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Abstract
Since the advent of soft ionization techniques, most notably electrospray ionization (ESI), the
application of mass spectrometry (MS) analysis has expanded to intact biomolecules. ESI-MS gave
rise to the field of structural MS (a relatively new tool in structural biology) which involves
different types of MS techniques such as: Native, lon Mobility, chemical labelling and proteomics.
Conventional techniques such as Nuclear Magnetic Resonance (NMR) and X-ray crystallography
provide high resolution structures of proteins. Although MS cannot provide the same level of
resolution, it provides important structural information such as: binding stoichiometry, mass, size,
subunit composition, ligand binding sites, stability, amino acid sequence and post-translational
modifications (PTMs). In this work, structural MS was employed as a tool in the characterization
of a crucial RNA chaperone, human La (hLa) protein, that is implicated in the processing of various
types of cellular and viral RNAs. Many RNA chaperones such as hLa have large unstructured
regions which make them difficult to study on a structural basis. Work done here revealed that the
C-terminal domain (CTD) of hLa plays a role in binding RNA and that it binds structured and
unstructured RNA using distinct dynamic modes. In addition, work was done to support a previous
hypothesis about the presence of an interdomain interaction in hLa that affects nuclear trafficking
and RNA binding. Additionally, the same structural MS techniques were used to assess the
biosimilarity between a biological drug, Avastin, and its biosimilar in pre-clinical development.
Work was done to test the structural similarity between the two drugs and the batch-to-batch
variability of the biosimilar. Structural MS proved to be an effective technique in the rapid and
facile characterization of biosimilarity and in the analysis of RNA binding activity of RNA

chaperones.
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Proteins are large biomolecules responsible for many critical cellular functions such as enzymatic
catalysis, transport and storage, regulating cellular and physiological activities, immune functions
and providing structure and support for cells. Protein structure is of great interest as function and
structure are closely related. Proteins however are not static but rather dynamic in nature and their
functions also greatly rely on conformational changes and binding interactions with their
respective targets.! Currently, the vast majority of high resolution structures are derived from X-
ray crystallography and Nuclear Magnetic Resonance (NMR) experiments. Although Mass
Spectrometry (MS) cannot provide these high-resolution structures, it can facilitate these
techniques by providing low resolution structural details. Structural MS comprises a variety of
MS methods (Figure 1.1) that are used to determine structural information of biomolecules, most
commonly proteins. These methods include chemical labelling MS, ion mobility MS, native MS
and top down MS. * Native MS is the heart of structural MS, as it involves the successful
transmission of the native protein into the gas phase for subsequent analysis.>® Chemical labelling
experiments such as hydrogen deuterium exchange (HDX) and oxidative labelling, allows for the
determination of binding sites in protein/ligand and protein/protein complexes as well as the
conformational changes that occur upon target engagement. 2 lon mobility MS adds an extra
dimension to conventional MS analysis as it rapidly separates gas phase ions based on their mass,
charge and overall shape (collision cross section) and is often used in the structural analysis of
protein and protein complexes. It can also be used to study the gas phase stability of a protein in
the presence of a ligand.>® Top Down MS involves the gas phase fragmentation of protein
molecule to determine its primary structure and the location of post translation modifications
(PTMs).” In this dissertation the structural MS techniques focused on is Native MS, IM-MS and

hydrogen deuterium exchange (HDX) MS.
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Figure 1.1 Overview of structural mass spectrometry techniques and the information that
can be obtained from each type of experiment.

1.1 Native Mass Spectrometry

MS is an analytical technique used to measure the mass to charge ratio (m/z) of chemical
compounds by first converting them into ions and then measuring their trajectory under a vacuum
in an electric or magnetic field.®1° When first developed, MS was primarily used in the analysis
of organic and inorganic chemical compounds as the early methods of ionization (such as electron
impact ionization) were far too destructive to analyze biological molecules. In addition, early mass
spectrometers did not have sufficient resolution required to analyze large biomolecules.® The
development of “soft” ionization techniques have led to the widespread use of mass spectrometry

analyses of intact biomolecules and biomolecular complexes.!*2



1.1.1 Electrospray lonization
The most common “soft” ionization technique is electrospray ionization (ESI) that has the
capabilities of transferring intact biological macromolecules into the gas phase. The development
of ESI-MS was ground-breaking as a method was needed to transfer non-volatile compounds into
the gas phase. It was originally developed by Malcolm Dole in the 1960°s when Dole wanted to
determine the mass of synthetic polymers by MS.%3 John Fenn and colleagues later expanded on
this development by demonstrating the effectiveness of ESI-MS in the analysis of peptides and
proteins ** and that ESI-MS could be used to study analytes with mass range in the millions due to
the production of multi-charged ions.*® The development of ESI also lead to the combination of
liquid chromatography (LC) and MS which was another important milestone in biomolecular MS

analyses. 1!

During the electrospray process (Figure 1.2), there are three main steps to generate gas phase ions:
1) production of charged droplets at the tip of the capillary, 2) shrinkage of the charged droplet
and 3) the production of the gas phase ions from the charged droplets. The resulting ions then enter
the vacuum region of the interface leading to the mass spectrometer. This interface is typically a
plate with an orifice or with a sampling capillary mounted to the plate leading to the mass
spectrometer. The charged droplets are generated at the tip of the electrospray capillary. This is
usually a metal capillary around 1 mm o.d. or less and located 1 — 3 cm away from the counter
electrode (the plate with the orifice or sampling capillary). 87 There is a high electric field, Ec,
generated at the tip of the electrospray capillary which depends on its radius rc, the distance from

the counter electrode, d, and the applied potential, V¢.*® The relationship is given by:

2V,
E.= id

reXIn (E)

(1.1)



The electric field is at its highest at the tip of the capillary resulting in the polarization of the liquid
near the solution’s meniscus. In positive ion mode, the spray capillary is at a positive voltage
relative to the counter electrode resulting in positively charged droplets.'® The electrolytes present
in the solution will move under the influence of this electric field resulting in more positive ions
at the surface of the meniscus and the negative ions will move away from the meniscus.!’ The
downfield forces that are a result from the polarization causes a distortion in the meniscus forming
a cone, commonly referred to as a Taylor cone.'®? If the electric field is high enough, the tip will
become unstable and a fine jet emerges from the tip of the cone. The jet will then break up into
small charged droplets due to charge repulsion. Because of the excess positive charge at the surface
of the meniscus, the drops produced from the Taylor cone will be mostly positively charged. These
charged droplets move toward the counter electrode and evaporation leads to shrinkage of the
charged droplets. As droplets shrink and become smaller, the repulsion between the charges
increase until the surface tension at the droplet surface is broken and causes a coulomb explosion.
A cone and cone jet are formed on the charged droplets similar to what is observed at the tip of the
capillary (the Taylor cone). This is what causes the formation of smaller droplets from the larger
ones. This instability, referred to as a Coulomb fission occurs close to or at the Rayleigh limit

given by the equation:’
Qry = 8m(goyR*)"/? (12)

In which Qgy is the charge on the droplet, y is the surface tension of the solvent, R the radius of
the droplet and €o the electrical permittivity. Repeated evaporation and fission of the charged

droplets eventually lead to the formation of gas phase ions. '
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Figure 1.2. Schematic representation of the electrospray process. The electric field imposed
on the solution results in an enrichment of positive ions near the meniscus causing a destabilization
and subsequent formation of a Taylor cone and a jet charged with an excess of positive ions. This
jet splits into droplets and evaporation brings the charges closer together. Columbic repulsion
increases and causes a destabilization in the droplets resulting in the emission of charged progeny
droplets. As evaporation continues the droplets get smaller until free gas phase ions are formed.
TDC means total droplet current.

The electrospray spray device can be viewed as a special kind of electrolytic cell.*® The oxidation
reaction takes place at the tip of the capillary which leads to the excess of positive ions and
production of electrons entering the metal. The reduction reaction on the other hand takes place at
the counter electrode. It is referred to as a “special” electrolytic cell as the conversion of ions to
electrons does not occur completely in solution as it does for a typical electrolytic cell. Instead,

part of the ion transport takes place in the gas phase.



1.1.2 Production of gas phase ions
There are three proposed mechanisms of how gas phase ions are produced from the small progeny
droplets, the ion evaporation model (IEM),?! the charge residue model (CRM) ??and the chain

ejection model (CEM) 23 (Figure 1.3).
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Figure 1.3 Mechanism of ion formation during electrospray ionization. (A) lon evaporation
model (IEM) in which small (in)organic molecular ions are produced through evaporation of the
ion due to the large electric field applied to the surface of the droplet. (B) Charge residue model
(CRM) for which globular protein ions are produced following the complete evaporation of the
droplet and (C) the chain ejection model (CEM) in which unfolded protein ions are ejected from
the droplet.



The IEM is more plausible and well supported experimentally for small inorganic and organic
molecules. lon evaporation is the emission of dissolved ions from highly charged liquid surfaces.
lons in an aqueous solution are unlikely to escape the solution if left to evaporate under normal
conditions. This is because the ions are kept strongly in solution by electrostatic forces between
the ionic charge and the dipole of the water molecules surrounding the ions. This allows the ions
to move freely in the solution but there is an immense energy barrier when the ions approach the
surface of the solution. However, when a larger enough electric field (1 -3 VV/nm) is applied at the
surface of the liquid, the potential energy of the ions at the surface can be increased enough to
allow them to evaporate.?! This occurs at the final stages of evaporation when the net charge on
the droplet, combined with the small radius (approximately 10 nm) is enough to produce the
electric field required for the ions to evaporate.?*?®> This mechanism though widely accepted for
small molecules is very unlikely for large biomolecules.

It is expected that when native proteins are sprayed using ESI they remain in their natural folded
state when sprayed from a neutral pH. However, unlike small (in)organic molecules, proteins
typically have multiple different charges leading to a mass spectrum with multiple peaks each
representing a different charge state. ?® The CRM assumes that these macro-ions are produced
from small charged droplets containing a single macro-molecule. When the droplet completely
evaporates the charges on the droplet are transferred to the molecule. As a result of this, it is
common to observed dimers, trimers and even tetramers due to multiple macro-molecules in a

single droplet when it completely evaporates. 322

Although CRM is now widely accepted as the ESI mechanism for globular proteins, unfolded
proteins are not thought to follow the same process, instead, the chain ejection model is proposed.

In the CEM, the unfolded protein is driven to the surface of the droplet by electrostatic and



hydrophobic factors after which the protein undergoes gradual ejection via “tadpole-like”
structures. Mobile H™ migrates between the droplet and the protruding polypeptide tail causing the

unfolded protein to depart as a highly charged ion. 23

1.1.3 Adducts in Native MS

In Native MS analysis, it is important to have a mass spectrum that is as “clean” as possible with
very little to no adducts. When proteins are to be analyzed the salt additive of choice is ammonium
acetate in the millimolar concentration (typically 10 — 250 mM) as it produces very clean mass
spectra of multiple charged proteins. One of the most common contaminants in analyzing proteins
is sodium. Sodium adducts results in a mass shift which can result in misinterpretation of native
spectrum especially when protein-ligand interactions are to be studied. At the final stages of
evaporation in the ESI mechanism, the salt concentration increases resulting in ion pairing of
positive and negative ions. The solute ions will also pair with charged residues near the surface of
the protein. When sodium is present in the solution the sodium ion interacts with the ionized acidic
residue or the amide group on the peptide backbone. This sodium bonding is extremely strong and
collisional activation does not result in loss of the sodium ions. On the other hand when ammonium
and acetate ions take part in the ion pairing reactions, when the protein is subjected to collisional

activation, the ions are lost due to their relatively facile dissociation.*”?

1.1.4. What does the term “Native” represent?
After the development of ESI it became easier to analyze large biomolecular compounds such as
intact proteins and protein complexes in pseudo-physiological conditions. This is referred to as
Native MS. Although native MS has been in use since the 1990’s the term “native MS” was only
recently coined in 2004.28 Terminology such as: non-denaturing, macromolecular, non-covalent

or native spray is often used to describe this technique. Native MS should not be confused with



the biological definition of “native” that describes native as being the state of the protein in its
natural environment, such as within the cell. MS is a gas phase measurement and cannot live up to
this definition. The term “native” in native MS describes the biological state of the protein prior to
the ionization event and entry into the mass spectrometer. Solution parameters are important to

maintain such as the pH and ionic strength, so the protein maintains its native fold in solution. 282°

There has been ongoing debate in the mass spectrometry community as to whether, protein
structures are even partially maintained in the gas phase for MS analysis. Assuming the CRM is
true for proteins, during the ESI process, only solvent exposed basic residues are able to pick up a
charge/proton. Proteins sprayed from an aqueous solvent at or near neutral pH exhibit a narrow
charge state distribution whereas proteins sprayed from an organic solvent exhibited a wider
charge state distribution with much higher charges. In organic solvents, a protein will have a more
extended/unfolded structure, resulting in more charges being picked up.?2?° This is evidence that

protein structure is somewhat maintained through the ionization process.*

1.2 lon Mobility

lon mobility (IM) is an analytical technique that separates gas phase ions based on their mobility
in a buffer gas. When combined with MS, it adds an additional dimension to the analysis. In IM-
MS ions are separated by both their m/z as well as their collisional cross-section (CCS). The

mobility of the ion (K) is related to its drift velocity (Vp) and the electric field (E). 3132

V, = KE (1.3
The mobility, K, is typically reported as reduced mobility, Ko. This is the ion’s mobility at standard
temperature and pressure which is expressed as:

P 273.15
Ko = —— X ——xK (1.4)
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The ion’s mobility through a buffer gas depends on the ion’s charge (q), the density of the buffer
gas (N), the reduced mass of the ion-neutral complex (), the absolute gas temperature (T), and

the collision cross section (Qo) of the ions.3! The mobility constant is then expressed as:

1

-3 44 1 2m\ 1
K_16XNX(uXka) X.QO (1.5)

In macromolecular analysis, the reduced mass of the ion approaches the mass of the buffer gas and
as a result is treated as a constant. The mobility constant is therefore only dependent on the CCS

of the gas phase ion. !

K o« — (1.6)

Qo

1.2.1 Traveling Wave lon Mobility Spectrometry
A different form of ion mobility known as traveling wave IMS (TWIMS) uses a strong electric
field applied sequentially one segment at a time throughout out the IM cell. This results in the ions
being moved in pulses as waves of the electric field passes through them. This technology has been
commercialized by Waters corporation (Milford, USA) as the Synapt HDMS system depicted in

Figure 1.4.%
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Figure 1.4 Schematic diagram of the Synapt HDMS system. The ion mobility cell is located
between the quadrupole and the time of flight mass analyzer. Adapted with permission from
Pringle et al., 2007. %3

The ion guide in the TWIMS cell consists of a series of planar electrodes that are perpendicular to
the ion transmission path with each adjacent electrode having opposite phases of RF voltage. To
propel ions in the presence of background gas, for each pair of adjacent electrodes, a transient dc
voltage is overlaid on the RF voltage in a repeating sequence along the length of the device (Figure
1.5). This creates a series of potential hills that are applied to the following pair of electrodes at
regular time intervals. This creates a sequence of ‘travelling waves’. The ions are driven from the

potential hills and carried through the device with the waves.
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Figure 1.5 Travelling wave ion mobility. A.) A stacked ring ion guide and B.) Schematic
representation of ion propulsion in the presence of background gas during the operation of a
travelling wave ion guide. Adapted with permission from Pringle et al., 2007. 3

The high pressures (0.5 — 1.0 mbar) used in the IM cell, results in lower mobility ions being
overtaken by the travelling waves more often than higher mobility resulting in longer drift times.
3334 Unlike conventional IMS, the electric field in TWIMS is not constant which makes it difficult
to directly calculate Q from tp. It is easier to simply calibrate the TWIMS instrument using
compounds with known Q previously derived from conventional IM and subsequently determine

the Q of the ions of interest. 3*

13



1.2.2 Collision Induced Unfolding
With the use of an IM cell between mass analyzers, one can employ ion mobility in the study of
protein folding intermediates and protein-ligand binding stability through collisional activation.
When using the Synapt mass spectrometer, protein (or protein complex) ions are subjected to
collisional activation through increasing collision energy in the trap cell prior to ion mobility and
subsequent ToF separation. This technique is commonly referred to as collision induced unfolding
(CIU). In CIU experiments (Figure 1.6), protein ions are subjected to increasing collisions with
neutral gas molecules such as Argon or Nitrogen. During this collision process, the ion’s Kinetic
energy is converted into internal energy *>%. In large proteins and protein complexes, these small
heating events occur hundreds and even thousands of time allowing internal energy to accumulate.
With enough internal energy built up, the 1% structural change that occurs is referred to as collision
induced restructuring in which the overall structure arrangement becomes compromised. At this
stage the structure is unlike the solution structure, but it is not yet unfolded or dissociated. With
further increases in collision energy, intrasubunit interactions are compromised resulting in the
unfolding of protein chains. % CIU experiments are monitored through observation of ion mobility

spectra due to changes in the drift time as the experiment proceeds.

CIU can be used as a method of studying the stability of protein and protein-ligand complexes
with the biggest drawback being the lack of absolute thermodynamic properties. Instead CIU can

only provide relative or comparative data between proteins and their complexes.®’
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Figure 1.6. Schematic representation of collision induced unfolding. Collisional activation
occurs in the trap region where the protein is subjected to increasing collision energies. With each
increase in collision energy the drift time is measured in the ion mobility cell. The transition state
between folded and unfolded states can then be determined and compared between a protein and
protein/ligand complex.

1.3 Hydrogen Deuterium Exchange

Hydrogen Deuterium Exchange (HDX) allows for the study of solution phase protein
conformations by monitoring the exchange of backbone amide hydrogens with deuterium.®3° The
coupling of HDX to MS is beneficial as MS allows for the analysis of large and complex samples

and eliminates the need for the incorporation of NMR active nuclei (**N and *3C).*° More recently,
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the development of Time Resolved Electrospray lonization (TRESI) HDX-MS has allowed for the
structural analysis of intrinsically disordered proteins and proteins with intrinsically disordered
regions which are difficult to accomplish using other structural techniques.*'#?

The growth of HDX-MS can be attributed to its many different applications. One of the more
recent applications is in the development of biopharmaceuticals, which comprises mostly
monoclonal antibodies. HDX-MS has been used in the development of monoclonal antibodies,
biosimilar antibodies, antibody drug conjugates and also in epitope mapping.*%*>4> Another
growing area of application for HDX-MS is the study of protein-membrane interactions. MS has
the ability to differentiate between proteins and lipids and the areas of the protein that interacts
with the membrane can be determined.*>*¢ More common areas of application include, protein-
ligand binding, homology-guided structural characterization of proteins, protein folding and
protein-protein interactions.

There are three approaches to local HDX-MS experiments: top-down, middle-down and the most
common approach: Bottom-up. Top-down analyses, first introduced by Anderegg et al 1994,
involved deuteration of the intact protein followed by gas phase fragmentation through collision
induced dissociation (CID).*” However, CID results in a high degree of hydrogen/deuterium
scrambling prior to fragmentation which can significantly alter the results.**° ‘Non-ergodic’
fragmentation techniques such as electron capture dissociation (ECD) 2 and electron transfer
dissociation (ETD)%? result in less or no hydrogen scrambling and are now widely used for top-
down HDX-MS. Bottom-up HDX involves deuteration of the intact protein followed by acid
guenching and acid protease digestion prior to ionization (usually by electrospray). The deuterium
level of each peptide is determined by monitoring the change in the mass.> There is no issue with

hydrogen scrambling as there is no gas phase fragmentation involved, however, the spatial
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resolution is low as peptides are typically 4-10 amino acids long. On the other hand, unlike top-
down analysis there is no size barrier and large proteins and protein complexes can be studied. To
overcome the size barrier of top-down HDX, a middle-down HDX workflow has been developed,
which involves a combination of the top-down and bottom-up approach, in which the intact protein
is labelled, quenched and partially digested followed by gas phase ETD/ECD fragmentation of the
resulting peptides.>®
1.3.1 Factors affecting intrinsic exchange

HX (hydrogen exchange) rates of backbone amide hydrogens vary substantially depending on the
presence of hydrogen bonding, solvent properties (pH, temperature), primary sequence and most
importantly protein structure and dynamics.*8°%-8 In order to quantitatively asses HX in backbone
amides, the observed HX rate should be referenced to the rate of the unprotected amide to
determine its protection factor PF = Kint/Kobs, Where Kobs is the experimentally determined rate

constant and kint is the intrinsic rate constant for a given backbone amide hydrogen.®8-

The intrinsic exchange rate of backbone amide hydrogens is highly sensitive to pH. The
mechanism by which the backbone amide exchanges hydrogen with deuterium is primarily
catalyzed by acid (H3O") or base (OH") and in some cases there could be a small contribution by
water (H20) catalysis. In base catalysis, which dominates in the pH range above 2.5, the amide
group is deprotonated by the OH™ ion producing an amidate anion which in turn is reprotonated by
H20 (or D20) to regenerate OH". Acid catalysis can occur via N- or O-protonation. In the case of
N-protonation, the mechanism is the reverse of base catalysis. The amide N is protonated by HzO"
(or D3O, after which H20 (or D20) extracts a H* from the protonated intermediate.2%* On the
other hand, O-protonation involves the protonation of the peptide bond oxygen which is the most

basic site of the peptide bond leading to acidification of the NH proton. The NH proton is then
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removed by water producing an imidic acid which is later protonated by D30*.®> Equation 1.7

below, represents the pseudo first order chemical exchange rate constant for unprotected amides

(Keh):
Keh = Kint, A[H+] + Kin, B[OH-] + Kint, W[HZO] (1.7)

in terms of the intrinsic second order rate constants for the acid catalyzed (A), base catalyzed (B)
and water catalyzed (W) reactions. The contribution by water catalysis is exceptionally small in

comparison to the base and acid catalysis and it is often omitted from equation 1.7.¢

A plot of amino-acid-averaged log (kch) versus pH results in a V-shaped curve (Figure 1.7) in
which the minimum pH is 2.5-3.0. At the pH minimum, the rate of acid and base catalysis is equal
and the rate of exchange is at its lowest.>”®” Deuterium labelling is often carried out under ‘native-
like’ conditions at ~ pH 7, where the reaction is primarily base catalyzed (kch=Kint,oH[OHT),
followed by quenching by lowering the pH to ~2.5, to provide sufficient time for Liquid

Chromatography (LC) separation and MS analysis.>’

Acid Base
Catalysis Catalysis

Log (k)(s-1)

Figure 1.7: The dependence of intrinsic rate of exchange (kch) on the solution pH in which
the rate of exchange reaches a minimum at pH 2.5 - 3. Acid and base catalysis is dominant
below and above the pH minimum respectively. Reproduced from Brown and Wilson, 2017. &
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For the base-catalyzed reaction, HX has an activation energy of approximately 17 kcal/mol,
resulting in an increase in the HX rate by a factor of 3 for each 10 ° C increment.%®° In order to
predict HX rate constants at other temperatures, each rate constant in equation 1.7 should be
modified according to equation 1.8. The theoretical HX rate constant (kcn) as a function of

temperature can be determined by:

ken(T) = kaozexp (_ T [_ - _]) (1.8)

R

In which k2e3 is the rate constant Kint, H, Kint, oH, OF Kint, H2o at 293 K; Ea is the activation energy
corresponding to 14, 17 and 19 kcal mol? for the acid, base and water-catalyzed exchange
respectively; and R is the gas constant 0.001986 kcal mol™ K1, During the quench step in a bottom
up HDX-MS experiment, along with decreasing the pH, the temperature is also typically decreased

to 0 ° C to minimize back-exchange.®

Another factor affecting amide HX rates is the primary sequence of the protein in which
neighboring side chains can produce an inductive or steric effect. Inductive effects are caused by
polar side chains, such as serine, which withdraw electron density from neighboring peptide groups
resulting in an increase in their acidity. This increases the rate of deprotonation of the amide H by
(OH or OD") in the base catalyzed reaction whereas the overall rate of the acid-catalyzed reaction
decreases. Therefore, at pH > pHmin, an amide H alongside serine residues will exchange 2.3 times
faster than an amide H alongside a non-polar residue (e.g. Alanine).38! Bulky side chains such as
that of isoleucine decreases the amide HX rate by blocking solvent accessibility. Depending on
pH this can decrease the rate of exchange by a factor of 10 to 20 if an amide is flanked by 2
isoleucines.%® Both steric and inductive effects are additive and depend on the side chains of the

nearest amino acid. In an unstructured peptide, the exchange rate constant of an amide H can be
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calculated based on equation 1.9 in which Agett, Arignt, and Biest, Bright are side chain acid and base

factors respectively.*®

ken = ky+(Arese * Arigne) [H 1 + kou-(Biese " Brigne)JOH ™1 + kuzo(Biege * Brigne) (1.9)

1.3.2 Exchange Regimes
Although pH, temperature and primary sequence has a high impact on the HX rate in random coil
polypeptides, in a folded protein the higher order structure has a greater impact on the HX rate. In
order for a labile H to undergo exchange with D20, it needs to be exposed to the solvent (i.e. not
buried in the core of the protein) and not be involved in any H bonding network.*¢7° The basic

model for HX in folded proteins is depicted as:

kop ken kcl
NH, 2 NH,, — ND,, & ND (1.10)
kcl kOP

Due to the dynamic nature of proteins, buried or H-bonded backbone amide hydrogens do not
always remain buried or H-bonded and can often come into an open state in which exchange can
occur. In the mechanism depicted above, kop and ke represents the rate constant of the opening and
closing motions respectively. When in the open state, HDX occurs with the rate constant kch. As a
result, the observed rate constant of exchange in folded proteins is a product of the rate constants
of unfolding and refolding (i.e., ‘opening” and ‘closing’) and the intrinsic rate constant.”>’2 The
observed rate constant for exchange knx, in a folded protein under native-like conditions can then

be expressed as:"

_ kop Xkcp
kHX -
ket ke

(1.11)
The conventional framework for analyzing HDX data is organized into two ‘regimes’(EX1 and
EX2) based on the relative magnitudes of kch and ke In the EX1 regime, during the opening event,
all exposed labile hydrogens undergo exchange prior to the exchangeable sites returning to their
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‘closed’ state (i.e., kel << Kcn) and the observed HX rate constant is equivalent to the rate constant
of the opening reaction. Therefore equation 1.11 is simplified to:

kux = kop (1.12)
This type of exchange is not typical of proteins under physiological conditions (though it does
occur) and can be induced through the addition of denaturants or a change in pH (usually an
increase; pH > 9.0). Although this is not commonly representative of physiological protein
dynamics, it can provide insights into protein folding."?
Although somewhat rare, cases of EX1 kinetics have been observed in proteins under
physiological conditions.”*" One important benefit of coupling HDX with MS is the fact that EX1
kinetics can be easily identified in a mass spectrum through its characteristic bimodal distribution
representing two populations (Figure 1.8B). The low mass population represent protein that has
never undergone the EX1 conformational transition whereas the high mass population has
undergone this conformational transition at least once. "2
When the rate constant of the closing reaction is faster that the intrinsic rate of exchange (k¢ >>

ken) EX2 Kinetics is observed, and equation (1.11) becomes: "
Kop
kux = . X kcn (1.13)

EX2 HDX results in a gradual increase in the mass over time in a single (binomial) distribution
(Figure 1.8A). As most proteins are structurally stable at physiological pH, transient unfolding
events in structured regions occur faster than ken, S0 EX2 is the most common exchange regime of
a protein under native conditions.”’* EX2 is also the more informative of the two dominant
exchange regimes, as it allows for the determination of the ‘open’/’closed’ equilibrium, which,
when measured specific sites or segments, can be viewed as a local measurement of local

thermodynamic structural stability.”® It is important to be able to distinguish between EX1 and
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EX2 because there are some cases in which EX1 is observed under native conditions, and this can
confound automated data analysis software. Experimentally, HDX-MS provides the advantage of
easily differentiating between EX1 and EX2, which is more difficult to do with NMR

experiments.”
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Figure 1.8 The two major exchange regimes observed in hydrogen deuterium exchange
measurements. (A) EX2 regime in which peptides exchange deuterium gradually through fast
local unfolding. (B) EX1 regime represents proteins that undergo much slower exchange due to
large segments of the protein becoming exposed for longer periods of time. Adapted with
permission from Gutman and Lee, 2016. ”’

22



EXX kinetics refer to an intermediate state where K is neither faster nor slower than the Keh (Kei=
ken). This phenomenon has been explored by Xiao et al., in which they observed a bimodal
distribution similar to that in the EX1 regime however each population drifted as observed in

EX2 Kinetics.”®

1.3.3 Global HDX

A typical workflow for global HDX involves the protein of interest incubated in an excess of DO
for a period of time, after which the reaction is quenched by decreasing the pH to 2.5 and the
temperature to 0°C in order to minimize the exchange rate in what is (from quenching onwards)
mainly protic solvent.>* Separation is not typically required for global analysis so a trap column is
often used in the LC step to desalt the protein sample prior to MS analysis. The LC step also
eliminates deuterium that was incorporated into side chains (all ultra-fast exchangers) through
complete back-exchange. As a result, by the time the sample is subjected to ESI, deuterium will
have equilibrated with solvent for all but the backbone amides, which significantly simplifies data
analysis and interpretation.>*"®

As there is no protease digestion or gas phase fragmentation involved in global HDX analysis, it
provides an overall picture of the conformational dynamics of a protein of interest. To determine
the amount of deuterium incorporated in the protein, the mass of the non-deuterated protein is
subtracted from the mass of the deuterated protein at each time point being studied. This can be
done for individual charge states of the protein or by using deconvoluted masses. The data are then
plotted as a change in mass or relative deuterium level (y axis) vs. time (x-axis).”® The information
that is gained from global HDX is limited and so local HDX is more common. However, global
HDX can be useful to determine if the protein of interest is stable under HDX-MS conditions and

serve as an initial guide as to how dynamic the protein is. The relative extent of disordered regions
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in a protein can be estimated from the number of hydrogens that exchanged at early time points
(10 s or less). Likewise, the number of hydrogens involved in more rigid or buried residues can be
determined by subtracting the maximum observed exchange (after several hours of labelling) from
the total number of exchangeable backbone hydrogens.?® To ensure the accuracy of these
estimates, an internal calibrant (such as an unstructured peptide) should be used to account for

backbone amide back-exchange.
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Figure 1.9 Overview of Hydrogen Deuterium Exchange Mass Spectrometry Workflow.
Protein is first incubated with DO for increasing periods of time ranging from seconds to hours
and then quenched by lowering the pH to 2.5. In local HDX the deuterated protein is digested with
an acid resistant protease followed by LC separation and subsequent MS analysis. In Global HDX,
the deuterated protein is subjected to MS analysis. After MS analysis the data is analyzed and
appropriately represented.
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1.3.4 Local HDX
The experimental workflow for local HDX is essentially identical to global HDX with one
additional step to digest the deuterated protein sample (Figure 1.9). The term “local” refers to the
type of information one gets from the experiment, in which it is possible to measure the
conformational or dynamic changes in localized regions of the protein, allowing for instance, for
the determination of ligand binding sites.84* There are two main types of local HDX workflows:
bottom up and top down. Bottom-up local HDX is the more common of the two, which involves
digestion of the deuterated sample with an acid resistant protease prior to ESI. This approach is in
some ways more straightforward than top-down HDX and does not require specialized equipment
but provides peptide-level resolution (typically 4 — 10 residues). The top down workflow involves
gas phase fragmentation of the deuterated protein. Although top-down analysis can provide amino
acid level resolution, there is an analyte size barrier and specialized equipment is required to

prevent deuterium scrambling in the gas phase. #4882

In the bottom-up workflow, because the reaction is quenched with acid, an acid resistant protease
must be used. Pepsin is the most commonly used protease in HDX experiments, & but others can
be employed as well such as: aspergillopepsin (protease type XII1),2* rhizopuspepsin (protease
type XVIII) 8 and plasmepsin.®> Non-specific proteases often result in multiple overlapping
peptides and with careful analysis information on single residue amide hydrogens can theoretically
be obtained but this should be done with caution as this could lead to over-interpretation of the
results. A major disadvantage of protease digestion is incomplete sequence coverage or peptides
that are too large in some cases where the protein does not get digested very well. This can

sometimes be overcome with the use of a mix of different proteases or by adding a denaturant in
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the quench buffer to improve the digestion.®* After the protein is digested, the peptides are

separated using reversed-phase LC prior to MS analysis.

With the addition of lengthy digestion and LC separation steps, back exchange may occur, but
can usually be accounted for in data analysis. >* To account for back exchange, a completely
deuterated sample (M1oo%) is used as a control and the total deuterium uptake level in each peptide,

D, is calculated at each time point using the equation:

p = HMuvo oy (1.14)

Mi00%—MunD

Where Mt and Munp is the mass of the deuterated peptide and mass of the un-deuterated peptide
respectively and N is the maximum number of deuterium atoms that can be incorporated.>* There
has been debate over the years as to whether a back-exchange correction is useful as most HDX
experiments measure relative rather than absolute deuterium uptake and studies have shown that
back exchange correction does not affect the final results in relative measurement experiments
(i.e., where one state is being compared to another state of the same protein).8%82 In addition, back
exchange correction is more of an estimate, as it relies heavily on preparing a fully deuterated form

of the sample of interest, which can be difficult to prepare and maintain.8?

The 1% step in data analysis is the determination of the peptide sequences based on their m/z and
LC retention time. Accurate mass is often not sufficient to determine the peptide sequences but it
can be used to determine the possibilities.®® To ensure accuracy in peptide peak assignments,
tandem MS can be used to conduct classical MS/MS peptide sequencing.®” This step is crucial as
miss-identifying the peptides can lead to fundamental misinterpretation of the results. There are
two main methods for peptide sequencing by LC MS/MS: Data Dependent Acquisition (DDA)

and Data Independent Acquisition (DIA). DDA performs the MS/MS analysis on precursor m/z
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selected from the MS survey scans. There is a selection criteria and specific m/z values can be
included or excluded from the MS/MS analysis.®® Conversely, DIA acquires the MS/MS scans

using a wide isolation window with no specific precursor ion selected.

After the peptide list is generated, deuterium incorporation can be quantified. There are two main
ways in which this is done: through the change in the centroid mass or through the change in the
isotopic distribution of the peptide. Through the former method, the centroid mass of the non-
deuterated peptide (Munp) and deuterated peptide (M) is calculated and the relative deuterium

level (D) of each peptide is determined by the equation:
Dy = My — Mynp (1.15)

This method is not a direct measure of uptake, but it can be sensitive enough in detecting changes
in conformation. However, this method is not ideal for detecting subtle changes in deuterated
peptide isotopic distributions associated with small levels of uptake and it may miss exchanges in

the EX1 or EXX regime.%9!

Another method used to quantify deuterium uptake levels is to model and then fit the isotopic
distribution of the deuterated peptide, which is often more accurate than using the centroid. This
is particularly true at low deuteration levels or where there is overlap for some peaks in the
distribution. In a non-deuterated peptide, the isotopic distribution observed is mostly as a result of
12C and 3C. However, as deuterium is incorporated the distribution becomes a convolution of
(mainly) the 2C/C distribution and *H/?H distribution.®® The isotopic distribution after labelling

can be modelled as a convolution of the natural isotope distribution given by the equation:

D=N=xB (1.16)
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Where D is the isotope distribution after deuterium labeling, N is the natural isotope distribution

and B is the binomial distribution. This binomial distribution is represented by:

B(p,n, k) =

n! krq _ \n—k
o P 1-p) (1.17)

In which n is the total number of exchangeable hydrogens in the peptide of interest and K is the
number of hydrogens that have undergone exchange (0,1,....n). The segment averaged level of
deuteration (0 -100%) is represented by p. The actual deuteration level of each peptide can then be
determined by fitting a simulated distribution B, to the experimental data.®? It is important to
emphasize that the best-fit value of p represents the average uptake for the peptide and does not
provide information on the distribution of uptakes at individual sites on the peptide. For instance,
in an 8 amino acid peptide, a highly skewed distribution (e.g., 4 sites exchanging at 100% and 4
sites at 0%) would produce the same value for p as a flat distribution (e.g., 8 sites exchanging at
50%), both of which are correct (i.e., in both cases, a perfect fit to the data would yield p = 50%
and the peptide is in fact 50% exchanged). There are several methods to fit theoretical distributions
to the data. The most common and straightforward of these is the least-squares approach which
minimizes the square of the difference between the normalized peak intensities of the theoretical

and observed distributions. °%%
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Figure 1.10. Representation of how the theoretical distribution D (red dots) is fitted to the
spectrum of a deuterated peptide to determine the percent deuterium incorporation.
Reproduced from Brown and Wilson, 2017. 8

A major hurdle in the quantitation of deuterium levels, is the presence of over lapping peptides.
Although the LC step after digestion separates the peptides, overlap still occurs often in samples
from large proteins. One way in which this problem could be overcome is using a 2" dimension
of separation, such as ion mobility, that separates species based on their charge and conformation.
This could essentially be used to separate overlapping peptides with the same LC retention time.%*
It is also noted that the “distribution fitting” method described above requires only three overlap-
free peaks within a distribution to accurately determine the uptake level. In reporting the relative
deuterium level, it is also important to provide an error in these measurements. Errors are
commonly estimated through standard deviations which are usually obtained from at least three
technical replicates of the same labelling time point. It is equally important to use biological

replicates where possible to test the reproducibility of the results.8%

1.3.5 Time Resolved Electrospray lonization Hydrogen Deuterium Exchange

HDX reveals a wealth of information on protein dynamics, protein/ligand and protein/protein
interactions. One of the biggest drawbacks on conventional HDX however, is the lengthy reaction

times. The most common reaction times range from minutes to hours although 20 second mixing
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times can be achieved but it is often not accurate. Shorter reaction times, though not always
necessary can reveal crucial information that could be missed in a conventional HDX set up.%6-%8
For example, transient interactions are short lived and are often missed in conventional HDX
because of the long reaction times. In addition, intrinsically disordered proteins® and proteins with

100

intrinsically disordered domains™" are not easily studied with conventional HDX as all the

backbone amides exchange rapidly and will be fully exchanged within minutes.

Time-Resolved Electrospray lonization Hydrogen Deuterium Exchange (TRESI-HDX) also
referred to as millisecond HDX allows for shorter reaction times in the millisecond to second time
scale. In addition, it offers a much simpler workflow with no LC separation and as a result very
little back exchange is observed. The heart of millisecond HDX is the time resolved capillary mixer
which was developed by Wilson and Konermann.® The capillary mixing device consist of two
concentric capillaries. The inner glass capillary is placed inside a metal capillary with the end of
the glass capillary sealed, and a notch cut 2 mm from the sealed end to allow solution to escape
and facilitate proper mixing. A three-way mixing device is used to connect the capillary mixer, an
acid line and the capillary leading to a microfluidic chip that houses a digestion chamber. The
output channel of the microfluidic device also served as the electrospray ionization probe.*® The
capillary mixer can be used without the microfluidic chip for global HDX experiments in which

digestion is not required. %
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Figure 1.11 Schematic representation of TRESI-HDX. HDX reactions occur in the capillary
mixer in which reaction volume and hence reaction time is increased by pulling back the inner
capillary. The capillary mixer and acid channel are connected by a valco mixing tee in which the
reaction is quenched before entering the protease chamber where digestion occurs. The output
channel of the microfluidic device serves as the ESI needle.

1.3.6 Binding vs Allosteric Effects
HDX-MS is a fast-growing technique that continues to evolve with new applications, but the core
process remains the same. HDX can be used to determine exchange kinetics of peptides and intact
proteins and the effect ligand binding has on the kinetics.’’#1%® Although most applications of
HDX-MS involve the determination of binding sites, it can be used to determine allosteric changes
under varying conditions although it remains difficult to distinguish binding sites from allosteric
sites if the binding sites are not previously known.1%41% |f ligand binding results in an increase in
deuterium uptake in a certain region of the protein, this change can be often (but not always) be

attributed to an allosteric conformational change. However, if ligand binding results in decrease
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deuterium uptake in an allosteric region, it becomes difficult to differentiate between the binding
interactions and allosteric conformational changes.%1% If a crystal structure of the protein being
studied is available that shows the protein in complex with its ligand, then HDX can be used to
monitor conformational changes upon ligand binding to determine the allosteric hotspots.%” Work
done by Chandramohan et al. 2016, used HDX-MS to distinguish allosteric effects from ligand
binding in Hsp90. The ligand interactions are known based on published high resolution structures
of Hsp90 with 2 high affinity ligands (PDB ID:4EGK and 1YET). HDX-MS revealed significant
decreases in deuterium uptake in the ligand binding regions. In addition to testing high affinity
ligands, low affinity ligands (fragment 1 and 2) were tested and found to have more significant
allosteric responses to ligand binding. The same 4 ligand binding sites were observed when using
the high or low affinity ligands, but the high affinity ligands had a much more significant decrease
in deuterium uptake. The fragments are smaller and are expected to have fewer interactions in the

binding pocket.1%

Both fragments had similar changes in the binding pocket but had significantly different allosteric
responses. This was unexpected as both fragments have similar molecular weight and affinities
and they belong to the same phenolic class. It was proposed that changes due to protection from
HX as a result of H-bonding would show up in earlier reaction times whereas changes due to
allosteric conformational changes would appear at longer times. Additional experiments would be
needed in order to thoroughly test this hypothesis. Nonetheless, when used together, HDX-MS and
X-ray crystallography can be used to distinguish between binding interactions and long-range

allosteric changes.
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1.4 RNA Chaperones

RNAs are among the most functionally versatile biological macromolecules within the cell. The
roles of RNA include coding, transfer of genetic material, regulation of various cellular processes
and catalysis of chemical reactions (such as cleavage and ligation). 1 In addition RNAs are also
structurally versatile due to their four different bases that easily form stable helices that are not
necessarily the RNA’s native structure. Non-coding RNASs that control gene expression fold into
a variety of different structures which often have the same stability as the native structure resulting
in competition for the native fold. These alternate structures result in traps along the folding
pathway and transient structures can become long-lived intermediates if the molecule is not able

to escape. 108109
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Figure 1.12 Schematic representation of RNA chaperone activity. A.) RNA chaperones are
used to aid in the correct folding of RNA molecules and B.) to correct the mis-folding of RNA that
fell into a folding trap.
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Within the cell, RNA’s are often found in complex with proteins that aid in the correct processing
or folding of RNA molecules. In some cases, however, the RNA helps the protein to fold correctly.
RNA chaperones are defined as proteins that prevent misfolding of RNAs and correct misfolded
structures. RNA chaperones should not be confused with RNA helicases that perform the same
function but require an external energy source. Most RNA chaperones are highly basic proteins
and so they interact easily with the negatively charged RNA molecules. The interactions are often
transient and the protein releases the folded RNA for it to carry on with its normal functions. 108109
Structural disorder is common in RNA/protein recognition as the interactions typically involve
conformational changes in structure. One of the most common example of this phenomenon is the

La protein. 10

Many RNA chaperones are key players in RNA translation and more importantly viral RNA
translation. When a virus infects a cell, it essentially hijacks the cell machinery which includes
the cellular RNA chaperones. This aids in the translation of viral proteins that are crucial for the
life cycle of the virus.!*! The development of effective antiviral agents has proven difficult due to
the rapid mutational rate of viral RNA which leads to drug resistance. A different approach to this
problem could be to target an RNA chaperone that is crucial in the translation of the viral RNA. If
this chaperone is rendered inactive, it could in turn inactivate the virus by preventing the

translational of the RNA.112

Cellular capped mRNAs are translated using a cap-dependent mechanism. In the cap-dependent
translation, the 40S ribosome binds to the 5’ terminal cap structure on cellular mRNAs and scans
the mRNA until it approaches the appropriate AUG codon.***14 However, uncapped viral RNAs
are translated via a cap-independent mechanism in which all the canonical initiation factors

required for cap-dependent translation are not needed. This cap-independent translation involves
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internal entry of the ribosome within the 5’ untranslated region (UTR) of the viral RNA and is
referred to as internal ribosome entry site (IRES) mediated translation. Hepatitis C virus (HCV),
Poliovirus (PV), foot-and-mouth disease (FMDV), Hepatitis A virus (HAV), classical swine fever

virus are some examples of viruses with functional IRES elements. 114

La protein was one of the 1 RNA chaperones identified to interact with IRES-elements, and it
was found to promote IRES-mediated translation of PV and HCV virus. Although La is
predominantly nuclear and aids in the processing of nascent RNA polymerase Il transcripts, in
times of cellular stress (such as viral infection) it relocates to the cytoplasm.t# In addition, studies
have shown that La binds and protects HBV from destruction by covering the RNA cleavage site.
Recently anti-viral agents have been developed to target La which in turns inhibit HBV. ° La also
plays arole in cap-dependent translation, although the mechanism in which it does so has not been
fully explored. La has however been shown to play a role in the translation of cellular mMRNA

through binding to the poly(A) tail 6

Figure 1.13. The structure of human La-NTD in complex with a poly(U) RNA ligand. The
La motif and RRM1 forms a binding pocket in which the RNA ligand binds in between the two
domains. The typical nucleic acid binding sites are highlighted in red. And the RNA ligand is
highlighted in magenta. Reproduced with permission from Teplova et al., 2006. 1%/
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La plays such an important role in many aspects of RNA processing but there is a lack of structural
data in the interaction of La and its various non-poly(U) RNA targets. Figure 1.13 shows the NTD
of human La in complex with a poly(U) RNA ligand. Interestingly, this structure revealed that the
Poly(U) RNA ligand does not come into contact with the typical nucleic acid binding sites
highlighted in red.!’ Although mass spectrometry is a low-resolution structural technique, it still

remains a powerful tool that can be used to shed some light on the La-RNA binding mechanisms.

1.5 Biological Drugs

Biological drugs are macromolecules (mostly proteins) made from living organisms. This class of
drugs has been on the rise thanks to developments in molecular biology, genetics, protein
engineering and cell sciences. '8 Biologics are substantially larger than traditional pharmaceutical
drugs and they have a more complex manufacturing process. The majority of biological drugs are
produced from three sources: Escherichia coli, yeast or Chinese hamster ovary cells. Insulin is one
of the most common commercially available biological drugs that is used in the treatment of
diabetes. Other examples of biological drugs include: human growth hormone, erythropoietin and
monoclonal antibodies (mAbs).!° mAbs and other antibody related therapeutics (such as antibody
drug conjugates) are the fastest growing and the most promising biological drugs. This is due to
the fact that antibodies bind to their target with high specificity efficacy and with fewer side effects

than small molecule drugs. 2%

1.5.1 Therapeutic Antibodies.
Therapeutic mAbs are used to treat a variety of illnesses such as Crohn’s disease, rheumatoid
arthritis, Multiple sclerosis, asthma and various types of cancer. The first mAbs were murine
(mouse origin) and when injected into patients produced an immune response. In addition, their

efficacy was restricted as these murine antibodies did not interact correctly with the essential
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components of the human immune system. Developments in molecular biology led to cloning of
antibody genes which generated chimeric, humanized and human antibodies each of which

consisted of fewer and fewer murine DNA (Figure 1.14).12
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Figure 1.14 Domain organization of recombinant IgG1 antibodies. 1IgG1 antibodies consist of
2 heavy chains and 2 light chains connected by disulfide bonds in a “Y” shape. The Fab region is
the antigen binding domain while the Fc region is the tail region that interacts with the cell surface
receptors. Chimeric and humanized antibody is a combination of mouse and human DNA with
chimeric being 65% human and humanized being 90-95% human.

Although therapeutic mAbs are extremely effective and growing more popular they have a few
limitations, two of which are their costs to patients and lengthy and expensive manufacturing
processes. mADbs are large proteins (150 kDa) consisting of multiple domains, post translational

modifications and several disulfide bonds. The production of these molecules requires large
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cultures of mammalian cells and extensive purification under good manufacturing practice (GMP)
conditions. This along with the large doses required for clinical efficacy leads to high cost to
patients.1!8121122 Bjosimilar development and production is on the rise and can reduce the cost to

patients by providing another alternative.*?1%

1.5.2 Biosimilar Drugs
Biosimilar drugs are biologically and clinically comparable to an innovator drug. Unlike generic
drugs of small molecule pharmaceuticals, it is impossible to produce a drug that is 100% identical
to a biological drug. This is due to the complex manufacturing process that is not readily available
outside of the innovator company. In addition, glycosylation patterns in antibodies are extremely
important as they affect the protein’s three-dimensional structure, the overall stability and they
might also have a role in cell to cell adhesions.!'® Once the patent for a particular biologic has
expired, usually 20 years from the time of filing a submission, the development of biosimilars will
be open to other companies. A key difference in the development of biologics vs biosimilars is
that there is a larger emphasis placed on the preclinical development when it comes to biosimilars.
This includes analytical, structural, in vitro functional and toxicology analysis. This large emphasis
on the pre-clinical stage is in proving the similarity between the biosimilar and the innovator

drug.*?

1.6 Research Objectives

Structural mass spectrometry is a powerful tool for the characterization of proteins and protein
ligand complexes, and it is becoming increasingly popular in structural biology and pharmaceutical
sciences. RNA chaperones are of key interest as they aid in the folding and maturation of both
cellular and viral RNAs. In addition, many RNA chaperones have a large unstructured region that

is thought to be important for chaperone activity. An important example of such RNA chaperone
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is the human La (hLa) protein that is essential in the translation of both cellular and viral RNAs
(e.g. HCV, HBV and polioviral RNAs). Understanding how hLa engages viral RNA and cellular
MRNA could potentially allow for the development of antiviral drugs that prevent the translation

of viral RNA without comprising the translation of cellular MRNAs.

Chapter 2 focuses on the largely unstructured CTD of hLa and the mechanism in which it binds

the stem loop domain IV of the HCV RNA in comparison to a 23-mer unstructured RNA.

La proteins are pre-dominantly nuclear but become cytoplasmic in times of cellular stress. Chapter
3 focuses on how alterations in the nuclear trafficking signals of the full length hLa affects RNA

binding. Two RNA ligands are studied, a U10 and A20 RNA ligand.

Another emerging area of study in structural MS is in epitope mapping and biosimilar
characterization. Chapter 4 focuses on using a variety of structural MS techniques in the structural
characterization of a biosimilar mAb (bevacizumab) and its innovator drug (Avastin). Batch-Batch
variation in the manufacturing process of the biosimilar drug is also examined to determine the

reproducibility.

Chapter 5 focuses on epitope mapping HDX of Vascular endothelial growth factor (VEGF) when
bound to bevacizumab and Avastin to compare epitope binding sites of both antibodies. This is

done to confirm if both drugs bind VEGF in the same way.
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Chapter 2: Distinct Dynamic Modes Enable the Engagement of Dissimilar Ligands in a
Promiscuous Atypical RNA Recognition Motif

Brown, K.A., Sharifi, S., Hussain, R., Donaldson, L., Bayfield, M.A. and Wilson, D.J.
This chapter has been published in Biochemistry 2016, 55, 71417150, Copyright
© 2016 American Chemical Society

Experiments were planned by KAB, SS, RH, LD, MAB and DJW. All mass spectrometry
experiments, and data analyses were done by KAB. The manuscript was prepared by KAB with
editorial contributions from MAB and DJW.
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2.1 Summary

Conformational dynamics play a critical role in ligand binding, often conferring divergent
activities and specificities even in species with highly similar ground-state structures. Obtaining a
detailed picture of ligand binding-driven changes in conformational dynamics can be exceptionally
challenging, particularly for transient, relatively weak interactions common in RNA chaperones.
Here, we introduce Time-Resolved ElectroSpray lonization Hydrogen-Deuterium eXchange
(TRESI-HDX) as a powerful tool for characterizing the changes in dynamics that accompany
transient oligonucleotide binding, using the atypical RNA recognition motif (RRM2) in human La
(hLa) as a model. Using this approach, we reveal that RRM2 binding to a model 23-mer
unstructured RNA and to the IRES domain IV of the hepatitis C viral (HCV) RNA are driven by
different dynamic processes. In particular, binding of the ssRNA induces helical ‘unwinding’ in a
region of the CTD previously hypothesized to play an important role in La and La-related protein
associated RNA remodeling, while the same region becomes less dynamic upon engagement with
the double-stranded HCV RNA. Our results demonstrate the ability of TRESI-HDX to provide

insights into the dynamic underpinnings of RRM substrate binding, specificity and function.

2.2 Introduction

Obtaining a detailed picture of ligand-induced structure and dynamic changes that occur in RNA
binding proteins can be challenging, especially in the case of the relatively weak, transient
interactions commonly associated with RNA chaperones. 12’ Classical structural techniques like
structural Nuclear Magnetic Resonance (NMR) spectroscopy and X-ray crystallography can in
many cases provided highly detailed pictures of ground-state structures, but are generally ill-suited

to the characterization of highly dynamic species or interactions. 12 Another common method of
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structural analysis is hydrogen deuterium exchange (HDX) which relies on structure-dependent

exchange between protein backbone amide hydrogens and solvent hydrogens (or deuterium).

When a protein is introduced into deuterated solvent, backbone amide hydrogens will exchange at
a rate that depends principally on (i) their involvement in hydrogen bonding (e.g., in secondary
structures) and (ii) their degree of solvent exposure. To acquire local (spatially-resolved)
deuterium uptake measurements by mass spectrometry, the HDX reaction is quenched by lowering
the pH to 2.5, followed by digestion of the labelled protein by an acid protease. 120 Analysis of
the resultant peptides provides information as to which parts of the protein were more ‘dynamic'.
A detailed review of this method is provided in references.'*>13 The 'time-resolved' aspect of our
approach signifies millisecond-to-second D20 exposure times, accomplished through the use of a
capillary mixer, which uniquely allows us to characterize structural changes in weakly-ordered
regions of proteins and transient interactions. 331 The experiment is implemented on an

electrospray mass spectrometry-coupled microfluidic chip as described in Chapter 1.3.5.

Human La (hLa) is a multifunctional phosphoprotein predominantly located in the nucleus of
eukaryotic cells, ¥*>13 and was first discovered as an autoantigen in patients suffering from
autoimmune diseases such as systemic lupus erythematosus, neonatal lupus and Sjogren’s
syndrome. 137138 Genuine La proteins are present across several eukaryotic genomes including
yeast, ciliates, flies, frogs and mammals.**® The primary function of hLa is binding to nascent RNA
polymerase Il transcripts at the UUU-OH 3’ end, protecting them from exonuclease digestion and
ensuring correct folding and processing of these RNA molecules. %142 |n addition, binding of
hLa to small RNAs allows for nuclear retention and aids in the assembly of functional

ribonucleoprotein (RNP) complexes. 143144 The La protein is also known to bind not only to RNA
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pol 111 transcripts but also to viral RNAs and mRNA transcripts and it is thought to play a role in

their translation, 145151

The N-terminal domain (NTD) is the most conserved region of hLa whereas the C-terminal domain
(CTD) increases in length and complexity in higher eukaryotes. 2 The NTD consists of a La motif
(LaM) and an RNA recognition motif (RRML1) that acts in synergy as a single binding unit to bind
the UUU-OH 3’ region of RNA targets with high affinity and specificity. 3> The CTD of hLa
consists of an unusual RRM (RRMZ2), a nuclear retention element (NRE), a highly charged,
unstructured region known as the short basic motif (SBM), a casein kinase 1l phosphorylation site
(S366) and a nuclear localization signal (NLS).1%21%5-15° Although the RRM2 is not required for
binding of hLa to poly (U) RNA, it has been suggested to play a role in recognition to non-poly(U)
sequences, although the mechanism of RNA binding remains unclear. 37169161 The CTD of hLa
has also been implicated in hLa dimerization; specifically, a region corresponding to roughly the
C-terminal half of RRM2, as well as the NRE and SBM, was hypothesized to mediate hLa self-
dimerization and associated poliovirus RNA translation,'®? although subsequent analysis was
unable to find evidence for hLa dimers. > More recently, the CTD of hLa has been shown to be
active in assays for RNA chaperone function,%31%* consistent with other work highlighting the La

and La-related proteins as RNA chaperones, 41:165-168

Recently, a model for RNA binding to RRM2 of hLa was proposed based on the RNA binding of
a similar RRM in the La-related protein p65 in Tetrahymena thermophilia.®®"° p65 belongs to
the LARP7 family and functions in the correct folding of telomerase RNA and the hierarchal
assembly of the telomerase RNP. 1! Notably, the RRM2 of p65 and hLa share a similar structure
which is different from the typical RRM (Figure 2.1). $521%° The RRM is an abundant domain

present in over 50% of RNA binding proteins (RBP), (reviewed in 1’2, and a typical RRM has a 4
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stranded B-sheet and 2 a-helices arranged as BlalB2B3a2p4. The RRM2s of hLa and p65 are
atypical in that they have a Blalp2B3a2p4 B4a3 fold, in which the a3 helix (corresponding to

amino acids mapping to the NRE in hLa) lies across the canonical RRM-RNA binding site.

unstructured
A C-terminal tail B

Canonical RRM

Figure 2.1 Structure of the RNA Recognition Motif. (A) The structure of p65 RRM2 domain
(PDB ID 4EYT) and (B) the structure of the hLa RRM2 domain (PDB ID 10WX). The non-
canonical a3 helix is highlighted in red. (C) and (D) shows the schematic representation of a
canonical and non-canonical RRM respectively. Reproduced from Singh et al., 2013.17°

Recent work shows that when p65 binds to TER (telomerase) RNA, a previously disordered region
C-terminal to RRM2 forms an a-helical extension to a3 that participates in RNA binding.'®° It was
suggested that RRM2 in hLa would bind RNA in a similar mechanism due to the similarity in
structure, however, efforts to acquire direct evidence via crystallization of the hLa CTD-RNA has

not been successful.
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Here we use TRESI-HDX-MS to probe the conformational changes in hLa-CTD to determine the
structural differences when it binds to a single stranded RNA ligand and to the IRES domain IV

of the hepatitis C viral (HCV) RNA.

2.3 Materials and Methods

2.3.1 Reagents
Deuterium oxide (D20; 99.99%), ammonium acetate (C2HzO2NH4; 99.99%), glacial acetic acid
(99.85%) and pepsin-agarose beads were purchased from Sigma-Aldrich (Oakville, ON). Amicon
Ultra-15 centrifugal filter units (10,000 molecular weight cut-off) were purchased form EMD
Millipore (Etobicoke, ON) and Dialysis cassettes (10,000 molecular weight cut-off) were
purchased from Fisher Scientific (Mississauga, ON). Nickel resin was purchased from GE
healthcare (Mississauga, ON). A 23 mer ssRNA (sequence 5’-GAA UGU GGA AAA UCU CUA
GCA CU-3’ with a molecular weight of 7,395.5 Da) and the IRES domain IV of the hepatitis C
viral RNA (5’-GCU GCA CCA UGA GCA CGA AUC CA-3’ with a molecular weight of 7,328.5
Da) was obtained from IDT technologies (Kanata, ON).

2.3.2 Protein expression and purification
hLa 225-408 was expressed in E. coli BL21 DE3 cells and purified using immobilized metal
affinity chromatography (IMAC). Briefly, plasmids encoding the CTD of hLa (pET28a hLa 225-
408 in XL1) were obtained from laboratory stocks. The plasmid was extracted using a Life
Technologies mini-prep kit and transformed in E. coli BL21 DE3 competent cells for protein
expression. Bacterial cells were grown at 37°C to an optical density (OD) of 0.6 - 0.8 at 600 nm
absorbance after which the bacterial culture was induced with 1 mM isopropyl beta-d-
thiogalactopyranoside (IPTG) for an additional 3 hours. Cells were pelleted by centrifugation at

4226 x g for 15 minutes at 4°C. The pelleted cells were lysed, in 50 mM Tris-HCI (pH 7.6), 500
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mM NaCl, 0.05% Igepal, 20 mM Imidazole, 5 mM B-mercaptoethanol (BME) and 100 pL. Halt
protease inhibitor cocktail, by sonication on ice for 7 minutes (pulse 15s on/15s off). The lysate
was then centrifuged at 7234 x g for 30 minutes at 4°C. The supernatant was added to a gravity
column packed with nickel resin and was incubated for at least 30 minutes on a shaker at 4°C.
After incubation, the column was washed with 50 mM Tris-HCI (pH 7.6), 500 mM NaCl, 30 mM
imidazole and 5 MM BME. The hLa-CTD was then eluted using 50 mM Tris-HCI (pH 7.6), 500
mM NaCl, 1 mM Ethylenediaminetetraacetic acid (EDTA), 200 mM imidazole and 5 mM BME.
After purification, hLa-CTD was buffer exchanged using dialysis cassettes into 10 mM and 250
mM C2H302NH4, pH 8.1.
2.3.3 Native Mass Spectrometry and lon Mobility.

For native hLa-CTD identification, 20 uM hLa-CTD in 10 mM and 250 mM C>H3O2NHa, pH 8.1
was identified using a quadrupole ion mobility time-of-flight mass spectrometer (Synapt G1,
Waters) with an electrospray ionization (ESI) source. Nitrogen gas was used at the source whereas
argon gas was used in the trap region of the mass spectrometer. In order to identify the
protein/RNA complex, hLa-CTD in 10 mM and 250 mM C;H3O2NH4 (pH 8.1) and the 23 mer
ssSRNA or HCV RNA in ddH20O was mixed in a 1:1 ratio to a final concentration of 20 uM. The
settings on the mass spectrometer were optimized in order to achieve ions without any
fragmentation to maintain the native state of hLa-CTD and hLa-CTD/RNA complex. The
instrument operated in positive ion mode with the capillary voltage at 2.5 kV, sampling cone at

100 V, extraction cone at 1.0 V and the source temperature at 100°C.

Similarly, an ion mobility spectrum was acquired for both hLa-CTD and the hLa-CTD/RNA

complexes. The same MS conditions were used with an additional nitrogen gas source used for
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ion mobility separation in the IMS T-wave cell of the Synapt G1 mass spectrometer. Wave velocity

was set to 250 m/s at a wave height of 11.1 V.

2.3.4 Microfluidic chip fabrication.
The microfluidic device, used for HDX measurements, was made as previously described 173 with
a few modifications. A proteolytic chamber and capillary channels were etched onto a poly methyl
methacrylate (PMMA) block (8.9 x 3.8 x 0.6 cm) using a VersalLaser engraver (Universal Laser,
Scottsdale, AZ). The TRESI mixer was made by inserting a glass capillary (outer diameter = 151
pum) into a metal capillary (inner diameter = 177.8 pum) which created an inter capillary space of
26.8 um. Using the VersaLaser, the end of the glass capillary was sealed, and a notch was cut 2
mm from the sealed end. A mixing T with a dead volume of 51 nL was used to mix acid with the
deuterated protein to quench the HDX reaction. The proteolytic chamber was filled with pepsin-
agarose beads and a metal capillary was used as an outlet to the MS. A second PMMA block was
placed below the constructed microfluidic device and a 3" block with a sheet of silicon-rubber was
placed on top to provide a liquid-tight seal which was secured using a custom-built pressure clamp.
Gas tight Hamilton syringes were used to deliver the reagents through glass capillaries by using
Syringe infusion pumps (Harvard Apparatus). The microfluidic device was then placed at the front
end of a modified QSTAR Elite hybrid quadrupole time of flight (Q-TOF) mass spectrometer
(Sciex) for HDX-MS in which a custom-built switch was used to stimulate the presence of the
commercial ESI-source.
2.3.5 HDX of hLa 225-408.

The HDX reaction occurred inside the TRESI mixer where 70 uM hLa-CTD or hLa-CTD/RNA
complex in 250 mM C>H302NH4 was allowed to flow through the inner glass capillary and the

deuterium through the outer metal capillary both at 2 uLL/min. Taking into account the total flow
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rate in the TRESI mixer (4 puL/min), the inter capillary space and with the inner glass capillary
pulled back 5mm, this created a mixing volume of 124 nL and HDX reaction time of 2.17 seconds.
The instrument was operated at a source voltage of 4500 V in positive ion mode and the samples
were scanned over a range of 400 to 1500 m/z. The experiment was done using 2 biological
replicates with each having 3 technical replicates in which all the data was then averaged. A
digestion profile of hLa-CTD and hLa-CTD/RNA complex was 1% acquired (without D20) in order
to identify the peptides and a pepsin spectrum was acquired to eliminate any peptides produced
from self -digestion of pepsin.
2.3.6 Data analysis.
The digests were analyzed using the FindPept tool on the EXPASy Proteomics server in order to
determine the peptides and their sequence corresponding to each m/z. Peptides that could not be
readily identified due to multiple ‘best match’, MS/MS was done on that particular m/z in order to
fragment the peptide to produce a unique fragmentation pattern which was used to determine the
correct peptide sequence. For each peptide, the experimental deuterium uptake was calculated
using an in-house developed FORTRAN software which uses the change in the isotopic
distribution to determine the amount of deuterium that is incorporated in each peptide.
2.3.7 NMR spectroscopy

hLa (225-332) protein for NMR spectroscopy was expressed in 1.5 L cultures of M9 media at 37
°C supplemented with 3 g/L >99% 3C glucose, 1 g/L U-99%*°N ammonium chloride and 1 g/L
>98% 3C,*°N algal extract (Cambridge Isotope Laboratories). At a cell density corresponding to
A600 of 0.6, protein expression was induced with the addition of 1 mM IPTG and cultures were
grown for a further 3 h. Cell pellets were resuspended in T300 buffer (20 mM Tris HCI, pH 7.8,

300 mM NaCl, 0.05 % NaN3) + 2 M urea and lysed with a French press. The soluble cell extract
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was applied to a 10 mL Ni-NTA affinity column (Qiagen) and washed with T300 buffer. After
nonspecifically bound proteins were removed with a wash of T300 + 50 mM imidazole, hLa (225-
332) protein was eluted with T300 + 20 mM EDTA. The solution was concentrated and subjected
to gel filtration (Superdex HiLoad 16/60, GE Life Sciences) for further purification and desalting
into buffer containing 10 mM Tris pH 7.8, 75 mM NaCl, 0.05% NaNs. Protein solutions in this
buffer were supplemented with 10% D,0O and concentrated for NMR spectroscopy.

All experiments were performed with Bruker Avance 700 MHz NMR spectrometer equipped with
a5 mm TXI cryogenic probe at 300 K. Backbone chemical shifts assignments were achieved by a
conventional triple resonance strategy (HNCACB, CBCACONH, HNCO, HNCACO) with non-
uniform sampling using a 0.8 mM sample of hLa (225-332) alone, or in complex with a
stoichiometric amount RNA. Datasets were processed with NMRpipe ™ and istHMS 1 and
interpreted with CcpNmr Analysis. 1’8 Chemical shift differences were determined from *H,*>N-

HSQC spectra of uncomplexed and complexed samples according to the relationship:

AS = J(ASy)? + (0.14A6y)2 (2.1)

2.4 Results and Discussion

2.4.1 RNA Binding to the hLa CTD.
In order to assess the importance of various regions of the hLa CTD in RNA binding, we performed
electromobility shift assay (EMSA) using a variety of hLa-CTD mutants (Figure 2.2). While an
RNA sequence specificity for the hLa-CTD has yet to be described, this region has been implicated
in both the binding of single stranded pre-tRNA leaders *” and a stem-loop located in the internal

ribosome entry site (IRES) of the Hepatitis C virus (HCV). 7 In the case of the HCV RNA,
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RRM2 was found to be important for binding a stem-loop with a 5’ or 3’ single stranded extension
in the context of the rest of the NTD (i.e., La motiffRRM1/RRM2 versus La motif/RRM1), but the
RRM2 in isolation or with the disordered CTD was not tested. To test the importance of secondary
structure in hLa CTD binding, we compared the HCV stem loop with a 6nt single stranded 3’
extension (HCV-RNA; 23 nt total; estimated Tm of stem loop = 64°C) to a length matched 23nt
sequence (ssRNA) hypothesized to form minimal secondary structure based on its previous use in
annealing/strand dissociation assays (Naeeni et al., 2012; estimated Tm of most stable predicted

secondary structure = 16°C).
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Figure 2.2 Domain structure of hLa and EMSAs of the hLa CTD in complex with various
ligands. (A) Domain structure of hLa and the constructs used in this study. (B) EMSA-based
affinity measurements for various hLa ligands. (C) Raw EMSAs for binding of length-matched
single-stranded (ssSRNA) or hairpin (HCV) RNAs to hLa CTD mutants carrying increasing
portions of the disordered region C terminal to RRM2. Addition of the short basic motif (SBM,;
residues 225—344) or the entire CTD (residues 225—408) results in an increase in affinity for both
RNAs compared to just the RRM2-a3 region (residues 225—332). Reproduced with permission
from Brown et al., 2016. 17
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Our hLa CTD mutants contained increasing lengths of the disordered region C-terminal to RRM2,
from just the RRM2 with its atypical a3 helix (225-332), to the inclusion of the short basic motif
(225-344) implicated in pre-tRNA leader binding,*® to the full length CTD (225-408). We
observed that 225-332 was capable of binding some RNA at high concentration, but inclusion of
progressively greater sections of the disordered CTD resulted in progressively higher affinity for
both RNA substrates. For each CTD mutant, the sSRNA substrate was bound more tightly than
the HCV-RNA, and inclusion of the full CTD (225-408) resulted in the formation of distinct, stable
RNPs (especially for the sSRNA substrate) compared to more smeared RNP complexes with 225-
332 and 225-344; the lack of discrete RNPs are often associated with higher Ko rates.t’® These
data are consistent with the disordered region C-terminal to RRM2 having an important function
in hLa-CTD associated RNA binding and suggest that this region may bind single-stranded RNA

more efficiently than RNA with secondary structure.

Native mass spectrometry was carried out in order to acquire insight into the global structure and
dynamic nature of the protein. The CTD of hLa consists of a structured RRM domain and an
unstructured polypeptide chain of about 81 amino acids (~44% of the CTD).'® The native mass
spectrum of hLa 225-408 acquired in 10 mM C>H3O>NH4 shows three distinct charge-state
distributions (Figure 2.3A). While conclusions about liquid-phase protein structure based on ESI
charge-state distributions should be drawn with a degree of caution, the ‘trimodal’ hLa distribution
is strongly suggestive of multiple configurations and substantial conformational flexibility in
solution.’® In addition, low intensity peaks are observed between m/z 2700 and 3200 with a
deconvoluted mass of 45 kDa, corresponding to a CTD dimer. Acquired under higher salt
conditions (250 mM C>Hz02NHya), there was a shift in the charge state distribution with only the

putative ‘folded’ distribution being observed (Figure 2.4A). This was accompanied by loss of
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dimer peaks suggesting hLa-CTD dimerizes exclusively in low salt conditions. These data provide
support for the notion that hLa can in some circumstances dimerize via its CTD, which has been
proposed previously, 12 however, the electrospray process can generate both false positives and
false negatives for biomolecular complexation and thus cannot provide unequivocal evidence for

dimerization.

A 10 16*

1000 140 1800 2200 2600 3000 3400 3800
m/z

Figure 2.3 Native mass spectra of the C-terminal domain of the human La protein. (A)
Spectrum of hLa (225-408) acquired in 10 mM C2Hz02NHa. Three distributions that represent an
unfolded distribution (low m/z value), an intermediate, and a folded distribution (high m/z value)
can be seen. Very low intensity peaks are observed between m/z 2600 and 3200 that represent CTD
dimers. (B) Spectrum of hLa (225-408) in 10 mM CH3O>NH4 with the 23-mer ssSRNA bound
showing a folded distribution with dimer peaks observed between m/z 3200 and 3800. The masses
of these dimers correspond to two protein and two RNA molecules. Reproduced with permission
from Brown et al., 2016. 17
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Native MS was also employed to observe global structural changes that occur upon RNA binding
to hLa 225-408. In low salt (10 mM C2H302NHsa), the hLa-CTD ssRNA complex exhibits only a
folded distribution and a very low intensity unfolded distribution (Figure 2.3B), suggesting the
protein becomes more structured upon binding to RNA. Peaks observed between m/z 3200 and
3800 yield a deconvoluted mass of 59.7 kDa, which corresponds to an hLa-CTD dimer with 2
RNA molecules bound. These peaks were substantially more intense than those observed for the
CTD dimer in the absence of RNA indicating that CTD dimerization, when it occurs, is promoted
by RNA binding. Electrosprayed from 250 mM C;H3O>NH4 the hLa-CTD ssRNA complex
(Figure 2.4B) as well as the hLa-CTD HCV RNA (Figure 2.4C) complex exhibit only a ‘folded’
distribution with a deconvoluted mass of 29 kDa. The hLa-CTD HCV RNA complex also revealed,
at low intensity, a set of peaks corresponding to a species with mass 37.2 kDa, which would
correspond to a 1 hLa:2 HCV RNA complex. This complex is most likely an electrospray artifact
resulting from non-specific adduction of HCV RNA to hLa, however, the fact that similar adducts
are not observed for identical concentrations of sSRNA provides some support for the notion that
the ‘double HCV RNA’ complex is specific and is a result of lower specificity of RRM2 for

dsRNA targets.
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Figure 2.4 Native mass spectra acquired in 250 mM C2H302NH4 (pH 8.1) of (A) hLa(225-
408), (B) hLa(225-408) bound to ssRNA, and (C) hLa(225-408) bound to HCV RNA. lon
mobility heat maps of (D) hLa(225-408), (E) hLa(225-408) bound to ssRNA, and (F) hLa(225-
408) bound to HCV RNA. Reproduced with permission from Brown et al., 2016. 1’8

lon mobility spectrometry-MS (IMS-MS) was used to provide further insight into the global
conformational changes that occur upon RNA binding. IM-MS is effectively a gas-phase analogue
of gel electrophoresis, separating ions in the mass spectrometer based on their size and shape. IMS

is now a widely used technique for adding a 'structural' dimension to mass spectrometric
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analyses.*® There is substantial evidence that the gas-phase structures separated by some forms of
IMS (including the ‘travelling wave' setup used here) correspond very closely to structures
populated in solution. 182183 |IMS-MS results in a three-dimensional dataset, usually represented as
a heat map in which ions are m/z and size-delineated on a plane with an orthogonal ‘heat’ dimension
representing intensity. The drift time, time it takes for ions traverse the ion mobility cell, is
proportional to the collision cross section (a convolution of size and shape) of the gas phase ions.
In the case of hLa-CTD, the RNA-free IMS-MS spectrum (Figure 2.4D) clearly shows the
occurrence of two conformations at the 10" charge state with a strongly dominant 'larger'
conformation. Assuming a globular structure, the 0.3 ms difference in drift time between the two
conformations, corresponds to an approximately 15% smaller diameter for the compact species.
Upon RNA binding to the ssRNA (Figure 2.4E), at the 10" charge state the more compact
conformation remains, but the larger conformation disappears completely. Upon RNA binding to
the HCV RNA (Figure 2.4F), the 10* charge state shows multiple conformations. Although the
most dominant conformation is the most compact, there is still a small population of the larger
conformation that remains visible. The 11" ssRNA-bound peak shows multiple conformations with
a dominant compact state. In the case of HCV RNA binding, the more compact and the larger
conformation are equally populated at 11*. These results together with the EMSA would suggest
that the hLa-CTD binds more strongly to the ssSRNA than it does to the HCV RNA in both the gas
phase and solution phase. However, the appearance of a 'pre-existing' compact configuration
similar to the RNA-bound conformation in the absence of RNA provides direct evidence that

RRM2-mediated RNA binding in hLa occurs via conformer selection. 184
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2.4.2 Ligand- binding associated structure and dynamics changes in hLa via TRESI-
HDX.

Much of what is predicted about RNA binding in the hLa CTD arises from comparison with the
hLa homologue p65, for which there is a crystal structure of the RNA complex. Like hLa, p65 has
an unusual RRM in the CTD in which there is a 3" a-helix that lies across the typical nucleic acid
binding site. This atypical RRM is followed by an unstructured polypeptide chain, which is also
present in hLa.1%%1"2 Previous structural work suggests that upon p65 RRM2 binding to telomerase
RNA, the previously unstructured region C-terminal to RRM2 forms an extension to the a3 helix,
and that this newly ordered region participates in RNA binding. Due to the similarity in structure

with hLa RRM2, it was suggested that it would bind RNA in a similar manner. 1°

When the ssSRNA ligand and HCV RNA bind to the RRM2 of hLa there is an overall decrease in
the deuterium uptake (Figure 2.5), consistent with both RNA associated shielding and a general
increase in structural compactness as indicated by the native MS and IMS-MS data. There are
some regions of the CTD that show a more significant decrease in deuterium uptake, which could
suggest possible RNA interaction sites. During canonical RRM-RNA binding, RNP motifs in the
B1 and B3 strands often contain aromatic residues that stack between bases of the RNA target, 172
but this mode of binding is not expected for the hLa RRM2 due to the presence of the non-
canonical a3 helix obscuring this site. 12 Our results show no significant decrease in deuterium
uptake in the B1 strand when either RNA binds, however the peptide 271-274 in B3 shows a
significant decrease in deuterium uptake (-20 %) upon binding to both the ssSRNA and the HCV
RNA (Figure 2.5). Adjacent to this peptide, the loop connecting the B2 and B3 strands (peptide
265-270) shows an even stronger decrease in deuterium uptake (-30 %) when the ssSRNA is bound;

the analogous region in RRM1 of hLa has been shown to have direct RNA contacts 7, and this
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region is noted to vary in size considerably between LARP family members and between the
RRM?2 of hLa versus p65 126139169 Although this exact peptide (265-270) was not observed in the
hLa-CTD HCV RNA complex, a peptide spanning the same loop and the 3 strand (265-274) did
not have a significant decrease in deuterium uptake (Figure 2.5B). Because the 33 strand did show
a significant decrease, it can be concluded that there are likely no significant contacts in the loop
region connecting 2 and B3 strands when HCV RNA binds RRM2, which may account for its

lower affinity.
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Figure 2.5 Absolute differences in deuterium uptake when hLa-CTD is bound to (A) the 23-
mer sSRNA ligand and (B) the HCV RNA. The uptake differences are mapped onto Protein Data
Bank entry 10WX, representing the RRM2 domain of the hLa CTD, in which peptides colored
blue correspond to the blue bars in the histogram representing significant decreases in the rate of
deuterium uptake and the peptide colored red corresponds to the red bar in the histogram
representing a significant increase. Error bars are generated from a minimum of three independent
replicates (n > 3). Reproduced with permission from Brown et al., 2016. 178
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An interesting region showing a significant decrease in deuterium uptake when bound to ssSRNA
comprises residues 314-320, located within the a3-helix. This region contains the two most critical
residues associated with nuclear retention; point mutation of hLa K316 and K317 (or the analogous
lysines in fission yeast La) to alanine result in aberrant nuclear export of La to the cytoplasm and
dysfunctional La dependent pre-tRNA processing. 143 Thus, these data suggest that the mechanism
of hLa nuclear retention may be linked to modes by which La engages RNA substrates. Decreases
in deuterium uptake were not limited to RRM2 upon ssRNA binding. For instance, residues 365-
378 in the unstructured polypeptide chain also displayed significantly lowered uptake. This region
includes the major phosphorylation site for hLa, S366, whose phosphorylation is hypothesized to
inhibit La binding to pre-tRNA leaders and control their processing by RNase P,** as well as a
region recently hypothesized to function in CTD-associated RNA chaperone function.'®*
Substantial and wide-ranging decreases in deuterium uptake were also observed in the unstructured
polypeptide chain upon HCV RNA binding. These include peptides 352-357 and 381-387 which
had a large decrease of -30%. These observations underscore the importance of the unstructured
C-terminal region to RNA binding, in agreement with our EMSA data.

While the dynamic changes described above indicate somewhat distinct binding modes for ss- and
HCV RNA in terms of involvement of the RRM2 and C-terminal regions, the most striking
difference was localized to residues 321-326, the transition region between the a3 helix and the
disordered region C-terminal to RRM2. Interestingly, we observed that this peptide becomes
significantly less structured upon ssSRNA binding, as evidenced by a large increase in deuterium
uptake (20%) (Figure 2.5A) whereas it becomes significantly more structured upon engagement
with HCV RNA, which is evident by the large decrease in deuterium uptake (-60%) (Figure 2.5B).

Previous NMR work indicates that the final turn of this helix extends to residue S325 but starts to
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become ill-defined starting at residue Q322.1°2 We observed that when bound to the ssSRNA, the
amino acids following this region (329-336) showed no significant change in deuterium uptake,
indicating an absence of the a3 helical extension predicted from the p65 analogue. Thus, the data
are consistent with RNA-induced structural changes that occur in an equivalent region to p65, but
are opposite in nature (i.e., helical unwinding as opposed to helical extension). However, when
bound to the HCV RNA, the peptide 330-348 (following the a3 helix) shows a substantial decrease
in deuterium uptake (-32%) (Figure 2.5B), suggestive of an extension in the a3 helix as proposed

by the p65 model.

2.4.3 Comparison to A3 NMR
Of the limited set of experimental approaches that can provide detailed structural and/or dynamic
information in the context of ligand binding, the NMR chemical shift change analysis (Ad) is most
commonly used for protein-RNA interactions. Compared to MS-enabled HDX, this approach has
the advantage of being site specific (MS-based HDX measurements are usually segment averaged),
however it shares the disadvantage that it is not always possible to distinguish between true
interactions and allosteric effects. In contrast to MS-based HDX, it is often not possible to
determine from Ad data whether a particular shift corresponds to an increase or decrease in
dynamics, although the development of stable secondary structure can be tracked using chemical
shift index analysis. 1 In addition, AS experiments are subject to the limitations of NMR as an
analytical method, such as relative insensitivity and a fundamental analyte size limit. There is also
a significant ‘blind spot’ associated with conformational or binding/unbinding transitions that
occur on the millisecond timescale owing to line broadening. This limitation is particularly felt

when examining weakly structured regions of proteins or high on/off rate interactions.
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Figure 2.6 Comparison between TRESI-HDX and NMR data (A) TRESI-HDX uptake
differences and (B) NMR peak shift data for the HCV RNA binding interaction. The horizontal
line in the NMR plot indicates the significance threshold. In the TRESI-HDX plot, statistical
significance is given by the standard deviation from at least three independent runs (n> 3). The
data are aligned by sequence to allow a direct comparison between observations derived from
solvent access and backbone amide hydrogen bonding averaged over regions (TRESI-HDX) and
site-specific measurements of changes in the electronic environment of the backbone amides
(NMR). (C) Comparison between the normalized HDX “signal magnitude” (i.e., the magnitude of
the difference in the rate of HDX uptake between bound and unbound hLa) and the normalized Ad
“signal magnitude” (i.e., the average Ad for segments corresponding to the HDX profile). A
“residuals” plot is provided below, showing the magnitude of the difference between the averaged,
normalized Ao, and HDX profiles. The gray bar indicates a region in which HDX exhibits
substantially higher sensitivity to conformational and dynamic changes. Reproduced with
permission from Brown et al., 2016. 17
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Assuming that peak assignments can be made, it is sometimes possible to overcome these
limitations using more sophisticated NMR methods such as relaxation dispersion, T» relaxation

and TROSY.

A direct comparison of Ad and TRESI-HDX analyses for the HCV RNA is provided in Figure 2.6.
In general, there is limited agreement between the two datasets. Sizeable Ads at glutamic acid 277
and aspartic acid 263 appear to have had little impact on the corresponding regions of the MS data,
for instance, and several regions identified by TRESI-HDX as undergoing a substantial change in
dynamics do not contain any residues with Ads above the threshold (e.g., regions around 239 and
300 and 311). Part of this lack of agreement can be attributed to the ‘segment averaged’ nature of
MS-based HDX data versus site specific NMR measurements. There is substantially improved
agreement between the TRESI-HDX profile and the Ad profile when the latter is normalized and
averaged over the same segments measured in the HDX data (Figure 2.6C). Of the remaining
regions with significant disagreement, two result from a substantially stronger NMR signal and
one (highlighted as a gray bar in the bottom plot of Figure 2.6C) results from a substantially
stronger HDX signal. These regions highlight the fact that, in contrast to HDX measurements that
use MS or NMR detection, HDX and A8 NMR measurements are probing fundamentally different
phenomena and are therefore not fully comparable. One region of good agreement between the
TRESI-HDX and A3-NMR profiles, with both indicating significant structural perturbation,
corresponds to the C-terminus of the a3 helix, which is the site of helical extension in our model

for HCV RNA binding.
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2.5 Conclusions

Taken together, our data indicate significantly different binding modes for unstructured ssRNA
versus structured HCV RNA binding in the atypical RRM motif of hLa. Unstructured ssSRNA binds
with high relative affinity via a mechanism that involves close contacts with the RRM2 domain,
destabilization of the a3 helix, and engagement with select segments of the unstructured C-
terminal region. Structured RNA binds with a lower affinity via a mechanism that involves fewer
contacts in the RRM2 binding pocket, extension of the a3 helix, and more widespread engagement
with the unstructured C-terminal region. This second mechanism has some commonalities with
the structural changes that are known to occur upon binding of hLa RRM2 homologue p65 to
telomerase RNA. 1918 TRESI-HDX provides a powerful alternative for probing conformational
and dynamic changes that occur in ligand binding, offering in this case an expanded view of the
interaction that includes the unstructured C-terminus (which was not resolved in the NMR data).

TRESIHDX and A& NMR are complementary probes of ligand binding, sensitive to different

fundamental processes that occur in regions of significant conformational or dynamic change.
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Chapter 3: An interdomain bridge influences RNA binding of the human La protein

A Version of this chapter was published in Journal of biological chemistry, 2019, 294, 1529-
1540, Copyright © 2019 American Society of Biochemistry and Molecular Biology

Stefano A. Marrella, Kerene A. Brown, Farnaz Mansouri-Noori, Jennifer Porat, Derek J.
Wilson, and Mark A. Bayfield.

All Mass Spectrometry Experiments were conducted and analyzed by KAB and Electrophoretic
mobility shift assays (in the original paper) were conducted by SAM. Only the mass
spectrometry experiments from the original paper is shown in this chapter.
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3.1 Summary

Human La (hLa) is a multifunctional RNA chaperone with varying functions relating to its
subcellular location. In the nucleus, hLa is a crucial factor in the processing of RNA polymerase
I11 transcripts, whereas in the cytoplasm, hLa is involved in the translation of cellular and viral
MRNAs. Chapter 2 provided some insight on the binding mechanism of the C-terminal domain
(CTD) of hLa that was previously unknown. It has been known however to not take part in Poly
(U) RNA binding which is characteristic of the N-terminal domain (NTD). Here we further explore
how hLa interacts with other non-poly (U) RNA and how mutations in the nuclear trafficking
signals affect RNA binding. The nuclear retention element (NRE) and nuclear export signal (NES)
have been previously shown to control the accumulation of hLa in the cytoplasm and nucleus.
Point mutations to residues in the NRE and NES that are associated with localization, affects
binding of hLa to various RNA substrates. Here, we show evidence of an interaction between the
NRE and NES, spanning across the RRM1 and RRM2 domains of the protein. In addition, the
conformational dynamics that occur when this interaction is intact or disrupted are studied via
collision induced unfolding and time-resolved hydrogen-deuterium exchange mass spectrometry.
Our data suggest that the intracellular distribution of La is specifically linked to its RNA binding

mode and provides the first evidence for a direct interdomain interaction in La proteins.

3.2 Introduction

Human La (hLa) is a highly abundant and multifunctional RNA chaperone.’®” Although hLa
protein is predominately nuclear,'® it shuttles between the nucleus and the cytoplasm in which the
cytoplasmic levels increase in times of cellular stress and viral infections.*®1% Within the nucleus
it binds to nascent RNA polymerase Il transcripts preventing exonuclease digestion. This

mechanism of recognition and binding is well studied and is characteristic of the N-terminal
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domain (NTD). 1192 |n the cytoplasm however, hLa associate with the translation of cellular and
viral coding RNAs. Human La was recognized as the first cellular factor crucial for the translation
of viral internal ribosome entry site (IRES), %1% and in chapter 2 we shed some light as to how
the C-terminal domain (CTD) engages the IRES domain of the hepatitis C viral RNA.1"

The transportation of hLa between the nucleus and cytoplasm is controlled through a nuclear
localization signal (NLS) and a nuclear retention element (NRE) . Previous work done by
Bayfield et al., revealed two highly conserved residues within the NRE which are identified to be
crucial for its activity, Lysine-316 and Lysine-317. When the entire NRE (residues 316 -332) is
deleted hLa becomes cytoplasmic and as a result pre-tRNA processing is suppressed.'®® These
lysine resides when substituted with alanine mimics the activity of the hLAANRE mutant. Deletion
of the RRML1 restored nuclear accumulation due to the removal of the nuclear export signal (NES)
which was mapped to two conserved residues glutamic acid 132 and aspartic acid 133. The lysines
in the NRE are hypothesized to form an interdomain salt bridge with glutamic acid 132 and aspartic
acid 133 in RRM1. E132 and D133 in the RRM1 when substituted with alanines in a hLa
K316A317A mutant were found to be nuclear and restored pre-tRNA processing. This NES is
functionally suppressed by the NRE however there is no direct evidence for any physical NES-
NRE interaction. Therefore, the mechanism by which the NRE and NES contribute to the

intracellular distribution of hLa is poorly understood.

Recently it has been demonstrated that La-mRNA binding (which takes place in the cytoplasm)
occurs in part through sequence specific recognition of poly(A) tail.!'® The altered localization of
hLa variants with mutations to their NRE and/or NES could be related to an altered capacity of

said mutants to engage La RNA target(s). We therefore tested hLa and hLaANRE for changes in

structural dynamics when bound to UUU-3"OH containing substrate (U10) and a poly(A) substrate
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(A20). We also tested for a direct interaction between the NRE and NES by making compensatory
mutations to these two regions and assessing these mutants for their ability to bind these same
RNAs. Our data demonstrate that mutations to the NRE and NES indeed affect the association of
hLa with RNA, and provide evidence of a direct, physical interaction between the NES on RRM1
and the NRE on RRM2. Altered engagement of NRE mutants with RNA may thus play a role in

their altered subcellular localization.
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NES NRE NLS
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lamotif ]| RRML m //
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RRM2

Figure 3.1 Domain organization of human La protein (hLa). A.) Domain organization of hLa
showing the locations of Nuclear Export Signal (NES), Nuclear Retention Element (NRE), and
the Nuclear Localization signal (NLS). B.) Structural representations of RRM1 and RRM2
domains of human La. RRML1 is in pink with RRM1-al in yellow, and Glu-132 and Asp-133 are
in cyan. RRM2 is in violet, with RRM2-a3 in orange, and Lys-316 and Lys-317 are in green.
Structures were generated from PDB codes 2VOO and 10WX.
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3.3 Materials and Methods
3.3.1 Protein Expression and Purification
The pET 28a wvector in E. coli BL21 DE3 encoding hLa, hLaANRE, hLa
E132K/D133K/K316E/K317E and hLa K316E/K317E were provided by the Bayfield Lab (York
University). Protein expression and purification were carried out with induction of 1 mM Isopropyl
B-D-1-thiogalactopyranoside (IPTG) to over express the proteins of interest followed by
purification using immobilized metal affinity chromatography (IMAC) as described in chapter 2.
A second purification step was added, using a 5 mL HiTrap Heparin column pre-packed with
Heparin Sepharose, to eliminate bound nucleic acids that may have co-purified with hLa. The
heparin column was equilibrated with a buffer containing: 20 mM Tris-HCL, pH 7.6, 1.5 mM
MgCl, 100 mM KCL, and 0.2 mM Ethylenediaminetetraacetic acid (EDTA). Using a syringe, the
elution from the IMAC purification was loaded onto the heparin column. The column was then
washed with increasing concentrations of KCL (200 mM, 400mM and 800 mM) in which the
protein was eluted at 800 mM KCL. Purified hLa was then concentrated and buffer exchanged,
using centrifugal filter units, into 500 mM C2H302NH4, pH 8.0 for subsequent mass spectrometry
analysis.
3.3.2 Collision Induced Unfolding

Samples were buffer exchanged into 250 mM C2HzO2NH4, pH 8 by ultrafiltration and analyzed
using a quadrupole-ion mobility-time-of-fight mass spectrometer instrument (Synapt G2-S
HDMS, Waters, Milford, MA). Protein ions were generated using an electrospray ionization (ESI)
source in positive mode. The source operated with a capillary voltage of 3.0 kV and sampling cone
of 100 V. To generate ion mobility separation, the travelling wave ion mobility cell operated at a

pressure of 3.79 mbar and series of DC voltage waves (wave height of 40 V with a velocity of 652
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m/s) were used. The ToF-MS operated over the m/z range of 1000 — 5000 at a pressure of 1.09
x10 mbar.

To perform CIU experiments, collision energy was applied to the ions in the ion trap located prior
to the ion mobility cell. The collision energy voltage was ramped from 10 to 100 V in 5 V
increments to construct a CIU fingerprint. The CIU fingerprints were generated using PULSAR

software.®’

3.3.3 Microfluidic chip fabrication
The microfluidic device was constructed as previously described in chapter 2 with some
modifications. The microfluidic chip was made smaller for added convenience. Briefly, a
proteolytic chamber and capillary channels were etched onto a poly methyl methacrylate (PMMA)
substrate (dimensions: 2.1 cm x 5.1 x 0.6) using a VersaLaser engraver (Universal Laser,
Scottsdale, AZ). Another blank PMMA substrate with the same dimensions was used and the two
were welded together using acrylic glue and left to dry for 24 hours. A drill press and a 10 32 NF
Bit was used to drill both sides of the substrate to a depth of 9 mm. A smaller drill bit, 1/16” was
used to drill both sides to depth of 20 mm. A 10 32 NF bottoming tap was then used to manually
add threads. A 10 cm glass capillary with an outer diameter of 151 um and a 10 cm 33-gauge
stainless steel metal capillary screwed into the chip via double-winged nuts were used as the input

and output channel respectively. The output channel also served as the ESI capillary.

The TRESI mixer was made by inserting a glass capillary (Outer Diameter = 151 um) into a metal
capillary (inner diameter = 177.8 uM) creating an inter capillary space of 26 um. The end of the
glass capillary was sealed, and a notch was cut 2 mm from the sealed end using the Vera Laser.

The device was placed at the front end of a modified NanoSpray platform on a quadrupole-ion
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mobility-time-of-fight mass spectrometer instrument (Synapt G2-S HDMS, Waters, Milford,

MA).

3.3.4 Time-Resolved ElectroSpray lonization Hydrogen Deuterium eXchange
(TRESI-HDX)

The HDX reaction took place inside the TRESI mixer in which gas tight Hamilton syringes were
used to deliver the reagents through the capillaries using Syringe infusion pumps (Harvard
Apparatus). Human La at 5 pM in 250 mM CzH302NH4 flowed through the inner capillary while
deuterium flowed through the outer capillary at 2 pL/min. The total flow rate in the TRESI mixer
(4 pL), the inter-capillary space and the inner capillary pulled back at 1 mm created a reaction
volume of 25.8 nL and HDX reaction time of 0.59 s. The instrument operated at a voltage of 2.25
kV in positive ion mode with a sampling cone voltage of 25 V. The samples were scanned over a
range of 400 to 1500 m/z. The experiment was done with two biological replicates each having

three technical replicates.

A digestion profile was acquired prior to the HDX reaction to identify the peptides. The m/z and
charge of each peptide was recorded and ExXPASY findpept was used to find the “best-match” for
each m/z. Tandem MS was then used to fragment the peptides to obtain a fragmentation pattern
that was used to verify the correct identity of each peptide. Data Analysis was carried out using
the MS studio software!®® in which the deuterium levels for each peptide in free protein and
protein/RNA complex was calculated. Differences in deuterium uptake that fell with 2 sigmas
(95% confidence interval) was considered to be significant. The significant differences were then

mapped onto the X-ray crystallography and NMR structures.
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3.4 Results and Discussion
3.4.1 Native Mass Spectrometry Analysis of human La protein

Native mass spectrometry analysis of wild type human La protein reveals the mass to be 47.5 kDa.
Three structural populations were observed in the native spectrum (Figure 3.2). The folded protein
distribution was the most prominent with charge states 12" to 17*. A highly charged unfolded
distribution was observed at lower m/z values. This is expected, although hLa has three structured
domains, as it has a large proportion of unstructured loops in its structure. This is the reason there
is no high-resolution structural data for the entire protein, only the isolated structured domains.
117,199-201 Iy addition a small population of hLa dimers were observed at higher m/z, but this may

be an ESI artifact and is not sufficient evidence for the presence of hLa dimers.
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Figure 3.2. Native Mass Spectrum of the wild type human La (hLa), showing a folded and
unfolding population as well as a low intensity dimer population.
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For simplicity, only the folded distribution is highlighted when observing RNA binding. The native

spectra in figure 3.3 reveal a 1:1 binding ratio of hLa when bound to both U10 and A20 RNA
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Figure 3.3. Native Mass Spectra of hLa-RNA complexes. A. hLa with a mass of 47.5 kDa B.
hLA-U10 complex with a mass of 50.7 kDa and C. hLa-A20 complex with a mass of 54.1 kDa.

3.4.2 Collisional Induced Unfolding reveals structural differences and RNA binding
patterns in hLa and the NRE deficient mutant.

To study the changes in structural dynamics in hLa and the NRE deficient mutant, we 1% employed
a technique referred to as Collision Induced Unfolding (CIU). CIU uses lon Mobility Mass
Spectrometry (IM-MS) to study the gas phase stability of proteins in the presence and absence of
ligands.?%22%3 [M-MS is a gas phase analog of electrophoresis, as ions are separated based on their
size and charge. It measures the drift time of ions that can be related back to the collisional cross
section of the protein, which has been proven to correlate well with the X-ray crystallography
structures in many instances.32% In the CIU experiment, protein ions are subjected to increasing
collision energies (voltage) which results in unfolding of the protein and the accompanying
increase in drift time is observed and compared between hLa and hLaANRE with and without U10
RNA. Three major protein conformations with two stages of unfolding were observed. In hLa, the

native conformation remained intact until 35 V, were a distinct transition state is observed and
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many conformations begin to arise leading to the 1 unfolded state. At 45 V a single, unfolded
conformation is observed which is maintained until 95 V where another transition begins, and a
small population of a more unfolded species became apparent. Likewise, in hLaANRE, at 35 V
there was a transition to the 1% unfolded state, however, there was an almost immediate transition
to the 2nd unfolded state, unlike what was observed in hLa. This data suggests a significant

reduction in the stability of hLa in the absence of the NRE.

hLa dNRE

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
AN 1

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

Figure 3.4. CIU experiments on WT hLa (A), hLaANRE (B), WT hLa (C) bound to U10, and
hLaANRE bound to U10 (D), where the unfolding and conformational changes of hLa are
tracked over increasing collision energy. The left panel shows a representation of the most likely
structural conformations that populate each unfolding state. The La motif, RRM1, and RRM2 are
represented by the red, yellow, and green squares, respectively, in which the proposed interdomain
interaction between RRM1 and RRM2 is represented by the dashed line. Reproduced with
permission from Marrella et al., 2019. 2%

To determine if RNA binding would have an effect on the stability of hLa, a U10 RNA ligand was

used as it had the most stable gas phase structure. When bound to hLa, an increase in stability was
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observed between the folded state and the 1% unfolded state which is characterized by an increase
in the collision energy of the 1% transition (from 35 V to 40 V). Interestingly, there was a decrease
in stability when transitioning between the 1% and 2" unfolded states, as there was a drastic
decrease in collision energy (from 95 V to 55 V) required for this transition. When U10 was
allowed to bind to hLaANRE, there was an increase in stability in both transition states, unlike
what was observed for hLa. This CIU model would suggest that the 1% unfolded state is the
unfolding of the La motif, as this unfolded state is stabilized by U10 in the WThLa. The 2"
unfolded state would likely be the disruption of the RRM1-RRM2 interaction in the WT which is
not stabilized by U10 binding as poly(U) trailer does not interact with the CTD. This provided
some evidence for the potential of an interdomain interaction but to gain further insight we
employed TRESI-HDX experiments to get a more detailed look at the structural dynamics of RNA

binding to hLa.

3.4.3 Time-Resolved Hydrogen Deuterium Exchange on the hLaANRE mutant
Although there is no binding expected in the CTD, RNA binding at the NTD could have large
effects on the dynamics in the CTD. HDX-MS was used to shed some light on what was observed
in the CIU experiments previously mentioned but unlike IMS-MS, HDX studies solution phase
structures. In these experiments, the deuterium uptake in the free protein was compared to the
deuterium uptake in the protein/RNA complex to determine the difference in relative deuterium
levels of each peptide post RNA binding. The changes observed are mapped on to the PDB
structures, where blue and red represent significant decreases and increases in deuterium uptake

respectively in the protein/RNA complex.
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A.) hLa+U10 B.) hLa+A20 C.) Domain interaction in hLa
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D.) hLa dNRE + U10 F.) Disrupted domain interaction in

hLa dNRE

=< 10% M > 10% decreased deuterium uptake
< 10% M > 10% increased deuterium uptake

Figure 3.5. Differences in deuterium uptake mapped onto the structures obtained from PDB
(codes 10WX and 1YTY). Changes in deuterium uptake are in the WT hLa U10 (A) and A20
complexes (B), in which C is a representation of the likely domain organization prior to RNA
binding. Changes in deuterium uptake are in the hLaANRE U10 (D) and A20 complexes (E), in
which F is the proposed domain organization prior to RNA binding. The areas of the protein with
decreased, increased, or no change in deuterium uptake are highlighted in blue, red, and tan,
respectively. The areas colored gray mean there were no observed peptides from that area.
Reproduced with permission from Marrella et al., 2019, 2%

When hLa binds to a U10 RNA ligand, significant decreases in deuterium uptake are observed in
the NTD where poly(U) RNA is known to bind from previous studies. Interestingly, the CTD
revealed significant increases in deuterium levels in the NRE helix when U10 is bound. In most
HDX experiments, when a ligand binds to a protein, decreases in deuterium levels are observed in
the complex. It is far less common to observe increases in deuterium levels in a stable complex as
increased deuterium uptake represent a decreased in stability as the hydrogen bonding network

becomes weaker which allows for more exchange with deuterium. If the proposed interaction
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between the NRE helix in the CTD and the NES in the NTD holds true, when U10 engages hLa,
this interaction would likely be broken to allow for U10 to bind to the NTD. This broken interaction
would likely weaken the hydrogen bonding network in the NRE helix resulting in the decreased
stability that is observed. The NES however, showed no significant changes in deuterium levels in
the complex which could be attributed to the fast mixing time (700 ms) used in this experiment or
the increased dynamics of the helix could be offset by RNA binding. When bound to A20, hLa
showed decreased deuterium levels across the protein, most notably at the NRE helix and the NES.
This is opposite of what was observed when hLa was bound to U10. This difference is likely due
to the fact that A20 makes contact with all three domains of hLa, so even if the interaction between
NRE helix and the NES is broken, the A20 binds and prevents any destabilization in the hydrogen
bonding network that was observed when U10 binds. When hLaANRE binds to U10 and A20 the
results are almost indistinguishable. The destabilization observed in the hLa CTD when bound to
U10 is not observed in hLaANRE. Instead there was an overall decrease in deuterium uptake in
the hLaANRE/U10 and A20 complexes with no significant differences observed between the two
complexes. This further supports the notion of the interdomain interaction, as deletion of the NRE

helix resulted in almost identical HDX profiles for both U10 and A20 complexes.

Time-Resolved Hydrogen Deuterium Exchange on the point mutants hLaKKEE and hLaEE

When hLa K316E/K317E was bound to U10, there was a deviation from the hLa-U10 complex
observed. There was an overall decrease in the deuterium levels in the complex similar to what
was observed for the hLaANRE-U10 complex. So, although the interdomain interaction would be
broken, U10 would likely still interact with the NTD. However, with the lack of the interdomain
interaction, the dynamics of the CTD completely changed. However, when hLa K316E/K317E

was bound to A20, there were not many significant changes in deuterium level observed and there
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were significant increases in deuterium uptake in the NRE helix. If A20 binds all three domains
and the 316K/317K is a potential RNA binding surface, when altered it likely reformed the way in

which A20 binds if it can no longer bind to that helix.

A.) hLa K316E/K317E B.) hLa K316E/K317E +U10 C.) hLa K316E/K317E +A20

D.) hLa E.) hLa
D132K/E133K/K316E/K317E D132K/E133K/K316E/K317E +U10

M <10% ™ > 10% decreased deuterium uptake
m <10% m >10% increased deuterium uptake

Figure 3.6 Differences in deuterium uptake mapped onto the structures obtained from PDB
(codes 10WX and 1YTY). (A) shows the hypothesized disrupted interdomain interaction in hLa
K316E/K317E in which the key residues are highlighted in orange. Changes in deuterium uptake
are in the hLa K316E/K317E U10 (B) and A20 complexes (C).(D)shows the re-establishment of
the inter-domain interaction in hLa D132K/E133K/K316E/K317E in which the key residues are
highlighted in orange. Changes in deuterium uptake are in the hLa D132K/E133K/K316E/K317E
U10 (E) and A20 complexes (F). B, C, E, and F, areas of the protein with decreased, increased, or
no change in deuterium uptake are highlighted in blue, red and tan, respectively. The areas colored
gray means there were no observed peptides from that area. Reproduced with permission from
Marrella et al., 2019. 2%
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Unlike the hLaANRE mutant that showed many significant decreases, with the removal of the
entire NRE, this exposed the typical RNA binding site in which A20 could possibly engage. When
hLa E132K/D133K/K316E/K317E was bound to U10 and A20, the results were very similar to
the hLa/U10 and A20 complexes suggesting the proposed interaction between the NRE and NES
was restored. The increased dynamics in the NRE helix was observed when bound to U10 and the
decreased dynamics in the NRE helix and NES was observed when bound to A20. This data

supports the concept of an inter-domain interaction between RRM1 and RRM2.

3.5 Conclusion

Although MS is a low-resolution structural technique, it has provided a wealth of information
regarding RNA interactions in hLa and the effects of altering the nuclear trafficking elements. hLa
is a highly flexible protein and it has been hypothesized that the structured domains within the
protein are not in a fixed orientation with respect to each other.2! This flexibility has made it
difficult to determine RNA binding modes using more high-resolution structural techniques. This
structural flexibility however has been hypothesized to be important for the capacity of hLa to bind
a variety of RNA substrates. Binding to UUU-3OH end of nascent RNA polymerase III transcripts
has been extensively studied and high-resolution structures of the RNA-hLa complexes are
available. 117200201 h 3 has also been implicated in the binding of poly(A) sequences ¢ found on
mRNAs as well as binding to more structured RNAs such as stem loops'®11’® and the main body

of pre-tRNAs.

CIU and TRESI-HDX-MS based analysis provided evidence in which the NRE and the al helix

region of RRM1, which includes amino acids Glu-132 and Asp-133, make a direct protein—protein
interaction that either breaks or forms depending on the identity of the bound RNA ligand. The

bridge is thought to be broken upon binding to U10 and intact when bound to A20 in the wild type.
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The hLa K316E/K317E mutant that disrupts the interdomain interaction results in change in the
dynamics of the RRM2 with respect to the WT when bound to U10. This further strengthens the
hypothesis of the interdomain interaction. It also shows that the NRE is likely a crucial binding
surface for poly(A) RNA as there was very little decreases in deuterium uptake (representative of
very few possible contacts) when bound to A20 in the hLa K316E/K317E mutant. The
compensatory mutant hLa E132K/D133K/K316E/K317E further proves the proposed interaction
between NRE and NES as the interaction is likely restored due to the similar results that were
observed in the wild type. Although this data is consistent with electrophoretic mobility shift
assays (EMSAS) provided by the Bayfield Lab showing RNA binding patterns of the WT hLa, hLa
ANRE, hLa E132K/D133K/K316E/K317E and hLa K316E/K317E bound to various RNA
substrates, high resolution structures are required to get a firmer grasp on the nature of the

interdomain interaction.
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Chapter 4: Rapid Characterization of Structural and Functional Similarity for a
Candidate Bevacizumab (Avastin) Biosimilar using a Multipronged Mass Spectrometry-
Based Approach

Brown, K.A., Rajendran, S., Dowd, J. and Wilson, D.J.

This chapter has been published in Drug Testing and Analysis 2019, 1-11, Copyright
© 2019 John Wiley and Sons, Ltd.

Experiments were planned by KAB, SR, JD, and DJW. All mass spectrometry experiments, and
data analyses were done by KAB. SR and JD provided SPR data. The manuscript was prepared
by KAB with editorial contributions from SR, JD and DJW.
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4.1 Summary

The ongoing shift from small molecule drugs to protein therapeutics in the pharmaceuticals
industry presents a considerable challenge to ‘generic’ drug developers who are increasingly
required to demonstrate biosimilarity for biological macromolecules; a task that is decidedly more
complex than doing the same for small molecule drugs. In this work, we demonstrate a
multipronged mass spectrometry-based workflow that allows rapid and facile molecular
characterization of antibody-based protein therapeutics, applied to biosimilars development.
Specifically, we use a combination of native mass spectrometry (MS), ion mobility spectrometry
(IMS) and global time-resolved electrospray ionization (TRESI) hydrogen deuterium exchange
(HDX) to provide an unambiguous assessment of the structural, dynamic and chemical similarity
between Avastin (bevacizumab) and a biosimilar in the late stages of pre-clinical development.
Minor differences between the biosimilar and Avastin, and between lots of the biosimilar, were
tested for functional relevance using Surface Plasmon Resonance (SPR) -derived Kinetic and
equilibrium binding parameters. Our results revealed minor differences in glycosylation between
Avastin and its biosimilar which translated to statistically significant differences in structural
dynamics observed in global HDX. However, no significant differences were observed using IMS.
Differences, however, were minor and had no effect on target engagement as determined by SPR
analysis.

4.2 Introduction

Protein therapeutics, and in particular monoclonal antibodies (mAbs) are now widely used in the
treatment of cancer and other illnesses owing to the high selectivity and sensitivity to their
respective targets.?62% However, therapeutic mAbs can be tremendously expensive, partly due to

the high-cost, high-precision processes associated with consistent production of therapeutic
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proteins, but also due to a lack of market alternatives.?%” Increased availability of biosimilar
antibodies might therefore significantly reduce the costs of therapeutic mAbs, some of which are
currently charged at more than $200,000 per year per patient.2% In contrast to conventional small
molecule drugs, the complex correlation between biomacromolecular structure, dynamics and
biological activity heightens the challenge of unambiguously demonstrating molecular and

functional biosimilarity in therapeutic mAbs.2%°

Differences between a mAb biosimilar and its reference product stem from the fact they are
invariably generated by different manufacturing processes, usually from different host cell clones.
In addition to formulation issues, varied mAb manufacturing processes can result in distinct post-
translational modifications (PTMs) (e.g., glycosylation, glycation etc.) as well as other minor
variations in structure that could impact potency, clearance and immunogenicity and thus clinical
efficacy. Such differences can also have a substantial effect on degradative processes affecting
shelf-life, such as susceptibility to oxidation, deamidation and aggregation.?'>-2'4 There are many
analytical methods that can be used to assess the similarity between biosimilars and their reference
products in the early stages of development. These methods can be classified according to quality
attributes that they measure such as structural characterization (primary and higher order), purity
(product and manufacturing process related), assessment of glycan profile and biological activity

(e.g., binding assays).?®

In this report, we focus on the comparison of multiple physical attributes between bevacizumab,
an FDA-approved therapeutic mAb marketed as Avastin, and a candidate biosimilar using a unique
mass spectrometry-based workflow. Bevacizumab is a humanized IgG1 monoclonal antibody
developed as a target to the Vascular Endothelial Growth Factor (VEGF).2!6217 |t binds and

neutralizes all isoforms of VEGF-A preventing tumor angiogenesis and progression.?® It is used
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along with chemotherapy in the treatment of metastatic colorectal cancer,“** metastatic non-small-

220 221 222

cell lung cancer,>” metastatic renal cell carcinoma,“* ovarian cancer,>>“ and metastatic breast

cancer.??

Mass spectrometry instrumentation has evolved over the last two decades, providing ever-
increasing sensitivity (low picomolar sensitivity is now routine), resolution and mass accuracy.
Additional innovations in coupled separation techniques, particularly liquid chromatography (LC-
MS) have made MS an exceedingly powerful tool for peptide-level analyses of mAbs, which
allows for sequencing and PTM analysis.?!1215224 Arguably less well-recognized is the rapidly
developing capability of MS instruments to analyze large, intact biomolecules under native-like
conditions.22:225228  This, combined with coupled techniques like ion mobility spectrometry
(IMS)*>22° and hydrogen/deuterium exchange (HDX) 88230.231 allows mass spectrometry to support

higher order structure analysis, in some cases at single residue resolution.?32:2%3

IMS is a relatively recent addition to the MS-based analysis toolbox, with a number of commercial
instruments now including IMS technologies. IMS is essentially a gas-phase analogue of
electrophoresis, allowing for (usually pre-mass spectrometric) separation of analytes on the basis
of size, shape and charge.?** IM-MS techniques such as collision induced unfolding (CIU) can
easily be used to differentiate between the sub-classes of 1gG antibodies.?® In principle, this
approach could be used to identify even relatively subtle structural heterogeneity in mAb drug
candidates, including conformational differences that arise from variances in PTM profiles (e.g.,
differential glycosylation in mAbs).2® IM-MS also has the sensitivity to monitor domain

exchanges in antibodies.?*’

The argument can always be made, however, that the gas-phase conformational properties

monitored by IMS do not adequately reflect conformational properties in solution. To allay these
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concerns, IMS analyses can be complemented by global hydrogen deuterium exchange (HDX),
which provides similar information (essentially a measure of relative global conformational
stability and heterogeneity) based on isotope labeling in solution.?®22% In this work, we used a
variation of HDX that involves short (ms timescale) isotope labeling times, called ‘time-resolved’
HDX. Time resolved HDX has been proven to be beneficial in the analysis of disordered

239 or the weakly structured regions of proteins!’®24% and, most importantly for the present

proteins
work, highly sensitive to subtle changes in conformational dynamics.?** The time-resolved set up
(Figure 4.1) is more straightforward than conventional LC-based systems as the mixer also acts as

the electrospray capillary, eliminating the need for a quenching buffer and a trap column.®

Together, native MS, IMS and global HDX provide a convenient, integrated platform for multiple
attribute monitoring and early-stage characterization of candidate protein therapeutics. Here, we
demonstrate this approach for the rapid and facile comparison of biosimilars to reference products
and in lot-to-lot variability analysis. Physical differences revealed by this approach are then

correlated to changes in function via Surface Plasmon Resonance (SPR) measurements.
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Figure 4.1 Capillary mixer used for time-resolved electrospray ionization hydrogen
deuterium exchange mass spectrometry (TRESI-HDX-MS). A glass capillary carrying the
antibody is inserted into a metal capillary through which deuterium is passed. The distal end of the
inner glass capillary is sealed, and a notch is cut 2 mm from the seal to allow the antibody to escape
into the narrow annular space between the two capillaries (where mixing takes place). The HDX
labeling time is adjusted by pulling back the inner glass capillary within the outer capillary thereby
increasing the reaction volume. Reproduced with permission from Brown et al., 2019. 24

4.3 Methods and Materials

4.3.1. Materials
Bevacizumab (Avastin, 149.2 kDa) and all lots of the candidate biosimilars (149.4 kDa) were
provided by Apobiologix (North York, ON). Deuterium oxide (D20, 99.9%, 151882) and high
purity acetic acid (>99.7%, 695092) were purchased from Sigma-Aldrich (Oakville, ON). HPLC-

grade ammonium acetate and water were purchased from Fisher Chemical (Mississauga, ON).
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4.3.2. Native and lon Mobility Mass Spectrometry
Prior to analysis, each antibody was diluted to 1 uM and buffer exchanged into 250 mM
ammonium acetate solution, pH 7.4 using zeba spin desalting columns (7 MWCO) (89890, 7K,
Thermo) on Allegra 25R centrifuge (Beckman, Mississauga, ON) by centrifugation at 1000 g/min
at 4 °C. The antibodies were subjected to electrospray ionization (ESI) Mass Spectrometry (MS)
using a Synapt G2-S mass spectrometer (Waters, Milford, MA) at a flow rate of 10 pL/min. The
tuning parameters were set to optimize resolution while preventing gas phase unfolding or
fragmentation. The tuning parameters were set as follows: the capillary voltage was set to 3.0 kV
with a source temperature of 120°C and a sampling cone voltage at 100 V. To enable desolvation,
the desolvation temperature was set to 250°C with the gas flow set to 800 L/Hr. The collision
energy in the trap and transfer cell was set to 15 V and 10 V respectively with a gas flow of 2.5
mL/min in the trap cell. To better enhance ion mobility separation the helium and IMS gas flow
was set to 180 mL/min and 70 mL/min respectively. The IMS wave velocity and wave height was
adjusted to 800 m/s and 40 V respectively. The native and IMS data were analyzed using the

MassLynx software package, v. 4.1.

4.3.3 Global Time-Resolved Hydrogen Deuterium Exchange Mass Spectrometry
The capillary mixing device (Figure 4.1) was used for time resolved global HDX measurements
to provide information on the dynamics of the antibodies on the millisecond to second timescale.
The capillary mixer was interfaced directly with the Synapt G2-S mass spectrometer using an in-
house built platform on the nano-ESI source. 10 uM of Bevacizumab flowed through the inner
capillary at a flow rate of 4 pL/min and 99.9% deuterium oxide flowed through the outer capillary
at 16 pL/min. This resulted in mixing times of 0.146, 0.218, 0.29, 0.368, 0.44, 0.518, 0.89, 1.63

and 3.87 seconds to generate a deuterium uptake profile for each antibody, with three technical
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replicates per lot. The deuterium uptake was calculated as the change in mass (AM) using the

equation:

AM = Mp - Munp 4.1)

Where Mp is the mass of the deuterated protein and Munp is the mass of the undeuterated protein.
The deuterium uptake curves were fit in SigmaPlot 14.0 using the double exponential with 5

parameters function.

4.3.4 pH-Stability Test
The antibodies were buffer exchanged into 250 mM ammonium acetate with pH 3.5, 5.5 and 7.4.
The antibodies were allowed to incubate in the buffer solutions for 5 mins, 5 days and 5 weeks at
4°C after which they were subjected to ESI-IMS-MS as described above. Drift time heat maps
were generated using the Protein Unfolding for Ligand Stabilization and Ranking (PULSAR)

software.1%’

4.3.5 VEGF Binding by SPR
The SPR VEGF binding assay was carried out on the Biacore platform (GE Healthcare). Briefly,
Avastin or a biosimilar is immobilized on a Protein A-coated sensor chip, together with a relevant
standard (Avastin or a validated biosimilar internal standard) in a separate flow channel, so that
the Fab regions are oriented toward the bulk solution. In this orientation, VEGF binding occurs
independently at each of the Fab binding sites, which allows data fitting using a 1:1 Langmuir
model®® that incorporates mass transfer.?** VEGF is then passed over the anti-VEGF mAb-
functionalized surfaces (sample and control), allowing association and dissociation processes to
be monitored ultimately via the change refractive index (and thus the resonance frequency of the

surface plasmon) that occurs when the target molecule in the bulk-phase is adsorbed onto the
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functionalized surface. The association rate constant (kon) and the dissociation constant (koff) are
estimated from fits to the data generated over several different VEGF concentrations (0.8 nM to
25 nM), ultimately allowing for calculation of the equilibrium dissociation constant Kp for the

complex.

4.4 Results
4.4.1 Native Mass Spectrometry of Avastin and Biosimilar

Native MS was used to determine the molecular weight of Avastin and its biosimilar. The native
mass spectrum showed identical charge distributions (Figure 4.2A and 4.2B) with Avastin having
an average molecular weight of 149.2 kDa and an average molecular weight of 149.4 kDa for the
biosimilar. A key difference observed in the native spectrum is a small but significant population
of a lower molecular weight species in the Avastin reference, which was absent in the biosimilar
(discussed below). Although the native spectra look broadly similar, closer inspection of individual
charge states reveals substantially different peak patterns, which can be attributed to differing
glycoform distributions (Figure 4.2C and 4.2D). The resolution of individual glycosylation state
peaks is far from what can be achieved with extensive sample preparation and higher resolution
instrumentation,?*>246 however, these data demonstrate that even with minimal optimization, it is
possible to assign a number of the observed sub-peaks to known common glycosylation states of
IgG1. For Avastin, the first major peak most likely represents the antibody with two ‘GOF’
glycosylations (Figure 4.2E). This also suggests that the low intensity degradation product
observed in Avastin (Figure 4.2A, immediately left of each main charge peak), representing a loss

of 1447 Da, corresponds to a monoglycosylated form with a single GOF modification.?%24/

The two peaks following the main peak represent additions of ~58 Da and ~116 Da (Figure 4.2C),

which we attribute to the adduction of one and two acetate ions, respectively. Covalent acetylation
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is also a possibility but lacks a plausible mechanism in the manufacturing and sample handling
processes used and has not previously been observed for Avastin. Glycation has been proposed to
occur in Avastin?#®, however, we see no direct evidence for this phenomenon in the data (i.e., it
may account for some of the complexity in the peak distribution, but we cannot resolve individual
peaks that would correspond to glycation). The next common glycosylation, G1F, involves the
addition of a galactose to one of the N-acetylglucosamine termini (Figure 4.2E). The glycoform
GOF/G1F is observed as a shoulder in the Avastin sample and is the most populated configuration
in the biosimilar (Figure 4.2C and 4.2D). A population with two G1F glycosylations (G1F/G1F)
and/or the addition of galactose to both branches of one GOF glycosyl chain (GOF/G2F) is also
observed as a significant population in the biosimilar and as part of the peak tail in Avastin (Figure
4.2C and 4.2D). Additional glycoforms (e.g., G1F/G2F, G2F/G2F) were clearly also present as
minor populations in the peak tails, with a higher proportion of heavier ‘mature’ species in the
biosimilar. To test whether these differences had a substantial impact on the global physical
properties of the antibodies, i.e., on structure or conformational dynamics, we conducted a series

of IMS-MS and global-HDX based analyses.
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Figure 4.2 Native mass spectrum of (A) Avastin and (B) biosimilar D revealing the same charge
state distribution for both antibodies and a small population of a lower mass species correlating to
a monoglycosylated form of the antibody in the Avastin sample. A close-up view of the 28" charge
state peaks revealing the glycosylation patterns of (C) Avastin and (D) the biosimilar. Panel (E)
shows the composition of the main glycoforms thought to be present, GOF, G1F, and G2F. The
theoretical mass of bevacizumab is 149 kDa which is in line with the measured mass of 149.2 and
149.4 kDa for Avastin and its biosimilar, respectively. Reproduced with permission from Brown
etal., 2019. 242

4.4.2 Global Dynamics of Avastin and Biosimilar
IMS separates gas phase ions based on their charge and collision cross section, which is associated
with the time required for ions to traverse the ion mobility cell (drift time). Essentially, ions with
smaller collisional cross sections will have shorter drift times than ions with the same charge and
larger collisional cross sections.323424° Our IMS data shows that Avastin and the biosimilar have

statistically identical average drift times (15.94 £ 0.19 ms and 15.85 + 0.18 ms, respectively) and
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Full Width Half Maximum (FWHM) peak widths (2.93 £ 0.07 and 2.98 £ 0.08 ms, respectively)
suggesting very similar cross sections and gas phase conformational stability (Figure 4.3A). This
is as expected, since the observed differences in glycosylation (described above) are unlikely to
significantly impact protein structure, nor substantially change the cross section in themselves. In
both cases, a single conformation was observed, indicating that neither Avastin nor the biosimilar
have alternate structures that are significantly populated in the ‘native state’. Such structural
intermediates can play a role in protein stability and, in some cases, biological activity.?5%2!

IMS analyses can provide critical information on global protein structure and dynamics, but it can
always be argued that gas-phase structure may not correlate to structure in solution. Global HDX
provides a complementary view of protein structure and dynamics based on labeling in solution
and in a similarly straightforward experiment. In the current study, we use millisecond global
HDX, which provides added sensitivity to dynamic differences in weakly structured regions of
proteins.®8252 The initial deuterium uptake at the first time point, referred to as the burst phase,
corresponds to all exchangeable side chains and fast exchanging backbone amides. Avastin had an
initial uptake of 786 + 35 Da while the biosimilar had an initial uptake of 711 + 9 Da (Figure 4.3B).
Based on the difference in the sums of the first 7 Amass values, where weakly structured regions
of the protein dominate exchange, there is a small but statistically significant difference in
deuterium uptake (> 2o, n = 6), between the reference and the biosimilar, with lower uptake in the
biosimilar. This agrees with the very small IMS drift time difference noted above, but it is not clear
that such small differences could be measured for biological replicates (error estimates for the
current measurements are from technical replicates). At 4 seconds, corresponding to the end of the
burst phase, Avastin and the biosimilar had statistically identical maximum uptakes of 1263 + 35

Da and 1294 + 45 Da, respectively. To test biological replicability and to explore the effects of
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different manufacturing processes on biosimilar samples, we carried out the same IMS/Global

HDX-based in a batch-to-batch variability assay.
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Figure 4.3 (A) lon mobility drift time chromatogram of charge state 28+ of Avastin and

biosimilar D revealing almost identical drift times of 15.94 £ 0.19 ms and 15.85+ 0.18 ms

respectively. (B) Global HDX of Avastin and biosimilar revealing very similar solution dynamics.

Error bars from technical triplicates. Reproduced with permission from Brown et al., 2019. 24
4.4.3 Batch-to-Batch Variability of Biosimilar

Five different batches of the biosimilar (labelled biosimilar A-E), each manufactured in a different

run, were provided by Apobiologix. Native MS revealed identical spectra for all the biosimilars

(Figure 4.4A), with no occurrence of the monoglycosylated species. This is consistent with the
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generally more mature glycosylation of the biosimilar. In analyzing a single charge state to get an
overall view of the glycosylation patterns (Figure 4.4B), it was observed that the biosimilar batches
were, as designed, significantly more mature in glycosylation than the Avastin reference and
highly self-similar, indicating that consistent run-to-run manufacturing had largely been achieved.
However, minor differences can be noted; for instance, there is a clear order of lots with respect to
maturity of glycosylation. Using GOF/GOF as an indicator of low maturity glycosylation, the lot
order is Avastin >> C > D > A = E > B. For the biosimilar lots, this order is maintained for the

GOF/G1F modification, and as one might expect, it is essentially reversed for higher maturity

glycoforms.
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Figure 4.4 (A) Native mass spectrum of the five biosimilar lots and Avastin. (B) A close-up
look at charge state 28" revealing the glycosylation patterns where 1 represents (GOF)x2, 2
represents GOF/G1F and 3 represents (G1F)x2 or GOF/G2F. Reproduced with permission from
Brown et al., 2019, 242

To measure potential batch-to-batch differences in global conformation and dynamics in biosimilar
lots, we again used IMS-MS and global HDX. For each lot, a single IMS peak was observed

indicating no significantly populated alternate conformations in the gas phase (Figure 4.5A). In
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terms of the average IMS drift time, all lots were identical to the avastin reference to within
experimental error. This demonstrates that, at least in a coarse-grained sense, structual similarity

to the reference product and consistent batch-to-batch manufacturing had been achieved.
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Figure 4.5 lon mobility and global HDX comparison of all the biosimilar lots and Avastin.
(A) Drift time chromatograms of all the biosimilar batches and Avastin. (B) Deuterium uptake
kinetics plots from global HDX (with n = 3) of all biosimilar batches compared to an Avastin
reference. The inset shows the burst phase (early time points) representative of the fast exchanging
amides. Reproduced with permission from Brown et al., 2019. 24

Global HDX is essentially a measure of the strength of the hydrogen-bonding network that
maintains secondary and tertiary structure in ‘native’ proteins, averaged over the molecule. This

measurement, and particularly the millisecond measurement used here, is expected to be more
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sensitive to subtle changes in structure and dynamics than IMS (where reliable difference
measurements require a substantial change in collisional cross section). Our millisecond HDX
analysis revealed small but statistically significant differences in the ‘burst phase’ deuterium
uptake between lots, corresponding to an order of D > Avastin > C > E > A > B (Figure 4.5B). At
the end of the second deuterium uptake phase (4 s), which is associated exclusively with backbone
amides, the uptake order was: E > C > D > Avastin > A ~ B. What is striking about the current
data is therefore the high degree to which the global conformational and dynamic properties of

Avastin and the biosimilar are similar, despite arising from separate manufacturing runs.

4.4.4 pH-Stability test of Biosimilar
A pH-stability test was used to compare the stability of Avastin and the biosimilar (lot E) at three
pHs corresponding to 7.4, 5.5 and 3.5. These pHs were selected to mimic the pH conditions to
which the mAbs are exposed at various points in the manufacturing process. The antibodies were
incubated over a five-week period at 4°C and analyzed at 5 mins, 5 days and 5 weeks and the m/z
vs. drift time heat maps were compared at each time and for each pH (Figure 4.6). The antibodies
were found to be stable at pH 7.4 and 5.5 throughout the five weeks, although at the end of the 5-
week period, a very small (below the heat map threshold) population of aggregated antibody was

observed at both pHs.

At pH 3.5 a few structural changes were observed over the time period studied. One interesting
phenomenon was a shift in the ‘folded’ protein distribution to lower charge states (i.e., to the right)
compared the higher pH data. A possible explanation for this observation is that the protein is
undergoing deamidation, resulting in charge reduction, prior to unfolding and aggregation. Based
on the magnitude of the shift (i.e., two charges on average) it is likely that deamidation is occurring
to a significant degree at two positions. These deamidations occur within 5 min of exposure to pH
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3.5 under our conditions, but clearly do not occur during manufacturing. Also, at pH 3.5, both

Avastin and biosimilar samples exhibited a low population of highly charged, likely unfolded,

protein at all timepoints (barely visible in the heat map to the left of the main peak distributions).

By day 5, these ‘unfolded’ peaks were convoluted with a broad ‘hump’ at low m/z (not visible in

the heatmap until 5 weeks), which we attribute to aggregation. After 5 weeks at pH 3.5, the signal

for the aggregated protein dominated the spectrum, although there remained a set of peaks

corresponding to the unfolded monomer.
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Figure 4.6 Drift time vs. m/z heatmaps of Avastin and biosimilar at pH 7.4, 5.5, and 3.5 over
a five-week period. Reproduced with permission from Brown et al., 2019. 24
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4.4.5 VEGF Binding by SPR
To determine if the minor physical differences observed between Avastin and the Biosimilar could
be correlated to functional changes in vitro, each batch was subjected to an SPR-based binding
affinity assay. The results of this analysis, shown in Table 4.1, indicate a high degree of similarity
in the kinetic parameters kon and Kost, as well as the dissociation constant Kp, between lots and with

the Avastin reference.

Table 4.1. SPR analysis of Avastin and a biosimilar (lots A-E) binding to VEGF. Reproduced with
permission from Brown et al., 2019. 242

Lot Kon (M=s1) | Kotf (s1) Ko (nM) | Kp(nM) for Assay Reference Std.

Avastin US | Avastin Int. Std.
EU

A 1.80E+06 2.40E-04 0.133 - - 0.126

B 5.83E+05 5.94E-05 0.102 0.128 0.086 -

C 1.50E+06 1.28E-04 0.086 0.103 0.095 -

D 1.48E+06 1.29E-04 0.087

E 1.81E+06 2.38E-04 0.132 - - 0.126

Avastin 2.04E+06 2.53E-04 0.124 - - 0.123

The dissociation constants Kp for the biosimilar batches were in the range of 0.086 to 0.133 nM,
with a mean of 0.108 + 0.023 nM. Avastin Kp measurements exhibited similar dispersal, ranging
from 0.086 to 0.128 nM with a mean of 0.105 + 0.016 nM, with the Avastin reference used in the
structural analyses exhibiting a Kp of 0.124 nM. In keeping with International Council for
Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH) method
validation standards (ICH Q2R1)%3, these assays were run in parallel with reference standards

corresponding to Avastin from the US or EU market, or a biosimilar that has been qualified to be
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an internal standard, in order to detect and control systematic errors. In this case, no significant

systematic variations were observed.

4.5 Discussion

In the production of mAb biosimilars, significant differences from the reference product can arise
from a host of factors, ranging from the cell lines used for production to subtle differences in the
manufacturing process.24¢2%42% Establishing biosimilarity for protein therapeutics is a challenging
and multifaceted process.?®® Although high resolution techniques such as Nuclear Magnetic
Resonance (NMR)?%257 and X-ray crystallography®® are the methods of choice to obtain high
resolution protein structures, these methods are not always feasible in the structural
characterization of biosimilars.?®® NMR has an inherent analyte size limit that is usually
substantially lower than the size of an intact antibody and it is not always possible to obtain high
quality crystals for X-ray crystallography. Both approaches are typically quite slow and labor
intensive, requiring extensive optimization and highly specialized equipment. For routine testing
during development and production, approaches that are rapid, straightforward and yet sufficiently

informative are needed.

MS-based analyses of intact proteins is increasingly used in the context of early-stage protein
therapeutic development to unambiguously identify targets via accurate mass,?*® to detect
oligomerization°2% and to characterize protein complexes.?8! Post translational modifications
such as glycosylations can be identified on the intact protein, although determination of the
positions of these modifications typically requires digestion.?*?46 While non-native LC-MS
remains the preferred method for intact protein analysis, this approach requires sample handling

under relatively harsh conditions, sometimes resulting in artifactual modifications in the protein

98



and, almost invariably, a complete loss of non-covalent interactions. For intact mAb samples in
particular, commonly used LC-MS conditions, especially low-pH running buffers, can induce
aggregation.?*-%2 Native MS, in which proteins are electrosprayed under native-like conditions
(usually 10 — 150 mM NHsAc buffer at pH 7), provides characterizations of protein analytes that,
while more technically challenging to achieve, are often more reflective of the protein in its
biological context: Observed PTMs are more likely to reflect those originally present in the sample
and the charge-state envelope provides a general picture of structural stability.?® Native MS

263

analysis have been successfully used to compare biosimilar antibodies, <°° analyze antibody drug

conjugates,?42% and provide qualitative and quantitative analysis of antibody glycosylation

profiles.26®

In this work, we implemented a suite of mass spectrometry-based assays that allow rapid and
highly informative evaluation of physical similarities between biosimilar candidates and originator
products, which may ultimately serve to explain differences in function (or as in this case, lack
thereof). Native MS was used to determine the mass of the antibodies and to highlight any
differences that arise from PTMs. The difference in average mass between the antibodies was
approximately 200 Da, which is attributable to the generally more mature glycosylation states
exhibited by the biosimilar (Figure 4.2). Although the same glycosylations were observed to be
present in both Avastin and the biosimilar, the distributions of glycoforms were substantially
different (Figure 4.2C and 4.2D). Understanding these glycosylation profiles can be critical in
downstream development, since such differences may ultimately result in differences in biological
activity and/or immunogenicity of the biosimilar compared to the reference product.67:268
Although the biosimilar candidate and Avastin were manufactured using the Chinese Hamster

Ovary (CHO) cell line, differences in glycoform profile is not uncommon since culture process,
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and culture media are known to have an influence on glycosylation. Also, the glycan composition
does not relate to the mechanism of action of bevacizumab, hence the differences observed are not

expected to have any clinical impact.

Although IMS-MS and global HDX do not provide high resolution structural information, they do
offer insights on protein dynamics that can be critical for protein function and stability.?®® IMS-
MS and time-resolved global HDX were used to determine any differences in protein dynamics.
Broadly, the results from these analyses indicate that there is no substantial difference in the global
structure or dynamics between Avastin and any of the biosimilar lots tested (Figure 4.3). This is
perhaps unsurprising given that the only molecular difference detected in native MS was a
relatively minor shift in glycosylation (corresponding mostly to the presence or absence of a
galactose residue). Very small systematic variances in the HDX data do indicate that there is a
statistically significant difference in the deuterium uptake profiles between Avastin and most of
the biosimilar lots, corresponding to subtle differences in conformational dynamics, but was not

clear that such subtle differences should translate to functional variation.

Functional biosimilarity in vitro was established from conventional SPR measurements, validated
using a Tier 2 “Quality Range” approach. The approach is adapted from the FDA draft guidance
for analytical similarity assessment for biosimilars (UCM576786) in which analytical similarity is
demonstrated if the measurement for each biosimilar lot, or a target percentage of lots (e.g., 90%),
fall within x x o of the reference product mean, where x is determined by variability in the same
parameter of the originator product (in this case Kp).2%° Since all of the originator Kp values fall
within 2o of the mean, the analytical similarity criterion was selected as 2o, and this condition is

met by the biosimilar (see Table 4.1).
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The detection of small functional variance between all biosimilar lots and Avastin agrees with the
detection of limited structural and dynamic differences in the MS-based assays. Nonetheless, there
are some correlations between the structural and functional data that can be drawn. For instance,
the biosimilar lots with the highest Kp values (A, B and E, corresponding to 0.133, 0.102 and 0.132
nM, respectively) were those with the most mature glycosylation distributions (Figure 4.4) and
lowest deuterium uptake in the ‘slow’ phase of global HDX (Figure 4.5B). In addition, biosimilar
lot B, which showed the lowest rate of deuterium uptake among all biosimilar batches in global
HDX, exhibited substantially lower Kinetic binding parameters kon and Ko in the SPR analysis.
However, given the subtle nature of the physical differences observed among all biosimilar lots,
additional studies with other systems will be needed to definitively establish causal relationships
between physical and properties measured using the MS-based methods employed here and

functional parameters.

Batch-to-batch variability is a particular concern in protein therapeutic production, given the
inherent complexity of the process and the sensitivity of the product to even small changes in
manufacturing procedures.?>® Our work demonstrates that the combination of native MS, IMS and
global HDX can provide a detailed picture of batch-to-batch reproducibility. In this case, native
MS showed a generally high degree of similarity in different biosimilar batches with respect to
glycosylation, while at the same time clearly defining some minor differences among batches
(Figure 4.4). These results could be used to optimize manufacturing for lower variability in
glycosylation and toward a distribution that better favors a desired glycoform. Similarly, the data
acquired in the pH stability analysis provide a detailed picture of product stability, including the
detection of alternate conformations of the monomeric protein that are associated with aggregation.

Applied to the sample at different stages of manufacturing, these results can generate an ‘early
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warning’ that a particular process is producing conformational instability that may cause
aggregation or artifactual modification. The ‘stability’ of the native configuration, as determined

by the pH conditions needed to perturb it, may also have direct implications for product shelf-life.

4.6 Conclusions

In this work, we demonstrated a rapid, facile approach for detailed characterization of molecular
similarity in ‘biosimilar’ candidate drugs using a suite of MS-based tools. Using this approach, we
were able to demonstrate a high degree of molecular similarity between a commercially available
mADb, Avastin, and a biosimilar in development, with substantial differences occurring only with
respect to the glycoform distribution. Neither these differences, nor the small (but statistically
significant) differences in conformational dynamics observed appeared to have a substantial
impact on target engagement in vitro as indicated by SPR measurements, nor on pH stability as
demonstrated via an IMS-MS based analysis. Nonetheless, some trends in the data suggest a
potential correlation between glycosylation maturity, conformational dynamics and binding
affinity, which can be explored in a broader set of mAbs systems in future work. Both IMS-MS
and HDX-MS are relatively new techniques in the field of molecular biology and more specifically
protein therapeutics. IM has the ability to rapidly distinguish isoforms of mAbs and could be a
useful tool in early screening in biosimilar development.? In addition, HDX-MS provides
additional (solution phase) information that could sometimes be missed in IMS-MS (gas phase)
measurements and so these techniques work well together. Although local HDX provides more
detailed information on the dynamics of proteins, global HDX serves as a more rapid screening
method to quickly identify differences which can then be later explored using local HDX

experiments if necessary.%® Ultimately, our results here demonstrate the utility of native MS, IM-
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MS and global HDX-MS as a facile, rapid and reliable toolkit for establishing molecular similarity

of mADb biosimilars.
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Chapter 5: Hydrogen deuterium exchange epitope mapping as a tool for early screening of
bevacizumab: a pre-clinical biosimilar monoclonal antibody.

Brown, K.A,, Lento, C., Rajendran, S., Dowd, J., and Wilson, D.].

This Chapter has been prepared for publication. Experiments were planned by KAB, CL, SR, JD
and DJW. All epitope mapping experiments were conducted and analyzed by KAB. The paper
was written by KAB with editorial contributions from CL.
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5.1 Summary

Vascular Endothelial Growth Factor A (VEGF-A) plays a crucial role in angiogenesis and it is
upregulated in various forms of cancer. As a result, VEGF-A has been an important target in the
development of cancer treatment therapies. Bevacizumab, a monoclonal antibody, was developed
as a cancer treatment tool as it binds and neutralizes VEGF. Biologics, however, are extremely
expensive and the development of biosimilars is an effective tool in reducing cost to patients. Here
we use Time Resolved ElectroSpray lonization Hydrogen Deuterium Exchange Mass
Spectrometry (TRESI-HDX-MS) as a tool to compare the epitope binding sites of bevacizumab
(Avastin) and a biosimilar in pre-clinical development when bound to VEGF1es. The epitope site
determined in our experiments agree well with the known epitope determined from the co-crystal
of the Fab domain of bevacizumab and VEGF. The epitope site was also determined to be identical
for both bevacizumab and its biosimilar. However, there were short lived allosteric conformational
changes observed for both complexes (Bevacizumab/VEGF and Biosimilar/VEGF) in distinct

regions of VEGF suggestive of slightly different binding modes.

5.2 Introduction

A well-developed vascular system in humans ensures each cell gets adequate and consistent supply
of oxygen. This extensive vascular system is maintained through angiogenesis, the growth and
development of new blood vessels from pre-existing ones.?’® Vascular Endothelial Growth Factor
A (VEGFA Human, UniProtKB P15692) is an important regulator of angiogenesis and it was
found that the deletion of the VEGF allele led to abnormal blood vessel growth and even death in
embryos.?’+?"2 VEGF is likewise a key player in pathological angiogenesis and the VEGF mRNA
is over expressed in the majority of human tumors that have so far been studied. As a result, VEGF

has been an important target for cancer treatment studies.?*’
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Alternate exon splicing of the VEGF-A gene gives rise to seven isoforms in which the four main
VEGEF isoforms are (VEGFi21, VEGFi65, VEGF139, VEGF206) of which VEGFi¢s is the pre-
dominant molecular species. "> Humanized Bevacizumab (Avastin) is an IgGl monoclonal
antibody that binds and neutralizes all isoforms of VEGF-A, preventing VEGF from binding to its
receptors (VEGFR-1 and VEGFR-2) on endothelial cell surfaces which subsequently prevents
further signal transduction events leading to angiogenesis. As a result it is now used as an effective

cancer treatment tool as it prevents tumor angiogenesis.?!’

The availability of biosimilars is expected to significantly reduce the cost to patients,'?® but due
to their complex structures their development can be difficult, especially in proving similarity.?’*
A few biosimilar mAbs have been approved by the FDA with Bevacizumab-awwb (Mvasi) being
the 1% biosimilar approved for cancer treatment in 2017.2*8 Although new biologics put a larger
emphasis on clinical trials, biosimilar development requires a more extensive pre-clinical
development phase. As a result pre-clinical development of biosimilars is a lengthy process
requiring several different analytical techniques.'?® In this study, we use Hydrogen Deuterium
eXchange Mass Spectrometry (HDX-MS) to perform epitope mapping experiments to compare

the interactions between Avastin (Genentech) and VEGF to that of Bevacizumab (Apobiologix)

and VEGF.

HDX-MS have been progressively used for studying the dynamics of protein therapeutics, as it is
not limited by size or crystallization properties. It can be used to study protein conformational
dynamics on a wide time scale and it can be used to study complex protein systems, 231233275
Epitope mapping using HDX-MS is a powerful tool in early stage biosimilar development as it

provides a rapid method for the determination of binding epitopes which is critical for the

assessment of bioequivalence.?’® Here we use Time Resolved Electrospray Ionization (TRESI)
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HDX-MS which provides a faster and simpler workflow in comparison to conventional HDX-MS
and experiments are conducted on faster HDX reaction times.?’"2’° The HDX experiment set up

used is described in detail in chapters 1.3.5 and 3.3.4.

5.3 Materials and Methods

5.3.1 Materials
Avastin (MW = 149.2 kDa) and the candidate biosimilar (MW = 149.4 kDa) were provided by
Apobiologix (North York, ON). Recombinant Human Vascular Endothelial Growth Factor 165
(VEGF165) was purchased from R and D systems (Minneapolis, MN). Deuterium oxide (D-0,
99.9%, 151882) and high purity acetic acid (>99.7%, 695092) were purchased from Sigma-Aldrich
(Oakville, ON). HPLC-grade ammonium acetate and water were purchased from Fisher Chemical

(Mississauga, ON).

5.3.2 Time-Resolved ElectroSpray lonization Hydrogen Deuterium eXchange
(TRESI-HDX)
The microfluidic device was constructed as described in chapter 3.3.4. The HDX reaction occurred

within the TRESI mixer in which gas tight Hamilton syringes were used to transport the reagents
through the capillaries using Syringe infusion pumps (Harvard Apparatus). Two types of reactions
were monitored (Figure 5.1). In the 1% type of experiment, which is referred to as an equilibrium
experiment, the antibody and antigen were allowed to equilibrate for 30 minutes prior to HDX
analysis. Afterwards, 2 uM VEGF6s (or Antibody/VEGF1es complex) in 150 mM C2H3z02NHa,
pH 6.7 flowed through the inner capillary while deuterium flowed through the outer capillary at 2
uL/min. In the 2" type of experiment, which we refer to as a ‘kinetic’ experiment, the antibody
and antigen were not pre-equilibrated. In this experiment, VEGF flowed through the inner capillary
and the antibody in deuterium flowed through the outer capillary. As a result, the antibody-antigen

interaction occurred concurrently with the deuterium labelling. In both types of experiment, the
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HDX reaction times were achieved by increasing the space between the end of the inner capillary

and the outer capillary by 2, 5, 10 and 20 mm which corresponded to HDX reaction times of 1, 2,

4 and 8 s respectively. The instrument operated with a capillary voltage of 2.5 kV in positive ion

mode with a sampling cone voltage of 20 V. The samples were scanned over a range of 400 to

1500 m/z.
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Figure 5.1. Schematic representation of the equilibrium and kinetic HDX experiment
workflow. In the equilibrium reactions, VEGF and Bevacizumab were allowed to pre-equilibrate
for 30 minutes prior to the HDX reaction. In the kinetics reaction, VEGF and bevacizumab

interact simultaneously with the HDX reaction.

A digestion profile was acquired prior to the HDX reaction and tandem MS was used to determine

the sequence of each peptide. Data Analysis was carried out using the MS studio software 1% in
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which the deuterium levels for each peptide in free VEGF16s and Antibody/VEGF165 complex was

calculated.

5.4 Results and Discussion

The receptor binding domain of VEGF which spans residues 34-135 of the canonical sequence
(VEGF206) has been previously co-crystalized with the Fab domain of a neutralizing antibody.
There are 19 VEGF residues at the binding interface with the Fab fragment: residues 43, 47, 71,
74, 105-110 and 112-120. However, the functional epitope includes only six residues; Met107,
Arg108, 11e109, Gly114, GIn115 and Gly118.2'® Although we are not able to receive this kind of
high resolution data with our method, we are able to provide an overall picture of the dynamics of
VEGF when bound to Avastin and the biosimilar in order to perform a rapid comparison. And
because HDX-MS is fast and reproduceable this could be a reliable tool in early screening of

potential biosimilar antibodies in the primary stages of development.

Here, we used the full construct of VEGF1es (residues 27-191 of the canonical sequence). Epitope
mapping HDX analysis was done on the VEGF peptides at four time points: 1, 2, 4 and 8 s. The
graphs in figure 5.2, represent a difference plot, in which the percent deuterium uptake of the free
VEGF is subtracted from the VEGF-Antibody complex. A negative value represents a decrease in
deuterium uptake upon binding to the antibody whereas a positive value represents an increase. In
HDX experiments, decreased deuterium uptake is often the result of direct binding interactions or
reduced solvent accessibility at a binding interface. Decreased deuterium could also represent
structural changes due to allosteric conformational changes upon binding. It is often difficult to
distinguish the two without prior knowledge of binding interactions. On the other hand, in most
cases an increase in deuterium uptake is as a result of an allosteric conformational change. 828

To determine what changes are considered significant, three replicates were conducted, and an
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error analysis was done in which changes greater than 5% within two sigmas (95% C.I.) were

considered significant.

In the VEGF-Avastin complex a peptide (108-115) in the binding interface began to show a
significant decrease in deuterium uptake at the initial time point (1 s), whereas no significant
decreases at the epitope region was observed in the VEGF-biosimilar complex until 2 s.
Interestingly, a small but significant increase in deuterium uptake outside of the binding region
was observed in both complexes, indicative of an allosteric conformational change. However, this
was observed in different regions of each complex. In the VEGF-Avastin complex this was
observed in the C-terminal region (peptide 154-162) that has been shown to be a heparin binding
site. Interestingly, it was found that loss of this heparin binding site decreased the cell mitogenic
activity of VEGF substantially.?®* On the other hand, in the VEGF-Biosimilar complex, this
increase was observed in the N-terminal region (peptide 27-30). These increases, however, were
only observed at the 1st time point, and it is important to note that these differences although
significant are very small and disappeared over time. This could be indicative of a slight difference
in binding modes, but more experiments would be required to explore this further. Another
potential allosteric conformational change was observed in both complexes at 4 s. In the VEGF-
Avastin complex a small but significant decrease was observed just outside the binding interface
at peptide 91-103. Whereas in the VEGF-Biosimilar complex it was observed at 154-162 (within
the heparin binding domain). The final time point (8s) only showed significant decreases in the
epitope binding region in both complexes. This suggests that the biosimilar has the same binding
interface as Avastin. Unlike any short lived allosteric conformational changes observed, the

decreases observed at the binding site remained as the HDX reaction time increased.
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Figure 5.2. Equilibrium HDX experiment. Percent difference in deuterium uptake in VEGF-
Avastin (left) and VEGF-Biosimilar complex (right) obtained at HDX reaction times (from top to
bottom) of 1, 2, 4 and 8 s. Dashed lines represent a two-sigma cut off for differences considered

to be significant. Significant decreases and increases are highlighted blue and red respectively.
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A major advantage and drawback of HDX is the sensitivity to structural changes within a protein
upon ligand binding. It can become difficult to differentiate between binding interactions and
allosteric conformational changes when decreased deuterium uptake is observed in multiple
regions of a protein. 28 Previous studies have suggested that monitoring the changes in the
differences in deuterium over time could potentially shed some light as to what changes correspond
to binding or allosteric conformational changes. The hypothesis is that significant decreases due
to binding is observed at the earliest HDX reaction times and long range conformational changes
that may occur as a result of binding are likely to become apparent at longer HDX reaction
times.2’%280282 Thjs is due to the fact that at the binding interface the decreased deuterium uptake
is as a result of H-bonding of the amide backbone with a ligand or protection from solvent at the
binding interface. In allosteric regions the rate of exchange is likely to depend on the rate of
conformational change (which often happens after ligand binding) and the rate of intrinsic
exchange at the allosteric site. Therefore, a decrease observed at the allosteric site at later HDX

reaction times implies the intrinsic rate is slower than the rate of conformational change. 220282

To further test this hypothesis and to get a clearer differentiation between binding site and allosteric
conformational change, a ‘kinetic’ HDX experiment was done (Figure 5.3). In this experiment,
instead of incubating VEGF and Bevacizumab prior to the HDX reaction, the deuterium labelling
and antibody-antigen interaction were carried out concurrently. In the VEGF-Avastin complex, at
the initial time point (1 s) only the peptide within the epitope site (peptide 108-115) showed a
significant decrease in deuterium uptake. However, in the VEGF-Biosimilar complex peptide 108-

115 along with another peptide (141-154) showed a significant decrease in deuterium uptake.
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Figure 5.3. Kinetic HDX experiment. Percent difference in deuterium uptake in VEGF-Avastin
(left) and VEGF-Biosimilar complex (right) obtained at HDX reaction times (from top to bottom)
of 1, 2, 4 and 8 s. Dashed lines represent a two-sigma cut off for differences considered to be
significant. Significant decreases are highlighted blue and the epitope peptides are highlighted dark
blue.
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Based on the aforementioned hypothesis, one would conclude that there was an additional epitope
site in the VEGF-Biosimilar complex. However, upon further analysis, this decrease at residues
141-154 disappeared at 2 s and 4 s and reappeared again at 8 s. In this ‘kinetic’ analysis, the known
epitope consistently showed a significant decrease at all time points studied, whereas any long-
range conformational changes did not show consistent changes in deuterium uptake across the
HDX reaction times. The epitope site determined from the HDX reaction was mapped onto the
co-crystal of VEGF and the Fab domain of bevacizumab for better visualization of the results.
Figure 5.4A shows the binding interface determined from the X-ray co-crystal, in which all the
amino acids involved in the binding interface is highlighted green. Figure 5.4B and 5.4C shows
the epitope site in the VEGF-Avastin and VEGF biosimilar complex identified from the HDX
results. The HDX results are comparable to what was observed in the X-ray crystallography
experiments. Moreover, the epitope site is identical in the VEGF-Avastin and VEGF-Biosimilar

complex.

114



Figure 5.4. X-ray structure of VEGF (gray) and the Fab domain of bevacizumab (pink) PDB
ID 1BJ1. (A) shows the binding interface determined from the X-ray structure highlighted in
green. (B) shows the binding interface between VEGF and Avastin determined from the HDX
experiments and (C) shows the binding interface of VEGF and the biosimilar determined from the
HDX experiments.

5.5 Conclusions

Development of biosimilars is important and can greatly reduce the cost to patients. However, the
development can be challenging, especially in proving similarity. In this work, we show that HDX-
MS can be used in the pre-clinical development of biosimilars as an early screening tool. It remains
challenging to differentiate binding interactions and long-range conformational changes using
HDX-MS experiments. However, when used alongside X-ray crystallography it becomes easier to
study these allosteric changes. Nevertheless, careful analysis of multiple HDX reaction times can
aid in the differentiation between binding sites and allosteric conformational changes?°2?
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especially in epitope mapping experiments that can easily result in false positives when epitope
sites are to be determined.?’® Based on these experiments, Avastin and the biosimilar studied have
identical epitope sites. However, differences were observed in the allosteric conformational
changes which could be indicative of difference in binding mechanisms. Additional experiments

would be required to explore this further.

Future work involves epitope mapping experiment of several different batches of biosimilars to
determine the effectiveness of HDX-MS as an early screening tool. In addition, more HDX
reaction times need to be studied in both the equilibrium and “kinetic” experiments. Both shorter
and longer HDX reaction times need to be studied to further test the hypothesis for the
differentiation between binding and allosteric conformational changes. Additional experiments
would be required to further explore the differences in the binding mechanisms such as Molecular
Dynamics (MD) Simulation which can be a useful tool in gaining insights into the conformational
changes that result from binding. MD simulations can be used as a guide to aid in better

interpretation of the HDX results.?
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Chapter 6: Conclusions and Future Work

6.1 Conclusions

Structural MS is a powerful analytical tool that can be used to analyze structural and binding
characteristics of protein and protein ligand complexes.>® Here , it was used to study the binding
characteristics of hLa, an important RNA chaperone, to various RNA ligands. In addition, it was
used as a comparison tool to characterize the biosimilarity between a biological drug, Avastin,

and a biosimilar in preclinical development.

Chapter 2 aimed to discover the RNA binding mode of the CTD of hLa which was previously
unknown. The Binding mode of hLa to 3’UUU-OH RNA is well studied and there are high
resolution structures (generated through the use of X-ray crystallography) available for the
complex.t72%1 However, due to the unstructured nature of the CTD there are currently no high-
resolution structures available for the CTD (which is ~44% unstructured) or for the entire protein.
Native MS revealed that in low salt concentrations (10 mM) hLa-CTD is highly unstructured
which is evident by the trimodal distribution in the native spectrum. Upon binding to the 23 mer
sSRNA, the folded distribution increased in intensity while the unfolded distribution decreased to
almost zero. This suggests that RNA binding significantly changes the dynamics causing the
protein to potentially become more structured. IM-MS revealed that RRM2 mediated RNA
binding in hLa occurs through conformer selection. The IM spectrum revealed two conformations
in the 10" charge state (in the folded distribution) of the free protein, where the more extended
conformation is the more dominant, but a small intensity compact conformation can be seen. This
compact conformation becomes more populated in the hLa-RNA complex. HDX-MS data

revealed that hLa-CTD binds a sSRNA and a more structured RNA (the HCV RNA) via
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significantly different binding modes. Binding of hLa to the unstructured ssRNA resulted in a
destabilization in RRM2 a3 helix that blocks the typical RNA binding site. The structured RNA
however, resulted in a stabilization of this a3 helix and in addition, several more decreases in
deuterium uptake are observed in the unstructured C-terminal tail suggestive of more widespread

engagement with the unstructured region.

Chapter 3 aimed to look at hLa in its entirety to understand the role each domain plays in RNA
binding. In addition, alterations in the nuclear trafficking signals that allow hLa to shuttle between
the cytoplasm and nucleus were explored. It was previously hypothesized by Bayfield et al., that
there is the possibility of an interdomain bridge between RRM1 and RRM2 that control the
shuttling of hLa between the nucleus and the cytoplasm.!®® Native MS analysis revealed a 1:1
binding ratio of hLa with U10 and A20 RNA. CIU was then used to determine how the stability
of hLa and hLaANRE are affected in the presence of U10 RNA. With two clear stages of unfolding
observed in which the 1% stage is stabilized by the presence of U10 RNA but the 2nd stage being
destabilized suggest this 1% stage of unfolding is representative of the disruption of the la motif
and the 2" stage represents the breaking of the RRM1-RRM2 interdomain interaction. In
hLaANRE, due to the absence of the a3 helix, and therefore the RRM1-RRM2 interaction, the
transition between the 2" and 3" unfolded states was almost immediate. TRESI-HDX revealed
distinct binding mechanisms of hLa when bound to U10 and A20 RNA. the most notable difference
is the increased dynamics of the a3 helix in the RRM2 when hLa is bound to RNA whereas
decreased dynamics is observed when bound to A20. If an interaction is present, it would likely
be disrupted for U10 RNA to bind within the known binding site in the La motif. A20 contacts all
three domains, so even if the interaction is broken the A20 binding may still prevent the a3 helix

from destabilizing. Deletion of the NRE helix in the hLaANRE mutant resulted in almost identical
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HDX profiles for U10 and A20 complexes which further supports the presence of an interdomain
interaction. The lack of the interdomain interaction in hLaK316E/K317E completely changed the
dynamics of the CTD when hLaK316E/K317E was bound to U10. When bound to A20, not many
significant changes in deuterium uptake was observed suggesting hLa316K/317K may have been
an important RNA binding surface or that the interaction itself is important for A20 RNA binding.
In the compensatory mutant (hLa D132K/E133K/K316E/K317E), in which the interaction is
restored, binding to U10 and A20 was very similar to hLa suggesting the interaction has been

restored.

The development of biosimilar antibodies has been on the rise for the past few years as a way to
potentially reduce the cost of therapeutic antibodies to patients. Due to the complex manufacturing
processes however, it is impossible to create a biosimilar that is 100% identical to its innovator
drug. None the same, the biosimilar must be chemically similar to the innovator drug while
providing the same clinical effect.!?41%6 Chapter 4 focused on characterizing and comparing the
structural dynamics of Avastin and its biosimilar, bevacizumab. Structural MS proved to be a rapid
and facile approach to characterize the molecular similarity. Native MS of the antibodies revealed
a similar average molecular weight with a difference of only 200 Da. A Major difference observed
between the Avastin and its biosimilar, is the presence of a low intensity degradation product (loss
of 1447 Da) in Avastin, representing a monoglycosylated form with a single GOF modification. In
addition, the biosimilar had more mature glycosylations than Avastin. The differences in
glycosylations however did not seem to have a large impact on the structural dynamics and target
engagement in vitro, as indicated by SPR measurements. The complex manufacturing process in
mADbs can also lead to batch-to-batch variability which is of concern in protein therapeutic

production. Native-MS revealed high similarity between different batches of the biosimilar in
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regard to the glycosylations, although minor differences could be seen. These results obtained
through native MS could be used to optimize manufacturing processes to potentially lower the
variability between batches. Additionally, IM-MS and global HDX revealed only minor

differences between batches.

Chapter 5 further explored the biosimilarity of Avastin and its biosimilar through HDX-MS
epitope mapping to its target, VEGF. The epitope site was previously determined through the
analysis of a co-crystal of the Fab domain of a neutralizing antibody bound to the receptor binding
domain of VEGF. It was discovered that the functional epitope comprised of residues 107-109,
114,115 and 118. Due to the availability of this information it was possible to differentiate binding
interactions from allosteric conformational changes in the HDX-MS experiments. The equilibrium
HDX experiments done at 4 time points (1, 2, 4 and 8 s) revealed the same epitope sites, for both
Avastin and the biosimilar, peptides 106-122, 108-115 and 109-119. However, different allosteric
conformational changes were observed in both complexes which might be indicative of slightly
different binding modes. ‘Kinetic’ HDX experiments were done to get a clearer differentiation
between binding site and allosteric conformational changes. The same epitope site, peptide 108-
115, was determined for Avastin and its biosimilar but the allosteric conformational changes were
again different between the two which further suggests that the two antibodies may have slightly

different binding modes.

6.2 Outlook and Future Work

Structural MS is becoming an increasingly popular technique in structural biology and in the
discovery and development of therapeutic antibodies. With the advancements in MS
instrumentation that allows for increased resolution, sensitivity and coupling of ion mobility

separation, larger and more complex protein structures can be analyzed.>* Most notably highly
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flexible proteins with little to no structure can be more easily analyzed by MS than other
conventional structural techniques and with increased sensitivity of new instrumentation, very

little sample is required for analysis. 498100178

The work done in chapter 2 and 3 shows that structural MS experiments has the ability to screen
protein-RNA interactions to determine RNA binding sites. This work can help us to better
understand the processing of nascent RNAs and translation of cellular and viral RNAs. As RNA
chaperones often have highly flexible domains, they are difficult to study with X-ray
crystallography to determine absolute binding sites. Another structural MS technique that can be
used to provide additional information on the changes in dynamics upon RNA binding is chemical
cross linking MS. Crosslinking is often used to study protein structure as it provides proximity
information of multi-domain proteins and protein complexes.?®42% Although MS is a low-
resolution structural technique, it has the ability to provide details on the changes in dynamics

when RNA is bound as well as how the structure and stability is affected by RNA binding.

To gain more information on the structure of the protein and protein/RNA complexes, molecular
modelling could be used alongside HDX-MS results to determine possible structures and how
these structures change when the protein is bound to RNA. In the case of hLa, there are high
resolution structures available for the La motif,117290.201 RRM1153200.201 gnd RRM2%° obtained by
X-Ray crystallography and NMR experiments. Homology modelling can be used to determine the
structure of the loop regions between La Motif and RRM1 after which MD simulations®® can be
used to determine the combined structure of all 3 domains. Finally, the structure of the long
unstructured C-terminal tail can be added to the rest of the structure. To determine RNA binding

interactions, docking experiments can then be conducted to determine possible RNA binding sites.
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Chapters 4 and 5 shows how structural MS can be used in the analysis of therapeutic antibodies
and biosimilars. Biopharmaceuticals is a fast-growing class of therapies used for the treatment of
a wide range of illnesses from cancers to autoimmune diseases in which monoclonal antibodies
are the most common and fastest growing sub-class. This is due to the specificity and selectively
of mADbs for their respective targets.2%923.27® The work done in chapter 5 can be extended to study
more HDX reaction times in both kinetic and equilibrium experiments to further understand any
differences in binding mechanisms. The major limitation in local HDX experiments is the ability
to distinguish between binding interactions and long range allosteric conformational changes.
Although several groups have proposed a link between HDX reaction time and the ability to
distinguish binding and allostery,1%>1%628” more research is needed to determine if there is truly a
link. Without prior knowledge of binding sites, it is difficult to determine what changes in local

HDX experiments correspond to binding interactions.

Mass Spectrometry is a powerful technigue in structural biology that can provide information on
protein primary structure, binding stoichiometry, subunit composition, protein size, gas phase
stability, ligand binding sites and conformational changes. There are however many challenges
left to be overcome but with the continuing development of Structural MS it will remain a strong

tool in the analysis of biomacromolecules.
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Appendix A: Supplementary information for Chapter 2
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Figure Al. Native Mass Spectrum of hLa-CTD acquired in 10 mM CH3COONH; (top) and 250
mM CH3COONHg4 (bottom).
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Figure A2. Sequence coverage map of hLa-CTD in complex with 23-mer ssRNA with a 76%
sequence coverage (top) and IRES domain IV of HCV RNA with a 64% sequence coverage
(bottom). Blue lines represent peptides with significant decreases upon RNA binding, red lines
represent significant increases upon RNA binding and grey lines represent no changes.
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Appendix B: Supplementary Information for Chapter 3
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Figure B1l. Sequence coverage map of hLa, hLaANRE, hLa K316E/K317E and hLa
D132K/E133K/K316E/K317E used in HDX experiments. Covered regions included at least one
peptide unambiguously identified by MS/MS.
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Figure B2: Preliminary HDX results of hLa in complex with U10 and A20 RNA at three

different HDX reaction times.
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Appendix C: Supplementary information for Chapter 4
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Figure C1. Global HDX of two different batches of Avastin showing batch to batch variation.
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Appendix D: Supplementary information for Chapter 5
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Figure D1. Native mass spectrum of VVascular Endothelial Growth Factor A-165 sprayed from 250
mM C2H302NHa, pH 6.7. The mass was revealed to be 39 kDa with additions of 894 Da and 2040
Da likely to be glycosylations on the protein.
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Figure D2: Paratope Mapping HDX analysis of Avastin when bound to VEGF. The top graph

shows the heavy chain peptides in Avastin whereas the bottom graph shows light chain peptides

in Avastin.
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