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Abstract

Structural Characterisation of Antibody/Antigen I nteractions:

I mplications for B-Cell Receptor Signalling
Philip William Addis

Therapeutic antibodies are an important class afrphceutical molecules contributing
a significant portion of the total therapeutic merkDue to their high specificity,
modular nature and low toxicity, these proteinsvpge great potential for the
development of novel therapeutics for a wide ramjediseases. The continued
development of improved and unique therapeutict lvehefit from improvements in
our understanding of the characteristics of thestems and their functions, facilitating
a more informed approach towards therapeutic reBeand potentially highlighting
new molecular information on poorly understood areiaantibody function, such as the
initiation of BCR signalling. NMR provides a usefaihd highly sensitive tool for the
investigation of the structural properties of pmageand the changes which occur upon
binding. Smaller antibody fragments also provideisful model for the study of
antibody/antigen interactions in solution. The wddscribed in this thesis describes the
development of the scFv format of antibody fragmastan amenable and reliable
model system from which high quality NMR data candollected to investigate both
the behaviour of the antigen recognising CDR loapd the movements occurring at
the interface between the variable domains. Arciefiit, high yield protein expression
method was adapted and developed for the expressiange quantities ofN/**C/H
labelled scFv which allowed, for the first timegaence specific backbone assignments
for the majority of the scFv in both the free ammbibd states and the comparison of
chemical shift data. Further to this, based upom domain movements observed,
potential mechanisms for the initiation of BCR sitlimg were investigated resulting in
data suggesting the first antigen modulated motedeasis for the coupling of binding
from a structurally diverse antigen repertoire tmaserved signalling response.
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Chapter 1 — General Introduction

1.1- Antibodies

Antibodies are the primary effector molecules & #uaptive immune system. They are
glycoproteins able to perform a number of roleg th@h directly immobilise antigen
and aid the innate immune response, by promotisgoreses such as phagocytosis,
lymphocyte localisation, antibody-dependent ceflutytotoxicity and complement
activation (Schroeder & Cavacini, 2010). The ardijpmolecule is a dislulphide linked
heterotetramer consisting of two heavy and twotlighains (Carter, 2006). These
chains contain a number of immunoglobulin domalgy ene variable (V) domain and
one (light chain) or three to four (heavy chainhstant (C) domains (Davies and
Chacko, 1993; Schroeder & Cavacini, 2010). The gedrstructural arrangement of an

antibody is outlined in Figure 1.1.1.

These Ig domains are approximately 12 to 13 kDsize (Schroeder & Cavacini, 2010)
and comprise of a structural motif known as an imaglobulin fold. This structure is
formed from a sandwich of twgsheets with a number of extended flexible loogedi
together with a conserved disulphide bond (Pddja&l, 1973; Davies & Chacko, 1993).
Ig domains are the building blocks of a large ranfi@mmunoglobulin superfamily
proteins (including class-1 and 1l major histocortilpidity complex proteins, cofactors
such as CD4 and CD8 and cytokine receptors suthoas for Interleukin-6, amongst
others) and represent a common and important ofagsotein structural motif. The
overall structure of an antibody, as shown in Feglirl.1, can be divided into three

main portions with two distinct functional rolesoffer, 1950; Porter, 1959). These
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regions, known as the antibody binding fragmen&bjfand the crystallisable fragment
(Fc), allow for antigen recognition (Fab) and thi#e&or functions (Fc) of the

molecule.

16



Oligosaccharide

Figure 1.1.1 — The general structure of an IgGhaxly. Two heavy chains (yellow) a
linked by a combination of non-covalent inter-domaiteractions between £ and
Cu3 in the Fc and two disulphide bonds (blue) in flexible linker region of the
protein. Light chains (red) are associated usirgg shme non-covalent inter-doma
interactions as the 2 and G:3 domains with an additional disulphide bond (blae
the base of the {1 domains to form the Fab portions of the molecateoutline of the
secondary structure of ayVIlg domain is also shown (inset), highlighting t
characteristic p-sandwich motif and the antigen recognising CDR p&o The

carbohydrate side chains of the Fc region arestisan (light-blue).

re

N
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The variability of the V domains provides a wideagrof antigen recognising surfaces
and is introduced through a complex set of genetarrangements throughout the
development of the antibody producing B-lymphocyt&hese rearrangements
primarily affect the antigen binding complementadetermining region (CDR) loops.
Both the heavy and light chains are encoded byraspaulti-gene families in which
the V and C domains are in turn encoded by indegr@nelements. The V domains are
encoded by the recombination of variable, diver8ity only) and joining (V(D)J) gene
segments that are rearranged to form the genetictgte of the domain, as overviewed
in Figure 1.1.2 (Oka & Kawaichi, 1995; Schroeder Gavacini, 2010). For each
variable domain locus (¥ V. or V,), a number of these elements are imprecisely
combined at the region coding for CDR3 using the-homologous end joining DNA
repair machinery in combination with a number diestprocesses. These include the
inversion or deletion of the D gene degmentg @vily), the loss of nucleotides during
the recombination process or the addition of a remif random nucleotides by
terminal deoxynucleotidyl transferase (Tonegawa83190ka & Kawaichi, 1995;
Schroeder & Cavacini, 2010). The combination ofstheffects, and the use of two
unique V domains in the final structure, provides d& potential pre-immune antibody
repertoire of over 16 different specificities. Further to this, the fultecombined
antibody is able to undergo the process of affimigturation when exposed to antigen
in combination with interactions from T-helper eselto produce higher affinity
antibodies by somatic hyper-mutation (Diaz & Casali02). This process introduces
mutations in the antibody genes at a rate of 1 liasH00 per cell cycle, both by
targeting mutation hot spots and by error prone DdyAthesis. The precise order of

these processes is well reported and ties in ¢lagigh the developmental stages of the
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B-lymphocyte, the location of the cells within thedy and the external signals they

receive (Schroeder & Cavacini, 2010; Wang & Clabk2).

Germline DNA
Constant

V Segments D Segments JSegments Domain Genes

g I I I I

D to J recombination

-Heavy chain only
-May involve deletion or inversion of D

I

g

Vto (D)) recombination

-Heavy and light chains
-Formation of the full variable domain

Formation of the antibody gene

-Heavy and light chains
-Addition of constant domains (antibody class determined)
-Transcription, splicing, translation and assembly

Figure 1.1.2 — Schematic overview of the processlied in V(D)J recombination and
the formation of the antibody gene. The germlineegeluster is rearranged by an
imprecise process involving non-homologous endipgNA repair machinery. This
recombination process provides much of the rangspefificities available to the

variable domains.

The C domains for the light chains are determingdbich germ line gene cluster was
used for the recombination of the V domain (eittte¥ A or « gene cluster). TheC

domains, however, are subject to recombination tsyesithough on a much less
complex scale to the V domains. This process do¢sntroduce mutations into the

sequence, but instead selects the appropriate ofa€sdomain depending upon the
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external signals received and the local environmoétite B-cell (Honjo, 1983; Wabl &
Steinberg, 1996). There are nine functional gemesding for C domains downstream
of the V(D)J regions in the heavy chain gene clustmsisting of a series of exons
encoding for domains, hinges or termini. All of $beC domains confer different
properties and effector functions and may be datéraly spliced to include a
membrane anchoring terminus, which is essentidioioning the B-cell receptor (BCR)
complex, or a terminus that allows for the secretwd soluble antibody from the cell
(Schroeder & Cavacini, 2010). This process usesmbmation via switching regions
within the genes and is known as class-switch réooation. The , domains formed
by V(D)J recombination may be joined to any of thee different heavy chains (Wabl

& Steinberg, 1996).

The different heavy chain genes are arranged iméodasses based upon structure and
function (Iqu, Iga, 193, Ige or Igy). Class-switch recombination into one of these fiv
classes provides for the number of different roéegiired of the antibody molecule and
the differing environments in which they may berfduThese antibody classes, known
as IgM, IgA, IgD, IgE or IgG, all differ in roleotalisation, valency, affinity and
flexibility. Subclasses within IgA and IgG furtheaxtend these differences whilst
conserving other properties related to those ctas$be overall structure of the
antibodies, and stages of B-cell development atchvteach class is produced, is
summarised in Figures 1.1.3 and 1.1.4 respectivElyoughout the development
process, the surface expressed antibodies, inatme 6f BCRs, are critical for the
progression and regulation of the B-cell maturatmocess. This will be further

discussed in chapter 4.
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J chain —<H Secretory
component

IgM
(Pentamer)

IgA
(Dimer)

Figure 1.1.3 — The general structure of the fivassés of human antibodies. T

antibodies all consist of light chains (red) and\hechains (yellow). The heavy chaips

contain C domains specific to the antibody clasderd@ning its structural
characteristics and functional properties. Disudphbonds are shown in blue. T
antibodies may also be presented on the surfaeeBa€ell in their monomeric form &
various stages of development. This is done byirtbkeision of a membrane spanni

tail during genetic the genetic rearrangement efitbavy chain (not shown).
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Bone Marrow oot Large Pre-B Cell Small Pre.B Immature B cell -
o cl |
: S I+g|(;[5 ' light cghain IgM
e —_— e —
@ Dy Jy @ Vi Dly @ Vi
recombination recombination recombination ‘Auto-reactivity
Blood \ Reci’\r/lca:fll;ieng B
Memory 's‘
B Cells )

Plasma Cell I I
E=e) — ©

-
Somatic

Hypermutation and
@82 §@ o — Class Switching
Germinal

Centre B Cell Lymph Node

Figure 1.1.4 — A basic overview of the B-cell deprhent process. The B-cells 3
developed using the recombination and mutation tsveimown through several stag
to produce an immune response. This progressidepsendent on antigen recogniti
through the BCR and T-cell help (not shown) in &ddito other factors that facilitat
the correct development of the cells. The antibathss at each stage is sho
indicating that IgM and IgD are important in thevel®pment process. Once cla
switching has occurred, antigen recognition throdiglh BCR will trigger antibody
production and further differentiation into memanyplasma cells (adapted from Wa
& Clark, 2003; Kurosaket al 2009; Schroeder & Cavacini 2010). IgE and IgD n
also be secreted in to the circulation (not sholaut)make up only a small percentg

of the total circulating antibody content.
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IgM is the first antibody expressed during B-cetlvdlopment and is associated with
the primary immune response. Upon antigenic stitrariaand maturation of the B-cell,
soluble, typically pentameric, antibody is produc€&bde IgM antibody contains four C
domains and is linked to other IgM monomers by Igiside bonds. A J-chain is also
linked to two of the monomers in the pentamerierfdacilitating secretion at mucosal
surfaces. Due to the relative immaturity of the Ightibody, it tends to have a weaker
affinity than other antibody classes and may beenpamlyreactive. However, due to the
nature of the soluble form, it tends to have a mhigher avidity and is able to opsonise
antigen and fix complement highly efficiently. Igé&the only other antibody class that
is able to associate with a J-chain and is the gmmantibody found at mucosal
surfaces. The secretory form of IgA is a dimer tardls to consist of the IgA2 subclass
which contains shorter hinge regions and is lessisee to proteolysis. The other IgA
subclass, IgAl, is primarily found in the serumDIg the second least common
antibody class found within the body and relativptyorly understood. It has a high
sensitivity to proteolysis and has an undeterminedtion in the low levels in which it
is found in the serum. The membrane bound fornhefmolecule has been the subject
of more investigation and is found mainly co-expesswith IgM on B-cells that are
leaving the bone marrow and populating secondanphpoid organs. Although its role
in this situation has not been clearly determinedias been suggested that it may
regulate B-cell fate through changes in its acibrastatus. IgE is the least common
antibody class found in the serum but is well stdddue to its role in allergy and
hypersensitivity which is closely related to itswéigh affinity for its Fc receptor. This
class of antibody molecule is also involved in tfmnune response to parasitic worm
infections. The final, and by far the most commad anost extensively studied serum

antibody, is 1gG. This antibody, primarily assoetwith the secondary immune
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response from re-exposure to antigen, is one ofbibdy’s main defences against
invading pathogens. IgG is high affinity and iseatd opsonise and recruit complement,
although to a lesser extent than IgM. There are Bubclasses of IgG, each with
differing structural characteristics and roles. 3ydas the most flexible hinge region
followed by IgG1l. Both of these subclasses are Iymansociated with responses to
protein antigens. IgG2 and IgG4 are less flexibhel aend to be associated with
responses to polysaccharide antigens. IgG4 isrthel@G which is unable to opsonise
antigen or activate complement. In all cases tHecefr functions of the Fc are
mediated by a number of factors of which the mastv@lent is binding to the
appropriate Fc receptor. This binding is able tbvate numerous processes such as
antigen-dependant cell cytotoxicity, phagocytosml antibody recycling, amongst
others, depending on heavy chain class and thdassbof the receptors. The Fcs of
IgM and 1gG1-3 are able to recruit the C1lgq compleim@mponent to activate the

classical complement pathway.

The antibody molecule, and the process by whieh filrmed, provides a versatile and
adaptable tool for combating the wide range of ik pathogens that face the
immune system. It is this adaptability and spettifithat has led to much research into

the adaptation of antibodies for a number of pugpos

1.2— Therapeutic Antibodies

Despite a focus on antibodies for use in modertogioand medicine since the early
20" century, the development of therapeutic antiboti@s been, until quite recently,

relatively slow. The initial work by Robert Koch,itdsato Shibasaburo, Emil von
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Behring and Paul Ehrlich at the turn of thé"2@ntury, using serum from infected
patients to treat infectious diseases, identifieakt there must be active components
within the bloodstream that were able to combagaks and constituted the first use of
antibodies in therapy (Winaet al, 2004). As time progressed, this serum therapy was
refined by isolating antibodies for intravenous ioma globulin (IVIG) therapy
(Stangel & Pul, 2006). These early steps into geaf antibodies for therapeutics were
met with relative success, but it was not until degelopment of monoclonal antibodies
from mouse hybridoma cells (Kéhler & Milstein, 197&at significant advances were
able to be made. This new technology allowed thveldpment of antibodies for use in
a wide variety of applications, including their uae therapeutic agents. The first
therapeutic antibody, the anti-CD3 muromomab, wagr@aved by the United States
(US) Food and Drug Administration (FDA) in 1986 fitre treatment of acute organ
rejection. Since this time, a number of advancemdrdve been made producing
treatments with high specificity, avidity and sgfetAs of 2010, there were 28
antibodies, or antibody derived, therapeutics apguidor use by the FDA, with at least
nine of these treatments producing sales of ovallibn US$ (Reichert, 2010). These
treatments now constitute a large proportion ddlttterapeutic sales and, with similar
development times and higher success rates comparschall molecule treatments,

look set to continue to be a major factor in metidior some time to come.

Despite the initial success of murine monoclondibadies as therapeutics, it was soon
clear that a number of obstacles must be overc@me.of the primary problems faced
was the immunogenic response that can be develogesh injecting non-human
proteins into the body. This effect, known as toenhn anti-mouse antibody (HAMA)
response, can lead to a much reduced efficacyeatnrent as the body combats the

injected therapeutic and promotes rapid cleararara the system. In severe cases this
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may also result in side effects such as anaphglastiock, which may be life
threatening. Muronab-CD3, for example, elicitedckiog antibodies in roughly 50 %
of patients (Normaret al, 1993). The human immune system also fails to neiseg
mouse Fc and produce any antibody mediated respomnb&h, depending on the
therapeutic target, would be beneficial. Theseutrest of the original treatments led to
the development of a number of improvement stratednitially, chimeric antibodies
were produced (Boulianret al, 1984; Morrisonet al, 1984), followed by CDR grafted
humanised antibodies (Jones al, 1986; Kettleborouglet al 1991). More recently,
fully human antibodies have been produced usingni@ogies such as phage display
(McCafferty et al, 1990; Vaugharet al, 1996), ribosome display (Hanes al, 1998)

and transgenic mice (Russtlal, 2000; Lonberg, 2005).

Chimeric antibodies consist of mouse variable dosagrafted onto human constant
domains (Figure 1.2.1). This approach retains timelibg specificity of the murine
derived antibody, but significantly reduces the inmogenicity of the molecule. It also
provides Fc related effector functions which may desirable to further boost the
effectiveness of the treatment. This process wadenpassible by the development of
molecular biology techniques and provides a reddyistraightforward procedure to
produce the final antibody molecule. The first #pautic of this type was abciximab, a
chimeric anti-GPlIb/llla Fab fragment, that prodsi@eblocking reaction in only 6 % of
patients (Faulds & Sorkin, 1994). Humanised antié®dre again recombinant proteins
developed as a result of advancements in moleditdogy. The CDR loops of a
murine monoclonal antibody are grafted onto a huraatibody framework (Figure
1.2.2) to create an almost fully human antibodyisTgrocess, however, has two main
drawbacks. The first is that the molecular biologgthods required to produce such an

antibody are significantly more complex than thesgquired to produce a chimeric
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antibody. The second is a potential reduction itigean binding affinity due to the
human framework residues failing to maintain therapriate conformation of the
mouse CDRs. This must be addressed either by funtheations in the framework
residues or by the transfer of some of the mousmdwork residues along with the
CDRs (Al-Lazikaniet al 1997; Chothia and Lesk, 1987; Reichmastnal 1988;
Tramontanoet al, 1990; Verhoeyeret al, 1993). Despite the potential drawbacks of
producing humanised antibodies, a significant nunits/e been developed and are
approved for use. The first antibody of this typesvdaclizumab (anti-CD25), approved
in 1997 for the treatment of kidney transplantecegn (Vincentiet al, 1998). In general
the humanised antibodies again elicit a reducedkbig response that is generally less
than that observed for chimeric antibodies eveeratpeated doses. The most recent

produce immunogenic responses in less than 1 %tads (Yooret al,2010).
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Figure 1.2.2 — Chimeric and humanised IgG antitmdiée chimeric antibody consis
of human (red/yellow) C domains with mouse (pumgreén) Fvs grafted onto th
antibody structure at the DNA level. In a similaamner, humanised antibodies con:s
of human C and V domains with mouse derived CDRpdografted onto the huma

antibody framework.
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The production of fully human antibodies is the toecent step in improving the

molecules generated as therapeutics. Both the pitaggome display and transgenic

mouse methods (see below) have the potential tada® complex methods and

potentially poor outcome of the CDR grafting pracesed in humanisation by the use

of newer methods and technologies. The first oftihe methods for generating fully

human antibodies was the phage display method (vneg al, 1996) which expresses
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human antibody fragments on the surfaces of bagtieaige molecules to create large
libraries of specificities which are used to scrémmnleads using the target antigen. The
first antibody approved by the FDA demonstrating throcess was the anti-TMF
antibody adalimumab in 2003 for the treatment @urhatoid arthritis (Weinblatt al
2003). The alternative approach, using transgenee nm which the native antibody
genes have been replaced by human versions (RaisHeP000; Lonberg, 2005), is the
most recent published method of generating potettierapeutic antibodies and is
advantageous in that the antibodies will be affimtatured by the mice as they are
produced. This method, however, does have drawbaskbe antibodies will be non-
reactive to murine orthologs of the target genénhguout an important testing system
for the potential therapeutics. The first antibguigduced by this process, approved by
the FDA in 2006 for use in the treatment of coltmecancer, was the anti-EGFR
antibody panitumumab. As the technology develdpstetis a trend in the industry to
move towards fully human antibodies. However, thagamty of fully human antibodies
are more immunogenic than their most recent huredni®unterparts with only very
recent examples achieving less than 1 % immunotgnf¢oon et al, 2010). This
information suggests that there is still a great de be learnt about these proteins, how

they function and how they interact with the immusystem.

In addition to the published methods, it is highkely that many companies have
produced proprietary methods of producing highnifimonoclonal antibodies for use
as therapeutics. One such technology is the sdldgtephocyte activation method
(SLAM) employed by UCB. This process selects singlmune cells from a complete
antibody repertoire that are expressing and segeaintibodies that demonstrate a
desired specificity, affinity and functional actii The genes from these cells are

extracted and assembled into an expression veds. process can be used for high
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throughput screening of antibodies and has thengateto discover high affinity
antibodies with rare functional properties that rbaybeneficial. It also holds a number
of advantages over the display and transgenic teid@enologies described previously,
as a population of human B-cells is used. This mssthat only natural V domain
pairings are used, a characteristic not selectethfdisplay technologies, without the
need for an animal system and the potential problgrat this produces. The antibody

fragments used in this project were produced uirsgtechnology.

1.3- The Future of Antibody Therapeutics

Despite the vast success of antibody derived mtdsas therapeutics, there are still a
number of drawbacks associated with them. One @fntbst significant drawbacks is
their expense when compared to small molecule diuggbodies are large ~150 kDa
protein complexes, containing disulphide bonds amonerous post translational
modifications, which require complex mammalian egsion systems for their
production. In addition to this, the average dosarpantibody is very high, requiring
grams of protein per patient over the course okatient (Chamest al, 2009). It is
clear that improvements are required to both thewufseturing processes and the
proteins themselves to make them cheaper to produeather potential drawback of
the antibody molecule as a therapeutic is theivelgtpoor tissue penetration observed
for such a large molecule. This characteristic page a particular problem in certain
clinical situations, such as the treatment of stlidours, where altered vasculature and
tissue density heavily affect the efficacy of aatment (Carter, 2006; Holliger &
Hudson, 2005). The Fc mediated effector functiohghe antibodies may also cause

undesirable effects depending on the clinical @agitbn.
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A number of the properties of antibodies may bdegitdesirable or undesirable
depending upon the required application. Propedigsh as the large size and poor
tissue penetration that are a result of mechantbatsallow the antibody to persist in
the circulation for a half life of up to 23 dayg@1) (Chameet al, 2009; Yoonet al,
2010) or the Fc mediated effector responses arkilugely in certain situations. If
targeting cancers or pathogenic cells for exampletibody dependant cellular
cytotoxicity (ADCC) and complement dependant cytatdy (CDC) may be
advantageous as they help lead to the destrucfieheocancerous or invading cells.
However, if targeting molecules within the body, #&dleviate auto-immune or
inflammatory diseases for example, an Fc mediagspanse may be detrimental

(Carter, 2006).

A number of potential drawbacks may be removeddigring the antibody molecule

to suit the required application. In its simplestnfi this constitutes including or
excluding the Fc from the final therapeutic, mosinenonly resulting in either a Fab
fragment or a full antibody. This approach has beegailable for some time and
currently there are three Fab fragments approvediierapeutic use by the FDA
(Riechert, 2010). The effectiveness of this appnoaas led to a wide range of
fragments being produced during the research awel@@ment process for generating
therapeutic molecules (Figure 1.3.1) that aim tdresk certain qualities of the antibody
and modify them for a specific purpose. The moshmmon of these fragments are the
Fab and single chain Fv (scFv) fragments whichd&seussed in more detail in chapter
two. Other constructs which provide features sush naultiple specificity (e.g.

diabodies, triabodies, tetrabodies, Labali;, scFy and bi-specific 19G), a lack of Fc

(e.g. Fab, scFv), or the inclusion of an Fc anct@mpt to reduce the overall size of

the molecule (e.g. minibody, scFv-Fc) have alsala®veloped (Chamest al, 2009;
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Holliger & Hudson, 2005; Nelson, 2010). Any numloérthese fragments, and indeed
whole antibodies, may be conjugated to other pmet@r functional groups such as
radioisotopes to add additional features that aefuliin the treatment of cancers and
other diseases. The molecules may even be usefulidivering enzyme/pro-drug
combinations to direct potentially toxic drugs pesific sites (Brekke & Sandlie, 2003;
Holliger & Hudson, 2005; Scotét al, 2012). Despite much research, and a large
number of different treatments being researchedfragments other than Fabs are

currently approved for use in the clinic.
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Fab scFv Diabody Bispecific scFv conjugate

scFv-Fc

Triabody

Fab,
Minibody (Trispecific)

Figure 1.3.1 — A graphical overview of a selectmthe potential antibody derived
fragments currently being investigated for therdigeuse. The classical antibody
fragments are shown along with multi-specific aighly engineered molecules such|as

the scFv-Fc and minibody.

In addition to using antibody fragments and conjagaa number of other interesting
research areas are also active in attempting toowepantibody therapeutics. It has
been shown that the exact nature of the glycosylain the Fc portion of the antibody
is highly important for proper Fc mediated respensdth differences in glycosylation
showing an altered affinity for various Fc recepttitat may affect the efficacy of the

therapeutic (Chamest al, 2009). These differences in glycosylation areegeaity a
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result of the expression system used and may eequirther research to fully

understand the role that they play.

Most therapeutic antibodies are derived from Ig@ith a small number from 1gG2 and
IgG4. This use of subclasses in itself allows aagertailoring of the response required.
Additional research into using other antibody aassparticularly IgA, may offer

alternatives to 1gG with different characteristfBakema & van Egmond, 2011).

One of the most recent research areas for the amwent of antibody based
therapeutics is the development of;uV(variable domain of camelid heavy chain
antibody) and War (variable domain of the shark novel antigen remgptiomains.
These heavy chain only antibodies are found onlcentain camelid (dromedary,
camel, llama and alpaca) and cartilaginous fisltisgg(such as sharks) (Saerehsl,
2008; Wesolowsket al, 2009) (Figure 1.3.2). These single domain anidgsdhow
much potential for a large range of applicationenfr experimental reagents to
diagnostics and therapeutics (Wesolowetkal, 2009). From a therapeutic perspective,
these molecules provide a number of interestingonptdue to their small size, high
solubility, stability and longer CDRs (particulat@DR3) than conventional V domains
that are able to penetrate into binding sites evices within an antigen. These features
give the potential for high yields of expressedt@ires that have good pharmokinetic
properties, and are able to target a novel arraybinfling sites which may be
inaccessible to other antibody derived therapeuBcgential applications include the
use of these single domains to target proteinsbéoak binding sites in much the same
way as for conventional antibody derived fragmemtsey are ideal for any application
that requires deep tissue penetration and rapataee, such as radionuclide targeting

in tumour imaging or cytotoxic drug or enzyme/prowgl delivery in cancer therapy.
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Other more elaborate applications have also bestedelt is possible to form multi-
valency or multi-specificity molecules with tethdrsingle domains that either have a
higher avidity (Conratlet al, 2001) or are able to improve serum half life afftcacy

by binding to molecules such as albumin (Copiettral, 2006). It is also possible to
attach these domains to a human Fc to elicit effdainctions (Himlaet al, 2008). Due

to their small size and stability, it is also pbésito generate commensal gut bacteria
that express the domains on their surface. This b®yparticularly useful for the
treatment of diseases such as severe diarrhea éPaht2006). It is obvious that the
potential for these single domains and their relatenstructs is large. A number of
drawbacks, however, still exist that limit theiefitdness until further breakthroughs are
made. Currently, the immunisation of llamas andwdaries is less than ideal in terms
of the cost and awkwardness of handling large asini@munogenicity is also a large
concern as the proteins are non-human in natunege@ly, this does not appear to be a
major issue for the single domains as they aremahly immunogenic, although this
may change after repeated doses or as the prdiesmme more complex with the
addition of other components. Work to resolve isssech as these using transgenic
mice and humanisation schemes are still in they estalges of development, but show
promise for the future and provide a potential pktth developing novel antibody

therapeutics (Saereps al, 2008; Wesolowslket al, 2009).

35



IgNAR

Camel Heavy
Chainlg

& 4

Vi Viar

Figure 1.3.2 — An overview of the heavy chain amtiles found in camels and sharks.
Both the camelid heavy chain antibody and sharlehamtigen receptor (IgNAR) lack
light chains and do not contain additional C dorsain their Fab sections. The
antibodies also contain long flexible linkers aather CDR loops to allow the binding

of novel epitopes.

It is clear to see that there is significant waskstill be done in developing antibodies
for use as therapeutics. As technologies become mdvanced, antibodies and their
derived molecules will become more tailored to fpeapplications. It is this increase
in rational development and property selection thates the way for the future of

therapeutic antibodies.
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1.4 — Interleukin-6

Interleukin-6 (IL-6) was first cloned in 1986 andkentified as a differentiation factor,
progressing B-cells into an immunoglobulin prodggcistate. As more detail into
functional properties was determined in the initedearch, a number of names were
used. Initially known as B-cell stimulatory factertBSF-2) when discovered by Hirano
et alin 1986, and subsequently as 26 kDa protein (Haaget al, 1986), interferorg2
(Sehgal et al 1987), hybridoma/plasmocytoma growth factor anedpdtocyte
stimulating factor (Gauldiet al, 1987), IL-6 has been linked to an ever expandigty
of functions, both in normal and disease states ié.a 21-28 kDa glycosylated protein
of the IL-6 family of cytokines that all share andiar four helix bundle structure (Xet

al 1996, pdb accession code 2IL6, Figure 1.4.1) badinterleukin-31 (IL-31), share a
common signal transducer as part of their recepaorplex (Schelleet al, 2011). IL-6
itself has long been known to be a key factor @ raturation of B-cells and is one of
the main proteins driving the acute inflammatoryp@nse along with interleukin-1 (IL-
1) and tumour necrosis factar-(TNF-o). These three proteins are the primary
regulators of the transfer from the innate to teptive immune response (Naugler &
Karin, 2008). It is now known that, along with plag a crucial role in B-cell
differentiation, IL-6 is a key factor in the diffamtiation of T-cells. Both T-helper-2 and
T-helper-17 (T2 and T17) cells are promoted whilst differentiation imegulatory T-
cells (Teg is down-regulated along with their recruitmentdasurvival at sites of
inflammation (Miharaet al, 2012;Naugler & Karin, 2008; Schellest al, 2011). More
recently, IL-6 has also been shown to have a ml@rocesses such as metabolic
control, bone metabolism and the pain responsee{fechet al 2011). Perhaps
unsurprisingly for a protein with such a wide rammjeoles, the aberrant regulation of

IL-6 is associated with a large number of inflamioratassociated diseases such as
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inflammatory arthritis, inflammatory bowel diseasepsis, obesity, insulin resistance,
anaemia of chronic diseases, various cancers aidgagmongst others (Mihaa al,
2012; Naugler & Karin, 2008; Schellet al, 2011). This varied pathological role of IL-
6 makes it a valuable potential therapeutic tarfget a wide range of diseases,
particularly as there is currently only one appibvWeerapy targeting it (Tocilizumab,
Mihara et al, 2005) with previous development of drugs targetinflammatory

diseases focussing more on THF-
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Site Il

Site |

Figure 1.4.1 — The NMR derived IL-6 structure asedained by Xuet al 1996. The
secondary structure of the protein is shown disptathe characteristie-helical nature
of the IL-6 family of cytokines. Site I, Il and lihdicate the IL-6R/gp130 interactian

sites which are required for signalling.

IL-6 signals through a multi-component receptor ptem that involves both a specific
receptor (IL-6R), found mainly on T-cells, B-cellmonocytes and neutrophils, and a
signal transducing component that can be founcherstirface of the majority of cells

(gp130). Initially IL-6 binds to its membrane bouhd6R with a high affinity (0.1-1.0
39



nM) (Miharaet al, 2012). The signalling active receptor complextf@ms from two
gp130 proteins (which may be in a pre-associateddaimer (Schelleet al, 2006))
binding with very high affinity (~10 pM) to one (Belleret al, 2006) or two (Skiniotis
et al 2008; Wanget al, 2009) IL-6/IL-6R complexes to properly orient goakition the
intracellular components of the gp130 protein fignalling. The exact number of IL-
6/IL-6R complexes involved in this receptor complexd the manner in which they
associate with gp130, is a matter of some disputt@mwthe field. The IL-6 protein has
three binding sites for this receptor complex the¢ referred to as site | (IL-6R
binding), site Il (binding to gp130 between domaiand 3) and site Il (contacting the
Ig like domain 1 of gp130). These sites are hidtieg on the structure of IL-6 shown
in Figure 1.4.1, and a schematic of the potentighadling complexes is shown in
Figure 1.4.2. It has been proposed by Scheli@ (2006) that in situations where there
iIs a particularly high level of IL-6, a hexamericcamgement of the IL-6 receptor
complex may be favoured which is signalling inaet{ifigure 1.4.2). This characteristic
may contribute to the bell shaped signalling respomurve that sees signalling
attenuated at high levels of IL-6, but is dispubgdother research into this area that
gives evidence only for an active hexameric comp&kiniotiset al, 2008; Wanget al,
2009). In addition to this, IL-6 signalling can biggered by an alternate form of
receptor activation involving a soluble IL-6R (sBR) that is either cleaved from cells
by enzymes such as zinc metalloprotease enzyméseoADAM (a disintegrin and
metalloprotease) family or produced by alternasipicing, and is able to activate cells
which do not express the IL-6R (Figure 1.4.3) (Yehet al 2006). As relatively few
cells express the IL-6R, this trans-signalling &HBdL-6 to signal to any cell expressing
the gp130 component. As the majority of cells withihne body express gpl130, this

expands the scope of IL-6 initiated responses dieatly. This form of signalling
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(known as trans-signalling) is particularly impatafor regulating lymphocyte
trafficking to sites of inflammation by the regutat of chemokines (Chalarist al,
2007; Rabeet al, 2008), the differentiation of T-cells (Dominitz&t al, 2007) and the
regeneration of the liver (Schellet al 2011). It is also involved in inducing T-cell
proliferation during colon cancer development amdjuiating adhesion molecule
expression on endothelial cells (Becletral, 2004; Cheret al, 2006). Under normal
circumstances, this form of signalling is regulabgda soluble form of the gp130 signal
transducer that binds to the soluble IL-6/IL-6R @bex and prevents association with
the membrane bound, signalling active form of gp{Bistocket al, 2001). Soluble
gp130 levels are regulated mainly by alternativeisig and can be found in fairly high
concentrations in the serum (Narazakial, 1993). This pathway plays an important
part in the regulation of the immune system. A kdeavn in the control of this
pathway is, however, commonly associated with @elaportion of IL-6 related
diseases, many of which can be alleviated by spdaidcking with gp130 (Rose-John

et al, 2006; Schelleet al, 2006; Schelleet al, 2011).
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Tetrameric Complex

Figure 1.4.2 —-The signalling complexes of IL-6. Twegnalling active receptq
complexes have been proposed for IL-6/IL-6R/gpl3gnadling. The tetramerig
complex, as suggested by Sche#erl (2006), consists of two gpl130 molecules (w
immunoglobulin like domain (lIg) and cytokine-bindimodule (CBM)) associated wit
IL-6 and IL-6R. Wanget al (2009), however, suggest that a hexameric comyde

formed with an additional IL-6/IL-6R dimer. The gntrystal structure produced is

Hexameric Complex

Ig-like domain

the hexameric complex and is also shown (Boulaagal2003).
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Classic-signalling
(IL-6R expressing cells)

Trans-signalling
(gp130 only expressing cells)
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Figure 1.4.3 — IL-6 classic and trans-signallingll€ expressing IL-6R are able fo
directly bind to IL-6 and initiate classical IL-6ggalling. Cells which do not express

IL-6R are also susceptible to IL-6 signalling thgbuthe soluble IL-6R initiating trans

signalling.

IL-6 signalling, whether through classic- or trasignalling, functions through the use
of two intracellular signalling pathways (Figure44). These two pathways are the
Janus Kinase (JAK)/signal transducer and activaftaranscription (STAT) pathway
and the SH2-containing tyrosine-specific proteinogghatase (SHP-2)/mitogen
activated protein kinase (MAPK) pathway. Both oégh signalling events bring about
gene expression resulting in the increased survaval proliferation of cells, the

formation of the acute phase response and theimegagulation of cytokine signalling

(Schelleret al, 2006).
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Figure 1.4.4 — The IL-6 signalling pathway. IL-618ing activates both the INK/STAT

and Ras/Raf pathways to activate gene transcriggtomoting proliferative and ant

apoptotic responses. Figure adapted from Schetlair2006.

It is clear that the role of IL-6 within the body both complex and highly important,
with a breakdown in regulation leading to a wideiety of diseases. This importance,
and wide pathological role, makes IL-6 and its allyng pathways an important target
for therapeutic intervention. By blocking eitheethklassical or trans IL-6 signalling
pathways, it may be possible to treat a wide rasigiseases by reducing inflammation
related symptoms and degeneration and improve ulleak for a number of cancers.

Therapeutic antibodies are an ideal candidate pecifically targeting extracellular
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proteins such as these and present an interestidghgghly valuable tool for the

development of new treatments.

1.5— Thesis Overview

The work presented in this thesis describes thailddtinvestigation of the structural
properties of antibody/antigen interactions, foaugsn particular on the features and
properties of the CDR loops in both the bound ambound states and the
characterisation of structural changes associatéth \antigen binding. Further
understanding of the structural properties of thederactions is critical for the
continued development of antibody-derived therapsuPrevious work using an anti-
IL-1B scFv and Fab suggests that the CDR loops exish iexchange between two or
more states and are stabilised upon binding (F28109; Wilkinson, 2009). These
studies also identified a subtle but significanarade in orientation between thg V
domain and the rest of the Fab structure which beymportant in the binding and
further function of antibodies. The work presentegre aims to build upon this
information and determine general features of adybinding by providing additional
detail on the nature of interactions of this tyddwerapeutic candidate antibodies
targeted at IL-6 were used to generate an indepéndad structurally unique
experimental system. Chapter two describes theugtamh of isotopically labelled scFv
proteins inE. coli that were used to determine the validity and ditarestics of these
proteins as amenable and reliable models for adilamtigen interaction. This chapter
also describes the optimisation of a small volumgh cell densityE. coli expression

protocol for the production of deuterated scFv @ird and its development to include
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unlabelled amino acids, which may help in the sageepecific assignment of large or

difficult proteins.

Chapter three describes the collection and anabfsNMR spectroscopy data for an
anti-IL-6 scFv derived from a candidate therapeatitibody to provide information on
the structural properties of the scFv/antigen atgon. Of particular interest was the
structural nature of the CDR loops when in an amtigound and unbound state and the
identification of areas that demonstrate signiftcatructural changes upon binding
outside of these loops. High quality triple resareadata was obtained for the scFv/IL-6
complex and, as far as can be determined fromitdrature, for the first unbound scFv
in solution. H;, N, Ca, CB and C assignments for both states were determined tgha h
level of completeness, allowing the location ofistural changes within the proteins to
be determined by chemical shift perturbation dat mapped onto a homology model
of the scFv. Additionally*>N/**C/’H labelled IL-6 was produced and used to confirm
that the scFv protein is a good model for studyamgibody antigen interactions by

NMR.

Previous work within the group using anti-Il3-Jantibody fragments had led to the
discovery of a Y domain movement that may be important for antibfuthction and
the development of a model for the initiation of BGignalling. On the basis of this
information, and the work described in chapters amd three, various aspects of this
model and the domain movements seen were investigatchapter four. This more
detailed investigation into the potential functiohthe W/V,. domain re-orientation
focussed on the potential for an antigen modulatestaction between the Fab and Fc
parts of the antibody molecule. Isotopically labdliIC8Fab was produced and used, in

conjunction with unlabelled ILfl and 1gG/IgE Fc, to collect high qualityN/*H
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TROSY spectra for the Fab in the presence or abseh&c and/or IL-f. The NMR

data obtained suggests a weak, antigen modulatietliaction between the Fab and Fc.
This has led us to form a revised model for BCRhalighg that provides both a basis
for future studies to build upon and key insightgoithe as yet poorly understood

mechanism of activation via the B-cell receptor.
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Chapter 2 — Cloning, Expression and Purification

2.1— Introduction

2.1.1— The scFv and Fab constructs

The successful development of antibodies as thaet@gehas driven the pursuit of more
easily obtainable derivative molecules that contdie desirable antigen binding
activity, without the potential complications inved with Fc mediated immune
responses. The Fab fragment was one of the ipiidions of the antibody produced by
enzymatic digest (Porter, 1950; Porter, 1959), lzamlsubsequently been found to offer
these characteristics whilst being easy to produnkdevelop. The smallest fragment
of the antibody that maintains full antigen bindicepacity is the Fv (Biret al 1988),
consisting of only the Vand \{; domains (Figure 1.1.1). Both the Fab and Fv fragme
hold a number of advantages over the use of faljtle antibodies when considered as
therapeutics. They are easier and cheaper to pegodu@a much wider range of
expression systems, and have improved tissue pdioetmproperties whilst avoiding
any Fc mediated responses (Carter, 2006). Theynawever, also hold a number of
potential disadvantages. The fragments are sigmifig smaller in size than the full
antibody and more readily removed from the bloagash by glomerular filtration.
Affinity for the neonatal Fc receptor has also beeown to be critical in regulating
serum half life for antibody molecules (Suzekial 2010). As these fragments do not
contain the Fc portion of the antibody they hawareulation half life of as little as 90

minutes (Milenicet al, 1991), compared to as much as 21 days for wigteantibody
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(Morell et al 1970). The Fv fragments also have the additionablpm of a tendency
for the two variable domains to dissociate fromheather and form Vdimers and 4
monomers which, despite somg, domains retaining antigen binding activity, are
prone to aggregation due to the exposed hydrophmdttiches that form the interface
between the two domains (Chotlagal, 1985, Warcet al, 1989). The serum half life
can be improved by attaching conjugates to incréasdotal molecular weight of the
constructs above the threshold for retention withim blood stream (Chapman, 2002).
The dissociation properties of the Fv can be gdjrtialeviated by introducing a
flexible linker between the Vand \{; domain keeping the protein tethered together
without disrupting the interface or the CDR resslu€his construct is known as the
single chain Fv (scFv) (Bir@t al, 1988 and Hustort al 1988). This single chain
solution, however, does not resolve the problenmreiptas the domains can still
dissociate and interact with the domains from onmore other scFv molecules (Wérn
and Pluckthun 2001), resulting in a slow exchangevben the monomeric form and
other domain swapped multimers, most often diméigufe 2.1.1). This is a well
studied property of the scFv which can vary sigaifitly between different scFv
constructs with different linker lengths (Desplanegal, 1994; Essiget al, 1993;
Griffiths et al 1993; Holligeret al, 1993; Whitlowet al 1993), and under different
conditions with pH, ionic strength and scFv concaidn among the contributing
factors (Arndtet al, 1998; Leeet al, 2002). The nature of this exchange provides the
potential for the development of multivalent prateithat may bind to multiple

antigens. These constructs, however, will retamemstability unless modified.
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Figure 2.1.1 -A schematic representation of the fess underlying the domain sw
dimerisation of the scFv. The_ and \{; domain of the monomeric scFv (A) are able
dissociate from one another and enter an open menstate (B). This open monon
may either reassociate with itse or may associate with another scFv mole:
undergoing the same process to form a domwap dimer (C). This interaction is

exchange,and under some conditions may allow the formatidnhigher ordel
multimers (not shown)lhe scFv will be locked into whicheveligomeric state it is in

upon binding to antigen
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2.1.2— Therapeutic potential of scFv and Fab fragments

The push for the development of therapeutic momal@antibodies has produced 28
FDA licensed therapeutics, with more undergoingoss stages of clinical trials and
licensing (Reichert, 2010). A significant numbertbé candidate therapeutics still in
clinical trials are derived from antibody fragmentdowever, currently the only
licensed therapeutics are based on Fab fragmerggmints such as these are often
conjugated to other large molecules such as polylaerte glycol (PEG) (Certolizumab
pegol (Cimzia) UCB, Chowgt al, 2002) to increase the serum half life. Conjugatesh
as PEG also provide other desirable properties ascheduced immunogenicity and
toxicity, improved resistance to proteolytic clegeaimproved solubility and improved
bioavailability (Chapman, 2002). The scFv hasfaspnot been successfully developed
as a therapeutic, mainly due to its instability anthll size. It may, however, be useful
for medical imaging and diagnostics or the targeleld/ery of therapeutic agents, such
as drugs, radionuclides or other proteins, wheréiphel specificities and/or its ability
to penetrate tissues and tumours and then be yagetkred from the system may be
advantageous (Ahmaelt al 2012; Milenicet al 1991;Weisser & Hall, 2009). The
formation of multivalent or multi-specific forms,r ahe addition of a variety of
conjugates to these molecules, may again providenaber of interesting options for

future development.

2.1.3— Expression of scFv and Fab Fragments

Both the scFv and Fab fragments are readily prdadeign E. coli based expression

systems as they are much less complex than fuljttheantibodies and do not require
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glycosylation. This method of expression is prdfgxaver other eukaryotic expression
systems as it is cheaper and easier to scale l#g® volume fermenter cultures. The
expressed protein can be targeted to the periplabrthe bacteria using leader
sequences included in the expression constructatteatemoved during the transport
process (Skerra & Pluckthun, 1988; Skerra & Pligkth1991). The less reducing
environment of the bacterial periplasm, when comgao the cytoplasm, allows the
formation of disulphide bonds, which can aid thédiftg of the immunoglobulin
domains and the linking of the heavy and light nkaof the Fab fragment. Bacterial
expression is also advantageous for structuraliegudy NMR as it provides the
potential for isotopic labelling in a relativelyssaand affordable manner. The use of
NMR active isotopes of carbon and nitrogen, andrémacement of the majority of
hydrogen atoms for deuterium, is essential forstiiely of proteins of this size to allow
the collection of good quality, interpretable ddsatopic labelling is most often carried
out in minimal media containing sources of thes¢oises (Gardner & Kay, 1998). This
approach can produce mixed results and in manysceae severely reduce protein
yields when compared to rich media, particularlyewhusing deuterated minimal
media. Recent studies into the optimisatiof o€oli expression systems has resulted in
the introduction of small volume, high density cuéts that produce up to 680 migdf
unlabelled or 500 mgl of deuterated protein (Sivashanmugatmal 2009). This
method relies on the proper selection of high esgirg colonies, and the use of small
cultures to provide careful tuning of aeration, pHitrient concentrations and trace
element levels, to provide very high levels of egsed protein (Sivashanmugairal,
2009, Studier, 2005). This approach significantgduces the cost of producing
deuterated protein for NMR on a laboratory scale] & also easily adaptable to

include other forms of labelling that may have jpoegly been cost prohibitive.
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2.1.4— The scFv as a model for antibody binding

Despite the occurrence of the domain swap multsagdn, which has traditionally
limited the quality of data provided by structusalidies due to the problems associated
with samples containing a mixture of multimeric cps, the scFv provides the
potential for a good model system for the studyanfigen/antibody interactions by
NMR. It is advantageous in that it contains a fitigen binding component of an
antibody in a relatively small and easily exprekesidonstruct, which can be locked into
the monomeric state upon antigen binding. The worktained in this chapter describes
the cloning and expression of four scFv constrti@starget Interleukin-6 (IL-6), along
with an associated Fab fragment which has been tasedlidate the scFv as a model
for antibody binding. Buffer composition and thetes of the multimerisation under
different conditions have been explored to prodseeples that are optimised for the

monomeric form of the scFv.
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2.2— Cloning of the scFv Constructs

2.2.1— Materials and Methods

A set of four tetracycline resistant, IPTG indueilppTTod vectors (Figure 2.2.1)

containing affinity matured IgG1 Fab constructs89,11160, 488 and 271, we

supplied by UCB which had been generated in theqa® of selecting an anti-IL-

re

6

therapeutic candidate. The vectors are designethéotandem expression of the heavy

and light chain of the Fabs. An OmpA periplasmip@x sequence is included for the

targeting of the expressed protein to the periplésmid folding and the formation of

disulphide bonds which is cleaved off following risport. These vectors were

transformed into InwF E. coli cells (Invitrogen) for the production of glycerstiocks

and purified plasmid DNA (Mini Prep Kit, Qiagen).

Fab pTTod

vector M Tac

(6510 bp)

e kot
Figure 2.2.1 — Vector map for the Fab pTTod vecpoovided by UCB. These vecto
are directly inducible by IPTG and confer tetragyelresistance (T@X for selection.
The tandem expression of the Fab heavy and lighihshs targeted to the periplasm

the OmpA periplasmic export sequence.

rs

by
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Two methods were employed to produce the scFv anmtst The first method
produced scFv vectors by modifying the set thataiord the Fab fragment constructs
(Figure 2.2.2). The ¥ domain was amplified from the plasmid using PCRqPlus
Precision polymerase, Stratagene), adding in cotbn@g BsiWI restriction site, and
(GlysSer), linker onto the 5’ end of the amplified fragmeatd a Hig tag and EcoRl
restriction site onto the 3’ end, using the PCRnens described in Figure 2.2.3. The
amplified fragments were analysed by agarose gtrelphoresis (ul sample, 5Sul
dH,0, 2ul 6x Gel Loading Dye (NEB)) and run on a 1 % whagagse gel (containing a
1:20000 dilution of SYBR Safe (Invitrogen)), madé&hvand run in TAE buffer (40
mM Tris, 1 mM ethylenediaminetetraacetic acid (EDJT20 mM acetic acid at 200 V
against 100 b.p (Promega), Lambda/EcoRI + Hindfbmega) or 2-log (NEB) ladders
as appropriate. Gels were visualised under Ulti@e¥i(UV) light. Larger volumes of
PCR product (mixed 5:1 with 6x gel loading dye) evgel purified (Gel Extraction Kit,

Qiagen) following agarose gel electrophoresis dorkd at -20 °C.
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Restriction digest

Restrictilon digest Forward site
OmpA site OompA2  fim
Restriction
VL CL site +linker VH CH
|
‘_

Reverse Primer
(incl. His tag +
restriction site

Ligation site Ligation site
OmpA
f VL VH
— /
L1
Flexible linker Poly-Histidine Tag

Figure 2.2.2: A graphical overview of the pTTod Fab scFv vector conversion
process. The initial step was to create a {&dy), linker/Vy domain/Hig Tag DNA
construct with a 5’ BsiWI restriction site and aEXoRI restriction site by PCR. Upon
restriction digestion and purification of the PCRydified insert and original Fab

vector, the two products can be ligated togetherqut4 DNA ligase.
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Figure 2.2.3: An outline of the primers produced tlee amplification of the Fab Vv
domain with 5’ BsiWI restriction site and (GBer), linker and 3’ EcoRI restriction sit
and Hisg tag. The regions coding for the linker are showgreen, hexa-histidine tag
yellow, stop codons in red and complementary regjimnblue. The restriction site

(BsiWI for forward and EcoRI for reverse primersg ahown in grey.

Forward:
1189, 271 and 488

GGACTGCGTACGGGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGGTG
GAGGCGGGTCAGAGGTTCAGCTGGTCGAGTCTGGAGGC
(99bp)

1160

GGACTGCGTACGGGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGGTG
GAGGCGGGTCAGAGGTTCAGCTGTTGGAGTCTGGAGGC
(99bp)

Reverse:
1160 and 271

CGCGTTGAATTC GTGATGGTGATGGTGATGGCTCGAGACTGTCACCATGGTCCCCTG
(63bp)

1189
CGCGTTGAATTCIIGAG TGATGGTGATGG TGAT GGCTCGAGACAGTCACCATGGTCCCCTG
(63bp)

488
CGCGTTGAATTC GTGATGGTGATGGTGATGACTCGAGACTGTCACAAGGGTCCCCTG
(63bp)

D

n

2S

To produce the completed scFv vector both the Fadnmpd and corresponding PCR

product were restriction digested with BsiWI andoBt (NEB) and gel purified to

remove any unwanted DNA. The digested PCR prodwatse ligated into the

appropriate digested vector at a 2:1 molar ratimsért to vector using T4 DNA ligase
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(NEB) at 16 °C overnight. This ligation reactionsvased to transform ln¥ E. coli
cells, which were plated onto 1@ ml* tetracycline LB Agar plates to select for

colonies containing the plasmids.

The second cloning method employed a two step PERad and empty pTTod vector
that was unable to transform cells on its own (FegR.2.4). A set of four primers
(Figure 2.2.5) were used to amplify the Womain, with ECORV site and (Giyer),
linker, and the \{ domain, with linker, Histag and EcoRI restriction site, in the first
step. The second step then used the overlappikerlnegion and the primers at the 5’
and 3’ ends of the whole DNA construct to produoe éntire scFv coding region as
one PCR amplified DNA fragment. The products ofsthesteps were visualised by
agarose gel electrophoresis to ensure that the pidduced was of the correct size.
The resulting DNA fragment was double restrictiogedted with EcCoORV and EcoRl
(NEB), gel purified and ligated into empty, douldeyested, alkaline phosphatase
treated (Antarctic phosphatase (NEB)), pTTod plasosing T4 DNA ligase at room

temperature for two hours and used to transformHriv. Colias described above.
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OmpA OmpA2 Forward

Forward Primer

Primer 2
1(incl. ; ;
Restriction site) CL WI' tinker) CH
«— «—

V Reverse V Reverse Primer 2
L Primer 1 H (incl. His tag +
(incl. linker) restriction site)

l 1t PCR

Forward Primer L.
1(incl. vV Poly-Histidine Tag
H

Restriction site)
—) \ /
/  ma 2>

\% ‘
L Reverse Primer 2
(incl. Histag +

. . restriction site)
Flexible linker

2" PCR, double restriction
digest and ligation

OmpA Ligationsite
\ VL VH
;ﬁm I
C
Ligation site /
Flexible linker Poly-Histidine Tag

Figure 2.2.4: A graphical overview of the updatdd pd Fab to scFv vector conversi
process. The initial step is to use a set of faRPrimers to create two PCR amplifi
fragments, one of the Vdomain with 5 EcoRV restriction site and 3’ (GBer),
linker, and one of the Ydomain with 5’ (Gly4Ser)4 linker and 3’ Hisag and EcoR
restriction site. In the second PCR step, the psnier the 5’ and 3’ end of the enti
scFv construct are used to amplify the two PCRrfraxigks as one construct overlapp
at the linker region. Upon restriction digestiordgpurification of the PCR amplifie
scFv insert and empty pTTod vector the scFv plasraml be ligated using T4 DN

ligase.

DN

[1%)
o

re

ng
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L488-EcoRv-Forward
GGGGGGATATCCAGATGACCCAGAGTCCAAG

L488-4G4S-Reverse

TGACCCGCCTCCACCTGACCCGCCT CCACCTGACCCGCCTCCTGACCCGCCTCCACCCGTACGTTTGA

TTTCTACTTTAGTG

H488-4G4S-Forward

GGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGA

GGTTCAGCTGGTCGAGTCTGGAGGC

H488-HIS-EcoRI-Reverse
GGGGGAA'I'I'C-GTGATGGTGATGGTGATGACTCGAGACTGTCACAAGGGTCCCCT G

L1160-EcoRv-Forward and L1160-4G4S-Reverse are the same sequence asthe 488 versions
H1160-4G4S-Forward

GGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGA

GGTTCAGCTGTTGGAGTCTGGAGGC

H1160-HIS-EcoRI-Reverse
GGGGGAA'I'I'C-GTGATGGTGATGGTGATGGCTCGAGACT GTCACCATGGTCCCCTG

L271-EcoRv-Forward and H271-4G4S-Forward are the same as the 488 versions
H271-HIS-EcoRI-Reverse is the sameas the 1160 version

H271-4G4S-Reverse

GGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGGTGGAGGCGGGTCAGGTGGAGGCGGGTCACGT

ACGTTTGATTTCCAGTTTAGTT

Figure 2.2.5: An outline of the primers produced fioe amplification of the scF
construct containing 5’ ECORV restriction site, y¢3er), linker, His; tag and 3’ EcCoOR
restriction site. The regions coding for the linkeee shown in green, Hisag in yellow,
stop codons in red and complementary regions ie.blte restriction sites are shoy

in grey as specified in the primer name.
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In addition to the cloning method described, anitemithl EcoRI site within the DNA
coding for the ¥, domain of the 488 construct was removed by introdp@ point
mutation into the Fab encoding vector (QuikChangmghting Site Directed
Mutagenesis Kit, Stratagene) prior to cloning. Timstation altered the codon for Asn
204 from AAT to AAC, which removed the restrictigite whilst still coding for an

asparagine residue.

The colonies produced from the cloning process wereened for inserts of the correct
size using colony PCR reactions (GoTaq, Promegh3ing sequencing primers that
bind to the plasmid outside the protein codingaagi The products of the colony PCR
screen were visualised by agarose gel electroplsoaesl, once inserts of the correct
size were found, samples of the plasmid were gé&eefay mini prep (Qiagen, as per
kit instructions) and sent to PNACL or UCB for sequing to confirm that the ligation

had completed properly and that no mutations wezsgnt in the sequence.

Once vectors containing the correct DNA sequencee wenfirmed, W311E. coli
cells (UCB) were transformed. Glycerol stocks wereduced for each vector in both

InvaF and W3110 cells.

2.2.2— Results

The 488 Fab vector was successfully mutated paarianing and scFv vectors were
successfully produced from all four Fab vectorsgshe two PCR methods described.
The inserts produced by the one step PCR methgdr@R.2.6-A) were ligated into the
digested Fab pTTod vectors with mixed success.niptete digestion of the initial Fab

containing plasmid limited the effectiveness ofthmethod as the original Fab vector
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was carried though into the transformation proc&ks. screening of a large number of
different transformed colonies, examples of whieln e seen in Figure 2.2.6-B, was
necessary to identify colonies containing the seéator. DNA sequencing of identified

colonies confirmed that a construct had been mada §cFv based upon the 1189 Fab

fragment (1189scFv) that was free of mutationdterations.

The remaining three scFv constructs (1160scFv, eR88snd 271scFv) were cloned
using the multi-step PCR process. The DNA prodatthis method were visualised by
agarose gel electrophoresis (Figure 2.2.7), gelfipdy ligated and transformed into
InvaF cells. Colony screens were again used to identifgnies containing the correct
plasmids. Once found, plasmid DNA was generatedniny prep and sequenced to

confirm the quality of the constructs.
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Figure 2.2.6 — Ultradolet fluorescence visualisation of SYBR Safe {trogen) staines
1% w/v agarose gel€Examples typical of the single step PCR reaction stvowr

displaying the successful amplification of thnker-Vy-His PCR insert against g
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Lambda/EcoRI + Hindlll marker (Promega) (A). Exaeglof the colony PCR screen

are also shown, demonstrating 1189scFv constrddiseocorrect size (lanes 4 and

approximately 900 base pairs), the incorrect slaae( 2, approximately 1400 base

pairs) and full Fab constructs (lane 3, approxihyat@00 base pairs).
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Figure 2.2.7 — An ultra-violet fluorescence vissation of a SYBR Safe stained 1

w/v agarose gel. PCR products are shown for bapssof the multi-step cloning

method a 2-log ladder (NEB). The required prod@atsmarked) were separated fr(

concatenated multimers by gel purification.
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2.3— Standard Cell Density Protein Expression

2.3.1 — Materials and Methods

2.3.1.1 — ScFv Expression trials

The initial expression trials for each of the f@eFv constructs were conducted in two
50ml LB cultures, containing 10y mi* tetracycline, in 250 ml baffled flasks. Cultures
were inoculated to an absorbance at 600 ngy(Af 0.1, with plasmid containing
W3110 cells from a 10 ml overnight culture grown liB (containing 10pg mi*
tetracycline) at 37 °C in a shaking incubator 4e2@0 rpm. Once seeded, the 50ml
cultures were grown to angé of 0.8 at 37 "C/200 rpm. At this point, a 1 ml pre
induction sample (J) was taken and stored at -20 °C and the remaicitigire was
induced with IPTG to a final concentration of 20®. One flask for each construct
remained at 37°C while the other was transferreghtincubator set to 15 °C. From this
point onwards, 1 ml samples were taken and thegracorded at 1, 2 ,3 and 4 hour time
points (T, T,, T3, and T, respectively) and after approximately 16 hoursefoight,

T1e). All samples were stored at -20 °C until procegsi

The samples taken from the expression trials weagvéd at room temperature and
normalised to an & of 0.8 by dilution with water. Once normalised, 0240 of each
sample was centrifuged at 20,000 x g for 10 minirtes bench top centrifuge to pellet
the bacterial cells. These cells were resuspend@® il water, 10ul 4x LDS sample
buffer (Invitrogen) and 1@l 200 mM Dithiothreitol (DTT) and heated at 70 ‘@ f10

minutes. The heated samples were centrifuged @0Q% g for 10 minutes to pellet any
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DNA present in the sample, which was removed fgoanalysis by coomassie stained
Sodium Dodecyl Sulphate Polyacrylamide Gel Eledtmpsis (SDS-PAGE, section
2.3.1.2). In addition to these normalised sampibs, remainder of the expression
culture was pelleted at 6000 x g for 15 minutea benchtop centrifuge, resuspended in
2 ml lysis buffer containing 50 mM Tris pH 8.0, 2MnEDTA, 50 uM
phenylmethylsulphonyl fluoride (PMSF), 0.1 % Tritog-100 and 100ug mf*
lysozyme and incubated at room temperature for 3Qutes. Once lysed, bovine
pancreas deoxyribonuclease (Sigma-Aldrich) was éadeéh magnesium chloride to a
final concentration of 5 mM. The sample was incallator 30-60 minutes at room
temperature to fully degrade the DNA. B0 samples were taken both prior to and
following centrifugation at 50,000 x g for analysiy SDS-PAGE alongside the

normalised time point samples.

2.3.1.2 — SDS-Polyacrylamide Gel Electrophoresis

20 pl samples for analysis by SDS-PAGE were combineth viti0 ul 200 mM
dithiothreitol (DTT) and 1Qul 4X LDS sample buffer (Invitrogen) and heated 6@
for 10 minutes. 2@l of the heated samples were applied to wells bluBAGE Novex
4-12 % Bis-Tris pre-cast 1.0 mm polyacrylamide @eVitrogen) and run in MES-SDS
buffer (Invitrogen) for 35 minutes at 200 V withcarrent setting of 125 mA per gel.
The SDS-PAGE gels were analysed by staining in @ssie brilliant blue (2.5 ¢'lin
45 % methanol/10 % acetic acid) or by western (2d3.1.3). All gels were run with
one lane containing either a 14-66 kDa moleculaightemarker (Sigma-Aldrich) or

Novex Sharp pre-stained protein standards (Inv&ndg
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2.3.1.3 — Western Blot

Western blotting of histidine tagged proteins waedi in cases where coomassie
staining was not sensitive enough to detect lovellewf expression. SDS-PAGE gels
were run as in the previous section and, insteadstaining, transferred onto a
polyvinylidene difluoride (PVDF, 0.2M pore size, Invitrogen) membrane. The PVDF
membrane was activated in methanol for 10 secondssaaked for 30 minutes in
transfer buffer (1.45 g Tris and 7.2 g glycine & @ methanol) together with any
blotting pads and paper to be used in the trapsferess. The transfer of protein bands
from gel to membrane was done in an XCell Il biwtimodule (Invitrogen) at 30
V/175 mA for 1 hour. Following transfer, the memteawas blocked in a 5 % (w/v)
solution of ECL blocking agent (GE Healthcare) diged in TBST (135 mM sodium
chloride, 15 mM Tris, 0.1% (v/v) tween-20, pH 76y 1 hour at room temperature.
Once blocked, the membrane was incubated for 1 Wwihra 1:4000 dilution of mouse
anti-His antibody (Merck) in 1 % blocking solutiohhe membrane was washed for 5
minutes in TBST and incubated with a 1:5000 diltmf HRP conjugated goat-anti-
mouse secondary antibody in 1 % blocking solutmnif hour. Following incubation,
the membrane was washed five times in TBST for Buteis per wash and treated with
ECL plus reagents (GE healthcare), as per the raatwrér’s instructions, and exposed

on X-ray film (Fuijifilm).

2.3.1.4 — Expression of unlabelled scFvs

Starter cultures (50 ml LB, 10y mI™ tetracycline in 250 ml baffled flasks) of W3110

E. coli containing the appropriate scFv plasmid were growernight at 37 °C/200 rpm
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and used to inoculate expression cultures (500 Bl10 ug mi* tetracycline in 2.2 |
baffled flasks) to an &oof 0.1. The main expression cultures were growsvatC/ 150
rpm until an Ag of 0.6. Once the correctesfy was achieved, the cultures were
transferred to an incubator of the correct tempeeat37 °C for 1189scFv and 15 °C for
488scFv as determined in section 2.3.1.1/2.3.2.Bquilibrate until an &y of 0.8. At
this point, IPTG was added to a final concentratb200uM. In all cases, the cultures
were left to express overnight. Samples were takteh, 2, 3 and 4 hours and after
overnight expression (16 hours) and analysed by-BBRSE as described previously

with samples taken from the cell lysis procedueetisn 2.3.1.8).

Once the expression had been completed, the laatetis were pelleted at 6000 x g

for 30 mins and stored at -80 °C until processing.

2.3.1.5 — Expression 6IN and™>N/*C labelled scFvs

Expression of thé°N and **N/**C labelled scFvs was carried out in 500 ml minimal
medium (Appendix A.1.1) cultures containing i@ mi* tetracycline with 1 g1 N
ammonium sulphate, and/or 2 §¥Cs D-glucose where appropriate, at 7 for 16
hours following the protocol described in the poesd section. Starter cultures were
grown initially in 10 ml LB (10ug mi* tetracycline) at 37 °C/200 rpm over the course
of 8 hours and then in two 100 ml minimal mediurttunes overnight at 37 °C/200 rpm
to improve growth rates. Samples were again takeh &, 3 and 4 hours and after

overnight expression and analysed by SDS-PAGE switbed previously.

Once the expression had been completed, the kalatetis were pelleted at 6000 x g
for 30 mins and stored at -80 °C until processing.
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2.3.1.6 — Expression 6IN/?H and**N/*C/H labelled scFvs

W3110 E. coli containing the scFv vectors were conditioned omliome containing
increasing concentrations of deuterium oxit,Q or D;O). Initially, the bacteria were
grown in 10 ml LB (10ug mlt tetracycline) and then 50 ml cultures of minimal
medium containing 1Qig mi* tetracycline and 0 %, 30 %, 70 % and 100 ¥D
Glycerol stocks were made of these cells to usedaoulating future starter cultures for
deuterated expression. All cultures were grown7atG3200 rpm in 50 ml flasks for the

10 ml cultures and 250 ml baffled flasks for them®lOcultures.

Four 100 ml minimal medium starter cultures coritajrlOpg mi* tetracycline, 1 g1

>N ammonium sulphate, 2 @ [°Cs D-glucose (where appropriate) and 100 %D
were grown in 500 ml baffled flasks at 37 °C/20frpvernight (to an gy of 0.6) from
four 10 ml 100 % BO LB cultures containing 1Qg ml* tetracycline that had been
grown for 8 hours. These starter cultures were ts@tbculate eight 500 ml expression
cultures as described previously. Samples werentaken section 2.3.1.4 and analysed

by SDS-PAGE and western blot as described in seéti®.1.3.

Once the expression had been completed, the kalatetis were pelleted at 6000 x g

for 30 mins and stored at -80 °C until processing.

2.3.1.7 — Expression of unlabelled 1189 Fab

Expression of the 1189 Fab construct supplied by Was carried out in LB cultures
containing 10ug mi* tetracycline. Four 100 ml cultures were used agest cultures
and inoculated from glycerol stocks of W31EO coli containing the pTTod 1189

vector. These were grown at 37 °C/200 rpm overriigB00 ml baffled flasks and used
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to inoculate eight 500 ml cultures in 2.2 | baffltasks to an Ay of 0.1. The main
cultures were grown at 37 °C/200 rpm and were irduwith IPTG to a final
concentration of 20uM when they reached anefy of 0.8, and left to express
overnight. Cells were pelleted and samples werenadnd analysed as in section

2.3.1.4.

2.3.1.8 — Puirification of the scFvs

The bacterial pellets from the scFv expressionucedt were thawed and resuspended
fully by vortex in 20 ml of lysis buffer (50 mM TipH 8.0, 2 mM EDTA, 0.1 %
Triton-X100) per litre of culture for the large se@xpression method, or 10 ml per 100
ml of culture for the small scale expression meti@dce resuspended, the cells were
lysed by five passes through a French pressurelded resulting lysate was centrifuged
at 50,000 x g for 30 minutes and the supernatassqehthrough a 0.gm filter to
remove any insoluble material. The remaining s@utnlaterial was dialysed against

100 mM sodium chloride, 25 mM Tris pH 7.5 and 30 nimvidazole at 4 °C.

Once dialysed, the scFv containing sample was thamd@o a 6 ml nickel affinity
column containing a nickel nitrilotriacetic acid TW) resin (Ni-NTA His-Bind
Superflow, Merck) pre-equilibrated with 100 mM saai chloride, 25 mM Tris pH 7.5,
30 mM imidazole) on an Akta Fast Protein Liquid @hatography (FPLC) system (GE
healthcare). Once the protein containing solutiad been loaded, the column was
washed with five column volumes (CV) of binding taufto remove any unbound

material. The protein could then be eluted withireedr gradient of 30-500 mM
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imidazole over 5 CV and collected in 2 ml fractiarsng the Frac-950 attached to the

FPLC system.

The scFv containing fractions were identified bySSBAGE, pooled and dialysed into
a size exclusion chromatography (SEC)/NMR suitabldéfer (100 mM sodium
chloride, 25 mM sodium acetate pH 5.5, 0.02 % sodazide (Naly)) at 4 °C. Dialysed
samples were concentrated down to 5 ml by ultrafitin (Vivaspin 20, Sartorius) and
loaded at 1 ml mif onto a 120 ml size exclusion column (HiLoad 168{perdex 75
Prep Grade, GE Healthcare) pre equilibrated with ®v of SEC buffer. Fractions
were collected throughout the runs, with any scéntaining fractions (as determined
by SDS-PAGE) being pooled and stored at 4°C witnWOEDTA and 200uM 4-(2-
Aminoethyl) benzenesulphonyl fluoride hydrochlorig@EBSF) added. The final
amount of purified protein was quantified by absorte at 280 nm using extinction

coefficients calculated from the protein sequent®89scFve = 47890 M' cm,

488scFwe = 46040 M* cmi?).

Deuterated scFvs were denatured and refolded priatialysis into the SEC/NMR
buffer to exchange buried amide deuterons for mtdhe pooled fractions from the
nickel affinity column were denatured by adding mjdane hydrochloride to 5 M (as
determined in section 2.5.1.2/2.5.2.2). The guaeidhydrochloride could then be
removed by four steps of dialysis, initially in twd | steps of a 100 mM sodium
chloride, 25 mM Tris pH 7.5 buffer, and then in t&d steps of the SEC/NMR buffer

prior to concentration and gel filtration.
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2.3.1.9 — Puirification of 1189 Fab

1189Fab containing pellets were thoroughly resudeerby vortex into lysis buffer,
lysed by French press, centrifuged and filtereddascribed above. The resulting
1189Fab containing solution was adjusted to pHu8iig 0.1 M citric acid and loaded
onto a 10 ml protein G column (recombinant prot8isepharose FF resin, Generon),
allowing 20 minutes of contact time per ml of saenf®.5 ml mift- in this case). The
column had been pre equilibrated with protein Gdirig buffer (75 mM sodium
phosphate, 75 mM sodium citrate, pH 6.0) on an ARLC system. The column was
washed with 4 CV of the binding buffer before thetpin was eluted with 100 mM

Glycine HCI, pH 2.7 and collected in 1 ml fractions

The Fab containing fractions were pooled and imatety dialysed into SEC/NMR
buffer in two steps at 4°C. The dialysed 1189 Fabe could then be concentrated by

ultrafiltration and stored as described previously.
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2.3.2 — Results

2.3.2.1 — scFv Expression Trials

Previous expression trials conducted in the graumfdifferent set of scFv constructs
indicated that optimal protein production was aecldk by inducing expression using
200 uM IPTG over a period of approximately 16 hours (isonet al, 2009). The
initial expression trials of the anti-IL-6 scFv @bructs produced soluble protein under
these conditions at 37 °C for 1189scFv and at 15f0iC488scFv. The expressed
proteins were detectable by Coomassie stained SEE=RFigure 2.3.1) and western
blot (Figure 2.3.2), showing increasing quantibgsr time in both cases. An estimation
of the amounts of protein produced could be deteethirom the SDS-PAGE gel using
reference samples of known lysozyme quantitiesufeid.3.3, 1.25ug of 1189scFv
and 0.75ug of 488scFv). Using this information, and the apgpnate amount of
culture used to make the samples (100it was estimated that 25 mg bf 1189scFv
and 15 mgt 488scFv were being produced, indicating that sigffit quantities of the
scFvs could be produced for analysis by NMR spectpy. Both the 1160scFv and
271scFv constructs showed no signs of expressidnwaane not carried forward past

this stage.
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Figure 2.3.1 — Samples taken from the expressials fior 1189scFv analysed by SDS-

PAGE and visualised by staining with Coomassidiant blue. Samples taken prior to

induction with IPTG () and samples taken at 1, 2, 3, 4 and 16 hourswoil
induction (T, T, T3, T4 and Te respectively) are shown together with the totahtg
and soluble fraction of the lysed cell pellet frame full 50 ml culture following the 1
hour expression. Samples were run against a 14B&6 rkolecular weight marke

(Sigma-Aldrich) to assess the size of the proteodpced. Soluble protein can clea

)
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be seen at approximately 27 kDa in both trial expents.
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western blot of the histidine tag (B). Samples tageor to induction with IPTG (J)
and samples taken at 1, 2, 4 and 16 hours followidgction (T, T2, T4 and Tie) (A) or
samples taken at 1, 4 and 16 hours following induc{T;, Ts and Te) (B) are shown
together with the total lysate and soluble fraction the lysed cell pellets following 16
hours of expression. Samples were run against &N8harp molecular weight mark
(Invitrogen) to assess the size of the protein pced (A and B) and a previously
expressed and purified histidine tagged scFv assdiye control (B only). The scFv
S,

clearly visible at a molecular weight of approxiglgit27 kDa at both trial temperature

Soluble expression for this 488scFv construct wag seen at 15 °C.

2.5ug

els]
3
o

LN

40 pg
30 ug
20 ug
15 g
10 ug
5pg

Figure 2.3.3 — Coomassie stained SDS-PAGE of knquamtities of lysozyme. The

=

intensity of the bands seen allows the estimatibrprotein quantities from othe

Coomassie stained SDS-PAGE gels. (Image obtaioed Alice Barkell).
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2.3.2.2 — Standard Cell Density Expression andfieation of unlabelled™N labelled

and*°N/*3C labelled scFvs

The cultures grown to produce the scFvs for furtdmealysis grew to angfp of 3-4 in
LB and 2-2.5 in minimal medium, showing levels obtein production similar to the
expression trials when assessed by SDS-PAGE. Theessed scFvs were purified
following the protocol described in section 2.3.1T8e protein eluted from the nickel
affinity chromatography column contained mainly wc&ong with someE. coli
contaminant proteins that had also bound to theaineol (Figure 2.3.4). Further
purification, using a pre-calibrated (Gel filtraticalibration kit, low molecular weight,
GE Healthcare) SEC column, removed contaminangslével below that which could
be seen on a Coomassie stained SDS-PAGE gel ahtightgd the formation of the
domain swap multimers by providing an estimationtied molecular weight of the
proteins eluted (Figure 2.3.5). The collected foard corresponding to the scFv
containing peaks were pooled and stored at 4°C.anhaunt of purified scFv produced
was approximately 25 mg from LB and approximately 15 mg from minimal media
for 1189scFv and 12 md from LB and 5 mgt from minimal media for 488scFv (as

determined by absorbance at 280nm).
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Novex Sharp marker it was seen that peak 1 cortanamber of contaminaBt coli
proteins that had bound to the nickel affinity eolu whereas peak 2 contained f{
expressed scFv with a low level of other contamiifiarcoli proteins. The column flov

through sample indicates that all soluble scFv rgaevered during this process.

he

<
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Figure 2.3.5 — A typical example of the SEC puafion of the scFvs. This proce]
resulted in the detection of three elution pealsodling at 280 nm as seen on an FR

system (A, 1, 2 and 3). When analysed by coomassieed SDS-PAGE against Nov
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Sharp molecular weight standards (B) it was seahpghak 1 (approximately 45 kDga)
contained scFv in a form roughly correspondinght® tolecular weight expected fpr
domain swapped dimer, peak 2 (approximately 26 kBa)tained the apparently
monomeric scFv and peak 3 (approximately 11 kDajained no visible protein other
than the remainder of peak 2. The fractions calgdor peak 1 and 2 were pooled and

stored at 4°C.

2.3.2.3 — Standard Cell Density Expression andfiation of Deuterated scFvs

The expression levels seen in the production @iytrlabelled scFv were severely
reduced when compared to non-deuterated minimalan€@dowth rates and expression
levels were impaired, with cultures failing to e®dea final Aoy of 1.8-2.0 after
overnight expression and expressed scFv only beisible on western blots. The
resulting protein was purified as described for tlm-deuterated scFv samples and
partially denatured using 5 M guanidine hydroclderiThis denaturation allowed the
back exchange of the backbone amide deuteronsrédons in the core of the scFv
structure that are normally protected from solahange. The total protein yield was
approximately 0.5 mg! of deuterated culture as quantified by absorb@@80 nm.
Despite these low expression levels, sufficientggrowas generated to form an NMR

sample due to the large culture volumes used (appately 10 I).
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2.3.2.4 — Standard Cell Density Expression andfiation of 1189Fab

Unlabelled 1189Fab was expressed and purified tejpr G (Figure 2.3.6) as
described in sections 2.3.1.7 and 2.3.1.9. A fineld of approximately 5 mg*l was

produced as quantified by absorbance at 280erm4(7890 M* cni?).
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analysed by Coomassie stained SDS-PAGE againstxN8Sharp molecular weigh
marker a characteristic double band representiachdavy and light chain of the Fab

could be seen. In addition a sample was run wittioaitaddition of the DTT to retain

1%
o

the inter chain disulphide bond. The band shifnseethe molecular weight expect

for 1189Fab (47 kDa) further confirms successfulffmation.
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2.4— Small Volume, High Cell Density Protein Expressio

2.4.1 — Materials and Methods

2.4.1.1 — Selection of High Expressing colonies

The initial step in the high density method is twhly select transformed colonies that
show the highest level of protein expression. QGlykstocks of these selected cells will
create a reliable starting point for the productarE. coli cultures expressing large
guantities of protein (Sivashanmuganhal. 2009). W3110E. coli were transformed
with either the 1189scFv or the 488scFv plasmid@ated out onto 70 % JO® LB agar
plates containing 10g tetracycline and grown at 37 °C overnight. Sixalraxpression
trials of separate colonies were set up with 2 tafter cultures (100 % J® LB with
tetracycline) and 10 ml trial cultures (standard 26 D,O minimal medium used in
large scale expression, with tetracycline). Timapsamples were taken and treated as
described in section 2.3.1.1 and analysed using -BBSE/western blot. Once
completed, the highest expressing trial culture stesaked out onto a fresh 70 %M
plate and grown overnight. Six of these new colemiere analysed with the highest

expressing culture being used to prepare glycéocks.

2.4.1.2 — Protein Expression Using the High Celh&igy Method

The double selected glycerol stocks were used douiate 50 ml 100 % f© LB

cultures containing 10g I™* tetracycline. These were grown overnight to agoAf 3-5
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at 37 °C in RO (lower temperatures were required if the cultuwwese over growing).
Once at an appropriates#, the cultures were centrifuged at 5000 x g fomiiGutes
without refrigeration and the cell pellet resuspshdn the high density labelling
medium as specified by Sivashmanmugetrral (2009) (Appendix A.1.2), containing
>N ammonium chloride and/dfCs D-glucose (where appropriate) i@ containing
10 pg I'* tetracycline. The resuspended culture was retutoetie incubator for 1-3
hours to allow the & to increase by one unit. Once achieved, IPTG wide@and the
cultures placed in an incubator according to theceatration and temperature
determined for each construct in 2.3.1.1. The cetwvere allowed to express until the
Asoo began to decrease or the protein appeared todke@iatermined by SDS-PAGE
analysis of culture time points). When using awtilcs, such as ampicillin, that are
degraded by resistance mechanisms or the pH ofulere medium, the addition of
extra antibiotic is required regularly througholé texpression run to prevent plasmid
loss (Dever & Dermody, 1991; Sivashanmuganal, 2009). The resistance mechanism
used here for the scFv vectors employs an efflurplocated in the cell membrane to
keep tetracycline concentrations low within thetbaal cells and, as it is not degraded,
no additional antibiotic is required (SchnappingerHillen, 1996). Initially this
protocol tested protein expression in 50 and 10@uttlres, in 250 and 500 ml baffled
flasks respectively, to optimise aeration beforevimg to 50 ml cultures once the

protocol was optimised.

2.4.1.3 — Specific Non-Labelling of Amino Acids

The method outlined in 2.4.1.2 was adapted to §palty non-label certain methyl and

aromatic side chain amino acid types. This proaeas trialled on 1189scFv with
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leucine, isoleucine, valine and tryptophan/tyrosibet may also be done with
phenylalanine. Amino acid, of the type to be ndreled, was added at a concentration
of 200 mg 1 in the high density labelling medium. This concatibn was based on
previous standard cell density expression protoobla similar nature (Vuisteet al,
1994), and compensates for an up to ten-fold highal Agoo in the high cell density
protocol, with a ten-fold higher concentration bétunlabelled amino acids compared
to the 20 mgtused in the original protocol. Apart from the aititl amino acid, the

same method and stocks were used as describeel pmetious section.
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2.4.2 — Results

2.4.2.1 — Selection of High Expressing Colonies

W3310E. coli colonies freshly transformed with pTTod scFv vedtor1189scFv and
488scFv underwent the two step small scale exmmessial process described in
section 2.4.1.1 and were analysed by western HI&RS-PAGE (section 2.3.1.3). The
variability of expression levels was more appaiarthe first step of colony selection
than the second (Figure 2.4.1), indicating thatsesiantly high expression levels were
being successfully selected for. The improvememxjpression levels was seen for both

1189scFv and 488scFv.

Colony Number

1 2 3 4 5 6

Selection Step 1

Selection Step 2

Figure 2.4.1 — Selection of high expressing coleriier the expression of scFys.
Western blots typical of the colony selection poofooutlined in section 2.4.1.1 are
shown, displaying samples normalised to cell dgnsit selection step 1, colony 1 |is
expressing to a much higher level than the othénies assessed. The repetition| of
this process for 6 colonies derived from colonyedulted in a more consistent level|of

expression, particularly from colonies 3 to 6.
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2.4.2.2 — Protein Expression Using the High Celh&igy Method

High cell density protein expression was initidiialled using 50 and 100 ml cultures,
in 250 and 500 ml baffled flasks, with the aim ohigving optimal aeration. Both sets
of trials were successful in producing high yietdsl189scFv and 488scFv (estimated
to be 60 mgt and 30 mgt respectively, see section 2.4.2.1), which coughdy be
seen by Coomassie stained SDS-PAGE (Figure 2 ft@®se trials also indicated that
expressing the protein in 50 ml cultures in 250baiffled flasks produced the optimal
amount of protein. The duration of expression wis® @ptimised during this trial
process by monitoring thegéy of the cultures at 0, 2, 4, 16 and 24 hours afiduction
with IPTG for 1189scFv, and 0, 4, 16, 24, 40 andh&8rs following induction for
488scFv. As no evidence of protein degradation s@esn over the course of the
expression, the optimal amount of protein wouldbtined at the highest cell density,
and so at the time point before thenfbegins to drop. For 1189scFv and 488scFv this

was 16 and 40 hours respectively.

The scFvs were purified using the same protocdsrideed for the standard cell density
expression procedure described in section 2.3Th8. increase in deuterated protein
production was particularly significant, with finalirified protein yields of 50 mg'for
1189scFv and 25 mg'Ifor 488scFv. These yields were significantly beltvose
reported by Sivashanmugasgt al (2009), but represent a 100 fold increase when
compared to the standard cell density minimal mediexpression method. This
reduced both the quantities of expensive, isotdlgidabelled media components
required, and the time taken to get the amountsprofein needed for NMR

spectroscopy.
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Figure 2.4.2 — Small scale, high cell density egpi@n trials of 1189scFv in 250 and

500 ml flasks. Analysis by coomassie stained SD&PAf expression trial samples

taken at 0, 2, 4, 16 and 24 hours following IPT@uiction (To, T2, T4, T1s and )
clearly show protein bands at the appropriate nutdeoveight (27 kDa). All sample
were normalised to anghy of 0.8 to assess protein degradation in the battslls. At

all time points a significant amount of protein wasduced even up until thes# of

the culture began to drop at 24 hours. A sampkh@ttentrifuged culture medium was

also run to determine if any protein had leaked @uthe cells during expressiqg
(Media). The low levels of protein visualised insttsample most likely represe
protein released as the cells began to lyse. Flosnanalysis it was determined th
expression for between 16 and 24 hours following #ddition of IPTG in 50 m
cultures in 250 ml baffled flasks produced the kgjhprotein yield. All samples we

run against Novex Sharp molecular weight stand@vidsker).
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2.4.2.3 — Specific Non-Labelling of Amino Acids MN/**C/H labelled 1189scFv

samples

The final yields of protein obtained when introchgiunlabelled amino acids into the
labelling media of the high cell density protocat (described in section 2.4.1.1) were
slightly lower than those seen with the un-modifieeéthod. Protein yields for the
1189scFv construct were between 30 and 40 Thddpending on the amino acid type
used. A set of four™N/**C’’H samples were produced with valines, leucines,

isoleucines or tryptophans/tyrosines specificatly labelled.
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2.5— Protein characterisation

2.5.1 — Materials and Methods

2.5.1.1 — Circular Dichroism Spectroscopy

Far UV Circular Dichroism (CD) spectroscopy wasfpened using a Jasco J-715
spectropolarimeter at wavelengths between 190 aB0 8m, collecting 10

accumulations per spectrum at a resolution of lancha scan rate of 50 nm mintte

All spectra were corrected for buffer contributidoy, the subtraction of a buffer only
spectrum, and converted into molar CD per residasetd upon the protein
concentration. The corrected CD spectra were apdlysing the CD Pro software
package (Sreerama & Woody, 2000) to determine ¢berglary structure composition
of the sample. All scFv samples were analysed luffer comprising of 100 mM

sodium fluoride, 25 mM sodium acetate, pH 5.5. Sodfluoride was used to maintain
the ionic strength of the buffer, whilst removiniglarine from the sample to improve
signal to noise at low wavelengths. Thermal demitum curves were also produced
monitoring the change in Circular Dichroism betwedhand 95 °C at a number of

wavelengths.
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2.5.1.2 — Fluorescence Spectroscopy

Intrinsic tryptophan fluorescence was used to nooritie unfolding of the 1189scFv in
increasing concentrations of guanidine hydroch®ri@ — 6 M in 0.5 M increments).
Fluorescence spectra were collected using a Pdgkiner LS50B luminescence
spectrometer, with excitation at 280 nm and calbecbetween 300 and 450 nm at a
scan rate of 150 nm minfor a total of five accumulations. Samples wegevVBscFv in
100 mM sodium chloride, 25 mM sodium acetate pH &arisl were allowed to
equilibrate following the addition of guanidine mgdhloride for 30 minutes prior to

data collection.

2.5.1.3 — NMR Spectroscopy of the scFvs

Preliminary**N/*H HSQC (Bodenhausen & Ruben, 1980) spectra wetected from
>N labelled 1189scFv and 488scFv at@®n an 800 MHz Bruker Avance or a 600
MHz Bruker DRX spectrometer. Samples were prepamedSEC buffer and
concentrated to 230M by ultrafiltration (Vivaspin 6, Sartorius) andalgsed in 5 mm
Shigemi NMR tubes. Typical acquisition times webers in i (*°N) and 60 ms in ¥

(*H) with a total experiment time of 40-60 minutes.

Solvent suppression was carried out using the WAGERE pulse scheme (Piotet

al, 1992) and data was processed using the Topspsofiware (Bruker Biospin Ltd.).
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2.5.1.4 — Analytical Size Exclusion Chromatography

Analysis of the effects of protein concentrationtba scFv domain swap equilibrium
was performed for 1189scFv on a pre-calibrated {idgeation calibration kit, low
molecular weight, GE Healthcare) Superdex 75 1030QGsize exclusion column (GE
Healthcare) operating at a flow rate of 1 ml miffutS8amples were run at 7.5, 15, 30,
140 and 53QM in a 100 mM sodium chloride, 25 mM sodium acetaiffer at pH 5.5
containing 0.02 % sodium azide. Additional 1 samples to study the effect of pH
on the multimerisation process were also run instmee buffer at pH 5.0, 4.5, and 4.0.
An additional sample was run in buffer containing @M Tris pH 7.5 instead of
sodium acetate. In all cases, the column was égaiéd with two column volumes of
the appropriate buffer before use. Estimates oftioportions of monomer, dimer and
trimer were determined from the area of the elup@aks using the peak integration
function contained within the UNICORN 5.11 softwane the Akta FPLC system (GE

Healthcare).
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2.5.2 — Results

2.5.2.1 — Circular Dichroism Spectroscopy of scFvs

The CD spectra acquired for the scFvs displayediiaeacteristics of a predominantly
B-sheet protein (Figure 2.5.1). Spectral analysisguge CD pro package (Sreerama &
Woody, 2000) indicated that the secondary structmeposition of the scFvs was
approximately 1 2 %a-helix, 49 +3 % p-sheet, 22 +2 % turn and 28 +2 %
unstructured. This data is consistent with the etquksecondary structure of 3 %
helix, 50 %p-sheet and 47 % turn/unstructured (taken from thectire of IC8scFv,

Wilkinson et al, 2009), indicating that the scFvs were correatlgéd.
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Figure 2.5.1 — Far UV CD spectrum of 1189scFv. Tata was collected from aud/
sample of the scFv at 25 °C. The spectrum disptlagscharacteristic features offa

sheet protein showing a negative peak at 218 nrity(iéeal, 2005). The small positiv

D

peak at 235 nm is most likely a contribution theardomain disulphide bonds. The

data has been buffer corrected, converted to n&ilaper residue and smoothed.

To further characterise the properties of the scl[3 thermal denaturation curves
were collected monitoring at 220 nm between 20 @8dC. This data was used to
determine if the scFvs showed co-operative unfgldia characteristic property of
correctly folded proteins. The sigmoidal unfoldiagrves observed for both 1189scFv
and 488scFv represent co-operative unfolding eyémther confirming that the scFvs
are correctly folded. The mid points of the denation curves were 80 °C for 1189scFv
and 69 °C for 488scFv. A typical temperature demdion curve for each scFv is

shown in Figure 2.5.2.
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Figure 2.5.2 — CD temperature denaturation cureesli89scFv (A) and 488sck
collected at 220 nm (B). The curve displays a sigaloshape as the temperature i
increased, a characteristic of folded proteinshwaitmid-point of 80C for 1189scFV

and 69°C for 488scFv.
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2.5.2.2 — Fluorescence Spectroscopy of 1189scFv

Intrinsic tryptophan fluorescence spectra of prigedre often sensitive to changes in
the chemical environment of tryptophan residuestiquaarly with respect to the
solvent accessibility of the side chains (RoyerP&0 Florescence spectra were
collected for 1189scFv, and the change wavelenfitheofluorescence maxima ()
was monitored as the concentration of guanidine weseased (Figure 2.5.3). The
changes seen in theg & of the samples were used to follow the unfoldihthe protein
from 327 nm to 348 nm as the buried tryptophandre=s became more solvent
exposed. The sigmoidal shape of the curve is ctarstic of stable, folded protein
with a mid-point at approximately 4.2 M guanidingdiochloride and the protein
becoming fully denatured between 5.0 and 5.5 M. Jinidine hydrochloride induced
denaturation of the scFv was found to be fully reNse. The removal of the denaturant
by dialysis resulted in spectra identical to thoskected for the original native protein
sample. This information indicates that partial atenation of the scFv should allow the
solvent exchange of buried deuterons for protossd@scribed in section 2.3.1.8) to

recover backbone amide NMR signals for the corersgof deuterated scFv samples.
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Figure 2.5.3 — Chemical denaturation of 1189sche F,.x wavelength of the intrinsi

)

tryptophan fluorescence emission spectra colletteoh 1189scFv is shown against
increasing concentrations of guanidine. The sigaloclrve, characteristic of co-

operative unfolding events, further confirms therectly folded nature of the scFv.

2.5.2.3 — NMR Spectroscopy of scFvs

Preliminary™>N/*H HSQC spectra dfN labelled 1189scFv and 488scFv produced well
dispersed spectra, with high levels of signal tis@cand very little signal overlap
(Figure 2.5.4). The high quality of the spectra afispersion of the signals seen

indicate that the scFvs are folded and are suifablirther study by NMR.
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Figure 2.5.4 °N/*H HSQC spectra of 1189scFv (A) and 488scFv (B). 3pectra,
collected at 40C on an 800 MHz (A) or 600 MHz (B) spectrometere af a high
quality, showing well dispersed signals and goagghali to noise. These spectra

characteristic of folde@-sheet proteins and indicate that further NMR daty be

gathered to investigate structural properties efstFvs.
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2.5.2.4 — Analysis of the oligomerisation statd ®889scFv

Figure 2.5.5 shows results typical of the SEC asialgf the oligomerisation state of

1189scFv over a range of protein concentrationt) veisults of the proportions of the

oligomeric states of 1189scFv at varying conceiamnatand pH values, summarised in

Table 2.5.1 and Table 2.5.2.

B o))
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Figure 2.5.5 — Analysis of the effect of proteimcentration on the oligomerisatic
state of 1189scFv. Examples typical of the FPLCeasagenerated from analytical SE
display a steady increase in the proportion of dimeeric (2, approx. 50 kDa), arn
higher multimeric (3, >75 kDa) forms such as tirmesind tetrameric species can

seen. The monomeric form of the scFv (1, approxkP@) remains the majorit

throughout.
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Concentration at Monomer Dimer Trimer/Tetramer
pH5.5 (UM)

7.5 65% 35% -

15 63% 37% -

30 63% 37% -

140 58% 42% -

265 57% 43% -

530 52% 33% 15%

Table 2.5.1 — The effect of increasing protein @mi@ation on the oligomerisation state

of 1189scFv. This table reports the proportion aethe form of 1189scFv as

percentage of the total scFv eluted from the SE@nwo. Even at very high

concentrations the monomeric species remains imggjerity.

pHat 7.5uM Monomer Dimer Trimer/Tetramer
7.5 45% 30% 25%

5.5 65% 35% -

5.0 58% 35% 7%

4.5 59% 33% 8%

4.0 60% 33% 7%

Table 2.5.2 — The effect of pH on the oligomermatstate of 1189scFv. This tal

a

le

reports the proportion of each form of 1189scFa gercentage of the total scFv eluted

from the SEC column. At pH values below the cal®daisoelectric point (6.6) ther

appears to be relatively little change in the propo of multimeric species. Howeve

e

above the isoelectric point there seems to be rmalra increase in the proportion of the

trimeric/tetrameric forms.
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The scFv shows relatively little change in the 8guum between oligomerisation
states as the concentration is increased, evew lgvéls used in NMR samples. pH
also seems to have a relatively minor effect on eleilibrium when below the
calculated isoelectric point of 1189scFv (6.6). igndficant change is seen, however,
when the pH rises above this value with a 20 %ctd in monomer, compared to pH

5.5 and a shift towards the trimeric/tetramericcépe
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2.6— Discussion

The results described in this chapter report tleeessful cloning and expression of two
scFv constructs based on high affinity anti-IL-6bFeiagments. The unsuccessful
expression of two of the constructs (1160scFv ants@Fv) is in line with previous
scFv expression trials performed within the growhjch show a 50 % success rate
when attempting to express scFv constructs of puesly expressed Fab fragment€in
coli. It is unclear exactly why this is the case, asshquences of the scFv constructs
are very similar outside of the CDR loops (Figuré.P), and the Fab fragments from
which they are derived, are all readily producethm samde. coli expression system.
The expression levels of antibody fragments reporighe literature vary significantly
(Bedzyket al, 1990; Carteet al, 1992; Denziret al, 1991; Worn & Pluckthun, 1998;
Worn & Pluckthun, 1999), and proper comparisonsdéfecult to draw due to the wide
range of expression systems and antibody fragnypestused. In an investigation into
the yields of periplasmic antibody fragment expi@s¢Knappik & Plickthun, 1995), it
was shown that, despite a 75 % sequence identityelba two antibody sequences, the
levels of protein produced were variable when ushegsame expression system. It is
likely that a conserved number of sequence diffegenthat are present within the
framework or the CDR loops of the proteins may hanveverall effect on the stability
of the protein or its ability to fold properly, ss#muently affecting the overall

expression levels.
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Despite the problems experienced with 1160scFvZ2aigcFv, 1189scFv and 488scFv
showed very good soluble expression levels in biath and minimal media that were
above what has been seen previously in the labralge with other, high expressing,
scFvs seen in the literature such as those expréys@/6rn & Plickthun (1999). The
application of the high cell density expressiontpeol for the deuteration of these
proteins also produced levels of soluble scFvriaicess of the amounts possible with
the standard expression methods, at a fractiorh@fcbst. This reduction in cost is
mostly attributable to the vastly reduced quarditeé DO required, providing a more
widely accessible route to the production of deatest proteins. Further development of
this expression system to produce protein sampitts specifically unlabelled methyl
containing amino acids, such as leucine, isoleycwvaine, phenylalanine and
tyrosine/tryptophan, was also successful for usassisting the backbone assignment
process as part of NMR data analysis. These santhbtswould have previously been
useful but cost prohibited, were produced and usqarovide further data to assist in

the backbone assignment process for 1189scFv.

Characterisation of the scFvs by CD and fluoreseendicated that soluble, stable
protein had been produced and demonstrated thetligimal and chemical stability of
these molecules. Contrary to previous studies &vs@erformed in the group and
elsewhere (Leeet al 2002), the extent of oligomerisation shows re&dyi little

dependence on the total concentration of scFv e ghmple with the monomeric
species remaining the majority, even when at NMR@a concentrations. The effect

of pH on the domain swap equilibrium also haddigffect apart from at pH 7.5 where
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the formation of the dimeric and trimeric/tetrancespecies was clearly favoured. These

results indicate that the optimal pH for the monom#rm of the scFvs is 5.5.

The characteristics of the domain swap equilibriaamal the extent of oligomerisation
seen for 1189scFv are noticeably different to scdtudied previously. Analytical SEC
results indicate that, at NMR sample concentratitmes IC8scFv was shown to be up to
50 % multimer. 1189scFv, however, was shown topgmraximately 60 % monomer at
equivalent concentrations. Preliminary NMR expenisdor the scFvs also show high
quality, well resolved data that do not display time broadening and signal overlap
observed for IC8 scFv when free in solution. Thgpiovement in spectral quality is
likely to be an effect of the differing charactéids of the domain swap equilibrium,
where exchange processes or the contribution frattimer signals are reduced. The
effect of pH on this equilibrium was not a fact@termined for IC8scFv, but has been
shown to have some significance for 1189scFv. Tdasure of 1189scFv may well be
related to the isoelectric point of the proteinl¢otated to be 6.6) as moving the pH of
the protein sample above this value appears to bawéficant effects on the domain
swap equilibrium. IC8, however, has a much higleelectric point (calculated to be
9.3) and would not have encountered a buffer wigiHahigher than 8.0. It is possible
that similar characteristics may be observed ifsikF& were to be analysed outside of
the normal pH range of NMR or protein purificatidsuffers. These differing
characteristics of the proteins are apparent degpily subtle differences between the
framework regions of the two scFvs. Interestinglysignificant number of the less
conserved differences between the 1189scFv anccFu8hat lie outside of the CDR
loops reside within or around the interface oftive variable domains. A55-T55, K66-
Q66 and T106-N106 (1189scFv compared to IC8scFe, Agpendix 4 for Kabat

numbering) all lie on the Vdomain interface whilst G194-R194 lies on thg V
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interface (Figure 2.6.2). These differences appeamnake the IC8 interface slightly
more polar, and the presence of R194 in particuiay be significant as it will give the
interface between the two domains a more chargadenalhis could potentially make
the interface more hydrophilic, favouring solverpesure and the open forms of the
scFv and promoting the domain swap exchange. K@beol 189scFv may also be able
to form an ionic interaction with E257 (Figure 2)5.on the \4 domain, further
stabilising the interface of the scFv. The buriadace area and strength of interaction
of the interface between the two domains can vewificantly from one antibody to
another, allowing the re-orientation of the vareadbmains (Stanfieldt al, 1993). It is
this varying strength of interface interaction thgives rise to the range of
characteristics observed for the domain swap dujitin (Arndtet al, 1998, Leeet al,
2002). This inherent instability, and propensity ftrm domain swap multimers
regardless of the antibody type or selection metsatl, appears to be a key character
of the scFv even when optimised to favour the masmform. Despite a large
number of attempts to improve the stability of agiable domain interface, it has been
difficult to produce a method suitable for all scEBenstructs (Worn & Plickthun,
2001). From a structural and functional point adwj the inherent instability of almost
all scFv constructs implies that this is a fundatakfeature of the two domains and
may be important for antigen binding. The strudtelenges that binding brings about
within the molecule may also be important for aiddial functions of the antibody

molecule, such as the role it plays in BCR signglli
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Vi

OmpA | CDR1 CDR2 CDR3 | Linker
| 1 1 I—l
10 20 50 v v T 80

1 )
1189/1-275 1 TAIAVALAGFATV I ‘SI LLINDATRLE GVP FSG F L 130
2711-277 1 ITATAVALAGFATV ISHSLA LLI GASlL GVP FSG FHL 130
1160/1-277 1 IAITAVALAGFATV DIYSSLA LLIHDANRLADGVPSHRFSG FIL 138
488/1-277 1 ITAIAVALAGFATV ]| YIVL.k LLI NANILH SGWP FSG FilL: 138
ICB/1-274 1 IAIAVALAGFATV GNIHNYL LLINNAK LAIG\I"P FS6 QEML 130
Consensus
MEKKTAIAIAVALAGFATVACQAD IOCMTOSPSSLEASVGDRYVTITCLASE+ I+ NSLAWYQOQKPGKAPKLLIY+AN+LOQDGVPSRFSGSGSGTDFTLTISSLOQPEDFATYYCQQGYKYPWTFGQGTKVEIKRTGGGGSGGGE
Vi
CDR1 CDR2 CDR3 Hisg Tag

1|4D iISD IIGD 1I?D 1|90 "DD 210 v 2"0 ’30 2|4D 2_50 %60 v 2
1189/1-275 140 SGG GG GGG LV GGL PGGSLRL GAl 0F F ND APG L A IIP S6GG 1 L HBvT- .- L-F 275
27T11-277 140 SGGGG GGG LV GGL PGGSLRL APG L PSGGD I L HDEVEY - WNW WG 277
1160/1-277 130 B666G6S6666 LLESGGGLVAPGGSLRL cA.\ or Icv APGHKGL NTDGGG 1 L pAYSSYLNBWE 277
488/1-277 140 SGGGCECGEE LVESGGGLVAPGGSLRAL cM M PGHRGL INTBGG N 1 L RLEYNY - VDHF 277
JCB1-274 140 GGG GGG LV, GGL PGGSLEL OF DF APGERL A Il BGGS FF | L OMKK- - - LTWE 274

Consensus

SGGGGSGGGGSEVOLVESGGGLVOPGGSLRLSCAASGFTFSSYDMAWVROAPGKGLEWVASI+++G66GTYYRDSVKGRFTISRONAKNSLYLOMNSLRAEDTAVYYCARH-Y - - ¥ - LDYFDOYWGQGTMVTWVSSHHHHHH

Figure 2.6.1 — Multiple sequence alignment comgathre four anti-IL-6 scFvs (1189, 1160, 488 and)2thether with an anti-IL{1 scFv
(IC8). The periplasmic export sequence, variablmalas, (GlySer), linker, CDRs and histidine tag are indicated wiite consensus between
the four sequences shown below. The sequence stynddthe CDRs is clearly very low while the framork regions remain almost identical.

All differences between the 1189scFv and IC8schRméwork residues are marked by arrows. Kabat nuntbef the 1189 and IC8 sequencges

can be found in Appendix 4.
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CDR1

G194R
K66Q

v, Vi

Figure 2.6.2 — The framework residue differenceasvben 1189scFv and IC8scFv shown on the IC8schetsite (PDB accession code 2KH
The residues marked in red indicate differenceattatin the V/V_ interface that may affect the nature of the donsamp equilibrium. Othe

changes within the framework residues are shovgneen. The Kabat numbering of these residues céounel in Appendix 4.1.
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2.7— Conclusions

The work reported in this chapter describes thaiofp expression and characterisation
of a number of scFvs produced for the study oftaaty/antigen interactions. Four scFv
constructs were produced from high affinity, thenaiic candidate, anti IL-6 Fab
fragment vectors with the soluble expression of being confirmed and optimised in

expression trials.

1189scFv and 488scFv were successfully expresseguaified with yields of up to 25
mg I of unlabelled material in LB and up to 50 migdf **N/**C/H labelled material

in deuterated minimal media. The recently reposethll volume, high cell density
expression method was assessed, and proved ekfantiee production of deuterated
NMR samples. This method was also extended to diectbe specific non-labelling of

methyl containing amino acids that may aid the Nti&Ra analysis process.

The expressed scFvs were characterised by CD aokficence spectroscopy to ensure
that correctly folded protein had been produced| #ndetermine the chemical and

thermal stability of the molecules for sample pregian and analysis by NMR.

The domain swap equilibrium was assessed by acal\®EC to determine the optimal
buffer conditions to reduce the presence of dirbeth during sample generation and
purification and also in the final NMR samples. 860 % level of monomer was seen
throughout a range of concentrations, increasintgpgB80uM, suggesting that the free
scFv may be analyzable by NMR at high concentration the first time. This would

allow comparisons of the antigen bound and unbaitates further investigating the

changes produced upon antigen recognition.
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In addition to the scFv constructs, IL-6 (unlabélland **N/**C/H labelled, as
discussed in chapter 3) and the 1189 Fab fragmentl{elled) were successfully
expressed in large quantities. The IC8/R.-Fab/antigen pair “{N/*H/unlabelled,
chapter four) were also expressed to allow theagapbn of further structural changes

within the Fab molecule and what effect this mayehlbeyond antigen recognition.
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Chapter 3 — NMR Studies of the Single Chain Fvigm@omplex with Interleukin-6

3.1— Introduction

The 1980s saw the bringing together of a numbelMR spectroscopic techniques
into a process that could determine the structlirateins. The first protein structure
produced by NMR was that of the bull seminal trgpsihibitor (Williamsonet al,
1985). This process relied on the sequential assgh method (Dubgt al 1979;
Wagner & Waithrich, 1982) and the use of recentlyeligped distance geometry
calculations (Havel & Withrich, 1985) to determitiee fold of the protein. This
culmination of techniques itself relied upon siggaht technological advances leading
from the initial development of NMR as a spectrgecdechnique in the 1940s and
1950s. The development of Fourier transform specbpy, superconducting magnets,
computational methods and the collection of twoetisional spectra were key factors
in realising the potential of NMR as a tool for el@ining macromolecular structure.
These initial steps into structure determinatiorreMémited by a number of factors,
primarily relating to the size of the proteins saed The limits of homonuclear NMR
experiments, the magnetic fields of the time andliguof instrumentation restricted
structure determination to proteins of less thak@. The proteins used also had to be
stable at concentrations in the region of a fewimmdlar to provide sufficient signal to

noise, further limiting the available candidatesgtudy.

Since these first structures were produced, thave been significant advancements in

technology, sample preparation and experimentabde3he development of higher
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magnetic fields, currently commercially available to 22.3 T (or a 950 MHz proton
Larmor Frequency), has allowed the collection ofhler resolution spectra. The
development of the cryoprobe, a key developmermhdreasing the sensitivity of data
collection, has also allowed the collection of datan lower concentration samples.
Combining this with the advancement in electroracsl signal processing over this
time period, the current NMR spectrometers provigewerful tools for the
investigation of ever more complex systems. Theiainidevelopment of routine
methods to generaféN and*C isotopically labelled protein was another critisgp

in developing NMR for the study larger proteins grdtein complexes (LeMaster &
Richards 1985). Advancements in labelling techrsghave since led to the uniform
isotopic labelling of samples in high yields frommal culture volumes
(Sivashanmugamat al, 2009). These labelling methods have allowed tilection of
new and more complex multidimensional heteroneudeactra, both to improve the
analysis of NOE peaks (Ottingt al, 1990, Cloreet al 1991) and to allow the
unambiguous assignment of chemical shifts to thetepr backbone using triple
resonance spectra (as summarised by Gardner & ¥#8 and Ferentz & Wagner,
2000). The replacement of protons for deuteronsinmprove relaxation times,
particularly by attenuating®C-'H dipolar interactions, has also been fundamemtal i
studying proteins larger than 20 kDa, where relaxatimes would otherwise be too
short for longer multidimensional experiments (Giegket al 1993). Combinations of

these labelling techniques are now a fundamentalbp&MR spectroscopy.

In addition to the development of heteronuclear &mgle resonance experiments,
methods for the collection of data from larger pinas have been created. The most
notable of these being the Transverse Relaxatiotined Spectroscopy (TROSY)

method (Pervushiet al, 1997) which allows the collection of sharper,h@gsignal to
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noise spectra, particularly at very high fields.ORY modules have subsequently been
added to the majority of the triple resonance a®ENY spectra used for sequential

assignments (as summarised by Ferentz & Wagne)200

The current potential of NMR as a tool for studyithg@ macromolecular structure of
proteins and other biomolecules is significanthgajer than first seen in the 1980s
when the first NMR structure was published. The enolar weight of a protein is no
longer such a limiting factor, with structures puodd for proteins approaching 100
kDa in size (Grishaeet al, 2008) and the collection of data investigatingpiactions
and dynamics for protein complexes over 200 kDali¢Gat al, 2007, Religaet al,
2010). Protein concentration and stability is d&ss of a limiting factor with the use of
samples with concentrations as low as 100. Non-uniform sampling is now also
widely available for the reduction of experimemnés to a third (or less) than the total
time taken for uniformly sampled experiments, whitgintaining spectral resolution
(Rovnyaket al, 2004; Schmiedeet al, 1994). Developments such as these have even
led the way into developing in-cell NMR experimerntsat observe proteins, and
generate structures, in a near native environnieaimataet al, 2009; Sakakibarat al,
2009). Further development into new and existingeexnents has been critical in
improving the potential of the technique and redgdihe time taken to get structural
data. These include the collection of additionaiadsuch as RDCs (Tjandra & Bax,
1997), the collection and processing of non-unif@ampled data in four dimensional
experiments (Moblet al 2010) and advancements in spectral processin@gaalgsis.
NMR spectroscopy is also a powerful tool in detegtisubtle changes in protein
structures. Movements of less than 1 A are alsectitle by chemical shift

differences, surpassing the capability of otharctiral techniques.
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3.2— Materials and Methods

3.2.1- NMR Sample Preparation

3.2.1.1 — ScFv

SEC purified™®N/**C/’H labelled scFvs were concentrated to NMR concéatrs by
ultrafiltration (Vivaspin 20/Vivaspin 6/Vivaspin 20,000 MWCO, Sartorius). Final
NMR samples were approximately 4(0in volume, and between 200 and 404 in
concentration. The buffer composition for the NM&mples was 100 mM sodium
chloride, 25 mM sodium acetate, 0.02 % sodium aZi@eM EDTA, 200uM AEBSF

at pH 5.5. Additionally,®N/"C/H 1189scFv samples with unlabelled leucines,
isoleucines, valines or tyrosine/tryptophans anM/’H 1189scFv samples were

prepared in the same way.

3.2.1.2 — Cloning and Expression of Interleukin-6

A human IL-6 construct, with Tobacco Etch Virus tease (TEV) cleavable hexa-
histidine tag, was provided by UCB in a modified T@Ea vector containing an
ampicillin resistance gene for selection. This plamswas transformed into I E.
coli cells, Origami B DEE. coli cells (Merck) and Origami B DE3 pLydS coli cells

(Merck).
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Glycerol stocks of these cells were used to indeul®0 ml LB cultures containing
12.5 ug mit tetracycline, 15ug mI* kanamycin and 10Qg ml* carbenicillin. These
cultures were grown overnight at 37 °C/200 rpm Bhaking incubator, spun down, re-
suspended in fresh antibiotic containing media ased to inoculate 500 ml antibiotic
containing LB cultures to anghp of 0.1. The main expression cultures were grown at
37 °C/150 rpm until an &o of 0.6. At this point, the flasks were placed imiacubator,
pre-cooled to 17 °C until angf of 0.8 was achieved. IPTG was added to a final
concentration of 10QM and the cultures were left to express overnigipp(ox. 16

hours). Samples were taken and analysed as imsetf2.2.4.

3.2.1.3 — Expression 6IN/*C/H labelled Interleukin-6

To form starter cultures for the expression oflé¢rifabelled IL-6, newly transformed
Origami B DE3 pLys<E. coli colonies were selected from LB agar plates, coimtgi
12.5 ug ml* tetracycline, 15:g mI* kanamycin, 341ig mi* chloramphenicol and 100
ug mrt carbenicillin, and used to inoculate 10 ml LB atdis grown at 37 °C/200 rpm
overnight. These cultures were used to inoculatel®i ml cultures of 30 % f®
minimal medium grown for 8 hours at 37 "C/200 rpvhjch were in turn used to begin
another six 50 ml cultures of 70 %@ minimal medium grown overnight at 37 °C/200
rom. The six overnight cultures were pooled, spuwrd (6000 x g, 15 mins),
resuspended in fresh 100 %@ minimal medium, containing 1 g [N ammonium
sulphate, 2 g1 *3Cs D-glucose and 100g mi* carbenicillin, and used to inoculate ten
500 ml expression cultures of the same media inl Baffled flasks to an & of 0.1.
The expression cultures were grown at 37 °C/200 fign8-10 hours until an &, of

0.2-0.3 was achieved. At this point the flasks weemnsferred to an incubator pre-
116



cooled to 17 °C and left to equilibrate for 30 nmtasi1 Following equilibration, the
cultures were induced with IPTG to a concentraicdnlO0 uM and left to express

overnight (16 hours). Samples were taken and aedlgs described in section 2.2.2.4.

3.2.1.3 — Purification of Interleukin-6 and the Fation of the scFv/Interleukin-6

Complex

Bacterial cell pellets containing IL-6 were lysegd Brench press, centrifuged, filtered
and purified by nickel affinity chromatography aesdribed in 2.2.4.1. The pooled
fractions from this step were dialysed into a buffentaining 100 mM NaCl and 25
mM Tris at pH 7.5, before adding histidine taggexbdcco Etch Virus (TEV) protease

(Protex) and incubating overnight at 4°C.

The TEV cleaved IL-6 was re-loaded onto the samegquilibrated, nickel affinity
column, collecting the cleaved protein as flow tigl. The remaining histidine tag and
TEV protease, which were bound to the column, cdaddeluted with elution buffer
(see section 2.2.4.1). Samples of the collectedepr® were taken and analysed by
coomassie stained SDS-PAGE to assess the purthedgbrotein and the effectiveness
of the cleavage step. The purified, cleaved proteas divided into aliquots, frozen in

liquid nitrogen and stored at -80 °C.

The scFv/IL-6 complex was formed at a scFv conegiotn below 3QuM and at pH 5.5
by adding a 10 % molar excess of unlabelled IL-&belled scFv or at a 10 % molar
excess or an excess of unlabelled scFv to labdlle&dl The complex could then be

concentrated into a 5 ml sample to be purified BCSThe fractions containing only
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monomeric scFv/IL-6 complex were pooled and corme¢ed to NMR volumes and

concentrations as described in section 3.2.1.1.

3.2.1.4 — The 1189 Fab/Interleukin-6 Complex

Unlabelled 1189 Fab was added#N/**C/2H labelled IL-6 at a 10 % molar excess and

purified and concentrated as described in 3.2d.Z00-300uM.
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3.2.2— NMR Spectroscopy

3.2.2.1 — Data Collection and Processing for Secgi&pecific Assignments

All data was collected from 40@ samples between 200 and 404 in concentration
(as described section 3.2.1) in 5 mm Shigemi NMBesu All data was acquired at 40
°C on either a 600 MHz Bruker DRX or 800 MHz Brukivance spectrometer. The
two and three dimensional TROSY based spectra (Bkmvet al, 1997) collected to
allow the sequence specific assignment of NMR d&gfiar 1189scFv in both the
complexed and uncomplexed state wert/*H TROSY (Pervushiret al, 1997),
N/AC/MH HNCO, HNCA, HN(CO)CA (Kayet al, 1990), HNCACB (Wittekind &
Mueller, 1993) antHN(CO)CACB (Grzesiek & Bax, 1992). Typical acquisit times
for the 2D experiments were 30 ms in N) and 60 ms in £(*H) with a total
experiment time of 30 to 90 minutes. Typical actis times for the 3D experiments
were 8 ms in F(**C), except for the HNCO experiment which was 18 2@sms in &
(**N) and 60 ms in £(*H) with a total experimental time of 60 to 96 haursaddition
to this, long range NOE data was collected wittH&°N/*H NOESY-TROSY (Zhuet
al, 1998) experiment collecting 12 ms in &H), 10 ms in & (**N) and 60 ms in £(*H)
with a NOESY mixing time of 450 ms for the 1189stE6 complex and 700 ms for

the uncomplexed scFv over a total time of approxeyed2 hours.

Solvent suppression was carried out using the WAGERE pulse scheme (Piotet
al, 1992). All data was processed using Topspin Briiker Biospin Ltd.) using linear
prediction to extend®™N acquisition times up 30 ms in data sets withisigffit signal to

noise. All data was analysed using SPARKY (Goddakheller).
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3.2.2.2 — Data Collection and Processing for'thg**C/°H Interleukin-6 samples

All data was collected from thEN/*C/’H labelled IL-6 samples in 5 mm Shigemi
NMR tubes. Three dimensional TROSY basE/"*C”H HNCO spectra were
collected for IL-6 in complex with 1189 Fab and 238Fv and in an uncomplexed
state. Typical acquisition times for these experitaevere 18 ms in;A*C), 20 ms in
F, (*°*N), and 50 ms in £(*H), in a total experiment time of approximately 1gurs.

All data was collected on a 600 MHz Bruker DRX syst

Solvent suppression was carried out using the WAGERE method. All data was

processed in Topspin 2.1 and analysed using SPARKY.
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3.2.3— NMR Data Analysis

3.2.3.1 — Sequence Specific Backbone Assignments

The sequence specific backbone resonance assignrftenthe amide proton ),
amide nitrogen (N), alpha carbon.jCbeta carbon (§} and carbonyl carbon (Cwere
obtained for residues within 1189 scFv both whercamplex with IL-6 and in an
unbound state. These assignments were produced tlgninter- and intra-residue
connectivities shown in the spectra produced by'thé*C/"H HNCA, HN(CO)CA,
HNCACB, HN(CO)CACB and HNCO experiments (Ikuet al 1990; Bax 1994).
Signals relating to the inter- and intra-residuadenNH to G and @ were identified
and used to search through the spectra for sigakding to neighbouring residues in
the protein sequence. Long rangg td Hy NOE data collected in théN/*H NOESY-
TROSY spectra was used to help confirm sequensisigaments. Patterns ofyHo
methyl proton NOEs from the same spectra were alsed as an additional
confirmation in places whereyHo Hy NOEs were unobservable. Data from missing
peaks in">N/**C/"H HNCO spectra of the selectively unlabelled amawid samples
(Leu, lle, Val, Phe and Tyr/Trp) helped provide fwonation and location of the
assignments made, by introducing anchor points fywhat can traditionally be

determined from chemical shifts alone (i.e. GlyaAahd Ser/Thr).
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3.2.3.2 — Chemical Shift Mapping of the 1189 scFv

Both minimal (Veverkaet al, 2009; Waterst al, 2007; Williamsonet al, 1997) and
actual chemical shift comparisons between the bamadunbound 1189scFv were used
to investigate the location of structural changéhiw the scFv protein upon antigen
binding. The minimal shift approach estimates tregnitude of chemical shift change
between two spectra by comparing an assigned anghassigned spectrum (Figure
3.2.1). The difference in position between an amsigpeak and all peaks in the
unassigned spectrum can be calculated and the tigyessible value selected. This
process is repeated for all of the peaks in thgyasd spectrum to produce the smallest
possible chemical shift change, or minimal shifiuea for each residue in the protein.
The combined chemical shift chang&d) between a pair of peaks can be calculated

from **N/**C/*H TROSY-HNCO spectra using the formula:

\/(A5HNaHN)2 + (Adyay)? + (Adcap)?
n

AS =

WhereAdun, Ady, andAdc are the'H, N and*C chemical shift differences between
pairs of compare®N/**C/*H HNCO peaksgnn, on andac are scaling factors of 1.0,
0.2 and 0.35 respectively accounting for the dififeres in the spectral range of the
amide proton, amide nitrogen and carbonyl chensteéits and n is the number of
dimensions of the experiment (Wishattal 1991; Wisharet al 1995). When using

15N/*H TROSY data the Gortion of the formula is omitted.
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Figure 3.2.1- An example of the minimal shift asayperformed for 1189scFv. Tk

minimal shift analysis calculates the nearest pédéck arrows) when comparing &

7.6

- 104
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- 106

- 107

- 109

15N Chemical Shift (ppm)

unassigned 1189scFv/ILBN/*H TROSY spectrum (red) and an assigned 1189scFv

15N/*H TROSY spectrum (blue). This approach may underesent some shifts or may

see a number of assigned peaks using the samegnembpeak to calculate minim

shift values in the cases where large shifts o@upeaks disappear (G173, S183,

G185).
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Minimal shift data ¥°N/**C/*H HNCO) comparing assigned free 1189scFv spectra to
unassigned bound 1189scFv spectra and assignedd b&WB9scFv spectra to
unassigned free 1189scFv spectra could be comisigledting the maximum value to
produce a more complete minimal shift data set Heetefits from differences in the

assignments of the free and bound scFv.

The two sets of assignments were also directly @vatpby evaluating the resonances
assigned to each residue to determine the actuahichl shift for each pair of
assignments. The chemical shift differenaé)(was calculated by subtracting the,

dn, anddc chemical shifts for each residue in the bound dtém the free, applying

the weighting factor, removing the sign and divglby three:

F 2 F
J((A5HN(Free) - A5HN(Baund))aHN) + ((A5N(Free) - A5N(Bouna))0‘1v) + ((A5c’(pree) - A5c'(30und))ac:)

AS =
3

3.2.3.3 — Chemical Shift Mapping onto a Homologyddbfor 1189scFv

A homology model of 1189scFv was produced by Jige(8CB) based upon the IC8
scFv structure (Wilkinsoet al, 2009). This model was used to produce imagebef t
chemical shift analysis performed in section 32.Ehemical shift differences were
visualised by colour on the model of the scFv udimg PyMOL molecular graphics

system (Version 1.3, Schrédinger, LLC) with thrddsaletermined from the data sets.
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3.2.3.4 — Minimal Shift Mapping of Antibody Bindiran Interleukin-6

Assignments for human IL-6 (Veverka, unpublishetipveed the determination of
chemical shift changes upon scFv and Fab bindingnibyimal shift analysis. The
chemical shift differences observed between frekldri89Fab bound IL-6 and free and
1189scFv bound IL-6 were compared to determinkéafliinding site, and so properties

of binding, were the same for both the Fab and scFv

Minimal shift values were mapped onto an NMR detiwtructure of IL-6 (Xuet al,
1996) to identify the position of the binding sd#ad any conformational changes that

were induced by binding as described in 3.2.3.3.
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3.3— Results

3.3.1— Expression and Purification of Interleukin-6

The expression cultures for unlabelled IL-6 grewato Asoo Of approximately 3.5
following overnight expression at 17 °C showing ighhlevel of expressed protein
(Figure 2.3.8-B, Tg). The growth and expression levels were again aedluin
deuterated media when compared to non-deuteratadlanwith a final Ao of
approximately 0.8. Despite this reduction in ce#ngity, sufficient protein was
produced from both the labelled and unlabelled esgion for purification. The IL-6
produced was purified by nickel affinity chromataghy in two steps. The initial
purification separated the IL-6 from the bulk ofi@tE. coliproteins using the histidine
tag (Figure 3.3.1). The second purification stepduistidine tagged TEV protease to
cleave off the histidine tag and linker. This cled\protein was re-applied to the nickel
affinity column to remove the cleaved tags, TEVtpase and anl. coli proteins that
had bound to the column in the initial step (Fig8re.2). The amount of purified IL-6
produced was approximately 30 mgfor the unlabelled protein and 2.75 nigfor the

triply labelled protein.
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Figure 3.3.1 — Purification of human IL-6 by nickaffinity chromatography. Tw
overlapped elution peaks were detected (A, 1 aras2he percentage of elution bufi
was increased. When analysed by coomassie stalDBePAGE against Novex Sha

molecular weight standards (B), peak 1 containetumber of contaminank. coli
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proteins that had bound to the nickel affinity ecolu and peak 2 contained t

expressed IL-6 with a low level of other contamin&n coli proteins. Also shown are
the samples for the 0, 2 and 16 hour time poinkertaduring the IL-6 expressign

protocol (To, T, and Tpe). It is clear that IL-6 is being highly expressedth before and

ne

after the addition of IPTG. The total lysate cop@sds to a sample of the cell lysate

prior to centrifugation and the soluble fractionrresponds to the remainder of the

lysate following both centrifugation and filtratiowhich was subsequently loaded o
the nickel affinity column. The column flow throughshown indicating that all solub

IL-6 was recovered using this procedure.

nto

e
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Figure 3.3.2 — Purification of TEV cleaved IL-6 hickel affinity chromatography (A).

The cleaved IL-6 was passed through a nickel #@§ficolumn and separated fro
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residual histidine tagged IL-6 (IL-6(Hi9, cleaved histidine tag (Hjs and TEV

protease (TEV). The extent of cleavage and thaypafithe final IL-6 protein sampl

[1°)

)

were assessed by coomassie stained SDS-PAGE (B)mé&jority of the tagged IL-

was clearly cleaved and the final IL-6 sample was from contaminants.

3.3.2— Sequence Specific Backbone Assignments

Despite the potential effects of the domain swapiligium discussed in chapter 2,
full, high quality, backbone NMR data sets werelamied for both 1189scFv and
488scFv. In contrast to the spectra previously skenalternative scFv proteins
(Wilkinson et al, 2009; Wilkinson, 2009), the HSQC and TROSY spedfathe
unbound scFv were well resolved despite an increafiae width when compared to
the bound (Table 3.3.1, Figure 3.3.3). The broéides suggest a contribution from the
dimeric form of the scFv in the NMR sample. Thisl adiot prevent the collection of
well resolved, high quality two and three dimensiohNNlMR spectra for 1189scFv,
allowing comprehensive assignments to be obtailmedhe backbone when free in
solution and when bound to 87 and 91 % completeectvely. Strip plots from the
HNCACB and HN(CO)CACB spectra used in the backbassignment process are
shown in Figures 3.3.4 (1189scFv) and 3.3.5 (11B@#c-6). HNCO data was
collected from selectively amino acid unlabellesnpies to help in the assignment
process. Peaks missing from spectra collected dorpges unlabelled for a specific
amino acid type (for example isoleucine, Figure.®.3could be used to locate

assignments to specific points on the scFv sequémmitionally, long range kito Hy
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and H, to methyl NOE data collected frofiN/*"H NOESY-TROSY experiments was

used to help confirm the backbone assignments peati(Figure 3.3.7).

Protein 1189scFv 1189scFv 1189scFv/IL-6
Mass (Da) 27124 27124 48087
Labelling 15N/13C 15N/13C/2H I5N/13C/2H
Q3 29.0 21.6 21.5

G28 21.2 13.5 13.7

. K39 33.0 21.3 20.2

T F83 243 17.6 18.4

g S146 24.0 13.6 14.0

E T157 32.7 21.7 20.2

= W176 27.7 21.1 16.1

- K194 23.1 22.6 21.0

R201 27.9 20.6 15.4

G239 33.2 30.7 17.1

Mean (Hz) 27.6 20.4 17.8
Standard Deviation 4.4 4.9 2.9

Table 3.3.1 — Backbone amide proton line widthsemeined from**N/*H TROSY
spectra of °N/**C labelled 1189scFv andN/**C/’H labelled 1189scFv when free
solution and when bound to IL-6. The narrowestdirsge observed for deuterat
1189scFv in complex with IL-6. The broader lines@tved for 1189scFv without IL-

are a result of the domain swap equilibrium takptage in the sample.
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Figure 3.3.6 — A™N/*H projection of a TROSY-HNCO spectrum representmg
selectively isoleucine unlabellddN/**C/H labelled 1189scFv sample (Red) overlaid
onto an equivalent projection for a uniformfyN/**C/”H labelled 1189scFv sample
(Blue). When visualised in this way in both two atidee dimensions, the peaks
representing residues with isoleucines precediamtban be clearly identified (arrows)

and used in the backbone assignment process.
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Comprehensive backbone assignmentg, (M G,, G;, C) were successfully obtained
for 1189scFv with 190 of 218 assignablg tésonances (excluding linker (20), ktiag
(6), Prolines (9) and N-terminal residue (1)) asseay for the unbound scFv. An
overview of the iy assignments is highlighted in Figure 3.3.8-A anassignedN/'H
TROSY spectrum shown in Figure 3.3.9-A. The congriess of assignment for this set
of data was 87 % with residues S9, L46, D50, S7A2,YW96, E135, G145, M163,
V177-S179, Y224, C225, R227-E236, Q240 and G24laménmy unassigned. The
assignments for the scFv in complex with IL-6 shdveeslightly increased level of
completeness of 91 % with 198 of 218 residues asdign generally longer fragments
than for the unbound scFv (shown in Figure 3.3.&18 Figure 3.3.9-B). Residues L47,
D50, D56, S77, S91-Y94, W96, T97, G138, G145, Y22225, H228-T231, D233
Y234 and T242 remained unassigned. In both casem#jority of observed systems
were assigned with 33 and 32 weak or incompleteesys remaining (HNCO, free and
bound respectively from a total of 231 and 238) taming no inter-residual
connectivities. A conversion table for the Kabatering of the antibody ydomains

can be found in Appendix 4.
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Figure 3.3.8 — A graphical representation of thegmsnents obtained for 1189scFv
both the free (A) and IL-6 complexed state (B).i§sed residues (k) are highlighted
in blue, with i-1 @& and/or @ only assignments shown in yellow. The locatiorthe
CDR loops (raised line) anglsheets (green) are shown for reference. The mtati

unassigned residues is similar for both samplestéocmainly in the CDR3 loops.
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3.3.3— Chemical Shift Mapping of Interaction Sites

3.3.3.1 — Minimal Shift Analysis of 1189scFv Bindito Interleukin-6

Initially the assigned TROSY and HNCO spectra Fa tree 1189scFv were compared
to the equivalent unassigned spectra for 1189sciFcomplex with IL-6. Large
chemical shift changes were seen between the ttgoo$spectra from which minimal
shift analysis was easily conducted (Figure 3.3.TB¢ minimal shift changes observed
are summarised on histograms with improved resmiutrom the three dimensional
spectra (Figure 3.3.10-B). This provides improvéarity and definition of shifted
regions when compared to the data produced frontmtbedimensional spectra (Figure
3.3.10-A), this is obtained primarily from a mudadduced level of signal overlap and
the additional chemical shift data from thé @mension. To further visualise the
changes seen, and to properly assess their locatiothe scFv structure, the three
dimensional minimal shift values were also mappedo ahe homology model of
1189scFv as described in section 3.2.3.3 (FiguselB), using a noise threshold of
0.015 ppm and a highly shifted threshold of 0.0pthpThis representation shows the
largest shifts positioned mainly on and around @R loops and also in main
framework of the variable domains, particularlytret interface between tha \&nd \{

as apparent in Figures 3.3.10 to 3.3.16.
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Figure 3.3.10 — Histograms summarising the minishatt analysis of IL-6 binding tc
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domain. No data was available for residues D1PR, S9, P40, P44-L47, D50, PH

S65, S77, P80, S91, Y92, P95, W96, G111-S129, LE335, P143, G145, D162

M163, P170, V177-S179, P182, Y223-K225, R227-E2QR@40, T242, S248 an
H251-H254 in the 2D analysis and residues D1, P8P84-L47, D50, P59, Q90-Y9
P95, W96, G112-S119, G122-G128, E135, P143, G14%2PM163, P170, V177
S179, P182, Y224, C225, R227-E236, G241, T242, SB281 and H254 in the 3l

analysis.
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Figure 3.3.11 — The locations of 1189scFv residués NMR signals perturbed by the
binding of IL-6. The two ribbon representationstieé homology model produced for
1189scFv show the predicted locations of secondinctural features and enable the
visualisation of parts of the structure not obsblwan a surface representation. All
residues are coloured according to the combinednmainshift induced by IL-6 binding
with minimal shift values below 0.015 ppm colouredite, above 0.040 ppm coloured
red and those in between coloured on a linearenhited gradient. Residues for which
no chemical shift data could be obtained are celdwyellow. The majority of residues
with perturbed chemical shifts sit on or around @BR loops and at the interfac
between the Y and { domains. In addition a surface representation ifgpklown

onto the CDR loops shows the binding surface oktiter.
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To complement this, the minimal shift analysis weyseated for HNCO spectra of the

assigned 1189scFv in complex with IL-6 against siggeed spectra for the free

1189scFv (Figure 3.3.12). The results produced vegkly similar for both minimal

shift analyses validating the results seen.
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Figure 3.3.12 - A histogram summarising the ministaft changes observed in HN(

spectra of °N/**C/H labelled 1189scFv in complex with unlabelled ILvéhen

again be seen around the CDR loops (as indicatedeaband some framewo
residues. No data was obtained for residues D1PR8, P44, L47, D50, D56, PS5
S77, P80, S91-T97, G111, G113-124, G127, E135, GR383, G145, P170, P1§

Y224, C225, H228-T231, D233, Y234, G241, T242, H24950 and H252-254.

compared to unassigned spectra for the free sc&ngelLchemical shift changes ¢
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As the assignment gaps for the bound and unbouRd differ slightly, the fullest

possible picture based on the minimal shift analygas produced by selecting the

highest minimal shift value from the two sets ofadfor the scFv ensuring that a value

for the maximum possible number of residues wasl.u$his helped to fill in some

gaps that were present in the individual minimaftsinalyses (Figures 3.3.13 and

3.3.14).
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Figure 3.3.13 - A histogram showing the largestimai shift changes observed in t
bound vs. free and free vs. bound minimal shiftyses. The pattern of chemical sh
change remains similar to the individual analysas firovides a fuller picture wit
fewer gaps in the data. No data could be obtainedelsidues D1, P8, P40, P44, L4
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CDR1 CDR3 CDR2 CDR1

0 0.015 0.04 0.21

Figure 3.3.14 — Locations of the scFv residues WMR signals perturbed by the
binding of IL-6 as determined by combining free bsund and bound vs. free minimal

shift approaches. The two ribbon representationth@fhomology model of 1189scfv

show the predicted location of secondary structig@iures and enable the visualisation
of parts of the structure not observable in a serfeepresentation. All residues are
coloured according to combined minimal shift indiidey IL-6 binding with values
below 0.015 ppm coloured white, above 0.040 pproweld red and those in between
coloured on a linear, white to red gradient. Ressdfor which no chemical shift data
could be obtained are coloured yellow. This figgrees a fuller picture of the locations
of signal perturbation on 1189scFv. The majoritgleémical shifts sit on or around the

CDR loops and at the interface between theakd \{ domains.
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The final comparison between the bound and unbalt®PscFv was of the two

assigned sets of HNCO chemical shifts for eachdoesiFigures 3.3.15 and 3.3.16).
This analysis provides a definite chemical shifarolpe for each residue with an
assigned peak in each spectrum. However, due tasignment gaps and the differing
position of these for the free and bound scFv,rabrar of residues have either only one
set of chemical shifts or no shifts at all resugtin the picture produced having a larger

proportion of missing data than the minimal shifakyses.
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Figure 3.3.15 — Histograms displaying the actuanaical shift (combined HN, N,'C

for 1189scFv binding to IL-6. The left histogransplays the full range of the data set

whilst the histogram on the right provides furtletarity for smaller shifts. The largest

shifts observed lie within the inter-domain intedaon the Y domain. There arg
however, still significant shifts in the CDR loopad framework residues. There is
data for residues D1, S7-S9, K39, P40, A43-L47, Ma80, Q55, D56, V58, P59, S7
P80, Q89-T97, G110-128, V134, E135, G137, G138,23445, Y161-M163, A169

P170, W176, S179, T181, P182, Y223-E236, G239-EPS247-H254.
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CDR3 CDR2

0 0.002 0.03 2.4

Figure 3.3.16 — Locations of scFv residues with NMignals perturbed by IL-

6

binding. The two ribbon representations of the himgy model produced for 1189scfFv

show the predicted locations of secondary structdeatures and enable the

visualisation of parts of the structure not obsklwaon a surface representation.

residues are coloured according to combined ashiéilinduced by IL-6 binding with

values below 0.002 ppm coloured white, above 03 coloured red and those
between coloured on a linear, white to red gradiBatsidues for which no chemit
shift data could be obtained are coloured yellohe Tajority of chemical shifts sit (
or around the CDR loops. The largest shifts howesieon the interface on the\

domain suggesting that very large changes are egun this area.
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3.3.3.2 — Minimal Shift Analysis for scFv and Faimding to Interleukin-6

The minimal shift analysis for IL-6 to compare thending of Fab and scFv was
performed by comparing the Fab and scFv bound HMCO spectra to spectra
collected for IL-6 and by comparing the Fab andvsbBund IL-6 spectra directly to
each other. The locations of the peaks in the Hpéctra when bound to the scFv and
Fab were very similar with only a small number olbte changes between the two sets
of data (Figure 3.3.17), which were confirmed by tminimal shift comparison
between the two samples (Figure 3.3.18). The chansiaift perturbation of signals
from IL-6 was mapped onto a previously solved NMRcure of the protein (Xet al,
1996, PDB accession code 2IL6) (Figure 3.3.19). differences between the minimal

shift data sets were also mapped on to the saon&ste in Figure 3.3.20.
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Figure 3.3.17 — Overlait?C/*H projections of°N/**C/*H HNCO spectra of°N/=*C/H
labelled IL-6 in complex with 1189scFv (Blue) antB®Fab (Red). The two spectra are
highly similar, apart from a small number of shifteeaks (arrows) and a broader line

width in the Fab bound spectrum due to the larger af the complex.
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Figure 3.3.18 - A histogram showing the minimaftstinanges observed in TROSY-HNCO spectr&if**C/2H labelled IL-6 in complex with
unlabelled 1189scFv (Black) or 1189Fab (Red). Redbt large chemical shift changes can be seerugiirout the protein, the pattern of which
is highly similar when bound to both the scFv amel Fab. No data was obtained for residues Al-P5, P19, K42, E52, K55, P66, N80, 139,

G91, P140 and P142.
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0 0.01 0.04 0.135

Figure 3.3.19 — Locations of IL-6 residues with NMinals perturbed by the binding

of 1189scFv (A) and 1189Fab (B). Residues corredipgrto >N/**C/*H HNCO peaks

with a scFv or Fab induced minimal shift value e$d than 0.01 ppm are colour

white, more than 0.04 ppm red and those in betwetyured on a linear gradient from

white to red. Residues for which no data could b&ioed are coloured yellow. Th
overall distribution of chemical shifts is similatith only a relatively small number ¢

subtle differences.
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0 0.01 0.04 0.135

Figure 3.3.20 The location of chemical shift differences betwéss IL-6/Fab and ILt
6/scFv data sets. Chemical shift differences batwiee data sets of less than 0.01 |
are coloured white, more than 0.04 ppm red andetim$¥etween coloured on inear
gradient from white to red. Residues for which mvadcould be obtained are colou

yellow.
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3.4—- Discussion

Despite the potential problem of the domain swapediformation on the quality and
availability of NMR data for the scFv when unboundsolution, the results described
in this chapter clearly show that a high level atkbone assignments can be achieved
from good quality, high resolution spectra. Theralldine widths of the spectra for the
free scFv were broader than those observed fosthe in complex with IL-6 (Table
3.3.1) suggesting that the domain swap equilibr(WWorn and Pluckthun, 2001) does
still affect line shape and data quality. Stabilma by antigen binding and purification
can resolve this by locking the scFv into the moaomform. The extent of line
broadening by this equilibrium indicates that tignals may indeed be from a dimeric
form of the scFv, as the dimer would have a sinmt@tecular weight to the scFv/IL-6
complex and so a similar, if not slightly broadaverage line width. The signals seen,
however, should not be considered to be exclusidatyer due to the gel filtration
analysis used in Chapter 2, which observed bothomen and dimer in samples of an
NMR concentration. It is most likely that the sighm@&een are a composite of the
monomer and dimer signals. Despite this line shéqge data collected was of a
sufficiently high quality to allow backbone resonanassignments to be made and
comparisons to be drawn between the chemical $bifts189scFv, both on its own and
in the presence of IL-6. As the longer triple remare pulse sequences favour slower
relaxation times, the smaller monomeric form of $ls€v may be selected for over the
larger dimeric species resulting in higher quatipectra with narrower lines than may

have been expected from the two dimensional data.
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The work reported here also validates the effengs of producing high quality NMR
samples using the small volume, high density lakglinethod for use in multi-
dimensional experiments. The specific non-labellrigamino acids by type has been
successfully carried out using this method and ripoated into the backbone
assignment process of challenging proteins, sutheasnbound 1189scFv. This type of
labelling is particularly useful where backboneigresients are fragmented and difficult
to locate to specific portions of the sequence qushre information on residue type
provided by chemical shift alone. The chemical deradion and refolding of the scFv
was also critical in recovering signals lost durtepterated expression, giving a higher
overall assignment level than would have been wfiserpossible and shedding light on

chemical shift changes within the core of the pgrogéructure.

Backbone assignments for both the free and bouRd were completed to a high level
when the regions of the protein expected to gise t© no signals or heavily overlapped
signals (histidine tag and linker) are excludedexel of 87 % for the unbound scFv
and 91 % for the bound scFv indicate a good levehssignment with 33 and 32
systems (as seen on HNCO spectra) remaining umaskdue to weak or incomplete
inter- and intra-residual signals. This level osigament was more than sufficient to
provide a good overall picture of the chemical tshiianges upon IL-6 binding and
could offer the possibility of producing more stwral information in the future for

both forms of the protein. In both cases, speaiigions of the scFv could not be
assigned, the most obvious being CDR3 on theddgmain, but also some residues
within other CDRs, loops and the interface betwdentwo variable domains. In the
case of ¥, CDR3, this is most likely to be due to the struatunature of the loop.

Loops that are unstructured and more stable stalcalements are both visible by

NMR. The majority of the loops observed in the s¢fxe rise to clear, well resolved
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signals that are similar in intensity to the mdyoof the signals from the protein. This
suggests that they have a relatively stable cordbam. \\; CDR3, however, shows no
signals and is likely to be sampling a small numbkedistinct conformations on an
intermediate (millisecond to second) NMR timescalecharacteristic that broadens
NMR signals often to unobservable levels. This iidty may help to reduce the
entropic penalty of trying to dock a rigid, higHiaity surface on to an antigen and may
allow the initiation of binding at less than petferientations. Another interesting
observation from this process is that whilst ILe@Ks the sample into the monomeric
form and improves overall line width and spectnadlgy, it does not appear to stabilise
any of the unobservable CDR residues into a sisigie that can be observed by NMR
spectroscopy. This is in contrast to results preslp seen for antibody fragments
against IL-B in which signals were restored for the unobsee/dkiDR loops in both
scFv and Fab proteins upon binding (Hall, 2009;Kiigon, 2009). The most likely
cause of this continued lack of signals is the iaheplasticity of IL-6 (compared to the
more rigid IL-13 protein) which has been previously shown to braaN® R signals
(Xu et al, 1996) and may be a feature of IL-6 that is imgatrfor the formation of the
IL-6/IL-6R0/gp180 signalling complex (Boulanget al, 2003). It could also be argued
that the CDR3s do not bind and so continue to n@teveen conformations. However,
as these residues sit at the centre of the binploalget, some interaction with IL-6 is

highly likely.

The missing CDR loop signals for 1189scFv are prilpnéocated on \, CDR3. This
CDR loop is known to show increased flexibility asd is not unexpected. There is
data, however, that demonstrates that other CDRslomay also display some
flexibility. For 1189scFv there are a small numbénresidues missing for VCDRS3

and previous data from the group also demonstraifesr CDRs missing a number
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signals in a similar manner (Hall, 2009; Wilkins&09). This lack of signals, and
their recovery upon binding, is indicative of austural motif in exchange on a
millisecond to second timescale. As the other CRBp$ appear to show these
characteristics to a lesser extent thanGDR3 it suggests that they are more stable in
structure. There may exist, however, an amounteaftility in these loops, particularly
towards the centre of the antigen binding surfaceé ¥, CDR3, which may be a
characteristic feature of antibodies. This has &o rfot been identified in crystal
structures that characteristically may favour a kewergy state, be affected by crystal
packing or be influenced by the conditions usedota the crystals including buffer
and temperature. Unfortunately, there is also k& tdcsupporting data from molecular
dynamics simulations that show flexibility of thigpe. Simulations such as these,
however, are often trained on crystal structurdsclvmay not always show flexibility,
and often focus on shorter timescales than theseadnd to second timescale that this
type of exchange occurs on. The data producedisngtioup clearly demonstrates that
Vy CDR3, often accompanied by other CDR loops, is istructural exchange on an

intermediate NMR timescale.

A large proportion of the work in this chapter fees on the mapping of chemical shift
changes observed for the scFv onto a homology moidéie scFv. As discussed in
chapter 2, the sequence similarity between 1189a0BVC8scFv, of which a structure
had previously been solved in the lab, is very higie sequence similarity between the
two proteins is so great (84 % identical) that timenology modelling process, which
samples the entire Protein Data Bank database ruteips of a similar sequence,
selected IC8scFv from which to generate a modeé f@uthe nature of the modelling
process and the sequence similarity between theptetins, the resulting model is

very similar to the IC8 structure (Figure 3.4.1% the model retains high similarity to
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IC8scFv, which shares the same framework sequehite,model was used for all

chemical shift mapping.

Figure 3.4.1 — Comparison of the structure of IE8s¢yellow, PDB accession code

—

2KH2) and the homology model for 1189scFv. The strmuctures overlay well witl
only subtle differences in the core and loops ef pinoteins, showing that the model

produced is sensible and is suitable for use amalate for chemical shift mapping.

Once a suitable model structure had been produiterd,chemical shift changes
observed could be mapped to determine both whezebthding site for IL-6 is
positioned on the scFv and the location of anyroititeresting conformational changes
that have occurred. The single minimal shift apphes and the combined approach
produced an overview of 1189scFv binding to IL-Gttlprovided good quality
information on the location of the binding site aedions, showing structural changes
upon binding with low levels of insignificant staftAs expected, the chemical shifts for
all of the CDR loops show large changes when bondinIL-6 as the residues become

less solvent exposed and form interactions withatitegen. The chemical shift changes
159



observed for the Y CDR loops tend to be larger than those seen ®WtHCDR loops.
This supports the proposal that thg omain may contribute more significantly to
antigen binding affinity (Kabat and Wu, 1991) ththe V., as the Y is known to retain
high affinity when observed as a single entity (detral, 1989) and contribute more to
the binding interface than the \(Davieset al, 1990). Also, in fitting with previous
results seen for anti-ILAL antibody fragments (Hall, 2009; Wilkinson 2009%yde
chemical shift changes are observed at the intetf@tween the two variable domains,
which have been shown to be caused by a movemehe ol domain relative to the
Vy upon binding (Hall, 2009). Movement in this regiohthe antibody structure has
been reported previously (Bhat al, 1990; Colmaret al, 1987; Davies and Padlan,
1992; Stanfieldet al 1993) where the Vis shown to rotate and alter its position
relative to the Y, domain upon antigen binding. The data reportedhia chapter
further indicates that a conformational change ho$ type may be a fundamental
characteristic of antibody binding and key for theper interaction between an
antibody and its antigen. This change in positicayralso reflect further functional
properties of the antibody molecule, possibly etatto the initiation of B-cell
signalling and the maturation and activation oftady producing cells (as discussed in
chapter 4). The chemical shift changes were natémt exclusively to the CDR and
interface residues, and a number of other changes wbserved in the framework of
the scFv. These changes are concentrated towaedsntigen binding portion of the
protein and may represent additional binding amrasiovement within the molecule
produced by the direct binding of the CDR loopsh® antigen. These analyses further
confirm the results observed for the anti-IB-4cFvs used by Wilkinson (2009) that
scFvs are a useful and easy to use model for anbgeling that can produce a high

quality overview of the location and relative stfestructural changes.
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Further evidence of the changes occurring duriniggan binding was produced by
comparing the actual assignments obtained forrdednd IL-6 bound 1189scFv. This
method of analysis has the advantage of compaeisigue to residue to directly assess
the full scale of the chemical shift changes oaogrrit does, however, suffer from lack
of data, particularly when the two sets of assigmsméave residues missing in different
places as was the case for this scFv. In contoagte minimal shift approach, which
revealed the largest chemical shift changes ocayrak the CDR loops, this method
found the largest shifts at the Vhterface which were almost 8 fold larger than the
largest chemical shift seen for any other regiothefscFv. These residues lie in a well
assigned3-strand leading to CDR3 and are flanked by anofhstrand also showing
significant chemical shift changes and are unlikiglybe suffering from assignment
errors due to the completeness and confidenceeoftkv assignments, the length of
the assigned stretch and thorough re-checking efdidita. The data missing in this
region may hide further chemical shift changedis area. These large changes clearly
demonstrate a significant change at the interfpadjcularly on the Y domain, which

is in line with the results previously seen with1f recognising Fabs and scFvs, where
a movement of the Vdomain is observed relative to the other domaltesl( 2009;
Wilkinson, 2009). Similar results have also beeenselsewhere, such as in the study
performed by Stanfieldt al (2003). Further investigation into this changelébermine

its function may shed light into alternate funcg8oonf antibodies beyond antigen

binding.

Further validation of the suitability of scFv privte as models for whole antibodies was
provided by monitoring the chemical shift changésesved for IL-6 when bound by
both scFv and Fab. The Fab is known to be the emtignding portion of the antibody

molecule providing full functionality. The compaois of the spectra between the scFv
161



bound IL-6 and the Fab bound IL-6 suggest thatwweproteins are binding in a very
similar manner with only slight differences betwdha two spectra. There are a small
number of missing peaks in the Fab bound IL-6 spdbtiat are likely to be due to the
overall size of the complex broadening signals prmtlucing lower quality spectra.
There are also a small number of shifted peakesepting some difference between
the binding properties of the scFv and Fab. THiei@ince, however, will be subtle as
so few peaks have moved. It is possible that thhe stiows an increased flexibility
about the variable domain interface that may plapaa in these observed shifts.
Additionally, differences between the experimentanditions, such as pH or
temperature, may also be a factor. These diffegermaresent only a few peaks (13 of
168 assigned peaks: E23, N45, N48, L57, A58, FEEID6, S118, 1123, T138, N144,
Al45 and T162) from a reasonably large data set ttherwise supports the

proposition that the scFv and Fab bind in the saraener.

The chemical shift data obtained for IL-6 also Higits the inherent flexibility and
plasticity of the protein as mentioned previousiythis section. Chemical shift changes
are observed for the majority of residues withirélland are not restricted to the scFv
and Fab binding area at site Il (Boulangsr al, 2003. Figure 1.4.1), where the
antibodies are targeted for the disruption of thieraction between the IL-6/IL-6R
complex and domain 1 of gp130 to block signallisgction 1.4). Flexibility within the
IL-6 structure has been noted previously in NMRexkpents that observe shorter than
expected 7 relaxation times in some alpha-helical regions aasesult of slow
movements relative to other helices (2tual, 1996). This inherent flexibility may allow
the continued movement of the CDRs or the V domdiedween structural

conformations, resulting in the loss of NMR signdise to intermediate exchange

162



processes which explains why some of the CDR residon 1189scFv are not

recovered upon binding.
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3.5— Conclusions

The work reported in this chapter demonstrates tigth quality NMR data can be
collected from 1189scFv in a variety of labellimmgrhats which can be used to produce
backbone assignments for the protein in both thentoand unbound state. The
chemical shifts of these assignments have been a@u@mnd the differences between
them used to highlight both the binding site ankeotareas of significant structural
change within the scFv upon antigen binding. Keyaarthat demonstrate these changes
are the CDR loops that bind to IL-6 and theW interface. The CDR3 loops of both
variable domains remained unassigned both whenwmband bound to IL-6. This
suggests that a limited number of structural statag be sampled in both the free and
bound states. This observation, along with the waleging chemical shift changes
upon scFv/Fab binding, gives insight to the fleziahd plastic nature of IL-6. The large
chemical shifts seen at the variable domain interfgive evidence for a change in the
position of the domains relative to each other ugotigen binding. This re-orientation
may be a key factor in antibody binding and mayosepor protect additional binding

sites that provide further functional roles.

Comparisons of the minimal shift spectra produaadilf-6 when bound to 1189scFv
and 1189Fab demonstrate a very similar bindingepattfor both proteins. This
information confirms that the mechanism of bindfogthe scFv is very similar to the
Fab, validating the scFv as a good, lower moleonkEght, model system for antibody-

antigen interactions.
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Chapter 4 — Investigations into Fab/Fc Interactiang the Initiation of B-cell Receptor

Signalling

4.1— Introduction

The data reported in Chapter 3 supports work byh&ate Hall (2009) that
demonstrated domain movements about thA/V interface. Movements of this type,
which have been observed elsewhere (Bhat, 1990; Colmaret al, 1987; Davies &
Padlan, 1992;Stanfield et al, 1993), appear to be fundamental to the nature of
antibody/antigen interactions. As this feature @nmon to a number of unrelated
antibodies, and demonstrates similar features th bbb the systems studied in this
group, it is possible that this property may hauactions beyond antigen binding
which in itself would not necessarily require aasgitioning of the domains. One of the
key areas to which this change may be attributabilee initiation of B-cell maturation
by signalling through the B-cell receptor (BCR),ighhcurrently lacks any significant
detail concerning the transfer of an antigen bigdnent into a signalling event. The
BCR itself is highly abundant (in the region of 1@ receptors per B-cell cell (Yang
& Reth, 2010a)) and consists of an antibody mokeailthe appropriate class in a 1:1
complex (Schamel & Reth, 2000) with two disulphid&ed accessory proteins,dg
and I, which contain the immunoreceptor tyrosine actoratmotifs (ITAMS)
necessary for signalling (Hombaeh al, 1990) (Figure 4.1.1). Despite a significant

amount of evidence gathered shortly after the ifleation of the BCR in 1970 (Ratt
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al, 1970), and a general acceptance in the literdhatethe BCR may be composed of
any of the five immunoglobulin classes (Abretyal, 1978; Coffman and Cohn, 1977;
Mason, 1976; Okumurat al, 1976; Venkitaramart al 1991; Walters and Wigzell
1970), there is still a surprising persistence mfirraccurate dogma that believes that
only IgM and IgD may be expressed on the surfacB-oélls. Whilst this is the case
during much of the development of the B-cell, oetass switching has occurred the
nature of the BCR changes to reflect the classepgate of the germinal centre, and
subsequently memory, B-cells (Coffman and Cohn,71®ienandset al, 1990). All
heavy chains are able to be expressed along witass specific transmembrane tail
(Wang and Clark, 2003) and are able to associdte tive 1gv/Igp signalling dimer on
the cell surface. lg may even show preference to heavy chain classndeggon its
glycosylation state (Venkitaramaet al 1991). In the case of IgG and IgD, surface
presentation is possible even without co-expresamhassociation with the signalling
heterodimer (Venkitaramaet al, 1991). More recently it has been shown that @tur
constructs of transmembrane IgG are able to clastdrsignal in the same way as IgM
(Tolar et al, 2009). This evidence demonstrates that IgG sitatde and useful target
for the study of BCR signalling as it is required the maintenance and activation of
both germinal centre B-cells that have undergomssckwitching and the long lived
memory cells that help to provide the secondarytdaimmune response. Therefore
any results gathered from this system are als@asteto other antibody classes due to
the similar nature of antibody structures and tee of a common signal transducing

protein dimer (1g/1gp).

Upon antigen binding the BCRs associate and forstricture known as an immune
synapse (Fleiret al,2006). In this structure, the ITAMs are phosphaitst! by the Src

family kinase Lyn and spleen tyrosine kinase (Syk)ch initiate the formation of an
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assembly of intracellular signalling componentsctées such as Syk, phospholipase-
Cy2 (PLCy2), phospoinositide 3-kinase (PI3K), Bruton’s tynas kinase (Btk), the
Rho-family GTPase Vav and the adapter molecule |Blioker (BLNK) are involved,
amongst others, (Kurosaki, 2011; Radti al 2002; Schmitz, 1996) as described in
Figure 4.1.2. This signalling event drives a numlbércascades, leading to the
activation of nuclear factaeB (NF-«B), Jun N-terminal protein kinase (JNK),
extracellular signal-related kinase (ERK) and pgrotenase C (PKC), the mobilisation
of calcium and the rearrangement of the cytoskelé¢Wang and Clark 2003). This
ultimately leads to cell differentiation and matiwa when paired with the appropriate
CDA4+ helper T-cell stimulation (Harwood & Batista®). The BCR is involved with a
number of stages of this maturation process froenpitogression of the pro-B-cell to
the pre-B-cell stage in an immature form using@ogate light chain on the membrane
immunoglobulin (mlg) to the differentiation of matuB-cells and the activation of
plasma and memory B-cells of all classes upon entiggcognition (Wang & Clark,
2003). The mlg used in the BCR is developed inestaglowing the maturation and
refinement of the antibody and the removal of selfognising cells. Despite the
signalling pathways themselves and the downstreffmete of antigen binding being
well characterised (Cambiet al,1994; Kurosaki, 2011; Kurosakt al,2009; Wang &
Clark, 2003), the binding event itself, how theamtor is able to activate and regulate
itself, and the method by which such an abundargpter is able to remain silent is, as
yet, poorly understood. The details of this inibatevent, and the investigation of its
molecular basis, are key in developing a full pietaf the mechanisms of activation for
BCR mediated signalling and B-cell development ard understanding of how
conditions such as autoimmune diseases and B-geipHomas are developed,

potentially leading the way into the generatiomeiv treatments.
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Figure 4.1.1 — A representation of the IgG BCR clexpThe membrane bound
antibody mlg (red and yellow) is associated in i domplex with a disulphide linked
Iga (blue) and 1§ (orange) heterodimer containing the immunoreceytasine-based

activation motifs necessary for signalling.
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Figure 4.1.2 — The BCR signalling pathway (overveayapted from Kurosaki, 2011). |A
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number of pathways are triggered by BCR activatiowolving a number of protein

and protein complexes including PI3K, Pk€- Vav, Btk and BLNK amongst others.

[72)

The signalling gives rise to the mobilisation oflcaam, the rearrangement of the
cytoskeleton and the activation of a number of eaclfactors. Ultimately, antigen

binding to the BCR leads to B-cell proliferationiferentiation and maturation.

Traditionally it has been proposed that signallsgctivated by a clustering of the BCR
complexes by aggregation with polyvalent antigennlany cases, this view gave a

reasonable explanation of the data observed butras recently been called into
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question. It has been shown on a number of occasiat monovalent antigen is able to
trigger a signalling event without itself being ssdinked when presented on a
membrane (Tolaet al 2009) and even when in solution eliciting a sltng event
(Kim et al 2006). In a study performed by UCB (unpublishédyvas shown that
soluble, exclusively monovalent, antigen was abl&igger a BCR signalling response
using a cell based reporter assay. The interpoetati this data, however, is made less
clear by the observation that soluble monovaletigan may not fully activate a MHC
class Il mediated response (Kehal, 2006). It may be that two or more separate and/or
interacting mechanisms exist for polyvalent and avathent antigens. Data collected by
Tolar et al in 2009 demonstrates that, in contrast to polywadmtigen, the strength of
the signalling response produced by monovalengantis dependent upon the presence
of both the membrane proximal constant domain aadsmembrane section of the
mlg. Others also argue that a conserved responsalikely to be triggered by a very
large set of ligands, which differ vastly in boikesand shape, cross-linking a receptor
(Yang & Reth, 2010). In the light of these discoesrit would appear that the
traditional model of activation is, at least infpawo longer sufficient to explain the data

and subsequently two different models have beepgsed.

The first, and most closely related to the antigaoss-linking model, is the
conformation-induced oligomerisation model. Thisd®lorequires that for signalling to
occur the BCRs must oligomerise, or form clusterdyring the ITAMs of the complex
into close proximity to allow phosphorylation anbet initiation of downstream
signalling (Pierce & Liu, 2010). This model is sopg@d primarily by live cell imaging,
using fluorescence resonance energy transfer (FRE®hfocal laser scanning
microscopy (CLSM), single particle tracking (SPThdatotal internal reflection

fluorescence microscopy (TIRFM), investigating thetivation of the receptor. A
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combination of these techniques has been usedéctded track BCR complexes and
their interactions on live cells when in a restistigte and when in the presence of
antigen (Pierce & Liu, 2010). During one set ofsia@xperiments it was observed that
both polyvalent antigen and monovalent antigen waske to induce signalling by
clustering of BCRs when presented on a membrane asiche surface of an antigen
presenting cell (APC) (Tolat al, 2009). It was also noted during these investggati
that the response observed for monovalent antigen affected by alterations to the
transmembrane and membrane proximal constant denveliist that of polyvalent
antigen was not, suggesting that two separate mesha may be present. This data
was gathered in a study investigating which podiofh the antibody molecule were
essential for the clustering and signalling of B€R. It was clear from the outcome
that the membrane proximal constant domad(Gr C/3 in this case) was essential for
the clustering and signalling of the BCR, and sppebusly signalled when expressed
alone on the surface of the cell. The quality & thonovalent signalling response was
also affected by mutations of conserved residugbentransmembrane section of the
mlg (particularly a WTxxST motif in the N terminphrt of the transmembrane helix,
Tolar et al, 2009) which are known to differ between antibarlgsses (Schamel &
Reth, 2000). This conformation-induced oligomer@atmodel (outlined in Figure
4.1.3-A) provides some further insight into the temsm of initiation of B-cell
signalling but ultimately still does not provide amplanation of how effects from

antigen binding are transferred from the Fab jid @nd into a signalling response.
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signalling mediated by the immuno-tyrosine actiwatimotif ITAM regions (grey —+
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contrast, the dissociation activation model of B-segnalling (B) proposes that th
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dissociation and mobility leading to the formatimfropen active clusters.
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The second proposal for BCR signalling, known as dissociation activation model
(Figure 4.3.1-B), opposes the conformation-induaddomerisation model in its
mechanism of action as it envisages BCRs in preegsted, tight inhibitory clusters
that prevent rather than initiate signalling (YafadReth, 2010). Upon antigen binding
the cluster is disrupted to create signal activenoneers or multimers by removing a
mutual steric blocking of the ITAMs or a changetle conformation of the tdigp
complex to allow phosphorylation. This mechanisnifeds somewhat from the
oligomerisation model but may still require theagtor proteins to be in some degree
of close proximity to allow phosphorylation (Yang Reth, 2010). It has been
suggested (as reviewed by Treanor, 2012 and YaRegt&, 2010) that this model better
explains how a large range of antigen sizes andeshean induce the same signalling
event. There is, however, significant debate athé¢oreliability and scope of the data
and experiments used to come to this conclusioth much of the initial data being
disregarded as artefacts of the techniques useticiyparly the potential of detergent
lysis and blue native PAGE assays to detect nonenaggregates of proteins (Pierce,
2009; Peirce & Liu, 2010; Treanor, 2012; Yang & IRe2010). The initial work made
use of this blue native PAGE technique to view dhgomerisation states of the BCR
from detergent lysates of B-cells (Schamel & R&®00). It was found that IgM and
IgD BCRs ran as large macromolecular complexesthBurinvestigation into this
model to provide complementary data and attempttivess the criticisms of the native
PAGE data utilised bifluorescence complementatssags, reconstruction of the BCR
on the surface of a Drosophila Schneider cell &eddetection of immunoprecipitated
multiprotein complexes by flow cytometry (Yang & tRe2010a). The data from these
experiments again supported the conclusion that BGB& exists in a large pre-

oligomerised state. Evidence is also provided falifeerence in clustering propensity
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and lipid interactions involving the transmembraeagions that may play a role in the
organisation of the clusters and the signallingnevégain, whilst providing good
evidence, the results have been questioned by fomécussing too heavily on
biochemical assays rather than investigating ligsc The criticism in this debate,
however, is not one sided as the majority of liel onaging data has been gathered
from FRET assays. Whilst FRET is good for defineetehodimers, it can be
problematic, and potentially misleading, when ugadlarge multiprotein complexes
where donor and acceptor ratios may be variabletlamarientation of the donor and

acceptor proteins may be sub-optimal (Yang & R2@1,0).

Currently the mechanism of B-cell signalling, anddeed silencing, remains
unresolved. Recent work suggests a significantritrtion to the regulation of this
receptor by the cell membrane with a significantolmement of lipid rafts and
membrane compartmentalisation and reorganisationn(& al, 2006; Sohret al. 2008;
Treanoret al, 2010; Treanoet al, 2012). This reorganisation and disruption of ¢b#
membrane and the “picket fence” model of membrargarasation (Kusumet al,
1993, Kusumet al, 2005) appears to be particularly mediated byrERadixin-Moesin
(ERM) proteins. These proteins may regulate théusliibn dynamics of the BCR
(results for which have been interpreted for bothdeds) and its association with lipid
rafts which may contain the factors necessary fopgr signalling. This process has
been shown to be initiated by antigen binding whaain highlights the poor
understanding of this system. Interestingly, it &lB® been shown that the disruption of
the membrane structure alone is enough to initeatebust BCR signalling event
(Treanoret al 2010). This suggests that a combination of pakytweak protein-
protein interactions may combine with protein-lipidteractions and membrane

dynamics in order to regulate signalling events.
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From the results of the work carried out to datie itlear that the overall picture of B-
cell signalling is both complex and poorly undeostaon certain areas. The model
initially put forward by Catherine Hall (Hall, 2009vhich provided the impetus for the
work in this chapter, provided a potential explaratfor the activation of BCR

signalling by monovalent antigen. This model pregda starting point based on
reliable structural evidence for further work thady help to begin to fill in the gap that
exists between the antigen binding event and tbpgwmation of signals that allow the

proper development of B-lymphocytes.
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4.2 — Materials and methods

4.2.1— Protein Expression and Purification

4.2.1.1 — Expression and Purification'afl/**C/"H IC8Fal

IC8Fab vector (provided by UCB) was transformed into WG31E. coli and
conditioned for growth in BD as in section 2.2.2.6. These cells were usethtd K00
ml, 100 % DO LB starter cultures containing 1@ ml* tetracycline that were grown
overnight at 37 °C/200 rpm. The starter culturesewesed to inoculate 500 ml, 100 %
D,O minimal medium expression cultures containingugdni” tetracycline, 1 g1 **N
ammonium sulphate and 3 ¢ FCs D-glucose to an &o of 0.1. The expression
cultures were grown to ansg of approximately 1.0, induced with IPTG to 200 and
left to express for approximately 28 hours, aftéick the bacterial cells were pelleted
as described in section 2.2.2.4. In this caserghmining clarified expression medium
was also retained and concentrated by ultrafiimtising an Amicon 8400 stirred cell
with Millipore polyethersulphone membrane (5,000 I@®@) to a final volume of
approximately 50 ml. Cell pellets containing deated IC8Fab were lysed as
described for 1189Fab in section 2.2.2.7 and addethe concentrated expression
medium. This pool was adjusted to pH 6.0 using\d.g&itric acid and filtered using a

0.2 um filter, before being purified by protein G assiction 2.2.4.3.

Following purification the IC8Fdlwas dialysed into 100 mM sodium phosphate, 2 mM
EDTA buffer at pH 6.0. The C terminal cysteine des was reduced by adding DTT to

2 mM and incubating at room temperature for 30 t@auThe free cysteine could then
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be capped by adding N-ethylmaleimide (NEM) to alfiooncentration of 50 mM and
incubating at room temperature for one hour. Thaeped sample was dialysed into

SEC/NMR buffer, concentrated and purified by SEC.

4.2.1.3 — Expression and Purification of Interleuk

A pET21a vector containing a human IB-¢onstruct, with a T9G mutation to limit the
activity of the expressed protein, was providedU§yB and expressed and purified

according to the protocol outlined by Wilkinsehal, 2009.
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4.2.2— NMR Spectroscopy

4.2.2.1 — Preliminary IC8F8Bcy samples

Purified *>N/**C/’H labelled IC8Fabwas concentrated to form the basis of a set of
preliminary NMR samples investigating the potenimaéractions between IC8Faénd

IgG1 Fc.

Human IgG1 Fc (provided by UCB) was concentratedibysis into a 20 mM NaCl, 5
mM Sodium Phosphate, 0.004 % Sodium Azide bufferpdt 6.5 followed by
lyophilisation and resuspension into one fifth lo¢ toriginal volume. This process was

repeated until a concentrated stock of approximdtehM was produced.

Samples were generated by combining the two prateidditional SEC buffer and IL-
1B where necessary to generate samples containipyl1C8Fab and a 0:1, 1:1, 2.5:1

or 6:1 ratio of Fc to Fab with or without ik IL-1p.

4.2.2.2— The IC8Fafnterleukin-P Complex and IgG1 Fc/IgE Fc Samples

A stock of purified®N/**C/’H labelled IC8Fabwas divided into two. One portion was
combined with a 10 % molar excess of unlabelledfilin 100 mM sodium chloride,
25 mM sodium phosphate, 0.02 % sodium azideyMIEEDTA, 200uM AEBSF at pH
6.5 and purified by SEC, whilst the other was diaty into the same buffer. These two
stocks of material were then concentrated to 300 by ultrafiltration to form

concentrated stock solutions from which samplesdcbe made.
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Human IgG1 Fc (provided by UCB) was concentratediblysis into a 20 mM NaCl, 5
mM sodium phosphate, 0.004 % sodium azide buffegtat6.5 and lyophilised. The
lyophilised protein was recovered in one fifth dfetinitial volume to increase
concentration 5 fold. This process was repeateil aigbncentrated 1500M stock was
produced from which samples could be made. EDTAABBSF were added to 1M

and 200uM respectively.

Human IgE Fc (provided by UCB) in 100 mM sodium acfde, 25 mM sodium
phosphate, 0.02% sodium azide, i EDTA, 200 uM AEBSF pH 6.5 was
concentrated by ultrafiltration (Sartorius Vivas@inl0 kDa MWCO) to create a 1500

uM stock from which samples could be made.

In total a set of eight 400l NMR samples were made from these stocks. Thesplea
were arranged into pairs (one with and one withkm)tthat were dialysed into the same
batch of SEC buffer. This would negate, as muchpassible, any pH or ionic
differences that may be introduced by using diffierstocks of the buffer made at

different points in time. The pairs of samples wasdollows:

- 80uM IC8Fab vs. 80uM IC8Fab with 480uM IgG1 Fc

- 80uM IC8Fab/IL-18 complex vs. 8QuM IC8Fal¥/IL-13 complex with 480
uM 1gG1 Fc

- 80uM IC8Fab vs. 80uM IC8Fab with 480uM IgE Fc

- 80 uM IC8Fal/IL-1B complex vs. 8QuM IC8Fab/IL-1 complex with 480

uM IgE Fc

179



4.2.2.3 — Data collection and Processing for th@FFalnteraction Studies

All spectra were collected from samples in 5mm 8higNMR tubes at 40 °C on an
800 MHz Bruker Avance spectrometéfN/*H TROSY spectra were collected with
acquisition times of 30 ms im K*°N) and 50 ms in £(*H) for both a 30 minute and 2

hour experiment for each sample.

Solvent suppression was carried out using the WAGERE pulse sequence. All data

was processed using Topspin 2.1 and analysed S§1ARKY .

4.2.2.4 — NMR data analysis of the IC8Fhdterleukin 1§ interaction with IgG Fc

The data from these experiments was analysed bgrwbg changes in position and
signal to noise of all the peaks within the coleCtspectra. Shifted peaks were
identified by eye from overlaid spectra and thengj&s in signal to noise were detected
by comparing values between the two spectra cdédilasing the signal to noise
function contained in SPARKY. Assignments from tli&BFab (Hall, 2009) were
transferred onto the spectra collected to idenéifyy shifted peaks or regions of
significant signal to noise reduction. Shifted pgakd variations in signal to noise were
mapped onto the residual dipolar coupling (RDCinexf model of the IC8Fal§Hall,

2009).
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4.3—- Results

4.3.1— Expression and Purification bN/**C/”H labelled IC8Fab

5N/BCPH labelled IC8 Fab was expressed, purified, capped concentrated as
described in section 4.2.1.1 (Figures 4.3.1 and®¥\8ith a final purified protein yield
varying between 2 and 6 mg.|ISDS-PAGE analysis detected no other protein other

than the IC8Fakand demonstrated that the free cysteine had hesessfully capped.
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an Akta FPLC system (A). Samples taken from théfipation process were analysed
by SDS-PAGE against Novex Sharp molecular weightkera (B) and show that all
protein was removed from the cell lysate (1) arad t6@8Fabwas obtained (2, 3 and 4).

The characteristic band shift of Fab proteins wasnson the gel when comparing

j®N

reduced and non-reduced samples. This gel alsosslaolditional disulphide linke

multimers of the Fab
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4.3.2— Purification of the IC8F&hL-1p Complex

The IC8FalilL-13 complex, formed as described in section 4.2.24ds ywurified by
SEC (Figure 4.3.3-A). Analysis by SDS-PAGE (4.3 3d8nfirmed that the complex

had formed and was of sufficient purity for anatylsy NMR.
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4.3.3— NMR Spectroscopy

4.3.3.1 — Assignment of Spectra and the Identiicadf Shifted Peaks

The NMR spectra collected for the Fab/Fc interactxperiments were all of high

quality with good signal to noise. The assignmgmtgluced by Catherine Hall (2009)
were transferred onto the spectra from the reparteanical shift values and used for
further analysis (Figure 4.3.4). The resulting gissients were 71 % complete (319 of
444 assigned, 76 % excluding Prolines) for IC8Falnl 71 % complete (315 of 444, 76
% excluding prolines) for IC8Falbound to IL-B. A summary of the assignments is

shown in Figure 4.3.5.
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Preliminary ®®N/"H TROSY experiments were overlaid to determinerif @hanges
could be seen when increasing quantities of wWere added to the IC8 sample. A
number of small shifts could be seen with someerwé of the movement of signals as
increasing quantities of frovere added (Figure 4.3.6). A refined set of experits
were produced with carefully prepared samples tafica this observation (Section
4.2.2.1). The assigned spectra were overlaid topaepennon-Fc containing samples to
Fc containing samples to determine if any peakislaibuld be identified. Overall the
spectra analysed showed relatively few minor shatdC8Fab with Fg (Figure 4.3.7)
and IC8Fab/IL-$ with Fecy (Figure 4.3.8). Fcwas initially chosen as a control with the
intention of finding a protein of similar moleculawreight and function that would not
interact with the Ig based IC8 FabThis, however, did not appear to be the cas€as |
Fab with Fe (Figure 4.3.9) also produced a small number oftshiwhile no
discernible shifts were observed for IC8/IB-With Fce, the data presented in the latter
parts of this chapter also indicates that an isteya may be occurring and thateReas
not performing as a good control. Of the shiftsnstee all of the samples, only a small
number were for peaks assigned to residues. G&3, 4ad G326 were shown to be
shifted for IC8Fabwith Fcy, C360, H384 and T403 for IC8F4h-1p with Fey and
H30 and H384 for IC8Falwith Fce, the locations of which are shown mapped onto the
structure of IC8Fabin Figure 4.3.10. The sample displaying the largasnber of
shifts (as can be seen from Figures 4.3.7-9) wasGBFab with Fcy in the absence of

antigen.
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191



G68 1265

112
125
—v
Ped
126
113
888 884 880 876 8.65 8.55 8.45
122
G326 Unassigned
111
. e
Q.
« o
£
&
112 126 &2
©
2
§
9.50 9.40 9.30 7.90 7.80 S
=
- £
Unassigned Unassigned
' 129 : 114
2 SHHEL - 115
130 -
116
10.15 10.05 9.95 " 750 7.40 730  7.20
. © 113
Unassigned
114
A
115

800 790 780 7.70

IH Chemical Shift (ppm)

Figure 4.3.7 — Overlaid sections frolN/*H TROSY spectra representing chemi

shift changes observed between IC8Faldl IC8FaliFcy samples. The sample witho

Fcy is shown in red and the sample with a 6:1 molao 1@ Fcy to Fab shown in blue.

Arrows highlighting the differences observed asoahown.

cal

ut

192



€360 117 Hasa 1245

) 1125
v 118 —
NI 1125.5
f \Ei:' 1 —_
"/ €
’: 1115 1126 &
o))/~ } —
e =
,,,,,,,,,,,,,, - D =
9.60 9.50 9.40 9.40 9.30 9.20 =
O
S
‘T403 Q
114 O
= =
= N Ln
~,‘ —
% 114.5
VE:UVﬁe;ssigned
—»
, 115
= '115.5
745 735 725

IH Chemical Shift (ppm)

Figure 4.3.8 — Overlaid sections frdiN/*H TROSY spectra representing the chenical
shift changes observed between IC8RBH[ and IC8FalIL-1B/Fcy samples. The
sample without Fcis shown in red and the sample with a 6:1 molao &t Fcy to Fal

is shown in blue. Arrows highlighting the differezscobserved are also shown.

193



H30 | o 1185 y3ga - |
& , , 1125
1195 = (&)
7':\" ;: i ~ 7 ! ‘ “ \ f ) - 126
} — E
— Q.
— Q.
120.5 =
g : =
830 820  8.10 8.00 9.35 9.25 9.15 2
S
. €
Unassigned 120.5 o
O
=2
(€ 121.5
=
<«
11225
o 123.5
7.00 6.80 6.60

IH Chemical Shift (ppm)

Figure 4.3.9 — Overlaid sections frdiN/*H TROSY spectra representing the chenical
shift changes observed between |IC8Fald IC8FaliFce samples. The sample without

Fce is shown in red and the sample with a 6:1 molto raf Fe to Fab is shown i

>

blue. Arrows highlighting the differences obseraed also shown.

194



Figure 4.3.10 — Locations of shifted assigned pea&pped onto the IC8Fastructure.

Peaks shifted in the IC8Fébcy experiments are shown in red, the IC8RRHLB/Fcy

5%
o

experiments shown in green and the IC8fab in blue. H384 (as indicated) is shifts
in both the IC8FallL-1p/Fcy and IC8FaliFce spectra. The Kabat numbering of these

residues can be found in Appendix 4.2.

4.3.3.2 — Analysis of Signal to Noise Differenceshe Fab/Fc Interaction Spectra

It was noted whilst analysing the spectra colled@mdthe investigation of potential
Fab/Fc interactions that the signal to noise leurelhe spectra observed were reduced
in the presence of Fc (Figure 4.3.11). These raéshgtin signal to noise were not a
result of line broadening which would indicate ie@sed sample viscosity. Salt
concentration may also affect the signal to noisdaout line broadening. However,

samples were rigorously produced to maintain alet@mic strength throughout. This
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signal to noise reduction may be due to a proportibthe sample being too large to
observe (i.e. when bound to the Fc). Further ingas8bn into the nature of this
phenomenon resulted in the discovery of a morefgignt signal to noise reduction in
samples containing FdFigure 4.3.12) and Eq4.3.14) in the absence of antigen. The
samples with Fcalso showed specific areas of greater signal teen@duction with
residues C23, G57, F71, D82, A84, N85, T102, IIK}9, Y173, V191-A193, F209,
V219, V226, L232, L234, Y246, E260, Y264, 1265, B28&285, T292, L293, Q296,
M297, R301, G326, T330, S332, A357, T371, S373,7S%201, V427 and V431 all
being reduced by more than one standard deviatoon the mean signal to noise level.
This pattern of data loss was mapped on to thetstl of the IC8 Fdlio identify any
localisations of data loss in Figure 4.3.16. Thead®llected in the presence of antigen
demonstrated a loss of this specific pattern ohaigo noise reduction for FFoor a
signal to noise reduction of a less significant magle over the entirety of the Fab

signals with Fe (Figures 4.3.13 and 4.3.15).
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Figure 4.3.11 — OverlaidH cross sections ofN/*H TROSY peaks. These peaks

demonstrate a typical example of the reductionigmad to noise seen for the kc

interaction experiments. The sample containingMed] shows a significant reduction

in signal to noise compared to samples without Blag) that is not a result of line

broadening.
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Figure 4.3.13 - A histogram representing the sigoahoise changes observed for each residue ind€8fk complex with IL-B upon the
addition of Fg. The signals observed show an average of 79 +8thewignal to noise values seen for the conioige (no Fc). However, the

areas of further reduced signal to noise are ngdopresent. Missing data is represented by alsse(tied).
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Due to the significant and specific nature of tignal to noise losses observed for
IC8Fal in the presence of frdut absence of ILflareas of reduced signal to noise
were mapped onto the model produced previouslyl@@Fald (Hall, 2009. Figure

4.3.16).

Figure 4.3.16 — Areas of significant signal to eoreduction in the presence ofyRc
mapped onto the structure of IC8FaBhanges in signal to noise over one standard
deviation away from the mean are coloured in ligihk, over two standard deviations

in pink and over three standard deviations in kidsing data is coloured in yellow.
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In addition to the effects seen, it was also natbed the initial preliminary experiments
(as shown in Figure 4.3.6) also demonstrated ame&sing decrease in signal to noise

as increasing quantities offFwere added to the sample (Figure 4.3.17).

- 25

- 20

- 15

Intensity

- 10

1H Chemical Shift (ppm)

Figure 4.3.17 — Overlaid cross sections of a typiesk from the preliminaryN/*H

TROSY spectra of samples containing increasing e&ainations of Fz As the Fc is

added to the samples at a 1:1 Fc to Fab ratio,(eed)5:1 ratio (green) and a 6:1 ratio
(purple), it can be demonstrated that peaks sudhese show an increasing loss| of
signal to noise without any significant change imelwidth when compared to the

starting point (0:1 ratio, blue).
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4 .4— Discussion

The main aim of the work reported in this chaptaswo provide further insight into the
potential mechanisms of BCR mediated signalling,assess the key features of a
conformational change and interaction model dewadopithin the group (Hall, 2009),
and to determine how this model may fit in with th main theories for the activation
of BCR signalling. The investigation focussed on NIMIR based method to detect
interactions between the labelled IC8Fabd unlabelled Fc as described in section 4.1
and 4.2. NMR provides a useful tool that is ableotoserve weak or transient
interactions that may not be detectable using otkehniques, and may provide
information on the location of interactions by meggp changes in signals from
experiments onto a structure. The method used, Venwveiill suffer from a number of
factors, mainly relating to the way the samplespoeluced. As the Fc and Fab are no
longer tethered, and the Fcs are no longer attathed membrane, there will be a
number of energetic penalties included in the sydteat may affect the dynamics and
affinities of binding events. The limitations of NMalso mean that signals from any
complex formed, which may be approaching 115 kDay tve significantly broadened

or unobservable.

The initial investigation into potential bindingews between the Fc and Fab focussed
on a minimal shift technique similar to that used Chapter 3 for 1189scFv by
monitoring changes in chemical shift values to deiee potential binding sites and
effects of interactions. The number and magnitudd@® chemical shifts seen for these
samples was low, with only a small number of sHifteaks moving a relatively short

distance to the next peak. Often these peaks hadsignment and so were not useful
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for mapping onto a structure. The lack of significahifts rules out the possibility of
any strong interactions with tight binding of thabRo the Fc. This in turn leaves only
two possibilities. The first is that there is ndewaction at all and that the shifts
observed are a result of pH or ionic strength ckangthin the sample. As the samples
were dialysed into the same batch of buffer atstirae time it is unlikely that this is the
cause. In addition, the peaks that are shiftingadse not exclusively of residues that
are highly sensitive to changes such as these gcelic and basic residues and
histidines). The second possibility is that thesiiattion is weak and transient in nature
and that the proportion of sample in a complexlatively low with very broad signals,
potentially explaining the results observed. Theakse on any potential site of
interaction would represent an average of bothritexacting and non-interacting state.
This would mean that for a relatively low proportiof a bound state only a relatively
small change would be seen (for example 10 % boumnadd show only 10 % of the
maximal chemical shift change). This may also bacerbated if the peak representing
the complex was significantly broader. This expteomamay be proven by titrating in
higher concentrations of the binding partner (iis ttase the Fc) and observing peaks
moving away from the starting point. This featuraswseen in some peaks during the
preliminary experiments (Figure 4.3.5) and was cordd in the refined experiments
where a small number of peaks (examples in FiguBe648) showed a change in
chemical shift values. Throughout these experimémespeak shifts were small and
observed only on a few peaks but may provide eweefor an interaction.

Unfortunately these shifts are too few to providg definite binding patch.

During the analysis of the NMR experiments collddiar the investigation into Fab/Fc
interactions, it was also noted that th&/*H signal intensity for the Fakn Fc

containing samples was significantly reduced whemmared to the controls. This
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reduction was not a result of line broadening dratdfore was unlikely to be due to
viscosity. In addition, the 90 pulse observed for maximal signal in the NMR
experiments did not change, suggesting the samydes of the same ionic strength,
another factor which may have caused a loss imakignnoise. One remaining cause
would be that a proportion of the sample was unofakde in some way, for example in
a large complex that has significantly broader poténtially unobservable signals (i.e.
Fab bound Fc). In this case it is possible to tergly estimate a binding affinity based
upon the average proportion of signal lost whensFadded. If it is assumed that, for
example, an average 19 % signal drop (as obseore8 with Fg) represents 19 %
of the added Fab bound to Fc (19 % of 80 and so 15.21M bound). This would
leave 64.8uM unbound Fab and 46418V unbound Fc. These numbers may then be
used in the equation:

[Fab][Fc]

Kd =
[FabFc]

From this equation, and the standard deviationgrekd for the data, we can estimate
the potential Kd for each sample to be as follows:

IC8 + Fg = 1981 + 701uM

IC8/IL-1B + Fey = 1742 + 465uM

IC8 + Fe = 616 = 221uM

IC8/ IL-1p + F& = 1239 + 332/M

These Kd values are estimates and should be takeuch. They do, however, provide

additional insight into the effects of Fc bindingthe presence and absence of antigen,

206



particularly when using Ednstead of Fg. This data gives evidence to suggest that the

binding affinity of IC8 and Feis reduced upon the addition of 113:1

In addition to the general signal to noise los®aissed with the Fc containing samples,
specific areas of further signal to noise loss waygerved upon the addition ofyFD
IC8 in the absence of ILBL These features that can be observed on the hastom
Figure 4.3.10 and may be as much as 3 standaratmms below the mean drop in
signal to noise. These features were mapped oetatthicture of IC8 to determine if
any specific locations of binding could be obser(emjure 4.3.15). Once mapped it
was observed that there was a concentration oé tfeedures on the \vdomain of the
Fab of a more significant level than the rest @& grotein. Additional features were
located on the Ydomain, the G domain at the interface with,\and at the base of the
C_. domain. Unfortunately, due to a significant amoohtmissing data around the
V /Vy interface, it is not clear if there is any pronoea effect in this region. What is
significant from this data is the number of featulecated on the yand the possible
importance of this domain for Fab/Fc interactiond potentially BCR signalling which

appears to be modulated by the presence or abséanégen.

From the data presented in this chapter there tamagsindications of some form of
interaction occurring between the Fab and Fc. Vihass clear is the exact nature of
this interaction and how this information impactson the models proposed for BCR
signalling. The titration movement of a small séts@gnals and the signal to noise
features observed imply a transient, low affinityteraction. The nature of this
interaction, particularly the affinity of it, wilbe affected by the lack of a covalent link
between the individual components of the antibodg #he lack of a membrane

attachment introducing entropic penalties on tleoKthe binding. The detachment of
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the Fab from Fc may allow positions of interacttbat otherwise would be impossible
due to steric limitations or may disfavour a patéc conformation due to lack of
tethering. It is also well reported that membraopotogy and rearrangement of the
‘picket fence’ model (Kusumet al, 1993; Kusumket al, 2005) is important for proper
BCR signalling (Treanor, 2012) and the effect ahoging this from the observed
system is unknown. The evidence collected hereesigghat a non-covalent binding
interaction occurs between the Fab and the Fch&umiore, this interaction appears to
be both transient and affected by the presencat@em in the system to the extent that
the Fc/Fab interaction is altered and/or reducezhupnding. This observation directly
opposes the model developed initially (Hall, 208@)jch proposed that antigen binding
promotes an interaction. The observations madaigndhapter, however, may indeed
still fit with the two current proposals for theitiation of BCR signalling depending

upon whether an intra- or inter-receptor interactocurs.

The two current models of BCR signalling are thgoagtion activation model or the
dissociation activation model (as described inisect.l). Both of these models
conclude that an interaction causing clusteringhef BCR occurs but differ on what
affect this has. The conformation-induced oligosegion model states, as its name
suggests, that the clustering of the BCR s trigddsy a change in conformation of the
receptor which in turn causes the association ef rdteptors which is required to
produce a signalling event. This could be consdi¢oebe a more traditional view of
the system, as it has long been known that polyaetigen is able to readily activate
the BCR, although how such a diverse set of ligasddle to do this remains unclear.
Recent studies have also shown that monovalent,bmaera tethered antigen is capable
of triggering clustering of the BCR despite beingefto move within its membrane and

not providing the cross-linking of polyvalent amtig (Tolaret al, 2009). It was this
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study, in which the membrane proximal constant donf@g. G4 or C/3) was found
to be critical for the clustering of the recepterdathe activation of signalling, that
provides the basis for the first model proposedt tpatentially fits with our
observations. It is the ability of the membranexpr@al domain, in the absence of the
other constant and variable domains, to spontahealsster and activate signalling
that suggests that some form of occlusion of aibgqndurface may be provided by the
rest of the antibody molecule (Pierce & Liu, 20I09king this information and the data
gathered in this chapter, we suggest that one lgessxplanation for the Fab/Fc
interaction is that it provides some form of blogk the association of BCRs. This
could either be by the protection of a binding sitéy steric hindrance of a clustering
event caused by the Fab arm rotating back to gragecwn Fc. This protection may be
disrupted upon antigen binding allowing the asdamaof the u4 (or equivalent)
domains (Figure 4.4.1). For this theory to holduanber of additional criteria must also
be met. The linker between Fab and Fc must be blexenough to allow this
interaction. In the case of IgG1 it has been reubithat the angles and distances
involved are possible with the antibody moleculerefavouring a position that brings
Fab and Fc closer together than the traditionalsivape commonly depicted (Zheeig
al, 1992). In the case of other IgG isotypes, anéraéimtibody classes such as IgE, this
may not be possible as linker lengths and flexibgi differ (Saphireet al, 2002; Roux
et al 1997; Zhenget al 1992). Even with the most flexible IgG subclassash as 1gG1
and 1gG3, steric clashes and limits on flexibilayound the linker may make this
interaction impossible. Another issue this modelstnovercome is the fact that it is
only Cu4 that spontaneously clusters and np#t/Cu3. For this model to fit it requires
an additional process promoting clustering, pogsghlggesting why some evidence

shows that monovalent antigen only produces a Biggavent when presented on a
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membrane, resulting in the generation of force$ é&xpose a binding site (Pierce &

Liu, 2010).
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Figure 4.4.1 — The revised model for conformatiowuced activation of BCR
signalling. A schematic of the antibody portiontbé BCR is shown with the hea
chains in yellow and light chains in red. Monovdlantigen is shown in blue. The BQ
rests in an inactive state (A) in which the Faltisas of the antibody protect clustering
sites on the Fc. Upon binding to antigen (B), dtrted changes occur in the Fv regipn
(represented by darker colours) that disrupts tlad/Fe interaction and allow
clustering mediated by the membrane proximal consamain. This association of
BCRs forms a receptor cluster that is able to $if@a The Igr and I chains are not

shown.
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The dissociation activation model proposes thdterathan clustering acting to trigger
BCR signalling it instead inhibits it by keepingetineceptor in a tight, inactive state
where the ITAMs are protected from phosphorylatlpn close proximity to other
receptors (Yang & Reth, 2010). Upon binding to geni, this interaction is disrupted
and the BCRs are able to dissociate and signal.daltee presented in this chapter may
fit this model quite well. An interaction, possibhetween a W and an Fc of an
adjacent receptor, may help produce an inactiveptec cluster. Upon antigen binding
this interaction may be altered by a movement ef thriable domains to an extent
where the inactive cluster begins to disperse &mhbing is allowed to occur (Figure
4.4.2). This model may also help to describe thsepkations made at UCB where
soluble monovalent antigen is able to initiate altyng by disrupting this interaction. It
may also be able to account for the reduced fletyilof some antibody classes and
subtypes, as the angle required in the linker reépo the inter-molecular interaction of
the Fab and Fc of a neighbouring BCR may be legsrsd¢han the angle required for an

intra-molecular interaction.
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Figure 4.4.2 — The revised model for antigen indu@e cell receptor dissociation

activation of signalling. A schematic of the antillggortion of the BCR is shown with

the heavy chains in yellow or purple and light dsain red or green to aid clari

Monovalent antigen is shown in blue. The BCR r@stan inactive clustered state

in which the Fab sections of the antibody medidtistering by interacting with the

adjacent Fc. Upon binding to antigen (B), strudta@teanges occur in the Fv regi
(represented by darker colours) that disrupts #i®@H¢ interaction causing dissociati
This dissociation of the BCRs removes the inhibitiof the internal signallin

components allowing signalling (C). Thenlgnd I chains are not shown.
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The antigen modulated Fab-Fc interaction describedthis chapter may be
accommodated within both of the currently propossatels. Despite not providing
conclusive proof for either model, the results dégd in this chapter provide the first
potential molecular basis for an antigen mediatg@raction that may affect BCR
signalling. The two key insights of an antigen icéd change in the YW domain
interface and the resulting loss of interactionMasen the Fab and Fc have been added
to the ideas surrounding BCR signalling. For eitiposal to be definitively proven,
additional work must be undertaken to further itigede the nature and potential
positioning of binding events. Other potential efsethat may regulate Fab and Fc
interactions, such as steric hindrance of a bingitgy by an antigen, need to be ruled
out. As the conformational change between the antigee and antigen bound states
are relatively small when compared to the chang&igmtation seen from one antibody
to the next, a clear identification of a bindingeswould be essential for providing
further evidence. This would help to determine Wwketmovements in the YWy
interface are able to influence this interactionwiether other explanations may be
more fitting. NMR experiments using paramagnetlaxation enhancers are useful for
identifying interactions of a transient nature angk protein complexes, and so may
provide a useful tool for future work. Other tedumes, such as introducing mutations
to interrupt Fab/Fc binding, may also be useful Wwould require a large amount of
work to identify a binding site on such a largetpno, and may affect the affinity of the
antibody for its antigen, potentially disrupting altering the conformational changes
that have been observed upon binding. AdditionalRN&bntrol experiments must also
be undertaken with the addition of similarly sizedmpletely unrelated proteins to
samples rather than the Fc.cRgas initially selected as a control as a similatgin

that should not interact with a Fab of a differantibody class. This choice, however,
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considering the structural similarities toyFand the apparent presence of a higher
affinity interaction, may have been ill advisedrther NMR experiments may be useful
which look at higher concentrations of the Fc te gdurther signal to noise decreases
or chemical shifts may be seen. Chemical shifts alay be observed for the Fc itself,
although isotopic labelling in the current mammaliexpression systems may be a
challenge. Other experiments such as cell basemtegmssays that assess the BCR on
the surface of a cell may also be useful in lookatgpotential ways of blocking

signalling to attempt to provide evidence for oaiagt the models proposed.
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4 5— Conclusions

The work reported in this chapter demonstratestélséng of a proposed model for
BCR signalling by NMR spectroscopy and the subsejupdating of the model based
upon the results observed for the interactions éetwFab and Fc and the current
opinions and data found in the literature. The ltesabserved here have the potential to
support both of the current theories of BCR actbraind suggest new mechanisms of
the initiation of signalling for both. High qualittata has been collected and analysed to
determine the nature of the proposed Fab/Fc intera@and demonstrates a definite
antigen mediated effect. The observation of spegfatterns of signal to noise
reduction when observing IC8 andyFn the absence of antigen implicates the V
domain as being central in this interaction withimereased number of these features
being located on the residues within this domaks Tnformation, in combination with
the work described in Chapter 3, helps to providiilker picture of the effects of
antigen binding. It also helps determine the effaébht these structural changes may
have upon B-cell maturation and the initiation &M signalling, which is still, despite

much research into the area, a significant gauiruaderstanding of this system.

Despite the preliminary nature of the experimemscdbed, and the potential problems
produced by studying the system using isolated compts, significant progress has
been made in understanding the potential signalghanisms. This work provides
interesting and potentially exciting insights irttee nature and mechanism of BCR

activation and provides the basis for future resdearto this area.
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Chapter 5 — Final Conclusions

Antibodies and their derived fragments are an irgmir set of tools for the
development of new therapeutics. Therapeutic adi@soform a large portion of the
therapeutic market with global sales totalling mdnions of US dollars (Reichert,
2010). Due to the highly specific nature of antilesdand the relatively low toxicity of
developed therapeutics, much effort is being ireskshto their development for new
targets. New variants of the antibody moleculease being investigated that look to
further improve its potential as a therapeutic &aibbr treatments to specific diseases
and applications. A fuller understanding of theustural and functional properties of
the antibody molecule is critical for this resear@ihe work presented in this thesis
aims to provide further information on a moleculavel of the characteristics of
antibody/antigen interactions from a structuralspective. Identification of the antigen
binding site together with other functionally impaot areas within the molecule will
provide a rationale for further modification of hlg specific antibody derived
therapeutics without affecting key properties suwsh affinity. NMR spectroscopy
provides an important and highly sensitive tool fbe study of antibody/antigen
interactions and is able to reliably detect subtleictural changes which occur upon
binding. Since the proteins are in solution theg able to move freely in a state
relatively close to that which they would be vivo, allowing a more realistic
determination of features such as the dynamicsiftérent parts of the protein and
providing further insight into the properties okethystem studied. The relative lack of
antibody/antigen structures in the protein datakbh@DB) demonstrates the difficulty

often experienced in crystallising these complexas their perceived unsuitability for
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study by NMR. The work presented in this thesisatledemonstrates that antibody

fragments, such as the scFvs, are viable and anectoalts for study by NMR.

Antibody fragments are important therapeutic taolgheir own right with a number of
Fab fragments already approved for use in the ccl{ivioon et al, 2010), but also
represent important model systems for the studhefproperties of antibody binding.
The small size compared to the full antibody (~ kB@), or even the Fab (~ 50 kDa),
makes the scFv (~ 27 kDa) an attractive model syste study by NMR. The work
reported in chapter two describes the cloning, @gon and purification of
isotopically labelled scFv proteins in a highlyie##nt small volume method allowing
the generation of NMR samples from less than fieeeent of the BO required for the
equivalent traditional methods for 1189scFv. Thistimd was adapted to include the
use of unlabelled amino acids in otherwise unifgriabelled>N/**C/"H samples to
provide further information for the reliable det@nation of sequence specific
backbone assignments in an efficient and cost tefeeananner. Chapter two also
describes the equilibrium between monomeric ancedarstates of 1189scFv at a range
of protein concentrations. This tendency to multiseis a characteristic which has
previously prevented the collection of triple resonoe data from scFvs. In contrast to
reports in the literature, 1189scFv shows a sigaifily reduced multimerisation
dependence on concentration and, as far as careteeminhed from the available
literature, has allowed for the first time the ection of high quality, assignable
backbone triple resonance data for a scFv in tiserade of its antigen. These differing
characteristics may be due to subtle differencésanresidue composition of the My

interface that may be beneficial for the studyhafsie proteins by NMR.
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Chapter three describes the collection and anabfsiegh quality NMR spectroscopy
data which allowed detailed structural comparisoh4189scFv in both the presence
and absence of its antigen, IL-6. Backbone assigtsni@gh, N, Ca, Cp and C) were
produced to a high level of completeness for thee fand IL-6 bound scFv.
Interestingly, missing assignments were primardy fegions on the CDR3 loops of
both the \V and \j; domain. This indicates, as seen previously forstE® and Fab
(Hall, 2009; Wilkinson, 2009), that the CDR3 loopge involved in intermediate
exchange between a limited number of conformatamm$ may indicate a stabilisation
upon binding. In contrast to data gathered forl@f& fragments and IL{1, the signals
for the unassigned CDR3 residues were still undeide upon binding suggesting that
an intermediate exchange may remain even in thendatate. This interesting
observation may reflect the structural nature e6las an antigen which demonstrates a
much greater plasticity within its structure th&rlB. This is also demonstrated by the
minimal shift analysis of 1189Fab and 1189scFv inigdo triply labelled IL-6 in
chapter 3, where chemical shift perturbations emesferred away from the binding site
to a significant proportion of the protein. In atih to the large chemical shift changes
observed for the CDR residues of 1189scFv, andurskt of perturbations were found
within the framework of the protein. A significargortion of these additional
perturbations were located on the residues comritie interface between the ¥nd
Vy domains. These chemical shift changes were showetmuch larger than those
observed on the antigen binding site in the aathalmical shift analysis performed in
chapter three, suggesting a significant changd@mical environment caused by a re-
orientation of the domains. While this informatidoes not provide the precise details
on what structural changes are occurring, the pettef chemical shift changes show

many similarities to the data observed for the IG8 system used by Hall (2009) and
219



Wilkinson (2009), indicating a similar conformatainchange. This similarity of
structural change, despite the use of an antiganighstructurally very different, led to
the hypothesis that this domain movement may be oaserved feature of
antibody/antigen interactions, and may point to itmlthl functionality within the

molecule. These results may help to explain theigaqur understanding of the way in
which antigen binding, particularly when in a moat@ant form, leads to the initiation

of signalling through the B-cell receptor.

Chapter four describes a series of NMR experiméessgned to test essential elements
of a model of B-cell signalling developed previgustithin the group (Hall, 2009),
involving an interaction between the Fab and Factiig regulated by antigen binding.
The results observed were assessed, taking intuatboth the proposed model and
results from other recent investigations into th#idtion of BCR signalling, which
have led to two potential models of their own (Taaal, 2009; Yang and Reth, 2010).
The IC8FalIL-1p/Fc system was used to investigate this as it coedaall the
domains present in the full antibody with comprediem backbone resonance
assignments previously determined for the' Ratlecule (Hall, 2009). The experiments
described in chapter 4 revealed a weak interattgiween the Faland Fc, represented
by a reduction in the signal to noise of a specsiubset of backbone amide NMR
signals. Interestingly, the intensity of the afégtisignals was no longer affected when
antigen was bound to the Fabdicating a weakening of the F&fc interaction. These
experiments shed the first light onto a potenti@igen regulated interaction that may
be involved in BCR signalling and provide the fisstuctural data specifically looking
at an interaction between this combination of adibfragments. There is also further
evidence within the literature which indicates tlsatuctural changes occur within

whole antibodies upon binding. Small angle x-rayatseing data observes
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experimentally significant changes in the dynamésl volumes of the observed
proteins upon antigen binding (P&t al, 1973; Pilzet al, 1977, Pilzet al, 1980). More
recent evidence also observes changes in the manmdrich antibodies interact with
each other, highlighting the ability of antibodiesform dimers at high concentrations
(Mosbaek et al 2012). Whilst circulating antibodies will unlikel ever reach
concentrations such as these, it is possible telifed high concentrations may be
formed on the surface of a B-cell. Other researchoi the flexibility of antibodies,
particularly regarding the Fab-Fab and Fab-Fc angémmes from a number of
techniques. The crystallisation of whole antibodgeparticularly difficult due to the
nature of the linker regions between the Fab andaiadt subsequently only a few
structures have been published. These highly flexibnstructured regions are often
missing from electron density maps and allow thésFeo occupy multiple angles,
disrupting the formation of high quality crystalhere are however a few examples of
antibody crystal structures for antibodies suchhaman IgG1l (Harriset al 1998;
Saphireet al, 2001) and mouse IgG2A (Harms al, 1997) that often contain modified
linker regions to aid stability. These structurenerally represent the antibody as a
distorted T shape with a Fab-Fab angle approach8®° in some cases, which is
consistent with the small angle x-ray scatteringadi#espite the modified linkers. A
more recent study, using IgGl with an intact hinggion, also confirms this
observation but demonstrates the extreme flexjbieind asymmetry that these
molecules display (Saphiet al, 2002). FRET data has been gathered to deduce the
distance between the ends of the Fab and the &etéomine the flexibility and overall
shape of antibodies (Zhemg al, 1992). It was noted in this study that the averagd

to end distance for the Fab and Fc was signifigdais than that expected for a planar

T or Y shape. Cryoelectron microscopy and tomogyagtperiments have also been
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used to attempt to determine the overall shapeflantbility of the antibody molecule.
Whilst some experiments demonstrate that Fab fratsnare able to bend quite far
back towards the Fc (Roust al 1997), others favour the more classical Y shape
(Bongini et al, 2004). Both the FRET and cryoelectron microscoybgraphy data
both show a large variance in angle around the nfaaher highlighting the flexibility

of the linker region. Despite the data in thisdidleing relatively sparse, and in some
cases conflicting, there is significant evidencatthuggests that the Fab is at least
sufficiently flexible to interact with an Fc, evehnot for the same antibody then a
neighbouring one, potentially supporting the resolitlined in this chapter. The results
presented are the first steps into determining ahar@sm for the initiation of B-cell
signalling. The continued development of the mogetgposed hinges quite heavily on
the ability to identify a binding site for the inéetion that has been observed between
the Fab and the Fc. This is particularly importimtthe determination of whether the
structural changes observed upon binding are indespdred for signalling, or whether
other processes may be involved, such as sterdrdmnoe by antigen binding, that
regulate the interaction. Further NMR experimengng paramagnetic relaxation
enhancers may be useful for determining the exax@tion of a binding site by NMR.
These agents are useful for the identification ioflimg sites for weak and transient
interactions, particularly on large molecules whe&@mplex NMR data may be
unavailable. Work using FRET fluorophores attacteethe Fab and Fc that mirrors the
NMR experiments already performed may also procioigfirmation as to whether the
distance between them is regulated by antigen mgndDther experiments, such as
mutational or blocking studies using cell surfaeparter assays, may also provide

insight into the mechanics of this system.
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The work presented in this thesis outlines invesioys into the structural properties of
antibody/antigen interactions, including the bebaviof the CDR loops, the re-
orientation of the variable domains and the discpwd a potential, antigen regulated,
interaction between the Fab and Fc, that may infthme current models of BCR

signalling and antibody behaviour when expressedthan surface of B-cells. In

addition, NMR is shown to be a very useful and higiensitive tool for the observation
of these proteins in an efficient and reliable nanrcapable of identifying subtle
changes within the protein structure. The reswdtscdbed in this work point to exciting
future studies by both NMR and other techniquesit tmay lead to the further
development of antibody molecules as therapeutidsthe determination of a precise

and structurally informed model for the activatmfB-cell signalling.
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Appendix

A.1 — Isotopic Labelling Media

A.1.1 — Minimal Medium

The minimal medium for the expression of isotopicidbelled proteins in the standard
cell density expression protocols was made accgritirihe following protocol per litre

of media:

- 1.0g (NH;)-SO; (N if required)

- Add 100ml of 10x stock of PZNaCl

17g NaHPQO,
7.59 KHPO,
1.25g NaCl

Make up to 250m|

- Add 1ml of 1000x Ng5O, (0.3M)
- 4.269g in 100ml water

- Add 10ml 110x stock solution of EDTA trace elements

1g EDTA

Dissolve in 160ml water and adjust to pH7 with NaOH

0.32g MnC}

0.1g Fed

0.01g ZnC}
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- 0.002g Codl
- 0.002g Cudd
- 0.002g HBO3
- Adjust to pH7 and make up to 200m|

- Add 864ml water, autoclave and allow to cool.

- Add 1ml of 1000x filter sterilised MgS1M)
- 24.69g MgSQ.7H,0 in 100ml water

- Add 1ml of 1000x filter sterilised Cag(0.3M)
- 4.4g CaCJ.2H,0O in 100ml water

- Add 1ml of 1000x filter sterilised d-Biotin
- 10mg of d-Biotin in 10ml 50% ethanol

- Add 1ml of 1000x filter sterilised Thiamine (Lighénsitive)

- 10mg of Thiamine in 10ml water

- Add 20ml of 50x (4 gt) autoclaved glucosé*Cs D-glucose if required)
- 20g of glucose in 100ml water

- Autoclave

- Add appropriate antibiotic

For the expression of deuterated protein using rtieshod replace allincluding any
used to make the individual reagents) water witltelgum oxide and filter using a 0.22

um filter rather than autoclaving after the additafrEDTA trace elements.
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A.1.2 — High Density Labelling Medium

The minimal medium for the expression of isotogicklbelled proteins in the high cell
density expression protocols was made accordirigedollowing protocol per 100 mi

of media:

- 50mM NaHPQO, (0.719)
- 25mM KH,POy (0.349)

- Add 1ml 100X NaCl (1M)
- 5.84gin 100ml

- Add 1ml 100X MgSQ (0.5M)
- 12.3gin 100ml

- Add 1 ml 100X CaGl(0.02M)
- 0.29g in 100ml

- Make up to 90ml with water (or ) and adjust to pH 8.0-8.2

- Add 100ul Metals
- 12.5mM FeC.7H,O (0.338Q)
- 5mM CaCh.2H,O  (0.073Q)
- 2.5mM MnCb.4H,O (0.0509)
- 2.5mM zZnSQ.7H,O (0.0729)
- 0.5mM CoC}.6H,0 (0.012g)
- 0.5mM CuC}.2H,0 (0.0085g)
- 0.5mM NiCh.6H,0O (0.012g)
- 0.5mM NaMoO, (0.0129)
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- 0.5mM NaSeQ (0.00769)
- 0.5mM H;BO; (0.0030g)
- Make up to 100m|
- Add 0.25ml 100x BME vitamins (Sigma)
- Add 0.1g NHCI (or >"NH,CI if required)
- Add 1g glucose (oF*Cs glucose if required)

- Add appropriate antibiotic

- Top up to 100ml with water (orJD)

This expression medium cannot be autoclaved antl faiim a white precipitate
prohibiting filtration. This appears to be normaldathe precipitate will re-dissolve
during expression. If deuteration is required, sticks must be made in deuterium

oxide in place of water.
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A.2 — Chemical Shift Index Data

A.2.1 — Sequence Specific Assignments for 1189scFv

Residue C’

D1 172.4
12 175.8
Q3 175.2
M4 176.5
5 174.2
Q6 175.6
S7 -

S9 175.5
S10 172
L11 174.2
S12 173.6
Al13 174.9
S14 173.9
V15 177.8
G16 174.8
D17 174.4
R18 176.7
V19 173.7
T20 174
21 174.6
T22 174.3
C23 171.1
L24 176.3
A25 178.9
S26 173.5

Ca

53.1
62.52
54.96
51.54
61.81
54.19
55.41
60.96
57.02
54.85
56.13
50.77
57.1
64.85
44.28
54.58
54.19
59.36
60.89
60.06
60.9
55.69
52.75
49.96
60.41

Cp

38.87
36.81
29.46
29.58
70.25
30.69
64.81
62.95
64.85
45.04
63.89
22.66
64.39
30.75
41.12
30.87
35.07
71.26
40.37
70.61
43.86
43.51
22.67
62.56

9.222
8.849
8.996
9.635
9.78

8.895

7.799
8.924
8.515
8.813
8.746
8.498
10
7.996
8.163
8.431
8.052
9.339
8.991
9.103
9.161
9.295
8.326
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123.4
130.4
124.9
120

128.1
117.7

115.3
124.3
119

126.9
115.9
122.3

117.5

121.8
119.7
121.4
116.8
128.8
1194
127.5
127.6
127.2
114



Residue C'

E27
G28
129
S30
N31
D32
L33
A34
W35
Y36
Q37
Q38
K39
P40
G4l
K42
A43
P44
K45
L47
148
Y49
D50
A51
T52
R53
L54
Q55
D56
G57
V58
P59

173.2
174.8
175.4
173.7
175.2
173.6
174.7
176

175.9
174.7
174.2
175

178.4
174

175.6

175.4
173.4

178.8
179.8
175.6
174

178.5
175.6
177.3
174.6

176.6

Ca

53.65
46.47
59.53
58.3
52.62
53.14
52.21
49.08
55.48
56.09
54.1
54.85
58.66
63.77
45.5
53.01
50.05
63.06
59.89
54.74
57.56
54.44
55.4
57.42
60.59
55.41
55
55.06
56.25
44.98
60.31
61.38

Cp

32.37

38.32
61.1
36.87
37.78
44.5
22.8
33.32
42.45
31.95
37.22
31.67
30.65

34.34
18.39
33.08
33.01
44.82
43.36
39.82
38.69
19.29
71.45
28.09
42.33
28.25
40.4

32
35.46

7.536
8.189
8.436
8.303
8.351
8.186
7.794
8.811
8.612
9.82
9.226
9.083
8.328

8.804
8.011
8.18

8.425

7.064
9.031

9.266
8.839
8.556
8.217
8.199
8.26
8.7
7.877
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117
103.9
117.5
115.9
120.7
120.9
125.6
127.5
115.5
117.6
121.6
127
128.2

113
119.6
121.5

1135

117
122.5

114
107.7
125
124.8
125.8
124.9
112.6
125.3



Residue C'

S60
R61
F62
S63
G64
S65
G66
S67
G68
T69
D70
F71
T72
L73
T74
175
S76
S77
L78
Q79
P80
ES1
D82
F83
A84
T85
Y86
Y87
C88
Q89
Q90
so1

174.4
176

174.2
173

172.7
174.2
171.8
174.4
172.4
173.6
173.8
175.9
172.6
174.7
173.4
176.2
174.1
177.3

178.5
176.5
177.6
174.2
174.9
173.2
176.8
175.4
173.6
174.5
175.7

Ca

59.88
56.73
58.05
56.95
43.55
57.13
44.84
58.02
46.99
61.34
53.52
53.6
60.64
52.92
59.8
59.69
59.61
56.85
56.28
52.48
66.25
57.23
54.54
60.06
51.29
61.98
56.57
57.4
52.78
54.44
53.82

Cp

62.94
28.28
39.55
65.14

65.79

64.36

70.72
41.56
33.37
71.43
41.41
69.3
37.9
62.75
62.12
42.37
28.72
31.16
27.98
40.77
37.21
20.12
68.68
41.34
43.7
44.55
32.76
29.81

8.543
7.063
7.739
8.686
9.043
8.928
8.419
6.95
9.08
8.195
7.004
8.625
8.531
8.754
8.908
8.617
8.647
8.648
9.107
9.414
8.332
7.225
8.024
8.075
8.855
9.438
7.712
8.795
8.778
8.886
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117.4
116.3
120.5
112.1
112.3
114.4
111.8
109.1
112.6
112.8
120.8
123.1
113.9
126.9
118.4
126
120.8
123.8
123.6
113.7
119.8
121.2
127.6
114.8
124.4
120.3
115.7
122
128
117.6



Residue C'

Y92
K93
Y94
W96
T97
F98
G99
Q100
G101
T102
K103
L104
E105
1106
K107
R108
T109
G110
G111
S119
G120
Gl21
S124
G125
G126
G128
S129
E130
V131
Q132
L133
V134

175.4
174.5
175.9
172.5
178.5
173.8
176.4
172.4
174

173.7
175.3
174.5
176.5
176.3
176.4
175.2
175.2
175.5
174.6
173

172.7
174.4
174.7
176

175.7
173.9
175.6

Ca

54.06
54.09
60.35
59.67
55.88
44.69
57.34
44.71
61.43
56.22
53.94
54.19
59.72
56.31
55.78
61.29
45.01
45.03
58.28
45.06
56.88
43.45
45.07
57.92
56.72
62.72
54.91
53.57
61.86

Cp

43.04
32.68
37.76

72.01
43.15

27.15

72.09
32.68
43.15
32.18
37.84
32.15
29.94
69.48

63.84
29.46
31.3
31.61
42.8
34.1

H

9.068
7.965
7.238
8.837
9.057
8.923
7.027
8.111
8.395
8.747
8.999
7.805
8.349
8.482
8.179
8.447
8.445
8.519
8.357
9.039
8.926
8.253
8.703
7.728
8.39
8.348
8.55
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N

125
122

111.2
118.4
107.4
116.7
106.9
118
129.4
129.6
125.3
122
128.2
124
114.8
110.9
109.1
110.7
115.7
112.3
114.3
115.3
123.2
120.6
126
124.8
120.8



Residue C’ Ca Cp H N
E135  176.8 56.76 30.4 - .
S136 173.6 57.72 654  9.404 1145

G137 1744 4462 - 8.572 107.5
G138 173.1 4514 - 7.619 105.7
G139 170.8 4463 - 7.411 107.2

L140 176.8 54.07 424 8.097 122.8
V141 173.2 59.37 34.79 9.025 123.9

Q142 - 53.51 27.33 8.202 122.3
P143 1778 63.49 30.3 - -
G144 - 4468 - 9.78 114.1
G145 170.6 4429 - 8.166 -

S146 173.1 56.25 66.84  7.853 109.8
L147 1736 5435 46.71  8.629 122
R148 175.6 54.18 31.68 8.076 122.4
L149 177.1 52.83 4275 8.864 126.5
S150 173.1 56.72 66.47  8.547 113.8
C151 1716 53.61 4219 9.048 122.9
A152 176.4  50.67 19.62 8.665 130.5
A153 176.4 50.21 2321 8315 126.8
S154 1744 5754 6541  8.926 114.2
G155 1734 4536 - 8.643 107.5
F156 1735 5445 3941  7.327 112.3
T157 1746 6204 67.39 9.268 118.4
F158 176.1 61.02 39.7 8.441 133.3
N159 1735 5391 36.93 8.352 110.5
D160 176.2 54.3 41.9 7.576  115.6
Y161 176.1 56.87 3552 7.238 114
D162 - - - 8.312 118.7
M163 1744 5143 3577 - -
Al64 175.8 531 23.32 9.27 121.5
W165 1751 57.44 3427 8.899 114
V166 173.1 6058 35.08 9.363 122.9
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Residue
R167
Q168
A169
P170
G171
K172
G173
L174
E175
W176
S179
1180
T181
P182
S183
G184
G185
G186
T187
Y188
Y189
R190
D191
S192
V193
K194
G195
R196
F197
T198
1199
S200

C'
173.9
175.4

178.4
174.3
176.4
173.4
176.7
175.4

174
174.7

176.6
176.7
173.9
173.3
171.7
172.5
174.1
176.4
177.7
179.1
175.6
175.4
177.8
174

175.9
175

174.7
171.6
171.8

Ca
52.75
55.4
52.54
63.93
45.26
54.17
44.34
54.01
55.19
60.12
58.45
57.25
60.5
66.56
58.33
44.23
45.61
43.84
58.31
55.86
56.98
55.75
58.3
59.92
59.69
58.06
45.1
56.97
52.27
60.97
58.52
57.91

Cp
35.16
37.93

19.25
30.78

33.37

41.12
32.94
28.03
61.83
41.64
69.62

64.08

71.53
40.57
42.86
28.53
39.9

62.39
30.32
31.61

29.77
38.65
71.42
40.81
65.31

9.303
8.588
8.865

8.783
8.423
8.036
6.357
9.13
10.14

8.637
8.647

7.996
8.13
8.045
7.677
7.769
8.299
8.868
8.005
9.472
8.259
7.503
7.348
9.166
7.656
7.879
8.987
9.49
8.486
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122.5
120.8
130

112.7
1195
106.1
118.1
121.2
130.4

1194
115.5

105.9
110.5
106.4
108.7
112.8
121.3
117.2
123
126.9
111.5
112.6
126
115.8
117.3
119.7
1131
132.7
118.4



Residue
R201
D202
N203
A204
K205
N206
S207
L208
Y209
L210
Q211
M212
N213
S214
L215
R216
A217
E218
D219
T220
A221
V222
Y223
C225
A226
E236
Y237
W238
G239
T242
M243
V244

C’
173
177.4
177.4
179
176.2
172.3
170.9
173.8
176.7
174.4
174.4
173
174.5
176.2
177.1
176.9
175.7
176
177
174.6
175.5
175.4

172.5

176
173.3
177.7

172.2
175.3
174.2

Ca
54.14
52.12
55.32
53.84
54.54
53.58

57.12
53.35
56.89
53.95
55.75
56.34
51.03
57.2
56.53
53.87
54.34
58.02
54.76
64.1
52.43
60.28
58.11
52.96
50.26
58.55
57.59
56.27
45.51
59.65
55.67
61.84

Cp
34.99
42.02
36.86
17.9
32.52
36.51
67.49
45.5
41.44
41.45
28.78
33.9
40.51
61.48
41.92
33.09
17.3
27.73
41.97
69.31
20.35
33.53

39.77
42.62

20
31.34
42.98
32.29

70.32
32.44
32.96

9.411
9.097
9.528
8.51
1.27
7.801
7.115
8.887
8.41
8.662
8.728
8.522
7.887
8.559
8.13
9.574
9.254
9.12
8.493
7.827
9.309
8.053
9.199

8.604

7.175
8.752
8.856
7.859
8.6
8.936
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116
120.2
124.4
122.4
114.9
119
107.8
125.9
118.4
123
125.1
124.2
119.9
1111
118.9
120.7
129.5
114.3
118.3
120.2
128.2
118.4
126.9

124.1

1114
121.7
109.8
109.8
128.4
129.9



Residue C' Ca Cp H N

T245 1721 6162 69.46 8.401 123.4
V246 176 59.74 30.36 8.445 128.3
S247 173.9 57 64.52  8.493  119.7
S248 1743 58.1  63.81 864 1194
H249 176 55.71 29.82 8.45 1225
H250 - 63.28 31.13 7.93 1226
H251 1765 6021 - - -

H252 1761 561 3222 8223 128.4
H253 1764 555 299 8591 1259
H254 - 59.09 49.36 8.209 119.8

A.2.2 — Sequence Specific Assignments for 1189stlEomplex with IL-6

Residue C’ Ca Cp H N

D1 172.4 53.13 3895 - -

12 175.8 62.65 36.84 0.117 123.4
Q3 175.2 5498 29.44 8856 131.3
M4 1765 5153 2971 8.965 1258
5 1743 61.84 7021 9592 120.6
Q6 175.7 5421 30.63 9.741 128.8
s7 - 55.44 6471 8.841  118.2
P8 176.1 62.88 - - -

S9 1755 60.96 62.88 9.105 116.2

S10 172 57.07 64.64 7.742 115.7
L11 1742 5493 4511  8.861 124.7
S12 173.6 56.17 63.73  8.456 119.5
Al3 1749 50.81 22.76  8.752 127.5
S14 1739 57.18 64.19 8.688 116.3
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Residue C' Ca Cp H N

V15 177.8 64.87 30.79 8438 122.8
G16 174.8 4434 - 9.936  117.9
D17 1743 5468 412  7.936 122.3
R18 176.7 54.23 30.93 8107 120.2
V19 173.7 59.4 3514 8378 121.9
T20 1732 60.89 7111 7.99  117.2
121 1746 60,51 4024 9.153 126.1
T22 174.4 62.01 7095 8953 119.9
C23 171.1 55.82 47.77 9576 1254
L24 176.3 52,79 435  9.09 128
A25 178.9 50.01 22.76 9.237 1275
S26 173.4  60.37 6245 8202 114.4
E27 173.2 53.67 3249 7.426 117.7
G28 1748 4661 - 8.108 104.4
129 175.1 59.49 3846 8.405 1184
S30 173.7 58.84 60.77 8.267 116.2
N31 1747 51.61 38.03 8.244 1215
D32 174.1 5454 39.08 8.471 123.6
L33 1745 5243 4421 7.835 126.8
A34 175.8  49.04 - 8.753 128
W35 1759 5562 33.68 8.618 116.4
Y36 1747 56.27 42,79 9.745 117.8
Q37 1742 5343 3427 9.162 121.9
Q38 175 547  31.05 9579 128.9

K39 - 5438 30.59 911 133.3
P40 1784 63.82 30.68 - -

G41 174 4553 - 8.764  113.6
K42 1755 53.08 3439 7.953 120.2
A43 - 50.07 18.43 8.084 121.7
P44 172.8 6191 - - -

K45 176.1 54.02 3543 8.322 118.1
L46 - 55.98 41.25  8.965 128.3
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Residue C'’

L47
148
Y49
D50
A51
T52
R53
L54
Q55
D56
G57
V58
P59
S60
R61
F62
S63
G64
S65
G66
S67
G68
T69
D70
F71
T72
L73
T74
175
S76
S77
L78

175.4
173.4
179.3
179.8
175.6
175.5
178.4
177.3
174.5
177

174.4
176

174.1
172.9
172.6
174.1
171.7
174.6
172.3
173.5
173.8
175.9
172.6
174.7
173.4
176.1
174.1
177.3

Ca
54.82
57.63

54.45
55.49
57.51
60.59
55.45
55.07
55.05
56.3
45.05

60.38
63.08

59.93
56.82
58.05
56.99
43.57
57.14
44.85
58.1
47.11
61.4
53.54
56.84
60.34
53.07
60.85
59.78
59.66
56.9
56.28

Cp
44.9
43.61

40.34
40.94
19.13
71.47
28.13
42.43

28.14
40.33

32.11
33.07
62.6
28.38
39.56
65.08

65.63

64.37

70.83
41.62
41.97
72.39
40.63
70.13
37.84
62.8

62.02
42.5

6.958
8.917

9.164
8.621
8.444
8.125
8.165

8.651
7.837

8.362
6.998
7.654
8.629
8.978
8.881
8.354
6.876
9.103
8.076
6.911
8.69
8.894
8.715
8.935
8.564
8.588

8.588
237

117.5
123.1

114.8
107.1
125.6
125.5
126.9

113
125.9

113.9
116.8
121
112.6
112.7
114.9
112.3
109.4
113.4
113
121.4
122.6
113.9
127.5
123.6
126.4
121.2

124.2



Residue C'’

Q79
P80
E81
D82
F83
A84
T85
Y86
Y87
C88
Q89
Q90
T97
F98
G99
Q100
G101
T102
K103
L104
E105
1106
K107
R108
T109
G110
G111
S124
G125
G126
G127
G128

178.4
176.5
177.6
174

174.9
173.2
176.9
175.4
173.3
174.5
172.3
178.4
173.8
176.4
172.4
174

173.7
175.4
174.5
176.5
176.3
176.4
175.2
175

175.3
174.5
174.4
174.3

Ca

52.46
66.21
57.3
54.68
60.08
51.38
61.92
56.61
57.52
52.79
54.12
52.94
59.8
55.84
44.74
57.43
44.72
61.43
56.36
54.03
54.27
59.77
56.34
55.95
61.27
45.11
58.26
45.08
44.65
45.13

Cp

28.82
31.21
28.03
40.75
37.15
20.2
68.66
41.41
43.84
44.44
33.47
27.72
71.88
43.13

27.22
72.26
32.6

43.2

32.24
37.94
32.21
29.99
69.45

H

9.055
9.349
8.272
7.163
8.054
7.993
8.82
9.324
7.63
8.923
8.395
8.751
9.002
8.897
6.953
8.062
8.342
8.704
8.94
7.756
8.305
8.428
8.121
8.373
8.387
8.304
8.49
8.303

7.546
238

N

124.1
1141
120.3
121.7
127.6
115.2
124.9
120.6
116
122.3
124.6

118.7
107.9
117.4
107.4
118.6
130
130.1
125.9
122.5
128.7
124.4
115.2

1114

1

09.5
116

111.2

1

16

106.2



Residue C'’

S129
E130
V131
Q132
1133

V134
E135
S136
G137
G138
G139
L140

V141
Q142
P143
G144
G145
S146
L147

R148
1149

S150
C151
A152
A153
S154
G155
F156
T157
F158
N159
D160

174.6
176

175.6
173.9
175.5
176.5
176.8
173.6
173.1
170.8
176.7
173.2

177.7

170.6
173.1
173.6
175.6
177

173.1
171.6
176.4
176.4
174.3
173.4
173.5
174.8
176.2
173.8
176.8

Ca

57.94
56.82
62.81
54.97
53.58
61.94
56.79
57.72
44.66
45.24
44.68
54.11
59.43
53.56
63.49
44.76
44.31
56.29
54.41
54.27
52.87
56.71
53.57
50.75
50.27
57.62
45.42
54.55
62.31
61.08
53.31
54.91

Cp

63.72
29.55
31.45
31.69
42.85
34.1

30.49
65.25

42.43
34.86

27.43
30.43

66.66
46.77

31.79
42.69

66.32
41.93
19.54
23.29
65.28

39.59
67.79
39.7

36.23
43.24

8.2
8.67
7.657
8.347
8.258
8.469
10.52
9.353
8.511

7.343
8.039
8.968
8.145

9.722

7.795
8.575
8.015
8.799
8.773
9.166
8.598
8.208
8.891
8.622
71.222
9.124
8.433
8.317
7.567

239

115.8
123.7
121
126.4
125.3
121.3
132.6
115
108

107.7
123.2
124.4
122.8

114.6

110.2
122.5
122.9
127
114.2
123.5
131
127.4
114.8
108
112.1
118.9
134.1
111.6
115.3



Residue C'’

Y161
D162
M163
Al64
W165
V166
R167
Q168
Al169
P170
G171
K172
G173
L174
E175
W176
V177
Al78
S179
1180
T181
P182
S183
G184
G185
G186
T187
Y188
Y189
R190
D191
S192

174.7
174.1
174.3
175.8
175.5
173

173.9
175.4
178.3
174.7
176.4
173.4
176.8
175.4
174.3
172.9
176

171.8
173

176.7
177

173.7
173.1
171.4
172.6
174.2
177

177.5
179.1
175.6

Ca

58.21
54.14
51.36
50.46
55.54
60.6
52.49
54.23
50.42
64.01
45.58
54.2
44.27
53.97
55.21
60.11
63.16
51.48
59.65
57.79
61.11
66.87
59.62
43.83
46.16
42.96
58.45
55.71
57.3
55.9
58.48
59.94

Cp

41.5
35.59
25.28
32.44
32.78
32.25
17.02
30.85

33.33
41.24
32.97

22.28

41.2
66.3

63.75

71.69
40.75
42.75

28.54
40.03
62.22

H

7.322
8.508
7.935
9.263
8.746
9.463
9.684
8.955
9.447
8.578
8.224
8.079
6.442
9.082
10.13
7.953
6.91
9.233
9.209
8.333
9.042
8.091
8.158
7.679
6.9
8.299
9.532
7.915
9.384
8.236

240

114.8
123.1
119
122
114.3
125.2
124.8
121.3
136.7

113.3
121
106.6
118.7
121.9
131.1
125.8
115.7
115.7
121.3
118

108.1
112.1
106.8
106.7
112
120.4
118.4
123.4
127.6
111.9



Residue C'’

V193
K194
G195
R196
F197
T198
1199
S200
R201
D202
N203
A204
K205
N206
S207
1208
Y209
L210
Q211
M212
N213
S214
L215
R216
A217
E218
D219
T220
A221
V222
Y223
C225

175.3
177.7
174

175.8
175

174.7
171.5
171.7
172.9
177.4
177.3
178.9
176.1
172.3
170.9
173.8
176.7
174.3
174.4
173

173.5
176.2
177.1
176.9
180.7
176

177

174.7
175.5
175.4

172.4

Ca

59.73
57.98
45.21
56.99
52.23
60.94
58.6
57.92
54.12
52.15
55.28
53.86
54.68
53.62
57.11
52.75
56.41
53.76
54.55
54.54
51.01
57.38
56.55
53.61
55.79
58.01
54.84
64.19
52.68
62.61
58.23
53.02

Cp

30.35
31.63

29.88
38.66
71.41

65.12
35.06
42.04
37.18
18.02
32.59
36.42
67.4
46.83
41.63
42.05
28.5
34.52
40.5
61.44
41.89
33.48
17.51
27.75
41.93
69.43
21.09
31.89

42.27

H

7.385
7.269
9.125
7.598
7.85
8.9
9.407
8.413
9.381
9.055
9.452
8.51
7.237
7.714
7.069
8.835
9.226
8.591
8.953
8.85
7.807
8.504
8.077
9.522
9.035
9.049
8.439
7.763
9.255
7.831
9.146

241

113
126.4
116.3
117.8
120.2
1135
1331
118.9
116.5
120.6
124.6
122.9
115.5
119.2
108.4
126.3
122.3
123.3
129.1
127.7
120.3
111.5
1194
121.2
125.6
114.8
118.8
120.6
128.8
1195
127.4



Residue C'’

A226
R227
T231
L232
Y234
F235
E236
Y237
w238
G239
Q240
G241
T242
M243
V244
T245
V246
S247
S248
H250
H251
H252
H253
H254

174.4

173.3
174.3
174.4
176

173.2
177.8
173.1
176.3
172.2
175.3
174.1
172.1
176

173.8
176.5
175.6
173.4

Ca

50.17
53.91
60.49
53.09
58.05
55.83
58.69
57.55
56.25
45.56
56.42
44.94
59.72
55.73
61.91
61.66
59.8
57.04
58.25
56.48
61.87
59.71
56.85

Cp

19.95

69.35
44.85

37.56

43.12
32.19

70.31
32.31
32.96
69.51
30.33
64.34
63.85

H

8.584
8.37

6.534
8.414
8.055
7.06
8.65
8.831
8.904
6.932
8.525
8.981
8.337
8.385
8.435
8.582
8.017
7.179
6.728

242

124.9
122.1

120.1
123.2
126.2
111.4
122.2
110.5
116
104.1
130.5
130.5
123.9
128.7
120.2
119.8
121.2
112.4
113.8



A.3 — Protein Sequences

A.3.1 —1189scFv

MKKTAIAIAVALAGFATVAQADIQMTQSPSSLSASVGD
RVTITCLASEGISNDLAWYQQKPGKARKLLIYDATRLQD
GVPSRFSGSGSGTDFTLTISSLQPEBTYYCQQSYKYP
WTFGQGTKLEIKRTGGGGSGGGGSEIGSGGGEGGSEVQL
VESGGGLVQPGGSLRLSCAASGFTHD\YDMAWVRQAPG
KGLEWVASITPSGGGTYYRDSVKGRFISRDNAKNSLYL
QMNSLRAEDTAVYYCARHGYTLDYFEWGQGTMVTVS

SHHHHHH

A.3.2 — 1189Fab

>V C,

MKKTAITAIAVALAGFATVAQADIQMTQSPSSLSASVGD
RVTITCLASEGISNDLAWYQQKPGKRKLLIYDATRLQD
GVPSRFSGSGSGTDFTLTISSLQPEBTYYCQQSYKYP
WTFGQGTKLEIKRTVAAPSVFIFPPBEQLKSGTASVVCL
LNNFYPREAKVQWKVDNALQSGNSQEVTEQDSKDSTY
SLSSTLTLSKADYEKHKVYACEVTHGLSSPVTKSFNRG

EC

243



>VhChi

(MKKTAIAIAVALAGFATVAQAEVQLVESGGGLVQPGGS
LRLSCAASGFTFNDYDMAWVRQAPGKLEWVASITPSG
GGTYYRDSVKGRFTISRDNAKNSLYDMNSLRAEDTAYV
YYCARHGYTLDYFEYWGQGTMVTVSASTKGPSVFPLA
PSSKSTSGGTAALGCLVKDYFPEPWISWNSGALTSGVH
TFPAVLQSSGLYSLSSVVTVPSSSLITYICNVNHKPSN

TKVDKKVEPKSC

A.3.3 - IC8Fab

>V C,

MKKTAITAIAVALAGFATVAQADIQMTQSPSSLSASVGD
RVTITCRTSGNIHNYLTWYQQKPGKARQLLIYNAKTLAD
GVPSRFSGSGSGTQFTLTISSLQPEEABNYYCQHFWSLPF
TFGQGTKVEIKRTVAAPSVFIFPPSPQLKSGTASVVCLL
NNFYPREAKVQWKVDNALQSGNSQEWBWTEQDSKDSTYS
LSSTLTLSKADYEKHKVYACEVTHQGSSPVTKSFNRGE

C

244



>VhChi

(MKKTAIAIAVALAGFATVAQAEVQLVESGGGLVQPGGS
LRLSCAASGFDFSRYDMSWVRQAPGKLEWVAYISSGG
GSTYFPDTVKGRFTISRDNAKNTLYQMNSLRAEDTAVY
YCARQNKKLTWFDYWGQGTLVTVSSSATKGPSVFPLAP
SSKSTSGGTAALGCLVKDYFPEPVT¥WNSGALTSGVHT
FPAVLQSSGLYSLSSVVTVPSSSLAQITYICNVNHKPSNT

KVDKKVEPKSCDKTHTCAA

A.3.4 - 19G1 Fc

KTHTCPPCPPELLGGPSVFLFPPKBRLMISRTPEVTCV
VVDVSHEDPEVKFNWYVDGVEVHNAK KPREEQYNSTY
RVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKA
KQPREPQVYTLPPSRDELTKNQVSIOLVKGFYPSDIAV
EWESNGQPENNYKTTPPVLDSDGSENSKLTVDKSRW

QQAGNVFSCSVMHEALHNHYTQKSLSEPGK

(Sequence for single chain, Fc exists as a dimer)
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A.3.5-IgE Fc

VASRDFTPPTVKILQSSCDGGGHFHPARQLLCLVSGYTPG
TIQITWLEDGQVMDVDLSTASTTQEGLASTQSELTLSQ
KHWLSDRTYTCQVTYQGHTFEDSTKRKADSNPRGVSAY
LSRPSPFDLFIRKSPTITCLVVDLAPKGTVQLTWSRASG
KPVNHSTRKEEKQRNGTLTVTSTLPB@TRDWIEGETYQC
RVTHPHLPRALMRSTTKTSGPRAAPEYAFATPEWPGSR
DKRTLACLIQNFMPEDISVQWLHNEWLPDARHSTTQPR
KTKGSGFFVFSRLEVTRAEWEQKDEIKERAVHEAASPSQ

TVQRAVSVNPGK

(Sequence for single chain, Fc exists as a dimer)
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A.4 — Kabat Numbering of Variable Domains

A.4.1-1189

74
75
76
77
78
79
80
81

82

83
84
85

86

87

88
89
90

91

92
93
94

95
96

97

98

99
100
101
102
103
104

103
106
107

108
109

L74
L75

L76
L77
L78

L79

L80
L81
L82

L83
L84

L85
L86
L87

L88
L89
L90

L91
L92

L93

L94

L95
L96

L97

L98
L99

L100
L101
L102
L103
L104
L105
L106
L107
L108
L109

74
75
76
77
78
79
80
81

82

83
84

85

86

87

88

89

90
91

92

93
94

95

96

97

98

99

100| Q

101| G

102| T

103| K

104 | L

105| E
106

107| K

108| R

109| T

37

38
39

40

41

42

43

44

45

46

47

48

49

50
51

52

53
54

55
56

57

58

59

60
61

62

63
64
65
66

67
68
69
70

71

72
73

L37

L38
L39

L40
L41
L42

L43

L44
L45

L46

L47

L48

L49

L50
L51

L52

L53
L54

L55
L56

L57
L58

L59
L60
L61
L62

L63
L64

L65
L66

L67
L68
L69
L70

L71
L72
L73
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37

38

39

40

41

42

43

44
45

46

47

48

49

50
51

52

53

54
55

56

57

58

59

60
61

62
63
64
65
66
67
68
69
70
71

72
73

Fab

10
11

12
13

14
15

16
17
18
19

20
21

22

23
24
25

26
27
28
29

30
31

32
33

34
35
36

L1
L2

L3
L4

L5

L6

L7
L8
L9

L10
L11

L12
L13

L14
L15

L16
L17

L18
L19

L20
L21

L22

L23
L24

L25

L26
L27

L28
L29

L30
L31

L32
L33
L34

L35
L36

scFv | Res | Kabat

10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31

32
33
34
35
36




296
297
298

299
300
301
302

303
304
305
306
307
308
309

310
311

312
313

314
315

316
317

318
319

320
327
322

323

324
325
324
327
328
329

330
331

337
333

A
J

H81
H82

H82A
H82B

H82C
H83
H84

H85
H86
H87
H88
H89
H90
HI1

H92
H93

H94
H95

H96
H97
H98
H99

H100

H100A

H100B
H101

H102

H103

H104

H105

H106

H107

H108

H109

H110

H111

H112

H113

211| Q

212| M

213| N

214| S

215| L

216| R

217 A

218| E

219| D

220 T

221 | A

222| V

223 Y

224 Y

225| C

226 | A

227| R

228 | H

229| G

230 Y

231 | T

232 | L

233| D

234| Y

235| F

236| E

237 Y

238| W

239| G

240| Q

241| G

242 | T

243 | M

244 V

245| T

246 | V

247| S

248| S

255
256
257

258
259

260
261
262
263

264
265

266

267
268
269
270
271
272
273
274

275
276

277
278
279

280
281
282
283
284

285
286
287

288
289
290

291

2972
293
294
295

H41
H42
H43

H44
H45

H46
H47
H48
H49

H50
H51
H52

H52A
H53
H54
H55
H56
H57
H58
H59

H60
H61

H62
H63
H64

H65
H66
H67
H68
H69

H70
H71
H72
H73
H74
H75
H76

H77
H78
H79
H80

170| P

171| G

172 K

173| G

174| L

175| E

176 | W

177 V

178| A

179| S
180

181 | T

182 | P

183| S

184| G

185| G

186| G

187 | T

188 | Y

189 | Y

190| R

191| D

192| S

193| V

194 | K

195| G

196 | R

197 | F

198 | T
199

200] S

201| R

202| D

203| N

204 A

205| K

206 | N

207| S

208 | L

209 Y

210 L

Fab

215
216

217
218
219

220

221
222
223

224
225
226

2217

228§
229
230

231
232

233
234

235
236
237
238

239
240
241
242

243
244
245
246

247
248
249

250
251

252
253
254

H1

H2

H3

H4

H5

H6

H7

H8

H9

H10
H11
H12

H13
H14
H15
H16
H17
H18

H19
H20

H21
H22
H23
H24

H25
H26
H27
H28

H29
H30
H31
H32
H33
H34
H35
H36
H37

H38
H39
H40

scFv | Res | Kabat

130| E

131| V

132| Q

133| L

134 V

135| E

136| S

137 G

138| G

139| G

140| L

141 V

142| Q

143 | P

144 | G

145| G

146| S

1471 L

148| R

149 L

150| S

151| C

152 A

153 A

1541 S

155| G

156 | F

57| T

158 | F

159| N

160| D

161 Y

162| D

163| M

164| A

165| W

166 | V

167| R

168| Q

169 A

248



A.4.2-1C8

74
75

76
77
78

79

80
81

82

83
84
85

86

87

88
89

90
91

92

93

94
95

96
97

98
99

100
101
102
103
104

105
106
107

108
109

L74
L75

L76
L77
L78

L79

L80
L81
L82

L83
L84

L85
L86
L87

L88
L89
L90

L91
L92

L93
L94

L95
L96
L97

L98
L99

L100
L101
L102
L103
L104
L105
L106
L107
L108
L109

74
75
76
77
78
79
80
81

82
83
84
85
86
87

88
89
90
91

22| W
93
94
95
96
97

98
99
100| Q

101| G

102| T

103 | K

104| V

105| E
106

107 | K

108| R

109| T

37

38
39

40

41

42

43

44

45

46

47

48

49

50
51

52

53
54
55

56
57

58

59

60
61

62

63
64
65

66

67

68
69
70
71

72
73

L37
L38
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