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Abstract
Microtubules are a fundamental component to the cellular cytoskeleton and are
responsible for cell structure, motility, intracellular transport, and formation of the mitotic
spindle. The ability to serve the diverse functions requires constant flux between
polymerization and depolymerization. The regulation of microtubule dynamics is
accomplished by microtubule associated proteins that can interact with microtubules, or
its tubulin dimer, to induce polymerization or depolymerization. The depolymerization
mechanism induced by mitotic centromere-associated kinesin (MCAK) was studied in
detail. Studying a large protein system such as the regulation of microtubule dynamics at
the molecular level requires an integrative structural biology approach. Hydrogen
exchange mass spectrometry (HX-MS) is a vital technique for studying the protein
dynamics and was optimized for the analysis of large protein complexes. Two HX-MS
platforms consisting of a FT-MS and a high-resolution QTOF mass spectrometer were
evaluated by comparing the figures-of-merit for a typical bottom-up HX-MS experiment:
peptide identification, deuterium measurement accuracy, and deuterium measurement
precision. The Orbitrap Velos identified 64% more peptides than the TripleTOF 5600,
independent of protein size. Precision in deuterium measurements using the Orbitrap
marginally exceeded that of the TripleTOF, depending on the Orbitrap resolution setting;
however, the unique nature of FT-MS data generates situations where deuteration
measurements can be inaccurate. The findings presented support the use of the
TripleTOF 5600 for further development of hydrogen exchange methods. A dataindependent acquisition approach was developed that combines peptide fragmentation
data and a new peptide scoring algorithm (WUF, Weighted Unique Fragment) to provide
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MS/MS data for HX measurements while reducing manual validation. The scoring
incorporates elements of the validation process and preserves high peptide identification
accuracy. When compared to a conventional Mascot-driven HX-MS method, HX-MS2
produces two-fold higher tubulin sequence depth at a peptide utilization rate of 74%. The
HX-MS2 method was applied to study the microtubule depolymerization process induced
by MCAK. In the described model, the N terminus is responsible for the lateral
separation in conjunction with the outward curvature induced by the motor domain. The
C terminus is responsible for regulating the microtubule interactions.
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Chapter One: Introduction
Most functions in living cells are the result of multimeric protein complexes, and
uncovering the structure and dynamics of these complexes is important for the
understanding of all cell functions [1]. Protein properties and functions are dictated by
their three-dimensional structure. The study of protein structure and the structurefunction relationship has exploded in regards to the protein systems being studied, the
techniques being employed and the knowledge that has been gained to understand the
workings of a living cell. Much of the development is the result of advances in current
knowledge, enabled by advances in technology and instrumentation. This thesis is
divided in two sections: advancement of technology and methodology for studying
protein dynamics, and an application of the methods for studying microtubule dynamics.
Specifically, the dynamics induced by a unique kinesin that ultimately depolymerize
microtubules are studied in detail. In this chapter, an overview of the techniques to study
protein structure and dynamics is described, followed by review of the current knowledge
on the regulation of microtubule dynamics.

1.1 Integrative structural biology
Evolution of the size and complexity of protein systems being studied has led to
the conclusion that multiple techniques are necessary to fundamentally understand the
structure-function relationship of all proteins. This has led to the field of integrative
structural biology [2]. All current techniques including but not limited to X-ray
crystallography, nuclear magnetic resonance (NMR) spectroscopy, electron microscopy
(EM), foot-printing, hydrogen exchange, chemical cross-linking, fluorescence resonance
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energy transfer (FRET) spectroscopy, and proteomics are limited in their own individual
capacities. The limitations have led to new approaches by integrating data from multiple
types of experiments to computationally produce models of complex biological systems
(Figure 1.1) [3-5]. The analysis of molecular interactions has three central objectives:
mapping the interactions, determining the kinetics and thermodynamics of the interaction,
and understanding how protein structure is perturbed. Analysis can involve a combination
of the traditional methods for studying static structures (EM, NMR, and X-ray
crystallography) [6], and methods to study the dynamic nature (such as spectroscopy and
mass spectrometry) [4, 7]. The integration of multiple forms of data also poses a
challenge and several endeavors are ongoing to incorporate data while minimizing the
number of restrictions in place. Two of the more successful platforms include
HADDOCK [8, 9] and IMP [10]. Data from the different techniques are combined, and
the models produced are representative of the resolution behind the data.
The “gold standard” methods for determining protein structure at the atomic level
include X-ray crystallography and NMR. In crystallography, crystals are formed and Xray diffraction is used to solve the atomic structure [11]. NMR provides measurements
between atoms, based on chemical shifts [12]. Unfortunately these techniques become
limited by protein size, and are complicated by multimeric protein complexes and protein
dynamics. The formation of crystals becomes challenging while NMR data become
substantially more difficult to interpret as protein or complex size increases. NMR
techniques including nuclear Overhauser effect spectroscopy (NOESY) and transverse
relaxation optimized spectroscopy (TROSY) have expanded the size of proteins capable
of analysis, but are still limited [13].
2

Figure 1.1. Concept of integrative structural biology.
An integrative structural biology approach combines the conventional biophysical
techniques and hybrid techniques to construct models of protein complex assemblies.
From Science (PMCID: PMC3633482), copyright (2013). Reprinted with permission
from AAAS.
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Integrative approaches can be used to combine the high resolution structures from
crystallography and NMR to construct and model the larger biological assemblies.
Affinity purification, proteomics, and yeast two-hybrid systems can be used to designate
interactions; however, modeling larger assemblies from individual static structures of
proteins requires information on the protein dynamics. That is, what conformational
changes occur upon interaction, or what conformational changes are necessary to allow
an interaction? Static structures do not represent the dynamic state. Conformational
dynamics play an important functional role, and the balance between the native state and
dynamic state is necessary to maintain functionality [14]. In some cases, proteins are
present in a disordered state and only form a functional structured conformation upon
complex assembly [15, 16]. Determining the dynamics within a structure can be used to
dock interactions computationally, and provide a model of the assembled complex [17,
18]. Spectroscopy techniques including FRET have been used to test interactions and
identify global conformational changes; while mass spectrometry has the capability to
investigate protein dynamics in complicated biological assemblies, and builds on its
ability to interrogate highly complex protein mixtures at very low concentrations. The
utility of mass spectrometry for the study of global and localized protein dynamics is
discussed in the following sections.

1.2 Mass spectrometry for protein structure
The ability to study protein structure and dynamics using mass spectrometry soon
followed the advent of ESI MS by John Fenn [19, 20] and was first realized by Loo et al.
[21]. The fundamental detection of proteins or peptides by MS occurs under highly non4

physiological conditions, where analytes are desolvated and transferred into a vacuum as
gas-phase ions. The data readout is a mass spectrum of protein chemistry. In order to
infer the structure and dynamics of the solution-phase, MS studies need to be designed to
preserve solution-phase properties throughout the non-physiological conditions [22, 23].
This is achieved using labeling strategies, including hydrogen exchange, crosslinking and
covalent labeling, which are described in the next sections. Additionally, developments in
ion mobility strategies have allowed the study of protein complexes in the gas phase,
providing the opportunity to investigate proteins and complexes outside of their
physiological environment [24].
1.2.1 Hydrogen exchange
1.2.1.1 Exchange principles
Hydrogen exchange (HX), as a labeling strategy, represents the most commonlyused mass spectrometry technique to explore protein conformational dynamics due to its
robustness and sensitivity [25]. HX is a type of chemical label that builds on exchange of
hydrogen with deuterium from D2O-containing solvent [26, 27]. The proton (or deuteron)
transfer can be described by the following (Equation 1.1).
𝑋𝐻 + 𝑌 ⇌ (𝑋𝐻 … 𝑌 ⇌ 𝑋 … 𝐻𝑌) ⇌ 𝑋 + 𝐻𝑌

(1.1)

Where XH is the proton donor and Y is the proton acceptor protein. In a solution
containing D2O, exchange is successful if the deuteron is transferred to the acceptor. The
reverse reaction can also occur and is termed back-exchange. Hydrogens available for
exchange are present on the backbone (amide hydrogen and carbon-bonded hydrogen)
and on amino acid side chains. Those found on functional groups in the side chains (-OH,
5

-SH, -NH2, -COOH) exchange and back-exchange too readily during downstream
experimental procedures for detection, and those bound to carbon require a catalyst for
exchange [28]. As a result, HX serves as a non-selective reporter for amide hydrogen
exchange along the entire backbone with the exception of Xxx-Pro, which does not
present an amide hydrogen.
The rate of amide hydrogen exchange is highly dependent on the chemical
exchange rate and the unfolding/folding rate constants. The chemical exchange rate (kex)
of an amide hydrogen with D2O in the bulk solvent is approached from the standpoint of
acid (H+) and base (OH-) catalysis in water (with rate constants kA and kB, respectively),
described in equation 1.2 [29-32].
𝑘𝑒𝑥 = 𝑘𝐴 [𝐻+ ] + 𝑘𝐵 [𝑂𝐻−]

(1.2)

Exchange rates are pH dependent and described by a V-shaped curve of log(kex) vs pD
[30, 32-35] (Figure 1.2). HX rates are at a minimum at pH ~2.5. With each unit shift in
pH above or below the minimum, the exchange rate increases by a factor of ten, with
exchange occurring via acid-catalysis below and base-catalysis above the minimum [30,
32]. At neutral conditions, base catalysis dominates in the exchange reaction, where
labeling reactions of native proteins typically occur. This is explained by the high pKa of
the peptide group (CONH, pKa ~18.5), where the reaction is slightly energetically uphill
for deprotonation by OH- (pKa for protonation is 15.7) but substantially energetically
unfavorable for H3O+ catalysis (Equation 1.3 and 1.4) [29].

6

Figure 1.2. pH dependency of HX rate.
Dependency of the chemical exchange rate kex on solution pH for amide hydrogens within
a hypothetical peptide GGVALISTDENQRHKCMFTW. The rate at any pH is the sum of
the H3O+ ion catalyzed reaction (red) and the OH− ion catalyzed reaction (blue). The
hatch-mark region represents exchange from the contribution of water catalysis.
Reproduced with permission from Journal of the American Society for Mass
Spectrometry (PMCID: PMC3515739), copyright (2012), Springer.
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𝑘𝑒𝑥 = 𝑘𝐷 (10∆𝑝𝐾 ⁄(10∆𝑝𝐾 + 1) )

(1.3)

Where
∆𝑝𝐾 = 𝑝𝐾𝑏 − 𝑝𝐾𝑎

(1.4)

Water catalysis can also occur but is negligible at neutral pH’s [32]. Temperature also
plays an important role as a factor in the diffusion coefficient (kD), shown by increasing
the HX rate 3-fold per 10 °C increment. Furthermore, exchange is also heavily influenced
by neighboring side chains due to inductive effects of polar groups withdrawing electron
density, allowing easier exchange of the proton. [28, 30, 32].
The state of protein structure also plays a critical role in HX, where amide
hydrogens involved in intramolecular interactions (-helices, and -sheets) prevent
hydrogen exchange. Proteins are constantly in flux, continuously switching between
conformational states – often described as protein “breathing”. Protein folding is depicted
as an energy landscape, with the stable, native protein structure at the bottom of the
funnel [14, 36]. Kinetic energy and entropy result in transitions to partially unfolded
transients in the energy landscape. The shift in protein conformation from a folded to
unfolded state can initiate exchange; therefore, the measured exchange is a function of
protein states. The deuterium exchange mechanism with respect to the protein state is
described in equation 1.5.

8

𝑘𝑢
𝑘𝑓
𝑘𝑒𝑥
⇌
𝐹𝐻 𝑈𝐻 → 𝑈𝐷 ⇌ 𝐹𝐷
𝑘𝑓
𝑘𝑢

(1.5)

Where F and U represent the protein in folded and unfolded states, respectively. The
structural transitions described as folding (rate constant kf) and unfolding (rate constant
ku) shift the amide hydrogen to an exchangeable or non-exchangeable state.
The equation above is built on the assumption such that hydrogen exchange can
only occur in the unfolded state and therefore two folding/exchange mechanisms can be
described. In one mechanism, kf << kex so the observed rate of exchange is comparable to
the rate of unfolding, termed EX1 kinetics. EX1 kinetics is rare under native conditions,
but is inducible using chaotropes like urea, high pH, and elevated temperatures [37, 38].
In the second mechanism, kf >> kex so the exchange reaction is a rare event in the
unfolded state and exchange is a function of kex and ku. This gives rise to EX2 kinetics,
and reflects exchange in a relatively stable protein state. The EX1 and EX2 labeling
patterns measured by mass spectrometry are illustrated in Figure 1.3.
Understanding the principles of exchange combined with the observed rate of
exchange (detected by a shift in the isotopic distribution) can be used to infer changes in
dynamics of a protein. This enables HX-MS to study protein folding mechanisms, ligand
interactions, protein stability, and conformational dynamics induced by ligands (Figure
1.4). Protein folding mechanisms can be studied from a denatured state and detecting
decreased exchange rates as a protein folds to identify folding intermediates [39-42].
Parameters defining protein stability as well as the interaction may be obtained from
measures of perturbed exchange rates [43-47]. The impact of an interaction can be
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Figure 1.3. Labeling patterns for a protein under EX1 and EX2 conditions.
Left: EX2 global unfolding conditions, highlighting a progressive shift in the isotopic
distribution. Right: EX1 global unfolding conditions, highlighting a progressive
reweighing of a bimodal isotopic distribution. Isotopic distributions modeled as
unresolved peak envelopes. Reproduced from Analytica Chimica Acta (PMID:
22405295), copyright (2013). Reproduced with permission from Elsevier Ltd.
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Figure 1.4. Applications of HX-MS.
HX-MS can be applied to protein dynamics related to protein folding, protein stability,
ligand interaction, and conformational changes upon ligand interaction. Blue represents
low, green represents medium, and red represents high levels of measured HX in a simple
protein structure. Ligand interactions and induced conformations are displayed as
differential labeling. Blue represents stabilization, while red represents destabilization
upon binding.
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studied by measuring significant differences of exchange rates (kex,bound/kex,free), and is the
technique implemented in Chapter 4. The methods described in the next section are
designed to specifically address these categories of dynamics.
1.2.1.2 HX-MS Methods
There are a growing number of methods that can be applied for HX-MS
measurements, involving both top-down and bottom-up approaches. In the top-down
approach, intact proteins are investigated to provide a global view of the protein.
Unfortunately, the top-down approach is limited by protein size and dynamic range. In
the bottom up approach, proteins are digested by proteases to produce peptides which are
then analysed using mass spectrometry, providing higher sensitivity, reproducibility and
reliability.
At the basic level, HX-MS methods involve four major steps: protein
perturbation, labeling, quench/digest (digest omitted for top-down), followed by analysis
(Figure 1.5). The means of protein perturbation guides the type of dynamics being
studied, and can involve equilibrating proteins in different states, or methods including
SUPREX (stability of unpurified proteins from rates of H/D exchange) [48] and
PLIMTEX (protein–ligand interaction by mass spectrometry, titration, and H/D
exchange) [49]. These methods can be applied using continuous labeling or pulsed
labeling techniques to investigate protein dynamics. The continuous labeling technique
measures dynamics of the equilibrium state while pulsed labeling is designed to measure
intermediate states. The quench step is in place to preserve the labeling information
throughout the remainder of processes up to analysis by MS. Unlike the other chemical
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Figure 1.5. HX-MS flowchart.
General scheme for HX-MS experiments: (a) Continuous labeling, (b) Pulsed labeling,
followed by either top-down or bottom-up analysis. Modified from Drug Discovery
Today (PMCID: PMC4081482), copyright (2013), with permission from Elsevier Ltd.
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labeling strategies, HX has the shortcoming of back-exchange of the label with solvent
and can result in loss of the label prior to MS detection. Means of minimizing backexchange involve decreasing pH to 2.3 and decreasing temperature to ~0 °C, where
exchange kinetics are the lowest (described in the exchange principles section). In the
bottom-up approach the quench step is also shared with digestion, which imposes a
limitation on the selection of proteases due to the acidic conditions.

The aspartic

proteases are used, with activities present in the low pH ranges. Pepsin, a relatively nonselective protease (cleaving after hydrophobic residues), has routinely been used. Pepsin
can also be supplemented with protease type XIII (Aspergillus saitoi) and type XVIII
(Rhizhopus) to further improve digestion [50]. Additionally, our recent efforts have
characterized a new aspartic protease for its use in HX-MS studies, nepenthesin [51-53].
After quench/digestion, the peptides or proteins are then separated by reversephase chromatography and analysed by MS. Chromatography is done following
conditions to minimize back-exchange (short gradient and reduced temperatures), and the
minimization of back-exchange at this step may be more important than the
quench/digest step [54, 55]. Extremes can involve use of supercritical fluid
chromatography to shorten chromatography or polar mobile phase modifiers void of
rapid exchanging hydrogens [54, 56, 57]. The conventional HX-MS strategy measures
deuterium incorporation at the MS level for a library of peptides, previously identified
using data-dependent acquisition (DDA) (characterized by m/z, charge, and RT). The
incorporation of deuterium in a protein or peptide is measured as a mass shift of the
isotopic distribution, calculated by determining the centroid mass shift between the
deuterated and the native isotope patterns [58]. Alternatively, linear least squares or
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binomial fitting methods can be used to calculate the distribution of deuterium
incorporation [58-60] (Figure 1.6). The deuteration measurement specifically refers to
the sum of deuterons incorporated in the backbone comprising the peptide. A comparison
of two types of mass spectrometers routinely used in HX-MS, for their ability to measure
deuterium, is described in Chapter 2.
The bottom up strategy yields a measurement of deuterium at the peptide-level
(resolution limited by the length of the peptide) and is dependent on the digestion
efficiency. Single-residue resolution can be obtained on large peptides by analysing
peptide fragment spectra from MS/MS acquisition. Due to hydrogen scrambling
(intramolecular proton migration) present in CID fragmentation [61-65], the residue-level
resolution

is

currently only possible

in

optimized

ETD/ECD

fragmentation

methodologies [65-70]. Alternatively, the use of combinations of proteases or
nepenthesin has improved digestion, resulting in an increase number peptides and a
decrease in the average length of peptides. A drawback of this approach is the potential
for overlap of peptide spectra, worsened by larger protein complexes, which drives the
need for technological developments in the field. Furthermore, stoichiometry is
important, where the protein of interest needs to be saturated in order to detect changes in
HX-MS. In weaker interactions, the additional load to achieve saturation can pose
dynamic range issues. Tandem MS data is not only useful following ETD fragmentation,
providing CID can be used in multiple reaction monitoring (MRM) strategies to obtain
higher sensitivity and expand the limits of dynamic range to monitor conformational
changes [71]. Again, only peptide-level resolution is possible, but a surrogate fragment
can be
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Figure 1.6. Deuterium measurements by binomial fitting.
Binomial fitting of experimentally determined deuteration distribution for a peptide using
peaks in calculation, N = 8 (dashed) and N = 9 (solid line). Reproduced with permission
from Analytical Chemistry (PMID: 16383329), copyright (2006), American Chemistry
Society.
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used to represent the precursor peptide [72]. An expansion on the principle of surrogacy,
developed using data-independent acquisition (DIA) while simplifying the HX-MS
workflow, is described in Chapter 3.
Interpretation of HX-MS results can be a challenging process and an important
component to the structural analysis using HX-MS is visualization. HX-MS alone does
not provide structure for visualization, but rather provides information on the dynamics in
primary sequence. Applying visualization effects to reflect the results (eg. stabilization or
destabilization) requires previously reported structures from methods introduced in the
first sections of the introduction [73], or adopting additional integrated structural biology
methods, such as computational modeling and molecular dynamics simulations [74-78].
The work presented in chapter 4 uses the sensitivity of HX-MS for studying
conformational dynamics for the regulatory system of microtubule dynamics. The chapter
also highlights the necessity of an integrated structural biology approach to interpret the
HX-MS results. HX-MS data alone can be challenging to interpret and can be
complemented by additional MS techniques to provide structural information.
1.2.2 Additional MS methods to study protein structure
1.2.2.1 Crosslinking
Chemical crosslinking mass spectrometry (CX-MS) is a technique to investigate
the proximity and orientation of protein interactions. In a single protein, crosslinking can
be used to position individual domains or to explore folding dynamics. In protein
complexes, crosslinking can be used to map the surface interactions of each protein unit
and the response to perturbations. Functional groups are covalently linked between
proximal amino acids using bifunctional crosslinkers, and this interaction is preserved
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and detected by mass spectrometry. A growing library of cross-linkers with varying
specificities and linker lengths are available to construct the three-dimensional
arrangement of a complex [79]. Structural information on protein and protein complexes
that are difficult to characterize using other methods are often possible with CX-MS, due
to the ability of MS to study large protein complexes [80-82].
1.2.2.2 Covalent labeling
Covalent labeling (CL)-MS is often termed a “footprinting” technique because it
builds on the assumption that side chains exposed to solvent will be modified while those
buried will not. Upon ligand interactions, residues in the interacting region will also be
blocked from labeling. The addition of a label results in a predictable mass shift of the
protein or peptide, without affecting the isotopic distribution. Covalent labeling has
unique advantages over HX, including irreversible labeling and the label is incorporated
on sidechains, not the backbone. Labeling chemistry can be selective (targeting primary
amine or carboxyl sidechains) or less selective (little or no bias to certain residues) [83].
The covalent labels can be broken into four chemistries: the selective carboxyl and amine
sidechain targeting, and the less selective carbene and oxidative labeling.
The selective covalent labeling simplifies data analysis because it is often not
necessary to have residue resolution to pinpoint the label location. Amine-targeting
covalent labeling is an attractive labeling chemistry due to the high abundance of lysine
residues on the protein surface and its role in binding interactions [84]. A drawback of
lysine labeling is the label often blocks the cleavage site from trypsin or Lys-C. Carboxyl
covalent labeling builds on similar principles but targets the acidic residues. Glycine
ethyl ester mediated by EDC is commonly used to target glutamate and aspartate [85-87].
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The less-selective oxidative labeling strategy is the better developed covalent
labeling approach. Hydroxyl radicals (·OH) are generated by electrochemical,
photochemical, radiolytic, or redox-based methods, which then can react with 14/20
amino acids [88, 89]. A mass shift of +16 m/z (addition of a single oxygen) is most
common but secondary reactions are possible, as well as multiple labels per peptide.
Negative consequences due to the presence of radicals, including protein unfolding and
protein aggregation, drive the need to reduce the radical exposure time[90].
Carbene labeling makes up the final chemistry of the covalent labeling
techniques. Carbene labeling is a less selective labeling approach, where a diazirine
functional group forms a carbene intermediate upon photolysis that inserts
nonspecifically into any C—C or X—H (where X is C, N, O, or S) bond [91].
Advantages to this technique include the lack of reactivity until activated (photolysis),
microsecond reaction rates, and independence of protein concentration [92].
1.2.2.3 Ion mobility
The emergence of ion mobility (IM) and its incorporation with mass spectrometry
is a novel approach for structural characterization of biomolecules and higher-order
complexes. IM separates gas-phase ions based on size and shape, and enables the
separation of protein conformers [93-96]. It builds on the principle that ions will be
separated as they travel across a chamber under a weak electric field, filled with inert
neutrals. At an identical mass, larger protein ions will incur more collisions than compact
protein ions. Additionally, ions having higher charge will experience greater separation
field strengths and traverse the chamber more quickly, thus the collision cross-section is
proportional to charge. The interpretation of IM-MS data is two-staged: conversion of
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drift time into a collision cross-section value, followed by comparison with modeled
protein architectures. The conversion to a collision cross-section value is accomplished
by tightly controlled calibrations of denatured peptides and proteins, and intact native
proteins [97]. The in silico construction of protein complex models is a challenging task
as structures can vary broadly when compared to crystal structures [98], yet integrated
structural biology approaches demonstrate success [3, 99].
A challenge towards the IM field for building these models of multi-component
complexes is the required correlation between gas-phase measurements and the protein
structures in solution. Significant protein structural rearrangements during the transition
from the solution phase to gas phase have been reported [100, 101]. Efforts to increase
protein stabilization prior to electrospray ionization and in the gas phase are ongoing
[102-104].

1.3 Microtubules and tubulin
The integrative structural biology approaches described above are necessary to
study regulation of microtubule dynamics. Microtubules are a fundamental component to
the cellular cytoskeleton and are responsible for cell structure, motility, intracellular
transport, and formation of the mitotic spindle [105]. Although microtubules are
physically

robust

polymers,

they

are

in

flux

between

polymerization

and

depolymerization (discussed further in the remainder of this introduction), which is
essential to their number of functions. Perturbation of microtubule dynamics can lead to
cell cycle arrest, emphasizing the importance of regulation [106]. The combination of
static structural techniques including crystallography and electron microscopy has been
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instrumental in determining the structure of a canonical microtubule [107-109]; however,
techniques to study dynamics are also required. HX-MS has been applied to study the
dynamics of microtubules perturbed by stabilizing or destabilizing drugs [74, 75].
Methods developed in Chapter 3, expanding the capabilities of HX-MS, are applied to
study biological regulation of microtubule dynamics.
1.3.1 Structure and dynamics
Microtubules are polymers of α/β tubulin heterodimers which non-covalently link
to form protofilaments, and the composition of microtubules is made up of 11-15
protofilaments (13 in vivo) arranged parallel to one another (Figure 1.7A). Both α and β
subunits of tubulin are structurally homologous with a similar mass of 55 kDa, and
contain a binding pocket for GTP. GTP in the α subunit mainly serves to stabilize the
dimer and is neither exchangeable nor hydrolysable; however, GTP in the β subunit is
important for microtubule assembly and is exchangeable [110]. Several crystal structures
for tubulin and tubulin polymers exist, yet no crystal of intact microtubules has been
possible.
Structurally, each tubulin monomer contains a homologous nucleotide binding
domain, forming interactions with the nucleotide through loops T1-T6 and the N-terminal
region of helix H7 (Figure 1.8). In a stabilized microtubule zinc sheet, lateral
interprotofilament contacts include the M-loop, with H12 and H5 on the adjacent tubulin.
Additional contacts are made between H6, H9-loop, and H10 with H4 and H3 of the
adjacent tubulin monomer. Importantly, the M-loop is in a position permitting flexibility
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Figure 1.7. Microtubule structure and tubulin cycling.
A) Orientation of α/β tubulin dimers in a protofilament and arrangement of
protofilaments to make up a microtubule. Microtubules are composed of 12-15
protofilaments making up the hollow tube-like structure. B) Microtubules are formed by
addition of GTP-tubulin to the growing, plus-end of the microtubule. Hydrolysis of GTP
on β tubulin results in a destabilized, curved protofilament often leading to microtubule
catastrophe.
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Figure 1.8.  tubulin structure.
Structural representation of the 1JFF tubulin structure displaying the inside view of a
microtubule identifying loops and helixes. Taxol is shown on -tubulin as well as
GTP/GDP. Reprinted from Advanced Protein Chemistry (PMCID:16230114), copyright
2005). Reproduced with permission from Elsevier Ltd.
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without disrupting its interaction with the adjacent subunit, accommodating variability in
the protofilament number in reconstituted microtubules [111]. Longitudinal contacts are
created through three major zones: (1) H10-S9 with H6-H7 and H11-H12, (2) H8 and
H3-S4 with loop T5 and T3, and (3) T7 with loop T1 and T2. Importantly, loop T7
interacts with the nucleotide base, and residue 254 in helix H8 interacts with the γphosphate on its pairing tubulin, which are important for polymerization and
depolymerization [111, 112]. In a destabilizing, curved tubulin state, major shifts in
conformation include loop T5 and H6-H7, which would clash with the neighboring
longitudinal subunit in the straight conformation [113].
The formation of microtubules is a highly dynamic process such that they are
interconverting between polymerization and depolymerization [114]. Based on current
models, GTP-loaded β-tubulin (GTP-tubulin) has a straight tubulin geometry which
yields a stable straight protofilament. A 3.5 Å structure (PDB: 1JFF) of tubulin
representing this state was solved by stabilizing tubulin in a non-native zinc sheet with
the addition of taxol [111]. Hydrolysis of GTP in the exchangeable site gives rise to
GDP-loaded β-tubulin (GDP-tubulin) which prefers a relaxed bent conformation and
causes protofilament ends to curl outwards [113]. The X-ray crystal structure to represent
this state was formed using stathmin-like domain and colchicine stabilization (PDB:
1SA0), but several forms of this state now exist. In the microtubule lattice, GDP-tubulin
is constrained to a straight conformation proposed to be due to lattice interactions, but is
relaxed to the preferred curved conformation during dynamic instability. This is thought
to generate outward curling of the protofilament and inevitable microtubule
depolymerization [115].
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In the canonical microtubule structure formed with 11-15 protofilaments, a seam
is present where lateral protofilament interactions are made by contacts of  and 
tubulin. Given the homology between  and  tubulin, the presence of a seam does not
appear to affect the overall integrity of the microtubule structure [116]. However, the
seam does provide a unique interface on microtubules for interactions with interacting
proteins [117]. Furthermore, helices H11 and H12 as well as the acidic C-terminal tails of
tubulin provide a ridgeline on the outer surface of the microtubule for interactions.
The polymerization/depolymerization of tubulin and microtubules is accompanied
by a nucleotide cycle (Figure 1.7B). Tubulin dimers are added to a growing microtubule
as GTP-tubulin at the dynamic, positive end (+end) of the microtubule, but the GTP on β
tubulin is readily hydrolyzed after being incorporated in the microtubule lattice [118]. It
is proposed that this new GDP-tubulin state is either stabilized by lateral interactions in
the microtubule or other means, such as a “microtubule cap” to prevent microtubule
curling [118]. Upon removal of the microtubule cap, the intrinsic curvature of the
protofilament shifts the dynamics towards depolymerization, such that GDP-tubulin
fragments from the protofilament.
The microtubule cap is believed to be a segment composed of freshly-added GTPtubulin that has not yet hydrolyzed, or a segment of GDP-Pi-tubulin with delayed
phosphate release. These views have been based on EM images of straight polymerizing
microtubules and phosphate release studies of growing microtubules [119]. The length of
the microtubule cap is another subject of debate and has been described to range from a
single layer, in vitro, to approximately 60 layers in vivo [120]. The microtubule cap is
also speculated to be a localized scaffold for proteins that regulate the microtubule
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dynamics. If the GTP-tubulin model of the microtubule cap is accepted, then recent 10 Å
cryo-Electron Microscopy (Cryo-EM) images of GMPCPP-microtubules and GDPmicrotubules support the scaffold for proteins to regulate dynamics at the microtubule
cap [121]. GMPCPP is a slowly hydrolysable analogue of GTP, and is used to induce the
straight tubulin/protofilament state.
Quantitative measures of the microtubule dynamics include the growth and
shrinkage rates, and the frequency of transitions between growth and shrinkage (Table
1.1). In mammalian LLCPK-1 cells, growth rates during interphase (11.5 µm/min) are
slightly less than the shrinkage rates (13.1 µm/min), and are similar to rates during
mitosis. Growth or shrinkage at 1 µm/min corresponds to approximately 30 dimers per
second. Conversely, the frequency of transitions between growth and shrinkage
(catastrophe), and shrinkage and growth (rescue) differ between interphase and mitotic
cells. Catastrophe occurs at a frequency of 1.56 events/min in interphase cells and 3.48
events/min in mitotic cells. Rescue occurs at a frequency of 10.5 events/min in interphase
cells and 2.7 events/min in mitotic cells. Rates are calculated microscopically and do
vary.
1.3.2 Regulation of microtubule dynamics
Biologically, microtubule dynamics are regulated by a number of different
mechanisms. Regulation can occur during the formation of the microtubule, along the
lattice of the microtubule, or at the microtubule end, acting on either tubulin dimers or
microtubules. Proteins directly interacting with microtubules have been classified as
MAPs (microtubule-associated proteins), some of which influence the dynamics of
microtubules [122]. Formation, or microtubule nucleation, often takes place at
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Table 1.1. Comparison of the measures for microtubule dynamics

Reprinted with permission from Molecular Biology of the Cell (PMID:11294900),
copyright (2001), American Society for Cell Biology.
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microtubule-organizing centers (MTOCs) and is assisted by a protein complex, γ-tubulin
ring complex (γTuRC) [123]. α/β tubulin dimers are then added to the foundation of γtubulin. The γTuRC is a target for a number of proteins which act to regulate the
formation of microtubules; for example, Polo-like kinase 1 [124].
In addition to the γTuRC complex, microtubule nucleation can also be assisted by
doublecortin, a stabilizing MAP that promotes formation of 13-protofilament
microtubules [125, 126]. Doublecortin binds in the valley between microtubule
protofilaments. Provided the lateral contacts hinge via the M-loops, the width of the
valley is dictated by the number of protofilaments, and nucleation in the presence of
doublecortin will favor a 13-protofilament width. Furthermore, doublecortin binds at the
fenestration created between four tubulin monomers. Binding at this site not only links
the adjacent protofilaments but also longitudinal-tubulin contacts, thus possibly
stabilizing the lattice through multiple mechanisms [126].
Regulatory mechanisms primarily act on the highly dynamic microtubule +end, to
control microtubule dynamics. The presence of the microtubule cap is an intrinsic
mechanism to stabilize the straight conformer at the microtubule end, preventing
catastrophe and depolymerization, but also acts as a scaffold for end-binding proteins. A
secondary mode of regulation involves the trafficking of MAPs to the +end,
accomplished by plus-end tracking proteins (+TIPs) - a subgroup of MAPs [127]. The
two main families of +TIPs include the CLIP-170 family and the End-binding (EB)
family. EB1 is capable of autonomously tracking to the microtubule end; however, CLIP170 requires the support of EB1 to tip-track [128]. Together, these two families of
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proteins are responsible for bringing MAP’s to the dynamic end of microtubules. Once at
the microtubule end, MAPs function to stabilize or destabilize the microtubule.
1.3.2.1 Microtubule stabilizers
Microtubule stabilizers are MAPs that bind along the microtubule lattice or at the
+end to stabilize and promote growth. The MAP2/Tau family is the best studied family of
stabilizers. These proteins bind along the microtubule lattice and function to stabilize
microtubules by inducing rigidity and forming cross-bridge structures between
microtubules resulting in microtubule bundling [129]. MAP4 is a non-neuronal member
of the family expressed in mammalian cells and has a significant role in regulating
microtubule stability and dynamics during mitosis [130]. Upon phosphorylation by cyclin
dependent kinases, these proteins have reduced affinity for microtubules promoting
increased microtubule dynamics.
Members of the Dis1/XMAP215 family have been identified in all eukaryotes
investigated, and are currently proposed to interact at the microtubule +end and catalyze
repeated rounds of tubulin addition [131]. Members in this family are elongated, flexible
molecules that contain one or more TOG domains which have been found to bind tubulin.
The binding properties and increased rate of polymerization suggests that these proteins
bring tubulin from solution to the microtubule end [132].
1.3.2.2 Microtubule destabilizers
Fewer MAPs eliciting a destabilizing effect exist. Two well-studied destabilizers
are the severing enzymes and stathmin-like proteins. Microtubule severing enzymes are
ATPases that result in microtubule disassembly by forming a break in the microtubule
[133]. The severed microtubule will have a +end lacking the GTP cap and will readily
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depolymerize. Known members include katanin, spastin, and fidgetin which function
during meiosis, mitosis, and deflagellation. Furthermore, stathmin-like proteins promote
depolymerization by binding tubulin dimers inducing a curved tubulin conformation, and
also by sequestering free tubulin dimers [134]. Reduction of free tubulin ultimately leads
to slower growth. Stathmin is also capable of directly binding microtubules and inducing
catastrophe at both the plus and minus ends, regulated by its phosphorylation status
[135]. Members of the kinesin family also have destabilizing effects, described in the
next sections.
1.3.3 Regulation of microtubule dynamics by kinesins
Kinesins are a large family of MAPs that contain a catalytic motor domain that
couples ATP hydrolysis to the protein’s activity. Because of the rapid discovery of new
kinesins, an attempt to standardize the nomenclature of kinesins has been made,
designating the 14 kinesin families as kinesin-1 to kinesin-14 based on phylogenetic
analysis [136]. The numerical ordering does not correspond to a systematic order, but
rather based on previous names.
Kinesins were originally thought to only function as motor proteins and actively
move cargo along microtubules, coupled to ATP hydrolysis. Kinesin 1, or conventional
kinesin, was first described to transport membrane and protein cargo along the
microtubules. Eg5, a kinesin 5 protein, crosslinks antiparallel microtubules and
translocates to the microtubule +ends, while separating centrosomes at the onset of
mitosis [137]. However, some kinesins act as suppressors of microtubule dynamics,
microtubule polymerizers, or depolymerizers [138, 139]. Members of kinesin-2, such as
Kif17, have been described to suppress microtubule dynamics by slowing microtubule
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polymerization and promote microtubule +end capping [140]. Kinesin 1, historically
known to actively transport cargo, also participates in microtubule protection and is
linked to growth mechanisms [141]. Both Nod (Kinesin 10) and CENP-E (Kinesin 7)
have important roles in meiosis and mitosis, but also interact with microtubule +ends and
promote microtubule polymerization [142, 143].
On the other hand, kinesin-8 and kinesin-13 proteins promote microtubule
depolymerization [144-146]. Kinesin-8’s are only capable of tracking to the +end and
show a length dependent activity, whereas kinesin-13’s are capable of tracking to both
the plus and minus end of microtubules because of the unique placement of the catalytic
domain [147, 148]. The direction of kinesin translocation is dependent on the location of
the catalytic domain: positioned near the C-terminus tracks to the minus end or
positioned near the N-terminus tracks to the plus end. Kinesin-13 proteins have the
catalytic domain positioned internally which has enabled bidirectional movement.
In humans, the kinesin-13 family is composed of three members: Kif2a, Kif2b,
and Kif2c, also known as mitotic centromere-associated kinesin (MCAK), which have
generated interest because of their roles in spindle assembly, spindle dynamics, proper
chromosome attachment, and accurate chromosome segregation [149, 150]. MCAK is the
best characterized kinesin-13 and has generated interest because of its roles affecting
microtubule dynamics throughout the cell cycle.

1.4 Mitotic Centromere-Associated Kinesin
Mitotic centromere-associated kinesin is a member of the Kinesin-13’s which
couples hydrolysis of ATP by the catalytic core to depolymerization, rather than active
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translocation along the microtubule [151]. To understand MCAK’s role as a regulator of
microtubule dynamics, microscopy has been used to visualize the effects on
depolymerization, summarized in Table 1.2. At a ratio of 1:260 full-length MCAK to
Hela tubulin, MCAK did not significantly affect the growing/shrinking rates, but did
increase catastrophe 7-fold and halved the frequency of rescue [152]. Another study
looked at catastrophe rates induced by MCAK using porcine brain microtubules where
catastrophe increased in a concentration dependent manner [153].
MCAK is an enzyme active in both interphase and mitosis, and has been
described as a key player in mitotic-spindle assembly. During interphase, MCAK, as well
as the Xenopus homolog XKCM1, is found in the nucleus and in the cytoplasm. This
pool of proteins persists through mitosis and is most apparent from prometaphase to
telophase [154]. During mitosis, MCAK is localized at the centromeres, centrosomes, and
mid-regions of the mitotic spindle. Centromeric localization persists through mitosis from
prophase to telophase, while centrosomal MCAK is present from prometaphase to
anaphase [151, 154, 155]. At the centromeres, MCAK functions to depolymerize
microtubules to facilitate chromosome movement and destabilize improper kinetochore
attachments [156]. Depletion of MCAK during mitosis leads to the formation of
abnormal spindles, chromosome misalignment, and results in lagging chromosomes
during anaphase [156, 157].
1.4.1 MCAK-induced depolymerization
MCAK-induced microtubule depolymerization involves MCAK cycling back to
the microtubule, and a sequence of events has been proposed (Figure 1.9)[158]. This
cycle has been constructed by measuring rate constants and rate-limiting steps of ATPase
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Table 1.2. Effects of MCAK on microtubule dynamics.

Hela microtubules [152], porcine microtubules [153].
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Figure 1.9. Nucleotide-dependent MCAK cycling.
MCAK interacts with the microtubule and induces depolymerization at the microtubule
end. MCAK interacts with the microtubule in its ATP-state. ATP-MCAK is tightly
bound to the microtubule but hydrolysis of ATP drives it into a weakly lattice-associated,
diffusion-competent nucleotide state. The microtubule end promotes exchange of ADP
for ATP driving MCAK into the ATP-bound state which promotes depolymerization.
Hydrolysis of ATP returns MCAK to a weakly bound state releasing the tubulin dimer.
Reprinted from EMBO J. (PMCID: PMC3209780), copyright (2011). Reproduced with
permission from European Molecular Biology Organization.
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activity using fluorescently-labeled ATP and ADP throughout MCAK-assisted
microtubule depolymerization. The cycle proposes that MCAK interacts with the
microtubule lattice and diffuses in both directions to the microtubule ends. In vivo,
interaction of MCAK with +TIPs targets MCAK to the positive, dynamic ends of
microtubules. Furthermore, the minus end of microtubules is often unavailable for
MCAK interaction due to MTOCs at the minus end or end-protecting proteins, such as
patronin [127, 159]. At the microtubule end, MCAK interaction is proposed to promote
and stabilize the curved conformation of tubulin which may break the lateral interactions
of the protofilament in the microtubule lattice and lead to depolymerization [160, 161]. If
the microtubule cap model is considered, then MCAK depolymerization may function to
influence the stabilizing effects of the microtubule cap, shifting the microtubule dynamics
to a GDP-tubulin-like destabilized state. Depolymerization results in a complex of
MCAK bound to the free α/β tubulin dimer, and ATP hydrolysis by the catalytic core is
required to release the dimer for MCAK recycling. The use of a non-hydrolyzable
analogue of ATP, AMPPNP (β,γ-Imidoadenosine 5′-triphosphate) suggested that ATP
hydrolysis is not required for depolymerization, but rather to release the α/β tubulin dimer
[162]. These findings were determined by gel filtration chromatography after incubation
of XKCM1 (Xenopus homologue) with tubulin dimer in either ATP or AMPPNP
conditions. Only kinesin-tubulin complexes were observed in AMPPNP conditions.
Furthermore, depolymerization with AMPPNP will only run to completion when a 1:1
MCAK to tubulin ratio is present whereas typical ATP-based studies will often use a ratio
of 1:200 MCAK to tubulin [160]. To further test the requirement of hydrolysis to release
the dimer, a mutation in the nucleotide pocket, E491A, (shown to prevent hydrolysis in
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myosin motors and conventional kinesin) allows depolymerization of microtubules, but
again requires an equal ratio of MCAK:tubulin for complete depolymerization [161].
This is due to the requirement for hydrolysis to release the tubulin dimer following
depolymerization from the microtubule and allowing MCAK recycling.
Interestingly, depolymerization of GMPCPP-stabilized microtubules by MCAK in
an AMPPNP-bound state does not result in fully depolymerized tubulin dimers, but rather
results in protofilament curls that often form rings [160, 162]. It is proposed that the state
at the microtubule end induced by AMPPNP-MCAK is a “pre-depolymerization” state
that does not exert enough microtubule-destabilization to fully fragment individual
tubulin dimers.
1.4.2 Structure and function
The structure of MCAK is categorized as four main domains: the N-terminus, the
neck, the catalytic core, and the C-terminus (Figure 1.10A). The catalytic core is
required for MCAK-microtubule depolymerization, but is not sufficient without a portion
of the N-terminal neck domain [163]. An additional 31 residues from the neck domain
are required to restore depolymerase activity (known as the minimal functional unit), and
another 19 residues from the neck domain are required to restore activity to that of the
full-length MCAK (Figure 1.10A)[163]. The neck domain has a net positive charge and
has been described to electrostatically interact with the net negative tubulin C-terminus to
allow interaction and diffusion along the microtubule [164]. Other studies have suggested
that the neck does not assist in translocation but rather enhances the association rates with
the microtubule [165]. The C-terminal domain of MCAK has been described to function
as an inhibitor of depolymerization by preventing strong interactions with the
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Figure 1.10. MCAK structure.
A) The polypeptide sequence of MCAK is broken down into four domains: N-terminus,
Neck, Motor Domain, and C-terminus. 31 amino acids from the neck are required to
restore function (minimal functional unit) and an additional 19 amino acids from the neck
are required to restore full activity. B) Structural representation of MCAK oriented to
view the MT-binding surface with the plus end to the right. ATP represented in yellow.
Color representations to match A). Based on PDB 1V8K as modified by I-TASSER.
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microtubule lattice and promoting interactions with the microtubule ends [166, 167].
Studies have suggested an interaction of the C-terminus folding back to interact with the
neck domain [168]. Only upon interaction with the microtubule ends, does the
depolymerase activity of MCAK become possible. The N-terminal domain serves to
target and regulate proper kinetochore-microtubule attachments by depolymerizing
microtubules that attach incorrectly [167]. Recent works suggest that MCAK uses both
portions of the C- and N-termini for dimer formation, unlike most dimerizing kinesins
which use a coiled-coil motif [163]. Full-length MCAK exists as a dimer, although dimer
formation is not required for microtubule depolymerization. Association of MCAK on the
microtubule is slightly better for the monomer than the dimer, but the dimer is more
effective at depolymerizing microtubules [169]. This is accepted given that the dimer
requires three times less concentration to produce the same yield of depolymerized
tubulin dimer. Furthermore, the ATPase rates of the dimer are higher than the monomer,
summarized in Table 1.3.
The current crystal structures of MCAK are from a mouse homologue in ADPand AMPPNP-bound forms (PDB: 1V8J and 1V8K, respectively). The structures only
encompass the minimal functional unit and are incomplete models, such that there are
gaps between a number of helices and sheets [170]. The gaps have been filled in using ITASSER software (Figure 1.10B). This structure has confirmed the conserved nature of
the motor domain with other kinesins: it contains the six major core β sheets surrounded
by six α helices, and the nucleotide pocket. The structure was compared to Kif1a (a
Kinesin 3 protein) by superimposing the highly conserved elements to identify seven

38

Table 1.3. ATPase activity for MCAK dimer and monomers.

Reproduced with permission from Molecular Biology of the Cell (PMID:16291860),
copyright (2006), American Society for Cell Biology.

39

unique features of MCAK [170]. The KVD finger (aa281-304) is the most significant
cluster of class-specific residues, composed of two anti-parallel β sheets, and is proposed
to settle in the interdimer groove of the microtubule. The α4 helix (aa506-525) is a
conserved region of the motor domain described as a main microtubule-binding helix,
and is elongated compared to Kif1a.
No crystal structure of kinesin bound to the microtubule exists; however, several
models have been proposed. Crystal structures of Kif1a and tubulin were docked into
cryo-EM density maps to propose interactions between the motor domain and
microtubules [171]. In this model, L11 and the α4 helix correspond to the central
interaction site, which settles in the intradimer groove of the microtubule. Using in-silico
modeling, MCAK was docked onto the microtubule superimposing the L11 and α4 helix
into the intradimer groove [170]. This model does not fit as well as Kif1a, such that
regions of MCAK collide with the surface of the microtubule. This is corrected by
shifting the catalytic core 0.5 nm to the minus end and rotating 11 degrees; however, the
rigid nature of the structures does not allow a well fit model. That is, only the anterior or
posterior halves of MCAK can be fitted at one time, suggesting that MCAK may have
unique microtubule-binding characteristics or undergoes conformational changes.
Furthermore, the current structural knowledge of MCAK can set it apart from other
kinesins, but it does not answer the questions related to how MCAK depolymerizes
microtubules in a controlled, stepwise manner.
1.4.3 Regulation of MCAK
The ability of MCAK to attenuate or accelerate MT depolymerization is possible
due to constant regulation, governed by several different mechanisms. The
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phosphorylation status of MCAK is important for activity and subcellular localization,
executed by Aurora A, Aurora B, cyclin-dependent kinase 1 (Cdk1) and Polo-like kinase
1 (Plk1) throughout mitosis. Aurora A phosphorylates S719 (Xenopus laevis), which
regulates subcellular localization of MCAK at spindle poles [172]. Phosphorylation of
S95 and S110 by Aurora B targets MCAK to chromatin and centromeres, respectively
[173]. Phosphorylation of S95 is described to occur before entry into mitosis to target
MCAK to chromatin, similar to the chromosomal passenger proteins, in preparation for
mitosis. Phosphorylation of S110 occurs during prophase to target MCAK to the
centromeres. MCAK’s depolymerization activity is inhibited by Aurora A and B
phosphorylation at S196 [172, 174]. S196 is in the neck region and likely perturbs the
overall positive charge, affecting microtubule binding. Additionally, Phosphorylation by
Cdk1 at T537 (human) on loop 12 in the motor domain also inhibits depolymerization
activity, and appears to displace MCAK from centrosomes [175]. As this phosphorylation
site is within the microtubule binding regions, it is easily conceived to affect microtubule
binding characteristics. Phosphorylation by Plk1 has multiple functions. Phosphorylation
at S632/633 has been shown to promote depolymerase activity [176, 177], while
phosphorylation S621 flags MCAK for degradation by association with the APC/C [178].
Phosphorylation is not the only means of regulating MCAK’s depolymerization
activity. As mentioned previously, MCAK translocates along the microtubule lattice to
both the plus and minus ends of microtubules. However, MCAK associates with +TIP
proteins, particularly EB1, to track MCAK to the +end [179]. MCAK does this via its
SxIP motif, which has been described to be recognized by EB1 [180].
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1.5 Biophysical analysis of MCAK
Functional properties of MCAK and depolymerization have been revealed mainly
by microscopy and ATPase studies of MCAK in its various nucleotide states.
Constructing the MCAK/nucleotide-cycling model for depolymerization was done using
fluorescently-labeled nucleotides [158]. Mant-ATP and mant-ADP fluoresce upon
binding to MCAK, and the fluorescence is greater for mant-ATP-MCAK. The fluorescent
tag is attached to the ribose of the nucleotide, so phosphate hydrolysis does not remove
the tag. ATPase rates and rate limiting steps were used to create the model of
depolymerization (Figure 1.9). Additionally, single-molecule microscopy has greatly
enhanced the understanding, and has defined what MCAK does on the microtubule lattice
[165]. Briefly, microtubules are tethered to a PEG-treated coverslip and total internal
reflection fluorescence (TIRF) microscopy was used to image single GFP-labeled MCAK
on the microtubule lattice. Association and dissociation rates are calculated based on
dwell-times and diffusion coefficients are calculated using mean square displacement
versus time for different MCAK constructs in nucleotide states. Rates of microtubule
depolymerization can also be calculated by observing microtubule shortening. Similar
assays have been used with MCAK mutants or truncated constructs to determine the
function of specific domains [161, 163, 164].
The structural analysis of MCAK has already taken on an integrative structural
biology approach. The current structural knowledge of MCAK has been constructed with
X-ray crystallography and further re-modeled on microtubules with the aid of cryo-EM.
X-ray crystallography has been used to determine the structures of kinesin motor
domains, including conventional kinesin, kinesin spindle protein, and MCAK. [170, 181,
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182]. Crystal structures of kinesins are absent of microtubules, as a crystal structure of
intact microtubules has yet to be successful. The use of cryo-EM has been used to
visualize structures of kinesin motor domains in a microtubule complex [121, 183, 184].
Recent works with this integration of tools has enabled higher resolution images of
MAPs on the microtubule lattice including the kinesin motor domain of KIF5 and EB1
[121]. Other techniques such as electron paramagnetic resonance (EPR) spectroscopy
have been used to probe highly localized structural conformations on conventional
kinesin [185-187]. Recently, FRET has been used to study the conformations of the Nand C-terminal domains [168]. This study illustrated the global conformational changes
between in-solution closed and a lattice-bound open conformations. With the exception
of EPR and FRET, the current structures are limited to proteins in static nature, whereas
protein complexes are very much dynamic. Chapter 4 describes the use of HX-MS to
study the conformational changes of MCAK throughout the steps of depolymerization,
while measuring the perturbed dynamics of the microtubule.
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Chapter Two: Instrumentation for HX-MS Applications 1
2.1 Introduction
Hydrogen-deuterium exchange mass spectrometry (HX-MS) provides a powerful
means to study the link between protein structure and function [25]. The method involves
a chemical process in which labile hydrogens within a protein are exchanged with
hydrogen from bulk water. When D2O is used in place of H2O, a mass shift results at
every point of exchange, but it is the backbone amide hydrogens that offer exchange rates
on a measurable timescale [26, 27]. Measuring an amide hydrogen exchange rate can
provide access to conformational dynamics, stability, and the interaction characteristics in
that location of structure [44, 188]. HX exchange rates have been used to explore
mechanisms of protein folding [40], determine the allosteric impact of post-translational
modifications and ligand binding [189, 190], define truncation points for enhancing
crystallization success [191], and they have also found a role in mapping interactions
between proteins [43]. Applications have stepped outside of primary research to include
the characterization of protein drugs for stability and similarity testing [192-194]. The
capacity to provide such information has attracted increased attention from regulatory
bodies and is generating a push for standardizing HX methods.

____________________
1

This chapter is adapted from the published manuscript: Burns. K.M., Rey. M., Baker,
C.A.H., Schriemer, D.C. (2013) Platform dependencies in bottom-up hydrogen/deuterium
exchange mass spectrometry. Molecular & Cellular Proteomics. 12(2):539-48, copyright
(2013), with permission from ASBMB. My contributions to this work included the
collection, analysis and interpretation of HX-MS experiments and the partial composition
of the manuscript. The transient waveform simulations were performed by Dr. D.C.
Schriemer.
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Mass spectrometers are very effective tools for measuring exchange rates, from
whole proteins down to the individual amide levels. Classical methods of rate
measurement have used NMR [27], but mass spectrometry offers all the advantages of
speed, sensitivity and scale that have made the tool so useful in proteomics.
Measurements at the peptide level provide an important intermediate resolution. As with
bottom-up proteomics, rendering deuterated proteins into smaller peptides through
digestion provides opportunities to analyze protein systems of considerable complexity,
and at the same time support analysis at higher structural resolution through MS/MS
methods [67, 68]. A considerable amount of effort has been applied by the research
community and instrument manufacturers to produce instrument configurations that are
suitable for managing the many processing steps required for labeling, digesting,
separating and introducing deuterated peptides into the mass spectrometer [195]. This has
been supported by parallel efforts to develop software tools for the detection of
deuterated peptides and the extraction of deuteration data [73, 196, 197].
A successful application of the bottom-up HX-MS method requires a full peptide
sequence map of the protein, so that deuteration rates at every point in protein structure
can be quantified and related back to structure. Once the peptide is identified, the primary
measurement is the peptide centroid mass of the deuterated state, relative to the unlabeled
state. It requires intensity measurements for a minimum of two peaks in the isotopic
cluster to determine when the centroid mass changes [60], although most often the full
distribution is quantified in HX-MS applications. As the range of applications continues
to grow, particularly in the regulatory area, it is important to better understand how
various elements of the HX platform deliver the essential data [198, 199]. In the current
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study, we are interested in the contribution of the mass spectrometer alone. Most users of
the HX-MS method are migrating from low resolution to high resolution systems,
operated in a single-stage MS mode. This includes FT-MS and higher-resolution QTOF
platforms, therefore in this study, we explore how an LTQ Orbitrap Velos (Thermo) and
a TripleTOF 5600 (AB Sciex) influence the measurement of deuteration data for proteins
of increasing size.
The TripleTOF 5600 system is a hybrid triple quadrupole TOF platform, and
considered the first accurate mass/high resolution system of its kind. Its claim to fame
includes high spectral acquisition rates and expanded dynamic range. Prior to the
introduction of the TripleTOF, traditional QTOF instruments provided reasonable
resolving power (~10,000) and mass measurement accuracy (~10 ppm). The TripleTOF
boasts resolving power ≥ 35,000FWHM for the MS scan of 956 m/z, and is capable of
holding a mass measurement accuracy ≤ 2 ppm RMS for over 6 hours of LC-MS/MS run
time [200]. The time-to-digital (TDC) detector, in combination with the gate ion
transmission control, affords the speed of acquisition while maintaining high resolving
power and mass accuracy. The TripleTOF and its constituents are diagramed in Figure
2.1.
The LTQ Orbitrap Velos is a second-generation Orbitrap platform where orbitallytrapped ions produce harmonic oscillations, and subsequent Fourier transforms are used
to obtain the mass spectra [201]. In the Orbitrap Velos system, ions are first trapped in a
dual-pressure linear ion trap (LTQ component) where they can be radially ejected into a
pair of secondary electron multipliers, or axially ejected towards the C-trap. In the C-trap,
ions are stored prior to injection into the Orbitrap mass analyzer (Figure 2.2) [202]. The
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Figure 2.1. Diagram of TripleTOF 5600
Illustration of the ion path through the TripleTOF 5600 mass spectrometer. Adapted with
permission from Analytical Chemistry (PMCID: PMC3138073), copyright (2011)
American Chemical Society.
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Figure 2.2. Diagram of the Orbitrap Velos
Illustration of the Orbitrap Velos mass spectrometer. Adapted with permission from
Moleculer and Cellular Proteomics (PMCID: PMC2816009), copyright (2009) The
American Society for Biochemistry and Molecular Biology, Inc.
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orbitrap mass analyzer’s most striking performance characteristic is the very high
resolution (up to 150,000) and high mass accuracy (2-5 ppm). Over the m/z range of 7001200, RMS deviation over a series of 5 measurements was 2.1 ppm.
Identical front-end fluidic systems and protein digests, as well as back-end analysis
procedures, allow us to perform a direct comparison of performance in areas of sequence
mapping, centroid measurement precision and centroid mass accuracy. We demonstrate
that the Orbitrap system returns greater sequencing depth and marginally better precision
than the TripleTOF, however the measurement accuracy is strongly influenced by
destructive interference arising from unequal mass defects between

13

C and 2H. This has

implications for any application that involves centroid mass determinations, beyond HXMS.

2.2 Experimental Procedures
2.2.1 Sample Preparation
Three proteins were processed for the analyses described in this study. The DNA
repair protein “x-ray repair cross-complementing protein 4” (XRCC4, amino acids 1–
200) with a molecular weight of 20 kDa, polynucleotide kinase (PNK) with a molecular
weight of 55 kDa, and α/β-tubulin dimer (TUB) with a combined molecular weight of
110 kDa were predigested with immobilized pepsin (Pierce) at room temperature for 4
min (pH 2.3) at a concentration of 10 μM for each protein. Each digest was then split into
two pools. Aliquots of the first pool were stored at –80 °C and destined for replicative
sequencing on each platform. The second pool was deuterated to equilibrium in 15% D2O
for 24 h and aliquots were also stored at –80 °C for eventual deuteration analysis on the
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two liquid chromatography (LC)-MS platforms. Proteins were sourced from collaborators
(XRCC4 and PNK, gifts from Dr. S.P. Lees-Miller, University of Calgary) or purchased
(TUB from Cytoskeleton Inc., Denver, CO).
2.2.2 Sequence Mapping
Digest samples (5 pmol) were injected using a HTX PAL autosampler (Leap
Technologies, Carrboro, NC) and peptides were trapped on a 5 cm, 200 μm i.d. Onyx
C18 monolithic column (Phenomenex, Torrance, CA) held at 4 °C in the cooled chamber
of the autosampler. Peptides were eluted by a 10 min acetonitrile gradient (3–40%) using
either a Dionex Ultimate 3000 coupled to an LTQ Orbitrap Velos (Thermo) or an
Eksigent nanoLC Ultra2D coupled to a Triple TOF 5600 (AB Sciex). The same flow rate
was used in both configurations (4 μl/min). Transfer lines were matched so that peptide
arrival times to the mass spectrometers were equivalent. Each digest was analyzed eight
times on each platform: one full scan from m/z 300–1250 and six gas-phase fractionation
scans (m/z 300–500, 495–600, 595–700, 695–700, 685–800, 795–1000, 995–1250) [203].
Sequencing with the LTQ Orbitrap Velos used a survey scan in the Orbitrap at 30 k
resolution and data-dependent acquisition (DDA) for MS/MS in the ion trap using the top
20 most intense ions, for a total cycle time not exceeding 5.4 s. The collision-induced
dissociation (CID) state was configured with a minimal peak selection threshold of 500
counts, an isolation width of 2 mass units, a normalized collision energy of 35, an
activation q value of 0.25 and an activation time of 10 msec. Dynamic exclusion was
configured with a repeat count of one for 10 s, before exclusion for 15 s. Known
background ions were added to an exclusion list for the entire run. Source conditions
were set to 3.1 kV for ionization and a sheath gas flow of 1. No auxiliary gas flow was
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used. For ion transmission the S-lens was set to an RF level at 44% and a capillary
temperature of 275°C.
Sequencing with the TripleTOF 5600 used an optimized set of parameters as
previously described [200]. Briefly, information-dependent acquisition (IDA) employed a
250 msec survey scan and up to 20 product ion scans, on ions exceeding 500 counts, for a
total cycle time of 2.3 s. A sweeping collision energy setting of 35 ± 15 eV was applied
for CID. Dynamic exclusion was enabled and set for 15 s. Source conditions were set to
5.2 kV for ionization, 12 for gas1 and 10 for gas2. The curtain gas was set at 20.
2.2.3 Deuteration Measurement by LC-MS
Deuterated digests (5 pmol) were injected using the same autosampler and pump
configurations as described above, with the mass spectrometers operated in MS mode
only. On the Orbitrap, ten replicates for each digest were collected at nominal resolution
settings of 30 k, 60 k and 100 k. Ten replicates for each digest were also collected on the
TripleTOF 5600 for a total of 120 runs. For acquisition on the Orbitrap, the 30 k
resolution was collected first, with 60 k and 100 k resolutions collected on subsequent
days. Fresh protein aliquots were analyzed each day. Instrument calibration was
performed before each set of acquisitions. Blanks were inserted between each run, and
protein digests were analyzed in an alternating fashion. For acquisition on the TripleTOF
5600, proteins were analyzed in the same alternating fashion, with blanks. After each of
the three protein digests were analyzed, the instrument was calibrated to minimize mass
drift.
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2.2.4 Data Analysis - Sequence Identification
A merged .mgf file was created from the output of each instrument (Analyst TF
v1.51 and Xcalibur v2.1) using Mass Matrix File Conversion (v3.9) containing the fullscan and all six gas-phase fractionation data files for each protein. Mascot Version 1.01
was used to identify peptide hits for each protein, from a limited database containing only
the proteins in this study, including multiple isoforms of TUB, as described previously
[75]. Data were mapped to sequence using the following search terms: a mass tolerance
of 10 ppm on precursor ions and 0.6 Da on fragment ions, no modifications, and no
enzyme specificity. A standard probability cutoff of p = 0.05 was implemented and
matches near the cutoff manually verified. The results were exported and formatted for
import into Mass Spec Studio.
2.2.5 Data Analysis - Deuteration Measurement
Centroid mass measurements and deuterium content determinations were made
using Mass Spec Studio, which incorporates a rebuild of Hydra software previously
described for such purposes [196]. Briefly, the rebuild centered on producing a
generalized software framework to provide common infrastructure for analysis of any
mass spectrometry data set. The framework provides a pluggable architecture allowing
rapid development of new analysis packages for any purpose, offering the extensibility to
support custom data providers, experiment types, user interface modules and algorithms.
The current iteration provides some common modules for each of these categories. For
example, a default data provider has been included, which uses the ProteoWizard library
for reading vendor-specific mass spectrometry data files. Using this new infrastructure,
we refactored Hydra into a processing package that plugs into the framework. For the
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current study, the only upgrade affecting Hydra functionality involves the inclusion of a
custom data decompression algorithm to support the handling of high-resolution data.
The accuracy of this algorithm was verified by comparing intensity data from within the
Studio to intensities read from the vendor-supplied peak-viewing software (Xcalibur and
PeakView). The Mass Spec Studio is available on request, and periodic new releases are
planned, of Hydra and the framework.
As input to the Hydra process, Mass Spec Studio requires a .csv file containing a
list of peptides, charge states, and retention times (generated from the Mascot output) and
the set of LC-MS files containing the replicate deuteration measurements. The output of
peptide centroid values was culled to ensure that only high-quality peptide isotopic
clusters with nonoverlapping, high signal-to-noise ratios were used in measurements of
deuteration accuracy and precision. We achieved this by (a) requiring that plots of mass
versus number of isotopic peaks in mass calculation for each peptide followed a
monotonically increasing function and (b) that a minimum of eight replicates contributed
to the final average. When these conditions were met, the full isotopic cluster was used
for centroid mass measurements. These selection criteria were manually validated to
represent clean, single peptide selections.
2.2.6 Simulations of FT-MS Spectra for Deuterated Peptides
To determine the effect of deuterium addition on centroids measured by FT-MS,
we generated transients computationally in Igor Pro (v. 4.09A, Wavemetrics), consisting
of the superposition of a set of waveforms representing the isotopic cluster of a given
peptide. We used the output of MS Isotope (prospector.ucsf.edu/prospector/mshome.htm)
for each unlabeled peptide and assumed the isotopic cluster was represented by
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C/12C

content only, except where noted. Deuteration was represented as a binomial expansion
of this distribution, assuming N-2 exchangeable amide hydrogens, where N is the number
of residues in the peptide. The waveform was therefore represented as follows (Equation
2.1):
𝑛

𝑚

𝑦(𝑡) = ∑ 𝑎𝑖 ∑ 𝑏𝑗 cos(2𝜋𝑓𝑖 𝑗𝑡)
1

(2.1)

1

where ai represents the binomial coefficients for a given deuteration level, bj the
coefficients drawn from the intensity values for each isotopic peak in the native peptide
cluster and fi,j the frequency of the respective peptide isotopic composition. Transients
were generated with a “sampling” rate of 1 × 106 points/s, for 0.5 s or more. Frequencies
were based on values reported for earlier Orbitrap prototypes, that is, 711 kHz for
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Fe+

[204], and calculated through the basic relationship (Equation 2.2)[205]:

𝑓1
𝑓2

𝑚⁄𝑧

= √𝑚⁄𝑧2
1

(2.2)

Transients generated in this fashion were windowed with a Hanning function in
Igor before Fourier transformation with a standard FFT algorithm. Frequency-domain
spectra were generated in magnitude mode, and the centroid mass determined using peak
intensities in the usual way. Deuterium values were obtained by subtraction of the
centroid mass for the unlabeled peptide.
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2.3 Results and Discussion
2.3.1 System and Samples
A comparison of data from different MS platforms requires the analysis of
identical samples, front-end fluidic systems and data processing routines to minimize any
bias in the analysis (Figure 2.3). For this purpose, we chose to define a common stock of
protein sample digests, in both undeuterated and deuterated forms. The deuterated
samples were equilibrated before analysis and storage, to ensure no drift in measurements
that might result from slow kinetics of deuteration. We tested aliquots of the 15%
deuterated X4 stock digest on successive days using the TripleTOF platform. There were
no detectable changes in deuterium content for a random sampling of peptides,
confirming equilibration (data not shown). Although we used different LC systems to
simplify instrument communications, the autosampler, columns, and mobile phases were
identical, and the gradients and total analysis times were closely matched.
2.3.2 Sequencing
A bottom-up HX-MS analysis requires indexing the protein sequence using
MS/MS methods, such that each amino acid residue is represented by a minimum of one
digest peptide. Higher redundancy supports higher structural resolution and validates the
deuteration measurements, so exhaustive peptide identification is usually performed. One
procedure involves extending the gradient to increase time for MS/MS sequencing, but
we chose an iterative method instead, to simulate a greater degree of spectral complexity
as might be found with very large protein systems. For each of three proteins, we injected
replicate samples in the “gas-phase fractionation” strategy, preserving the gradient and
temperature conditions of the actual HX-MS experiment, but without deuteration. This
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Figure 2.3. Configuration of HDX-MS platforms for comparing MS performance in
peptide sequence mapping, deuteration precision, andaccuracy.
Sample digests (deuterated or undeuterated) were introduced into either an Orbtrap Velos
or a 5600 TripleTOF using matched gradient microLC systems, to ensure that peptide
retention times were equivalent. Mass Spec Studio was used for deuteration analysis.
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allowed us to generate a master list of peptides with their associated retention times,
which could be parsed from the Mascot search files and used directly in Mass Spec
Studio, for extracting deuteration data from the subsequent HX-MS runs. The indexing
statistics for three proteins are shown in Table 2.1.
The fractional overlap between peptide sets is modest and remarkably consistent
between the two analytical platforms: ∼42% of all identified peptides are found in both
data sets, with no obvious dependence on protein size. The high selection rate and narrow
m/z range per sequencing replicate provided excess capacity for identification, as the
table shows the number of identified peptides increases from XRCC4 to TUB. This
suggests that other reasons are behind the modest overlap in peptide identifications. The
Mascot scores for the common and unique peptide subsets do not show a significant
difference. Substantially lower scores for the unique subsets might have implied lower
intensities but this appears not to be the case. When the data sets were inspected visually,
most of the peptides identified uniquely by one or the other platform actually can be
found in both LC-MS sets, at least based on an observation of common retention time and
accurate mass, and at intensities sufficient to trigger a sequencing event. It suggests that
at least some of the unique identifications are because of differences between beam-type
and trap fragmentations, which is not surprising [206]. In this case, ions would be
selected but would generate weak fragmentation patterns in one or the other instrument,
which translate into scores below the identification thresholds. We also note that peak
detection algorithms have moderately high false-negative rates and thus some of the
unique identifications could be because of missed peak selections [207]. The high false
negative rate has been noted by others as well in the context of HX-MS experiments
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Table 2.1 Peptide identification statistics for the Orbitrap and the 5600 TripleTOF
for three different protein substrates

a

Unique pairs of retention time and m/z
Average number of times a given location is represented by a peptide
c
Value (std. dev.)
b
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[208]. As the numbers of peptides identified are different between platforms, it also
makes sense that the redundancy (or fold-coverage) is different. The Orbitrap
outperformed the TripleTOF in numbers of peptides by an average of 64%, which
translated into a 62% increase in redundancy. This did not affect the sequence coverage
to any appreciable degree, as each data set supported coverage approaching 100%. There
were no significant differences detected in average peptide charge or length.
Although the number of identified peptides did increase with protein molecular
weight, the correlation is weak. There are likely three reasons. In the first place, the
sequence composition can bias detection; for example TUB has post-translational
modifications and extensive acidic tails that can reduce depth of coverage. Second,
although the substrate size increases, the digestion conditions are fixed because of the
time constraints in HX experiments. This can lead to a decrease in overall digestion
efficiency, which would influence the map. Third, the LC conditions are also fixed, and
as complexity increases, ion suppression and/or chimeric MS/MS spectra may reduce the
rate of identification [209, 210]. These could be improved by extending the run-time for
sequencing purposes but it might not benefit the HX runs, which require short gradients.
The implications of reduced coverage in the TOF platform may not be especially
troublesome, as there remains a large number of un-sequenced peptides that could be
“tapped” on an as-needed basis by targeted sequencing efforts.
2.3.3 Precision of deuteration measurements
HX applications that monitor the effect of a change in protein state require high
measurement precision, to identify perturbations of the mass shift with high confidence.
For example, a region of stable secondary structure in a protein or ligand binding-site
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may have a low exchange rate, which on binding reduces even further. These events can
be more difficult to detect than structural transitions in flexible loops, and thus requires
both sensitive and precise measures of deuteration. We explored precision on each
platform by selecting a subset of data from the analysis of 15% deuterated XRCC4 and
PNK digests, and compared the high resolution TOF data to three different resolution
settings on the Orbitrap (Figure 2.4).
Peptides without spectral overlap and with moderate or high signal-to-noise ratios
were selected for this comparison, and precision was expressed as % relative standard
deviation (%RSD). The plots show a cumulative distribution function, describing the
probability at which a certain %RSD (or better) can be expected. The data is well-fit with
a sigmoid, as expected for data with a normal error distribution. It is clear that high
precision can be achieved with each platform, although the Orbitrap delivers marginally
better performance regardless of resolution setting. The Orbitrap performance erodes
slightly at the highest instrument resolution, however. Because the transient length is
greater at the higher resolution, the sampling rate is reduced so fewer points define the
chromatographic peaks, which could impact precision. Regardless, in all cases analytical
precision is high and in typical HX-MS experiments, error arising from other sources,
such as reagent dispensing and protein heterogeneity, would likely dominate.
2.3.4 Accuracy of Deuteration Measurements
Accurate deuterium levels are required when measuring the kinetics of label
uptake. Kinetics measurements are used to extract rate constants, which in turn provide
access to important parameters such as protection factors that are related to protein
stability. When investigating protein interactions, accurate deuteration levels are also
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Figure 2.4. Cumulative distribution functions highlighting the precision of
deuteration measurements from a large set of technical replicates.
A), 5600 TripleTOF data from 165 peptides, B) Orbitrap Velos 30k resolution data from
144 peptides (C) Orbitrap Velos 60k resolution data from 210 peptides and (D) Orbitrap
Velos 100k resolution data from 190 peptides. Data shown as percent relative standard
deviation (%RSD), fit with a sigmoidal function (black trace). Insets show the mean and
median values for the respective instrument configuration.
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necessary for quantifying Kd values and binding kinetics [31]. To explore the influence of
the mass spectrometry platform on accuracy, we first determined if both systems
generated the same values for a common set of deuterated peptides. The centroid masses
for the subset of common peptides described in Table 2.1 were measured, using the
XRCC4 and PNK digests, and the deuteration level determined by subtracting the
corresponding unlabeled peptide centroid masses. These are plotted in Figure 2.5a-c.
The deuteration values as measured by the Orbitrap, at any resolution, were
consistently lower than the deuteration values measured by the TripleTOF. The deviation
worsens considerably with increasing resolution on the Orbitrap, and Figure 2.5d-f
indicates that the bias appears strongest at low peptide mass. Interestingly, when the
charge state is overlaid on the data, the bias is strongest for singly charged and weakest
for multiply charged peptides. We see no discrepancy between the theoretical and
expected mass for a singly charged peptide infused into the TripleTOF for a range of
deuteration values (Figure 2.6), thus the anomalous values appear to arise from some
aspect of the FT-MS measurement.
2.3.5 Isotope beating
FT-MS measurements in the Orbitrap rely on the generation of image current for
ion packets oscillating in the axial direction, moving as concentric rings along the central
spindle electrode [201]. The waveform that results from the simultaneous detection of
ions with varied masses is a complex time-domain transient, which is the superposition of
the correspondingly varied frequencies. These are deconvolved with the aid of Fourier
transformation and the spectrum generated through the application of Equation 2.3.
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Figure 2.5. Comparing deuteration values between the Orbitrap Velos and the 5600
TripleTOF for a common set of peptides.
(A, D) A comparison of the Orbitrap 30k resolution setting with the 5600. (B, E) A
comparison of the Orbitrap 60k resolution setting with the 5600. (C, F) A comparison of
the Orbitrap 100k resolution setting with the 5600. Plots A–C show the mass shifts
calculated by subtracting the unlabeled centroid mass from the labeled centroid mass.
Plots D–F show the data as a ratio of mass shifts, as a function of the neutral peptide
mass. Dashed lines in all figures represent values expected if measurements were
equivalent. All masses as unified atomic mass units, u.
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Figure 2.6. Deuterium measurement accuracy on the TripleTOF 5600.
Deuteration measurement for AEGFSAI (1+) on the TripleTOF 5600 as a function of
expected deuteration value. Deuteration was achieved by incubation and equilibration of
the peptide in 0, 2, 5 and 10% D2O (with 30% acetonitrile and 0.1% formic acid). This
solution was directly sprayed into the instrument. In this way, issues of back-exchange
could be avoided and the expected deuteration level readily calculated. Note that the
deuteration is more extensive that would be expected for conventional HX-MS
experiments, as the labile hydrogens on the side chains and peptide termini are also
exchanged.
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𝑘𝑒

𝑓 = √𝑚⁄𝑧

(2.3)

However, individual frequencies are correlated in the Orbitrap experiment and as
a result, generate both constructive and destructive interference patterns at the detector.
This leads to classical time-domain signals that show beat patterns, with beat frequencies
that are simply a function of the difference between the two interfering signals [211],
Equation 2.4:
𝑏𝑒𝑎𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 𝑓1 − 𝑓2

(2.4)

In an FT-MS experiment, beat patterns observable in the timeframe of a typical
transient could arise from the slightly different frequencies found within an isotopic
cluster. Studies with mid-resolution FT-ICR instruments have shown that isotopic peaks
nominally one mass unit apart in multiply charged protein ions beat at a frequency of 8.8
Hz for a 6+ ion of bovine ubiquitin, for example [211]. The time between beats does not
contribute to the measurement as the signal is essentially absent, which imparts a
stepwise relationship between resolution and the acquisition time. In this case, resolution
only increases when additional beats are recorded. Isotopic beat patterns of this nature
also affect intensity, as was shown in the measurement of polymer distributions [212]. It
was demonstrated that transients must be sampled for at least two beats in order generate
polymer spectra that faithfully returned peak intensity data. A similar situation could
occur with deuterated peptides (Figure 2.7).
To determine how signal interference could affect measurements of deuteration,
we simulated transients for two different peptides at various deuteration levels,
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Figure 2.7. Potential for isotope beating between an unlabeled peptide and the
peptide mass-shifted with deuterium.
Black trace shows an isotopic cluster of a peptide with 50 carbons, showing only the 13C
contribution to the cluster. Red trace shows the same peptide shifted in mass through the
exchange of one 1H for a 2H. Inset shows an expansion around the nominal M+1 peak,
and the expected mass difference.
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AEGFSAI (1+ and 2+ charge states) and VVEKLGVPFQVL (1+ charge state). These
simulations used frequencies based on values reported for earlier Orbitrap instrument
configurations. Conventional routines for windowing and transforming the transients
were applied to generate frequency-domain spectra, and peak intensities were measured
from this domain. The results are shown in Figure 2.8, describing the deviation between
simulated and expected deuteration level in two ways. In Figure 2.8A, the normalized
deuteration values are plotted for each of the three peptide forms, over the full range of
possible amide bond deuteration levels. In Figure 2.8B, the same data is plotted as a
percentage of the expected deuteration level, over the full deuteration range. Deviations
between the simulated and expected levels are very pronounced at the lower deuteration
levels, but remain observable even at 80% deuteration. As with the experimental data
(Figure 2.5), there is a charge state bias, with singly charged AEGFSAI showing a higher
deviation than the doubly charged form. Similarly, as the peptides increase in size the
deviation diminishes. In these simulations, peptide deuteration was modeled as a
binomial expansion of the native peptide isotopic cluster, which we produced from the
12

C/13C contribution only. This expansion can be viewed as a collection of native

distributions shifted by the mass difference between D and H, a value of 1.00628u, for
each additional amide deuteration event. The difference between peaks in the native
distribution is 1.00335u (13C-12C), and although the mass difference between these two
values is small (0.00292u), it represents a beat frequency of 0.5 Hz for singly charged
AEGFSAI (see Equations 2.3 and 2.4).
The full isotopic cluster represents multiple small offsets from various
combinations of 2H and 13C that complicate the beat pattern, but the 0.00292u mass
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Figure 2.8. Simulation of mass shift error arising from deuteration.
A), Plot of deuterium content for the indicated peptides returned after transient generation
and transformation versus the deuteration content used as input to the simulation. B),
Alternative plot of the same data, showing the data as a percentage of the expected, or
actual, deuterium content. Simulations based on a 2 s transient.
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difference represents the closest overlap and it dominates the beat pattern (Figure 2.9A).
Our simulations do not include any physical factors for erosion of resolution with
acquisition time, so to determine the effect of increased resolution on the biased centroid
measurements, we simply increased the duration of the transients before processing, and
then recalculated centroid masses (Figure 2.9B). The bias was observed to be greatest at
one beat period (2 s.) and it required approximately four beat periods to return a centroid
mass that approached the expected value. At this transient length, all isotopic forms could
be distinguished from each other in the transformed signal. At shorter acquisition times,
for example 0.25 of a beat period, centroid accuracy is better than an acquisition 4 times
longer in duration. It reflects the fact that destructive interference underlies this
phenomenon, as short acquisitions relative to the beat frequency effectively renders the
two signal components equal.
The experimental observations in Figure 2.5 are consistent with this outcome of
the simulation as well. We observed the centroid mass bias to worsen with increasing
Orbitrap resolution (from 30 k to 100 k). The transient length in the Orbitrap Velos at a
nominal resolution of 60k is 768 msec [213], which suggests our measurements fall
somewhere to the left of the maximum centroid bias observed in Figure 2.9. For the
larger singly charged VVEKLGVPFQVL, the primary beat frequency is 0.2 Hz with a
beat period of 5 s. The destructive interference should not be as great for the reasons
described above, which our simulations support (Figure 2.8), but what about the doubly
charged AEGFSAI? Simulations show that the centroid bias is not as high as the singly
charged version. The primary beat frequency for this ion is 0.75 Hz, thus the simulations
have sampled more than one beat period, suggesting that the measurement falls to the
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Figure 2.9. Effect of transient sampling time on the mass error generated by isotope
beating.
A) An unprocessed transient simulating the signal for a 10% deuterated AEGFSAI. B)
The mass shift resulting from transforming the transient after the indicated sampling
times.
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right of its maximum centroid bias. Without access to the raw transients and the vendor's
data processing routine, it is somewhat difficult to make a rigorous comparison between
our model and the experimental data. However, we compared our interference-based
model with the measured deuteration data for the doubly charged peptides in our data set,
and found that the simulations of the 60k resolution set fit the data well (Figure 2.10).
When taken together, these simulations are consistent with the experimental observations
of bias, and point to a problem that may best be described as a moving target. Unless
sufficient resolution is available to separate all isotopic forms of a peptide, there will be a
subset of the peptides that meet the criteria for maximum destructive interference when
standard transient lengths are used.
The studies by Hofstadler et al. [211] and Easterling et al. [212] indicate that this
is not a new problem in FT-MS. With respect to Orbitraps specifically, isotope beating
has been proposed recently to explain deviations in relative ion abundances for
applications involving small molecule identification and quantification [214, 215]. The
effects observed were smaller than shown here (and potentially correctable), for the
simple reason that the compounds were defined by their native isotopic compositions,
with a lower % abundance of the isotopic interference. Variable deuteration clearly
increases the severity of the beating phenomenon. Physical effects arising in FT-MS may
also influence the measurement of isotopic abundances by an Orbitrap. These can include
space charging and peak coalescence phenomena [216, 217]. Such effects are usually
discussed in the context of mass accuracy, but they may also exert an influence on
observed peak intensities when clouds of ions have near-equivalent m/z values. Assessing
the relative impact of these other influences is not part of the current study. We propose
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Figure 2.10. Comparison between the modeled deuteration and the measured
deuteration.
Modeling was based upon transients sampled for 770 msec to represent the 60k
resolution data, and built from the doubly-charged peptide set. In this exercise, the
simulations incorporated the full isotopic composition for each peptide (i.e., contributions
from minor isotopes such as 15N, 17O, 18O and native 2H) and the deuteration levels
from the TOF data were taken to be the true values.
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that isotope beating is a major influence, but perhaps not the only one, based on a strong
correlation with the experimental data.
2.3.6 Implications for HX
It may be argued that most applications of bottom-up measurements are used in a
comparative fashion, where measurement precision may ultimately be more important
than accuracy. This may be the case when the technique is applied to large-scale
screening activities, or coarse-mapping of binding interfaces. However, segments of
otherwise useful data may be poorly represented in these studies as a result of isotope
beating. The effect of signal interference is strongest for short, singly charged peptides.
These represent a rich segment of HX data because they have the greatest structural
resolution. A reduction in the apparent deuterium content will restrict the sensitivity for
measuring changes, and could cause changes to go unnoticed. The bias is weak at the
highest deuteration levels, which suggests that measurements should be made using high
percentages of D2O. This is usually how experiments are conducted. In practice, peptides
actually span a wide deuteration range, as deuteration levels depend on structure,
dynamics and back exchange, which are all sequence dependent. Subtracting deuteration
values for nested peptides, in an attempt to localize deuteration changes to higher
resolution [208], may not be valid in the face of the variable destructive interference we
observe.
Bottom-up measurements are also used to determine the kinetics of labeling in
regions of a protein, and these involve measuring the rate of change in deuterium levels
over time. Accurate protection factors obviously require accurate deuterium values,
which the Orbitrap underrepresents depending on the resolution setting. Kinetics plots
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will reflect the bias initially by a delayed onset of label uptake, followed by a faster
uptake rate. Kinetics constants are not yet utilized quantitatively, but if recent studies
relating kinetics to protein structure are any indication [218], they will find application in
structure refinement and accuracy will be important.
2.3.7 Conclusions and Further Implications
Both platforms return rich data sets sufficient for in-depth HX-MS analysis of
large protein systems, when using typical low-pmol amounts of sample. Sequence
coverage in the Orbitrap is more extensive due primarily to higher rates of peptide
identification, but there is no particular bias in the TOF data suggesting that a protein will
experience markedly lower sequence coverage. Both support high levels of redundancy.
Measurement precision offered by both platforms is high, and it will be sample handling
that ultimately limits precision in most cases. With regards to the accuracy of deuteration
measurements, we show that the mass difference between the 2H shift and the 13C shift, if
not fully resolved, may generate destructive interference using conventional transient
lengths available on the Orbitrap platform.
It is worth considering the impact of the isotope beating phenomenon in other
applications as well. Any centroid determination or measurement of an isotopic cluster
may be prone to this effect. Un-deuterated versions of the same peptide set used in this
study also demonstrate a progressive negative bias, although the effect is not quite as
large (Figure 2.11). Contributors to the bias in the unlabeled set mainly arise from
significant levels of

15

N and

18

O in peptides, and it extends the concerns described by

Kaufmann [215] in the area of compound identification and drug quantitation. With
conventional peptide sequences, the effect will always lead to a lower centroid mass
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Figure 2.11. Effect of Orbitrap resolution on centroid mass measurements.
Effect of Orbitrap resolution on centroid mass measurements for undeuterated peptides,
where mass represents the difference between the Orbitrap data and the 5600 TOF data
for a set of common peptides from the PNK digest. (A) The 30k resolution Orbitrap
setting, (B) the 60k resolution Orbitrap setting, and (C) the 100k resolution Orbitrap
setting. All masses in unified atomic mass units (u).
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measurement, as the monoisotopic ion is exactly that, isotopically pure and thus not
prone to destructive interference at available resolutions. Proteomics applications
involving identification and label-free quantitation methods will not likely be influenced
by isotope beating, as isotopic clusters are not invoked for these applications, but
isotopically labeled quantitative methods could be to a minor degree, for example 18O/16O
labeling [219] or stable isotope enrichment methods if enrichment levels are not high
[220, 221]. Here, clusters could partially overlap and conditions may be created for
destructive interference. In SILAC, the clusters are well separated and the effect is not
likely to be a problem. In all cases, the bias may be reduced by either increasing
resolution sufficiently to resolve all isotopic contributors, or eroding resolution so that the
elemental mass defects are all effectively equal.
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Chapter Three: HX-MS2 for high performance conformational analysis of complex
protein states 2
3.1 Introduction
Solvent-mediated hydrogen exchange (HX) is a useful tool for studying local and
global conformational dynamics of proteins. When used carefully, the HX method can
map protein interactions interfaces, chart mechanisms of allosteric regulation, and shed
light on fundamental properties of protein folding. Historically HX has been wielded by
NMR spectroscopists but with the advent of NMR methods for high-resolution analysis,
HX has slowly faded in significance. Mass spectrometry (MS) has sparked a resurgence,
and in some cases a re-learning, of the HX method. A growing number of studies
incorporate HX-MS into biophysical analyses of protein folding [42, 222], protein-ligand
interactions [45, 46], membrane protein dynamics [223, 224] and therapeutic antibody
characterization [225]. An MS-driven detection strategy should open many new frontiers.
Fast detection holds the promise of improved temporal resolution [226], and MS should
not be burdened by the same molecular weight and sample composition limits of the
NMR routine.
Most HX-MS studies incorporate bottom-up LC-MS methods borrowed from
proteomics, where peptides provide a window into higher resolution exchange mapping
[227]. Proteins are digested with acid-stable non-specific proteases. Peptides are
____________________
2

Portions of this chapter are adapted from the submitted manuscript: Burns, K.M.; Sarpe,
V.; Wagenbach, M.; Wordeman, L.; Schriemer, D.C. (2014) HX-MS2 for high
performance conformational analysis of complex protein states. Protein Science.
Submitted. My contributions to this work included the collection, analysis and
interpretation of all biochemical and HX-MS experiments and the composition of the
manuscript.
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identified by LC-MS2, and then each peptide is monitored in the HX-MS labeling
experiments. Bottom-up methods should permit ultra-large protein characterization by
HX, but this promise has yet to be realized routinely. Several barriers still remain. Label
back-exchange imposes a serious restraint on data collection, by enforcing an LC
workflow restricted to short analysis times. This back-exchange restraint leads to spectral
overlap, ion suppression, and a burdensome manual validation of isotopic distributions
selected for deuteration calculations. Even with the most sophisticated software tools
currently available for HX-MS, practitioners of the bottom-up method spend most of
their time in laborious manual analysis of peptide isotopic profiles [228]. The problem
becomes acute when replicate kinetics analyses swell the number of runs into the 10-100
range, per project.
We previously showed that peptide fragments generated using tandem mass
spectrometry (MS2) can provide surrogate measures of peptide deuteration, and increase
the capacity of the basic HX-MS method [71, 72]. Software was developed to quantify
deuteration levels in both MS and MS2 datasets sufficient to illustrate the utility of HXMS2 [229]. In the exercise, we noticed a disconnect between the number of peptides
identifiable using proteomic database search tools, and the number of peptides ultimately
useable for HX measurements. Greater than 50% of the peptides identified using
proteomics routines were unsuitable for supporting deuteration measurements. In
addition, many peptide features that seemed suitable for HX were not identified, an
observation that was also made recently by Englander et al. [230, 231].
The current study addresses whether the peptides generated in a bottom-up HXMS workflow are being mined effectively for exchange analysis. In most HX-MS
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experiments, the contents of the sample are known and the number of proteins is usually
modest, even when interrogating large multi-protein systems. This scenario is
considerably different than a proteomics analysis, where the sample contents are not
known, and where the sample composition is much more complex. Our use of
informatics strategies borrowed from proteomics may not be appropriate. Here, we
implement and optimize a data-independent acquisition (DIA) method for collecting
comprehensive HX-MS2 data, on a protein complex consisting of microtubules (MTs)
saturated with the depolymerizing mitotic centromere-associated kinesin (MCAK) [165].
New strategies for identifying and scoring peptides are presented, and evaluated using
this protein system. Results are compared to conventional proteomics utilities (i.e.
Mascot) applied to the conventional HX-MS method. We pay particular attention to
strategies that only return peptides useful for deuteration analysis and reduce the burden
of manual peptide validation. Finally, we illustrate how an optimized DIA HX-MS2
method provides data for determining the state of microtubule stability under the
influence of an interphase microtubule-associated protein (MAP) fraction.

3.2 Experimental Procedures
3.2.1 Chemicals, reagents and proteins
All synthetic peptides were purchased from Genscript (Piscataway, NJ). Bovine
brain tubulin (99 % pure, cat#TL238) and microtubule associated protein (MAP) rich
fraction: bovine brain (cat#MAPF-A) were purchased from Cytoskeleton Inc. (Denver,
CO). GMPCPP purchased from Jena Biosciences (Jena Germany), ATP and Taxotere
from Sigma.
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MCAK deletion constructs were expressed and purified as previously described.
Briefly, High5 cells were grown in a mixed media containing 50:50 Max-XP serum-free
insect cell medium and TNM-FH insect medium (BD Bioscience). Cells (1x106/mL)
were inoculated with baculovirus and incubated at 27 °C for 2 days. Cells were pelleted
and resuspended in lysis buffer (300 mM KCl, 20 mM imidazole, 1 mM MgCl, 10 %
glycerol, 3 mM BME, 50 mM ATP, 1 % Igapal, PMSF, and protease inhibitors (Roche),
pH 7). Cells were lysed using a French press and clarified at 42,000 RMP at 4 °C, 45min.
The supernatant was retained and protein was purified using Ni-NTA agarose resin
(Qiagen). Purified protein was frozen in liquid nitrogen and stored at -80 °C.
3.2.2 Feature Identification - DDA
Peptide feature identifications were made in the conventional manner. Briefly,
proteins were digested under HX conditions and constraints (2.5 min digestion using
nepenthes fluid concentrate at 10°C) and injected into an LC-MS2 system. We used an
AB Sciex TripleTOF 5600 configured with an Eksigent Ultra 2D pump. Peptides were
captured on a 250 μm ID x 15 mm C18 trap column and separated on a 200 μm ID × 70
mm C18 column, prepared in-house. A 10 min gradient (15-40 % acetonitrile with 0.1 %
formic acid) was used to separate peptides, at a flow rate of 4 l/min. The LC system
temperature was held at 4°C, in the HDX PAL module associated with the LC-MS
system. For DDA analysis, MS/MS spectra were obtained from a single typical gradient
run, and then repeated with a gradient three times as long, for comparison. Spectra were
searched against a customized database containing multiple isoforms of bovine tubulin,
and full length MCAK using MASCOT v2.4. A 10 ppm mass tolerance and p<0.05
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probability score cut-off were applied, with no enzyme specificity declared. No amino
acid modifications were included.
3.2.3 DIA optimization
DIA optimization was performed using Sequential Windowed Acquisition of all
THeoretical fragment ion mass spectra (SWATH™) on the AB Sciex TripleTOF 5600 by
direct infusion of a solution containing 11 peptides, and compared to optimized product
ion scans for each peptide. The declustering potential (DP) and the collision energy (CE)
were selected for SWATH bins such that comparable fragmentation spectra were
observed in each scan type. Fragment acquisition time in both modes was 100 ms. The
impact of bins on bisection of isotope profiles was evaluated by simulations using
identified peptides from 9 different proteins from different projects (2800 peptides). A
peptide was classified as “edged” if 2% or more of the profile intensity occupied a second
bin.
3.2.4 Protein Complex Reconstitution and HX labeling
The MCAK-MT complexes were generated and characterized as previously
described [232]. Briefly, doubly-stabilized microtubules were formed in assembly buffer
(10 mM PIPES, 1 mM MgCl2, 1 mM EGTA, 100 mM KCl, pH 6.9). Stabilization was
achieved using GMPCPP (1 mM) and taxotere (50 M). MCAK constructs were added to
microtubules and incubated at 37 °C for 10 minutes to allow MCAK binding and
depolymerization. Microtubules with bound MCAK were pelleted via centrifugation, and
the excess MCAK and non-polymerized tubulin in the supernatant were removed. For
HX experiments, the pellet was gently re-suspended in assembly buffer made from D2O
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for a final D2O concentration of 35%. Samples were labeled for 300 seconds. Labeling
was quenched and digestion conducted at 10 °C for 2.5 minutes by addition of 2 µL
nepenthes fluid concentrate (in 100 mM glycine-HCl, 4 mM CaCl2, pH 2.35). The sample
was injected into the LC-MS for HX analysis.
3.2.5 DIA for identification and HX-MS2
Using the gradient conditions and LC-MS described above, together with an HDX
PAL autosampler to manage replicate analysis, a series of runs were performed. The only
difference between the runs for identification and HX analyses involved D2O. For
identification, the complexed samples (MCAK + MT) were diluted with unlabeled water,
and with D2O for the HX runs.

The mass spectrometer was operated in the optimized

SWATH-acquisition mode. Each cycle was comprised of one MS scan (300-1250 m/z)
accumulated for 250 ms, followed by 23 variable m/z bins spanning an m/z range of 3001000, accumulated for 100 ms each.
3.2.6 DIA HX-MS2 Data Analysis
All data processing was conducted in Version 1.3.0 of Mass Spec Studio, which
presents several enhancements to the previous HX-MS2 method described [229]. First,
project creation is simplified for any kind of HX experiment (MS only, DDA or DIA).
Second, the DIA HX-MS2 method is now split into two stages: identification and HX
quantification. The new peptide identification method, which includes the WUF score,
requires un-deuterated runs and can process both DIA and DDA data. The HX
quantification method uses information from the identification run to apply custom
filtering rules to the identified peptides before the manual validation stage. Finally,
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several overall performance improvements of the new method allows larger protein
systems

to

be

processed

faster

than

the

original

version

(see

http://server.sams.ucalgary.ca/downloads/ for software). For the scoring results, an FDR
of 0.5% was applied unless otherwise specified. Deuteration levels were reported using
MS domain data, unless overlap or low intensity spectra required the MS/MS domain. No
back-exchange correction was applied. Validation procedures are described in main text.
Standard deviations were determined from quadruplicate analysis, on a per peptide basis.
Differential labeling between bound and unbound states was reported as significant if it
passed two criteria: a pooled two-tailed t test for the individual peptide (p < 0.05) and a
D greater than two standard deviations of all the data with p>0.05.
3.2.7 MT-Microtubule Associated Protein complex
3.2.7.1 Turbidimetric analysis
Microtubule turbidity was observed using a Molecular Devices FilterMax F5
spectrophotometer installed with a 340 nm filter. A 396-well plate was used to minimize
the volume of microtubules required to obtain sufficient signal. The unit was temperature
controlled at 37 °C. 60 μg MAPs was added to a final volume of 50 uL of tubulin (25
µM) in assembly buffer with 1 mM ATP and 1 mM GTP. No additional stabilizers were
used. Scans were taken every 16 s for 30 minutes.
3.2.7.2 HX-MS2 data acquisition
Doubly stabilized microtubules (142 µM) were formed through 3 successive
rounds of polymerization using 150 µM taxotere and 1 mM GMPCPP in assembly buffer
(10 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.9) [232]. The bovine brain MAPs
fraction was dissolved in assembly buffer to a concentration of 5 µg/µL.
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The HX-MS2 data was acquired using the DIA approach presented in Chapter 3.
Microtubule digestion under conditions with high MAP protein loads was optimized by
adjusting the amount of nepenthesin [52, 53]. Digestion conditions were maintained at
2.5 minutes at 10 °C based on the HX constraints (back-exchange of deuterium with bulk
solvent). Peptide feature identification, done on a non-deuterated sample consisting of
1.56 µg pre-formed microtubules and 3 µg MAPs, was digested for 2.5 minutes and
injected into the LC-MS system. The HX experiments were conducted using 1.56 µg preformed microtubules incubated with 0-5 µg MAPs for 10 minutes. The sample was
labelled with 40 % D2O for 5 minutes at 25°C following quench/digestion at 10 °C in a
solution of nepenthesin in 100 mM glycine-HCl, 4 mM CaCl2, pH 2.35. The sample was
digested for 2.5 minutes and injected into the LC-MS system for HX-MS analysis.
3.2.7.3 HX-MS2 data processing
All data processing was done using Mass Spec Studio software (v1.3.0). Peptides
were identified based on the non-deuterated run and peptides were scored using the
weighted unique fragment (WUF) scoring algorithm. The imported sequences consisted
of / tubulin and MCAK. A false discovery rate (FDR) of 0.5 % was used to set the
score threshold.
The HX experiments were then processed using the information from the
identification experiment and applying a ±10 ppm mass accuracy filter. Deuteration
levels were reported using MS domain data, unless overlap or low intensity spectra
required the MS/MS domain. No back-exchange correction was applied. Standard
deviations were determined from triplicate analysis, on a per peptide basis. Differential
labeling between bound and unbound states was reported as significant if it passed two
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criteria: a pooled two-tailed t test for the individual peptide (p < 0.05) and a D greater
than two standard deviations of all the data.

3.3 Results
3.3.1 Optimizing DIA HX-MS2 for HX measurements
DIA methods provide an opportunity to collect peptide deuteration values in both
the MS and MS/MS domains, by relying on fast fragmentation to generate sequence data
across the entire mass range, and at a rate sufficient to support the chromatographic
timescale [233]. DIA methods for HX can blend identification and deuteration activities
in each run (Figure 3.1). The DIA dataset contains peptide fragments that align with the
retention time of precursor ions, and the alignment establishes sequence identity and the
presence of the peptide. Deuteration data can then be measured from the precursor ions
for conventional HX-MS, but also from the fragments provided they are present with
suitable ion statistics.
We developed a DIA method based on the compositional complexity presented by
the MT-MCAK interaction. The interaction consists of -tubulin dimer (110kDa) and a
C-terminally deleted MCAK construct (CT1-583, 65kDa), presenting approximately
175kDa of unique sequence and an assembled state that exceeds 1 GDa. We digested the
complex using non-specific acid proteases to create a large pool of peptides.
We first optimized peptide ion transmission and collision energies on a series of
peptide standards for the QTOF mass spectrometer used in this work (Materials and
Methods, and Figure 3.2). In both pattern and S/N levels, fragmentation was comparable
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Figure 3.1. Data-independent acquisition for HX-MS2 application.
The data-independent acquisition (DIA) of peptide fragment data built into the HX
method for DIA HX-MS2. (A) The DIA method is applied to an unlabeled digest and
used to generate a peptide list characterized by uniqueness and maximum utility for HX
measurements. The peptides are then monitored in the full set of labeling experiments.
Computational routines support an extraction of HX values from a combination of the
best MS and MS2 data. (B) DIA provides a full complement of fragmentation spectra by
fast sequential binning of the mass range.
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Figure 3.2. Optimization of transmission and fragmentation by DIA.
Optimal transmission and fragmentation conditions for DIA fragmentation, using
SWATH™ on an AB Sciex TripleTOF 5600. Nondeuterated peptides detectable under a
range of charge and m/z values were infused to optimize (A) collision energy and (B)
declustering potentials for each mass bin in the SWATH experiment. Values for each
peptide were plotted and corresponding bin values for collision energy and declustering
potential were selected using the average bin value. MS2 spectra generated with these bin
parameters in a SWATH experiment were comparable to those collected by DDA
methods using these parameters.
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to peptides collected using a classical data-dependent acquisition (DDA) mode. We then
adjusted the fragmentation bin sizes, to achieve an even distribution of peptides across
the m/z range. The adjustment created conditions under which peptide distributions in
each bin were roughly comparable, with bin sizes ranging from 25-40 Th (Figure 3.3).
A DIA method for HX analysis adds two additional complexities to the
optimization exercise. The first complexity involves deuterium randomization within the
peptides. Deuterium should be “scrambled” throughout the sequence for a peptide
fragment to function as a useful peptide surrogate [72]. Fortunately, scrambling is the
normal condition during high-efficiency ion transmission and collisionally induced
dissociation (CID) [234]. We confirmed complete scrambling under our optimized
settings using peptide HHHHHHIIKIIK (Figure 3.4), a sequence designed to quantify
MS-induced deuterium randomization [64]. Mass Spec Studio software also tests more
broadly for scrambling. In peptides where both MS and fragment deuteration data are
available, theoretical fragment deuteration is calculated and compared to the real data.
We have inspected hundreds of peptides and have not observed a significant deviation
from the scrambled state (not shown). The utility of peptide surrogacy was confirmed
using a peptide from a region of MCAK that becomes protected upon binding to MTs
(Figure 3.5). Deuterated b and y ions were used to calculate the peptide’s deuterium
level, after correcting for the fraction of exchangeable hydrogens in the fragment.
Deuteration values are consistent between the fragments and the peptide precursor, and
almost all fragments provide a sensitive measure of differences in deuteration.
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Figure 3.3. Bin window optimization.
Histograms of the number of -tubulin and MCAK peptides as a function of bin
windows (Th). A) Bin windows were defined at 25 Th across the whole range of 3001000 Th. B) The number of bin windows and size were modified to better balance the
peptides across the whole mass range.
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Figure 3.4. Fragment deuterium scrambling for surrogacy.
Peptide HHHHHHIIKIIK was used to validate the occurrence of deuterium scrambling
during DIA fragmentation conditions. Both (A) b and (B) y fragment ions from the +2
charge states are shown. The absence of scrambling is show using a dotted line, and 100
% scrambling is shown with the heavy dashed line.
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Figure 3.5. Peptide surrogacy using MS2 fragments.
Isotopic profile of deuterated CT-MCAK peptide LVNCADDVIKML and three
fragments, representing the unbound state are shown. Deuteration is evident by
comparing the actual profiles to the calculated non-deuterated distributions, shown in
grey. The table shows an application of the MS and MS 2 data for quantifying differences
in deuteration, induced in this case by the binding of CT-MCAK to microtubules.
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The second complexity introduced by DIA involves mass bin switching upon
deuteration. Variable peptide deuteration in the course of an experiment can move an
isotopic distribution from one bin into another (Figure 3.6A). This creates an edging
effect, where the ion transmission windows can bisect a distribution. Edging would mean
the data is only useable in the MS domain, and not the MS2. We modeled the severity of
the effect using a library of 2800 peptides, with properties that represent a typical bottomup HX experiment (5-27 amino acids in length, 12.5 amino acids average length), and
explored the frequency of edging as a function of deuterium levels (Figure 3.6B). Our
analysis shows that isotope expansion increases the frequency of edging, which can be
rescued by overlapping the bins. However, mass bin overlap means more bins are needed,
which in turn lengthens the cycle time and negatively impacts the effectiveness of DIA.
We considered a 1Th overlap to be acceptable, and implemented a lower percentage of
D2O in the labeling experiment (35%). The conditions generated a cycle time of 2.4 sec.
3.3.2 Peptide Inventories
Peptide identification for HX-MS typically involves DDA applied to undeuterated
digests, and then a database search on the output using Mascot, Sequest or some other
database search engine. Since non-specific proteases are used, a restricted database
containing only the expected proteins is created to improve the search conditions. We
conducted a number of DDA experiments to generate a list of peptide identifications, to
support the conventional HX-MS strategy.
We applied DDA to the undeuterated proteolytic digest of -tubulin with
MCAK to mimic the usual approach to HX-MS, where peptide lists are first generated on
the protein(s) to be characterized. The experiment was repeated and the identification
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Figure 3.6. Mass binning can bisect isotopic distributions in a deuterationdependent manner.
(A) Edges of a given mass bin, here indicated by the vertical line, can exert a variable
effect on a changing deuteration pattern. A peptide affected by bin edges can be useable
in MS space but will have perturbed deuteration values in MS2 space. (B) Edging
probability is a function of percent D2O applied, and can be minimized by overlapping
bins. The black box marks the conditions used in this study (35% D2O, 1 Th overlap) and
an estimate of the maximum data loss resulting from edging effects.
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lists combined, to ensure complete sampling. With this approach, we found 340 peptide
features for -tubulin. We then tested the tubulin peptide list on HX-MS2 data,
collected for the MT-CT interaction. In this case, only the LC-MS data in the runs were
interrogated with the peptide list, to match a typical HX-MS experiment. Of the 340
identified peptides, only 151 (44%) were found to be useful in HX measurements and
present in at least 75% of the replicates. To be useful, we required an isotopic profile to
be free of overlap, and of sufficient intensity to generate an expected isotopic
distribution. Many additional MS2 events were triggered, but generated scores below the
conventional p=0.05 cutoff.
3.3.3 HX-tuned scoring functions
We then developed scoring functions suitable for DIA data, to test if we could
improve identification rates and better support the manner in which HX data is used.
Scoring algorithms and search strategies in shotgun proteomics generate identifications
that subscribe to a principle of parsimony, returning the single-best sequence for a given
MS2 spectrum (e.g [235]). The handling of chimeric MS2 spectra – where two or more
peptides selected in MS space generate overlapping fragmentation patterns – is a problem
that becomes particularly acute in DIA HX-MS2. Large transmission windows, short LC
run-times, and nonspecific digestion can lead to highly complex fragment space.
Deuteration measurements should require that a selected isotopic profile is unique to a
single sequence, because it is used to measure a biophysical property of a specific region
in a protein. As digest complexity increases, a parsimonious scoring strategy may not
correlate with uniqueness.

94

We first implemented a variant of the X!Tandem hyperscore (that only considers
unique peptide fragments for scoring) on DIA data. A library of all possible peptides of
3-25 residues was used to generate ion chromatograms in both the MS and MS 2 space.
Features were aligned, and then the fragment chromatograms were marked for
uniqueness in the respective DIA mass bin. That is, a given mass bin was assessed for the
peptides that could theoretically be present based on the peaks that were detected at that
point in the chromatogram, and these were used to evaluate fragment uniqueness in the
corresponding MS2 data. Peptides were scored using only unique fragment ions according
to equation 3.1,
ℎ𝑦𝑝𝑒𝑟𝑠𝑐𝑜𝑟𝑒 = ∑𝑛𝑖=0 𝐼𝑖 ∙ 𝑁𝑏 ∙ 𝑁𝑦

(3.1)

where Ii is the intensity for unique fragment i, normalized to the total fragment intensity,
Nb is the number of unique b ions and Ny the number of unique y ions. Unique neutral
loss equivalents are included in these counts, as they contain identification power.
We previously showed that larger fragment ions are more reliable as surrogates in
HX-MS2 [71]. Fragments of high intensity are also more likely to generate useful isotopic
distributions for HX measurement. We devised a score that combined the identification
of unique fragments with these specifications (equation 3.2):
𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑢𝑛𝑖𝑞𝑢𝑒 𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 = ln ∑𝑛𝑖=1 𝑔𝑖 + ∑𝑛𝑖=1 ℎ𝑖 𝐹𝑖

where
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(3.2)

𝑔=

2
1+ 𝑒

√𝑏−√𝐼𝑖
𝑎

and
ℎ=

𝑎+1
𝐿𝑝
𝑎+ 𝐿
𝑖

to generate a weighted unique fragment (WUF) score. In the first sum, g is a sigmoidal
function that scales unique fragment intensities Ii based on a slope parameter a, and a
benchmark intensity value b. The sum is also log transformed to avoid suppressing the
identification power of the second sum. In this second sum, relative fragment lengths Fi
are weighted with a rectangular hyperbolic function h, where Lp is the length of the
peptide in amino acid residues, Li the length of the fragment in amino acid residues an a
is a slope parameter. Here, fragments are unique b ions and y ions, as well as the unique
neutral loss equivalents.
High fidelity isotopic distributions are desirable for precise HX measurements, so
intensity scaling seeks to capture the idea that – below a certain value – two fragments of
x intensity are not as useful in HX as one fragment of 2x intensity (g function). Similarly,
we reasoned that isotopic distributions of low mass fragments would not generate a wide
dynamic range of deuteration, thus two fragments of y length should not be scored the
same as one fragment of 2y length. The WUF score blends these two concepts with an
identification that is based on the summation of unique fragment lengths.
The hyperscore generated an extensive number of hits when applied to the
unlabeled DIA data, slightly more than the number returned by the Mascot search on the
DDA dataset, but clearly not fully intersecting (Figure 3.7). The Mascot search was more
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Figure 3.7. Comparison of peptide scoring algorithms.
(A) Intersection of peptide identifications for Mascot (applied to DDA data, p<0.05),
X!Tandem hyperscore (calculated from unique fragments in DIA data, FUR of 0.5% ),
and WUF score (from DIA data, FUR of 0.5%). (B) Distribution of hits as a function of
peptide length, using the criteria as in (A).

97

strongly biased to smaller peptides than the hyperscore. It would be unfortunate to lose
information on smaller peptides in an HX analysis, since short peptides convey higher
structural resolution. We evaluated the hit set manually, to determine which tubulin
peptides were useable for HX analysis in either MS or MS2 space. Similar to the Mascot
validation exercise, a peptide was considered useable if the selected isotopic profile was
free of overlap, and of sufficient intensity to generate a well-formed isotopic distribution.
(The isotopic profile could reside in either MS or MS2 space, however). The isotopic
profile was required to be present in both bound and free states and in at least 75% of the
replicates. The hyperscore returned a high percentage of useful hits (242 of 325, or 75%)
compared to Mascot (151 of 340, or 44%) but without losing a meaningful fraction of
short peptides (Figure 3.8). In other words, the failure rate of Mascot is higher for the
intended use, and more notably so for shorter peptides.
The WUF score generated a response incrementally better than the hyperscore.
Figure 3.7 shows only minor differences in the total number of hits, and in the size
distribution of the hits. The utilization rates are also similar (258 of 350, or 74%) (Figure
3.8). Again, these utilization rates are high relative to Mascot. For either WUF or
X!tandem-unique, they can be increased substantially by adjusting the false utilization
rate (FUR) associated with the scoring methods. FUR is calculated like a false discovery
rate, and relies on the decoy database approach [236]. For example, a WUF score with a
FUR reduced from 0.5% to 0.1% returns a 91% utilization rate (162 of 178), with
coverage that is superior to the Mascot-driven HX-MS approach.
To incorporate poorly fragmenting but otherwise abundant peptides in the pool of
useable HX features, we included unique MS feature detection as an option in the WUF
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Figure 3.8. Distribution of validated hits as a function of peptide length.
Distribution of validated hits compared to total hits, on length basis, for (A) Mascot (B)
X!tandem hyperscore on unique fragments and (C) WUF score. Hit lists as in Figure 3.7,
and peptides validated against eight DIA HX-MS2 runs, using criteria described in the
text.
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scoring approach. Peaks were detected in the ion chromatograms for all possible peptides
produced by a nonspecific digest. Unfortunately, while many features were found that
were not otherwise identified by MS2 data, most were either overlapped at the resolution
of the instrument, non-redundant in sequence, or of poor ion statistics to be useful for
HX. Only three peptides could be identified based on uniqueness in the MS domain.
3.3.4 Implemented DIA HX-MS2 workflow
The complete processing workflow implemented in Mass Spec Studio for a DIA
HX-MS2 experiment is shown in Figure 3.9. The first step is project creation. The HXMS/MS project type is selected, protein states and labeling conditions are categorized,
and the data files are inserted into their corresponding state/labeling condition. The DIA
method requires at least two protein states at a given % deuterium condition as well as a
zero-deuterated run for feature identification. Also at this stage, input of the protein
sequences and bin strategy for DIA acquisition are required. The second step is
configuring the processing parameters for identification, including signal/noise thresholds
and smoothing parameters. Upon completion of the identification process, a scored
feature list is generated including information for both peptide MS and fragment MS/MS
data. The selectable FDR and corresponding score cut-off are also provided. This feature
list is used to analyze the deuterated protein states. The fourth step involves HX-MS/MS
processing, where the user selected FDR is defined as well as mass accuracy cut-off,
smoothing, and S/N values. Processing completion provides an organized and sortable
list of peptides, with all replicate spectra available. It is at this point that manual
validation is necessary, to ensure spectra used in deuterium calculations are free of
overlap. A green, amber, and red color scheme is used to represent peptides free of
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Figure 3.9. Mass Spec Studio processing.
The processing procedure for DIA HX-MS2 data by Mass Spec Studio is presented. The
first step is project creation. The HX-MS/MS project type is selected, protein states and
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labeling conditions are categorized, and the data files are inserted into their
corresponding state/labeling condition. Input of the protein sequences and bin strategy for
DIA acquisition are also prompted. The second step is configuring the processing
parameters for identification. Upon completion of the identification process, a scored
feature list is generated including information for both peptide MS and fragment MS/MS
data. This feature list is used to analyze the deuterated protein states. The fourth step
involves HX-MS/MS processing. Processing completion provides an organized and
sortable list of peptides, with all replicate spectra available. It is at this point that manual
validation is necessary, to ensure spectra used in deuterium calculations are free of
overlap. Lastly, the validated peptides are forwarded for statistical analysis, presenting
peptides with significantly different deuteration values between states.
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overlap, peptides potentially overlapped, and strongly compromised spectra, respectively.
It is mostly the amber and red coded peptides that need to be scrutinized, potentially
requiring a surrogate fragment to be used (Figure 3.10). The validated results are then
translated to the stats project. Once again, the replicate results are categorized into their
protein state/deuterium conditions, and the statistics output is presented. Significantly
different peptides between states are provided on a sequence plot, which can then be used
in visualization packages.
3.3.5 MT-Microtubule Associated Proteins complex analysis
We next sought to determine the effect of the MAP fraction on the stability of
microtubules, at the molecular level, using the optimized DIA HX-MS2 method. A
bovine brain interphase MAP fraction was used to test the effects on doubly-stabilized
microtubules. To confirm the net stabilizing effect that the MAP fraction has on
microtubules, MAPs were added to tubulin and the turbidity was monitored over time
(Figure 3.11). The MAP fraction strongly influenced microtubule stability and induced
microtubule polymerization, in the absence of any additional stabilizer.
The digestion of microtubules in the presence of MAPs needed to be optimized,
given the additional degree of stabilization and the excess load of total protein. Digestion
conditions applicable to the HX workflow were maintained and the amount of
nepenthesin was modified (Figure 3.12). The balance of nepenthesin is critical because
too little will lead to undigested protein while too much will lead to over-digestion.
Digestion was optimized using a >3-fold excess of MAPs to tubulin, which is the
maximal amount without substantial loss of tubulin signal (not shown). 4 μL nepenthesin
(equivalent to ~50 ng pepsin activity) appeared to be optimal based on the degree of
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Figure 3.10. Surrogate selection.
Manual validation is necessary to ensure correct spectra selection and to select a
surrogate fragment, if necessary. A) The isotopic distribution in blue is well defined
(bottom left quadrant), with no apparent overlap. No surrogate selection is needed. B)
The isotopic distribution clearly displays overlap with a 1+ peptide on the second isotopic
peak (bottom left quadrant) and a surrogate fragment is needed to accurately calculate
deuterium incorporation, in red (bottom right quadrant). The top left quadrant in A) and
B) show the extracted ion chromatogram. The top right quadrant shows the alignment of
all fragment ion deuterium levels.
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Figure 3.11. MAPs-induced microtubule polymerization.
Tubulin in the presence of GTP was polymerized with and without MAPs added at 37 °C
for 35 minutes. Turbidity was observed at 340 nm.
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Figure 3.12. Nepenthesin optimization for digestion.
Digestion efficiency of microtubules (1.5 μg) and MAPs by increasing amounts of
nepenthesin protease. Digestion was measured by Mascot identification of peptides and
extracted ion chromatograms of known and expected peptides.
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undigested protein and size of peptides generated. A greater load of nepenthesin resulted
in a shift to loss of peptides due to potential over-digestion.
The optimized digestion strategy was then applied to microtubules with increasing
amounts of MAPs for DIA HX-MS2. Microtubules loaded with 3 μg MAPs were used to
populate the peptide feature list on which to quantify deuterium incorporation. The
feature list was applied to deuterated samples and peptide deuterium incorporation
amounts were quantified from the MS or MS2 spectra if necessary. The identification
approach led to 320 / tubulin peptide identifications, of which 185 were sufficient for
quantification. The distribution of identified and validated peptide lengths are shown in
Figure 3.13, and the protein coverage is shown in Figure 3.14. Most of the quantifiable
peptides are between 6 and 16 residues long and yield 75/70 % coverage for / tubulin.
The peptide spectra quality was significantly impacted using 5 μg MAPs and fewer
peptides were quantifiable; therefore, differential analysis was done using free, doublystabilized microtubules and microtubules with 3 μg MAPs. The MAP fraction induced
apparent destabilizations in the inter- and intra-dimer interfaces (Figure 3.15).
Comparison of doubly-stabilized microtubules and microtubules with 0.5 or 1 μg MAPs
show fewer significantly changing peptides, but still show the destabilization in the 310320 region of -tubulin corresponding to the S8 (Figure 3.16). Destabilization was also
observed on H9 and H10-loop-S9-loop of-tubulin.

3.4 Discussion
HX exchange is arguably the best-developed protein labeling chemistry, in both
theory and practice. With mass spectrometry, the method has been extended to protein
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Figure 3.13. Microtubule peptides identification in presence of MAPs.
Distribution of validated hits compared to total hits for microtubules, on length basis,
using the WUF score identification. Peptides validated against eight DIA HX-MS2 runs,
using criteria described in the text for Figure 3.8.
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Figure 3.14. Microtubule feature map.
Feature maps for -tubulin (top) and -tubulin (bottom). The HX-MS2 data is categorized
as arising from MS2 space (surrogates, blue) or MS space (red).
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Figure 3.15. Microtubule perturbation by MAPs.
(A) Effect of MAPs on the stability of microtubules, illustrated on PDB 1JFF.-tubulin
in dark grey and -tubulin in light grey, displayed with +end to the right and microtubule
exterior at the top. Blue represents tubulin stabilization and red represents tubulin
destabilization upon perturbation with MAPs. (B) Sequence plot of the deuteration data
for -tubulin (left) and -tubulin (right) resulting from the comparison of microtubules
perturbed by MAPs and stabilized microtubule control. Horizontal lines in sequence plots
denote ± 2 SD cutoff based on noise in the Δ D measurements and grey segments
represent peptides with p values > 0.05. Positions of the segments indicate location of
peptides in tubulin sequence.
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Figure 3.16. Microtubule perturbation by reduced MAP loads.
Sequence plot of the deuteration data for -tubulin (left) and -tubulin (right) resulting
from the comparison of the stabilized microtubule control and microtubules perturbed by
(A) 0.5 μg and (B) 1.0 μg MAPs. Horizontal lines in sequence plots denote ± 2 SD cutoff
based on noise in the Δ D measurements and grey segments represent peptides with p
values > 0.05. Positions of the segments indicate location of peptides in tubulin sequence.
Blue represents tubulin stabilization and red represents tubulin destabilization upon
perturbation with MAPs.
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systems where many other HX detection concepts fail. The bottom up strategy of data
collection is currently the only viable means of HX collection for ultra-large assemblies.
However, as protein complexity increases we see a significant drop in the effective
sequence coverage provided by the basic HX-MS method. Large collections of peptides
constrained to short run times lead to ion suppression and overlap. As we have shown, a
conventional workflow does not effectively mine the peptides that are present.
We present a simplified HX-MS2 method that requires only one identification run
on a non-deuterated digest, under conditions otherwise identical to the labeling
experiments (e.g. runtime, temperature, digestion conditions). The peptide list extracted
from the run can be confidently applied to the labeled runs. Using MS2 data for HX
quantitation and scoring functions that are based on unique mass signatures, we can
recover substantially higher peptide identification and usage rates. Higher performance of
this nature is based on a more effective use of sequence data, and this performance should
scale well to protein systems of even greater size. The hyperscore and the WUF score
generate similar performance, which probably indicates that unique fragment masses are
of primary importance. Modifications of the WUF score strategy are worth evaluating to
drive usage rates even higher, and will be the subject of future work in this area. We note
that excessively high percentages of D2O in the labeling experiment may weaken the
current version of the identification algorithms. Higher D2O levels could lead to more
extensive fragment overlap in MS2 space. Overlap detection can be applied in subsequent
versions of the algorithm, but we note that high percentages of D2O are not usually
needed in HX-MS [60]. Overall, the DIA-based method can be implemented at minimal
cost, because the MS data is still available for use.
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The HX-MS2 data in this study raise a number of issues for the bottom-up
method:
Peptide misidentification. MS-only HX data can be allocated to the wrong
peptide, as the frequency of fully overlapped isotopic distributions grows with sample
complexity. Some cases involve staggered sequences (e.g.

FPEPTIDEL and

PEPTIDELF) where the structural error in mis-assignment is modest, but in the worst
case, completely different regions of structure can be assigned when adopting typical
proteomics identification strategies. An MS2 surrogate must be used in such cases, or the
peptide rejected. This problem is primarily due to nonspecific proteases.
Unallocated peptide features. Although a large number features in LC-MS are not
attributed to peptide sequences, it is unwise to use accurate mass unless the sample
composition is fully known. With TOF and Orbitrap mass accuracies, the opportunity for
capturing this unused pool on the basis of measured mass alone drops to negligible levels,
with increasing protein molecular weight. Other fragmentation methods, and perhaps
retention time prediction, may rescue a fraction of this pool.
Validating peptides for HX. Positive peptide identification and utility for HX do
not necessarily correlate. Identification algorithms built around uniqueness and
detectability are needed, to at least reduce the validation effort required for ultra-large
systems. Scoring routines such as WUF essentially provide a validation score. A FUR
determination provides a filter that can be selected based on the amount of coverage
needed, and the validation effort willing to be undertaken.
Digestion restrictions. Variable digestion is one reason why peptides drop off the
validated list. That is, a digestion routine for a single protein cannot be expected to
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generate an identical group of peptides when additional proteins are added. Large
systems analysis will require careful digestion optimization as a result, and the problem
will remain until an enzyme is found that generates complete digestion on the HX
timescale.
The optimized DIA HX-MS2 method with WUF scoring was applied to a complex
protein system comprised of microtubules and an interphase MAP fraction. Microtubules
alone consist of 110 kDa of unique sequence and give rise to spectral overlap, even
without the added complexity of additional protein. In the presence of MAPs, substantial
protein coverage of microtubules was achieved with a high degree of redundancy, or the
number of times a residue is represented by a peptide, as illustrated in the sequence plot
(Figure 3.15).
The dynamics of doubly-stabilized (Taxotere and GMPCPP) microtubules are
marginally perturbed under the influence of saturating MAPs. It was not expected to see
any dramatic changes to the microtubule dynamics as previous studies have illustrated the
sturdiness of these microtubules [45, 74]. What was surprising to see were
destabilizations on the microtubule when the MAP fraction elicits a stabilizing effect
leading to microtubule polymerization. It was concluded that the MAP fraction is
attempting to induce a different state of microtubule stabilization, relative to the doublystabilized state, resulting in the apparent destabilization. It is noteworthy that the
destabilizations are most apparent in the longitudinal contacts in the intradimer interface,
and not contacts necessarily stabilized by Taxotere [74]. Future studies are necessary to
identify the specific MAPs eliciting the apparent destabilizations as well as the use of

114

drug-free microtubules, now that a means of studying microtubules in a complex
environment is possible.
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Chapter Four: Advances in HX-MS applied to study MCAK-driven microtubule
depolymerization 3
4.1 Introduction
Kinesins are a family of proteins that bind microtubules and use energy from ATP
hydrolysis to produce mechanical work. Most kinesins function to transport cargo by
walking along the microtubule lattice in a directional manner, but some act as
microtubule (MT) depolymerases in support of cellular processes including mitosis [149,
237, 238], ciliogenesis [239], and axonal development [240]. These depolymerases
diffuse to MT ends, where they can induce microtubule depolymerization and removal of
tubulin dimers [152, 160, 241]. Kif2C is the archetypal depolymerizer of the wider
kinesin-13 family, which includes Kif2A, Kif2B, Kif24, but members of Kinesin 8 and
Kinesin 14 families may also be depolymerizers [144-146]. Kif2C, which is more
commonly referred to as MCAK (mitotic centromere-associated kinesin), can diffuse on
the MT lattice to both the plus and minus ends of MTs, and at both ends it undergoes a
conformational transition that ultimately leads to the depolymerization event [241].
MCAK is composed of a kinesin motor domain and a class-specific neck, set
within two termini containing varying degrees of structural disorder [147]. The position
truncation (residues 186-583) represents a minimal functional unit for MT engagement,
____________________
3

Portions of this chapter are adapted from the published manuscript: Burns, K.M.;
Wagenbach, M.; Wordeman, L.; Schriemer, D.C. Nucleotide Exchange in Dimeric
MCAK Induces Longitudinal and Lateral Stress at Microtubule Ends to Support
Depolymerization. Structure. 22(8) 1173-1183, copyright (2014), with permission from
Elsevier. My contributions to this work included the collection, analysis and
interpretation of all biochemical and HX-MS experiments and the composition of the
manuscript.
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diffusion and depolymerization [164, 170]. Within the catalytic motor domain, MCAK
presents a class-specific KVD finger that engages the lattice near the -tubulin side of the
interdimer interface, along with an 4 helix that sits within the intradimer interface and
an L8 loop that engages the -tubulin near the interdimer interface. The picture is one
where the kinesin NM spans the length of the tubulin dimer, but can only effectively bind
when a curved tubulin state is either encountered or induced at MT ends [160, 242]. The
preference for a curved state is evidenced by the formation of higher-order structures
such as curved protofilaments, protofilament rings and spirals [242-246].
The mechanism of depolymerization and the role of the motor domain have
received careful study using a variety of biophysical methods. Structural insights have
emerged mostly from monomeric NM truncations, but the full-length protein functions as
a dimer. The dimer binds much more slowly to the MT lattice than a monomer, and
although its diffusion coefficient is similar to that of the NM, it is a more efficient
depolymerase and it has higher specificity for MT ends [163, 165, 169, 247]. The
combined evidence for the depolymerization cycle suggests a model wherein the initial
step involves an ATP-bound MCAK dimer engaging the MT lattice, followed by latticeinduced hydrolysis and initiation of MCAK diffusion. When ADP-MCAK reaches the
MT plus end the rate of nucleotide exchange is accelerated, which is coincident with the
depolymerization event.
The diffusive state of the MCAK dimer is thought to exist in an “open”
conformation, and the depolymerizing transition state in a “closed” conformation [168].
This is unusual for a kinesin. Conventional kinesins possess an ATP-bound closed state
where the intrinsically-disordered tail inhibits ATPase activity until cargo engagement,
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followed by hydrolysis and movement [248, 249]. For MCAK the ATP-bound closed
form is actually the active state, at least at the MT ends, where exchange into an ATPbound form, not hydrolysis, drives motor activity.
There are questions generated by these recent explorations of MCAK mechanisms.
What are the conformational states, and the role of nucleotide exchange in transitioning
between them? Do the conformational cues that permit an ATP-bound dimeric state to
become an open diffusive state arise from hydrolysis, or from lattice engagement? What
are the specific effects of these states on the depolymerization process, and their
relationship to the dimeric status of MCAK? There appear to be roles for the N-terminal
tail (NT) and the C terminal tail (CT) in regulating dimer status and MCAK function
[166, 167, 180, 250, 251] but the lack of structural data for these disordered domains has
made it difficult to resolve the influence of one over the other. A recent FRET study
suggests that the conformational transition is a complex one, requiring further structurefunction studies using techniques that can probe the dimeric state in free and bound form
[168]. In this study, we used a high-capacity 2D hydrogen/deuterium exchange mass
spectrometry method (HX-MS2), together with electron microscopy to address these
questions. We determine the impact of nucleotide exchange on the MCAK dimer
conformation, and present evidence suggesting that the dimer spans two adjacent
protofilaments and aids in depolymerization by imparting an additional lateral strain on
the lattice, regulated by nucleotide exchange.
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4.2 Experimental Procedures
4.2.1 Protein expression and purification
His-tagged MCAK constructs (FL-MCAK, NM-MCAK, and EGFP-NM-MCAK)
were expressed using a baculovirus expression system previously described [252].
Briefly, High5 cells were grown in a mixed media containing 50:50 Max-XP serum-free
insect cell medium and TNM-FH insect medium (BD Bioscience). Cells (1x106/mL)
were inoculated with baculovirus and incubated at 27 °C for 2 days. Cells were pelleted
and resuspended in lysis buffer (300 mM KCl, 20 mM imidazole, 1 mM MgCl, 10 %
glycerol, 3 mM BME, 50 mM ATP, 1 % Igapal, PMSF, and protease inhibitors (Roche),
pH 7). Cells were lysed using a French press and clarified at 42,000 RMP at 4 °C, 45min.
The supernatant was retained and protein was purified using Ni-NTA agarose resin
(Qiagen). Purified protein was frozen in liquid nitrogen and stored at -80 °C.
4.2.2 Protein digestion optimization
Protein digestion was optimized using procedures amenable for HX-MS
experiments (short gradient, low temperatures, brief digestion) using a slurry-based
digestion with immobilized pepsin, a column digestion packed with immobilized pepsin,
and solution-based digestion with purified nepenthesin [53]. MCAK constructs were
thawed and 5 µM samples were prepared in assembly buffer (10 mM K-PIPES, 100 mM
KCl, 1 mM EGTA, 1 mM MgCl2, pH 6.8) containing 2 mM nucleotide, held on ice until
analysis. Purified bovine brain tubulin (Cytoskeleton Inc.) was reconstituted in ice-cold
assembly buffer + 1 mM GMPCPP (Jena Bioscience) and 50 µM docetaxel (Sigma).
Microtubules were formed through two successive rounds of polymerization at 37 °C.
MCAK or microtubules were digested separately using the above three digestion
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procedures. For the slurry pepsin digestion, immobilized pepsin (Thermo) was prepared
by washing three times in 100 mM glycine, pH 2.35 and held on ice. Proteins were added
to the immobilized pepsin slurry and digested for 3 minutes on ice with periodic gentle
agitation. The digestion was quenched upon centrifugation and the supernatant was
injected for sequencing. For on-column pepsin digestion, the digestion cell was prepared
using a 2.4 cm, 200 µm i.d. fused silica packed with Poroszyme immobilized pepsin
(Applied Biosystems). The digestion cell was inserted in-line prior to the trap column. 15
pmol protein diluted in 100 mM glycine, pH 2.35 was injected and digested in the
digestion cell at 5 µL/min. For the nepenthesin solution digestion, nepenthesin was
diluted in 100 mM glycine, pH 2.35, and held at 10 °C. Protein was added to the
nepenthesin solution, digested for 2.5 minutes, and injected directly. In all digestion
methods, peptides were trapped on a 250 μm × 24 mm C18 trap column and separated on
a 200 μm ID × 70 mm Magic C18 (Michrom Bioresources) column prepared in-house. A
two-step 10 min 15-25-40 % acetonitrile with 0.1 % formic acid gradient was used.
The mass spec was operated in data-dependent acquisition, using settings guided
by [200]. The mass spectrometer was operated in +ESI mode with a scan range of m/z
300-1250. Accumulation time was 250 ms for MS scans and 100 ms for MS2 scans.
MS/MS spectra were obtained via six recursive acquisitions to maximize the number of
features (characterized by m/z, charge, and RT) to be detected. Spectra were searched
against a customized database designed for tubulin [74] with the addition of MCAK,
using MASCOT. A peptide score cutoff was applied where the probability that the
observed match is a random event is less than 0.05, indicating peptide identification.
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4.2.3 Nucleotide HX-MS
4.2.3.1 HX-MS sample preparation
MCAK constructs were thawed and 5 µM samples were prepared in assembly
buffer (10 mM K-PIPES, 100 mM KCl, 1 mM EGTA, 1 mM MgCl2, pH 6.8) containing
2 mM nucleotide, held on ice until analysis. ATP, ADP (Sigma) and AMPPNP (Jena
Bioscience) were used. Deuterium labeling was conducted by incubating 2.5 µM MCAK
in 30 % D2O (v/v)(Sigma) in assembly buffer + nucleotide for a given time at 25 °C.
Kinetic analysis was done on EGFP-NM-MCAK for 10, 30, 100, 300, and 1000 seconds,
whereas the other constructs (NM-MCAK and FL-MCAK) were labeled for 300 seconds.
Labeling was quenched and digestion conducted at 10 °C for 2.5 minutes by addition 8
µL of Nepenthesin [53], 100 mM glycine-HCl, pH 2.35. The sample was injected into an
LC-MS system for analysis.
4.2.3.2 Mass shift analysis
The LC system consisted of an Ekisigent Ultra 2D pump and AB Sciex Triple
TOF 5600 for analysis, operated either in a conventional HX-MS configuration for
individual proteins or in a data-independent acquisition mode for higher density data
(HX-MS2), for protein complexes. Peptides were trapped on a 250 μm × 24 mm C18 trap
column and separated on a 200 μm ID × 70 mm C18 column prepared in-house. A twostep 10 min 15-25-40 % acetonitrile with 0.1 % formic acid gradient was used to separate
peptides while minimizing back-exchange. The mass spectrometer was operated in +ESI
mode with a scan range of m/z 300-1000 for HX-MS. For the HX-MS2 experiments, data
was acquired in SWATH mode, using variable-sized bins from m/z 300-1000.
Accumulation time was 250 ms for MS scans and 100 ms for MS2 scans for a cycle time
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of 2.4 s. Average deuterium incorporation was determined using Mass Spec Studio [253],
at the peptide and the peptide fragment level as required. No back-exchange correction
was applied. Standard deviations were determined by quadruplicate analysis of MCAK in
each nucleotide state, on a per peptide basis. Differential labeling between nucleotide
states was reported as significant if it passed two criteria: a pooled two-tailed t test (P <
0.05) and a deuterium differential of two standard deviations of the insignificant data.
Peptides exhibiting significant differential deuteration were rendered using Pymol
(http://pymol.sourceforge.net ) on a modified structure of PDB: 1V8K, created using ITASSER [254, 255] to fill in the loops.
4.2.4 MT lattice HX-MS
4.2.4.1 HX-MS sample preparation
Purified bovine brain tubulin (Cytoskeleton Inc.) was reconstituted in ice-cold
assembly buffer + 1 mM GMPCPP (Jena Bioscience) and 50 µM docetaxel (Sigma).
Microtubules were formed through two successive rounds of polymerization at 37 °C.
Microtubules were diluted to 7 µM and kept at 37 °C. MCAK constructs were diluted to
8 µM in assembly buffer + 1 mM ATP and kept on ice. For each run, MCAK was added
to microtubules and incubated at 37 °C for 10 minutes to allow MCAK binding.
Microtubules with bound MCAK were pelleted and excess MCAK and non-polymerized
tubulin in the supernatant were completely removed. The pellet was gently resuspended
in D2O (35 % v/v) in assembly buffer + 1 mM ATP and labeled for a given time. Kinetic
analysis of FL-MCAK on the microtubule lattice was done using labeling times of 30,
120, 300, 600, and 1800 seconds whereas the other constructs were labeled for 300
seconds. Labeling was quenched and digestion conducted at 10 °C for 2.5 minutes by
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addition 12 µL of Nepenthesin, 100 mM glycine-HCl, 4 mM CaCl2, pH 2.35 (equivalent
to 25 ng of pepsin activity). The sample was injected into an LC-MS system for analysis.
SDS-PAGE and turbidity analysis were conducted to confirm MCAK/microtubule
complex formation and MCAK activity.
4.2.4.2 EM imaging
Microtubules and MCAK-bound microtubules were prepared for EM imaging to
depict microtubule lattice characteristics, using procedures described by [256]. A 0.15
mg/mL sample of microtubules was used to adsorb microtubules to glow-discharged
carbon-coated copper grids and stained with 1% uranyl acetate. MCAK (0.15 mg/mL)
was incubated with microtubules at 37 °C for 10 minutes prior to adsorption and staining.
Microtubules were imaged on a FEI Technai20 TEM at the Microscopy and Imaging
Facility (University of Calgary).
4.2.4.3 Turbidimetric analysis
Microtubule turbidity was observed using a Molecular Devices FilterMax F5
spectrophotometer installed with a 340 nm filter. A 396-well plate was used to minimize
the volume of microtubules required to obtain sufficient signal. The unit was temperature
controlled at 37 °C. Doubly stabilized microtubules (10 µM) were added to 1 mM ATP
and 6 µM MCAK in assembly buffer. Scans were taken every 20 s for 90 minutes.
4.2.4.4 Mass shift analysis
Peptide differential labeling and statistical analysis was done as described above.
Significant peptides from MCAK were rendered on the modified structure of 1V8K
whereas different structures were used for microtubules to represent the different states,
including PDB: 1JFF, 3J2U, 4HNA, and 2XRP.
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4.2.5 Protein feature identification
Digestion of each protein was optimized to obtain maximum peptide-level
sequence coverage. Conditions for H/DX-MS analysis were maintained including 10 °C
digestion, 4 °C LC fluidics, and short gradient. The mass spec was operated in datadependent acquisition, using settings guided by [200]. MS/MS spectra were obtained via
six recursive acquisitions to maximize the number of features (characterized by m/z,
charge, and RT) to be detected. Spectra were searched against a customized database
designed for tubulin [74] with the addition of MCAK, using MASCOT. The impact of
microtubule formation and MCAK binding on digestion and feature detection was
validated.

4.3 Results
4.3.1 Protein digestion
Digestion of MCAK and microtubules was evaluated based on the resulting
number of identified peptides and protein coverage, as per a Mascot identification
strategy. Conditions for digestion were maintained to be amenable for HX-MS
experiments, primarily to minimize back-exchange. This included digestion under cold
and acidic (pH 2.35) conditions for a minimal amount of time. The application of the
immobilized pepsin for the slurry digestion of microtubules had been optimized
previously [45] and was used as a benchmark for evaluating digestion. These conditions
were adjusted for the digestion of MCAK, by increasing the digestion time to 3 minutes.
The slurry digest of MCAK results in 116 peptides representing 64 % protein coverage
(Figure 4.1A). Additional charge states of a given peptide were not included. Digestion
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Figure 4.1. MCAK feature maps from protease digestion.
Feature maps generated by protease digestion of MCAK under conditions amenable to
HX-MS, acquired by DDA, and identified using Mascot. Digestion procedures involved
(A) slurry digestion with Pepsin, (B) on-column digestion with Pepsin, and (C) insolution digestion with Nepenthesin.
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using the immobilized pepsin in the digestion cell raised the number of identified
peptides up to 172 as well as protein coverage to 84 % (Figure 4.1B). In-solution
digestion using nepenthesin required digestion at 10 °C, but digestion time was able to be
reduced to 2.5 minutes. Digestion with Nepenthesin results in 360 peptide identifications
while slightly reducing protein coverage to 76 % (Figure 4.1C). The increase in the
number of identifications improves the quality of protein coverage by increasing the
degree of overlap at the peptide level.
In all three methods of digestion, the C-terminal tail of MCAK (residues 621-718)
is left undetected. This region of MCAK is also undetected in other constructs, including
the N-MCAK (186-718). A tryptic digestion of MCAK reveals that the C-terminal tail
is present but remains difficult to detect following digestion with aspartic proteases
(Figure 4.2).
A comparison of the identified MCAK peptides from each digestion shows that
Nepenthesin digestion is very different from that of pepsin – either slurry or column
digestion (Figure 4.3). Only 32 peptides are shared between Nepenthesin and pepsin,
while 350 peptides are unique to nepenthesin. The two methods of pepsin digestion both
identify unique peptides but they share a large proportion of peptides as well.
The same trend is observed for microtubules digested by Nepenthesin and slurry
pepsin. Protein coverage remains the same but the degree of overlap is improved. In order
to improve the digestion of microtubules, CaCl2 was added which has been shown to
promote rapid depolymerization of microtubules. Addition of CaCL2 does alter the
identifications (Figure 4.4), but the depolymerization assists experimentally by reducing
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Figure 4.2. Feature map of MCAK by tryptic digestion.
Feature map generated by solution digestion of MCAK using trypsin, acquired by DDA,
and identified by Mascot.
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Figure 4.3. Digestion comparison.
Using the feature identifications from Figure 4.1, the identifications were compared for
Nepenthesin, slurry pepsin, and on-column pepsin digestion of MCAK.
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Figure 4.4. Optimization of microtubule digestion by Nepenthesin.
Doubly stabilized microtubules were digested in the presence of CaCl2, acquired by
DDA, and identified using Mascot.
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blockages in the microfluidic system. Unfortunately, the column digestion using pepsin is
not applicable for microtubules, given undigested tubulin polymer still quickly clogs the
pepsin column as well as the 1 µm frit prior to the column. This occurs even after
exposure to CaCl2 in the quench solution.
4.3.2 Nucleotide exchange drives a conformational transition in the MCAK dimer
To determine if the MT lattice is needed to drive a conformational transition from
the closed to the open state, we first explored the effect of nucleotide exchange on the
hydrogen/deuterium exchange (HX) kinetics in localized regions of the MCAK dimer
structure. A novel bottom-up HX-MS method operated in a tandem mass spectrometry
mode was applied to a series of MCAK constructs and under a range of nucleotide
occupancy conditions (Figure 4.5A,B). Sequence coverage ranged from 64% to 96%
depending on the construct (Figure 4.6). The weakest coverage was in both the NT and
the CT for FL, likely due to extensive digestion of the unstructured regions under HX
conditions (Figure 4.5B,C) and a bias against small peptides (<5 residues) in the LCMS2 method. Nevertheless, coverage was sufficient in all subdomains (except the CT,
residues 620-718) to determine if conformational transitions occur upon nucleotide
exchange. The first set of experiments was designed to select conditions for a sensitive
comparison of protein constructs in different nucleotide occupancy conditions. Here, a
kinetics analysis of deuterium labeling was applied to EGFP-NM in both ADP and ATPbound states over a labeling period of 10-1000 seconds, to determine a maximallydiscriminating labeling time-point for the pairwise analysis of states for all constructs
(Figure 4.7). A labeling time of 300 seconds was chosen for the states presented in
Figure 4.5B, based on these results.
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Figure 4.5. MCAK constructs for HX-MS analysis.
(A) Simplified primary structure of MCAK constructs used in this study. (B) Proteins and
complexes analyzed by HX-MS2 and electron microscopy. (C) Structure of the modeled
NM domains of MCAK, oriented with the proposed MT binding surface facing the
viewer and with the plus-end to the right. Structure based on PDB 1V8K as modified by
I-Tasser (Roy et al., 2010; Zhang, 2008) to reconstruct missing loops. Purple – Neck
domain. Green, motor domain. Yellow - AMPPNP. Poorly structured regions are
illustrated as boxes: orange border = N-terminal domain (1-185), purple border = Neck
(186-222), blue border = C-terminal domain (584-718). (D) Disorder plot for MCAK
(residues 1-718) (UniProt P70096) using PONDR [257-259]. Sequence coverage maps
for all constructs tested by HX can be found in Figure 4.6.
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Figure 4.6. Feature maps of MCAK constructs for HX-MS.
(A) MCAK-FL (1-718). (B) MCAK-NM (186-583). (C) EGFP-MCAK-NM (186-583)
[EGFP sequence not shown]. (D) MCAK-FL (1-718) in the presence of microtubules. (E)
MCAK-NM(186-583) in the presence of microtubules (F) -tubulin in the presence of
MCAK. (G) -tubulin in the presence of MCAK. (H) ΔNT-MCAK (186-718). (I) ΔCTMCAK (1-583). Regions lacking peptide coverage are illustrated in black on the model.
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Figure 4.7. Kinetic labeling analysis of EGFP-MCAK-NM in the ATP and ADP
states.
Labeling time points conducted at 10, 30, 100, 300, and 1000 seconds. Kinetic plots of
three peptides representing the putative tubulin binding site are shown in cyan, pink, and
green. The pairwise Δdeuterium plot is shown for the 300 second labeling time-point.
This labeling time was selected as maximally discriminating for all subsequent pairwise
analyses of free MCAK constructs (i.e. not bound to tubulin). Structural representation
for MCAK NM uses the modified form of PDB 1V8K as in the main text.
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Figure 4.8A shows that conformational transitions can be induced in the fulllength MCAK dimer simply by exchanging nucleotide in the motor domain. ADP
destabilizes the neck and the NT, relative to ATP. The motor domain experiences a
mixed effect, with some additional destabilization observed (the KVD finger, the α2
helices and the 5 helix), and some stabilizations (proximal end of the neck, the 4
helix). These perturbations span elements of the tubulin binding surface. Together these
data indicate that nucleotide status alone can influence neck/NT dynamics and tubulin
interactions.
To determine if the response to nucleotide exchange is dimer dependent, we
performed the same analysis on the monomeric NM construct. Very different results were
obtained. Comparing the shared regions between NM and FL in the ATP state reveals
that the dimer is far more stable than NM (Figure 4.8B), particularly in the proximal
region of the neck and the 4 helix (a primary element of the tubulin binding surface).
The high stability of the ATP-bound dimer is not a phenomenon that can be simply
attributed to a generic stabilizing presence of an extra domain, rather the stability results
from specific monomer-monomer interactions. For example, the presence of EGFP only
imparted a modest stabilization of NM. It was of a much lower magnitude, in different
regions of structure, and only in the ADP state (Figure 4.9). Taken together, the ATPbound dimer exists in a very stable conformation that becomes regionally perturbed upon
transition to the ADP form. These findings are consistent with a transition to an open
state upon hydrolysis [168] and provide insight on the nature of this transition.
Conformational changes upon hydrolysis include a dislocation of the neck and the NT,
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Figure 4.8. Effect of nucleotide exchange and dimerization on MCAK
conformation..
(A) Structural map of the altered deuteration for FL (ADP-ATP) and the associated
sequence plot of the deuteration data. Blue refers to an ADP state that is more stable than
an ATP state. Red is an ADP state that is less stable than an ATP state. (B) Structural
map of the altered deuteration for ATP-bound FL and ATP-bound NM in regions of
common sequence, and the associated sequence plot of the deuteration data. Blue refers
to an NM state that is more stable than FL. Red is an NM state that is less stable than FL.
Structures and associated plots share the same color code. Horizontal lines in sequence
plots denote ± 2 SD cutoff based on noise in the ΔD measurements and grey segments
represent peptides with p values > 0.05. Positions of the segments indicate location of
peptides in MCAK sequence. All structural illustrations on the modified PDB 1V8K.
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Figure 4.9. Conformational analysis of additional MCAK constructs..
(A) Sequence plot of the deuteration data for NM (ADP) referenced to NM (ATP). Blue
represents regions in the NM (ATP) state that are less stable than the NM (ADP) state,
and red is the opposite. (B) Sequence plot of the deuteration data for EGFP-tagged NM
(ATP) referenced to NM (ATP). (C) Sequence plot of the deuteration data for EGFPtagged NM (ADP) referenced to NM (ADP). In (B) and (C), blue is a NM-MCAK state
that is less stable than EGFP-tagged NM-MCAK and red is a NM-MCAK state that is
more stable than EGFP-tagged NM-MCAK. Horizontal lines in sequence plots denote ±
2 SD cutoff based on noise in the Δ D measurements and grey segments represent
peptides with p values > 0.05. Positions of the segments indicate location of peptides in
MCAK sequence.
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and a conformational relaxation of the motor domain. Unfortunately, lack of coverage for
the CT prevents us from determining the effect of hydrolysis on this region of structure.
In addition to the natural nucleotides, the commonly used non-hydrolysable
analogue of ATP, AMPPNP (adenosine 5′-(β,γ-imido)triphosphate), and fluorescent
Mant-labeled nucleotides were also tested in the NM and FL constructs to determine their
effect on protein dynamics of MCAK. Differential analysis of MCAK between AMPPNP
and ADP states revealed similar results to those found between ATP and ADP described
above. A greater overall stabilization upon “hydrolysis” occurs upon substitution with
AMPPNP in NM with the exception of a destabilized region in the neck (Figure 4.10A).
This may suggest that the MCAK-AMPPNP state is more dynamic than the ATP state,
and will see a greater level of stabilization upon hydrolysis. Substitution with AMPPNP
in the MCAK-FL construct resulted in suppressed effects following hydrolysis, although
the KVD finger and a portion of the neck still express a destabilization (Figure 4.10B).
Interestingly, the N-terminus no longer shows the same destabilization that was observed
in the native nucleotides. These results can also support the idea that AMPPNP may
populate an intermediary state somewhere between the open and closed configurations
[243]. The Mant-labeled nucleotides were used to construct the MCAK cycling model
presented by Friel and Howard [260]. Unfortunately Mant-ADP and ATP interacted with
the C18 column too strongly and removal of the nucleotide prior to injection resulted in
poor peptide detection.
4.3.3 Stabilized MTs capture the transitional depolymerized state induced by MCAK
We next sought to determine how the dimeric state influences MT
depolymerization. The continuous labeling method used for HX requires an equilibrated
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Figure 4.10. Conformational analysis of non-hydrolysable AMPPNP.
Structural map of the altered deuteration for (A) NM (ADP-AMPPNP) and the associated
sequence plot of the deuteration data, and (B) FL (ADP-AMPPNP) and the associated
sequence plot of the deuteration data. Blue refers to an ADP state that is more stable than
an AMPPNP state. Red is an ADP state that is less stable than an AMPPNP state.
Structures and associated plots share the same color code. Horizontal lines in sequence
plots denote ± 2 SD cutoff based on noise in the ΔD measurements and grey segments
represent peptides with p values > 0.05. Positions of the segments indicate location of
peptides in MCAK sequence. All structural illustrations on the modified PDB 1V8K.
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population of interacting proteins, with low amounts of excess free protein states. The
ATP-bound MCAK dimer will rapidly depolymerize MTs at their ends, so we developed
an isolation strategy designed to capture the depolymerizing MT ends, for both EM and
HX analysis.
First, MT depolymerizing activity was confirmed for the MCAK constructs under
conditions amenable to the HX workflow (Figure 4.11). MTs were then additionally
stabilized with docetaxel, until near-stoichiometric amounts of MCAK were required to
induce a strong and rapid increase in opacity as shown using a turbidometric analysis
(Figure 4.12A). A rapid increase in light scattering was observed upon addition of either
NM or FL to prestabilized MTs, but the FL response included a slower rate of increase
that suggests an additional, slower aggregation process. In either case, maximal scattering
was followed by a weak decrease in scattering efficiency. These findings suggest the
formation of an MCAK-MT bound state, which we explored further by sedimentation
and SDS-PAGE (Figure 4.12B). High levels of MCAK were co-sedimented with MTs
for both constructs. The decrease in scattering observed with either NM-MT or FL-MT
represents either a slow depolymerization of MTs, disaggregation of the MCAK-bound
state, or both. However, this decrease is modest. We selected a 30 minute window,
beginning at 10 minutes post-addition of MCAK to MTs, as reflecting a steady-state
condition suitable for EM and HX.
EM confirmed the expected morphology for doubly-stabilized MT (Figure
4.12C) and revealed the successful capture of MCAK-induced depolymerization events
(Figure 4.12D,E). For both constructs, spirals around the residual MTs were observed,
consistent with the generation of kinesin-induced windings of sheared MT protofilaments
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Figure 4.11. MCAK-induced depolymerization.
GMPCPP-stabilized microtubules were pre-formed and depolymerized with 250 nM for
the MCAK constructs specified and the effect on opacity monitored over a 1-hour
timeframe.
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Figure 4.12. MCAK-induced MT depolymerization and capture on an MT template.
(A) Turbidometric analysis of GMPCPP and docetaxel-stabilized microtubules using
either NM or FL. (B) Binding analysis by co-sedimentation for FL and NM with MT.
Pre-formed MTs were incubated with MCAK constructs and isolated by centrifugation.
Pellet and supernatant fractions were analyzed by SDS-PAGE. BSA was used as a
control to demonstrate removal of supernatant. (C-E) EM images of doubly stabilized
MTs (C) bound to NM (D), or to FL (E) in the presence of ATP. Bar = 200 nm, insert
bar = 50 nm.
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that were previously reported [242-245]. The FL-MT state generates a much more
organized assembly than the NM-MT state, with windings that are thicker and with more
repeats. Extensive MT bundling is observed only in the FL-MT state. The dimensions of
the windings in the FL-MT state are such that bundling could form by the meshing of one
FL-MT construct with one or more additional constructs, like a collection of worm gears
(inset, Figure 4.12E). The textured nature of the MT bundles support this idea, although
there are occasional bundling events that present a smooth appearance. Approximate
measures of repeat lengths, winding widths and thicknesses are shown in Table 4.1.
These captured depolymerized states cannot be formed by the EGFP-fusion proteins.
Treatment with an EGFP-MCAK construct produced single MTs with poorly defined
MCAK binding patterns, and no observable spirals on the MT lattice. Additional EM
images of captured states are provided (Figure 4.13).
The stabilized MTs are thus an effective template for the capture and organization
of depolymerized tubulin dimers. The high MCAK loads used for generating these
constructs may counteract the stabilization imparted by GMPCCP and docetaxel, or
simply depolymerize that MT fraction that does not bind both stabilizers fully.
Regardless, the templated helical structures are stable for a considerable period of time
(Figure 4.12A), and the slow phase of aggregation seen in the turbidometric data for FLMT likely represents the onset of bundling. Recent cryoEM studies of the NM construct
suggest that the helical structures form through a secondary electrostatic tubulin binding
site on MCAK [246], engaging the outer surface of the MT template and positioning a
depolymerized protofilament with the luminal surface of tubulin exposed, as would be
expected for a captured outwardly-peeling protofilament. These stable NM-MT and FL151

Table 4.1. Microtubule complex morphologies

MT
NT-MT
FL-MT
EGFP-MT
NT-MT
CT-MT

Windingsa

Thickness
(nm)

Repeat
(nm)

Gap
(nm)

++
+++
+
+++

31(3)
52(6)
69(5)
32(5)
69.9(6)
70.8(4)

77(11)
80(8)
74(10)

42(8)
50(6)
40(7)

Winding
width
(nm)
23(7)
24(3) /
15(1)

Bundlingb

+
+++ (1)
+++ (2)
-

All measurement reported as value(standard deviation).
a
Prevalence of windings, whether organized or not, coarsely scaled at the extremes
as +++ (high) and – (none).
b
Evidence of bundling coarsely scaled at the extremes as +++ (high) and – (none). Type 1 represents
predominant bundling of the interdigitation variety. Type 2 represents bundling smooth, featureless
bundling.
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Figure 4.13. EM images of spirals and bundles.
(A-E) Microtubules with FL, illustrating variety in spiral handedness, pitch, degree of
and type of bundling, and degree of MCAK occupancy. Left-handed helices are most
abundant, by a ratio of 13:2. (F) Microtubules with N-terminal EGFP-FL. Bar = 200 nm.
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MT states provided us with the opportunity to collect HX conformational data, to test if
the captured protofilaments are representative of an outwardly curved state, and to study
the effect of MCAK dimerization on depolymerization. We profiled the ATP-bound
forms only, since nucleotide exchange into the ATP state at the MT ends drives
depolymerization [260]. The ADP-bound states do not generate these unique constructs
(data not shown).
4.3.4 Neck release and NT structuring accompany depolymerization.
The influence of the NT and CT were first explored by comparing the HX results
for the NM-MT state with a similar analysis of the FL-MT state. The presence of the MT
template slightly reduced the sequence coverage for each of the MCAK constructs,
however it was sufficient for the study: the map of NM covers 88.6% of sequence and
the map of FL covers 54.0% (Figure 4.6). Again, the coverage of FL is lower primarily
due to the poor coverage of the CT. A kinetic labeling analysis showed that the 300
second time-point was maximally discriminating for differences in deuteration between
the states (data not shown).
Upon depolymerization and capture, both MCAK constructs become strongly
stabilized in almost the entire motor domain (Figure 4.14A,B), consistent with
interactions between the MT binding surface of the motor and the bent -tubulin state.
Additional stabilization is likely also imparted through the secondary binding site to the
templating MT surface [246]. Interestingly, NM releases the distal portion of the neck
upon depolymerization and capture (Figure 4.14A). The only other destabilizations are in
part of the core -sheet and the C-terminal end of the motor, but these are comparatively
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Figure 4.14. Conformational analysis of captured MCAK-tubulin.,
(A) Structural map of the altered deuteration in NM when captured on the MT template,
and the associated sequence plot of the deuteration data. (B) Structural map of the altered
deuteration of FL when captured on the MT template, and the associated sequence plot of
the deuteration data. All forms in the ATP-bound state. Structures and associated plots
share the same color code. Blue highlights regions of stabilization in MCAK in the bound
form. Red highlights regions of destabilization in MCAK in the bound form. Horizontal
lines in sequence plots denote ± 2 SD cutoff based on noise in the ΔD measurements and
grey segments represent peptides with p values > 0.05. Positions of the segments indicate
location of peptides in MCAK sequence. All structural illustrations on modified PDB:
1V8K.
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weak. We do not observe a destabilization of the neck in the HX data for the captured FL,
perhaps only because the coverage of this end is lost, but we do see a strong stabilization
across the entire NT (Figure 4.14B). The NT clearly undergoes a structural transition to a
more stable state during depolymerization. Together with the observations in the NM
construct, it suggests that a conformational change in the NT accompanies the
depolymerization process, induced by a conformational dislocation in at least a portion of
neck. We note in passing the near-reciprocal relationship in the HX data for NM in the
complex (Figure 4.14A) and NM compared to FL (Figure 4.8B). It indicates that
dimerization generates a NM stabilization very similar to that achieved in a fully trapped
state, and further highlights the high stability of the ATP-bound dimer.
4.3.5 The depolymerized protofilament is outwardly curved and exposes M loops for
bundling.
The same HX datasets were mined to determine the conformational states of the
captured tubulin protofilaments. The sequence map used for analysis provides 91%
coverage for α-tubulin and 85% coverage for β-tubulin (Figure 4.6). The largest gaps in
coverage correspond to helix H12 on both tubulin monomers, as we saw in other studies
[45, 74]. The protofilament spiral model suggested by Tan, et al. 2006 [244] and
supported by the EM images in Figure 4.12 implies that two populations of tubulin
conformers exist. As a result, tubulin in the MT template should have different HX
properties than tubulin within the captured protofilaments. However, typical centroid HX
measurements will reflect an average of both exchange states. We reasoned that the
underlying doubly-stabilized MT template would not undergo conformational changes
sufficient to generate an exchange profile different than the doubly-stabilized MT control.
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We base this assumption on our previous studies demonstrating the high degree of
protection from exchange in the assembled and drug-stabilized state [45], and the EM
data showing that the underlying MT template is intact and buried within the windings.
The HX data show tubulin perturbations in both the NM and FL states (Figure
4.15). This allowed us to confirm the presence of a two-state exchange environment in
the perturbed tubulin peptides. These peptides gave evidence of bimodal isotopic
distributions, consistent with a two state model [58]. We confirmed this with repeat
experiments using higher percentages of D2O in the labeling step, and could demonstrate
the existence of exchange profiles that matched that of the MT control alone (Table 4.2
and Table 4.3). We therefore sorted tubulin perturbations as follows: differences
between the straight MT template (the control) and the MCAK/MT complexes were
attributed to the spiral tubulin, except if we observed changes at the known MCAK
binding surface – these were attributed to the MT template. Perturbations were mapped to
structural representations from [242] using this sorting scheme (Figure 4.16A,B). In
contrast, we mapped the HX data in a naïve fashion to all tubulin forms (Figure 4.15). It
highlights that the sorting exercise leads to a reasonable endpoint. Without sorting, strong
longitudinal destabilizations would be applied to the MT template, which is not
consistent with the stable structures observed in the EM images. All interpretations are
therefore based on the sorted data.
Both MCAK constructs destabilize the tubulin interdimer (e.g αH7-loop and
αloop-S8-H10) and intradimer (e.g. βH7-loop) interfaces, consistent with the exposure of
the luminal surface of polymerized tubulin arising from an outwardly curved state
(Figure 4.16). However, FL-MT induces additional strong stabilizations in regions
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Figure 4.15. Differential HX-MS of the protofilament windings around the MT
lattice template, in the MCAK-microtubule interaction states, with unsorted
labeling.
(A) Sequence plot of the deuteration data for -tubulin (left) and -tubulin (right)
resulting from the comparison of tubulin in the NM-MT constructs with tubulin in the
stabilized MT template. (B) Sequence plot of the deuteration data for -tubulin (left) and
-tubulin (right) resulting from the comparison of tubulin in the FL-MT constructs with
tubulin in the stabilized MT template. Blue represents tubulin stabilization and red
represents tubulin destabilization upon complexation with MCAK. Horizontal lines in
sequence plots denote ± 2 SD cutoff based on noise in the Δ D measurements and grey
segments represent peptides with p values > 0.05. Positions of the segments indicate
location of peptides in tubulin sequence. Effect of NM (C) and FL (D) on the
depolymerization of MT, captured on the MT template, with deuteration data overlaid
without recourse to the data-sorting strategy described in the main text. View is from the
minus-end of a 13-protofilament MT lattice. Spiral structural model of a single
protofilament winding around an MT template was assembled from an alignment and
superposition of PDB 2XRP, 3J2U, and a modified 1V8K. α-tubulin is shown in dark
grey, β-tubulin in light grey, and MCAK in light green. Blue refers to stabilization in the
bound state, and red is destabilization in the bound state.
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Table 4.2. Evidence of mixed exchange states in the MT-NM complex.
Start-Stop

Fit Score
(MT+NM)
[Avg (SD)]

Fit Score
(MT)
[Avg (SD)]

p value

α 206 - 211
α 243 - 248
α 243 - 251
α 296 - 304
α 317 - 325
α 318 - 325
α 319 - 336
β 204 - 209
β 232 - 246
β 240 - 246
β 394 - 407

3.28 ( 0.65 )
0.85 ( 0.24 )
3.59 ( 0.55 )
3.10 ( 1.86 )
1.21 ( 0.43 )
1.91 ( 0.30 )
1.82 ( 0.52 )
3.28 ( 0.65 )
1.97 ( 0.66 )
2.10 ( 0.40 )
1.77 ( 0.18 )

2.17 ( .9 )
0.37 ( 0.13 )
2.10 ( 0.40 )
1.21 ( 1.00 )
0.87 ( 0.39 )
0.44 ( 0.22 )
0.82 ( 0.25 )
2.17 ( 0.29 )
0.66 ( 0.43 )
0.26 ( 0.17 )
0.84 ( 0.32 )

0.021
0.013
0.004
0.124
0.281
0.000
0.014
0.021
0.016
0.000
0.002

Tubulin peptides in the MT control and in the MT-MCAK complexes were evaluated for
evidence of mixed distributions, which would indicate mixed protein states. Isotopic
distributions were best-fit to native isotopic distributions binomially expanded by
deuteration, assuming a single protein state. An RMSD Fit Score is provided, as a
measure of goodness-of-fit to a single binomial expansion, averaged over four replicates
per state. The p value indicates a significant increase in Fit Score in the complexed state.
The approach is illustrated using modeled spectra: two binomially-expanded states with
low (black) and high (red) deuteration fit to a single-distribution model with low Fit
Scores, whereas a 1:1 combination of these states is not well fit with a single-distribution
model (blue) and has a high Fit Score. Table entries in red indicate no discernable
difference in goodness of fit, and are simply provided for contrast. An absence of
difference in Fit Score does not necessarily imply the absence of mixed distributions.
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Table 4.3. Evidence of mixed exchange states in the MT-FL complex.
Start-Stop
α 80 - 86
α 317 - 329
α 381 - 387
β 107 - 112
β 168 - 182
β 212 - 216

Fit Score
(MT+FL)
[Avg (SD)]
1.44 ( 2.16 )
3.51 ( 2.72 )
7.16 ( 0.27 )
2.81 ( 0.52 )
2.47 ( 0.75 )
7.13 ( 0.27 )

Fit Score
p value
(MT)
[Avg (SD)]
1.32 ( 0.74 )
0.923
1.29 ( 0.57 )
0.162
5.85 ( 0.28 )
0.001
2.00 ( 0.29 )
0.034
1.39 ( 0.42 )
0.044
6.22 ( 0.46 )
0.015

Tubulin peptides in the MT control and in the MT-MCAK complexes were evaluated for
evidence of mixed distributions, which would indicate mixed protein states. Isotopic
distributions were best-fit to native isotopic distributions binomially expanded by
deuteration, assuming a single protein state. An RMSD Fit Score is provided, as a
measure of goodness-of-fit to a single binomial expansion, averaged over four replicates
per state. The p value indicates a significant increase in Fit Score in the complexed state.
The approach is illustrated using modeled spectra: two binomially-expanded states with
low (black) and high (red) deuteration fit to a single-distribution model with low Fit
Scores, whereas a 1:1 combination of these states is not well fit with a single-distribution
model (blue) and has a high Fit Score. Table entries in red indicate no discernable
difference in goodness of fit, and are simply provided for contrast. An absence of
difference in Fit Score does not necessarily imply the absence of mixed distributions.
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Figure 4.16. Structural representation of conformational changes in captured
MCAK-tubulin.
Effect of depolymerization by NM (A) and FL (B) on protein conformation with the datasorting strategy applied (see text). Left-side images provide a view from the minus end of
a 13-protofilament MT template, with a smaller segment presented in an expanded view
in the middle, and an edge-on view (rotated 90º) on the right. Spiral structural model of a
single protofilament winding around an MT template was assembled from an alignment
and superposition of PDB 2XRP, 3J2U, and the modified 1V8K, with α-tubulin shown in
dark grey, β-tubulin in light grey, and MCAK in light green. Blue highlights stabilization
in the bound state, and red destabilization in the bound state. Dashed lines track the
radius of outward curvature for the captured tubulin protofilaments. Note that the MCAK
representations only reflect an NM construct.
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known to form lateral contacts between protofilaments in the original zinc-sheet structure
of polymerized tubulin [111] (Figure 4.16B). These stabilizations appear in the long S9S10 loop for α-tubulin, and in M-loop-H9 and the S9-loop for β-tubulin. Other regions
that are stabilized include loop-H5 of β-tubulin, noted to interact with the  M-loop in the
zinc-sheet model, and H10 of α-tubulin. It is remarkable that such stabilizations are
observed in FL-MT, as the reference point is the doubly-stabilized MT template. It
confirms the production of an association not typically seen in the MT state, and is
consistent with the “meshed worm gear” model of bundling presented above. However,
another interpretation of the HX data involves side-by-side assembly of protofilaments on
the template, with new lateral contacts formed by virtue of their outward curvature. Such
HX protection is not seen in NM-MT. We note that only very minor HX perturbations are
seen on the MT template itself, likely because most of the MCAK binding site involves
H11 and H12 helices not observed in the data
To further explore the observations of lateral contacts, and clarify the roles of the
NT and CT in the depolymerization process, we treated MTs with ATP-bound CT and
NT and repeated the EM imaging (Figure 4.17). Both constructs are depolymerization
competent (Figure 4.11). When applied to doubly-stabilized MTs, CT generates a large
number of regular windings but no bundling. Interestingly, these windings are present in
two sets of thicknesses (Table 4.1) and are seen to transition between them. Although the
EM data cannot resolve individual protofilaments in a winding, the width of the thin set
suggests a pairing of protofilaments. These pairings show evidence of twinning on the
MT template to double their width. The wide windings are equivalent to those observed
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Figure 4.17. MCAK Tail Deletions and capture on a MT template.
(A) Binding analysis by co-sedimentation for C and N with MT. Pre-formed MTs
were incubated with MCAK constructs and isolated by centrifugation. Pellet and
supernatant fractions were analyzed by SDS-PAGE. (B) EM images of doubly stabilized
MTs bound to MCAK constructs. Bar = 200 nm.
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in the FL-MT state. Protofilament windings are rare for the doubly-stabilized MTs treated
with NT, and strong but smooth bundling is observed. Together with the HX data
(Figure 4.16), these images suggest that the NT is needed to remove side-by-side pairs of
parallel tubulin dimers (or oligomers), which are then captured on the template. Twinning
these paired protofilament windings through new lateral tubulin contacts could explain
the HX data that shows protection of lateral contacts in the FL-MT state, or it could
reflect contacts between tubulin dimers within a pair of protofilaments.
To determine the effect of each terminal domain on MCAK conformations, we
next generated HX data for ATP-bound CT and NT, and referenced the data to FL in
the same nucleotide state (Figure 4.18). Removal of the CT does not affect the
conformational state of the NT in the dimer, but it does partially destabilize the motor
domain and the proximal part of the neck. The two boxed regions of sequence (393-413
and 513-545) are noteworthy when compared to a related data set from the removal of the
NT. The other elements of the motor domain are destabilized to a similar degree for both
deletions, except in these boxed areas. They define a contiguous surface patch adjacent to
the C-terminal (inset, Figure 4.18). The CT may lay alongside of this patch, which
overlaps the tubulin binding site, providing protection from exchange. Such a finding is
consistent with a previous study suggesting an interaction between the CT and elements
of the NM [168].
Previous observations suggest that CT is dimeric [163]. Since it preserves the
ability to form paired protofilaments (Figure 4.17) and since the NT conformation in this
construct is identical to FL, an NT-NT interaction is likely the main element responsible
for dimerization. Conversely, the CT appears associated with the tubulin binding site,
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Figure 4.18. Effect of nucleotide exchange on MCAK tail deletions.
Sequence plots of the deuteration data referenced to the FL-ATP state for ΔCT-ATP (top)
and ΔNT-ATP (bottom). Blue highlights regions of the truncation that are more stable
than FL. Red highlights regions of the truncation that are less stable than FL. Boxed
regions in sequence plots map a contiguous patch adjacent to the structured C-terminal
end of the motor domain, which is mapped to a surface representation of NM (C-terminal
end in red, contiguous patch in yellow, inset) Structure is oriented as in Figure 1C, with
the tubulin binding surface facing the viewer.

165

which may prevent its involvement in dimer formation. We cannot conclusively rule out
a CT-CT interaction, but we do note that paired protofilaments are rare with the NT
construct (Figure 4.17), and any dimeric state is likely weakened without the NT. If
dimeric capacity exists in NT it may actually involve the distal region of the neck. The
HX analysis shows a strong stabilization in the neck when the rest of the NT is removed
(Figure 4.18), suggesting neck-neck interactions.
4.3.6 Specific roles of NT and CT in depolymerization
To shed light on the function of the termini, we treated MTs with full-length
MCAK, the C-terminal deletion (CT1-583), and the N-terminal deletion (NT186-718) and
induced depolymerization. Binding assays and electron microscopy confirm the capture
of the depolymerized state on microtubule templates (Figure 4.17), for both full length
and CT MCAK. The DIA HX-MS2 method was applied to all three complexes, as well
as the individual states (MTs, MCAK, CT, NT) and mined using the HX2-optimized
scoring routine. The NT-MT interaction was unstable under the HX operating
conditions used (i.e. NT was not detectable), so we compared FL-MT and CT-MT
interactions. Sequence coverage was substantially improved for all protein states using
HX-MS2 when compared with HX-MS data alone (Figure 4.19A,B).
Deleting the CT domain from MCAK does not appear to influence the
conformational state of the N-terminal domain (Figure 4.20). It remains stabilized upon
depolymerization and capture, similar to what we observe with full-length MCAK. The
EM data confirms that the deletion still permits ribbon windings around the template
MTs. These windings are indistinguishable from the ones we see with full length MCAK
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A)
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B)

Figure 4.19. Feature maps for captured C-MCAK-tubulin complex.
Feature maps for (A) C-MCAK coverage from HX-MS2 (B) -tubulin coverage from
HX-MS2 (top) and conventional HX-MS (bottom). The HX-MS2 data is categorized as
arising from MS2 space (surrogates, blue) or MS space (red). The HX-MS data is colored
in blue, and only the -tubulin data is shown for comparison.
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Figure 4.20. Conformational analysis of captured C-MCAK-tubulin.
Effect of depolymerization by C (A) and FL (B) on protein conformation acquired by
the DIA HX-MS2 method, with the data-sorting strategy applied (see text). Sequence
plots for tubulin (top) and MCAK (bottom) are shown. Illustration of MCAK-MT
complex and an edge-on view (rotated 90º) on the right. Spiral structural model of a
single protofilament winding around an MT template was assembled from an alignment
and superposition of PDB 2XRP, 3J2U, and the modified 1V8K, with α-tubulin shown in
dark grey, β-tubulin in light grey, and MCAK in light green. Blue highlights stabilization
in the bound state, and red destabilization in the bound state. Note that the MCAK
representations only reflect an NM construct.
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(Figure 4.17), although the CT windings occasionally transition to thinner ribbons, with
lower periodicity. The NT MCAK construct does not generate any ribbon windings, and
neither does a monomeric neck-motor domain. Together, these data suggest that the
windings are a property of dimeric MCAK, and that the N-termini are involved in
dimerization and anchoring the lateral force generation.
Deletion of the C-terminal tail domain does perturb the motor domain, however.
Although some destabilizations are noted, the main response is a strong stabilization
especially towards the C-terminal end of the motor domain (Figure 4.20A,B). That is,
removing the tail allows the motor domain to adopt a more stable conformation in the
captured depolymerized intermediate.
The CT deletion destabilizes the tubulin protofilament windings more than FLMT (Figure 4.20A,B). As expected, we see destabilization of both the interdimer
interface and the intradimer interface. These destabilizations are consistent with an
outwardly-curved protofilament, as each -tubulin dimer reverts to a bent form [75,
242, 261]. We observe these longitudinal destabilizations in the FL-MT state as well, but
the destabilizations are more extensive in CT-MT. However in CT-MT they are
accompanied by additional destabilizations in the lateral protofilament surfaces,
particularly on -tubulin. Both FL-MT and CT-MT captured states show
destabilizations on the important lateral contacts including the M-loop, but additional
destabilizations are observed on the H2-loop-S3-loop, H6, S8, S9, and strong
destabilizations around loop-S10. The EM data confirm that the protofilament ribbons
can be captured by CT, but the ribbons randomly transition from thin to thick windings
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around the MT template. We conclude that the C-terminus is required to stabilize
MCAK-tubulin interactions. With this interpretation, the variable thickness of the ribbon
windings represents the loss of protofilament segments, because of weaker interactions
between dimeric MCAK and its tubulin partners, likely because the motor domain adopts
an alternative conformation in the absence of the C-terminal tail.

4.4 Discussion
The steps that lead to a successful depolymerization event require a series of
conformational transitions both within MCAK and in tubulin itself, but the nature of
these transitions and their triggers are somewhat speculative. Initial lattice engagement
can induce hydrolysis and acceleration of 1D diffusion, and once the MT end is found,
nucleotide exchange to the ATP state correlates with the efficient depolymerization of an
MT end. Why, however, is hydrolysis required to initiate efficient diffusion? Our
comparison of FL in both the ATP and ADP-bound states suggests that diffusion requires
a strong conformational relaxation, which may be described as a “settling in” of the
motor domains on the electrostatic track offered by the MT lattice. A picture emerges
where a contact complex forms upon initial engagement of a motor domain, which
induces hydrolysis by closing the ATP binding site [170] and causes a conformational
relaxation in the nucleotide binding site and KVD finger. The relaxation resulting from
hydrolysis commutes to the neck. The neck is required for efficient engagement of the
lattice through electrostatics, and thus hydrolysis provides the energy needed to transition
the neck away from the motor and allow better engagement of the MT lattice [165]. The

171

transition includes a large portion of the N-terminal tail, which our data indicates is a
primary element in the dimerization of MCAK.
These results suggest why the dimer is more resistant to initial lattice engagement
than the NM [165]. The dimer is far more stable than the NM in either nucleotide state
(Figure 4.8). The NM possesses a relaxed state (especially in the neck and 4 helix) and
thus a lower energy barrier to efficient lattice engagement. The degree of stabilization
observed in the dimer is consistent with a strong interaction between catalytic domains,
brought together by dimerizing NT domains rather than CT domains. This is also
consistent with a recent FRET study, suggesting that ATP FL exists in a closed form,
where CT has a direct interaction with the catalytic domain [168]. The HX data in Figure
4.18 supports an interaction between the CT domains and elements of the tubulin binding
interface near the  helix. In this view, for better lattice engagement, hydrolysis induces
a transition in the motor domain and in the dimerized NT domains for separation of the
motors and better registry with parallel protofilaments. Unfortunately we cannot
determine if hydrolysis perturbs the CT conformation in any way, as we lack sequence
coverage of this region.
HX analysis of a depolymerization transition state provided us the opportunity to
investigate conformational transitions when reverting to an ATP-bound form. Diffusion
of MCAK to the MT ends dramatically accelerates nucleotide exchange from ADP to
ATP [260] and FL is considerably more efficient at tubulin removal at the MT ends than
NM [165]. Our analysis of the captured forms of both NM and FL point to a role for the
NT in accelerating depolymerization, which we rationalize below.
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Both forms of MCAK stabilize tubulin dimers in an outward-curving state that
correlates well with the HX data we collected (Figure 4.16). Although an alternative
conformation may be possible, we previously showed that destabilization of the tubulin
intradimer interface correlates with the bent state of tubulin [75]. The ATP-bound
monomeric NM construct is strongly stabilized, particularly at the KVD finger, 4 and
L8, which are key elements of the “crossbow” model proposed by Sosa et al. [242]. In
NM, binding is coupled with an allosteric neck destabilization when the curved state of
tubulin is captured (Figure 4.14A). In FL, it is reasonable to assume that binding of the
motor domain to tubulin induces the same destabilization of the neck. Unfortunately this
region is not seen in the FL data, but it is certainly clear that an allosteric effect
somewhere in the NM induces a structuring of the NT domain (Figure 4.14B), consistent
with FL returning to a closed form (Figure 4.8A). Since our evidence also indicates that
the NT is needed to sustain the depolymerization of paired intermediates (Figure 4.17),
we propose that nucleotide exchange at the depolymerizing end returns FL to the closed
state observed in Figure 4.8A, involving a structural transition in an NT-NT interaction.
What is the implication of a return to a closed state through an NT-NT interaction? A
transition of this nature would add a component of lateral stress to the MT ends, which
we envision as a twisting motion, that may synergize with the outward force generation
of tubulin curvature (Figure 4.21A,B). The width of the paired protofilaments certainly
points to a separation of parallel tubulin dimers.
The model is consistent with cross-protofilament interactions mediated by the
dimer as reported previously [262]. The MT template functions to capture and assemble
pairs of tubulin dimers (or short protofilament fragments), linked together by MCAK to
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Figure 4.21. MCAK dimers depolymerize microtubules by disrupting longitudinal
and lateral contacts.
(A) Liberated tubulin dimers are captured and organized on the MT template,
highlighting a process where MCAK dimers depolymerize by stripping tubulin dimers
away from an MT plus-end as side-by-side pairs. Depolymerization forces an outward
protofilament curvature upon end-driven ADPATP exchange, through a conformation
change in individual motor domains, which disrupts longitudinal contacts in MT
protofilaments. (B) Nucleotide exchange generates a neck-driven structural transition in a
dimerized NT domain, imparting a twisting action to the tubulin pairs as it returns
MCAK dimer to a strongly stabilized state, which disrupts lateral contacts between MT
protofilaments. (C) Nucleotide exchange still generates a neck-driven structural transition
in the C-MCAK construct disrupting lateral and longitudinal contacts, but is unable to
maintain strong tubulin contacts without the CT. The MT template is represented with αtubulin in orange and β-tubulin in red. The captured tubulin subunits are represented in
dark grey (-tubulin) and light grey (-tubulin). MCAK is shown in green, with NT in
orange, dimerized at the distal portion of the neck, and CT in blue.
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give rise to the patterns we observe. It is not wholly an artefact of drug stabilizer, or it
would have been induced by NM as well. But how would peeled pairs of tubulin dimers
reassemble as regular spiral tracks of a defined width, rather than a staggered assembly?
The tracks would represent a high avidity state as two protofilaments would be reformed,
where staggered assemblies would only create one and thus would not be favored.
Although it remains possible that an alternative organizational state may be responsible
for the EM and HX data we obtained, a depolymerization event involving a single
protofilament would seem to be ruled out based on the regularity and width of the
captured spirals (Table 4.3).
We used the optimized DIA HX-MS2 method to test the model of MCAK-driven
longitudinal and lateral force on paired protofilaments. Here we show that EM and HXMS2 confirm that MCAK dimerization only requires the NT domains, at least in the
captured version of the depolymerized state. Deleting the CT domain does not influence
the NT conformation, and the morphology of the ribbon windings remains essentially the
same. An occasional transition to a thinner winding is consistent with a loss of MT
protofilament segments from CT-MCAK, and highlights a role for the CT in stabilizing
kinesin-MT interactions. This new information points to separable functions for the tail
regions of MCAK: the NT for anchoring force generation in the dimer and the CT for
regulating tubulin interaction and release (Figure 4.21C). Deletion of the CT results in
increased destabilization of lateral tubulin contacts, specifically on a-tubulin where the
body of MCAK resides. It is feasible to conclude that the CT functions to stabilize this
interaction, and this same region in the FL-MT-captured state is actually stabilized
relative to the microtubule control. The CT role for regulating tubulin interaction
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coincides well with the nucleotide exchange results, as well as findings described from
FRET studies [168]. A potential interaction between the neck and the CT was also
observed in our results, illustrated by the destabilizations in the transition from the closed
to open form.
It remains unclear if these higher order assemblies serve any biological purpose,
although Zhang et.al. [246] have suggested a role in regulating mitotic spindle
dimensions and preventing lagging chromosomes. However, our studies do suggest that
nucleotide exchange in an MCAK dimer at the MT end returns it to a closed state that
imparts lateral strain through an N-terminal transition, in addition to outward curvature. It
remains to be seen if this additional lateral strain is concerted with the bending of the MT
ends, or if it represents a critical first step, and indeed if this dimer-based process is
regulated by other elements bound to MT ends.
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Chapter Five: Summary and future considerations
5.1 Summary
Microtubules are a fundamental component to the cellular cytoskeleton and are
responsible for cell structure, motility, intracellular transport, and formation of the mitotic
spindle. The dynamic state of microtubules is heavily regulated, both intrinsically and
externally, by imposing stability or instability. Due to the nature of microtubules, the
conventional structural studies are challenged and have pressed for more integrative
strategies. Hydrogen exchange mass spectrometry (HX-MS) has developed as an
excellent technique to study the dynamics of microtubules and the means of regulation.
HX-MS is an important method for protein structure-function analysis and is sensitive to
structural dynamics and molecular interactions. The bottom-up approach uses protein
digestion to localize amide deuterium exchange to higher resolution, and the essential
measurement involves centroid mass determinations on a very large set of peptides. Due
to the mere size of microtubules, and the additional complexity with its regulatory
partners, several challenges were present in the analysis of microtubule dynamics by HXMS.
In chapter 2, two HX-MS platforms that consisted of a FT-MS and a highresolution QTOF mass spectrometer were evaluated, each with matched front-end fluidic
systems. The figures-of-merit for a typical bottom-up HX-MS experiment, including
peptide identification, deuterium measurement accuracy, and precision were compared
for each platform. The Orbitrap Velos identified 64% more peptides than the TripleTOF
5600, with a 42% overlap between the two systems, independent of protein size.
Precision in deuterium measurements using the Orbitrap marginally exceeded that of the
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TripleTOF, depending on the Orbitrap resolution setting. However, the unique nature of
FT-MS data generates situations where deuteration measurements can be inaccurate. This
is shown through the analysis of the peptides common to both platforms, where
deuteration values can be as low as 35% of the expected values, depending on FT-MS
resolution, peptide length and charge state. The inaccuracy in deuterium measurements is
due to destructive interference arising from mismatches in elemental mass defects. These
findings are supported by simulations of Orbitrap transients, and highlight that caution
should be exercised in deriving centroid mass values from FT transients that do not
support baseline separation of the full isotopic composition. The findings presented in
this chapter supported the use of the TripleTOF 5600 for further development of HX-MS
methods for the analysis of large protein systems.
The bottom-up HX-MS approach involves deuterium measurements from
proteolytically-generated peptide fragments. However, this bottom-up method has limited
spectral capacity and requires a burdensome manual validation exercise, both of which
restrict analysis of protein systems to generally less than 150 kDa. Deuterated peptides
with spectral overlap or peptide spectra present in a region with high background noise
cannot yield accurate deuterium measurements. Chapter 3 describes the development of
bottom-up HX-MS2 method, incorporating peptide fragment spectra, that improves
peptide identification rates, retains high HX data quality, and simplifies the validation
process. The method combines data-independent acquisition of peptide fragmentation
data and a new peptide scoring algorithm (WUF, Weighted Unique Fragment). The
scoring incorporates elements of the validation process and preserves high peptide
identification accuracy. The DIA approach ensures that all peptides are fragmented. The
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HX-MS2 method was developed using data from a conformational analysis of
microtubules treated with dimeric kinesin MCAK. When compared to a conventional
Mascot-driven HX-MS method, HX-MS2 produces two-fold higher tubulin sequence
depth at a peptide utilization rate of 74%. A Mascot approach delivers a utilization rate of
44%. The WUF method can be constrained by false utilization rate (FUR) calculations to
return utilization values exceeding 90% without serious data loss, indicating that
automated validation should be possible. The HX-MS2 method was applied to a system of
microtubules in the presence of a protein-rich microtubule-associated protein fraction.
Substantial peptide coverage of microtubules was possible, without having to manually
validate false identifications.
In chapter 4, the optimized DIA method using WUF scoring was then applied to a
conformational analysis of a kinesin-induced microtubule depolymerization process,
involved in mitosis. MCAK (mitotic centromere-associated kinesin), a member of the
kinesin-13 subfamily, uses the kinesin motor domains in an unconventional fashion to
initiate microtubule (MT) depolymerization at MT ends. Previous studies imply unique
conformational transitions for lattice engagement, end adaptation, or both to support
MCAK cycling and to induce depolymerization. Using hydrogen exchange and electron
microscopy, conformational changes in free dimeric MCAK and when bound to a
depolymerization intermediate were explored. ATP hydrolysis relaxes the conformation
of the dimer, notably in the neck and N-terminal domain. Exchanging ADP in dimeric
MCAK with ATP at the MT plus end induces outward curvature in /-tubulin,
accompanied by a restructuring of the MCAK neck and N terminus, as it returns to a
closed state. Re-establishing a closed dimer induces lateral separation of paired tubulin
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dimers, which may assist in depolymerization. In this model, the N Terminus is
responsible for the lateral separation in conjunction with the outward curvature induced
by the motor domain. The C terminus is responsible for regulating the microtubule
interactions. Thus, full-length ADP-MCAK transitions from an open diffusion-competent
configuration to a closed state upon plus end-mediated nucleotide exchange, which is
mediated by conformational changes in the N-terminal domains of the dimer.

5.2 Future considerations
5.2.1 Instrumentation & method development
Improvements in instrumentation have been foundational to the advances of the
HX-MS approach, and to all structural mass spectrometry approaches. The comparative
study presented in Chapter 2 was the first performance evaluation between an FT-based
MS and QTOF instrumentation for HX-MS. The study identified destructive interference
of the transients; however, FT-MS acquisition can be corrected with higher resolution to
resolve the differences of isotopic mass defects. Newer instrumentation, including the
Orbitrap Fusion (Thermo), does not yet have sufficient resolution to give baseline
separation of the isotopic composition. The desire for higher resolution, instrumentation
without requiring FTICR-MS, still remains. Until such time, the QTOF instruments will
be the main driver for HX-MS studies. The study does not imply that all past and future
HX-MS studies on an FT instrument are no longer acceptable, but it does advocate extra
attention to the data analysis.
Development of the data independent acquisition approach for HX-MS
applications has enabled the investigations of larger protein complexes. A drawback of
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the approach is the increase in cycle time, as a result of the additional MS/MS scans. A
minimal cycle time was maintained by optimizing the bin strategy for the population of
generated peptides; however, the desire to reduce the chromatographic run-time and
improve chromatographic resolution could present challenges for the approach. However,
the improvements in acquisition rates and sensitivity, as presented for the newest
ABSciex TripleTOF 6600, will run parallel to the improvements in chromatography.
Furthermore, minimization of ion suppression and improvement in intensities that will
accompany chromatographic resolution may no longer pose the need for multiple MS/MS
spectra acquisitions.
Chapter 3 also involved the development of a scoring algorithm to identify
peptides from the data-independent acquisitions as well as filtering the data for usability
in HX-MS studies. This process significantly reduces the manual validation stage of HXMS data analysis by filtering based on peptide quality and removing non-unique peptides
that are unacceptable for use. By adjusting the false utilization rate threshold, utilization
rates above 90 % can be obtained which suggests the process can potentially be
automated. In order to make the whole process fully automated, advanced criteria and
peak selection will need to be developed to select surrogate fragments when overlap is
present in the MS-level spectra.
5.2.2 Regulation of microtubule dynamics
The results in chapter 3 indicate that the state of dynamics of microtubules under
the influence of drugs is different than the state of microtubules saturated with an
interphase MAP fraction. Based on the variability in the quantitative measurements of
microtubule dynamics between stages of the cell cycle, the MAPs regulating microtubule
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dynamics also change. An obvious future study is to investigate the microtubule
dynamics in the presence of MAPs fractions throughout all stages of the mitotic cycle.
The advances in this capacity open the potential to study the mechanistic action of
microtubule-targeting drugs. Do microtubule-targeting drugs affect the dynamics of
microtubules similarly to specific MAPs? An example of this is on the expansion of
Laulimalide, a microtubule-stabilizing drug [45]. A preliminary proteomics study
investigating the impact of Laulimalide on the population of MAPs identified differences
between the control, without Laulimalide in synchronized cells [263]. Furthermore, it is
intriguing that the changes in stability induced by MAPs observed in Chapter 3 are
centralized around the Laulimalide binding site, and beg future studies.
The findings on the depolymerization model by MCAK presented in chapter 4
were based on a reconstituted complex of MCAK and heavily drug-stabilized
microtubules. A drawback of using drug-stabilized microtubules is that they are present
in a perturbed state of dynamics and they range in the number of protofilaments, while in
vivo microtubules are biologically regulated are maintained at 13 protofilaments. Future
studies can expand on the MCAK depolymerization model by employing native
microtubules, or microtubules under a dynamic state in the presence of MAPs. As an
example in a limited MAP context, tubulin in the presence of doublecortin forms 13
protofilament microtubules. The DIA method has already illustrated that it is possible to
investigate microtubules in the presence of multiple proteins, but whether these
microtubules are stable enough for an HX-MS study would need to be determined.
Additionally, MCAK in a cellular environment does not necessarily function alone and is
shuttled to the microtubule +end by association with +TIPs, particularly EB1. Several
182

questions can be raised to further test and advance our MCAK depolymerization model.
Does MCAK exist in its open form upon association with EB1 on the microtubule lattice?
Is the EB1-MCAK interaction maintained at the microtubule +end during
depolymerization? Follow up studies that include additional regulatory proteins still
remain.
As studies shift to more sophisticated and complex models, interpretation of HXMS data may become highly ambiguous. Chapter 4 already established the need for an
integrated structural biology approach, by incorporating crystallographic structures and
EM data to better construct the depolymerization model. Additional proteins added to the
complex will further demand additional data sets. Crosslinking is identified as a valid
approach to complement HX-MS, by providing information on orientation and binding
interactions. In regards to the current MCAK depolymerization model, CX-MS can be
used to confirm the MCAK domains responsible for dimer formation and test the
interaction of the C-terminal domain with the microtubule. Crosslinking could also be
used to effectively incorporate EB1 into the model. Taking a broader focus, additional
structural techniques can be integrated to better investigate the microtubule dynamics in a
larger MAP context.

183

Chapter Six: Bibliography
1.
2.
3.

4.

5.

6.

7.

8.

9.

10.

11.
12.
13.

14.

Alberts, B., and Miake-Lye, R. (1992). Unscrambling the puzzle of biological
machines: the importance of the details. Cell 68, 415-420.
Ward, A.B., Sali, A., and Wilson, I.A. (2013). Biochemistry. Integrative structural
biology. Science 339, 913-915.
Politis, A., Park, A.Y., Hyung, S.J., Barsky, D., Ruotolo, B.T., and Robinson,
C.V. (2010). Integrating ion mobility mass spectrometry with molecular
modelling to determine the architecture of multiprotein complexes. PLoS One 5,
e12080.
Politis, A., Stengel, F., Hall, Z., Hernandez, H., Leitner, A., Walzthoeni, T.,
Robinson, C.V., and Aebersold, R. (2014). A mass spectrometry-based hybrid
method for structural modeling of protein complexes. Nat Methods 11, 403-406.
Alber, F., Kim, M.F., and Sali, A. (2005). Structural characterization of
assemblies from overall shape and subcomplex compositions. Structure 13, 435445.
Lengyel, J., Hnath, E., Storms, M., and Wohlfarth, T. (2014). Towards an
integrative structural biology approach: combining Cryo-TEM, X-ray
crystallography, and NMR. J Struct Funct Genomics 15, 117-124.
Lasker, K., Forster, F., Bohn, S., Walzthoeni, T., Villa, E., Unverdorben, P.,
Beck, F., Aebersold, R., Sali, A., and Baumeister, W. (2012). Molecular
architecture of the 26S proteasome holocomplex determined by an integrative
approach. Proc Natl Acad Sci U S A 109, 1380-1387.
Karaca, E., Melquiond, A.S., de Vries, S.J., Kastritis, P.L., and Bonvin, A.M.
(2010). Building macromolecular assemblies by information-driven docking:
introducing the HADDOCK multibody docking server. Mol Cell Proteomics 9,
1784-1794.
Rodrigues, J.P., Karaca, E., and Bonvin, A.M. (2015). Information-driven
structural modelling of protein-protein interactions. Methods Mol Biol 1215, 399424.
Webb, B., Lasker, K., Schneidman-Duhovny, D., Tjioe, E., Phillips, J., Kim, S.,
Velázquez-Muriel, J., Russel, D., and Sali, A. (2011). Modeling of Proteins and
Their Assemblies with the Integrative Modeling Platform. In Network Biology,
Volume 781, G. Cagney and A. Emili, eds. (Humana Press), pp. 377-397.
Parker, M.W. (2003). Protein Structure from X-Ray Diffraction. Journal of
Biological Physics 29, 341-362.
Wuthrich, K. (1990). Protein structure determination in solution by NMR
spectroscopy. J Biol Chem 265, 22059-22062.
Rosenzweig, R., and Kay, L.E. (2014). Bringing Dynamic Molecular Machines
into Focus by Methyl-TROSY NMR. Annual Review of Biochemistry 83, 291315.
Kaltashov, I.A., and Eyles, S.J. (2002). Studies of biomolecular conformations
and conformational dynamics by mass spectrometry. Mass Spectrometry Reviews
21, 37-71.

184

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.
28.

29.

van Tilborg, P.J.A., Czisch, M., Mulder, F.A.A., Folkers, G.E., Bonvin, A.M.J.J.,
Nair, M., Boelens, R., and Kaptein, R. (2000). Changes in Dynamical Behavior of
the Retinoid X Receptor DNA-Binding Domain upon Binding to a 14 Base-Pair
DNA Half Site†. Biochemistry 39, 8747-8757.
Abdul-Manan, N., Aghazadeh, B., Liu, G.A., Majumdar, A., Ouerfelli, O.,
Siminovitch, K.A., and Rosen, M.K. (1999). Structure of Cdc42 in complex with
GTPase-binding domain of the 'Wiskott-Aldrich syndrome' protein. Nature 399,
379.
Shukla, A.K., Westfield, G.H., Xiao, K., Reis, R.I., Huang, L.-Y., TripathiShukla, P., Qian, J., Li, S., Blanc, A., Oleskie, A.N., et al. (2014). Visualization of
arrestin recruitment by a G Protein-Coupled Receptor. Nature 512, 218-222.
Kahraman, A., Herzog, F., Leitner, A., Rosenberger, G., Aebersold, R., and
Malmström, L. (2013). Cross-Link Guided Molecular Modeling with ROSETTA.
PLoS One 8, e73411.
Whitehouse, C.M., Dreyer, R.N., Yamashita, M., and Fenn, J.B. (1985).
Electrospray interface for liquid chromatographs and mass spectrometers. Anal
Chem 57, 675-679.
Fenn, J.B., Mann, M., Meng, C.K., Wong, S.F., and Whitehouse, C.M. (1989).
Electrospray ionization for mass spectrometry of large biomolecules. Science 246,
64-71.
Loo, J.A., Loo, R.R.O., Udseth, H.R., Edmonds, C.G., and Smith, R.D. (1991).
Solvent-induced conformational changes of polypeptides probed by electrosprayionization mass spectrometry. Rapid Commun Mass Sp 5, 101-105.
Novak, P., and Giannakopulos, A.E. (2007). Chemical cross-linking and mass
spectrometry as structure determination tools. Eur J Mass Spectrom (Chichester,
Eng) 13, 105-113.
O'Cualain, R.D., Sims, P.F., and Carr, C.M. (2011). Structural analysis of alphahelical proteins from wool using cysteine labelling and mass spectrometry. Int J
Biol Macromol 49, 323-330.
Clemmer, D.E., Hudgins, R.R., and Jarrold, M.F. (1995). Naked Protein
Conformations: Cytochrome c in the Gas Phase. Journal of the American
Chemical Society 117, 10141-10142.
Zhang, Z., and Smith, D.L. (1993). Determination of amide hydrogen exchange
by mass spectrometry: a new tool for protein structure elucidation. Protein Sci 2,
522-531.
Linderstromlang, K. (1955). Deuterium Exchange between Peptides and Water.
Chem Ind-London, 503-503.
Dempsey, C.E. (2001). Hydrogen exchange in peptides and proteins using NMRspectroscopy. Prog Nucl Mag Res Sp 39, 135-170.
Garcia, R.A., Pantazatos, D., and Villarreal, F.J. (2004). Hydrogen/deuterium
exchange mass spectrometry for investigating protein-ligand interactions. Assay
Drug Dev Technol 2, 81-91.
Englander, S.W., and Kallenbach, N.R. (1984). Hydrogen exchange and structural
dynamics of proteins and nucleic acids. Quarterly Review of Biophysics 16, 134.

185

30.
31.

32.
33.

34.
35.

36.
37.
38.

39.

40.

41.
42.

43.

44.
45.

46.

Bai, Y., Milne, J.S., Mayne, L., and Englander, S.W. (1993). Primary structure
effects on peptide group hydrogen exchange. Proteins 17, 75-86.
Percy, A.J., Rey, M., Burns, K.M., and Schriemer, D.C. (2012). Probing protein
interactions with hydrogen/deuterium exchange and mass spectrometry-a review.
Anal Chim Acta 721, 7-21.
Molday, R.S., Englander, S.W., and Kallen, R.G. (1972). Primary structure effects
on peptide group hydrogen exchange. Biochemistry 11, 150-158.
Englander, J.J., Calhoun, D.B., and Englander, S.W. (1979). Measurement and
calibration of peptide group hydrogen-deuterium exchange by ultraviolet
spectrophotometry. Analytical Biochemistry 92, 517-524.
Gregory, R., Crabo, L., Percy, A., and Rosenberg, A. (1983). Water catalysis of
peptide hydrogen isotope exchange. Biochemistry 22, 7.
Walters, B.T., Ricciuti, A., Mayne, L., and Englander, S.W. (2012). Minimixing
back exchange in the hydrogen exchange - mass spectrometry experiment. J Am
Soc Mass Spectr 23, 2132-2139.
Tsai, C.J., Kumar, S., Ma, B.Y., and Nussinov, R. (1999). Folding funnels,
binding funnels, and protein function. Protein Science 8, 1181-1190.
Ferraro, D.M., Lazo, N.D., and Robertson, A.D. (2004). EX1 Hydrogen Exchange
and Protein Folding. Biochemistry 43, 587-594.
Houliston, R.S., Liu, C., Singh, L.M.R., and Meiering, E.M. (2002). pH and Urea
Dependence of Amide Hydrogen−Deuterium Exchange Rates in the β-Trefoil
Protein Hisactophilin†. Biochemistry 41, 1182-1194.
Lu, J., and Dahlquist, F.W. (1992). Detection and characterization of an early
folding intermediate of T4 lysozyme using pulsed hydrogen exchange and twodimensional NMR. Biochemistry 31, 4749-4756.
Konermann, L., and Simmons, D.A. (2003). Protein-folding kinetics and
mechanisms studied by pulse-labeling and mass spectrometry. Mass Spectrometry
Reviews 22, 1-26.
Wales, T.E., and Engen, J.R. (2006). Partial unfolding of diverse SH3 domains on
a wide timescale. J Mol Biol 357, 1592-1604.
Hu, W.B., Walters, B.T., Kan, Z.Y., Mayne, L., Rosen, L.E., Marqusee, S., and
Englander, S.W. (2013). Stepwise protein folding at near amino acid resolution by
hydrogen exchange and mass spectrometry. P Natl Acad Sci USA 110, 76847689.
Ling, J.M., Shima, C.H., Schriemer, D.C., and Schryvers, A.B. (2010).
Delineating the regions of human transferrin involved in interactions with
transferrin binding protein B from Neisseria meningitidis. Mol Microbiol 77,
1301-1314.
Wales, T.E., and Engen, J.R. (2006). Hydrogen exchange mass spectrometry for
the analysis of protein dynamics. Mass Spectrometry Reviews 25, 158-170.
Bennett, M.J., Barakat, K., Huzil, J.T., Tuszynski, J., and Schriemer, D.C. (2010).
Discovery and characterization of the laulimalide-microtubule binding mode by
mass shift perturbation mapping. Chem Biol 17, 725-734.
West, G.M., Willard, F.S., Sloop, K.W., Showalter, A.D., Pascal, B.D., and
Griffin, P.R. (2014). Glucagon-like peptide-1 receptor ligand interactions:
186

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

structural cross talk between ligands and the extracellular domain. PLoS One 9,
e105683.
Silva, L.P., Yu, R., Calmettes, C., Yang, X., Moraes, T.F., Schryvers, A.B., and
Schriemer, D.C. (2011). Conserved interaction between transferrin and
transferrin-binding proteins from porcine pathogens. J Biol Chem 286, 2135321360.
Ghaemmaghami, S., Fitzgerald, M.C., and Oas, T.G. (2000). A quantitative, highthroughput screen for protein stability. Proc Natl Acad Sci U S A 97, 8296-8301.
Zhu, M.M., Rempel, D.L., Du, Z., and Gross, M.L. (2003). Quantification of
Protein−Ligand Interactions by Mass Spectrometry, Titration, and H/D
Exchange: PLIMSTEX. Journal of the American Chemical Society 125, 52525253.
Cravello, L., Lascoux, D., and Forest, E. (2003). Use of different proteases
working in acidic conditions to improve sequence coverage and resolution in
hydrogen/deuterium exchange of large proteins. Rapid Commun Mass Sp 17,
2387-2393.
Kadek, A., Mrazek, H., Halada, P., Rey, M., Schriemer, D.C., and Man, P. (2014).
Aspartic protease nepenthesin-1 as a tool for digestion in hydrogen/deuterium
exchange mass spectrometry. Anal Chem 86, 4287-4294.
Kadek, A., Tretyachenko, V., Mrazek, H., Ivanova, L., Halada, P., Rey, M.,
Schriemer, D.C., and Man, P. (2014). Expression and characterization of plant
aspartic protease nepenthesin-1 from Nepenthes gracilis. Protein Expr Purif 95,
121-128.
Rey, M., Yang, M., Burns, K.M., Yu, Y., Lees-Miller, S.P., and Schriemer, D.C.
(2013). Nepenthesin from monkey cups for hydrogen/deuterium exchange mass
spectrometry. Mol Cell Proteomics 12, 464-472.
Zhang, H.M., Bou-Assaf, G.M., Emmett, M.R., and Marshall, A.G. (2009). Fast
Reversed-Phase Liquid Chromatography to Reduce Back Exchange and Increase
Throughput in H/D Exchange Monitored by FT-ICR Mass Spectrometry. J Am
Soc Mass Spectr 20, 520-524.
Wales, T.E., Fadgen, K.E., Gerhardt, G.C., and Engen, J.R. (2008). High-speed
and high-resolution UPLC separation at zero degrees Celsius. Anal Chem 80,
6815-6820.
Valeja, S.G., Emmett, M.R., and Marshall, A.G. (2012). Polar aprotic modifiers
for chromatographic separation and back-exchange reduction for protein
hydrogen/deuterium exchange monitored by Fourier transform ion cyclotron
resonance mass spectrometry. J Am Soc Mass Spectrom 23, 699-707.
Emmett, M.R., Kazazic, S., Marshall, A.G., Chen, W., Shi, S.D., Bolanos, B., and
Greig, M.J. (2006). Supercritical fluid chromatography reduction of
hydrogen/deuterium back exchange in solution-phase hydrogen/deuterium
exchange with mass spectrometric analysis. Anal Chem 78, 7058-7060.
Chik, J.K., Vande Graaf, J.L., and Schriemer, D.C. (2006). Quantitating the
statistical distribution of deuterium incorporation to extend the utility of H/D
exchange MS data. Anal Chem 78, 207-214.

187

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Guttman, M., Weis, D.D., Engen, J.R., and Lee, K.K. (2013). Analysis of
overlapped and noisy hydrogen/deuterium exchange mass spectra. J Am Soc
Mass Spectrom 24, 1906-1912.
Slysz, G.W., Percy, A.J., and Schriemer, D.C. (2008). Restraining expansion of
the peak envelope in H/D exchange-MS and its application in detecting
perturbations of protein structure/dynamics. Anal Chem 80, 7004-7011.
Demmers, J.A., Rijkers, D.T., Haverkamp, J., Killian, J.A., and Heck, A.J. (2002).
Factors affecting gas-phase deuterium scrambling in peptide ions and their
implications for protein structure determination. J Am Chem Soc 124, 1119111198.
Jørgensen, T.J.D., Gårdsvoll, H., Ploug, M., and Roepstorff, P. (2005).
Intramolecular Migration of Amide Hydrogens in Protonated Peptides upon
Collisional Activation. Journal of the American Chemical Society 127, 27852793.
Ferguson, P.L., Pan, J., Wilson, D.J., Dempsey, B., Lajoie, G., Shilton, B., and
Konermann, L. (2007). Hydrogen/deuterium scrambling during quadrupole timeof-flight MS/MS analysis of a zinc-binding protein domain. Anal Chem 79, 153160.
Rand, K.D., and Jorgensen, T.J. (2007). Development of a peptide probe for the
occurrence of hydrogen (1H/2H) scrambling upon gas-phase fragmentation. Anal
Chem 79, 8686-8693.
Hamuro, Y., Tomasso, J.C., and Coales, S.J. (2008). A simple test to detect
hydrogen/deuterium scrambling during gas-phase peptide fragmentation. Anal
Chem 80, 6785-6790.
Abzalimov, R.R., Bobst, C.E., and Kaltashov, I.A. (2013). A New Approach to
Measuring Protein Backbone Protection with High Spatial Resolution Using H/D
Exchange and Electron Capture Dissociation. Analytical Chemistry 85, 91739180.
Pan, J., Han, J., Borchers, C.H., and Konermann, L. (2008). Electron capture
dissociation of electrosprayed protein ions for spatially resolved hydrogen
exchange measurements. Journal of the American Chemical Society 130, 11574+.
Zehl, M., Rand, K.D., Jensen, O.N., and Jorgensen, T.J.D. (2008). Electron
Transfer Dissociation Facilitates the Measurement of Deuterium Incorporation
into Selectively Labeled Peptides with Single Residue Resolution. Journal of the
American Chemical Society 130, 17453-17459.
Landgraf, R.R., Chalmers, M.J., and Griffin, P.R. (2012). Automated
Hydrogen/Deuterium Exchange Electron Transfer Dissociation High Resolution
Mass Spectrometry Measured at Single-Amide Resolution. J Am Soc Mass Spectr
23, 301-309.
Kan, Z.-Y., Walters, B.T., Mayne, L., and Englander, S.W. (2013). Protein
hydrogen exchange at residue resolution by proteolytic fragmentation mass
spectrometry analysis. P Natl Acad Sci USA 110, 16438-16443.

188

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Percy, A.J., and Schriemer, D.C. (2011). MRM methods for high precision shift
measurements in H/DX-MS. International Journal of Mass Spectrometry 302, 2635.
Percy, A.J., Slysz, G.W., and Schriemer, D.C. (2009). Surrogate H/D detection
strategy for protein conformational analysis using MS/MS data. Anal Chem 81,
7900-7907.
Pascal, B.D., Chalmers, M.J., Busby, S.A., and Griffin, P.R. (2009). HD Desktop:
An Integrated Platform for the Analysis and Visualization of H/D Exchange Data.
J Am Soc Mass Spectr 20, 601-610.
Huzil, J.T., Chik, J.K., Slysz, G.W., Freedman, H., Tuszynski, J., Taylor, R.E.,
Sackett, D.L., and Schriemer, D.C. (2008). A unique mode of microtubule
stabilization induced by peloruside A. J Mol Biol 378, 1016-1030.
Bennett, M.J., Chik, J.K., Slysz, G.W., Luchko, T., Tuszynski, J., Sackett, D.L.,
and Schriemer, D.C. (2009). Structural mass spectrometry of the alpha betatubulin dimer supports a revised model of microtubule assembly. Biochemistry
48, 4858-4870.
Xiao, H., Verdier-Pinard, P., Fernandez-Fuentes, N., Burd, B., Angeletti, R.,
Fiser, A., Horwitz, S.B., and Orr, G.A. (2006). Insights into the mechanism of
microtubule stabilization by Taxol. Proc Natl Acad Sci U S A 103, 10166-10173.
Hofmann, T., Samsonov, S.A., Pichert, A., Lemmnitzer, K., Schiller, J., Huster,
D., Pisabarro, M.T., von Bergen, M., and Kalkhof, S. (2015). Structural analysis
of the interleukin-8/glycosaminoglycan interactions by amide hydrogen/deuterium
exchange mass spectrometry. Methods.
Kacprzyk-Stokowiec, A., Kulma, M., Traczyk, G., Kwiatkowska, K., Sobota, A.,
and Dadlez, M. (2014). Crucial role of perfringolysin O D1 domain in
orchestrating structural transitions leading to membrane-perforating pores: a
hydrogen-deuterium exchange study. J Biol Chem 289, 28738-28752.
Singh, P., Panchaud, A., and Goodlett, D.R. (2010). Chemical cross-linking and
mass spectrometry as a low-resolution protein structure determination technique.
Anal Chem 82, 2636-2642.
Joachimiak, L.A., Walzthoeni, T., Liu, C.W., Aebersold, R., and Frydman, J.
(2014). The structural basis of substrate recognition by the eukaryotic chaperonin
TRiC/CCT. Cell 159, 1042-1055.
Olson, A.L., Tucker, A.T., Bobay, B.G., Soderblom, E.J., Moseley, M.A.,
Thompson, R.J., and Cavanagh, J. (2014). Structure and DNA-binding traits of
the transition state regulator AbrB. Structure 22, 1650-1656.
Greber, B.J., Boehringer, D., Leibundgut, M., Bieri, P., Leitner, A., Schmitz, N.,
Aebersold, R., and Ban, N. (2014). The complete structure of the large subunit of
the mammalian mitochondrial ribosome. Nature 515, 283-286.
Cammarata, M., Lin, K.-Y., Pruet, J., Liu, H.-w., and Brodbelt, J. (2014). Probing
the Unfolding of Myoglobin and Domain C of PARP-1 with Covalent Labeling
and Top-Down Ultraviolet Photodissociation Mass Spectrometry. Analytical
Chemistry 86, 2534-2542.
Lins, L., Thomas, A., and Brasseur, R. (2003). Analysis of accessible surface of
residues in proteins. Protein Sci 12, 1406-1417.
189

85.

86.

87.

88.
89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

Zhang, H., Shen, W., Rempel, D., Monsey, J., Vidavsky, I., Gross, M.L., and
Bose, R. (2011). Carboxyl-Group Footprinting Maps the Dimerization Interface
and Phosphorylation-induced Conformational Changes of a Membrane-associated
Tyrosine Kinase. Molecular & Cellular Proteomics 10.
Kaur, P., Tomechko, S., Kiselar, J., Shi, W., Deperalta, G., Wecksler, A.T.,
Gokulrangan, G., Ling, V., and Chance, M.R. (2014). Characterizing monoclonal
antibody structure by carbodiimide/GEE footprinting. mAbs 6, 1486-1499.
Wen, J., Zhang, H., Gross, M.L., and Blankenship, R.E. (2009). Membrane
orientation of the FMO antenna protein from Chlorobaculum tepidum as
determined by mass spectrometry-based footprinting. Proceedings of the National
Academy of Sciences 106, 6134-6139.
Xu, G., and Chance, M.R. (2007). Hydroxyl radical-mediated modification of
proteins as probes for structural proteomics. Chem Rev 107, 3514-3543.
Xu, G., and Chance, M.R. (2005). Radiolytic modification and reactivity of amino
acid residues serving as structural probes for protein footprinting. Anal Chem 77,
4549-4555.
Hambly, D., and Gross, M. (2005). Laser flash photolysis of hydrogen peroxide to
oxidize protein solvent-accessible residues on the microsecond timescale. J Am
Soc Mass Spectr 16, 2057-2063.
Jumper, C.C., and Schriemer, D.C. (2011). Mass spectrometry of laser-initiated
carbene reactions for protein topographic analysis. Anal Chem 83, 2913-2920.
Jumper, C.C., Bomgarden, R., Rogers, J., Etienne, C., and Schriemer, D.C.
(2012). High-resolution mapping of carbene-based protein footprints. Anal Chem
84, 4411-4418.
Badman, E.R., Myung, S., and Clemmer, D.E. (2005). Evidence for unfolding and
refolding of gas-phase cytochrome C ions in a Paul trap. J Am Soc Mass
Spectrom 16, 1493-1497.
Breuker, K., and McLafferty, F.W. (2008). Stepwise evolution of protein native
structure with electrospray into the gas phase, 10−12 to 102 s. Proceedings of the
National Academy of Sciences 105, 18145-18152.
Myung, S., Badman, E.R., Lee, Y.J., and Clemmer, D.E. (2002). Structural
Transitions of Electrosprayed Ubiquitin Ions Stored in an Ion Trap over ∼10 ms
to 30 s†. The Journal of Physical Chemistry A 106, 9976-9982.
Khakinejad, M., Kondalaji, S., Maleki, H., Arndt, J., Donohoe, G., and Valentine,
S. (2014). Combining Ion Mobility Spectrometry with Hydrogen-Deuterium
Exchange and Top-Down MS for Peptide Ion Structure Analysis. J Am Soc Mass
Spectr 25, 2103-2115.
Bush, M.F., Hall, Z., Giles, K., Hoyes, J., Robinson, C.V., and Ruotolo, B.T.
(2010). Collision Cross Sections of Proteins and Their Complexes: A Calibration
Framework and Database for Gas-Phase Structural Biology. Analytical Chemistry
82, 9557-9565.
Jurneczko, E., and Barran, P.E. (2011). How useful is ion mobility mass
spectrometry for structural biology? The relationship between protein crystal
structures and their collision cross sections in the gas phase. Analyst 136, 20-28.

190

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.
109.
110.

111.
112.
113.

114.

Ruotolo, B.T., Benesch, J.L., Sandercock, A.M., Hyung, S.J., and Robinson, C.V.
(2008). Ion mobility-mass spectrometry analysis of large protein complexes. Nat
Protoc 3, 1139-1152.
Hogan, C.J., Jr., Ruotolo, B.T., Robinson, C.V., and Fernandez de la Mora, J.
(2011). Tandem differential mobility analysis-mass spectrometry reveals partial
gas-phase collapse of the GroEL complex. J Phys Chem B 115, 3614-3621.
Steinberg, M.Z., Elber, R., McLafferty, F.W., Gerber, R.B., and Breuker, K.
(2008). Early structural evolution of native cytochrome c after solvent removal.
Chembiochem 9, 2417-2423.
Han, L., and Ruotolo, B.T. (2013). Traveling-wave Ion Mobility-Mass
Spectrometry Reveals Additional Mechanistic Details in the Stabilization of
Protein Complex Ions through Tuned Salt Additives. International journal for ion
mobility spectrometry : official publication of the International Society for Ion
Mobility Spectrometry 16, 41-50.
Bagal, D., Kitova, E.N., Liu, L., El-Hawiet, A., Schnier, P.D., and Klassen, J.S.
(2009). Gas phase stabilization of noncovalent protein complexes formed by
electrospray ionization. Anal Chem 81, 7801-7806.
Pagel, K., Hyung, S.J., Ruotolo, B.T., and Robinson, C.V. (2010). Alternate
dissociation pathways identified in charge-reduced protein complex ions. Anal
Chem 82, 5363-5372.
Desai, A., and Mitchison, T.J. (1997). Microtubule polymerization dynamics.
Annu Rev Cell Dev Biol 13, 83-117.
Blajeski, A.L., Phan, V.A., Kottke, T.J., and Kaufmann, S.H. (2002). G(1) and
G(2) cell-cycle arrest following microtubule depolymerization in human breast
cancer cells. The Journal of Clinical Investigation 110, 91-99.
Hirose, K., Amos, W.B., Lockhart, A., Cross, R.A., and Amos, L.A. (1997).
Three-dimensional cryoelectron microscopy of 16-protofilament microtubules:
structure, polarity, and interaction with motor proteins. J Struct Biol 118, 140148.
Amos, L.A., and Baker, T.S. (1979). The three-dimensional structure of tubulin
protofilaments. Nature 279, 607-612.
Baker, T.S., and Amos, L.A. (1978). Structure of the tubulin dimer in zincinduced sheets. J Mol Biol 123, 89-106.
Menendez, M., Rivas, G., Diaz, J.F., and Andreu, J.M. (1998). Control of the
structural stability of the tubulin dimer by one high affinity bound magnesium ion
at nucleotide N-site. J Biol Chem 273, 167-176.
Lowe, J., Li, H., Downing, K.H., and Nogales, E. (2001). Refined structure of
alpha beta-tubulin at 3.5 A resolution. J Mol Biol 313, 1045-1057.
Nogales, E., Downing, K.H., Amos, L.A., and Lowe, J. (1998). Tubulin and FtsZ
form a distinct family of GTPases. Nat Struct Biol 5, 451-458.
Ravelli, R.B., Gigant, B., Curmi, P.A., Jourdain, I., Lachkar, S., Sobel, A., and
Knossow, M. (2004). Insight into tubulin regulation from a complex with
colchicine and a stathmin-like domain. Nature 428, 198-202.
Mitchison, T., and Kirschner, M. (1984). Dynamic instability of microtubule
growth. Nature 312, 237-242.
191

115.

116.

117.

118.
119.

120.
121.

122.

123.
124.

125.

126.

127.

128.

Hoog, J.L., Huisman, S.M., Sebo-Lemke, Z., Sandblad, L., McIntosh, J.R.,
Antony, C., and Brunner, D. (2011). Electron tomography reveals a flared
morphology on growing microtubule ends. J Cell Sci 124, 693-698.
Sui, H., and Downing, K.H. (2010). Structural basis of inter-protofilament
interaction and lateral deformation of microtubules. Structure (London, England :
1993) 18, 1022-1031.
Sandblad, L., Busch, K.E., Tittmann, P., Gross, H., Brunner, D., and Hoenger, A.
(2006). The Schizosaccharomyces pombe EB1 Homolog Mal3p Binds and
Stabilizes the Microtubule Lattice Seam. Cell 127, 1415-1424.
Janosi, I.M., Chretien, D., and Flyvbjerg, H. (2002). Structural microtubule cap:
stability, catastrophe, rescue, and third state. Biophys J 83, 1317-1330.
Melki, R., Fievez, S., and Carlier, M.F. (1996). Continuous monitoring of Pi
release following nucleotide hydrolysis in actin or tubulin assembly using 2amino-6-mercapto-7-methylpurine
ribonucleoside
and
purine-nucleoside
phosphorylase as an enzyme-linked assay. Biochemistry 35, 12038-12045.
Seetapun, D., Castle, B.T., McIntyre, A.J., Tran, P.T., and Odde, D.J. (2012).
Estimating the Microtubule GTP Cap Size In Vivo. Curr Biol.
Yajima, H., Ogura, T., Nitta, R., Okada, Y., Sato, C., and Hirokawa, N. (2012).
Conformational changes in tubulin in GMPCPP and GDP-taxol microtubules
observed by cryoelectron microscopy. J Cell Biol 198, 315-322.
Itoh, T.J., and Hotani, H. (1994). Microtubule-stabilizing activity of microtubuleassociated proteins (MAPs) is due to increase in frequency of rescue in dynamic
instability: shortening length decreases with binding of MAPs onto microtubules.
Cell Struct Funct 19, 279-290.
Wiese, C., and Zheng, Y. (2006). Microtubule nucleation: gamma-tubulin and
beyond. J Cell Sci 119, 4143-4153.
Johmura, Y., Soung, N.K., Park, J.E., Yu, L.R., Zhou, M., Bang, J.K., Kim, B.Y.,
Veenstra, T.D., Erikson, R.L., and Lee, K.S. (2011). Regulation of microtubulebased microtubule nucleation by mammalian polo-like kinase 1. Proc Natl Acad
Sci U S A 108, 11446-11451.
Fourniol, F.J., Sindelar, C.V., Amigues, B., Clare, D.K., Thomas, G., Perderiset,
M., Francis, F., Houdusse, A., and Moores, C.A. (2010). Template-free 13protofilament microtubule-MAP assembly visualized at 8 A resolution. J Cell
Biol 191, 463-470.
Moores, C.A., Perderiset, M., Francis, F., Chelly, J., Houdusse, A., and Milligan,
R.A. (2004). Mechanism of Microtubule Stabilization by Doublecortin. Molecular
Cell 14, 833-839.
Komarova, Y., De Groot, C.O., Grigoriev, I., Gouveia, S.M., Munteanu, E.L.,
Schober, J.M., Honnappa, S., Buey, R.M., Hoogenraad, C.C., Dogterom, M., et al.
(2009). Mammalian end binding proteins control persistent microtubule growth. J
Cell Biol 184, 691-706.
Bieling, P., Kandels-Lewis, S., Telley, I.A., van Dijk, J., Janke, C., and Surrey, T.
(2008). CLIP-170 tracks growing microtubule ends by dynamically recognizing
composite EB1/tubulin-binding sites. J Cell Biol 183, 1223-1233.

192

129.
130.

131.

132.

133.
134.

135.

136.

137.

138.
139.
140.

141.

142.

143.

Dehmelt, L., and Halpain, S. (2005). The MAP2/Tau family of microtubuleassociated proteins. Genome Biology 6, 204-204.
Ookata, K., Hisanaga, S., J.C., B., Murofushi, H., Aizawa, H., Itoh, T.J., Hotani,
H., Okumura, E., Tachibana, K., and Kishimoto, T. (1995). Cyclin B interaction
with microtubule-associated protein 4 (MAP4) targets p34cdc2 kinase to
microtubules and is a potential regulator of M-phase microtubule dynamics. The
Journal of Cell Biology 128, 849-862.
Brouhard, G.J., Stear, J.H., Noetzel, T.L., Al-Bassam, J., Kinoshita, K., Harrison,
S.C., Howard, J., and Hyman, A.A. (2008). XMAP215 is a processive
microtubule polymerase. Cell 132, 79-88.
Ayaz, P., Munyoki, S., Geyer, E.A., Piedra, F.-A., Vu, E.S., Bromberg, R.,
Otwinowski, Z., Grishin, N.V., Brautigam, C.A., and Rice, L.M. (2014). A
tethered delivery mechanism explains the catalytic action of a microtubule
polymerase. eLife 3, e03069.
Roll-Mecak, A., and McNally, F.J. (2010). Microtubule-severing enzymes. Curr
Opin Cell Biol 22, 96-103.
Jourdain, L., Curmi, P., Sobel, A., Pantaloni, D., and Carlier, M.F. (1997).
Stathmin: a tubulin-sequestering protein which forms a ternary T2S complex with
two tubulin molecules. Biochemistry 36, 10817-10821.
Manna, T., Thrower, D.A., Honnappa, S., Steinmetz, M.O., and Wilson, L.
(2009). Regulation of microtubule dynamic instability in vitro by differentially
phosphorylated stathmin. J Biol Chem 284, 15640-15649.
Lawrence, C.J., Dawe, R.K., Christie, K.R., Cleveland, D.W., Dawson, S.C.,
Endow, S.A., Goldstein, L.S., Goodson, H.V., Hirokawa, N., Howard, J., et al.
(2004). A standardized kinesin nomenclature. J Cell Biol 167, 19-22.
Kapitein, L.C., Peterman, E.J.G., Kwok, B.H., Kim, J.H., Kapoor, T.M., and
Schmidt, C.F. (2005). The bipolar mitotic kinesin Eg5 moves on both
microtubules that it crosslinks. Nature 435, 114-118.
Howard, J., and Hyman, A.A. (2007). Microtubule polymerases and
depolymerases. Curr Opin Cell Biol 19, 31-35.
Vicente, J.J., and Wordeman, L. Mitosis, microtubule dynamics and the evolution
of kinesins. Experimental Cell Research.
Jaulin, F., and Kreitzer, G. (2010). KIF17 stabilizes microtubules and contributes
to epithelial morphogenesis by acting at MT plus ends with EB1 and APC. J Cell
Biol 190, 443-460.
Daire, V., Giustiniani, J., Leroy-Gori, I., Quesnoit, M., Drevensek, S., Dimitrov,
A., Perez, F., and Pous, C. (2009). Kinesin-1 regulates microtubule dynamics via
a c-Jun N-terminal kinase-dependent mechanism. J Biol Chem 284, 31992-32001.
Cui, W., Sproul, L.R., Gustafson, S.M., Matthies, H.J.G., Gilbert, S.P., and
Hawley, R.S. (2005). Drosophila Nod Protein Binds Preferentially to the Plus
Ends of Microtubules and Promotes Microtubule Polymerization In Vitro.
Molecular Biology of the Cell 16, 5400-5409.
Sardar, H.S., Luczak, V.G., Lopez, M.M., Lister, B.C., and Gilbert, S.P. (2010).
Mitotic Kinesin CENP-E Promotes Microtubule Plus-End Elongation. Current
biology : CB 20, 1648-1653.
193

144.

145.

146.

147.
148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Endow, S.A., Kang, S.J., Satterwhite, L.L., Rose, M.D., Skeen, V.P., and Salmon,
E.D. (1994). Yeast Kar3 Is a Minus-End Microtubule Motor Protein That
Destabilizes Microtubules Preferentially at the Minus Ends. Embo Journal 13,
2708-2713.
West, R.R., Malmstrom, T., Troxell, C.L., and McIntosh, J.R. (2001). Two related
kinesins, klp5(+) and klp6(+), foster microtubule disassembly and are required for
meiosis in fission yeast. Molecular Biology of the Cell 12, 3919-3932.
Gupta, M.L., Carvalho, P., Roof, D.M., and Pellman, D. (2006). Plus end-specific
depolymerase activity of Kip3, a kinesin-8 protein, explains its role in positioning
the yeast mitotic spindle. Nature Cell Biology 8, 913-U933.
Vale, R.D., and Fletterick, R.J. (1997). The design plan of kinesin motors. Annu
Rev Cell Dev Biol 13, 745-777.
Varga, V., Helenius, J., Tanaka, K., Hyman, A.A., Tanaka, T.U., and Howard, J.
(2006). Yeast kinesin-8 depolymerizes microtubules in a length-dependent
manner. Nat Cell Biol 8, 957-962.
Manning, A.L., Ganem, N.J., Bakhoum, S.F., Wagenbach, M., Wordeman, L.,
and Compton, D.A. (2007). The kinesin-13 proteins Kif2a, Kif2b, and
Kif2c/MCAK have distinct roles during mitosis in human cells. Mol Biol Cell 18,
2970-2979.
Ems-McClung, S.C., and Walczak, C.E. (2010). Kinesin-13s in mitosis: Key
players in the spatial and temporal organization of spindle microtubules. Seminars
in Cell & Developmental Biology 21, 276-282.
Wordeman, L., and Mitchison, T.J. (1995). Identification and partial
characterization of mitotic centromere-associated kinesin, a kinesin-related
protein that associates with centromeres during mitosis. J Cell Biol 128, 95-104.
Newton, C.N., Wagenbach, M., Ovechkina, Y., Wordeman, L., and Wilson, L.
(2004). MCAK, a Kin I kinesin, increases the catastrophe frequency of steadystate HeLa cell microtubules in an ATP-dependent manner in vitro. FEBS Lett
572, 80-84.
Gardner, M.K., Zanic, M., Gell, C., Bormuth, V., and Howard, J. (2011).
Depolymerizing kinesins Kip3 and MCAK shape cellular microtubule
architecture by differential control of catastrophe. Cell 147, 1092-1103.
Walczak, C.E., Mitchison, T.J., and Desai, A. (1996). XKCM1: a Xenopus
kinesin-related protein that regulates microtubule dynamics during mitotic spindle
assembly. Cell 84, 37-47.
Vogt, E., Sanhaji, M., Klein, W., Seidel, T., Wordeman, L., and EichenlaubRitter, U. (2010). MCAK is present at centromeres, midspindle and chiasmata and
involved in silencing of the spindle assembly checkpoint in mammalian oocytes.
Mol Hum Reprod 16, 665-684.
Wordeman, L., Wagenbach, M., and von Dassow, G. (2007). MCAK facilitates
chromosome movement by promoting kinetochore microtubule turnover. J Cell
Biol 179, 869-879.
Kline-Smith, S.L., Khodjakov, A., Hergert, P., and Walczak, C.E. (2004).
Depletion of centromeric MCAK leads to chromosome congression and

194

158.
159.
160.

161.

162.
163.

164.

165.

166.

167.

168.

169.

170.

171.

segregation defects due to improper kinetochore attachments. Mol Biol Cell 15,
1146-1159.
Friel, C.T., and Howard, J. (2011). The kinesin-13 MCAK has an unconventional
ATPase cycle adapted for microtubule depolymerization. EMBO J.
Goodwin, S.S., and Vale, R.D. (2010). Patronin regulates the microtubule
network by protecting microtubule minus ends. Cell 143, 263-274.
Moores, C.A., Yu, M., Guo, J., Beraud, C., Sakowicz, R., and Milligan, R.A.
(2002). A mechanism for microtubule depolymerization by KinI kinesins. Mol
Cell 9, 903-909.
Wagenbach, M., Domnitz, S., Wordeman, L., and Cooper, J. (2008). A kinesin-13
mutant catalytically depolymerizes microtubules in ADP. J Cell Biol 183, 617623.
Desai, A., Verma, S., Mitchison, T.J., and Walczak, C.E. (1999). Kin I kinesins
are microtubule-destabilizing enzymes. Cell 96, 69-78.
Maney, T., Wagenbach, M., and Wordeman, L. (2001). Molecular dissection of
the microtubule depolymerizing activity of mitotic centromere-associated kinesin.
J Biol Chem 276, 34753-34758.
Ovechkina, Y., Wagenbach, M., and Wordeman, L. (2002). K-loop insertion
restores microtubule depolymerizing activity of a "neckless" MCAK mutant. J
Cell Biol 159, 557-562.
Cooper, J.R., Wagenbach, M., Asbury, C.L., and Wordeman, L. (2010). Catalysis
of the microtubule on-rate is the major parameter regulating the depolymerase
activity of MCAK. Nat Struct Mol Biol 17, 77-82.
Moore, A., and Wordeman, L. (2004). C-terminus of mitotic centromereassociated kinesin (MCAK) inhibits its lattice-stimulated ATPase activity.
Biochem J 383, 227-235.
Ems-McClung, S.C., Hertzer, K.M., Zhang, X., Miller, M.W., and Walczak, C.E.
(2007). The interplay of the N- and C-terminal domains of MCAK control
microtubule depolymerization activity and spindle assembly. Mol Biol Cell 18,
282-294.
Ems-McClung, S.C., Hainline, S.G., Devare, J., Zong, H.L., Cai, S., Carnes, S.K.,
Shaw, S.L., and Walczak, C.E. (2013). Aurora B Inhibits MCAK Activity through
a Phosphoconformational Switch that Reduces Microtubule Association. Current
Biology 23, 2491-2499.
Hertzer, K.M., Ems-McClung, S.C., Kline-Smith, S.L., Lipkin, T.G., Gilbert,
S.P., and Walczak, C.E. (2006). Full-length dimeric MCAK is a more efficient
microtubule depolymerase than minimal domain monomeric MCAK. Mol Biol
Cell 17, 700-710.
Ogawa, T., Nitta, R., Okada, Y., and Hirokawa, N. (2004). A common mechanism
for microtubule destabilizers-M type kinesins stabilize curling of the
protofilament using the class-specific neck and loops. Cell 116, 591-602.
Kikkawa, M., Sablin, E.P., Okada, Y., Yajima, H., Fletterick, R.J., and Hirokawa,
N. (2001). Switch-based mechanism of kinesin motors. Nature 411, 439-445.

195

172.

173.

174.

175.

176.

177.

178.

179.
180.

181.

182.

183.

184.

Zhang, X., Ems-McClung, S.C., and Walczak, C.E. (2008). Aurora A
phosphorylates MCAK to control ran-dependent spindle bipolarity. Mol Biol Cell
19, 2752-2765.
Zhang, X., Lan, W., Ems-McClung, S.C., Stukenberg, P.T., and Walczak, C.E.
(2007). Aurora B phosphorylates multiple sites on mitotic centromere-associated
kinesin to spatially and temporally regulate its function. Mol Biol Cell 18, 32643276.
Lan, W., Zhang, X., Kline-Smith, S.L., Rosasco, S.E., Barrett-Wilt, G.A.,
Shabanowitz, J., Hunt, D.F., Walczak, C.E., and Stukenberg, P.T. (2004). Aurora
B phosphorylates centromeric MCAK and regulates its localization and
microtubule depolymerization activity. Curr Biol 14, 273-286.
Sanhaji, M., Friel, C.T., Kreis, N.N., Kramer, A., Martin, C., Howard, J.,
Strebhardt, K., and Yuan, J. (2010). Functional and spatial regulation of mitotic
centromere-associated kinesin by cyclin-dependent kinase 1. Mol Cell Biol 30,
2594-2607.
Zhang, L., Shao, H., Huang, Y., Yan, F., Chu, Y., Hou, H., Zhu, M., Fu, C.,
Aikhionbare, F., Fang, G., et al. (2011). PLK1 phosphorylates mitotic centromereassociated kinesin and promotes its depolymerase activity. J Biol Chem 286,
3033-3046.
Ritter, A., Sanhaji, M., Steinhäuser, K., Roth, S., Louwen, F., and Yuan, J.
(2014). The activity regulation of the mitotic centromere-associated kinesin by
Polo-like kinase 1.
Sanhaji, M., Friel, C.T., Wordeman, L., Louwen, F., and Yuan, J. (2011). Mitotic
centromere-associated kinesin (MCAK): a potential cancer drug target.
Oncotarget 2, 935-947.
Lee, T., Langford, K.J., Askham, J.M., Bruning-Richardson, A., and Morrison,
E.E. (2008). MCAK associates with EB1. Oncogene 27, 2494-2500.
Honnappa, S., Gouveia, S.M., Weisbrich, A., Damberger, F.F., Bhavesh, N.S.,
Jawhari, H., Grigoriev, I., van Rijssel, F.J., Buey, R.M., Lawera, A., et al. (2009).
An EB1-binding motif acts as a microtubule tip localization signal. Cell 138, 366376.
Sack, S., Muller, J., Marx, A., Thormahlen, M., Mandelkow, E.M., Brady, S.T.,
and Mandelkow, E. (1997). X-ray structure of motor and neck domains from rat
brain kinesin. Biochemistry 36, 16155-16165.
Yan, Y., Sardana, V., Xu, B., Homnick, C., Halczenko, W., Buser, C.A., Schaber,
M., Hartman, G.D., Huber, H.E., and Kuo, L.C. (2004). Inhibition of a mitotic
motor protein: where, how, and conformational consequences. J Mol Biol 335,
547-554.
Kikkawa, M., and Hirokawa, N. (2006). High-resolution cryo-EM maps show the
nucleotide binding pocket of KIF1A in open and closed conformations. Embo
Journal 25, 4187-4194.
Sindelar, C.V., and Downing, K.H. (2010). An atomic-level mechanism for
activation of the kinesin molecular motors. Proc Natl Acad Sci U S A 107, 41114116.

196

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.
196.

197.

Naber, N., Larson, A., Rice, S., Cooke, R., and Pate, E. (2011). Multiple
conformations of the nucleotide site of Kinesin family motors in the triphosphate
state. J Mol Biol 408, 628-642.
Larson, A.G., Naber, N., Cooke, R., Pate, E., and Rice, S.E. (2010). The
conserved L5 loop establishes the pre-powerstroke conformation of the Kinesin-5
motor, eg5. Biophys J 98, 2619-2627.
Naber, N., Minehardt, T.J., Rice, S., Chen, X., Grammer, J., Matuska, M., Vale,
R.D., Kollman, P.A., Car, R., Yount, R.G., et al. (2003). Closing of the nucleotide
pocket of kinesin-family motors upon binding to microtubules. Science 300, 798801.
Konermann, L., Pan, J.X., and Liu, Y.H. (2011). Hydrogen exchange mass
spectrometry for studying protein structure and dynamics. Chem Soc Rev 40,
1224-1234.
Hamuro, Y., Coales, S.J., Morrow, J.A., Molnar, K.S., Tuske, S.J., Southern,
M.R., and Griffin, P.R. (2006). Hydrogen/deuterium-exchange (H/D-Ex) of
PPAR gamma LBD in the presence of various modulators. Protein Science 15,
1883-1892.
Betts, G.N., van der Geer, P., and Komives, E.A. (2008). Structural and functional
consequences of tyrosine phosphorylation in the LRP1 cytoplasmic domain.
Journal of Biological Chemistry 283, 15656-15664.
Pantazatos, D., Kim, J.S., Klock, H.E., Stevens, R.C., Wilson, I.A., Lesley, S.A.,
and Woods, V.L. (2004). Rapid refinement of crystallographic protein construct
definition employing enhanced hydrogen/deuterium exchange MS. P Natl Acad
Sci USA 101, 751-756.
Bobst, C.E., and Kaltashov, I.A. (2011). Advanced Mass Spectrometry-Based
Methods for the Analysis of Conformational Integrity of Biopharmaceutical
Products. Curr Pharm Biotechno 12, 1517-1529.
Houde, D., Berkowitz, S.A., and Engen, J.R. (2011). The Utility of
Hydrogen/Deuterium Exchange Mass Spectrometry in Biopharmaceutical
Comparability Studies. J Pharm Sci-Us 100, 2071-2086.
Chen, G.D., Warrack, B.M., Goodenough, A.K., Wei, H., Wang-Iverson, D.B.,
and Tymiak, A.A. (2011). Characterization of protein therapeutics by mass
spectrometry: recent developments and future directions. Drug Discov Today 16,
58-64.
Iacob, R.E., and Engen, J.R. (2012). Hydrogen Exchange Mass Spectrometry: Are
We Out of the Quicksand? J Am Soc Mass Spectr 23, 1003-1010.
Slysz, G.W., Baker, C.A., Bozsa, B.M., Dang, A., Percy, A.J., Bennett, M., and
Schriemer, D.C. (2009). Hydra: software for tailored processing of H/D exchange
data from MS or tandem MS analyses. BMC Bioinformatics 10, 162.
Kazazic, S., Zhang, H.M., Schaub, T.M., Emmett, M.R., Hendrickson, C.L.,
Blakney, G.T., and Marshall, A.G. (2010). Automated Data Reduction for
Hydrogen/Deuterium Exchange Experiments, Enabled by High-Resolution
Fourier Transform Ion Cyclotron Resonance Mass Spectrometry. J Am Soc Mass
Spectr 21, 550-558.

197

198.

199.

200.

201.

202.

203.

204.
205.
206.

207.
208.

209.

210.

211.

Burkitt, W., and O'Connor, G. (2008). Assessment of the repeatability and
reproducibility of hydrogen/deuterium exchange mass spectrometry
measurements. Rapid Commun Mass Sp 22, 3893-3901.
Chalmers, M.J., Pascal, B.D., Willis, S., Zhang, J., Iturria, S.J., Dodge, J.A., and
Griffin, P.R. (2011). Methods for the analysis of high precision differential
hydrogen-deuterium exchange data. International Journal of Mass Spectrometry
302, 59-68.
Andrews, G.L., Simons, B.L., Young, J.B., Hawkridge, A.M., and Muddiman,
D.C. (2011). Performance characteristics of a new hybrid quadrupole time-offlight tandem mass spectrometer (TripleTOF 5600). Anal Chem 83, 5442-5446.
Hu, Q.Z., Noll, R.J., Li, H.Y., Makarov, A., Hardman, M., and Cooks, R.G.
(2005). The Orbitrap: a new mass spectrometer. Journal of Mass Spectrometry 40,
430-443.
Olsen, J.V., Schwartz, J.C., Griep-Raming, J., Nielsen, M.L., Damoc, E.,
Denisov, E., Lange, O., Remes, P., Taylor, D., Splendore, M., et al. (2009). A
dual pressure linear ion trap Orbitrap instrument with very high sequencing speed.
Mol Cell Proteomics 8, 2759-2769.
Yi, E.C., Marelli, M., Lee, H., Purvine, S.O., Aebersold, R., Aitchison, J.D., and
Goodlett, D.R. (2002). Approaching complete peroxisome characterization by
gas-phase fractionation. Electrophoresis 23, 3205-3216.
Makarov, A. (2000). Electrostatic axially harmonic orbital trapping: A highperformance technique of mass analysis. Analytical Chemistry 72, 1156-1162.
Scigelova, M., Hornshaw, M., Giannakopulos, A., and Makarov, A. (2011).
Fourier Transform Mass Spectrometry. Molecular & Cellular Proteomics 10.
Jedrychowski, M.P., Huttlin, E.L., Haas, W., Sowa, M.E., Rad, R., and Gygi, S.P.
(2011). Evaluation of HCD- and CID-type Fragmentation Within Their
Respective Detection Platforms For Murine Phosphoproteomics. Molecular &
Cellular Proteomics 10.
Renard, B.Y., Kirchner, M., Steen, H., Steen, J.A.J., and Hamprecht, F.A. (2008).
NITPICK: peak identification for mass spectrometry data. BMC Bioinformatics 9.
Mayne, L., Kan, Z.Y., Chetty, P.S., Ricciuti, A., Walters, B.T., and Englander,
S.W. (2011). Many Overlapping Peptides for Protein Hydrogen Exchange
Experiments by the Fragment Separation-Mass Spectrometry Method. J Am Soc
Mass Spectr 22, 1898-1905.
Tang, K.Q., Page, J.S., and Smith, R.D. (2004). Charge competition and the linear
dynamic range of detection in electrospray ionization mass spectrometry. J Am
Soc Mass Spectr 15, 1416-1423.
Houel, S., Abernathy, R., Renganathan, K., Meyer-Arendt, K., Ahn, N.G., and
Old, W.M. (2010). Quantifying the Impact of Chimera MS/MS Spectra on
Peptide Identification in Large-Scale Proteomics Studies. Journal of Proteome
Research 9, 4152-4160.
Hofstadler, S.A., Bruce, J.E., Rockwood, A.L., Anderson, G.A., Winger, B.E.,
and Smith, R.D. (1994). Isotopic Beat Patterns in Fourier-Transform IonCyclotron Resonance Mass-Spectrometry - Implications for High-Resolution

198

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Mass Measurements of Large Biopolymers. International Journal of Mass
Spectrometry and Ion Processes 132, 109-127.
Easterling, M.L., Amster, I.J., van Rooij, G.J., and Heeren, R.M.A. (1999).
Isotope beating effects in the analysis of polymer distributions by Fourier
transform mass spectrometry. J Am Soc Mass Spectr 10, 1074-1082.
Michalski, A., Damoc, E., Lange, O., Denisov, E., Nolting, D., Muller, M., Viner,
R., Schwartz, J., Remes, P., Belford, M., et al. (2012). Ultra High Resolution
Linear Ion Trap Orbitrap Mass Spectrometer (Orbitrap Elite) Facilitates Top
Down LC MS/MS and Versatile Peptide Fragmentation Modes. Molecular &
Cellular Proteomics 11.
Erve, J.C.L., Gu, M., Wang, Y.D., DeMaio, W., and Talaat, R.E. (2009). Spectral
Accuracy of Molecular Ions in an LTQ/Orbitrap Mass Spectrometer and
Implications for Elemental Composition Determination. J Am Soc Mass Spectr
20, 2058-2069.
Kaufmann, A., and Walker, S. (2012). Accuracy of relative isotopic abundance
and mass measurements in a single-stage orbitrap mass spectrometer. Rapid
Commun Mass Sp 26, 1081-1090.
Aizikov, K., Mathur, R., and O'Connor, P.B. (2009). The Spontaneous Loss of
Coherence Catastrophe in Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry. J Am Soc Mass Spectr 20, 247-256.
Nikolaev, E.N., Jertz, R., Grigoryev, A., and Baykut, G. (2012). Fine Structure in
Isotopic Peak Distributions Measured Using a Dynamically Harmonized Fourier
Transform Ion Cyclotron Resonance Cell at 7 T. Analytical Chemistry 84, 22752283.
Liu, T., Pantazatos, D., Li, S., Hamuro, Y., Hilser, V.J., and Woods, V.L. (2012).
Quantitative Assessment of Protein Structural Models by Comparison of H/D
Exchange MS Data with Exchange Behavior Accurately Predicted by
DXCOREX. J Am Soc Mass Spectr 23, 43-56.
Ramos-Fernandez, A., Lopez-Ferrer, D., and Vazquez, J. (2007). Improved
method for differential expression proteomics using trypsin-catalyzed O-18
labeling with a correction for labeling efficiency. Molecular & Cellular
Proteomics 6, 1274-1286.
Whitelegge, J.P., Katz, J.E., Pihakari, K.A., Hale, R., Aguilera, R., Gomez, S.M.,
Faull, K.F., Vavilin, D., and Vermaas, W. (2004). Subtle modification of isotope
ratio proteomics; an integrated strategy for expression proteomics.
Phytochemistry 65, 1507-1515.
Zhao, Y.C., Lee, W.H.P., Lim, S., Go, V.L., Xiao, J., Cao, R., Zhang, H.W.,
Recker, R.R., and Xiao, G.G. (2009). Quantitative Proteomics: Measuring Protein
Synthesis Using N-15 Amino Acid Labeling in Pancreatic Cancer Cells.
Analytical Chemistry 81, 764-771.
Khanal, A., Pan, Y., Brown, L.S., and Konermann, L. (2012). Pulsed
hydrogen/deuterium exchange mass spectrometry for time-resolved membrane
protein folding studies. J Mass Spectrom 47, 1620-1626.
Rey, M., Man, P., Clemencon, B., Trezeguet, V., Brandolin, G., Forest, E., and
Pelosi, L. (2010). Conformational dynamics of the bovine mitochondrial
199

224.

225.

226.

227.
228.

229.

230.

231.
232.

233.

234.

235.

236.

ADP/ATP carrier isoform 1 revealed by hydrogen/deuterium exchange coupled to
mass spectrometry. J Biol Chem 285, 34981-34990.
West, G.M., Tang, L., and Fitzgerald, M.C. (2008). Thermodynamic analysis of
protein stability and ligand binding using a chemical modification- and massspectrometry based strategy. Analytical Chemistry 80, 4175-4185.
Wei, H., Mo, J., Tao, L., Russell, R.J., Tymiak, A.A., Chen, G., Iacob, R.E., and
Engen, J.R. (2014). Hydrogen/deuterium exchange mass spectrometry for probing
higher order structure of protein therapeutics: methodology and applications.
Drug Discov Today 19, 95-102.
Goswami, D., Devarakonda, S., Chalmers, M.J., Pascal, B.D., Spiegelman, B.M.,
and Griffin, P.R. (2013). Time window expansion for HDX analysis of an
intrinsically disordered protein. J Am Soc Mass Spectrom 24, 1584-1592.
Marcsisin, S.R., and Engen, J.R. (2010). Hydrogen exchange mass spectrometry:
what is it and what can it tell us? Anal Bioanal Chem 397, 967-972.
Wales, T.E., Eggertson, M.J., and Engen, J.R. (2013). Considerations in the
analysis of hydrogen exchange mass spectrometry data. Methods Mol Biol 1007,
263-288.
Rey, M., Sarpe, V., Burns, K.M., Buse, J., Baker, C.A., van Dijk, M., Wordeman,
L., Bonvin, A.M., and Schriemer, D.C. (2014). Mass spec studio for integrative
structural biology. Structure 22, 1538-1548.
Mayne, L., Kan, Z.Y., Chetty, P.S., Ricciuti, A., Walters, B.T., and Englander,
S.W. (2011). Many overlapping peptides for protein hydrogen exchange
experiments by the fragment separation-mass spectrometry method. J Am Soc
Mass Spectrom 22, 1898-1905.
Kan, Z.Y., Mayne, L., Chetty, P.S., and Englander, S.W. (2011). ExMS: data
analysis for HX-MS experiments. J Am Soc Mass Spectrom 22, 1906-1915.
Burns, K.M., Wagenbach, M., Wordeman, L., and Schriemer, D.C. (2014).
Nucleotide Exchange in Dimeric MCAK Induces Longitudinal and Lateral Stress
at Microtubule Ends to Support Depolymerization. Structure 22, 1173-1183.
Lambert, J.P., Ivosev, G., Couzens, A.L., Larsen, B., Taipale, M., Lin, Z.Y.,
Zhong, Q., Lindquist, S., Vidal, M., Aebersold, R., et al. (2013). Mapping
differential interactomes by affinity purification coupled with data-independent
mass spectrometry acquisition. Nat Methods 10, 1239-1245.
Rand, K.D., Zehl, M., and Jorgensen, T.J. (2014). Measuring the
hydrogen/deuterium exchange of proteins at high spatial resolution by mass
spectrometry: overcoming gas-phase hydrogen/deuterium scrambling. Acc Chem
Res 47, 3018-3027.
Geer, L.Y., Markey, S.P., Kowalak, J.A., Wagner, L., Xu, M., Maynard, D.M.,
Yang, X., Shi, W., and Bryant, S.H. (2004). Open mass spectrometry search
algorithm. J Proteome Res 3, 958-964.
Elias, J.E., and Gygi, S.P. (2007). Target-decoy search strategy for increased
confidence in large-scale protein identifications by mass spectrometry. Nat
Methods 4, 207-214.

200

237.

238.

239.

240.

241.

242.

243.

244.
245.
246.

247.

248.

249.
250.

251.

252.

Ganem, N.J., and Compton, D.A. (2004). The KinI kinesin Kif2a is required for
bipolar spindle assembly through a functional relationship with MCAK. J Cell
Biol 166, 473-478.
Shrestha, R.L., and Draviam, V.M. (2013). Lateral to end-on conversion of
chromosome-microtubule attachment requires kinesins CENP-E and MCAK. Curr
Biol 23, 1514-1526.
Kobayashi, T., Tsang, W.Y., Li, J., Lane, W., and Dynlacht, B.D. (2011).
Centriolar kinesin Kif24 interacts with CP110 to remodel microtubules and
regulate ciliogenesis. Cell 145, 914-925.
Ghosh-Roy, A., Goncharov, A., Jin, Y., and Chisholm, A.D. (2012). Kinesin-13
and tubulin posttranslational modifications regulate microtubule growth in axon
regeneration. Dev Cell 23, 716-728.
Helenius, J., Brouhard, G., Kalaidzidis, Y., Diez, S., and Howard, J. (2006). The
depolymerizing kinesin MCAK uses lattice diffusion to rapidly target microtubule
ends. Nature 441, 115-119.
Asenjo, A.B., Chatterjee, C., Tan, D., DePaoli, V., Rice, W.J., Diaz-Avalos, R.,
Silvestry, M., and Sosa, H. (2013). Structural model for tubulin recognition and
deformation by kinesin-13 microtubule depolymerases. Cell Rep 3, 759-768.
Moores, C.A., Cooper, J., Wagenbach, M., Ovechkina, Y., Wordeman, L., and
Milligan, R.A. (2006). The role of the kinesin-13 neck in microtubule
depolymerization. Cell Cycle 5, 1812-1815.
Tan, D., Asenjo, A.B., Mennella, V., Sharp, D.J., and Sosa, H. (2006). Kinesin13s form rings around microtubules. J Cell Biol 175, 25-31.
Tan, D., Rice, W.J., and Sosa, H. (2008). Structure of the kinesin13-microtubule
ring complex. Structure 16, 1732-1739.
Zhang, D., Asenjo, A.B., Greenbaum, M., Xie, L., Sharp, D.J., and Sosa, H.
(2013). A Second Tubulin Binding Site on the Kinesin-13 Motor Head Domain Is
Important during Mitosis. PLoS One 8, e73075.
Kollu, S., Bakhoum, S.F., and Compton, D.A. (2009). Interplay of microtubule
dynamics and sliding during bipolar spindle formation in mammalian cells. Curr
Biol 19, 2108-2113.
Friedman, D.S., and Vale, R.D. (1999). Single-molecule analysis of kinesin
motility reveals regulation by the cargo-binding tail domain. Nat Cell Biol 1, 293297.
Hackney, D.D., and Stock, M.F. (2000). Kinesin's IAK tail domain inhibits initial
microtubule-stimulated ADP release. Nat Cell Biol 2, 257-260.
Moore, A.T., Rankin, K.E., von Dassow, G., Peris, L., Wagenbach, M.,
Ovechkina, Y., Andrieux, A., Job, D., and Wordeman, L. (2005). MCAK
associates with the tips of polymerizing microtubules. J Cell Biol 169, 391-397.
Walczak, C.E., Gan, E.C., Desai, A., Mitchison, T.J., and Kline-Smith, S.L.
(2002). The microtubule-destabilizing kinesin XKCM1 is required for
chromosome positioning during spindle assembly. Curr Biol 12, 1885-1889.
Maney, T., Hunter, A.W., Wagenbach, M., and Wordeman, L. (1998). Mitotic
centromere-associated kinesin is important for anaphase chromosome segregation.
J Cell Biol 142, 787-801.
201

253.

254.
255.
256.
257.

258.

259.
260.

261.

262.

263.

Burns, K.M., Rey, M., Baker, C.A., and Schriemer, D.C. (2013). Platform
dependencies in bottom-up hydrogen/deuterium exchange mass spectrometry.
Mol Cell Proteomics 12, 539-548.
Roy, A., Kucukural, A., and Zhang, Y. (2010). I-TASSER: a unified platform for
automated protein structure and function prediction. Nat Protoc 5, 725-738.
Zhang, Y. (2008). I-TASSER server for protein 3D structure prediction. BMC
Bioinformatics 9, 40.
Moores, C. (2008). Studying microtubules by electron microscopy. Methods Cell
Biol 88, 299-317.
Li, X., Romero, P., Rani, M., Dunker, A.K., and Obradovic, Z. (1999). Predicting
Protein Disorder for N-, C-, and Internal Regions. Genome Inform Ser Workshop
Genome Inform 10, 30-40.
Romero, Obradovic, and Dunker, K. (1997). Sequence Data Analysis for Long
Disordered Regions Prediction in the Calcineurin Family. Genome Inform Ser
Workshop Genome Inform 8, 110-124.
Romero, P., Obradovic, Z., Li, X., Garner, E.C., Brown, C.J., and Dunker, A.K.
(2001). Sequence complexity of disordered protein. Proteins 42, 38-48.
Friel, C.T., and Howard, J. (2011). The kinesin-13 MCAK has an unconventional
ATPase cycle adapted for microtubule depolymerization. Embo Journal 30, 39283939.
Gebremichael, Y., Chu, J.W., and Voth, G.A. (2008). Intrinsic bending and
structural rearrangement of tubulin dimer: molecular dynamics simulations and
coarse-grained analysis. Biophys J 95, 2487-2499.
Mulder, A.M., Glavis-Bloom, A., Moores, C.A., Wagenbach, M., Carragher, B.,
Wordeman, L., and Milligan, R.A. (2009). A new model for binding of kinesin 13
to curved microtubule protofilaments. Journal of Cell Biology 185, 51-57.
Bennett, M.J. (2011). Regulation of Microtubule Dynamics – A Chemical
Biology Approach. PhD Thesis University of Calgary: Calgary, Alberta.

202

