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Abstract

T cell receptor proximal signalling represents a specifitance of a multisite phosphorylation
system. Receptor phosphorylation is regulated by the apgestions of the kinase LCK, and
phosphatases such as CD45 and CD148. Particular phospisofecruit the kinase ZAP-70,
which once bound, propagates downstream signalling. th#sis we investigate the func-
tional consequences of multiple phosphorylation siteherdbse-response profiles of receptor
phosphorylation. We combine mathematical modelling wéthutar reconstitution to assess the
effect of multiple modification sites on the potency and g#ity of receptor phosphorylation.
We find that multiple sites enhance the potency of receptosjpiiorylation, but do not alter the
sensitivity of dose-response profiles. This correlatiotwieen the number of sites and response
potency is consistent with a mechanism whereby phosphmylanediates an enhancement in
the enzymatic efficiencies of modification.
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Abbreviations and definitions

APC: antigen presenting cell. T cells recognize the presenadedtions through interactions between the
TCR and peptide-MHC molecules located on APCs.

BRR: basic residue rich motifs. BRRs are defined by clusters sitipely charged amino acid residues.
CARs: chimeric antigen receptors that fuse the antigen bindomgaln of an antibody to a signalling subunit
such as the TCR-chain.

CD45 and CD148 transmembrane tyrosine phosphatases that dephospgior@® ( ITAMS.

ITAM : immunoreceptor tyrosine-based activation motif. ITAMe defined by the amino acid sequence
Y XX[LAIX69Y XX[L/].., where Y corresponds to tyrosingel is leucine, | is isoleucine and X represents
any amino acid.

ITIM : immunoreceptor tyrosine-based inhibition motif. The smmsus amino acid sequence of ITIMs
is ..[IIVIXYXX[L/I].., where | is isoleucine, V is valine, Ycorresponds to tyrosine, L is leucine and X
represents any amino acid.

ITSM : immunoreceptor tyrosine-based switch motif. The aminid aequence ..TXYXX[V/I].. defines
ITSMs, where T is threonine, Y corresponds to tyrosine, Vabne, | is isoleucine and X represents any
amino acid.

LAT : linker for activation of T cells. Scaffold protein that isrmprised of multiple phosphorylation sites.
The phosphorylation of these residues creates binding feitanultiple downstream signalling molecules.
LCK : lymphocyte-specific protein tyrosine kinase. The SRCifaikinase that phosphorylates TCR
ITAMSs.

MHC : major histocompatibility complex. Peptide fragments lasegled onto MHC molecules, and the cell
surface localized peptide-MHC molecules interact withTreell receptor.

SH2 domain SRC homology 2 (SH2) domain. The SH2 domain binds phosjdiexy tyrosine residues,
and is a ubiquitous structure in cellular signal transaurcti

SH3 domain SRC homology 2 (SH3) domain. The SH3 domain binds prolice-regions.

SLP-76 SRC homology 2 (SH2)-domain-containing leukocyte protfi 76 kDa. An adaptor protein in
TCR signalling that is comprised of multiple phosphorgatsites.

TCR (: T cell receptor-chain. Signalling subunit that associates with the T @aleptor. Phosphorylation
of TCR (-chain ITAMs is a functional output of TCR proximal signabj.



ZAP-70: ¢-chain associated protein kinase of 70 kDa. The cytoplasynisine kinase that is recruited to
fully phosphorylated ITAMs. ZAP-70 mediates signal tramstibn distal to the TCR complex by phospho-
rylating multiple downstream molecules.



Chapter 1

Introduction and literature review

The regulation of cellular signalling represents a fundataletheme in biology. The molecular interactions

that underlie signalling networks give rise to virtuallyapects of cell physiology. Thus elucidating the de-
sign principles of biological circuits is an important steprards understanding the emergence of biological
form and function.

A specific instance of cell signalling arises in the contéxhe T cell response. T lymphocytes detect the
presence of infections through interactions between ¢tygio T cell receptors (TCRs) and peptide-major
histocompatibility complex (MHC) molecules located onigeih presenting cells (APCs). Upon stimulation
by agonist peptide-MHC molecules, T cells enter a prograpralfferation and differentiation into effector
cells - a process referred to as T cell activation. The apjatepregulation of T cell signalling is crucial in
eliminating infections, while aberrant signalling proses can lead to autoimmune disorders ((1), (2)).

The TCR complex is comprised of an antigen binding subuait tion-covalently associates with signal
transducing subunits (Fig 1.1A). The ligand-binding T&@Fheterodimer associates with two heterodimeric
CD3 chains, along with a homodimer ©thains. The CD3 heterodimers and theomodimer represent the
signalling components of the TCR complex. Located in theaggllular regions of the CD3 andchains
are immunoreceptor tyrosine-based activation motifs {lfE), which are characterized by the canonical
sequence ..YXX[L/I]X%_oYXX][L/].., where Y corresponds to tyrosine, L is leucineislisoleucine, and X
represents any amino acid. While each CD3 chain contain$Tét, each( chain contains three ITAMs.
Therefore, the TCR complex is comprised of a total of tweptggine residues (3).

Upon stimulation by agonist peptide-MHC molecules, th@syme residues of the TCR complex be-
come phosphorylated by the plasma membrane anchored SRiy-kinase, LCK (lymphocyte-specific
protein tyrosine kinase). This event of ITAM phosphoryatidue to peptide-MHC stimulation is referred
to asTCR triggering The phosphorylation of both tyrosine residues within ITaRreates binding sites
for the cytoplasmic protein kinase ZAP-7Q-{chain-associated protein kinase of 70 kDa). The binding
of ZAP-70 to a fully phosphorylated ITAM, along with the plpb®rylation of ZAP-70 itself, activates the
kinase activity of ZAP-70. Moreover, phosphorylation of ZA0 is mediated by LCK, or through trans-
autophosphorylation. The activation of ZAP-70 represantsucial step in T cell activation, for ZAP-70
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Fig 1.1: The TCR proximal signalling network and the quacsifion of functional properties through dose-
response profiles. (A) The TCR complex is comprised of agantbinding heterodimer that non-covalently
associates with the signal transducing CD3 amthains. The membrane proximal TGRTAM is referred

to as ITAM 1, while the membrane distal ITAM corresponds tANM 3. (B) The TCR proximal signalling
network. TCR ITAMs are phosphorylated by the kinase LCK, daghosphorylated by phosphatases such
as CD45 and CD148, while ZAP-70 binds fully phosphorylat€édNs. (C) Dose-response profiles and
Hill function metrics. The magnitude of the response is difiad by the difference betweenx and Enin.
Response sensitivities are quantified by the Hill number trakensitive, or switch-like, responses are
characterized by Hill numbers greater than unity (left panResponse potency is quantified by thesgC
or the level of input that gives rise to the half-maximal @sge. Decreasing Egs correspond to increasing
response potencies (right panel).

phosphorylates the scaffold protein LAT (linker for activa of T cells), as well as the adaptor protein
SLP-76 (SRC homology 2 (SH2)-domain-containing leukogyt&ein of 76 kDa), on numerous tyrosine
residues. Phosphorylated sites on LAT and SLP-76 recrultiptaumolecules, which collectively medi-
ate the process of T cell activation. The activation of ZAPensures that the membrane proximal event
of TCR triggering is propagated distal to the TCR complexd s ZAP-70 ensures the connectivity of
the TCR complex with the downstream molecules that mediatellTactivation (4). The phosphorylation
of ITAMs, and the recruitment of ZAP-70 to phosphorylatedAMs, represent biochemical events that



give rise to processes that ultimately culminate in T cefivation. Such activating processes are comple-
mented by the presence of inhibitory regulatory pathwag$, (6), (7)). The most membrane proximal
form of regulation that opposes TCR triggering occurs tgtothe actions of the transmembrane protein
tyrosine phosphatases CD45 and CD148, which dephosptoilAMs. Furthermore, the presence of
ITAMs is complemented by immunoreceptor tyrosine-basdibition motifs (ITIMs) and immunorecep-
tor tyrosine-based switch motifs (ITSMs), which are defibgdhe consensus sequences [I/V]XYXX[L/]
and TXYXX[V/I], respectively (1). Examples of inhibitoryeceptors that contain an ITIM/ITSM in their
cytoplasmic domains are PD-1 (programmed death-1) and B{B.And T lymphocyte attenuator). The
phosphorylation of the tyrosine residue within ITIMs an@®NIs recruits various cytoplasmic phosphatases,
including SHP-1 (SH2-containing phosphatase). Thesegttatases bind phosphorylated tyrosines through
their SH2 domains and, once bound, they can dephosphogylaide variety of substrates.

Therefore, TCR signalling represents an intricate protiessntegrates multiple signalling pathways to
give rise to diverse physiological phenomena. However, P@dXimal signalling is characterized by cer-
tain recurring themes which manifest themselves throughmauny different forms of immune cell signalling
and, indeed, throughout biology itself. For instance, #gutation of ITAM phosphorylation represents a
paradigm in multisite substrate phosphorylation, wheeephosphorylation of a signalling protein is con-
trolled by the opposing actions of protein kinases and phatsises. Particular substrate phosphoforms result
in the creation of binding sites for effector molecules, ethpropagate further downstream signalling. In
this thesis we aim to understand the regulation of TCR praksignalling, and how mathematical frame-
works may be applied to analyze the characteristics of Bigganetworks.

In this introductory chapter we first consider the molecalanponents that comprise the TCR proximal
signalling network, and we review the current knowledgerding each molecule. Subsequently, we delve
into the mathematical modelling of multisite substrateggimrylation systems.

T cell receptor proximal signalling

In this section we discuss the individual molecules that mase the TCR proximal signalling network.
We shall use the terrproximal signallingto refer to the molecular interactions that are localizedht®
TCR complex. Thus the proximal signalling network is corapd of molecules that directly modify, and/or
associate with, the TCR complex. We shall specifically fomughe TCR( chain, the modifying enzymes
LCK and CD148, and the cytoplasmic kinase ZAP-70.

The TCR ¢ chain

There exists a remarkable degree of conservation in thecaasid sequences of TCR chains across
multiple species (Fig 1.2(A)). This conservation is evihd¢brough the presence of multiple ITAMs, the
amino acid sequences of each of these ITAMs, and the relatiations of these ITAMs in relation to one



another. Furthermore, clusters of positively charged armatid residues are interspersed between the three
TCR ¢ ITAMs. We refer to these clusters assic residue rich(BRR) motifs (8). We consider each of
these characteristics of the TERhain in turn, and speculate on the possible functionalizapbns of the

overall conservation of amino acid sequences across specie

ITAM conservation

A sequence alignment of the TGRchain across species reveals that individual ITAM sequeaoe highly
conserved (Fig 1.2(A)). On the other hageghain ITAMs within the same species are different from each
other (Fig 1.2(B)). This suggests that individual ITAMs éihimportant functional differences.

BRR motifs

The conservation of TCR ITAMs is complemented by the presence of BRR motifs intensg between
these ITAMs (Fig 1.2(A)). These BRR clusters are defined lgyghesence of three or more positively
charged amino acid residues, which in this instance caorespo either lysine (K), or arginine (R) residues
(8). The location of these BRR motifs relative to the threBNVE is conserved across species, such that the
membrane proximal BRRs 1 and 2 are located between ITAMs Rawndhile the membrane distal BRR 3
is located between ITAMs 2 and 3.
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Fig 1.2: Sequence alignment of TGRchain. (A) Specific ITAM sequences are largely conservedsac
species, as are the locations of BRR motifs between ITAM$.ITBM sequences in humans. The amino
acid sequence of each TGRTAM in any given species differs from each other. Sequericmment was
performed using Clustal X (http://www.clustal.org/clai®/).



TCR ¢ phosphorylation

Early studies performed on the TGRchain commonly identified two different forms of the proteivith
apparent molecular masses of 21- and 23-kD (9). Furthesiigations that combined mutagenesis, im-
munoblotting, and mass spectrometry experiments, revehs these different forms of the TCRchain
are generated due to the phosphorylation of specific ITAN)S. (The 23-kD form is observed due to the
phosphorylation of all three TCRITAMs, while the phosphorylation of the two membrane dist#iMs
gives rise to the 21-kD species.

Further FRET-based studies suggested that under restmdjtions, the cytoplasmic domain of the
TCR(-chain associates with the cell membrane (8). Mutationisaitered the positively charged lysine and
arginine residues within the BRR motifs to alanine were thtmabrogate this membrane association. Anti-
CD3 stimulation also led to a dissociation of th&a-chain from the membrane, and this was disrupted by an
ITAM tyrosine to phenylalanine mutation. This suggests thAM phosphorylation leads to a dissociation
of the TCR(-chain from the membrane.

These investigations led to the following model. Underingstonditions only the membrane distal
ITAM is exposed, and thus available for enzymatic modifmati The phosphorylation of the membrane
distal ITAM counters the electrostatic effect of the menmmeralistal BRR, and makes ITAM 2 available
for phosphorylation. Phosphorylation of the membraneatli§iAMs is posited to counter the effect of the
membrane proximal BRR motifs, and to make the membrane ipgXiTAM available for phosphorylation.

The notion that membrane association gives rise to a seguermchanism of TCR-chain phospho-
rylation is yet to be definitively established. However, ragiin vitro studies have suggested that the lipid
composition of biological membranes could regulate thecstiral conformations that a membrane-tethered
signalling molecule, such as the TGRchain, assumes ((11), (12), (13)). Similar to the TCRhain,
FRET-based studies have demonstrated the associatioa 6D8& subunit with the cell membrane due to
electrostatic interactions between positively chargesido@mino acid residues, and acidic phospholipids in
the inner leaflet of the cell membrane (14). A further studgvehthat the dual ITIM-containing receptor,
PECAM-1, undergoes a sequential mechanism of ITIM phospéiion in the presence of lipid vesicles
that mimic the cell membrane (15). These studies collegtisaggest that a combination of electrostatic
interactions and receptor triggering can regulate the nlyidg structure of substrate phosphorylation.

LCK

TCR signalling is initiated through ITAM phosphorylatioand this phosphorylation is mediated by the
SRC-family protein tyrosine kinase LCK. Three related Giea$ characterize LCK, namely: (i) its mem-
brane localization, (ii) the enzyme’s molecular structuard (iii) regulatory amino acid residues, whose
phosphorylation status regulates the conformation anvdtgadf LCK.



LCK localization

The localization and anchorage of LCK to the cell membranmésliated through the myristoylation of
an N-terminus glycine residue, along with the palmitogatiof two N-terminus cysteine residues ((16),
(17)). A second, more C-terminal pair, of cysteine residuesliate the tethering of LCK to the cytoplasmic
domain of the CD4/CD8 co-receptor ((18), (19)). This membricalization of LCK is required for the

enzyme to be appropriately regulated ((4), (20)).

LCK phosphoforms

The regulation of LCK activity is best understood througlmsidering the enzyme’s structure. Much like
other SRC-family kinases, LCK is comprised of a SRC homoldd$H3) domain, a SH2 domain, and a
catalytic kinase subunit (16). Furthermore, the enzymeatos two regulatory tyrosine residues, and the
phosphorylation state of these residues regulates thewroafions adopted by the enzyme. The first of
these (Tyr394) is located in the enzyme’s catalytic domaiit, the second (Tyr505) is situated close to the

carboxy terminus of the protein.

LCK activity

The presence of SH3 and SH2 domains, as well as multipleuesithat can be phosphorylated, sug-
gests that LCK can exist in multiple conformations and hawmerous substrates and binding partners. A
model for the regulation of LCK activity has emerged over ld& decades, where particular profiles of
the enzyme’s phosphorylation status results in LCK adggerticular conformations (21). These different
conformations determine the catalytic activity of LCK.

When LCK is not phosphorylated on any regulatory amino aesidue, the enzyme exists irpamed
conformation (4). The subsequent phosphorylation of Tyns3ults in the enzyme’s SH2 domain binding
to the phospho-tyrosine, thus inhibiting the catalytic\atst of the kinase domain. Further interactions
between the SH3 domain and a proline-rich region that lihks3H2 and kinase domains stabilizes this
inhibited conformation. The dephosphorylation of thisogine residue results in LCK reverting to the
primed configuration.

From the primed state, the phosphorylation of Tyr394 redulthe catalytic activation of the enzyme.
The enzyme has also been shown to exist in a doubly phospltedystate, where both tyrosine residues,
Tyr394 and Tyr505, are phosphorylated (2@)vitro studies have revealed that this doubly phosphorylated
form of LCK is catalytically active as well.

A quantification of the relative abundance of each LCK pho$mm has revealed that a substantial
amount of active LCK exists in unstimulated, resting T gedlsd this does not change substantially upon
TCR engagement ((22), (23)). This is in contrast to myrideeosignalling systems, where receptor ligation
results in enzyme activation. The existence of a high basal bf active LCK suggests that TCR proximal
signalling, and TCR chain phosphorylation, is regulated by a mechanism otlaar LCK activation.
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Pervanadate treatment and TCR triggering

The stimulation of resting T cells with the tyrosine phodplka inhibitor pervanadate induces TCR phospho-
rylation ((24), (25), (26)), indicating that TCR proximadgsalling is regulated by tyrosine phosphatases.
The dominant transmembrane phosphatase is CD45, and CBlkMpiessed in some T cells. We next
review the pertinent features of these transmembrane hhtsges.

CD45 and CD148

The LCK-mediated phosphorylation of the TCRhain is opposed by the transmembrane protein tyrosine
phosphatase CD45 and, in some T cells, CD148. These phaspbatiephosphorylate the TGRhain,
and thus prevent spurious T cell activation.

The most striking feature of CD45 and CD148 is their largeaedllular domains, and the multiple sites
of glycosylation that exist on these domains (5). The CD4bdmmain is comprised of three fibronectin
domains and a cysteine-rich globular domain that are batiohed in potential sites for N-linked glycosy-
lation. Similarly, the CD148 extracellular domain is comspd of eight to nine fibronectin domains, which
also contain sites of N-linked glycosylation (5).

The extracellular domain of CD45 exists in multiple altaively spliced isoforms, which contain nu-
merous sites for O-linked glycosylation (5). Thus diffdraiternative spliced isoforms are characterized
by different glycosylation states, and these various foamsunique to hematopoietic cell type, stage of
differentiation, and state of activation (27). Currentigte is no evidence that CD148 also exists in multiple
isoforms.

Both phosphatases contain a transmembrane region, falbywéntracellular tyrosine phosphatase do-
mains. Two phosphatase domains are found in the intraaeliebion of CD45, but only the membrane
proximal D1 domain possesses enzymatic activity. Howewath phosphatase domains are necessary for
optimal phosphatase activity vivo (28). On the other hand, CD148 contains a single phosphedtasain.

A final point of interest concerns the relative abundanceasidmembrane phosphatases on the T cell
surface. CD45 is one of the most abundant cell surface miele¢R7), raising the question of the functional
significance of having a large excess of phosphatase mlatithe amount of kinase. One possible answer
lies in the design architecture of the TCR proximal signgllnetwork, and the inherent asymmetries that
characterize TCR proximal signalling. We delve into thigiow further by considering the cytosplasmic
kinase ZAP-70.

ZAP-70

The phosphorylation of both tyrosine residues within anMIiéreates binding sites for the cytosolic kinase
ZAP-70 ( chain-associated tyrosine phosphoprotein of 70 kDa). Eeeuitment of ZAP-70 to phos-
phorylated ITAMs represents a crucial step in T cell acibrgtfor ZAP-70 mediates further downstream



signalling events that occur distal to the TCR complex. Tiecture of ZAP-70 is characteristic of other
Syk-family kinases, and the regulation of ZAP-70 activeyréminiscent of many SH2 domain containing
enzymes ((29), (30)).

ZAP-70 contains two SH2 domains, which are separated bytardiomain linker region (31). A further
linker region connects the C-terminal SH2 domain to the sm@y kinase domain. Interactions between
the linker regions, and the SH2 and kinase domains, giveaiaa extensive hyrogen bonding network that
enables the enzyme to assume a conformation that inhibiksriase activity. However, the binding of the
SH2 domains to phosphorylated tyrosine residues disrbsrthibited conformation ((32), (33)).

Along with abrogating intramolecular inhibition, the bind of ZAP-70 to fully phosphorylated ITAMs
also exposes tyrosine residues within the enzyme that cdortbeer phosphorylated. For instance, the
phosphorylation of Tyr493 in the enzyme’s kinase domaimltesn the catalytic activation of ZAP-70.
Several other tyrosine residues have also been identifigfdnwthe enzyme that could potentially interact
with other molecules upon being phosphorylated (31). Théiphel substrates and binding partners with
which ZAP-70 interacts together ensure the connectivitthef TCR signalling machinery (4). Thus the
initial event of TCR triggering recruits ZAP-70 to the TCRngplex, and the activation of ZAP-70 elicits
many of the downstream pathways that lead to T cell actimatio

TCR triggering

The exact mechanisms through which the extracellular efehCR-peptide-MHC binding is transduced to
elicit intracellular biochemical responses are curreatigknown. Several mechanisms have been proposed,
including kinetic-segregation, conformational changase TCR complex, receptor clustering, mechanical
effects and changes in the lipid environment of the TCR éwed in (23)). One common theme that unites
most of these models is that the binding of the TCR to pepuéi= molecules acts upon the local kinase-
phosphatase balance that regulates the phosphorylatitie 3ICR complex. Therefore, TCR ligation with
agonist peptide-MHC molecules leads to ITAM phosphorglatithe recruitment of ZAP-70, and the down-
stream events that mediate T cell activation. On the othed hstimulation of the TCR with self-peptides
does not elicit TCR triggering.

TCR proximal signalling as a multisite substrate phosphoryation system

As mentioned previously, the TCRchain is comprised of three ITAMs, and each ITAM contains ty+
rosine residues. These tyrosine residues are phospleahyigt LCK, and dephosphorylated by CD45 and
CD148. Therefore the TCR-chain is a multisite substrate, whose phosphorylatioriilpres regulated
through the opposing actions of LCK and CD45/CD148. The phosgylation of both tyrosine residues
within an ITAM creates binding sites for ZAP-70. Since ZAB-+mediates further downstream signalling,



the functional outputs of the TCR proximal signalling netlwoorrespond to: (i) total TCR phosphoryla-
tion, and (ii) the amount of ZAP-70 that is bound to the TCBhain. We next consider how mathematical
models of multisite phosphorylation can be applied to attarze TCR proximal signalling.

Mathematical models of multisite phosphorylation

Phosphorylation represents a fundamental mechanismlofazedignalling, and diverse biological phenom-
ena, such as the control of gene expression ((34), (35)sitians between different stages of the cell cycle
(36), and the determination of cell fate (37), are mediatedugh protein phosphorylation. T cell receptor
(TCR) signalling also represents a paradigm in multisitegpimorylation, and in this section we consider
the theoretical literature on post-translational modifamasystems.

Arecurring question in cellular biology concerns the nunidfghosphorylation residues that a molecule
is comprised of, and the additional functionality that acré@asing number of modification sites can impart.
In the context of TCR proximal signalling, why is the TCR cdexpocomprised of twenty phosphoryla-
tion sites distributed across ten ITAMs? Moreover, whattheeimplications of the binding of an effector
molecule, such as ZAP-70, to phosphorylated residuesddeat TCR ITAMs? We pose these questions in
the light of TCR proximal signalling, however, the revetsimodification of a multisite substrate, and the
binding of downstream molecules to particular substratesphoforms, is reminiscent of myriad biological
processes, and represents a central theme in cellulaidlsigné38), (39)).

The application of theoretical frameworks to analyze thapprties of biochemical reaction networks
has a long tradition in mathematical biology. We now brieftyiew the mathematical literature that has
been inspired by reversible covalent modification systeWvs. adopt a largely historical approach to the
subject, and consider theoretical frameworks of incrgasomplexity. Our initial discussion will focus on
the modification of a single site substrate; we shall subseitypiextend the mathematical models of interest
to consider multisite substrate phosphorylation. Throaljlthe frameworks of substrate phosphorylation
that we consider, our objective will be to evaluate the fiomal properties of the system of interest. A
common method to quantify the functional properties of &syds to use the Hill function. Therefore, in the
next section, we review the general properties of a Hill fiom; and subsequently delve into mathematical
frameworks of substrate modification systems.

The Hill function

A generic method to characterize the nature of a response@isider it in terms of a Hill function, which
is of the form:

Emaxl'n

y= m (1.2)



wherey corresponds to the output of the Hill function, andefers to the input. Moreoven is referred
to as the Hill coefficent, Fax is the maximum value of the Hill function, and Efrefers to the value of
x where the output is half the maximal value (Fig 1.1C). WHile Hill coefficent quantifies the sensitivity
of a response, the Eg provides a measure of response potency. Wiea 1 the response is referred
to as being dyperbolicor Michaelian responseAlternatively, anultrasensitiveor switch-likeresponse is
characterized by, > 1, while asubsensitiveesponse corresponds to the case whetel.

The Hill function is a generic means to quantify the progsrtdf myriad forms of biological data. We
shall consider how the Hill function can provide a means tardifly the sensitivity and potency of TCR
proximal signalling, and multisite substrate phosphdrgtain general.

An important consideration in applying a Hill function isdefine the relevant input and output of inter-
est. In the context of multisite phosphorylation, the injgutisually assumed to be the kinase-phosphatase
balance in the system. Similarly, the functionally releévautput corresponds to some measure of substrate
phosphorylation. We discuss these notions further below.

Single site enzymatic catalysis

One of the simplest forms of a biochemical reaction mechaisshe enzymatic modification of a molecule
on a single site. Here we review early mathematical models dbnsidered single site substrate modifi-
cation. We first consider the modification of a single sitesstatte by a single enzyme. Subsequently, we
consider the reversible modification of a single site salbstr

Substrate modification by a single enzyme

An early instance of a mathematical model of a biochemicattien mechanism was the enzymatic modi-
fication of a single site substrate ((40), (41)):

kon
E+ S22 Eg s

koff

E+P (1.2)

whereS corresponds to the substrate, @aaorresponds to the modifying enzyme. Enzymatic catalysis
proceeds through a two-step mechanism, where the enzyrde tuirthe substrate to form a complES
and catalyzes a reaction to form the proded42). The parameters of the model are the rate constants of
enzyme-substrate bindingd,) and unbinding £off), and the catalytic rate constaiit.4).

The traditional approach to analyzing model (1.2) is to assmass action kinetics, where the rate of
a reaction is assumed to be proportional to the product ottimeentrations of the reactants (41). The
energetic requirements of enzyme catalysis have not beditidy specified, and thus are assumed to be
incorporated into the model parameters. Also, the rateymhssis and degradation of the enzyme and

substrate are assumed to occur on a much longer timescalahbse of binding and catalysis. Upon
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applying mass action kinetics, the resulting system okdffitial equations describes the time evolution of
each chemical species in model (1.2). This general scheavedps a historical foundation for subsequent
frameworks of substrate modification that we consider irrémeainder of this chapter.

Reversible covalent modifications

The natural extension to model (1.2) is to consider the seeméere a single site substrate is reversibly
modified by two complementary enzymes. In our case, we assusméhe particular modifications corre-
spond to phosphorylation and dephosphorylation reagtishieh are mediated by a kinase and phosphatase,
respectively. A generic model to characterize such a rilersiodification process is given by the follow-

ing:

kon
E+SZES™E 15y
ekoff
fkon fhcat
F8p ZPSplE + 8 (1.3)
off

whereS corresponds to the unmaodified, or dephosphorylated stbstraile Sp represents the phosphory-
lated form of the substrate. The concentration of free ldriaghe system is denoted &y while F refers
to the concentration of free phosphatase. Finally, the mezgubstrate complexes are denotecEBand
FSp.

Similar to our discussion in the previous subsection, thealapproach to mathematically represent
these reactions is to derive a system of differential eqoatthat describe the time evolution of each molec-
ular species specified in model (1.3). We solve these equsatind compute the steady state properties
of model (1.3). An important consideration is the definitimhmodel inputs and outputs, and the means
through which the input is perturbed. We consider thes&durin the following subsection.

Inputs, outputs, and perturbations

The phosphorylation status of the substrate in model (&.8)etermined by the opposing actions of the
modifying kinase and phosphatase. Therefore, an apptepriput to the system is the ratio of total en-
zyme concentrations. On the other hand, the functionalubutpinterest corresponds to the proportion of
substrate that is phosphorylated at steady state. Thug aattb of total enzyme concentrations is varied,
the objective is to derive the steady state profile of sutesfrhosphorylation. Traditionally, this is referred
to as adose-responsewnhere thedose or input, is the kinase-phosphatase balance in the systethihe
responsecorresponds to the concentration of phosphorylated satbséit steady state. Finally, the varying
of relative enzyme concentrations corresponds to the negesturbing the system, which can be achieved
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by varying the amount of either enzyme, while maintaining toncentration of the second enzyme con-
stant. The essential objective in defining inputs, outpansl, perturbations, is to consider the dose-response
characteristics of model (1.3) under various conditiors @arameter regimes.

Zero order ultrasensitivity

A specific parameter regime of interest is when the total arthofi substrate is much greater than the
amount of the modifying enzymes. In this limit of enzyme sation, the dose-response profile of substrate
phosphorylation exhibits a switch-like, or ultrasengtiesponse (43). This concentration dependent form
of ultrasensitivity has traditionally been referred tazago order ultrasensitivity43).

An intuitive explanation for zero-order ultrasensitivity that since the enzymes are saturated by the
amount of substrate, a small perturbation around a thréskadlie of the kinase-to-phosphatase balance
elicits a large change in the amount of phosphorylated satiestin this parameter regime, the intermediate
enzyme-substrate complexes in model (1.3) are negligiblereover, the ratio of the Michaelis-Menten
constant to the total amount of substrate is much lower tindég. un this limit, the dose-response profile of
the phosphorylated substrate exhibits an ultrasensaivewitch-like response.

Zero order ultrasensitivity is unlikely to apply in TCR pimal signalling, since the modifying enzymes
are present in excess of the TGRhain (44), and thus we do not pursue this theme any furiivernow

consider mathematical models of multisite phosphorytatand the functional properties of such systems.

Multisite substrate phosphorylation

Multisite protein phosphorylation represents a ubiquitoegulatory mechanism in cellular signalling. Spe-
cific profiles of protein phosphorylation can regulate daelilocalization, protein function, and the interac-
tions between proteins. An existing paradigm of cell siinglsuggests that the phosphorylation state of
proteins and other macromolecules is regulated by the balahregulatory kinases and phosphatases. The

canonical mathematical model that characterizes thigsile process of substrate phosphorylation is:

kon a
E+5; = BS; FE + S
e

off

Jkon [kcat
F+Sj+1 ff FSj.H — F—I—Sj (1.4)
off

where E’ denotes the concentration of free kinase in the system/JFamgresents the concentration of free
phosphatase. The substrate is representes} aghere j corresponds to the number of sites on which the
substrate is phosphorylated. The substrate is assumeddahtatal of N phosphorylation sites. Thus we
have that) < j < N.
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The binding parametetk,, denotes the rate of binding between the kinase and the atéystvhile
fkon is the binding rate between the substrate and phosphatam#éaryy, ekqs is the rate of unbinding of
the kinase-substrate compléxS;, while fkof is the unbinding rate of the substrate-phosphatase complex
FS;11. Moreover,ekeqt is the rate constant of kinase-mediated phosphorylatidnlevy kc,: denotes the
rate of phosphatase-mediated catalysis. An implicit agsiomin model (1.4) is that each site is identical.
Thus theekqn is the same for each site, and the safitg, applies for all sites as well. Similarly, the
rates of unbinding for the kinase are the same for each sitbflee same holds true for the phosphatase
unbinding rates. Finally, the kinase rates of catalysisatse identical for each site, and the same is true for
phosphatase catalytic rates. Finally, the rate constdhinding and catalysis in model (1.4) do not depend
on the phosphorylation state of the substrate.

As with our discussion in the previous subsections, the eatmonal approach is to derive a system of
differential equations to describe the time evolution ateanolecular species in model (1.4). We solve
these equations and compute the steady state properties sfstem.

Inputs, outputs, and perturbations

The choice of inputs and outputs in model (1.4) is dependeth® biological context in which the multisite
phosphorylation system operates. A common approach isfioedne system input as the ratio of total
kinase and phosphatase concentrations. Alternativelgralestudies define the input as being the ratio
of free enzyme concentrations ((45), (46)). We must alsaddegpon a way to perturb the system. This
perturbation usually varies the relative enzymatic cotredions, by either perturbing the amount of kinase
or phosphatase in the system.

As the input to the system (the dose) is varied, the dosesnsspprofile describes how the functionally
relevant output (the response) of the system changes. Btanie, if the biological context under study
involves the phosphorylation of a multisite protein, whigtdergoes an allosteric transition once phospho-
rylated on all modification sites, then the appropriate outp consider is the maximally phosphorylated
phosphoform. Alternatively, if a protein activates furtlt®wnstream pathways once phosphorylated on a
subsetfk, of the total number of modification sited], then the functionally relevant output corresponds to
the proportion of substrate phosphorylated on a minimuim sifes, wherd < k < N.

Furthermore, the reversible phosphorylation of the T aatleptor creates potential binding sites for
ZAP-70. Thus an appropriate functional output of TCR prcdirsignalling corresponds to total substrate
phosphorylation, which quantifies the total number of phas$e groups attached to the TCR signalling
chains.

Underlying structures of phosphorylation: random and seqtential mechanisms

An important consideration in analyzing model (1.4) consethe underlying structure of phosphorylation
(47). This is relevant for TCR proximal signalling becausevipus studies have suggested ttathain
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phosphorylation follows a particular sequence, wherebyriembrane distal ITAM is phosphorylated before
the membrane proximal ITAM ((10), (8)).

A random mechanism of phosphorylation entails that the fitadion of individual sites is independent.
In contrast, a sequential mechanism of phosphorylationires) particular sites to be modified before subse-
guent sites are available for modification. In Chapter 3 wkshow that random and sequential mechanisms
give rise to different types of dose-response profiles, aadwil quantify these differences in the context
of TCR proximal signalling. We now consider theoreticaldsis of multisite substrate phosphorylation
systems, the inputs and outputs that these studies assantkthe general conclusions that emerged.

Thresholds and switches

One possible functional output to consider in model (1.4hésamount of substrate that is phosphorylated
on all possible modification sites at steady state. Thisquéar substrate phosphoform is referred to as
the maximally phosphorylated substrate. A physiologioatance where a molecule must be phosphory-
lated on all modification sites to be active arises in the Médiase cascade. In this instance, the dual
phosphorylation of kinases within the cascade activateis tlatalytic activities (37).

The dose-response profile for such a system is derived bynggatlye kinase-phosphatase balance in the
system (the dose), and by computing the equilibrium comagan of maximally phosphorylated substrate
(the response). Thus for each value of the ratio of kinagghtisphatase, the maximally phosphorylated
substrate concentration is determined. Moreover, the tdtkinase-to-phosphatase in the system may be
varied in two related manners: (i) by varying the ratio oat@nzyme concentrations, or, (ii) by perturbing
the ratio of free enzymes in the system.

A recently published study (45) considers the dose-regpoharacteristics of the maximally phospho-
rylated substrate, as the ratio of free kinase to free ptaiaph is varied. Using model (1.4) as the starting
point, the study assumes (i) a sequential mechanism ofratdgihosphorylation, and (ii) similar kinase
and phosphatase catalytic efficiencies. The functiongbududf interest corresponds to the proportion of
free substrate that is phosphorylated on all modificatitessit steady state. Thus the output of interest is

_ [Sn]
PN = T8  + [S1] + ... + [S]

(1.5)

where[Sy] refers to the concentration of substrate that is phosphi@ylon allV sites, and generally, the
subscripts refer to the number of sites on which the sulesisgihosphorylated.

Under such a scenario, the dose-response profile of the ralxiphosphorylated substrate exhibits
good thresholding properties, but does not exhibit swiitad-characteristics (45). The thresholding effi-
ciency of the system is evaluated by the fact that a relgtikgh magnitude of dose is required to elicit a
substantial response. However, the switching efficiendh@btystem is poor when compared to an ultrasen-
sitive Hill function. The important result here is that nisitie substrate phosphorylation does not necessarily
exhibit switch-like responses.
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The maximally phosphorylated substrate phosphoform i omé possible functionally relevant output
of interest. In the subsequent section, we review a furttuglysvhich considers a slightly different output.

Non-essential sites

An alternative functional output in model (1.4) is the prdmm of substrate that is phosphorylated /on

sites, wherd) < k£ < N, andN corresponds to the total number of modification sites. Tterpmetation of

such a framework is that a protein must be phosphorylatednoimianum of & sites to be considered active;

thusk is referred to as theninimal activation numbe(46). A physiological instance of such a mechanism

arises in the regulation of the cell cycle, and the phosghation of a cyclin-dependent kinase inhibitor (36).
At steady state, the fraction of substrate that is phospéi@y on at least sites is given by

- [Sk] + ... + [SN]
Pk = [So] + [S1] + ... + [Sk] + ... + [SN]

(1.6)

where[S;] corresponds to the steady state concentration of freeratdghosphorylated arsites.

Such a model framework was recently analyzed by Wang anelamplies (46). The authors use a sequen-
tial mechanism of substrate phosphorylation to charasteriodel (1.4), and assume that the relative enzy-
matic catalytic efficiencies are approximately equal toheather. The study considers the dose-response
characteristics of the proportion of active substratehagtio of free kinase to free phosphatase is varied
in the system. Of specific interest is how the interplay betwine minimal activation number and the total
number of substrate modification sites enhances the sVikielcharacteristics of the multisite phosphory-
lation system.

The main conclusion of this study was that the inclusion af-eesential sites enhances the switch-like
characteristics of multisite substrate phosphorylatidhus if the minimal activation numbek, is fixed,
increasing the total number of modification sité8) (mproves the ultrasensitivity exhibited by the multisite
phosphorylation system. On the other hand, if the total remolb phosphorylation sites is fixed, then there
exists an optimal minimal activation number for which maxmultrasensitivity is achieved.

The effects of membrane confinement

The application of a multisite phosphorylation framewarkrtembrane-anchored proteins was recently per-
formed by Dushek and colleagues (44). The authors studyfsitin-limited model where the modifying
enzymes and substrate must first formescounter complekefore enzymatic catalysis can proceed. Thus
the enzyme-substrate complex formation in model (1.4)ésgued by the formation of an encounter com-
plex. The general scheme that the authors analyze is shdaw:be

k+ Akon
X +8;2X.8, = X5, (1.7)
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whereX corresponds to either the kinase or phosphatases$ arefers to the substrate phosphorylatedjon
sites. In order to interact, the relevant free enzyme andtsate must come into close proximity to form an
intermediate encounter compleX (.S;). Once bound to the substrate, the modifying enzyme mayyeata

a reaction and dissociate, or simply dissociate to yieletitmunter complex. The authors assume a random
mechanism of phosphorylation, thias= N — j for the kinase, and = j for the phosphatase. As before,

j corresponds to the number of sites on which the substrateospborylated, ani is the total number of
phosphorylation sites. The study also assumes that thefyimaggienzymes are in excess of the substrate.
Under such a scheme, the authors compute the normalizédstdustrate phosphorylation at equilibrium
as a function of the ratio of total enzyme concentrationsusTliie functional output of this model is the
normalized total phosphorylation of the substrate, anslgiven by

N
<8>=>"j(S;+ E.S; + ES; + F..S; + FS;)/(NSr) (1.8)
j=0

where E refers to the kinase, F to the phosphataseSarid the total amount of substrate.

When the system is assumed to be reaction-limited, thedokedtrate phosphorylation exhibits a subsen-
sitive response. However, when the system is diffusioritéida and when the modifying enzymes undergo
a certain refractory period subsequent to catalysis, tta sabstrate phosphorylation exhibits an ultrasen-
sitive response (44). The refractory period refers to tlsaimption that subsequent to enzymatic catalysis,
the modifying enzyme is briefly inactivated before it cancbémd catalyze a further reaction.

The origin of the observed ultrasensitivity is an effectieeo-order effect. This is because subsequent to
catalysis, the modifying enzymes become unavailable ftalysis. Increasing the number of modification
sites gives rise to a regime where the amount of modifiablstsatle far exceeds that of the available enzyme,
thus eliciting a form of enzyme saturation. Such enzymeratitun enhances ultrasensitivity with increasing
numbers of phosphorylation sites.

The dose-response properties of total substrate phodgptioryis an appropriate output of TCR prox-
imal signalling. This is because the addition of phosphateigs to TCR( ITAMs creates binding sites
for ZAP-70. Moreover, ZAP-70 binding represents a form disdtate sequestration, and we consider this
mechanism further in the next section.

Substrate sequestration

A further study by Liu and colleagues (48) demonstrated ghedmbination of multisite phosphorylation
and substrate sequestration can exhibit ultrasensitisoreses. The analysis performed by the authors
simplifies model (1.4) by ignoring the formation of enzyméstwmate complexes. A general scheme that the
authors initially study is shown below:
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k;
E—I—Sj4E—|—SJ’+1 (1.9)
d'.
Sj+1 45’;’

k¢
J

N

=

S;+C=S5;C

d
k3

where E refers to the concentration of free kinase in the system, $§ntefers to the concentration of
substrate phosphorylated psites. The authors normalize by setting the concentratigghosphatase to
unity. The ternmC refers to a sequestering compartment such as the cell meebraucleus, with which the
substratéSassociates. The rate coefficeh;’sandk;l characterize the binding and dissociation, respectively,
of the substrate from the sequestering compartment. Alsandd; are the rates of phosphorylation and
dephosphorylation, respectively. An alternative schdmaethe authors consider modifies the above to allow
enzymatic catalysis only when the substrate is bound todfeestering compartment.

There exist several possible functional outputs of interethe models that Liu and colleagues study.
For instance, along with the amount of maximally phospltaied substrate, the authors also analyze the
proportion of substrate that is bound to the sequesteringpaatment. As the total kinase concentration in
the system is varied, the authors analyze the dose-respbasacteristics of several functional outputs. The
basic conclusion that the authors arrive at is that a cortibmaf multisite phosphorylation and substrate
sequestration gives rise to a greater number of parametbish can be fine-tuned through evolution to
generate ultrasensitive responses.

The general phenomenon of substrate sequestration isiseerih of ZAP-70 binding to fully phospho-
rylated ITAMs. Thus it will be interesting to consider thensequences of ZAP-70 binding for the possible
switch-like characteristics exhibited by the TCR proxirsignalling network.

Multistability

There exists a large body of mathematical literature basgti@ stability of dynamical systems (49). Mul-
tistability arises in natural phenomena when a certaingg®or system transitions between multiple steady
states, or equilibria. A steady state is considered ligestelble if small perturbations do not alter the even-
tual state of the system; similarly, unstable steady statesharacterized by large systemic changes due to
small perturbations.

A recent study (50) considers the existence of multipledstssates, and the stability properties of these
steady states, in the context of multisite substrate plwgtdtion systems. A substrate that is comprised of
N phosphorylation sites is capable of existin@ih possible phosphoform states. Moreover, each substrate
phosphoform may exhibit distinct biological propertiesgdanediate unique cellular processes.

A mathematical analysis of model (1.4) reveals that undeaiteparameter regimes, multisite substrate
phosphorylation systems are capable of exhibiting maltgteble steady states (50). Each steady state
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corresponds to particular phosphoform distributions, nebg the amount of modified substrate is comprised
of substrate species with different phosphorylation pesfilThus we can imagine a scenario where different
substrate and enzyme concentrations within differenagaifular compartments give rise to distinct steady
state distributions of substrate phosphoforms througtiautell.

The experimental detection of multistability in a celluamtext is complicated by the fact that modern
biochemical approaches usually detect an output of inta@sss an entire population of cells. Thus it is
extremely difficult with current techniques to understandsirate phosphoform distributions within a single
cell - let alone within specific intracellular compartmert#owever, it is important to note that multistability
is possible in multisite phosphorylation systems, and thstence of multistability could have important

functional implications.

Bistability versus ultrasensitivity

The instance of two linearly stable steady states is rafetweas bistability. In the context of multisite
phosphorylation, bistability refers to the case where #meskinase-to-phosphatase balance can elicit two
different phosphoforms distributions, and thus two défarlevels of total substrate phosphorylation. The
steady-state phosphorylation profile for a given kinaspkiosphatase ratio depends on system initial con-
ditions. Bistability is different from ultrasensitivitysince ultrasensitive responses elicit a unique level of
substrate phosphorylation for any given kinase-to-phatgse balance (Fig 1.3). However, bistable systems
can also exhibit switch-like characteristics.

Response: Substrate phosphorylation

>

Dose: kinase-to-phosphatase balance

Fig 1.3: A comparison of sensitivity and bistability. Ukensitive responses (left panel>1) elicit a
unique level of phosphorylation for a given kinase-to-gii@gase balance. A unique input-output response
also holds true for subsensitive<tt) and hyperbolic responses (h=1). In contrast, bistabdéesys can
exhibit different levels of phosphorylation for the samput(right panel).

Bistable systems often exhibit a memory-like characteristhereby the current state depends on its
previous temporal history. This memory-like feature ofegerred to as hysteresis ((49), (41)). The de-
tection of hysteresis relies on first varying the input in @iection and quantifying the system output.
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Subsequently, the input is varied in the opposite directaomd the system response is again quantified. If
the transition in the system output in either direction esat different levels of input, the system exhibits
hysteresis.

In the context of multisite phosphorylation, bistabilitpydahysteresis can be detected with the follow-
ing experimental design. First the kinase-to-phosphatatence would be increased, and the steady-state
substrate phosphorylation would be quantified. Subsely éme kinase-to-phosphatase ratio would be de-
creased, and substrate phosphorylation would again bdifigdn If the transitions in system output are
found to occur at different kinase-to-phosphatase ratis) the system is bistable and exhibits hysteresis.

It is difficult to experimentally detect hysteresis in msilie phosphorylation systems with current bio-
chemical techniques, because it is challenging to pertuebkinase-to-phosphatase balance in opposite
directions in the same experiment. One possible stratetgyuse two different pharmacological reagents
such as pervanadate and PP2. Pervanadate increases #eetkipdnosphatase ratio by inhibiting the phos-
phatase, while PP2 is a kinase inhibitor and thus decreasemtio. However we do not pursue such
two-inhibitor experiments due to the many unforeseen &ffgwt this could have.

Objectives and motivations of research

The regulation of multisite substrate phosphorylationrespnts an important paradigm in cell signalling,
and there perhaps exist multiple functional implicatiohsubstrates comprised of numerous modification
sites. As is evident through our discussion, multisite sabs phosphorylation can modulate the sensitivity
and potency of biological phenomena, and thus effectivedylate cellular responses to different forms of
stimuli.

The question that arises concerns the additional fundtigrifat multiple ITAMs confer upon the sig-
nalling capabilities of the TCR complex. The regulation DAM phosphorylation, along with the binding
of ZAP-70 to fully phosphorylated ITAMs, represents aniguing design architecture, that could exhibit
subtle characteristics such as ultrasensitivity.

The elementary interactions that characterize the TCRimpraxsignalling network is deeply reminis-
cent of myriad processes throughout biology. These intieres include the modification of a multisite
substrate by extrinsic enzymes, along with the binding tdfoédr molecules to particular substrate phos-
phoforms. Thus the mathematical and experimental anabfsiBCR proximal signalling represents an
elegant paradigm in striving to understand the generabdegsiinciples of cellular signalling. Subsequent
to our Materials and Methods chapter, we apply mathemdtiaaieworks of multisite phosphorylation to
characterize TCR proximal signalling. Mathematical mbdglreveals the design principles that give rise
to ultrasensitive response profiles of T€Rhosphorylation. We complement our theoretical framework
with cellular reconstitution of the TCR proximal signatiimetwork, and we present the results of these
experimental studies in the following chapter. Our objexrtivas to combine mathematical modelling with
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experimental studies to gain insights into the regulatib@ ©R ¢ phosphorylation. Thus in the final re-
sults chapter we reconcile our theoretical frameworks oRTgoximal signalling with the experimental
results obtained through our cellular reconstitution eystWe conclude the thesis with a discussion of our
pertinent findings, and the implications of our work towaadsancing the human condition!
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Chapter 2

Materials and Methods

Mathematical and computational methods

The biochemical reaction networks that underlie T cell ppae(TCR) proximal signalling were defined in
BioNetGen (52). The BioNetGen language (BNGL) is a ruleedagrogramming environment, whereby
individual sites on proteins can be explicitly defined. TBINGL enables us to specify site-specific modi-
fications and binding interactions.

The BNGL provides a tractable method of defining multisitedifioation systems such as TCR proximal
signalling. Our approach was to characterize the sigmpiitwork through systems of ordinary differential
equations (ODEs), and to assess the steady-state prepeftibese systems. Multisite phosphorylation
gives rise to many species and equations, and BNGL providesaas to generate these large systems.

Systems of ODEs were generated from BioNetGen program cbdese ODEs were solved to reach
steady state in MATLAB (Mathworks, MA). The steady state @amirations of chemical species were used
to compute total TCR phosphorylation for different amounts of total phosphatashese yielded dose-
response profiles of TCR-chain phosphorylation. These response profiles were fibdarlthmic Hill
functions to quantify response magnitudes, potencies anditivities. The specific methods associated
with Chapters 3 and 5 are described at the end of those Chapter

Experimental procedures
Constructs used for transfection

The TCR(-chain variants were cloned into a pcDNA3.1 vector. Eaciamamwas a recombinant protein of
rat CD2 fused to mouse TCR and each ITAM mutation changed ITAM tyrosine residues terptalanine.
Mouse LCK was cloned into a pEF3 vector. Wild type LCK had a ¥B@oint mutation to mimic a
constitutively active form of the enzyme, while LCKSH2 was a R158K mutant.
The intracellular domain of mouse CD148 was cloned into aN&B.1 vector. A FLAG tag was
introduced for detection with flow cytometry. Finally mous&P-70 was cloned into a pcDNAS3 vector.

21



Cellular reconstitution

HEK 293T cells were grown in T175 cell culture flasks to reabk76 % confluence levels at 3Z 10 %
C0O,, and the medium was replaced with 45 ml plain DMEM. Transbecstocks were prepared depending
on the signalling network reconstituted. In our experirsemth LCK, CD148 and TCR-chain variants, we
created transfection stocks containingi@iml of branched polyethylenimine (PEI) (Aldrich) and 2§/ml

of plasmid DNA in 900ul of plain DMEM. Experiments with ZAP-70 involved introdud an additional
25 ug of ZAP-70 DNA to the transfection stock, and we thus doultledamount of PEI that we used. This
transfection stock was pipetted onto the DMEM under whiah ¢blls were submerged. The cells were
incubated at 37C 10 % CQ for four hours, after which the DMEM was replaced with fregl culture
medium. Cells were grown for twenty four hours and treatedfétiowing day.

Preparation of sodium pervanadate

The following mixture was created: (i) 1Qd of 100 mM sodium orthovanadate (New England Biolabs),
(i) 880 ul of HoO and (iii) 20l of 30 % HyO,5. This was incubated at room temperature for ten minutes,
upon which it was added to 9 ml of DMEM. A serial dilution wasfoemed with this stock to yield varying
concentrations of sodium pervanadate.

Sodium pervanadate treatment

Transfected cells were harvested and resuspended in mednan60u| containing 300,000 cells were
placed in each well of a 96-well plate. Cells in each well waubjected to 6Qul of sodium pervanadate
(New England Biolabs) concentrations ranging from 1 mM tdmeatment. Cells were treated for half an
hour at 37C 10 % CQ, and were then lysed with 120 ul 2 % Nonidet P-40 substitutcfie). The lysis
buffer contained 1 % (v/v) of a mammalian Protease Inhik@ocktail (Sigma) as well as 0.25 % (v/v) 100
mM sodium orthovanadate (New England Biolabs). The lysis imaubated for twenty minutes at@,
upon which the cells were centrifuged at 3000 RPM for a min2@® | of the lysate was transferred onto
an immunosorbent capture plate (see below), and this wabated overnight at°£.

Immunosorbent capture plate preparation

An anti-rat CD2 (AbD Serotec MCA154G) antibody was used fatage the different TCR variants. 100
ul of 0.7 pug/ml of this capture antibody, made in carbonate-bicartoaffer (Sigma), was placed on
clear NUNC maxisorp immunosorbent plates (ThermoScieptifnd this was incubated at@ overnight.
Before transfer of lysate onto this capture plate, the phate blocked with 1 % BSA for an hour at room

temperature.
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Quantification of TCR (¢ phosphorylation

The capture plate containing lysate was washed six timds@@5 % Tween-20. 10pI of 1 ug/ml of a
biotinylated anti-phosphotyrosine antibody, clone pYB@[egend), was placed in each well. This was
incubated for an hour at room temperature, and then washed times with 0.05 % Tween-20. 100

of 0.1 ug/ml IRDye 800 CW streptavidin (LICOR Biosciences) was tpdaced in each well, and this was
again incubated for an hour at room temperature. Finallpkhie was washed thrice with 0.05 % Tween-20,
dried, and scanned using a LICOR infrared 800 CW scanner@R®@iosciences).

Curve fitting

Phosphorylation profiles were fitted in GraphPad Prism to pawameter Hill functions, and the maxima,
minima, EGs and Hill numbers for each dose-response profile were aatain

Flow cytometry

Relative expression levels of transfected molecules wesemwed and analyzed using flow cytometry.
Transfected cells were washed with PBS and lysed in 0.1 %ngaoiffer for ten minutes at room tem-
perature. Cells were resuspended in 100 ul of a mixture songathe following detection antibodies: (i)
anti-mouse LCK (Alexa Fluor 488 BD Biosciences), (ii) aRtiAG for CD148 staining (M2 FITC Sigma-
Aldrich), (iii) anti-rat CD2 for TCR(-chain detection (AbD Serotec MCA154PE) and (iv) anti-neods\P-

70 (Invitrogen MHZAP7028). Cells were incubated for an hatroom temperature, upon which they were
washed thrice. Flow cytometry was performed using a CYTEl€den system.
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Chapter 3

Mathematical modelling of T cell receptor
proximal signalling reveals emergent
ultrasensitivity

Introduction

T cells patrol the body in search of infection and cancenaerantigens ((2), (53)). They are activated to
respond by interactions between T cell antigen receptdZsRl) on their surface and antigens, in the form
of peptides bound to major histocompatibility complexeBlifCs), on the surfaces of antigen presenting
cells (APCs). When activated, T cells can lyse infectedscskcrete cytokines, and perform other effector
functions that collectively allow T cells to initiate andjtdate adaptive immune responses (2).

The importance of the TCR in initiating and regulating adegpimmune responses has meant that TCR
proximal proteins have been extensively studied. The TG&&fiis a multi-subunit receptor that contains
subunits for ligand bindinga(5 heterodimer) and signal transduction (Gb&d CD3~ heterodimers, and
(¢ homodimer). Collectively, the signal transducing sulmigibntain 20 tyrosine residues distributed on
10 immunoreceptor tyrosine based activation motifs (ITAKB. These ITAMs are phosphorylated by the
SRC-family tyrosine kinase LCK and dephosphorylated bgsnaembrane tyrosine phosphatases, such as
CD45 and CD148. Phosphorylated ITAMs serve as docking fitethe tandem SH2 domain-containing
cytosolic kinase ZAP-70, which, upon binding, is able tcabate additional reactions propagating down-
stream signalling. Despite the small number of moleculeslied, their interactions form the basis of a
complex regulation network which is poorly understood (54)

There are many intriguing aspects of this signaling modtds.( While each CD3 signal transducing
subunit contains a single ITAM, the TCRchain contains three ITAMs (3) (Fig 3.1). These 3 ITAMs
have been shown to be sequentially phosphorylated (memHgliatal to membrane-proximal) by LCK (10)
and it has been shown that ZAP-70 binds to these ITAMs witheimging affinities (membrane-distal to
membrane-proximal) ((55), (56), (57), (58), (59)). In agtdi, CD45, a phosphatase that dephosphorylates
these ITAMSs, is thought to be among the most abundant masauri T cells (27). The purpose of multiple
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ITAMSs, their sequential phosphorylation, the differehtianding affinities of ZAP-70, and the abundance
of CD45, remain unknown.

The binding of pMHC to the TCR is thought to change the kingisesphatase ratio leading to phospho-
rylation of TCR ITAMs and the initiation of an intracellulaignalling cascade that leads to T cell activation,
which, if inappropriate, can result in autoimmune disosd@3). Therefore TCR ITAM phosphorylation is
thought to be tightly regulated. Given that LCK and CD45 amestitutively active in resting T cells ((25),
(22)), spontaneous (stochastic) pMHC-independent fltiogin the local LCK or CD45 concentrations
can lead to ITAM phosphorylation. These fluctuations mag alkow for ITAM phosphorylation in response
to endogenous pMHC. On the other hand, maximal ITAM phosgaton should proceed for antigenic
pMHC. Switch-like responses at the scale of individual T@Rsvide thresholds, so that phosphorylation
is prevented over a wide range of enzyme concentrationsvitle threshold, and all-or-none responses,
so that maximal ITAM phosphorylation proceeds beyond thestmold. However, it is presently unknown
whether the TCR proximal signalling architecture supparssvitch-like response at the scale of individual
TCRs.

In recent years, therapies have been developed to expleitsThy re-directing them towards infected or
cancerous cells (53). Several research groups have dedelberapies based on chimeric antigen receptors
(CARs), whereby the variable domains of a monoclonal adiib@cognizing pathogen or cancer derived
antigens is fused to a signalling chain, most commonly thR T&hain (60). These CARs are transfected
into T cells that are then adoptively transferred into patiegenerating a pathogen/cancer specific T cell
population. However, the antigenic targets of CARs, altfiobighly expressed on cancerous cells, are not
exclusively expressed on these cells. This observatiamled with the fact that the extracellular domains
of CARs often exhibit very high affinity to their target ardigs, means that off-target cell killing can be
frequent (60). Therefore, optimal CARs should exhibit logtgmcy, so that T cells only respond to cells
that highly express target antigens, and CARs should alkiiexa high maximum response to ensure
complete target cell killing when responding. Although CA&e routinely modified in order to achieve
these desired properties, there is presently no mechamsitel to guide the rational development of the
signalling domains of CARs to obtain optimal properties.

We begin this chapter by contrasting random and sequengahanisms of phosphorylation. We sub-
sequently construct a systems model of TCR proximal sigpgathat includes the 3-chain ITAMs, their
sequential modification by LCK and CD45/CD148, and the lsigdhf ZAP-70 to these ITAMs with affini-
ties increasing in the direction of phosphorylation. We fimak this signalling architecture produces a novel
mechanism of ultrasensitivity (switch-like response)hat $cale of individual TCRs. Furthermore, we find
that all three factors are critical for generating a swiikb-response, so that removal of ITAMs, sequential
phosphorylation, or differential ZAP-70 binding affingi@bolishes the switch and therefore this switch can
be thought of as an emergent property of the TCR proximaladligg architecture. Our results provide a
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rationale for the intriguing architecture of TCR proximarslling, as well as a mechanistic framework for
the design of novel CARs with desired properties.

4
[ ITAM —> Phosphorylation
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Lek | CD148

|— Dephosphorylation

<— fully phosphorylated

I/ N\, Reversible binding to
/I ITAMs

ZAP-70

Fig 3.1: The TCR proximal signalling network. Phosphorylation of ITAMs is mediated by LCK, while
dephosphorylation is mediated by CD45/CD148. Fully phosghted ITAMs create binding sites for ZAP-
70 (see text for full details).

Random and sequential mechanisms of phosphorylation

A central feature of multisite phosphorylation is the utyglag structure of substrate modification. Two
extreme scenarios are represented by random and sequeatiadnisms of phosphorylation (3.2). Random
phosphorylation corresponds to a completely unstructanedhanism, whereby transitions between the
completely dephosphorylated to the fully phosphorylatedesmay proceed through any path (3.2A). On
the other hand, sequential mechanisms represent scemdr@s substrate modifications occur through a
specified pathway (3.2B).
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Fig 3.2: Random and sequential mechanisms of substrate phosphorylan. Schematic of different
underlying structures of multisite phosphorylation forubstrate with three sites. A phosphorylated site is
represented as 1 while an unphosphorylated site is denoi@) Random mechanism of phosphorylation.
Starting from the completely dephosphorylated statg,3he substrate can traverse any path to reach the
fully phosphorylated state; & . (B) Sequential mechanism of phosphorylation. Substrateises a specific
sequence of phosphorylation from the completely unphasgdtted to the fully phosphorylated states.

An important question concerns the functional propertiesialtisite phosphorylation under these dif-
ferent schemes of substrate modification. In Fig 3.3 we dépécconsequences of increasing the number of
modification sites on the dose-response profiles of subgtraisphorylation. As is expected, increasing the
number of modification sites increases the maximal respander both sequential and random mechanisms
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of phosphorylation (Fig 3.3A-D). Moreover, the potency bbpphorylation also stays the same under both
mechanisms (Fig 3.3E,F). However we notice that the shaftbs dose-response profiles under sequential
and random mechanisms are different, and this is quantifjeithdo Hill Numbers (Fig 3.3G,H). We note
that by increasing the number of modification sites, theiteities of the dose-response profiles increase
under sequential phosphorylation (Fig 3.3H), but not umdedom mechanisms of phosphorylation. Thus
we conclude that sequential mechanisms of phosphorylgiierise to more ultrasensitive responses, and
this ultrasensitivity is enhanced with increasing numlzgnmodification sites.
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Fig 3.3: Functional properties of sequential and random mechanism®f phosphorylation with increasing
number of phosphorylation sites.Left column: random phosphorylation; right column: segiedmphosphorylation.

(A and B) Normalized dose-response profiles for (A) randoih @) sequential phosphorylation as the number of
modification sites is increased. The x axis varies the rdtithe total amounts of kinase {lEversus phosphatase
(Fr), and the y axis denotes the normalized total substratepplooglation. Each colour corresponds to a substrate
with different numbers of modification sites. The panelsvslitnse-response profiles as the number of substrate
modification sites is increased, eliciting profiles withrieasing maxima. (C and D) Normalizeg % for (C) random

and (D) sequential mechanisms. (E and F) Potencies of dsgp@nse profiles for (E) random and (F) sequential
mechanisms of phosphorylation. (G and H) Sensitivitiesafedresponse profiles for (G) random and (H) sequential
mechanisms. o8



Mathematical model of TCR proximal signalling network

We construct a systems model that incorporates the enayikiagtics of the tyrosine kinase LCK in se-
guentially phosphorylating and the dominant phosphatd345dn sequentially dephosphorylating TGR
ITAMs. In this way, the membrane-distal ITAM $) must be doubly phosphorylated before LCK is able to
phosphorylate the second ITAMZ), and so on.

We note that a strictly sequential mechanism is an idealiepresentation of the underlying biology. In
our introductory chapter we discussed several lines ofeed that are suggestive of the membrane distal
ITAMs being phosphorylated before the membrane proximaM$. However there is no direct evidence
for CD45 also dephosphorylating ITAMs in such a membran&alts-proximal manner. Our purpose in
assuming sequential ITAM modifications is to gain insight® ithe effects of the underlying structure of
phosphorylation on the dose-response profiles-cdfiain phosphorylation. Mathematical models in biology
are simplified descriptions, and the assumption of a stregfjuential ITAM modification scheme is such a
simplification. We shall discuss this assumption furthaghatend of this chapter.

The model incorporates ZAP-70 by allowing it to bind each MAvhen it is doubly phosphorylated,
independent of reactions taking place by LCK or CD45 on oth@&Ms. The affinity between ZAP-70
and (1 is taken to be 10-fold higher thaj2, which we take to have an affinity 10-fold higher thah
The exact affinity values for ZAP-70 binding for each ITAMfdif between studies and therefore we vary
these parameters. All enzymatic reactions are modelledllimnvithout any simplifications. The system of
ordinary-differential-equations (ODES) is generated ioNB:tGen, a rule-based framework for generating
biochemical reaction networks, and produced 53 chemiealisp and 168 reactions. The number of chem-
ical species and reactions is large despite only includimistinct molecules because the systems model

accurately captures all possible molecular complexesctratorm.

Multiple TCR (¢ ITAMs produce signal amplification, high potency and ultrasensitivity

To study how this signaling architecture regulates thevigtof ZAP-70, total TCR( phosphorylation was
calculated as a function of the relative concentrationhefkinase () LCK, and phosphatase {fFCD45
(Fig 3.4A). In the case of the wild type TCRchain (123), we unexpectedly observed an ultrasensitive or
switch-like response, whereby small perturbations to LEK D45 produced large changes in the TCR
phosphorylation. We quantified this observation by fittinijith function to the kinase-phosphatase curve
to extract estimates of the maximum,(E., Fig 3.4B), the potency (Efg, Fig 3.4C), and the sensitivity
(Hill number, Fig 3.4D). We found a Hill number of 5.2, which greater than 1, indicating a switch-like
response. Since the concentrations of the modifying engyirfeK, CD45) are comparable or in excess of
the substrate (TCR), the observed ultrasensitivity is not a result of the ¢tagsro-order mechanism.

We next investigated the contribution of multiple ITAMs. \Apeated the calculations when removing
the first ITAM ((X23) or both the first and second ITAMgXX3) (Fig 3.4A). As expected, we observed a
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Fig 3.4: Multiple TCR (¢ ITAMs not only mediate signal amplification, but also increase potency
and sensitivity. (A) TCR ¢ phosphorylation as a function of the relative kinase)(® phosphatase
concentration. Results are shown for the wild-tgpehain 123), and for ITAM mutantg X23 and{XX3,
where the first and second ITAMs are removed, respectivelghEurve is fitted to a Hill function to extract
estimates of (B) the maximum {f,), (C) the potency (E§), and (D) the sensitivity (Hill number). Model
and parameter values can be found in the Methods sectiorm anthof this Chapter.

reduction in the maximal level of TCRphosphorylation (Fig 3.4B), reflecting the signal amplifica char-
acteristic of multiple ITAMs. However, removal of ITAMs alslecreased potency (Fig 3.4C) and sensitivity
(Fig 3.4D). These effects were not mediated by substrateesdration, as increasing the concentration of
(XX3 by a factor of 3 did not restore ultrasensitivity or patgr{not shown). Therefore multiple ITAMs on
a singleC-chain are predicted to mediate not only signal amplificatimut also potency and sensitivity.

ZAP-70 binding modulates potency and ultrasensitivity

We next investigated the contribution of ZAP-70 binding tdgmcy and sensitivity. To do this, we calculated
the total concentration of phosphorylatéathain, as may be detected by an anti-phosphotyrosinecatytib
as a function of the ratio of active enzymes in, respectjvbly absence and presence of ZAP-70 (Fig 3.5A,
blue and green curves). A marked increase in potency arakalisitivity is observed in the presence of
ZAP-70 (Fig 3.5B,C).

The increase in potency (decrease ins;gGn the presence of ZAP-70 occurs because ITAMs bound
by ZAP-70 become inaccessible to phosphatases. Therdfmegbsolute ZAP-70 affinity for ITAMs is

30



——— Sequential: no ZAP-70
——— Sequential: with ZAP-70
————— Random: no ZAP-70
—————— Random: with ZAP-70

>

05 f

Normalized { Phosphorylation

—4 -2 0 2
log,o(Er/F1)

Hill Coefficent

Fig 3.5: ZAP-70 binding to phosphorylated ITAMs enhances both ultrasensitivity and potency. (A)
The concentration of totgl-chain phosphorylation as a function of the relative cotregion of kinase (k)

to phosphatase (. Results are shown for sequential phosphorylation (lguegn) and random phospho-
rylation (red, orange) in the absence (blue, red) and poes@reen, orange) of ZAP-70. (B) Hill numbers
and (C) EG for all four curves reveal that ZAP-70 binding dramaticaligreases both ultrasensitivity and
potency when phosphorylation is sequential but not random.

expected to determine potency. Comparisons between thetypie(-chain (123) and domain duplication
constructs that contain three copies of the high affinityNMI/&(111), intermediate affinity ITAM {222),
and low affinity ITAM ((333) reveal that increased potency can be achieved by singe#éhe ZAP-70
affinity (Fig 3.6A,C). The high potency (low Eg) observed in the presence of ZAP-70 provides a plausible
explanation for the abundance of CD45 on T cells. In orderetepkthe TCR unphosphorylated, an excess
of phosphatase is required to balance the constitutiveityatif LCK and the binding of ZAP-70.

We observed reduced sensitivity fgrchains containing identical ITAMs (Fig 3.6) and therefera-
mised that the differential ZAP-70 affinities produce w@asitivity. In Fig 3.7A we compare the wild-type
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¢-chain (123) to a construct containing identical ITAM&22) and to a construct where ITAM 1 and 3 have
switched positions(321). We observe that ultrasensitivity relies not only difedential ZAP-70 affinities
but also on differential affinities that increase in the dii@n of phosphorylation, i.e. membrane-distal to
membrane-proximal (Fig 3.7B). This is comprehensivelysiltated in Fig 3.7C, which shows a heat map of
Hill numbers as a function of the ZAP-70 unbinding rate fohM 1 (x-axis) and ITAM 3 (y-axis) when the
unbinding rate for ITAM 2 is fixed at 1 3. Ultrasensitivity is observed when the unbinding rate isism
for ITAM 1 and large for ITAM 3.

In summary, the absolute ZAP-70 affinity for TGRTAMs modulates potency while the differential
ZAP-70 affinity gives rise to ultrasensitivity.
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Fig 3.6: The absolute ZAP-70 affinity for (-chain ITAMs modulates potency. (A) TCR ¢ phosphory-
lation as a function of the concentration of active kinaseg) & phosphatase {f. Results are shown for
the wild-type(-chain {123) and for three additionglchains that contain all high affinity ITAM 1((11),
intermediate affinity ITAM 2 (222), or low affinity ITAM 3 (333). Comparison of thegechains reveals
that (B) sensitivity is unchanged whilst (C) potency is miatked.
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Sequential phosphorylation is required for ultrasensitivity

The observation that ultrasensitivity relies on ZAP-70ndiffes increasing in the direction of sequential
phosphorylation (Fig 3.7A¢123 vs(321), suggests that sequential phosphorylation may tomérito ul-
trasensitivity. We contrasted sequential phosphorytatiorandom phosphorylation, whereby each ITAM
can be independently phosphorylated or dephosphoryldtédfound that removal of sequential phospho-
rylation abolished ultrasensitivity in total TCRchain phosphorylation (Fig 3.54,123 Random; and Fig
3.7A, (123 Random).
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Fig 3.7: Differential ZAP-70 affinity and sequential phosphorylation produces ultrasensitivity. (A)
TCR ¢ phosphorylation as a function of the relative concentratibactive kinase () to phosphatase .
Shown are the wild-typé-chain (123), and additional constructs where all ITAMs are idait{§222),
switched (321), or where phosphorylation is no longer sequentja28 Random). (B) The Hill numbers
reveal that ultrasensitivity is decreased if ZAP-70 dogsemabibit differential affinity (222), if the affinity
decreases as tigechain is sequentially phosphorylateBg1), or if phosphorylation is no longer sequential.
(C) Heat map of Hill numbers as a function of the ZAP-70 unbigdate for ITAM 1 (Z., ;1) and ITAM

3 (Zrosyr3), where the unbinding rate for ITAM 2 is fixed at T's The calculation is performed under
sequential phosphorylation. Maximum sensitivity is foundhe top left of the heat map, where ZAP-70
binds with the largest affinity to ITAM 1 and with lowest affiyito ITAM 3.

Ultrasensitivity is an emergent property of the TCR proximal signalling architecture, relying
on multiple ITAMs, sequential phosphorylation, and differential ZAP-70 affinity

We have shown the contribution of multiple ITAMs, sequdnplaosphorylation, and differential ZAP-70
affinity to producing ultrasensitivity. Importantly, wisensitivity critically relies on each of these factors
so that removal of multiple ITAMs (Fig 3.4A;XX3), removal of sequential phosphorylation (Fig 3.7A,
Random(123), or differential ZAP-70 affinity (Fig 3.7B) can markgdkduce or abolish ultrasensitivity.
The origin of the proposed emergent ultrasensitivity isha effective cooperative binding of ZAP-
70 and it can be compared to classical ultrasensitivity eskin allosteric models of Haemoglobin. In
these models, as the total ligand concentration incre&gesoncentration of bound ligand exhibits an ul-
trasensitive response (with large Hill numbers) becawsmnt binding induces an allosteric conformational

33



change in the receptor that increases the effective birafiigjty of subsequent ligand binding. Similarly,
increasing the concentration of LCK increases the phosgditayn of the TCR which sequentially produces
docking sites for ZAP-70 of increasing affinity. In both cad#iethe affinity does not increase as molecules
bind to the receptor ultrasensitivity is reduced. In theecafsthe TCR, increases in affinity critically rely on
the binding sites being sequentially phosphorylated an&-ZA8 having different affinities for these sites,
implicitly implying a requirement for multiple ITAMs.

Design of novel chimeric antigen receptors

As described in the Introduction of this Chapter, chimentigen receptors (CARS) are routinely developed
without predictive mechanistic models of signalling. Wer#fore applied the present mechanistic model
to understand existing CARs and to design novel CARs. Th&iggconsensus in the community is that
optimal CARs should exhibit high affinity to target antigef®wy antigen potency, and large maximum
responses. Early studies compared CARs containing the J-€ikRain and the F&RIvy-chain ((61), (62)).
These studies showed improved cytotoxic responses §roimin fused CARs compared todRi-y-chain
fused CARs. The key differences between these two siggatirains are ITAM multiplicity and ZAP-70
affinity; whereas thé-chain contains 3 ITAMs that bind ZAP-70 with various affied, the FeRI-vy-chain
contains only a single low affinity ITAM. The ERI-y ITAM has an affinity comparable to the low-affinity
(3 ITAM (59).

In Fig 3.8 we compare six different CAR designs. CARs combgira single ITAM taken from(1,
FceRI-v, and FeRI-;3 exhibit successively lower ZAP-70 affinity, with 10-fold deased affinity between
(1 and FeRI-y and a further 10-fold decrease in affinity betweemaMey and FeRI-5 (59). Using these
ITAMs, we construct single or triple ITAM CARs and find that@otency and maximum responses are
best achieved by a triple low affinity ITAM signalling chaimded on the ITAM from RRI-5. In sum-
mary, although the commonly used TCRhain exhibits a larger maximum compared to the single ITAM
containing FeRI-v, it has an undesirably large potency (smallsg)CWe predict that improved CARSs, with
reduced off-target cell killing, can be generated by ushmgé (or more) low affinity ITAMs, such as the
FceRI-y or FeRI-5 ITAM. Experimental assays to evaluate these novel CARs iaraisised below.

Discussion

We have used a systems model to reveal that multiple ITAMpjestial phosphorylation, and differential
ZAP-70 binding produces emergent switch-like responsdbleascale of individual TCRs. This provides
a rationale for understanding the functional significantthese previously described aspects of the TCR
proximal signaling architecture.
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Fig 3.8: The mathematical model predicts novel chimeric antigen regptors (CARs) design.(A) TCR

¢ phosphorylation as a function of the relative concentratibactive kinase () to phosphatase fy for
six cytoplasmic CAR domains. These domains include the tyite (-chain (blue), chains containing 3
copies of the low affinity ITAM from FeRI-y (green) and R&RI-3 (red), a single high affinity-chain
ITAM (orange), and chains containing a single copy of the Efiinity ITAM from FceRI-y (magenta)
and FeRI-3 (grey). Panels (B) and (C) illustrate the & and EGg for all CARs shown in panel (A).
Most CARs are developed based on the wild tgpehain but this construct, although having a large,E
has an undesirably large potency (lowd4glC Novel CARs containing multiple low affinity ITAMs (e.g.
(FceRIv)x3, (F&RIB)x3) have the desirably low potency (large &Bwhile maintaining the desirably large

Emax-
Differential binding affinity

Evidence for differential ZAP-70 binding affinities comesrh competition experiments performed at low
temperatures with the SH2 domains of ZAP-70 ((55), (56)),(%88), (63)). Future work is required to
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directly measure the affinity of full ZAP-70 at 3C.

Sequential phosphorylation

We have assumed that phosphorylation of the T&#Rain proceeds sequentially from the membrane-distal
to the membrane-proximal ITAM (10). However, earlier wotlggested an alternate and more complex
sequence of phosphorylation whereby individual tyrosm@®ss ITAMs are phosphorylated first, possibly
before any individual ITAM is fully phosphorylated (64). iBhalternate sequence is compatible with our
model provided that fully phosphorylated ITAMs appear iguence from membranedistal to membrane-
proximal. The mechanism underlying sequential phosphtiof of the TCR(-chain is unknown (54).
Recently, it has been proposed that lipid-binding segmafitse cytoplasmic domain of PECAM-1 mediate
sequential tyrosine phosphorylation (15). Given thatdhpinding basic residue rich stretch (BRS) are
present in the TCR signaling subunits and have been showsstziate with the plasma membrane ((14),
(12), (8)), it may be that their interactions mediate setjgephosphorylation.

Significance of high levels of phosphatase

Our detailed model has revealed that an excess of CD45 ovKri&@equired to keep the TCR-chain
dephosphorylated because although LCK and CD45 may havkaisenzymatic rates, the binding of the
ZAP-70 SH2 domains to phosphorylated ITAMs protects thesmfdephosphorylation. Previous work has
demonstrated that SH2 domains protect tyrosines from dggblooylation by phosphatases (65). This asym-
metry in signalling, whereby molecules bind and protectgpihorylated but not dephosphorylated tyrosines,
may apply to other ITAM, ITIM, and ITSM mediated signallingcamay explain the need for abundant phos-
phatases on immune cells. Mathematical models have pyibighlighted the need for high phosphatase
activity in order to explain the rapid dephosphorylatiortywbsine phosphorylated receptors ((66), (67)).

Relation to existing mathematical models

We have studied the regulation of the TGRhain using a systems model that includes LCK, CD45, the
TCR (-chain, and ZAP-70. Despite including only four moleculd® interaction network that we have
generated is very large because of the combinatorial cotyplhat emerges from including a high level
of molecular detail. Previous studies have included theskeenles and many others ((68), (69)) but at the
cost of removing molecular detalil.

The activity of LCK has been proposed to be regulated by Cdssaveral other molecules. A previous
mathematical model has predicted that this regulation meguze bistability in the activity of LCK (70) but,
to our knowledge, bistability in LCK has not been experinadiytobserved. Moreover, experimental work
has shown that the concentration of LCK in its various phosghtion states remains largely unchanged
upon T cell activation (22). We have omitted this in the preéseork because it would dramatically increase
the complexity and uncertainty of the model. We note thaptieeise mechanism by which antigen binding
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to the T cell receptor alters the kinase-phosphatase lmleading to receptor phosphorylation, a process
termed receptor triggering, remains controversial (23¢ofaplete understanding of receptor triggering will
provide insights into how antigens of varying affinity alle&€R proximal signalling.

The TCR(-chain contains 6 phosphorylation sites and is thereforesidered a multisite substrate.
There is a growing body of literature investigating the sgof multisite phosphorylation (47). Previously,
it was proposed that membrane-anchored, but not cytosolittisite substrates can produce ultrasensitivity
(44). However, to achieve Hill numbers of greater than 5, im@me-anchored substrates require around 20
phosphorylation sites whereas the TCRhain is predicted to achieve this cooperativity with o6lgites.
This level of cooperativity is achieved by both ZAP-70 bmgland sequential phosphorylation. The binding
of ZAP-70 is a form of product inhibition, which has previbubeen proposed to increase cooperativity (48)
and sequential phosphorylation has also been implicatswitch-like responses (46). Although multiple
mechanisms of ultrasensitivity have been previously pgsedpthe TCR -chain utilizes mechanisms that
cooperate so that large ultrasensitivity is achieved wiily & phosphorylation sites. We note that the
ultrasensitivity we have reported is distinct from mulisility, which has been previously proposed to be
taking place on multisite substrates ((50), (51)).

Implications for other receptors

In addition to the TCR, other immune receptors (e.g~yHdl, IGSF4 (71), NKp30, NKp46) associate
with the {-chain and therefore the predictions made here may be apf#id¢o these receptors. There are
many other receptors, termed Non-catalytic Tyrosine-phoylated Receptors (NTRS) (72), with multiple
phosphorylation sites that are regulated by extrinsic er@syand like the TCR, spurious activation of these
receptors may be avoided by switch-like responses thaatostrong thresholds. The mathematical model
used in the present study can be used to study the reguldthdi® phosphorylation.

Implications for CARs

CARs are a class of therapeutic receptors that containblaridomains of a monoclonal antibody that
recognizes pathogen or cancer derived antigens fused tdGRe(-chain ((53), (60)). The majority of
CARs rely on the TCR-chain, or variants thereof, because early studies shawadARSs containing the
TCR (-chain exhibited higher target cell killing efficienciesngpared to other signalling chains, such as
the FeRIy (62). In contrast to thé-chain, the FeRly contains only a single ITAM that binds ZAP- 70
with low affinity, comparable to the low affinity interactidretween ZAP-70 and3 (59). This improved
killing efficiency is likely due to ITAM multiplicity on the(-chain (Fig 3.8,(123 vs FeRl~y). However,
the ¢-chain containing CAR also has the unfavourable properip@eased potency. As shown in Fig 3.8,
novel CAR designs that maintain low potency and high maxinanenpossible by using three copies of low
affinity ITAMs taken from either FeRly or F&RIS.
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We propose that in vitro target cell killing assays can bedusedetermine optimal CARs. However,
these assays need to be performed using titration of astigerihe target cells (with a fixed number of
target cells) not the more commonly performed assay thahias titrating the number of target cells (with
a fixed antigen concentration). Optimal CARs should exHdait potency (large E&p), only killing cells
that highly express specific antigens, and large maximumeB,4), Killing many cells that highly express
specific antigens. An alternative assay is to use measud|ofar activation (e.g. expression of CD107a)
in response to titrations of immobilized antigen. In thesaire work we predict that CARs fused to wild type
¢-chain or signaling chains that contain three copies of l&mity ITAMs, such as the RRIvy or F&RIS
ITAMs, will exhibit similar maxima. However, only the sigliag chains containing three copies of the low
affinity ITAMs will exhibit the desired low potency (large Eg).

Methods
Systems model

The model includes the TC&chain with 6 phosphorylation sites (distributed on 3 ITANtsat are sequen-
tially phosphorylated by LCK (membrane-distal to membraneximal) and sequentially dephosphorylated
by CD45. We assume that LCK and CD45 cannot simultaneously thie TCR(-chain. We take {§,, Ko,
and k4 to be identical for both enzymes. Doubly phosphorylatedMEAserve as binding sites for ZAP-70
(provided that CD45 is not bound to the ITAM) and therefore aximum of three ZAP-70 molecules can
bind per TCR(-chain. Binding of ZAP-70 to an ITAM occurs independentlyreéctions on other ITAMs
and while bound, ZAP-70 protects the ITAM from dephosphatigh by CD45. Note that ZAP-70 binding
only relies on doubly phosphorylated ITAMs. DifferentiahB-70 affinity is implemented by decreasing
the ky for ITAM binding by a factor of 10 between each ITAM (membrattistal to membrane-proximal)
while keeping k, identical between ITAMs.

The system of ODEs representing the biochemical reactibmank based on the above scheme was
generated in BioNetGen (52) and integrated in Matlab (Matta, MA). The BioNetGen program code is
provided in the appendix section of the thesis. The paranvataes used for concentrations and reaction
rates are estimated based on known values. However, wa stre@sour main results are not sensitive to
the precise values of the parameters. The concentratioPAd{bound ZAP-70 or total -chain phospho-
rylation was calculated at steady-state by varying the eomation of phosphatase (identical results can
be obtained by varying the concentration of the kinase)altgthain phosphorylation is the multiplica-
tive product of 1) the concentration of a particular TCkoform (regardless of whether it is bound to an
enzyme) and 2) the number of phosphate groups attached iknthem.

In addition to the wild-type signaling architecture, selemodified architectures were investigated.
We compared sequential to random phosphorylation by aligWwiCK and CD45 to catalyze reactions at
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ITAMs independent of the phosphorylation state of {hehain. This random or unstructured phosphory-
lation scheme generated 2688 reactions and over 500 cHespeeies compared to 168 reactions and 53
chemical species generated for the sequential scheme tiNdte mixed scheme, whereby phosphorylation
is sequential but dephosphorylation is random cannot b&imgnted without an excessive number of addi-
tional assumptions (e.qg. if dephosphorylation takes pecdAM 3 whilst ITAM 2 is fully phosphorylated,

it is unclear if sequential phosphorylation requires regghorylation of ITAM 3 before phosphorylation
on ITAM 1 can take place). The variogschain constructs were implemented by changigg lketween
ZAP-70 and each ITAM. For example, ti@22 construct is generated by taking;k= 0.1s™! between
ZAP-70 and all 3 ITAMs. In each modified architecture, we pres all remaining properties of the wild
type architecture.

Curve fitting

The profiles of total TCR -chain phosphorylation are fit to logarithmic Hill functemising Isqgcurvefit in
Matlab (Mathworks, MA),

Emax - Emin

1 + 10(109(ECso—x))n

y= Emin+

where y corresponds to total TCRchain phosphorylation and x is the kinase-to-phosphataise on a
logarithmic (base 10) scale. The fitted parameter valudadec Enin and Enax, Which correspond to the
minimum and maximum values, respectively; loggg)c which is the logarithmic value of the kinase-to-
phosphatase ratio that yields half of the maximal respooe(wise known as potency), and n, which is
the Hill number that determines the steepness of the resgotiserwise known as the sensitivity).

Our theoretical dose-response profiles were all fitin MATLABiile in the subsequent chapter, we shall
use GraphPad Prism software to fit our experimental data. ré&won for these different fitting methods
is that we needed to quantify the experimental variationsunexperimental data, and GraphPad Prism
has many sophisticated in-built methods for doing so. We tiwt similar results are obtained with both
software packages.
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Chapter 4

Cellular reconstitution of T cell receptor
proximal signalling: multiple TCR ¢ ITAMs
enhance the potency of phosphorylation

Introduction

A central question in cellular signal transduction is: whed the mechanisms through which molecular
interactions give rise to physiological function? Sigimagllthrough the T cell receptor (TCR) mediates
cellular activation, and thus the appropriate regulatibf ©R signalling has important consequences in
health and pathology (2). In this chapter we describe ouemxgntal investigations of TCR proximal
signalling, and we relate our findings to the mathematicad@®that we presented in the previous chapter.

Phosphorylation of TCR ITAMs is mediated by the kinase LCK, and dephosphorylatenatalyzed
by transmembrane phosphatases such as CD148. Fully pmgised ITAMs recruit the cytosolic kinase
ZAP-70, and together these molecules form the TCR proxiigabdling network (Fig 4.1A). In the previous
chapter we presented a systems model of TCR proximal siggathat incorporated several previously
published results. These include a sequential mechanishCBf¢ ITAM phosphorylation ((10), (8)) and
binding of ZAP-70 to phosphorylated ITAMs with affinitiescireasing in the direction of phosphorylation
(55). Under these model assumptions, we predicted thatptleultCR ¢ ITAMs enhance the potency and
sensitivity of receptor phoshorylation. In this chapter ex@erimentally evaluate our model assumptions
and predictions.

TCR signalling is comprised of multiple signalling modulegtertwined over several spatial and tem-
poral scales. This means that studying TCR proximal sigmglk difficult to pursue in primary cells or
cell lines, because many molecules interact with the praksignalling network. One alternativeirsvitro
reconstitution ((73), (74)) but this method lacks an unded cellular context. A compromise is to recon-
stitute signalling in heterologous cells which lack the T sgnalling machinery, but preserve background
cellular processes. Such a strategy was recently pursuddrbgs and Vale (75), whereby the authours
reconstituted the TCR complex in HEK cells.
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In this chapter we discuss the reconstitution of TCR proxkisignalling in HEK cells (Fig 4.1B). The
HEK cell line lacks the T cell signalling machinery, thus blreg us to study the functional properties of
TCR proximal signalling in isolation. Our objective is totalm experimental dose-response profiles of TCR
¢ phosphorylation as the number of ITAMs is varied (Fig 4.1@% will compare the maxima, potencies
and sensitivities of dose-responses to the model predgtrom the previous chapter, and we shall consider
how the model assumptions must be refined to explain our empetal data.

We obtain dose-response profiles of TCRhosphorylation by perturbing the relative balance of the
modifying enzymes LCK and CD148. We achieve this with peadate, a pharmacological inhibitor of
tyrosine phosphatases. Treatment of reconstituted célisdifferent concentrations of pervanadate results
in differential TCR( phosphorylation, thus yielding dose-response profilesdfain phosphorylation.

In this chapter we show that multiple ITAMs mediate signalpfdification and an enhancement in the
potency of¢-chain phosphorylation. We find that ZAP-70 further enharibe potency of-chain phospho-
rylation, but this enhancement is independent of the nurabBErAMs present. We do not find any signifi-
cant differences in the sensitivities of phosphorylatisrttee number of ITAMs is varied. In the following
chapter we reconcile these experimental results with madtieal models of TCR proximal signalling.

Optimization of cellular reconstitution system

Our experimental strategy was comprised of two main proeasduThe first of these was transfection of
HEK cells to express the molecules that mediate TCR proxsigaialling (see Materials and Methods for
constructs used). We reconstituted CD148 instead of CDA4%S), though CD148 is expressed only in some
T cells. This is because CD45 is difficult to express, andwweghosphatases are functionally equivalent
(76).

The second procedure treated reconstituted cells withnggpncentrations of the tyrosine phosphatase
inhibitor pervanadate, and quantified the level of tgtahain phosphorylation corresponding to each treat-
ment dose (Fig 4.1B). Through this section we discuss thenggattion of these two methods in turn.

Protein expression in HEK cells

We first sought to understand relative expression levels @taonles, and how expression patterns vary
over time post-transfection. We reasoned that the optiime to treat reconstituted cells is when relative
expression levels are maximally correlated, since it isriiative amounts of molecules that determine
biochemical reaction kinetics. Thus we reconstituted HEKsdo express LCK, CD148 and wild type TCR
¢, and we detected the expression level of each molecule dieea day period using flow cytometry (Fig
4.2).

In the panels labelled (i) in Fig 4.2, we depict three-congrdrstains of LCK, CD148 and TCR We
observed a clear separation between cells that expre$ses! inolecules, and cells that do not express any
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Fig 4.1: Reconstitution of wild type and mutant TCR proximal signalling modules. (A) The TCR
proximal signalling network. TCR ITAM phosphorylation is mediated by LCK and dephosphoiglats
catalyzed by CD148. Phosphorylated ITAMs create binditgsdior ZAP-70. (B) Cellular reconstitution
of TCR proximal signalling in HEK cells, and quantificatiof ¢@-chain phosphorylation. The molecules
that comprise TCR proximal signalling were introduced ihtieK cells. Reconstituted cells were treated
with varying concentrations of pervanadat®[PV]), and (-chain phosphorylation was quantified. (C-E)
Molecular variants of TCR, LCK and ZAP-70. (C) TCR variants included the wild typé-chain, the
single ITAM mutants (X23, (1X3 and(12X), and the double ITAM mutantg 1XX, (X2X and (XX3).
Each variant mutated the ITAM tyrosines to phenylalaninéi®) LCK variants used were the wild type
molecule and LCKASH2, with a point mutation in the SH2 domain binding site. ZAP-70 variants
used were the wild type molecule and ZAPABH2ACAT with point mutations in the SH2 and catalytic
domains.

molecule. We used the k-means clustering algorithm in MABLtA classify cells that express all molecules
(red dots), and cells that do not express any molecule (lts).dWe quantified the proportion of positive
cells (Fig 4.2D), and observed peak expression profilesnarbuenty four hours post-transfection.

Steady-state profiles of substrate phosphorylation aexrdé@ied by the relative amounts of molecules.
We thus sought to determine the time post-transfection whelecular expression levels are maximally
correlated. Through panels (ii)-(iv) in Fig 4.2 we show tdioaensional projections of molecular expres-
sion profiles post-transfection, and we use these to cadctheo-component correlation coefficents (see
Materials and Methods). We found maximal correlation beveolecules also within twenty four hours
after transfection (Fig 4.2E). These temporal expressiofiles collectively suggest that the optimal time
to perform experiments on the reconstituted cells is abhweity four hours after HEK cell transfection.
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Fig 4.2: Temporal profiles of molecular expression after HEK cell reonstitution. HEK cells were
transfected to introduce LCK, CD148 and the wild type TGBhain. Expression profiles of LCK, CD148 and the
chain were detected with flow cytometry (A) 24 hours, (B) 48iiscand (C) 72 hours post-transfection. Panels labelled
(i) depict the three component stain of LCK, CD148 and T.CRed dots correspond to positive cells that express all
three molecules, while blue dots represent cells that dexmress any molecule. Panels (ii)-(iv) are two-dimendiona
projections, plotting (i) CD148 and TCR, (iii) CD148 and LCK and (iv) TCR, and LCK. (D) Proportion of cells
that express all molecules over time, calculated from @afiel (E) Two-component correlation coefficents in time,
calculated from panels (ii)-(iv).

Equilibration timescale and specificity of TCR ¢ phosphorylation

To perturb the relative activities of the kinase LCK and ttegphatase CD148 we treated reconstituted
cells with increasing concentrations of pervanadate. dieioto determine the timescale at which the system
reaches steady state, we performed a time-course of wikl ¢yghain phosphorylation (Fig 4.3A). We
found that the system reaches steady state within fifteentesrof treatment, and the curves equilibrate to
similar responses subsequent to that time point (Fig 4.BA)s we treated reconstituted cells with different
concentrations of pervanadate for half an hows7ac.

Given that HEK cells express endogenous tyrosine kinasgégphosphatases, it was important to de-
termine their contribution to the phosphorylation of theamstituted¢-chain. To do this, we transfected
three combinations of proteins: (i) LCK, CD148 agd(ii) LCK and ¢; (iii) CD148 and(, and treated
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each of these reconstituted systems with increasing ctiatiems of pervanadate (Fig 4.3B). Given that
transfection (ii) lacks an exogenous phosphatase, anyodppbrylation will be mediated by endogenous
phosphatases. Similarly, since transfection (iii) lachsesogenous kinase, any phosphorylation will be
mediated by endogenous kinases. In the absence of exog€mii#8 maximal levels of phosphorylation

was observed even at very low concentrations of pervand@&e4.3B red). Similarly, in the absence

of LCK phosphorylation was observed only at high conceransgt of pervanadate (Fig 4.3B green). This
demonstrates that the dose response profile observed undexgerimental conditions (Fig 4.3B blue) is

primarily mediated by exogenous LCK and CD148.
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Fig 4.3: Timescale of equilibration and specificity of¢-chain modification. (A) HEK cells were re-
constituted to express LCK, CD148 and the wild type TGBhain. Reconstituted cells were treated with
increasing concentrations of pervandate, and the reastamnquenched at the times indicated. (B) HEK
cells were transfected to express either (i) LCK, CD148@(tue) (i) LCK and( (red) or (iii) CD148 and

¢ (green). Each reconstituted system was treated with isitrgaoncentrations of pervandate. Response
profiles were normalized to the blue curve. Arrows denotecenfration range where at most?%2®f the
response profile is mediated by endogenous enzymes.

Emergent properties of TCR proximal signalling

The TCR proximal signalling network is a multisite phosphation system. Through mathematical mod-
elling (Chapter 3) we predicted that multiple TGRTAMs enhance the potency and sensitivity of receptor
phosphorylation. We sought to evaluate our model predistiand assumptions through our experimental
system. Thus we generatéechain variants comprised of different numbers of ITAMsg(Bi1C), where
each mutation substitutes ITAM tyrosine residues to pteagine. The&-chain variants we generated were
the (i) wild type(-chain {123), (ii) single ITAM mutants {(X23, (1X3 and(12X), and (iii) double ITAM
mutants (1XX, (X2X and (XX3).

We found the enhancement of potency and sensitivity to berdignt on a sequential mechanism of
TCR (¢ phosphorylation, and ZAP-70 binding affinities increasinghe direction of phosphorylation. To
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evaluate these predictions we first reconstituted HEK dellsxpress the different TCRchains with the
modifying enzymes LCK and CD148. Through a further set ofegixpents we introduced ZAP-70 to the
core multisite phosphorylation module.

We pursued the same experimental strategy of treating séitided cells with varying concentrations of
pervanadate, and quantifying total T€¢Rhosphorylation corresponding to each treatment doseoughr
this section we first present results of T¢Rhosphorylation by LCK and CD148. We subsequently con-
sider the effects of ZAP-70 on TCR proximal signalling.

The regulation of TCR ¢ phosphorylation by LCK and CD148: multiple ITAMs enhance
response potency

We first sought to understand the regulation of TCphosphorylation by LCK and CD148, and the func-
tional consequences of multipfechain ITAMs. We depict a representative set of dose-resp@nofiles in
Fig 4.4A. As is expected, increasing the number of TCIRAMSs results in increases in the maximal level
of phosphorylation, Fax.

We obtained phosphorylation profiles for all the double- amgjle-ITAM mutant-chain constructs,
and all these profiles exhibited non-zero maxima. This ssiggeat a strictly sequential mechanism of
¢-chain phosphorylation does not hold true.

We fit our dose-response profiles to logarithmic Hill funopand computed the potencies and sensi-
tivities of phosphorylation for eacfrchain variant (see Materials and Methods). The potencyastified
by the EG, while the Hill number quantifies the sensitivity of resperisig 4.4A).

We observed a direct correlation between response potemttyh@ number of -chain ITAMs. The
wild type (-chain (123) exhibited the most potent response (ie lowestyCGhe single ITAM mutants
exhibited an intermediate potency, while the responselpsofif the double ITAM mutants were the least
potent (ie highest E§). Therefore multiple ITAMs enhance the potency of TCRhosphorylation, and
this enhancement is directly correlated to the number o§phorylation sites.

There were no significant differences in response potendién a group of(-chain ITAM variants.
Thus the single ITAM mutants exhibited similar responseepoies, and the same held true for the double
ITAM mutants. The similarity of the values of the ES across the double ITAM mutants suggests that the
relative catalytic efficiency of modification is similar fordividual TCR( ITAMs, and that the juxtaposition
of these ITAMs into the wild type configuration elicits a ceoative effect, giving rise to an enhancement
of response potency.

We also sought to quantify the sensitivity of TGRhosphorylation as the number of ITAMs is altered,
and this is represented as the Hill numbers in Fig 4.4A. Wendicdbserve any significant differences across
the (-chain variants, and thus multiple ITAMs do not enhance #resgivity of phosphorylation.
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Fig 4.4: Multiple TCR (-chain ITAMs enhance the potency of receptor phosphorylatin. HEK cells
were reconstituted to express LCK, CD148 and the T&#Rain variants. Reconstituted cells were treated
with increasing concentrations of pervanadate, @mwhain phosphorylation corresponding to each per-
vanadate dose was quantified. Dose-responses were fit tathogia Hill functions. (A) Representative
dose-response profiles, normalizeds5<(logyy scale) and Hill numbers. Metrics were averaged across
nine independent experiments, and are presented as tnsam. (B-C) Representative expression pro-
files of molecules from one experiment. (B) Three-comporstain of LCK, CD148 and TCR. Cells
were classified as expressing all molecules (red dots), expressing any molecule (blue dots) with k-
means clustering algorithm in MATLAB. (C) Molecular expsés histograms of thé-chain variants, LCK,
CD148 and the LCK/CD148 expression ratio for all the ITAM anitsignalling modules reconstituted. (D)
Averaged expression levels across all experiments of ptiopoof cells expressing molecules, and relative
expression levels af-chain variants, LCK, CD148 and LCK/CD148 expression matiData are presented
as meant sem across eight independent experiments.
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Relative expression of molecules

The differences we observe in the dose-responses of the, MaRRants may be due to differential expression
levels of molecules. We verified that this is not the caseutjindlow cytometry, and we present these results
in Fig 4.4B-D.

In Fig 4.4B we depict a representative three-component st CK, CD148 and TCR,. We used
the k-means clustering algorithm in MATLAB to classify ethat express all molecules (red molecules),
versus cells that do not express any molecule (blue dots)yuéetified the proportion of cells that express
the transfected molecules, and we consistently found appately 25% of cells to be positive (Fig 4.4D).

We also sought to quantify the relative expression levelthefdifferent(-chain variants, LCK and
CD148 (Fig 4.4C,D). We found similar expression levels dfnablecules across all signalling modules
reconstituted. Finally, we calculated the relative exgi@sratios of LCK and CD148, and we found similar
ratios across all TCR-chain variants (Fig 4.4C,D).

Enhancement of potency is independent of LCK SH2 domain

We reasoned that the enhancement of potency with increasimdpers of TCR ITAMs (Fig 4.4A) could
be mediated by the recruitment of LCK to phosphorylateddiyr® residues through its SH2 domain, and an
enhancement of catalytic efficiency due to an increase itotted concentration of the enzyme. To further
test this possibility we created an LCK variant with a R158%np mutation in the SH2 domain which
disrupts phosphotyrosine binding (77), and we refer tortiigecule as LCKASH2 (Fig 4.1D).

We performed the same set of reconstitution and treatmeetrenents with LCKASH2, CD148 and the
TCR variants (Fig 4.5). We found the same correlation betweepttency of TCR phosphorylation and
the number of -chain ITAMs (Fig 4.5A). Thus we conclude that the enhanag@mépotency is independent
of phosphotyrosine binding by the LCK SH2 domain. Also, thesstivities of phosphorylation were similar
for all TCR (-chain variants (Fig 4.5A). Finally, we performed the sameos$ flow cytometry experiments
to confirm that the relative expression levels of moleculas similar across all ITAM variants (Fig 4.5B,C).
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Fig 4.5: The direct correlation between the number of TCR(-chain ITAMs and response potency is
independent of the SH2 domain of LCK.HEK cells were reconstituted to express LAKH?2 (denoted
LCK in this figure), CD148 and the TCRchain variants. Reconstituted cells were treated witheiasing
concentrations of pervanadate, afwthain phosphorylation corresponding to each pervanaitze was
quantified. Dose-responses were fit to logarithmic Hill fiots. (A) Representative dose-response pro-
files, normalized E&ys (logo scale) and Hill numbers. Metrics were averaged across falgpendent
experiments, and are presented as meaem. (B-C) Representative expression profiles of moledtoes
one experiment. (B) Three-component stain of LCK, CD148E@GR (. Cells were classified as expressing
all molecules (red dots), or not expressing any moleculee(bots) with k-means clustering algorithm in
MATLAB. (C) Molecular expression histograms gfchain variants, LCK, CD148 and the LCK/CD148
expression ratio for all the ITAM mutant signalling modutesonstituted. (D) Averaged expression levels
across all experiments of proportion of cells expressintemdes, and relative expression levelg ethain
variants, LCK, CD148 and LCK/CD148 expression ratios. Catpresented as meansem across four
independent experiments.
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ZAP-70 further enhances the potency of TCR, phosphorylation

Mathematical modelling in the previous chapter predicted the recruitment of ZAP-70 to phosphorylated
ITAMs enhances the potency and sensitivity of TCphosphorylation. It is also predicted that the enhance-
ment in sensitivity relies on the sequential phosphomytatf TCR( ITAMs, and ZAP-70 binding affinities
increasing in the direction of phosphorylation. We soughagvaluate these model predictions, and thus we
transfected HEK cells to express LCK, CD148, ZAP-70 and tB&RT-chain variants. We treated recon-
stituted cells with varying concentrations of pervanadatel we quantified total TCR phosphorylation
corresponding to each treatment dose.

It was necessary to control for the inclusion of an additigomatein in the transfection protocol. Thus
we created a ZAP-70 molecule that contained point mutatibasare predicted to disrupt the functions
of the SH2 domains (R37K and R190K) and the catalytic domi&B68A), and we refer to this molecule
as ZAP-7TQASH2ACAT (Fig 4.1E). We first compared the dose-response profil€éd wild type TCR ¢
without ZAP-70, (ii) wild type TCR( with ZAP-70ASH2ACAT, and (iii) wild type TCR(¢ with wild type
ZAP-70 (Fig 4.6).

The inclusion of ZAP-7T&ASH2ACAT resulted in small changes in the potency and sensitofifyCR
¢ phosphorylation (Fig 4.6A). The reason for this is uncleatribmay be the result of the change in the
transfection conditions and/or inclusion of an additiopedtein. Thus we use the dose-response profile
of ZAP-7T0ASH2ACAT to represent the system without ZAP-70, and we evaluaesffects of wild type
ZAP-70 with respect to the ZAP-T0SH2ACAT curve.

Wild type ZAP-70 enhances the potency of TCRhosphorylation, but does not change the sensitivity
of the dose-response profile (Fig 4.6A). Similar to our prasi sets of experiments, we verified similar
expression levels of all molecules with the different foroh& AP-70 reconstituted (Fig 4.6B,C).

We subsequently sought to elucidate the effects of ZAP-70Barcontext of multisite phosphorylation.
Thus we reconstituted HEK cells to express LCK, CD148, ZARaiAd the different-chain variants. We
pursued the same experimental strategy of treating cetls pérvanadate and quantifying totalchain
phosphorylation. We present the results from this set okerpents in Fig 4.7.

ZAP-70 increases the potency of all the T¢Rhain variants in comparison to reconstitution without
ZAP-70 (not shown). However ZAP-70 reconstitution maimsa@ similar difference in potency between
the ITAM mutants (Fig 4.7A). Thus the direct correlationvee&n the number of ITAMs and the potency
of phosphorylation is observed with and without ZAP-70. \Wikrtbt observe any significant differences in
the Hill numbers between thechain variants (Fig 4.7A).

Finally, we verified similar relative expression levels dif molecules across all signalling modules
reconstituted with ZAP-70. (Fig 4.7B,C). Thus we concluldat the differences in TCR phosphorylation
profiles that we observe are not due to differential expoessf molecules.
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Fig 4.6: ZAP-70 enhances the potency of TCR phosphorylation. HEK cells were reconstituted to
express LCK, CD148, the wild type TCRchain and either wild type ZAP-70 or ZAP-ABH2ACAT. Re-
constituted cells were treated with increasing concentratof pervanadate, andchain phosphorylation
corresponding to each pervanadate dose was quantified -rBggenses were fit to logarithmic Hill func-
tions. (A) Representative dose-response profiles, nazekGs (logiy scale) and Hill numbers. Metrics
were averaged across five independent experiments, andemenged as meah sem. (B-C) Molecular
expression profiles of cells classified as expressing aleoubés with k-means clustering algorithm. (B)
Expression histograms @fchain, LCK, CD148, the LCK/CD148 expression ratio and ZA®Pvariants.
(C) Averaged expression levels across all experimentsagqution of cells expressing molecules, and the
relative expression levels of wild type TCRchain, LCK, CD148 the LCK/CD148 expression ratio and
ZAP-70 variants. Data are presented as meaem across five independent experiments.
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Fig 4.7: The direct correlation between the number of TCR(-chain ITAMs and potency of recep-

tor phosphorylation persists in the presence of ZAP-70HEK cells were reconstituted to express LCK,
CD148, ZAP-70 and the different TCRchain variants. Reconstituted cells were treated witheiasing
concentrations of pervanadate, ajwdhain phosphorylation corresponding to each pervanaitze was
quantified. Dose-responses were fit to logarithmic Hill fiows. (A) Representative dose-response pro-
files, normalized E&ys (logo scale) and Hill numbers. Metrics were averaged across thokependent
experiments, and are presented as measem. (B-C) Molecular expression profiles of cells classified
as expressing all molecules with k-means clustering alyori (B) Expression histograms of the TGR
chain variants, LCK, CD148, the LCK/CD148 expression ratid ZAP-70. (C) Averaged expression levels
across all experiments of proportion of cells expressintemdes, and the relative expression levels of TCR
(-chain variants, LCK, CD148 the LCK/CD148 expression ratial ZAP-70. Data are presented as mean
+ sem three five independent experiments.
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Trends in dose-response profiles are not due to differentiaéxpression levels of molecules

We also performed general analyses across our datasetshyhee compared (i) the maxima of our dose-
response profiles to the expression levels oftteiain variants (Fig 4.8A) and (ii) the relative expression
levels of LCK and CD148 versus the EfS of our dose-response profiles (Fig 4.8B). In both cases we
did not find any significant correlation between expressamels and dose-response metrics, thus further

suggesting that the changes we observe are not due to difedrexpression levels of molecules.

A
Y =0.1200*X + 0.8753
Pvalue =0.1144

B

15

Y =-0.1226*X + 1.065
P value = 0.6907
(slope does not exhibit significant deviation from zero)

14 (slope does not exhibit significant deviation from zero)

LCK / CD148
expression ratio

TCR T expression
-
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Fig 4.8:Changes in the functional characteristics of dose-resporsrofiles are not due to differential
expression levels of moleculesExpression profiles of the TCR-chain variants, LCK and CD148 were
quantified with flow cytometry. The normalized Emax andsg&were obtained from the dose-response
profiles of TCR( phosphorylation. (A) Normalized Emax of dose-responsdilpsoversus normalized
fluorescence levels d@f-chain expression across all experiments. (B) Normaliz€ghBf dose-responses
versus LCK/CD148 fluorescence ratio across all experiments

Protein expression levels

One possible explanation for the high level of sensitivibs@rved in our experiments is that the enzymes
LCK and CD148 are at much lower concentrations than the T&@Rain, which can result in zero-order
ultrasensitivity. In order to investigate this possiliite sought to quantify the absolute numbers of LCK,
CD148 and TCR molecules expressed in our reconstitution system. We medsthat as long as TCR
expression does not vastly exceed the expression levdis ofivdifying enzymes, response profiles will not
be impacted by concentration-dependent effects.

We used commercial beads calibrated with defined numberstisfgdgs molecules, and we incubated
our flow cytometry detection antibodies with these beadghi;nimanner we were able to relate fluorescence
levels with numbers of molecules for the TCRehain (Fig 4.9A), CD148 (Fig 4.9B) and LCK (Fig 4.9C).
We detected approximately a million molecules of LCK, CDBt®l TCR( per cell, with slightly more
CD148 and LCK than TCR. These results show that our experiments were not perfoiméte zero-

order regime.
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Fig 4.9: Relating fluorescence levels in flow cytometry with exact nuivers of molecules expressed.
Flow cytometry detection antibodies were incubated withdsecoated with anti-lgG molecules, and flu-
orescence levels were related to numbers of molecules. )(Relationships of mean fluorescence levels
versus numbers of molecules for (A) TGR(B) CD148 and (C) LCK. X denotes mean fluorescence levels
of reconstituted cells.

Titration of expression levels

The functional properties of signalling networks are offependent on the relative concentration of molecules.
Thus we examined to what extent it is possible to experiniigntary the LCK and/or CD148 concentrations
in our system.

Our transfection procedure without ZAP-70 used@#ml of plasmid DNA, with 8.9 each of LCK,
CD148 and;-chain. We varied the relative amounts of LCK and CD148 devied: (i) LCK: 14,9, CD148:

2 ug; (ii) LCK: 11 g, CD148: 5ug; (iii) LCK: 8 g, CD148: 8ug; (iv) LCK: 5 ug, CD148: 11:.g and (V)
LCK: 2 ug, CD148: 14ug. We determined the relative expression levels through égwmetry, and we
present the results of this experiment in Fig 4.10.

There were no large differences in the proportion of celtd #xpressed all components across the dif-
ferent transfection regimes (Fig 4.10A: percent positigds. However varying the relative transfection
amounts changed the relative amounts of LCK and CD148 esgded-ig 4.10B,C). We note that the ex-
pression of each modifying enzyme was demarcated into tmediahigh and low regime, corresponding to
the amount of plasmid transfected (Fig 4.10C: LCK and CD248eassion panels).

The ratio of LCK/CD148 expression levels followed a gradetteyn, and coincided with the relative
amounts of plasmid transfected (Fig 4.10C: normalized LCIKY48 expression ratios). Finally, as was
expected, we did not observe any differences in the amouhC& ( expression. These results collectively
suggest that relative cellular expression levels of mdéscare adjustable, and that relative expression levels
may be systematically varied by altering the transfectimtedure.

We pursued these molecular titration experiments to viidar cellular reconstitution procedure. We

did not pursue these experiments further due to our findiady tthhe correlation between the number of
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Fig 4.10:Varying the relative expression levels of LCK and CD148 by trating transfection amounts.
HEK cells were transfected with LCK, CD148 and the T¢Rhain. The procedure altered the relative
amounts of LCK and CD148 transfected. (A) Three-compon&inhs of LCK, CD148 and TCR and
proportion of expressing cells. Relative transfection ante of modifying enzymes: (i) LCK: 149,
CD148: 2ug; (i) LCK: 11 g, CD148: 5ug; (iii) LCK: 8 ug, CD148: 8ug; (iv) LCK: 5 ug, CD148: 11
1g; (v) LCK: 2 ug, CD148: 14ug; (vi) percent positive cells in each transfection regir{i®). Expression
histograms of LCK, CD148, the LCK/CD148 ratio and TERhain for transfection regimes shown in
part (A). (C) Quantification of relative expression leveads éach transfection regime in panel (A) for LCK,

CD148, the LCK/CD148 ratio and TCRchain.

ITAMs and the potency of phosphorylation is an intrinsicgedy of the¢-chain. We note that a possible
direction of further research would be to replicate our miasults in this chapter under different kinase-to-
phosphatase transfection regimes.
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Discussion

Mathematical modelling of TCR proximal signalling (Chap8 predicted that multiple TCR ITAMs en-
hance the potency and sensitivity of receptor phosphaoylatThis enhancement depends on a sequential
mechanism of ITAM modification, and ZAP-70 binding affingiancreasing in the direction of phosphory-
lation. We sought to investigate the validity of our modedgictions through experimental studies of TCR
proximal signalling.

Our data suggest that multiple ITAMs enhance the potencyGR T phosphorylation, but do not alter
the sensitivity of response profiles. The correlation betwi#he number of ITAMs and response potency is
observed both in the presence and absence of ZAP-70. Thduation of ZAP-70 enhances the potency of
all ITAM variants by roughly equal amounts, while not alterithe sensitivities. Thus the assumptions and

predictions from our mathematical modelling must be refjred we consider these in turn.

TCR ¢ modification does not follow a sequential mechanism

The emergent ultrasensitivity that our mathematical modglpredicted relied on a sequential mecha-
nism of ¢-chain phosphorylation. We assumed that modificationsga@drom the membrane-distal to
the membrane-proximal ITAM ((10), (8)), and we note thagm@ative sequences have also been previously
reported (64).

Our finding that all three single ITAM mutants have similavdks of phosphorylation is inconsistent
with a strictly sequential mechanism of phosphorylatione@ossible explanation to reconcile our data with
previous observations is that there exists a dominanttsieiof phosphorylation, however modifications are
not strictly sequential. Thus if a preceding ITAM in the poried sequence is mutated, modifications can
still proceed. We also note that our experiments were paedrin reconstituted HEK cells, while reports
of structured schemes of TCRmodification were reported in T cells.

Potency does not correlate with reported ZAP-70 ITAM binding affinities

An additional assumption of our systems model was that ZBBiAds phosphorylated ITAMs with differ-
ential binding affinities. In accordance with previoushbfished reports, we assumed affinities to increase
in the direction of phosphorylation, from the membrandadito membrane-proximal ITAMs ((55), (56),
(57), (58)).

We do not find significant differences in potency with difieréunctional individual ITAMs, and we
observe roughly equal enhancements in potency of all ITAKbws in the presence of ZAP-70. This is
in agreement with unpublished data from our laboratory, re/fseirface plasmon resonance experiments of
ZAP-70 to individual TCR( ITAMs were performed at 3C, and no significant differences in binding
affinities were detected (not shown). Thus we conclude thelewZ AP70 binding to all ITAMs enhances
the potency of TCR proximal signaling, differential bingidoes not contribute to sensitivity.
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Multiple ITAMs enhance the potency of TCR ¢ phosphorylation

Reconstitution of the TCR variants, LCK and CD148 revealed that multiple ITAMs entatie potency
(decrease the Eg) of (-chain phosphorylation. This enhancement was directlyetated with the number
of ITAMs, such that the wild typ€-chain exhibited the most potent response, the single ITAMamis
displayed intermediate potencies, and the double mutawtshe least potent response. The single mutants
displayed similar potencies as a group, and the same halddruhe double mutants. Such a correlation
between the number of phosphorylation sites and resporisaqyowas independent of the SH2 domain of
LCK, which is in agreement with data from in vitro recondiibm of TCR proximal signalling (73).

Reconstitution of the TCR variants with LCK, CD148 and ZAP-70 revealed that ZAP-70a1des the
response potency for all TCRmutants. However ZAP-70 reconstitution maintained a sindlifference
between the ITAM mutants. Thus the direct correlation betwiie number of ITAMs and response potency
exists with and without ZAP-70.

Multiple ITAMs do not enhance the sensitivity of TCR ¢ phosphorylation

We found similar sensitivities of phosphorylation for aliroTCR ( variants, both in the presence and
absence of ZAP-70. Also we did not observe any change intsatysupon the introduction of ZAP-70 in

our reconstitution system. Thus we conclude that multip&Ms do not enhance the sensitivity of TCR
proximal signalling. The observation that ZAP-70 does ritdrahe sensitivity of response profiles is in

agreement with results from in vitro reconstitution of TCRyimal signalling (73).

Numbers of molecules and titration of molecular amounts

We quantified the numbers of molecules expressed in our sétaion system, and we detected approx-
imately a million molecules of LCK, CD148 and TCR This suggests that our experiments were not
performed in the zero-order regime of enzyme saturation. alse showed that the relative amounts of
molecular expression can be adjusted by altering the &atish protocol.

Reconciling experimental data with mathematical models o CR proximal signalling

Cellular reconstitution of TCR proximal signalling hasealed that we must refine our mathematical mod-
els. Our revised models must assume an unstructured randmmamism of TCR' phosphorylation and
explain (i) the direct relation between the number of phosglation sites and the potency of phosphoryla-
tion and (ii) the similar sensitivities of phosphorylaticegardless of the number of ITAMs.

Based on the correlation between the number of ITAMs andoresp potency we hypothesize that the
efficiencies of enzymatic modification are modulated by thegphorylation state of the TCRchain. In
the subsequent chapter we consider how this hypothesis maycbrporated within a minimal model of
multisite phosphorylation.

56



Chapter 5

Reconciling mathematical frameworks with
experimental data:

A phosphorylation-dependent modulation
of enzymatic efficiencies is sufficient to
explain the enhanced potency of TCR
phosphorylation

Introduction

Mathematical models of natural phenomena encapsulateoredebetween variables and processes. Such
theoretical frameworks provide a language to articulateréfationships that underlie a system, and thus
enable us to gain insights into the design principles thatirdnerent in nature. The realm of possiblities
that constitute the theoretical design space is vast armdtafand biological processes represent a specific
realization of this design space. In this chapter we aim ¢omeile mathematical models of T cell receptor
(TCR) proximal signalling with our experimental results.

Mathematical modelling of TCR proximal signalling (Chap® suggested the conditions that elicit ul-
trasensitive responses of receptor phosphorylation. elinetuded a sequential mechanism of TCRAM
phosphorylation, coupled to the binding of ZAP-70 to phasplated ITAMs with affinities increasing in
the direction of phosphorylation. We predicted that undehsa design architecture, multiple ITAMs would
enhance the potency and sensitivity of TCRhosphorylation. We complemented these theoreticalesudi
with experimental investigations of TCR proximal signadji

Cellular reconstitution of TCR proximal signalling (Chap#) revealed that our original model assump-
tions must be revised and refined. Indeed, our data suggest@R({ phosphorylation does not follow any
defined sequence, and ZAP-70 does not bind different ITAMIs wary different affinities. Our results sug-
gest instead that multiple ITAMs enhance the potency of TGiRosphorylation, and this enhancement is
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an intrinsic property of the TCR-chain. Contrary to our original predictions, we do not fimy difference
in the sensitivity of receptor phosphorylation with incsge numbers of ITAMs. In this chapter we aim to
refine our original models of TCR proximal signalling to exipl our experimental results.

Our data reveal a direct correlation between the numberAi¥i§and the potency of TCR phosphory-
lation. Thus the wild typ€-chain exhibits the most potent response, followed by thglsil TAM mutants,
and the double ITAM mutants display the least potent respoMoreover we did not find any significant
differences in potency between the single ITAM mutants,baiween the double ITAM mutants. However
the juxtaposition of the three ITAMs into the wild type configtion gives rise to a cooperative effect of
TCR ¢ phosphorylation.

These findings led us to hypothesize that the phosphorglatiate of the TCR-chain modulates the
efficiencies of enzymatic modification. Since we observenagngase in response potency with increasing
numbers of ITAMs, we posit that phosphorylation enhancestficiency of subsequent modifications.

There exist several possible molecular mechanisms thé&t owediate such a phosphorylation-dependent
enhancement. The first involves the presence of clustersgifiye charge between ITAMs, referred to as
basic residue rich (BRR) motifs (8). These positively cldrgesidues have been shown to mediate an as-
sociation of the TCR-chain with the cell membrane. Such membrane associatioid sequester ITAMSs,
and thus prevent enzymatic modifications. Triggering of TR abrogates this membrane association,
and possibly exposes ITAMs for enzymatic modification. Thosnitial phosphorylation reaction would
enhance the efficacy of subsequent modifications.

The second possible mechanism is based on changes in naolectopy, and the functional conse-
guences of intrinsically disordered regions in cellulaynsil transduction ((78), (79)). The cytoplasmic
domain of the TCR’ chain exhibits intrinsic disorder, in that it does not adaptefined three-dimensional
configuration (72). We hypothesize that ITAM phosphorglatmediates a transition from disorder to a
more defined three-dimensional configuration, thus reduthie entropy of the TCR-chain. This reduc-
tion in entropy would enhance the efficiency of subsequenyraatic modifications, thus eliciting the trends
we observe.

We envisage that the tuning of molecular entropy by mudtiptiosphorylation is a widespread mecha-
nism in cellular signal transduction (78). The tuning of emllar entropy by multisite phosphorylation was
recently proposed in the context of neuronal translatigtiation (80). Cooperative interactions between
phosphorylation sites within disordered regions has atsmimbserved in the actin-binding protein ACTN4
(81).

We begin this chapter by revisiting canonical models of sitdt phosphorylation, and we derive the
key parameters that give rise to the steady-state propertisuch modification systems. We subsequently
consider how these parameters must be varied in order taiaxplr experimental results. Our analysis
suggests that a phosphorylation-dependent enhancemeamtyahatic efficiencies gives rise to the enhanced
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potency of TCR( phosphorylation. We conclude the chapter with a discussfdhe design principles of
TCR proximal signalling that have been revealed througheragatical modelling and experimentation.

Steady state properties of multisite phosphorylation and e efficiency of en-
zymatic modifications

Our experimental results revealed that multiple ITAMs enteethe potency of TCR phosphorylation. This
enhancement was observed both in the presence and absef&®-G10. Thus we revisit our theoretical
frameworks of multisite phosphorylation, and consider lmaw mathematical models should be refined to
explain our experimental data.

Phosphorylation of the TCR-chain is regulated according to the following modificatemheme (Fig
5.1A):

eio\n
ckoft
Jkon Sfkcat

F—I—Sj+1 f‘i FSj.H — F—I—Sj (5.1)

kot

E+8; 2 ES; "™ E + 8,4

whereFE denotes the concentration of the kinase LCK, aimeépresents the concentration of the phosphatase
CD148. The(-chain corresponds to the substrate, and is representgédTdse subscript j is the number of
phosphorylated sites, and the substrate has a tofél-ef6 sites. The parameteeg,, and f kon denote rates

of binding for the kinase and phosphatase, respectivetyil&ily ekq and f ko are off-rates of dissociation
for LCK and CD148, respectively. Finallgkcy is the rate constant of kinase-mediated phosphorylation,
while fkcat denotes the rate of phosphatase-mediated catalysis. mplicty we set the rate constants
of modification to be the same for the kinase and phosphatdlse, we assume that individual sites are
modified with equal on-, off-, and catalytic rates.

All our experimental dose-response profiles in Chapter 4béeld non-zero maxima, and thus we con-
cluded that’-chain phosphorylation follows a random unstructured raam. Thus we attribute a random
mechanism of substrate phosphorylation to model 5.1. Wa@ssnass action kinetics and derive a system
of ordinary differential equations to describe the timeletron of each chemical species in the system. For

the substrate species we have:

d[S;]

dt = koff[ESj] - kon[E] [Sj] + kcat[FSj-‘rl] (52)
Wl g 17Ss1) — KonlFISy ] + e[S 59
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Fig 5.1: Generic frameworks of multisite phosphorylation. (A) Phosphorylation of a substrate with six
sites from the fully dephosphorylated statets the fully phosphorylated stateé’ SEach state shown is a
combination of all states with the relevant number of phosglated sites. The steady state properties of
such a system are defined by the relative efficiencies of eazgrmmodificationa. The efficiency of the
kinase is denoted as, evhile that of the phosphatase js f(B) Enzymatic efficiencies are modulated by the
phosphorylation state of the substrate, and the weighéopf is denoted ak;, where j corresponds to the
number of phosphorylated sites. (C) The algebraic form ef&iithancement factor versus the phosphoryla-
tion state of the substrate,.n

and for the complex species we have:

d[its 1 ki [S5] = (kog s + kear) [ES)] (5.4)
d[thjH] = kon[F1[Sj41] — (kogs + Keat)[FSj11] (5.5)

Upon solving these equations at steady state, we obtaimliogving relations:

keat[FSj11] = keat|[ES;) (5.6)
BS;) = (5.7)
[FSj] =Pl (5.8)

where K,,, = W refers to the Michaelis-Menten constant. Therefore, tbadst state properties
of multisite phosphorylation are determined by the rateatélysis and the Michaelis-Menten constant of
enzymatic modification. We define a new parametais:

kcat
K,
and we refer tax as the efficiency of enzymatic modification.

(5.9)
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We aim to derive the simplest mathematical model that catagxpur experimental results. Thus our
first approach will be to varyy in isolation, and to obtain steady state dose-responsdgxaff TCR(
phosphorylation. We shall compute the potency and seitgit)f these response profiles, and compare

these metrics to our experimental data.

Varying the efficiency of enzymatic modifications alone is nosufficient to
explain experimental results

In the previous section we derived the key parameter thahekefihe steady state properties of multisite
phosphorylation, and we defined it@agequation 5.9), or the ratio between the rate of enzymeysasehnd
the Michaelis-Menten constant. We aim to understand how-tesponse profiles of substrate phosphory-
lation change a& and the number of modification sites are varied. Thus in FRAgae varya and compute
dose-response characteristics for a substrate with @iffenumbers of modification sites. We change the
number of substrate phosphorylation sites in a manner #isatmbles the different TCRITAMs that we
reconstituted, such that the substrate has six sites (yyk) t four sites (single ITAM mutants) and two sites
(double ITAM mutants). For each of these cases we depictdhaalized maxima (Fig 5.2A) and minima
(Fig 5.2B), as well as the potencies (Fig 5.2C) and sens#s/(Fig 5.2D) of phosphorylation.

ITAM mutations result in reductions in the maximal level dfgsphorylation (Fig 5.2A), but do not
impact the response minima (Fig 5.2B). However, beyond ticethreshold value of, the By, becomes
greater than zero. The non-zero minima are due to the largknig affinity of the phosphatase, relative to
the catalytic rate. Under such a parameter regime, the patsge binds a phosphorylated site, but does
not mediate dephosphorylation. Similarly, at large valoles, we observe a decrease in the maxima. This
occurs due to the kinase binding a dephosphorylated sitéaiting to mediate phosphorylation due to the
high affinity binding interaction.

In all our experiments, we did not detect athchain phosphorylation at zero pervanadate treatment
concentration. Thus we constrainsuch that it is less than the threshold value that elicitszem EinsS,
and from Fig 5.2B we constrain < 1 * 10~ *molecules's1.

Given this maximum threshold constraint apnwe evaluate the potencies (Fig 5.2C) and sensitivities
(Fig 5.2D) of phosphorylation for the different ITAM varitma The potencies and sensitivities of phos-
phorylation are the same for the ITAM variants within theoaled range ofv (ie o < 1 % 1073). This is
in contrast to our experimental results, where responsenpis are correlated to the number of ITAMSs.
Thus we conclude that varying the efficiency of enzymatic ifiations, «, is not sufficient to explain our

experimental results.
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Fig 5.2: Varying the efficiency of enzymatic modifications,«, is not sufficient to explain the experi-
mental results. The efficiency of enzymatic modifications, is varied on the x-axis, and dose-response
profiles are evaluated for the wild type, single ITAM mutantialouble ITAM mutant-chains. Dose re-
sponse metrics are computed for each value ahd presented as: (A) maxima and (B) minima normalized
to wild type. A threshold minimum of 0.01 is implemented tmstiaina < 1 % 1073, (C) Response
potencies presented as &€ (logo scale) and (D) response sensitivities presented as Hilbeusn

A phosphorylation-dependent enhancement of enzymatic effiencies is suffi-
cient to explain experimental results

The correlation between response potency and the numbdAdMd led us to hypothesize that the effi-
ciencies of enzymatic modification are regulated by the phowylation state of the TCR-chain. The
cytoplasmic domain of the TCR-chain is intrinsically disordered (72), and there is arr@gmt penalty
associated with a catalytic domain binding a disordereteproThis is because binding reduces the number
of conformations that the disordered protein is capableplioging, thus reducing molecular entropy. Phos-
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phorylation has been posited to reduce molecular entra@y (&hich decreases the entropic penalty when
the catalytic domain binds. We model such an entropic masimaby implementing a phosphorylation-
dependent enhancement of enzymatic efficiencies.

Under such a framework, the efficiency of enzymatic modiiicato, is weighted by an enhancement
factor that we refer to ak, and the magnitude of depends on the phosphorylation state of¢tahain (Fig
5.1B). In this section we show that such a phosphorylatigpetident enhancement of enzymatic efficiencies
is sufficient to explain our experimental results.

The algebraic form of the phosphorylation-dependent enhacement

The direct correlation between response potency and thdeuof ITAMs suggests that the modulation
factor, A, increases with the phosphorylation state of the TGéhain. The simplest algebraic implementa-
tion of A is to attribute equal enhancements in the efficiency of emtignmodifications between substrate
phosphoforms (Fig 5.1B), thus yielding the relations:

Al A2 A3 AN

X A AT v

(5.10)

where the subscript i ify; indicates the number of sites that the substrate is phoglalted on, and we set
Mo = 1 andX = ;. Thus we have:

fny) = A" (5.11)

where i, corresponds to the number of phosphorylated sites, apglif(the factor by which the efficiency
of enzymatic modificationsy, is weighted (Fig 5.1C).

Dose-response profiles as a function of enzymatic efficieesiand phosphorylation-dependent
modulation

In the previous sections we defined two key parameters. Ttésfthe efficiency of enzymatic modifications
(equation 5.9)«, which determines steady-state profiles of substrate plooglation. The second is a
modulation factor\, which is scaled by the phosphorylation state of the sulestracording to equation
5.11. In this section we evaluate dose-response profileareidns ofa and A, and compute response
potencies and sensitivities as the number of phosphamylaites is varied.

In Fig 5.3 we depict heat maps of the i€ and Hill numbers as functions afand A as the number of
phosphorylation sites is varied. The wild type substratel@the wild typel-chain with six phosphory-
lation sites, the single ITAM mutants correspond to four ificdtion sites, and the double ITAM mutants
are comprised of two sites. We note a certain threshold megim-)\ space beyond which response profiles
becomes less potent (ie EfS increase). The threshold region occurs at greatealues as the number of
ITAMs is decreased (Fig 5.3A-C).
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Fig 5.3: Dose-response metrics of multisite phosphorylation as a fction of enzymatic efficiencies
and phosphorylation-dependent modulation.The efficiency of enzymatic modifications, is varied on
the x-axis and the y-axis varies the magnitude of the phastatmn-dependent modulation factdr Dose-
response profiles are evaluatedam\ space, and the Egs (logy scale) and Hill numbers of response
profiles are depicted as heat maps. Left panels showHgy,s for (A) wild type, (B) single ITAM mutants
and (C) double ITAM mutants. Right panels show Hill numbers(D) wild type, (E) single ITAM mutants
and (F) double ITAM mutants.

Response sensitivity profiles also change as the numberasppbrylation sites is altered (Fig 5.3D-

F). We observe hyperbolic responses in the majorityvof space for all ITAM variants. However we

note a threshold value of beyond which response profiles become ultrasensitive, lasdhreshold value
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decreases with increasing numbers of phosphorylatios. site

Normalized dose-response metrics

Our experiments investigated relative differences in thtempcies and sensitivities of phosphorylation as the
number of TCR( ITAMs was varied. Thus we compute differences in respongengtes, and ratios of
response sensitivities, and present these as heat mags3mFi

We compute the differences in E§3 (on a log, scale) between (i) wild type and single ITAM mutants
(Fig 5.4A), (ii) wild type and double ITAM mutants (Fig 5.4Bhd (iii) single and double ITAM mutants (Fig
5.4C) and depict these normalized fg€as heat maps -\ space. As we expect from our computations
of the raw potencies and sensitivities in Fig 5.3, theretsxasthreshold region beyond which the relative
differences in potencies begins to increase (Fig 5.4A-C).

We also compute the ratio of Hill numbers between (i) wildeygnd single ITAM mutants (Fig 5.4D),
(ii) wild type and double ITAM mutants (Fig 5.4E) and (iii)ngle and double ITAM mutants (Fig 5.4F).
We observe similar sensitivities for the majority@f\ space. However for large values xfthe wild type
substrate exhibits more ultrasensitive responses thasitigde and double ITAM mutants (Fig 5.4D,E).
Moreover, the single ITAM mutants exhibit more ultrasemsitresponse profiles than the double ITAM
mutants for large values of anda (Fig 5.4F).

Region of parameter space where experimental results are ssfied

Our experimental results revealed a direct correlatiowéen the number of TCRITAMs and the potency
of phosphorylation. We did not find any significant differeadn the sensitivities of phosphorylation across
the ITAM variants. We use the dose-response metrics thabwgated as functions ef and ) to determine
the region of parameter space where our experimental sesdtsatisfied.

We compare response potencies across the ITAM variants 8Fgand 5.4 panels A-C) and determine
the region in parameter space where the wild tqmhain exhibits the most potent response, the single ITAM
mutants display intermediate potencies, and the doubldlTAutants show the least potent response. We
specify that the differences in E§5 between ITAM variants be greater than a threshold valug: wanset
this threshold to be the standard error of the mean (sem) dragmexperimental data. These conditions yield
the region of parameter space that satisfies the trendspores potencies in our experimental data (Fig
5.5A).

In a similar manner we compare response sensitivities adii@sV variants (Figs 5.3 and 5.4 panels
A-C), and evaluate the region of parameter space whereAlariants display similar Hill numbers. We
specify that the ratio of Hill numbers across ITAM variants dgual within a certain threshold value, and
this threshold is again the sem of our experimental data. Wakiate the region of paramater space where
these conditions are satisfied, and this yields the setarfd A values that satisfy the trends in sensitivities
in our experimental data (Fig 5.5B).
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Fig 5.4: Normalized dose-response metrics of multisite phosphorgtion as a function of enzymatic
efficiencies and phosphorylation-dependent modulationThe efficiency of enzymatic modifications,

is varied on the x-axis and the y-axis varies the magnitudin@fphosphorylation-dependent modulation
factor \. Dose-response profiles are evaluated{h space, and normalized E£3 (log;o scale) and Hill
number ratios are depicted as heat maps. Left panels shfawedies in logyECsys between: (A) single
ITAM mutants and wild type, (B) double ITAM mutants and wilghbe and (C) double and single ITAM
mutants. Right panels show Hill number ratios for (D) wilghéyto single ITAM mutants, (E) wild type to
double ITAM mutants and (F) single versus double ITAM musant
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Fig 5.5: Region of parameter space where experimental results are ssfied. (A)-(C) The effi-
ciency of enzymatic modificationsy, is varied on the x-axis and the y-axis varies the magnitidibe
phosphorylation-dependent modulation fackorEach panel is a binary classification where red indicates
the region of parameter space that satisfies experimerstalkse Binary maps of: (A) E& (log;o scale),

(B) Hill numbers and (C) final classification obtained by riphiting maps in panels (A) and (B). X de-
notes parameter values for simulation results in panelgKPJD) Normalized dose-response profiles, (E)
normalized logyECsys and (F) Hill number ratios across differgnthain constructs.

We combine our potency and sensitivity decision matricesbtain the region of parameter space where
our experimental results are satisfied (Fig 5.5C). We natettte set of values we obtain for the efficiency
of enzymatic modificationg, is in good agreement with in vitro reconstitution studiéT@R proximal
signalling (73). We choose a representative point in theepand simulate sample dose-response profiles
(Fig 5.5D). We find that the relative potencies (Fig 5.5E) sasitivities (Fig 5.5F) of these simulated dose-
responses agree with our experimental data. The magnifutie differences in potencies across the ITAM
variants are similar across the entire region of paramgiscesthat satisfies the data. The same holds true
for the sensitivities, in that all the ITAM variants exhilimilar Hill numbers across the final classification
region.
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Discussion

Cellular reconstitution of TCR proximal signalling (Chap#) revealed that multiple ITAMs enhance the
potency of TCR( phosphorylation, but do not alter the sensitivity of resgmoprofiles. In this chapter we
sought to reconcile our experimental results with mathamakmodels of multisite phosphorylation.

We find that a phosphorylation-dependent enhancement giraiic efficiencies is sufficient to explain
our experimental results. Itis likely that there are mudtimolecular mechanisms that could mediate such
an enhancement, and we consider each of these in turn.

Electrostatic interactions

A central question in receptor mediated signal transdnatancerns the interplay between the membrane
environment and the design of individual receptors. The TGéhain has a highly conserved architec-
ture, whereby individual ITAM sequences are conservedsascspecies, and clusters of positive charge are
interspersed between these ITAMs. Several studies haggstagl a functional role of electrostatic interac-
tions in TCR( signal transduction, and such interactions represent @ohamism that could underlie the
phosphorylation-dependent enhancement of enzymaticesfties that we modelled in this chapter.

Circular dichroism (CD) based studies revealed that the T&Rain is unstructured in aqueous solu-
tion, and it undergoes a folding transition in the preserfcac@ic phospholipids (11). In this lipid-bound
conformation, th&-chain was found to be refractory to SRC-kinase mediategtarylation, while it was
readily phosphorylated in the aqueous unstructured fortrosphorylation was also reported to abrogate
structure induction and lipid association. Thus theseydarlitro experiments established a role of the
membrane environment, as well as ITAM phosphorylation, gdiating transitions from unstructured-to-
structured states.

Association of the TCR-chain with the cell membrane has also been reported imgesticells (8).
Membrane association relies on the presence of positivelyged residues interspersed between ITAMs,
and these clusters of positive charge were termed basiueesich (BRR) motifs. Mutagenesis of these
residues, as well as receptor triggering, were found togaiteomembrane association. Indeed, the presence
of charged residues and lipid binding segments has beeosgdgdo regulate phosphorylation mechanisms
in other receptors as well ((14), (15)), and could represeggneral principle in receptor mediated signal
transduction.

These studies collectively suggest that under restingitons, the TCR(-chain associates with the cell
membrane. A possible consequence of this association puasteation of ITAMs, such that only a subset
of ITAMs are available for modification. Upon receptor trgging, an initial phosphorylation event abro-
gates membrane association, and enhances subsequent H@dgdhorylations. Thus the phosphorylation-
dependent enhancement in enzymatic efficiencies that weernadelled in this chapter could be mediated
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by BRR motif-mediated membrane association of the TG¢hain, and a phosphorylation-mediated abro-
gation of this association.

Entropic mechanisms

The TCR(-chain belongs to a family of molecules referred to as ndabgiéc tyrosine phosphorylated
receptors (NTRs) (72). A defining feature of these recepithe presence of intrinsically disordered
cytoplasmic domains. A further mechanism that could uneldite phosphorylation-dependent enhancement
of enzymatic efficiencies is a disorder-to-order transitioediated by ITAM phosphorylation.

The functional consequences of intrinsically disordergians in cellular signal transduction are only
beginning to be appreciated (78). Post-translational fivadiion sites are often enriched within, or in close
proximity to, disordered regions. Since phosphorylatigmigicantly alters the charge profile of molecules,
it is possible that multisite phosphorylation is a mechanis tune molecular entropy. In reconciling our
experimental data with mathematical models, we assumediTak®l phosphorylation mediates an ordering
of the -chain, and such a disorder-to-order transition enharffiegeacies of enzyme modification.

The rationale for such an enhancement comes from thedretio& that attributed multisite phospho-
rylation as a means to enhance the rate of binding betweesoeddred protein and a binding partner (82).
Such an enhancement was posited to generate ultrasersitidimg profiles. We do not observe an en-
hancement in sensitivities in our system, however we dorgbsan enhancement in response potencies.
A recent experimental study that demonstrates the role dfisite phosphorylation in tuning molecular
entropy arises in the context of neuronal translationatidgn (80). The authours use NMR to show that
multisite phosphorylation mediates the folding of an mdically disordered region in 4E-BP2, and these
modifications abrogate binding to the translation inidatfactor elF4E.

We envisage that the modulation of molecular entropy by isitdtphosphorylation is a widspread phe-
nomenon in cellular signal transduction. Indeed, many eftiolecules that comprise TCR signalling, such
as SH2 domain containing proteins, are comprised of intatly disordered regions (78). Thus transitions
between disorder and order are likely to be a pervasive tlieroaghout TCR signalling.

Methods
Multisite phosphorylation model

The model includes the TCR-chain with 6 phosphorylation sites that are randomly phosgated by
LCK and dephosphorylated by CD148. We assume that LCK and48@annot simultaneously bind the
TCR (-chain. We take k&, Koff, and kg to be identical for both enzymes.

The system of ODEs representing the biochemical reactitwank based on this scheme was generated
in BioNetGen (52) and integrated in Matlab (Mathworks, MA)phosphorylation-dependent enhancement
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of enzymatic efficiencies was implemented by weighting thelificcation on-rate &, according to equation
5.11.

The concentration of total TCRphosphorylation was calculated at steady-state by vatyi@goncen-
tration of phosphatase (identical results can be obtaigedhtying the concentration of the kinase). Total
¢-chain phosphorylation is the multiplicative product ofti¢ concentration of a particular TGRsoform
(regardless of whether it is bound to an enzyme) and 2) thebeumf phosphate groups attached to the
isoform.

Curve fitting

Response profiles of total TCRchain phosphorylation were fitted to logarithmic Hill fuimns using
Isgcurvefit in Matlab (Mathworks, MA),

Emax - Emin

1 + 10(109(ECso—x))n

y = Emin+

where y corresponds to total TGRchain phosphorylation and x the kinase-to-phosphatagean a log-
arithmic (base 10) scale. The fitted parameter values iBclig}i, and Enax, Which correspond to the
minimum and maximum values, respectively, logég)cwhich is the logarithmic value of the kinase-to-
phosphatase ratio that yields half of the maximal respooe(wise known as potency), and n, which is
the Hill number that determines the steepness of the resfdotiserwise known as the sensitivity).
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Chapter 6

Discussion and future work

We have investigated the functional consequences of raulflp\Ms in the regulation of TCR phospho-
rylation. We have shown that multiple ITAMs enhance the poyeof TCR( phosphorylation, but do not
alter the sensitivity of response profiles. These resuéicansistent with a phosphorylation-dependent en-
hancement of enzymatic efficiencies. We conclude thisshesh a discussion of our pertinent findings and

possible future directions of research.

Mathematical modelling of TCR proximal signalling

Mathematical modelling of TCR proximal signalling (Chap8 revealed the conditions that generate ul-
trasensitive responses. These include a sequential meghahTCR( ITAM modification ((10), (8)), and
the binding of ZAP-70 to fully phosphorylated ITAMs with affiies increasing in the direction of phospho-
rylation ((55), (56), (58), (57)). Under these model asstiomg, we predicted that multiple ITAMs enhance
the potency as well as sensitivity of TG&Rpohosphorylation.

Cellular reconstitution of TCR proximal signalling

We sought to evaluate our model assumptions and predictiwosgh cellular reconstitution of the TCR
proximal signalling network (Chapter 4). Our experimeméults suggest that TCRmodification follows

a random mechanism of phosphorylation, and that ZAP-70 doelsind the three different phosphorylated
TCR ¢ ITAMs with significantly different affinities.

Our reconstitution studies revealed that multiple ITAMBamce the potency of TCRphosphorylation,
but do not alter the sensitivity of response profiles. Theeatation between the number of ITAMs and
response potency was observed both in the presence andalmsetAP-70.

The main effect of ZAP-70 is to further enhance the potency ©R ¢ phosphorylation, and this en-
hancement is approximately equal across all ITAM variawe.did not find any change in response sensi-
tivities in the presence of ZAP-70, and this is in agreematit ipposomal reconstitution of TCR proximal
signalling (73).
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Reconciling mathematical models with experimental data

Our experimental results suggested that our original mas&lmptions must be revised. Thus we revisited
mathematical models of multisite phosphorylation, ana#tigated minimal models that are sufficient to
explain our experimental data (Chapter 5).

A central revision to our original model assumptions consehe underlying structure gtchain phos-
phorylation. Our data in Chapter 4 suggests a random mesthaofi¢-chain phosphorylation, while pre-
vious studies have suggested that the membrane distal IT&®®hosphorylated before the membrane
proximal ITAM ((10), (8)). One possible explanation is tliathain modifications can proceed under an
unstructured and random mechanism, however there exisefergntial sequence of ITAM modifications
in vivo. In reconciling our experimental data with matheizatmodels, we assumed a random mechanism
of ITAM modifications.

The observed correlation between the number of ITAMs angbirese potency led us to hypothesize that
the phosphorylation state of the TGRchain modulates enzymatic efficiencies of ITAM maodificatiéVe
modelled a phosphorylation-dependent enhancement ofratiryefficiencies, and found that this minimal

model of multisite phosphorylation is sufficient to explair experimental data.

Possible molecular mechanisms that underlie phosphorylan-dependent en-
hancement of enzymatic efficiencies

We envision that multiple molecular mechanisms could ntedigphosphorylation-dependent enhancement
of enzymatic efficiencies. The first involves the presengaosftively charged residues between ITAMs that
mediate an association of the TCRchain with the cell membrane (8). ITAM phosphorylation @sjted

to abrogate this membrane association, and expose segaekIAMs so that they become available for
enzymatic modification.

The second mechanism involves the modulation of TG&hain entropy by ITAM phosphorylation.
The cytoplasmic domain of the TCRchain exhibits intrinsic disorder (72), and ITAM phospylation
could mediate a disorder-to-order transition. Such a maoluén molecular entropy would enhance the
binding affinity of the modifying enzymes (82), thus elingian enhancement of enzymatic efficiencies of
modification. We envisage that the modulation of molecutaropy by multisite phosphorylation represents
a ubiquitous theme throughout cellular signal transduct{@8), (80), (81)).

Future work

There are multiple possible future directions of reseahel ¢manate from our work. These can be largely
divided into cellular reconstitution studies similar t@ tbnes we have pursued, as well as in vitro structural
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studies. The combination of these approaches should beigedhtowards inspiring rational strategies for
designing chimeric antigen receptors (CARS) for immuniapg

Cellular reconstitution studies

We have found that multiple ITAMs enhance the potency of TCRhosphorylation. A challenge will
be to investigate how this effect could be abrogated. Onsilplesstrategy is to mutate the clusters of
positive charge that are juxtaposed between ITAMs, and teyauthe cellular reconstitution and treatment
experiments that we have performed. Alternatively, ondccouroduce phosphomimetic residues in place
of ITAM mutations, and study the effects of the introductmimegative charge within ITAMs. We predict
that both these approaches will abrogate the graded ragulatresponse potencies that we observe.

In vitro structural studies

We have postulated that the correlation between the nunfd@AMs and response potencies is mediated
by a phosphorylation-dependent enhancement of enzymffitiencies. A possible direction of future
research is a direct demonstration of this effect througfase plasmon resonance. These experiments
would entail measuring the enzymatic efficiencies of ITAMbgbhorylation on TCR-chain variants with
different numbers of ITAMSs.

We have also speculated that the phosphorylation-depéeretéancement of enzymatic efficiencies is
partly mediated by a disorder-to-order transition of theRIGchain. The entropic profile of molecules can
be studied using techniques such as nuclear magnetic res(ldMR) spectroscopy. Thus we propose to
peform NMR experiments on TCRchain variants that alter the phosphorylation state, disas¢he charge
profile of molecules.

Inspiring the design of novel CARs

One of our objectives is to use our experimental system farashe design of novel CARs for immunother-

apy. The optimal CAR response is one that exhibits high &ffitoi target antigens, low antigen potency,

and large maximum responses. However our results suggeshére exists an inevitable trade-off between
maximal responses and response potencies, such that largmanalso exhibit high potencies. Thus we
propose to exploit our experimental system in conjunctidtt w vitro structural studies to investigate the

design of CARs that exhibit large maxima as well as low pdesic
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Appendix A

BioNetGen program code

# Mathematical model in Chapter 3
begin parameters

#Kinase-substrate on rates
ek onl le-4
ek _on2 le-4
ek _on3 le-4
ek ond le-4
ek on5 le-4
ek on6 le-4

#Kinase-substrate off rates
ek _offl 10.0
ek off2 10.0
ek off3 10.0
ek _off4 10.0
ek_off5 10.0
ek _off6 10.0

#Kinase catalysis rates
ek catl 10.0
ek _cat2 10.0
ek _cat3 10.0
ek cat4 10.0
ek cat5 10.0
ek caté 10.0

#Phosphatase-substrate on rates
fk_ onl le-4
fk_on2 le-4
fk_on3 le-4
fk_ on4 le-4
fk_on5 le-4
fk_ on6 le-4

#Phosphatase-substrate off rates
fk_offl 10.0
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fk_off2 10.0
fk_off3 10.0
fk_off4 10.0
fk_off5 10.0
fk_offé 10.0

#Phosphatase catalysis rates
fk_catl 10.0
fk_cat2 10.0
fk_cat3 10.0
fk_cat4 10.0
fk_cat5 10.0
fk_cat6 10.0

#Binding parameters for ZAP-70 binding
zap_onl 1.0
zap_on2 1.0
zap_on3 1.0

zap_offl 0.1
zap_off2 0.1
zap_off3 0.1

#Total substrate (S_T), kinase (E_T), phosphatase (F_T),
#and ZAP-70 (Z_T) concentrations

E_T 100

F T 100

S_T 100

Z_T 100

end parameters

begin molecule types

#Substrate

#Attribute b1 indicates that an enzyme is bound to substrat e,

#and b™0 indicates no enzyme is bound

#Attributes Y1, Y2, and Y3 each refer to individual ITAMs.

#Each ITAM can be unphosphorylated (Y"U),

#phosphorylated on one tyrosine (Y'P), or doubly phosphory lated (Y™2P)
S(b"0"1,Y1I"UP2P,Y2'UP"2P,Y3"UP"2P)

#Kinase
E(b)

#Phosphatase
F(b)

H#ZAP-70
Z(b)

end molecule types
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begin seed species
S(b™0,Y1'U,Y2°U,Y3U) S_T
E(b) ET

F(b) F. T

Z(b) Z_T

end seed species

begin reaction rules

#ITAM1 MODIFICATIONS

E(b)+S(b™0,Y1"U,Y2"U,Y3 U)<->E(b!1).S(b1,Y1 U1, Y2
E(b'1).S(b™1,Y1"U'1,Y2"U,Y3 U)->E(b)+S(b0,Y1P,Y2"

F(b)+S(b™0,Y1"P,Y2"U,Y3 U)<->F(b'1).S(b"1,Y1"P!1,Y2
F(b'1).S(b™1,Y1"P!1,Y2"U,Y3 U)->F(b)+S(b™0,Y1"U,Y2"

E(b)+S(b™0,Y1"P,Y2"U,Y3 U)<->E(b'1).S(b"1,Y1 P!1,Y2
E(b'1).S(b"1,Y1P!1,Y2"U,Y3"U)->E(b)+S(b™0,Y1"2P,Y2

F(b)+S(b™0,Y1"2P,Y2"U,Y3 U)<->F(b!1).S(b"1,Y1 2P!1,
F(b!1).S(b™1,Y1 2P!1,Y2"U,Y3 U)->F(b)+S(b0,Y1"P,Y2

#ITAM2 MODIFICATIONS

E(b)+S(b™0,Y1"2P1?,Y2"U,Y3 U)<->E(b!1).S(b™1, Y1 2P!
E(b'1).S(b™1,Y1"2P1?,Y2"U1,Y3"U)->E(b) + S(b™0,Y1 2P

F(b)+S(b"0,Y1"2P12,Y2"P, Y3 U)<->F(b!1).S(b™1, Y1 2P!
F(b!1).S(b™1,Y1 2P!?,Y2"P!1,Y3 U)->F(b)+S(b™0,Y1 2P

E(b)+S(b™0,Y1"2P1?,Y2"P,Y3 U)<->E(b!1).S(b™1,Y12P!
E(b!1).S(b™1,Y1"2P12,Y2"P!1,Y3 U)->E(b)+S(b™0,Y1 2P

F(b)+S(b"0,Y1 2P12,Y2 2P, Y3 U)<->F(b!1).S(b"1,Y1 2P
F(b!'1).S(b™1,Y1"2P!?,Y2"2P!1,Y3 U)->F(b)+S(b™0,Y1"2

#ITAM3 MODIFICATIONS

E(b)+S(b™0,Y1"2P1?,Y2"2P1?,Y3 U)<->E(b!1).S(b™1,Y1"
E(b'1).S(b™1,Y1"2P12,Y2"2P!?,Y3 U!1)->E(b)+S(b™0,Y1

F(b)+S(b™0,Y1 2P1?,Y2"2P12,Y3 P)<->F(b!1).S(b™1,Y1"
F(b!1).S(b™1,Y1 2P!?2,Y2 2P12,Y3 PI1)->F(b)+S(b™0,Y1

E(b)+S(b"0,Y1 2P!1?,Y2"2P!?,Y3 P)<->E(b!1).S(b"1,Y1"
E(b'1).S(b"1,Y1"2P12,Y2"2P!I?,Y3 P!1)->E(b)+S(b™0,Y1

F(b)+S(b™0,Y1 2PI2,Y2"2P1?, Y3 2P)<->F(b!1).S(b™1,Y1
F(b!1).S(b™1,Y1 2P!?,Y2 2P1?,Y3 2P!1)->F(b)+S(b™0,Y

#ZAP70 BINDING

76

"U,Y3U) ek onl,ek offl
U,Y3"U) ek _catl

"U,Y3U) fk _onil,fk offl
U,Y3"U) fk catl

"U,Y3U) ek on2, ek off2
"U,Y3U) ek cat2

Y2°U,Y3"U) fk_on2, fk off2
"U,Y3U) fk cat2

?2,Y2°U'1,Y3U) ek on3, ek off3
1?,Y2"P,Y3"U) ek_cat3

2,Y2'PI1,Y3'U) fk_on3, fk_off3
12,Y2°U,Y3U)  fk_cat3

?,Y2'P!1,Y3'U) ek _on4, ek off4
1?,Y272P, Y3 U) ek cat4

1?7,Y272P!11,Y3'U) fk_on4, fk_off4
P1?,Y2"P,Y3 U) fk_cat4

2P1?,Y272P1?,Y3"U!1) ek_onb, ek_off5
"2P1?,Y272P1?,Y3P) ek_cat5

2P1?,Y272P12,Y3P!1) fk_on5, fk_off5
“2P12,Y2"2PI?,Y3U) fk_cat5

2P1?2,Y272P1?,Y3P!1) ek _on6, ek off6
“2P1?,Y2"2P1?,Y3"2P) ek_cat6

“2P1?2,Y2"2P12,Y3"2P!1) fk_on6, fk_off6
1"2P1?2,Y22P1?,Y3'P) fk_cat6



Z(b) + S(Y1"2P) <-> Z(b!1).S(Y12P!1) zap_onl, zap_offl
Z(b) + S(Y2™2P) <-> Z(b!1).S(Y272P!1) zap_on2, zap_off2
Z(b) + S(Y32P) <-> Z(b!1).S(Y32P!1) zap_on3, zap_off3
end reaction rules

begin observables

1 Molecules Bound_ZAP Z(b!+)

2 Molecules Szero S(b™,Y1"U!?,Y27U!?,Y3 U!?)

3 Molecules Sone S(b™,Y1"P!?,Y2"U!?,Y3 U!?)

4 Molecules Stwo S(b™,Y172P!?,Y2"U!?,Y3 U!?)

5 Molecules Sthree S(b™,Y172P!?,Y2"P!1?,Y3 U!?)

6 Molecules Sfour S(b™?,Y172P!?,Y272P!1?,Y3 U!?)

7 Molecules Sfive S(b™,Y1™2P!1?,Y272P!?, Y3 P!?)

8 Molecules Ssix S(b™?,Y172P!?,Y2"2P!1?,Y3"2P!?)

end observables

generate_network({overwrite=>1});

writeMfile({});

# Mathematical model in Chapter 5

begin parameters

ek _onl
ek _on2
ek _on3
ek _on4

ek_onb
ek _on6

PR PR RR

fk_onl
fk_on2
fk_on3
fk_on4
fk_on5
fk_on6

PR RPRRPRRR

ek offl 1
ek _off2 1
ek off3 1
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ek off4 1
ek off5 1
ek off6 1

fk_off1
fk_off2
fk_off3
fk_offa
fk_off5
fk_off6

PR RPRRPRRPR

ek catl
ek cat2
ek _cat3
ek _cat4
ek _catb
ek cat6

PR R R R

fk_catl
fk_cat2
fk_cat3
fk_cat4
fk_catb
fk_cat6

PR RR R R

0
e
e

mmw
44y
T
wWwo

end parameters

begin molecule types
S(Y'U'P"2P 3P 4P"5P"6P)
E(ecat)

F(fcat)

end molecule types

begin seed species
S(Y'U) S_T
E(ecat) E T
F(fcat) F. T

end seed species

begin reaction rules

# 0 <> 1
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E(ecat) + S(Y'U) <-> E(ecat!1).S(Y"U!1) ek onl, ek offl
E(ecat!1).S(Y"U!1) -> E(ecat) + S(Y'P) ek catl

F(fcat) + S(Y'P) <-> F(fcat!1).S(Y"P!1) fk_onl, fk_offl
F(fcat!1).S(Y"P!1) -> F(fcat) + S(Y"U) fk_catl

#1<>2

E(ecat) + S(Y'P) <-> E(ecat!1).S(Y"P!1) ek _on2, ek_off2
E(ecat!1).S(Y'P!1) -> E(ecat) + S(Y™2P) ek cat2

F(fcat) + S(Y™2P) <-> F(fcat!1).S(Y"2P!1) tk on2, fk off2
F(fcat!1).S(Y"2P!1) -> F(fcat) + S(Y'P) fk cat2

# 2 <> 3

E(ecat) + S(Y™2P) <-> E(ecat!l).S(Y"2P!1) ek on3, ek off3
E(ecat!1).S(Y™2P!1) -> E(ecat) + S(Y"3P) ek cat3

F(fcat) + S(Y™3P) <-> F(fcat!1).S(Y"3P!1) fk_on3, fk_off3
F(fcat!1).S(Y"3P!1) -> F(fcat) + S(Y™2P) fk_cat3

#3 <> 4

E(ecat) + S(Y™3P) <-> E(ecat!1l).S(Y"3P!1) ek on4, ek off4
E(ecat!1).S(Y"3P!1) -> E(ecat) + S(Y™4P) ek cat4

F(fcat) + S(Y"4P) <-> F(fcat!1).S(Y"4P!1) fk _on4, fk_off4
F(fcat!1).S(Y"4P!1) -> F(fcat) + S(Y"3P) fk catd

# 4 <> 5

E(ecat) + S(Y™4P) <-> E(ecat!l).S(Y"4P!1) ek on5, ek offs
E(ecat!1).S(Y™4P!1) -> E(ecat) + S(Y'5P) ek catb

F(fcat) + S(Y'5P) <-> F(fcat!1).S(Y"5P!1) fk_on5, fk_off5
F(fcat!1).S(Y"5P!1) -> F(fcat) + S(Y™4P) fk_cat5

#5<>6

E(ecat) + S(Y'5P) <-> E(ecat!l).S(Y'5P!1) ek on6, ek off6
E(ecat!1).S(Y'5P!1) -> E(ecat) + S(Y'6P) ek cat6

F(fcat) + S(Y'6P) <-> F(fcat!1).S(Y"6P!1) fk on6, fk_off6é
F(fcat!1).S(Y"6P!1) -> F(fcat) + S(Y'5P) fk cat6

end reaction rules

begin observables

1 Molecules Szero S(Y"U!?)
2 Molecules Sone S(Y'P!?)
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3 Molecules Stwo S(Y™2P!?)
4 Molecules Sthree S(Y™3P!?)
5 Molecules Sfour S(Y™4P!?)
6 Molecules Sfive S(Y'5P!?)
7 Molecules Ssix S(Y"6P!?)

end observables

generate_network({overwrite=>1});

writeMfile({):
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