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A note to the reader

With the aim of making this thesis easier to digest,

| have split the introduction into two parts:

i) An introduction to the theory of mass spectrometry, and
ii) An introduction into the field of structural biology.

Finally, the materials and methods section of this thiess listed in

the order that they arise throughout this study.

Thank you
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Abstract

Protein aggregation is responsible for a vast array of-ifeeatening protein based diseasas

well as being an economic Indle in biopharmaceutical development and manufacturing.
Monoclonal antibodies represent the fastest growing class of biotherapeutics, with 53
antibodies in late phase clinical trials as of late 2015. Antibodies serve as ideal therapeutics
due to their exaquisite specificity and favourable safety profile. However, further therapeutic
antibody development is hamstringed by uncontrolled sedfssociation and aggregation which
can occur at all stages of biotherapeutic development. Therefore, there is an urgeatirior
methods to dissect the mechanisms that drive uncontrolled sa$fsociation and protein

aggregation.

This thesis presents techniques which were applied to address the identification of aggregated
material of a therapeutically relevant monoclonal aittody, and to characterise the
mechanism responsible for driving oligomerisation. A combination of mass spectrometric
techniques were employed to visualise the oligomeric species. lon mobility spectrometry
coupled to nanoelectrospray ionisation mass speciretry was utilised to identify the
oligomeric species formed under native conditions and to define the oligomers in terms of

their mass and collision crossectional area.

To characterise the regions responsible for driving oligomer formation, chemicabss
linking was employed to capture the oligomeric species in solution which were then analysed
using tandem mass spectrometry. The initial dimer interaction was modelled using distance
restraints obtained from the chemical crodsking results and a moél proposed that explains
the oligomerisation events, and how runaway polymerisation can occur at higher

concentrations.

Finally, a powerful /n vivo assay in theE. coli periplasm was developed to differentiate
between aggregation and neaggregatiorprone sequences using single chain variable
fragments (scFv) of the antibodies studied. The results presented demonstrate the applicability
of the assay to molecules relevant to the biopharmaceutical sector; as an upstream platform
for the identification of agyregationprone sequences, prior to antibody production and

development.



Overall, the work presented within this thesis describes techniques that can be successfully
applied to define the mechanism that underpins the selfsociation of a therapeuticaly
relevant monoclonal antibody. Furthermore, the study presents a no¥el/vo assay that can

be used to identify aggregatieprone sequences, and to develop them further by mutagenesis,

which could be useful in protein development in the biopharmaceutica¢cor.
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1 Introduction I: The theory of mass spectrometry

1.1 A brief history of mass gectromety

Mass spectrometry (MS) is an analytical technique that is used to study charges io the

gas phase and measure them based uplogir massto-charge ratio(/m/2). It is a technique

that is usedprimarily to analysehe massof ions, but has been extendedhore recentlyto give

in depth information on composition as well as structure. For a samgltebe analysed by MS

it must first be introduced into the gas phas&hich is achieved in the first stage ad mass
spectrometer. The different stages of a mass spectrometer can be simplified and separated into

ionisation, mass analysers and detectidriqure1.1).

Sample
introduction

| Sample Mass
: ionisation > analyser H Detector

N Vacuum System >

Data
analysis
software

Figure 1.1: Schematic of sample analydiy use ofmass spectrometryA sample is introduced
whereupon it is ionised and the ions separated in the mamalyser according to theirm/z
ratio. These ions are then measured by the detector where computer software can convert the
data into a mass spectrum.

Modern mass spectrometers and their application have evolved a tremendous amount over
the past centurysince their first use to measure the mass of alectron by J.J. Thomson in
1897 (Thomson, 189). Thomson discovered that cathode rays, Lenard rays at the time,

travelled at a speed much faster than one would expect for a particle of that size. He deduced
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that these negatively charged particles were 1,000 timeshtegy than the mass of a protan

Thomson cenoted these particles as corpuscles, which were later renamed as electrons as G.S.
Stoney had suggested before Thomson had ever made his disc§@oney, 1894 Thomson

was awarded the Nobel &reat meeits of wis theorgtical and f or
experi mental [ nvestigati ons o0 nThefiisedetechaomofuct / o
elemental isotopes was also discovered by Thomsoh913(Thomson, 1913 Using magnetic

and electric fields to manipulate the bearpath of a stream of neon gas, heoticed the
appearance of two distinct patches on the photographic plaised for detection. They
concluded that there must be in fact two beams with different masses to give rise to the results
observed, this was the first discovery of N0 and Ne22. This initial use of mass
spectrometry was further developed by Aston whamatinued to measure isotopes of various

di fferent el ements and pr oasysemndvherehyaghe mashal | e n
all elements are whole number multiplesf the mass of a proton, e.gxggen being 16 Da

(Aston, 1935. In 1922, Aston was awar dré/iddistobesy, No b e
by means of his mass spectrograph, of isotopes, in a large number cfadioactive elements,

and for his enunciation of the wholen u mber. r ul eo

1.2 lonisation

lonisation can ke achieved by a variety of method@hereupon the sample isnalysedoy merit

of its m/zratio. lons of differentm/zare separated from one another before the abundance of

each ionis finally recorded by the detector. Modern day applications of mass speainetry

range from the analysis of small chemichrough to intact bio-molecules. The analysis of
complex biomolecules was limited at firsthowever, due to the methodologies used in sample
ionisation. The first main breakthroughin this field was the dvelopment of fast atom
bombardment (FAB)Barber et al., 1981 FAB works by striking a sample coatning anon-

volatile surface matrix with high voltage atoms of an inert gas (typically argon or xenon). The
sample in the matrix is then energised as the inert gas is neutralised wheoliides with the

surface and the protein ins are ejected in the form ofM+H]*. FAB is a relat

ionisation technique in that it the energies impacted on the sample do not cause any
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fragmentationof the analyte The technique is not idealhowever, since samples have to first

be embedded in a matrix that is aamonly made from glycerol or 3nitrobenzyl alcohol.

1.2.1 Soft ionisation echniques

Native MS had its real breakthrough from the developments of the soft ionisation techniques
matrix-assistd laser desorption/ionisation (MALDI) and electrospray ionisation (ESI) which
result in no fragmentation of the analyteand therefore iscapable of retaining noncovalent

interactionsupon transition into the gas phase.

MALDI (Karas et al., 1985first requires the analyte of interest tde mixed with a matrix,
usually aromatic acids in naturgFitzgerald et al., 1998 that is then spotted dowronto a
metal plate and left tocrystallisetogether. Once cacrystallised the samples are irradiated
with a UV laser (337 nm) where ablation and desorption of thealyte from the matrix occurs
(Knochenmuss, 2006Figurel.2). The charged analytg typically singly charged if the form

of [M+H]*) are then introduced to the source of the mass spectrometer. Although suited for
small peptides and proteins, MALDI is not necessarily the best chdimelarge biomolecules
due to the energy that is imparted on the sample from the lageadiation. Furthermore, the
co-crystallisation of the sample with the acid based matrix is not ideal for retaining non
covalent interactions and so ESI tends to be preferred foe analysisof larger proteins

because oits ability to maintain such interactions for analysis in the gas phase.

ﬁMaSS
i 7 analyser

Laser (337 nm)

f Matrix

Sample with
matrix

Target plate

Figure 1.2: Schematic of the MALDI ionisation proces§amples are caorystallised with the
matrix onto a MALDI plate. AUV laser at 337 nm is used to irradiate the matrix where sample
ablation and desorption from the matrix occursThe gas phase matrix underge charge
transfer to protonate the ions.
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ESI is an ionisation technique that takes place &tnaspheric pressure and is seen as the most
gentle of ionisation methods since many moraon-covalent interactions are retained.
Furthermore, the technique has been shown to be applicable to a wide range of proteins from
a few hundred Da to multiple MDa (Bothner and Siuzdak, 20Q4van Berkel et al., 2000
Kaddis et al., 2007 Snijder et al., 2018 The electrospray process occurs as a capillary,
containing asample of interest, has a high potential applied across it and an electrode placed
at the entrane of the mass spectrometer. As the voltage is applied across the capibary,

Taylor cone is formed athe front of the charged sampleontaining solvent Figure 1.3).

Taylor Cone
00 ©
©p0©
o)
Capillary Tip

Electrode ———»

Figure 1.3: Mechanism of ionisation using electrospray ionisatioblpon applying a voltage
between the capillary and the entrance of the instrument, a Taylor cone is formed from the
build-up of chargeat the end of the capillary where fine chargedrdplets are ejected.

The sample is then ejected in the form of an aerosol from the end of thenfiémt formed by
the Taylor cone(Taylor, 1964). The highly charged doplets in this aerosol contain theample

of interest The dropletsthen decreasén sizedue to desolvation with the aid of a nebulising
gas (typically nitrogen) at the front of the instrument To further assist the desolvation
process, a drying gas is sprayed orthogonally to the path of the droplets as they are attracted
to the negatively charged source of the instrumefwhen working in positive ion mode) As
the size of these droplets decrease, they experience an increas®lafmbic repulsion to a
point where coulombic fission occurs due to the drogtl reaching the Rayleigh limit(Taflin

et al., 1989. From this stage, iis somewhat controversial as to how the proteins have the
charge from the droplet deposited on their surface. There are twell acceptedmodels for
what happens to the droplets from this point onwardhe charged residue model (CRMDole

et al., 1963 and the ion evaporation model (IEM(Iribarne and Thomson, 1976(Figure 1.4).
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CEM

Figure 1.4: Schematic showing the different mechanisms of charge transfer onto the sample.
The individual charged droplets decrease in size until the Raleigh limit is reedhand
Coulombic fission of the dropletoccurs.IEM = ion evaporation model, CRM = charged
residue model and CEM = chain ejection model.

The CRM is a model that is expected to hold with large polar samples such as proteins and
other bio-molecules. This model states that as the droplets cong to decrease in size, they
reach a stage where protons are ejected via flba evaporation model EM) to prevent
further coulombic fission occurring. It is believed that the proteins remain near the centre of
the droplets so that they can maximise thanteractions at the water interface and the charges
are transferred onto positively charged sigghain residues by charge carrig during the final
moments of the process. The IEM proposed by Iribarne and Thomson proposes that as the
droplets decrease isize, they come to a state where the charge across the surface of the
droplet is enough to eject the analyte carrying protons. As the CRM is believed to hold true
for proteins and larger molecules, there is literature that provides evidence that the IEM i
the method ofionisation of small moleculegKebarle and Verkerk, 2009Znamenskiy et al.,
2003. A third model has recently beenproposed for the mechanism of ionisation for
intrinsically disordered proteins, thechain ejecton model (CEM)(Konermann et al., 201p

The CEMsuggestshat a region of the peptide chain is expelled from the dropjetince the
disordered protein/peptide isinlikely remain at the centre of the desolvating dropleas stated

by the CRM. Therefore this model has some similarities with the IEM indhit states that a
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small region of the protein is expelled as a charged species from the droplet, sequentially

followed by the rest of the protein until it is fully released into the gas phase.

The electrospray process was improvédther in the field of native MSby the introduction

of nanoelectrospray technology (nESI). With the use of volatile buffers (typically ammonium
salts),this new technologyallowed for slower flow rategWilm and Mann, 1996 Juraschek
et al., 1999 meaning that a few microliters of sample could be sprayed from a nESI source for
hours. Lower flow rates and lowr voltage potentials apped (~1 kV) allowed for smaller
droplets to form at the end of the capillarymade from borosilicate glass often coated with
gold or palladium.These smaller droplets enhandbe desolvation process andue to lower
energies have greater capacity to rein the non-covalent interactions between bio
molecules. The work on ESI resulted in John Fefwhitehouse et al., 198%eing awarded
the Nobel Prize in 2002 along with Koichi Tanak@l'anaka et al., 1988 who developed laser
desorpto n i o ni s #eairidevelopmehtofisoftiwesorption jonisation methods for mass

spectrometric analyses of biological macromoleces

1.3 Mass aalysers

Mass anajsers function by separating ions created in the source of the instrument based on
the m/zratio. There are various different types of analysers: quadrupoles, time of flight (ToF),
ion trapping and ion cyclotron resonance (ICRInalysersEach of the different mass analysers
outperform others in unique aspects and therefore the type of mass asatychosen is
dependent on the function required. Mass analysers are normally characterised by their

resolving power, sensivity, mass limitation andaccuracy.

The resolving power of a mass analyser is an important characteristic and is typically
measuredin two ways. The mass resolution is defined by the capacity of the analyser to
separatewo peaksclose on them/z scale.First, resolution can be defined as the distanee

single peak coversontherzs cal e at half of its nm&kxowmaam hei
its full width at half maximum (FWHM) (Hoffmann and Stroobant, Q01) (Figure 1.5a). The

second definition is peaks are said to be resolved (for different typéanalysers) when the
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valley betweentwo adjacent peaksd7/2) lies below a percentage threshold of thgrevious
peak Figure 1.5b). This threshold is dstinct for different analysers. Br a ToF analyser this is

50% whereas an orbitrap (ion trap) analyser allows a pantée maximum of 10%.

a. b. 1

100— 100

o > i i
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® 5 %50 -~ = % 50—
=
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Figure1.5: Schematic showing the different definitions of mass resolutiq@a)Mass resolution
is defined as the full width at half maximum of a given peak aifl) mass resolutiorof two
peaks at a percentile, set by the analyser, of the peak maximum.

Sensitivity is a characteristic that is measured across an entire instrument with regards to ion
loss at different stages throughout the instrument. However, it is measured as peegof

ions that reach the detector comparedith the amount of ions created at the source. The mass
limitation of an instrument, or mass range, is the fuln/z scale at which an analyser can
measure and separate ions. The mass limitation/range differatydor different analysers, a
guadrupole analyser for example has a relatively low mass range whereas a ToF,has a

theoretically, infinite mass limitation.

Lastly, the mass accuracy of a detector is measured in parts per million (ppm) and is defined

as:
e L YDET QEAGD DBOT QI GG T,
Didwwdi oew - Wp T
i YDE T QaoOdda P
Equation1.1
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This measures how much the experimental mass of an ion divergesifits theoretical mass.
An example of this is if an analyser has a mass accuracy of 10, ppenwould expect the

observed mass of a sample of predicted 1,000 Da to be within £0.01 Da.

1.3.1 Quadrupoleanalysers

A quadrupole analyse(Miller and Denton, 1986 Paul, 1990 Dawson, 2013 exploits the
resonating trajectoy of ions at a particularn/zand uses this to separate them. The quadrupole
consists of four metal (or metal coatederamic) rods, two pairs that sit perpendicular ®ach

other (Figure1.6).

Detector

Figure 1.6: Schematic of a quadrupole analysérhe potentials of the rod pairs can be set to
only allow transmission of ions of a givem/z The voltages of the different rod pairs are
altered to allow the transmission abns ofincreasingr/z, which builds up the mass spectrum.

These pairs have electrical potentials applied to them, both a direct current (DC) potential

and oscillating radiefrequency (RF) potential.The rod pairs are arranged so thaach pair

11
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has an oposite polarity applied to it. Depending on the potentials applied to the pskd any
given time, this dictates whether arion of a givenm/zwill transmit through the analyser and
reach the detector. The quadrupole is a scanning analyser and so allomssabparticular/m/z
through to the detector sequentially to build ug mass spectrumWhether an ion with a
certain /m/zhas a stable trajectory through the analyser is dependent on the potential applied

to the poles at thagiven time which is defined by:

« 00 YOméi' o
Equation1.2

And:
. 006 'YO®Ei ' o
Equation1.3

where (tis the total potential, DCis the strength of the direct current, RF the oscillating

frequency, I is the frequency and t is ti me.

As the ions pass through the analyser in the z platieeir motions in the x and y plane are
influenced independently depending on the strength of the potentials impacted on the ions.
If their trajectory in either of these planes is unstable, particularly due to the fields
implemented by the oscillating potential, the ion will collide with the chargedad and be
neutralised;therefore never reaching the detector. Simplistically, lightdons experiencea
larger effect from the oscillatingRF field and heavier ionsire impactedargely from the DC
voltage applied (March, 1997. The stability of an ion can bexpressed in separate stability
diagrams interms of their xz and yz trajectories(Figure 1.7a). As mentioned, the voltages
across the quadrupole are then increased linearly while maintaining the same ratio leetw
the RF and DC potentialsThis linear trend between the RF and DC valuesan be plottedo

illustrate how ions of different masses are detected over the range of potentEigufe 1.7b).

12
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a. x-z plane
unstable
y-z plane
stable
x-z plane
- s s W Wt
stable
y-z plane
stable

Figure 1.7: Stability diagrams for a quadrupole analysda) Stability diagrams can be drawn

to show the stability of an ion in the different planes of the rod pairs. The top image shows
an unstable ion in the xz plane whie the bottom diagram shows an ion stable in both planes.

(b) Stability areas are plotted against the RF and DC voltages, where the voltages are increased
while maintaining a constant ratio between them. The blue line indicates a high resolution
mode whereions close in mass can be detected, howevernisimissed. The purple line shows

a lower resolution mode where mis resolved but now m and me are not, due to the
overlapping profiles. The red line indicates where the quadrupole acts as a linear ion guide
when only and RF voltage is applied with no DC voltagEigures redrawn from(Hoffmann

and Stroobant, 2001

Only when an ion has a stable trajectoryn both the x-z and yz planes,and intersects the

linesshownin Figurel.7bis the ion able to pass through the analyser and redich detector.

13
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Theselines plotted (Figure 1.7b) also highlight a quadrupolé& resolution power, where the
steeper the gradient of the line (while keeping the ratios constant) corresponds to greater
resolution. This is shown for the blue and purple lines where the only the purple line allows
the detection of all three ionsifn, mp and ms). However, the resolving power between pand

ms is reduced compareavith the blue line. Finally, when only a RF potentials applied (DC

= 0, red line)the resolving power of the analyser is lost and allows the transmission of all ions

to the detector.

1.3.2 Time-of-flight (ToF) analysers

The ToF analyser is ideal due to its exquisite mass range. ToF analysers calculate@amizn
by measuring the time takerfor an ion to transfer a fieldfree region after being ecelerated
by an applied field(Stephens, 1946 Thetime taken for an ion to reach the detector is based
on two parameters(1l) the mass and (2he charge of the ion. The mass of an ion is responsible
for its final velocity since all ions experience the same amount ahétic energy (k) per

charge found on the ion since:

Equation1.4

where v = velocity, k = kinetic energy and m = mass

Therefore ions of larger mass will traveinore slowly, ultimately taking a longer time to reach
the detector. Them/zof an ion can be calculated from the time taken to traverse the analyser
by starting with the potential energy (k) of an ion which is directly related to its charge (z)

and the strength of the electa field (V):

Equation1.5

14
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As the charge particle is accelerated into the flight tube, the potential energy is converted

into kinetic energy and rearrangindg=quation1.4 gives:

Equation1.6

as energy is conserved ¢E E), we can combine equationEquation1.5 and Equation 1.6:
N I
aw —Aav
C

Equation1.7

since velocity is related to distance and time (v = d/t), we can substitute the value of velocity
as:

ao e
C
Equation1.8

where L is the length of the flight tube i m) and t is the flight time of the ion (s). This can

now be re-arranged to give:

5
w

N

. a
(0] -
a

Equation1.9

Modern ToF analysers have been modified to accommodate some of the problems with
resolution that linear Tolshad due to the natural differences of isobaric ions formed as a result
of the electrospray process. The properties that result in these isobaric iorstlae kinetic
energy distribution, resulting in isobaric ions with a different initial energy from the source
and thusdifferent velocity. The spatialdistribution of isobaric ions results fromons being
formed at even slightly different regions in theource, whichwill experience different voltage
potentials for different lengths of time and therefore impacts their final velocities. Finally
there is the temporal distribution which results in isobaric ions being formed at different

times, thereforereading the detector at different times as a consequence.

15
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To accommodate for these natural and unavoidable phenomena which result in poor
resolution, there are two methods that can be applied to restdrigh resolving power By
applying a delayedroltagepulse (delayed pulse extracti) immediately before the fieldfree
region of the ToFthis corrects the velocities and flight times and ultimate)ythe resolution.

A second method for increasing ToF resolution is by using a reflectron Eofalyser

For linear ToF analysersthe introduction of delayed pulse extractiofWiley and McLaren,
1955 Brown and Lennon, 199bincreased the resolution since all ions experience a delayed
accelerating voltage that allows for the slower isobaric ions to catch up with ithéaster

counter parts Figure 1.8).

Acceleration Eield free
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Figure 1.8: Schematic showing continuous pulse extraction against delayed pulse extraction.
(a) Continuous pulse extractiorof isobaric ions results the orange ion enteringetfield-free
region with more energy (i)and therefore then travel the fieldfree region quicker (ii) and
will reach the detector first (iii) resulting in poor resolution.(b) Delayed pulse extraction
showing that two ions have (i) different energies, however upon applying a voltagé, the
blue ion experiences a greater pull and thereforg able to catch up in the fieldree region
(i) and the two ions reach the detector at the same time (iv) resuliiin greater resolution.
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In a linear ToF, the isobaric ions that have higher energies have a greater velocity by the time
that they reach the fieldfree region and so the ions reach the detectors at different times
resulting in the poor resolution. By hging a delay before the pulse to aceghte the ions into

the field-free region of the analyser, the slower isobaric ions experience a greater effben

the field is appliedcomparedwith the faster ions. This enhanced potential imparted on the
slower ions increases their velocity irsuch a way that they catctup with the isobaric ions

and so reach the detector at the same time, increasing resolution.

The reflectron (Mamyrin et al., 1973 Mamyrin, 2001) is a nunber of ring electrodes stacked
together so that they essentially function as an iemirror, repelling ions towards a detector
perpendicularly placed from the ion beamFgure 1.9). As the isobaric ions are acceldeal
towards the reflectron, the higher velocity ions will reach the reflectron first and penetrate
the ion mirror further before being repelled back. As a result, the overall flight path for the
higher energy isobaric ions is longaxhich givestime for the lower energy ions to catctup

and overtake them. lons are then accelerated again as they leave the reflectron towards the
detector. The ions reach their initial velocities again that allow faall ions to reach the

detector at the same time

- Lonoooog
o iy Hﬂﬂﬁfﬁaﬁﬂﬂ

lon’s in

Figure 1.9: Schematic of the reflectron ToF anlgser. Isobaric ions generated in the source
with different energy potentials will travel faster and therefore penetrate further into the
reflectron (blue) compare with the slower ions (orange). This results in the blue ion having
a longer flight path, which due to its higher velocity, reaches the detector at the same time.
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1.3.3 Orthogonal-acceleration ToF malysers

Coupling the ToF analyser with the pulsed ion extraction pramled the perfect marriage
between using ToF analysers and nESI methodology. Since ToF analysers need precise
ionisation times this previously could notbe achieved. The orthogonal acceleration ToF,
developed in the latel98 0 @asilhaus et al., 2000 showed that it was possible to bring the

two technologies togethe The idea behind the orthogonal ToF was to take a continuous ion
beam (as formed from nESI) and create pulsed packets of ions, with precisely defirmezs

that could be introduced into a reflectron ToFRigure 1.10).

lon beam guides /Pusher
: |
020528 o
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Figure 1.10: Schematic of an orthogonal ToF analysdResolution of different mass ions is
increased by combining the delayed pulse extraction from the pusher with a reflectron.

By using a pushesource that sits perpendicular to the ion beam path and applying an electric
potential at set time periods, packets of ions (in a fidieke region)can bepushed towards the
start of the reflectron. As he ions are pushed in the fieldree region, they emer an
accelerating field where they are propelled towards the reflectron and detector, retaining the

high mass esolution previously mentionedvith the reflectron ToF and pulsed extraction

18
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This orthogonal set up became paramount as it allowéat the introduction of another
analyser before the ToF which became crucial for tandem mass spectrometry analysis. This
kind of tandem geometry is now standard in many commercial instrumentsch as the
Waters Q ToF set up(Figure 1.11) that was used for the majority of the work presented in

this thesis.

lon
source

lon beam

Reflectron

Figure 1.11: Schematic of the Synapt G1 instrument used in this studphis instrument
consists of two mass analysers: aagrupole and a delayed pulse reflectron ToF. The G1
instrument alsoallows for a travelling wave ion mobility spectrometry (TWIMS) with the
inclusion of a travelling wave ion mobilitycell for enhanced ion separation.

1.3.4 lon trapping analysers

The most conmon form of ion trapping analysesis the orbitrap (Makarov, 2000 Hu et al.,
2005. The orbitrap is a modification of the traditional ion trap analyser that walesigned in

t he e ar (Kipgdah,a229. Arsorbitrap analyser works by trapping ions based on their
attractions to an electrically charged spindle and their flight pathghich is stabilised by the
centrifugal forcesthey experienceas they gcle around this spindle Figure 1.12). FT-ICR
analysers are also trapping analysers except that thlspuse a magnetic field terap the ions

in the analyser (Marshall and Hendrickson, 2002 The analysers are then detected by

inducing a charge that isneasured by a set of electrodes as the ions travel past them as a
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current. This signal then has to be Fourier transformed to produce a mass spectrum for the

sample.

Trapped

Electrically
charged spindle

Figure 1.12: Schematic of an orbitrapon trapping analyserThe trapping analyser functions
by trapping ions by their attractionto the electrically charged spindle while separating them
out based upon their different velocities.

1.4 lon detection

The final stage of a mass spectrometer is détecof the ionsafter they have been separated
by whatever analysers used in that instrument. Theagea few types of ion detectors which

are routinely used in most commercial instruments.

lon detectors often take advantage of electron multipliers in @dto amplify the signal
received by the detector. An electron multiplier works by creating an electron cascade,
through secondary emission, that is usedgenerate a mass spectrum after an ioas reached
the detector(Hoffmann and Stroobant, 2001 There are various different types of electron
multiplier detection systems; lte most common of these is the microchannel plate (MCP)

detector (Dubois et al., 1999(Figure 1.13).
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N\

To detector

Figure 1.13: Schenatic of the MCP electron multiplier detector(a) The MCP Is made up
from multiple continuous dynode detectors over a short distance to increase the precision of
flight times. (b) Once an ion hits the dynode, this causes an electron cascade to occur
increasing the signal reached at the end of the detector. Once a channel has been struck by
an ion, it must recharge before it can be struck again.

The MCP is a continuous dynode electron multiplier in the form of a metal platehich
consists of many smatthannels through the detecto(Matsuura et al., 19856 As ions ht the
wall of one of these channels, an electron is produced. This collision with the surface of the
channel geates arelectron cascade which increas¢he amount of electrons emitted with
each impact. This increases the strength of the sigbglseveralorders of magnitudebefore
they reach the detector The microchannel then needs time to recharge before it can detect

another signal.

1.5 Tandem masspectrometry

Tandem mass spectrometry (MS/MS) utilises the power of two mass analysetsnvine
instrument. By fitting a collision cell betweentwo massanalysersan ion can beselected
(precursor ion)in the first analyser fragmented in the collision cell and these fragmented
products (product ionskare thenanalysed by the second mass analyser. This typ&& can

be applied to small moleculg¥ind and Fiehn, 2019right up to large protein systems in order
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to study the individual subunits within a larger complex(Sharon, 201 A typical MS/MS

experiment yields:

01 QOOMNEEDI ¢ QOOHD U QO 0& &iai Qi

To fragment an ion,a variety of methodsare now available including collisioninduced
dissociation (CID) (Jennings, 1968 electron-capture dissociation (ECD)Zubarev et al.,
1998, electrontransfer dissociation (ETD)(Syka et al., 2004 and surhceinduced
dissociation (SID{Mabud et al., 198%h Each of these different methods of fragmentatiorate
their own advantages, for exampleETD does not fragment/cleave pestanslational
modifications (PTM) on the potein and therefore is an attractive technique for PTM mapping
and profiing (Kim and Pandey, 2012 The most wel studied and used method of

fragmentation however is CID.

In the Waters Synapt G1 instrumentRigure 1.11), CID occurs as an ion is accelerated into a
collision cell after mass selection in the quadrupole analysBoth the trap and transfer cells
before and after the IMS cell of the instrument can act as collision cells. These collision cells
are filled with an inert gas that the selected iancollide with as theyenter the cell. These
collisions causesome of tle kinetic energy of the ionto convert to vibrational energywhich
spread throughout theion. If the vibrational energy idargeenough then it will cause a break

in the peptide backbone of the ion and fragmentation occui®he fragmentation that occurs
has a predictable pattern based upon the type of mechanism used to form the product ions.
CID fragmentationoccursthrough the breaking ofa protein/peptideacross thegeptidebond.
This cleavage yields two ions that aneamedthe b- and y- ions, the Nterminal and G
terminal fragments respectivelfFigure1.14). These fragments then undergo further rounds
of collisions andsequential cleavageacross the amide bonds yielding signals in the acquired
mass spectra thatorrespond to the peptide but differ by one amino acid either side. As the
mass of each amino acid is knowthe datacan be analysed and used build up the peptide

sequence from the peaks that correspond to the mass of the next amino acid in the sequen
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Figure 1.14: Schematic of a pentapeptide showing the different fragmentation patterns that
can occur.Figure adapted fron{Roepstorff and Fohlman, 1984

As CID produces band y ions, the dher forms of fragmentation give rise to other product
ion types. ETD and ECD for example yield and z ions and the fragmentation event occurs
on much faster timescales due to the mechanism of cleavage. The different types of

fragmentation and their chaacteristics are shown in the table belowrable1.1).

Tablel.1: Table of different fragmentation methodologies.

Fragmentation type Timescale Product ions produced
Collision-induced dissociation (CID) Slow b- and y- ions
Electron-transfer dissociation (ETD) Fast c- and z ions
Electron-capture dissociation (ECD) Fast c- and z ions

Surfaceinduced dissociation (SID) Slow b- and y- ions
Chargetransfer dissociation(CTD) Fast a and x ions
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Depending on the data one wishes to acquire and what question they are wishingdaress
there are a variety of different MS/MS experiments that can performeddepending on the

scanning mode chosen.

1.5.1 MS/MS scanning rades

The different scanning modes used in MS/MS experiments allow for the acquisitiodisfinct
data that can answer biological questions from a range of viewpoints. There are four main

types of scan modes used which are summarised belbeuris et al., 1985 (Figure 1.15):

I.  Product ion scan A parent ion is selected using the first analyser in the mass
spectrometer by virtue of itsm/zratio and thenfragmentsin a collision cell. All
product ions from this fragmentation are then analysed by the secandss
analyser

Il. Precursor bn scaninstead of the parent ion being selected, a specific product ion is
selected in the second mass analyser. All precursor ions are allowed to traverse
through the first analyser and undergo fragemtation in the collision cell This
technique is comnonly used with multiple quadrupole instruments since the
second analyser is also needed for selection.

Il Neutral loss scarAs with precursor ion scan, this techniquis alsonot applicable to
ToF analysers and so is common again with multiple quadrupolstmments. Both
analysers are used to scan through a range of ions except the second analyser is
looking for a specific loss in mass (from the neutral loss) during its scan. Only ions
that correspond to the loss of mass in the second analyser reach thectiat

\VA Selected reaction monitoringSRM) Unlike the other reaction modes, SRM does
not consist of a scan step and instead selects for a specific readtios.are only
detected by the second detector if the precursor that was selected gives the dorrec
reaction being monitored for One advantage to SRM is an increase in sensitivity
due tofact it enables the focus orelected ions for longer timescales with both
analysers, removing anyeed for scans as well as no interference from background

ions.
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Figure 1.15: lllustration highlighting the different MS/MS scanning mode<Product ion scan
involves isolating a precursor ion for fragmentation and scanning the produ&secursor ion
scan allowdragmentaion of all precursor ionsand analysing for a selected product iofthe

neutral loss sanning modescans both the precurscand products while looking for a given

mass loss. Selected reaction monitoring isolates a precursor for fragmentation and using the

second analyser tdsolate for a given product iorexpected from the fragmentationFigure
redrawn and adapted forn{Shepherd, 201p

1.5.2 Collisional activation of potein complexes

As well as gaining sequence information, nathiatact proteins and proteincomplexes can be
activated in order to elucidaténformation abouttheir higher order structure.Various studies
have used collisional activation to understand proteinomplex assembly and structure
(Benesch, 20095haron, 2010Zhou et al., 2008 Two main approachebave been usedCID,
and more recently, SID.Both work on the same principal of using collisional energy to

destabiliseaprotein complex until a subunit is ejected. The adntage of SID, when compared
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with CID, is the retention of a nativelike conformation of the ejected monome(Dongre et

al., 1996 (Figure 1.16).

CID

a. ‘
©
= ©% o, == *
© 00
©0 ¢
SID

®-N- Qo

Figure 1.16: Schematic showing the mechanism of ClizersusSID. (a) CID activation of a
complex results in an unfolded monomer ejectiofb) SID activation results in eje@n of a
folded monomer, allowingdetermination of complex assemblyThe surface used for SID is
typically an alkanethiolate monolayer that has been selfsembled on a gold surface
(Wysocki et al., 2008b.

The use of CID often results in a protein unfolding and gathering more charge as it is being
ejected from the complexBy contrast, SID resuls in a more symmetrical charge state
distribution after the collision and ion mobility has ben used in conjunctionwith SID to
show that the ejected protein remains ianative-like conformation. These techniques can be
used to probe the guaternary structure of protein complexax reveal structural information

(Wysocki et al., 2008aWysocki et al., 2008bBlackwell et al., 2011Zhou et al., 2013

1.6 lon mobility spectrometry (IMS) masspectrometry

To further aid in yielding higher resolution structural informationaboutproteins and protein
complexes, mass spectrometean be combined withion mobility spectrometry (IMS) as an

extra dimension of separation. So faneasuring iongias only been discusséd terms of their
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my/zratio. IMS-MS adds an extra scope of measurement by monitoring an@atrift time (tp)

as well as itgn/z. IMS works by separating ions based on their physical size and dimensions
as well as the amount of charges the ion carries. The ions are pulled through a neutral buffer
gas filled cellandwill have different velocities due to collisions with the gamoleculeswhich

can be related to their shape and size via thegtationally averaged collision crossectional
area (CCS). These experiments are carried out in a deft region of the instrument ofwhich

there are generally two types: a linear dritube and a traveling wave (TW) device.

1.6.1 Lineardrift t ube IMS

A linear drift tube is the simplest form of IMS and information regarding a protésize and
shape can be directly related to its measured lions are introduced into a drift tube under a
constant electric feld to which the ions are pulled throughAs the ions traverse the cell they
collide with the buffer gas which impedes their mobility Figure 1.17). Different ions

experience different levels of retardation baseah their overall size and shape.

b.
To Detector 1004 - °

Buffer Gas

%

0+ VA

Drift time (t,)

Figure 1.17: Schematic of a linear drift tube used for IMS separatidia) lllustration of the
drift cell showing the injection of buffer gas in the opposite direction dhe electric field,
resulting in collision with the ions.(b) Plot of the drift time against ion intensity showing the
differences in drift time of the two ions due to the additional collisions with the buffer gas of
the larger ion (blue).
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As stated preiously, the CCS of a protein or analyte can be directly measured from the time
it takes to traverse the buffer gas lild cell. Where the mobility, K, of an im is related to its

velocity, vi, and the electric field, E.

ol <

Equation1.10

As the length, L, of the drift tube is known, and the drift time,d, can be measured, this gives:

. 0
V) —=
00

Equation1.11

In order to standardise the guation, to allow for the comparison of results, the reduced
mobility of an ion is reported.The reduced mobility of an ion (I§) is normalized for standard

pressure and temperature, P (760 torr) and T (273.2 K) respectively.

S A
Y Xxon
Therefore,
; D ox@mo
00 Y xoTm
Equation1.12

where L is the length of the drift tubeand E is the electrical fieldThis is aided by the Mason
Schamp equation which relates the mobilityfaan ionto i t s @1&8sBn agdhSchamp,
1958.

Equation1.13
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wherez is the charge state of the analytejs elementary charge (1.6022x10C), NVis the

density of the buffer gas used in the drift tubgis the reduced mass between the ion and

the buffer gas and Kis the Boltzmann constant (1.381x#3JK?). By substituting for

reduced mobility Equationl.12) andrear r angi ng t he equation for

achieve.

Equation1.14

where m; and m, are the mass of the ion and the buffer gas used, respectively. As mentioned
above, we can clearly see frolquation1.14 that a larger crossection correlates with a

longer drift time since the length (L) othe drift tube remains constant.

1.6.2 Travelling wave ion mobility gpectrometry

The majority of modern mass spectrometers no longer use a linear drift tuthee to the ion
losses sufferedand one other method of ion mobility instrumentshave adopteds the use of
travelling wave ion mobility spectrometry (TWIMS) (Pringle et al., 2007Giles et al., 2011
An examge of a modern instrument that is equipped with a TWIMS device is thWWaters

Synapt mass spectrometerhich wasused forthe work presented in this thesigFigure 1.18).
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Figure1.18 Schematic of the Synapt G1 instrument, highlighting the TWIMS device located
between the two mass analysers.

In the Synapt instruments, the TWIMS device is situated between a quadrupole and ToF

analyser which allows the selection gfrecursor ions which may or may not be collisionally

activated in the trap region. The region made up of the trap, TWIMS and transfer of these
instruments is known as the ATri Waveo section; ea

ring electrodes ched travelling wave ion guides (TWIGS).

A series of ring electrodes are used to make up the TWI@Swhich different electric

potentials are applied in order to guide the ions through to the ToF analyser. A constant RF

potential is applied to the electrods which aids in confining the ions and minimises any ion

loss. A DC voltage is applied to the first electrode in the series and moves from one ring

el ectrode to the next sequentially which is wher
Without this travelling wave potential, the ions would remain static in the TWIG due to the

radially confining RF voltages appliedigure 1.19a). For the TWIMS region, the TWIGS are

surrounded in a cell which is filled with a neutal buffer gas, typically nitrogen or argorHere,

as the travelling wave pushes the ions alongrtugh the TWIG they collide with the neutral

buffer gas and their mobility becomes retarded. An ion with a large enough cresstion

becomes impeded to sucmaxtent that it falls behind the travelling wave and therefore must
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wait for the subsequent wave to push it further along the celFifure 1.19b). Using the
premise that the ions are separated on mobility througine cell by their CCS, this process can

be tuned by applying different DC voltages superimposed on the TWIG which is also termed

the wave height.
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Figure 1.19: lllustration of the TWIMS device and its mechaism of separating ions based on
their CCS.(a) Ring electrode with different electrical potentialgprevent ions transmitting
without the help of an additional travelling wave(b) Low mobility ions (orange) collide with
the buffer gas more frequently ando roll over the back of the wave and must await additional
wave to reach the end of the device. While high mobility ions (blue) can ride the wave to the
end of the device.

As the ions are now being propelled through the TWIMS cell, the previous method

calculating the CCS based upamn ionstp no longer applies. In the absence of a uniform
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electric field, the difficulty in establishing the CCS of amnalyte of interestincreases. To
address this, a calibration approad$ adoptedoy taking proteins with known crosssections
using a linear drift tubefrom a database that has been provided by tBash group(Bush et

al., 2010.

The previous equation Equation 1.14) used for calculating CCS values can be modified in

order to account for the noauniform electric field:

p U

Equation1.15

where X and y are correction factors for the electric field applied in the TWIMS device and
its non-uniform and nor-linear existence, respectively. Furthermore, the reducentoss

section( Y6 ) v al u dependemt of mass and dhargan be expressedy dividing the

above equation by reduced mass— — and charge (ze):

- y
p U p_Xoem p(’b(‘)

e 7 o
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Equation1.16

After the correction for charge and reduced mass along with the correction factors, a series
of constant factors remain and the equation can now be further simplified by uniting these

constants as one new constant (X06):

2 Od

Equation1.17

This new simplified equation is now in the form of y = &and can be plotted as such. By
plotting the reduced crosss e ct i o n  (pY 6a)ibratiog euivetan be cteatedor
proteins of known CCS values from linear drift tube measuremefRuotolo et al., 2008

From this calibration, we can then estimate the reduced cresection for unkrown species
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and proteins of interestfor which CCS values can then be established by multiplying by

charge and reduced mass as had previously been removed from the procedure:

C}('Q,E,iee
a G

Equation1.18

With the plethora of structural information that is now available through the protein
databank(PDB), it is now routine to compare the measured CCS against a theoretically

derived CCS valué if a 3D structure of your protein éinterest is available.

1.6.3 Theoretical CCS stimations

The information obtained from the crossection of an analyte of interest is ofteinsufficient
alone to derive useful structural information As mentioned, it is now commonplace to
compare experimentaresults to theoretical CCS projections and to analydee extent to
which the results are in agreement. Furthermore, theoretical CCS estimations are axtig
useful in model generation. fie ability to calculate the theoretical CCS of a potential model
and compare the resultswith an experimental result hasnot only aided n oligomer
extension/formation (Smith et al., 2019 but has also supplied invaluable assista in
establishingthe structure of protein complexes (Ruotolo et al., 200k Alternatively, the
measured CCS of a protein can be compadackctly with its theoretically determined value
from the PDBin order to establishwhether the ion has retained a nativdike structure, or

whether it has adopted an alternative structure in the gaghase.

The most common method for generating theoretical CCS values of aesyss the use of the
MOBCAL program,developed by Martin F. JarroldMesleh et al., 1996Shvartsburg, 1996
The main criticism of the MOBCAL system is how computational intensive the trajectory
method (TM) (Mesleh et al., 199Bcan be, which is widely known to be the most accurate
prediction method. Advancements in the fieldhowever, have led to the generation of other

programs b calculate the CCS of proteins in a fraction of the timtaken by MOBCAL The
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recently developed IMPACT softwargMarklund et al., 2015 has the ability to calculate the
CCS of a submitted structure in a matter of seconds. well as the IMPACT software, there
has also been a recent modified projection approximation algorithm reported that has results
comparable to theaccuracy of the trajectory method, yet is much less computationally
demanding(Benesch and Ruotolo, 20}1Briefly, these programs calculate the 2D projection

of a submitted structure as a snapshot at one angle. The structure is then rotated around
various different angles in order to build up a rotationally averaged collision crs&stion as

it is accepte that the ions tumblerandomly through the mass spectrometeiThe different
methods that contribute to accuracy and computing time all use this premise except that they

differ on how they treat the gas molecules
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2 Introduction Il : Structural biology and the role of
mass spectrometry m understanding protein

complex assembly

2.1 Protein folding, misfolding and aggregation

In order for a protein to function, a protein must fold correctly to adopt its correct three
dimensional structure. Since it was discovered by Anfinsenimeé 196 06s that ribonucl
can refold after denaturatiorinto athermodynamically stableand functional state(Anfinsen

et al., 196}, the questionaroseof how proteinsareable to do thison a biologically relevant
timescale? For a protein to randomly sample all possible conformations before adopting its
native fold would take an immense amount of time, even for small proteins. Therefore, it was
concluded that the information directing thefolding of a proteinmust be containedwithin a
protein& primary amino acid sequendg.evinthal, 1969. This paradoxof how proteins fold

on a biologically relevant timescale,was first proposed by Levinthal, who suggestddat
specific and controlled mechanisms exist, in the forms of folding pathygato reduce the time

it takes for a protein to achieve its native fold. Through the rapid formation of local
interactions, leading to a stable core or nucleus, the number of total conformations tieed

to be sampled decreases, aiding therezt minimum energy structure to beeached onan

appropriate timescale.

This folding process is often interpreted as an energy landscépd and Chan, 1997. The
energy landscape @sents a series of structural assemblies that may be sampled en route to a
protein reaching its native fold, transitioning from a higkenergy and unfolded state to its
low-energy native conformation. These energy landscapes are plotted as ititernal free
energy of a proteirconformationversus the potential conformational spager entropy. In an
idealised world, the amount of internal freeenergy decreases linearly with the amount of
conformational space available to the system until the native fold é&achel, in this case, with

rapid folding kinetics (Figure2.1).
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Figure2.1: Idealised folding landscap&he internal free energy is represented on the vertical
axis with the entropy represented by the width of the folding landscape. Figure redrawn and
adapted from(Bartlett and Radford, 2000

In reality however, the energy landscapes that proteins must traverse are very different
(Figure2.2) (Vendruscolo et al., 20038rockwell and Radford, 200,/Jahn and Radford, 2008
There are many intermethte states, en route to the native state, which can adopted where

intra- and inter-molecular interactions can occur. These intermediate states give rise to a

6roughd energy |l andscape, where there are va
troughs a protein must navigate through to reach its conformation. Folding proteins are
constantly in exchange between these intermediate sta{@ahn and Radford, 20Q8with

small fluctuation® in a proteins conformation occurring inand aroundthe minimal energy

native fold, as well as intermediate folds. Bhs e i nter medi ate states
pat hwayé conformations, forming | ocal, i ntr a

the native conformation. However aFigure2.2 shows, there are also low eneygninima that
can be reached in a misfolded conformati. The event in whicha proteinadoptsnon-native
low-energy conformatiors forms the basis for protein misfolding; where significant

reorganisation of the protein is required in order to reach the ned state(Kim et al., 2013.
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Figure 2.2: Schematic of proteinfolding energy landscape showing protein folding and
aggregation. Unfolded polypeptide chains (blue lines) foltbwards the low energy statéy
forming intra-molecular contacts. By contrast, intemolecular contacts can lead to oligomers
and aggregates being formedigkire redrawn and adapted fronJahn and Radford, 2008

Various properties can increase the potential of a protein to become trappexdan-native or
aggregation proneonformations. Destabilising factors in the proteins amino dcéeqence,
such as mutations okey residues, or even changes in the cellular environmeitt v/vo can
result in an increased propensity for proteins to adopt these intermediate spe@eswles et

al., 2014. In these misfolded states, the hydrophobic core of the protein may be perturbed to
an extent where hydroplobic residues are exposed and are able to form incorrect intra
molecular contacts, or in worsease scenarios, interact with other misfolded monomers and

result in the formation of aggregates.

As well as misfolded and partially unfolded proteins leading aggregation, small fluctuations
in the native state can lead to regions of a protein becoming exposed that have the potential

to drive aggregation(Dobson, 2003 (Figure 2.3). Therefore, tight regulation of theprotein

38



folding process is required. However, while there are chaperones presentvo to assist the

folding process and proteolytic systems in place to remove any misfolded spéGekiberg,

2003 Ellgaard and Helenius, 20Q3Hingorani and Gierasch, 2014Balchin et al., 2016

Gruebele et al., 201% over-expression of misfolded proteins overload these systems,

increasing thelikelihood of protein misfolding and aggregation regardless.
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Figure 2.3: Schematic showing the protein folding pathway and the oligomers that can be
formed en routeto the native stateFigure redrawn and adapted frorfDobson, 2003

Thus, it is imperative that techniquesre available which are able to identify even small,
transient fluctuations in a protei® conformation. Furthermore, it is important to be able to
characterise these conformationsnce their presence isdentified. Mass spectrometry is
ideally suited to such analysesable to determineprotein conformationseven in complex

mixtures of speciesvith a plethora of orthogonal techniquegsvailable
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2.2 Mass spectrometry in structural biology

The gold standard techniques for elucidating the structure of proteinsgprotein complexes
are Xray crystallography and NMR spectroscopy, yieldinhigh resolution structures in
atomic detail. Recently, advances iaryo-electron microscopy (EM) have resulted in cryo
EM yielding structures that are approachingtomic resoluton (currently 1.8 A (Merk et al.,
2016), closeto that of crystallography, whichhas achieved resolutions afround 17 1.4 A
for relatively large proteins £140 kDa)(Lubkowski et al., 2003and even better (< 1 A) for
smaller proteins (1015 kDa) (Antonyuk et al., 201). However, the techniques abovblave
limits to the systems they can analyse; crystallography can often encounter trouble when
working with dynamic sampleswhile NMR has an upper limit on the size of proteins that
can be studied (around 4680 kDa for de novostructure determination). In addition, both
techniques often require large amounts of protein and data analysis can be expensive in terms
of time, although this latter point has beeameliorated to some extent bthe development
of software automation (Wishart, 2013. While not at the same resolving power to
crystallography, NMR or EM, MS and its applications can reveal important information on
the structure of a protein/protein complex Figure 2.4). This has been expertly utilised in
determining the mode of assembly in systems such as virus caéiétrecht et al., 2011a
Shepherd et al., 20)&nd amyloid oligomer formationSmith et al., 2010Young et al., 2014a
Woods et al., 2018 identifying novel drug targets(Hofstadler and Sannekowery, 2006
Deng and Sanyal, 200&uchini et al., 2013, epitope mapping on the surfacef antibodies
(Yan et al., 2014azhang et al., 201%as well as identifying sites of aggregatidAshcroft,
201Q Wang et al., 2012Bronsoms and Trejo, 2035
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Figure 2.4: Schematic showing the different applications of mass spectromdtnyanalysis of
protein conformation. One half of the schematic shows the application of native MS while
the other shows the application footprinting methodologies.

2.3 Characterising protein structure and conformation using mass

spectrometry

2.3.1 Charge state distbution is indicative of conformation

NESFMS analyses have shown that the initial structure or conformation of a protein, folded
or unfolded, can be related to the amount of charges thatitquires duringthe ionisation
process. It has been well estabiisd that there is a clear link between the amount of charges
that a protein acquired duringthe electrospray process, versus the solvent exposed surface
area(SASA)(Chowdhury et al., 1990. More sites for protonation become available as the
solvent accesble surface areaf a protein increasesHigure 2.5) (Chowdhury et al., 1990

Kaltashov and Mohimen, 2003Heck, 2008§.
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Figure 2.5: Figure highlighting the charge state distribution of a protein in a denatured and
native state(a) Urease was acid denatured in 50 % (v/v) aqueous acetonitrile containing 0.1
% (v/v) formic acid revealing a highly charged distribution of the different subunits die
protein. Or ange = U subuni t(b)Spacttummlawng thesameprotdin subuni t .
under native conditions showing a narrow charge state distribution. Figure taken fr@reck,
2008.

In a stable and folded state, the extent of protonation on a prot@iisurface is limied due to

the burial of amino acidside chains. Thigesults in a protein having a narrow charge state
distribution at low charge Conversely the same protein, once denatureaquiresa greater
amount of chargesluring ionisationand populates a larger,ighly charged distribution found

at relatively low m/z This transpires since as the SASA of a protein increases, during

unfolding for example, the amount of sites for protonation also increase and higher charge
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states become dominant. A paradigm exampled®fining a protein® conformation by the
observed charge stateli st ri buti on wa &microglabulina whete yhsee s of
conformers are observed across different phid interestingly, it wasknown that the partially

folded state is amyloidogeniBorysik et al., 2001
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Figure 2.6: Figure showing the identification of different conformers by charge state
distribution. (a) Spectrao f -m acquired at different pH valuespH 6 (top) where amyloid
propensity is low, pH 3.6middle) where moderate amyloid propensity is observed and pH
2.6 (bottom) where the amyloid propensity is high(b) Signal intensity is plotted against
charge state(c) Fitting of Gaussian distributions to the observed data showing that as pH
decreasesa greater proportion of unfolded states are observed. Taken friBorysik & al.,
2009).

This observation of multiple conformationdor a simple polypeptide chairhas also been
observed without the requirement of changing pH. Studies have shown that intrinsically
disordered proteins are able to adopt multiple conformations wsrdnative-like conditions
with multiple charge state distributions being observed upon ionisatiqirimpong et al.,
2010. Furthermore along with IMSMS, a frame&vork has been established using the charge
state distribution and CCSs populated for a given sample in order to elucidate structural
information for an unknown protein, which again can separate intrinsically disordered and

ordered proteins(Beveridge et al., 2004
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2.3.2 Protein and protein complex conformations defined using IMS

MS

The combination of MS with IMS has aided the understanding of protein conformation in the
gasphase. Since the del@pment of ion mobility devices in commercially available
instruments, the amount of publications using IMMS has increased dramaticallj.anucara

et al., 2014. Initial studies with IMS-MS showael that a proteirs native conformation was
believed to be retained upon transition into the ggzhase by measuring CCS values that were
in agreement with structure predictions, as outlined i8ection1.6.3 In general,the CCSof
native proteinsincreases with chargewhich has been attributed to Coulombic repulsion
forces(Wu et al., 1998 Tolmachev et al., 2000 These iitial studies propelled further studies

using IMSMS to understand protein conformation and complex assembly.

Using Bom as an examplelMS-MS has been used to show that the species involved in the
oligomeric states are elongated in nature, rather tharobllar, defined by their CCS values
(Smith et al., 201D This kind of information is vital in understanding how aryloidogenic

pr ot ei ns:zm,agguegate whiswilldbe pivotal in designing therapeutics whictcan
target the oligomeric species responsible for driving aggregate formation. Finally as
mentioned above, IMSMS has been crucial in determining protein complex formation. An
excellent example of this wadetermining virus capsid assembly using IM8S (Figure 2.7)
(Uetrecht et al., 2011aShepherd et al., 200)3IMS-MS and CCS determination was used to
show that the hexamer was an epathway intermediate to whole capsid assembly, formed
by a nucleus exhibiting a fivedf ol d sy mmet r y. Ao, achieving a geatee d  wi t h A
understanding of how the proteins involved in virus capsids assemble will aid the generation

of future therapeutics that can target these assemblies.
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Figure2.7: Figure showing the spectrum of a nowrus capsid under conditionsvhich do not
permit assembly The inset shows the proposed model of the assembly pathway, indicating
that the experimentally observed hexamer is an grathway intermediate. Figure adapted
from (Uetrecht et al., 2011p

2.3.3 Mass spectrometry of membrane proteins and their complexes

While membrane proteins are responsible forwide range of biological processas well as
well as makirg up 60 % of drug targetd_appano and Maggiolini, 201 Dorsam and Gutkind,
2007, Arinaminpathy et al., 2009, there is significantly less structural information available
for this class of proteinsonly 2.9 % of all protein structures in the PDBOne of the causes for
this is due to the traditional stuctural techniques such as-xay crystallography and NMR
requiring large amounts of soluble protein, which is often not possible with membrane
proteins. However, as native MS is a rapid and sensitive technique it can provide critical
details on membrane mtein complexes, as well as documenting and boufigids and
molecules As the analysis of membrane proteins by MS had previously been frustrated by the
proteins being kept in detergentontaining buffers. Advances in purifications such as
detergent micelles (Barrera et al., 2009Barrera and Robinson, 201XKonijnenberg et al.,

2015, nanodiscqMarty et al., 2012 Hopper et al., 201Band amphipols(Leney et al., 2012
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Calabrese et al., 2015kVatkinson et al., 201%have led to exciting @scoveries of merarane

protein structures and conformationby MS and IMSMS.

2.3.4 Probing solution conformation with footprinting technologies

While native MS and IMSMS yield information that relates to the conformation of proteins
in the gasphase, other techniques can lused in conjunction with MS that reveal information
on protein conformation and dynamics in solution. Protein footprinting technologies are
capable of examining conformational change and ligand binding in proteins by monitoring
their response to chemical 0 enzymatic modifications. Protein footprinting as a
complimentary technique to MS has evolved rapidly in the last decg#@ltashov et al., 2013
Footprinting technologies include amide hydrogedeuterium exchange (HDXJKonermann
et al., 2011 Pacholarz et al., 2002 hydroxyl-radical based labelling (othaise known as fast
photochemical oxidation of proteins (FPOP)}Sclavi et al., 1998Calabrese et al., 201ha
protein painting (Luchini et al., 2014, chemical labelling(Mendoza and Vachet, 200Zhou
and Vachet, 201pand chemical crosdinking (XL) (Sinz, 2006Herzog et al., 2012

2.3.4.1Hydrogen-deuterium exchang€HDX)

HDX involves the exchange of hydrogen with deuteriur{or vice versa)oy a protein upon
exposure to a deuterated buffer or solution. Due to the 1 Da mass difference of deuterium
compared with hydrogenHDX can be monitoredn the resulting mass spectras a mass shift

is observed as more exchange occurs. There are three types of exchangeable hydrogens on a
protein: the hydrogens on side chain carbons, hydrogens bonded with heteroatoms and
hydrogens found on backbone amidé€ao et al., 2013 The latter exchange is a reversible
process and occuren time-scalesmeasurable using real time experiments using B8
(Englander et al., 1996 Combined with liquid chromatography (LC) and MS/MS, regien
specific information can be obtained based on the deuterium uptake of peptidess Thain be

used forthe characterisation ofprotein-protein and proteinligand interactions (Pirrone et

al., 2019, epitope mappingdChen, 2013 or even identifying regions of aggregatiofZzhang et
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al., 2013 by searching for regions of protection from exchange upon oligomerisation. The
example below shows the use of HDX exchange to define tipitape of factor H binding
protein (fHbp) (Figure 2.8) which is a key virulence factor and vaccine antigen iVeisseria
meningitidis. These experimentsletected regions involved in binding that were missed using

other epitope mapping techniquegMalito et al., 2013.
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Figure2.8: The results from epitope mappg of factor H binding protein (fHbp) by HDXMS.
The boxes show the deuterium uptake ewv 30 min in the absence (red) gresence (blue) of
the binding mAb. The regions of protection are highlighted red on the structure. Figure taken
from (Malito et al., 2013.
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One of the major dawbacksto HDX, however, is the problem with back exchange. After
deuterium exchange has occurred, the protein hashte held at low temperatures and pH to
minimise any back exchange with hydrogen. While an extremely informative technique, this
prohibits any further downstream treatment or modification of the protein aproteolysis
requires that the sample isnmediately taken for LC and MS/MS analysis. However, HDX is
capable of monitoring protein dynamics and identifying rare conformations that may be
missed by other techniques. Additionally, as mentioned i8ection2.1, while these rare
conformations may be in a state of flux with native of partially native folds, it can be these

rare states that are responsible for driving unwanted protein aggregation.

2.3.4.2Fast photochemical oxidation of proteins (FPOP)

In this footprinting technology, highly reactive hydroxyl radicals (-OH) are generated from
hydrogen peroxide, via laser photolysis, which react with amino acid side chains irreversibly
(Xu and Chance, 2007 This approach generates -GHh a few nanoseconds, with a laser pulse
(248 nm) to a flowing solutionwhich contains the protein sample of interest with a small
amount of hydrogen peroxde present in the sample (typically 2@0 mM) (Zhang et al., 201

The flowing solution ensures that the proteins are only exposed to the laser pulse once in the
experiment. To control the labelling and limit the lifetime of the -OH, radical scavengers are
added into the solution in the form of free amino acids (typically glutamine or histidine). A

schematic of the experimental set up can be seen bel&iggre 2.9).
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Figure 2.9: Schematic of the FPOP workflow A solution containing the protein of interest,
hydrogen peroxide (purple ovals) and a hydroxyl radical scavenger (g@arspheres) are
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flowed through a capillary that is pulse by a laser at 248 nm. This creates hydroxgliaas
(-OH) which are able to modifythe side chains of solvent exposed amino acids.

As well as probing the surface of proteinfghang et al., 201pand epitope mappindYan et
al., 2014b, FPOP has been used to follow protein folding real time (Chen et al., 201 By
initiating protein folding (of a cold denatured proteinjvith a temperature jumpinduced by a
laser pulse, and then labelling at different time points after initiation, the formation of the
hydrophobic core was monitored éfore the rest of the protein found its native conformation.
However, a pitfall of the technique is the amount of accessible sites for modifioati The
reactivity of side chains is not only dictated by their solvent exposure, but also their chemical
nature. The most reactive residues are the sulfur containing amino acids cysteine and
methionine, followed by the aromatic side chains: tryptophan, tyrosine and phenylalanine.
Other potential sides of modification include histidine, leucine, isoleucine, argiminlysine,
valine, proline, glutamine and glutamic acigTakamoto and Chance, 200&u and Chance,
2007 Konermann et al., 2008 Due to the lack of 100 % amino acid coverage, there idharmce

interfaces may be missed.

2.3.4.3Protein painting

Protein painting is one of the newer footprinting methodologies, beirigst published in 2014

(Luchini et al., 2014. Thismethoduses smal | , organic dyes or
surface of proteins, presumably by binding tgsine and arginine residues. The power of this
technique is that the small molecule paints remain bound to the prot@nsurface in
denaturing conditions. Thus, by taking a pair of interacting proteinsych asnterleukin 1-

beta (Il L1a) an danddlowingtlremn o fotmahecoriplex Hefbré gdding the

smal | mol ecul e paints; the regions of the pr
free. Upon dissociation and denaturation, residuasthe interaction interfacecan be cleaved

with trypsin while the rest of the protein is protected from the proteolytic enzyme by the

dyes Figure2.10). As only the regions involved in binding are digested by trgm, upon LC

and MS/MS analysis of the digested peptides, the regions protected from paint binding can be
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identified. While a promising technique further studies will be needed to determine its
generic applicability to identifying and characterising proteiprotein interactions and the

conformations of protein complexes.

Dissociation of

Native complex Native complex aintad Denatured:
unpainted painted cpomplex reduced/alkylated
P 2 g
O-ring ) °93°°o *% ™0 ¥ %‘
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Figure2.10: Schematic showing the protein painting workflowProtein complexes are coated
with small mo | e c ul eintebaptian is notsadcessiblehta therpairgsi andn
therefore is protected from coating. Upon dissociation and denaturation of the compaky

the previously protected sites are exposed for digestion by trypsin and will subsequently be
analysed by MS. Figuradapted from(Luchini et al., 2014.

2.3.4.4Chemical labelling

A plethora of chemical reagents are available that can be used to covalendglify the surface
of a protein at specificamino acid side chain@Mendoza and Vachet, 2009Examplesnclude
glycyl ethyl ester which reacts with carboxyl groups on a proteins surfageu et al., 2013,
the useof iodoacetamide or Nethylmalemides to modify the thiol group of cysteine residues
(Su et al., 2011and diethylpyrocarbonate (DEPC) wich can be used to modify histidia,
lysine, tyrosine, serine, threonine and cysteine residues, as well as thiefihinus (Borotto et

al., 2015.

This method of labelling proteins is similar to that of FPOP, where solvent exposed amino
acid side chains are selectively modified depending on the chemjgadbe being used. The
advantage of thimpproach compared witf-POP is that a combination of probes can be used

to modify a protein to increase coverage anitl does not require a laser or expensive
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experimental set up. However, thalisadvantage is that th reactions occur at mch slower

timescales compared witlfrPOP and therefore any transiently exposed sites may be missed.

2.3.4.5Chemical crosdinking

Chemical crosslinking can beused to covalently link two interacting partners; with peptides
from the interacting partners being sequencetly LC-MS/MS downstream (Sinz, 2008.
Similar to the chemical labelling approach, the chemical creliskers are used to target
specific surfaceexposed residues on the proteins surface, most commonly lysine residues by
the use of Nhydroxysuccinimideesterchemistry. However, there are crosfinkers which are

also capable of reacting with carboxyl groups and nspecific crosdinkers which use

diazirines(free radicals)as the readve group(Dubinsky et al., 2012 (Figure2.11)

As each of the chemical crodikers have set distances between their reactive groups, these
distances can be used as restraints to drive modelling of theratéing proteins. This can be
beneficial when little is known about a protein complex and its assembly. A paradigm example
of this was the structure determination of the 1.5 MDa complex, RNA polymerase Il

transcription pre-initiation complex (PIC) by XL-MS and cryo-EM (Murakami et al., 2013
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Figure 2.11: Reaction mechanisms for different types of crelekers. The reaction
mechanisms fo(a) NHS ester (amine reactivefb) zero-length carbodiimide (carboxylic acid
reactive) in conjunction with sulfoNHS (amine reactive) andc) diazerine (photoreactive)
crosslinkers are shown. Figure adapted froif®inz, 2010.

An advantage of chemical crodiking is that the restraints achieved from crosknking
experiments albw for the validation of generated models. Furthermore, as with some of the
other techniques, since crosiinking involves a covalent modification, a sample does not need
to be handled as carefully post credisking compared toHDX. A caveat of chemical oss
linking is that the crosslinkers target specific residues. There is the potential for false

negatives if there are no crodikable residues near the binding site or sites of interaction.
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The structural MS toolbox has evolved rapidly in the past tvaecades with the development
of these various labelling techniques. However, choosing isth methodology to use depends
on the system being studied as each techniques has its own advantages and disadvantages

(Table2.1)

Table2.1: Summary of the different footprinting techniquesTable adapted from{Dailing et
al., 2015.

Footprinting technique

Chemical Hydrogen Fast Protein painting
Crosslinking deuterium photochemical
exchange oxidation of
proteins
Experimental No extra setup Optimised for | Optimised for UV | No extra setup
configuration required deuterium pulse < 1 us required
retention
pH Neutral-basic Acidic (pH =2) | Neutral- slightly Neutral
basic
Temperature 4 °C to room Room Room Room
temperature temperature, 4°C temperature temperature
Timescale of 0.57 2h Short (min) <1ups Short (min)
experiment
Software Specialised Specialised Standard LG Standard MS
required software software MS/MS software software
Format of results | Typically trypsin | Pepsin digested | Typically trypsin | Typically trypsin
digeded fragments,~10 digested digested
fragments amino acids fragments fragments
containing
peptides from
each protein in
interaction
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Protein Pre-formed Preformed Pre formed Pre formed
conformation complexes, complexes, complexes, complexes, non
covalently cross deuterated oxidised residues| covalent coating
linked with dyes
Identification Binding partners Interaction Interaction Interaction
are identified regions are regions are regions are
with low identified by a identified by identified by
specificity for small 1.0073 Da absence of presence of
interface solvent |  shift in peptic oxidization tryptic peptides
excluded binding | fragment peptide exclusive to the
regions mass site of interaction
Negative Intra-molecular Insensitive to Treatment of the Insensitive to
outputs crosslinks as internal protein protein with a internal protein
well as cyclic and interactions laser, may induce interactions
dead end cross protein unfolding
links

As structural MS ha®volved to be a prevalent player in the field of structural biology, the

technique can be applied to targeting issues of complex formation and aggregation in one

sector of biology that structural information is paramount: biopharmaceuticals.

2.4 Biopharmaceticals: monoclonal atibodies

Monoclonal antibody (mAb) development was introduced in 1975 by Kéhler and Milstein, in
which immortal, mAb secreting, mouse cells are generated through the fusion with myeloma
cells that secrete a singlgype of antibody (Kéhler and Milstein, 1973; they were later
presented with
the specifiaty in development and control of the immune system and the discovery of the
principle for production of monoclonal antibodies Their findings swiftly led to the
generation of the first therapeutic antibody that was approved for human use (Orthoclone
OKT3, muromonab) by the US Food and Drug Administration (FDA) in 1986, used for the

treatment of acute rejection in organ transplant patien{Smith, 199¢. Now, 30 years after

t he
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the first approval of Orthoclone OKT3, there has been an explosion in the market for mAbs
and their fragmentgdMaggon, 2007Liu, 2014, with mAbs now ranked as the highest grossing
class of biophemaceuticals. MAbs now contribute to 50 % of the top 10 selling drugs, as of
2014 (in the US), and more than 50 % of the generated revenue. This is a striking difference
when compared with the top 10 selling drugs from 2062011, where only one mAb was

present in the top 10 selling drugFigure2.12).
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Figure 2.12: The top drug sales of the 2kcentury. (a) (i) Graph showing the top 10 selling
drugs of from the year 20002011 with (ii) the percentage of monoclonal antibody drugs
shown. (b) (i) Graph showing the top 10 selling drugs of 2014 with (ii) the percentage of
monoclonal antibody drugs shown. Monoclonal antibody drugs = bllégure generated with
data colated from(Philippidis, 2012 Philippidis, 2019 (www.genengnews.com.
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The success of these molecules, aside from the exquisite specificity, can be partly due to the
advancements in the methodologies used for their genépat and production: phage and

ribosome displayChames et al., 2009

2.4.1 Monoclonal antibodies and their generation

Intact mAbs, or immunoglobulins (Ig), are 150 kDa plasma glycoproteins that are employed

by the immune system to detect and neutralise foreign bod{®sn Dijk and Van De Winkel,

2001. Mab monomers have a characteripdypdptde 6 Y6 shape
chains, connected througtinter-molecular disulfide bonds: two identical heavy chains§0

kDa) and two identical light chains €25 kDa). There are five different classes of antibodies

that exist in higher vertebrates: IgM, IgA, IgD, IgG and IgE. The different classes of antibedie

have unigue monomeric structures dictated by their heavy chai@aneway et al., 19970ut

of these classes, the IgG is the most common isotype which has four different subclasses: 1gG1,

1gG2, 1IgG3 and IgG4Janeway et al., 1997the most common of which is the IgG1 isoform

(Van Dijk and Van De Winkel, 200). Each chain consists of sequéaltimmunoglobulin

domains, structur al sshdetsarrangedinamimmunoglabulimfgld. of t wo a
The higher order structure of the mAb can be broken down into the top half, constituting of

two antigen bindi ng Figuree2d3ab),nandsthe pdttanbhalj of thear ms 6  (
molecule, consisting of the crystallisable fragment (F&igure2.13a). The variable regions or

fragments (Fv) Figure2.13a), are the regions of the molecule responsible for recognising their

cognate antigens through the compleméarity -determining regions (CDR)(Figure 2.13a,

inset). Each variable domairconsists of three CDRs that make contacts with the specific

antigen; the hypervariablity of these CDR loops gives rise to the tremendous diversity in

antigen-recognition.
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Figure2.13: Structure of an IgGhntibody. (&) Structure of an IgG1 monoclonal antibody with
the different regions highlighted. Green lines = disulphide bonds. The inset shows an
individual Ilg domain with the CDR loops highlighted (pink).(b) Structure of an isolated
antigen binding fragment (Fab)(c) Structure of a single chain variable region (scFv) where
the green line = glycine/serine linker. Figureedrawn from (Saunders, 2014

As describedby Kohler and Milstein in 1975, mAbs were first generated using hybridoma
technology(Kohler and Milstein, 1979. Briefly, an immortal hybridomacell line is generated
by fusing isolated spleenBells from immunised mice with an immortal myeloma cell line.
The myeloma cells lack the HGPRT gene (hypoxanthig&ianine phosphoribosyltransferase),
which makes them sensitive to aminopterin found in HAThypoxanthine-aminopterin-
thymidine) medium. Therefore, only fused cells are able to survive as tingeloma cells
cannot survive in HAT medium, while the Bcells have a naturally short life tim€Nelson et
al., 2000. However, as mentioned previously, this niieod of generating mAbs has generally

been replaced by either phage or ribosome display technologies.

2.4.1.1Phage display for the generation of mAbs

The generation of mAbs using phagéSmith, 1985 and ribosome display(Hanes and

Pluckthun, 1997 methodologies is an attractive approach as it is anvitro process that
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generates diverse libraries, 320t and 10=10"in size, respectively(Lu et al, Groves et al.,
2014). The phage display technology has been adapfeom the work of Georg P. Smith in
1985, showing that phages can display a peptide of interest, through the fusion of protein IlI
of the M13 bacteriophage and the peptide of interest, creating a peptide::plll protein fusion

(Smith, 1985.

This principle was applied to display small mAb fragments, such as scFvs and Fabs, on the

surface of phagéCarmen and Jermutus, 2002The scFv or Fab sequence of interest is cloned

into the phage plasmid between the promoter and p
Phagemid libraries are used to transfed. colicultures to express the fusion protein®i et

al., 2012. Selected hits from thgphagemid libraries can then be rgrafted back onto IgG

scaffolds to generate the fully functioning mAb. A diverse library of phagemids can be used

to express scFv protein fusions which can be displayed on the surface of pHEgare2.14a),

all owing for 6panning6 of the fusion proteins to |
Any scFvs which do not bind can be removed through wash stejpdg(re 2.14b) before

eluting the scFvs of interestRigure2.14c). To increase the affinity of the binding, the binding

scFvs can be amplified i&. co/j through the introduction of a helper phage to enable correct

phage assemblgBazan et al., 2002 Figure2.14d). This process is then repeated anothei32

times while altering conditions in order to increase the affinity of the scFv for its epitope,

whereupon the sequence is analysdeigure2.14e).

58



Phage library

a.
Unbound phage
are washed
off
b.
Phage display ; L

of antibody fragments Phage bind antigen
coated surface

d. g
re-amplify in E. coli C.
e./
v
Sequence after
2-3 rounds
Dl Dl Dl Dl D Dt

Elute from surface

Figure2.14: The process of scFv selection using phage disgla)Phage containing phagemid
library are selected andb) added to the antigen being selected against, which is iwinilised
onto a surface(c) Binding partners are eluted andd) re-amplified in £. colifor sequential
rounds of selection to pan for further antigen affinity(e) Selected candidates are sequenced
after 23 rounds. Redrawn fron(Schirrmann et al., 2011

Due to the stability of the filamentous phage uséd this method, typically f1, fd or M13
bacteriophage¢Bazan et al., @12), a range of conditions including extreme pH, high and low
temperatures and a range of ionic strengths can be tested to find the tightest bin(rigati

and Petrenko, 200p The tightest binding sequences can then be transfected iocolicells

to test for binding specificity through ELISA assaykee et al., 200)( A paradigm example of

phage display for the generation of mAbs is the generation of humitéempeni, 1999.

Humira was generated to bind to tumor necrosis factarl pha ( TNFU) , i nhi
inflammatory response and aiding the treatment of rheumatoid arthritis, psoriatic arthritis,

Chrondés disease, and psoriasis.
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2.4.1.2Ribosomedisplay for the generation of mAbs

Ribosome display is another form afr vitro display technology for the generation of mADbs,

with the advantage of | arger l' i brary sizes.

procedure, cycling through multiple roundsto increase antigen specificity to the mAb
fragment being displayed. However, here the mAb fragment is displayed from the exit tunnel
of a free ribosome while still attached to its cognate mRNA sequefidanes and Pluckthun,
1997). Starting with a pool of DNA sequences, each sequence is transcribed and transtated
vitro to display the different polypeptide chains, typically scFvs. However, a spacer sequence
is usd, which lacks a stop codon, to halt the translation of the sequence while remaining
attached to the peptidyl tRNA, prohibiting release factors from binding resulting in the
protein of interest being displayed out of the ribosome exit tunnel, able to biitd target
antigen. This presentation of the antibody fragment from the ribosome while still attached to
its corresponding mRNA is called an antiboegbosome mRNA (ARM) complex (He and

Taussig, 199/7(Figure 2.15).

Cognate mRNA

Figure2.15: Schematic of an antibodyibosome mRNA complex.

After non-binding scFv sequences have been removed through a wash step, initial hits can be
eluted from their antigen and the ARM complex dissociated and the mRMN&Fv complex

cleaved to release the mRNA. Reverse transcription PCR is then used to generate a pool of

DNA mol ecul es which can be further mut ated and

The evolution of these/n vitro methods of selecting antibody fragments with exceptional

binding affinity has led to the generation of mAbs unobtainable from conveaial
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immunisation methods (Bradbuy et al., 201). However, one issue that is commonly
encountered, which these display methods do not address, is the expression levels of selected

sequences.

2.4.2 Antibody fragments and mimetics

It was shown some time ago that the full 150 kDa IgG is nequired for antigen binding, and
that binding can be retained upon production of the yand V. domains connected through

a peptide linker(Huston et al., 1988 These antibody fragments have since been denoted as
single chain variable fragments (scFJrigure 2.13). The idea of using scFvs as therapeutics
was an attractive approach as they are smaller in siz25 kDa) than 1gGs and can be
expressed and purified inE. coli (Guglielmi and Martineau, 2008 This led to the
interrogation of various antibody fragments, such as Fabs, sangsingle domain antibodies
(dAbs) (Ward et al., 1989 (Figure2.16b), as potential therapeutic candidates. These fragments
of antibodies can be mdtled to retain the parent Ig characteristics such as affinity,
immunogenicity and also effector function(Nelson and Reichert, 2009 Furthermore,
advancements within tle last decade have led to the generation of small polypeptide antibody
mimetics as therapeutic agentd=igure 2.16a) (Qiu et al., 2007 Tiede et al., 201} These
mimetics adopt a similar binding mechanism to that of mAbs, using randomised amino acid

loop regions to identify the target antigen while being held in place bysaaffold protein.

However, the use of antibody fragments as therapeutic candidates have their own pros and
cons. One of the major advantages to antibody fragments and mimetics are their size. Due to
their relatively low molecular weight, they are able tanfiltrate further into tissues and

tumours compared with their mAb counterparts(Jain, 1990 Yokota et al., 199
Furthermore, it has been hypothesised that due to their smaller size, a larger repertoire of
epitopes are presented to antibody r agment s wi th the possibild.i
epitopes readily available to fragments that would be 1acthievable for full length mAbs

Indeed, single domain antibodies were shown to be able to act as potent enzyme
inhibitors. (Lauwereys et al., 1998 Finally, antibody fragments are ideal as most can be

produced in microbial systems as these fragments lack the glycosylation sites of full mAbs.
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This therefore decreases the cost and timescale of their production compared with

conventional mammalian expression systems.

The disadvantages of using small antibody fragments arise in their short circulating-fiff

/n vivo, due to the lack of an Fc region and therefore antibody fragments are not shielded for
filtering by the Fc mediated reycling system(Mitragotri et al., 2014. Although it is worth
mentioning that various Fc fusion proteinsKigure 2.16b) have been developed that bridge
the gap of utilising small fragment therapeutics, while retainingg vivo Fc derived recycling,
such as Enbrel, which also treats autoimmune diseases by interfering with TNF andthas
fifth top selling drug in 2014 Figure 2.12) (Peppel et al., 1991 It has also been shown that
the aggregation propensity of mAbs and their different fragmentsay vary widely (Bird et

al., 1989 and antibody fragments may be less stable than full length nsAlhis therefore
requires rigorous analysis of the fragments to ensure their stability as monomers. Finally, as
full mAbs contain the Fc region they elicit the necessary downstream immune response and
effector functions, such as complemertependent cytobxicity or antibody-dependant ceH
mediated cytotoxicity (Hansel et al., 2010 This is, however, also elicited with the use of Fc
fusion proteins. Thus, antibody fragments can function by either competing for the binding
site of a receptor or ligand, simp blocking the action of the molecules, inhibiting a

downstream response.

a. Variable loops b.

Stable scaffold |
protein

Figure 2.16. Examples of antibody mimetics and antibody fragmen{a) Schematicof an
antibody mimetic with the two variable loops highlighted (pink). (b) Schematic of an
antibody fragment,dAb-Fc-fusion protein.
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In summary, both mAbs, antibody fragments and antibody mimetics have advantages and
disadvantages depending on the antigen being targeted. However mAbs generally have
greater stability compared with their fragment counterparts and as mAbs are entirely native
to the host, they elicit the appropriate downstream responses while having the required

vivo half-life, without the need for any further genetic manipulation.

2.4.3 Antibody and biopharmaceutical aggregation

As mentioned previously, protein aggregation is a problem that affects all fields of protein
science; from being the nightmare of PhD students, through to contributing to lfe

threatening diseases. In biopharmeaatical development, protein aggregation can have
multiple effects, from the stability of a candidature therapeutic through to jeopardising

patient safety.

As outlined in Section2.1, protein aggregation is @omplex problem that can be difficult to
interrogate due to the mechanisms that drive oligomerisation are often poorly understood.
Furthermore, added difficulty in characterising protein aggregates can arise due to the
different classes of protein aggregest which can form: soluble/insoluble, covalent/nen
covalent, reversible/norreversible and native/denaturedCromwell et al., 2006 Vasquez

Rey andLang, 201). Due to the stresses impacted on biotherapeutics, aggregate formation
can occur at any stage of protein development and manufact(iiahler et al., 2009; from

pH stress, temperature jumps, changes in ionic strength, storage at high concentration and
shear/extensional flow fores (Bekard et al., 2011 Finally, while it is ideal that stable
candidates are chosen during ¢hinitial selections, any oligomeric material present in the
product must be removed at the earliest stage possible. If unnoticed and present in the final
product, aggregates may invoke an immune response to the active therapeutic agent
(Rosenberg, 2006 In worst case scenarios, neutralising antibodies can impact the efficacy of
the therapeutic(Chirmule et al., 2012 or crossreactivity generates neutralising antibodies to
endogenous proteins, which calead toauto-immunity (De Groot and Scott, 2007 Therdore

two things are clear, that (1) candidate protein therapeutic agents need to be exceptionally
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stable molecules, and (2) methods need to be in place to rigorously characterise candidate

sequences to identify the possibility of aggregated material.

Currently, the main approaches to characterising aggregates in a candidate solution are
chromatographic methods as well as light scattering, amongst oth@esn Engelsman et al.,
2011). However, aside from protein aggregation prediction algorithms, such as Aggrescan
(Conchillo-Solé et al., 2007and the spatial aggregation propensity algorith@@Chennamsetty

et al., 2009b, these techniques are set up to identify protein aggregatesenhey have
formed, and then to process their removal. While necessary, these techniques do not yield
any information into the underlying mechanisms that cause aggregates to form. With a
greater understanding into the mechanisms that drive these aggrematevents, methods
could be established to minimise or ameliorate these effects eaiiiethe developmental
pipeline, increasing the amount of potential candidates entering trials and ultimately, the

clinic.

2.5 WFL and STTi A model pair of monoclonal anthodies

The study presented in this thesifocuses on two model antibodies that target nerve growth
factor (NGF): a highly aggregatioprone mAb, WFL, and a noraggregationprone, but
closely related variant STT that were generated by Medimmune plc. Thage samples share

a sequence identity of 99.6 %, with mutations found in the variable region of the heavy chain
of the antibodies. STT was engineered from WFL with mutations W30S, F31T and L57T

(Figure2.17) which ameliorate the selfassociation properties of WFL.
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Figure 2.17: scFv structures ofa) WFL and (b) STT.Residues 30, 31 and 57 are represented
as sticks in the insets. Homology models were generated ftbeparent scFv. Structuresere
kindly supplied by Medimmune pilc.

WEFL is the affinity matured version of its parent mAb that was derived froithe parent
sequence using phage display ahds low picomolar Kq = 1.6-9.8 pM) affinity for its target
antigen. However, after the affinity maturation process, the poor biophysical characteristics
that lead to the selfassociation and aggregation of WFL were realised. Alonghwpoor yields

in purification (< 30 %), absorption to filter membranes and colloidal iatility, WFL eluted

with a long retention time and asymmetric peak shape upon analysis by high performance
size exclusion chromatography (HISEC) indicative of a high aggregation propensityBy
contrast, while retaining its affinity for NGF Kq=1.8-8.3pM), STT did not exhibit these poor
biophysical characteristicsKigure 2.18). The reengineering WFL to STT at these positions
(30, 31 and 57) were chosen as the parent sequence contained S30, T31 and T57 arat did n
display the poor biophysical characteristics, including aggregation. Thus, it was hypothesized
that the mutations to hydrophobic residues during the affinity maturation were adding to the

aggregation propensity of WFL.
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Figure 2.18: High performance size exclusion chromatography elution profiles of WFL (blue)
and STT (purple)Grey lines = calibrant proteins: 1, Thyroglobulii670 kDa) 2, IgG (158
kDa); 3, Ovalbumin(44 kDa)and 4, Vitamin B12(1.35 kD3g. Data acquired by Medimmune

plc.

As well as demonstrating difficulties in purification/n vivo data showed that WFL has a
significantly shorterhalf-life compared withits parent upon intravenous administration into
healthy rats and cynomolgus monkeysBy contrast, upon carrying out the same
pharmacokinetic (PK) studies using WFL and STT, SéXhibited a 2fold improvement in
half-life. (Figure 2.19a). Finally, to examine whether the enhanced clearance of WFL sva
driven by non-specific binding to tissue#? vivo, binding of both WFL and STT were tested
against a range of human tissue samples using immunohistochemistry (IHEZjufe 2.19b).
The results demonstrated that WIEwas indeed binding norspecifically to the range of tissues

that were tested against.
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Figure 2.19: Pharmacokinetics and tissue studies of WFL and ST&) WFL and STT
pharmacokinetic profiles showing fster clearance of WFL upon intravenous administration

(of a 3 mg/kg dose) into healthy rat¢b) Non-specific binding of WFL to various tissue types
while STT presented no evidence of staining any of the tissue types tested. Data acquired by
MedImmune plc.

While the generation of STT ameliorates the seds®ciation and aggregation of WFLthe
underlying mechanism driving the selassociation remained elusivéds WFL is one of the
most extreme cases ointibody selfassociation experienced by Medimmunegivhilst STT

differs in only three amino acids (per heavy chain) yet has substantially improved biophysical
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properties it was concluded that this pair of mAbs wouldnake an idealpair to determine
how subtle changes in sequence can result in catastroptiiferences in their aggregation

properties.

2.6 The am of this gudy

Protein aggregation has sweeping negative effects throughout academia, biopharmaceutical
production and all of protein science. However, the methods utilised within the
biopharmaceutical ndustry are set up to identify and analyse protein aggregates once targets
have been selecte@nd antibodies generated, which is relatively late in the production
pipeline. Furthermore, current established methods are able to detect and separate aggregated
material from a prodwct, but often do not yield sitespecific information or insights into the
mechanism underpinning the oligomerisation events. Therefore, there is a critical
requirement for the development of technigues that can identify aggregatipnone
sequences or candidates at the earliest stage possible. Such techniques have to be sensitive to
small amounts of aggregated material and simple to equip and employ since predictions of
aggregationprone regions are only possible once a better understang of the mechanisms

are achieved. Thus, thaims of this study are twefold: (i) to establish techniques that can
identify the mechanisnsresponsible for driving the aggregation of a therapeutically relevant
mAb and(ii) to characterise the regions respsible. Finally, this study aims to establish d@n

vivo method for the rapid detection of aggregatieprone sequences and candidates at early

stages in candidate selection and biopharmaceutical product development.
The techniques described should:

- Be sasitive enoughto identify small percentages of oligomeric/aggregated material

- Require small volumes and concentrations of samples

- Be amenable to a diverse range of proteins: different size, structures and aggregation
mechanisms

- Yield high resolution information into the specific regions responsible for driving
the oligomerisation/aggregation

And secondly be able to
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- Accurately measure the extent of aggregation presequence#? vivo

- Have low false discovery rates

- Be rapid and cost effective in identifyig aggregation prone sequences

- Be applicable to predicting the regions responsible for driving the aggregation events

All of these requirements are met throughouhe studies described in this thesfecusing on

the two closely related mAbs, WFL and STTiqvided by Medimmune plc. Chapter 4 emplay
IMS-MS to identify and characterise small amounts of oligomeric material in terms of their
mass and shape, via their collision cresectional area, to which modelsere built to evaluate
potential mechanisms ofaggregation. Chapter 5 utilises chemical cragsking combined
with mass spectrometry to capture the oligomeric species present in solution and identify
inter-molecular crosdinks, which were then used as restraints to derive high resolution
models detding the mechanism of selassociation. Finally, Chapter 6 describes the
development of an/n vivo assay to identify aggregatioprone sequences in biotherapeutic
candidates, which can be applied to the early stages of the biopharmaceutical developmental
pipeline. Finally, Chapter 7 summarises the new insights gained from the work presented and

highlights the future developments and impacts of the results presented in this thesis.
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Materials and Methods
3 Materials and Methods
3.1 Materials

3.1.1 Equipment

Mass Spectrometers

LCT Premier timeof-flight mass spectrometer (Waters Corp., Manchester, UK).

Synapt High Definition MassSpectrometefHDMS) quadrupole ioamobility time -of-flight

mass spectrometer (Waters Corp., Manchester, UK).

Synapt G2Si HDMS quadrupole ionmobility time -of-flight mass spectrometer (Waters
Corp., Manchester, UK).

Xevo G2XS quadrupole timeof-flight mass spectrometer (Waters Corp., Manchester, UK).

Centrifuges

Avanti J-26 XP Centrifuge Backman Coulter, Brea, CA, USA
GenFuge 24D Centrifuge Progen Scientific, London, UK
Eppendorf 5810R Centrifuge Fisher Scientific, Loughborough, UK
BeckmanCoulter XL-A Ultracentrifuge Beckman Coulter Inc., CA, USA

Incubators, shakers and mixers

Gallenkamp Economy Incubator Size 1 Sanyo, Watford, UK

Innova 43 Shaker Incubator New Brunswick Scientific, USA
Innova 44 Shaker Incubator New Brunswick Scientific, USA
Stuart Oribtal Incubator S1600 Bibby Scientific, Stone, UK

Protein purification
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AKTAprime Plus GE Healthcarel.ittle Chalfont, UK

AKTAmicro GE Healthcare, Little Chalfont, UK
HisTrap FF 5 mL Ni Sepharose GE Healthcare, Little Chalfont, UK
Superdex Peptide 3.2/30 Column GE Healthcare, Little Chalfont, UK

Gel electrophoresis equipment

Slab Gel Electrophresis Chamber AE5200 ATTO, Tokyo, Japan

Powerpac 3000 Bio-Rad Lab., Hercules, CA, USA
Powerpac Basic Bio-Rad Lab., Hercules, CA, USA
Spectrophotometers

UltroSpex 2100 Pro UV/Visible Spectrophotometer GE Healthcare, Little Chalfont, UK
NanoDrop2000 Spectrophotometer Thermo Scientific, Surrey, UK

Electron Microscope

FEI T12 Transmission Electron Microscope FEI Inc., Hillsboro, OR, USA
Other Equipment

Bio-Rad T1000 Thermocycler Bio-Rad Lab., Hercules, CA, USA
Grant JB1 Unstirred Wéerbath Grant Instruments, Shepreth, UK
Jenway 3020 Bench pH Meter Bibby Scientific, Stone, UK

SnakeSkin Pleated Dialysis Tubirig3,500 MWCO  Thermo Scientific, Surrey UK
Techne Dri-block Heater Bibby Scientific, Stone, UK
C18 SepPak Cartridges Waters orp., Wilmslow, UK
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3.1.2 Chemicals

A

Acetic acid, glacial
Acetonitrile

Agar

Agarose

Ammonium Acetae, glacial
Ammonium bicarbonate
Ampicillin

Arabinose

L-Arginine

B
Bromphenol Blue

BS3 (bis(sulfosuccinimidyl)suberate)

C
Chloramphenicol

Caesium iodide

D
DTT (1,2dithioltherit ol)

E
Ethanol
Ethidium Bromide, EtBr

Ethylenediamine tetra acetic acid, EDTA

E

Formic acid

Fischer Scientific, Loughborough, UK
Fischer Scientific, Loughborough, UK
Melford Laboratories, Suffolk, UK
Melford Laboratories, Suffolk, UK
Fischer Scientific, Loughborough, UK
Fischer Scientific, Loughborough, UK
Formedium, Norfolk, UK

Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Sigma Life Sciences, St. Louis, USA

Thermo Scientific, UK

Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Formedium, Norfolk, UK

Fischer Scientific, Loughborough, UK
Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Fischer Scientift, Loughborough, UK
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G
Glycerol
Glutaraldehyde

H

Hydrochloric acid

Instant blue stain

lodoacetamide

L

LB broth, granulated

R

L-Rhamnose

S

Sodium chloride, NaCl

Sodium dodecyl sulphate, SDS
Sodium hydroxide, NaOH

Sodium phosphate monobasi®NaH,PO4
Sodium phosphate dibasic, NdPO,

Sodium succinate

T
Tetracycline
Tetramethylethylenediamine (TEMED)

Trifluoroacetic acid

Tris-(hydroxymethyl)-aminomethane, Tris

Tryptone

Y

Yeast extract

Fischer Scientific, Loughborough, UK
Sigma Life Sciences, St. Louis, USA

Fischer Scientific, Loughborough, UK

Expedeon, Harston, UK

Sigma Life Sciences, St. Louis, USA

Melford Laboratories, Suffolk, UK

New England Biolabs, Hitchin, UK

Fischer Scientific, Loughborough, UK
Sigma Lie Sciences, St. Louis, USA
Fischer Scientific, Loughborough, UK
Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Formedium, Norfolk, UK

Sigma Life Sciences, St. Louis, USA
Fischer Scientific, Loughborough, UK
Melford Laboratories, Suffolk, UK
Melford Laboratories, Suffolk, UK

Melford Laboratories, Suffolk, UK



Materials and Methods
3.1.3 Enzymes used for molecular biology

Table 3.1: Enzymes used to carry ouhe molecular biology in this study.The buffers and
additives of the corresponding enzymes supplied by the manufacturer were used.

Manufacturer

Xhol restriction endonuclease (20 U / pL) New England Biolabs, Hitchin, UK

BamH/restriction endonudease (20 U / uL) New England Biolabs, Hitchin, UK

Ndelrestriction endonuclease (20 U / L) New England Biolabs, Hitchin, UK

T4 DNA | igase (Qui New England Biolabs, Hitchin, UK
Tag DNA polymerase (5 U / L) New England Biolabs, Hitchin UK
Vent DNA polymerase (2 U / L) New England Biolabs, Hitchin, UK
Antartic phosphatase (5 U/ L) New England Biolabs, Hitchin, UK

Lysozyme Sigma Aldrich, St. Louis, USA
Deoxyribonuclease | (DNase 1) Sigma Aldrich, St. Louis, USA

75



Materials and Methods

3.1.4 Antibiotics

Table 3.2: Antibiotics used in this study.

Antibiotic Solvent Stock concentration Working
dissolved in (mg/mL) concentration
(ng/mL)
Ampicillin H20 100 100
Chloramphenicol Ethanol 30 25
Tetracycline Ethanol 5 12.5
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3.1.5 Media

Table3.3: Media used in this study.

Reagents

Weight / Volume

Bactotryptone 10 g
Yeast extract 509
Luria-Bertani (LB) Media
NaCl 109
H.O (18 MY Make up to 1 L
Autoclave 20 min. at 121C, 15 psi
Bactotryptone 16 g
Yeast extract 109
2XTY Media
NacCl 5¢
HO (18 MY Make upto 1L
Autoclave 20 min. at 121C, 15 psi
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3.1.6 Markers and dyes

Table 3.4: Protein and DNA nakers used in this study.

Marker

Manufacturer

Precision Plus Pr

Standard

Bio-Rad, Hemel Hempstead, UK

100 bp DNA ladder

Promega, Southampton, UK

1 kb DNA ladder

Promega, Southampton, UK

Table3.5: Protein and DNA dyes used in this study

Manufacturer

Instant Blue Stain

Expedeon Protein Solutions, UK

Orange G Loading Dye (10x) for DNA

Sigma Aldrich, St. Louis, USA
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3.1.7 Kits

Table3.6: Canmercially purchase kits used in this study

Manufacturer

QIAquick Gel Extraction QIAGEN, Crawley, UK

QIAquick PCR Purification QIAGEN, Crawley, UK

QIAprep spin Miniprep QIAGEN, Crawley, UK
Q5 SiteDirected Mutagenesis New England Biolabs, Hitchin UK
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3.1.8 LB-agar plates

Table3.7: LB-agar plates used in this study.

Antibiotic resistance required Component

2.5 g LB broth

Tetracycline 1.5g Agar

10 pg/mL tetracycline

Make up to 100 mL in HO

2.5 g LB broth

1.59g Agar

Ampicillin -chloramphenicol
100 pg/mL ampicllin

30 pg/mL chloramphenicol

Make up to 100 mL in HO
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3.1.9 Buffers

Table3.8: Buffers used in this study

Buffer

Reagent

DS PAGE 2x loading buffer

50 mM Tris.HCI, pH 6.8

100 mM DTT

2 % (w/v) SDS

0.1 % (w/v) bromophenol blue

10 % (v/v) glycerol

Gel electrophoresis cathode buffer

200 mM Tris.HCI, pH 8.25

200 mM Tricine

0.2 % (w/v) SDS

Gel electrophoresis anodeutfer

400 mM Tris.HCI, pH 8.8

Tris-acetateEDTA (TAE) Buffer

40 mM Tris.HCI, pH 8

20 mM acetic acid (glacial)

1 mMEDTA, pH 7.5

25 mM Tris.Hcl, pH 7.4
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50 mg lysozyme

Cell lysis buffer

10 mg DNase |

300 pM PMSF

1 mM EDTA

Make up to 500 mLwith H 20

50 mM Tris.HCI, pH 7.4

Hi sTrapE bindin

300 mM NacCl

40 mM Imidazole

50 mM Tris.HCI, pH 7.4

Hi sTrapE elutio

300 mM NacCl

400 mM imidazole

20 mM sodium succinate

Storage buffer

125 mM arginine, pH 6
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3.2 Methods

3.2.1 Mass spetrometry

All IMS-MS measurements were made using a Synapt G1 high definition mass spectrometer
(Waters Corp., Wilmslow, UK). Samples were introduced to the mass spectrometer using
borosilicate capillaries pulled irhouse (Sutter Instrument Company, Novat&€A, USA) and
coated with palladium using a sputter coater (Polaron SC7620, Quorum Technologies Ltd,
Kent, UK). All samples were analysed in the positive ion mode using nanoelectrospray
ionisation. Themy/zscale was calibrated using 10 mg/mL aqueous ecarasodide (Csl) clusters
across the acquisition range (typically 5006,000/7/2). Data were processed and analysed

with the MassLynx v4.1 and Driftscope software, supplied with the mass spectrometer.

3.2.2 Sample preparation

Samples were dialysed against 150ammonium acetate, pH 6 using 20 uL dialysis buttons
(Hampton Research Crop., Al i s olacwglobyligavidig A , us
concanavalin A, alcohol dehydrogenase, pyruvate kinase, glutamate dehydrogenase and
GroEL were buffer exchanged into 15nM ammonium acetate, pH 6 using Zeba spin
desalting columns (3.5 kDa MWCOQO) (Thermo Scientific, UK) and used for NS

calibration.

3.2.3 nESEMS and IMSMS of monoclonal antibodies

MADb samples were dialysed at 1 mg/mL before being infused into the Synaptr@friment.
NESFMS experiments were conducted under the following settings: capillary voltage, 1.5 kV,;
sample cone, 30 V; extraction cone, 4 V; source temperature860C; backing gas flow, 20
mL/min, IMS wave height (ramped), 80 V and travelling wave speed, 300 ms. For increased

mass accuracy of mAb samples a trap voltage 6BB0vV was used.
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3.2.4 TWIMS device calibration

The calibration of the TWIMS device was carriedub using calibrant proteins from the
Clemmer/Bush(Bush et al., 201pdatabase appropriate to the mass of the protein of interest.
Typically used calibrant proteins were: betkactoglobulin, B-Lac; concanavalin A, CCA;
alcohol dehydrogenase, ADH; pyruvate kinase, PyK and glutamate dehydrogenase, GluD. The
calibrant proteins were acquired using the same conditions to that of the sample in question
and a calibration curve was constructed using ast&blished method, briefly outlined in
Section1.6.2 (Ruotolo et al., 2008 The EDC correction coefficient used in the calibtian

curve construction was 1.57.

3.2.5 Theoretical CCS calculation

The MOBCAL software was used to calculate the theoretical cresstion for the samples
studies in this thesis. The MOBCAL projection approxation value(Mesleh et al., 199pwas
used togenerate the projection superpositiorparoximation (PSA) outlined by(Bleiholder et

al., 2011b. The equation used for this was:

0°Y0 06 Ypopd ww

Equation3.1

The MOBCAL software was implemented using a Linux operating system.

3.2.6 LC-MS/MS

Peptide samples were separated and analysed on a nanoAcquity LC system (Waters Ltd.,
Wil mslow, UK) connected ofine to a Synapt GZSi mass spectrometer (Waters Corp.,
Wilmslow, UK). 1 pL of sample was injected onto a Acquity 4@lass column (C18, 75 um x
150 mm) (Waters Ltd., Wilmslow, Manchester, UK) and subsequently separated by58 %

gradient elution of solvent B (0.1 % (v/v) formic acid: acetonitrile) in solvent A (0.1 % (v/v)
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formic acid in water) over a 60 minute time period at a 0.3 pL/min flow rate. The instrument
was operated in positive ion mode using collisienduced dissociatia (CID) for
fragmentation of selected ions. Data dependant MS/MS experiments were conducted in the
trap region of the instrument using a 1 second scan with the five most intense ions being
selected for fragmentation over a 3502000/7/zwindow. Data wereprocessed and analysed
with the MassLynx (V4.1) software provided with the instrument, and PEAKS software
(Zhang et &, 2012. Manually identified and low abundant crossinked peptides were added

to an inclusion list to be selected for sequencing.

3.2.7 Crosslinking analysis

LC-MS/MS spectra were exported from the PEAKS software in .MGF format to be ysed

with the StavroX software(Gotze et al., 2012 The search parameters used were as follows:
maximum missedleavages at @erminal of K and R, 1; static modification< to B (alkylated
cysteine) and variable modificatios, M to m (oxidised methionine, max = 2)precursor
precision, 3.0 ppm; fragment ion precision, 0.8 Da; lower mass limit, 200 Da; upper nrags |
8000 Da,; false discovery rate cut off, < 5 % with a score cut off of 10 and slow, precise scoring

applied.

3.2.8 Manual data analysis for crodiked species

To identify all candidates as potential intemolecular crosdinks the LC-MS peptide spectra
were compared. Each spectrum from the dimer sample of 1912 were interrogated to search
for potential crosslinked candidates. Once a candidate had been identified, the spectrum
from the crosslinked monomer sample was analysed at the same retention time (titute)

to confirm unique inter-molecular crosdinks.
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3.3 Modelling

3.3.1 MOBCAL modelling of mAbs

Approximate models for the mAb monomers and their oligomers were modelled using the
MOBCAL softwae (Mesleh et al.,, 1996 Shvartsburg and Jarrold, 1996y editing the
MOBCAL code to define the Fab and Fc regions of a mAb as single atoms. Lines 581 and 583
of the MOBCAL code were changed to the mass of the Fab regibthe molecule (47 kDa)

and line 586 edited for the hydrodynamic radius (30 A). Lines 591 and 593 were then given
the mass of the Fc region (53 kDa) and line 596 edited for the Fc hydrodynamic radius (30 A).
These values were also implemented on linegbming 2599 and 2609 of the code. The input

.mfj file was then modified to manipulate the vector coordinates of the individual regions to
re-build a monomeric mAb which predicted CCS value was in agreement with experimental
data. Oligomeric species weréhén built to the models specified in Gapter 4 (seeSection

4.3.3 and their predicted CCSs calculated.

3.3.2 Generation of spherical models

To generate spherical models, the Ruotolo meth@Ruotolo et al., 2008and Benesch methods

(Benesch et al., 20Q7vere used. An averagerptein density of 0.44 Da A was used.

Ruotolo method:

000~ c&ov

Equation3.2

Where Mi is the mass of the ion

Benesch method:
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v oey . OO
00°Y T Y

Equation3.3

whereMi s t he mass of the ion, 0 #®andRistheradrmnsi ty

of the buffer gas (nitrogen = 1.55 A)

3.3.3 Generation of the (12%)polyprotein structure

The 127 monomer subunit structure was taken from the PDB (PDB= 1TIThe four linker
domains connecting the subunits were then attached to thet€@minus of the previous sub

unit based upon the linkers used while purifying the proteins; the linker regions added were:

Table3.9: Table of amino acid linkers added to the-t@rminal of the 127 subunits 1-4.

Linker Amino acid composition
Linker 1 VEAR

Linker 2 LIEAR

Linker 3 LSSAR

Linker 4 LIEARA

The five PDB structures were then aligned manually with one another before Gderminal
amino acid from the linker region was connected to the-irminal leucine of the sequential
[27 sununit. The subunits were connected by D€laire Windle (University of Leed3 using

the Coot software, operated under a Linux operating system.
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3.3.4 In vacuo molecular dynamics (MD) simulations

MD simulations were run usig the NAMD software (NAMD 2.9)Phillips et al., 200%, using

the CHARMM force field (Brooks et al., 1988 Structures were simulated in a solvent free
system. For the simulation, a constant temperature of 300 K with Langevin thermostat was
used and a timestep of 2.0 fs witha radial cutoff distance of 12 A used throughout. Energy
minimization /n vacuowas implemented for a total of 0.5 ns before an equilibration of 10 ns,
the cut-off distance, force field and time step remained as described above throughout the
simulation. Visual Molecular Dynamics (VMD)(Humphrey et al., 1998 was then used to
visualise the simulatn and individual frames were saved as PDB coordinates in order to
compute the CCS using MOBUJA The VMD software was also used to calculate the root
mean square deviion (RMSD) and radius of gyration (Rg). The CCS were calculated every
0.1 ns of the simlation to 1 ns and then every 1 ns thereafter. Analysis of the ramean
square deviation (RMSD) revealed whether a protein had equilibrated by the end of the 10 ns
simulation, any sample that had not finished equilibration was-mibmitted for a further D

ns until equilibration was reached. The NAMD and VMD software was operated under a

Linux operating system.n = 1 for all MD minimisation and equilibration experiments.

3.3.5 Model generation for 1912 scFv dimer

The 1912 scFv homology model (from parent mAkindly provided by Medimmune plc.) was
submitted to the HADDOCK webserver(van Zundert et al., 201pwith residues W30, F31
and L57 designated as the active residues to drive the docking procedure. The HADDOCK
modelwas then refined in XPLORNIH (Schwieters et al., 2003using a distance restraint set
by the bis(sulfosuccinimidyl)suberate (BS3) creisker (11.4 A) between residues Q1 of the
heavy chain and K54 of the light chaiwith a square well energy potential and residues W30,
F31 and L57 as sparse, higtdynbiguous distance restrain{€lore and Schwieters2003. The
model refinement in XPLORNIH was carried out with the help of DrTheodoros Karamanos

(University of Leeds).
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3.4 Biochemical methods

3.4.1 Analytical ultracentrifugation

Sedimentation velocity analytical ultracentrifugation (SNAUC) of antibody samfes was
conducted on a Beckman Coulter XA instrument (Beckman Coulter Inc., CA, USA) at 20

°C. MEDI1912 and MEDI1912_STT were dialysed into 150 mM ammonium acetate, pH 6 or
anal ysed AT g6 shwcfdieradt 20 mM sodi um .8)atthei nat €
same protein concentration (1 mg/mL, determined byz2#). A wavelength of 298 nm and

rotor speed of 28,000 rpm were usedaia were analysed using SEDF{$chuck, 200D AUC

data wae analysed with the help of DClare Pashley (University of Leeds).

3.4.2 Negative stain transmission electron microscopy

mAb samples at 1 mg/mL, as measured using,An storage buffer Table3.8). Samples were
diluted and immediately spotted onto carbon coated electron microscopy grids (400 mesh,
glow discharged 25 mA for 40 seconds) (Fisher 462 Scientific, Leicestershire, UKabowed

to absorb for 30 seconds. The grids were then washed 463 with mik0 with blotting on
Whatman paper between wash steps, Stained with 1 % (w/v) uranyl 464 acetate, air dried
under a lamp and imaged on a FEI T12 TEM (FEI Inc., Hillsboro, ORA)YS8perating 465 at
120 keV.

3.4.3 Lys-C enzymatic digestion of mAb samples

Endoproeinase Ly from Lysobater enzymogendSigma Aldrich, St. Louis, USA) was used

to generate Fab and Fc regions from mAb samples. mAb samples were used at 1 mg/mL in 100
mM sodium phosphate buffer, pH 7.4 and Ly€ added at a 1:50 (protein:enzyme) ratio. The
protein-enzyme reaction was incubated at 3T for 18 hours before the resulting dests being

taken for dialysisand analysis via MS and IM#IS.
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3.4.4 Glutaraldehyde crossinkin g

Protein samples were diluted to 1 mg/mL and buffer exchanged into 100 mM sodium
phosphate buffer, pH 7.4, using zeba spin columns (Thermo Scientific, UK), for ctiogsng

with glutaraldehyde (Sigma Aldrich, St. Louis, USA). A stock solution of 1 % (/v
glutaraldehyde was used to probe for optimal concentrations across the range of: 0.1 %, 0.05

%, 0.01 % and 0.001 % (w/v).

3.4.5 BS3 crossinking

Protein samples were diluted to 1 mg/mL and buffer exchanged into 100 mM sodium
phosphate buffer, pH 7.4, usingeba spin columns (Thermo Scientific, UK), for creiaking
with a mixture of deuterated (d4) and nordeuterated (d0) BS3 (Thermo Scientific, UK). 1 mg
of both dO and d4 BS3 was dissolved in 138.5 yL 20 mM sodium phosphate buffer, pH 7.4.
Equimolar concatrations of the dO and d4 crosknker were added together to yield a 50:50
mix of d0:d4 as a stock solution. BS3 crdssker was initially added in increasing ratios for
optimisation: 1:10, 1:20, 1:50, 1:100, 1:200 and 1:500 (mol/mol) (protein: eliog®r). The
crosslinking reaction was incubated on ice for 30 minutes before quenching with 50 mM
Tris.HCI, pH 8 (final concentration). The resulting croskinked species were then analysed
using either digestion and peptide sizexclusion chromatography $EC) or via SD®AGE
analysis and ingel digestion methods, se8ection 2.4.6and Section 2.4.7/Section 2.4.8,

respectively.

3.4.6 Enzymatic digestion, peptide purification and concentration

Prior to digestion, first the samples were denatured with an equallvme of 6 M Gdn.HCI.

7.5 mM DTT was added to the samples and incubated at 37 °C for 30 min. Samples were then
cooled back down to room temperature and 15 mM of iodoacetamide added and the reaction
incubated in the dark at room temperature for 30 min. Theasiples were then diluted to

reduce the Gdn.HCI concentration below 1.5 M. The resulting BS3 crlisged mixture was
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then digested with a 1:100 (w/w) ratio (enzyme:protein) with gold standard trypsin (Promega,
UK) for 18 hours at 37 C. 50 uL Formic acid was then added to quench the reaction, the
reaction mixture was then made up to 1 mL with ddid. The digested mixture was purified
using C18 SepPak cartridges (Waters corp., Wilmslow, UK). The cartridges were equilibrated
with 1 mL 100 % acetonitrile and washed with 2xInL wash buffer (95:5:0.1 (v/v/v), ddk:
acetonitrile: formic acid) before the digested mixture was passed through the cartridge. The
bound mixture was washed with a further 2k mL of wash buffer before being eluted wit1

mL elution buffer (50:50:0.1, ddkD: acetonitrile: formic acid). Eluted peptides were then
evaporated to completion using a Savant SpeedVac system (Thermo Scientific, UK). The
peptide mixture was then reconstituted in 40 uL dci8 and taken for peptideSEC, se8ection
246

3.4.7 Peptide size exclusion chromatography (SEC)

Reconstituted crosdinked peptide mixtures were pipetted into a 98vell plat for injection

into an AKTAmicro (GE Healthcare, Little Chalfont, UK) using an online Q05 aute
injection sysem (GE Healthcare, Little Chalfont, UK) with a Superdex Peptide 3.2/30 column
(GE Healthcare, Little Chalfont, UK) being used for the gel filtration. The column was washed
and equilibrated with 30 % (v/v) acetonitrile, 0.1 % (v/v) trifluoroacetic acid (Bier A). 40

uL of sample was injected using the piakp injection method and the peptides eluted using a
constant flow rate of 50 pL/min. 100 yL fractions were collected in a-@@ll plate format

with the elution of peptides being monitored by absorbance 218, 254 and 280 nm. The
collected fractions were evaporated to completion using a Savant SpeedVac system (Thermo

Scientific, UK) before being taken for analysis by EKIS/MS (seéSection 2.2.5

3.4.8 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

Tris-tricine buffered sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS
PAGE) was used to separate species based upon their molecular weight to analyse the

formation of crosslinked species. Two glass plates were assembled following the
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manuf acturerdéds directions with a 1.5 mm spacer bet
between the plates. The resolving and stacking gels were made up of the components shown

in Table3.10. Ammonium persulphate wasadded to the gel mixtures last before the resolving

gel was immediately poured into the gel moulds. The stacking gel was poured on top of the

resolving gel and a 12 well comb was added to create the wells needed once the gels had set.

The gel cast was letb set for a minimum of 1 hour.

Table3.10: Components used to create Trtsicine SDSPAGE gelsThe volumes stated here
allow for the casting of two gels (80 mm x 100 mm) using a 1.5 mm spacer.

Solution component Resolving gel Stacking gel
(mL) (mL)

30 % (wi/v) acrylamide: 0.8 % (w/v) biscrylamide 7.5 0.83

3 M Tris.HCI, 0.3 % (w/v) SDS pH 8.45 5.0 1.55

ddH20 0.44 3.72

Glycerol 2.0 --

10 % (w/v) ammonium persulphate 0.05 0.10

Tetramethylethylenedianine (TEMED) 0.005 0.005

Protein samples for SDBAGE were diluted 2fold with 2x loading buffer (se€lable 2.7 and

boiled for 3 minutes prior to loading onto gels. For identification of molecular weight species,

the first lane was loaded with 7 pLofPe ci si on Pl us ProteinE Dual Xtra
standard (BieRad,UK). The inner and outer reservoirs were filled with cathode buffer (see

Table 2.7 and anode buffer (se&able 2.7, respectively, prior to sample loading. 15 pL of
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samples were loadethto each well before begin electrophoresed. Gels were run with an
initial current of 30 mA until all samples has entered into the resolving gel, where the current
was increased to 75 mA until the dye front had reached the bottom of the resolving gel. For
crosslinked mAb samples, the gels were run until the 25 kDa ladder had reached the bottom
of the resolving gel in order to separate the oligomeric species. The gels were removed from
there casts and stained using Instant Bl(€oomassie¥tain (ExpedeonlUK) and visualised
using a Syngene InGenius gel documentation system (Syngene, UK) post gsfail@ng in

H20.

3.4.9 In-gel enzymatic digestion

A scalpel was used to remove the gel bands of interest afated into 1.5 mL Eppendorfs.
The gel pieces were subjtid to three repeat rounds of hydration and dehydration with 200
pL 25 mM ammonium bicarbonate, pH 7.8 and 200 pL 50 % (v/v) acetonitrile/ 25 mM
ammonium bicarbonate, respectively, to completely dsain the excised gel pieces. Each
solution was removed fom the Eppendorf tube with a gel loading tip before the subsequent
solution added Gel pieces were fully submerged in 100 % acetonitrile to shrink the gel piece
down to completion. The acetonitrile was removed by incubating the open Eppendorfs in a
laminar flow hood for a minimum of 45 minutes. Gel pieces were-feydrated with 200 pL 10
mM DTT for 45 minutes at 37 C and shaking at 300 RPM in a Thriller shaking incubator
(WVR Peglab, Germany) before free cysteines were subsequently alkylated with 200 uL 55
mM iodoacetamide in the dark at room temperature. A final dehydration step was then
carried out using 200 puL 50 % (v/v) acetonitrile / 25 mM ammonium bicarbonate. The
dehydration solution was again removed under a laminar flow hood for a minimum of 45
minutes. Dry gel pieces were fhydrated with 0.1 pug/pL gold standard trypsin solution in the
supplied resuspension buffer (Promega, UK), ensuring that the trypsin solution was added to
completely submerge the gel pieces. Gel pieces were incubated for 30 regwt room
temperature to allow the trypsin solution to be absorbed before adding 50 pL 25 mM

ammonium bicarbonate and the reaction incubated at 8Z for 18 hours, shaking at 300 RPM.
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20 pL of formic acid was added to quench the reactions and the digestedslinked peptides

were purified as described above (s8ection 2.4.5

3.4.10Polyethylene glycol (PEG) precipitation

A 40 % (w/v) stock solution of PEG~8000 average molecular weight) in 20 mM sodium
succinate, 125 mM arginine, pH 6 buffer was preparasithe titrant. ScFv stock solutions were
prepared at 150 pM in the same buffer. Samples were prepared in triplicate and loaded into a
96-well, clear, flat-bottomed plate(Greiner Bio-One, Austrig using a multichannel pipette as
follows: a) suceArg buffer was dispensed into each well with a volume of 180 pL. b) 6

180 pL of the 40 % (w/v) PEG stock was titrated into each well to give a series of PEG
concentrations from 036 % (w/v). ¢) 20 uL of scFv stocks were dispensed into each well to
give a finalconcentration of 15 uM. d) Samples were then mixed by slowly pipetting up and
down the wells. The plates were examined for any air bubbles and nephelometry
measurements were taken immediately using a NEPHELOstar Galaxy (BMG Labtech,

Germany).

3.4.11/n vivo western blot analysis

A single colony from fresh&. co/iBL21 (DE3) cells (transformed with the appropriate plasmid)
was used to inoculate 108L sterile LB containing 10 pgnL tetracycline. Cultures were
incubated overnight at 37 C with shaking (200 rpm). ImL of overnight culture was used to
inoculate 100 mL sterile LB containing 10 fmL tetracycline and grown at 37C (shaking at
200 rpm) until an ODxo of 0.6 was reached. 10 mL of culture was removed for the uninduced
sample andcentrifuged at 4,000 g fod0 min (4 C).Ex pr e s s i olactansabe fusibne
construct was induced by the addition of filtessterilized arabinose to a final concentration of
0.02 % /V). Cultures were incubated for 1 h (37C, 200 rpm) and 10 mL was removed from
each (induced saple). The 10 mL cultures were harvested by centrifugation at 4,09tbr 10

min (4 C). The cell pellets (uninduced and induced with arabinose) were resuspended in

a

phosphate buffered saline (PBS,sodh.IFdrelmleo 6 s
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cell samples, 200 of the ODsoo = 5 sample was combined with 200L PBS. 100 pL of 6x
loading dye (150 mM TrisHCI, pH 6.8, 300 mM DTT, 6% (V) SDS, 0.3% (w/A)
bromophenol blue) was then added. For soluble samples, 80®f the ODsoo =5 sample was
combined with 200 ni bacterial protein extraction reagent (ThermoFisher Scientific) and
incubated with agitation for 10 min. The sample was then centrifuged at 16,@pf@r 30 min
(4 C) and 100 of 6x loading dye was added to the supernatafihe mixtureswere then

incubated at 90 C for 10 min.

Protein samples were separated on a BIORAD MIRROTEAN TGX precast protein and were
transferred to a BIORAD 0.2 pm polyvinylidene fluoride membrane using a TraB®t Turbo
SemiDry (Bio-Rad Ltd). Blocking was pgormed overnight at 4 C using 5 % @/) milk
powder in TBST (trisbuffered saline Tween; 20 mM Tri¢iCl, 150 mM NacCl, 0.2 % ¥V)
Tween-20). Membranes were incubated overnight with the anbi-lactamase antibody (6B
PA352353YAOQIENL, Cusabjodiluted 1:10000 in 5 % (/) milk powder in TBST.The
membranes were washed for 3x 10 min in TBST. Membranes were then incubated with goat
anti-rabbit 1gG horseradish peroxidase conjugate (7074, New England Biolabs) diluted
1:10000 in TBST. Membranes were then wash&d 10 min in TBST before incubation with
SuperSigndM western pico chemiluminescent substrate (Thermo Fisher Scientific). The

emitted signal was detected with Amersham hyperfilm (GE Healthcare).

3.5 Molecular Biology

3.5.1 E. coli (BL21 (DE3)) transformation

50 uL of commercially competent BL21 (DES3) cells were transformed with 2 uL of plasmid
DNA (100 ng/pL). Cells were incubated on ice for 10 minutes to allow the cells to thaw. 2 pL
of DNA was added to the cells and the mixture incubated on ice for a furtt®eminutes. The
cells were then heat shocked at 4Z for 10 seconds before being incubated back on ice for 2
minutes. After the 2 minute incubation on ice, the transformed cells were plated directly onto
LB-agar plates containing 10 pg/mL tetracylcine. Theells were left to dry in a sterile

environment for 20 minutes before being incubated overnight at 3C.
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3.5.2 /n vivo Assay

BL21 (DE3) cells (New England Biolabs, Hitchin, UK) were freshly transformed with the
scFva-lactamase construct DNA and plated out t,m 10 pg/mL tetracycline plates and
incubated at 37 C overnight. 100 mL overnight cultures were prepared in a 250 mL flask with
2.5 % (w/v) LB media continuing 10 pg/mL tetracycline which were inoculated with a single
colony and grown for 18 hours at 37C, 200 RPM. Two 48 well agar plates containing 10
pg/mL tetracycline and increasing ampicillin antibiotic are made with the following protocol:
100 mL 1.5 % (w/v) agar is autoclaved and allowed to cool to < 6Mefore being poured into

a sterile beaker333 pL tetracycline stock and 200 L arabinose stock were added to give final
concentrations of 10 pg/mL tetracycline and 0.02 % (w/v) arabinose. A multichannel pipette
was used to draw up 900 pL and 300 pL agar was pipetted into the first column of egitteo
two plates; the last 300 pL was dispensed back into the beaker. The required volume of
ampicillin was then added into theagar (sedable 2.10 andmixed thoroughly. 300 pL of agar
was pipetted into the second column of each plate and the procesepgated until the plates
were full. The plates were left to set in a sterile environment and then stored upside down

with their lids on.
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Table3.11: Components for to creation of 48vell LB-agar plaes used for the MIC assay. The
volumes stated here allow for the creation of two 48ell LB-agar plates.

Final (Amp) Agar vol. 10 mg/mL

concentration Amp. stock

required (uL)

(ug/mL)

0 100 0

20 96.4 193
40 92.8 186
60 89.2 178
80 85.6 171
100 82 164
120 78.4 157
140 74.8 150

1 mL of overnight culture was used to inoculate prearmed 100 mL sterile LB media
containing 10 pg/mL tetracycline. The cultures were grown at 8Z, 200 RPM until an OBeo

= 0.6 is reached. 200 pL arabinose stock (0.02 %)¥mal concentration) as added to the 100
mL cultures to induce scRa-lactamase protein expression. 400 uL aliquots were moved into
labelled 1.5 mL Eppendorf tubes and incubated for 1 hour ati3Z, 200 RPM to allow the
constructs to be expressed befqgukating out. Logo dilutions were carried out by taking 20 uL

of cell culture and pipetting into subsequent 180 puL 170 mM NacCl, mixing thoroughly and
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repeating. 3 pL of each cell dilution was then plated onto each column of thewdl
ampicillin-containing agar plates. The plates were allowed to dry in a sterile environment

before being incubated upside down at 3T for 18 hours.

3.5.2.1Polymerase chain reaction

The polymerase chain reaction (PCR) was carried out to amplify selected DNA sequeirces
vitro. The primer sequences and the purpose of those sequences designed to amplify specific

genes from the selected plasds are listed in Table 2.1).

Table 3.12: Oligonucleotide primer used in this studyNdel and Xhol restrictions sites are
shown in gold and red respectively. The hexaistag sequence is shown in orange withe
additional amino acids between the scFv and hekistag shown in blue. Start and stop codons
are underlined.

Primer Sequence

WFL Forward CAGGTTCAG{To cl one the sc-H

TGGTTCAGAGTG lactamase construct
WFL Reverse CTCGAGTAGTGGTGATG|To c¢cl one t he sc-H

TGATGGTGGCCGCCGCOTAGC lactamase construct. Addition of ¢
hexahistag at the @erminus of the

ACGGTGAGTTTGGTG .
protein
STT Foward CAGGTTCAG{To cl one the sc-H
TGGTTCAG lactamase construct
STT Reverse CTCGAGTAGTGGTGATG|To c¢cl one t he sc-H

TGATGGTGGCTGCC@AGAACK lactamase construct. Addition of §
GTCAGTTTAGTGC hexahistag at tle Gterminus of the

protein
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The typical PCR reaction contained the following components:

Table3.13: Table of components used for PCR reactions.

Component Concentration / volume

Primers 2 uL (100 ng/uL stek)

dNTPs 0.25 mM

DMSO 1 pL

MgSG 2,40r6 mM
Vent DNA polymerase 1U(0.5uL)

(2000 U/mL)

Vent DNA polymerase 1x
buffer

Nuclease free deionised | To make reactions up to 10(

ddH-0 uL

DsDNA template 100ng

A reaction lacking the dsDNA template was ed as a negative control to determine if any

non-specific interactions between primers occurred.

The theoretical melting temperature (%) of the primers was calculate using the following

equation Equation 2.3:
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Equation 2.2

Where nar is the number of AT nucleotide base pairs in the primer sequence ardis the
total number of GC nucleotide base pairs in the primer sequence. The temperature cycle for

the PCR cycle is shown inTable 2.12.

Table3.14: Temperature cycle for the PCR reactions used in this study.

Temperature (C)

Initial denaturation 95 300
Denaturation 95 30
Annealing 55 30
Elongation 72 45

Repeat denaturation, annealing and elongation x29

Final elongation 72 300

The PCR products were then visualised by agarose gel electrophoresisSeeton2.5.1.2
and excised from the gel using a sterilised scalpel. DNA extraction from the gel was performed
using the QIAquick Gel Extraction Kit (QIAGEN, UK) as described by the instructions

supplied by the manufacturer.
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3.5.2.2Agarose gel electrophoresis

Agaroseggel electrophoresis was carried out in TriscetateEDTA (TAE) buffer (sedable3.8).

Gels were made by dissolving 1.5 % (w/v) agarose (Melford Laboratories Ltd, Ipswich, UK) in
1x TAE buffer and heating the solion in a microwave until the agarose had dissolved. Once
cooled to < 50 C, 0.5 pg/mL ethidium bromide (EtBr) was added. The gels were then poured
into a 12 x 15 cm cast with a comb in place and allowed to set for a minimum of 20 minutes
at 251C. DNA sanples were diluted in 6x orange gel loading buffer (s€able3.5). 30 uL of
sample were loaded into the gel lanes, 5 uL of 1 kb and 100 bp DNA ladders (Promega, UK)
were added to the first two lanes to allow for &orate sample size determination.
Electrophoresis was carried out in 1x TAE buffer at 100 V until the DNA samples were
suitably resolved. The results were visualised using ultra violet (UV) transillumination and

photographed using a Syngene InGenius gecdmentation system (Syngene, UK).

3.5.2.3Restriction digestion of plasmid DNA and plasmid
dephosphorylation

Site-specific restriction digestion of plasmid or PCR product DNA was carried out using
enzymes and buffers acquired from New England Biolabs, USA (NE®kstriction digestions

contained the following components:
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Table3.15: Table of components used for restriction digests.

Component Volume
Plasmid DNA or purified 30 uL
PCR product DNA
10x CutSmart Bufdr 4 UL
Ndel restriction enzyme 1uL
(20 U/pL)
Xhol restriction enzyme 1pL
(20 U/uL)
10x NEB bovine serum 4 uL
albumin

A control reaction containing no restriction enzymes were carried out in tandem. Reactions
were incubated for 1 hour at 34 C. The restriction enzymes were then inactivated by

incubation at 65i C for 20 min.

Restriction enzymes, buffer components and unwanted -pyoducts from the digestion
protocol were removed through separating the DNA fragments by agarose gel electrophoresis
(seeSection 2.5.2.2 The required DNA fragments were then excised using a sterilised scalpel
and extracted from the gel using the QlAquick Gel Extraction Kit (Qiagen, UK) as described

by the instruction supplied by the manufacturer.
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In order to prevent unwanted prel i gati on of t he jends svera d D N
dephosphorylated with Antarctic Phosphatase (NEB, USA). 1:10 (v/v) of 10x Antarctic
Phosphatase Reaction Buffer (NEB, USA) and 0.01 U of enzyme per pmol of DNA ends was
added to the completed digestioreaction. The reaction mixture was incubated for 15 min at

371C. The enzyme was then inactivated through heating at 65 for 5 min.

3.5.2.4Ligation of DNA

DNA ligation was carried out using the NEB Quick Ligation Kit. A typical ligation reaction

was set upwith the following components:

Table3.16: Table of components used for the ligation of DNA inserts into plasmid vector.

Component Volume / concentration

Digested and 100 ng
dephosporylated DNA vectoi

2x NEBQuick Ligation 10 uL
Buffer
NEB T4 DNA Ligase (2000 2000 U (1 pL)
U/uL)
Digested insert DNA up to 20 pL
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Control reactions were carried out simultaneously using nucleasee deionised water in

place of insert DNA. Reactions were incubated for 15 mies at 25 C and then incubated on

ice prior to transformation into pLemo cells (seBection 2.5.2

3.5.3 Q5 mutagenesis of WFL and STT

To obtain all possible mutants, the WFL and STT sequences were mutated using a Q5

mutagenesis kit, following themanufactured grotocol.

Table3.17: Table of mutants generated with the template DNA and primsequenceéisted.
The mutated residue is highlighted in red. The annealing temperatures are listed.

Required

mutant

Template

Primer F

Primer R

Annealing

temp (°C)

W30S a-lactamaseWFL | CGGTACGTTTICCTTTGG | CCACTCGCTTTGCAGCT 62
GGCCTTTAC A

F31T a-lactamaseWFL | TACGTTTTGGACCGGGG | CCGCCACTCGCTTTGCA 67
CCTTTACTTGGG G

L57T a-lactamaseWFL | TATTTTCGGCACGACAA | GGGATAATGCCACCCAT 59
ACCTGGC C

W30S, a-lactamaseSTT | GATTTTTGGGCTGACGA | GGGATGATACCGCCCAT 63
F31T ACCTGGCC C

W30S, a-lactamaseSTT | CACCTTCTCAOTTGGAG | CCGCCGCTCGCTTTGCA 68
L57T CGTTTACGTGGGTG A

F31T, a-lactamaseSTT | GGCACCTTCTGGACCGG | GCCGCTCGCTTTGCAAG 69
L57T AGCGTTTA A
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The reactions for the Q5 mutagenesis were as follows:

Table3.18 Table of components and volumes used for the @bitagenesis

Component

Volume required (L)

Final concentration

Q5 Hot start high-fidelity 12.5uL 1x
2x master mix
10 pM forward primer 1.25pL 0.5 yM
10 uM reverse primer 1.25uL 0.5 uM
Template DNA (225 ngfiL) luL 1-25ng
Nucleasefree water opu | -

The PCR cycling conditions were:

Table3.19: Temperature cycle for the PCR reactiorier the Q5 mutagenes.

Temperature

Initial denaturation 98 °C 30s
98 °C 10 s
25 cycles Taof primer 10-30 s
72 °C 20-30 s/kb
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Final extension 72 °C 2 min

hold 410 6C | -

3.5.4 E. coli (pLemo cells) transformation

50 pL of commercially competent pLemaetls (New England Biolabs, Hitchin, UKwere
transformed with 2 pL of plasmid DNA (100 ng/pL). Cells were incubated on ice for
10 minutes to allow the cells to thaw. 2 uL of DNA was added to the cells and the
mixture incubated on ice for a further 2 minute. The cells were then heat shocked at
421C for 10 seconds before being incubated back on ice for 2 minutes. After the 2
minute incubation on ice, the transformed cells were plated directly onto L&yar
plates containing 100 pg/mL ampicillin and 30 pg/ndhloramphenicol. The cells were
left to dry in a sterile environment for 20 minutes before being incubated overnight

at 371C.

3.5.5 Small scale expression trial

A small scale expression trial was carried out to identify the optimal amount efhiamnose
concentation required to optimise expressionf scFs in the soluble fraction. Lemo21 (DE3)
cells were transformed with either the 1912_scFv or STT_scFv plasm&bAppendix 8.1) as
described above (se8ection 2.5.2 A single colony was taken from a plate of freshly
transformed bacteria and used to inoculate a 2x1 mL LB overnight cultures containing 100
pg/mL ampicillin and 25 pg/mL chloramphenicol. 200 pL of overnight culture was used to
inoculate a 10 mL sterile B media, in falcon tubes, containing the same antibiotics and
varying concentrations of krhamnose: 0, 100, 250, 500, 750, 1000 and 2000 puM. The cultures
were grown at 37 C with shaking at 200 RPM to an O&xof 0.6. A 2x1 mL sample was taken
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before indudion and stored at20iC. Protein expression was induced with 40 pL of 200 mM
fiter-st er i | i s e dD-lthogalaatopypapolside IPTG) and grown for a further 4
hours (371C, 200 RPM) before further 2x1 mL samples were taken of the induced samples.
Whole cell expressions were measured by harvesting the 1 mL samples by centrifugation (10
minutes, 13,000 RPM) and rsuspending in 2x SD®AGE loading buffer, before boiling and
loaded for SDSPAGE analysis (seBection 2.4.7.

3.5.6 Separation of the solubland insoluble fractions

To gauge the expression levels of the scFvs in the soluble and insoluble fractiofs@f/j the
cells were lysed and the two fractions separated. 1 mL cultures were sedimented by
centrifugation (10 minutes, 13,000RPM) to form gellet. The cell pellet was resuspended in
cell lysis buffer (se€Table 3.8) and left shaking for 30 minutes at room temperature. The
reaction was then centrifuged at 13,000 RPM on a benchtop centrifuge to sepata soluble
and insoluble fractions. The soluble fraction was pelleted using acetone precipitation; ice cold
acetone was added to the soluble fraction whereupon the mixture was vortexed and left on
ice for 15 minutes. Following incubation on ice, the miyre was centrifuged at 13,000 RPM

in a benchtop centrifuge to pellet the soluble protein. The acetone was carefully removed by
pipette and the remaining pellet was dried in an incubator at BC. Equal amounts of 2x SBS
PAGE loading buffer was added to Hothe insoluble and soluble pellets before the samples

being analysed by SDBAGE (seéSection 2.4.7.

3.5.7 Large scale expression of scFv proteins

The expression of g~vs was scaled up in forn vitro characterisation of the different
constructs. Lemo21 (DBXells were transformed with the relevant plasmid (ségpenix 8.1)

as described above (s8ection 2.5.2 A single colony was picked and used to inoculate at 100
mL overnight starter culture in a 250 mL flask containing 1Q@/mL ampicillin and 25 pg/mL
chloramphenicol, incubated at 37C and shaking at 200 RPM. 10 mL of starter culture was

used to inoculate each 1 L of ¥A L sterile LB media containing 100 pg/mL ampicillin and 25
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pg/mL chloramphenicol and either 500 or 1@0uM L-rhamnose (depending on construct) in

2 L conical flasks. 10x 1 L cultures were incubated afi& shaking at 200 RPM to and Ok

of 0.6. ScFv protein expression was induced by the addition of 400 uM IPTG. The cultures
were grown for another 4 houws before being harvested by centrifugation at 4,000 RPM (JLA
8.1 rotor) and the soluble and insoluble fractions separated as described by centrifugation at

15,000 RPM (JLA 16.25 rotor).

3.5.8 Purification of scFvs from the soluble fraction

The soluble fractims were filtered through a sterile 0.45 uM filter (Millipore Ltd, Watford,
UK) prior to purification. The soluble fractions
column (GE Healthcare, Little Chalfont, UK) using a Pump-P peristaltic pump (GE
Healthcare, Little Chalfont, UK). The column was prepared by passing 5 column volumes of
filter sterilised water followed by 5 column volumes of filtered bindinguffer (seeTable3.8).

A final 5 column volumes of binding biffer was passed through the column to remove any
unbound material prior to elution. The column was then attached to an AKTAprime plus (GE
Healthcare, Little Chalfont, UK) with buffer/lines A and B loaded with binding buffer and
elution buffer, respectivey. 2.5 mL fractions were collected at a flow rate of 2 ml/min and a
maximum pressure of 0.15 MPa. A stepise elution gradient was used with a 10 % increase
of buffer B every 20 mL to a final concentration of 100 % B. Protedontaining fractions,
measuredby Azso were pooled together and concentrated to 10 mL, using 20 mL vivaspin
columns (Sartorius UK Ltd, Epsom, UK), before the final protein concentration was measured
by Azs0 and the protein dialysed into storage buffer (sd@@able3.8). Using SnakeSkin pleated
dialysis tubing (Thermo Scientific, UK; 3,500 MWCO), the protein samples were dialysed
against 5 L of storage buffer (20 mM sodium succinate, 125 mM arginine, pH6). The buffer
was exchanged three times witla minimum of 3 hours between changes. The protein was
then divided into 1 mL aliquots in 1.5 mL Eppendorf tubes and snhap frozen in liquid nitrogen

before being stored at801C.
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4 Characterising monoclonal antibody behaviour in

the gasphase

4.1 Obijectives

The initial ambition of this thesis was to characterise two closely related mAbs, one that is
highly aggregation prone and its norggregation prone counterpart. Using nE8V1S-MS,

the aim was to monitor any oligomers formed and their assembly pathway, while
characterising these species based upon their mass and collision-cexdtonal area (CCS)
values. Once established, modelling methods would be adopted to build models that could
describe the oligomers that are visualised in the galsase. From these models, it was hoped

to propose a potential mode of oligomer assembly.

4.2 Characterising mAb oligmerisation

As stated inSection2.4.3 the aggregation of monoclonal antibodies and biopharmaceuticals
is a major problem to the industry as a whol@hilo and Arakawa, 2009Saluja and Kalonia,
2008 Wang, 2005. Characterising seffassociation and aggregation is igrsficant challenge
since the majority of techniques that can yield high resolution information on binding
interfaces and sites of aggregation are costly in time; additionally, many of these techniques
do not lend themselves to heterogeneous samples dmerefore struggle to yield atomistic
detail with some systems, depending on their mode of oligomerisation. Other, more common
methods of characterising mAb aggregation, such as dynamic light scattering (DLS); size
exclusion chromatography (SEC) and sedimation velocity analytical ultra-centrifugation
(AUC) (Amin et al., 2014 Arthur et al., 2009 Gabrielson et al., 200%%re all excellent methods

of determining what species are present in the sample, however, yield no information about
the mode of oligomerisation. It was proposed that that IM&S could be utilsed to bridge the
gap between generating higher resolution information while still analysing samples in a fast
time scale. IMSMS is also beneficial as a tool for characterising aggregation as most industries

are equipped with mass spectrometers.
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4.2.1 Characteising the aggregation propensity of WFL and STT in

solution

Before characterising both mAbs in terms of their CCSs in the gumase, it was imperative to
understand the species which were present in solution at the working concentration. AUC
was carried ot on both samples at a concentration of 1 mg/mL (6.74 uM) to establish the
oligomeric species present in solutiofrigure4.1). The AUC experiment was carried out using

storage buffer (20 mM sodium succinate, 188 arginine, pH 6)

o

a. 1.2 Monomer

STT| M WFL

1.0 =0
® 8. 0.
2 0.8 <5( 1.5
~=0:6 oo
& & 1.0
T 0.4 T Monomer

0.2 0.5

A
O'OO 5 10 15 20 0'OO 5 10 15 20
sedimentation coefficient (S) sedimentation coefficient (S)

Figure4.1: Analytical ultracentrifugation of(a) STT andb) WFL at 1 mg/mL instoragebuffer.
n=1.

The results of the AUC experiments showed that WFL (blue) adopts different confations
from STT (purple) at the working concentration of 1 mg/mL; while predominately dimer, a
range of oligomers (up to and including a small amount of tetramer) is observed. By contrast,
only a small proportion of STT forms higher order material. As meohed before, although
AUC can indicate which species are present in the sample, no information about the nature
of the oligomers or how they assemble can be determined and thus an orthogonal technique

is required.

Before analysing the two mAbs using nEB1S-MS, the AUC experiment was repeated in
MS compatible buffer (150 mM ammonium acetate, pH @&igure 4.2) that was chosen to
match the same ionic strength as the storage buffer previously used, while remaiinthe

same pH to directly compare the results.
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Figure 4.2: Analytical ultracentrifugation of (&) STT and(b) WFL at 1 mg/mL in ammonium
acetate, pH 6 buffern = 1.

The AUC dataindicates that the distrbution of species present in a 1 mg/mL solution is the
same in both of the two buffers tested. Since both mAb samples behave in a similar fashion in
the two respetive buffers, as judged by AUCthe samples were taken for further
characterisation using mas spectrometry. Finally, to obtain insight into the possible
conformations that WFL and STT might populate, electron microscopy (EM) was employed

to visualise the oligomeric species presefigure4.3).
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Figure4.3: Negative stain transmission electron micrographs of samples of WFL and @TT
mg/mL in storage buffer(a) Class averages obtained of monomeric mAb structures from STT.

(b) Electron micrographs highighting the difference in oligomeric species present in WFL
(blue, right) compared to STT (purple, left). Insets show the class averages obtained for the
monomeric species in both samples, as well as a dimer species. Red boxes = oligomeric species.
Black sale bar = 50 m. n = 2. The data were acquired by DMatt ladanza (University of
Leeds).

From the EM images, mAb images were obtained with sufficient resolution to observe the
individual regions (Fab ad Fc) of the antibody (although not which was whictBigure4.3a).
Multiple oligomeric species were observed for the WFL sample from dimeric species up to
and including oligomeric tangles, with multiple monomers involved. Interestingly, sufficient
dimeric species wer present in the sample to generate a class average, shown in the inset of
Figure 4.3b (right hand side) This class average suggests that the two WFL monomers may
be interacting through the binding of two distinctnodes; while it was hypothesized that this
may be a Fali-ab interaction due to the location of the mutations from WFL > STT lie, the
resolution is not adequate enough to conclude this confidently and other methodologies were

required.
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4.3 Monoclonal antibodes and their oligomers have a smaller CCS

value than predicted

4.3.1 Native MS of mAbs WFL and STT

Once the buffer conditions had been optimised to reflect the aggregation of WFL and STT
observed previously, the mAb samples were analysed by native MS. Indepensi@nples of
WFL and STT were diluted to 1 mg/mL and dialysed against 150 mM ammonium acetate over
an 18 hours period prior to data acquisition. Spectra were recorded under natike

conditions (seeSection3.2.3 in attempt to maintain the oligomeric species present in the

sample Figure4.4).

a. 23+  Measured mass = 148,119.45 + 8.98 Da

100 6172.674 24+6457*694 Expected mass = 148,107.76 Da
6179.346 6188.693
22+
© 25+ 6752.970
5938.890
7 2$ZK 7 e 7

g 5709.81: 7069178

b. i 24+ Measured mass = 148,430.13 £ 6.82 Da
100 6185.723 6192430 25+6214.405 Expected mass = 148,421.96 Da
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23+

26+ 6485.084

R 5737.277
27+ 22+
5524.801 6770.048

0 m/z

3000 3400 3800 4200 4600 5000 5400 5800 6200 6600 7000 7400 7800 8200 8600

Figure4.4: Native mass spectra showing the natii&e conformation of (a) STT (purple, top)
and(b) WFL (blue, bottom).Samples were analysed at a concentration of 1 mg/mL in 150 mM
ammonium acetate, pH 6. Inset shows increased resolution spectrum, focusmghe 24+
charge state ionsRepresentative spectra of n = 3.

The initial conditions tested show that both WFL and STT exist in a natii&e conformation

with a narrow charge state distribution focused on the base peak of 23+/24+. However,
analysis of both samples indicates that WFL and STT appear monomeric upon MS #amuis
with a monomer mass of 148,430.13 + 6.82 Da (expected = 148,421.96 Da) for WFL and
148,119.45 +8.98 Da (expected mass = 148,107.76ABaUC and EM experiments observed

oligomeric species of WFL, the majority of which is dimer, exist under thesefeun conditions

114



Characterising Monoclonal Antibody Behaviour in the GaBhase

in solution (Figure4.2), it was hypothesized that the process of introducing samples into the
gasphase led to an abundance of monomeric species being observed. Alternatively, this may
have also ben predicted since the three mutations between the two proteins is the
substitution of three hydrophobic residues (W30, F31 and L57T) and it has been reported that
hydrophobic interactions become weaker in the gadhase due to the removal of solve(itoo,
1997. Since the AUC shows such strikingly different results in solution, we can presume that
these three residues play a key role in driving the sal§sociation of WFL into dimer and
oligomeric species. Furthermore, as analysis by MS requtresremoval of water from the
ions, the driving force behind any hydrophobic interactions are removed during the transition
into the gasphase. Unless there are other interactions maintaining the interface between the
oligomeric species, the visualisatiomf WFL oligomers would be lostwithout careful

optimisation of the MS instrument to preserve these interactions.

To increase the transmission of oligomeric species into the mass spectrometer, the MS
conditions were optimised accordingly. The backing prese of the instrument was increased
(from 3 to 5.5 Mbar) to aid in the transmission of high molecular weight ions while the trap
voltages and DC bias were optimised in order to maintain the protginotein interactions of
WFL. Spectra were acquired for WFand STT under the new conditions in order to monitor

the amount of dimer and oligomeric species present in the samiigure4.5).
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Figure 4.5: Native mass sp#@ of (a) STT (purple, top) and(b) WFL (blue, bottom).
Oligomeric species of WFL, up to and including tetramer, can be observed for WFL (shown
in inset). Representative spectra of n = 4

Under these new MS conditions a greater proportion of oligomespecies are present in the

spectra of WFL Figure4.5, bottom). While previously there was only a small amount of dimer

present in the spectra, the dimeric species present in the spectra/ea9000) is now > 106

(of base peak index (BPI)), while higher order species up to and including tetramer are also

readily observed. By contrast, only a small percentage of dimer was present in the STT

sample, which is consistent with the solutiobased AUC results obtaine@Figure4.1+Figure

4.2).

As conditions were optimised to visualise the oligomeric populations of WFL in the-gdmse,

the mass spectrometer was set to ion mobility motdteorder to identify whether there are

single or multiple species of oligomers present, and to calculate the CCS of any species

identified.

4.3.2 IMS-MS of mAbs WFL and STT

To fully characterise to oligomeric populations identified in the mass spectra, the €@®re

determined to enable the development of models to interrogate how WFL sadisociates.

Using the previous MS parameters established, S measurements of the two samples

were acquired along with calibrant proteins in order to estimate CCS values the two
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proteins. As oligomeric species up to and including tetramer were identifieed6Q0 kDa),
calibrant proteins were chosen that encompass the appropriate MW distribution (15600
kDa); the calibrant proteins used for this study were concanavalinCCA), 103 kDa; alcohol
dehydrogenase (ADH), 148 kDa; pyruvate kinase (PyK), 237 kDa; glutamate dehydrogenase
(GluD), 336 kDa and GroEL, 801 kDa.

a. "
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Figure 4.6: lon mobility driftscope plots indicating the pesence of oligomeric species in
samples under native conditions.The driftscope plot of(a) WFL highlighting the presence

of up to and including tetrameric species while only up to dimeric species can be observed for
(b) STT. ¥) = IgG monomer. Spectrwere acquired of WFL and STT in 150 mM ammonium
acetate, pH6 with a trap voltage of 40 V, IMS gas flow of 1 mL/min and a ramped wave height
from 5-30 V. Representative date of n = 3.

It is evident from the IMSMS driftscope dataKigure4.6) that there is only one conformation
detected for each oligomeric species observed. Under the conditions used to optimise
visualisation of the oligomeric species of the mAb samples, tailing is observed behind the main
peaks inthe driftscope plots, indicative of some unfolding of the proteins. To investigate this,

a trap ramp experiment was used to attempt to fully unfold the protein and monitor any
unfolding events and at what voltages these occHidure4.7). By extractingall of the arrival

time distributions (ATDs), and plotting these sequentially versus collision energy, a
significant shift in the ATD indicative of an unfolding event is observedrigure4.7) (Niu and

Ruotolo, 2015 Tian et al., 2015
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Figure4.7: Contour plots displaying the unfolding profiles dfa) WFL and(b) STTin the gas
phase over a trap voltage range of-180 V. Unfolding events can be identified around 780
V. Representative data of n = 3.

Although tailing begins between %-20 V, an unfolding event is not observed until around
70-80 V which is double the voltage employed for the IM®IS experiments. This gave
confidence that although there might be some unfolding occurring under the conditions used,
the arrival time used forthe CCS estimation is, presumably, reflective of the native species.
The CCS values of WFL and STT were calculated the 21+ charge state and found to be
being 6820 & and 6843 A&, respectively. The CCS values of the oligomeric species were also

calcdated and plotted alongside the calibrant proteins used for the stuéjgire4.8).
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Figure 4.8: Plot of CCS against molecular mass of mAb samples tested and aalliprateins

used for CCS measurements. mAb CCS values up to and including tetramer for WFL are
plotted in either blue (WFL) or purple (STT). Calibrant proteins are plotted in black with
their respective structures shown. CCA = concanavalin A, ADH =datlol dehydrogenase
(PDB1 4W6Z (Raj et al., 2019, PyK = pyruvate kinase (PDB 2E28(Suzuki et al., 2008,
GluD = dutamate dehydrogenase (PDB 1HWZ (Smith et al., 200)) and GroEl (PDBi
5DAS8).

Interestingly, the CCSs measured for monomeric WFL and STT fall below that of ADH which
has similar mass (148 kDa). At the beginning of this study, there were no published CCS data
for IgGs; however, therehas since been work from the Cianferar{iDebaene et al., 2013
Debaene et al., 20)4nd Barran(Pacholarz et al., 2024groups reporting their CCS data for
IgG proteins. Both report similar valuesHigure 4.9c) which gives confidence in the values
calculated in this study. However, due to the structure of an IgG1, one would expect the eross
section measured to be significantly larger. Furthermore, it was hypothesized that the CCS
would have been leger than that of ADH since it has a similar mass (148 kDa), yet a globular

structure.

The theoretically predicted CCS values are often reported alongside experimental results as
an indicative measure of native structure in the gghase, with a higher dgree of similarity
between values suggesting a more natilike structure. Due to their multidomain structure,

IgGs have been shown to populate an ensemble of structy@srk et al., 2013 due to the
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inherent flexible hinge region of the molecule which is paramount for their function.
Therefore, theoretical values were generated for a selection of IgG1 molecules from the PDB
in order to establish a range of theorietl values for conformers that an IgG might populate.
Using the MOBCAL softwargShvartsburg and Jarrold, 1998esleh et al., 1995 the CCSs

of two known IgG1 structures (PDB = 1IGYHarris et al., 1998 and 1HZH (Saphire et al.,
2001, Figure 4.9a) were calculated to compare with experimentalalues Figure 4.9b). The
CCSof the two structures were calculated using the PSA scaling factor from the PA output

of MOBCAL (se€Section3.2.5.
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Figure 4.9: Collisional crosssection measurements of mAb sampleqa) PDB structures of
two 1gG molecules used to calculate theoretical CCS values using the MOBCAL softlaye.
Plot of CCS of monomeric WFL as a functiorf mcreasing charge state. The predicted values
of the two PDB structures are represented by dotted linés) CCS values from the theoretical
predictions from references 1 fHarris et al., 1998 and 2 =(Saphire et al., 2001 as well as
experimental data from this study and references §Debaene et al., 20)4and 4 =Pacholarz

et al., 2014.
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It is interesting to note that there is a significant difference in the predicted CCS of the two

PDB structures which is again aestament to the inherent flexible nature of the molecules

and their collapse in the gaphase. The idea was to use multiple PDB structures in order to

obtain a range of predicted CCS values so that could be compared with the experimental
results. However,it is clear that the experimental results are far from agreement with the

range between these two structureEigure 4.9b+c indicate that there is a 30 % discrepancy

in the measured crossections (Leeds and CiarBmi data) compared with the predicted CCS

of the 1IGY structure. Although there is also a small discrepancy between the experimental
data(Figure4.9c), iti s i mportant to note thagrbopbstdar
were measured using Waters instruments (Syanpt G1 and Synapt G2, respectively) with a
TWIMS device. The Barran group haveanidhouse modi fi ed Water 6s i1
traditional linear drift cell where the CCS of an ion can calcutd directly from its drift time .

However, the experimental values across the three groups are in agreement with each other
overall, suggesting that the discrepancy in predicted and observed CCS does not depend on

the antibody sequence or the mass spectromeaised.

4.3.3 Modelling the mADb oligomeric species

In an attempt to understand the data, simple models were built using the MOBCAL software

to interrogate the experimentadata Figure 4.10). Each regionof the IgG molecule (2xFab

and Fc) was represented as a single spherica
(Figure4.10a) (seeSection3.3.)) . These fiat omsedin 8Despaee, withthen ar r
same centre on the-plane and the x and y-coordinates altered until a theoretical CCS value

was obtained that was in closer agreement with measured experimental data. Once obtained,

four different modelswere constructedthatcod d potenti ally expl ain
assembly into larger oligomerdFgure 4.10). The four different models generated were two

stacking models (one with the sequential antibodies in opposite orientations)pap e n A ar ms (
model and a closed modeF{gure4.10). The rationale behind these models was that the all
mutations between WFL and STT are all located in the VH domain and it was hypothesized

that selfassociation vas likely to be localised to this region of the mAb.
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Figure 4.10: Modelling of the mAb oligomeric CCS data. (a) Model of mAb monomer
showing the Fab and Fc regions of the mAb being represented as siingiet o (b) Sahematic
representation of four models hypothesized for mAb aggregation: (i) stacked model, (ii)
overlapping arms model, (iii) closed model and a (iv) opposite orientation stacked mdgg|.

Plot of CCS vs oligomer number for the different atdels generated. Stacked model = red,
opposite orientation stacked model = orange and overlapping arms model = green. Measured
CCS data are in blue.

Out of the four models generated, the closed model was ruled out since it was presumed that
higher order oligomerisation would be difficult to achieve if the mechanism proposed was

correct; a closed state would have to open for any further sa#fsociation, which seems
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unlikely. Upon comparing the data to the generated models, it is clear that none of ées
models explain the data observed adequately, with the stacking models being closest to the

experimental data.

Interestingly, it has been reported in the literature that the measured CCS of a mAb monomer
was in excellent agreement with apherical mode[(Debaene et al., 20)4based upora sphere

with the given mass of the protein in question. To understand whether a spherical model can
explain the experimental data geerated, spherical models were built based upon the mass of
WEFL and the oligomeric species observdedgure4.11). Aswell using the method used in the
published report (denoted here as the Ruotolo methdq®uotolo et al., 2008, a second
method of generating spherical models was also used (denoted as the Benesch (Bedekch

et al., 2007). The Rutolo method generates a spherical model by manipulating the molecular
mass of a protein of interest using empirically derived factoseéSection3.3.2 Equation3.2).

By contrast, the Benesch model utilises the mathematical basis of calculating the volume of a

sphere based upon the molecular mass of a protein of interest Samtion3.3.2 Equation3.3).
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Figure 4.11: Plot of CCS against oligomer number for generated spherical modelsotolo
method (Ruotolo et al., 2008 = green, Benesch moddBenesch et al., 2007= red ad
measured CCS data =blue.
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As indicated in the literature(Debaene et al., 20)4the spherical model of the monomer
using the Ruotolo method is in excellent agreemt with the measured data. However, it is
clear that this does not hold when extrapolated to the oligomeric species, as it deviates further
from the data with extending oligomer number. Intriguingly, although the Benesch model
shows less agreement for tmonomeric CCS, it agrees well with all of the oligomeric species
measured. The agreement between the experimental data and the spherical magain
suggests that there is a significant collapse of the IgGs into more compact structures in the
gasphase, esulting in CCS values that fall dramatically below the values expected, based on

their 3D structure.

4.3.4 1gG collapse in the gaphase

To understand the compaction observed in the gabase through the experimental CCS data,
molecular dynamics (MD) was empled in order to probe the behaviour of the molecules in
the absence of water. By carrying out MD simulation experiments in the absence of buffer or
water, in vacuq the conditions that the ions experience in the mass spectrometer can be
mimicked, with the aim of achieving a glimpse of how the molecules might behave in the

gasphase.

As this methodology was being explored, work was published from the Barran group in
Manchester using the same approach and showing that mAb structures do appear to collapse
in the gasphase Figure 4.12), consistent with the hypothesis from the experimental data

presented here.
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PDB: 1IGT
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N
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Figure4.12: Visualisation of IgG collapsé? vacuoover a D ns simulation. Figure was taken
from (Pacholarz et al., 2004 Green and red = heavy chains, blue and yellow = light chain

The data from the published work reveal that the extent of the collapse can be attributed to
the flexible hinge region of the mAb structures tested (PDBs = 1IGY, IgG1; IHZH, IgG and
1IGT, 1gG2 (Harris et al., 1997 Harris et al., 1998 Saphire et al., 200). It is perhaps
unsurprising that the collapselaserved is focused on the hinge region of the molecules, since
they are known to be highly flexible regions of the proteinéSandin et al., 2004Janeway et

al., 1997.

To scrutinize the effect of the hinge region on the observed collapse of the molecules in the
gasphase MD simulations, it was hypothesized that if the mAbs were separated into their
differentpossi bl e regions (Fab, Fc and F( dibhgg) 2) ,
would have a preponderant effect on compaction. Before examining the individual regions of
the structures, it was important to assess whether the same degree of collapsehsasved

in simulations. An IgG1 crystal structure (1IGY{Harris et al., 1998was used to carry out a

10 ns MD equilibration experiment after minimization Figure4.13) (seeSection3.3.4.
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Figure4.13: /n vacuocollapse of mAbs in the gas phaséa) Plot of CCS against the measured
charge states of WFL. The predicted CCSs of the IgG crystal structure (1IGY) and the
equilibrated structure,after 10 ns, are represented as dotted lines. Measured data are plotted
as blue squaregb) Plots of the RMSD and Rg of the 1IGY structure as a function of simulation
time (in ns).(c) Visual representation of the structure at different time points of éhsimulation
showing the collapse around the hinge region.

In the gasphase MD simulations performed (s&ection3.3.4), the IgG structure collapses to
a significantly smaller CCS in comparison to the valuest is predicted from crystal structure
(Figure 4.13a). Notably, the CCS at the end of the collapse (84.86 s in agreement with
the CCS established from the MD experiments carried out from the Barran group184n¥)
(Pacholarz et al., 2014 Furthermore, the RMSD plot Figure 4.13b) indicates that the
structure/system has reached equilibrium in the MD simulatiorfPaggett and Levitt, 1993
Walton and Vanvliet, 2006. Finally, the greatest extent of collapse observed from the
vacuosimulations involved the hinge region of the molecule, between the CH1 and CH2

domains(Figure4.13c), in agreement with the published work.

126



Characterising Monoclonal Antibody Behaviour in the GaBhase

4.4 In vacuo MD simulations of IgG fragments

To determine the exact role of the hinge region in the collapse of the molecule, the mAb was
digested into its constituent regions, and the CCSs measured both experimentally and

computationally.

Using various proteases, mAbs can be partially digested to yield the individual regions
that make up the molecule. For example IdeS, which cuts specifically below the
di sul phide bridges in the hinge region,
regions ofantibodies(Chevreux et al., 201)1 By contrast, LysC which cuts a the C-
terminal of lysine residues above the hinge region, can be utilised to yield two Fab

fragments, as well as generate an intact Fc reg{@adgil et al., 200) (Figure4.14).

mAb

Figure 4.14: Sites of enzymatic digestion by IdeS and{¢s Lys-c (grey dotted line) digests
above the hinge region while IdeS (grey dashide) cuts below the hinge region.

By utilising these enzymes, IgG samples can be digested and identical-M&S
measurements carried out in order to gauge the effect the hinge region of the molecule
has on the overall collapse of the I1gG. Ly was used taigestWFL into its Fab and
Fc region before dialysing into 150 mM ammonium acetate, pH 6 and HWES

measurementsnade(seeSection3.4.3 (Figure4.15).
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Figure4.15: Enzymatic digestion of mAb WFL using endoproteinase tgs (a) SDSPAGE
showing the specific cleavage of the heavy chain. L= MW ladder, lane 1 = WFL alone, lane 2
= WFL incubated with LysC, lane 3 = mk of digested and undigested mAb and lane 4 = buffer
blank. (b) Mass spectrum showing the products generated from the-gigest. Pink = Fab
and orange = FdRepresentative spectrum of n = 2.

There is a clear distinction of the two regions of the mAmdicated in the denaturing SDS
PAGE Figure4.15) and also in the resulting mass spectrum (Fab mass = 47,338.26 + 3.89 Da,
Fc mass = 53,382.51 + 7.57 Da). Interestingly, a Fab dimer is observed in the spe&igume
4.15h, 4,4005,300 m/2) indicating that it is the Fab region, where the mutations between
WFL and STT lie, of the molecule that is responsible in driving the sesociationHowever,

some Fab dimer was alsubserved in a digested sample of STAS mentioned above, Ly&
digests above the hinge region of the molecule and thus the Fc region of the molecule still has

regions of the flexible linker left intact £20 residues)Therefore, it was hypothesized thahte

128



Characterising Monoclonal Antibody Behaviour in the GaBhase

Fc region of the molecule would experience a greater degree of collapse in thepbase in
comparison to the Fab regions, as the latter regions lack a hinge regionRigpae4.14). After
confirming the digeston via MS and SDSAGE, the digested sample was analysed via {MS

MS and the crossections for the two regions estimatedrigure4.16).
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Figure4.16: /n vacuocollapse of the Fab and Fc regions of an Ig@) (i) Plot of CCS against
charge state for the Fab region of an IgG. The predicted CCSs of the Fab structure (11GY) and
the equilibrated structure, after 10 ns, are represented as dotted lines. Measured data are
plotted as pink squares. (ii) Visualisation of the collapsed structure is shown (solid mesh)
against the structure before the equilibration (transparent surfacf) (i) Plot of CCS against
charge state for the Fc region of an IgG. The predicted CCShefFab structure (11GY) and

the equilibrated structure, after 10 ns, are represented as dotted lines. Measured data are
plotted as orange squares. (ii) Visualisation of the collapsed structure is shown (solid mesh)
against the structure before the equiliation (transparent surface).

Similar to the full IgGs, we observe a collapse of both the Fab and Fc regions of the mAbs
(Figure4.16). The extent of collapse between the two molecules differs significantly howeve
a larger collapse is observed for the Fc region (crystal structure predicted CCS = 45.88 nm

MD end point predicted CCS = 36.96 Mnwhen compared to the collapse of the Fab region
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(crystal structure predicted CCS = 37.15 AnMID end point predicted CG = 33.03 ni#). Upon
comparing the experimental data with the predicted values, from both the crystal structure
and MD end points, it is observed that the Fab CCS data is in closer agreement with the crystal
structure prediction, while the Fc values are irloser agreement with the MD. This is
consistent with the previous hypothesis that a greater extent of collapse would occur when

the hinge remains partially present with the digested region of the molecule.

To explore this hyporegiore asipreviolisly mentioeed. By dighston F ( ab 6 ) 2
below the hinge of the IgG, the two Fab arms remain connected by the intezavy chan

disulphide bridges (sedrigure 2.13). This leaves the majority of the hinge regn intact

between the two heavy chains, and so it is likely that a significant collapse would be observed.

While the experimental CCS for this region of WFL was not calculated, thve vacuoMD

simulations were carried out on the 1IGY structure to visualisthe theoretical extent of

collapse Figure4.17).
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Figure4.17. /nvacuoc ol | apse of t h €a)Hof o RMSP agaisst smulationu r e .

time. Thepredit ed CCSs of the F(abdé)2 structure (11 GY) a
10 ns, are represented as dotted lin€b) Visualisation of the collapsed structure is shown

(solid mesh) with the structure before the equilibration shown below (transparenirface).

As predicted,Figure 4.17 showsa wide discrepancy between the crystal structure and MD
end point predicted CCS values with a difference of 11.25 H{igure 4.17a, dashed lines).

Upon visualising the MD results, it is transparent that although the Fab regions themselves
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collapse (sefigure4.16) , t hi s | arge coll apse can be main
region in the molecule by the two Fabs closing together towards the centre of the molecule

(Figure4.17).

The results here, along with the full IgG data, indicate that both the Fab and Fc regions
collapse to some exte in the gasphase, but the Fc region collapses to a larger extent. To
understand whether this was unique to mAbs, other constructs (while maintaining the Ig

subunit) were examined both experimentally and througw vacuosimulations.

4.5 Characterising gagphase collapse as a function of linker length and

composition

In an attempt to understand the collapse of mAbs in the gplsase, it was decided to
characterise other molecules with flexible linkers using the same experimental procedure. For
these experimats, an 127 concatamer consisting of five 127 subunits connected via small (4
6 residue) amino acid linker regions was used (denoted hereon as {J2The 127 protein is
found in titin (Improta et al., 199§, an abundant protein found in striated muscle which aids
the function of muscle contraction in sarcomeregHerzog, 2014. (127% is a mechanically
robust protein and has therefore been used for AFM and mechanical stability studies
(Oberhauser et al., 199®rockwell et al., 2002. Here we use the concatamer to understand
gas phase collapse as the subunits are connected through small flexible linke@safhino

acids)(Figure4.18).
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Figure 4.18 Generation of the (1279 structure. (@) The (127} structure was generated by
adding the required amino acid linkers onto the-@rminus of the monomeric subunit (PDB
= 1TIT) before stitching the molecules together. Stitching togethef the subunits was
performed n COOT by Dr Claire Windle (University of Leeds).(b) Table of linker

composition added to the @erminus of the monomersubunits.

As the individual subunits of (1279 are separated by amino acid linkers, it was hypothesized
that this polymer of Ilg domains may behave similarly to the mAb and its fragments; where
the CCS value of the protein was expected to be lower thaatlpredicted from the modelled
structure. A sample of (I128)(kindly provided by Dr David Brockwell, University of Leeds)

was dialysed into 150 mM ammonium acetate aitd properties in the gaphasemeasured

through nESFEMS and IMSMS (Figure4.19).
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Figure 4.19: Native nESIMS and IMSMS spectra of (123)(a) nNESFMS spectrum of (127)
showing monomeric (green) andimeric (dark green)(b) Driftscope plot of the(127)s protein
indicating the drift time of the different speciesRepresentative spectra of n = 3.

Figure 4.19 shows that a significant amount of (I2¢¥orms dimeric species which are also
observed in the IMSM S measurements. The measured mass of ¢i@@s 52,076.74 + 0.41 Da,
in agreement withpreviously measured data (52,0&823). Using the lowest molecular weight
species present, the CCS was calculated for the d&¥)nomeric speciesRigure4.20). These
data were used to test the hypothesis of gatsase collapse being attributed to the subunits of
proteins being joined through flexible linkers. Since no crystal or NMR structure exists of the
(127)s concatamer for theCCS prediction, a structure was generated through building the
linker regions (sedrigure 4.20b) and stitching the subunits together to create the full (127)
(seeSection3.3.3.
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Figure 4.20: /n vacuocollapse of the (I12#)structure. (a)Plot of CCS against charge state for

the (I127)% concatamer. The predicted CCSs of the structure and the equilibrated structure,
after 10 ns, are represented as dotted lines. Measured data are plotted as green squares. (ii)
Visualisation of the collapsed structure is shown (solid mesh) against the structure before the
equilibration (transparent surface).

As observed for the mAb same$ and its constituent parts, the CCS of (127 significantly
below the value expected based upon the generated struciiifigure 4.20b); suggesting that
(I27)salso collapses in the ggshase. The MD simulatios indicate that although the structure
coils around itself, aiding in the collapse, the individual subunits compact towards the centre
of the molecule thiough collapse around the linker regiong his agrees with the hypothesis
that the collapse observed fdiomolecules in the gagphase is mainly attributed due to the
flexible hinge regions present in the molecules. (I2ZHas been also been reported as a flexible

molecule, shown to adopt various conformations via electron microscdpyet al., 200).

To understand the role that these flexible linker regions play in the observed -gasse
collapse, dumbbellike models were created of two 127 monomers (PDB = 1TIimprota et
al., 199¢) connected by linkers ofvarying length and composition; The proteins were
connected through either glycineserine (GS) or polproline (PP) linkers of varying length.
The aim was to characterise the effect of linker composition, first through computation, and
if a significant difference in CCS was observed to express and putiy proteins and measure
their CCSs experimentally for comparison. Since pegbyoline motifs are known to exhibit

more rigid qualities(Kay et al., 2000Moradi et al., 2009, it was predicted that the structures
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linked together through a polyproline linker would experience less of a collapse. The
structures wereinitially linked together with a two amino acid linker: a glycineserine or

proline-proline linker to test this hypothesis before moving onto longer linker lengthEigure

4.21).
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Figure4.21: /n vacuocollapse of two 127 domains connected through two amino acid linkers.
(a) Plot of RMSD and CCS of the two structures as a function of simulation time. The RMSD
values are plotted as lines whereas the CCS valuepkmtted as dotted lineg(b) Visualisation

of the two structures after the 10 ns simulation. GS Linker = orange and PP linker = green.

The predicted CCS of the starting structures were 23.80 and 23.77 fonthe GS and PP
linker, respectively. As bothpredicted CCSs were of similar values, it extrapolates that any
differences observed in CCS after the MD simulation are due to the linker compositkigure
4.21ashows that a small difference in CCS is measurediieen the two constructs19.93 and
20.64 nm, suggesting a greater collapse may be possible a GS linker presamparedwith

a PP linker. The extra flexibility of the GS linker allows the two sulinits to form an arelike
structure, whereas the PP linkr restricts the structure to a more linear orientationFgure

4.21b).

As some difference could be observed when using a two amino acid linker between the 127
domains, further structures were generated consistinfeither a ten or fourteen amino acid

linker (Figure4.22) to understandif further differences could be observed.
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Figure 4.22: Structures of the 127 dimer that \@re generated to test the extent of gabase
collapse as a function of linker length and compositio(a) Generated structures of the 127
dimer with GS linkers of different lengths(i) = 2 amino acid{ii) = 10 amino acid andiii) =
14 amino acid linler. (b) Generated structures of the 127 dimer with PP linkers of different
lengths.(i) = 2 amino acid(ii) = 10 amino acid andiii) = 14 amino acid linker.

/n vacuoMD simulations were carried out on the ten and fourteen length structures and the
CCS dfferences interrogated to examine if ggshase collapse is enhanced in constructs

containing longer linker lengths Figure4.23).
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Figure 4.23: Plots showing the reults from the/n vacuosimulations of 127 dimer structures
with 10 and 14 amino acid linkers(a) (i) CCS plot highlighting the collapse of the two
molecules with different linker composition. (ii) Plot showing the change in RMSD over the
10 ns simulatbn time. GS linker = orange and PP linker = gredpb) (i) CCS plot highlighting
the collapse of the two molecules with different linker composition. (ii) Plot showing the
change in RMSD over the 10 ns simulation time. GS linker = orange and PP linkereeigr

As found with the two amino acid linker constructs, the initial predicted CCS values of the
two structures are similar with differences of 0.38 niror the 10 amino acid linker Figure
4.23a) and 0.52 nrfor the 14 amino acid linker Figure 4.23b). Furthermore, for the
structures with the 10 amino acid linkers there is an observed difference between the two end
points, as observed for the initigdxperiments Figure4.22). However, when the linker length

is increased to fourteen amino acids, similar to the length of the hinge region in IgG1s, both
structures collapse to almost the same value by the end of the 10 ns simula#i®ré4 nn# for

GS and 20.62 nafor PP). While initial results indicate that different composition of linkers
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may be able to be distinguished using IMES, this needs further work and constructs made

for experimental values to be acquired for direct compsoin with the predicted results.

Although there are differences in the estimated CCS values for the constructs with the shorter
linker lengths, whether these differences would be large enough to detect via direct {MS
measurements was uncertain. Therefrinstead of cloning and purifying these constructs it
was decided to look for other protein structures that have flexible linker regions (such as
mADbs and (1279) to characterise, experimentally, how they behave in the gabase of a mass

spectrometer.

4.6 Exploring the conformations of elongated structures in the gas

phase

As mentioned previously, native IMSMS experiments have been wellsed to characterise a
plethora of globularproteins and protein complexe&Scarff et al., 2008_eary et al., 2009van
Duijn et al., 2009 Hilton et al., 201Q Zhou et al., 2014 However, the technique has not been
as implemented as often to characterise longer, elongated proteins. Two gpineteins, with
elongated strutures, were chosen to study via IM3/S:the surface protein G (SasG) and the

POTRA domains of Bam ARigure4.24).
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Figure4.24: Structures of theBamA barrel with POTRA domains and Sas@)BamA from £

coli (PDB = 5D0O(Gu et al., 2019 showing the five POTRA domains (cyan) from BamA
(blue) and (b) SasG used to investigatthe gasphase collapse properties of elongated

molecules Inset

The POTRA domains were chosen for analysis since, similar to the @2fRe protein consists

shows the two repeat domains of SasG.

of five POTRA subunits (POTRAS-B) that are connectedhrough small linker regions (45

residues) between the domain&nowles et al., 2008GatzevaTopalbva et al., 2010 While

their function is not fully known, it is believed that the POTRA domains serve as loading
machinery of client proteins into the BamA barrel and Bam complex for folding into the outer

membrane (Fleming et al., 201% SasG is responsible for the adherence and the biofilm

formation of its host Staphylococcus aureuss. aureusfCorrigan et al., 200). This protein

was of particular interest as it consists of repeats of two domains (G5 and E), in which the C
terminus of the previous subunit is dectly connected to the Nterminus of the subsequent
G5/E subunit. Furthermore, SasG is responsible for biofilm formation the protein has been
shown to form long, elongated fibrillar structures that maintain a highly extended

conformation in solution (Gruszka et al., 2005 How the molecule behaves in the ggshase

was of

POTRA domains are constituents of the Bam complex that lietdrminal to the BamA barrel

(Gu et al., 201p

interest since it elongated,
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The POTRA domains and SasG (kindly supplied by Robert Schifftimiversity of Leeds and
Prof. Jennifer Potts, University of York, respectively) were dialysed against 150 mM

ammonium acetate and characterised using nB88 (Figure4.25).

Figure 4.25; Native mass spectra of the POTRA domains (top) and SasG (bottod)small
proportion of dimeric species can be observed for SasG as well as a highly charged species at
low m/z. Representative spectra of n =2.

The results showedhat the POTRA domains and SasG predominantly exist as monomers,
with measured masses of 45,480.61 = 3Ba and 95,513.49 = 8.08 Da, respectively.
Interestingly, SasG exists in two monomeric conformations: a natiMes charge state
conformation (centredon 20+/21+) and a highly charged conformation (centred on 48+). As
mentioned in the introduction to this study, this highly charged conformation is usually

indicative of an unfolded state (seBection2.3.1).

IMS-MS measurements were then taken for the two samples and their CCSs determined. As
carried out before, these CCS values were compared directly to the predicted values from both
the initial structures and the gaphase equilibratedtructures Figure4.26). It is important to

note that the structure used for the SasG predictions and simulations was generated from
SAXS datgGruszka et al., 2015 which was kindly supplied by Prof. Jennifer Potts group
(University of York, UK).
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