, e-f) can promote partial subunit unfolding in the source prior to mass
selection and true MS/MS. While the denaturation has virtually no effect on the CID
products at 1190 eV collision energy, the charge state of the monomers generated by SID
at the same energy increases with increasing cone voltage, indicating the dissociation
products are sensitive to the conformation of the protein that collides into the surface.

6.2.4 Dissociation Homotetrameric Concanavalin A
While the general mechanisms for the gas-phase dissociation have been garnered
much recent attention, several aspects of the dissociation process remain unclear. One
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lingering question is the role that protein and/or subunit size play in the dissociation of
macromolecular dissociation. Proteins activated by multiple-collision CID appear to
dissociate in a similar fashion no matter the size or number of subunits. Whether or not
this will hold true in the case of ion-surface collisions is unclear, especially if the
fundamental mechanism of fragmentation differs. Questions regarding the vibrational
redistribution of energy in non-covalently bound molecules with masses of ten thousand
Daltons or larger remain unaddressed regardless of activation method.
To initiate such investigations, homotetramers of concavalin A (Con A) from jack
bean was dissociated through gaseous and surface collisions. In solution, concanavalin A
exists primarily as a dimer below pH 5.8 and as a tetramer between pH 5.8 and 7.0. Both
the dimeric and tetrameric forms of the complex have been studied previously by LightWahl, et al. including dissociation of both gas-phase species in the capillary-skimmer
region [159]. At neutral pH, the substructure, subunit number, and homoligomeric nature
of this complex make it similar to the transthyretin tetramer presented above. While the
subunits of TTR are ~13.7 kDa in mass, however, the subunits that comprise the Con A
tetramer are approximately 25.5 kDa, or nearly twice the mass of those that make up the
TTR tetramer. Consequently, this makes for an intriguing system in which to study the
influence of subunit and overall complex mass on both activation methods.
The 22+ tetramer of Con A was mass selected and accelerated into either the
argon gas cell or FSAM surface. Figure 6.8a shows the MS/MS spectrum of the 22+
tetramer ion (Q22+) when collided into argon gas atoms. As expected, CID generates
highly asymmetric product ions in terms of mass and charge. The 22+ tetramer yields
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primarily monomer (M) and trimer (T) product ions with the monomer retaining
approximately half the charge. The SID spectrum of this complex is shown in Figure
6.8b, and like other protein assemblies studied thus far, is different from the CID
spectrum. Collision of the 22+ tetramer with a surface produces solely monomeric
product ions at a collision energy of 2310 eV, similar to the products observed for the
dissociation of hemoglobin and at high collision energies for TTR. While the monomers
ejected by CID retain approximately half of the overall charge of the precursor ion, the
monomers produced via SID are centered about the 6+ charge state. This corresponds to
approximately 26% of the overall charge of the initial precursor, indicating the charge is
nearly evenly distributed over the four dissociating subunits. This indicates that it is
possible to fragment tetrameric protein assemblies into four charge- and mass-equivalent
subunits, at least at sufficiently high SID energies, regardless of subunit size or
homogeneity.
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Figure 6.8 Comparison of CID (a) and SID (b) tandem mass spectra of the 22+ tetramer
(Q22+) of concanavalin A from jack bean. The voltage difference and collision energy
are defined as in Figure 10. Each protein species is listed as monomers (M), trimers (T),
or tetramers (Q) followed by the charge state.

6.3 Gas-Phase Dissociation of Pentameric Protein Complexes
To investigate the influence of subunit number on the dissociation of oligomeric
proteins, closely related homopentamers of C-reactive protein (CRP) and serum amyloid
P component (SAP) were explored. CRP and SAP are members of the pentraxin family
of proteins and are upregulated in response to inflammation. They each consist of five
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identical subunits arranged in a planar disk [195,196]. Each monomer in CRP has a
molecular weight of approximately 23 kDa, giving the intact pentamer a mass of 115
kDa, while SAP subunits have a molecular weight of ~25.4 kDa yielding a 127 kDa
complex.

Preservation of the intact pentamers of CRP and SAP, within a mass

spectrometer, has previously been reported by Aquilina and Robinson[197].
Figure 6.9 shows the tandem mass spectra of CRP produced by collisions with
argon (Figure 6.9a) and an FSAM surface (Figure 6.9b). In each case, the 26+ pentamer
was mass selected for dissociation. Gaseous collisions once again result in a highly
charged monomer and (n-1)-mer, or tetramer in this case. The most abundant peak is the
11+ monomer, indicating the ejected subunit takes out a little less than half the precursor
charge (26+ pentamer Î 11+ monomer). This may be due to the fact that the surface
area of the monomer, even when completely unfolded, is still less than that of the
remaining tetramer fragment. Based on observations made for other protein assemblies
[117], the amount of charge carried off by the unfolded monomer would be
approximately proportional to the ratio of the surface areas of the monomeric and
tetrameric fragments. A minor amount of trimer is also observed in the CID spectrum, a
product of further fragmentation of the tetramer. The sequential stripping of multiple
monomeric subunits has also been observed previously [117,198], and is evident by the
fact that the trimer appears at a higher m/z (lower z) than the tetramer fragment ions
despite having a lower mass, as it has also been stripped of additional charge. Surface
collision of CRP, shown in Figure 6.9b, yields only monomeric fragment ions that
contain approximately 1/5 of the charge from the 26+ pentamer. This represents a nearly
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symmetric partitioning of charge with respect to mass, indicating the homopentamer
dissociates into five charge-equivalent monomers.

In addition, the charge state

distribution is relatively narrow, with only 5 charge states observed by SID, as compared
to 9 monomeric charge states observed by CID.

Figure 6.9 Comparison of CID (a) and SID (b) spectra for the 26+ pentamer of Creactive protein. Both spectra were collected at a collision energy of 2340 eV.
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Energy-resolved SID of the 26+ CRP pentamer is shown in Figure 6.10. Unlike
TTR, which produced similar spectra at low collision energies (Figure 6.1a vs. 6.3a)
regardless of the collision target, gas or surface, the low energy products obtained by
surface collision of CRP are still drastically different from those generated through
collisions with argon. Even at a ΔV of only 30 V (Collision energy = 780 eV, Figure
6.10a), only monomeric product ions are observed, and their charge percentage is
approximately equivalent to their mass percentage (i.e. about 20%). In fact, at this
collision energy, only the 5+ and 6+ charge states of the monomer are observed. As
collision energy is increased (Figure 6.10b-d) the 4+ through 8+ charge states are also
observed. In all four spectra, there is no intact pentamer left even after the lowest energy
surface collision. Surface collision soft enough to retain some of the 26+ precursor ion
could not be achieved in this experiment. This may be a reflection of the structural
interaction between subunits within the CRP pentamer. The inter-subunit contacts in
CRP consist mainly of salt bridges in the loop spanning from residues 115-123 on one
subunit to a variety of residues in the next subunit [195]. This is in contrast to other
systems in which there are often inter-subunit β-sheets or domain-swapped regions. The
facile surface-induced dissociation of this complex may be related to the lack of
interfacial surface area between subunits, and should hold true for the structurally similar
SAP pentamer.
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Figure 6.10 Energy resolved SID spectra of 26+ pentameric C-reactive protein at
laboratory collision energies of 780 eV (a), 1040 eV (b), 1300 eV (c) and 2340 eV (d).

The gas-phase dissociation of the 25+ SAP pentamer is shown in Figure 6.11.
When activated by CID this protein produces monomer with an average charge of 10.3
and tetramer with an average charge of 14.4. When activated by SID however, only
monomer is observed with an average charge state of 5.3, or approximately 1/5 of the
precursor ion charge. This charge state distribution is consistent with dissociation of the
25+ pentamer into 5 charge-equivalent monomers, allowing for slight variations in the
charge uniformity of subunits within the pentameric precursor. Dimeric product ions are
also observed in the SID spectrum. Again, the charge states of these products are
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proportional to their molecular weight, retaining approximately 2/5 of the precursor ion
charge. In addition, both the CID and SID spectra show losses corresponding to the
nonasaccharide, or segments thereof, attached to Asn-32 of each subunit.

Figure 6.11 MS/MS of the serum amyloid P component (SAP) pentamer. (a) CID of the
25+ pentamer at 2500 eV produces monomer and tetramer fragments, with the monomer
retaining approximately 40% of the charge. (b) SID of the same precursor ion at 1750 eV
produces monomers and dimers with 1/5 and 2/5 of the precursor charge, respectively.
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Interestingly, CID of SAP shows unusual covalent fragmentation of the protein
backbone at the same collision energy employed to remove a single, non-covalently
bound subunit. Around 1500 m/z several protein backbone fragments corresponding to
y403+, y302+, and y282+ are observed.

While we have previously observed covalent

fragment ions at sufficiently high collision energies (see Figure 6 and discussion thereof),
these fragments have always appeared to correspond to further fragmentation of the
ejected monomer after expulsion from the oligomeric protein. In this case however,
covalent cleavage of the protein appears to be a competitive process to non-covalent
subunit ejection. This is evident from the observation of complementary fragment ions
between 5300-6600 m/z that correspond to [pentamer-y40]22+, [pentamer-(2y40)]19+, and
[pentamer-y30]23+. This process is summarized in Scheme 6.2, and is an unusual example
of backbone fragmentation from oligomeric proteins by CID, while preserving some of
the non-covalent interactions between subunits as well as the covalently bound
saccharide.
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Scheme 6.2 Representation of covalent backbone fragmentation directly from the
pentamer of serum amyloid P component. The y403+ ions are complemented by ions
corresponding to the loss of y403+ from the 25+ pentamer, and are in competition with the
ejection of an entire non-covalently bound subunit.

Table 6.1 lists each of the complementary covalent fragment ions observed by
CID and the site of backbone cleavage. Each covalent bond cleavage occurs at a site
known to be enhanced in peptides with a mobile or partially mobile proton, such as Nterminal to proline or glycine [199]. Equally noteworthy is that SID at 1750 eV reveals
dissociation of the pentamer into monomers and dimers, but shows no evidence of
covalent backbone fragmentation. This may signify that covalent cleavage directly from
the pentamer is facilitated by charge transfer to the unfolding subunit during CID. The
charge-enriched environment created as a SAP subunit unfolds during CID leads to a
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situation in which the monomer contains more protons (~10 judging from the charge state
of the dissociating monomer) than Arg residues (9), the most basic, and thus most tightly
proton sequestering residue. Selective cleavages N-terminal to Pro have been extensively
documented in the peptide fragmentation literature [94,199-201], especially in cases
where the number of protons exceeds the number of Arg, and are free to initiate chargedirected cleavage of the protein backbone [199]. For the SAP pentamer, the fact that this
cleavage appears to compete with removal of a non-covalent subunit may be useful in
elucidating mechanistic aspects of the unfolding and charge transfer process that occurs
during CID, although it is not currently understood why this is observed for CID of SAP,
but not other oligomeric protein systems.

253

Fragment Ions
Observed by
CID
Pentamer
(precursor)
Pentamer
y40-NH3
y40
y28
y30
Pentamer-y40
Pentamer-y40
Pentamer-(2y40)
Pentamer-(2y40)
Penatmer-y30

Charge
State
25+

Theoretical
m/z
5093.48

Measured
m/z
5095.95

Δ
m/z
-2.47

Cleavage: Nterm./C-term.
Residue
----

24+
3+
3+
2+
2+
22+
21+
19+
18+
23+

5305.67
1517.45
1523.13
1648.49
1727.56
5580.35
5846.03
6220.96
6566.52
5386.17

5308.14
1517.38
1523.40
1648.46
1727.73
5582.71
5848.62
6223.03
6568.90
5387.14

-2.47
0.07
-0.27
0.03
-0.17
-2.36
-2.59
-2.07
-2.38
-0.97

---Leu/Pro
Leu/Pro
Thr/Pro
Glu/Gly
Leu/Pro
Leu/Pro
Leu/Pro
Leu/Pro
Glu/Gly

Complementary
Fragment
----

Complementary
Charge State
----

------Pentamer-y40
---Penatmer-y30
y40
y40
2y40
2y40
y30

------22+
---23+
3+
3+
3+
3+
2+

Table 6.1 Fragment ions observed in the CID spectrum of SAP corresponding to covalent backbone fragmentation directly
from the SAP pentamer. Δm/z corresponds to the difference between the theoretical m/z as determined from the amino acid
sequence and the experimentally measured m/z. The measured values for the intact pentamer and the fragment ions for which
at least a portion of all 5 subunits are still bound (i.e. Pentamer-covalents) are heavy by ~2-2.5 m/z due to the presence of
solvent
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6.4 Statistical Summary for the Dissociation of Tetrameric and Pentameric Protein
Complexes.
Recent theoretical studies on the dissociation of protein complexes conducted by
Wanasundara and Thachuk predict an energetically favorable symmetric partitioning of
charge between two product ions of equal surface area [173]. For complexes dissociated
by CID, this means that the unfolded monomer and (n-1)-mer split the overall charge
approximately equally as the two fragments often boast roughly equivalent surface areas.
This Coulomb repulsion model also predicts however, that if dissociation can be achieved
on a time-scale that is fast as compared to protein conformational changes, that
“monomers ejected from an n-mer would be expected to carry a charge of approximately
1/n of the total charge on the complex.” Consequently, a monomer dissociated from a
tetramer would be expected to retain 1/4 of the charge from the original complex, and one
ejected from a pentamer would retain 1/5 of the charge.

The conformation of the

dissociated monomers can be assessed experimentally by considering the average charge
state (A.C.S.) of the ejected subunits, as calculated by the following expression:
A.C.S. = ΣIszs/ΣIs

(6.1)

where Is is the intensity of monomer product ions in the experimental spectrum, and zs is
the charge state of each product ion.
Table 6.2 shows the average number of charges retained by monomers produced
by CID and SID of the proteins examined in this chapter. The average charge state is
higher in all cases for CID than for SID, consistent with more unfolding, allowing higher
charging by CID. The monomer ejected during CID, takes away close to 50% of the
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charge from the original precursor in every case. The percentage of the precursor ion
charge retained by SID-generated monomers however, approaches the statistical mass
percent of each subunit within the intact complex. For example, monomers produced
from pentameric C-reactive protein constitute 20% of the overall mass of the intact
complex, and SID yields monomers that retain 21% of the charge. Similarly, SID of
tetrameric transthyretin (TTR) yields monomers that retain 29% of the charge compared
to 25% composition by mass.

Slight discrepancies between the theoretical average

charge state and that one measured via surface collision may be due to the presence of
competitive dissociation pathways that produce charge enriched monomer product ions as
well as more folded monomer products. As shown for TTR tetramers, highly charged
monomers are observed at low collision energy even with the surface as the collision
target.

While the average charge state statistics were examined for high collision

energies that produced predominantly monomers, a small percentage of charge-enriched
monomer ions are still present. Still, the theoretical predictions are in good agreement
with what is observed experimentally by the fast, energy-sudden surface activation of
protein complexes at sufficiently high energies.

Dissociation of each complex at

sufficiently high energy leads to predominantly monomeric product ions with a nearly
even partitioning of the overall charge.
This is shown graphically in Figure 6.12, where the black bars represent the
theoretical percentage of charge expected if a “native” monomer dissociated from each of
the proteins examined in this study. The average charge state experimentally observed
for monomers dissociated through argon collisions (white bars) and surface collision grey
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bars) is shown as a percentage of the original charge on the protein complex. In each
case, CID results in monomer ions that carry away nearly 50% of the charge, representing
an unfolded monomer population.

At sufficiently high collision energies however,

monomer ions generated through surface collision approach the theoretical charge state
expected if the original conformation of the subunit is preserved upon dissociation (grey
bars vs. black bars). To date, there is little data available regarding the conformation of
SID-generated product ions, but the evidence of charge-symmetric monomers implies a
large degree of conformational similarity among the dissociating subunits. It is presumed
here that the monomers remain mostly folded upon dissociating from one another,
leading to their enhanced charge symmetry. It is not clear whether unfolding may occur
after dissociation from the intact complex, but the dissociating subunits would not be
capable of charge transfer after separating from one another. These results, when viewed
in context of the Coulomb repulsion model, add support to the notion that surface
collisions can provide access to structurally informative dissociation pathways.
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Avg. Charge
State

% Mass of
Precursor

Hemoglobin

(α-subunit)

(β-subunit)

17+ Tetramer

17+ Tetramer

Concanavalin A

15+ Tetramer

22+ Tetramer

CID

SID

CID

SID

CID

SID

CID

SID

CID

SID

7.7

4.4

12.5

6.4

8.5

5.3

9.0

5.6

11.5

5.5

Expected Charge
State (Based on
Mass)

% Charge of
Precursor

Hemoglobin

Transthyretin

3.8

5.5

4.0

C-Reactive
Protein

4.2

5.2

CID

SID

CID

SID

CID

SID

CID

SID

CID

SID

51%

29%

57%

29%

50%

31%

53%

33%

44%

21%

25%

25%

24%

25%

20%

Table 6.2 Charge state statistics for monomer product ions ejected during collision- and surface-induced dissociation of the
listed charge state of the precursor protein complex. In all cases, the average charge state of the ejected monomers is lower for
SID than for CID and is within a few percent of the % charge that would be expected if the charge is distributed evenly across
the subunits (e.g., for a homotetramer, the monomer is 25% of the total mass and could be expected to carry away 25% of the
total

charge)
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Figure 6.12 Percentage of charge from the original protein complex that is retained by
monomer ions dissociated from tetramers and pentamers through argon collisions (white)
and surface collision (black). The theoretical percentage (grey) represents the amount of
charge expected to be retained if monomers maintain a “native” conformation upon
dissociation from the original complex.

6.5 Conclusions
This chapter presents fundamental differences in the dissociation of non-covalent
protein tetramers and pentamers when collided into a surface versus small gas atoms. For
each complex investigated, the products of surface collision retained charge that was
more consistent with their mass contribution in the overall complex.

Provided the
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collision energy was sufficiently high, SID resulted in fragmentation into primarily
monomeric product ions with the charge being nearly evenly distributed among the
monomers. It is proposed that the more symmetric distribution of charge is reflective of
the conformation of the protein subunits upon dissociation, and is attributed to the rapid,
high energy deposition provided by surface collisions.

A consequence of the fast

activation is that protein subunits are free to dissociate prior to large scale structural
rearrangement of the individual subunits. This leads to product ions that may retain
much of their original conformation and even some of their non-covalent contacts within
the assembly. This is supported by the fact that subunit unfolding prior to surface
collision influences the charge partitioning among the subunits and that less unfolded
(lower charge) monomers retain non-covalent heme ligands. In addition, energy-resolved
SID of TTR revealed that monomeric product ions decrease in charge at higher collision
energies, emphasizing the necessity for energy deposition be both fast and sufficiently
high to access dissociation pathways that precede unfolding.
The fact that alternative dissociation mechanisms exist for non-covalent protein
complexes is enticing from a biological standpoint. The ability to derive structural
information about the interaction and arrangement of subunits based on their gas-phase
dissociation from the intact complex would greatly facilitate the rapid analysis of a wide
variety of protein assemblies. While some of this information, such as the identification
of the peripheral subunits in a hetero-oligomeric complex, can be determined through
multiple collisions with gas, this methodology is still rather limited due to the ejection of
only unfolded monomers. The ability to offer complementary or even more revealing

260
structural details through surface collision could add depth to the increasing power of
mass spectrometry in the structural biology field
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CHAPTER SEVEN
GAS-PHASE DISSOCIATION OF MACROMOLECULAR MACHINES

The ability to preserve non-covalent, macromolecular assemblies intact in the gasphase has paved the way for mass spectrometry to characterize ions of increasing size and
become a powerful tool in the field of structural biology. Tandem mass spectrometry
experiments have the potential to expand the capabilities of this technique through the
gas-phase dissociation of macromolecular complexes, but collisions with small gas atoms
currently provide very limited fragmentation. One alternative for dissociating large ions
is to collide them into a surface, a more massive target. Here, the surface-induced
dissociation of macromolecular protein machines as large as 800 kDa is investigated for
its potential to derive biologically meaningful fragmentation directly from the gas-phase
complex. These are the largest ions fragmented by SID tandem mass spectrometry
reported to date. SID provides more extensive fragmentation of these systems, and in
some instances reveals biologically significant substructure of protein assemblies,
demonstrating the promise of SID as an activation method for ions of increasing size.

7.1 Introduction
The term machine often conjures images of automobiles or laundry appliances,
everyday devices consisting of intricate parts working in unison to perform a specific
task. The same term is often applied to proteins to describe their cooperative nature and
the complexity of interrelated components they use to carry out cellular functions.
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Indeed, most elaborate biological processes require ten or more proteins to form well
organized assembly lines or multi-subunit complexes [4].

Large protein assemblies

orchestrate operations too complex for any one polypeptide chain, but these processes are
readily regulated in the context of the “nanoscale machine.”
The complex, dynamic nature of macromolecules, the number of partners with
which they interact, and the sometimes subtle differences that dictate their function,
requires powerful biophysical methods to expose the fine details of their structure. Mass
spectrometry is already a well established technique for studying protein structure, having
evolved into the foremost proteomics technology for peptide sequencing and protein
identification [202], and advancements in top-down and de novo sequencing strategies
continue to push the boundaries of MS in this area [203,204]. Solution-phase labeling
[153], and recently, affinity purification [205,206], in combination with MS have allowed
higher order protein structure and protein-protein interactions to be characterized. As
demonstrated in previous chapters, the ability of mass spectrometry-based techniques to
now unravel multimeric protein structure has propelled MS to the forefront of structural
biology as well. The practice of preserving protein assemblies, intact, within the mass
spectrometer is becoming ever more routine, and with it a new focus on structure,
function, and dynamics of proteins and their interaction partners. This field is rapidly
expanding, with recent advances in identifying protein subcomplexes through solutionphase disruption [183] and size/shape analysis of assemblies enabled by ion mobilitymass spectrometry [207].
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Still, there is strong desire to directly dissociate subunits from the intact complex
in the gas-phase, avoiding the use of complicated and time-consuming solution-phase
probes. The ability to use mass spectrometry as more than just a back end detector after
disruption experiments, but as the primary tool in elucidating subunit arrangement, would
greatly facilitate its role in structural studies of protein assemblies. Unfortunately, gasphase fragmentation experiments have thus far provided little insight into the
organization of protein subunits, due largely to the limited amount of dissociation that
can be achieved. As explained in previous chapters, protein assemblies predominantly
dissociate through the ejection of a single, highly charged monomer, as low energy
activation methods such as CID initiate the unfolding of a protein subunit. While this
type of fragmentation does provide some structural information, such as confirmation of
the oligomeric state of the complex and details about which protein subunit is most easily
ejected, it does not provide as much structural information as desired about the complex
substructure.
The limited extent of dissociation observed for protein complexes is likely due to
the slow, inefficient energy deposition afforded by collisions with small argon atoms, and
is expected to be compounded as proteins of increasing size and complexity are
investigated. Dissociation of some protein-substrate complexes approaching the MDa
size regime have already proven too large and stable to even eject a single monomer by
CID, even after tens of thousands of collisions with argon [5]. Other large assemblies,
such as the 2.3 MDa ribosome complex from E. coli, have been successfully dissociated
into smaller macromolecules, and even into individual proteins at high collision energies.
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While proteins located on the periphery of the 50S ribosomal subunit could be removed,
however, a number of ribosomal proteins, especially those with high pI values, remained
attached to the negatively charged RNA molecules [50]. For complexes of this size, the
total available energy for transfer into the internal modes of the protein, as defined by the
center-of-mass energy (see Equation 1.4), is less than 0.01% of the laboratory collision
energy. Consequently, laboratory collision energies above 10 keV are needed to induce
fragmentation [5].
As demonstrated in the two previous chapters, the use of a surface as a more
massive collision partner has shown promise for extracting meaningful structural data
from the gas-phase fragmentation of protein complexes. While previous studies focused
on relatively small complexes under 150 kDa in mass, the efficient energy transfer
afforded by SID might prove advantageous for fragmenting ions that approach or exceed
the MDa size regime. The influence of ion size on SID energy transfer efficiency has
been debated in the literature and is not entirely understood [208-210], especially for
systems as massive as non-covalent protein complexes. In fact, ion activation by any
means is poorly understood for molecules of this size. According to kinetic theory of
mass

spectrometry

(Rice-Ramsperger-Kassel-Marcus/quasi-equilibrium

theory,

RRKM/QET), collisionally activated ions dissociate via a statistical process in which
internal energy of the excited ion is redistributed throughout its vibrational modes,
typically on the order of picoseconds. As the number of degrees of freedom (DOF) of an
ion increase, a greater amount of internal energy must be deposited in order to overcome
the kinetic shift and trigger a dissociation event on the time-scale of the mass
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spectrometry experiment (typically < 1 microsecond to several seconds, depending upon
the mass analyzer employed). The degree to which energy is randomized in molecules
with hundreds of thousands of DOF is difficult to characterize. Nonetheless, it is an
important concern, especially in SID studies, as the possibility for ion-surface collisions
to result in instantaneous “shattering” of biomolecules at the surface has been a
controversial proposal [211-214].
It is imperative to extend studies of protein ion-surface collisions to proteins of
increasing size and subunit number in order to fundamentally understand the SID
process. Only then can ion-surface collisions be fully exploited to derive the maximum
amount of structural information from the dissociation of protein assemblies.

This

chapter focuses on the application of SID to protein complexes as large as 800 kDa,
consisting of as many as 14 subunits. The molecular chaperones studied here are true
macromolecular machines, responsible for regulating protein misfolding within the cell.
These systems are often upregulated at elevated temperatures or by other stress
conditions, and aptly named heat shock proteins (Hsps). They form large multimeric
cage-like assemblies and prevent protein aggregation by binding hydrophobic surfaces of
partially denatured protein substrates.

Hsps consists of both ATP-dependent

(Hsp60/Hsp10, GroEL/GroES in E. coli) and ATP-independent (small heat shock
proteins, sHSPs) chaperones, but successful function of all heat shock proteins requires
tightly regulated interaction with substrate proteins and interplay with other Hsp systems.
Here the surface-induced dissociation of two dodecameric sHsp systems, TaHsp16.9
(wheat) and PsHsp18.1 (pea), and the tetradecameric chaperonin GroEL are investigated
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in attempt to expand the role of mass spectrometry as a tool for the direct dissociation of
macromolecular protein complexes.

7.2 Gas-Phase Dissociation of Dodecameric Small Heat Shock Protiens
To address the fragmentation of protein complexes of increasing size and
complexity, the CID and SID behavior of TaHsp16.9 and PsHsp18.1 have been studied
and compared to the behavior of smaller protein assemblies presented in the previous two
chapters. NanoESI mass spectra of the intact protein complexes are shown in Figure 3.4
and Figure 3.7, respectively. Both proteins have small monomer molecular weights of
16.7 and 17.9 kDa (the molecular weight is slightly lower than the number indicated in
the nomenclature of each protein due to cleavage of the N-terminal methionine residue
upon expression). Consequently, TaHsp16.9 has an overall mass of ~201 kDa, while
PsHsp18.1 weighs ~216 kDa. The gas-phase dissociation of TaHsp16.9 by CID has been
extensively studied by Robinson and co-workers [108,112,117]. As is typical of protein
complexes, CID of TaHsp16.9 results in dissociation of the dodecamer into monomers
and (n-1)-mers, or undecamers in this case, with the monomer ions retaining
approximately half of the overall charge. TaHsp16.9 is known to exist as two stacked
hexameric rings in solution, with the strongest subunit interactions forming at the dimer
interface between adjacent subunits.

Consequently, the fact that neither dimer nor

hexamer product ions are observed in the CID spectrum provides little if any insight into
the complex substructure.
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Prior to SID studies, CID of TaHsp16.9 was explored in the modified Q-TOF
instrument by selecting the 33+ charge state of the dodecamer and passing the ion into
the gas-filled collision cell (gas pressure 1x10-4 mbar at the analyzer penning) at an
acceleration voltage (ΔV) of 100 V. The resulting spectrum, shown in Figure 7.1a, looks
similar to that published by Robinson and co-workers [117]. Although a different charge
state was selected in this case, the dissociation pattern is not significantly different. The
major CID product ions are monomers ranging in charge state from 11+ to 17+, with the
distribution centered about the 15+ monomer at m/z 1115 (see enhanced monomer region
on the left of Figure 7.1a).

These monomers retain nearly half the charge of the

precursor ion, an asymmetric dissociation of the original dodecamer in terms of both the
mass and charge of the product ions. Complementary undecameric subunits are observed
at the high m/z end of the spectrum, centered about the 18+ charge state. In addition to
monomer and undecamer fragments, the charge-stripped 32+ dodecameric ion is also
observed. As mentioned in Chapter Six, this can be attributed to the loss of ammonium
buffer ions from the dodecameric complex, resulting in ions that have “lost” charge
relative to the original precursor [142].
The tandem mass spectrum resulting from collision of the same 33+ dodecamer at
an FSAM surface is shown in Figure 7.1b. As was the case with CID, the predominant
fragment ions observed are undecamers and monomers. This is in stark contrast to the
surface-induced dissociation of smaller protein complexes for which the mass and charge
of the original precursor was partitioned nearly equivalently among the fragmentation
products, leading to product ions much different than those observed by CID. There are
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however, some striking differences between the two spectra. In the SID spectrum, as
many as six charge states of the dodecameric protein are observed (from the original 33+
precursor all the way down to the 28+ charge state). Although charge stripping in CID
has been attributed to the loss of positively charged solvent ions such as ammonium, SID
might also involve charge transfer to the surface, explaining the increase in the number of
dodecameric charge states observed relative to CID. Proton transfer from the projectile
ion to the surface has been observed in some soft-landing experiments, including
fluorinated self-assembled monolayers as employed here [215,216]. Doubly charged
peptide ions fragmented on FSAM surfaces in this instrument have also demonstrated
charge reduction upon surface collision [126]. Loss of a proton from the doubly charged
precursor ion was implicated by the presence of singly charged molecular ions in the SID
spectrum, implying that the molecular ion had lost both mass and charge (i.e. proton
transfer to the surface rather than electron transfer from the gold through the SAM film).
The other distinction between the CID and SID spectra is the distribution of the
monomeric charge states.

SID of the 33+ precursor yields a monomer distribution

centered on the 14 + charge state, shifted slightly from the 15+ charge state in the CID
spectrum. In the SID spectrum however, monomers ranging in charge state from 17+ all
the way out to 6+ at m/z 2787 are observed. The charge retained by the ejected monomer
has been correlated to the surface area of the monomer as it unfolds and dissociates from
the remaining complex [117]. Thus, the presence of lower charge state monomers could
indicate that at least some fraction of the monomer population ejected during SID is in a
more compact or folded conformation than those monomers ejected via CID.

The
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possibility that the lower charge states in the SID spectrum result from the dissociation of
a charge-stripped dodecamer however, cannot be ruled out.

For example, the 33+

dodecamer might first undergo loss of solvent to yield a lower charge state (i.e. the 30+
dodecamer which is not observed by CID), followed by ejection of a monomer. If the
dodecameric complex loses charge prior to dissociation, the ejected monomer would be
expected to retain fewer charges, even if the conformation of the monomer were similar
to that ejected during CID. The charge states observed for the undecamer fragments are
similar in both cases. The relative collision energy required to induce fragmentation by
SID is also of interest. While the two spectra in Figure 7.1 show similar levels of
precursor ion depletion, the laboratory collision energy in the SID spectrum is exactly
half of the laboratory collision energy applied to produce the CID spectrum. This shows
promise for the use of SID in the dissociation of complexes that have proven too large
and stable to fragment by CID and is further discussed below.
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Figure 7.1 CID/SID comparison for the dodecameric protein complex TaHSP16.9, 33+
charge state (DD33). (a) CID at ΔV = 100 V, collision energy (CE) = 3300 eV. On the
left is an enhancement of the low m/z region containing monomer fragments centered
about the 15+ charge state (M16). (b) SID at ΔV = 50 V, collision energy (CE) = 1650
eV. The left-hand side is the enhancement of the monomer region centered about the 14+
charge state (M14).

Figure 7.2 shows the tandem mass spectra of the 33+ dodecamer of PsHsp18.1
when activated by CID (a) and SID (b). As with TaHSP16.9, the dissociation products of
PsHsp18.1 are similar in both cases, at least in terms of the mass of the product ions. The
dodecamer fragments into monomers and undecamers, with the monomer ions taking
away nearly half of the precursor ion charge. The monomer charge state distribution is
broader with slightly fewer charges generated by the surface collision, being centered
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about the 14+ charge state rather than the 16+ charge state by CID. Monomers with as
few as five charges are observed by SID, but again, because of enhanced charge stripping
of the initial precursor ion by SID it is difficult to tell if this corresponds to an actual
difference in monomer conformation.

Figure 7.2 SID/CID comparison for the dodecameric protein complex PsHSP18.1, 33+
charge state (DD33). (a) CID at ΔV = 130 V, collision energy (CE) = 4290 eV. On the
left is an enhancement of the low m/z region containing monomer fragments centered
about the 16+ charge state (M16). (b) SID at ΔV = 70 V, collision energy (CE) = 2310
eV. The left-hand side is the enhancement of the monomer region centered about the 14+
charge state (M14).

272
7.2.1 Energy-Resolved Analysis of TaHsp16.9
Evidence of a sequential pathway, in which monomers are successively ejected
from heat shock protein complexes, has recently been described [117]. Benesch et al.
have shown that at the highest CID collision energies available in a QTOF 2 instrument,
up to two monomers can be sequentially ejected from the intact TaHSP16.9 dodecamer
(i.e., the 12-mer dissociates to 11-mer, which in turn further fragments to 10-mer). As
the sHsp dodecamers are larger in mass than other protein complexes studied thus far, the
amount of internal energy deposited may be crucial to accessing alternative dissociation
pathways. As shown in Chapter Six, SID of tetrameric TTR is very asymmetric at low
collision energies, and only once the internal energy of the ion is sufficiently high will it
dissociate into more charge and mass symmetric product ions.
To investigate the possible existence of higher energy, biologically relevant
fragmentation pathways, energy-resolved SID experiments were carried out on
TaHSP16.9 (Figure 7.3). CID of the 33+ dodecamer ion (a-c) is again similar to energyresolved spectra published by Robinson and co-workers [117]. The onset for dissociation
of the dodecamer occurs at a collision energy of 2640 eV, so at lower collision energies
only the precursor ion is observed (a). At intermediate energies (b), dissociation of the
dodecamer into monomer and undecamer is observed, and at high collision energies (c), a
second monomer is ejected as evidenced by the presence of decamer in the spectrum. As
the ejected monomer retains the majority of charge, the undecamer population is less
charged than the original precursor (higher m/z ratio) and the decamer ions are in turn
less charged than the undecamers. The SID spectra (d-f) again look similar to the CID
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spectra, even at high energies. Here, the extensive charge stripping of the SID process
can be clearly seen as the lowest energy process (d). A single monomer is again ejected
at intermediate collision energies (b), followed by a second monomer at high energy (f).
Here the difference in relative collision energies for the CID and SID process is quite
drastic. SID fragment ions are observed at collision energies as low as 1320 eV, half the
onset energy needed for CID fragmentation. By CID, the dodecameric precursor does
not fragment at 2310 eV, but at this same energy, collision with the surface induces
ejection of up to two monomers.
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Figure 7.3 Energy-resolved MS/MS of the 33+ TaHsp16.9 dodecamer by CID (a-c) and
SID (d-f). Dissociation of the dodecamer leads to sequential ejection of single subunits
in both cases, however the process occurs at much lower collision energies by SID.

A breakdown curve of the oligomers is shown in Figure 7.4 by plotting the
intensity of the dodecamers (black), undecamers (red), and decamers (blue) as a function
of acceleration voltage into either the collision cell (CID, solid lines) or the surface (SID,
dashed lines). This shows the relative energy differences between each dissociation
process, implying that significantly more energy is being deposited into the projectile ion
by SID. This plot also demonstrates the sequential nature of subunit loss, especially in

275
the case of CID, where it is clear that decamer product ions are only produced as the
undecamer begins to decay in intensity. By SID, it is difficult to obtain MS/MS spectra
at acceleration voltages higher than 75 volts as product ions are lost after hitting the
surface.

Figure 7.4 Breakdown plot of the dodecamer (black), undecamer (red), and decamer
(blue) ions as a function of acceleration voltage into the argon-filled collision cell or the
surface. SID-generated ions are shown by the dashed lines and CID-generated ions by
the solid lines. Ejection of monomeric subunits is sequential and occurs at much lower
collision energies by SID.
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In effort to improve the focusing of the high m/z product ions present at high
collision energies, a short 13 cm argon collision cell was installed in place of the
conventional 18.5 cm cell. In the original SID design, the transport hexapole ion guide
after the collision cell was removed to make room for the SID optics and surface holder.
The shorter, custom-made cell was provided by Waters Corporation and allowed the
hexapole to remain in place. Perhaps more importantly, it allows higher argon pressures
to be introduced into the collision cell without detrimental increases in TOF pressure, as
the collision cell is no longer adjacent to the entrance of the TOF chamber. The collision
cell entrance and exit lens apertures have also been reduced 0.25 mm in diameter to
achieve comparable pressures within the two gas cells. The importance of collisional
focusing has already been described at length in Chapters One and Three.

This

configuration is well suited for adding argon after the surface collision, enhancing
product ion focusing. It also has the added effect of further activating protein ions after
surface collision.
CID and SID of TaHSP16.9 using the short collision cell configuration is shown
in Figure 7.5. Here the 32+ charge state was selected for direct comparison with energyresolved CID data published by Robinson and co-workers. The pressure in the source
hexapole region was maintained at ~9.0 x 10-3 mbar at all times and the analyzer chamber
was kept at 1.8 x 10-4 mbar when argon was leaked into the collision cell. The CID
spectrum of the 32+ charge state at 3520 eV (Figure 7.5, top spectrum) looks like those
previously shown for the 33+ charge state, despite the difference in charge state and
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instrument configuration. SID of the 32+ charge state at 2560 eV was acquired in the
absence of argon and is shown for comparison (middle spectrum).
The 32+ dodecamer was then fragmented at the surface at a laboratory collision
energy of 3520 eV with argon added to the collision cell (bottom spectrum). This
corresponds to an acceleration potential of 110 V into the surface, and is a higher energy
collision than achieved in previously acquired SID spectra. The addition of CID gas also
adds to the extent of fragmentation observed.

Under these high energy collision

conditions, up to four monomers can be ejected by SID as opposed to just two by CID
alone. While 10-mers are the most abundant ions in the high m/z end of the SID
spectrum (above 10,000 Th), the high m/z region shows products ranging from 8-mers to
11-mers. The peaks marked with an asterisk at m/z 16,274 and 8,362 correspond to
overlapping oligomers with one and two charges per subunit, respectively (i.e. where the
11+ undecamer, 10+ decamer, etc. would overlap in mass-to-charge ratio).
Much of the monomer population in the low m/z region has further dissociated to
give covalent fragmentation along the protein backbone. The covalent fragments are
predominantly low charge b- and y-ions, dominated by cleavage at select sites, such as Nterminal to Pro-11 and Pro-19. Covalent backbone fragmentation provides information
about the primary structure of the protein investigated, and it is conceivable that the
combination of SID and CID (or other ion activation methods such as ETD) could be
used to sequence an intact protein complex in a top-down fashion. A list of the covalent
fragments identified from the bottom spectrum in Figure 7.5 is provided in Table 7.1.
While the product ions present in the high energy SID spectrum still don’t represent the
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biological building blocks of TaHsp16.9, colliding the intact complex into a surface prior
to sending it through the gas-filled collision cell does provide more extensive
fragmentation of the complex than CID alone (Figure 7.5, top spectrum).

Figure 7.5 MS/MS of the 32+ dodecamer of TaHSP16.9. SID at a collision energy of
2560 eV (top) produces several charge-stripped dodecameric ions along with monomer
and undecamer fragments. SID of TaHSP16.9 at a collision energy of 3520 eV with Ar
gas also present in the collision cell (bottom) produces more extensive fragmentation to
give octamers through undecamers, in addition to covalent fragmentation of the monomer
population along the protein backbone.
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Covalent
Fragment Ion
B102+
b5+
Y7+
Y10+
B182+
[b10-H2O]+
Y11+
B10+
B14+
B18+

Theoretical
m/z
587.8200
612.3940
716.4301
1041.5952
1045.5263
1156.6222
1169.6888
1174.6327
1604.8180
2090.0454

Measured
m/z
587.8406
612.4098
716.5059
1041.6503
1045.5457
1156.6248
1169.6998
1174.6403
1604.7990
2090.0776

Δm/z
-0.0206
-0.0158
-0.0758
-0.0551
-0.0194
-0.0026
-0.0110
-0.0076
0.0190
-0.0322

Cleavage: N-terminal
Residue/C-terminal Residue
Asp/Pro
Arg/Ser
Lys/Ala
Lys/Pro
Asp/Pro
Asp/Pro
Lys/Lys
Asp/Pro
Asp/Leu
Asp/Pro

Table 7.1 Covalent fragments identified from the SID spectrum of TaHSP16.9 shown in
the bottom panel of Figure 7.5.

7.2.2 Influence of Surface Composition on the Dissociation of Dodecameric Small Heat
Shock Proteins
Ion-surface reactions can result in a number of chemically interesting phenomena
in addition to ion activation. Competing processes such as neutralization, ion-surface
reaction, and soft-landing also dictate which product ions will be observed in the SID
spectrum. Films of self-assembled monolayers (SAMs) on gold or silver have commonly
been employed as SID targets to reduce the extent of ion neutralization and enhance the
transfer of kinetic to internal energy in the projectile ion [217,218]. Energy transfer
efficiency in SID has been reported to vary with surface properties such as stiffness and
mass of the terminal groups, indicating these factors likely contribute to the effective
mass of the surface as a collision partner [84,85].

Energy transfer efficiency for

hydrocarbon SAMs (HSAMs) on gold has been reported to be between 12-17%, while
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that of fluorocarbon SAMs (FSAMs) is higher, around 20-28% [84,219]. The stiffness of
the surface also affects energy transfer into the vibrational modes of the projectile ion,
with collisions at stiff surfaces such as LiF and diamond resulting in broader internal
energy distributions than SAM films [84].
SID investigations on the influence of various surface properties have been
primarily conducted using small organic species or peptides as the projectile ion. The
effects of surface composition on the dissociation of larger ions such as protein-protein
complexes are unknown.

To explore surface composition effects, TaHsp16.9 and

PsHsp18.1 were fragmented via collisions with different surface targets. Figure 7.6
shows energy-resolved SID spectra for the 33+ dodecamer of TaHsp16.9 after collision
with a hexadecanethiol SAM film on gold as opposed to the 2-(perfluoroctyl)-ethanethiol
SAM film employed in Figure 7.3 (d-f). Both spectra were acquired with the 18.5 cm
long hexapole collision cell installed, and no argon was introduced in either case. As the
SID device is only designed to hold one surface at a time, the instrument had to be vented
and opened to change surfaces. Collision of TaHsp16.9 at an HSAM surface results in
extensive charge stripping/transfer at the lowest collision energies of 990 eV (Figure
7.6a), much like the FSAM SID spectrum. At intermediate collision energies of 1650 eV
(Figure 7.6b), the dodecamer has dissociated into monomer and undecamer, again
producing a spectrum similar in appearance to that collected after collision at an FSAM
surface. It is important to note that the 11- and 12-mer ions are of lower intensity
compared to those in Figure 7.3e. This is likely caused by poor transmission of the high
m/z species in the HSAM case, and it is proposed to be due more to focusing difficulties
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than the surface composition as the relative ratio of undecamer:dodecamer is roughly the
same for both surfaces. At high collision energy (2310 eV, Figure 7.6c), decamer
product ions are observed from the ejection of a second monomer. Overall, the SID
spectra are nearly identical despite the use of different SAM surfaces as collision targets.

Figure 7.6 Energy-resolved SID for the dissociation of (TaHsp16.9)1233+ upon collision
with a gold surface coated with a hydrocarbon SAM film.

A breakdown curve for the dissociation of TaHsp16.9 dodecamers after collision
with the HSAM and FSAM surfaces is shown in Figure 7.7 to compare the amount of
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energy transfer provided by each surface. The intensity of the oligomeric product ions
are plotted as a function of accelerating voltage into the surface. The curves for product
ions collected off an HSAM surface (dashed line) appear at slightly lower collision
energies than those generated from collision at an FSAM surface (solid line), though the
shift is minor, and with differences in collection efficiency for the high mass product ions
it is difficult to say if the difference is truly significant. Both surfaces however, provide
much higher internal energy deposition than CID.

Figure 7.7 Breakdown plot of the dodecamer (black), undecamer (red), and decamer
(blue) ions of TaHsp16.9 as a function of acceleration voltage into an FSAM (solid lines)
or HSAM (dashed lines) surface.
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A comparison of the same two surfaces was carried out using PsHsp18.1 as the
projectile ion to confirm the observations made with TaHsp16.9. The two proteins are
similar in size and structure, and have exhibited similar dissociation patterns when
activated by argon collisions or collision with an FSAM surface. Energy-resolved SID of
PsHsp18.1 after collision at an FSAM surface is shown in Figure 7.8. The lowest energy
pathways (Figure 7.8a) are charge stripping/transfer followed by dissociation of the
dodecamer into monomer and undecamer (Figure 7.8b). At higher collision energies,
although the predominant pathway is still the ejection of a single monomer, dimeric
product ions can be observed in low abundance, a potentially significant observation
considering dimers play a key role in the organization of sHsp oligomers (Figure 7.8c).
The dimers retain roughly 1/3 of the precursor ion charge and attempts to enhance their
abundance at higher collision energies eventually results in covalent fragmentation of
ions with low m/z ratios. At a collision energy of 2970 eV (Figure 7.8d), the undecamer
population begins to decrease with respect to the ions in the low m/z region. Presumably,
this is due to further dissociation of the 11-mer into 10-mer, as observed for the
dissociation of TaHsp16.9, as the two proteins dissociate in a similar manner otherwise.
Attempts to focus decamer ions with the SID setup installed, however, were unsuccessful
in this case.
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Figure 7.8 Energy-resolved SID for the dissociation of (PsHsp18.1)1233+ upon collision with a gold surface coated with a
fluorocarbon SAM film.

285
Energy-resolved SID spectra of PsHsp18.1 following collision at an HSAM
surface are shown in Figure 7.9. The spectra look similar to those shown in Figure 7.8
with two exceptions. First, there is less charge stripping/transfer to the HSAM surface.
This implies that the high degree of charge stripping observed by SID is influenced by
the surface that is employed, and that a proton is likely being transferred to the surface.
As mentioned above, proton transfer to SAM films has been observed in ion soft-landing
experiments and in the fragmentation of multiply charged peptides [126,215,216]. In
soft-landing experiments, the propensity of an ion to stick to the surface has been found
to be greater for FSAM films, a phenomenon attributed to the greater polarizability of the
fluorinated monolayer and a stronger ion-surface binding energy.

These surface

properties likely have a similar effect on the extent of proton transfer to each surface.
Combined with the fact that the projectile ions are highly charged, resulting in Coulombic
strain and thus a low proton affinity, it is not surprising that several protons are
transferred to the surface. The second major difference between the HSAM and FSAM
SID spectra of PsHsp18.1 is the amount of internal energy deposited. This is clearly
illustrated at both 1320 eV (Figure 7.8a/7.9a) and 1650 eV (Figure 7.8b/7.9b).
Dissociation at 1320 eV through collision at an FSAM surface generates significantly
more undecamer and monomer fragments (~30% abundance relative to the precursor)
than collision at an HSAM surface (monomer ions < 10% relative abundance). Similarly,
the intensity of dodecamer ions at 1650 eV is only about 25% relative to the monomer
fragment ions for the FSAM spectra, while dodecamers are the most intense ions in the
HSAM spectra. The breakdown curves for the oligomers of PsHsp18.1 are shown in
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Figure 7.10 and show a subtle shift in the opposite direction observed for dissociation of
TaHsp16.9. In this case, more energy is deposited during collision at an FSAM surface,
consistent with energy deposition profiles measured for small molecules and peptides.
Currently, the only simple explanation for these discrepancies is that low SID signal
intensity may contribute to stochastic fluctuations, making it difficult to sort out minor
differences in energy deposition between the two surfaces.
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Figure 7.9 Energy-resolved SID for the dissociation of (PsHsp18.1)1233+ upon collision with a gold surface coated with a
hydrocarbon SAM film.
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Figure 7.10 Breakdown plot of the dodecamer (black) and undecamer (red) ions of
PsHsp18.1 as a function of acceleration voltage into an FSAM (solid lines) or HSAM
(dashed lines) surface.

The influence of surface stiffness on the dissociation of PsHsp18.1 was also
examined by colliding the 33+ dodecamer ion into a diamond surface. A 2μm thick layer
of diamond deposited onto a silicon wafer using carbon vapor deposition was purchased
from Applied Diamond, Inc. (Wilmington, DE). The broad energy distribution provided
by diamond surfaces can allow simultaneous access to high and low energy dissociation
pathways. For this reason, diamond surfaces have been found to be a highly useful
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collision target for specific applications, such as efforts to improving protein
identification [220].

Dissociation of the 33+ dodecamer of PsHsp18.1 is shown in

Figure 7.11 at a collision energy of 2310 eV. Product ion signal after collision at the
diamond surface was to low to acquire other collision energies. The poor signal is
attributed to broad scattering angles of the reflected ion beam caused by a rough surface
topology (peak to valley roughness of ~10% of the film thickness as reported by the
manufacturer) and poor conductivity of the silicon substrate. Nonetheless, enough ion
current was generated to produce the SID spectrum below. Compared to the SID spectra
of this protein using FSAM and HSAM films, the spectrum acquired after collision at a
diamond surface shows no significant differences.

The predominant dissociation

pathway is still the asymmetric dissociation of the dodecamer into undecamer and highly
charged monomer.
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Figure 7.11 SID of (PsHsp18.1)1233+ upon collision with a diamond surface results in
undecamer and highly charged monomer product ions, similar to dissociation of this
complex using SAM films on gold as the collision target.

7.3 Effect of Complex Mass and Subunit Number on the Surface-Induced Dissociation of
Protein Complexes
The dissociation of large, non-covalent protein complexes remains poorly
understood. While intramolecular and intermolecular vibrational redistribution (IVR) of
energy is known to occur statistically for the vast majority of collisionally activated,
covalently bound small molecules, the degree to which internal energy is randomized in
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multi-subunit protein assemblies with as many as several thousand DOF is unclear. For
example, will internal energy be randomized throughout the entire complex and between
non-covalently bound subunits prior to dissociation, or are these complexes subject to
local randomization events affected by the collision site? Does the overall mass of the
complex or number of subunits influence the extent of IVR, and is statistical dissociation
affected by the ion activation method? These questions are particularly relevant in the
case of surface collisions as there is debate about whether ions can undergo instantaneous
shattering at the surface or if they follow a traditional RRKM mechanism [212-214,221].
Such questions are difficult to probe in biological molecules due to the
complexity of these systems. Attempts to do so for small peptide ions have employed
quantitative physical-chemical approaches such as time-resolved photodissociation which
provides fine control over the deposited energy to determine microcononical dissociation
rate constants [222],

or measurement of scattered ion kinetic and internal energy

distributions after a single collision event [213]. Semi-empirical quantum mechanical
simulations have also been used to provide an atomic-level understanding of ion-surface
collision dynamics [211]. While such measurements are difficult to carry out on protein
complexes, the dissociation energetics of these systems can be compared to small
molecules whose dissociation mechanisms have been thoroughly investigated.
Figure 7.12 shows fragmentation efficiency curves for a sHSP dimer (AtHSP18.5
dimer, ~37 kDa), transthyretin tetramer (~55.5 kDa), and two sHSP dodecamers at ~201
kDa (TaHSP16.9) and ~216 kDa (PsHSP18.1). What is evident from these curves is that
that the SID product ion spectra change with collision energy as the precursor ion decays
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with increasing energy, and larger proteins require more energy input to induce their
dissociation. In some cases, such as the SID of TTR tetramers shown in Chapter Six,
energy resolved studies indicate that charge and mass symmetric pathways increase in
abundance with increasing energy. This implies that dissociation reactions involving
direct separation of protein subunits rather than protein structural rearrangements may
require larger energy input. While an accurate time frame for dissociation cannot be
deduced from these experiments, other than to conclude that dissociation occurs faster
than the observation time-scale of the instrument (hundreds of μsec), these observations
are consistent with expectations of ions that dissociate according to traditional kinetic
theory of mass spectrometry.
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Figure 7.12 Fragmentation efficiency curves for four different protein-protein
complexes. The product ion spectra change with increasing collision energy and the
laboratory collision energy shifts with the mass of the complex, indicating statistical
fragmentation behavior. The legend lists each complex, the number of subunits, and the
molecular weight.

7.4 Investigation of Chaperonin GroEL: A Standard for Non-Covalent Protein Assembly
Research
While higher order protein structure is defined by its primary sequence, the
protein folding landscape is littered with potential pitfalls along the way to an energyminimized functional structure. Molecular chaperones ensure safe passage down the
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protein folding funnel by helping unfolded polypeptides avoid off-axis misfolding steps
that lead to aggregation. Among the most extensively studied chaperones is the GroELGroES chaperonin complex in E. coli (Hsp60-Hsp10 in other systems). The large GroEL
chaperonin is composed of 14 identical 57 kDa subunits that form two heptameric rings
stacked back-to-back, each with a hollow internal cavity (Figure 7.13) [223]. GroEL can
recognize partially denatured polypeptide chains within the cell, allowing them to bind to
the hydrophobic environment within one of the internal cavities (the cis ring). The small
70 kDa GroES chaperonin, a seven subunit protein (each subunit weighing ~10 kDa)
binds to GroEL atop the cis ring, capping the complex and forming an enclosed
environment in which the polypeptide chain is permitted to properly fold.

Small

molecule cofactors ADP/ATP and Mg2+ ions also bind to the assembly, with the former
inducing conformational changes that facilitate substrate release.

Figure 7.13 Crystal structure of the GroEL tetradecamer, PBD ID 1OEL.

Both GroEL, GroES, and the intact complex have been extensively studied by
mass spectrometry. The GroEL tetradecamer has become a commonly used standard
[135,224], often employed to test new instrument modifications and optimize conditions
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for macromolecular protein analysis [71,136,225].

As with most other protein

assemblies, gas-phase dissociation of the 14-mer has lead to the ejection of a single
highly charged monomer and a complementary (n-1)-mer (tridecamer in this case). The
transmission efficiency and collision-induced dissociation energetics of this complex
have been explored, using both atomic and molecular gases of varying mass [136,226].
The current knowledge of gas-phase behavior combined with an extensively
characterized solution-phase structure makes GroEL an ideal macromolecular system for
studying the dissociation of non-covalent protein complexes through collision at a
surface.
To prepare GroEL for mass spectrometry analysis, 1 mg of the 800 kDa complex,
purchased from Sigma-Adrich Co. (C7688) as a lyophilized powder, was dissolved in
100 μL of 20 mM Tris Acetate, 50 mM KCl, 0.5 mM ATP, and 5 mM MgCl2 (Buffer A)
and equilibrated by vortexing slowly for one hour at room temperature. Methanol was
added to the equilibrated solution to be 20% by volume and the solution was equilibrated
by vortexing for an additional hour at room temperature.
precipitated with 50% acetone (v/v).
redissolved in Buffer A.

The protein was then

Supernatant was removed and the precipitate

The protein was then buffer exchanged into 200 mM

ammonium acetate at pH 7 using centrifugal spin columns from Bio-Rad.
Figure 7.14 shows the mass spectrum of the GroEL tetradecamer acquired on the
Q-TOF 2 instrument with the SID device and 13.5 cm collision cell installed. The
following source voltages and pressures were used to obtain the spectrum below: ESI
capillary = 1.8 kV, sample cone = 180 V, extractor cone 1 V, acceleration voltage (ΔVhex-
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collision cell)

= 140 V, source hexapole pressure = 9.0 x 10-3 mbar, analyzer pressure = 5.0 x

10-4 mbar, TOF = 1.1 x 10-6 mbar. While the source hexapole pressure is typical of that
used for smaller non-covalent complexes, extra argon was leaked into the collision cell,
raising the analyzer pressure higher than needed for smaller assemblies (typically ~1.0 x
10-4 mbar), but critical for transmitting the 800 kDa chaperonin. The acceleration voltage
used here would be enough to dissociate smaller protein complexes, but in this case
provided appropriate energy to desolvate GroEL without inducing fragmentation.

Figure 7.14 Mass spectrum of the 800 kDa GroEL tetradecamer with the SID device and
13 cm collision cell installed in the Q-TOF 2.
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7.4.1 Dissociation of the GroEL Tetradecamer
To study the influence of activation method on the dissociation of GroEL, the 14mer was first investigated by colliding it into argon gas atoms in the “normal” instrument
mode as provided by the manufacturer. This was done to mimic the pressure and number
of collisions in the collision cell relative to previously reported studies of GroEL
dissociation in the literature [5,71,135]. As stated in Chapter Two, insertion of the
surface apparatus into the instrument requires either removal of the transport hexapole
and repositioning of the collision cell ~ 5 cm further back along the lens train (brining it
adjacent to the TOF entrance), or use of a shortened 13 cm collision cell to make room
for the surface and associated ion optics. While the former arrangement has been
observed to have little to no effect on the CID of small protein complexes (< 200 kDa), it
does limit the extent to which the collision cell pressure can be increased due to
detrimental pressure increases in the TOF. Use of the 13 cm collision cell alleviates this
concern by distancing the cell from the TOF entrance, and smaller entrance and exit lens
apertures on the collision cell should allow a higher gas density than the conventional 18
cm cell. Here, the manufacturer’s configuration (without the SID device installed) was
used to set conditions similar to those reported in the literature for the CID of GroEL.
During CID, the entire packet of tetradecamer ions was accelerated into the
argon-filled collision cell, rather than selecting ions of a single m/z value in the
quadrupole analyzer. This was done for direct comparison to SID experiments for which
selection had to be sacrificed for sensitivity (see below). At an acceleration voltage of
200 V into the collision cell, the tetradecamer partially dissociated into monomer and
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tridecamer product ions (Figure 7.15a).

The acceleration voltage in the Q-TOF 2

instrument, defined as the difference in DC potential between the source hexapole ion
guide and argon collision cell (ΔVhexapole-collision cell), is the highest DC offset attainable by
CID. The GroEL product ions are highly asymmetric by mass and charge with the
monomer fragment ions retaining approximately 32 charges and the tridecamer about 38
charges from the original tetradecamer packet centered on the 69+ charge state.
van Duijn et al. realized that dissociation of such a massive protein assembly
requires tens of thousands of collisions, despite the use of collision energies that exceed
ten kiloelectron volts (collision energy is defined as the product of ΔVhexapole-collision cell and
the 69+ charge state). Consequently, it is not unusual for some of the tetradecamer ions
to survive collisions even at the highest possible acceleration voltage.

Further

dissociation of this complex was induced by increasing the DC potential on the extractor
lens in the source region of the instrument. This increased the internal energy of the
GroEL 14-mer ions through energetic gaseous collisions in the source, prior to
introduction into the argon collision cell. Increasing the extractor cone voltage from 10
V to 100 V (Figure 7.15 b-d) reduced the relative abundance of the tetradecamer ions
relative to the monomer and tridecamer product ions. When the extractor cone voltage =
100 V and ΔVhexapole-collision cell = 200 V (Figure 7.15d), tetradecamer ions are absent from
the spectrum and only product ions are observed.
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Figure 7.15 Collision-induced dissociation of the GroEL tetradecamer as a function of
increasing extractor cone voltage. Despite a ΔVhexapole-collision cell = 200 V, a substantial
amount of 14-mer remains when gentle source conditions are employed (a). Asymmetric
dissociation of the 14-mer into 13-mer and highly charged monomer is more extensive at
higher extractor cone voltages (b-d).

To investigate the effects of surface collision on the dissociation of the GroEL
tetradecamer, the Q-TOF was vented and the mounting rail containing the source
hexapole, quadrupole, collision cell and transport hexapole was removed. The 18.5 cm
gas collision cell was replaced by the SID apparatus described in Chapter Two and the 13
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cm collision cell.

The surface target was a fluorinated SAM film on gold.

The

instrument was pumped down and conditioned overnight. MS of GroEL acquired after
installation of the SID device was shown in Figure 7.14 to demonstrate that ions
corresponding to the intact tetradecamer could be resolved and transmitted with the SID
apparatus in place. As mentioned above, argon gas was still leaked into the collision cell
to aid in ion transmission. The entire tetradecamer packet was accelerated into the
surface, with the collision energy defined as the product of the ion charge state and the
difference in DC potential between the source hexapole and surface, ΔVhexapole-surface. The
tetradecamer packet was estimated to have a charge state of approximately 68+ based on
the center of the charge state distribution without hitting the surface. The surface was
held at a constant 15 V throughout these experiments.
Figure 7.16 compares the surface-induced dissociation of the GroEL
tetradecamer at an acceleration voltage of 165 V into the surface (Fig 7.16 bottom) to the
CID spectrum (Fig 7.16 top, same as in Fig 7.15b) of the same protein acquired at an
acceleration voltage of 200 V, under identical source settings. While only monomer
(indicated with a red circle) and tridecamer (orange circle) are observed in the CID
spectrum, collision at the surface produces several additional product ion species. Dimer
(dark blue circle), trimer (green circle), undecamer (olive green circle), and dodecamer
(light blue circle) product ions are observed along with monomer and tridecamer product
ions. At the center of the SID spectrum, around m/z 14,300, low abundance peaks
corresponding to heptamer are also observed. While the heptamer ions can also overlap
with tetradecamer charge states due to the homoligomeric nature of the complex (every
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7-mer ion theoretically overlaps with a tetradecamer ion having twice the charge of the 7mer), no odd charge state tetradecamer ions are observed in this region, implying these
ions are indeed heptamer, a striking observation given the seven ring substructure of the
GroEL tetradecamer!

Figure 7.16 Dissociation of GroEL tetradecamers following collisions with argon gas
(top) or collision at the surface (bottom). SID generates product ions not observed by
CID, including heptamer that may reflect native GroEL substructure.

Figure 7.17 is a set of three expansions of the CID and SID spectra in Figure
7.16. Figure 7.17a shows an expansion of the low mass region in which only monomer
ions ranging from 12 to 39 charges are observed by CID (top), but monomer, dimer and
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trimer, can be seen by SID (bottom). The monomer product ion distribution in the SID
spectrum is shifted in charge state from that observed by CID, and appears to have at
least two Gaussian charge state envelopes. The first envelope is centered about the 18+
monomer ion, while the second is centered on the 10+ charge state. The second envelope
is likely due to overlap of dimer and trimer ions with each monomer charge state.
Dimeric product ions appear around 4,000 Th, and every evenly charged dimer will
overlap with monomer, though these peaks have been marked solely with a red circle for
simplicity. For example, both 10+ monomer and 20+ dimer contribute to the peak
labeled as 10+ monomer, but given the intensity of the adjacent 21+ dimer, it is likely
that much of this second charge state envelope can be attributed to dimer.
Figure 7.15b is an expansion of the middle m/z region from 10,000 – 22,000 Th.
The CID spectrum contains surviving tetradecamer ions and tridecamer product ions.
The SID spectrum in this region consists mostly of surviving tetradecamer ions, but they
are shifted significantly in m/z ratio. An increase in the amount of charge stripping from
a protein complex upon collision with a surface relative to CID has been observed for
other protein complexes [88,126], and may be partially due to cation transfer to the
surface. The GroEL tetradecamers, however, lose more than 20 charges upon colliding
with the surface, far more charge stripping than has been observed in the SID of smaller
protein complexes.
Figure 7.15c is an expansion of the high mass region out to 32,000 Th. While the
CID spectrum at the top shows only the tail end of the 13-mer charge state envelope, the
SID spectrum is littered with peaks corresponding to 11-14-mer ions. Two of the peaks
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in this region and one in the middle mass region are more intense than the other SID
product ions and are marked with a star. These peaks have m/z values where several of
the GroEL oligomeric products theoretically overlap. For example, the peak with an m/z
ratio of 28,606 corresponds to the point at which all GroEL oligomeric product ions
would have two charges/subunit (the 28+ 14-mer would overlap with the 26+ 13-mer, the
24+ 12-mer, etc). As there are several oligomeric species present in this region, these
starred peaks dominate the mass spectrum as the most abundant ions.
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Figure 7.17 Expansion of the CID (top) and SID (bottom) spectra of GroEL broken
down into three regions: (a) the low mass end of the spectrum, (b) the middle mass range,
and (c) the high mass region.
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The SID of GroEL was probed as a function of collision energy to better
understand the differences observed when colliding into a surface as opposed to gas
atoms. The tetradecamer packet was accelerated at ΔVhexapole-surface values ranging from
85 to 185 volts (Figure 7.18 a-d). At the lowest collision energy (Figure 7.18a), only
the tetradecamer packet is observed, but the charge state distribution is significantly
shifted from that centered on the 68+ charge state in the MS spectrum. Increasing the
acceleration voltage to 105 V (Figure 7.18b) induces dissociation of the tetradecamer,
predominantly into complementary monomer and tridecamer ions, similar to the products
observed by CID.

The sum of the complementary fragment ion charge states

approximately equals the that of the charge-stripped tetradecamer, i.e. GroEL23+ +
(GroEL)1327+ = (GroEL)1450+. Dimer ions are observed at very low abundance in this
case.

An acceleration voltage of 125 V (Figure 7.18c) leads to additional charge

stripping of the tetradecamer and an increase in the product ion abundance. At this
energy, complementary monomer-tridecamer and dimer-dodecamer ions are observed.
Trimeric product ions are also present in low abundance. At ΔVhexapole-surface = 165 V
(Figure 7.18d), the intensity of the product ions increases and the full range of products
is observed, including low abundant heptamer only accessible at very high collision
energies. Acceleration into the surface at ΔVhexapole-surface = 185 V, the highest attainable
acceleration potential with the surface set at 15 V, looked identical to those at 165 V.
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Figure 7.18 Energy-resolved SID of the GroEL tetradecamer. Charge stripping and mass
asymmetric product ions are the lowest energy pathways observed.

Higher energy

collision into the surface results in more mass symmetric product ions, including
heptamer at the highest collision energies attainable.

The energy-resolved SID data reveal that the lowest energy process during
surface collision is charge-stripping of the GroEL tetradecamer followed by highly mass
asymmetric dissociation into monomers and tridecamers, similar to CID [5,135]. Only at
high collision energies into the surface can more mass symmetric pathways be accessed,
including dissociation of the 14-mer into 7-mer, ions reflective of the native GroEL
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substructure. Energy-resolved SID also reveals that 13-, 12-, and 11-mer product ions
generated at high collision energies appear to be complementary to the monomer, dimer,
and trimer ions, respectively. Not only do their respective masses add up to the original
tetradecamer mass, but the sum of the charge states in the center of each complementary
product ion distribution is approximately equal to the charge state of the charge-stripped
14-mer population. Notably, the charge on the heptameric fragment ions is less than half
that of the charge-stripped 14-mer. This indicates that dissociation into heptameric
fragments is likely a competing process with charge stripping of the tetradecamer. The
high energy SID process is described by Scheme 7.1, in which the tetradecamer first
loses charge, either through solvent loss or charge transfer to the surface, followed by
dissociation along several pathways that lead to complentary oligomer fragments. As
higher internal energy is deposited into the tetradecamer, more mass symmetric
dissociation pathways become accessible. As high acceleration voltages produce GroEL
oligomer fragment ions with one, two, and three subunts, but never four, five, or six, the
presence of heptameric fragment ions can only be explained by the possibility that these
fragments are formed due to the inherent GroEL substructure, and that this pathway is
only accessible under conditions of high, rapid deposition of internal energy.
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Scheme 7.1 Depiction of the high energy surface-induced dissociation process by which
the tetradecamer is stripped of charge followed by fragmentation into several
complementary pairs of oligomeric product ions.

Most of the SID studies conducted throughout this dissertation have focused on
the effects of ion-surface collision on the projectile ion. However, important questions
remain with respect to the consequences of impact on the surface target itself. In
addition to dissociation of the projectile ion, surface perturbations such as ion-surface
reactions, surface sputtering, and ion implantation into the surface must also be
considered [82].

Surface bombardment by ions in the keV energy regime, as in

secondary ion mass spectrometry (SIMS), is known to induce changes in the surface
target, even destructively altering the area of impact [227]. For protein assemblies
carrying a high net charge, laboratory collision energies extend well into the keV energy
range, though the velocity of the ions is much lower than those of primary ion sources
typically employed SIMS due to their large masses. Still, it is likely that these ions have
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some effect on the surface during collision, but to what extent the surface is damaged or
altered remains unknown.
Collisions of macromolecular assemblies at high laboratory collision energies
have permitted initial investigations into the influence of this process on the surface
target. Repeated bombardment of ions into a fluorinated SAM film on gold over several
weeks resulted in a faint brown “streak” on the surface, about 1-2 mm in width along the
axis of the ion beam as it travels from the quadrupole toward the TOF. This was the first
such visual evidence on the surface, and it was only observed after collision of protein
complexes over 100 kDa in mass at collision energies above 10 keV.
The topology and physical nature of the surface was subsequently probed postcollision by atomic force microscopy. Images were acquired by rastering a cantilever
stylus over the visual altered portion of the surface, and compared to images of a fresh
fluorinated SAM on gold. Figure 7.19 shows AFM images of an FSAM surface sans(a) and post-collision (b). The images were collected on an Agilent 5500 AFM operated
in tapping (or manufacturer’s ACAFM) mode using PicoView 1.4 software. The probes
used were silicon cantilevers from MikroMasch (San Jose, CA). Image post-processing
was performed with Gwyddion data anlaysis software. While the freshly prepared FSAM
surface is free of major defects, the bombarded surface has several trenches along the
observed streak. The image in Figure 7.19b shows one such trench, approximately 28
μm in width, indicating clear defects in the surface after bombardment.

Further

investigation is needed to determine if this is the result of simply sputtering the SAM film
or if collisions result in ion implantation or even damage to the gold itself.
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Figure 7.19 AFM images of a freshly prepared FSAM on gold (a) and of an FSAM
surface removed from the instrument after repeated bombardment (b) with GroEL.

7.5 Conclusions
Macromolecular machines over 800 kDa in mass with as many 14 subunits have
been fragmented via surface collision. Ion-surface collisions provide a rapid and efficient
method for depositing large amounts of internal energy into protein assemblies. The use
of a massive surface collision target allows macromolecular ions to be more extensively
dissociated than is currently possible through gaseous collisions and can provide valuable
structural information. SID of 200 kDa sHSPs, while similar to CID in the sense that
unfolded, highly charged monomers are sequentially ejected from the intact complex, can
lead to the ejection of up to four subunits from the original dodecamer as opposed to only
two by CID. In addition, a combination of surface and gaseous collisions can be used to
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further fragment ejected monomers along their covalent backbone, providing primary
sequence information directly from dissociation of the intact complex.
Dissociation of the 800 kDa GroEL tetradecamer demonstrates that SID may be
able to provide insight into the substructure of protein complexes at sufficiently high
energies. The fragment ions produced when colliding this complex into a surface differ
drastically from those generated via gaseous collisions. Oligomers other than simply
monomer and (n-1)-mer are produced, with more mass symmetric oligomers generated at
higher collision energies. Even the substructure of the protein complex can be revealed
through surface collisions with GroEL heptamers present at the highest surface collision
energies attainable in a Q-TOF mass spectrometer.
The surface-induced dissociation of protein complexes have been studied as a
function of internal energy of the ion and size of the assembly being dissociated. All
evidence indicates that the dissociation of protein complexes is similar to that of small
molecules for which fragmentation rates increase with higher deposition of internal
energy and larger ions require higher internal energy to induce dissociation. Protein
assemblies, despite their massive size, appear to behave according to traditional kinetic
theory of mass spectrometry. The rapid high energy deposition provided by SID, while it
may allow access to alternative fragmentation pathways, does not appear to circumvent
the unimolecular decay process typically observed following the collisional activation of
ions. It is concluded here that neither the activation method nor the size of the molecule
is likely to alter the statistical redistribution of internal energy.
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Finally, different surfaces have been used to successfully fragment protein
assemblies, including two different types of SAM films on gold and a diamond surface.
In large part, the proteins compared on these surfaces fragmented in a similar manner,
producing the same oligomeric fragment ions by mass, regardless of the surface
employed.

While subtle differences in the extent of energy deposition and charge

stripping at the surface may exist, the predominant dissociation pathways are identical.
Further investigation into the influence of surface composition is ultimately needed with
a wider range of proteins and surfaces. Only then can the full potential of SID be realized
and exploited for the study of macromolecular protein assemblies.
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CHAPTER EIGHT
CONCLUSIONS AND FUTURE DIRECTIONS
In these investigations, gas-phase dissociation energetics and mechanisms of noncovalent protein assemblies have been explored in an effort to extend the applications of
mass spectrometry in the field of structural biology. Specifically, surface-induced
dissociation tandem mass spectrometry has been demonstrated to be a viable method for
activating and fragmenting multi-subunit protein complexes, providing access to
alternative dissociation pathways not readily observed by other means. While collisioninduced dissociation of a protein complex with “n” subunits results in asymmetric
dissociation into a highly charged monomer and complementary (n-1)-mer, SID
generates fragment ions that are more symmetric by charge, and in some cases, mass. In
a few cases, such as tetrameric transthyretin (TTR) or tetradecameric GroEL, SID also
generated product ions reflective of the complex substructure, suggesting ion-surface
collisions hold the potential to help elucidate subunit architecture through gas-phase
dissociation.
SID of small complexes (under 200 kDa with between 2-5 subunits) leads to a
disruption of non-covalent interactions that results in an equal number of chargesymmetric subunit product ions. This process is energy dependent, with more symmetric
pathways becoming available at higher laboratory collision energies into the surface.
Some assemblies, such as TTR, reveal minor amounts of product ions reflective of their
subunit interactions (dimers), but fragment entirely into equally charged monomers at
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high collision energies. Other complexes, such as pentameric C-reactive protein,
fragment solely into monomers, even at very low collision energies. Here, the
dissociation energetics may be indicative of subunit structure, as facile dissociation of the
pentamer may reflect the loose association between individual subunits.
Larger protein complexes were found to fragment in a more asymmetric fashion,
similar to CID, especially at low collision energies. At high SID collision energies
however, these complexes also exhibit more symmetric dissociation pathways, with
minor amounts of dimer being observed in the dissociation of 200 kDa heat shock protein
dodecamers, and a wide variety of product ions being generated upon collision of 800
kDa GroEL with a surface. In the latter case, minor amounts of heptamer were observed,
a direct reflection of the complex substructure. These complexes also represent the
largest ions yet explored by SID tandem mass spectrometry.
It is proposed that the differences observed in the dissociation of protein
assemblies when activated by surface collision versus other methods represent
differences in the conformation of the dissociated product ions. Product ions generated
by SID are proposed to retain a more folded or “native-like” conformation, and it is
suggested that subunits dissociate prior to the significant unfolding rearrangements
believed to occur during CID. These conformational differences are attributed to the
rapid deposition of large amounts of internal energy afforded by a massive collision
target. As ion size increases, it is suggested that the effective mass of the collision
partner becomes increasingly important for accessing high energy dissociation pathways,
ones that include the concurrent rupture of multiple bonds and preclude monomer
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unfolding. Evident throughout this work is the fact that the surface collision induces
dissociation at laboratory collision energies much lower than CID, and provides more
extensive dissociation of large ions. Consequently, not only are charge-symmetric
monomers observed at high SID energies, but also oligomeric product ions altogether
absent from CID spectra.
Support for this hypothesis was presented in Chapter Six in the dissociation of
heterotetrameric hemoglobin. The SID-generated monomer product ions with the fewest
number of charges retained their non-covalently bound heme groups, indicating at least
some retention of native structure. In addition, in-source unfolding of hemoglobin
tetramers followed by surface collision demonstrated that the degree of protein unfolding
affects the SID product ion distribution. This provides clear evidence that SID-generated
product ions retain some “memory” of the conformation of the original precursor that
impacts the surface.
In addition to studying the effects of SID collision energy on the dissociation of
protein complexes, their fragmentation has also been explored as a function of protein
mass. In general, it has been found that higher collision energies provide access to higher
energy dissociation pathways, with more symmetric dissociation pathways presumably
requiring higher internal energies to rupture multiple non-covalent bonds. Proteins of
greater mass also require greater amounts of internal energy to induce their dissociation.
Both of these factors indicate that protein assemblies, despite their mass and complexity,
fragment in a manner fundamentally similar to the vast majority of small molecules, i.e.
through a statistical unimolecular decay process. While the time-scale of fragmentation
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cannot be accurately determined from these experiments, no indirect evidence of
“shattering” has been observed for either method of activation employed in these studies.
To further probe protein quaternary structure, native mass spectrometry
experiments have been combined with solution-phase probes such as limited proteolysis
and hydrogen/deuterium exchange. These combined strategies provide low resolution
insight into the structure of protein assemblies for which high resolution x-ray
crystallography and NMR have proven unsuccessful. Together, solution-phase labeling
techniques, native mass spectrometry, and gas-phase dissociation by CID/SID provide a
powerful set of tools for studying quaternary protein structure.
The role that mass spectrometry (MS) plays in the field of structural biology is
expected to increase dramatically in the coming years. It has only been fifteen years
since the very first non-covalent interactions were preserved upon transition from
solution to the gas-phase, and less than ten since the first true macromolecular machines
were successfully maintained within a mass spectrometer. Only now is the field of
“native” electrospray mass spectrometry beginning to extend beyond a handful of
laboratories, such that the analysis of intact protein assemblies by MS can be considered
routine. While MS has already proven a valuable commodity for elucidating proteinprotein stoichiometry, determining ligand binding sites, monitoring protein dynamics,
and identifying loosely bound proteins on the periphery of an assembly, the expansion of
mass spectrometry in this area requires new advancements to better elucidate protein
quaternary structure.
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One promising strategy that has recently emerged is the partial disruption of
subunit interactions in solution through the addition of salts or adjustment in pH,
followed by mass spectrometry analysis to identify which adjacent subunits remain
bound together. Piecing the various subunits back together like a puzzle allows one to
reconstruct the topology of the intact complex. This process, while effective, still takes
time to test solution conditions disruptive to part, but not all of the subunits within the
complex, and is only applicable for solvents that can be favorably introduced into the
mass spectrometer. The ability to directly deduce subunit architecture from the gas-phase
dissociation of protein complexes would greatly facilitate their analysis in terms of ease
and speed, and expand the capabilities of mass spectrometry as a structural biology
technique.
SID has shown promise as a way to meet those goals, but much work remains to
be done before it can be fully exploited. The most pressing need is the extension of SID
studies to a wider variety of protein systems, especially complexes comprised of a
heterogeneous mixture of subunits. Many of the proteins examined in this work were of
a homogeneous nature, and many of them were systems previously studied by CID. This
was done for proof-of-concept purposes to first demonstrate SID of protein complexes
was possible and determine if the fundamental fragmentation process differed for ionsurface collisions vs. ion-gas atom/molecule collisions. Now that these two processes are
better understood, and there is sufficient evidence that they can provide complementary
information, SID studies must be extended to new, undefined systems. It is also
imperative that SID be used to answer unknown biological questions, especially ones
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incapable of being uncovered by CID. The ability to do this will ensure SID has a place
in the study of protein assemblies and possibly initiate efforts to improve upon existing
instrumentation and technology.
In addition to expanding SID to the study of more protein systems, a wider variety
of SID targets must also be explored. The work presented in Chapter Seven lays the
groundwork for some of these studies. Fragmentation of volatile organic ions and
peptides on different surfaces has demonstrated that surface composition influences
energy transfer, electron transfer, and the extent of chemical reactivity between the
surface and ion. Few surfaces have been applied to the analysis of non-covalent protein
complexes and investigation of new targets may prove advantageous and reveal ways in
which surface properties can be manipulated to optimize the amount of structural
information that can be gleaned.
While the results presented in this dissertation have lead to a proposed mechanism
for the surface-induced dissociation of protein complexes, additional evidence is needed
to confirm this hypothesis. Evidence here indicates that protein subunits maintain a more
folded structure upon collision at a surface as opposed to forming long-lived unfolded
intermediates generated by CID. Direct studies of protein confirmation before, during,
and after the SID process would help to form a more complete picture of the dissociation
process. One strategy to test the proposed mechanism currently under plan in this
laboratory is to combine SID with ion mobility-mass spectrometry permitting study of
ion size and shape. A number of homebuilt ion mobility-mass spectrometers exist and
the first commercial instruments have been recently introduced. Studies on these
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instruments will be invaluable to understanding the effects of ion-surface collisions, not
just for protein complexes, but for all ions. Shape selection of precursor ions prior to
surface collision, and/or conformational analysis of SID-generated product ions will be
unique experiments and help solve unanswered mechanistic questions about the
dissociation of protein-protein complexes.
Additional strategies to study the conformation of SID-generated ions could
include the combination of SID with other protein structural analysis techniques.
Fluorescence resonance energy transfer (FRET), for example, involves energy transfer
between two chromophores in a distance-dependent manner such that the unfolding of
individual protein subunits could be probed. In this scenario, tagging one protein subunit
with a fluorescence donor and another with a fluorescence quencher would allow an
estimate of distance between the two tags based on the fluorescence intensity. In this
way, the unfolding of subunits could be probed following ion activation by different
methods. The application of combined analytical methodologies will enhance the general
understanding of protein gas-phase structure.
The study of protein quaternary structure and dynamics has already begun to
benefit from the ability to preserve non-covalent protein assemblies intact within the
mass spectrometer. From just a single stage of mass analysis, it is possible to accurately
measure molecular weight, determine subunit or ligand stoichiometry, and monitor
dynamic protein interactions.

Tandem mass spectrometry promises to enhance our

knowledge of macromolecular structure, but must be further developed for the analysis of
protein complexes. SID has demonstrated the potential to provide unique insight into the
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organization of protein complexes and address complex biological problems that are
impossible to answer with other techniques. The ability to elucidate structural and
functional details of protein complexes will ensure mass spectrometry plays a pivotal role
in structural biology in the years to come.
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APPENDIX A
ADDITIONAL PROTEIN-PROTEIN COMPLEXES INVESTIGATED BY MASS
SPECTROMETRY
This Appendix contains results from the analysis of intact protein complexes and
investigations into the gas-phase dissociation of additional systems not included in the
preceeding chapters. For many of these systems, initial studies have been carried out, but
do not present a comprehensive investigation. The results presented here have been
divided into sections according to the individual protein system investigated. These
results have not been published and are presented here to provide a foundation for this
work to be pursued in future endeavors.

Bacteriophage Cro Proteins
Cro proteins are homodimeric DNA binding proteins that regulate the life cycle of
bacteriphage by repressing gene transcription [6]. Cro proteins originating from different
organisms are highly diverse and have served as model systems for studying protein
evolution. Presented here is a brief study of two orthologous Cro proteins, λ Cro and
N15 Cro, that dimerize with near equal affinities, but that have very different subunit
interfaces. λ Cro has a mixed α-helix/β-sheet fold, with one of the β-strands swapping
places with the same segment of the adjacent subunit [228]. Evolution of this domainswapped region allows this protein to form a competent homodimer with a Kd of ~2 uM.
N15 Cro on the other hand, has a very different fold consisting of five alpha helices, but a
similar Kd of 4 μM [228].

Structurally, the latter protein resembles another Cro
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orthologue, P22, whose Kd is in the mM range, but N15 maintains a dimerization affinity
much closer to the structurally divergent λ Cro. Gas-phase dissociation of these two
proteins was carried out to determine if tandem mass spectrometry of the native dimer
could reveal structural differences between the domain-swapped λ Cro and the “stickybilliards ball” interface of N15 Cro.
Both λ Cro and N15 Cro were examined by denaturing HPLC-MS to determine
the molecular weight of each protein monomer. 100 pmol of each protein was injected
onto a Styros 2R/MB and separated by reverse phase-HPLC followed by ESI-MS
analysis as described in Chapter Two. Figure A.1 shows the resulting mass spectra of λ
Cro (top) and N15 Cro (bottom), corresponding to molecular weights of 8,430 Da and
8,895 Da, respectively for the denatured monomers. Separate aliquots of both proteins
were buffer exchanged into 200 mM ammonium acetate, pH 7, and analyzed by native
MS to confirm the presence of dimer. Figure A.2 shows the native MS spectra of λ Cro
(top) and N15 Cro (bottom), indicating that dimer and monomer species are present at a
concentration of ~20 uM protein (indicated in Figure A.2 with a D or M, respectively,
followed by the number of charges).
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Figure A.1 MS spectra of λ Cro (top) and N15 Cro (bottom) denatured monomers as
determined by HPLC-MS.

Figure A.2 Native MS of λ Cro (top) and N15 Cro (bottom) revealing both monomers
and dimers present for both proteins.
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The 9+ charge state of the λ Cro and N15 Cro homodimers was selected for gasphase dissociation (Figure A.3). Collision of the 9+ homodimer with argon at a collision
energy of 270 eV results in fragmentation of the dimer into monomers in both cases. The
domain-swapped λ Cro homodimer fragments more asymmetrically (Figure A.3, top),
with the 9+ dimer dissociating predominantly into 6+ and 3+ monomer ions.

The

billiards ball-like N15 Cro however, dissociates more symmetrically, into 4+ and 5+
monomer ions (Figure A.3, bottom).
These differences in charge partitioning between the fragment ions of λ Cro and
N15 Cro hold true over a range of collision energies, as indicated by the breakdown
curves of each, shown in Figure A.4 and Figure A.5, respectively.

The relative

abundance of the 5+ and 4+ monomer ions is always greater than that of the 6+ and 3+
monomer ions for dissociation of N15 Cro in Figure A.5, while the opposite pathway is
dominant in the breakdown curve for λ Cro (Figure A.4). The symmetry of dissociation
may provide some indication of the dimeric structure in that the domain-swapped λ Cro
perhaps must unfold to a greater degree to achieve separation of its intertwined subunits,
but further proteins systems must be studied to confirm this conclusion. The gas-phase
dissociation energetics however, seem to only be indicative of which protein has a more
massive molecular weight.

λ Cro, the protein with the more interlocking subunit

interface, actually dissociates more easily than the more billiards ball-like N15 Cro. This
is indicated by the point at which the dissociating dimer has decayed to 50% relative
abundance. This point is reached at a ΔVsource hexapole-collision cell = 25 V for λ Cro (Figure
A.4) and a a ΔVsource hexapole-collision cell = 30 V for N15 Cro (Figure A.5). The N15 Cro
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dimer, however, has a larger molecular weight by almost 1,000 Da, and this mass
difference, rather than protein structural differences, may cause the subtle shift to higher
dissociation energies observed in the breakdown curve relative to λ Cro.

Figure A.3 Collision-induced dissociation of the 9+ homodimer of λ Cro (top) and N15
Cro (bottom). The charge is partitioned more evenly between the dissociating subunits in
the billiards ball-like N15 Cro than in the domain-swapped λ Cro.
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Figure A.4 Breakdown curve for CID of the 9+ homodimer of λ Cro showing the
fragmentation of D9+ into M6+ and M3+ to be the dominant dissociation pathway.

Figure A.5 Breakdown curve for the CID of the 9+ homodimer of N15 Cro showing the
fragmentation of D9+ into M5+ and M4+ to be the dominant dissociation pathway.

328
The dissociation of λ Cro was further explored by colliding the 9+ homodimer
into a gold surface coated with an FSAM film (Figure A.6). Dissociation of the dimer
proved to be more symmetric by SID (bottom) than by CID (top), as observed for other
protein dimers described in Chapter Five. This implies that λ Cro, despite its domainswapped subunit interface, can still fragment with very little unfolding of the individual
subunits. In fact, surface-induced dissociation of λ Cro more closely resembles the
fragmentation of N15 Cro observed by CID. To make definitive structural conclusions
about these dimeric systems, however, the gas-phase dissociation of additional orthologs
must be investigated.

Figure A.6 Comparison of CID (top) and SID (bottom) of λ Cro 9+ homodimers.
Fragmentation of the 9+ homodimer results in the charge being more evenly distributed
between the monomer fragment ions by SID.
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Adiponectin
Adipocyte complement related protein of 30 kDa, also known as adiponectin, is a
serum hormone secreted from adipocyte cells, and has been implicated in diabetes in both
humans and animals. It forms homoligomers existing in one of three different oligomeric
states: a trimer, hexamer, and a high molecular weight (HMW) species only recently
identified as octadecamer [229]. The biological activity of adiponectin, including its
influence on metabolic activity, is believed to be highly dependent on the serum
concentration of these various oligomeric forms, linking the quaternary structure of this
protein to human disease. The octadecameric form of this protein is of particular interest,
as the ratio of this form to the total amount of adiponectin has been found to be atypically
low in individuals with Type II diabetes [230].
The lower molecular weight oligomers of adiponectin are believed to also serve as the
building blocks for the HMW species [231]. The formation of the trimeric species has
been attributed to the collagen domain of adiponectin, with three collagen domains
coming together in a triple helix-like fashion. The hexamer consists of two adjacent
trimers, with two of the trimers in the monomer being covalently linked through a
disulfide bond at Cys-22. Disulfide bond formation, however, is not a prerequisite for
formation of the trimeric form of the protein. The octadecamer is considered a trimer of
hexamers coming together to form the HMW species.
The HMW species purified from bovine serum was buffer exchanged into 200
mM ammonium acetate, pH 7, and analyzed by native mass spectrometry. Figure A.7
shows the native mass spectrum with a single dominant species centered on the 48+
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charge state and corresponding to a molecular weight of approximately 475 kDa. This
molecular weight value is slightly lower than the measurement of 486 kDa for the HMW
species recently obtained by sedimentation equilibrium and identified as octadecamer,
but almost exactly 18 times the molecular weight measured for the glycosylated
monomer (26,455 Da) [229].

Figure A.7 Mass spectrum of adiponectin high molecular weight species. Conversion
from m/z ratio to mass yields a protein complex with a molecular weight of 475 kDa,
confirming an octadecameric stoichiometry.

The resolved peaks obtained in the above mass spectrum were acquired by
introducing the protein into the argon-filled collision cell at an acceleration voltage of
150 V. While giving the protein ions this much kinetic energy can reduce adduct
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formation, protein complexes can also fragment at high kinetic energies. To explore the
effects of ion kinetic energy on the appearance of the adiponectin mass spectrum, MS of
the native complex was performed by accelerating the HMW species into the argon-filled
collision cell over a range of kinetic energies (Figure A.8).

While most protein

complexes tend to lose attached solvent ions at higher acceleration voltages, shifting to
lower mass (and consequently lower m/z ratio), the entire charge state distribution of
adiponectin changes with increasing kinetic energy.

Only a high molecular weight

“hump” exists at low acceleration voltages (Figure A.8 a), presumably because the
complex is too highly solvated to resolve individual peaks. As the ions are accelerated at
higher velocities into the argon-filled collision cell, ion activation removes solvent, but
results in a stripping of charge such that the entire packet of octadecamer ions shifts to a
higher m/z ratio (Figure A.8 b-c). At some collision energies, there even appear to be
two populations of octadecamer (Figure A.8 b and c), though the origin of these two
distributions is unclear. In general, the charge stripping observed for adiponectin could
be due the loss of positively charged solvent ions, but has not been observed to such an
extent with other protein systems explored.
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Figure A.8 MS of adiponectin acquired while increasing the acceration of the ions into
the argon collision cell from 10 V (a) through 200 V (d).

The structure of this complex was further explored by collision-induced
dissociation of the of the octadecameric species. Figure A.9 shows the CID spectrum of
the 55+ octadecamer at an acceleration voltage of 200 V. The predominant dissociation
pathway is fragmentation of the octadecamer (18-mer) into dimer and hexadecamer (16mer).

Unlike CID of other protein complexes explored throughout the literature,

fragmentation of adiponectin occurs through the ejection of a dimer rather than a
monomer. This is indicative of the covalent disulfide bond linking adjacent monomeric
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subunits. The most favorable dissociation pathway entails disruption of the non-covalent
interactions between subunits, while leaving all covalent bonds intact, including the
disulfide bonds. The dimer carries away an equal amount of charge relative to the
complementary 16-mer, similar to the asymmetric extent of charge retained by a single
covalently bound monomer ejected from non-disulfide bonded protein complexes.

Figure A.9 CID of the adiponectin 18-mer into dimer and 16-mer, indicating the
presence of covalent linkages between subunits.

No monomer fragment ions are

observed.

To investigate the role of disulfide bonding on the stability of the HMW species,
the octadecamer was incubated in 1 mM DTT for 24 hours and then subjected to native
MS analysis.

The resulting mass spectrum is displayed in Figure A.10.

The

octadecamer is still the primary species observed, but a minor amount of trimer can also
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be seen, indicating the octadecamer has been partially disrupted in solution. The 46+
octadecamer was selected with the quadrupole mass analyzer and dissociated through
collisions with argon (Figure A.11). Dissociation of the octadecamer now results in the
ejection of a single monomeric subunit, behaving much like typical protein-protein
complexes.

This implies that while the octadecamer can still survive under these

conditions, the disulfide bond is no longer present. Thus, while the disulfide bond may
be essential for formation of the HMW species, once the octadecamer has assembled, it
can survive through non-covalent association alone.

Figure A.10 Native MS of the disulfide reduced HMW species showing the presence of
both octadecamer and a minor amount of trimer.
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Figure A.11 CID of the disulfide reduced 18-mer into monomer and 17-mer. The 18mer survives the reduction of disulfide bonds, but the individual subunits that comprise
the HMW species are no longer covalently bound.

Rubisco
Ribulose 1,5-bisphosphate caboxylase/oxygenase (Rubisco) catalyzes the first
step in photosynthetic carbon fixation and carbon oxidation, and is essential to life on
earth. Rubisco is a heterohexadecamer comprised of 8 identical large (55 kDa) subunits
and 8 nearly identical small (15 kDa) subunits [232]. The small subunits assemble
around the 8 interior large subunits with 4 small subunits capping each end of the protein
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[233]. ith a total mass of approximately 560 kDa, Rubisco is one of the largest enzymes
on earth in addition to being the single most abundant protein on the planet.
In addition to the macromolecular machines presented in Chapter Seven, the gasphase dissociation of spinach Rubisco was also explored. Figure A.12 shows the results
of denaturing HPLC-MS analysis of the protein. The top panel in Figure A.12 shows the
denaturing mass spectrum of the small subunit. Differential protein expression has been
found to alter amino acid sequence, with two known isoforms existing for spinach
Rubisco.

Both isoforms of the small subunit are observed in the denaturing mass

spectrum with the charge state deconvolution yielding molecular weights of 14.68 (black
circle) and 14.75 kDa (white circle) for the two isoforms. The molecular weights for
both proteins are heavier than those of the theoretical sequence deposited in the NCBI
database, by at least 60 kDa. The bottom panel of Figure A.12 shows the denaturing
mass spectrum of the large subunit. It has a molecular weight of 52.53 kDa, slightly
smaller than that given by the NCBI sequence database. A small amount of dimer, likely
disulfide bonded and indicated by double squares, is also observed.
Rubisco was buffer exchanged into 200 mM ammonium acetate, pH 7, and
analyzed by native MS. Figure A.13 shows the native mass spectrum of the intact
heterohexadecamer. The hexadecamer has a measured molecular weight of 541.4 kDa.
Although this is smaller than the 560 kDa approximation reported in the literature, it is
slightly heavier than the theoretical molecular weight based on the species observed in
the denaturing MS experiment. Depending on how many small subunits from each
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isoform are present in the intact complex, the molecular weight of the 16-mer can vary
from 537.7 to 538.3 kDa based on the HPLC-MS data.

Figure A.12 Denaturing mass spectra of Rubisco small (top) and large (bottom) subunits
with charge state deconvolution of the spectra showing the mass of each in the insets.
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Figure A.13 Native MS spectrum of Rubisco heterohexadecamer corresponding to a
measured molecular weight of 541.4 kDa.

The Rubisco hexadecamer was dissociated by both CID and SID tandem mass
spectrometry (Figure A.14 top and bottom panels, respectively). The 53+ hexadecamer
was introduced into the collision cell at an acceleration voltage of 200 V.

The

hexadecamer barely dissociated under these conditions, despite the fact that this was the
highest collision energy attainable in the Q-TOF 2 instrument. The predominant species
observed in the CID spectrum of Rubisco is the hexadecamer that remains following
multiple collisions with argon. A small amount of ejected monomer corresponding to the
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two isoforms of the small subunit is observed at the low mass end. In addition, several
peaks appear in the region where covalent fragmentation the ejected monomer is often
observed, though no specific backbone cleavages could be identified. This is likely due
to a discrepancy in the amino acid sequence or a post-translational modification of the
protein used here versus that deposited in the NCBI database. No complementary (n-1)mer was observed in this case.
Collision of the 55+ hexadecamer into an FSAM surface at an acceleration
voltage of 190 V also resulted in the ejection of the small subunit (Figure A.14, bottom
panel). Again, most of the hexadecamer survives the surface collision, but fragment ions
corresponding to both isoforms of the small subunit can be identified in the low m/z
region of the spectrum. At even lower m/z ratio, several of the unidentified peaks that
were present in the CID spectrum are also observed, offering additional evidence that
these peaks are likely covalent fragments of the protein. No (n-1)-mer is present in the
SID spectrum either. The hexadecamer undergoes significant charge stripping in both
cases, but neither activation method is capable of extensively fragmenting the Rubisco
complex.
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Figure A.14 Gas-phase dissociation of the Rubisco hexadecamer by CID (top, 53+
charge state) and SID (bottom, 55+ charge state). Dissociation of the Rubisco
hexadecamer results in the ejection of the small subunit in both cases, though neither
activation method causes extensive dissociation of the intact complex.
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