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Abstract

Mass spectrometry (MSjs consideed to be indispensable technology for the use in modern
pharmaceutical drug discovery and development procddeesver, MS is rarely used as a screening
technology for protein structure. In this project, ion ftiglbmass spectrometry (INS) methods are
developed toinvestigate protein structure with thause of chemical modificationand genetic

modification.

Collision induced unfolding (CIU) method was optimised for measuring the mobility of ubiquitin (Ub)
drift traces and the collision cross section (CCS) was calculated. The mobility was measured in the trap
by acquiring several voltages and monitoring the drift trace of the lower state ion ([M-e6id]
[M+5H]°*. By combining the CIU method and chemical mamifion of proteins we can enhance the
understanding of protein structure in the gas phase.

Acetylation was carried out first on ubiquitin, the results showed a difference in the drift trace for
ubiquitin after acetylation. This led to inspection of the/MS spectrum of intact Ub. Theibn,
corresponding to fragmentation at lysine reside $howedhis residue to have importance for the
structural integrity of the protein. Therefore, different K6 mutant were obtained and their CIU were
acquired. The results confirmed that the K6 reside is indeed crucial in the ubiquitin unfolding pathway.
Acetylaion of this residue, or its replacement with alanine (K6A Ub) produced a conformationally
destabilised form of the protein, which unfolded at lower collision energies. Wild type Ub and its
mutant K60 mutant shared the fact the K6 is present, and thé skeuled they have the same CIU
unfolding profile, In contrast the NoK and K6R mutant where the K6 has been modified to R, resulted

in a more stable compact structure as evidenced by the CIU profile.

Diethylpyrocarbonate modification of the single thetitline residue in Ub, which was postulated to
interact with K6 in the gas phase structure resulted in modest destabilisation of compact Ub, while
succinylation of the Nerminus had no clear effect on stability of the protein structure. Studies of
molecula dynamics and charge distribution support the experimental data by rationalising the
importance of protonated K6 and H68 interaction in thephase stabilization of the native folding of

Ub.

Finally, the ubiquitin associating domain UBA2 was destalilisg adding an acetyl group to the N
terminus of the protein. The observation was interpreted by the breaking of a key intramolecular
interaction between the-dérminus and the glutamate residiBvioreover, the behavious of different

in charge states elved the important of addition of charge on the structure of proteins.
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Introduction Chapter 1

1 Introduction

1.1 Protein structure and interactions

Generally, a protein molecule consists of a long chain of amino acids linked by covalent peptide
bonds Depending on organism between 20 and 22 o8@eamino acids present in nature are
known as proteinogenic amino acids, and they are found isttheture of proteins seen in
various forms of lifeEach protein has a unique sequence of amino acids that define its structure
and function.As seen inFigure 1-1, the general formula of an amino acid isNHCH(R)

COOH. Herein, R is used to describe the amino acid side chain, which is composedfof one
20 amino side chain options. For example, one of the simplest amirsp glgine, has just

onehydrogen atom in the position of thegroup(Butterworth, 200k
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Figurel-1. (a) Genericamino acid structure, (b) glycine, and (c) alanine.

The chemical structure of amino acids consisthafged and uncharged forms of the ionizable

0 COOH andd NHs" weak acid groups that are in equilibrium in a solution:

R38 COOH Z=—R& COO +H"

R& NHst <= R& NHx+H"

As shown, both B COOH and B NHz" are weak acids, whiledk COOH is a far stronger
acid than ® NHs". At physiologial pH (pH 7.4), carboxyl groups exist almost entirely as
Rd COO and amino groups predominantly a® RHs". Molecules that contain an equal

number of ionizable groups of opposite chairgend hence carry no net chaiigare termed

2



Introduction Chapter 1

Ozwitterions.d In the context of peptides an
are linked to form a neutral peptidend, only the free Nerminal amino group and-@rminal

carboxylate group carry a charge. The majority of charges in the molecule arise from
protonation or deprotonation of i@able sidechainsclassification of amino acids based on

their structure andthemical properties, Based on their polarity, amino acids are normally
divided into four categories. The polarity of amino acids in protein structure reflects their

functional role(Butterworth, 200h

The amino acid sequence of a protein is taken from the transbditioRNA, which in turn is

derived from theranscription of a DNA sequencEhe process is then governed by DNA, the

cell's genetic material. Some of the incorporated amino acids unchedjfication to create

their derivatives during protein synthesfghen gene mutations occur, the DNA sequesce i

altered and can cause a change in the amino acid sequence of a protein. Changing a single
amino acid in a proteinds sequence can have

function (Butterworth, 200k

1.1.1 Levels of protein structure

As indicated before, the shape of a protein is crucially importantfimition. There are four

levels of protein structure: primary, secondary, tertiary, and quaternary. The primary structure
determines the other three | evels of structu
combinations of the 20 different amo acids to form polypeptide chains. These are translated

from mRNA by the ribosome. Thus, there is a direct link between gene sequence and protein

structure.
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Figurel-2. the four level of protein struate first the primary structure represents the amino acid sequirece,
secondary structure shows tifecrystalstructure ofd — h Bldnélli, third the ertiary structure shwsthed h el i x
and t he b opdngexhaim §onslliim &nally the quaternary structurshows all the bondesheetto

make a protein.

Along the protein sequence, it is possible for some amino acid to be different in some regions
without impacting the overall shape the biological function, while other regions pfdten

contain crucial sites that are essential for structure/function and the amino acid sequence must
be preserved during transcription. In cases where mutation results in the change of one amino

acid, serious genetic diseases can o¢alinrerts & Press, 2017
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Figurel-3. Protein primary structure showirlgackbone and covalent bonding.

H,N

Ir=z

The next level of protein structure is the secondary structure. Although each protein has a

unique conformation; two regular folding patterns are commonly found within proteins.

These are the U he IManydiffererd sets bf eveakb noqrovalenttbends s h e e
that develop between one segment of the chain and another determine how a protein chain

folds. Atoms in the polypeptide backbone and atoms in the amino acid side chains are

involved. The strength of a large nhar of such noncovalent connections determines the

stability of each folded shape in this w@lberts & Press, 2017

The propensity is calculated as the ratio of the frequency with which an amino acid occurs in
a specific fold of a secondary structure to the frequency with which that same amino acid
occurs in all proteins. The interchangeability of amino acids is achl®yenaintaining their
secondary structural propensity, and the mutability of amino acids is directly proportional to
the amount of energy required for their biosynthesis while being inversely proportional to the

frequency of their most probable conforroati(Bohérquez, 2017).

The global threelimensional structure of a polypeptide constitutes the tertiary structure.
Generally, the tertiary structure forms due to interactions between the R groups of the amino
acids in the primary structure. The structafgrotein is mainly formed by the naovalent

bonds affecting the binding between the amino acids in the protein molecule to form the more

complex conformation, which gives the protein its function. Forces such as ionic interactions,

5
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hydrogen bonds, Vatler Waals forces and the hydrophobic effect all contribute to the tertiary
structure Noncovalent bonds are BBOO times weaker than the covalent connections that hold
biological molecules together. However, sections of a polypeptide chain can be htidrtoge
strongly by a number of weak bonds operating in combination. The strength of a large number
of such noncovalent connections determines the stability of each folded shape in this way.
These relatively weak bonds also enable fast, reversible bindiwgdseproteins and between
proteins with small molecule$he sequence of amino acids and how they interact to form the
conformation with the lowest energy are the principal factors that give a protein its global

tertiary structuréAlberts & Press, 2017

Figure1-4. The tertiary structurstructure of the polypeptide backbone formingheelix (blue) and thé sheet
(red).

A fourth weak force, known as the hydrophobic clustering force, wisickaily driven by
entropic considerations, is also important in defining how a protein is shapaa aqueous
environment, hydrophobic molecules, such as the nonpolar side chains of specific amino acids,
are pulled together to limit their disruption of the hydropended network of water
molecules. As a result, the distribution of polar and naperino acids in any protein plays

an important role in its folding.
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Nonpolar (hydrophobic) side chains of proteins, such as those found in phenylalanine, leucine,
valine, and tryptophan, tend to congregate in the molecule's interior (just as hydraphobic
droplets coalesce in water to form one large droplet). They are able to avoid contact with the

water that surrounds them inside a cell as a result ofAhidersen, 2001L

Polar groups, on the other hand, such as those found in arginine, glutamine, and histidine, tend
to cluster at the molecule's surface, where they can form hydrogen bonds with water and other
polar molecules. Polar amino acids that bgied deep inside the protein are frequently
hydrogenbonded to other polar amino acids or the polypeptide back{@dberts & Press,

2017).

In the example of ionic interactions, the ions in aqueous solution are surrounded by water
molecules, and these water molecules shield the ionic charges from each other, resulting in the
ionic interactions on the surface of a protbaging weaker than those inside, where there is
usually little to no water. In hydrogen bonds the interaction is formed between a hydrogen atom
and an electronegative atowan der Waals forces are considered one of the weakest forces in
nature, as thegre formed by the attraction of induced dipole moments irpater molecules
(Andersen, 2001 The attraction between the adjacent atoms generates electros ofoud
opposite polarity that favours charge distributions in the next atom, which then forms a weak
bond t hat is referred to as fAdispersiono fo
weaker than Fbonds(Andersen, 2001 In proteins they play an important role due to their
weak nature and allow for flexible movement in langg@cromolecules. Most proteins contain
hydrophobic amino acid side chains, which db favour the aqueous environment since they
cannot form hydrogen or ionic bonds with water. Polar molecules interact strongly with each
other, which results in the hydrophobic residues being forced into the core of the protein. A

combination of enthalpimteractions and entropic effects (principally the hydrophobic effect)
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leads to hydrophobic residue being buried inside the prdtejare1-5 shows tle bond that

hold the tertiary structure togeth@ndersen, 2001

Disulfide ‘
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ﬁ /
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. Hydrophilic

N —“‘ Interactions
- O
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Bonds
Ne
( \ o)
Il
gﬁ—cHz—CHz—CHI—NH; -0—C —CH,—

Figure1-5. Types of side chain interactions.

These interactions can also result in quatgreaucture, which is a protein molecule forming
a complex of more than one polypeptide chain to form a reuliunit protein or oligomer

structure. Oligomeric proteins can have many biological activities.

Examples of proteins with quaternary structure include enzymes, cell membrane proteins, and
contractile proteins such as actin and myosin. Haemoglobin is an example of quaternary
protein, and consists of a total of four subunits (two alpha subunits andetaisubunits).

These units are held together by hydrophobic interactions, hydrogen bonding, and salt bridges,
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which gives it confirmation, thereby allowing each subunit that contains a central haeme group

to binds one oxygen molecule.

Finally, an intringcally disordered protein (IDP) is a protein that lacks a fixed or ordered three
dimensional structure, due to the absence of macromolecular interaction partners like other
proteins or RNARandom coil, molten globulikke aggregates, or flexible linkers massive
multi-domain proteins are examples of unstructured to partially organized IDPs. Along with
globular, fibrous, and membrane proteins, they are sometimes regarded a different class of

proteins(Dunker et al., 2001

The ordered state, the molten globule, and the random coil are three different forms that
proteins can take. The five examples below show that natural protein structure can correspond
to any of the three states (not just the ordered state), and tham fuoietion can derive from

any of the three states and transitions. protein that are in a process that likely mimics infection,
Nucleosome hyperacetylation is crucial to DNA replication and transcription, Clustering
contains an ordered domain and alsotaveanolten globular region and in a critical signalling

event, a helix in calcineurin becomes bound and surrouriBungker et al., 2001
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1.1.2 Protein folding and unfolding

The study of protein folding, structure, as well as thermodynamic and kinetic properties is
important due to the close relationship between genetic diseases commonly found in humans,
such as misfolded proteins that form extracellular or intracellular ggg® to initiate
profound cellular dysfunctionBecause of advances in experimental and theoretical
methodologies, as well as their integration, scientific understanding of protein folding has
increased in the last decadénderstanding how a protein faldo its active conformation is

only possible if the pathway between the folded and unfolded states is known; the intermediate

states and transition states that occur between the beginning and final states define a pathway.

Protein folding pathwaysave the same potential for complexity as the variety of three

dimensional conformations that can be achieved. Within any practical population of unfolded
protein molecules, each molecule is likely to have a conformation distinct from that of every
other nolecule in the population at any one time; a corresponding diversity of routes must exist,

at least in the early stages of folding.

Studying protein folding and unfolding mechanisms can help us understand how such diseases
arise and can potentially lead pyeventive cures(Selkoe, 2008 Several experimental
methods have been developed through time to measure the kifepiostein folding and
unfolding such as stoppdbw methods and continuodw techniques.(Crabtree &

Shammas, 201&oder, Maki, & Cheng, 2006

10
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1.1.2.1 Stoppedflow methods

Stoppedflow is an experimental technique for studying chemical processes with a half time of

less than 1 millisecond. €Ehstoppedlow technique is performed by mixing solutions in a

small cell. A stoppedlow, in its most basic form, combines two solutions, for example a

protein and a denaturant. Small amounts of solutions are introduced into-efftagmcy

mixer in a ontinuous and quick manner. This mixing method then initiatasteeaction. The

newly mixed solution makes its way to the observation cell, pushing the conte(@®avkt

1997).

The mixing time is typically between 1 and 10 ms, while the reaction is being monitored by
reattime optical absorbance (UV through IR), fluorescence emission, orairdighroism
(CD) spectroscopy. Despite the short measurement time, the reaction is sensitive and
considered a powerful kinetic method of measuring the protein unfolding mech#&osier
et al., 2005 However, the stoppeftbw technique has its disadvantages, and in some cases
the timescale of the reaction can be altered by changing the apparatus, systems, or experimental
conditions, e.g., temperature, pH, ionic strenffmabtree & Shammas, 2018

1.1.2.2 Continuous-flow techniques
The advantages of continuefliew processes include safer handling and metering of hazardous
substances, as well as better throughput and batch reproducibility. Thegiatil of multistep
or telescoped flow speeds up the synthesis process and eliminates the need for interim storage.
In a continuoudlow experiment, the reaction is performed under stesdte flow conditions
as a function of the distance dowtieam fron the mixer, which can be beneficial for
insensitive detection methods. Therefore, the continfloustechnique can achieve faster end
results than stoppeftbw, yet it would lead to the use of more sample of proteimder et al.,

2006.

11
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1.1.3 Ubiquitin

Ubiquitin is a small regulatory protein that is widely found in almost all cells of eukaryotic
organismsAaron Ciechanover, Avram Hershko, and Irwin Rose discovered the basic roles of
ubiquitin and the components of the ubiquitylation pathway in ehdy 1980s Aaron
Ciechanovertheywere awarded the Nobel Prize in Chemistry in 2004 for their discovery of
ubiquitinrmediated proteolysis. The ubiquitin pathway has been proven to have a critical
function in cellular metabolism and regulation during yngears of researcl{fHershko &

Ciechanover, 1998

The ubiquitin protein consists of 76 amino acids and lmaslacular mass of 8.5 kDab
containseven lysines (K6, K11, K27, K29, K33, K48, and K63) that, function as attachment
sites for polyubiquitin chain assembly, together with thelhinus. These lysines are
positioned in different directions on the sedaof Ub As a result, Ub chains with various

lysine connections have distinct orientations.

The ubiquitin fold is distinguished by a complicateliling consisting of afives t r anded b
sheet, an U helix, and a s hodttermbsabléfM> Ubi qui
360 K), with no complex compounds or disulfide linka@)égay-Kumar, Bugg, & Cook,

1987).

Ubiquitin is highly conserved among eukaryotic species: Human and yeast ubiquitin share
96% sequencigentity; Ubiquitin is encoded by four distinct genes in mammals. The UBA52
and RPS27A genes, respectively, code for a single copy of ubiquitin fused to the ribosomal
proteins L40 and S27a. Polyubiquitin precursor proteins are encoded by the UBB and UBC

genes.(Goldstein et al., 197%5Kimura & Tanaka, 2010

12
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(a)

sp|P62975|UBIQ_RABIT MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLR
sp|P68197|UBIQ_CERCA MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLR
sp|Q865CS5|UBIQ_CAMDR MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLR
tr]A5JUZ1]A5JUZ1_MOUSE MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLR
tr|AOA2KENCNB|AOAZKBENCNG_RHIRO MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLR
tr|Q71MT9|Q71MT9_SPOLT MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLR
(b)
6 1 27 29 33
Ubiquitin sequence: MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQ

LEDGRTLSDYNIQKESTLHLVLRLRGG
63

Figure 1-6. (a) Sequences aligned of ubiquitin of different species uSlagtalOmegdb) lysine residue are
highlighted and numbered in red.

Ubiquitin acts as a versatile cellular signal that controls a wide range of biological processes,
including protein degradion, DNA repair, endocytosis, autophagy, transcription, immunity,
and inflammation(Hershko & Ciechanover, 1998Much of this function is through the
generation of polyUb chains, where links between Uker@inus and one of the seven Lys
residues on another Ub monomer are produced. Different linkages lead to different topology

and function.

Ub is a very impomnt protein and a structurally preserved protein that regulates most of the
eukaryotic cell processds carries out its many tasks by conjugating to a wide range of target
proteins. A wide range of alterations can octily.and other members in the family class of
ubiquitin (e.g., SUMO)Pickart & Eddins, 2004function by attachment of Ub's-&rminws

to Lys residues on the target protein through an isopeptide Kdiwke, 1997. This can
change the stability or localizatiarf the target protein, or at least inhibit its actiyBecause

Ub contains seven lysines, it can link to other Ubs several times, allowing polyubiquitin chains

to develop(Pickart & Eddins, 2004
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Figure1-7. Ubiquitin pymol structurélUBQ) showing the lysine residag¢hat are able to form isopeptide bonds
to other Ubmonomers and generate polyUb chains.

1.1.4 Ubiquitin -binding domains (UBDs)
Ubiquitin-binding domains (UBDs) are proteins that interact with monoubiquitin and ubiquitin
chains to achieve signalling in order to interpret ubiquitinated target signalsiacteemical

cascades in the cell.

The Saccharomyces cerevisidead23 (UBDs) protein is involved in the regulation of
nucleotide excision repair, proteolysis, and cell cycle progression in the proteasome system.
Rad23 was originally identified as the prinyadegradation machinery in the cytosol and
nucleus of eukaryotic cells. There are some similarities between the structure of Rad23 with
the ubiquitin proteasome system domaf@hen, Shinde, Ortolan, & Madura, 200The
structure of Rad23 consists of at&fminal ubiquitinlike (UbL) domain and its connected to

two ubiquitinassociated (UBAdomains: an internal UBAL1 domain and d@gdminal UBA2

domain(Heessen, Masucci, & Dantuma, 2005
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The UBA domain was originally identified as a sequence motif present in proteins linked to
the ubiquitination system. Chen et al. (2001) reported that, regardless of their low sequence
homology, all UBA domains share the ability to bind ubiquitin. Basedt®rability to
simultaneously bind ubiquitinated proteins and the proteasome, it has been proposed that
Rad23 may function as a platform that facilitates interactions between substrates and the
proteasome. Recently, direct biochemical evidence has beeilgu for a role of Rad23 in

targeting ubiquitinated substrates to the proteas@@ien et al., 2001
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1.2 Mass spectrometry

Mass spectrometry (MS) is aessential analytical tool in experimental chemistry and
biochemistry. The applications of mass spectrometry cover a wide range from routine mass
measurement to obtaining information on the structure of biological molecules anddalge
studies of entireproteomes. The field of biochemistry is undoubtedly one of the main

beneficiaries of innovative M@anu, Dwivedi, Tam, Matz, & Hill, 2008

MS is based on the phenomenon of the motion of charged particlesynai®s)the influence

of magnetic or electric fieldg his motion depends on the mass to charge nati 6f the ion.

|
®-
|

Sample Introduction

Gas Phase lons | lons Sorting lons Detection Mass Spectrum

‘. - hll,l L4

Vacuum Pumps Data Output

i

Figure1-8. Block diagram that shows the basic parts of a mass spectrometer.

Figure 1-8 illustrates the elementary components of MS. First, the inlet is used tduoéo
samples into the vacuum region, if a vacuum ionization source igBaedrjee & Mazumdar,

2012. Then, the sample molecules are ionized and accelerated to the mass analyser, which is
located after the source region. The mass analyser separates ions accordingnia rtibir.

lons are then detected, and the signal is transferred to a data dylsssrspectrometers have

a vacuum system to preserve the low pressuré tda0° mbar) to minimize iormolecule

interactions and maximize ion transmissi@@ross, 2006

Recent advancemesin MS technology can also be used to characterize secondary, tertiary,
and quaternary structures of proteins, thus n@kt a fast and sensitive complementary

method to nuclear magnetic resonance (NMR) awrdyXcrystallographyGross, 2006
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1.2.1 Methods of ionization

1.2.1.1 Electrospray ionization
Electrospray ionization (ESI) is a mass spectrometry technique for producing ions using an
electrospray, which involves applying a high vg#ato a liquid to create an aerosolidt
particularly useful for making ions from macromolecules since it avoids the molecules’

tendency to fragment when ioniz@dole et al., 1968

ESI starts with an analyte solution, which is injected (often by a mechanical syringe pump)
through a capillary at a f I5&Wisappliecetothetd 000 ¢ |
the capillary relative to the MS inlet. This strong electric field causes the dispersion of the

sample solution into an aerosol of highly charged electrospray drd@etss, 2006

Desolvated and partially desolvated ions pass through a sampling cone or the entrance of a
heated capillary toward the anadysof the mass spectrometdfiqure 1-9). The heated
sampling cone of the capillary causes the complete desolvation of the ions passing through it.
Desdvation may be assisted by gas flowoMr heat (5800°C). The charged droplets are
reduced in size by solvent evaporation supported by the flow of nitrogeliBga®rjee &

Mazumdar, 201p

Electrospray ionization works well for both small and large polar mascahd produces

mostly multiply charged ions for large peptides and proteins. However, the greatest advantage
of using ESI is in protein analysis, since proteins can be ionized witlematturization, for
example nofcovalent, receptor covaleand receptofligand complexes remain intacthe

main benefits of ESI are its ability to integrate into chromatographic and electrophoretic
separation methods, as it can generate multiple charged analyte ions, thus enabling instruments

such quadrupole and idrap to detect high molecular mass analytashcroft, 2003
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Figure1-9. Sthematic representation of the electrospray ionization process.

In ESFMS analysesthere are several model of ionization that explain the final production of
gasphase ions: the ion evaporation model (IEM) and the charge residue model (CRM)

(Kebarle & Peschke, 2000

In CRM a voltage applied to the tip of the capillary generates an aerosol of ac@tyaining

droplets; solvent evaporation leaves positive ions originating from thecddftone (MH)

or more [(M +nH) ™] protons to the analyte, which are subsequently extracted into the high
vacuum of the mass spectrometer analyser system, where they are then separated according to
their m/z ratio.(Kebarle & Peschke, 20D0The Charged Residue Mechanism has permitted
guantitative predictions of protein charge state in the gas phase and is well supported for big
proteins of varied mass. It is anticipated to be useful in the investigation of bigger

supramolecular and polymesggstems as we(Santos, 2009

The lon Evaporation Model (IEM) is another mechanism used to explain the ESI process.
Direct ion emission from the droplets is predicted to occur once the radii of the droplets have
shrunk to a very tiny size (less than 10 nm) according to this modebr@bdission is now

replaced by the ion evaporation mechan{Santos, 2000

In conclusion, the lon Evaporation Model is well supported expetatterior low molecular

mass ions seen in inorganic and organic chemistry. The Charged Residue Model (CRM)
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becomes considerably more credible when the ions are large, such as polymers, dendrimers, or

biological supramolecular complexes like proteins amyees(Santos, 2000

1.2.1.2 Nano-electrospray ionization
Nanoelectrospray ionization (narteSl) is likely to be the most efficient liquid sampling
mehod for a direct protein analysis with MS. Nal&8I is a type of electrospray with the same

fundamental ionization process of droplet formati&kFaramawy, Siu, & Thomson, 2005

One to two microliters of sample is deposited into a glass or quartz tube thaiphdisuaéter

in the order of 1 um, and is sprayed from the tip by applying a voltage to the solution. The
actual flow rate is usually a few nL/min to a few tens of nL/min, controlled by the diameter of
the tip, the voltage applied, and the backpressurehwiBicometimes applied to the tube
content. Nan€ESI is typically used for peptide and protein analysis because of the ability to
analyse a small volume of sample, and to make the sample last for many minutes so that various

experiments can be performé¢lI-Faramawy et al., 2005

When nanospray was developed for electrostatic dispersion, the mass spectra of analytes
exhibited substantially less dependency on background electrolytes (such as sodium salts) in
experiments. Charged droplets form-gasse ions only when the droplate very small. This

is true for both IEM and CRM. As a result, if one starts with small initial droplets, such as those
formed by nanospray, substantially less solvent evaporation is necessary to reach the final
droplet size required for the formation gasphase ions. As a result, in the presence of
contaminants such as sodium salts, the salt concentration rise with nanospray will be

significantly smaller(Santos, 2000
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1.2.2 Mass analysers

The mass analyser is the most fundamental part of the mass spectrometer. In principle, the mass
analyser separa@ons bym/z which are then passed to the detector. The proper selection of

the mass analyser depends on the resolution, mass range, scan rate, and detection limit required

for an application(Cotter, Gardner, lltchenko, & Ehsgh, 2009

The combination of ESI with several types of mass analysers provides a wide variety of
specialized mass spectrometers. Six types of analysers are commonly used in proteomics:
guadrupole (Q), ion trap (IT), tirref-flight (TOF), Fourier tran®rm ion-cyclotron resonance
FT-ICR, Orbitrap, and Magnetic sector mass analyser. Analysers are selected as a function of
the analytical problems and their price. The choice of a mass spectrometer will strongly depend
on the strategy preferred for protéitentification and on the biological question. Once these

are clearly defined, the key characteristics and performances of the instrument should be

considered.

lon trap and FAICR can be used in MS and MS/MS analysis, since the same analyser is used
sequetially as MS1 and MS2. QOF and TOFTOF are hybrid instruments whidan also

perfume MS/MS analysis.

1.2.2.1 Time-of-flight mass analyser
The Timeof-flight mass spectrometer (TOF MS) is one of the most common types of analysers
used in MS because of its sensitivity, speed of analysis, resolving power, and high signal to
noise ratio. TOF is a mass spectrometry method that uses a timehoflgsurement to
calculate an ion's mass-charge ratio. An electric field of known strength accelerates ions

(Wolff & Stephens, 1958

TOF MS is a common method of peptide and protein characterization aathalgse either

multiply charged or singly charged protein ions of high mass (i.e., greater than 200 kDa) in a
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high throughput mode. In TOF, ions are accelerated by a voltagih the time required for

the ion to cross a fixed distance in the flightauldeing measured as a functiomdk A pulse

that separates packets of ions along the flight tube towards the detector is needed for the TOF
to be recorde@Banerjee & Mazumdar, 20L2Frequently this is done by using an orthogonal
pusher to convert a continuois beam into an interrupted one in the HEIF spectrometer
(source). TOF mass spectrometers operate on the simple principle that ions of dififiering
ratios, but equal kinetic energy, when projected into an electric field free region, will separate

accading to theirm/zratios(Hoaglund, Valentine, Sporleder, Reilly, & Clemmer, 1998

1.2.2.2 Fourier transform ion cyclotron resonance(FT-ICR)
The basic principle of the FICR is to measure ion cyclotronic frequency in a magnetic field,
which allows ion mass to be calculated. For this, a pulsed radiofrequency signal is used to

excite the ions while they are orbitilglarshall, Hendrickson, & Jackson, 1998

Excited ions generate signals that are processed by a Fourier transform (FT) to obtain the
component frequency of the different ions, which correspond tortfieiratio. Because ion
frequency can be measured with high accuracy, their correspanéiirgfio is also calculated

with high accuracy(Marshall et al., 1998 One major drawback of these instruments is their
high cost, whichg partly due to the superconducting magnet required to trap ions and induce
ion circular motion. However, FICR instruments have the highest resolution capabilities.

(Schaefér-Reiss, 2008

21



Introduction Chapter 1

1.2.3 Tandem mass spectrometry

Tandem mass spectrometry, commonly known as MS/MS of, MSa technique in
instrumental analysis in which two or more mass analysers are linked together to expand their
ability to examine chemical samples by adding an additional reaction step. The investigation
of biomolecules such as proteins and peptidascemmon use of tandem M& Hoffmann,

1996.

It is consequently necessary to create analyticalumsnts and procedures with sufficient
sensitivity, selectivity, and accuracy to identify and quantify tH&hMs Several articles
detailed the good results obtained by MS and tandem MS (MS/MS) investigations,
demonstrating that PTMs may be assigned toispsdes in proteins even at the resolution of
individual amino acid¢Jensen, 2004 Most common type of MS/MS ion activation methods
are collisioninduced dissociation (CID), electron transfer dissociation (ETD), and electron

capture dissociation (ECDQIElviri, 2012).

Collision- Electron-
Induced Capture
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Figure 1-10 Peptide backbone fragmentation: peptide structure, selected tandem mass spectrometric (MS/MS)
techniquesfFragment ions retaining the positive charge on the amino terminus are terrhedactype ions.
Fragment ions retaining the positive charge on the carboxy terminus are terme@xztype ions.

22



Introduction Chapter 1

1.2.3.1 Collision induced dissociation (CID)
Collisiorrinduced dissociation (CID) is one the most common ion activation methods used in
present day MS instruments. In CID, activation of the selected ions occurs by collisions with

neutral gas molecules in a collision cell.

Collision-Induced Dissociation (CID)

b-ion 0

COOH
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Figure 1-11 Peptide backbone fragmentation: CID Fragment ions retaining the positive charge on the amino
terminus are termed-ibn, Fragment ions retaining the positive charge on the carboxy terminus are teioned y
type ions.

Collisions betweethe precursor ion and a neutral target gas are accompanied by an increase
in internal energy, which induces dissociation to a number of fragments. When precursor ion
with a high kinetic energy undergoes collision with a neutral gas (helium, nitrogeroaj,arg

part of the precursor ion kinetic energy is converted into internal energy, which leads to the
breakdown of the bond and the fragmentation of the molecular ion into smaller fragments
called product ions. These fragment ions can then be analyseddeyntamass spectrometry.
Tandem mass spectrometry activates precursor ion formed in the ion source. The ion activation

method defines what types of products reg8lieno & Volmer, 200%
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The masses are then used to identify the peptides by their fingerprint. The fragmentation of the
peptide is acalculatedprocedure controlled by the physical and chemical properties of the
peptidesand amino acid sequenc®eptides normally break at theptide bond when
fragmented, the resulted spectrum shows the information of the amino acids component of the

peptide.(Bafna & Edwads, 2003

Techniques such as CID can be used to fragment molecular ions and proteins to produce
specific fragments or peptides in MS/MS measurement. Specific fragments are important for
the identification of amino acid or protein structures. This welphin the interpretation of

peptide to identify the protein sequen(e Hoffmann, 1996

1.2.3.2 Electron-capture dissociation (ECD)
Cl assical pepti de sequencing by At andemo
instruments including QOF, IT and OT, TOHOF, and seldom FICR. MS/MS
instruments offer additional possibilities and give access to sophistexgtedments for the
characterization of peptide families (phosphopeptides, peptide glycosylation, etc.). To improve
peptide sequencing, fragmentation techniques alternative to classical CID have been
developed, for example electron capture dissociatiorDJEG MS/MS, ECD is one of the
most extensively used procedures for mass chosen precursor ion activation and dissociation of
multiply-charged ions such as those produced by peptides or intact proteins. It entails the

application of lowenergy electrons ckctly to trapped gaghase iongElviri, 2012).

The advantage of ECD is to generate fragments that are evenly distributed along the peptide
backbone. In contrast, C{ibduced fragments are usually restricted to a more limited number
of cleavage points in the peptide and, therefore, yield less seqoé@nrcedtion. This is a major

advantage for the study of PTMs. Indeed, the combination of CID and ECD fragmentation
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methodscan be used, for example, to localize PTM on the peptide backsmmaefferReiss,

2009

ECD fragments precursor ions by adding free electron to multiply protonated mol€€uée M

form an odedelectron ion. Releasing of the electric potential energy results in fragmentation of

the product ion(Mirgorodskaya, Roepstorff, & Zubarev, 1999he oddelectron species
experience reconfiguration, [M-emH"+veerd Mby NiT CI

nH]™1) %A f ¢ a ¢Biemann, 199D

Electron-Capture Dissociation (ECD)
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Figure 1-12. Peptide backbone fragmentation: ECD Fragment ions retaining the positive charge on the amino
terminus are termed-ion, Fragment ions retaining the positive charge on the carboxy tesraie termed-ion
type ions.
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1.3 lon mobility mass spectrometry

Many protein MS measurements are relatively straightforward experiments aimed at
determining protein mass in the hypothesis that a protein is distinct by its covalent structure
(amino acid sequence and ptstnslational modifications, PTMs). Neverthelessyalent
structure alone does not provide a comprehensive characterization of the protein molecules

since the biological activity of proteins is most frequently determined by their higher structure.

MS plays a significat role in the characterization amndentification of protein sequence and
structure, and its effect continues to grow. lon mobility (IM) spectrometry coupled with mass
spectrometry (MS) provides a method for detailed investigation for the structural and
conformational properties of bimolecules in the gas phase, particularly intact large

biomolecules such as proteifsanucara, Holman, Gray, & Eyer2014

1.3.1 lon mobility

lon mobility spectrometry separation depends on the mobility differences of a packet ions as
they drift through an inert gas under the influence of a weak electric field. Therfirsiobility
devices or drift tubes that have been used employed a uniform, static, electric field to drive ions
through the background gas. The physical principles behind drift tube devices are well
researched. The mobility values, or drift times, obtaioad be used to derive gphase

collisioncrosss ecti ons (q) f or (McDanipl& Masenpl®78wi t h t heor

Pioneering resear¢Konstantin B Shelimov, Clemmer, Hudgins, & Jarrold, J3$bwedhat
IMS can be used iprobing protein structure. Its potential for interrogating the structure of
proteins and multiprotein complexes has only recently been utilized. lon miobiii&gs
spectrometry is often applied to the structural elucidation oéprassemblies that have failed
high-throughput crystallization or NMR spectroscopy scre@isong, Hyung, & Ruotolo,

2012.
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Figurel-13. Fundamental separation principles and datpisition schematic of ion mobiliyass spectrometry.

lons are generated at the ion source, then induced to drift in an ion guide filled with neutral gas molecules under
the effect of an electric field. The ions travel through this region based orsitesio-charge ratio. Then they

reach the timef-flight (ToF) mass analyser via a vacuum to be analysed based on theitomhasge (m/z).

Early work on ESIMS of proteins showed a close relationship between the protein charge state
distribution in themass spectrum and the ESI solution conditions, with denaturing conditions
yielding high charge states and native conditions lower charge gdtewdhury, Katta, &

Chait, 1990 Lars Konermann & Douglas, 1998alentine, Anderson, Ellington, & Clemmer,

1997.

Addi tional extensi ve wor-MS obsever@llp®teimesuadnsas gr ou
cytochrome c, lysozyme, and apomyoglobin, which discovereddeéted structures from

compact to extended and some in betw@atdman, Myung, & Clemmer, 20p2

Clemmer 6s research has made huge thedastawoc e men't
decades, especially on protein folding/unfolding in the gas phase, highly focused on
understanding the nature of protein conformation in the gas phase using a tomkmha

physical (collision cross section measurements) and chemical probes (H/D exchange and
proton transfer reactions), results observed for conformational changes with charge state for
cytochromec, As charge state increase the coulombic repulsion gmecgeased as well. For

high charge states, an insufficient number of intramolecular stabilizing interactions are possible

to maintain a compact conformativialentine et al., 1997

Collisional activation of the ions can result in the initiation of the conversion of protein from a

compact conformation into a partially unfolded or elongated structure. Lower activation energy
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converts a compact into a partially folded structure, whdeanger activation energy unfolds
the protein to a series of weksolved extended conformations, a result that is similar to what
happens as the charge state incregbésrenbloom, Koeniger, Valentine, Plasencia, &

Clemmer, 20086

These results indicateahthe unfoldingf protein in IMS occurs in stages of lavell-defined
intermediatef protein conformationshoweverthe final structure obtained depends on the
starting structure of initial compact conformations. Whereas native solution conditiashs vyiel

low charge states and denaturing conditions yield high charge (8ates Clemmer, 2014

1.3.2 Traveling wave ion mobility spectiometry

lon mobility (IM), separation is used extensively to assess the structure and idéntity o
molecular analytes, ranging from atomic species to multiprotein comBxds Ruotolo et

al., 2005. The combination of this separation technology with mass spectrometiyl@M

has allowed more detailed amdultidimensional analysis of both complex mixtures and

biomolecules.

IM-MS is capable of rapidly measuring changes in protein structure, oligomeric state, and
binding stoichiometry from complex mixtures at relatively low concentrations. Since the
introdudion of the Synapt platforrtthe Synapt HDMS systeiWaters Corp., Milford, USA)

the majority of IMMS datasets for mulprotein complexes have been generated oiM#$
instrumentsA schematic diagram of the hybrid quadrupole/IM separatdd® instruments

shown inFigure1-14.
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Figure1-14. Schematic diagram of thaters Synapt HDMS (Waters, Altrincham, Ug§)stem.

The trap and transfer compartments operate at pressures similar to that of a standard collision
cell, thus, CID fragmentation can operate in these regions. The advantage of this system is that
the three peration modesan beused; i) fragmentation of mobility separated precursor ions,

i) mobility separation of product ions and iii) fragmentation of mobility separated product
ions. Another advantage is the presence of a quadrupole mass analyser whgitioiseg

before the trap region which makes the analysis perform on the entire range of species present
or on ions at a prselectedm/zof interest. This range of operation modes makes the Synapt
instrument ideal for the study of conformer rearrangerfaiaiwing collisional activation on

the millisecond timescal¢Garcia, Giles, Bateman, & Gaskel00§

1.3.3 Collision cross section calculation
In IMS, ions move through a drift tube containing a buffer gas. The buffer gas delays the ion
movement, while the acceleration of the ions happens in an electric field. Thus, ions travel at a

terminal velocityproportional to the inverse of their collision cross section (CCS), a parameter
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that describes the average of collision rate. The CCS is smaller for more compact (more
spherical) molecules than for more extended ones (e.g., planar structures, exteimded cha

helices, etc.) and thus yields insight into the overall sH{&weng, Glover, & Clemmer, 20)6

IM separates protein ions based on shape, charge and mass ratio under the effect of an electric
field. Larger protein ions experience a greater number of collisions with the inert gas that is in
the chamber, and consequently have a larger CCS values, than more compact protein ions of

identicalm/z (Zhong et al., 2012

Furthermore, ion mobility cé gas phase ion is subject to its collision cross section and charge
state. Highly charged ions will experience a greater drift force than singly charged ions,
therefore having drift times. For ions of the same charge state and similar mass compact ion
corformations will have shorter drift times than elongated conformations. Collision cross
sections calculation can be informative in structural determinatidndVyttenbach, N. A.

Pierson, D. E. Clemmer, & M. T. Bowers, 2014
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To determine the experimental CCS of an ion, the mobility must be determined:

K=- 11

where K is the proportion between the speed an ion muyasd the electric field to which it

is subjected, EMason & McDaniel, 1988 Because the mobilitdepends on the temperature
and pressure of the measurement, a reduced mobilityyHich has been normalized to

standard temperature and pressure, is typically reported.

In low electric fields, the NerrnistownsendEinstein relation, relates the mobility and the
diffusion coefficient(Revercomb & Mason, 1975The diffusion coefficient or mobility can
be used to derive a CCS for an ion, the net effect for a lindatube is Eq. (2), the Masen

Schamp equation.

wherel is the length of the drift tube, t is the drift tim@, is the Boltzmann constarilis the
temperatureq is the mass of the iod, is the mass of the buffer gas molecules, and

the number density of the buffer gas at the temperature and pressure of the experiment
(Revercomb & Mason, 1975However, for TWIMS calibratioragainst proteins of known

CCS valueg(Scarff, Thalassinos, Hilton, & Scrivens, 2008uch asnyoglobin ubiquitin or
bradykininis needed because the electric field E in a TWIMS cell is complex in nature and

cannot be directly substituted into equation 1.2.
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By measuring the changes in analgtdlisional cross sectio6@CS, valuable information such
as conformational dynamiddenner et al., 20)Xolding and ufolding intermediate¢Shi,
Pierson, Valentine, & Clemmer, 201Rjand-induced stability/conformation changg$yung,
Robinson, & Ruotolo, 200%ggregation intermediatesd protein topologies can be obtained

(S. Niu & Ruotolo, 201p

Work done by the Oldham grodplopper & Oldham 2009 showed that collisional cross
section CCS measurements were found to be comparable with those predicted for folded
protein structures in the absence of activation. Partially unfolded conformmatiere formed

under collisional activation energies that were determined. The stability of noncovalent intra
and intermolecular interactions within protein complexes is related to the degree of unfolding
and dissociation generated by these specificsomti energy. These findings show that ligand

binding increases the conformational stability of protein ions in the gas phase.
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1.3.4 Collision Induced Unfolding

Collision Induced Unfolding (CIU) can be used to investigate the stability and conformational
difference of protein ions, CIU methods have been used broadly in ligand binding
identification. lons are activated in the ion trap region by collision with argomga&sters
Synapt G1 HDMS (Waters, Altrincham, UK) and Nitrogen gas in Waters Synapth&2

resulting ion conformations then get separated in the IMS drift cell and detected bySToF

Through adjusting the trap collision voltage, the kinetic energies of protein ions etiering
trap region can be controlled and regulated. Activation profiles are then collected, and the

collision cross sectiorelatively calculated for each energy.

CIU experiments were described earlier for small monomeric proteins ions like apomyoglobin
(Konstantin B. Shelimov & Jarrold, 199ZIU was performed bisowerson polyatomic ions

in the absence of a solvent such as a dinucleotide, a sodiated polyethylene glycol chain, the
peptide bradykinin, the protein uligin, and two types of peptide oligomerdhomas

Wyttenbach, Nicholas A. Pierson, Dd. Clemmer, & Michael T. Bowers, 2014

Earlier research employed CIU on small protdins this quickly expanded to include more
detailed instrumentation and applications covering large #prdtein complexesike intact
antibodies(Tian, Han, Buckner, & Ruotolo, 201l%nd the effect of ligand binding on

conformational stabilityHopper & Oldham, 2009

By introducing traveling wave mobility separators to HMS instrumetation, enhancethe
mobility separation without compromising MS sensitiifopper & Oldham, 200%hrough
applying Direct Current (DC) voltages as a series of-Bjgged traveling waves in combination

with Radio Frequency (RF) radial confinement. Utilizing such method showed that the
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conformations of large mufirotein complexes can be preserved upon transition to the gas

phasgPringle et al., 2007

N

Activation of the Unfolding of the protein Fragmentation
L 4
ions

lons lons

In Out
from Trap IMS Transfe

ESI - TOF

M—»

Turbomolecular
Pump

Figure1-15 A schematic diagram of the IMS section of ¥aters Synapt HDMS (Waters, Altrincham, UK)
comprising three travelling wave ion guides labelled, trap, IMS and transfer.

The IM section comprises three travelling warebled stacked ring ion guides as shamav

more detail in Figure-b. The trap ion guide is used to accumulate ions during the previous
mobility separation then release an ion packet into the IM ion guide for mobility separation.
The transfer ion guide is used to convey the mobility separatedto the ToF for mass

analysis.

Protein structure and function are closely related, and conformational changes often carry
changes in the activity of a protein. IMS is being used increasingly to supplement NMR and
crystallography to provide a dynamieew of the structural changes caused by preligend

binding.

As previously mentioned, detailed CIU measurements have also been applied in the studies of

proteiri ligand stabilities. In a study by Oldham, B8 -MS was used to measure the structural
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stablity of natively compact protein ions (FKinding protein, hen egghite lysozyme, and
horse heart myoglobin) as a function of small molecule bin@diogper & Oldham, 2009The
results show clear shifts in the CIU stabilities of ligand bound complexes relative to apo

protein.

There are many variables that afféoe¢ gasphase structure of desolvated protein ions. For
example, studies by Clemmerds showed that al
dramatic influence on the size of the protein ion recorded byM#nly leading to a positive
correlation between protein ion CCS and their internal temperature, with protein ions of high
internal temperatures adopting large, stlikg conformational state€Clemmer & Jarrold,

1997).

There are many beneficial uses of CIU for differentiating isomers and biosimilars . Studies by
Ruotol obs group provided a comprehensive inv
stabilities for studying proteitigand complexes. The data indicaseparate ligand
stabilization mechanisms for wilde type and L55P TTR, a disasseciated mutant with

enhanced amyloidogenic propert{és/ung et al., 2000

In addition, (ClUwasused to show the unfolding pathway of the protein and followed in detalil
to generate additional points of comparison between eitherstapes or alternate
conformational families of the proteignce many possible tertiary structures project identical

ion CCS value¢Shuai Niu, Rabuck, & Ruotolo, 2013
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1.4 Protein structure studies by ion mobility mass spectrometry

These methods have been used in identifying the protein structure. Its potential for
interrogating the structure of proteins and multiprotein complexes has only recently been

utilized. (Hopper & Oldham, 2009

Several researches have investigated collision induced unfolding where a single subunit within
the assemplunfolds, inhabiting a number of intermediate structures that are relatively stable
on the timescale of the IM measurem@tyung et al., 2009Brandon T. Ruotolo, Benesch,

Sandercock, Hyung, & Robinson, 2008

To provide a general overview, ion mobility application ranges from structural identification
of a large molecule, atomic speci@owers, Kemper, von Helden, & van Koppen, 10883

multiprotein complexeéB. T. Ruotolo et al., 2005

The combination of ion mobility (IM) separation with mass spectrometry is becoming powerful
structural idetification method, capable of measuring the structure, topology, dynamics and
composition of large protein assemblies within complex mixt{liefie Han, Hyung, Mayers,

& Ruotolo, 201).

Recent advancements have seen huge developments in bdds Ivhd the IM and MS
technologies.(Merenbloom et al., 2006(Kemper, Dupuis, & Bowers, 20D9Using ion

mobility Sobottgroup found that the more extended states are more prone to fragment release.
Products of gaphase collapse are, however, less stabilized towards unfolding than the native
conformation, indicating that the ions retain a memory of previous conformatianes.s
(Frederi k Lermyte, GNcki , Vauttherenord this apllaps&ad mbi n ,

charger educed ions is promoted i f the ions are
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possible implications for the kinetics of gplsase compactio (F. Lermyte, Lacki,

Valkenborg, Gambin, & Sobott, 2017

Recently, new application of ion mobility has emerged for the analysis of the intact antibodies
to distinguish between antibody isoforms involving the collision induced unfolding (CIU),
where cdlisional heating in the gaghase is used to generate unfolded conformers, which are
then separated by IM and then analysed by @SNiu & Ruotolo, 2015Tian et al., 2015

Tian & T. Ruotolo, 201y

CIU has been &=l in the research of protein stability shifts upon anion or cation bifidimge
Hanetal., 2011t er ti ary structure and di f(Sheaidwet es i n

al., 2013

In summary, CIU hs many applications in structural biology, measuremeatsapture
cooperative increases in protein stability as a function of ligand attachment in a multiprotein

ligand binding systern(S. Niu & Ruotolo, 201p(L. Han & Ruotolo, 2015Zhong et al., 2012

37



Introduction Chapter 1

1.5 Chemical modification of proteins

Protein modification is an area of huge interiest many scientific field, especially mass
spectrometryanalysis. $ecific chemical modification of the protein can chatige protein
structure and function, intracellular and extracellular function of the protein varied based on

these modificationéDrahl, Cravatt, & Sorensen, 2005

Naturally occurring modifications in the cell are commonly referred to as posttranslational
modifications (PTMs), since they occur after the protein biosynthesis (the translation step).
PTMs and proteins involved in mediating their incorporation into tamgeeins add additional

layers to functional properties and diversities. In nature the covalent modification exists to
modulate the proteins function. Subsequently these methods were incorporate on study of

protein structure and functiofBucheault, 2008

Techniques that enable artificial chemical modification of proteins has been widely studied.
These modificaons include phosphorylation, glycosylation, ubiquitination, nitrosylation,
methylation, acetylation. This allowed the understanding of molecular mechanisms, structure

and function of proteifBaslé, Joubert, & Pucheault, 2010

1.5.1 Acetylation

Of the 20 ribosomal coded amino acid residues, lysine is the most frequently post
translationally modified, which has important functional and regulatory consequ&hees)

et al., 201) Natural acetylation of protesmormally happens on the lysine residues or the N
terminus with the presence of acetglenzyme A in the reaction as the acetyl group donor. For
example, in histone acetylation, this protein acetylated and deacetylated on lysine residues in
the Nterminaltail after the gene regulation. Naturally, acetylated and deacetylated reactions

are catalysed by enzymes with histone acetyltransferase (HAT) or histone deacetylase (HDAC)
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activity, HATs and HDACs can contribute in the reaction of the acetylation othistame

proteins as wellSadoul, Byault, Pabion, & Khochbin, 2008

N-terminal
acetyltransferase

i)l (NAT) ﬁ
N\GC /C\N > C\C /N\aC /C\N
C 1 YRR T 1
R, o | oon 0O R
\S—COA °

Acetyl-Coenzyme A

Figurel-16. An NAT acetylates the fterminal aamino group of a protein or polypeptide by transferring an acetyl
moiety (Ac) from AcCoA. The acetylation removes tipesitive charge of the {rminal amino group, thus
changing the chemical properties of the protein N terminus.

N-terminal or lysine acetylation modification can be easily identified on thetpostiational
modification sites due to the 42.01 Da mas# sfeisulting from the replacement of one of the
hydrogens from the amine group with CO£bh the modified amino acid site. Lysineds
widely distributed amino acid in almost all proteins in living organ&rdit is commonly
found at the protein surfaddodification of lysine residues is one of the most common method

used as covalent labelling strategy to probe protein surface structure.

Early researchedoneby Przybylski and cavorkersshowedthat MS can be exclusively use

to determine specific lysine modification sites, by using acetic anhydride to probe the surface
topology of heregg white lysozyméSuckau, Mak, & Przybylski, 1992This researth showed

that the reactivity of the lysine residues correlates well with the calculated solvent
accessibilities from crystal structure data, by usitt@f plasma desorption (PD) and MS

peptide mapping methed

Bioactivity assays coupled with modificatioesults suggested that thet&minal amino acid
pl ays a rol e i n t he proteinds function
acetylation/trideuteroacetylation for the acetylation and succinylation of amino groups to

39



Introduction Chapter 1

characterize the surface topology of magpleiteins. These early results by Przybylski and co
workers were very significant in founding the building block in the method of covalent

labelling when combined with MS in modelling protsinucture(Suckau et al., 1992

The primary effect of reversible lysine acetylation is the neutralization of its positive charge
and consequently the modulation of the biochemical properties of {ysin&ining proteins.
Additionally, since lysineresiduesalso provide specific sites for numerous other {post
translational modifications, their acetylation would chemically lock the residue. The specific
lysine locking activity of acetylation therefore confers to this modification a great regulatory
potential wth the ability to interfere with cellular functions relying on other lysine
modifications, i.e., methylation, ubiquitination, sumoylation, neddylation, biotinylation.
Lysine acetylation also either creates docking sites favouring prateiein interactias or

conversely interferes with the binding of specific parti@edoul et al., 2008

1.5.2 Carboethoxylation of Histidine

Histidine is a relatively lowabundanceamino acidresidue in proteinsNeverthelessit is
important residue due tts aromatic nature, moderate basicitybbhding capacity, and ability
to bind divalent transitionStudies related to the histidine modificatibave shown great

information about the mechanism of protgjDiaz, de Castro, & Medina, 1993

Findings show that hi stidineods reactivity
protonation stat@Mendoza & Vachet, 20Q9Diethylpyrocarbonate (DEPC) is generally used

to modify histidine residues. A single modification can be seen at low DEPC concentrations,
but higher concdmations of the reagent can lead to a second carbethoxylation of histidine
Studies have shown that reactions of DEPC with lysine, tyrosine, cysteine, arginine, serine,

and threonine residues can be common when increasing the pHardltleeamount of lygme
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modification increases over the pH range & &nd leadto second modificatioMendoza

& Vachet, 2009

Iz

2 o o o
’J‘\ CH30H2/ T \H/ \CHZCH3 —_— 0
+ 0 0 )\N AN

CH,CH
N \ M~ \
\_— N
N

Figure1-17. Modification reactions of histidine using DEPC, the addition of 72 Da to the protein.

1.5.3 Succinylation

Succinylation is a posttranslational modification where a succinyl greD@-CHz-CHz-

COoH) is added to a lysine residue of a protein molecliés modification can be seen in

many proteins, including histones, and is a type of phosphiorylathe molecular weight of

the peptide and its fragments, which may be determined by mass spectrometry, is used in this

approach of mapping a PTM site to determine the location of the site.

The addition of a succinyl group changes the charge of lysine 411 to-1 (at physiological
pH) and introduces a structural moiety that is relatively substantial (100.0186 Da), much larger
than that introduced by acetylation (42.01 Da). As a result, it is anticipated to result in more

profound alterations in protestructure and functiorfZhang et al., 2001
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;K | :“\NH

NH

» COOH

Figure 1-18. Succinylation reaction of lysine residue. Succinic anhydride reacts with lysine amino group of a
protein or polypeptide by transferring succinyl group, since a positively chahgéd@" from lysine is replaced
by i COO of succinate halmide.

A protein's chemical characteristics are significantly altered by lysine succinylation, as opposed
to the cherntal properties altered by lysine methylation or acetylation, two other PTMs that
are known to have key physiological roles. A lysine residue will have its charge status changed
from +1 to -1, from +1 to O, and not at all when succinylation, acetylationd a
monomethylation occur at physiological pH (7.4). As a result, the change in charge status at
the lysine residue induced by succinylation is comparable to the change in charge status at the

serine, threonine, or tyrosine residues caused by protein ghrgkilon (from O to 2 charges).

Additionally, succinylation contributes a larger structural moiety than either acetylation or
methylation. Because of the more extreme structural mutation caused by lysine succinylation,
as proven in the mutagenesis expent it is likely that the protein's structure and function

will be altered to a greater exte(hang et al., 20])1
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1.6 Molecular dynamicssimulation

The polypeptide chain that makes up a protein molecule has a great variety of different
conformations. The native conformation of the protein spends the majority of its time in an
microscopicfraction of the whole configuration space. As a result, a prsteimino acid
sequence must meet two requirements, one thermodynamic and lkeneti®artin Karplus

& Gall i).,The be®ebce must have a unique folded conformation that is stable under
physiologicalsettings, according to the thermodynamic criterion. The denatured polypeptide
chain must fold into this shape with reasonable speed to meet the kinetic requifémsent.

amount of interest in protein folding has risen dramatically in recent years.

Structual information concerning the folding and unfolding reaction comes from stdjgved
kinetics and NMR experiment&Crabtree & Shammas, 201&oder et al., 2006 mass
spectrometryMiranker, Robinson, Radford, Aplin, & Dobson, 199and mutation studies
(Fersht, 1998 The majority of the kinetic data has beemfaoed to milliseconds or longer

time intervals Therefore new ways for fast activating folding reactions are vital for collecting
data on critical events that occur during the first milliseq@odes et al., 1993Many people

are contributing to the theory of protein folding, including physicists and mathematicians, as
well as chemists and biologist3.his opened a new pathway thieoretical techniquesuch
Molecular dynamics simulation®D). The study of unfolding fronthe native state can be
done using molecular dynamics simulations with an atomic model and explicit representation

of the solvent.

Molecular dynamics simulations are excellent tools for exploring the conformational energy
landscape that these molecules aacess, and the rapid rise in computer capacity, combined

with advancements in methodology, makes this an exciting time for simulation in structural
biology. Molecular dynamics (MD) is a computer simulation method for studying atoms and

molecules’ physidanotions. The atoms and molecules are allowed to interact for a set amount
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of time, providing a perspective of the system's dynamic "evolution." The trajectories of atoms
and molecules are determined in the most common version by numerically solvinghdewto
equations of motion for a system of interacting particles, with forces between the particles and
their potential energies calculated using interatomic potentials or molecular mechanics force
fields. Chemical physics, materials science, and biophystcsane of the fields where the

approach is use@cHick, 1996).

Molecular dynamics simulations allow atortével information to be observed in the
conformational motion of a molecule such as a protein over time. Prior to launching a
simulation, several decisions must be taken, including which softwase, which molecules

to include in the simulation, and which force field to employ to explain treiaviour(M.

Karplus & Kuriyan, 200k

The first molecular dynamics simulation of a protein was reported by McCammon and
consisted of &.2-ps trajectory for a small protein in vacumMcCammon, Gelin, & Karplus,

1977, Since then, advances in computing power have enabled simulations of far larger proteins
to be run that are 1,00Q@0,000 times longer than the original simulationi @@ ns), in which

the protein is surrounded by water and @dkickerell, 2004 Significant enhancements in the
potential functions have also been made, reguin significantly more reliable and accurate

simulations(M. Karplus & Kuriyan, 200%

The ability to construct simulations that approach the point where they can survive critical
examination by the experimentalists who establish the structures of the proteins being
simulated has resulted from ansbination of increased computing power and enhanced

potential functiongLars Konermann, 201 1. Konermann, McAllister, & Metwally, 2004
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1.7 Aims and objectives

The aim of this research is to develop a methodology to probe protein structure ingghagms
using a combination of chemical modification and mability mass spectrometry. If protein
modification induces protein stabilization, or destabilization, then this will be reported by its

unfolding pattern in CIU analysis.

The acetylation chemical modification of ubiquitin will be chosen due to its
ability to turn a basic lysine site into a neutral amide. Then the Diethylpyrocarbonate (DEPC)
modification will be explored to modify the histidine and lysine residues, followed by a

succinylation modification to further modify basic residues.

The use of diffegnt proteins was essential to understand the impact of chemical modification
and mutation on protein CIU. It was necessary to test various Ub mBani&e acquired
several mutanteherelysine position was altered to have their CIU measured. Another

protein, UBA2, was acquired for examination.

Finally, the role ofCIU has been explored through a combinatiorC8f-MS studies and
computational techniquebiolecular dynamic simulation of the Ub structure and its mutation

were to be studieth better underand the molecular level of unfolding.
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2 Materials and methods

2.1 Ubiquitin

Wild type recombinant ubiquitin was provided by Layfield Group (University of Nottingham),
asexpressed by Dr. Dan Scott. Samples were supplied as purified lyophilized stocks and were
prepared as 20 pM samples in 50 mM ammonium bicarbonate solution. Ammonium
bicarbonate was purchased from was purchased from Thermo Fisher Scientific

(Loughborough, K).

2.1.1 Ubiquitin mutants
Several ubiquitin mutants were provided by Layfield Group (University of Nottinglaah)

commercially fromBoston BioChem that have been used in this experiment:

Ubiquitin mutant lysine 6 to alanine K6A were designed and expressédr.bjed Long
(University of Nottingham). All the ubiquitin mutants were lyophilized stocks and were
prepared as 20 uM samples in 50 mM ammonium bicarbonate solution. A summary of the Ub

variants used can be found in Tabi&.2
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2.2 Protein expression and purification

2.2.1 Ubiquitin binding domains
The UBA2 domains were expressed as GST fusion proteis goli strain XL10Gold,
purified and thrombircleaved. GS¥usion wildtype UBA2 plasmid was obtained from Dr.

Dan Scott (University of Nottingham).

2.2.2 Preparation of ultra-competent cells

The Inoue method was used to produce highly efficient competent cell to transfer the mutant
DNA plasmid(Im, 2011]). the protocol reproducibly generates competent cultur&s aoli

that yield 1 x 18to 3 x 16t r ansf or med col oni es/ g of pl asr
optimally when the bacterial culture is grown at 18°C, rather than the conventional 37°C,
because the composition or the physical characteristics of bacteriaramaslsynthesized at

18°C are more favourable for uptake of the DNA plasmid.
Dimethylsulfoxide

High grade DMSO (dimethylsulfoxide, HPLC grade) obtained from Sigidach (Poole,
UK). Because of its membrane penetrating and water displacerapabilities, DMSO
(Dimethyl Sulfoxide) is a polar, aprotic organic solvent that is often used as a cryoprotectant.
It was added to cell culture media to avoid cell death during the freezing phase by reducing ice

formation.
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SOB media

A mixture of SOB menim was prepared addim¢aCl (0.5 g, tryptone(20 g), deionized HO
(950 m), and yeast extra¢b Q). After thata solution of KCI(250 mM) was added to the
medium and the pH was adjusted to 7.0 \(bt) NaOH. Media were sterilized by autoclaving

for 20 minutesFinaly, a sterile solution of2 M) MgCl. was added.
SOC medium

SOCmedium was prepared adding NaCl (0.5 g), tryptone (20 g), ideabhbO (950 ml), and
yeast extract (5 g)20 mM) glucose After the SOB medium was cooled to room tempeasate

sterile(1 M) solution of glucose has been added.
Inoue transformation buffer

Transformation buffer containgdbO (800 m)), MnClAtH,0 (10.88g), CaCbtA 2,8 (2.209,
KCI (18.65 g, 20 ml of PIPES (0.5 M, pH 6.7). The buffer was sterilized by filtration through

aprerinsed0.22 m Nal gene fil ter.
Preparation method of the competent cells

From a glycerol stock of X110 cells orchloramphenicol plates, bacterial cells were incubated
for 16-20 hours at 37°C, A single bacterial colony3(Bhm in diameter) was picked to incubate
into 25 ml of SOB medium in a 25@l flask. The culture was incubated feBéours at 37°C

with vigorousshaking (256800 rpm).

Several concentrations of the starting culture ware prepared; first flask received 10 ml of starter
culture, the second received 4 ml, and the third received 2 ml. all flasks were incubated

overnight at 182°C with moderate shaking.
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After 16 hours, the OD600 of all three cultures was measured and the flask that reached 0.55
was chosen to be used and transferred to anater bath for 10 minutes. Cells were harvested

by centrifugation at 2500 g (3900 rpm in a Sorvall GSA rotorl@minutes at 4°C.

Cellswere therresuspended gently in 80 ml iniceld Inoue transformation buffer and harvest

by centrifugation at 2500 g (3900 rpm in a Sorvall GSA rotor) for 10 minutes at 4°C.

After pouring off the medium using a vacuum aspiratorefmove any drops of remaining
medium, cells were resuspended again in 20 ml otate Inoue transformation buffer.
Finally, 1.5 ml of DMSO was added the bacterial suspension mixed by swirling and then store
it in ice for 10 minutes. Aliquots of the wicompetent cell were made by suspensions into

chilled, sterile microcentrifuge tubes immersed in a bath of liquid nitrogen.

2.2.3 Preparation of solutions for protein overexpression and purification

Luria Broth (LB) was obtained from Sigmaldrich (Poole, UK).LB consisted of 40%
tryptone, 40% sodium chloride and 20% yeast extract. The solution was prepared by adding 25
g LB to 1 L deionised water and autoclaved at 121°C, overnight.

Ampicillin stock 100 mg/mL stock prepared by dissolving 1 mg in 10 mL of deamhivater
and was filter sterilised.

Isopropyll1-thio-JJ-n-galactopyranoside (IPTG) obtained from Roche Diagnostics Ltd
(Burgess Hill, UK) and prepared as a solution to a final concentration of 200 mM.

Tri -buffered Saline with 0.1 % Triton (TBS-T) Solutionconsisted of 10 mM trsHCI, 150
mM NaCl and 0.1% Triton X00 at pH 7.5.

Throbin cleavage buffer (TCB) Solution consisted of 20 mM tridCI, 150 mM NaCl and
2.5 mM CaCl at pH 8.4.

Thrombin was obtained from Sigmaldrich (Poole, UK).
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2.2.4 Protein expression ad sample preparation

Centrifugation for cell collection were performed in an Avanti2ZBA50 Centrifuge. Protein
concentration was performed in a-CSR (Beckman) centrifuge.

Protein samples were desalted in ammonium acetate and buffer exchangethsfor
spectrometry analysis using ultracentrifugation spin filters with 3 kDa molecular weight cut

off (Sartorius, Germany) and an Eppendorf 5417C centrifuge.
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2.3 Expression and purification UBA2s

The UBA2 domains (wild type and mutants) were expressed #athlghne STransferase
(GST) fusion proteins irkE. coli strain XL10Gold. All constructs were verified by DNA
sequencingE. coli bacterial cultures were prepared by inoculating glycerol stock cells in 10
mL LB solution containing 10 puL ampicillin stock@@ pg/mL) and incubating overnight at
37C with constant agitation (220 rpm). The solution was transferred to 1L of sterilised LB
solution (25 mg/mL) that contained 1 mL of ampicillin stock (100 pg/mL).

Bacteria were grown at 37°C for 4 h and then inducigd &2 mM IPTG at OD6000.6 and
incubated overnight at 20°C with agitation (200 rpm). Cells were pelleted by centrifugation
(20 min at 4000 rpm) and were frozen for at least 2 h. Then cells weuspended with 10

mL of TBST solution and lysed by saration (three times for 30 Sec affénicrons with 1

min relaxation between sonication cycles).

Lysate was clarified by centrifugation (20 min at 15000 rpm) and the supernatant was applied
to a 5 mL gravity polypropylene column (Qiagen Ltd, UK) containi3® pL glutathione
beads (glutathione Sepharose 4B, GE Healthcare, UKgquiibrated with TBST solution.

The lysateglutathione beads mixture was incubated for 1 h at 4 °C with continuous mixing by
rotation. After the binding of GSUBD fusion protein, the beads were washed with three
column volumes of TBS solution followed by one washing cycle with TCB solution and
finally incubation with 5 U of thrombin (diluted in 1 mL TEB) at 4 °C overnight Released

UBAZ2 were eluted, and the beads wereheaswith TCB (3 mL).
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2.4 Site-directed mutagenesis

The QuikChange Il sitdirected mutagenesis kitasused to make poimhutations.Mutant

of UBA2 were prepared by mutating the lysine 14 site (K14A, K14H) by site directed
mutagenesis. Primers were designeohg the QuikChange Primer Design Program and were
ordered from Sigmaldrich. Using the QuikChange Il method primers were inserted into
pPGEX-4T1 plasmid using QuikChange Il Sitarected Mutagenesis Kit the and PCR was
performed to amplify the mutatedNA sequence. All Mutagenesis step were performed in
PCR Gradient Thermal Cycler, and DNA sequences were verified by DNA sequencing.

The F (forward) and R (reversed) primer were initially diluted into 0.2 uM and 0.5 pL were
added to the PCR tube, 1 pl o&tBO ng dsDNA templet, 2.5 pl pfu reaction buffer and 1 pl of
200 UM dNTP mixture (dNTP Mix is a solution containing sodium salts of dJATP, dCTP, dGTP
and dTTP), PWuhENA .ppoleyilmeorfase (3 U/ el ) was add
thermal cycler eaction. Each Cycle reaction was done using the cycling parameters outlined
in table 22.

Table 22. The cycling parameters for the QuikChangeditected mutagenesis.

Segment | Temperature | Time Cycles
1 95°C 2 minutes 1

2 95°C 30 seconds

3 60°C 1 minute 18

4 68°C 6 minutes

5 68°C 5 minutes 1

Following temperature cycling, the product amplification reactvest r e at ed wi t h 1
Dpnirestricti on e n Dypnrhendofutléase is/spetific for niethydated and

hemimethylated DNA and is used to digest the parental DNA template and to select for
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mutatiorcontaining synthesized DNA. The nicked vector DNA containing the desired
mutations is then transformed into X{10 syper competent cells. Later was transferred into

Bl-21 and expressed the mutant protein.
2.5 Acetylation reaction

Acetic anhydride was obtained from Sigiklrich (Poole, UK). Several equivalent acetic
anhydride conditios were tested to acetylate the progziand then the MS spectra were
generated, to obtain both the acetylated peak and thagetylated in the same MS spectrum
The method was optimized, and the ubiquitin sam@ediluted to concentration of 10 uM

into ammonium bicarbonate 50mM, an equévdl of 15 acetic anhydrides was added to

acetylate the sample for 15 min.

2.6 Diethylpyrocarbonate reaction

Diethylpyrocarbonate (DEPC) 97% was purchased from AMRESCO, Inc. Several
concentrations of diethylpyrocarbonate in acetonitrile (DEPC is insolubletér,viat it does
dissolve in acetonitrile) was used to react with the ubiquitin to modify the protein, and then the
MS spectra were generated, to obtain both the modified peak and the unmodified in the same
MS spectrum, the method was optimized and theguitin sample were diluted to
concentration of 10 puM into ammonium bicarbonate &M, an equivalent of 10
diethylpyrocarbonate was added to the sample for 4 min, the reactions are mostly carried out

in -4 ice path.
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2.7 Succinylation reaction

Succinicanhydd e 099 % was o b tAiiich @able,lUK)o m Si g ma
Several equivalent succinic anhydride conditiastested to modify the protein, and then the
MS spectra were generated, to obtain both the succinylation modified peak and the non
modified peak in theasne MS spectrum, the method was optimized, and the ubiquitin sample
was diluted to a concentration of 10 uM into ammonium bicarbonateMb0an equivalent of

100 succinic anhydride was added to react with the sample for 15 min.

2.8 Fourier Transform lon Cyclot ron Resonance (FFICR)

The FTICR (Thermo Fisher, UK), a Fourier Transform lon Cyclotron Resonance MS
apparatus with CID and ECD capabilities, was used irdtpn proteomics experiments to
characterise ubiquitin peptide fragment chains. fdmgospray ion source (Thermo Scientific,

UK) was installed in the apparatus. The Xcalibur 2.0 SR2 data system was used for instrument

control and data processing. lon positive mode was used to acquire all spectra.

56



Materials and Methods Chaper 2

2.9 lon mobility -mass spectrometry

The Wates Synapt HDMS (Waters, Altrincham, UK) uses a traveling wave ion guide to
perform IM separatiort (/ d&etill®), coupled to a higpherformance timef-flight MS (m/ am

a 20, 000) and was r el e aMSelatformsn 2006Rringle etralst c o

2007)

2.9.1 Mobility calibration standard

Lyophilised myoglobin, human heart cytochrome c, bovine red blood cell ubiquitin and
bradykinin were purchased from SigiA&drich (Poole, UK) and wergrepared as 1 uM
samples in CeEDH/HO/CHsCOOH (50:50:1 (vol/vol)) solution. Acetic acid was obtained

from Thermo Fisher Scientific (Loughborough, UK).

2.9.2 Calibration and CCS calculation

Calibrations were performed under the same instrument conditions; fEfdrgavoltage, 2.5

kV; sampling cone voltage, 20 V; extraction cone voltage, 3 V; source temperature, 40 °C:
desolvation temperature, 50 °C; cone flow gas, 30'L, desolvation flow gas, 100 L*h The

ion mobility cell contained hgas and operated a pressure of 5.0x¥anbar; travelling wave
height and velocity, 7 V and 280 rit-srespectively; transfer wave height and velocity, 3.0 V
and 248 m-3. Respectively; trap collision voltage ramp from 6 to 22 V and constant transfer
collision voltage 6V, respectively; trap DC bias, 10 V; backing pressure, 3.8 mbar; trap
pressure, 2xI®mbar; TOF region pressure, 1.3%LMbar. Quad profile: Mass 1,700/z;

Dwell 1, 20%; Ramp 20%; Mass 2, 1780z;Dwell 2, 40%; Ramp 20%; Mass B20m/z.
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Calibrationwas carrieebut using the ions from the following proteinsyoglobin, human heart
cytochrome c, ubiquitin and bradykinin. These proteins were chosen to coverbhenge

of folded and unfolded ubiquitin, since their CCS values is known in the literature. The
measured drift timetg) of each charge state of the three calibrant proteins was recorded and

then converted to a corrected drift timig)( using equation (2):

00xe dO oo pg& paTa — 2.1

where frequency (Pusher) = 98! (Experimental Mass Spectrometer Parameter). The CCS

values (q) from the databases, they wenre con
(4)
m — 2.2

A
where,mis the CCS value as given in the databases and p is the reduced mass that is

calculated by equation (5)

" - — 2.3

A plot of Innj against Intp") is constructed and its slope, m, was used to oltainEquation
(6) values that were further used to construct the lineanplot™@tp"). The latter was used to

calculate the experimental CCS values of protein ions.

oOequ\ 2.4
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2.9.3 Software
Magicplot: the gaussian fitting analysis wasrformed usingscientific plotting and data

analysis software, 2021)

ClUSuite2: The CIU data were plotted using eitl@tJSuite2 (Eschweiler, Rabucksibbons,
Tian, & Ruotolo, 2015Polasky, Dixit, Fantin, & Ruotolo, 201%r custom Python scripts

CiuGui.

MassLynx: All IMSTMS experiments were performed on a Synapt HDMS. These instruments

were @erated with the MassLynx (v4.0 and v4.1,Waters)

Xcal i bAllrFHICR MS measurements were performed orFBICR MS (Thermo

Scientific) These instruments were operated with Xcali:0, Thermo)

2.10Molecular dynamics simulation

All simulations wergerformedoy Dr. David RobinsorusingCHARMM (Brooks et al., 2009
with the Minerva high performance computing (HPC) facility at the University of Nottingham

and the Hamilton HPC facility at Nottingham Trent University

1UBQ was used as a starting point for the coordinates in the MD simulations using the PDB
structure. First, theimulation was performed on WT and K6A Uthe [M+5H]*>* and

[M+6H]%" charge statewere produced in the following way:

WT [M+5H]%* ion i neutralisation of residues E24, D32, D39, E51, D58 and E64, and K63;
WT [M+6H]%" ionT neutralisation of residues E182& D32, D39, E51, D58, E64, and K63;

K6A [M+5H]°>" ioni neutralisation of residues E18, E24, D32, D39, E51, D58, E64, and K63,
WT neutral KM+5H]>* ioni neutralisation of residues E18, E24, D32, D39, E51, D58, E64,

K6 and K63.
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Simulations were run at either 298 K or 750 K in two steps: a 0.5 ns equilibratiowls¢ézpby
the temperature was steadily increased until it reached the desired, degte ca. 9 ns

production step using the CHARM#MTrce field(Huang & MacKerell Jr, 2013

The timestep was set at 2 fs. Each system was subjected to three separate simulations. VMD
was used to visuate the result§Humphrey, Dalke, & Schulten, 1996~hich were then
converted to PDB files for viewing in Pym¢lrhe PyMOL Molecular Graphics System,

Version 20 Schrodinger, LLC.)
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3 Chemical modification

3.1 Introduction

The use of chemical modification can alter protein structure by achanging the charge on amino
acid residueschanging the masand disrupt other interactionas detectable by INVS.
Nucleophilic amino acid residues, such as lysine and cysteine, are susceptible to acetylation in

the presence of a suitable acyl dofMendoza & Vachet, 2009

The importanceof posttranslational modification ishownby the modificationsof the side
chain of lysine, one of the three basic residues vital for protein structure and fu#ttzmy

et al., 2011 The primary effect of reversible lysine acetylationhie heutralization of its
positive charge at pH. As a result of shifting the site of the chemical reaction, the biochemical

and structural properties of proteins are alt¢hdendoza & Vachet, 2009

Using chemical modification, it is possible to make rapid changes to a large number of residues,
and when paired with sHgirected mutagenesis, it is possible to induce structural chamges i
even bigger proteins. This chapter investigates synthetic chemical modification in preparation

for use with CIU IMMS, which will be discussed in further detail in later chapters.

In this chapter, we will look at how to optimize the conditions for pnateadification, as well
as how to analyze the ECD and CID MS/MS spectra of changed proteins in order to identify

the mostfavourablesites for chemical modification.
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3.1.1 The optimisation of acetylation on wild type ubiquitin (WT-Ub)

To produce acetylated ubiquitin, wild type ubiquitin protein A¥B), was incubated with a
range of concentrations of acetic anhydride at room temperature. The mblitifreas tested
after different periods of time using MS. The acetylation of-Wi resuled in a mass shift

corresponding to the addition o0 and the loss of H (+42.01 Da).

(a) [M+5H]%* 100 molar equivalents — 15 Min (b) [M+5HJ]>* 150 molar equivalents — 15 Min
1722.23
100, 171409 172263 100 0 1730.54
| i 1 171389 I N
I ' 1731.06 ] i [l I
.\ / i R I ‘ 1739.19
LS ’ | i f‘ | M M\ m [ J | [
I\ | I\ [ . 1 | \ \ [
AN N A AN A [ mear [ TTRET P 173820 [, g 174766
| R R W A W WY A P I\ SV Vo UV Vgl WU RN X et
0= miz Ot 1 1 T m/z
100 molar equivalents — 30 Min 150 molar equivalents — 30 Min
00, 100 1730.95
A ] 1722.48 f
[ i 1 A !
[ f\ X ] I\ i 1739.40
ES Y S N [ & R R A
5 (AN N B L S I VAR R, 1 171418 (A | — \ 4781
| / R N A R VA N f ~\ N | \ i \ .
0427 Mz O e e Yz
100 molar equivalents — 60 Min 73004 150 molar equivalents — 60 Min
100, M6 100- i
i 1722.39 ] K ¥ | \ 1739.45
\ I |
M N 1731.00 ] \ | \
| 171888 || e. I 173541 |
<l 7R f\ 2 .. I 1?2(05 [ Y \\ 1743.98
\ A i\ 1 i / | I\ [ I\ .
| "‘ .‘f‘ \ .‘f \ I ,"‘ \ f‘/‘- N\ N - 1 &) j \\\\ / \ J‘ "\ [\ | \ )f | ’;" A
[N ARNGY  UWAR VV RANY A \_‘,"/ \\_w._'_: v /" \ A VAN, AR VAR AN,
e miz e . miz

0 B T T T T O —— B — -
1710 1715 1720 1725 1730 1735 1740 1745 1710 1715 1720 1725 1730 1735 1740 1745

Figure 3-1. ESFMS spectra showing [M+5H] ion (a) the first reaction of 100 molar equivalents of acetic
anhydride to acetylate Wb in ammonium bicarbonate for 15, 30 and 60 minutes. In contrast (b) the reaction
of Ub with 150 Eq molar of acetic anhydride after 15, 30, and 60 minutes.

To obtaina spectrum with showing clear signals for both unmodified and acetylated Ub, a
range of acetylation conditions were explored. It was found that the optimum condition for
acetylation olUb was to use 150 molar equivalents of acetic anhydride to acetylatg dNT
ammonium bicarbonate for 15 minutes at room temperature and then the reaction was quenched

by adding ammonium bicarbonate (50 mM), see Figure 3.1.

To maintain the native structure of both ions, the sample was injected in an ESI source under
conditions able to obtain the lower charge state ions ([M¥6Hihd [M+5HP"). Figure 3-2

shows theoptimum spectrum o#écetylation reaction for botbharge statesmigure 3.2 (a)
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shows the spectrum for Wb before acetylation with acetic anhydride, wikilgure 3.2 (b)

shows the mass spectrum of Ub after acetylation and the location of acetylated ions.

[M+6H]5*

100 (a)

1428.84

7
1426 58
N
0:

[M+5H]5*

1714.37

143234 1717.35
1708.81 £ 1726383
L N
M
A L A A LA L A AL B A AR I R B A B A L A A AR AARAS A4
1400 1420 1440 1460 1480 1500 1520 1540 1560 1660 1680 1700 1720 1740 1760
1722.30
1714.37
1007 (b) Ac-Ub
Ja3s e AC-UDb -«
-«
142883
Ac,-Ub
P
1255 ACo-UD 1731.20
ES «—
1442, 1739.65
1453.02
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Figure3-2. (a) EStMS spectra of WIUb [M+6H]®* m/z1428.5. and WAUb [M+5H]>* m/z1714.0. (b) Shows
the acetylation position on Wb [M+6H]®* atm/z1435.6. and WiUb [M+5H]°* m/z1722.3.
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3.1.2 Tandem mass spectrometry

In order to identify thecetylation site(s), fragmentation of the protein ion is required. Electron
capture dissociation (ECD) was chosen for this purpose. The ECD process occurs along the
peptide backbone and is able to preserve modifications such as acetylation. ECD provides
higher coverage than CID and it is more efficient in backbone fragmentation of intact proteins,
for this reason the ECD technique combined with an@H mass spectrometer. has been

selected for the analysis of acetylatéal

A targeted acquisition of ECD wgerformed in the cell of a Fourier transformIER mass
spectrometer of intact monoacetylatdid on the 11+ charge state of a denatured sample (see
Materials and Methods for experimental detail#f).contains seven lysine residues and an N
terminal amim group that can be modified by the acetyl group so the fragments that contain

lysine were investigated in details.

First, unmodified WFUb was denatured and fragmented to serve as control to compare it to
the modified samplefFigure 3-3 shows the ECD MS/MS spectrum of unmodified \WWH
[M+11H]'*, showing the fragmentegeptides of dons and zons. There was clear
fragmentation showing theiions and zons such as £ m/z1263.75 that contains the-N
terminus and K6, & m/z2692.47 that C24 contains thet&rminus, K6 and K11 and K6.
While when compared witRigure 3-4 that shows the same fragment with addition of 42.01

Da such as (G+Ac) m/z1305.75.

Using the relative intensities of the acetylated ions as a measure, valuable information about
the extent bacetylation of each lysine residue was obtained. This information was obtained
by comparing the relative acetylation for each acetylated ion and matching it to the

corresponding peptide fragment.
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Based on the spectra produced by the ECD fragmentation, the locations and approximate
proportions of modification were identified as showrigure3-5. The majority of acetylation

goes on K6 with value of 30%, while tNeterminus, K63, K27 and K29 show 15% acetylation,

K48 have only 10% and no acetylation found on K11. Given these val@eshdtvs the most
prominent site for modification, which may or may not indicate importance for structural
stability. In solution, this residue points out into bulk solvent and does not show strong
interactions with other amino acids in the protein, whicly make it more available for
chemical modification. The effect of acetylation at this residue on the conformational stability
of compact Ub ions in the gas phase will be examined in Chaptegdre 3-5 show the

percentage of acetylation on each residue on the rnaliwtructure.

K63
15 %

N-term
5
(1] /
K27 + K29
15 %
K6
30 %
—_—
K33
15 %
K11
0%

Figure3-5. Extent of acetylation at eatysineresidue of Ub as determined by ECD fragmentation.
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3.2 Diethylpyrocarbonate modification

3.2.1 Modification of histidine and lysine residues in proteins by diethylpyrocarbonate
Diethylpyrocarbonate (DEPC) has been widely usedddify histidine residueMendoza &
Vachet, 2002 When using low concentration of DEPC, carboethoxylation of histidine can
occur and single modification would result. However, using higher concentrations can cause a
second modification of histidine. Studies have shown that thegpige to 63 leads to
modification on lysine, tyrosine, cysteine, arginine, serine, and threonine residues. However,
several conditions would cause thesesgigeactsuch asncreasing the temperature and time
(Dage, Sun, & Halsall, 1998Monitoring the reaction time and buffer pH range €8 ®

achieve the required results to modify the lysine resihly.

Figure 3-6. DEPC modification of the histidine imidazole ring, which leads tachlation but retention of an
imino nitrogen atom capable of acting as-&bond acceptor.

Initially, the method was optimized to achieve a single modification on histidine. The final
reagent ratio of DEPC tdb 10:1 was used, and the reaction times increased from 4 to 10 min.
These conditions are suitable to study proteinseumditive conditions; however, because
DEPC is not watesoluble, the addition of organic solvent is required. The amount of organic
solvent should be as low as possible, so as to not disrupt the protein structure, the final

concentration of solvent shoub@ no more than 1% acetonitr{éhou & Vachet, 2012
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To maintain the native structure of the Wb and DEPC, Ub was injected in the ESI source
using ammonium bicarbonate solution 50 mM to obtain the lower charge state ion [V1+6H]
and [M+5HP". The increae in mass shift (72 Da) for the modified protein is showFfigare

3-7, which shows the carboethoxylation of Wb [M+6H]%* at m/z1440.38 and the second
carboethoxylationain/z1452.39, for the [M+5H] the first modification is ain/z1728.39 and

the second modification at/z1742.81.

5+
6 [M+5H]
[M+6H]™ 1714.08
1 (a)
1428 57 Ub
=
143194
Ub s
— 171857
1435.78 /
(" 1weat 172191
142578 146120 1472.79 1486.06 173567
1403.60 N \}\w "W 7 182115 qgyp75 155181 1660.2] 1668.50 1691.01 1704%1} H]WA‘/ 1756.93
o Mhtdovhu bt T Y e i s s alis e s st s oot o e e N M A Pt Lt
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$_
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Figure3-7 (a) ESHMS spectra of WiUb [M+6H]® 1428.5m/z and WFUb [M+5H]*>* 1714.0m/z (b) Shows
the DEPC Modification position on W0Ob [M+6H]®* at 1440.38m/zand the second DEPC position going on
1452.39m/z, DEPGUD ion [M+5H]** 1728.39m/zand the second DEPC position going on 174284,
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3.2.2 Tandem mass spectrometry ECD fragmentation for DEP&based modification

In order to determine the location of modification, a-tlmpvn method was employed in
conjunction with the ECD technique mixed WwETICR mass spectrometry, as was done before
with acetylationlUb with carboethoxylation was investigatéite charge state of the [MH]%*

ion (which has the most significant peak) of a denatured sample indicated that-solvent
accessible histidine (H68)as preferentially changed at low DEPC molar ratios, and that this

was the most prominent peak.

There were two ions of interest created by the DEPC modification, with the first modification
expected to be on a single histidine residue and the second ratalifiexpected to be either

on the histidine or on additional nucleophilic residues, as predieitpae3-8 shows th&eCD

MS/MS spectrum of singly modified Ub following DEPC treatment, the modified ions shown
were calculated and measured against the peptide sequence to localise the modification
position. The annotated peaks shows the majority of modification onitims s0 the search

for the position had to be by narrowing down the unmodified peaks agaors.Eigure3-9

summarise these findisg@nd localise thenodification.
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Figure 3-9. Ubiquitin peptide sequence showing the site of modification, red arrow represent the location of
modification, blue arrow show noodification.

To be able to precisely identify the location of the first modification each modified peak was
marked and -ton compared againstian. The first modified ion observed was z17, which
indicate that the peptide NIQKESTLHLVLRLRGG was modifiedistis important finding
because the only histidine in the ubiquitin is presence at position 68. However, thigloesult

is not enough to prove that the modification goes only on H68, ion z22 to z66 all show the

modification, the peptide sequence camsdiysine and arginine that can be modified as well.

Figure3-9 shows c73 upstream the peptide was fully modified, since ion ¢73, c72, and c68 all
showmass addition. However, looking at théon downstream the c64 ion and z8 show no
modification, which eliminates K63, S65, and T66 as potential sites of modification. It was

concluded that68 was the preferential site for carboethoxylation.

The second, dditional, carboethoxylation seen on the [M+5Hpn from Figure 3-7 at m/z
1742.81, was studied as well, and the location was concluded to be ohtbe&aesidues.

However, the exact position was not identiféeee to the low intensity of the peak
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3.3 Succinylation modification

3.3.1 The use of succinic anhydride to modify lysine residues in proteins

Succinylation is one specific type of acylati@action that may provide special advantages in
some circumstances, it can lead to a change in the protein charge from positively charged
residue into a negatively charged residue. The reagent required, succinic anhydride, being non

volatile, is easy to halle experimentally.

@)
@)
. o . 7
NQNFHg‘_ JmQNer o J\;QN‘- o ~ HN o

HO™ O o "0

Figure 3-10. Succinylation of amino groups (K or-tdrminus) by succinic anhydride, which converts basic
residues into acidic ones.

At neutral pH, thesuccinylation reaction of lysine residues with succinic anhydride results in
a charge reversal due to the presence of succinic anhydride. This reaction might result in a
change in the overall charge distribution of the protein, which could provide importa

information regarding the unfolding behavior of the protein in the gas phase.
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To examine the effect of succinylation on the structure and fusatifgorotein, the modified
WT-Ub tested by reacting the protein with succinic anhydride (100 egaolivalent) to obtain

MS spectra showing the modified peaks.
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Figure3-11. (a) EStMS spectra of WIUb [M+6H]%* 1428.5m/z and WTFUb [M+5H]>* 1714.0m/z (b) Shows
the first succinylation position oW T-Ub [M+6H]%* at m/z1445.14. and WAUb [M+5H]>* m/z1734.06.3and
second succinylation position going on secondndnl 753.97

Figure3-11 shows tle spectra of the unmodified Ub and succinylated ubiquitin (SUGY;
the spectrum in (b) shows number of modifications, which indicates that the modification takes
place on several location on the protein, The [M+5kdharge state an/z1734 displays mass

shift of 100.35 Da.
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3.3.2 Tandem mass spectrometry ECD fragmentation for mapping succinylation sites

It was essential to use an MS/MS fragmentation analysis to find the mass addition in Ub since
it comprises many lysine residues and a Negerminus in order to determine its location. The
[M+9H]®* ion was fractured with the application of ECIR Figure3-12, a fragment pMQ at
m/z360.12 was identified as having a mass shift of 100.35 Da (unmodified ion magg at
260.106),It was found to be the primary site of change and was located at-tid@nihus.
However, no other segment demonstrates any alteration, indicating that all afdinglstion

occurs at the Nerminus and none at the K residues in the core girtbteinmolecule.
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3.4 Conclusions

As demonstrated in this chapter, chemical modification can be used to probe proteins for mass
spectometry studies and protein characterisation. A variety of conditions for chemical
modification have been investigated, and the most effective reagent concentrations have been

determined.

The incorporation of CID and ECD fragmentation techniques has enthi@lenapping of the
amino acid residue location where the modification occurred, demonstrating the importance of
linking future unfolding measurements by IMIS to modification on specific residues in the

protein (see later Chapters).

The results of the dthylpyrocarbonate modification reaction revealed that it had preferentially
modified the histidine residue; however, further investigation is required to determine the
location of the second modified residue. When the succinylation modification reaetgon w
investigated by ECD, it was found that it was primarily concentrated on-teenihus of the

protein and that it had no effect on the lysine residues.

78



AcetylatedUbiquitin Chapter 4

Chapter 4
Col l-i edononed uohemidc al

modi 6beduitin

79



AcetylatedUbiquitin Chapter 4

4 Collision-induced unfolding of chemically modified ubiquitin

4.1 Collision-induced unfolding of acetylated ubiquitin

Molecular structure of proteins is critical to understanding how they funaied studies in
molecular biology have focused on determining the molecular structure of pr¢@téemsioza

& Vachet, 2009.

Developing and employing instrumentation thne study of a protein structure like-ray
crystall ography and NMR have been able to
threedimensional arrangement. Yet these techrscweve disadvantages such as cost and
speed(Woods, Radford, &Ashcroft, 2013.The development of mass spectrometry (MS) in
proteomic structure studies have overcome some of these disadvantages related to these

techniques.

Mass spectrometrgoupled withion mobility (IMS) has been developed to investigate higher
order protein structure, and it has shown excellent results in terms of revealing protein structure

rather than simply measuring mass to charge rgttdemmer & Jarrold, 1997

This chapter introduces the result achieved by spraying native protein intdl kS land
comparing the results of collision induced unfolding (CIU) between the wild type and
chemically modified ubiquitin to understand how modification at particular residues might

affect the stability of compact protein structure in thegzasse.

80

p



AcetylatedUbiquitin Chapter 4

4.1.1 CCS for WT-Ub vs Acetylated WT-Ub for [M+5H] >*

Collision cross section CCS calibration measurement wertormedas in materials and
method (see Chapter 2hese measuremenigere based on the work of Ruotolo et al. The
CCS was then calculated against\retandard calibration CCS database from litergiosh

et al., 201], the calibration curve iRigure4-1 show theresultedTWIMS calibration plots for

calibrants bradykinin, ubiquitin, cytochrome C and myoglobin
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Figure4-1 TWIMS calibration plots for calibrants bradykinin, ubiquitin, cytochrome C and myoglobin

CIU experiments require optimization of the acquisition method to achieve compact native
structure of the protein and to show the udifog pattern as the CE energy increases, it was
revealed that there was shifting in the population of the compact structure to a more unfolded
one, by acquiring the restbiased ramp function where the trap collision energy gradually
increased while the ansfer collision energy was constant. This method is beneficial to

illustrate the population shifting by increasing the energy.

Theacquisitionstarted at the lowest enerdyiab = 30 eV) where the drift traces of acetylated
and unacetylated [M+5H]ionsas shown irfFigure4-2 are identical, which means the protein
is still in its compact state with@CSof 975 &. By increasing the trap energyEa, = 60 eV

the acetylated [M+5H7 in red showed changes in the drift trace, with a pronounced shoulder

81



AcetylatedUbiquitin

Chapter 4

that become even more significantE&d, = 70 eV, demonstrating clear unfolding of the

acetylated form compared to Ub, to giv€E@Sat 1110 &. By increasing the trap energy, this

difference in the unfolding remaigsnstantThreeexperimental replicates were done, and the

same result were show These results emphasize that the unfolded shotlaes high

confidence.
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Figure4-2. A detailed collision voltage ramp is conducted witiragle charge state lon [M+5&]mobility drift

traces obtained for WUb in bluevs Ac-Ub in red(a) the more compact structure at trap energy 30 eV where the
first population is shown. Increasing the voltage to from 60 to 70 eV as shown in (b), (clivedperdicate the

first unfolding shifting in the population. (d) shows that at higher energy the second population is more prominent.

The sample was partially acetylated using acetic anhydride, as described in Chapter 3 (see also

Materials and Methodswhich facilitated the testing of CIU profile for the unmodified and
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modified ion in the same sample, at the same time, therefore eliminating the impact of sample
preparation and testing from the result of the acquisition while guaranteeing the same

instrumental conditions was applied during the CIU application.

The Ac Ub ionm/z1722 was isolated using the quadrupole analyser of the Synapt HDMS
instrument and activated in the trap collision cefl’a@teV) collision energy. Partially unfolded
protein ionswere then separated by IMS and then fragmented in the transfer cell by CID

fragmentation (90 eV).

The CIU of the b5 ion MQIFV was extracted first, with no or little variation in the unfolding
conformation. When the CIU of the b6 fragment MQIFVKT, whichtaeins the K6 location,
was compared to the unmodified conformation, the CIU of the b6 fragment MQIFVKT
revealed a larger unfolding pattefrigure4-3 showsthe drift time of the first acetylated and

non-acetylated b5 ion, this identifies K6 as the site of modification causing destabilisation.
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Figure4-3. (a) EStMS spectra of [M+6HY ion (WT-Ub in redvs Ac-Ub in blue) shows the extracted IM drift
traces at trap energy 36 V, (b) BB spectra of [M+5H} ion shows the extracted IM drift traces at trap energy
36 V.
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Data analysis methods and techniques for handling the huge amount fodiaieed by CIU

fingerprints must be created and applied in order to move forward in the use of CIU as a tool

for general structural biology, as well as for highoughput pharmaceutical applications

especially.

To better represent the difference in tméolding profile between the WT Ub and the Ac Ub

ClUSuite2was used to generakegure 4-4 which shows the plotted collision cross section

(CCS) ofthe 5+ ions for each species as a function of collision voltage.

ClUSuite2 is a software developed bRRuotolo research group for the analysis and

interpretation of native mass spectrometry daféson et al., 202D ClUSuite2was used to

compare the stabilities of proteins against collisimfuced unfolding

T h €lUSuite_ comparé uncti ondé i n t

of CIU fingerprints by matrix subtraction and visualization of the two ions in different colours

The RMSD parameter is used by ClUSuite compare to displabgwute difference between

he

two matrices and displays the RMSD on the difference plot.
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Figure4-4. CIU data showing the unfolding of 5+ Ub ions (a) Wb, (b) AcWT-Ub , and (c) K6A mutant Ub.
Difference pots for unacetylated vs acetylated WT Ub, unacetylated WT vs K6A mutant Ub, and unacetylated vs
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acetylated K6O Ub ar e s hoWhsvalues n¢)revealirceasedurdoldingddye r e s p e
to destabilisation of acetylated WT Ub, K6Aldnd acetylated K6 only Ub. Values are relative to unacetylated
WT Ub except for acetylated K60, which is relative to unacetylated K60O.

The Eap values required for 50 % unfolding, term&tiJso, wer e e x Cilua, the ed an
difference betweenClUses for modified and unmodified Ub, calculated. To produce
guantitative value to measure the destabilisation of unmodified wild typ&ldvdnd compare

it to the acetylated WT with value e?.2 (£1.0) eV after acetylation. Topert the absolute

difference between the modified and unmodified ions, themmatnsquare deviation (RMSD)

parameter was measured and plotted against each Bitnere 4-4. show a value of (RMSD

12.8 %) for acetylated Ub (blue) distributed at higher CCS values relative to Ub (red) during

the unfolding process, data of K6A, K60 and NoK will be discussed in Chapter 5.
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4.1.2 CCS for WT-Ub vs Acetylated WT-Ub for [M+6H] &*

The same ramping method was applied on the [M¥8bt}, the results show that the unfolding
of the native structure starting Bt = 12 eV and reaching the final unfolding population at
Eiab = 144 eV. However, the [M+6M]ion was more sensitive to the trap collision energy since
the charge was higherah the [M+5H}* ion, so several optimizations to the method were

required to maintain the native compact structure to be monitored at the lowest energy.

The [M+6HP*ion signal was small and easily affected by the adjacent drift trace of the adduct
it cau®d disturbance to tfeCSof the ion after comprehensive search by filtering the sample
from all sodium we found that the Na+ adduct caused shift in the mass of the ion, by using
Zebra Spin Desalting Columns we were able to purify the sample. After ¢hatljsted the
profiling method by mass isolating the ion of importance in the quadrupole analyser of the
Synapt HDMS instrument and activated in the trap collision cell. The correct mass, and ion,

was confidently isolated according to this method.
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Figure4-5. IMSi MS of WT-Ub [M+6H]®* m/z1435.6 drift trace (a) EWS spectra before treatment and mass
isolation. (b) IMS MS after desalting and mass isolation.
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A CIU profile for the [M+6HF* ion was performed and tme/z1428 Ub ion compared to the

m/z 1435 Ac Ub ion.CIU profiling at multide energies were formed by starting to use the
lowest trap collision voltage possible to maintain the native structure yet able to detect the ions.
Trap energy was then usedEah = 12 eVas first acquisition parameter, then increased up to
Eiab = 132 eVas the final energy where maximum unfolding occured. The transfer energy was

kept at constant value @Eap = 36 eV)to prevent the further fragmentation unfolding of the

—— 1428Ub
( a ) —— 1435AcUB
12.0 eV

( b ) —— 1428Ub

—— 1435AcUB

protein.

Increasing Collision Energy (eV)

84.0 eV
( c ) —— 1428Ub
1435AcUB
96.0 eV
( d ) 1428Ub
1435AcUB
v 132.0 eV

J 250 500 750 1000 1250 1500 1750
CCS (A)

Figure4-6. A detailed collision voltage ramp is conducted with a single charge state lon (6+) mobility drift traces
obtained foWWT-Ub in bluevs Ac-Ub in red (a) the more compact structure at trap end@@y where the first
population is shown. Increasing the voltage to from 84 to 96 V as shown in (b), (c) respectively indicate the first
unfolding shifting in the population. (d) shows that at higher energy the second population is more prominent.
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4.2 Collision-induced unfolding for DEPC and SUCCmodification

The previous section discussed the acetylation reaction and showed a clear result regarding the
importance of lysine residue K6. To understand better the consequence of modifying amino
acid residus, various chemical reactisrwere exploited to modify differentesidues
Diethylpyrocarbonate (DEP&)ased modification and succinylatid®BUCC by succinic
anhydride (see Chapter 3) were performed on theUNBnd the result were complementary

to the acaetlation reaction results.

4.2.1 [M+5H]%*ion CCS comparison for WT-Ub vs. DEPGmodified-Ub
The two ions for of DEP@b were compared against the unmodified Ub and the difference in
population shape and unfolding started to show at 60 eV.iftisated that modification

affected conformational stability of the protein leading to destabilisation as the result

Figure 4-7 (a-d) showsthe singly modified ion [M+5H}* m/z 1728 having a different
unfolding population than the doubly modified ion ion [M+58H#h/z1743, which shows more
destabilgation at intermediate collision energy, but reaches the same unfolding population at
the higher mergy. As described in Chapter 3, the first modification is associated with His
modification, whereas the second occurs at lysine residues. Hence, these findings indicted

further that modification on lysines cause the destabilization on protein CIU profile
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Figure4-7. A detailed collision voltage ramp is conducted with a single chstage [M+5H}* lon mobility drift
traces obtained for WWUb in bluevs DEPCGUDb in redthe first column shows the firgt/z1728 ion while the

second column shoes the secondrigr1743. (a,e) the more compact structure at trap energy (10 eV) where the
first population is shown in the green line. Increasing the voltage to from 40 to 80 V as shown in (b,f), (c,q)

respectively indicate the first unfolding shifting in the population. (d,h) shows that at higher energy.
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4.2.2 [M+5H]>*ion CCS comparison for the WT-Ub vs. SUCGUb

The acetylation and DEPC modificatiolducedsignificantvariation in unfoldingoehaviouy

to achieve a comprehensive picture there was a need for another chemical modification, so the
succinylationreaction was the last to be perform@&te result for this modification is shown

in Figure4-8 for the two ions that have been modifidite first ionm/z1734shown from (a

d) displaysho difference in the unfolding conformatipitis possible that this is due to the fact
thatsuccinylation adds 100 Da on Ub, making it possible that the effect the presence could be

attributed to the large mass added which cause the population shift tethenin/z1734

Another possibility could be that the first modification occurs at therMinus,which could
be the reason that the protein structuneoisaffected and no shows no difference in the CIU

comparing to the un modified protein.

The second iom/z1754 have 200 Da added mass and shows to some extent a shift in the
population unfoldinggshown in figure (éh), however looking at the CIU and comparing to the
previous chemical modification and mutant there is no disruption to unfdbaihgviour, at

mid energy where 80 V the modified and unmodified ions show similar unfolding but with
reasonable shift attributed to the addition of large moa#ise fact that theecond modification

occurs on umodifiedlysine residues, resulting in modéz destabilization.
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Figure4-8. A detailed collision voltage ramp is conducted with a single charge state [M-i&hmobility drift

traces obtained for WUb vs SUCCUDb. (a,e) the more compact structure at trap energy (10 eV) where the first
population is shown in the green line. leasing the voltage to from 40 to 80 V as shown in (bf), (cg) respectively
indicate the first unfolding shifting in the population. (d,h) shows that at higher energy the second population is

more prominent.

Succinylation with unsubstituted succiriohydride places substantial negative charge on the

protein, generally an increment €& per succinyl group, since a positively charg&H3*

from lysine is replaced byCOO of succinate haltmide. With a protein consisting of a single

polypeptide chainthis increase in electrostatic repulsion can produces an expansion of the

macromolecule.
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4.3 Conclusions

The collisioninduced unfolding (CIU) tests were carried out on the-Wbrfirst, and the
resulting profile was measured and computed. The resi@igwas utilised as the control

conformationprofile, which was then compared to the changed Ubs in theniold) studies.

When the CCS of the WOb was compared to the CCS of the acetylatedW8Ta significant
difference was observed, indicating that the acetylated Ub had been destabilised, which can be
explained by preferential unfolding of the compact cantttion due to the addition of an

acetyl group on the lysine 6 residue.

Histidine modification of the protein was performed to assess its potential impact on stability.
DEPC is an electrophile that i s ablneazdleo acyl
ring with an ethoxycarbonyl group. Subsequent deprotonation of the pikelaitrogen
neutralises the iminium and regenerates the tautomeric imidazole ring, with the ethoxycarbonyl

group on the newly generated pyrrtike nitrogen.

The succiglation result suggested that modification of theéekminus, even by a group that
changes the polarity of the position, is not detrimental to the stability of the compattagas
structure of Ub. In contrast, a second succinylation of the protein wad fo destabilise the
structure significantly. As with DEPC, this was attributed as being probably due to

modification at K6.
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5 Collision-induced unfolding of ubiquitin mutants

5.1 Introduction

The result obtained from the previous chapter indicate the importance of K6 to the overall
structure and charge distribution of tbé in the gagphase. Therefore, to obtain complete
picture, tle analysis of different type dib mutants were studied. As described in the
experimental section. Théb mutants aré&Jb protein that have the amino acid positios (and
elsewhere) altered from the native sequence by changing the original DNA sequegdtbeausi

site-directedmutagenesis method.

Site-directed mutagenesis is a molecular biology method that is used to make specific and
calculated changes to the DNA sequence. It can include single and combinational mutations to

produce mutant protein.

A mutatel protein can have a single amino acid altered or several positionstypesrof
mutant were analysed. First was the K6A mutant where only the K6 had been modified to A.
Second, was the NoK mutant were K6, K11, K33, K27, K29, K48 and K63 were beenaaiodifi

to R. Third, K6R where only K6 was modified to R, finally the-&@y mutant (K60O) in which

only the K6 had not been modified to R.
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5.2 [M+5H]>"ion CCS comparison for mutants vs. WFUb

For the objective of understanding the mechanism of unfolding of each mutant the CIU drift
trace was measured as in Chapter 4, andCt8of the conformers was compared for each

mutant against WUb. The [M+5HP* charge state was first studied.

5.2.1 Ubiquitin mutant (K6A)

The firstUb mutanto be studied was K6A, where lysine 6 was altered to alanine. This changes
position 6 from protonated charged residue to a neutral residue. The change is one single
chargeable site, which madé&ageeffect on the unfolding profile of the protetigure5-1. In

order to obtairclean spectréor K6A the mutant, several cycsof desalting, to removeng
adducts, were required. The presence of any contamination from sodium ions had a major effect

on the unfoldingsince the protein bame more unstable after changing the amino acid residue.

Figure5-1 shows the CIU of K6A compared to Wb at a range of energies, the first plot
shows the unfolding at low energn = 30 eV, and there is already a clear difference between
the mutant and WT Ubwith K6A-Ub showing a shoulder due to unfolding. This indicates that

the mutant is extremely unstable and may have already unfolded in the source, which indicates

how much changing the charge on this position could lead to destabilization of the structure.

At a higher energiian = 70-80 eV, Figure 5.1 showed that the mutant has completely unfolded.
K6A-Ub showed a larger CCS value than W during the unfolding process. The alteration
of the lysine at position 6 to alanine causes less stabilisationyehigt reinforces the

importance of K at this position for stabilisation of the global protein structure.
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Figure5-1. A detailedcollision voltage ramp is conducted with a single charge state lon [M*&tdjility drift

traces obtained for 1714 Wb (blue) vs 1703 K6A (red). (a) the more compact structure at trap energy 30 eV
where the firstonformationis shown . Increasing thekage from 60 to 70 eV as shown in (b), (c) respectively
indicate the first unfolding shifting in tr@onformation (d) shows that at higher energy the secoorformation

is more prominent.
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5.2.2 Ubiquitin mutant (K60)

The K60 mutant, where all the lygisin the Ub have been altered to arginie&ceptK6,
showed similar conformation to the \Ab, the drift trace shows that the unfolding of the
mutant protein exhibit somehow simil@CSto the WTFUb with little differencedue to the
mutation of lysine residu® arginine.Figure5-2 shows the plot of K60 unfolding compared

to the WFUD at avariablenumber of energies.
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Figure5-2. A detailed collisiorvoltage ramp is conducted with a single charge state lon [V Bhtjbility drift

traces obtained fat714 WTUb (blue)vs 1747 K60 (red). (ahe more compact structure at trap energy 30 eV
where the first conformation is shown. (b), (c).(d) shows that at higher energy increasing the voltage to from 60
to 70 eV show the fhal conformation.
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The first plot shows the lowest eneffgy, = 30 eV wlere the two protein have identicaCS
increasing the energy up to 70 eV promote slight change in the unfolding but not as prominent
as with the K6A mutant, which all can be explained by the significantieedf6 position,

altering all the other K in therotein caused little or no different in tR&€S

The K60OUb mutant contains one lysine positjawhich is interesting for it to be chemically
modified by acetylation, since only the K6 can be modified it can emphasise on the important
role of K6 for stabization of the protein. Comparison of the acetylated and unacetylated K60
in Figure5-3 showed similar behaviour to Wb when acetylated, at lower energy the drift
trace exhibited a similar profile but when the energy inceess€0 eV a shoulder stadto

appear in the acetylated protein mutant just as we have observed in the acétyladéd

At higher energ\Eian = 70-80 eV, the plot of the acetylated mutant appeared to have entirely
unfolded and different CCS values than the unmodified protein, as this protein contains only
positions where the acetyl group could have been placed, duiite the same unfolding
profile as the WIUDb. This result strongly supported the finding that chemical modification at
K6, specifically, has a detrimental effect on the stability of the compact conformation of Ub in

the gas phase.
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Figure5-3. A detailed collisiorvoltage ramp is conducted with a single charge state lon [M¥Shdbility drift

traces obtained fdt747 K60 (bluels 1756 AcK60 (red). (a) the more compact structure at trap energy 30 eV
where the first conformation is shown . Increasing the voltage to from 60 to 70 eV as shown in (b), (c).(d) shows

that at higher egrgy.

5.2.3 Ubiquitin mutant (K6R)

The K6R mutant (where only position K6 was altered by mutagenesis to arginine) in contrast

to the K6A mutantappearedo be more stable than the WJb. When the CIU experiment

was conducted on this mutant, the conformatiddGiR was stable to the energy variation from

Eiab = 30-80 eVFigure5-4.
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This result of changing K6 to R caused stabilisation due todahee of the R sidechathat
applying higher energy didot cause unfolding comparing to the WJb. Arginine is a more
basic residue than lysine, making its protonation, or ability to tade ip stabilising
intramolecular salt bridges, more likely, which may explain the additional stability seen by this

variant.

( a ) — 1714 Ub
—— 1720 K6R
—
>
O
N—r
>
o
o
()
c
L
p 30.0 eV
Re)
2 — 1714 Ub
35 ( b ) —— 1720 K6R
(@)
o
£
%)
V]
()
-
o
=
60.0 eV
—— 1714 Ub
( C ) —— 1720 K6R
70.0 eV
d — 1714 Ub
( ) —— 1720 K6R
v
80.0 eV
- - - - -
800 1000 1200 1400 1600

CCs (A)

Figure5-4. detailed collisiorvoltage ramp is conducted with a single charge state lon [M¥Shibility drift

traces obtained fat714 WTUb (blue)vs 1720 K6R (red). (a) the more compact structure at trap energy 30 eV
where thdirst conformation is shown . Increasing the voltage to from 60 to 70 eV as shown in (b), (c) respectively
indicate the first unfolding shifting in the conformation. (d) shows that at higher energy the second conformation
iS more prominent.

The findings fom K6R weresupported by the evidence of acetylated K6R, by modifying K6R
mutant by chemical modification ditbt cause any change to the conformation GRSin the

Figure 5-5 had no distinction difference between the unmodified and acetylated mutant.
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Acetylation of K6R has no effect on tHeCS consequently the destabilising effect of
acetylation is dependent on the presence of K at positibhi$.means that acetylation of K
residues, other than K6, did not lead to significant destabilisation of the protein, which further

emphasises the key role of position 6 in Ub.
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Figure5-5. A detailed collisiorvoltage ramp is conducted with a single charge state lon [M¥Bhtjbility drift

traces obtained for 1720 K6R (blue) vs 1728 AcK6R (red). (a) the more compact structure at trap energy 30 eV
where the first conformation is shown. Increasing the voltage to from 60 to 70 eV as shown in (b), (c), and (d)
show no change in the unfolding.
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5.2.4 Ubiquitin mutant (NoK)

The NoK mutant contaad no lysine residues, sinal the lysines weraltered to arginine.

This mutation causes the protein to be more stable than any other mutant. By comparing the
drift trace of NoKin Figure5-6 to that of the W¥Ub, it appears that applying collision energy
causes the Wb to unfold while the NoK mutant does not show any unfolding. This shows
that the presence of arginine residues lead to stabilisation of the protein. Thisnagsiié
interpreted as arginimessessing stronger intramolecular interactions with other regions of the
protein. Becausg¢here was no lysine in this mutant, there was no point in conducting the

acetylation reaction.
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Figure5-6. A detailed collisiorvoltage ramp is conducted with a single charge state lon [M#Bhtjbility drift
traces obtained fdk714 WT-Ub (blue)vs 1753 NoK (red) .&) ,(b), (c), and (d) showed the unfolding of Wb
vs. the NoK where it show stable drift trace.
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5.3 [M+6H]%"ion CCS comparison for the mutants vs. WiUb

The second ion that was analysed was the [M%6tHarge state of Ub. Since it had lower
signalintensity, it was challenging to acquire acetylated data for K6A mutants, nevertheless
the full CIU profile was obtained for each mutant and compared to th&JlVThe resulting

data showed clear resolved conformers that could be investigated.

The data frsn [M+6H]% ion represent important complementary information to the [M¥5H]
ion since the presence of charge on the K6 posisiconsideed vital to the structure aflb,
and the analysis of second charge state provides a comprehensive pigune5-7 shows
the general CIU fingerprints faall theMutant, this shovs theoverall pictureof the difference

between the mutants
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Figure5-7. Overview of CIU fingerprints for (a) K6A, (b) NoK, (c) K6R, (d) Ac K6R, (e) K60 and (f) Ac K60
showing the differences in their profiles. Data plotted u§ltigSuite?2.
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5.3.1 Ubiquitin mutant (K6A)

The K6A mutant was tested ugithe same ramping method applied for the [M-+5ktin. But
this timeless energyvas applied for the [M+6HT ion, theCCSshown inFigure5-8 for the
drift traces obtained from applying energy froBf{ = 12-144 eV) with set of increase 12
energy interval, the resulted plots revealed similar data as the [M+Bid] with the K6A
mutant unfolding more than WWb, but with slightly more resoldeconformers, aEjan = 12

eV the drift trace for K6A was less stable than the-\Wbl
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Figure5-8. A detailed collisiorvoltage ramp is conducted with a single charge state lon [M#6htjbility drift
traces obtained for 1428 Wb (blue) vs K6A(red). (a) the more compact structure at trap energy 12 eV where
the first conformation is shown. (b),(c)dreasing the voltage to from 84 to 96 eV. (d) show the final conformation.
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5.3.2 Ubiquitin mutant (K60)

The K60 mutant was found to be more stable that theUWTas was the case with the
[M+5H]°* ion. When K60 was acetylated and compared to the K60 mutarktoitesi
insignificantdifference inCCS Figure5-9 showsdetailed collision voltage for the [M+6£4]
charge state, with ion mobility drift traces obtained for K60 vs Ac K60O. This result is in
contrast to that obtained for tiil+5H]5" where aetylation led to clear destabilisation. It
implies that the nature of positiét6 in Ub is less important whehe charge changes from 5+

to 6+, this indicate the overall charge on the protein is vital to the structure.
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Figure5-9. A detailed collisiorvoltage ramp is conducted with a single charge state lon [M¥&htjbility drift

traces obtained for 1428 Wb (blue) vs 1456 K60 (red). (a) the more compact structure at trap energy 12 eV
where the first conformation is shown. (b), (c) Increasing the voltage to from 84 to 96 eV. (d) show the final
conformation at 132V.
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5.3.3 Ubiquitin mutant (K6R)

The K6R mutantvasshown to be more stable that the Wb which matches the result from
[M+5H]°* ion. A detailed collisionvoltage ramp was conducted with a single charge state ion
[M+6H]%* and mobility drift traces (seigure5-10) obtained for 1432 K6R (blue) vs 1439
Ac K6R (red).The first figureshows the CIU of K6R compared to Wb at a range of
energies, the first plot shows the unfolding at lowest enEBrgy= 12 eV, by increasing the
unfolding energy the twoonformersstart the unfold differentlyat Elap = 96 eV the WTUb

appear to be lesgable than the K6R mutant.
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Figure5-10. A detailed collisiorvoltage ramp is conducted with a single charge state lon [M¥®hdjbility drift

traces obtained for 1428 Wb (blue) vs 1433 K6R (red). (a) the more compact structure at trap energy 12 eV
where the first conformation is shown. (b), (c) increasing the voltage to from 84 to 96 eV. (d) show the final
conformation at 132V.
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5.3.4 Ubiquitin mutant (NoK)

The NoK mutant had no lysine residues since all of the lysines had been changed to arginine.
As a result, this protein is more stable than in any other mutant. Whe@Ctie Figure5 1 1

is compared to the Wb confirmationCCS it appears that providing energy causes the WT

Ub to unfold whereas the NoK mutant does not. Because arginine has greater intramolecular
interactions with other areas of the protein, the inclusion of an arginine residue may lead to

protein stabilisatin. This result was in line with that for thid+5H]°* ion.
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Figure5-11. A detailed collisiorvoltage ramp is conducted with a singlearge state lon [M+614] mobility drift

traces obtained for 1428 Wb (blue) vs 1460 NoK (red). (a) the more compact structure at trap energy 12 eV
where the first conformation is shown. (b), (c) increasing the voltage to from 84 to 96 eV. (d) shavalthe f
conformation at 132 eV.
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5.4 Conclusions

A CIU profiling method was performed @range of mutants designed to probe the effect of
modification at K6 on the stability of compact, folded Ub ions inghgpahse More than a
hundred drift trace chromatograms were obtained, to simplify and show a visual movement of
the unfolding profile an alternative plot was used to illustrate the similarity and different
between al the samplBlagicplotwas used to identify arglot Gaussians to measure the area

for each population in the CIU drift traces.

@) ()

[M+5H]*

70 eV

N
800 1000 1200 1400
| (d) ~

(c)

[M+6H]é*

L 70eV
s

0.00 0.20 0.40 0.60 0.80 1.00 900 1100 1300 1500
TWCCSy, ne | A2

Figure5-12. Summary of CIU unfolding of Ub ions using Gaussian fitting to IM drift traces. Ub variants
are: (WT), (AcWT), (K6A), (K60), (AcK60), (K6R) and (AcK6R). The relative areas of the Gaussians

for [M+5H]%" ions at 70 eV and [M+6K] ions at 72 eV are shown {@) and (c) respectively. The
Gaussians used to fit each IM drift trace at those energies are illustrated in (b) and (d) respectively using
WT Ub in each case. The experimental trace is shown as a solid blue line and the sum of the Gaussians

as a dotted kline,
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Three major population were observed along the drift trace, and their area was calculated by
gaussian fitting and plotted as showrFigure5-12, The topsection summarizes the

[M+5H]°* ion result, which includes the Wb, mutant, and chemically modified protein,

while the bottom section displays the [M+68Hipn data. The green bar represents the initial
conformers, the orange bar represents intermediate conformers, and the red bar represents the

final unfolded structure.

The acetylated K6R and K6R show similar unfolding confirmation in the [M¥Satid

[M+6H]%" ions. The total area under the gaussian is similar for the folded conformers
between 0.45 and 0.46, the intermediate conformers as well as the unfolded conformers is
showing similarity for both of the ion, this could be because the lysine in K6 polsém

been modified to arginine, which means the acetylation goes to another lysine location and

causes no difference in the unfolding.

The acetylated mutant of the AcK60 mutant appears to be less stable than the unmodified
protein, possibly because thesgdation occurs on the K6 position and causes the protein to

be disrupted. When looking at the data in the middle raw we can see that the total area of
AcK60 by measuring the gaussian is 0.21 for the most compact conformers. The area of 0.61
for the intemediate conformers and 0.26 for the final unfolded conformers. However, for the
K60 there is increase in the intensity of the compact conformer to 0.34, while the
intermediate conformers increase to 0.49, and substantial reduction in the unfolded

conformes from 0.23 to 0.17. for tH&1+5H]°* at Ba=70 eV.

For the final raw, the result from tfid+5H]>* and thgM+6H]%ion have fairly similar
pattern in term ofhe unfolding. The total area of Wb by measuring the gaussian is 0.35
for the most compacboboformers. The area of 0.45 for the intermediate conformers and 0.20

for the final unfolded conformers. However, for the acetylated Ub there is reduction in the
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intensity of the compact conformer to 0.19, while the intermediate conformers increase to
0.50,and significant increase in the unfolded conformers from 0.20 to 0.30. therefor there is

more unfolding in the acetylated Ub than the Wi at Ea,=70 eV.

The data for K6A mutant is shown greaatch to the AcUb in the first conformer between

0.20 to 0.19, théhe intermediate conformers seem to be greater for the AcUb, while the
unfolded conformers have higher value for the Ke4-0 eV. Taken together, these results
confirm the importanced 6 f or t he stabilisati on-plwase, UboOs
but do show some subtle differences betweeliMi®H]*>* and[M+6H]®ions. That a single

residue within a 76 residue protein can have such a dramatic effect on structural stability is

extremely interesting, and will be the subject of further investigation in Chapter 6.
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6 Molecular dynamics and charge distribution

6.1 Introduction

Molecular modelling and molecular dynamics simulations have become valuable
computational approaches for studying the structuretion relationship of proteing.o gain
atomic level resolution insights into ubiquitin and the ubiqustgnaling system, researchers
used moleculamodellingand simulations as a computational microsadgpeCammon et al.,
1977. These simulations allow researchers to explorecthdormational energy landscape
accessible to biomolecules and to connect the dots between a proteindirtteesional

structureand its dynamicéFox & Kollman, 1996.

Large molecules like protein are sustained by many intramolecular forces. These forces are the
result of a complicated system of numerous hydrogen bonds, salt bridges, attractions between
polar groups, and other interactooto reach an optimum conformation to achieve protein

stability and intended functioffrox & Kollman, 1996.

The objective of the first MBimulations of Ub was to investigate its dynamic character. These
simulations were only a few nanoseconds long, used a combination exptikdit water
treatment, or even concentrated on just one short pefftme & Kollman, 1996¢. These
research, as well as others, looked at the protein's natural state dynamics, examining its
conformational space and accounting for its inheosnoillations(Kony, Hiinenberger, & van

Gunsteren, 20QMarianayagam & Jackson, 2Q0&Iodarski & Zagrovic, 2009

These experiments paved the door for far more é@et@hd comprehensive MD studies that
looked at the folding process from numerous angles, with the goal of generating the folding

(and unfolding) trajectory.
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Previous simulation studies on ubiquitin folding have investigated at the folding mechanism of
human ubiquitin combining a physically realistic model and extensive MD simulations.
Simulations suggest a folding mechanism that matches a significant body of experimental data

(Piana, LindorffLarsen, & Shaw, 2033

The fastcollapse phase preceding the folding process has been analysed by rapid low
temperature quenching of unfoldsthte structures generated in htgmperature simulations
using atomistic force fields and simulations on the nanosecond timéataiso & Daggett,

1998.

Experiments ad simulations on ubiquitin and other weligineered fadblding proteins
appear to be able to provide key details regarding protein folding mechanisms in general,

including for naturally occurring proteirfsindorff-Larsen, Piana, Dror, & Shaw, 2011

Solvent molecules (such as water) do not interact with the hydrophobic amino acid sidechains
of a protein, resulting in an unfavouralaecrease in entropy, which causes the protein to fold

to its globally native form while hydrophilic and polar side chains tend to be on the surface.
However, during ESI proteins experience major change in the surrounding because in water
the hydrophobieffect stabilizes the structure but in the absence of water the protein bonds are

no longer stabléT. Wyttenbach et al., 20)4

In addition, the ESI undoubtedly leads to changes to the protonation states of polar sites, and
ESFMS work on proteins indicated a close correlation between the protein charge state
distribution in the mass spectrum and the ESI solution condi(Balshtiari & Konermann,
2019.To further understand the unfolding of protein and to eliminate any limitation of the
IMS, molecular dyamics theoretical simulations were implemented and compared to the
experimentalCCSresult, thereby presenting a comprehensive picture of the mechanism of

unfolding and the effect of chemical modification to the structure of protein.
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6.2 Experimental CCSequated to theoretical CCS

Prior work by Konermann et gBakhtiari & Konermann, 20)aiscussed the mechanism of
MD simulation andhe charge distribution on théb model. These finding were used by Dr
David Robinson, of Nottingham Trent University, to perform MD simulations on Ub reported

in this chapter

The Ub model that was used in the simulation was obtained from the Protein Data Bank
[1UBQ] and was overall neutral in charge, so for the purpose of simuatibarge waadded

to the structure to achieve the [M+5Hipn. This was done based on Konermann.etvark

by deprotonating the E18 while leaving all K and R side chain protonated, also all the D and E
sidechain and-terminus deprotonateth theneutralUb structureall K and R sidechains were
protonated in addition to the-términusandall D and E glechains as well as thet€rminus

were deprotonated.

The [M+6H]%" ion was created by deprotonating K63 and reprotonating the sidechains of
residues E18, E24, D32, D39, E51, D58, and E64.K6AUb mutant includes alanine instead
of lysine, which meanthat the position is not protonated, to achieve a [M+®5¢Hjarged MD

structure the charge was added by neutralising E18.

The MD simulation was replicated three times to produpeaatableesult. The simulation

ran first to mimic the lowgasphase structure by applying 298 K and then produced again at
750 K at (0.5 ns and 9 ns) to mimic the unfolding heated strudthi® clearly demonstrates

that the timescale chosen has an impact, and that longer runs are not necessary. It is eonceivabl
for the interaction between K6 and H68 to become ineffective for relatively short periods of

time if the conditions are right (within 0.5 ns)
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The theoreticaCCSsof output trajectories were calculated and compared to the experimental
CCSs MD run was produced in two stagesan equilibration run was carried out for
approximately 0.5 ns, followed by a production run for approximately 8 ns, as previously
stated. All simulations were run in triplicate to ensure accuracy. For the resulting structures,
thecollisional cross sectionrSCSwere calculated using the corrected PA method, in which the
CCS determined by projection approximation (PA) is converted into the apparent trajectory
model (TM) value using a constant scaling fa¢Benesch & Ruotolo, 201 Bokratous et al.,

2012

Figure6-1 shows the experimental drift traces against the corresponding theoretical drift trace,
the first column represts the experimental drift trace at 30 eV at peak maximum value of 975
A2which was similar to the simulated drift trace value at 95aife gagphase structure afb

shown at the plot was taken from the MD at 950idshows the protein is globallyléted into

a basic secondary and tertiary structure.

The second column shows the plots for the 70 eV CIU drift trace and the MD simulation at 750
K, the CCS peak maximum for the experimental trace 1F38hkch is almost similar to the
simulation drift trae at equilibration phase at 1038, Ahe structure shows the bond started to

break and the native secondary structure started to unfold.

The third column shows the drift trace at 110 eV experimental versus 750 K MD simulation
drift trace at production step, by comparing the initial line to the engbetide of the trace had
reached maximum of 1083?ACCS while1099 & for the theoretical sgrtra. looking at the

final structure, th&b has lost all its native folding, the hydrophobic residues have migrated to
the surface and the polar sidechain inverted inward, the bonds that hold the protein have all

been broken.
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