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ABSTRACT

JAK-STAT signalling pathways play a critical role in transducing responses from Interferon 

(IFN) and cytokine receptors, but additional pathways are also engaged. Our objective was to 

characterise further JAK-receptor complexes, firstly through analysis of the structural basis of 

JAK-cytokine receptor interaction and secondly by identification and delineation of novel 

signals emanating from activated receptor complexes.

The protein tyrosine kinase, JAKl, non-covalently associates with the intracellular domain of 

a subunit of many cytokine receptors, including the signal-transducing subunit of the receptor 

for the IL-6 family of cytokines, gpl30. The N-terminal domains of JAKl translated in vitro 

were sufficient for binding to a biotinylated peptide encompassing the JAK-interaction motif 

of gpl30. The region of JAKl concerned is predicted to adopt a (3-grasp fold. Mutation of 

key residues within the putative P-grasp fold rendered JAKl incapable of reconstituting IFN, 

as well as IL-6, responses in JAKl-deficient U4C cells, suggesting a similar mode of 

association between JAKl and both class I and class II cytokine receptors.

To identify 'novel' signalling molecules not previously implicated in JAK-mediated 

signalling, phosphotyrosine profiles of lysates from unstimulated and cytokine-treated cell 

lines were analysed. Recombinant SH2 domains, biotinylated receptor peptides, anti- 

phosphotyrosine antibodies, anion exchange and sizing columns and 2D gel electrophoresis 

were used to select molecules tyrosine phosphorylated in response to cytokine. Ligand 

inducible differences were observed and purification of inducibly tyrosine phosphorylated 

species to provide material for identification by mass spectrometry has been attempted.

Substantial phosphorylation of the IFNy receptor 1 (IFNGRl) subunit is observed in response
( C r iC D S ^ h ^

to low level stimulation of the IL-6 and OSM receptors. It is also mediated to significant 

levels through EFOI^gpl30 chimeras and to a lesser extent through the IFNa receptor. As 

yet no absolute requirement for IFNGRl in the responses through the endogenous IL-6, OSM 

or IFNa receptors, or the chimeric receptors, has been detected. Similarly, cross

phosphorylation of IFNGRl following OSM stimulation does not markedly prime or 

modulate the IFNy response. The mechanistic basis for and biological significance of this 

striking phenomenon remain to be established.
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CHAPTER 1: Introduction

CHAPTER 1: INTRODUCTION

Cytokines comprise a large family of soluble proteins that regulate cell growth, 

differentiation and survival. Their production is generally transient and strictly controlled. 

Individual cytokines often stimulate production of multiple other cytokines, which then act in 

an autocrine or paracrine manner. Different cytokines may interact additively, 

synergistically, or antagonistically. Thus, a complex network of intercellular mediators is 

established and responses of cells and tissues are likely to always reflect the integration of 

signals generated by exposure to combinations of cytokines. Cytokines initiate these signals 

by binding to receptors at the cell surface, thereby engaging phosphotyrosine-dependent 

signalling pathways that result in modulation of gene transcription. For the vast majority of 

cytokines, signalling critically depends on components of the Janus Kinase (JAK)-Signal 

Transducer and Activator of Transcription (STAT) pathway.

1.1 The Interferons

Interferons (IFNs) were originally identified as soluble factors possessing antiviral properties,

secreted by cells in response to viral infection (Lindenm ann 1982). Two classes of

interferon exist: type I (IFNa, P, to) and type II (IFNy), each of which exerts its action

through a distinct receptor complex at the cell surface, resulting in the transcription of
e-hAl-

overlapping sets of genes (reviewed in (Stark^l998)). In both cases, the biological effects 

are mediated via the essential JAK-STAT pathway, in conjunction with additional signalling 

pathways (Stark^l998). A range of stimuli, including challenge with virus or double

stranded RNA, bacterial lipopolysaccharide (LPS) and immunostimulatory cytokines can 

elicit the production of different IFN subtypes in a cell type-specific manner (reviewed in 

(Sen 2001)). IFNa is predominantly secreted by lymphocytes, monocytes and macrophages, 

whilst IFNP is mainly produced by fibroblasts, as well as certain epithelial cells (S tark  

1998). Major sources of IFNy are T-cells and natural killer (NK) cells (reviewed in (Boehm efed,

1997))
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CHAPTER 1: Introduction

Type I IFNs constitute a family of highly related and evolutionarily conserved proteins,

encoded by a cluster of intronless genes located on the short arm of chromosome 9 in

humans. It is widely believed that all type I IFN genes derive from a common ancestral gene 
Str\̂

(reviewed in (Vilcek^996). Three subfamilies of type I IFN have been defined. In humans, 

the al-IFNs consist of 14 functional genes and one pseudogene. The all-IFN group refers to 

a single functional gene, IFNto, together with five pseudogenes. The third group comprises 

IFNP alone. With the exception of IFNco, which has 172 amino acid residues, all secreted 

forms of type I IFN are proteins of 165-166 amino acids. All type I IFNs interact with the 

same receptor complex as monomers (Sen 2001), however, IFNP engages the receptor in a 

different manner to IFNa, presumably accounting for the distinct biological properties of 

IFNP (Abramovich^ 9 9 6 ) (Platanias, Uddin et al. 1996) (Rani 1996). Quantitative and 

possibly qualitative differences in the responses stimulated by the various IFNa subtypes 

have been noted (Hilkens, CMU., and Schlaak, JF., manuscript in preparation) although the 

biological significance of the multiple IFNa subtypes remains enigmatic.

IFNy is the only known ligand of the type II receptor complex and interacts with the receptor 

as a homodimer. Despite the functional similarity, IFNy bears little structural resemblance to 

type I IFN. The IFNy protein comprises 143 amino acids and is encoded by a single copy 

gene that contains three introns and localises to chromosome 12 in humans (reviewed in 

(Boehn^l997) and (Vilcek^996)).

1.2 Biological responses to the interferons

1.2.1 Antiviral responses

Exposure to IFN confers upon cells an antiviral state in which the replication of a wide 

spectrum of viruses is inhibited. Indeed, the interferon system is considered to be the first 

line of defence against viral infection in mammals. Type I IFN is rapidly induced in response 

to infection by virus and can act to potently limit the development and spread of viral 

infection. This is reflected by the extreme susceptibility of the type I IFN receptor mouse 

knockout to infection by viral pathogens (van den B roek^995). The antiviral response is 

less severely compromised in type II receptor knockouts and although IFNy can provide
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protection to cells against viral infection, it is not directly induced by virus and is likely to 

play a more fundamental immunomodulatory role (van den B roe^l995).

Multiple proteins contribute towards establishment of the IFN-induced antiviral state and the

molecular mechanisms involved are not yet fully understood. However, major players in the

antiviral response include the dsRNA-dependent protein kinase (PKR), dsRNA-dependent 2’-

5’ oligoadenylate synthetase (2-5 OAS) and Mx proteins (reviewed in (Starl^998)). PKR is

a serine/threonine kinase and likely exerts its antiviral effects via phosphorylation and

consequent inactivation of the translation initiation factor, eIF2a. In addition, apoptosis may
cJ'ul.

be involved in the antiviral activity of PKR (Jag u s^ 9 9 9 ). The 2-5 OAS family are

stimulated by dsRNA to catalyse the production of 2’-5’ oligoadenylates that activate RNase

L, leading to cleavage of ssRNA and inhibition of protein synthesis (Silverm an^997). Mx

proteins are GTPases and may interfere with intracellular trafficking and/or transcriptional

activity of viral ribonucleotide proteins (Stranden^993) although the basis of their antiviral

activity remains poorly understood. The existence of additional IFN-induced antiviral

pathways has been confirmed through studies in triple knockout mice deficient in PKR, 
(A 4/

RNase L and Mx (Zhoi^l999).

1.2.2 Antiproliferative/apoptotic responses

Inhibition of cell proliferation and modulation of apoptosis are related but distinct properties

of IFNs: IFN-inducible proteins have been identified that are selectively involved in

apoptosis with no influence on proliferation (Deiss^l995). These IFN-mediated responses

are obviously of considerable significance for the suppression of both tumours and infections

(Sangfelt^OOO). IFNs have long been known to inhibit the growth of many cell types

(Balkwill.1'978), (Lin 1986) and a requirement for fully transcriptionally active STATl for 
^  (A /,

the mediation of this effect has now been demonstrated (Bromberg ^1996). For IFNa,

growth inhibition may involve down regulation of cyclin D and cdc25A (Tiefenbrin^l 996),

whilst increased levels of the cyclin-dependent kinase inhibitor, correlate with

the inhibition of^rowth of gliobj^om a and epidermal carcinoma cell lines in response to

IFNy (Kominsky^ 1998) (Chin^ 9 9 6 ) .  However, regulation of p21 expression by p53 is
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dominant over the effects of IFNy such that p21 is only induced by IFNy in tumour cell lines 

deficient for wild type p53. Both IFNa/p and IFNy may also mediate anti-growth properties 

through the suppression of c-myc, a key regulator of proliferation (Resnitzsky 1991) 

(Ramana 2000). It should also be noted that IFNy has been reported to exert a growth 

stimulatory effect in certain cell systems (Caux 1992).

1.2.3. Immunomodulatory responses

IFNs are critical regulators of the immune system. Whilst the role of type I IFN in

immunomodulation seems largely restricted to enhancing the adaptive immune response

against viral infection, type II IFN has various profound immunoregulatory effects (reviewed

in (B oehm ^1997)). Both type I and II IFN promote surface expression of major

histocompatability complex (MHC) class I molecules which stimulates development of CD8+

T-cell responses (reviewed in (Stark^998)). IFNy can also induce expression of MHC class

II at the cell surface via induction of the transcription factor, CIITA, and indeed MHC class II

induction is considered to be one of the defining characteristics of an IFNy-like response

(Boehm^ 9 7 )  (Stark^l998). IFNy also contributes to promotion of antigen processing by

upregulating subunits of the proteosome, a multienzyme complex which generates peptides
^  A '• th

for presentation by MHC class I proteins (Boehm^ 9 9 7 ) (S ta rÿ 9 9 8 ) . IFNy, together with

IL-12, drives naïve T-cells towards a Thi phenotype, promoting an inflammatory response

(Boehm ̂ 9 9 7 )  (S tark^ 9 9 8 ) .  IFNy also plays a central role in generating activated

macrophages, inducing the expression of genes such as indoleamine 2,3-dioxygenase (IDO)

and inducible nitric oxide synthase (iNOS; induced by IFNy in murine but not human 
eJ~A(.

macrophages) (S tark^998). The critical function of IFNy in the response to intracellular 

parasites is demonstrated by the fact that patients with naturally occurring IFNy receptor 

deficiencies are exquisitely sensitive to infection by a number of microbial pathogens, 

including various Mycobacteria and Listeria monocytogenes (reviewed in (Dorman 2000)).
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1.3.1 The IL-6 family of cytokines

The IL-6 cytokine family comprises a group of ligands that share the common property of 

utilising the gpl30 receptor subunit for signalling, either alone or combination with other 

receptor subunits. As a result, they elicit an array of overlapping responses that collectively 

play vital roles in the regulation of a broad spectrum of biological processes in vivo. There 

are currently nine members of the family: IL-6; IL-11; Oncostatin M (OSM); Leukemia 

Inhibitory Factor (LIF); Ciliary Neurotrophic factor (CNTF); Cardiotrophin-1 (CT-1); 

Cardiotrophin-Like Cytokine/Novel Neurotrophin-1 (CLC/NN-1) and two viral IL-6 

homologues. All a^ ]^0 -2 0 0  residues long but overall possess only -20% amino acid 

homology (Bravo^ 0 0 0 ) . Gene ablation studies in mice have revealed unique phenotypes 

for each member of the family, indicative of the specificity of responses induced by each of 

the IL-6 type cytokines, IL-6 deficient mice are impaired in acute-phase and antiviral 

responses (Kopf 1994) (Poli 1994), Deletion of the LIF gene produces female infertility as 

a consequence of embryo implantation defects (S tew art^ 992), It is possible that the 

unexpectedly mild phenotypes of mice lacking a single IL-6-type cytokine may reflect the 

ability of other family members to compensate, at least partially, for absence of a particular 

family member. By contrast, knockout mice foi^aiy of the major components of IL-6 family 

cytokine signal transduction (gpl30 (Yoshida 1996), LIFR (W are 1995), JAKl (Rodig

1998), STAT3 (Takeda^l997)) have embryonic or perinatal lethal phenotypes.

1.3.2 IL-6

IL-6 was initially identified as an inducer of immunoglobulin production in activated B cells 

(reviewed in (Taga^997)), It is now apparent that IL-6 is a pleiotropic cytokine with a wide 

range of biological functions in cells of many lineages. The mature IL-6 protein varies
/At

between 21 and 28kD in size, depending or^lycosylation and phosphorylation state (Hirano

1991), IL-6 production can be induced in many cell types by a range of stimuli that include
ehA.1-

bacterial LPS, IL-1, TNFa, TGFp and OSM (A kira^993), The ability of such stimuli to 

elicit IL-6 production reflects the fact that one of the key roles of IL-6 is to mediate an acute
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phase response to tissue damage and infection. The biological activities of IL-6

are summarised in Table 1.1.

1.3.3 Oncostatin M

OSM was originally purified from conditioned media of PMA-treated U937 cells and derives 

its name from its capacity to inhibit proliferation of several cancer cell lines whilst 

stimulating growth of normal fibroblasts (Zarling^l986). The protein is secreted as a 28kD 

monomeric glycoprotein and shows 27% sequence identity with LIF (reviewed in (Gomez- 

Lechon 1999)). The similarities in gene structure, location and expression of these two 

cytokines suggest that OSM and LIF arose through a gene duplication; they can also signal 

through the same receptor complex (Ros^l991) (Mosley^ 996). OSM mRNA is expressed 

in various cell types, including activated T cells, endothelial cells, hepatocytes, macrophages 

and the embryonic aorta-gonad-mesenephros (AGM) region (site of primitive hematopoietic 

development) and is induced as an early response gene in myeloid and lymphoid cells by IL- 

2, IL-3 or GM-CSF treatment (Yoshimura^l996). OSM has multiple, cell type-specific 

effects, summarised in Table 1.1, including activities in hematopoiesis, bone remodelling, 

inflammation, neuronal differentiation and regulation of cell growth (reviewed in (Gomez- 

Lechon 1999) and (Gran^909)).

Table 1.1: Major biological responses to IL-6 family cytokines

RESPONSE CYTOKINE

Hematopoietic progenitor growth IL-6, IL-11,LIF, OSM

Maintenance of ES cell pluripotentiality LIF, OSM, CNTF, CT-1

Terminal macrophage differentiation of Ml cells IL-6, LIF, OSM, CT-1

Stimulation of fibroblast proliferation OSM

Promotion of thrombopoiesis IL-6, IL-11,LIF, OSM

Induction of hepatic acute phase proteins IL-6, IL-11, LIF, OSM, 

CNTF, CT-1

Upregulation of LDL receptors in hepatocytes OSM
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RESPONSE CYTOKINE

Upregulation of adhesion molecules OSM, IL-6, IL-11,-LIF

Effects on extracellular matrix OSM

Inhibition of lipoprotein lipase, resulting in fat depletion IL-6, IL-11, LIF, OSM

Effects on bone remodelling and osteoclast development IL-6, IL-11, LIF, OSM

Increase proliferation/differentiation of T cells 11-6, LIF, OSM

Increase proliferation/differentiation of vascular endothelial 

cells

OSM

Induction of neuronal survival/differentiation IL-6, IL-11, LIF, OSM, 

CNTF, CT-1

Induction of cytokines (IL-6, G-CSF, GM-CSF, LIF) OSM

1.4 The JAK-STAT signalling pathway

1.4.1 Overview of JAK-STAT signalling

A generalised scheme for JAK-STAT signalling in response to IFNy and IL-6 family

cytokine stimulation is depicted in Figure 1. JAKs are protein tyrosine kinases that

constitutively associate with the intracellular domains of cytokine receptors (reviewed in

(Rane and Reddy 2000)). Ligand binding results in a conformational change at the

receptor, bringing the associated JAKs into juxtaposition and permitting their activation,

presumably by auto- and transphosphorylation (reviewed in (Stark^998)). Activated JAKs

phosphorylate tyrosine residues in the receptor cytoplasmic tail, which then serve as docking

sites for STAT molecules. STATs, bound to the receptor phosphotyrosines via their SH2

domains, themselves become substrates for the JAKs, Tyrosine phosphorylated STATs

dissociate from the receptor and form dimers through reciprocal phosphotyrosine-SH2
e-i-al-

domain interactions in an affinity-driven process (G reenlund^l995). Activated STAT 

dimers translocate to the nucleus where they bind DNA and modulate transcription, either 

alone or in concert with other transcription factors and co-activators (reviewed in 

(C hatterjee-K ishore ^ 0 0 ^ ) .  The activation of the JAK-STAT pathway is generally
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transient and STATs appear to be dephosphorylated prior to export from the nucleus. This is 

discussed further in section 1.15.

This represents the simplest model of JAK-STAT signalling -  there are of course a number of

permutations on this theme. As well as being activated by most cytokines, there are several

instances of JAKs and STATs participating in signalling through growth factor receptors and

examples are given in Table 1.2. In addition, studies in the lower eukaryote, Dictyostelium,

identified cAMP, which signals through a serpentine receptor, as an activator of Dd-STAT. 
AchruHnThe paradigm w a^,«/f % mammalian cells with the observation that angiotensin II

binding to the AT, serpentine receptor rapidly activates JAK2, STATl, STAT3 and STAT5 in 

an apparently heterotrimeric G protein-independent manner (reviewed in (Williams 1999)).

There is controversy over whether non-activated STATs ever exist as monomers in a

physiological context and some studies suggest that prior to activation, STATs are

sequestered in high molecular weight ‘statosome’ complexes (N dubuisi^l999). There are

also data implying the existence of alternative mechanisms of STAT recruitment to and

activation by, ligand-bound receptor complexes. For example, STAT5 is reported to

associate with JAK2 and can thus be activated directly by JAK2 following GH treatment,
ey *it-

without binding to receptor phosphotyrosines (F u jita n i^ 9 9 7 ) . STAT2, meanwhile, is

preassociated with the IFNa/p receptor and STATl activation in response to type I IFN

appears dependent both on prior activation of STAT2 and a constitutive interaction with the

adaptor protein, RACKl (Usacheva, Smith et al. 2001). For IFNy, the Fanconi anemia

protein, FANCC, is reported to bind non-phosphorylated STATl and mediate its recruitment
ihal.

to the receptor and consequent phosphorylation (Pang^2000). JAKs are not necessarily

required for activation of STATs by growth factor receptors and may phosphorylate

alternative substrates in these scenarios. For both EGF and PDGF, the receptor itself and/or
■e/- nl• A

Src family tyrosine kinases may effect STAT phosphorylation (reviewed in (B riscoe^99^). 

Furthermore, growth factor-induced tyrosine and serine phosphorylation of STAT3 was 

recently demonstrated to occur through direct binding of STAT3 to the Racl GTPase (S im on^  

2000). Finally, there is evidence that both JAKs and STATs can be activated by reactive
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oxygen species generated, for example, in response to growth factors (Simon, Rai et al. 

1998).

Table 1.2: Activation of JAKs and STATs by cytokines and growth factors

Ligand Main JAKs and STATs Activated

Cytokines utilising Class II cytokine receptors

IFNo(/p JAKl, Tyk2 STATl, STAT2, STAT3, 

STAT4

IFNy JAKl, JAK2 STATl

IL-10 JAKl, Tyk2 STATl, STAT3

Cytokines utilising gpI30-type receptor subunits

IL-6, XL-11, CNTF, LIF, 

OSM

JAKl, JAK2, Tyk2 STATl, STAT3

DL-12 JAK2, Tyk2 STAT4

Cytokines utilising yc

IL-2 JAKl, JAK3 STATl, STAT3, STAT5

IL-4 JAKl, JAK3 STAT6

IL-7, IL-9, IL-15 JAKl, JAK3 STAT3, STAT5

Cytokines utilising fie

IL-3, IL-5, GM-CSF JAK2 STATS

Cytokines utilising homodimeric receptors

GH JAK2 STATl, STAT3, STATS

EPO JAK2 STATS

TPO JAK2, Tyk2 STATS

PRL JAK2 STATl, STAT3, STATS

G-CSF JAKl, JAK2, Tyk2 STATl, STAT3, STATS

Leptin JAK2 STAT3, STATS

Receptor tyrosine kinases

EGF JAKl, JAK2 STATl, STAT3, STATS
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Ligand Main JAKs and STATs Activated

PDGF JAKl, JAK2 STATl, STATS, STAT5

Insulin JAK2 STATl, STAT5

Ligands utilising serpentine receptors

Angiotensin H JAK2 STATl, STATS, STAT5

1.4.2 Cytokine receptor complexes

Cytokine receptors are transmembrane proteins lacking intrinsic enzymatic activity. They
4,3, c

can be divided into two classes on the basis of their extracellular domain (Bazan 199^. 

Class I receptors are defined by the presence of at least one cytokine-binding module (CBM), 

comprising two fibronectin-type-IH-like domains, of which the N-terminal domain includes a 

set of four conserved cysteines and the C-terminal domain a WSXWS motif. The majority of 

cytokine receptors fall into this category, including receptors for IL-2, IL-3, IL-4, IL-5, IL-6 

type cytokines, IL-7, IL-9, IL-11, IL-12, IL-15, EPO, PRL, GH, G-CSF, GM-CSF and leptin 

(Bazan 1990) . Class II receptors are more divergent with only limited

homology to the WSXWS motif, but share overall structural features (Bazan 1990;/ 

Receptors for IFNo/p, IFNy and IL-10 are the prototypical members of this class.

The historical model of activation of signalling through cytokine receptors entailed ligand-

induced oligomerisation of monomeric receptor subunits leading to trans- and

autophosphorylation of associated JAKs. However, structural studies of the EPOR now

suggest that the unliganded receptor exists as a pre-formed dimer, but in a configuration that
$hal-

prevents JAK activation (Remy 1999). Ligand-independent oligomerisation of the EPOR 

appears to be mediated by the transmembrane domain (Constantinescu^OOl). Ligand 

binding is proposed to cause a conformational change producing a structural arrangement 

permissive for JAK activation (Remy J^999). Studies using EPO mimetic peptides and 

bivalent anti-EPOR antibodies support the notion that fixing the receptor in certain 

orientations may render the complex incapable of signalling (reviewed in (Ballinge^l998)). 

Although it remains to be seen whether these observations hold true for other cytokine
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receptors, this model raises intriguing questions about how subtle differences in orientation 

within the receptor extracellular domain can affect intracellular signalling. This is 

particularly striking in view of the apparent flexibility of receptor transmembrane and 

cytoplasmic domains. NMR studies of the in vitro translated intracellular domain of gpl30, 

for example, indicated a random coil conformation in solution (McDonald, N., personal 

communication). The functionality of chimeric receptors containing extracellular domains of 

one receptor fused to transmembrane and cytoplasmic portions of a different receptor further 

testifies to the plasticity of cytokine receptors (Strobl, Arulampalam et al. 2001).

1.4.3 Receptor cross talk

An emerging theme in signal transduction is the existence of molecular communication 

between heterologous receptors, sometimes termed ‘cross talk’ or ‘receptor transactivation’. 

The EGFR has long been recognised to be targetted by many other signalling cascades apart
a/ .

from those triggered by EGF itself (reviewed in (Zwick^999)). Indeed, the EGFR was 

reported to be directly tyrosine phosphorylated by JAK2 following GH stimulation, leading to 

stimulation of MAPK activity in liver through recruitment of Grb2 (Yamauchi^l997). 

Meanwhile, ErbB2 was shown to complex with gplBO in prostate carcinoma cells in an IL-6- 

dependent manner. IL-6 treatment resulted in tyrosine phosphorylation of ErbB2 and 

inhibition of ErbB2 activity severely impaired IL-6-mediated MAPK activation (QiUyI998). 

Another example of receptor cross talk is provided by the observation that insulin can induce 

tyrosine phosphorylation of JAK2 and the leptin receptor which, in the presence of leptin, 

enhances leptin-induced STAT3 phosphorylation and activation (Carvalheira ̂ 2001 ). 

Communication between cytokine receptors may also occur, as evidenced by the association 

between IFNARl and both IFNGR2 and gpl30, reported to be necessary for full responses to 

IFNy ^od IL-6 respectively, at least in a murine system (Takaoka^OOO) (Mitani^OOI). 

The latter phenomena appear to be dependent on membrane structure in as much as the 

receptor subunits cofractionate with caveolar membrane domain components and treatment 

with a lipid raft disrupting agent reversibly and dose-dependently inhibits signalling. These 

data reinforce the likely complexity of receptor organisation at the membrane and emphasise 

the fact that the mechanisms of activation and modulation of receptor complexes are still only 

crudely understood.
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1.4.4 The JAKs

The mammalian JAK family of protein tyrosine kinases comprises four members: JAKl; 

JAK2; JAK3 and T y k ^ T y k 2  was identified iniually by screening a T-cell library with a 

fragment of c-fms containing the kinase domain under conditions permitting low-stringency 

hybridisation. The remaining JAKs were subsequently cloned by a PCR-based strategy 

utilising degenerate oligonucleotides corresponding to conserved motifs found within 

tyrosine kinase catalytic domains. A Drosophila JAK has also been cloned and was 

designated ‘Hopscotch’ due to the fact that flies mutated in this gene exhibit defects in 

expression patterns of pair-rule and segment-polarity genes. The name ‘Janus kinase’ derives 

from the defining feature of this class of tyrosine kinases: the existence of adjacent kinase and 

pseudokinase domains at the C-terminus of the molecule - ‘Janus’ being the two-faced 

Roman god of gates and doorway^

JAKs are large molecules with molecular weights in the range of 120-140kD. JAKs 1 and 2 

and Tyk2 are ubiquitously expressed, while JAK3 expression is largely restricted to 

hematopoietic cells, vascular smooth muscle cells and endothelium (reviewed in (Leonard 

and O'Shea 1998)). Mice deficient in each of the JAKs have now been generated. JAKl 

knockouts fail to nurse and die perinatally, apparently due to a neurological defect since 

lethality is rescued by selective expression of JAKl from a neural-specific promoter (Rodig

1998) (Schreibe^ 2000). The neurological defect is presumed to result from the inability of 

these mice to transduce signals from the IL-6 family of cytokines that utilise the gpl30 

receptor subunit. JAKl-deficient mice also have severe combined immunodeficiency (SCID) 

due to the abrogation of signalling through the common y chain, yc. In vitro studies on cells 

from JAKl knockouts also confirm the indispensable role of JAKl in mediating signals from 

IFNs.

Mice deficient in JAK2 die during ^ ^ y o g e n e s is  d u ^ t^  the absence of definitive 

erythropoiesis in the fetal liver (Parganas^998) (Neubaue^l 998). This likely reflects the 

failure to transduce signals through the EPOR as the same phenotype is observed in EPOR 

knockouts. JAK2 negative mice also fail to respond to thrombopoietin, IL-3, GM-CSF and
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IFNy. JAK3 deficiency results in SCID and the phenotype is indistinguishable from that of 

mice lacking yc (Baird J9 9 8 ) (Suzuki^OOO).

Tyk2 knockouts were only recently reported and, in conflict with data obtained from a Tyk2 

deficient human cell line (Gauzzi,1997), the absence of Tyk2 had minimal impact on IFN
^ ^  A./. a/.

signalling and receptor expression (Shimoda^2000) (Karaghiosoff^ 2000). Overall, the 

phenotype was surprisingly mild, with some impairment of IL-12 signalling but largely 

normal responses to IL-6, IL-10 and type I IFN. Tyk2 may therefore play a more redundant, 

modulatory-type role in cytokine signalling than the other JAKs, however the basis for the 

discrepancy between the two experimental systems is yet to be resolved and may at least in 

part reflect species-specific differences in the function of Tyk2.

The JAKs have been subdivided into seven so-called ‘JAK homology’ (JH) regions on the 

basis of sequence homology between the different JAKs, where JHl is ± ^ in a s e  domain and 

JH2 corresponds to the pseudokinase domain (Fig. 1.2) (Z iem iecki^l994). There are a 

number of highly conserved features of the JHl domain that impact on catalytic activity. 

Mutation of the ATP binding loop in subdomain II of the kinase domain abrogates kinase 

activity (Briscoe, Rogers et al. 199^. In addition, the DFG triplet in subdomain VII 

appears critical for ATP binding and mutation of D1020 of this motif in human JAKl 

abolishes catalytic activity (Briscoe, Rogers et al. 1 9 9 ^  It has further been established 

that the first tyrosine in the EYY motif (Y1007 in human JAK2) has to be phosphorylated for 

JAK2 or Tyk2 to be catalytically competent, whilst phospl^rylation of the second tyrosine in 

the motif is prerequisite for full enzymatic activity (Gauzzi^l996) (Feng^997).

The JH2 (pseudokinase) domain of the JAKs strongly resembles a kinase domain but lacks 

certain critical residues necessary for catalytic activity (W ilks^1991). Instead, the 

pseudokinase domain is implicated in regulation of JAK catalytic activity. A point mutation 

in the JH2 domain of the Drosophila JAK, Hopscotch, results in hyperactivation of the JAK 

and consequent hematopoietic neoplasia. The equivalent mutation in JAK2 also generates a 

hyperactivated molecule (Luo, Rose et al. 1997). Similarly, deletion of the pseudokinase 

domain of JAK2 deregulated signal transduction from the IFNy receptor through ligand- 

independent activation of STATs and for both JAK2 and JAK3, overexpression of JH2
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inhibited the catalytic activity of the isolated JHl domain in trans (Saharinen, Takaluoma 

et al. 2000) (CherylOOO). However, other studies report that deletion of JH2 is inactivating 

for both Tyk2 and Hopscotch (Velazquez^995) (Luo, Rose et al. 1997), suggesting that 

regulation of JHl catalytic activity by JH2 may be complex and may differ between the 

JAKs.

Overall, regulation of JAK activity remains poorly understood. Although juxtaposition of 

JAKs through ligand-induced receptor rearrangements seems to effect their activation, it is 

likely that mechanisms other than spatial separation contribute to preserving JAKs in an 

inactive state. In fact, it is gradually becoming clear that JAKs are subject to post- 

translational modifications aside from tyrosine phosphorylation. Serine/threonine 

phosphorylation of JAKl has recently been observed to have complex effects on IFN 

signalling (Lillemeier, B. P., Watling, D. and Kerr, I. M., manuscript in preparation). JAK 

activity is also redox regulated such that the oxidised forms of JAK lack autokinase activity 

whilst the reduced forms are most active; interconversion between the two forms can occur 

readily without influencing the preexisting tyrosine phosphorylation status (Duhe^998). It 

is reasonable to expect further modifications of JAKs which can potentially regulate their 

activity or localisation to be described.

There is a paucity of structural information about the JAKs since the JAKs have proved

somewhat refractory to crystallization. However, various sequence alignment and secondary

and tertiary structure prediction algorithms have been applied to the JAKs, leading to the

identification of a putative SH2 domain in the JH3-4 region (Kampa^OOO). This SH2 fold

is predicted for all four JAKs, although in Tyk2 a histidine residue replaces the conserved

arginine at the critical phosphotyrosine binding position, pB5, suggesting that at least in

Tyk2, the SH2 domain fold may have acquired an alternative binding specificity (A l- 
a/*

Lazikani^OOl). Irrespective, the biological significance of the predicted SH2 fold awaits 

rigorous functional validation.

Sequence analysis has also recently led to the suggestion that the JAKs contain within their 

N-termini divergent ‘PERM’ domains (‘Band Four point one, Ezrin, Radixin, Moesin’; also 

called ‘4.1/JEP’ domains for ‘4.1/JAK, ERM and FAK’ proteins) (Fig. 1.2) (Girault 1999).
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The PERM domain represents a structural module of approximately 300-400 residues, 

subdivided into 19 conserved hydrophobic regions, that occurs in many cytoskeletal proteins 

as well as the tumour suppressor, merlin, where it serves to couple these proteins to the 

plasma membrane through protein-protein interactions. A second important function 

attributed to the PERM domain in the ERM proteins and merlin is conformational regulation, 

whereby intramolecular interactions between the PERM and tail domains obstruct 

associations with other binding partners (Pearson^OOO).

The crystal structure of the moesin PERM domain reveals a clover-shaped structure of three 

lobes, termed PI, P2 and P3 in moesin (Pearson^OOO). PI has a p-grasp-like fold, 

reminiscent of the structure of ubiquitin; P2 is predominantly a-helical, bearing a 

resemblance to the structure of acyl-coA binding protein; P3 comprises a P-sandwich 

showing fold similarity to PH domains, PTB domains and EVHl domains, implicated in 

binding lipids, phosphotyrosine-containing motifs and polyproline motifs, respectively. The 

PH, PTB and EVHl domains are all based on a common structural module, but utilise 

different surfaces/residues to interact with their various ligands. In theory, it would be 

possible to use all of the interaction surfaces at the same time and indeed in moesin, the PH 

and PTB domains are simultaneously engaged. This gives the potential for P3 to interact 

with several different types of ligand and suggests that it could be important both for 

mediating protein-protein and protein-lipid interactions.

Different cytokine receptors recruit different JAKs and specific physical association of JAKs 

with receptors is critical for ligand-mediated responses. The JAK N-terminus has been 

shown to be necessary for receptor interaction in a number of systems. For example, a Tyk2 

fragment containing JH7 and part of JH6 was able to interact with a GST fusion protein 

co m p ris i^^ e  IFNaP receptor 1 (IFNARl) intracellular domain in an in vitro binding assay 

(R ich te r^ 9 9 8 ). In the case of JAK3 interaction with the common yc chain of the IL-2 

family cytokine receptors, a minimal receptor interaction region comprising JH7 and JH6 was 

defined by coimmunoprecipitation of coexpressed tagged JAK3 fragments and yc from 293T 

cells. Chimeric constructs of JH7 and JH6 domains of JAK3 in a JAKl background were 

also able to coimmunoprecipitate with yc in the 293T overexpression system and restore
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signalling downstream of IL-2 in IL-2 receptor expressing, JAK3 negative fibroblasts 

(Cacalano, Migone et al. 1999).

These data would suggest that the specificity of the JAKs is not determined by the substrate 

specificity of their kinase domains. Consistent with this, a JAK1/JAK2 chimera with the full 

N-terminus of JAKl fused to the kinase and pseudokinase domains of JAK2 was able to 

reconstitute EFNa and y signalling in cell lines deficient in JAKl (Kohlhuber, Rogers et al.

1997). Thus, the specificity of the JAKs in cytokine signalling may lie primarily at the level 

of recruitment to specific receptors and/or their ability to interact with different signalling 

intermediates via their N-terminal domains. However, the structural basis for the specificity 

underlying JAK-receptor interactions is not currently understood.

1.4.5 STATs

STAT transcription factors were first identified as DNA-binding proteins involved in IFN- 

regulated gene expression through biochemical purification techniques (Darnell 1997). A 

number of related factors were subsequently identified either by isolation of cytokine-induced 

DNA-binding activities, or by screening ESTs for homologous genes. The mammalian 

family of STATs now comprises seven members: STATs 1-4; STAT5a; STA5b; STAT6. 

STATs have also been identified in Drosophila (Yan, Small et al. 199^ and Dictyostelium 

(Kawata^l997) and related molecules may exist in higher plants (Peng^999). STATs 

range in size from 84-113kD and are widely expressed, with the exception of STAT4, whose 

expression is predominantly restricted to myeloid cells and testis (reviewed in (Leonard and 

O'Shea 1998)).

Knockout mice have now been generated for all the STATs manifesting strikingly specific 

phenotypes, indicative of the non-redundant roles of the different STATs. Despite the fact 

that numerous cytokines and growth factors are reported to activate STATl (e.g. IFNs, IL-2, 

IL-6 and EGF), STATl deficient mice develop normally but display a marked susceptibility 

to infection by viruses and other pathogens (Durbin^ 1996) (M erazJ996). This restricted 

phenotype can be entirely accounted for by the abrogation of IFN-mediated signalling in 

these mice. A further consequence of the impairment of IFN signalling seems to be an
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ti- 4/
increased rate of tumor development in STATl-deficient mice (K a p la n ^ 998). STAT2 

deficient mice are also highly susceptible to viral infection, consistent with the fact that the 

only known cytokines that stimulate STAT2 activation are the type I IFNs (Parl^OOO).

STAT3 knockout mice are embryonic lethal, presumably due to the indispensable role of
tJ- A./

STAT3 in gpl30-mediated signalling (Takeda. 1997). Conditional knockouts are being 

generated to further analyse the physiological roles of STAT3 (Akira^OOO). Targetting of 

STAT3 in myeloid cells exacerbated the inflammatory response and was lethal, apparently 

due to loss of IL-10 signalling. STAT3 activation also seems to be required for G-CSF- 

dependent proliferation and granulocytic differentiation (McLemore^OOl). Mammary 

gland-specific deletion of STAT3 delays involution following weaning, associated with 

decreased apoptosis, whilst in kératinocytes, absence of STAT3 severely impeded wound 

healing due to impaired growth factor-dependent epidermal cell migration (Sano^999). On 

the basis of the conditional knockouts of STAT3 reported thus far, it seems that STAT3 

cannot be considered a generic regulator of apoptosis or cell cycle progression, but rather has 

specific effects in each lineage.

STAT4 deficient mice display defects in Thi differentiation in accordance with the fact that

IL-12 is a major activator of STAT4. STAT5a/b double knockouts have impaired responses

to growth hormone and prolactin and separate STATSa or STAT5b knockouts exhibit distinct

phenotypes that in n a te  certain non-redundant functions for these highly related proteins

(LiuJ^997) (Udy^l997) (Teglund^998). Knockouts of STAT6 fail to develop Th2 immune

responses and are deficient in most (but not all) IL-4-associated physiological functions 
'Cj' tir  A/

(Shim od^996) (Taked^996).

The elucidation of the crystal structures of STAT-DNA complexes has facilitated

understanding of STAT function (Fig. 1.3). STATs bind to DNA as dimers, forming a

clamp-like^ructure in v^ich the phosphotyrosine-SH2 domain interactions form the hinge

(Becker^l998) (Chen^998). The N-terminal portion of the STAT appears to participate in

associations with adjacent STAT dimers bound to tandem STAT-binding motifs in promoters
\(j'

and may also interact with histone acetylases (Zhang ̂ 9 9 6 ) (Horvai, Xu et al. 1997).
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Between the N-terminal portion and the central DNA-binding domain, there is a coiled-coil 

domain implicated in protein-protein interactions. This domain likely mediates binding to 

other transcription factors and coactivators, for example, p48, c-jun, Nmi, glucocorticoid 

receptor and p300/CBP.

C-terminal to the DNA-binding domain there is an alpha-helical linker region, mutation of 

which produces a molecule that can be tyrosine phosphorylated, dimerise, translocate to the 

nucleus and bind DNA but^s incompetent for transactivation (Y an^l999). The linker is 

followed by a classical SH2 domain and highly conserved tyrosine phosphorylation site 

(Y701 in STATl, Y705 in STAT3). The SH2 domain mediates recruitment of the STAT to 

the activated receptor complex via phosphotyrosine residues in the receptor intracellular 

domain. Reciprocal SH2 domain-phosphotyrosine interactions are also responsible for 

dimérisation of STATs, required for both nuclear translocation and appropriate binding to 

DNA at dyad symmetrical binding sites.

The C-terminus of the STAT molecule contains the transactivation domain and displays the

greatest divergence between the different STATs. With the exception of STATs 2 and 6, this

domain includes a conserved serine residue (S727 in STATs 1 and 3), phosphorylation of

which appears necessary for full transcriptional activation from at least a subset of STAT

responsive promoters (see section 1.4.6) (reviewed in (Decker^OOO)). This C-terminal

domain has also been implicated in interactions with histone acetylases (Bhattacharya^^'

1996) (Horvai, Xu et al. 1997) and at least in the case of STATl has been shown to be

necessary for association with MCM proteins in a serine phosphorylation-dependent manner 
th  4/.

(Zhang ^998). This association appears to promote STATl-mediated transcriptional 

activation, possibly due to the helicase activity of MCMs. Similarly, the serine- 

phosphorylated C-terminal domain is required for STATl interaction with BRCAl, which 

synergises with STATl in the transcriptional activation of certain IFNy-inducible genes 

(Ouchi^OOO).

For many, if not all, of the STATs, alternative splice forms exist. STATl p, for example, 

lacks the C-terminal 38 residues and consequently cannot activate transcription upon IFNy 

stimulation of cells, although it retains the ability to interact with STAT2 and so can
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influence trans^iption as part of the ISGF3 complex formed in response to type I IFN 

(M uller^ 99 !^ . In the case of STAT3p, the C-terminal 55 residues are substituted with an 

unrelated sequence of seven amino acids. STAT3P seems to form constitutive, tyrosine 

phosphorylated dimers which have variously been reported to show limited transactivation 

potential, transinhibitory properties and even synergism with other transcription factors
a/. kJ-

(Caldenhovei^996) (Schaefer^ 995) (Sasse^997).

STATs do not possess a classical nuclear localisation signal (NLS); nuclear translocation

appears to require dimérisation and the involvement of the N-terminal domains (Strehlow^

1998). For activated STATl, translocation through the nuclear pore is initiated by

interaction with importin/NPI-1 (Sekim oto^ 997). Three functional leucine-rich nuclear

export signals (NESs) conserved throughout the STAT family have recently been identified.
cJi

Two reside within the coiled-coil domain (Mowen^ 000) (Begitt^OOO) and the third is 

located in the DNA-binding domain (McBrid^OOO).

1.4.6 STAT serine phosphorylation

The C-termini of all the STATs, STATs 2 and 6 excepted, contain a PMSP or PSP motif

located between residues 720 and 730 that is subject to serine phosphorylation. Multiple

signalling pathways appear to converge at this event and the effects of the modification can
Anfi kùv'fUllc

be various (reviewed in (Decker.2000)). For example, serine to alanine mutation of STATl 

or STAT4 decreases their transactivation potential (Wen^995) (Visconti^2000). For 

STAT5, this mutation causes protracted tyrosine phosphorylation and DNA binding 

(Beuvink/2000), whilst serine to alanine substitution in STAT3 leads paradoxically to both 

prolonged tyrosine phosphorylation and reduced transcriptional activity (Wen, 1995) 

(Chung ̂ 997) (Schuringa^2000). Recently, serine phosphorylation of STATl was 

suggested to contribute to the specificity of the transcriptional response due to the innately 

differing requirements for serine phosphorylation by distinct promoters (Kovarik/2001). 

Different kinases probably mediate serine phosphorylation of STATs in response to particular 

stimuli and there is continued debate regarding the identity of kinases responsible for specific
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phosphorylation events. MAPKs of both the p38 and ERK families are implicated in
âhéU. / A  a / .

phosphorylation of STATl and STAT3 (Kovarik^999) (Chung 1997).

1.4.7 Signalling through the IFN(X/p Receptor

The type I IFN receptor is composed of two subunits: IFNARl and IFNAR2, which 

constitutively bind Tyk2 and JAKl, respectively (Fig. 1.5). The receptor is ubiquitously 

expressed but at low densities -  typically there are 100-10 000 type I IFN binding sites per 

cell (De M aeyer^99l). There are three splice forms of IFNAR2, of which only IFNAR2c, 

the variant with a full-length intracellular domain, can restore signalling to the IFNAR2 

negative U5 fibrosarcoma cell line (Lutfalla, Holland et al. 1995). IFNAR2a lacks a 

transmembrane domain and is therefore soluble. It is postulated to serve as a carrier protein, 

prolonging and enhancing the action of type I IFN (Rubinstein 2000). IFNAR2b is a 

transmembrane protein with a divergent and truncated intracellular domain (c.f. IFNAR2c) 

whose physiological role is yet to be elucidated. IFNAR2 contains within its intracellular 

domain both a boxl like motif, and an ‘LPKV’ sequence reminiscent of the IFNGRl ‘LPKS’ 

JAKl binding motif, however, neither of these regions appear to be required for JAKl 

association with IFNAR2 (Domanski, Fish et al. 1997). The 45 membrane proximal amino 

acids of IFNARl, meanwhile, are necessary and sufficient for recruitment of baculovirus- 

expressed Tyk2 and alanine substitution of an isoleucine-isoleucine-glutamate motif within 

this region abrogated the association (Yan^ ^ 9 ^  Studies in the JAKl deficient and Tyk2 

deficient human cell lines, U4A and UlA, respectively, indicated a structural role for these 

kinases in the generation of high affinity binding sites for IFNa and Tyk2 in particular was
^  aJ . A-

required for appropriate surface expression of IFNARl (Velazquez^995) (Muller^l99!^ 

(Gauzzi^997). These results are, however, at odds with the recently published phenotype 

of the Tyk2 knockout mouse (discussed in section 1.4.4) (Karaghiosoff^OOO).

In response to IFNoc/p binding to IFNAR, JAKl, Tyk2 and STATl and STAT2 become 

activated. STATl and STAT2 heterodimers associate with p48 (IRF9) to form the 

transcription factor, ISGF3. STATl homodimers may also mediate a subset of the 

transcriptional effects of Type I IFN. In certain cell types. Type I IFN additionally activates
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STATS and may activate STAT4 and STAT6 under some circumstances (Hilkens, C. M. U., 

unpublished data).

1.4.8 Signalling through the IFNy Receptor

The receptor for IFNy is a heterodimer of a 90kD ligand binding a  subunit, IFNGRl, that 

constitutively binds JAKl and a 60kD (3 subunit, IFNGR2, whose sole known function is to 

bind JAK2 (Fig, 1.4). The receptor is expressed on most cell types at 200-25 000 complexes 

per cell (Farrar^ 9 9 3 ) .  The fact that IFNGRl binds IFNy in a strictly species-specific 

manner was exploited in a series of structure-function analyses that made important 

contributions towards characterisation of this receptor subunit. Hence, expression of wild- 

type or mutant human IFNGRl chains in murine cell lines that also contained human 

chromosome 21 (on which IFNGR2 is encoded) identified two functionally important regions 

of the intracellular domain of IFNGRl (F arrar^991). Firstly, a membrane proximal region 

containing the sequence ‘LPKS’ was identified as the JAKl binding site. Mutation of the 

proline within this motif abr^ates JAKl recruitment to IFNGRl and abolishes signalling in 

response to IFNy (Kaplan^J996). Secondly, a C-terminal region incorporating the residues 

Y440, D441 and H444 was shown to be indispensable for IFNy signalling. Furthermore, a 

mutant of IFNGRl lacking all tyrosines in the receptor intracellular domain apart from Y440 

could mediate biological responses to IFNy, such as MHC class I induction. Phosphorylated 

peptides containing the Y440 motif were used to demonstrate that this tyrosine motif, when 

phosphorylated, specifically binds STATl (Greenlund ^ 9 9 4 ) . Consistent with this, a 

mutant IFNGRl in which Y440 was replaced by phenylalanine was unable to mediate MHC 

class I, IRFl or iNOS induction in response to IFNy ( F a r r a ^ 992). Importantly, all these 

experiments were carried out using human IFNy receptors in a murine cell background.

IFNy stimulation results in phosphorylation of IFNGRl, JAKl, JAK2 and STATl in human

cells. Activated STATl dimers function as transcription factors in the ni^leus and can also
4/  •

associate with p48 to form a complex analogous to ISGF3 (Bluyssen^l995) (Reid^l997). 

Expression of a kinase-null JAKl in JAKl deficient U4A cells supports IFNy-induced 

phosphorylation of JAKl and JAK2, whilst an equivalent kinase-dead JAK2 expressed in

40



CHAPTER 1: Introduction

JAK2 negative cells does not. Thus, JAK2 lies upstream of JAKl and is required for 

activation of JAKl in response to IFNy (Briscoe, Rogers et al. 199^.

1.4.9 Genetic analysis of the JAK/STAT pathway in response to IFN

Regulated expression of selectable markers in chemically mutagenised cell lines led to the 

isolation of mutant mammalian cell lines in eight complementation groups (reviewed in 

(Stark 1999)). These cell lines were instrumental in the delineation of the IFN signalling 

pathway and have proved invaluable tools for analysing the roles of the JAKs, STATs and 

receptors mutated in those cell lines. JAKl negative U4C cells were utilised for the analysis 

of JAKl receptor binding motifs described in Chapter 4. In theory, the mutant cell lines 

could also be valuable tools for dissecting the specific contributions of components of the 

JAK-STAT signalling pathways to the phosphotyrosine profiles generated in Chapter 3.

In the 2fTGH system, hypoxanthine phosphoribosyltransferase (HPRT) negative HT1080 

cells were stably transfected with the bacterial gene for guanosine phosphoribosyltransferase 

(gpt) under the control of the IFNot/(3-responsive 6-16 promoter. The drug 6-thioguanine 

(6TG) is lethal to cells expressing either HPRT or gpt. Thus, 2fTGH cells were subjected to 

chemical mutagenesis with the frameshift mutagen ICR191 and IFNo/|3 unresponsive 

mutants were selected on the basis of survival in the presence of 6TG and IFNot/p. 

Importantly, gpt/HPRT negative cells are incapable of supporting growth in the presence of 

aminopterin, enabling back selection for complemented mutants.

An alternative strategy was utilised for analysis of the IFNy signalling pathway: HT1080 cells 

were stably transfected with the gene for the T cell surface marker, CD2, under the control of 

the IFNy-inducible 9-27 promoter. Mutagenised cells were then sorted by FACS and selected 

for loss of IFNy-induced CD2 expression. The eight complementation groups of mutants 

derived using the two different approaches are listed in Table 1.3
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Table 1.3: Complementation groups of mutants in IFN signalling pathways

Complementation group Response to IFN Complemented by

a p y

Mutants isolated in the 2jTGH system

U1 - - + Tyk2

U2 - - + p48 (IRF9)

U5 - - + IFNAR2

U6 - - + STAT2

Mutants isolated in the 2C4 system

yl + + - IFNGR2, JAK2

y2 + + - JAK2

Mutants isolated in the 2JTGH and 2C4 systems

UB - - - STATl

U4 - - - JAKl

1.4.10 Signalling through IL-6 family cytokine receptors

11-6 family cytokines signal either via gpl30 homodimers, or via gplBO in combination with 

LIFR or OSMR, all of which associate with JAKs 1 and 2 and Tyk2 and mediate STAT 

activation (Figs. 1.6 and 1.7). IL-6, IL-11 and CNTF first bind to specific a  receptor subunits 

which do not themselves contribute to intracellular signalling. The cytokine-a receptor 

complex can then bind to the appropriate signal-transducing subunits: gplBO homodimers for 

IL-6 and probably IL-11; gplBO-LIFR heterodimers for CNTF. The a  receptors for these 

cytokines also have functional soluble forms. LIF, OSM and probably CT-1 can bind directly 

to gplBO-LIFR heterodimers to induce signalling. OSM also signals via a receptor complex 

containing gplBO and the OSM-specific OSMR subunit.

gplBO is expressed in most tissues and cell lines examined to date (with the exception of 

Ba/FB cells) and is constitutively associated with JAKl, JAK2 and Tyk2. Like many other
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class I cytokine receptors, gpl30 recruits the JAKs via conserved ‘boxl’ and ‘box2’ motifs 

(Murakami^!991) (Tanner^995). Boxl comprises 8 amino acids and includes the proline- 

rich motif, PXXPXP, preceded by a hydrophobic cluster. Box 2 contains 12 residues: 

negatively charged amino acids are harboured within hydrophobic amino acids; the motif 

ends with basic residues. Between boxl and box2, there is an invariant tryptophan, mutation 

of which abolishes JAKl binding to gpl30 (Haan^OOO). It is not yet clear whether all three 

JAKs simultaneously associate with a single chain of gpl30 although there is data to suggest 

that JAK2 can compete with JAKl for gpl30 JAK-binding sites (Guschin, Rogers et al. 

1995).

gpl30 also contains six tyrosine residues in its intracellular domain, five of which serve as

phosphotyrosine docking sites for SH2 domain-containing molecules. Four, Y767, Y814,

Y905 and Y915, recruit STATs when phosphorylated (Schmitz^OO(^, while the role of

Y759 appears more complex, participating in recruitment of SHP2 and either directly or

indirectly SOCS3, the adaptor molecules, Grb2 and Gabl, and the ERKl/2 MAPK (Schmitz^ 
^ *7. </'«/•

200(^(Nicholsoij^000) (Terstegen^GGO).

IL-6Ra is an 8GkD glycoprotein (also known as gp8G) expressed in monocytes, T-cells,

activated B cells, intestinal epithelial cells and hepatocytes. The latter two cell types are

polarised and the short intracellular domain of gp8G, previously of unknown function, was

recently shown to mediate its basolateral sorting (Martens^GOG). The soluble form, sIL-

6Ra, occurs in serum of healthy individuals to a concentration of 8Gng/ml. Normal levels of

serum IL-6 are 1-lGpg/ml and the dissociation constant of the IL-6-sIL-6R complex makes it

likely that rnost serum IL-6 will exist as part of a complex with the soluble receptor (Rose-

John^l994). The IL-6-sIL-6Ra complex is biologically active and responsiveness of cells to

IL-6 can be conferred by addition of sIL-6Ra. Moreover, the presence of sIL-6Ra also

increases the sensitivity of cells already expressing the transmembrane form of IL-6Ra
^  A  at,

towards IL-6 (Mackiewicz^l995) (Novick^992).

OSM is the only ligand that can bind directly to gpl3G. In the type I OSM receptor complex, 

gpl3G heterodimerises with LIFRa; in the type II complex, gpl3G is paired with OSMRP
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(Fig. 1.7) (Gearing^ 1992) (M osley^ 996). Both LIFR and OSMR show significant 

homology to gpl30 and OSMR was actually cloned by virtue of this resemblance using 

degenerate PCR (Mosley^ 1996). Recent analyses suggest that although signalling through 

type I and type II OSM receptor complexes is similar, with both OSMR and LIFR mediating 

more potent engagement of signalling pathways than is achieved through gpl30 alone, 

OSMR in particular can effect enhanced activation of STAT5 and ERK pathways (W ang^

2000). The augmented signalling through LIFR and OSMR in comparison to gpl30 alone is 

attributed to signals emitted from the intracellular domains of LIFRa and OSMRP, which
//■a/

have been shown to be signalling-competent through chimeric receptor studies (Hermanns^

1999). The absence of an effective SHP2-recrutiment site in LIFRa or OSMRP could
ci'

partially explain this enhanced signalling (Wang^OOO). However, the prominent activation

of the ERKl/2 MAPKs in response to OSM likely results from the specific association of
ci ̂  ■

SHC with OSMRp (Hermanns^OOO). Interestingly, the gpl30-LIFR complex generates a 

greater sensitivity of cells to LIF than to OSM and coimmunoprecipitation studies have 

suggested a more stable recruitment of the LEFR-gl30 complex by LIF than by OSM (Wang ^

2000). This may reflect the fact that OSM and LIF seem to interact differently with LIFRa -

specifically, the immunoglobulin domain is required for coordination of LIF, but not OSM 
eifiJ.

(Taupin^999).

Following OSM or IL-6 treatment of fibroblasts, JAKl, JAK2, Tyk2 and STATl and 

STAT3 become activated. JAKl and STAT3 play central roles in mediating IL-6- 

like responses. The absence of one JAK does not prevent activation of the others, 

arguing against a sequential kinase cascade (Guschin, Rogers et al. 1995). STAT5 

activation also occurs in some cell types. In addition, the tyrosine phosphatase, 

SHP2, is phosphorylated and activated upon IL-6 family cytokine treatment, enabling 

the recruitment of the ERKl/2 MAPK cascade (reviewed in (Heinrich, Behrmann et 

al. 1998)).
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1.5 Transcriptional responses to cytokines

It has long been recognised that STATs mediate transcriptional regulation in response to IFNs

and other cytokines. Such regulation can entail both positive and negative effects on gene 
/A A//

expression (D er^998). It has further been established that STATs collaborate with a large 

number of other signalling proteins and transcription factors in order to achieve these effects. 

STAT binding sites in promoters are often in apposition to binding sites for other 

transcription factors, resulting in interactions between promoter-bound STATs and other 

proteins. Examples include the interaction of STATl and Spl on the ICAM promoter and the 

association between STAT5 and glucocorticoid receptor (GR) when bound to the (3-casein 

promoter. Interacting groups of STATs and both site-specific and more general DNA- 

binding proteins form ‘enhanceosomes’ (reviewed in (Bromberg^OOO)). STATs and other 

components of the enhanceosome act in a coordinated manner, recruiting co-activators and 

chromatin-remodelling factors to promote transcriptional initiation. STAT interaction with 

p300/CBP, for example, provides an important link to the basal transcription machinery. 

STAT-interacting proteins likely also contribute towards the specificity and complexity of 

STAT-regulated gene expression profiles, and may additionally be important for cross talk 

and integration of signals from different signalling pathways. The physical interaction 

between STATSa and ERKl/2 presumed to cause the phosphorylation of STATSa at S780 

represents one such node of convergence of signalling pathways.

1.5.1 Transcriptional responses to IFNs

The pleiotropic effects of the IFNs are evidenced by the fact that approximately 600 IFN- 

responsive genes have been predicted on the basis of microarray analysis of IFN-m^ced 

transcription and recently acquired information from genome sequencing (Der 1998) 

(Ewing^OGO) (Liang^OOO) (Roest Crollius^OOO). The initial wave of gene induction 

triggered by IFN, the primary response, is independent of protein synthesis. The synthesis of 

transcription factors during the primary response results in a secondary phase of gene 

induction. The secondary response hence has delayed kinetics and is protein synthesis- 

dependent. The transcription factor, CllTA, for example, requires lRF-1 and other gene 

products of the primary response to IFNy for its induction. Synthesis of CllTA in turn
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stimulates expression of MHC class II molecules; thus a tertiary response is elicited. This 

hierarchical regulation of gene expression helps to account for the complexity of IFN-induced 

responses.

There are two classical types of IFN-responsive elements. The IFN-stimulated response

element (ISRE) is typically found in promoters of IFNo/p- and IFNy-regulated genes and has
    -

a core consensus sequence of: 5 ’ - AG ilTCNNTTTCNC/T-3 ’ (Porter, 1988) (Levy 1988)

(Farrington^ 993). The major ISRE-binding transcription factor is the ISGF3 complex: a

heterotrimer of STATl, STAT2 and p48 formed in response to EFNa/p treatment. An IFNy-

induced variant, composed of STATl homodimers and p48, can also bind ISRE sequences

(for example in the promoter of the 9-27 gene (Reid^l997)). Gamma activation sequence

(GAS) elements are defined by the core consensus sequence: 5’-TTNCNNNAA-3’ (Decker 
a/ .

1989) (L ew ^991). The loosely palindromic nature of the site is in accordance with the

observed binding of STAT dimers to these sites. STATl homodimers acting through GAS

elements are thought to mediate the majority of transcriptional responses to IFNy.

Interestingly, binding of STATl to GAS elements, alone or with other factors such as IRFl,

is reported to mediate constitutive expression of several genes, such as LMP2. This activity

does not require tyrosine phosphorylation of STATl and unphosphorylated STATl has been
c /« /. S

shown to be able to bind DNA either as a monomer or dimer (Chatterjee-Kishore^2000^ 

Transcriptional responses to IFNs may also utilise oth^^anscription factors such as 

interferon regulatory factors (IRFs) (reviewed in (M am ane^ 999)) and CCAAT/enhancer- 

binding protein p (C/EBPp) (Hu, Roy et al. 2001).

Recent studies in STATl deficient cells indicate that in the absence of STATl, IFNy can still 

regulate the expression of some genes, induce an antiviral state and influence cell 

proliferation (Ramana^OOl) (Gil^001). Similar STATl-independent responses have been 

reported for IFNot/p (Gil ̂ 001). Distinct profiles of IFN-mediated gene induction are 

obtained in the absence and presence of STATl - the physiological relevance of this 

observation is not yet clear.
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1.5.2 Transcriptional responses to IL-6 family cytokines

IL-6 family cytokines also regulate the transcription of a large number of genes in many cell 

types and one of their defining characteristics is the ability to potently induce proteins of the 

acute phase response in liver tissue. Promoter studies of such IL-6 family cytokine- 

responsive genes indicate that STAT-binding sites are often in the immediate vicinity of 

binding sites for other transcription factors. Thus STAT3 is postulated to cooperate with 

C/EBPp, NFkB, AP I and GR in the regulation of transcriptional responses to IL-6 family 

cytokines (Schumann J 996) (Stephanou^I998) (Brown^ 1995) (Zhang^997). In 

addition, STAT3 physically interacts with c-Jun to promote the induction of the a2 - 

macroglobulin gene by IL-6 and the matrix metalloproteinase 1 gene by OSM (Ito^989)
«y»

(Korzus^997). Physical associations of STAT3 with members of the IRF family and Spl 

may also^hy roles in ^^diating gene regulation in response to IL-6 family cytokines 

(Horvath^l996) (Look^l995). STAT binding sites often occur in tandem, such as in the 

al-antichymotrypsin promoter. The congregation of STAT multimers, together with other 

transcription factors, at promoters of IL-6 family cytokine stimulable genes enables the 

integration of multiple signals in the transcriptional responses to these cytokines.

Interestingly, STATl and STAT3 display considerable overlap in their nucleic acid sequence- 

binding specificities. Both EFN and IL-6 activate STATl and C/EBP-p also appears to be 

involved in transcriptional responses to both classes of cytokine. Indeed, it was recently 

demonstrated that IL-6 induces expression of p48/IRF9 through the IFNy-responsive GATE 

element, in a C/EBPP-dependent manner (Xiao^OOO). However, in general IL-6 family 

cytokines do not mediate induction of ISGs.

1.6 Negative-regulation of the JAK-STAT pathway

Cytokine signalling is a highly regulated process and it is essential that effective mechanisms 

exist to terminate the response. Various families of negative regulators have now been 

reported and their critical importance is reflected in the profound and often lethal phenotypes 

of the relevant mouse knockouts. For the IFNs, activated JAK-STAT components persist for
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several hours following stimulation, whilst for IL-6 type cytokines, the JAK-STAT pathway 

is substantially down regulated within 30-60 min of treatment.

1.6.1 SOCS

The first member of this family, CIS (cytokine-inducible SH2-domain containing protein),

was identified as an IL-3-induced immediate-early gene with inhibitory effects on signalling

and proliferation (Yasukawa^OOO). Seven further members of the suppressor of cytokine

signalling (SOCS) family, SOCS 1-7, have now been cloned. Transcripts and protein levels

for the SOCS are upregulated in response to several stimuli including, but not exclusively,

cytokines and growth factors; thus they participate in a classical negative feedback loop.

Although SOCS proteins possess common structural features, most notably a C-terminal 40

amino acid SOCS box as well as a central SH2 domain, different SOCS invoke distinct

mechanisms to exert their inhibitory effects on cytokine signalling. It is noteworthy that C-

terminal SOCS boxes occur in a variety of other SH2 domain-containing proteins, which can

be subdivided into families of proteins containing WD-40 repeats, ankyrin repeats, SPRY

domains or GTPase domains, respectively (Hiltony 1998). The function of the SOCS box

remains unclear, however, it may provide a link to ubiquitin-mediated protein degradation,
eJ'

possibly through recruitment of the elongin BC complex (Zhang J^99).

CIS is induced in response to EPO, IL-3, GH, IL-2 and PRL and acts as a con ^^ tiv e

inhibitor of STAT activation by binding to receptor phosphotyrosines (Yoshimura^995).

SOCSl may also competitively inhibit cytokine signalling but in this case through binding

directly to the^osphorylated JHl domain of the JAKs, obstructing access of other substrates

(Yasukawa, 1999). This function requires the N-terminal kinase inhibitory region (KIR) and

SH2 domain of SOCSl (Nicholson^1999). SOCSl can suppress signalling from a wide

range of cytokines in vitro, including IL-6, IL-4, GH, IFNoc/p and IFNy, and SOCSl-

deficient mice die from IFNy-mediated liver degeneration and massive inflammation
-tJriU-

(M arine^999) (Alexander^ 1999). Recruitment of the proteosomal machinery through the 

SOCS box of SOCSl may provide an additional level of downregulation. Accordingly, 

coexpression of a constitutively active JAK2-TFL fusion protein and SOCSl results in 

proteosome-mediated degradation of the fusion protein (Kamizon(^2001).
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SOCS3 is also induced by, and can inhibit signals from, a broad spectrum of cytokines that

includes GH, leptin, IL-2, IL-4, IL-10 and IL-6 family cytokines. Like SOCSl, SOCS3 can

associate with the^ac^ation loop of JAKs although this is not sufficient for suppression of

signalling (Sasaki^999). Inhibition is augmented by the presence of the receptor and for

IL-6 type cytokines, negative feedback through S0CS3 requires the SHP2 binding site of
üJ. S

gpl30 (Y759) (Nicholsoi^2000) (Schmitz^OO^, There appears to be a complex interplay 

between these two negative regulators of gpl30-mediated signal transduction, SHP2 and 

SOCS3 may compete for the same binding site on gpl30 and physical association between 

the two molecules has been observed. Furthermore, inhibition of SHP2 activation correlates 

with increased S0CS3 mRNA levels, whilst higher expression of SOCS3 reduces SHP2 

phosphorylation in response to IL-6 stimulation (Nicholson^ 0 0 0 )  (Schmitz^OO(^, The 

physiological role of S0CS3 also requires clarification -  SOCS3 knockout mice die during 

gestation but the basis for this remains unclear (Roberts^2001) (M arine ^1999), 

Interestingly, a positive role for S0CS3 in signalling has also been reported: phosphorylated 

SOCS3 binds RasGAP to activate Ras (Cacalan(j2001),

1.6.2 FIAS

Protein Inhibitor of Activated STATl (PIASl) was isolated through its ability to interact with

STATlP in a yeast two-hybrid screen. Four more mammalian proteins related to PIASl:

PI AS 3; PIASy; PIASxa and PIASxp, were identified by cDNA library screening and
(A

database searches (Chung^997) (Liu^1998), PIAS proteins lack previously characterised 

structural motifs but exhibit homology to one another. In vitro, PIAS proteins inhibit the 

DNA-binding activity of STAT proteins and interfere with STAT-mediated gene 

transcription. Although PIAS proteins are constitutively expressed, PIASl and PIAS3 

coimmunoprecipitate with STATl and STAT3, respectively, only after cytokine stimulation. 

This is accounted for by the fact that the PIAS-STAT interaction is entirely dependent on 

tyrosine phosphorylation and dimérisation of the STATs -  PIASl does not bind to tyrosine
if}' •

phosphorylated or unphosphorylated STATl monomers (Liao^OOO), Furthermore, an 

alternative mode of transcriptional regulation by PIAS family proteins has been suggested by 

the recent report that PIASl and PIASx(3 catalyse the covalent attachment of the ubiquitin-
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like modifier, SUMO, to p53, resulting in potent repression of p53 transcriptional activity

(Schmid^ 2002).

1.6.3 Phosphatases

Exposure of resting cells to inhibitors of protein tyrosine phosphatases (FTPs) such as 

pervanadate induces tyrosine phosphorylation of many cellular proteins, including 

components of the JAK-STAT pathway. Similarly, pretreatment of cells with pervanadate 

enhances cytokine-induced tyrosine phosphorylation of JAKs and STATs (Haque 1995) 

(David^993). Compelling evidence for the role of phosphatases in negative regulation is 

provided by the ‘motheaten’ phenotype of the knockout mouse for the SH2-containing FTP, 

SHPl (Zhang^OOO). Lack of SHPl results in multiple hematopoietic and immunological 

abnormalities and SHPl has been shown to be recruited to receptors for IL-4, EPO, GH and 

IL-2.

The role of the related phosphatase, SHP2, is more complex with both positive and negative 

regulatory effects on cytokine signalling reported. Mice deficient in SHP2 have been 

generated and identify SHP2 as a physiological inhibitor of IFNy signalling (You, Yu et al.

1999). However, SHP2 can also serve an adaptor function, for example by binding to 

cytokine receptors and engaging the Ras-MAPK pathway via Grb2 and SOS (for example
ihhi.

(Schiemann ̂ 997)). In addition, SHP2 can associate with JAKs and likely serves as a JAK 

substrate, although the significance of this for downregulation of JAK activity remains 

controversial (Yin ^997). Recently, the PTP, CD45, was demonstrated to inhibit JAK- 

STAT signalling through its ability to dephosphorylate the JAKs (Irie-Sasaki, Sasaki et al.

2001). As CD45 expression is limited to cells of the hematopoietic system, other PTPs may 

play equivalent roles in other lineages. TC45, for example, which can be expressed in non- 

hematopoietic cells, has ^ c ^ t ly  been implicated in mediation of JAKl and JAK3 

dephosphorylation (Simoncic^002).

Pulse-chase experiments indicate that whilst the turnover of STAT protein is slow and not 

significantly affected by cytokine treatment, the half-life of activated STAT molecules is
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short (S iew ert^999). Activated STATl is rapidly translocated to the nucleus, later 

returning quantitatively to the cytoplasm in a non-phosphorylated state. Furthermore, in the 

presence of the PTP inhibitor, sodium vanadate, phosphorylated STATl accumulates in the 

nucleus and STATl mutants displaying prolonged phosphorylation enter the nucleus and are 

not inactivated in the presence of staurosporine, an inhibitor of JAKs and other tyrosine 

kinases (H aspel^999). Thus, there is persuasive evidence for the existence of a nuclear 

tyrosine phosphatase involved in downregulating cytokine responses at the level of STAT 

activation, although its identity has proved elusive. Interestingly, TC45, which was recently 

identified as a JAK phosphatase, has now also been suggested to function as a STAT nuclear 

tyrosine phosphatase (Shuai, K., oral presentation).

1.6.4 Proteosome

STATl is subject to ubiquitinylation following IFNy stimulation and inhibition of the 

proteosome stabilises activated nuclear STATl (K itty  1996). In addition, proteosome 

inhibitors prolong JAK-STAT signalling in response to IL-3 (Callus and Mathey-Prevot

1998). As alluded to above, this probably does not reflect cytokine-induced degradation of 

STATs and seems to entail protracted signalling from the receptor complex (Haspel 1999) 

(Yu and Burakoff 1997). The potential role of the SOCS box of SOCS proteins in 

proteosomal degradation of JAK-STAT pathway components was discussed in section 1.6.1.

1.6.5 Other

Various other mechanisms may contribute towards termination of cytokine signalling. For 

example, IL-6 down-regulates its surface receptor, as evidenced by the depletion of IL-6 

binding sites at the cell surface within 30-60 min of treatment due to internalisation of 

receptor-ligand complexes (Zohlnhofer^992) (Nesbitt^1992). An additional mechanism 

of downregulation involves generation of soluble receptors which sequester ligand and hence 

act as antagonists. Indeed, significant concentrations of soluble gjpl30 are found in human 

blood and likely neutralise IL-6-sIL-6R complexes (Narazaki ^ 9 9 3 ). It should be noted, 

however, that soluble receptor subunits may also function as agonists of cytokine signalling.
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as is the case for soluble IFNAR (Rubinstein 2000). Finally, other post-translational 

modifications may contribute to negative regulation of JAK-STAT signalling, such as the 

recently reported arginine méthylation of STATl (Moweiy2001).

1.7 Additional signalling pathways

A mutant growth hormone receptor that binds JAK2 but lacks any phosphotyrosine docking 

motifs can sustain ligand-dependent signalling (Wang, Wong et al. 1995). Furthermore, 

mutant strains of mice in which the wild type EPOR is replaced by a truncated version 

lacking any tyrosine docking sites are viable and remarkably display only subtle defects in 

erythropoiesis (Zang^2001). This data strongly supports the existence of supplementary 

JAK-mediated signals in addition to the canonical JAK-STAT pathway. Indeed, several JAK 

substrates other than receptors and STATs have been suggested. Pyk2 is selectively 

associated with and activated by JAK2 following IFNy stimulation and mediates JAK-
t\r  4/

dependent activation of the MAPK cascade (Takaoka  ̂1999). JAK2 was also recently 

reported to phosphorylate the transcription factor, TFII-I, in response to serum, thereby 

regulating its association with ERK and in turn its ability to regulate transcription (K im ^

2001). In addition, JAK2 and JAK3 bind and activate the Signal Transducing Adaptor 

Molecule (STAM), which p ^ s  a role in c-myc induction and cell growth in response to IL-2 

and GM-CSF (Takeshita^ 9 7 ). Experiments in JAK-null cell lines have also demonstrated 

a requirement for the JAKs in activation of IRS-1 and PI3K downstream of IL-4, OSM and 

IFNa and P (Burfoot, Rogers et al. 1997). Recently, IFNy has also been shown to engage 

the C3G/Rapl signalling pathway, presumably via the JAKs (Alsayed, Uddin et al. 2000). 

JAKs additionally appear to have functions independent of their kinase activity since a 

kinase-negative mutant of JAKl can sustain IFNy-inducible gene expression but not an 

antiviral state (Briscoe, Rogers et al. 1996). It is therefore evident that further JAK- 

mediated signals are required, besides STAT activation, for mediation of the biological 

effects of cytokines. Against this background, it was of considerable interest to establish a 

method of phosphotyrosine profiling to facilitate both monitoring of global changes in 

tyrosine phosphorylation induced by cytokines and isolation of potentially novel participants 

in cytokine signalling.
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Fig. 1.1; Overview of JAK-STAT signalling pathways downstream of IFNy and IL-6 

family cytokines

The model is explained in detail in section 1.4. Tyrosine phosphorylated proteins are labelled 

with the letter ‘P’.

53



INTERFERON y SIGNALLING IL-6 FAMILY CYTOKINE SIGNALLING

LIF CNTF
IFNy

Cell membrane
JAK2JA K l

\STATlj

Nucleus

Antiviral Anti-growth Apoptosis Immunomodulation

OSM \  /  IL-II

IL-6 CT-1

g p l 3 o |  I

J A K l > 5 ^  JA K 2 Tyk: 

^TATl/3/

)o< Tokxzx:

Gene Activation Proliferation Differentiation

Figure l . l



CHAPTER 1: Introduction

Fig. 1.2: The general structure of JAK family proteins

The approximate limits of the JH domains and putative PERM domain, comprising ‘FI ’ (p- 

grasp), ‘F2’ and ‘F3’ modules are indicated.

Numbers given indicate approximate amino acid residues.

Fig. 1.3: The general structure of STAT family proteins

Regions of homology between STAT proteins are represented by the coloured boxes and the 

functions contained within these regions, where known, are indicated either above or below 

the coloured boxes. ‘Y’ and ‘S’ refer to the conserved STAT tyrosine and serine 

phosphorylation sites, respectively.
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Fig. 1.4: Model for the IFNy receptor complex 

Fig. 1.5: Model for the IFNa/p receptor complex

Cytokines are represented by coloured balls.
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Fig. 1.6: Model for the IL-6 receptor complex

IL-6 signals through gpl30 homodimers, but requires the IL-6Ra (gp80) subunit for ligand 

binding.

Fig. 1.7: Model for the OSM receptor complex

OSM can signal through either a Type I receptor (A), in which gpl30 heterodimerises with 

LIFR, or a Type II receptor (B), comprising gpl30-OSMR heterodimers.

Cytokines are represented by coloured balls.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Chemicals

Unless otherwise specified, chemicals were obtained from Sigma.

2.2 Tissue Culture

Adherent cells were cultured as a monolayer in Dulbecco's Modified Eagle’s Medium 

(DMEM; Bio Whittaker) supplemented with 10% (v/v) heat-inactivated fetal calf serum 

(ECS), 2mM L-glutamine, 500 U/ml penicillin and 500|ig/ml streptomycin. Cells carrying 

selectable resistance markers were grown in the presence of 250|Xg/ml hygromycin B 

(Calbiochem), 400jig/ml G418/neomycin (Gibco BRL) or lp,g/ml puromycin as appropriate 

for maintenance. Cells were typically passaged 1:10 by washing twice in versene (0.02% 

(w/v) EDTA in PBSA), detaching in versene and resuspending in DMEM/10% ECS for 

replating. For primary fibroblasts and derivatives, cells were detached in versene containing 

1% trypsin. Semi-adherent SKLC-7 cells and derivatives were cultured in RPMI 1640 

medium supplemented with 10% heat-inactivated ECS, 2mM L-glutamine, 500 U/ml 

penicillin, 500|xg/ml streptomycin, ImM sodium pyruvate, 50|iM |3 -mercaptoethanol and 

500|Lig/ml G418. For passaging SKLC-7 cells, non-adherent cells were transferred to a 50ml 

Falcon tube whilst adherent cells were detached in versene containing 1% trypsin. The cells 

were then pooled and pelleted by low speed centrifugation, prior to resuspension in culture 

medium and replating. Cells plated for experiments were cultured in the absence of drugs. 

Disposable plastic tissue culture plates were all obtained from Falcon.

Cells were frozen in DMEM/20% (v/v) FCS/10% (v/v) dimethyl sulphoxide (DMSO) and 

stored in liquid nitrogen. Frozen cells were recovered by thawing at 37®C, washing with 

DMEM and pelleting of cells by low speed centrifugation followed by resuspension in fresh 

DMEM/10% FCS.
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2.3 Transient and stable transfections

Transient transfection of expression constructs was performed using Superfect transfection 

reagent (Qiagen). Briefly, plasmid was resuspended in 100p,l DMEM/|ig plasmid and mixed 

with 6p,l Superfect/|ig plasmid. The DNA superfect mixture was then vortexed and incubated 

at room temperature for 10 min. Following addition of DMEM/10% FCS prewarmed to 

37°C (1.5ml for 6cm plate, 2.5 ml for 10cm plate), the transfection mix was added to cells. 

Cells were incubated at 37°C with the transfection mix for between 3 and 7 hours before 

being washed twice with DMEM. Cells were then maintained until required in DMEM/10% 

FCS. For stable transfections, cells were put under drug selection 12-18 h post-transfection 

and cloned by limiting dilution.

2.4 Generation of stable populations by retroviral infection

2.4.1 Production of viral stock

The day before transfection, 2 X 10̂  BOSC cells were plated in 10cm dishes. 5 min before 

transfection, the medium was changed to 5ml DMEM/10% FCS containing 25|iM 

chloroquine (diphosphate salt) to inhibit degradation of DNA by lysosomal hydrolases. lOpg 

plasmid DNA containing the gene of interest in the vector pBabe was diluted in sterile Ĥ O to 

give a final volume of 440|il. 60pl of 2M calcium chloride 2-hydrate was then added to the 

DNA. 500|il of ‘2X’ HBS (280mM NaCl, lOmM KCl, 1.5mM NazHPO^, 12mM D-glucose, 

50mM HEPES pH 7.05) was added dropwise to the DNA/calcium chloride solution whilst 

bubbling to ensure through mixing. The resulting solution was immediately added to the 

BOSC cells, swirling the plate to mix. Following incubation at 37°C for 6-9 h, the medium 

was aspirated from the BOSC cells and replaced with 10ml DMEM/10% FCS. The following 

morning, the medium was changed again to 5ml DMEM/10% FCS. After a further 

incubation at 37°C for 8 h, the virus stock was harvested and filtered through a 0.45|xm filter. 
The pBabe vector is derived from the Moloney murine leukaemia virus.
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2.4.2 Infection of target cells

The day before infection, cells were plated at 25% confluency. On the day of infection, the 

medium was aspirated from the target cells and replaced with 4ml of virus stock (for a 10cm 

plate). Polybrene (hexadimethrine bromide) was added to give a final concentration of 

4pg/ml to facilitate entry of virus into cells. After incubation overnight at 37°C, the virus 

stock was replaced with 10ml of DMEM/10% FCS. 24 h later, the media was changed again 

and cells were put under drug selection. If cells were already confluent, they were split into 

selection medium. Cells were maintained under selection until a stable drug-resistant 

population was obtained.

Table 2.1: Stable cell lines

NAME DRUG

RESISTANCE

COMMENT SOURCE

HT1080fibrosarcoma-derived cells

2fTGH Hygro see introduction S. Pellegrini

U4A Hygro see introduction S. Pellegrini

U4A/hJAKl Hygro, Neo see introduction S. Pellegrini

UlA Hygro see introduction S. Pellegrini

2C4 Neo see introduction D, Watling

U4C Neo see introduction D. Watling

ylA Neo see introduction D. Watling

y2A Neo see introduction D. Watling

2fTGH.EgAB Hygro, Puro clones B. Strobl

2fTGH.EgABY440 Hygro, Puro clones B. Strobl

2fTGH.Eg Hygro, Puro clones B. Strobl
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NAME DRUG

RESISTANCE

COMMENT SOURCE

293T-derived cells

293T Neo human embryonic kidney, 

transformed with sheared 

adenovirus DNA and SV40 

large T antigen

CRUK

293T.EgAB Neo, Puro clones H. Is’hare

293T.EgABY440 Neo, Puro clones H. Is’hare

SKLC-7-derived cells

SKLC-7/Neo Neo human lung 

adenocarcinoma lacking 

IFNGRl, population

R. D.

Schreiber

SKLC-7/huIFNGRl Neo population R. D.

Schreiber

SKLC-7/EgABY440 Neo, Puro clones B. Strobl/H. 

Is’hare

Uz-derived cells

Uz primary human fibroblasts 

from patient skin biopsy

J. L. Casanova

Uz-ER Neo express ecotropic receptor 

for murine retrovirus, 

population

G. Peters

Uz-ER/pBabe Neo, Puro population H. Is’hare

Uz-ER/huIFNGRl Neo, Puro 2 populations (‘A’ and ‘B’) H. Is’hare

UZ-ER/F440 Neo, Puro population H. Is’hare
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Table 2.2: Cytokines

NAME SOURCE WORKING
CONCENTRATION

COMMENT

huIFNa Wellferon

1 X 10̂  lU/ml

Highly purified mixture of 

subspecies 

Specific activity: 3 X IG* lU/mg

huIFNy Gift (Dr. G. R. Adolf, 

Ernst Boehringer 

Institute fur 

Arzneimittelforschung)

1 X 10̂  lU/ml

Recombinant 

Specific activity: 3 X IĜ  lU/mg

huIL-6 R&D Systems

0.2pg/ml

Recombinant, 

need soluble receptor (gp8G) as 

well as IL-6 for cells not 

expressing gp8G

hu sIL- 

6R

(gp80)

R&D Systems

0.5pg/ml

Recombinant, 

see TL-6’ entry

huOSM R&D Systems

50 -lOOng/ml

Recombinant

huGCSF R&D Systems

lGG-2G0ng/ml

Recombinant

huEPO Gift (Dr. B. Hilger, 

Roche) 13GIU/ml

Recombinant,

Specific activity: 2 X IĜ  lU/mg
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Table 2.3: Drugs

DRUG SOLVENT WORKING

CONCENTRATION

SOURCE

Phenylarsine Oxide DMSO 2-20pM Sigma

SB203580 DMSO IpM Calbiochem

LY294002 DMSO 20pM Calbiochem

Staurosporine DMSO 0.5-IpM Sigma

2.5 Cellular assays

2.5.1 Fluorescence Activated Cell Scanner (FACS) analysis

Cells were treated as required and then detached in versene, washed with ice-cold PBSA and 

resuspended in ice-cold DMEM. The labelling and sample preparation were carried out at 

4°C in order to prevent aggregation or internalisation of the antigen. Labelling was with a- 

IFNGRl monoclonal antibody (Pharmingen), followed by FITC-conjugated rabbit a-mouse 

antibody (Dako). ‘Unstained’ controls were prepared in parallel using an isotype matched 

control (Pharmingen) in place of a-IFNGRl antibody. Cells were washed well in ice cold 

PBSA and then fixed in 1% paraformaldehyde. Samples were kept on ice and in the dark 

prior to FACS analysis using a Becton Dickinson FACScan. Data was analysed using Cell 

Quest software.

2.5.2 Cytopathic antiviral assay

Cells were seeded at 1 X 10̂  cells/well in 24 well plates and allowed to settle. The medium 

was then changed and supplemented with cytokine, where appropriate. The following day, 

the picomavirus, Encephalomyocarditis (EMC) virus, was added to the desired wells at 0.5- 

10 pfu/cell. Once the virus-infected, untreated cells had been lysed as assessed under the 

microscope (12-36 h), plates were rinsed with PBSA and fixed in formol saline. Fixed cells 

were washed again in PBSA and stained with Giemsa (0.00075%).
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2.6 Molecular biology

2.6.1 DNA manipulation, preparation and sequencing

Standard molecular biology procedures including restriction digests, ligations and polymerase 

chain reactions (PCR) were performed using reagents, enzymes and buffers purchased from 

New England Biolabs, Boehringer Mannheim or Promega.

Plasmid DNA was propagated in the XL-1 Blue strain of E.coli. Competent bacteria were 

transformed using a BioRad electroporator according to manufacturer’s instmctions. Positive 

clones were selected and cultured in the presence of 50-100pg/ml ampicillin or kanamycin as 

appropriate.

For analysis by restriction digest, miniprep DNA was derived as follows. 3ml LB with 

selection was inoculated with a single colony and incubated 6 h to overnight at 37°C. The 

bacterial pellet was resuspended in lOOpl of LB and vortexed briefly following addition of 

300pl TENS (lOmM Tris-HCl pH 8.0, ImM EDTA, O.IM NaOH, 0.5% (w/v) SDS). 150pl 

3M sodium acetate was added and after vortexing, the solution was cleared by centrifugation 

for 2 min at 16 000 x g. 900pl ice cold ethanol was added to the supernatant and the DNA 

pellet was washed once with 70% (v/v) ethanol. The pellet was air dried and resuspended in 

50pl HgO containing O.lpg/ml RNase A.

For sequence analysis, miniprep DNA was prepared from overnight cultures derived from a 

single bacterial colony using a Qiagen Biorobot 9600 workstation operated by the CRUK 

Equipment Park. The ABI Prism Dye Terminator Cycle Sequencing kit (Perkin Elmer) was 

used for DNA sequencing and sequence information was obtained using an ABI 377 

sequencer, also operated by the CRUK Equipment Park.

For large-scale preparation of plasmid DNA, 250ml of LB medium containing 50-lOOp.g/ml 

ampicillin or kanamycin was inoculated with a single bacterial colony from an agar plate and
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incubated overnight at 37°C, with shaking. Plasmid DNA was then isolated using Qiagen 

Maxi-prep kits (Qiagen) according to manufacturer’s recommendations.

2.6.2 Agarose gel electophoresis

DNA plasmids and fragments were resolved on 1-1.5% agarose gels prepared in TAB (40mM 

Tris-acetate pH 7.5, 2mM EDTA). Ethidium bromide was added to the gel mix prior to 

pouring to give a final concentration of Ipg/ml, allowing visualisation of DNA with a 

transilluminator.

Table 2.4: Constructs

VECTOR TAG RESISTANCE INSERT SOURCE

pcDNA3.1 Amp/Neo Invitrogen

pBabe Amp/Puro H. Land

pSFFV Amp/Neo R. D. Schreiber

pET14b His Amp Novagen

pcDNA3.1 Myc/

His

Amp/Neo huJAKl B. Lillemeier

pET30a Myc/

His

Kan huJAKl B. Lillemeier

pET28a T7/

His

Kan huJH5-7 (JAKl) U. Schwidetzky

pET28a T7/

His

Kan huJH3-4 (JAKl) U. Schwidetzky

pET14b His Amp huJH3-7 (JAKl) H. Is’hare

pET14b His Amp huJAKl PERM domain C. Hilkens/ 

B. Strobl

pSVL Amp muJAKl C. Haan/H. M. 

Hermanns

pSVL Amp muJAKl L80A C. Haan/H. M. 

Hermanns
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VECTOR TAG RESISTANCE INSERT SOURCE

pSYL Amp muJAKl Y81A C. Haan/H, M. 

Hermanns

pSYL Amp muJAKl L80A/Y81A C. Haan/H. M. 

Hermanns

pSVL Amp muJAKl E83K C. Haan/H. M. 

Hermanns

pSVL Amp muJAKl K86E C. Haan/H. M. 

Hermanns

pSVL Amp muJAKl Y89A C. Haan/H. M. 

Hermanns

pSVL Amp muJAKl R104E C. Haan/H. M. 

Hermanns

pSVL Amp muJAKl AY81-S84 C. Haan/H. M. 

Hermanns

pBS Amp muJAKl C. Haan/H. M. 

Hermanns

pBS Amp muJAKl L80A C. Haan/H. M. 

Hermanns

pBS Amp muJAKl Y81A C. Haan/H. M. 

Hermanns

pBS Amp muJAKl

L80A/Y81A/K133E

C. Haan/H. M. 

Hermanns

pBS Amp muJAKl E83K C. Haan/H. M. 

Hermanns

pBS Amp muJAKl K86E C. Haan/H. M. 

Hermanns

pBS Amp muJAKl Y89A C. Haan/H. M. 

Hermanns

pBS Amp muJAKl R104E C. Haan/H. M. 

Hermanns
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VECTOR TAG RESISTANCE INSERT SOURCE

pRK5 Amp muJAKl K>E J. Briscoe

pBSK Amp muJAK2 B. Lillemeier

pRK Amp muJAK2 J. Ihle

pET30A Myc/

His

Kan huJAK3 B. Lillemeier

pHMG Amp huIFNGRl M. Aguet

pSFFV Amp/Neo huIFNGRl R. D. Schreiber

pBabe Amp/Puro huIFNGRl H. Is’harc/B. Strobl

pSFFV Amp/Neo huIFNGRl Y440—̂F R. D. Schreiber

pBabe Amp/Puro huIFNGRl Y44o^F H. Is’harc/B. Strobl

pET28a TV/

His

Kan human gpl30 642-918 U. Schwidetzky

pRcCMV Amp/Neo Eg (murine EPOR e.c 

dom, human gpl30 TM 

and i.e. dom)

F. Schaper

pRcCMV Flag Amp/Neo EgAB (murine EPOR e.c. 

dom, human gpl30 TM 

and tmncated i.e. dom)

F. Schaper

pRcCMV Flag Amp/Neo EgABY440 F. Schaper

pEFBOS Amp huGCSFR-gpl30 

(equivalent to Eg)

T. Fukada

pEFBOS Amp huGCSFR-gpl30AB 

(equivalent to EgAB)

T. Fukada

pGEX GST Amp Grb2A J.Downward

pGEX GST Amp Grb2 49L/203R (SH3 

domain double mutant)

J.Downward
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Table 2.5: Oligonucleotides and primers

NAME SEQUENCE APPLICATION

Egseql GACTTGGTGTGTTTCTGGGAGGAAG sequencing Eg series

Egseq2 TCTCCTCGCTATCACCGCATCATCC sequencing Eg series

Egseq3 GCAGGAGGGACACAAAGGGTGGAGG sequencing Eg series

Egseq4 CCATAGTCGTGCCTGTTTGCTTAGC sequencing Eg series

Egseq5 AAATAGAAGCAAATGACAAAAAGCC sequencing Eg series

Egseq6 CGTGGTACACAGTGGCTACAGACAC sequencing Eg series

Egseq? CAAGTTTCATCAGTCAATGAGGAAG sequencing Eg series

Egseql rev GAAGGAGGGTCnTGTGTGGTTCAG sequencing Eg series

Egseq2rev CCTACTACGCCACTATCGCTCCTCT sequencing Eg series

pSVLfwd AGTGGATGTTGCCTTTACTTCTAGG sequencing

pSVLrev CACTGCATTCTAGTTGTGGTITGTC sequencing

SP6 CATACGATTTAGGTGACACTATAG sequencing

pET/T7 CGCAAGCTTGCCGCCATGGCTAGCATGA introducing T7 tag into

tag-//mdIII CTGGTGGACAGC JH domain constructs

GRlseql GTGTGAGCAGGGCTGAGATGG sequencing IFNGRl 

constructs

GRlseql

rev

CCATCTCAGCCCTGCTCACACC sequencing IFNGRl 

constructs

GRlseq2 GCTGTATGCCGAGATGG sequencing IFNGRl 

constructs

GRlseqS GGAGTCTTACATGTGTGG sequencing IFNGRl 

constructs

GRlseq4 GCATACCGAAGACAATCC sequencing IFNGRl 

constructs

GRlseqS GACAAGAGCTCATAACCG sequencing IFNGRl 

constructs

GRlseq6 GAACATATCCAGTACTCC sequencing IFNGRl
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NAME SEQUENCE APPLICATION

constructs

GRlseq?

rev

CGTTTCTATTTACATATTCC sequencing IFNGRl 

constructs

GRlseqS

rev

GTTCTTTACCTCTACGG sequencing IFNGRl 

constructs

GRlseq9

rev

GATCACCAACATGATCAG sequencing IFNGRl 

constructs

2.7 Biochemistry

2.7.1 Preparation of cell lysates

Whole cell lysates for protein analysis were prepared as follows; cells were washed twice in 

ice-cold PBSA and then lysed on the plate in one of the buffers described in Table 2.6. The 

extracts were transferred to Eppendorf tubes and incubated on ice for 30 min with inversion 

or gentle vortexing. Insoluble matter was precipitated by centrifugation at 20 000 x g for 10 

min at 4°C. The supernatant was then removed for analysis.

The concentration of protein in the lysate was assessed using BioRad’s Dye Concentrate 

protein assay, based on the Lowry method of protein concentration determination.

2.7.2 Immunoprécipitation (IP) and coimmunoprecipitation

0.5-3mg of protein matched ‘Schindler’ cell lysates (see Table 2.6) were incubated with 1- 

3p,g of antibody for 3 h to overnight on a rotating wheel at 4°C. 40pl of a 50% slurry of fast 

flow protein A/G sepharose (Amersham Biosciences) in PBSA or lysis buffer was then added 

and the extracts were rotated at 4°C for a further hour. The precipitates were pelleted by 

centrifugation for 45 s at 20 000 x g, 4°C and washed twice in ice-cold lysis buffer and once 

in ice-cold PBSA. Bound proteins were resuspended by boiling for 5 min in 45^1 SDS-
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polyacrylamide gel electrophoresis (SDS-PAGE) loading dye (4% SDS, 500mM Tris-HCl pH

6.8, 10% glycerol, 0.05% bromophenol blue), immediately prior to loading onto an SDS- 

PAGE gel. For coimmunoprecipitation, the same protocol was followed except that cells 

were lysed in ‘Brij’ buffer rather than ‘Schindler’ buffer (Table 2.6).

2.7.3 Cross phosphorylation assay

2-3mg of ‘Schindler’ lysate (Table 2.6) in 0.8-1ml final volume was incubated with 8-lOpl a- 

JAKl and 12-14|li1 a-IFNGRl antibody (both Santa Cruz) for 2 h at 4°C with rotation. 40pl 

of protein A sepharose (50% slurry) was added and the IPs were rotated for an additional 

hour at 4°C. Precipitated proteins were washed twice in 0.9ml ice-cold ‘Schindler’ lysis 

buffer and once in 0.9ml ice-cold PBSA prior to solubilisation in SDS-PAGE loading dye as 

described above.

2.7.4 Coupling of monoclonal antibody to protein A sepharose

2mg of antibody was diluted 1:1 in PBSA and incubated with 1ml 50% protein A sepharose 

slurry overnight at 4°C with rotation. Beads were washed three times in 15ml PBSA and 

then twice in 15ml sodium borate buffer (200mM H^BO^/NaGH, pH 9) at room temperature. 

Cross-linking was carried out by incubation with lOmM dimethylsuberimidate in sodium 

borate buffer for 30 min at room temperature with rotation. Beads were then washed twice in 

10ml 200mM ethanolamine pH 8 and incubated with rotation for 2 h in 10ml 200mM 

ethanolamine pH 8 at room temperature in order to quench excess dimethylsuberimidate. 

Finally, beads were washed 3 times in 15ml TBS (50mM Tris, 150mM NaCl, pH 7.4) and 

then stored as a 50% slurry in TBS/0.01 % sodium azide at 4°C.

2.7.5 Anti-phosphotyrosine immunoprécipitation

Cells were lysed in ‘pY IP’ buffer (Table 2.6) as described above. Typically, lysates from 5- 

20 15cm plates were pooled and 10-40mg of protein in 5-15ml total volume was precleared 

with 100-200jxl protein A sepharose for 1-2 h at 4°C with rotation. 30-60pl of PY20 column 

(prepared as above) was then added to the supernatant prior to a further incubation for 4 h to
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overnight at 4°C with rotation. Precipitated proteins were washed thoroughly in 3 X 15ml 

lysis buffer/PBS A and then eluted by 2-3 sequential incubations in 1 column bed volume of 

lOOmM phenyl phosphate in PBSA for 10 min at 37°C with occasional gentle agitation. The 

efficiency of the phenyl phosphate elution was verified by resuspending any residual bead- 

associated proteins in SDS-PAGE loading dye as described above. The phosphoprotein- 

depleted extract was also subjected to a further round of anti-phosphotyrosine IP to assess the 

effectiveness of the original anti-phosphotyrosine IP.

2.7.6 Gel electrophoresis of proteins

Both whole cell extracts and immunoprecipitated proteins were resolved by denaturing 

PAGE, based on the method of Laemmli (Laemmli 1970). Separating gel containing 6%- 

14.5% (v/v) polyacrylamide (37.5:1 acrylamide:bis-acrylamide), depending on the size of the 

proteins of interest, in 0.375mM Tris-HCl pH 8.8 and 0.1% (w/v) SDS was overlayed with 

stacking gel comprising 5% (v/v) acrylamide in 125mM Tris-HCl pH 6.8 and 0.1% (w/v) 

SDS. Electrophoresis was carried out using running buffer containing 25mM Tris-base, 

186mM glycine and 0.1% (w/v) SDS. High-range molecular weight rainbow markers 

(Amersham Biosciences) were run in parallel to aid identification of resolved proteins.

2.7.7 Silver and Coomassie staining of SDS-PAGE gels

BioRad silver stain kit was used for silver staining of SDS-PAGE gels according to 

manufacturer’s instructions. For Coomassie staining, gels were incubated in a solution 

consisting of 45% methanol, 10% acetic acid and 0.2% Coomassie Brilliant Blue R250 for at 

least 2 h and then ‘destained’ in the same solution without the dye.

2.7.8 Electroblotting of proteins for Western analysis

SDS-PAGE gels were equilibrated briefly in transfer buffer (25mM Tris-base, 186mM 

glycine and 5-20% (v/v) methanol) and then electroblotted onto a PVDF membrane 

(Immobilon P, Millipore) for 1-2 h at 25V, 4°C in a wet blotting apparatus (IDEA Scientific 

Company).

74



CHAPTER 2: Materials and Methods

1.1.9 Western blot analysis

Following transfer, PVDF membranes were washed in TEST (lOmM Tris-HCl pH 7.4, 

75mM NaCl, ImM EDTA pH 8.0, 0.1% (v/v) Tween-20) and then blocked in 5% (w/v) ESA 

Fraction V in TEST with 0.01% sodium azide as a preservative. Elocking was carried out 

either for 1 h at room temperature or overnight at 4°C. In cases where the membrane was to 

be subjected to phosphotyrosine analysis, sodium orthovanadate was added to the blocking 

solution to a final concentration of 0.4mM. Elocked membranes were washed twice in TEST 

and then incubated with primary antibody for 1-2 h at room temperature. Primary antibodies 

were diluted 1:2000 in 1% (w/v) ESA Fraction V in TEST/0.01 % Azide. Membranes were 

then washed 3 X 5  min in TEST before being incubated for 1 h with secondary antibody 

diluted 1:2000 in either 1% (w/v) ESA Fraction V or 2.5% (w/v) skimmed milk powder in 

TEST. Horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse antibodies were 

obtained from Amersham Eiosciences. HRP-conjugated anti-sheep secondary antibody was 

from Dako and HRP-conjugated anti-goat secondary was from Santa Cruz. After incubation 

with secondary antibody, membranes were washed extensively in TEST for at least 2 h with a 

minimum of 5 changes of buffer. Labelled proteins were visualised using the enhanced 

chemiluminescence (ECL) kit from (Amersham Eiosciences). Following ECL, membranes 

were stripped overnight in 2M glycine pH 2.5, washed thoroughly in HgO and then 

equilibrated in TEST before being reprobed as required.

2.7.10 Acetone precipitation of proteins

8 volumes of ice-cold acetone were added to the protein solution and after gentle mixing 

proteins were precipitated overnight at -20°C. The precipitate was collected by centrifugation 

for 15 min at 3000 X g, 4°C. The supernatant was then aspirated and the pellet allowed to air 

dry briefly before being resuspended in the appropriate buffer.
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2.7.11 Trichloroacetic acid precipitation of proteins

Cold trichloroacetic acid (TCA) was added to the protein solution to give a final 

concentration of 15% (v/v). In some cases, Triton X-100 was also added to the protein 

solution at 1% (v/v) final concentration. After 2-3 h incubation on ice, precipitated proteins 

were collected by 10 min centrifugation at 20 000 x g, 4°C. The resulting pellet was washed 

twice in ice cold acetone and then air dried, prior to resuspension in the relevant buffer.

Table 2.6: Commonly used lysis buffers

pY IP Schindler Brij

1% NP-40 0.5% NP-40 0.25% Brij

50mM HEPES, pH 7.4 50mM Tris, pH 8 50mM Tris, pH 8

150mM NaCl 150mM NaCl 150mM NaCl

10% glycerol 10% glycerol 10% glycerol

ImM EDTA, pH 8 0.ImM EDTA, pH 8 O.lmM EDTA, pH 8

2mM DTT

1.5mM MgClz

lOOmM NaF 50mM NaF

lOmM Na^PzO?

0.2mM NagVO^ O.lmM NagVO^ O.lmM Na^VO^

lOOU/ml Aprotinin lOOU/ml Aprotinin lOOU/ml Aprotinin

10|ig/ml Leupeptin lOpg/ml Leupeptin 10p,g/ml Leupeptin

ImMPMSF ImM PMSF ImM PMSF
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Table 2.7: Antibodies

NAME ANTIGEN TYPE MAIN

APPLICATION
SOURCE

sheep a-mouse 

(HRP)

mouse IgG Fab fragment WB Amersham

donkey a- 

rabbit (HRP)

rabbit IgG Fab fragment WB Amersham

donkey a-goat 

(HRP)

goat IgG WB Santa Cruz

rabbit a-sheep 

(HRP)

sheep IgG WB Dako

rabbit a-mouse 

(FITC)

mouse IgG Fab fragment FACS Dako

PY20 phosphotyrosine mouse monoclonal IP, WB Becton

Dickinson

4G10 phosphotyrosine mouse monoclonal IP,WB UBI

FB2BE phosphotyrosine mouse monoclonal IP CRUK

PYIOO phosphotyrosine mouse monoclonal WB NEB

PY102 phosphotyrosine mouse monoclonal WB NEB

a-pSer phosphoserine rabbit polyclonal WB Zymed

a-pThr phosphothreonine mouse monoclonal WB Zymed

9E10 Myc tag mouse monoclonal IP CRUK

a-T7 T7 tag mouse monoclonal IP, WB Novagen

a-GST GST mouse monoclonal IP Santa Cruz

a-JAKl JAKl rabbit polyclonal IP, WB Santa Cruz

a-JAK2 JAK2 rabbit polyclonal IP, WB Santa Cmz

a-Tyk2 Tyk2 rabbit polyclonal IP, WB Santa Cruz

a-JAK3 JAK3 rabbit polyclonal IP,WB Santa Cmz

a-STATl STATl mouse monoclonal IP, WB Novacastra

a-STAT2 STAT2 rabbit polyclonal IP,WB Santa Cmz
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NAME ANTIGEN TYPE MAIN

APPLICATION
SOURCE

a-STAT3 STAT3 rabbit polyclonal IP, WB Santa Cruz

a-pY701 (SI) phospho-Y701 in 

STATl

rabbit polyclonal WB NEB

a-pSer727 (81) phospho-S727 in 

STATl

rabbit polyclonal WB NEB

a-pSer727 (S3) phospho-S727 in 

STAT3

rabbit polyclonal WB NEB

a-IFNGRl IFNGRl rabbit polyclonal IP, WB Santa Cmz

a-IFNGRl IFNGRl mouse monoclonal FACS Pharmingen

a-gpl30 gpl30 rabbit polyclonal IP, WB Santa Cmz

a-gpl30 gpl30 rabbit polyclonal IP UBI

a-LIFR LIFR rabbit polyclonal IP, WB Santa Cmz

a-OSMR OSMR sheep polyclonal WB J. Heath

a-SHPl SHPl rabbit polyclonal WB Santa Cmz

(X-SHP2 SHP2 rabbit polyclonal IP, WB Santa Cmz

a-Cbl Cbl rabbit polyclonal IP, WB Santa Cmz

a-SHC SHC rabbit polyclonal WB Santa Cmz

a-Grb2 Grb2 rabbit polyclonal WB Santa Cmz

a-Gabl Gabl rabbit polyclonal WB UBI

(X-Gab2 Gab2 goat polyclonal WB Santa Cmz

a-IRSl/JD63 IRSl rabbit polyclonal WB M. White

a-FAK FAK rabbit polyclonal IP, WB Santa Cmz

a-PYK2 PYK2 goat polyclonal IP, WB Santa Cmz

a-p38 MAPK p38 MAPK rabbit polyclonal WB NEB

a-MEKl/2 MEKl/2 rabbit polyclonal WB NEB

a-Akt Akt rabbit polyclonal WB NEB

a-phospho-p38

MAPK

phospho- 

T180/Y182 in p38 

MAPK

rabbit polyclonal WB NEB
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NAME ANTIGEN TYPE MAIN

APPLICATION
SOURCE

a-phospho-

MEKl/2

phospho-S217/221 

in MEKl/2

rabbit polyclonal WB NEB

a-phospho-Akt phospho-S473 in 

Akt

rabbit polyclonal WB NEB

2.8 in vitro translation of JAKl constructs

JH3-4, JH3-5, JH5-7 and JH6-7 domain constructs were cloned from human JAKl into 

pET28a by PC]^ The JH3-7 cons^ct was cloned into pET14b following NdeVBarri^ digest 

of human JAKl, The amino acid residues encoded by the constructs were as follows 

(numbering is for human JAKl): 351-546 (JH3-4); 296-546 (JH3-5); 33-328 (JH5-7); 33-295 

(JH6-7); 1-565 (JH3-7) and 24-415 (PERM). For in vitro translation and [^^SJmethionine 

labelling of polypeptides, TNT Coupled Reticulocyte Lysate Systems (Promega) and Redivue 

L-[^^S]methionine (Amersham Biosciences) were used according to the manufacturers’ 

instructions. T7 RNA polymerase and T3 RNA polymerase were used for the pET constructs 

(JAKl JH domain series and full-length JAKl control) and the pBS constructs (JAKl wild 

type and loop 4 mutants), respectively.

2.9 gpl30 boxl/box2 receptor peptide pull-down assay

The synthetic, biotinylated boxl/box2 peptide comprised the first 73 amino acids of the 

gpl30 cytoplasmic domain, while the non-JAK-binding mutant was generated by replacing 

critical proline residues in the boxl proline motif (PNVPDP) with alanines (Table 2.8, Fig. 

4.1B). 10-20pg of purified biotinylated boxl/box2 peptide or mutant boxl/box2 peptide or 

50-100pg of an unrelated biotinylated peptide (‘pi 15’; 68mer) were incubated with 25pl of in 

vitro translated JAKl polypeptide in 450pl of ‘Brij’ buffer overnight at 4°C with rotation. 

30|il of streptavidin agarose (Pierce) was added and the mixture was rotated for a further 45 

min at 4°C. Following washing with 3 X 0.9ml ‘Brij’ buffer, complexes were solubilised in 

SDS-PAGE loading dye and resolved by SDS-PAGE on 10% polyacrylamide gels. Gels
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were dried and the [^^SJmethionine-labelled JAKl polypeptides were visualised by 

autoradiography.

Table 2.8: Synthetic Peptides

NAME SEQUENCE

gpl30 box/box2 NLRDLIKKHIWPNVPDPSKSHIAQWSPHTPPRHNFNSKDQMYSD

GNFTDVSWEIEANDKKPFPEDLKSLDLF

mutant gpl30 

box/box2

NLRDLIKKHIWANVADASKSHIAQWSPHTPPRHNFNSKDQMYS

DGNFTDVSVVEIEANDKKPFPEDLKSLDLF

pi 15 (control 

for boxl/box2 

peptide)

KEEEVKKTLEQHDNIVTHYKNVIREQDLQLEELKQQVSTLKC

IFNGRl i.e.

domain

(truncated)

SFYIKKINPLKEKSIILPKSLISVVRSATL

mutant IFNGRl 

i.e. domain 

(trancated)

SFYIKKINPLKEKSIILAKSLISVVRSATL

IFNAR2 i.e.

domain

(tmncated)

KWIGYISLRNSLPKVLNFHNFLAWPFPNLPPLEAMDMVEVIYIN

RKKKVWDYNYDDESDSDTEAAPRTSGGGYTMHGLTVRP

mutant IFNAR2 

i.e. domain 

(truncated)

KWIGYISLRNSLAKVLNFHNFLAWAFANLAALEAMDMVEVIYI

NRKKKVWDYNYDDESDSDTEAAPRTSGGGYTMHGLTVRP

All peptides were synthesised by Nicola O’Reilly and Dhira Gadhia, Peptide Synthesis 

Laboratory, CRUK. Each peptide was available with or without N-terminal biotinylation 

using aminohexanoic acid as a spacer.
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2.10 Purification of HIS-T7-boxl/box2 peptide

2.10.1 Bacterial expression

The bacterial strain, FB810 (BL-21 recA-), was transformed by electroporation with the 

pET28a-HIS-T7-gpl30 boxl/box2 construct. 50ml LB supplemented with SOpg/ml 

kanamycin was inoculated with the FB810 expressing this construct and incubated with 

shaking overnight at 37°C. 500ml LB with 50pg/ml kanamycin was then inoculated with 

10ml of the overnight culture and shaken at 37°C until an ODgoo of 0.8 was obtained. The 

culture was then induced with 0.5mM isopropyl-P-D-thiogalactopyranoside (IPTG) for 4 h at 

37°C. Bacteria were harvested by centrifugation at 3000rpm (Beckman J-6M/E) for 10 min, 

4°C. The pellet was resuspended by vortexing and the bacterial solution was made up to 

30ml in ice cold PB SA and aliquoted. Bacteria were pelleted by centrifugation again and 

then snap frozen in liquid nitrogen and stored at -80°C until required.

2.10.2 Bacterial lysis and peptide purification

The bacterial pellet was thawed on ice in 30ml sonication buffer (50mM Tris-HCl pH 7.9,
• 0 - 2̂ )

300mM NaCl, 5mM P-mercaptoethanol, ImM PMSF) containing a few grains^of lysozyme. 

The pellet was resuspended by gentle vortexing and the resulting suspension was sonicated 

on ice. After centrifugation for 30 min at 13000rpm (JA-17 rotor), 4°C, the cleared lysate 

was transferred to a 50ml Falcon tube containing 2ml washed Talon slurry (Clontech) and 

rotated at 4°C for 2 h. The beads were then washed once in sonication buffer, twice in wash 

buffer A (50mM Tris-HCl pH 7.9, 300mM NaCl, 5mM P-mercaptoethanol, 5mM imidazole, 

ImM PMSF) and once in wash buffer B (composition as for wash buffer A but with 40mM 

imidazole), all at 4°C. At each stage, aliquots of the supernatant were reserved for analysis. 

The washed beads were then rotatated in 5ml elution buffer (composition as for wash buffer 

A but with 200mM imidazole) for 15 min at 4°C. The elution was repeated twice more but 

using 2.5ml elution buffer. A final elution was then carried out for 2 h at 4®C in 2.5ml 

elution buffer. Aliquots of the eluted fractions and earlier supernatants were run on a 14.5% 

acrylamide SDS-PAGE gel. The fractions containing the purified peptide were pooled and 

dialysed against 41 of 20mM Tris-HCl pH 8/10% (v/v) glycerol overnight at 4®C using
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Spectra/Por I dialysis membrane (Spectrum Medical Industries), exclusion molecular weight 

6-8000 kD. Mini protease inhibitor cocktail (Boehringer) was added to the dialysed peptide 

at the recommended concentration, along with sodium azide (final concentration 0.01%). 

Aliquots were stored at -80°C until required.

2.11 Purification of GST-fusion proteins

2.11.1 Bacterial expression

The bacterial strain, XLl Blue, was transformed by electroporation with the various pGEX3X

constructs. 50ml LB supplemented with lOOpg/ml ampicilin was inoculated with the

appropriate glycerol stock of XLl Blue expressing the GST fusion protein of interest and
\

shaken overnight at 37®C. Two flasks each containing 500ml LB with lOOpg/ml am pici^ 

were then inoculated with 10ml of the overnight culture and shaken at 37°C until an ODgoo of 

0.8 was obtained. The cultures were then induced with 0.5mM IPTG overnight at 25°C. 

Bacteria were harvested by centrifugation at 3000rpm (Beckman J-6M/E), 5 min, 4°C. The 

pellet was resuspended by vortexing and the bacteria were washed in 10ml ice cold PBS A 

before pelleting again.

2.11.2 Bacterial lysis and protein purification

The bacterial pellet was resuspended in 10ml buffer Y (ImM EDTA, 1% (v/v) Triton X-100, 

ImM PMSF, O.lmM benzamidine) supplemented with a few grains of lysozyme and allowed 

to lyse on ice for 1 h. After snap-freezing in liquid nitrogen, the solution was thawed on ice. 

DNase and RNase were added at lOOpg/ml and 50|ig/ml respectively and the solution was 

incubated at room temperature for 20 min. The lysate was then cleared by centrifugation for 

30 min at 13000rpm (JA-17 rotor), 4°C and the supernatant was transferred to a tube 

containing 2ml of 50% slurry of GST-sepharose (Amersham Biosciences). The tube was 

rotated at 4°C for Ih and the beads were then washed firstly with 15ml buffer Y and secondly 

with 15ml PBS A. The beads were then transferred to columns (provided with kit) and 

washed with a further 10ml PBSA. The GST-fusion proteins were eluted by incubation with 

1ml lOmM glutathione (as per kit instructions) for 10 min at room temperature. The elution
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Step was repeated twice, increasing the incubation time to first 20 and then 30 min. A final 

elution was carried out by incubating the beads with the glutathione for 2 h at 4°C. The 

eluted fractions were analysed on a 10% acrylamide SDS-PAGE gel. The fractions 

containing the purified fusion protein were pooled and dialysed against 41 of 20mM HEPES 

pH 7.9 overnight at 4°C using Spectra/Por dialysis membrane with an exclusion molecular 

weight of 14000 kD. The dialysed protein was analysed by SDS-PAGE.

2.12 Coupling of GST fusion proteins to AffigeI-10

2ml of Affigel-10 slurry (BioRad) was washed and resuspended in 1ml lOmM HEPES pH

7.9. This was rotated overnight at 4°C with the dialysed fusion protein solution prepared as 

described above. After blocking residual sites on the Affigel matrix by incubation with O.IM 

ethanolamine pH 8.0 for 1 h at 4°C, the beads were washed three times in PBSA and 

resuspended in 1ml PBSA/0.01% sodium azide for storage at 4®C.

2.13 GST fusion protein pull downs

Method was as for standard IPs except that cells were lysed in ‘pY IP’ buffer modified such 

that 1% Triton X-100 was utilised in place of NP-40 and 10-20|il of Affigel-coupled fusion 

protein was added to the extract instead of antibody/protein A sepharose.

2.14 2D gel electrophoresis

Following appropriate cytokine treatment, cells were washed in ice cold PBSA and then 

0.35M sucrose, before being lysed in isoelectric focusing (lEF) lysis buffer (9.5M Urea, 2% 

CHAPS, 0.8% Pharmalyte, 1% DTT, 5mM Pefabloc (Boehringer Mannheim)). In general, 

2D gel electrophoresis reagents were obtained from Amersham Biosciences and were of the 

highest grade available. Samples were diluted approximately 1:1 in reswelling buffer (8M 

Urea, 0.5% CHAPS, 0.2% DTT, 0.2% Pharmalyte) and 0.5-1 mg was loaded onto either pH 4- 

7 or pH 3-10 ready-to-use Immobiline Dry Strips (7cm, 13cm and 18cm strips were variously 

used). Alternatively, cells were lysed in one of the buffers described in Table 2.6, acetone or 

TCA precipitated, and the pellet was then resuspended into a 1:1 mixture of lEF lysis and
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reswelling buffers for loading onto the lEF strip. The strips were allowed to rehydrate 

overnight under a trickle voltage (30V) and lEF was carried out to a total of 20-70kVh 

(IPGPhor, Amersham Biosciences). lEF gels were incubated in equilibration buffer (6M 

urea, 30% (w/v) glycerol, 2% (w/v) SDS, 0.05M Tris-HCl, pH 8.8) containing lOmg/ml DTT 

and then in equilibration buffer supplemented with 48mg/ml iodoacetamide, prior to 

apposition onto 10-12.5% acrylamide SDS-PAGE gels.

For 2D gel electrophoresis in conjunction with pY IPs, the method was as follows. Eluates 

from the anti-phosphotyrosine column were either concentrated in Amicon centricon units 

and diluted into rehydration buffer (7M urea, 2M thiourea, 2% CHAPS, 5% glycerol, 0.5% 

IPG buffer, 1% DTT) or TCA precipitated in the presence of 1% Triton X-100, washed with 

acetone and resuspended in rehydration buffer. 13cm Immobiline DryStrips of either pH 

range 4-7 or 3-10 were used. Loading and focusing of lEF gels was as above, except that 

focusing was carried out to a total of 20 -  40kVh. Equilibration of lEF strips and second 

dimension electrophoresis was as above.

2.15 SMART chromatography

Whole cell lysates were filtered through a low protein adsorption 0.2|im filter and l-3mg of 

protein was diluted into ‘low salt’ buffer (lysis buffer but with 30mM NaCl and without NaF) 

for loading onto a Mono Q PC 1.6/5 or Superdex 200 HR 10/30 column. Alternatively, pY 

IP column eluates were centrifuged for 30 min at 20 000 x g and the supernatant was diluted 

into ‘low salt’ buffer and loaded onto the Mono Q or Superdex column. All buffers and 

solutions employed for SMART chromatography were filtered and sonicated prior to use. 

Buffers were chilled prior to use and kept on wet ice during the run; the chromatography unit 

was precooled to 8-12®C. Columns were equilibrated in low salt ‘Brij’ buffer (30mM NaCl 

with 5mM Benzamidine) or modified ‘Brij’ buffer in which 0.5% NP-40 was used in place of 

Brij detergent. Elution was with a 2.5 - 3ml gradient of 0.03M to between 0.6M and 1.5M 

NaCl in ‘Brij’ buffer or 0.03M to 0.8M NaCl in NP-40 buffer. lOOpl fractions were 

collected, then diluted 1:1 in ‘2X’ SDS-PAGE loading dye and resolved by SDS-PAGE.
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2.16 EMSA analysis

2.16.1 EMSA probe labelling

200ng of the oligonucleotide comprising the relevant protein binding sequence was incubated 

in kinase buffer (70mM Tris-HCl pH 7.6, lOmM MgClz, 5mM DTT) containing 10 units of 

T4 polynucleotide kinase (New England Biolabs) and 5|iCi [y^^P]-ATP for 30 min at 37°C. 

The reaction was stopped by putting the tube on ice and 200ng of complementary 

oligonucleotide and NaCl to a final concentration of lOOmM were then added. After heating 

to 95°C for 5 min, annealing was carried out by switching off the heating block and allowing 

the reaction mix to slowly return to room temperature over 3-4 h. The labelled double

stranded oligonucleotides were separated from unincorporated label and unannealed 

oligonucleotides using NAP-5 Sephadex G-25 columns (Amersham Biosciences). The 

column was first equilibrated in TE (lOmM Tris-HCl pH 7.5, ImM EDTA) and the probe 

was then loaded onto the column and eluted with TE. The first fraction collected with a high 

activity was designated the probe and stored at -20°C until required.

Table 2.9: EMSA Probes

probe sequence

p-casein 5 ’ -GG ATTGAATTCCTAGAAATCT-3 ’

hSIE 5 ’ -GTCG AC ATTTCCCGTA AATC-3 ’
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2.16.2 EMSA

Protein matched ‘Schindler’ lysates (5-15|ig) were preincubated for 5 min at room 

temperature with 150|Xg/ml poly(dl-dC) (Amersham Biosciences) to eliminate non-specific 

DNA binding prior to incubation with probe for an additional 20 min at room temperature. 

Binding reactions (20|il) were in lOmM HEPES pH 7.9, 1.5mM MgClz, O.lmM EGTA, 5% 

glycerol, 2.5mg/ml BSA, 0.5 mg/ml tRNA, 4% (w/v) Ficoll (Amersham Biosciences) in the 

presence of -30 000 cpm/reaction of end-labelled probe. Complexes were separated on 6% 

nondenaturing acrylamide gels in 0.5% TGE (40mM Tris, 200mM glycine, ImM EDTA) or 

TBE (45mM Tris-Borate, ImM EDTA) and detected by autoradiography of dried gels.

2.17 RNase protection analysis and expression profiling

2.17.1 RNA preparation

10cm or 15cm plates of cells were lysed directly in 5ml or 10ml TRI Reagent (Helena 

BioSciences), pipetting up and down to ensure proper lysis and detachment of cells. The 

lysates were then transferred to 15ml Corning tubes and incubated for 3-5 min at room 

temperature. 1ml or 2ml of chloroform (0.2 volumes of TRI Reagent) was added as 

appropriate and the tubes were shaken vigorously for 15 s, before centrifuging for 15 min at 

4000rpm, 4°C (Beckman J-6M/E). The upper phase was then transferred to a new 15ml tube 

and 2.5ml or 5ml of propan-2-ol (0.5 volumes of TRI Reagent) was added. Following 10 min 

incubation at room temperature, the tubes were centrifuged for 15 min as above. The RNA 

pellet was then washed in 5ml or 10ml 75% ethanol respectively, prepared in DEPC-treated 

H2O. After 5 min centrifugation under the above conditions, the pellets were air dried and 

then resuspended in 10-50|il of DEPC-treated Ĥ O. The OD at 260nm was measured using a 

spectrophotometer (Beckman) and converted to concentration on the premise that 40p,g/ml 

ssRNA gives an absorbance of 1 OD unit.
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2.17.2 Probe labelling

Plasmid DNA from which the template DNA for the probe was derived was linearised by 

cutting at the distal end of the probe template with the appropriate restiction enzyme. The 

digested fragment was analysed by electophoresis on an agarose gel and was then subjected 

to phenol/chloroform extraction and ethanol precipitation before being resuspended in 

deionised water.

Ipg of template DNA was used per labelling reaction in IX transcription buffer (Boehringer) 

supplemented with: lOOpCi [a^^]-UTP; lOmM DTT; 15mM GTP, ATP and CTP; l|il per 

reaction RNasin (Promega); l|xl of the appropriate RNA polymerase (Promega). Reactions 

were incubated for 2 h at 37°C and then for a further 15 min in the presence of RNase-free 

DNase (Boehringer). SOpl of STE (lOmM Tris-HCl pH 7.2, ImM EDTA, 0.1% SDS (w/v)) 

was then added to the mix prior to phenol/chloroform/isoamyl alcohol extraction. The probe 

was precipitated using 2.5M NH^OAc, tRNA and 100% ethanol, then resuspended in STE, 

precipitated again and finally resuspended in 40|il STE.

2.17.3 Hybridisation and mapping

13pg of RNA was dried using a speedvac and resuspended in 24|il deionised formamide. A 

master mix containing the labelled probes in hybridisation buffer was prepared and added to 

the RNA samples such that the final hybridisation conditions were: 80% formamide; 40mM 

PIPES pH 6.4; 400mM NaCl; ImM EDTA. Samples were incubated for 5 min at 95°C and 

then hybridised overnight in a 47°C water bath. Unprotected RNA was digested in lOmM 

Tris-HCl pH 7.5, 5mM EDTA, 300mM NaCl, 0.5% SDS (w/v), 40|Xg/ml RNase A and 

2pg/ml RNase T, (both Boehringer) for 30 min at 37°C. The mixture was incubated for an 

additional 15 min at 37°C in the presence of 45|ig/ml Proteinase K and proteins were then 

extracted in phenol/chloroform/isoamyl alcohol. RNA was precipitated with tRNA and 

100% propan-2-ol and then resuspended in 85% formamide with 0.1% (w/v) each of 

Bromophenol Blue and Xylene Cyanol. After heating for 5 min at 95®C, samples were 

loaded onto a 6% denaturing gel (6.5% 19:1 acrylamide:bis-acrylamide, 0.5X TBE (45mM
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Tris-borate, ImM EDTA), 7M urea) and resolved for 2 h at 32W. The gel was then dried and 

exposed to film.

Table 2.10: RNase protection probes

PROBE PROTECTED 

FRAGMENT (bp)

REFERENCE

y-actin 130 (Ackrill 1991)

9-27 160 (Ackrill 1991)

6-16 190 (Ackrill 1991)

IRF-1 175 (Mamyama 1989)

p48 270 (Veals 1992)

IFI56K 245 (Wathelet 1986)

CnTA 350 (Williams, T. M., 2000, 

PhD thesis)

HLA-DRa 235 (Lee 1982)

GBP 138 (Decker 1989)
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2.17.4 Expression profiling: macroarray analysis

Total RNA was isolated as above using TRI Reagent and then precipitated with 0.3M LiCl, 

dissolved in ImM sodium citrate pH 6.8, quantified spectrophotometrically and checked by 

agarose gel electrophoresis. In order to generate radioactively labelled cDNA, 25pg total 

RNA was reverse transcribed with 200 units Superscript II reverse transcriptase (Life 

Technologies) in the presence of lOOpCi [^^P]-dCTP for 1 h at 42°C. The resulting RNA- 

cDNA hybrid was incubated with 2 units of RNase H (Life Technologies) for 20 min at 37°C. 

The ^^P-labelled cDNA was then heated for 5 min at 65°C prior to purification using G50 

columns to remove nucleotides and short oligomers. The resulting ^^P-labelled cDNA was 

hybridised with 50pg human Cot-1 DNA (Life Technologies) for 30 min at 65°C.
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CHAPTER 3: PHOSPHOTYROSINE PROFILING

3.1 Introduction

This chapter addresses the establishment of phosphotyrosine profiling methods. In order to

characterise and monitor the essential signalling events mediated by cytokines, it is highly

desirable to be able to follow signalling-specific alterations in tyrosine phosphorylation.

Whilst recent advances including the development of cDNA microarrays and improvements

in 2D gel methodology now enable visualisation of global changes in mRNA and protein

levels, equivalent profiling of post-translational modifications remains a significant technical

challenge. Detection of modulations in tyrosine phosphorylation within a cell is confounded

by a number of factors. Phosphotyrosine proteins tend to be low abundance components of

the proteome and the changes in phosphorylation involved in signalling commonly constitute

a mere 5% alteration in the phosphorylation status of any one site within a protein (Pandey^ 
A

2000^ (Pappin, D., personal communication). Furthermore, the basal level of tyrosine 

phosphorylation in cells, especially in tissue culture systems, results in a high constitutive 

phosphotyrosine ‘background’, against which inducible changes in phosphorylation have to 

be monitored. This background can also be significantly variable, being subject to a 

multitude of influences, including position in the cell cycle, composition of culture media and 

minor exposures to stress. Indeed, it has been estimated that one third of all proteins in 

mammalian cells undergo phosphorylation at some point (Steeiy2002). Collectively, these 

factors result in a poor signal to noise ratio that must be surmounted for specific 

phosphotyrosine-based signalling pathways to be followed.
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3.2 Summary

In this study, an evaluation of some of the available techniques for phosphotyrosine profiling 

was undertaken (Fig. 3.1), using the responses to IL-6 family cytokines and IFNy as model 

signalling systems. The aim was to determine the optimal method for (a) identification and 

isolation of novel components of signalling pathways and (b) monitoring global alterations in 

cellular phosphotyrosine, for example in response to different treatments, or in cell lines 

mutated in particular known signalling molecules.

Two major challenges were repeatedly encountered during this investigation. The first was 

the striking variation in both inducible and basal tyrosine phosphorylation events. This 

irreproducibility appeared to partially reflect natural fluctuations in tyrosine phosphorylation 

within cells as well as variability introduced during the course of experimental manipulations. 

The second main obstacle was the low signal to noise ratio of the cytokine-mediated changes 

in tyrosine phosphorylation. Various measures were implemented to minimise the impact of 

these problems (discussed in section 3.4).

Affinity purification using biotinylated receptor peptides and GST-conjugated SH2 domains, 

anti-phosphotyrosine immunoprécipitation and SMART column chromatography all 

indicated the existence of novel signalling intermediates in IL-6 family cytokine and IFNy 

responses. Anti-phosphotyrosine immunoprécipitation and SMART chromatography proved 

the most reliable and successful methods for generating at least a partial profile of cytokine- 

dependent tyrosine phosphorylation events. None of the methods was sufficiently powerful 

to independently effect purification of potentially novel signalling intermediates for analysis 

by mass spectrometry. It was concluded that isolation of phosphoproteins of interest in these 

signalling systems likely requires a combinatorial approach incorporating successive 

fractionation steps. Similarly, truly global phosphotyrosine profiling of less potently 

activated signalling pathways such as those studied here probably requires the integration of 

information obtained from different approaches. Future advances in sample preparation and 

fractionation and mass spectrometry are likely to significantly improve the feasibility and 

sensitivity of techniques both for global profiling of post-translational modifications and 

isolation of novel signalling intermediates.
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3.3 Results

3.3.1 Affinity purification using a cytokine receptor biotinylated peptide

C ytokin^^eptors recruit JAKs through membrane proximal ‘boxl’ and ‘box2’ motifs 

(T anner^ 9 9 5 ) .  A 73 amino acid, synthetic, biotinylated peptide encompassing this 

membrane proximal region of gplSO was used to purify JAK- and receptor- associated 

proteins from lysates of stimulated or unstimulated cells. A mutated version of this peptide 

which can no longer bind JAKs due to substitution of critical prolines in the boxl PXXPXP 

motif by alanines, together with an unrelated biotinylated peptide of similar size, were used 

as specificity controls. The proteins recovered were separated by SDS-PAGE and visualised 

by Coomassie staining and anti-phosphotyrosine Western blot. Whilst there were no 

differences in the Coomassie profiles from treated or untreated cells, at least 6 receptor 

peptide-associated proteins appeared to be phosphorylated in a cytokine-dependent manner 

(arrows. Fig. 3.2). Due to the restricted amounts of synthetic peptide available, an equivalent 

bacterially-expressed construct was utilised in place of the synthetic peptide. This constmct 

comprised the same region of gplBO as the synthetic peptide but was T7- and HIS-tagged. 

However, this modification led to high levels of binding of non-specific tyrosine 

phosphorylated proteins to the peptide, possibly due to impurities in the peptide preparation 

and the additional tags present on the recombinant peptide. Therefore, at least in the short 

term, the amount of pure synthetic peptide available restricted this approach.

3.3.2 Affinity purification using recombinant GST-SH2 domain fusion proteins

A GST-conjugated Grb2 SH3 domain double mutant, essentially equivalent to a GST-Grb2 

SH2 domain, was purified from E.coli and conjugated to an Affigel matrix. The resulting 

beads were used to purify phosphotyrosine proteins from extracts of unstimulated cells or 

cells treated with OSM, IL-6 or IFNy. Affigel-GST beads were used in parallel as a control. 

Commercially available GST-conjugated SH2 domains from other signalling intermediates, 

including SHC, SHP-2 and the p85 subunit of PI3K, were also tested in this approach under a 

range of buffer conditions, but none offered an advantage over the Grb2 SH2 domain. 

Purified proteins were resolved by SDS-PAGE and visualised by anti-phosphotyrosine
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Western blot. More than 11 ligand-inducible phosphotyrosine species were observed 

following treatment of cells with OSM, a very potent inducer of the JAK-STAT signalling 

pathway (arrows, Fig. 3.3), but not if cells had been induced with weaker ligands, such as 

IFNy or IL-6. A summary of the GSM-induced phosphotyrosine signals obtained following 

affinity purification with the Grb2 SH2 domain is given in Table 3.1, however, some degree 

of variability in the profiles obtained in different experiments was noted. The comparison of 

profiles obtained in JAKl deficient U4A cells with parental 2fTGH cells indicated a JAKl- 

dependence of many, but not all, of the inducible phosphoproteins. SH2-domain profiling of 

JAK2 negative y2A cells and Tyk2 deficient UlA cells did not clearly identify any JAK2- or 

Tyk2-dependent GSM-induced phosphorylation events.

Table 3.1: GSM-responsive phosphotyrosine proteins affinity purified using GST-Grb2 

SH2 domain, detected by anti-pY Western blot. 2fTGH cells (unless otherwise stated), 15 

GSM treatment (lOOng/ml). ^mm

MW(kD) comments Behaviour in JAKl negative U4A 

cells

identity

250 sharp ?

180 V. fuzzy lost 7

130 sharp 7

125 fuzzy lost ?

120 lost 7

100 ?

90-95 2 discrete bands present only in unstimulated cells - 

LGST on GSM treatment

?

75 decreased ?

60-70 at least 2 bands lower band lost SHP2

65 fuzzy decreased ?

55-60 2 or 3 bands ?

50 sharp decreased ?

40 sharp decreased 7
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The Western blot membranes were stripped following anti-pY detection and reprobed for 

various candidate signalling molecules. JAKl and JAK2 were not detected amongst the 

affinity purified proteins, presumably due to the specificity of the Grb2 SH2 domain. The 

tyrosine kinases, PYK2 and FAK, were identified but they were present amongst the proteins 

affinity purified from both the stimulated and unstimulated cells. Similarly, the 46 and 52 kD 

isoforms of SHC corresponded to a constitutive phosphotyrosine signal -  no ligand-inducible 

phosphorylation could be detected. Anti-Gab 1 and anti-IRS-1 did not react with any of the 

affinity purified proteins. Western blotting with antibodies against SHP2 demonstrated that 

this protein was inducibly tyrosine phosphorylated in response to OSM, in a JAKl-dependent 

manner.

Coomassie staining of the proteins purified using GST-SH2 domain fusions indicated that 

relatively low amounts of proteins were recovered and that there was a high background of 

unphosphorylated non-specific proteins, such that it was not trivial to identify which 

Coomassie bands corresponded to the phosphoproteins of interest. Increasing the scale of the 

purification could overcome the low efficiency of protein recovery although proteins of 

interest would still need to be resolved from contaminating ‘background’. Realistically, to 

obtain the required level of purity of species of interest, this method would have to be 

combined with an additional fractionation step. A further disadvantage of this technique, 

especially with respect to the application of phosphotyrosine profiling to monitoring global 

changes in phosphorylation, is the selection of proteins on the basis of the specificity of the 

Grb2 SH2 domain. Nonetheless, SH2 domain fusion proteins have successfully been used 

towards this end although the profiling invoked multiple different SH2 domains in order to 

obtain an overview of global cellular phosphotyrosine status (Nollau 2001

3.3.3 Immunoprécipitation with anti-phosphotyrosine antibodies

Tyrosine phosphorylated proteins from treated or untreated cell extracts were 

immunoprecipitated with a selection of different anti-phosphotyrosine monoclonal antibodies 

including PY20, 4G10, FB2BE, PYIOO and PY102. The immunoprecipitates were resolved 

by SDS-PAGE and visualised by anti-phosphotyrosine Western blot. Encouraging results
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were obtained with PY20 and 4G10 antibodies in response to a variety of ligands (Fig. 3.4). 

To decrease inter-experiment variation and to permit stringent washing of 

immunoprecipitates, PY20 antibody was coupled to protein A sepharose and the resulting 

bulk preparation of column was used for subsequent experiments. Tyrosine phosphorylated 

proteins were specifically eluted from the PY20 column by incubation with high 

concentrations of phenyl phosphate to decrease the chances of low abundance 

phosphoproteins of interest being masked by non-specific abundant proteins. The efficiency 

of elution was monitored by solubilising the residual bead-associated proteins in SDS-loading 

dye and resolving them in parallel with the specifically eluted proteins by SDS-PAGE. The 

non-specific background was further decreased by pre-clearing extracts with protein A 

sepharose prior to incubation with the PY20 column.

Multiple inducibly phosphorylated species were observed by anti-pY Western blotting of the

resolved eluates. A number of OSM- and IFNy-responsive tyrosine phosphorylated proteins

corresponding to known JAK-STAT signalling components were identified immunologically
Cùnhi Aof

including, for example, JAKl, STAT3, OSMR and IFNGRl (Fig. 3 .5 ^  However, several 

other potentially novel inducibly phosphorylated or dephosphorylated species were also 

detected. Furthermore, when the resolved eluted proteins were visualised by silver staining 

of the SDS-PAGE gel, inducible differences were also observed. The differential was most 

marked when large scale IPs were carried out (2.5 X 10* cells/sample) and when low 

percentage (6% acrylamide) SDS-PAGE gels were run for an extended time, resulting in 

maximum resolution of high molecular weight species (Fig. 3.6). It should be noted that as 

for other methods of phosphotyrosine profiling, although profiles were similar, a degree of 

inter-experiment variation was encountered. Examples of proteins which were differentially 

immunoprecipitated from OSM-treated and unstimulated extracts, as detected by silver 

staining, are given in Table 3.2. Silver staining of immunoprecipitated proteins resolved on 

12-15% SDS-PAGE gels did not indicate any obvious inducible differences amongst the low 

molecular weight proteins.
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Table 3.2: OSM-responsive high molecular weight proteins immunoprecipitated with 

anti-phosphotyrosine antibodies, detected by silver staining. 2fTGH cells, 15 min OSM

treatment.

Approximate Molecular Weight (kD) Behaviour in response to OSM

>250 repressed

250 repressed

200 induced

180 induced

170 induced

160 induced

130 induced

120 induced

100 repressed

Although direct identification of some of the high molecular weight inducible 

phosphoproteins could have been attempted by mass spectrometry, it is likely that larger 

amounts of purified protein would be required than could readily be obtained from the 

maximum amount that could be loaded onto the gel. In addition, single bands on the SDS- 

PAGE gel most probably represent multiple species, which would confound identification by 

mass spectrometry. Attempts to increase the efficiency and repertoire of phosphoproteins 

immunoprecipitated by using other anti-phosphotyrosine antibodies in combination with 

PY20 were not successful. Therefore other techniques were investigated which could be used 

in conjunction with anti-phosphotyrosine immunoprécipitation to yield the level of 

purification required to identify species of interest.

3.3.4 2D phosphotyrosine profiling

2D gel electrophoresis can be a powerful technique for assaying global changes in protein 

expression, yielding highly resolved profiles of even whole cell extracts, which facilitates 

subsequent purification of proteins of interest, as well as enabling large numbers of proteins
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to be monitored simultaneously. In this case, 2D gel electrophoresis was applied to the study 

of signalling in response to IFNy and IL-6 family cytokines. This entailed isoelectric 

focusing (IFF) of whole cell extracts of stimulated and unstimulated cells on immobilised pH 

gradient strips, electroblotting of the second dimension SDS-PAG and probing of the 

blot with anti-phosphotyrosine monoclonal antibodies. The phosphotyrosine profile was then 

visualised by ECL. Significant ligand-independent variations were repeatedly observed in 

the profiles obtained, even between analogous samples run in parallel (for example. Fig. 3.7). 

For Coomassie stained gels, however, the reproducibility between duplicates appeared to be 

of a high standard. Despite addition of phosphatase and protease inhibitors and varying the 

lysis, focusing, transfer and blotting conditions, the reproducibility remained poor. 

Optimisation of conditions for phosphotyrosine detection, determined by a series of ID 

(SDS-PAGEAVestern blotting) experiments, did not alleviate the problems. The lack of 

reproducibility in the phosphotyrosine profile was thought to partly reflect variation in the 

transfer and blotting efficiency, exacerbated by the low abundance of the target 

phosphotyrosine proteins.

An alternative, combinatorial approach was therefore attempted, based on the promising 

results obtained using the anti-phosphotyrosine antibody column. In this case, proteins 

immunoprecipitated by anti-phosphotyrosine antibodies were specifically eluted using the 

phosphotyrosine analogue, phenyl phosphate, and resolved by 2D, rather than single 

dimension, gel electrophoresis. The silver stained profiles obtained from extracts from 

unstimulated and stimulated cells could then be directly compared. This approach utilised the 

resolving power of 2D gel electrophoresis whilst circumventing the need to electroblot the 

gels, thereby avoiding variation introduced by this manipulation. In brief, 3-5 X 10® cells 

were treated with cytokine or media for 15 min and the resulting lysates were incubated with 

the anti-pY monoclonal antibody, PY20, cross-linked to protein A sepharose. Following 

stringent washing of the complexes to reduce contamination by non-specific binders, the 

immunoprecipitated proteins were eluted with phenyl phosphate. In order to prepare the 

sample for lEF, the eluted proteins were either vacuum concentrated and diluted into lEF 

buffer, or TCA precipitated and resuspended in lEF buffer. The samples from the cytokine- 

treated and unstimulated cells were run in parallel and handled identically throughout.
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Unfortunately, problems were also experienced using this methodology Firstly, when 

compared with the levels of proteins obtained if the eluates from the anti-pY column were 

resolved by one dimensional electrophoresis, there was very poor recovery of proteins by this 

method, despite carrying out the experiment on as large a scale as was practicable with 

adherent cells. As a result, detection of immunoprecipitated complexes even by silver 

staining became a serious limitation. Possible sources of loss of material specifically 

associated with the 2D method include adherence to the membrane of the vacuum 

concentrator, incomplete solubilisation of TCA-precipitated proteins, poor efficiency of 

sample loading onto the IFF strip and lack of transfer of proteins from the IFF strip into the 

second dimension gel. Passivation of the vacuum concentrator membranes, addition of 

Triton-X during the TCA precipitation step and increasing the efficiency of transfer of 

proteins from the IFF strip to the SDS-PAGF gel by intensifying the stringency of 

equilibration were all undertaken. Despite this, consistently low yields of protein were 

obtained when the anti-pY column eluates were resolved in two dimensions, rather than one. 

The presence of vanadate and/or PAO in the sample to inhibit PTPs obstructed quantitation of 

protein concentration at the various steps by spectrophotometry. Processing of samples from 

metabolically-labelled cells by this method should enable the primary sources of protein 

loss to be identified.

A second major problem was that the profiles still displayed unsatisfactory levels of 

reproducibility. Because of the very low yields of protein it was not possible to split a single 

sample (i.e. anti-pY column eluate) and resolve it in parallel, therefore in this case the 

variation could not necessarily be attributed to the 2D electrophoresis. Indeed, at least a 

proportion of the variation between experiments may reflect differences in the state of the 

cells used, as well as modulations in the efficiency of immunoprécipitation by, and elution 

from, the antibody column. The large number of manipulations and requirement for buffer 

exchange provide additional opportunities for variation to be introduced. Furthermore, due to 

the number of manipulations and large amounts of material and reagents required for each 

experiment, optimisation of this procedure was not trivial to achieve. Thus although the 

approach undoubtedly has potential for visualisation and purification of inducibly tyrosine 

phosphorylated proteins, it was not possible to establish an optimised methodology during the 

time available.
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3.3,5 SMART column chromatography

Mono Q anion exchange columns or Superdex sizing columns were used to fractionate cell 

lysates on the SMART system and the resulting fractions were analysed by SDS-PAGE and 

silver staining or anti-phosphotyrosine western blotting (Figs. 3.8 and 3.9). Various buffer 

conditions were assayed and the profiles obtained were strongly influenced by both the pH 

and the detergent used for cell lysis and running of the column (Fig. 3.8). NP-40-based 

buffers were found to be preferable to Brij-based buffers since Brij had a tendency to 

crystallise during the column run, possibly due to the combination of low temperature and 

high salt. Column-bound proteins were eluted using a gradient of 30mM - 800mM NaCl. At 

higher salt concentrations, there was a propensity for the column back-pressure to rise (even 

with NP-40-based buffers), presumably due to precipitation of proteins and/or salt. It was 

previously demonstrated during the optimisation of conditions for 2D gel analyses that 

phosphotyrosine profiles can be affected by extended exposure to temperatures above 4°C. 

However, it was not possible to maintain the column and buffers at temperatures below 8- 

10°C due to the limited cooling capacity of the unit in which the column was run, as well as 

concerns about promotion of precipitation at lower temperatures.

Typically, 15-30 fractions were collected for each column run and these were diluted 1:1 in 

‘2X’ SDS-loading dye and resolved on parallel 10% acrylamide gels for silver staining and 

anti-phosphotyrosine Western blotting, respectively. In some cases, aliquots were also run 

for an extended time on 6% gels in order to obtain maximum resolution of high molecular 

weight species. Various ligand-dependent phosphoproteins were revealed by anti- 

phosphotyrosine Western blotting of the fractions, even when weak inducers of JAK-STAT 

signalling, such as IFNy, were used (Figs. 3.8 and 3.9). The profiles obtained with the Mono 

Q and Superdex columns were profoundly different and for both columns, distinct 

phosphotyrosine species were observed depending on the buffer system (Figs. 3.8 and 3.9). 

A summary of commonly observed IFNy-dependent changes in tyrosine phosphorylated 

species is found in Table 3.3.
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Table 3.3: IFNy-responsive tyrosine phosphorylated proteins identified by SMART 

profiling and anti-phosphotyrosine Western blot. ^

Approximate Molecular Weight (kD) Behaviour in response to IFNy

200 induced

60 induced

50 induced

40* eluted in different fraction

<30 multiple bands induced

♦Western blotting indicated that this protein is not p38 MAPK

As always, a certain degree of inter-experiment variation occurred, but profiles obtained in 

multiple independent experiments were generally very similar. These initial results suggested 

that this method of global phosphotyrosine profiling gives high resolution without the 

reproducibility problems associated with 2D gels. However, the sample was still too 

complex, precluding the correlation of inducibly tyrosine phosphorylated species visible by 

anti-pY Western blot with bands on the silver-stained gels.

In addition, the capacity of the columns limited the amount of starting material that could be 

resolved. The upper limit of the practical loading range for the Mono Q PC 1.6/5 is cited as 

500|ig and although the theoretical maximum protein capacity of the Superdex 200 HR 10/30 

is lOmg, resolution was compromised if amounts greater than 0.5 - Img of protein were 

loaded. Accepting that recovery of protein from the column is never absolutely efficient, 

using these amounts of starting material each individual fraction collected had too low a 

protein concentration to be subjected to further fractionation. Attempts to further resolve 

pooled fractions from multiple column runs, for example by anti-phosphotyrosine IP, were 

unsuccessful presumably due to the low amounts of protein and possibly buffer conditions. 

Equally, fractionation of the eluates from anti-phosphotyrosine antibody columns using the 

Mono Q or Superdex columns also failed, again likely due to the low protein concentrations. 

It is possible that scaling up to larger ion exchange or sizing columns may facilitate 

purification of proteins of interest. However, it should also be noted that a major advantage
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of the SMART system over larger scale chromatography set-ups is the high precision of the 

small scale columns, which very likely contributes to the impressive levels of reproducibility 

attained in these analyses.

The SMART system thus undoubtedly represents a powerful tool for resolving complex 

mixtures of proteins, but needs to be combined with an appropriate additional fractionation 

step in order to yield the degree of purification required for this application.

3.4 Discussion

3.4.1 Confîrmation of novel participants in JAK-STAT signalling

Several different methods of phosphotyrosine profiling have been applied to the study of 

JAK-STAT signalling. The value of phosphotyrosine profiling for characterisation of 

signalling pathways has been demonstrated by the confirmation of the existence of novel 

participants in JAK-mediated signalling by affinity purification using biotinylated receptor 

peptides and GST-conjugated SH2 domains, anti-phosphotyrosine immunoprécipitation and 

anion exchange and sizing chromatography. The vastly different phosphotyrosine profiles 

obtained with each of the various methods makes it difficult to conclude whether the same 

potentially novel cytokine-responsive phosphoproteins were identified by more than one 

technique.

3.4.2 Impact of buffer composition

A number of themes emerged during the evaluation of these phosphotyrosine profiling 

techniques. For each methodology, buffer design proved to critically influence the profile 

obtained. The nature of the buffer likely affects the result by determining which proteins are 

successfully liberated and solubilised during cell lysis and also by influencing protein 

behaviour during fractionation. The major variables included detergent, pH and salt 

concentration. Profiling of a particular signalling pathway under a range of buffer conditions 

could be used to compile a more comprehensive profile of the signalling events entailed.
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3.4.3 Lack of reproducibility of phosphotyrosine profiles

The presence of inhibitors of both proteases and phosphatases was also of central importance 

to ensure reproducibility between experiments. Indeed, lack of reproducibility transpired to 

be a serious obstacle to successful phosphotyrosine profiling. This could be a reflection of 

both biological variation and irreproducibility introduced during the sample manipulation and 

phosphotyrosine signal detection. Several precautions were undertaken to limit the biological 

variation, such as use of early passage cells and the plating and harvesting of cells at 

comparable densities in different experiments. It was also found that commercial media and 

tissue culture reagents gave higher levels of reproducibility than were obtained when CRUK 

‘in-house’ tissue culture reagents and glassware were employed, possibly due to the presence 

of low-level contaminants such as LPS in the ‘in-house’ reagents and glassware. 

Reproducibility was also improved by using fresh cytokine solutions for each experiment -  

previously certain cytokine solutions were recycled for short stimulations in order to decrease 

cytokine consumption. However, small quantitative differences in the strength of signalling 

could translate into apparent qualitative disparities between experiments, especially since for 

many of the tyrosine phosphorylated proteins the current methods appear to be operating near 

the edge of detection limits. The pooling of large numbers of cells for each sample, 

preferably from several independent plates, also proved helpful in limiting the effects of 

biological variability on the profiles obtained.

Measures were also taken to minimise irreproducibility associated with experimental 

technique. The addition of FTP inhibitors such as sodium orthovanadate is routinely carried 

out during phosphotyrosine analysis. Sodium orthovanadate is, however, a reversible 

inhibitor and the inhibitory activity can vary depending on the age and storage conditions of 

the stock solution. The irreversible FTP inhibitor, PAO, was therefore added as an extra 

precaution. It is arguable that the lysis buffer should also be supplemented with protein 

kinase inhibitors to prevent continued activity of kinases in the lysate. Indeed, addition of the 

kinase inhibitor, staurosporine (STS) to lysates leads to a slightly decreased JAKl 

phosphotyrosine signal (Is’harc, H. and Strobl, B., unpublished data). In general, where 

possible, all solutions were prepared in large quantities and aliquots frozen to decrease inter

experiment variation. Freeze-thawing or extended storing of cell lysates (even on ice), 

however, was avoided as far as was practicable since this had the potential to alter the
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phosphotyrosine profile obtained. In addition, rapid processing of samples and maintenance 

at 4°C or on ice was found to maximise reproducibility. For techniques involving large 

numbers of manipulations, such as sequential pY IP and 2D gel electrophoresis, or SMART 

chromatography where fractionation was carried out at higher temperatures, reproducibility 

was likely compromised for these reasons.

3.4.4 Low phosphotyrosine signal:noise ratio

The other main limitation of the profiling methods concerned the low signalmoise ratio for 

both isolation and detection of tyrosine phosphorylated proteins. Saturating doses of cytokine 

were employed to give the maximal induction of tyrosine phosphorylation and the most 

promising results were obtained when the potent stimulator of JAK-STAT signalling (in 

2fTGH cells), OSM, was used. Initial attempts to amplify the signals of interest through the 

overexpression of chimeric receptor constructs were abandoned due to concerns regarding the 

specificity of signals derived in such systems (discussed in chapter 5). The cell type utilised 

also had a bearing on the signalmoise ratio both in terms of signal strength due to expression 

levels of the relevant receptor and the background levels of tyrosine phosphorylation in that 

cell type. In the 2fTGH cells predominantly utilised for these studies, no significant 

influence of serum starvation on the background levels of tyrosine phosphorylation were 

observed, however, for other cell types serum starvation is widely reported to enhance the 

signalmoise ratio for inducible phosphorylation.

3.4.5 Comparison of profiling methods

Receptor-peptide and GST-SH2 domain affinity purification, anti-phosphotyrosine 

immunoprécipitation and SMART chromatography all achieved partial purification of 

inducible phosphoproteins. It is likely that any one of these methods when carried out on a 

sufficiently large scale and combined with an additional step to decrease the complexity of 

the sample, such as cellular fractionation, would yield material suitable for analysis by mass 

spectrometry. Overall, the most successful techniques were anti-phosphotyrosine 

immunoprécipitation and anion exchange chromatography using the SMART system. Both 

of these give a partial profile of inducible phosphorylation events, but neither provides a tmly 

global readout for tyrosine phosphorylation. It is accepted that with further optimisation of

103



CHAPTER 3: Phosphotyrosine Profiling

the 2D gel electrophoresis methodology and the use of very large numbers of samples to 

obtain statistically significant data, the difficulties with reproducibility may be overcome. 

Indeed, successful ex ^ p les  have been published by at least one dedicated proteomics 

laboratory (Soskic^999). Whilst 2D electrophoresis is doubtless a potentially powerful 

profiling method, outstanding concerns with regards to the suitability of this technique for 

studying signalling pathways remain that high molecular weight and membrane proteins tend 

to be under-represented in 2D analyses and low abundance proteins, even if detectable, may

prove problematic to identify (Gygi^OOO).

A recent publication has described ‘single step’ identification of Epidermal Growth Factor

(EOF) signalling pathway components by anti-phosphotyrosine immunoprécipitation, ID
a/' 6

SDS-PAGE and mass spectrometry (Pandc)^00(p. This straightforward approach is likely 

to be restricted in its application to very strongly induced signalling pathways, for example in 

cells expressing high levels of the appropriate receptor.

3.4.6 Future developments in profiling technology

However, various improvements in sample preparation, processing and detection are under

development which could significantly contribute to either a ID or 2D electrophoresis

approach in combination with mass spectrometry. Derivftisation of phosphopeptides can

facilitate isolation and identification of phosphorylated species by mass spectrometry and

high resolution, high accuracy mass spectrometers have been used to analyse

phosphotyrosine signalling pathways through specific detection of the immonium ion of

phosphotyrosine (Steei^2002). The use of gels with enhanced separation ranges (‘zoom’

gels) can augment detection of low abundance proteins from cell extracts and novel detergent

systems are being investigated to promote efficient solubilisation and analysis of membrane
fkUrStfei

proteins (reviewed in (Griffin,2001)). Multidimensional chromatography is also now being 

successfully applied to proteome analysis as an alternative to 2D electrophoresis (Griffin ^  

2001) and is less labour int^ive and more amenable to automation. In addition, differential 

labelling of control and treated samples with either fluorescent dyes or isotopically different 

but chemically identical reagents permits the two samples under comparison to be mixed and 

resolved simultaneously, by 2D electrophoresis or multidimensional chromatography.
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substantially ameliorating levels of reproducibility (Gygi^^99) (Unlu^997), It would 

appear, however, that in the absence of access to the most powerful sample preparation and 

mass spectrometric techniques, isolation of potentially novel signalling intermediates in less 

potently activated pathways such as those studied here, seems to require a combinatorial 

approach in which successive fractionation steps are employed to enrich for and ultimately 

purify proteins of interest.

3.4.7 Profiling of other post-translational modifications

A number of other post-translational modifications of proteins are now recognised to 

collaborate with tyrosine phosphorylation in the transduction of signals from the extracellular 

environment, including serine/threonine phosphorylation, méthylation, acétylation and 

glycosylation. With the increasing availability of monoclonal antibodies against these 

various modifications, the conclusions drawn from this investigation may prove to be 

applicable to the establishment of techniques for profiling these additional post-translational 

modifications. Ultimately, it is only through simultaneous, global detection of all such 

modifications that a fully comprehensive view of cellular signalling events can emerge and in 

turn enable a genuine understanding of how cells integrate and respond to external stimuli.
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Fig. 3.1: Profiling strategy, showing methods under investigation
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Fig. 3.2: Affînity purification using cytokine receptor biotinylated peptide: inducible 

phosphotyrosine profiles

2fTGH cells were stimulated for 15 min with 0.2|ig IL-6/0.5pg sIL-6R, lOOng/ml OSM or 

1000 lU/ml IFNy. Boxl/box2 peptide-associated proteins were resolved by 7.5% acrylamide 

SDS-PAGE. Immunoblot: anti-phosphotyrosine. Unrelated peptide is in 5-fold excess. 

Arrows indicate examples of peptide-associated proteins that are phosphorylated in a 

cytokine-dependent manner.
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Fig. 3.3: Affinity purification using GST-conjugated Grb2-SH2 domains: OSM- 

inducible phosphotyrosine profiles

2fTGH cells were treated for 15 min with lOOng/ml OSM. Protein matched lysates were 

subjected to affinity purification with Affigel-conjugated GST-Grb2 SH2 domain. 

Complexes were resolved by 7% SDS-PAGE. Immunoblot: anti-phosphotyrosine. Arrows 

indicate examples of inducible tyrosine phosphorylated species.
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Fig. 3.4: Screening different anti-phosphotyrosine monoclonal antibodies for 

immunoprécipitation

293T cells were stimulated for 15 min with 0.2|ig IL-6/0.5tig sIL-6R or lOOOIU/ml IFNy. 

PY20, 4G10 and FB2BE are all anti-phosphotyrosine monoclonal antibodies. 

Immunoprecipitated proteins were resolved on 7.5% acrylamide SDS-PAGE gels. 

Immunoblot: anti-phosphotyrosine.
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Fig. 3.5: Immunoprécipitation of high molecular weight species using the anti- 

phosphotyrosine mAh, 4G10: IFNy- and OSM-inducible phosphotyrosine profiles

293T cells were stimulated for 15 min with 50ng/ml OSM or lOOOIU/ml IFN y. High

molecular weight immunoprecipitated proteins were resolved for an extended time by 6.5% 

acrylamide SDS-PAGE. Blot was probed with anti-phosphotyrosine antibodies, stripped and 

then reprobed with antibodies to JAKl, STATS and IFNGRl.
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Fig. 3.6: Specific elution of high molecular weight species from a PY20 antibody column

2fTGH cells were stimulated for 15 min with lOOng/ml OSM. Protein matched lysates were 

subjected to immunoprécipitation with PY20 antibody column. Proteins eluted by lOOmM 

phenyl phosphate were resolved on a 6% acrylamide SDS-PAGE gel and detected by silver 

staining. Arrows indicate examples of proteins differentially immunoprecipitated in response 

to OSM treatment.
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Fig. 3.7: 2D Phosphotyrosine Profiling

293T cells were treated for 15 min with 0.2|xg IL-6/0.5p,g sIL-6R. Protein matched whole 

cell lysates were subjected to lEF on pH3-10 immobilised pH gradient strips followed by 

second dimension SDS-PAGE on 10% acrylamide gels. Immunoblot: anti-phosphotyrosine. 

Duplicates of IL-6-treated cell extracts run in parallel are shown to illustrate the lack of 

reproducibility.

The lack of reproducibility may partly reflect differences in the blotting efficiency, exacerbated 

by the low abundance of tyrosine phosphorylated proteins. This is discussed further in section 

3.3.4.

118



IL-6

* •

I

anti-pY

Figure 3.7



CHAPTER 3: Phosphotyrosine Profiling

Fig. 3.8: SMART anion exchange chromatography

293T cells were stimulated for 15 min with lOOOIU/ml IFNy. Cell extracts were prepared 

using either ‘Brij’ or ‘Schindler’ lysis buffers, as indicated, and fractionated on a Mono Q 

anion exchange column. Even numbered fractions (2-28 or 2-24) were resolved on 10% 

acrylamide SDS-PAGE gels and subjected either to silver staining (upper panel), or were 

Western blotted with anti-phosphotyrosine antibodies (lower panels).
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Fig. 3.9: SMART size fractionation chromatography

293T cells were stimulated for 15 min with lOOOIU/ml IFNy. Cell extracts were prepared 

using ‘Brij’ lysis buffer and size fractionated on a Superdex column. Even numbered 

fractions (2-28) were resolved on 10% acrylamide SDS-PAGE gels and subjected either to 

silver staining (upper panel), or were Western blotted with anti-phosphotyrosine antibodies 

(middle panels). Western blots were then stripped and reprobed with antibody specifically 

recognising the tyrosine phosphorylated form of STATl (anti-phosphoY701/STATl). The 

apparent induction of multiple tyrosine phosphorylated species in response to IFNy in fraction 

6 was not reproduced in subsequent experiments.
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CHAPTER 4: JAK-RECEPTOR INTERACTIONS

4.1 Introduction

Cytokine receptors lack intrinsic tyrosine kinase activity and therefore depend on

constitutively associated JAKs for signalling. The critical interaction between JAKs and

receptors is known to involve so called ‘boxl/box2’ motifs in class I cytokine receptors such

as gpl30. For class II receptors, the requirements are less clear, although for the IFNy

receptor subunit, IFNGRl, JAKl association is mediated via a membrane proximal LPKS

motif (K aplan^l996). For the JAKs, the N-terminal JH3-7 domains are implicated in

receptor interactions. In the case of JAK2, JAK3 and Tyk2, the receptor binding regions
■«/«/•

have been further restricted to the JH6-7 domains (R ichter^998) (Zhao 1995) (Chen^ 

1997) (Cacalano, Migone et al. 1999). However, for JAKl little information was 

available at the commencement of this investigation regarding targetting of JAKl to cytokine 

receptors, beyond the fact that in intact cell experiments with JAK chimeras, the entire N- 

terminus (JH3-7) of JAKl was required to confer IFNGRl-binding properties on JAK2 

(Kohlhuber, Rogers et al. 1997). There is currently no direct structural data for the JAKs, 

although sequences analyses and molecular modelling recently indicated that the JAK N- 

termini could contain divergent FERM domains, as found in the cytoskeletal band 4.1 and 

ERM proteins (Girault^999).

This investigation was carried out as part o f a collaboration with P. C. Heinrich and co

workers (Dept, of Biochemistry, RWTH, Aachen) to study signal transduction in response to 

IL-6 family cytokines and IFNs. Accordingly, the JAKl P-grasp model, loop 4 mutants and 

COS-7 cell data were generated in Aachen and the remainder of the data represent my own 

work. All figures constitute my own work, unless otherwise indicated.
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4.2 Summary

In this study, the structural basis for the interaction of JAKl with gpl30 was investigated, 

with a particular view to defining the elements of JAKl required to mediate this association. 

An in vitro biotinylated receptor peptide assay was established to facilitate the analysis of 

interactions between JAKl subdomains or full length protein with the boxl/box2 region of 

gpl30. Using this assay, the minimal gp 130-binding region of JAKl was restricted to the 

JH6-7 domains. Molecular modelling supported the hypothesis that the JAKl N-terminus 

contains a PERM domain and a PERM domain JAKl polypeptide was shown to bind to the 

boxl/box2 peptide.

Collaborative work with the group of P.O. Heinrich led to the prediction of a P-grasp fold 

within the N-terminus of JAKl and identified loop 4 of the |3-grasp as a promising region for 

mutagenesis. Point and deletion mutants of loop 4 were therefore tested for their ability to 

restore signalling to JAKl-negative U4C cells and mediate binding to the boxl/box2 peptide. 

The JAKl loop 4 mutants, L80A/Y81A and AY81-S84, were found to be defective in 

signalling in response to both IL-6 and IFN, correlating with an impairment in recruitment to 

the boxl/box2 peptide.

Collectively the data confirm the role of the JAKl N-terminus in cytokine receptor 

association and are consistent with the prediction that the JAKl N-terminus incorporates a 

PERM domain. More specifically, the results identify loop 4 of the putative p-grasp region 

of JAKl as a region of importance for mediating interactions with both class I and class II 

cytokine receptors.
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4.3 Results

4.3.1 Establishment of a specific JAK-receptor peptide binding assay

A biotinylated peptide assay was established for investigating the motifs required for JAKl- 

gpl30 interaction. The assay utilises a biotinylated 73mer corresponding to the membrane 

proximal intracellular domain of gpl30 (encompassing boxl/box2) (Fig. 4.IB). This region 

was selected on the basis of the fact that this region of gpl30 was sufficient to confer gpl30- 

like JAK recruitment on a chimeric EPOR-gpl30 receptor chimera (Murakami^1991) 

(Gerhartz, Heesel et al. 1996). The peptide was demonstrated to interact specifically with 

endogenous, stably and transiently transfected JAKl from cell extracts (Fig. 4.2), as well as 

with in vitro translated JAKl (Fig. 4.2). Consistent with known JAK-gpl30 specificity, 

interaction of the boxl/box2 peptide was also observed with endogenous Tyk2 and 

endogenous or in vitro translated JAK2 (Fig. 4.2), whereas in vitro translated JAK3 showed a 

severely reduced binding (Hilkens, C. M. U., unpublished data).

In all cases where interaction of JAK with the biotinylated gpl30 boxl/box2 peptide was 

observed, the signal was competed out by addition of excess NON-biotinylated gpl30 

boxl/box2 peptide to the reaction mixture (Fig. 4.2). Specificity of the JAK-peptide 

interaction was further demonstrated by the fact that a biotinylated peptide of comparable 

length with a sequence unrelated to any known JAK-binding proteins could not bind JAKs, 

even when present at high concentrations (Figs. 4.2 and 4.3).

The prolines in boxl are required for JAK recruitment

A mutant biotinylated gpl30 boxl/box2 peptide, in which the prolines of the boxl PXXPXP 

motif were replaced by alanines, displayed a greatly reduced ability to interact with both full 

length JAKl and JAKl subdomains. This confirms the requirement for the boxl proline-rich 

motif in JAK recruitment and the specificity of the JAK-receptor peptide interaction in this 

assay (Fig. 4.3).
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A recombinant gpl30 boxl/box2 peptide cannot substitute for the synthetic peptide 

A HIS- and TV-tagged peptide comprising the same region of gpl30 as the synthetic 

biotinylated boxl/box2 peptide was expressed in and purified from E.coli. The HIS tag could 

not be used for JAK binding assays since the nickel resin used to recover the HIS-tagged 

peptide directly bound the JAKs. Coimmunoprecipitation experiments utilising the T7-tag on 

the peptide were therefore carried out. Although the peptide was readily 

coimmunoprecipitated using anti-JAKl and anti-JAK2 antibodies, the JAKs could only be 

coimmunoprecipitated with the peptide at very low efficiency. For this reason, it was decided 

to continue using the synthetic biotinylated peptide in the binding assay, despite the fact that 

the HIS/T7-peptide could be readily purified in large quantities.

Biotinylated IFNGRl and IFNAR2 cytoplasmic domain peptides are non-functional 

Class II cytokine receptors lack typical boxl/box2 motifs and their mode of JAK-recruitment 

is less well defined than for class I receptors. In an effort to extend the biotinylated peptide 

assay to other receptor systems, and in particular class II cytokine receptors, synthetic 

biotinylated peptides were generated incorporating the putative JAKl-binding regions of 

IFNGRl and IFNAR2. For IFNGRl, the peptide corresponded to the first 37 amino acids of 

the intracellular domain. A mutant version in which the proline in the LPKS element, known
a/.

to be critical for JAK binding, was converted to alanine, was synthesised in parallel (K aplan^

1996). The IFNAR2 peptide was equivalent to the first 82 residues of the intracellular

domain of the IFNAR2 long form (IFNAR2c). This region has been demonstrated to be

sufficient to bind JAKl, activate the JAK-STAT pathway and trigger an antiviral response

after IFNa2 treatment (Domanski, Fish et al. 1997). However, neither the IFNGRl nor the

IFNAR2 peptides displayed specific interaction with JAKl, despite being tested under a wide

range of buffer conditions, vaiwing the type and concentration of detergent, pH, or salt and

DTT concentrations^ The interaction was also assayed with in vitro translated JAK as well as
fbnh^. A d A /r tJ ttA k J J

JAK from cell lysates but no specific peptide-JAK interaction was detecte^ It was therefore 

not possible to extend the peptide pull down assay to analyse the interaction of JAKl with 

these receptor subunits.
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4.3.2 JH6-7 interacts with boxl/box2 of gpl30

Different fragments of JAKl were cloned^and the ability of these in vitro translated 

subdomains of JAKl to bind to the biotinylated gpl30 boxl/box2 peptide was analysed. 

JH3-7 and JH5-7 fragments of JAKl retained the capacity to interact with the peptide, whilst 

JH3-4 and JH3-5 were unable to do so, JH6-7 showed a lower, but reproducible, level of 

interaction with the gpl30 boxl/box2 peptide (Fig 4.3). The lower interaction could be due 

to the fact that the fold assumed by shorter polypeptides may be less stable, or may be 

indicative of an additional receptor-binding epitope within JH5 or more efficient presentation 

of a binding site in JH6-7 within the context of the longer polypeptide.

4.3.3 The putative JAKl FERM Domain

Modelling of the JAKl FERM DOMAIN

Although there are no direct structural data available for the JAKs, computer analyses 

recently predicted the existence of a 4.1 domain within the N-termini of the JAKs, which 

would incorporate the region implicated in receptor interaction (Fig. 4.1 A) (G irault^999). 

Molecular modelling of the putative JAKl FERM domain by threading the JAKl N-terminus 

onto the recently solved moesin coordinates suggested that the pin residues of the FERM fold 

line up well, despite the low sequence conservation (Bates, P., personal communication). 

Importantly, according to the model, the extended loops in JAKl could be accommodated 

without disrupting the FERM fold. Using the nomenclature applied to the moesin structure, 

the JAKl FERM domain could be subdivided into FI (approximately equivalent to JH7), F2 

(contained within JH6) and F3 (JH5 with contributions from JH6 and JH4) lobes, with an 

extended linker between FI and F2 and an additional loop inserted into F3 in comparison to 

the moesin structure, both rich in positively charged residues. As for moesin, FI in JAKl has 

a (3 -grasp fold, F2 is predominantly a-helical and F3 assumes a (3 sandwich fold. 

Interestingly, moesin is known to dimerise and the model of the JAKl FERM domain is 

compatible with JAKl also forming dimers, mainly through interactions in F3, with some 

involvement of F2. Biochemical evidence for JAK dimérisation has also been provided by a 

Far-Western approach (Lillemeier, B. F., 2001, PhD Thesis).
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The JAKl FERM domain is implicated in JAK-receptor interactions

Consistent with a role for the JAK FERM domain in mediating receptor binding, the in vitro 

translated product of a JAKl FERM domain construct interacted with the boxl/box2 peptide, 

albeit with lower efficiency than JH3-7 or JH5-7 constructs (Fig. 4.3A), despite the fact that 

the FERM domain fully encompasses JH5-7 (Fig. 4.1 A). This may be due to inappropriate 

choice of borders for the domain, leading to an improperly folded or unstable in vitro 

translated product. Interestingly, the choice of fusion borders in JAK1/JAK3 chimeras 

containing the FERM region of JAKl proved to be critical for determining whether the 

chimera was able to interact with gpl30 (Hilkens^OOl). This emphasises the requirement 

for correct folding and indeed presentation of the binding interface of the JAK molecule for 

JAK-receptor interactions. Furthermore, the ability of the JAKl FERM domain to confer 

gpl30 association on JAK3 such that the chimera was able to restore gpl30-mediated 

signalling to JAKl-deficient U4C cells, further supports the notion that JAKs contain a 

functional FERM domain and that JAK-receptor interactions are mediated by elements 

contained within this region (Hilkens^3^1).

4.3.4 Loop 4 of the predicted JAKl P-grasp is implicated in interactions with cytokine 

receptors

According to the JAKl FERM domain modelled on the moesin structure, FI has a p-grasp- 

like fold, similar to that found in ubiquitin. In agreement with this, fold recognition 

approaches and secondary structure prediction based exclusively on sequence both 

indep^d^tly  suggested that the N-teminus of JAKl assumes a ubiquitin-like, P-grasp fold 

(Haaiy2001). Modelling of the JAKl N-terminus on a ubiquitin P-grasp template identified 

loop 4 of JAKl as a candidate region for mediating receptor interactions. This region is 

conserved in length between all the JAKs and is significantly longer than the corresponding 

loop in the ubiquitin P-grasp (Fig. 4.4). A number of mutations were therefore introduced 

into loop 4 of JAKl, including a four amino acid deletion, AY81-S84, and the point 

mutations, L80A, Y81A, L80A/Y81A, Y81A/D82A, E83K and K86E.
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A subset of loop 4 mutants do not restore IL-6 or IFN signalling to U4C cells 

The competency of the loop 4 mutants to restore IFNy and IL-6 signalling to JAKl-deficient 

U4C cells was investigated by EMSv^nalysis of transierîtly transfected cells (Fig. 4.5, upper 

panels). The SIE probe detects STATl homodimers formed in response to IFNy and STATl 

and STAT3 homodimers, as well as STATl/3 heterodimers, activated following IL-6 

treatment. The low level of ST AT activation in response to IL-6 in the vector-transfected 

cells is a consequence of residual signalling mediated by JAK2 and Tyk2 in the absence of 

JAKl (Guschin, Rogers et al. 1995). Comparable expression levels of the various JAKl 

constructs were indicated by anti-JAKl Western blotting of the same whole cell extracts used 

for the EMSA (Fig. 4.5, lower panels). The deletion mutant, AY81-S84, and the double 

mutant, L80A/Y81A, were both unable to complement the U4C cells, whilst the remaining 

mutants, L80A, Y81A, Y81A/D82A, E83K and K86E restored signalling (Fig. 4.5). The 

various mutations impacted similarly on IFNy and IL-6 responses and essentially identical 

results were also obtained when cells were stimulated with IFNa (data not presented). This 

would imply that despite the highly divergent JAK-recruitment motifs of class I and class II 

cytokine receptors, exemplified here by gpl30 and IFN receptors respectively, JAKl may 

interact in a conserved manner with both classes of receptor. Significantly, the inactivating 

loop 4 mutations did not affect the autokinase activity of the transiently transfected JAKl, 

unlike the kinase-inactivating K833E mutation (Briscoe, Rogers et al. 1 9 9 ^  (Fig. 4.6). 

This suggests that the loop 4 mutations do not grossly disrupt the JAKl tertiary structure and 

supports the interpretation that the loss of complementation is a consequence of interference 

with JAK-receptor interactions.

Loop 4 mutants defective in signalling display impaired receptor association 

The capacity of the in vitro translated loop 4 mutants to mediate binding to the biotinylated 

gpl30 box/box2 peptide was assayed. The results paralleled the data obtained by 

complementation of U4C cells: mutants that did not restore signalling to U4C cells did not 

bind to the boxl/box2 peptide and mutants that complemented U4C cells were able to 

associate with the peptide (a sample of the data is shown in Fig. 4.7). Furthermore, 

introduction of selected inactivating loop 4 mutations into a JH3-7 domain polypeptide also 

abrogated binding of the polypeptide to the receptor peptide, arguing against non-specific
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disruption of overall JAKl structure by the inactivating loop 4 mutations (data not presented). 

The ability of the loop 4 mutants to mediate association with cytokine receptors was also 

assessed by coimmunoprecipitation from lysates of COS-7 cells transiently overexpressing 

the JAKl mutants and IL-5R|3-gpl30 chimeric receptors (Fig. 4.8). Both the deletion mutant, 

AY81-S84, and the double mutant, L80A/Y81A displayed a total loss of receptor binding. 

The double mutant, Y81A/D82A, was impaired in its ability to interact with the

receptor, whilst the remaining mutations exerted minimal effects on receptor association (Fig. 

4.8). The data are summarised in Table 4.1.

Table 4.1: Effect of mutations in the putative JAKl P-grasp region

JAKl

construct

wt L80A L80A/

Y81A

Y81A Y81A/

D82A

AY81-

S84

E83K K86E

Receptor

association

+ + + r+ ) + +

IL-6

signalling

+ + + + + +

IFN

signalling

+ + + + + +

4.4 Discussion

Constitutive association of JAKs with cytokine receptors is a prerequisite for ligand 

responsiveness. The physiological significance of such JAK-receptor interactions is 

underscored by the fact that a single point mutation in JAK3, YIOOC, has been found to cause 

SCID through abrogation of JAK3-yc association (Cacalano, Migone et al. 1999). The aim 

of this investigation was to characterise the components of JAKl that participate in receptor 

targetting.
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4.4.1 A gpl30 receptor peptide pull down assay was established

In order to characterise the JAKl requirements for association with the IL-6 family receptor 

subunit, gpl30, a receptor peptide pull down assay was established. This utilised a 

biotinylated synthetic peptide corresponding to the membrane proximal 73 amino acids of 

gpl30. The peptide was able to interact with JAKl, JAK2 and Tyk2, but not JAK3, in 

accordance with the JAK binding specificity of gpl30. Alanine substitution of the prolines in 

the boxl PXXPXP motif abolished binding to the peptide, confirming both the specificity of 

the assay and the requirement for the boxl proline residues for recruitment of JAKs to gpl30. 

The biotinylated boxl/box2 peptide retained its specific JAK-binding properties in an in vitro 

system, suggesting that additional cellular components are not required for conferring 

specificity on the JAK-gpl30 interaction. The fact that the assay could be used in a cell free 

system facilitated the delineation of the regions of JAKl involved in receptor association. 

Furthermore, the simplicity of the in vitro biotinylated receptor peptide pull down assay 

makes it a potentially powerful tool for high throughput screening, for example for the 

identification of inhibitors of cytokine signalling. The fact that the excess non-biotinylated 

gpl30 boxl/box2 peptide quenched binding to the biotinylated peptide also suggests that it 

could be possible to use receptor peptides as pharmacological inhibitors of cytokine 

signalling, providing a method of delivery into cells was available, although verification of 

the in vivo efficacy of this method of competitive inhibition is obviously required.

4.4.2 The receptor peptide pull down assay could not be extended to class I cytokine 

receptors

Interestingly, it was not possible to trivially extend the assay to analyse the interaction of 

JAKl with the class II cytokine receptor subunits, IFNGRl and IFNAR2. This was despite 

the fact that, at least for IFNAR2, the same region comprised by the peptide was sufficient to 

reconstitute signalling in a cell culture analyses. The inability of the peptides to specifically 

bind JAKl may be a consequence of more complex requirements for JAK recruitment by 

these class II receptors in comparison to gpl30. The IFN receptor cytoplasmic domain may 

need to be presented in a defined structural context to enable specific JAK binding. The 

extracellular and transmembrane regions of the receptor could influence the structure of the 

intracellular domain of the receptor. It is also possible that the IFN receptor subunits are
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preassociated and a preformed dimer is required for JAK association. Other proteins could 

contribute towards generation of the appropriate structural context and indeed the membrane 

itself could be necessary for stabilising JAK binding, either directly or indirectly. Clearly, 

JAK-receptor interactions, at least in the case of the IFN receptors, may be determined by a 

combination of factors, resulting in quite specific structural requirements.

4.4.3 The JAKl N-terminus was predicted to adopt a FERM domain fold

The JAK N-terminus is predicted to contain a divergent FERM domain. The recent 

publication of the moesin FERM domain coordinates enabled a structural model of the JAKl 

FERM domain to be constructed, based on these coordinates (Bates, P., personal 

communication). The structural alignment was convincing, with key residues of the FERM 

domains of the two proteins lining up well and the insertions in JAKl forming loops that did 

not interfere with the FERM fold.

4.4.4 Loop 4 in the predicted JAKl P-grasp is implicated in receptor association

In addition, by the fold recognition approach, the extreme N-terminus of JAKl, 

corresponding approximately to JH7, was predicted to assume a (3-grasp fold, in agreement
tJ-

with the structure predicted for that region by the FERM model (Haan^OOl). Mutational 

analysis of loop 4 within the putative P-grasp of JAKl indicated a vital role for this region in 

cytokine receptor association. Loop 4 in the JAK P-grasp is longer than the corresponding 

loop in ubiquitin and molecular modelling suggests that it is surface exposed. Significantly, 

according to the solved structures of the moesin and radixin FERM domains, loop 4 is not 

engaged in interdomain contacts and should be available for receptor association (Pearson. 

2000) (Hamada^2000). Deletion of amino acids 81-84 within loop 4 abolished receptor 

binding. This is not likely to be due to disruption of the structural integrity of the p-grasp 

fold since in the deletion mutant the loop is the same length as in ubiquitin. Various 

mutations within loop 4 affected the ability of JAKl to bind cytokine receptors and thus 

restore signalling to JAKl-deficient cells. Control mutations of residues outside loop 4 that 

were not predicted to be essential for the P-grasp fold (Y89A, R104E), meanwhile, did not 

influence receptor association.
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4.4.5 Loop 4 does not impart specifîcity to cytokine receptor interactions

Loop 4 shows sequence differences between the JAKs and it was therefore possible that this 

region contributed to binding specificity. However, despite the contrasting JAK-recruitment 

requirements of class I receptors, epitomised by gpl30, and class II receptors, as represented 

by IFNGRl and IFNAR2, mutations within loop 4 exerted essentially the same effect on 

IFNy, IFNa and IL-6 signalling in U4C cells expressing the different JAK constructs. 

Furthermore, inactivating loop 4 mutations also abrogated binding of JAKl to the 

cytoplasmic domains of the LIFR and IFNAR2 in coimmunoprecipitation experiments in 

transiently transfected COS-7 cells (Haan, C., Hermanns, H. M. and Behrmann, I., 

unpublished data). Thus loop 4 seems to be of general importance for cytokine receptor 

association and other factors are likely to determine the specificity of these interactions.

4.4.6 N-terminal JAKl polypeptides interact with the gpl30 boxl/box2 peptide

A number of studies have implicated the JAK N-terminus in mediation of cytokine receptor 

binding. In this investigation, the biotinylated gpl30 box 1/box 2 peptide assay was used to 

demonstrate the binding competency of an in vitro translated polypeptide comprising the 

JAKl JH6-7 domains in a cell-free system. Previous studies with JAK chimeras suggested 

that JH6-7 of JAKl could not confer IFNGRl-binding properties on JAK2 and that the entire 

JH3-7 domains of JAKl were required for this association (Kohlhuber, Rogers et al. 

1997). The gpl 30-binding ability of the chimeras was not reported. The inability of JH6-7 

of JAKl to mediate binding of the chimera to IFNGRl may have been due to the choice of 

fusion borders leading to improper folding of the chimera. Alternatively, the results from the 

chimera studies may reflect different requirements for JAKl association with gpl30 and 

IFNGRl. It is also possible that although the JH6-7 domains can associate independently 

with the gpl30 peptide, in an intact cell other elements would be needed to support functional 

interactions with receptors. The experiments with JAK1/JAK3 chimeras suggest that at least 

for gpl30 interaction, any such requirements are fully met by the FERM domain of JAKl 

(H ilk e n ^ O l) .
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Consistent with the FERM domain hypothesis, an in vitro translated polypeptide equivalent to 

the JAKl FERM domain was also able to bind the biotinylated gpl30 boxl/box2 peptide. In 

addition, as described above, substitution of the JAK3 FERM domain by the corresponding 

region of JAKl generated a chimera capable of being functionally recruited to gpl30 

(Hilkens^OOl). These data, together with the results of the loop 4 mutational studies, 

strongly support the FERM domain model for the stmcture of the JAKl N-terminus.

4.4.7 Other requirements for JAK association with cytokine receptors

The binding of an isolated (3-grasp domain (equivalent to JH7) to the receptor peptide has not 

yet been assayed. Various lines of evidence suggest that JH7 alone may not be sufficient to 

mediate receptor association. Neither JAK3/JAK1 nor JAK3/JAK2 chimeras incorporating 

the JAK3 p-grasp region are able to bind IL-2Ry (Cacalano, Migone et al. 1999) (Chen^

1997). Instead, y chain association is only conferred on JAKl if the intact JAK3 p-grasp is 

present together with the complete linker region between the P-grasp and helix bundle 

regions (FI and F2). This association is augmented by the presence of the entire helix bundle 

region; maximal receptor association hence requires the complete JH6 and JH7 domains. It is 

worthy of note that the JAKs display differences in the length of the F1-F2 linker region, 

which could potentially influence presentation of the receptor binding motifs contained 

within the P-grasp and/or helix bundle regions.

Indeed, although elements within the JH6//JH7 domains, and more specifically, loop 4 of the 

P-grasp region, are clearly necessary for receptor association, other motifs may contribute 

towards stable association with the receptor. In fact, considering the large size of the JAKs it 

is highly likely that there will be multiple points of contact with the receptor. Interestingly, 

the F3 lobe of the FERM module shares the fold of an EVHl domain, which is known to bind 

polyproline-containing motifs. It is possible that although not essential for receptor 

recruitment, the F3 lobe (approximately JH5) of the JAKl FERM domain could provide a 

second point of contact with the receptor through interactions with the proline motifs of 

box 1. Although there is no evidence to support this as yet, it could also be envisaged that 

JAKs directly interact with the membrane, potentially utilising the PH domain module
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contained within F3. Such secondary interactions could help to stabilise the JAK-receptor 

association in the intact cell.

4.4.8 Additional functions for JAK FERM domains

The complexity and central importance of JAK-receptor interactions is emphasised by a

recent publication asserting that the N-terminus of JAK2 is required for Golgi processing and
ftccp/or)

cell surface expression of the E P O ^ H u a n g ^ ^ O l) . This putative function of JAK2 is 

independent of the JHl and JH2 domains and, whilst the N-terminal 32 residues in JAK2 

preceding the FERM domain were found to be dispensable, the first 36 residues of the JAK2 

FERM domain proved essential for promoting EPOR surface expression. This region 

corresponds to the first two P-sheets in FI (P-grasp). Two distinct segments of the EPOR 

seem to be involved in functional interactions with JAK2, supporting the idea that the JAK- 

receptor interaction may be complex and could involve multiple points of contact. 

Collectively, the data are consistent with the existence of a functional FERM domain in JAKs 

and suggest interaction with cytokine receptors through this region may be essential for 

appropriate receptor folding in the ER and subsequent surface expression.

A second novel function for the putative JAK FERM domain was suggested by the report that 

the JAK3 FERM domain is essential for maintaining kinase integrity (Zhou^001). Indeed, 

the JAK3 FERM and JHl domains were found to physically associate and coexpression of 

the FERM domain augmented the catalytic activity of the isolated kinase domain. Patient- 

derived and artificial point mutations within the FERM domain FI, F2 and F1-F2 linker 

regions were found to affect both receptor association and kinase activity and strikingly, 

staurosporine, which disrupts kinase domain structure, dose-dependently inhibited receptor 

binding. These data suggest that interactions between FERM and kinase domains of JAK3 

reciprocally regulate receptor association and catalytic activity. FAK proteins constitute the 

only other tyrosine kinase family for which a FERM domain is predicted and association o f^  

FAK with the EGF receptor was recently reported to be mediated through this domain (Sieg^ 

2000). In addition, deletion of the FAK FERM domain produced a hyperphosphorylated 

kinase, suggesting that the FERM domain could regulate the kinase domain of FAK 

(Schlaepfer ^ 9 9 6 ). Intramolecular interactions between FERM and tail domains also
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regulate the activity of ERM proteins. The data again support the validity of the prediction 

that JAKs contain a FERM domain and further suggest that at least two functions of this 

domain, namely membrane targetting through protein-protein interactions and regulation of 

activity by intramolecular interactions, may be conserved amongst different classes of 

FERM-containing proteins.
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Fig. 4.1A: A schematic representation of JAKl JH domains and putative FERM and p- 

grasp regions

Numbering refers to human JAKl. Coloured boxes below the JAKl strip diagram indicate 

JH and FERM domain constmcts tested in this study.

Fig. 4.1B; A schematic representation of the synthetic, biotinylated gpl30 boxl/box2 

peptide and ^mutant boxl/box2’ peptide

The boxl/box2 peptide contains the first 73 amino acids of the gpl30 cytoplasmic domain, 

encompassing the boxl and box2 motifs (dark bars). In the mutant boxl/box2 peptide, 

proline residues (highlighted) in boxl necessary for JAK recruitment to gpl30 have been 

mutated to alanine.
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Fig. 4.2: Specifîc interaction of JAKs from cell lysates with the biotinylated gpl30 

boxl/box2 peptide

‘Brij’ lysates were prepared from 2fTGH or U4AhJAKl, a 2fTGH-derived cell line 

overexpressing JAKl, and incubated with the biotinylated gpl30 boxl/box2 peptide in the 

presence or absence of a 5-fold excess of the non-biotinylated version of the boxl/box2 

peptide. The unrelated peptide is of similar length to the boxl/box2 peptide and contains no 

homology to known JAK-binding proteins and was added to extracts at a 20-fold higher 

concentration than the boxl/box2 peptide. All peptides are biotinylated unless otherwise 

stated. Peptide-associated proteins were resolved by SDS-PAGE and Western blotted. 

Immunoblots for JAKl, JAK2 and Tyk2 are shown.
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Fig. 4.3(A-D): A JAK l JH6-7 domain polypeptide can interact independently with the 

boxl/box2 region of gpl30

j^^S-labelled, in vitro translated fragments of JAKl were tested for their ability to interact with 

jthe biotinylated boxl/box2 peptide, biotinylated mutant boxl/box2 peptide, or an unrelated 

{biotinylated peptide of similar size. For each in vitro translated product, a negative control 

was run in which the polypeptide was incubated with beads (streptavidin-conjugated agarose) 

in the absence of any peptide. Peptide- or bead-associated proteins were resolved by SDS- 

PAGE and visuaUsed by autoradiography. 5 pi aliquots of the in vitro translated products 

were analysed in parallel; comparable amounts were obtained for each construct. Each 

construct was tested in at least three independent experiments with highly similar results. 

Figures 4.3A-D represent four independent experiments.

In Fig. 4.3A, in vitro translated JH3-7 polypeptide was incubated with biotinylated boxl/box2 

peptide (duplicate lanes), or with a 10-fold excess of biotinylated ‘control’ peptide containing 

no homology to known JAK-binding motifs (‘unrelated peptide’), or with a five-fold excess 

of the biotinylated mutant boxl/box2 peptide. In vitro translated JH5-7 polypeptide, in vitro 

translated FERM domain polypeptide and in vitro translated full length JAKl were also each 

incubated with the biotinylated boxl/box2 peptide. The slight positive signal obtained when 

JH3-7 is incubated with the mutant boxl/box2 peptides was not reproduced in other 

experiments.

For Fig. 4.3B, in vitro translated JH5-7 or full length JAKl polypeptides were incubated with 

the biotinylated boxl/box2 peptide or with a ten-fold excess of the unrelated peptide.

In Fig 4.3C, in vitro translated JH5-7 polypeptide was incubated with biotinylated boxl/box2 

peptide, or with a ten-fold excess o f biotinylated unrelated peptide, or with a 5-fold excess of 

biotinylated mutant boxl/box2 peptide. In vitro translated JH6-7 polypeptide was also 

incubated with biotinylated boxl/box2 peptide, or with a 5-fold excess o f biotinylated mutant 

boxl/box2 peptide.

In Fig. 4.3D, in vitro translated JH6-7, JH5-7, JH3-5, JH3-4 or full length JAKl polyeptides 

were incubated with the biotiuylated boxl/box2 peptide. For JAKl, the negative control, in 

which the in vitro translated product was incubated with beads only, is not shown.

142



Biotinylated peptide pull downs

JH3-7 JH 5-7 FERM JA K l

unrelated 
peptide: _
mutant
boxl/box2  
peptide: -  -  -  
boxl/box2
peptide:- +  +  -  - -  + -  +

5p l in vitro
translated
product

3-7 5-1

Biotinylated peptide pull downs

unrelated “ “ “  
peptide: - -
boxl/box2  
peptide: - +

5|Xl in vitro
U'anslated
product

1 1

97
66

97
66

46

30

46

30

Figure 4.3 A Figure 4.3 B

Biotinylated peptide pull downs

Biotinylated peptide pull downs

unrelated translated
peptide: - - - + - product z

O ' 5 5 >
mutant boxl/bo x2 --J
peptide: 4- -t- ?  ?
boxl/box2 boxl/box2
peptide: - + - peptide: + - + - + - + -

5 pi in vitro
uanslated
product

S Ï  I  scr, ÇA y) w

97
66

46

30

97
66

46

30

Figure 4.3 C Figure 4.3 D



CHAPTER 4: JAK-Receptor Interactions

Fig. 4.4: The JAK N-terminus is predicted to contain a P-grasp domain

A. Sequence alignment of ubiquitin and JAK N-termini.

The JAK sequences were aligned according to the results of the fold recognition approach 

used in (Haan^OOl). Secondary structure elements of human JAKl, predicted by the method 

of Rost and Sander (Rost 1994), are coloured in blue. For ubiquitin, the experimentally 

derived secondary structure elements are coloured in red. Overall conserved residues are 

marked by an asterisk and residues conserved between at least one of the JAK sequences and 

the ubiquitin sequence are marked ‘+’. Overall conserved hydrophobic residues are boxed. 

Amino acids exchanged in this study are shown in bold.

B. Ribbon diagram of the JAKl N-terminal P-grasp domain.

The region shown in yellow is deleted in the AY81-S84 mutant.

I am indebted to C. Haan and I. Behrmann for this figure.
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Fig. 4.5: Loop 4 mutants of JA K l are defective in IFNy as well as IL-6 responses

JAKl-deficient U4C cells were transiently transfected with pSVL-JAKl, pSVL-JAKl 

mutants, or with empty vector and stimulated for 15 min with 0.2|xg/ml IL-6/0.5|ig/ml sIL-6R 

or lOOOIU/ml IFNy. Whole cell extracts were analysed for STATl and STAT3 activation by 

EMSA using a high affinity SIE probe (upper panelg. Expression levels of JAKl and JAKl 

mutants were determined by anti-JAKl Western blot on protein matched aliquots of the same 

whole cell extracts used for the EMSA (lower panel^ upper band). The apparent positive 

signal observed for L80A/Y81A in response to IL-6 was not reproduced in three further 

independent experiments .WT: wild type JAKl.
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Fig. 4.6: Loop 4 mutants of JAKl retain autokinase activity

2fTGH cells were transiently transfected with pSVL-JAKl, pSVL-JAKl loop 4 mutants, or 

the kinase-dead pRK5-JAKl K>E and stimulated with lOOOIU/ml IFNy for 15 min. JAKl 

immunoprecipitates were resolved by SDS-PAGE and Western blotted with anti- 

phosphotyrosine and then anti-JAKl antibodies.
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Fig. 4.7: Mutation of loop 4 impairs the interaction of JAKl with the boxl/box2 region 

of gpl30

^^S-labelled, in vitro translated JAKl or JAKl mutants were tested for their ability to interact 

with the biotinylated boxl/box2 peptide (‘bl/b2 peptide’). Peptide-associated proteins were 

resolved by SDS-PAGE and visualised by autoradiography. Aliquots of the in vitro 

translated products were analysed in parallel; comparable amounts were obtained for each 

construct. In this assay, L80A produced variable results such that binding of this mutant to 

the biotinylated boxl/box2 peptide was observed in some, but not all, experiments. The 

reason for this is unclear, however the L80A mutant consistently coimmunoprecipitated with 

the IL-5Rp-gpl30 chimera and restored signalling to JAKl negative U4C cells.

The R104E mutant is a control mutation not expected to affect receptor association.

According to the (3-grasp model, R104E lies in the fifth P-strand, outside the predicted loop 4 

region.
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Fig. 4.8: Loop 4 mutants of JAKl that do not complement U4C cells do not associate 

with IL-5Rp/gpl30

Transiently transfected COS-7 cells expressing IL-5Rp/gpl30 and JAKl wild type (wt) or 

mutants as indicated were lysed and subjected to immunoprécipitation using a polyclonal 

JAKl antiserum. The immunoprecipitates and the lysates were analysed by SDS-PAGE and 

the resulting gels were electroblotted and probed with anti-IL5Rp and then anti-JAKl 

antibodies. WCE: whole cell extract

I am indebted to C. Haan and I. Behrmann for this figure.

The upper two rows o f each panel contain the JAKl (co)immunoprecipitates from the 

transefected cells. The ability of the wild type or mutant JAKl to interact with the chimeric 

IL-5Rp/gpl30 chimera is indicated by the presence of the IL-5RP epitope in the JAKl 

immunoprecipitates (WB: anti-IL-5Rp, top row of each panel). Successful

immunoprécipitation o f JAKl, even in the case of the mutants that do not 

coimmunoprecipitate the receptor chimera, is demonstrated by the anti-JAKl western blot 

(WB: anti-JAKl, second row from top of each panel).

The bottom two rows o f each panel represent protein matched aliquots of whole cell extracts 

from the transfected cells. The presence of comparable levels of the chimeric IL-5p-gpl30 

chimera and of wdd type or mutant JAKl are indicated by the western blots for IL-5RP 

(second from bottom row) and JAKl (bottom row), respectively.
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CHAPTER 5: Cross Talk to IFNGRl

CHAPTER 5: CROSS TALK TO IFNGRl. THE SIGNAL TRANSDUCING SUBUNIT

OF THE IFNy RECEPTOR

5.1 Introduction

The phenotypes of the knockout mice for the various JAKs and STATs illustrate the fact that 

individual components of the JAK-STAT pathway often participate in the transduction of 

signals from multiple different cytokines. The overlapping usage of JAKs and STATs invites 

the possibility that some cytokines may interact at the level of signalling and also raises 

interesting questions about how specificity can be achieved in the responses to these ligands. 

These issues become particularly pertinent when taking into consideration the fact that in 

vivo, cells likely encounter complex cocktails of cytokines and growth factors, to which they 

must respond appropriately. It is increasingly clear that signalling activities of cells need to 

be viewed as complex, interactive networks, rather then a series of linear pathways.

Cross talk both between different signalling pathways and between the responses to different

cytokines has now been widely reported. For JAK-STAT signalling, this commonly occurs at

the level of ST AT serine phosphorylation and other events impacting on transcriptional

activation. However, more upstream steps can also be targetted and there are now several

reports of cross talk to JAK-receptor complexes. Examples include TNFa signalling to the

TFNy receptor complex to enhance STATl activation (Han ̂ 999 ), cross talk between the

IFNo/p receptor complex and IFNGR2 and gpl30 for efficient signalling in response to IFNy
-ch kJ-

and IL-6, respectively (Takaoka.2000) (M itani ^ 0 0 1 ), and control of EPOR-mediated 

signalling by protein kinase C (PKC) (von Lindem^OOO).
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5.2 Summary

This study identifies the signal transducing subunit of the IFNy receptor, IFNGRl, as a novel 

target for cross phosphorylation and investigates the characteristics, mechanism and 

functional significance of this receptor cross talk.

IFNGRl is cross phosphorylated through endogenous and chimeric receptors 

Substantial cross phosphorylation of the IFNGRl subunit was observed in response to low 

level stimulation of the IL-6 and OSM receptors in several human cell lines and primary 

fibroblasts. It is also mediated to significant levels through EPOR/gpl30 and GCSFR/gpl30- 

based chimeric receptors and less substantially in response to modest concentrations of IFNa. 

The IFNGRl cross phosphorylation is very rapid, prolonged, JAKl-dependent and occurs in 

response to physiological concentrations of IL-6, OSM and IFNa. No reciprocal cross 

phosphorylation of the receptor chimeras or endogenous IL-6, OSM or IFNa receptors was 

detected.

Cross phosphorylated IFNGRl is capable of signalling

Transiently transfected IFNGRl can signal to STATl in response to stimulation of 

endogenous OSM receptors or the truncated chimeric receptor, EgAB. In addition, 

phosphorylated JAKl coimmunoprecipitates with cross phosphorylated IFNGRl.

Mechanism of IFNGRl cross phosphorylation

The mechanism of cross phosphorylation was investigated and no evidence for direct 

association or co-aggregation in lipid rafts of gpl30 and IFNGRl was obtained. JAKl was 

necessary for IFNGRl cross phosphorylation but additional known signalling pathways were 

not found to play a role. Phosphorylation of residue Y440 of IFNGRl partially accounts for 

the cross phosphorylation signal.

Effect of IFNGRl cross phosphorylation on IFNy and OSM responses

A priori, GSM-mediated phosphorylation of IFNGRl could affect the IFNy or OSM 

responses. With respect to the IFNy response, pretreatment or costimulation with high 

concentrations of OSM does not detectably influence IFNy-mediated STATl activation.
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transcription, or the antiviral response. However, OSM can upregulate IFNGRl cell surface 

expression and compensate for IFNy-induced downregulation of surface expressed IFNGRl. 

In terms of the OSM response, studies in IFNGRl-negative SKLC-7 adenocarcinoma cells 

and Uz fibroblasts and their complemented counterparts indicated no obvious effect of the 

presence or absence of IFNGRl on JAK-STAT activation or known alternative signalling 

pathways engaged by OSM. Microarray analyses are underway to determine whether the 

presence of IFNGRl impacts on the OSM transcriptional response. IFNGRl per se, and 

hence IFNGRl cross phosphorylation, is not required for an IFNy-like response through the 

receptor chimeras.

Additional observations

In the course of these investigations characterising the nature and function of IFNGRl cross

phosphorylation, various other points of interest emerged. Firstly, in contrast to previously

published studies, mutation of Y440 of IFNGRl to phenylalanine caused only a partial

impairment of STATl activation and transcription in response to IFNy, suggesting that Y440

is not essential for mediation of IFNy signalling and gene regulation. Secondly, the IL-6 and

OSM responses were found to be highly sensitive to tyrosine phosphatase inhibition,

implicating a positive role for a FTP in IL-6 family cytokine signalling. Thirdly, the EgAB

chimeric receptor, which lacks all STAT docking sites, was observed to be competent for

STAT activation and even mediation of transcription, emphasising the potential importance
rsce

of non-canonical modes of JAK-STAT signalling^
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5.3 Results

5.3.1 IFNGRl is cross phosphorylated in response to signalling through chimeric 

receptors

Establishment of stable cell lines expressing chimeric EPOR-gpl30 receptors 

293T human embryonic kidney cells or 2fTGH fibrosarcoma cells were stably transfected 

with chimeric constructs based on the EPOR and gpl30 (Fig. 5.1). All constructs contained 

the external domain of the EPOR fused to the transmembrane domain of gpl30. In the Eg 

chimera, these were combined with the full length intracellular domain of gpl30. In the 

EgAB receptor, they were accompanied by the membrane-proximal, JAK-binding region of 

gpl30. For the EgABY440 construct, EgAB was fused to the seven amino acid STATl 

recruitment motif from the IFNGRl subunit (Y440). Single cell clones were isolated and 

screened for the ability to activate JAKs and STATs in response to EPO.

STATl activation through EgAB

Despite the absence of STAT recruitment sites in EgAB, activated STATl was detected by 

EMSA using an SIE probe following EPO stimulation of 293T.EgAB cells (Fig. 5.2, upper 

panel). The results were confirmed by STATl immunoprécipitation and anti-pY Western 

blot. Although significant, the levels of STATl activated were substantially lower than those 

obtained by signalling through 293T.EgABY440 (Fig. 5.2). The kinetics of STATl 

activation through EgAB were prolonged, with STATl DNA-binding activity maintained 

until at least 6 h (Fig. 5.2). EMSA analysis using a ^-casein probe indicated that STAT5 was 

also activated through EgAB, with kinetics that paralleled those of STATl activation (Fig. 

5.2, lower panel). Low levels of STAT3 activation were also detectable by STAT3 IP and 

anti-pY Western blot. Initial experiments suggested that there was additionally a slight 

induction of gpl30 phosphorylation following stimulation of both EgAB and EgABY440 

receptors. However, this observation was not reproduced in subsequent experiments

ISG transcription through EgAB

IFNy-mediated gene induction is known to correlate with sustained STATl activation 

(Strobl, Arulampalam et al. 2001). In light of the prolonged, albeit low level, STATl
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activation following EPO treatment of 293T.EgAB cells, transcription of the IFNy-inducible 

genes, IRFl and 9-27, through EgAB and EgABY440 receptors was analysed by RNase 

protection. As expected, both genes were transcribed in response to EgABY440-mediated 

signals. Strikingly, induction of both mRNAs was also observed through EgAB, with the 

degree of transcription appearing surprisingly efficient for the level of STATl activated (Fig. 

5.3).

EgAB does not mediate an antiviral response

It was of interest to determine whether signalling through EgAB could also mediate an 

antiviral response, however, 293T cells proved to be defective in the establishment of an 

JENy-induced antiviral state (Is’harc, H. and Newman, S., unpublished data). Subsequent 

analyses in the 293T system in fact demonstrated a global impairment of IFNy-mediated 

transcription such that mRNAs of ISGs were only induced to low levels and with retarded 

kinetics when compared to, for example, the 2fTGH fibrosarcoma-derived cells (data not 

presented). However, no EPO-induced antiviral activity was evident in 2f.TGH.EgAB cells, 

although the level of IFNGRl cross phosphorylation in response to EPO was also 

significantly lower than in 293T.EgAB cells (see below).

Cross phosphorylation of IFNGRl through chimeric receptors

To address whether EgAB-induced transcription of IFNy-responsive genes could involve 

receptor cross recruitment, phosphorylation of the IFNGRl subunit in response to EPO was 

assayed by IFNGRl IP and anti-pY Western blot. Indeed, substantial cross phosphorylation 

of IFNGRl was observed following a 15 min EPO treatment of either 293T.EgAB or 

293T.EgABY440 cells (Figs. 5.4 and 5.8). By contrast, whilst robust phosphorylation of 

EgABY440 was observed following EPO treatment, there was no evidence for cross 

phosphorylation of the chimera in response to IFNy treatment, as assessed by IP using 

antibodies against the EgABY440 receptor C-terminal FLAG tag and anti-pY Western blot 

(Fig. 5.4). Cross phosphorylation of IFNGRl was not specific to EPOR-based chimeras 

since stimulation through a transiently expressed chimeric receptor analogous to EgAB, in 

which the EPOR extracellular moiety was replaced by the GCSFR extracellular domain 

(GCSFR-gp 130AB), also resulted in low level IFNGRl phosphorylation and STATl 

activation (Fig. 5.5).
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5.3.2 IFNGRl is cross phosphorylated through endogenous cytokine receptors

Cross phosphorylation of IFNGRl in response to IL-6, OSM and IFNa 

Stimulation of 293T cells through the endogenous OSM and IL-6 receptors also resulted in 

significant levels of IFNGRl cross phosphorylation (Fig. 5.6). In addition, IFNa induced 

cross phosphorylation of IFNGRl but more modestly than the IL-6 family cytokines (Fig. 

5.6). However, no clear IFNGRl phosphorylation was observed following EGF or PDGF 

stimulation of 293T cells (data not presented). To allay concerns that the phosphorylation 

was occurring post-lysis, various control experiments were undertaken. Addition of the 

tyrosine kinase inhibitor, staurosporine (STS), to the lysis buffer did not diminish the level of 

IFNGRl cross phosphorylation, despite slightly decreasing the intensity of the JAKl 

phosphotyrosine signal, whereas preincubation of cells with STS before and during cytokine 

treatment essentially abolished ligand inducible pY signals for both IFNGRl and JAKl. 

Cross phosphorylation was also detected with three different anti-IFNGRl antibodies 

(Genzyme, Pharmingen, Santa Cruz) and under multiple buffer conditions, even including the 

use of strong detergents such as SDS or DOC and high levels of DTT and EDTA to inhibit 

artefactual post-lysis complex formation and kinase activity.

Cross phosphorylation of IFNGRl in response to IL-6 family cytokines and IFNa treatment 

was also detected in HeLa cervical carcinoma cells (Fig. 5.7), HT1080 fibrosarcoma-based 

2fTGH cells (Fig. 5.8) and primary mouse and human fibroblasts (Fig. 5.19). In light of the 

impaired IFNy transcriptional and antiviral responses in 293T cells, the further functional 

analysis was predominantly carried out in 2fTGH cells and primary fibroblasts deficient in 

IFNGRl.

JAK dependence of IFNGRl cross phosphorylation

JAKl plays a central role in signalling in response to IL-6 family cytokines and IFNa, as 

well as being the kinase responsible for phosphorylation of IFNGRl in response to IFNy 

(Briscoe, Rogers et al. 1996). The JAK-dependence of IFNGRl cross phosphorylation 

was therefore investigated using cell lines deficient in JAKl and JAK2. U4A cells are 

derived from HT1080-based 2fTGH cells and do not express functional JAKl. Unlike the
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parental 2fTGH cells, cross phosphorylation of IFNGRl was not visible in JAKl negative 

U4A cells (Strobl, B., unpublished data). y2A cells lack JAK2 and are derived from 2C4 

cells, which are closely related to 2fTGH cells. Despite being similarly based on HT 1080 

cells, no cross phosphorylation of IFNGRl was detected in 2C4 cells or derivatives. The 

reason for this is not known but could involve lower expression of IFNGRl, less marked 

cross phosphorylation impeding detection of the phenomenon, or indeed the absence of cross 

phosphorylation in these cells. Thus, cross phosphorylation of IFNGRl can be concluded to 

be dependent on JAKl, but the role of JAK2 remains to be determined.

IFNGRl cross phosphorylation kinetics ç, . Q

The cross phosphorylation of IFNGRl is rapi^ being detected within 30 s of addition of 

ligand to the cells ( data not presented). In general, the kinetics of IFNGRl

phosphorylation parallel the kinetics of JAK-STAT signalling in response to the ligand in 

question. Thus, in the 293T system, phosphorylation of IFNGRl after IFNy is sustained until 

at least 6h. IFNa-induced IFNGRl phosphorylation is also sustained to 6h. Meanwhile, IL-6 

or OSM-induced IFNGRl phosphorylation decreases substantially within 1 hour and is weak, 

although still visible, by 6 hours (Fig. 5.6).

Dose responses for IFNGRl cross phosphorylation

Importantly, IFNGRl cross phosphorylation was induced by low level stimulation of the 

OSM receptor. In 293T cells, at 15.6 ng/ml OSM, significant levels of IFNGRl 

phosphorylation were still observed (lower concentrations were not tested) (Fig. 5.8A). In 

2fTGH cells, IFNGRl cross phosphorylation persisted down to between 1 and 10 ng/ml OSM 

(Fig. 5.8B). The ED50 of OSM is in the order of 0.5 ng/ml, indicating that physiologically 

relevant doses of OSM can lead to cross phosphorylation. Interestingly, in 293T cells, the 

phosphorylation of IFNGRl at 15.6 ng/ml OSM was still higher than with 10,000 lU/ml 

IFNa, indicating a degree of specificity in the cross talk (Fig 5.8A). Titrating down IFNa in 

293T cells from 10,000 lU/ml to 312.5 lU/ml gave decreasing levels of IFNGRl pY signal 

(paralleling decreasing JAKl activation) but IFNGRl phosphorylation was still visible at 

312.5 lU/ml (Fig. 5.8 A). In 293T cells, JAKl phosphorylation after treatment with 

saturating OSM was equivalent to stimulation with approximately 300-600 lU/ml IFNa (Fig. 

5.8A). Hence there is not an absolute correlation between JAKl activation levels and the
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degree of cross phosphorylation. In agreement with this, transient overexpression of low 

amounts of JAK2 generated extremely high levels of JAKl and JAK2 activation without 

correspondingly high IFNGRl phosphorylation (Fig. 5.9). This implies that IFNGRl 

phosphorylation is not purely a consequence of the presence of large quantities of activated 

JAK in the cell or lysate. Collectively, these data suggest that the extent of IFNGRl cross 

phosphorylation does not directly correlate with the level of JAKl phosphorylation.

Coimmunoprecipitation assays

Coimmunoprecipitation experiments were carried out using anti-JAKl, anti-gpl30 and anti- 

IFNGRl antibodies. As expected, JAKl was constitutively associated with both IFNGRl 

and gpl30. In addition, low levels of phosphorylated JAKl were coimmunoprecipitated with 

IFNGRl following IL-6 and OSM treatment of cells. However no association between 

IFNGRl and gpl30 was observed by coimmunoprecipitation (Fig. 5.10). Interestingly, no 

cross phosphorylation of gpl30 in response to even high doses of IFNy or IFNa has been 

detected (eg. Figs. 5.7 and 5.11). Similarly, there is no obvious cross phosphorylation of 

LIFR or OSMR by EFN. Obviously, it cannot be excluded that such events do occur but that 

the sensitivity of the assay is insufficient for their detection.

Effects of pharmacological inhibitors of signalling

Coimmunoprecipitation did not provide any evidence for a direct physical association 

between IFNGRl and gpl30. Nevertheless, it was of interest to investigate any dependence 

of cross phosphorylation on a possible interaction of the IFNy and 11-6 family receptor 

complexes through recruitment to lipid rafts, as well as any requirement for known additional 

signalling pathways activated in response to OSM or IL-6 for cross phosphorylation of 

IFNGRl. The influence of various pharmacological inhibitors of signalling pathways on 

cross phosphorylation of IFNGRl was therefore investigated. The p38 MAPK inhibitor, 

SB202190, and the PI3K inhibitor, LY294002, did not alter the degree of IFNGRl cross 

phosphorylation (Fig. 5.12). Preliminary experiments with the lipid raft disrupting agent, 

Filipin, also suggested no significant effect of this agent specifically on cross phosphorylation 

of IFNGRl (Fig. 5.12). Unexpectedly, treatment with phenylarsine oxide (PAO), an 

irreversible inhibitor of PTPs, markedly inhibited JAKl and IFNGRl phosphorylation and 

STATl/3 DNA binding activity after OSM stimulation (Fig. 5.12). Intriguingly, PAO was a
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much less potent inhibitor of the IFNy response. The inhibitory effect was observed at low 

concentrations of PAO (2|iM) which, unlike higher concentrations (10-20|iM), do not lead to 

a global elevation in the phosphoprotein complement of the cell, as reflected by anti-pY 

Western blotting of whole cell extracts (Garcia-M orales^990). 2pM PAG also exerted a 

dramatic inhibitory effect on the IL-6 response, whilst the influence on IFNa signalling was 

comparable to the much more modest inhibition observed for IFNy. The basis of this striking 

differential remains to be established.

5.3.3 Cross phosphorylation of IFNGRl is not essential for the responses through 

transfected EgABY440 or endogenous OSM and IFNa receptors

The EgABY440 receptor was demonstrated to efficiently mediate both IFNGRl cross 

phosphorylation (Fig. 5.8) and a full IFNy-like response (Strobl, Arulampalam et al. 

2001). In order to investigate a potential role for IFNGRl cross phosphorylation in the 

EgABY440 response, the chimeric receptor was stably expressed in the IFNGRl-negative 

SKLC-7 human lung adenocarcinoma cell line (SKLC-7/Neo) and their complemented 

counterparts (SKLC-7/huIFNGRl) (Kaplan ̂ 9 9 8 ) .  The EPO response in the IFNGRl- 

negative SKLC-7.EgABY440 cells was closely comparable to the IFNy response in the 

complemented SKLC-7/huIFNGRl cells as judged by JAK/STAT activation. Class II HLA 

induction and antiviral protection against EMC virus (Fig. 5.13). Thus, the IFNy-like 

response mediated through EgABY440 does not depend on IFNGRl. In addition, the 

efficiency of IFNa-mediated protection against EMC virus is essentially identical in the 

IFNGRl-deficient SKLC-7 cells and the complemented SKLC-7/huIFNGRl cells (Strobl, B., 

unpublished data).

Furthermore, it appears that the phosphorylation of IFNGRl is also not essential for 

mediating an OSM response. OSM-induced STAT activation in IFNGRl-negative SKLC- 

7/Neo cells, IFNGRl-deficient primary human fibroblasts or MEFs from IFNGRl knockout 

mice is intact (Fig. 5.18 and data not presented) and the phenotypes of both mice and humans 

with deletions or mutations of IFNGRl are consistent with selective impairment of IFNy

signalling (Huang. 1993) (C a sa n o ^ l^9 9 ).  This u\ xiiia is discussed further in section 5.3.7.
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5.3.4 The influence of OSM on the IFNy response

It is possible that the observed cross phosphorylation of IFNGRl mediates a modulation of 

the IFNy response by OSM. Thus, in order to identify any more subtle interactions between 

the IFNy and OSM signalling pathways, various cytokine mixing and priming experiments 

were carried out. For the ‘mixing’ experiments, the two cytokines were added simultaneously 

to the culture medium of the cells. In the ‘priming’ experiments, cells were incubated with 

either OSM or culture medium alone for the control. The OSM or control solution was then 

removed and the cells were washed extensively prior to the addition of IFNy.

OSM does not detectably modulate STATl activation by IFNy

Costimulation of 293T cells with saturating concentrations of OSM and IFNy over a range of 

time points gave a STAT 1/3 activation profile that was an exact synthesis of the individual 

responses obtained to the two cytokines administered separately (Fig. 5.14A). Similarly, 

extensive kinetic analysis of the STATl DNA-binding activity induced by low levels of 

IFNy, with or without saturating OSM pretreatment for either 15 min or 13 h, indicated that 

the response obtained with priming was purely an additive product of the IFNy and OSM 

treatments (Fig. 5.14B). Analogous results were obtained when equivalent priming 

experiments were carried out with EPO and IFNy in the 293T.EgAB cells (data not 

presented).

OSM does not detectably modulate IFNy-mediated transcriptional or antiviral responses 

In case cross phosphorylation of IFNGRl mediates an interaction between the IFNy and 

OSM responses at a level other than STAT activation, mixing and priming experiments using 

functional readouts were carried out. RNA from 2fTGH cells treated with 2000 lU/ml of 

IFNy for 6 h, with or without a 5 min pretreatment with 50ng/ml OSM, was subjected to 

expression profiling using low density cDNA arra^s^epresenting a selection of 

approximately 100 known IFNy-inducible genes (A b e rg e r^ O O l) (S trob l, A ru la m p a la m  e t  

a l. 2 0 0 1 )  (Schlaak, J. F. et al., manuscript in preparation). The short treatment with OSM 

did not by itself result in induction of ISGs and the profile of genes induced more than two

fold in this system was identical for the primed and unprimed IFNy-treated samples (Fig. 

5.15). Similar although less extensive data were obtained in the 293T cells, where the
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impairment of IFNy-mediated transcription referred to earlier limited the analysis. Consistent 

with the above data, antiviral assays measuring the effect of short or long OSM priming or 

costimulation on IFNy-induced 2fTGH cell survival after infection with EMC virus at high or 

low pfu, over a range of IFNy concentrations and time points, failed to detect a functional 

interaction between the two cytokines (data not presented),

OSM modulates cell surface expression of IFNGRl

Even though no influence of OSM treatment on IFNy function was identified, it was still 

possible that cross phosphorylation was subtly modulating IFNGRl expression levels, 

therefore the influence of OSM on IFNGRl surface expression was analysed by FACS. 

2fTGH cells were treated with OSM and IFNy, either separately or in combination, over a 

range of time points and samples were stained using anti-IFNGRl primary and FITC-anti 

mouse IgG secondary antibodies. OSM alone slightly upregulated IFNGRl surface 

expression; the increased levels were detected within 30 min of stimulation and continued to 

rise beyond 18 h (Fig. 5.16 and Table 5.1). IFNy alone significantly downregulated the cell 

surface expression of IFNGRl and again the modulation was observed by 30 min post 

stimulation and was sustained beyond 18 h (Fig. 5.16 and Table 5.1). Cells which were 

costimulated with IFNy and OSM displayed the initial decrease in IFNGRl expression 

characteristic of IFNy exposure over the first 6 h, but by 18 h post treatment IFNGRl 

expression was essentially restored to initial levels (Fig. 5.16 and Table 5.1). It can be 

concluded that OSM does indeed modulate IFNGRl expression and that at late time points, 

this effect is dominant over the IFNy-induced downregulation of IFNGRl expression.

The mechanism by which OSM and IFNy modulate cell surface expression of IFNGRl has 

not yet been established. Cytokine treatment could exert an influence by, for example: 

altering the rates of IFNGRl internalisation; influencing receptor folding, processing or 

trafficking to the surface; stimulating or suppressing the transcription or translation of 

IFNGRl; stabilising the IFNGRl mRNA, protein or expression at the cell surface. IFNy 

binding to its receptor likely leads to internalisation of the receptor complex, accounting for 

at least part of the observed decrease in surface-expressed IFNGRl. Low density expression 

profiling of 2fTGH cells has not yielded any evidence for effects of either IFNy or OSM on 

transcription of IFNGRl, however this awaits confirmation by other methods.
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Table 5.1: Modulation of IFNGRl cell surface expression by IFNy and OSM. 2fTGH 

cells were treated with OSM (50ng/ml) or TFNy (lOOOIU/ml), either alone or in combination, 

for 30 min or 18 h. IFNGRl cell surface expression was determined by FACS analysis. The 

values indicated represent the ratio of the mean IFNGRl expression levels of the cytokine 

treated cells:mean IFNGRl expression levels of the ustimulated cells, where ‘mean’ refers to 

the geographic mean of the peaks on the histograms depicted in Fig. 5.16.

Treatment IFNGRl expression

30 min 18 h

unstimulated 1.0 1.0

IFNy 0.88 0.68

OSM 1.19 1.36

IFNy+OSM 0.89 1.03

5.3.5 Cross phosphorylated IFNGRl is capable of signalling

It was of interest to establish whether a cross phosphorylated IFNGRl can engage in 

signalling. In order to amplify any signals emitted from the cross phosphorylated receptor, 

IFNGRl was transiently overexpressed in 2fTGH.EgAB cells. JAKl and IFNGRl 

phosphorylation and STAT 1/3 activation following 15 min stimulations with saturating 

concentrations of IFNy, EPO or OSM were assayed. Enhanced phosphorylation of IFNGRl 

in the overexpressing cells was observed in response to all ligands (effects of IFNGRl 

overexpression on ligand-induced JAKl phosphorylation were marginal) (Fig. 5.17). 

Interestingly, transfection of IFNGRl lead to a selective augmentation of STATl but not 

STAT3 activation following either EPO or OSM treatment of cells (Fig. 5.17). The effect 

was modest, but highly reproducible. No significant increase in STATl activation by IFNy 

was observed in the IFNGRl-transfected cells (Fig. 5.17), presumably indicating that the 

IFNGR2 subunit availability is limiting for this response. Consistent with this, cotransfection 

of IFNGR2 and IFNGRl increased the level of activated STATl after IFNy treatment. 

However, transient coexpression of IFNGR2 did not further elevate the enhanced STATl
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activation observed in response to OSM or EPO when IFNGRl was overexpressed. Overall, 

the data are at least consistent with the possibility that IFNGRl can signal in response to 

stimulation through the OSM or chimeric receptors, although clearly they do not prove that 

such signalling occurs under normal circumstances.

5.3.6 Complementation of naturally IFNGRl-deficient human fibroblasts

Accepting that any effects of IFNGRl cross phosphorylation on the OSM response are likely 

to be subtle, it was highly desirable to obtain a matched pair of IFNGRl negative and positive 

cells. Due to species differences in cytokine signalling, it was preferable that the cells in 

question were of human origin. The SKLC-7 cells utilised for the chimeric receptor studies 

were not appropriate for this kind of analysis since the parental and complemented cells 

represented highly divergent pools, displaying significantly different morphologies. 

Furthermore, transfection efficiencies were extremely low for these cells and the semi

adherent growth properties and high phosphotyrosine background levels made them poorly 

suited for this application. Instead, use was made of primary human fibroblasts obtained 

from a skin biopsy of a patient naturally deficient in IFNGRl (‘Uz’ cells).

The recalcitrance of primary fibroblasts to conventional transfection methods was 

circumvented by employment of highly efficient retroviral infections to generate stable 

populations of complemented cells. Accordingly, a stable population of ecotropic receptor- 

expressing fibroblasts was obtained and designated 'Uz-ER' (see ‘Materials and Methods’). 

Ecotropic receptor-expressing cells can be readily infected with murine retrovirus containing 

any construct of interest (cloned into the retrovirus-based ‘pBabe’ vector), enabling rapid and 

high efficiency generation of stable populations with satisfactory expression levels. Thus, 

pBabe(PURO) and pBabe containing either the wild type huIFNGRl 

(pBabe(PURO)/huIFNGRl), or a mutant of huIFNGRl in which Y440 has been mutated to 

phenylalanine (pBabe(PURO)/huIFNGRl/Y440F), were packaged into murine retrovirus in 

the BOSC packaging cell line (Pear^993) and the resulting vims stock was used to infect the 

Uz-ER cells. Stable populations of puromycin-resistant cells were obtained within two 

weeks. The huIFNGRl/Y440F mutant has been described as non-functional in mediation of 

IFNy signals due to the abrogation of STATl recmitment and activation (Greenland J^994)
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and is subsequently referred to as the F440 mutant. It was decided to stably express the F440 

mutant in the Uz-ER cells on the premise that it could yield further insights into the site and 

mechanism of cross phosphorylation. Duplicate infections were carried out in parallel for the 

wild type huIFNGRl, yielding two independent stably complemented pools (Uz-ER/TFNGRl 

A and Uz-ER/IFNGRl B).

Characterisation of Uz-ER/pBabe, Uz-ER/IFNGRl and Uz-ER/F440

IP and Western blot analysis of the drug-resistant pools suggested that similar levels of 

IFNGRl and F440 mutant were expressed in the respective drug-resistant populations (Fig.

5.19) and these expression levels were comparable to, although higher than, the IFNGRl 

expression observed in ‘control’ human primary fibroblasts. Furthermore, EMSA assays 

indicated that the amount of STATl activated by saturating concentrations of IFNy (1000 

lU/ml) in the complemented cells was approximately equivalent to that activated by 

saturating concentrations of OSM (50 ng/ml), suggesting that IFNGRl expression levels were 

in a biologically relevant range (Fig. 5.18). IP and anti-pY Western analysis also indicated 

similar amounts of JAKl activation after IFNy stimulation (1000 lU/ml) of the Uz- 

ER/IFNGRl and UZ-ER/F440 pools, which were comparable to the JAKl pY signals 

obtained following IFNa treatment (1000 lU/ml) and lower than the JAKl pY level induced 

by saturating OSM (Fig. 5.19 and data not presented). The levels of IFNGRl expression in 

Uz-ER/IFNGRl pools A and B were very similar and indeed no differences were observed 

between the behaviour of the two IFNGRl complemented Uz pools in any of the 

experiments.

Only partial dependence of IFNGRl phosphorylation and cross phosphorylation on Y440 

JAKl/IFNGRl IP and anti-pY Western blotting revealed detectable levels of cross 

phosphorylation of IFNGRl in response to OSM and IL-6 in the complemented pools (Fig.

5.19). Only marginal IFNGRl cross phosphorylation was visible following IFNa stimulation 

of these cells. Interestingly, (cross) phosphorylation of the F440 mutant was also observed 

after IFNy, OSM and IL-6 stimulation, although to a slightly lesser degree than with the wild 

type receptor (Fig. 5.19). This suggests that the Y440 residue contributes to, but does not 

alone account for, both the IFNy-mediated phosphorylation and the OSM/IL-6-induced cross 

phosphorylation signal.
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No dependence of IFNa or OSM signalling on IFNGRl

The IFNa and OSM responses in the various drug-resistant pools of Uz derivatives were 

characterised further in order to identify any influence of the IFNGRl subunit. Kinetic 

analyses of STAT activation over a range of time points from 15 min to 23 h indicated highly 

similar responses to saturating concentrations of IFNa and OSM in the Uz-ER/pBabe, Uz- 

ER/IFNGRl and Uz-ER/F440 pools (Fig. 5.19). For IFNa, STATs 1 and 3 were activated 

strongly until 1 h after stimulation and then declined such that by 6 h no STAT DNA binding 

activity was detected (Fig. 5.19). For OSM, STATs 1 and 3 were also strongly activated but 

although a marked decrease was observed between 1 h and 6 h post treatment, a constant, 

residual DNA binding activity persisted until 23 h (Fig. 5.19).

Parallel Western analysis of whole cell lysates indicated identical inductions of STATl S727 

phosphorylation in response to IFNa and OSM in the Uz-ER/pBabe, Uz-ER/IFNGRl and 

UZ-ER/F440 cells (Fig. 5.20). For both ligands, the phosphorylation was transient, peaking at 

1 h and undetectable by 6 h, although the OSM response seemed slightly more rapid that the 

IFNa response. The IFNa treatment led to induction of STATl protein at late time points in 

all of the Uz derivatives (Fig. 5.20). Ligand-dependent STAT3 S727 was not detected in any 

of the cells using a phosphospecific antibody.

Various ‘alternative’ pathways can be engaged by cytokine receptors in addition to classical 

JAK-STAT signalling. In these cells, robust serine phosphorylation of Akt (S473) could be 

detected in response to OSM treatment using a phosphospecific antibody. No differences 

were visible between the different Uz pools with the phosphorylation in all cases sustained 

for the first 15 min post stimulation and then declining by 1 h and absent by 4 h (Fig. 5.21). 

Similarly, a phosphospecific antibody against phosphorylated forms of MEKl/2 (S217/S221) 

detected transient induction of MEKl/2 phosphorylation following OSM treatment in all the 

Uz derivatives which peaked sharply at 15 min and was almost lost by 1 h (Fig. 5.22). 

Hence, no influence of IFNGRl on the JAK-STAT or alternative pathways stimulated by 

OSM or IFNa could be detected in the Uz fibroblast derivatives.
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The transcriptional responses of the Uz derivatives to IFNa were then compared by RNase 

protection. Identical inductions of mRNA for 6-16, IRFl and GBP were obtained in all the 

Uz-derived pools at 6 h and 18 h time points (Fig. 5.23), indicating that at least for these 

genes, the presence of IFNGRl does not impact on IFNa-mediated transcription. These 

results were confirmed and extended to a wider selection of ISGs by low density expression 

profiling (data not presented). Consistent with analyses in other cell lines, no OSM-induced 

transcriptional events were detected with the low density cDNA filters representing a 

selection of IFN-stimulable genes. The possibility remains, therefore, that cross 

phosphorylation of IFNGRl ultimately influences the gene expression profile obtained in 

response to OSM treatment. Comparative cDNA microarray analyses of the OSM responses 

in the Uz-ER/pBabe and Uz-ER/IFNGRl cells are in progress to address this issue.

5.3.7 F440 is capable of transducing signals in response to IFNy

Y440 is not essential for IFNy-mediated STATl activation

The Uz-ER/F440 cells showed substantial tyrosine phosphorylation of the F440 receptor in 

response to IFNy (Fig. 5.19). In addition, more unexpectedly, low levels of STATl 

homodimers and STAT 1/3 heterodimers were detected by EMSA following stimulation of 

the IFNGRl F440 mutant receptor. The kinetics of STAT activation through the F440 

receptor were distinct from the kinetics of the response through wild type IFNGRl, with the 

levels of STAT activated by the F440 remaining almost constant to 23 h post stimulation 

(Fig. 5.18). Thus, at early time points (15 min, 1 h), levels of STAT activation through the 

wild type receptor were greater than 10 fold higher than through F440, whilst at later time 

points (6 h, 23 h), this differential was reduced to 2-3 fold. Interestingly, the low level 

STAT3 activation was only observed following stimulation of the mutant F440 receptor (Fig. 

5.18).

Y440 is not essential for transcription o f ISGs

In view of the sustained kinetics of STATl activation mediated by the F440 receptor, the 

capacity of the F440 receptor to signal to transcription was assessed by RNase protection 

(Fig. 5.23) and low density expression profiling (data not presented). Indeed, signalling 

through the F440 receptor resulted in induction of a subset of IFNy-stimulable genes.
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including CUT A (Fig. 5.23). In general, activation of the F440 receptor mediated 

transcription of the genes that were most highly induced through the wild type receptor -  

there was no obvious qualitative difference in the responses through the two receptors and no 

gene was highly induced exclusively by activation of either the wild type or the mutant 

receptor. In general, the transcriptional response obtained through the F440 receptor was 2-4 

fold lower than through the wild type IFNGRl. Western blot analysis of whole cell extracts 

also indicated that in the Uz-ER/F440 cells, as for the Uz-ER/IFNGRl fibroblasts, IFNy 

stimulation resulted in elevated levels of STATl protein by 23 h (Fig. 5.20). Although at 

earlier time points following stimulation of the F440 receptor inducible 8727 phosphorylation 

was not readily detected, the increased STATl levels seen at 23 h correlated with an 

elevation in the phospho-S727 signal for signalling through both wild type and mutant 

receptors, suggesting the F440 receptor is also capable of mediating signals leading to S727 

phosphorylation (Fig. 5.20).

In summary, in conflict with the published data, a mutant human IFNGRl, in which the 

STATl recruitment module is disrupted by substitution of Y440 with phenylalanine, is able 

to mediate at least a partial fFNy-like transcriptional response including the induction of the 

IFNy-‘specific’ CUT A mRNA. Although the kinetics of STAT activation induced by 

stimulation of F440 differ from that of the wild type receptor and STAT3 is activated through 

F440 but not the wild type IFNGRl, the transcriptional responses elicited via the two 

receptors appear qualitatively similar. Despite the fact that at early time points after IFNy 

stimulation, there is a substantially lower (>10 fold) STAT activation in the Uz-ER/F440 

cells when compared to the Uz-ER/IFNGRl pools, there is only a 2-4 fold differential 

observed in the transcription levels, which correlates with the relative amounts of activated 

STAT detected at later time points.
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5.4 Discussion

The key observations of this study were outlined in the summary for this chapter (section 5.2) 

and various aspects of these findings are discussed below,

5.4.1 Site of cross phosphorylation

IFNGRl contains five phosphorylatable tyrosine residues in its intracellular domain, although 

only Y440 is reported to be essential for function (GreenlundJ.994). Experiments in which 

a mutant IFNGRl subunit, containing a phenylalanine in place of Y440, has been used to 

reconstitute fibroblasts from a patient with IFNGRl deficiency, indicate that Y440 is one of 

the sites on IFNGRl that is subject to cross phosphorylation, but that additional tyrosine 

residues must also contribute to the cross phosphorylation signal.

5.4.2 Mechanism of cross phosphorylation

The mechanism by which cross phosphorylation occurs has been investigated. In theory, the 

IFNGRl subunit could be specifically recruited to the OSM/IL-6 receptor signalling complex 

through a direct interaction between the two receptors, or through an intermediary molecule 

bridging the receptor subunits. Coimmunoprecipitation studies failed to detect an interaction 

between gpl30 and IFNGRl. Nevertheless, this does not eliminate the possibility that these 

receptor subunits can interact, particularly in the context of the membrane. Immunolabelling 

studies should demonstrate whether the two receptors colocalise within the membranes of 

intact cells. More generalised receptor clustering whereby co-aggregation of receptors results 

in trans-activation of unliganded receptors could also account for cross phosphorylation. 

Membrane organisation, for example through such clustering of signalling components in 

lipid rafts, might therefore be important to enable cross phosphorylation. Preliminary 

experiments with the lipid raft disrupting agent, Filipin, did not indicate a role for lipid rafts 

in cross phosphorylation. However further investigations into a potential requirement for 

lipid rafts need to be undertaken.
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As expected, JAKl is required for cross phosphorylation of IFNGRl and to some extent 

increased levels of activated JAKl correlate with elevated cross phosphorylation. Despite 

this, cross phosphorylation is specific in that the mechanism by which the activated JAKl is 

generated influences the degree of cross phosphorylation. For example, a higher cross 

phosphorylation signal is obtained when JAKl is activated by OSM as opposed to IFNa. 

Furthermore, the considerable levels of constitutively activated JAKl that occur when JAK2 

is overexpressed do not result in correspondingly high IFNGRl phosphorylation. It has not 

been explicitly demonstrated that JAKl is the kinase responsible for cross phosphorylation, 

although no other kinase has been reported to phosphorylate IFNGRl. Analysis of the 

possible involvement of IFNGR2 and JAK2 in cross phosphorylation of IFNGRl was 

hindered by the fact that cross phosphorylation could not be detected in 2C4-derived cells, 

including the IFNGR2 deficient, yl A, and JAK2 deficient, y2A, cells.

Coimmunoprecipitation experiments suggested that phosphorylated JAKl is indeed 

associated with cross phosphorylated IFNGRl. The activated JAKl that 

coimmunoprecipitates with cross phosphorylated IFNGRl could have been generated in 

various ways. If the OSM receptor and IFNGRl exist in close proximity, activation of 

IFNGRl-associated JAKl could occur through JAK-JAK interactions with activated gpl30- 

associated JAK. Alternatively, a soluble mediator could be required to transmit the signal 

between the two receptor complexes. The p38 subfamily of stress activated kinases can 

mediate inhibitory cross talk between IL-6 and EL-10 signalling and inflammatory and stress 

pathways (Ahmed and Ivashkiv 2000), whilst PKCa and PI3K are reported to control 

EPOR phosphorylation and downstream signalling (von Lindem ^ 0 0 0 ). Data obtained 

from experiments with pharmacological inhibitors of p38 and PI3K discount a role for these 

signalling intermediates in mediating cross phosphorylation of IFNGRl. Nonetheless, other 

signalling molecules could participate in the generation of cross phosphorylated IFNGRl.

The mechanism of cross phosphorylation could also involve GSM-mediated inactivation of a 

FTP that normally keeps IFNGRl in a dephosphorylated state. However, treatment of cells 

with the highly effective FTP inhibitor, PAG, caused a profound, pan inhibition of the GSM 

and IL-6 responses, implicating a positive role for PTPs in IL-6 family signalling. Positive 

roles for PTPs in EFN signalling have been suggested (Igarashi 1993), but in this instance
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the inhibitory effect of PAO was far more potent for IL-6 family cytokines than for the IFNs. 

This intriguing differential inhibition warrants further investigation. Due to the global 

inhibition of the IL-6 and OSM responses by PAO, it was not possible to investigate a 

specific involvement of PTPs in mediating cross phosphorylation of IFNGRl in response to 

these cytokines.

5.4.3 Role of cross phosphorylation in OSM response

Cross phosphorylation of IFNGRl is clearly not essential for the OSM response as evidenced 

by the phenotypes of human patients with IFNGRl deficiency and mouse IFNGRl 

knockouts. However, cross phosphorylation could still contribute to the OSM response, 

perhaps by boosting the amount of STATl activated or by providing another signal which 

contributes to the biological effects of OSM. In fact, the level of IFNGRl phosphorylation 

typically achieved in response to saturating OSM was estimated to be equivalent to the 

IFNGRl phosphorylation induced by greater than 10 lU/ml IFNy and would therefore be 

expected to result in detectable STATl activation.

Indeed, overexpression of IFNGRl selectively enhanced STATl activation in response to 

OSM, suggesting that cross phosphorylated IFNGRl is capable of transducing signals and 

can contribute to the OSM response, at least when IFNGRl is overexpressed. Nevertheless, 

thorough comparative analysis of known participants in the OSM responses in human 

fibroblasts lacking IFNGRl and their complemented counterparts failed to identify a role for 

IFNGRl in the endogenous OSM response. On the basis of the IFNGRl overexpression 

data, it would not have been unreasonable to expect an augmentation of the STATl activated 

by OSM in the complemented Uz cells when compared to the parental, IFNGRl-deficient, 

cells. It is possible that a slight enhancement of STATl in the IFNGRl-expressing cells does 

occur but is too low to detect. Alternatively, there may be a threshold level of cross 

phosphorylation required before STATl is recruited to the cross phosphorylated receptor, 

which is not attained in the complemented Uz cells. There could also be cell type specific 

differences in the effect of cross phosphorylation, as well as the extent. Taniguchi et al. 

recently reported that low level phosphorylation of the cytoplasmic tyrosine residues of 

IFNARl is required for efficient STAT activation in response to IFNy and IL-6 (Takaoka ^
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2000) (M itani^O O l), There is evidently no such dependence of IL-6-mediated STAT 

activation on cross phosphorylation of IFNGRl.

The possibility also remains that cross phosphorylation of IFNGRl affects a participant in 

OSM signalling that has not yet been assayed (eg. Gab family proteins or SHP2) or a 

currently unknown signalling intermediate. Were suitable tehniques available (see Chapter 

3), phosphotyrosine profiling of the OSM responses in the complemented and parental Uz 

cells could reveal whether this is indeed the case. Providing any such cross phosphorylation- 

mediated signal is functionally significant, it should be possible to detect a differential 

between the biological responses of the complemented and parental Uz pools to OSM. 

Unfortunately, there is a dearth of practicable functional readouts for OSM responses in the 

cell systems utilised in these studies. Microarray analysis of the OSM transcriptional 

responses in the Uz cells and complemented counterparts is underway and may indicate 

whether IFNGRl can indeed influence the OSM response. However, aspects of the response 

to OSM could be independent of transcription as certain biological responses, such as 

apoptosis, can occur without a requirement for gene transcription.

5.4.4 Role of cross phosphorylation in responses through chimeric receptors

The chimeric Eg series of receptors was also demonstrated to mediate cross phosphorylation 

of IFNGRl. In the case of the 293T.EgAB cells, stimulation through EgAB resulted in 

STATl activation and transcription of IFNy-inducible genes. Although the coincident 

occurrence of IFNGRl phosphorylation and induction of characteristics of an IFNy-like 

response through a receptor lacking all STAT recruitment motifs is striking, a causative 

correlation cannot be directly inferred. STAT3 and STAT5 and possibly gpl30 are also 

phosphorylated to low levels through EgAB. Despite the fact that the kinetics of STAT 

activation follow an IFNy-like, rather than for example a gpl30-mediated, response as far as 

they have been characterised, the mechanism by which the transcription of ISGs is mediated 

cannot be determined on the basis of the available data. STAT activation could also occur
ihM.

through direct interaction with the JAKs, as has been reported for STATS (Fujitani^997). 

Indeed, in the case of the EgABY440 receptor, a full biological response is mediated through 

the chimera in cells lacking IFNGRl, discounting any absolute requirement for cross
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phosphorylation in such systems. Nonetheless, these studies emphasise the necessity for 

caution in interpretation of data from receptor overexpression systems.

5.4.5 Effect of cross phosphorylation on the IFNy response

OSM-mediated cross phosphorylation of IFNGRl could be envisaged to affect an IFNy 

response via a number of different mechanisms. For example, sequestration of IFNGRl by 

the gpl30 receptor complex could decrease the availability of IFNGRl for binding and 

activation of signalling in response to IFNy. Cross phosphorylation of IFNGRl could also 

prime the IFNy response by making the receptor ‘super-sensitive’ to IFNy stimulation. A 

precedent for such a phenomenon is provided by the insulin-induced cross phosphorylation of 

the leptin rec^tjor and JAK2, which enhances subsequent leptin-dependent STAT3 activation 

(Carvalheira^OOl). Alternatively, cross phosphorylation could modulate the IFNy response 

through altering IFNGRl surface expression. FACS analysis of IFNGRl expression levels 

indicated that OSM promotes IFNGRl cell surface expression and can to some extent 

counteract the downregulation of IFNGRl levels induced by IFNy treatment. Although the 

data suggested that OSM could exert an effect within 30 min, experiments using inhibitors of 

transcription/translation are required to determine whether this occurs independently of de 

novo protein synthesis. Regardless, it is not trivial to ascertain if this modulation of IFNGRl 

surface expression is related to cross phosphorylation of the receptor subunit.

Furthermore, the fact remains that no influence of OSM on the IFNy response was detected at 

the levels of signalling, transcription and antiviral activity, implying that neither cross 

phosphorylation per se, nor the OSM-mediated alterations in cell surface expression of 

IFNGRl, impact on the IFNy-responsiveness of the cell. This could reflect the fact that the 

sensitivity of the assays employed is inadequate to identify subtle modulations of the IFNy 

response. Alternatively, it could indicate that the IFNy response of the cell itself is not 

influenced by small perturbations in receptor levels and therefore only gross alterations in 

receptor expression would generate detectable changes in STAT activation and biological 

readouts. Another possible explanation would be that IFNGRl is already in excess over 

IFNGRl at the cell surface, therefore OSM-induced increases in IFNGRl expression would 

only enhance the response to IFNy if IFNGRl levels were concomitantly elevated. In this
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case, cross phosphorylation might only be of consequence to the IFNy response under 

specific circumstances in which, for some reason, IFNGR2 expression is no longer limiting. 

It could also be that essentially separate pools of IFNGRl are targetted by ligand-mediated 

phosphorylation and cross phosphorylation, for example due to differential lipid raft 

localisation.

It is reasonable to expect that cytokines that engage signalling pathways utilising common

components may functionally interact. At least in model systems, cross-interference has been

detected between transfected and endogenous receptors utilising the same JAK (Dond^OOl).

There are also various reports in the literature of interactions between IL-6 family cytokines

and IFNs. IL-6 has been shown to upregulate SOCSl in activated CD4+ T cells, thereby
//"a/  •

inhibiting IFNy signalling and preventing THl differentiation (Diehl, 2000), whilst low 

doses of IL-6 can prime an IFNa response through induction of p48 via GATE (Xiao^OOO). 

However, in this study, all the data suggest that the IFNy and OSM responses are purely 

additive. In agreement with this, it was recently reported that OSM pretreatment or 

costimulation did not impact on the IFNy response in endothelial cells (MahboubL2002).

Although IFNy and OSM activate overlapping signalling events, including phosphorylation 

of JAKl, JAK2 and STATl, as well as IFNGRl, the kinetics of the two pathways are 

profoundly different: IFNy leads to prolonged receptor, JAK and STAT activation (beyond 48 

h in some cases) whilst JAK, STAT and receptor phosphorylation after OSM is transient, 

being substantially downregulated within 1 h post stimulation. In this respect, it is especially 

interesting that following OSM treatment of cells, the cross phosphorylated IFNGRl subunit 

is dephosphorylated with the same kinetics as the OSM receptor complex. When OSM and 

IFNy are coadministered, the kinetics of IFNGRl phosphorylation follow that of the IFNy 

response and are not affected by the presence of OSM. This strongly implies that an IFNy- 

activated IFNGRl subunit is protected from downregulation in response to OSM i.e. the 

negative feedback loop induced by OSM functions in cis, not in trans. Recently, analyses in 

STAT3 -/- MEFs demonstrated that in the absence of STAT3, STATl activation is prolonged 

in response to IL-6, resulting in the mediation of an IFNy-like response by IL-6 (Costa- 

Pereira^ 2002). Yet active STAT3 generated when cells are costimulated with IFNy and
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OSM does not affect the kinetics of IFNy-induced STATl activation. This again suggests 

that downregulation of the OSM response occurs in cis rather than in trans.

However, there is also some evidence implying that negative regulators of IL-6 family 

cytokines at least have the potential to act in trans. The EgY759F chimeric receptor contains 

the entire intracellular domain of gpl30 bearing a point mutation at Y759. Y759 is required 

for recruitment of SHP2 and S0CS3 and is thus crucial for termination of signalling through 

gpl30. Cells stably expressing this receptor display prolonged kinetics of STAT activation 

(to 4 h) in response to EPO when compared with the Eg receptor, which mediates a classical 

IL-6-like response. Cotreatment of 2fTGH,EgY759F cells with EPO and IFNy leads to 

inhibition of the IFNy-mediated antiviral response in an EPO dose-dependent fashion (Strobl, 

B,, unpublished data). This raises the possibility that OSM could exert an inhibitory effect on 

IFNGRl through cross phosphorylation but because of the transient nature of the OSM- 

mediated cross phosphorylation, the effect is too short-lived to readily detect. This problem 

would be compounded by the fact that for the cell lines utilised here, there are essentially no 

early functional readouts for the IFNy response available. It would be of interest to 

investigate further the nature and mechanism of the inhibition.

An alternative explanation for the apparent insulation of the IFNy and OSM responses 

invokes the theory of binary signalling, whereby for any given signalling pathway the 

response is ‘all or none’. Data obtained using a STATl-GFP construct suggested that once a 

cell had been exposed to IFNy, essentially all the STATl-GFP became activated and the cell 

was then unresponsive to subsequent stimulation by IFNa (Lillemeier, B. F., 2001, PhD 

thesis). According to this model, cells would either respond to IFNy or to OSM and, once 

stimulated, they would be refractory to further activation by the other cytokine. In this case, 

the additive effect of the two responses would be the result of two separate populations of 

cells, each responding exclusively to either IFNy or OSM. However, it might then be 

expected that, assuming each cell had the potential to respond to OSM or IFNy, the presence 

of saturating concentrations of OSM would dampen the IFNy response since fewer cells 

would be available to respond to IFNy when high concentrations of OSM were present. In 

fact, no such diminution was observed, even when very low concentrations of IFNy were 

employed, perhaps arguing against this model. Interestingly, the original studies of the
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behaviour of transfected STATl-GFP indicated a remarkable level of heterogeneity between

cells in a clonal population (Kosteiy 1999). This raises the possibility that within the 

population of cells being treated with cytokine, different subsets of cells are competent to 

respond to IFNy and to OSM. This could contribute towards the observed additive responses 

to IFNy and OSM.

A situation could also be envisaged whereby OSM induces a stoichiometric amount of a 

negative regulator of, for example, STAT activation. The source of the activated STATl 

targetted by this negative regulator would not be of import, but the presence of a defined, 

limited amount of the regulator would result in the observed additive effect of the two 

cytokines. However, this type of model obviously cannot account for the differential kinetics 

of deactivation of the two receptor complexes. Overall, the most reasonable explanation for 

the fact that pretreatment or costimulation with OSM does not curb the IFNy response 

purports that negative regulators of the OSM response function only in cis, and are unable to 

target components of the IFNy response. At present, there are no indications as to how such a 

mechanism might operate.

5.4.6 Prevalence of cross phosphorylation

Further studies are required to investigate the generality of cross phosphorylation. Cross 

phosphorylation of other receptors has not been detected here, with the important caveat that 

detection may have been limited by the sensitivity of the assay. The relative abundance of 

the receptor, the efficiency of immunoprécipitation by the relevant antibody and the extent of 

cross phosphorylation of the particular receptor all influence the chances of detection. Cross 

phosphorylation of IFNGRl to some extent was observed in response to the cytokines, but 

not growth factors, tested here. Again, additional investigations are needed to establish 

whether IFNGRl is targetted by all cytokines. It is not clear why IFNGRl in particular 

should be subject to cross phosphorylation in response to different stimuli. It could be that 

cross phosphorylated IFNGRl is a particularly efficient source of activated STATl. Indeed, 

it has been noted that for IFNy, very low levels of JAK activation can generate substantial 

amounts of phosphorylated STATl [Strobl, B. and Is'hare, H. unpublished data]. However, it 

is perhaps more likely that many other receptor subunits will transpire to be targets for cross
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phosphorylation, with the apparent bias towards IFNGRl merely a consequence of the 

availability of a sensitive assay for modification of this receptor subunit.

In general, cross phosphorylation could reflect the utilisation of receptor complexes as 

signalling modules by heterologous pathways, as appears to be t h ^ ^ e  for ErbB2-mediated 

engagement of the MARK pathway in response to IL-6 (Q iu ^ 9 9 8 ). Moreover, cross 

phosphorylation of different receptors could represent a means for cells to integrate 

information from their environment, ensuring that the overall cellular response takes account 

of all cytokines in the milieu. Thus, receptor modification effected by a non-cognate ligand 

for that receptor would influence the subsequent cognate ligand-mediated response from that 

receptor. The known complexity of the cytokine network means that cells likely need to 

process input from multiple cytokines to hone their responses accordingly; cross 

phosphorylation could represent one mechanism invoked to achieve this.

5.4.7 Role of IFNGRl Y440 in the IFNy response

Y440 of IFNGRl is reported to be indispensable for IFNy-mediated signalling, on the basis 

of experiments using the human receptor on a murine background (G reenlund^994). The 

generation of pools of IFNGRl-deficient human fibroblasts stably expressing a mutant of the 

human IFNGRl in which phenylalanine replaces Y440 (Uz-ER/F440) enabled the role of this 

residue to be studied in an exclusively human system for the first time. Furthermore, the 

employment of primary fibroblasts obviates concerns regarding artefacts associated with 

highly transformed cell systems. The data suggest that although Y440 contributes 

quantitatively to the IFNy response, it is non-essential for STATl activation and for 

transcription of a wide spectrum of EFNy-inducible genes, including CIITA. It cannot be 

excluded, of course, that Y440 is required for mediation of specific IFNy-induced signals that 

have not yet been assayed. The ability of the Uz-ER/F440 cells to elicit antiviral and Class II 

MHC responses to IFNy is under investigation.

Interestingly, the kinetics of STAT activation through the F440 mutant and wild type 

IFNGRl subunits were markedly different. There was a robust initial burst of STATl 

activation through the wild type but not mutant receptor, suggesting that Y440 may

179



CHAPTER 5: Cross Talk to IFNGRl

specifically be responsible for generating high levels of active STATl at early time points. 

The role of this initial high level activation of STATl, however, is not clear since the relative 

efficiency of IFNy-mediated transcription in the two cell lines was more in accordance with 

the 2-4 fold difference in levels of STATl activation through the two receptors seen at time 

points beyond 6 h. The lack of functional readouts for the IFNy response at early time points 

currently obstructs analysis of potential roles for the initial burst of activated STATl from 

Y440. A further distinction in the STAT activation profiles of the two receptors concerns the 

generation of low levels of activated STAT3 from mutant but not wild type IFNGRl. This 

implies that the presence of Y440 prevents the activation of STATS in response to IFNy.

Finally, the discrepancy regarding the role of Y440 in IFNy signalling between the published 

data and the results of this study likely originates in the different experimental systems 

utilised. It has already been established that species differences in IFNy signalling in mouse 

and human cells exist, such as the activation of STATS by IFNy in mouse but not human 

cells. It is not perhaps surprising, therefore, that studies using a human IFNy receptor 

complex in a murine cellular background do not faithfully mimic the situation in human cells. 

Furthermore, the use of primary fibroblasts in place of immortalised fibroblasts may 

influence the results obtained. Confirmation of the biological relevance of the results of this 

study regarding the role of Y440 still requires extension of the observation to other cell 

systems, to exclude the possibility that the data are a consequence of a peculiarity of the Uz 

cells. The availability of fibroblasts from other patients with IFNGRl deficiency could be 

exploited towards this end.

5.4.8 Conclusion

In conclusion, robust cross phosphorylation of IFNGRl has been observed in response to 

signalling through endogenous OSM and IL-6 receptors and chimeric EPOR/gpISO-based 

receptors and to a lesser extent in response to IFNa . A priori, OSM-mediated cross 

phosphorylation of IFNGRl could have impacted on either or both the OSM and IFNy 

responses. Analysis of the effect of OSM-mediated IFNGRl cross phosphorylation was 

complicated by the overlapping signalling events induced by IL-6 family cytokines and IFNy. 

Although no clear role for the modification in either the IFNy or OSM responses was
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identified, cross phosphorylated IFNGRl was demonstrated to be signalling competent and 

OSM was shown to modulate IFNGRl surface expression. Multiple lines of evidence attest 

to the non-equivalence of IFNGRl phosphorylation in response to IFNy and OSM including 

the differential kinetics and downstream effects of the IFNy- and OSM-mediated 

phosphorylations. It will be of interest to investigate further the prevalence and biological 

significance of communication between heterologous receptor complexes. In the course of 

these investigations, it was also established that, contrary to preexisting literature reports, the 

IFNGRl Y440 residue is dispensable for IFNy-mediated STATl activation and signalling to 

transcription of a large number of IFNy-responsive genes, including CIITA. Finally, these 

studies identified a potential positive role for PTPs in EL-6 family cytokine signalling. It is 

clear that much remains to be learned regarding the functioning of receptor complexes within 

a physiological context.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.1: Schematic representation of the EPOR/gpl30-based chimeras

All chimeras have the extracellular region of the EPOR and the gpl30 transmembrane 

domain. Tyrosine docking sites and box/box2 regions of the gpl30 intracellular domain are 

indicated. Eg contains the full length gpl30 intracellular domain, EgAB contains the 

membrane proximal region of the gpl30 cytoplasmic domain, incorporating JAK-binding 

sites but lacking tyrosine docking sites, and EgABY440 contains the truncated gpl30 

cytoplasmic domain found in EgAB with an additional seven amino acid motif corresponding 

to the STATl recruitment module of human IFNGRl.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.2: STAT activation through the EgAB and EgABY440 receptors

Clones of stable transfectants of 293T cells expressing the chimeric EgAB or EgABY440 

receptors were stimulated with EPO (130IU/ml), IFNy (lOOOIU/ml) or IL-6 (0.2pg IL- 

6/0.5)ig sIL-6R) for 15 min, 1 h or 6 h. Whole cell extracts were prepared and protein 

matched aliquots were subjected to EMSA with either an SIE or (3-casein probe. STATl and 

STAT3 homo- and heterodimers are detected by the SIE probe and STATl and STAT5 

homodimers bind to the (3-casein probe (indicated). ‘X’ indicates no sample present in the 

lane below.

Fig. 5.3: ISG transcription through EgAB and EgABY440 chimeric receptors

Clones of stable transfectants of 293T cells expressing the chimeric EgAB or EgABY440 

receptors were stimulated with EPO (130IU/ml) or IFNy (lOOOIU/ml) for 6 h or 18 h. 

Aliquots of cytoplasmic RNA were analysed for inducible gene expression by RNase 

protection assay using IRFl and 9-27 as probes, with y-actin as a loading control.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.4: Specificity of cross phosphorylation: IFNGRl is cross phosphorylated in 

response to EPO and IL-6 in 293T.EgABY440 cells, but the EgABY440 chimera is not 

phosphorylated in response to IFNy or IL-6

Clones of stable transfectants of 293T cells expressing the FLAG-tagged EgABY440 receptor 

were stimulated for 15 min with IFNy (1000 lU/ml), EPO (130IU/ml), or IL-6 (0.2pg/ml IL- 

6/0,5|j.g/ml sIL-6R). Protein matched lysates were subjected to immunoprécipitation with 

either anti-FLAG antibody or anti-JAKl/anti-BFNGRl antibodies and resolved by SDS- 

PAGE on 7.5% acrylamide gels. Electroblotted gels were probed with anti-phosphotyrosine.

The left hand section of the gel (IP: anti-FLAG) contains rmmunoprecipitates o f the chimeric 

EgABY440 receptor, which has a C-terminal FLAG tag. Whilst a strong phosphotyrosine 

signal is obtained for the receptor following EPO treatment, no phosphotyrosine signal is 

obtained in response to IFNy or IL-6, implying that the EgABY440 receptor is not cross 

phosphorylated in response to these ligands.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.5: Cross phosphorylation of IFNGRl and STAT activation through transiently 

expressed GCSFR-gpl30 chimeras

293T cells were transiently transfected with Eg, EgAB, GCSFR-gpl30 or GCSFR-gp 130AB 

receptor chimeras and stimulated for 15 min with GCSF (lOOng/ml), IFNy (lOOOIU/ml), 

IFNa (lOOOIU/ml) or EPO (130IU/ml), as indicated. Whole cell lysates were prepared and 

protein matched aliquotes subjected either to immunoprécipitation with anti-JAKl/anti- 

IFNGRl antibodies followed by Western blotting for phosphotyrosine, or to EMSA analysis 

with an SIE probe. The weak STAT activation observed following GCSF treatment of the 

cells expressing GCSFR-gp 130AB is not due to ‘carry over’ from the adjacent lane, as judged 

by the results of 2 further independent experiments.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.6: Kinetics of IFNGRl cross phosphorylation

293T cells were stimulated with IFNy (lOOOIU/ml), IL-6 (0.2|xg/ml IL-6/0.5|ig/ml sIL-6R), 

OSM (50ng/ml) or IFNa (5000IU/ml) for various times, as indicated. Protein matched 

lysates were either subjected to immunoprécipitation with anti-JAK 1 /anti-IFNGR1 antibodies 

followed by Western blotting for phosphotyrosine or analysed by EMSA with an SIE probe. 

Reprobing of blots indicated comparable levels of JAKl and IFNGRl in all samples.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.7: Cross phosphorylation of IFNGRl but not gpl30 in HeLa cells

HeLa cells were stimulated for 15 min with IFNa (5000IU/ml), IFNy (lOOOIU/ml), IL-6 

(0.2)ig/ml IL-6/0.5pg/ml sIL-6R) or OSM (lOOng/ml), Protein matched lysates were 

subjected to immunoprécipitation with either anti-JAKl/anti-IFNGRl antibodies or anti- 

gpl30/anti-STAT2 and Western blotted for phosphotyrosine. The prominent 

phosphotyrosine species above JAKl is gpl30, which particularly in HeLa cells appears to 

efficiently coimmunoprecipitate with JAKl under standard immunoprécipitation conditions 

(‘Schindler’ lysates). It should be noted that STATl also readily coimmunoprecipitates with 

STAT2 under standard immunoprécipitation conditions.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.8: Dose responses of IFNGRl cross phosphorylation

A. 293T cells were stimulated for 15 min with the indicated concentrations of OSM, EFNa or 

IFNy. Protein matched lysates were resolved by SDS-PAGE and subjected to 

immunoprécipitation with anti-JAKl and anti-IFNGRl antibodies. Electroblots were probed 

sequentially for phosphotyrosine, IFNGRl and JAKl.

B. 2fTGH.EgABY440 cells were stimulated for 15 min with the indicated concentrations of 

IFNy, EPO or OSM. Protein matched lysates were resolved by SDS-PAGE and subjected to 

immunoprécipitation with anti-JAKl and anti-IFNGRl antibodies. Electroblots were probed 

sequentially for phosphotyrosine, IFNGRl and JAKl.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.9: High levels of JAKl activation without correspondingly elevated levels of 

IFNGRl phosphorylation

2fTGH cells were transiently transfected with pRK-JAK2 or empty vector and stimulated for 

15 min with lOOng/ml OSM or lOOOIU/ml IFNy. Protein matched lysates were resolved by 

SDS-PAGE and subjected to immunoprécipitation with anti-JAKl and anti-IFNGRl 

antibodies. The resulting blot was probed with anti-phosphotyrosine antibodies.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.10; IFNGRl/JAKl/gpl30 coimmunoprecipitation assays in 2fTGH ceils

2fTGH cells were stimulated for 15 min with IFNy (lOOOIU/ml), IFNa (5000IU/ml), OSM 

(50ng/ml) or IL-6 (0.2|ig/ml IL-6/0.5|ig/ml sIL-6R). Protein matched ‘Brij’ lysates were 

subjected to coimmunoprecipitation with anti-IFNGRl, anti-JAKl or anti-gpl30 antibodies. 

Complexes were resolved by SDS-PAGE and Western blotted with anti-phosphotyrosine, 

anti-IFNGRl, anti-JAKl and anti-gpl30 antibodies. Upper and lower sets of data represent 

two independent experiments.

I am indebted to S. Newman for assistance with this figure.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.11; No cross phosphorylation of gpl30 is detected following IFN treatment

2fTGH cells were stimulated for 15 min with 5000IU/ml IFNy or IFNa or lOOng/ml OSM. 

Protein matched lysates were subjected to immunoprécipitation with anti-gpl30 and anti- 

STAT2 antibodies. Precipitated proteins were resolved by SDS-PAGE and the resulting 

electroblots were probed sequentially with anti-phosphotyrosine and then anti-gpl30 

antibodies. It should be noted that STATl readily coimmunoprecipitates with STAT2 under 

standard immunoprécipitation conditions (‘Schindler’ lysates).
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.12: Effect of pharmacological inhibitors of signalling on IFNGRl cross 

phosphorylation

2fTGH cells were pretreated for 30 min with the p38 MAPK inhibitor, SB202190 (Ip-M), or 

for 10 min with the PI3K inhibitor, LY294002 (20pM) or the disrupter of lipid rafts, Filipin 

(0.5pg/ml or 2pg/ml) or the PTP inhibitor, PAO (2pM or 20p.M). Control cells were 

pretreated for 10 min with DMSG (l|xl/ml). Cells were then stimulated for 10 min with JFNy 

(lOOOIU/ml) or OSM (50ng/ml) as indicated. Lysates were either analysed by EMSA using 

an SIE probe or subjected to anti-IFNGRl/anti-JAKl immunoprécipitation. Precipitated 

proteins were resolved by SDS-PAGE, electroblotted and probed with anti-phosphotyrosine 

and then anti-IFNGRl and anti-JAKl (not shown) antibodies. It should be noted that the 

apparent decrease in IFNGRl phosphorylation following SB202190 treatment was not 

reproduced in subsequent independent experiments.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.13: The antiviral response mediated through the EgABY440 receptor is not 

dependent on IFNGRl

IFNGRl-deficient SKLC-7 cells (SKLC-7/Neo), IFNGRl-complemented SKLC-7 cells 

(SKLC-7/hyRl) and IFNGRl-deficient SKLC-7 cells stably expressing the chimeric 

EgABY440 receptor (SKLC-7/EgABY440) were treated with the indicated concentrations of 

EPO (duplicate rows), IFNy or IFNa for 24 h, infected with EMC virus at 0.5 pfu/cell and 

stained for live cells 4 days post-infection. Live cells stain blue.

I am indebted to B. StrobI for this figure.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.14: OSM does not detectably modulate STATl activation by IFNy

A. 293T cells were stimulated with OSM (50ng/ml) or IFNy (lOOOIU/ml) either separately or 

in combination over a range of time points (as indicated). Protein matched lysates were 

analysed by EMSA using an SIE probe.

B. 293T cells were treated with 50IU/ml IFNy over a range of time points between 5 min and 

24 h, with or without a 15 min or 13 h priming with 50ng/ml OSM. Following priming, the 

OSM solution was removed and cells were washed prior to the addition of IFNy-containing 

medium. Control cells were either pretreated with normal culture medium, washed and then 

stimulated with IFNy, or were primed with OSM, washed and then incubated with normal 

culture medium instead of IFNy. Protein matched lysates were analysed by EMSA using an 

SIE probe.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.15: Priming with OSM does not significantly infiuence induction of ISGs by IFNy

2fTGH cells were stimulated for 6 h with 2000IU/ml IFNy, with or without a 5 min 

pretreatment with 50ng/ml OSM. The OSM solution was removed and cells were washed 

prior to addition of IFNy. RNA was extracted and subjected to expression profiling using low 

density cDNA arrays representing a selection of IFNy-inducible genes. The fold induction in 

response to IFNy treatment in the unprimed and primed cells is shown.

I am indebted to J. F. Schlaak for this figure.
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GENE NAME FOLD 
INDUCTION 

(IFNy, 6h)

primed unprimed

GBP-1 6.14 7.32
IRF-1 9.80 7.13
RING4 5.70 4.22
IL-15R 6.10 4.09
GBP-2 3.60 3.64
CG-12 3.19 3.31
LMP-2 2.76 3.12
IFP-53 2.53 3.08
Hou 1.85 3.01
Ubiq. Conj. Enz. 2.36 2.97
RING12 2.56 2.93
STATl (91kDa) 2.00 2.69
HLA-E 1.95 2.59
IL-15 1.75 2.32
Phospholipid scramblase 1 2.05 2.30
Nuclear Phosphoprotein 1.93 2.22
collagen alpha 2 (I) c-terminal propeptide 1.46 2.14
Mig 1.49 2.11
FK506 binding protein 6 1.49 2.08
Auto Ag SS-A/Ro 1.61 2.06
PPP3CA 1.58 2.04
MHCI Ag B27 2.17 2.03
Prot. Cl 3/RING 10 2.43 2.01
LMP-7 2.27 1.95
VEGF-C 1.47 1.94
IP-30 2.42 1.94
Alpha-1 -antiproteinase 1.75 1.91

Figure 5.15



CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.16: Modulation of IFNGRl cell surface expression by IFNy and OSM

2fTGH cells were treated with OSM (50ng/ml) or IFNy (lOOOIU/ml), either alone or in 

combination, for 30 min or 18 h. IFNGRl cell surface expression was determined by FACS 

analysis. The values indicated represent the ratio of the mean IFNGRl expression levels of 

the cytokine treated cells:mean IFNGRl expression levels of the unstimulated cells, where 

‘mean’ refers to the geographic mean of the peaks on the histograms. The data are 

summarised in Table 5.1.

I am indebted to S. Newman for this figure
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.17: Transient overexpression of IFNGRl modestly enhances STATl, but not 

STATS, activation following OSM and EPO treatment of 2fTGH.EgAB cells

2fTGH.EgAB cells were transiently transfected with empty vector or huIFNGRl and 

stimulated for 15 min with IFNy (lOOOIU/ml), EPO (130IU/ml) or OSM (50ng/ml). Protein 

matched lysates were either analysed by EMSA using an SIE probe or subjected to 

immunoprécipitation with anti-IFNGRl and anti-JAKl antibodies. Precipitated proteins 

were resolved by SDS-PAGE, electroblotted and the resulting blots were probed sequentially 

using anti-phosphotyrosine, anti-JAKl and anti-IFNGRl antibodies.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.18: Kinetics of STAT activation in response to IFNy, IFNa and OSM in Uz 

derivatives

IFNGRl-deficient Uz-ER cells, complemented Uz-ER/IFNGRl cells or F440-expressing Uz- 

ER/F440 cells were stimulated over a range of time points between 15 min and 23 h with 

IFNy (lOOOIU/ml), IFNa (lOOOIU/ml) or OSM (50ng/ml). Protein matched lysates were 

analysed by EMSA using an SIE probe.

The unstimulated controls for the Uz-ER/pBabe and Uz-ER/IFNGRl cells are on the far left 

of the top panel (first two lanes). The unstimulated control for the ÜZ-ER/F440 cells is on the 

far left o f the middle panel (labelled ‘F440’), directly below the unstimulated control for the 

Uz-ER/IFNGRl cells.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.19: Cross phosphorylation of wild type and Y440F mutant IFNGRl in Uz 

derivatives

Uz-ER/IFNGRl and Uz-ER/F440 cells, expressing wild type and F440 mutant IFNGRl 

respectively, were stimulated for 15 min with IFNy (lOOOIU/ml), IL-6 (0.2|ig/ml IL- 

6/0.5|ig/ml sIL-6R). Protein matched lysates were subjected to immunoprécipitation using 

anti-IFNGRl and anti-JAKl antibodies. Precipitates were resolved by SDS-PAGE and 

Western blotted for phosphotyrosine. Comparable expression levels of IFNGRl wild type 

and F440 mutant are indicated in the lower panel.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.20; Kinetics of STATl S727 phosphorylation and upregulation of STATl protein 

levels in response to IFNy, IFNa and OSM in Uz derivatives.

IFNGRl-deficient Uz-ER cells, complemented Uz-ER/IFNGRl cells or F440-expressing Uz- 

ER/F440 cells were stimulated over a range of time points between 15 min and 23 h with 

IFNy (lOOOIU/ml), IFNa (lOOOIU/ml) or OSM (50ng/ml). 50|ig of whole cell extract was 

resolved by 10% aerylamide SDS-PAGE. Electroblots were probed for STATl protein and 

STATl S727 phosphorylation levels.

The unstimulated controls for the Uz-ER/pBabe and Uz-ER/IFNGRl cells are on the far left 

o f the top panel (first two lanes). The unstimulated control for the Uz-ER/F440 cells is on the 

far left of the middle panel (labelled ‘F440’), directly below the unstimulated control for the 

Uz-ER/IFNGRl cells.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.21: Kinetics of Akt S473 phosphorylation in response to IFNy, IFNa and OSM in 

Uz derivatives

IFNGRl-deficient Uz-ER cells, complemented Uz-ER/IFNGRl cells or F440-expressing Uz- 

ER/F440 cells were stimulated over a range of time points between 5 min and 4 h with IFNy 

(lOOOIU/ml), IFNa (lOOOIU/ml) or OSM (50ng/ml). 50|ig of whole cell extract was resolved 

by 10% aerylamide SDS-PAGE. Electroblots were probed with antibody specific for 

phospho(S473)Akt and reprobed for total Akt protein.

The unstimulated controls for the Uz-ER/pBabe and Uz-ER/IFNGRl cells are on the far left 

o f the top panel (first two lanes). The unstimulated control for the Uz-ER/F440 cells is on the 

far left of the middle panel (labelled ‘F440’), directly below the unstimulated control for the 

Uz-ER/IFNGRl cells.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.22: Kinetics of MEKl/2 (S217/S221) phosphorylation in response to IFNy, IFNa 

and OSM in Uz derivatives

IFNGRl-deficient Uz-ER cells, complemented Uz-ER/IFNGRl cells or F440-expressing Uz- 

ER/F440 cells were stimulated over a range of time points between 5 min and 4 h with IFNy 

(lOOOIU/ml), IFNa (lOOOIU/ml) or OSM (50ng/ml). 50|ig of whole cell extract was resolved 

by 10% aerylamide SDS-PAGE. Electroblots were probed with antibody specific for 

phosphorylated forms of MEKl/2 and reprobed for total MEKl/2 protein.

The unstimulated controls for the Uz-ER/pBabe and Uz-ER/IFNGRl cells are on the far left 

of the top panel (first two lanes). The imstimulated control for the Uz-ER/F440 cells is on the 

far left o f the middle panel (labelled ‘F440’), directly below the unstimulated control for the 

Uz-ER/IFNGRl cells.
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CHAPTER 5: Cross Talk to IFNGRl

Fig. 5.23: Induction of gene transcription in response to IFNa and IFNy in Uz 

derivatives

IFNGRl-deficient Uz-ER/pBabe cells and Uz-ER/IFNGRl and Uz-ER/F440 cells, 

expressing wild type and F440 mutant IFNGRl respectively, were stimulated for 6 h or 18 h 

with IFNy (lOOOIU/ml) or IFNa (lOOOIU/ml). Aliquots of RNA were analysed for inducible 

gene expression by RNase protection assay using CUT A, 6-16, IRFl and GBP as probes, 

with y-actin as a loading control. ‘GRl A’ and ‘GRl B refer to the two different pools of 

Uz-ER/IFNGRl cells.
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CHAPTER 6: Future Directions

CHAPTER 6: FUTURE DIRECTIONS

6.1 Profîling of post-translational modifîcations

Isolation of novel signalling intermediates

Considerable progress towards establishing methods for profiling ligand-dependent ehanges 

in tyrosine phosphorylation has been achieved in this study. The most promising approaches, 

based on anti-phosphotyrosine immunoprécipitation and SMART chromatography could now 

be scaled up and further optimised with the aim of generating sufficient purified material for 

species of interest to be identified by mass spectrometry. Any known proteins not previously 

implicated in JAK-mediated signalling which are identified by mass spectrometry could be 

subjected to further analysis in order to characterise their role in IFN and IL-6 type cytokine 

response pathways. The availability of antibodies and knockout mice for such molecules 

would greatly facilitate this analysis. If, however, the amino acid sequence obtained from 

mass spectrometry instead corresponds to a candidate protein for which there is a partial 

cDNA in the ES'^atabasds, the Way would be open for isolation of a full length cDNA, the 

expression of this protein, production of antibodies and the analysis of its function, 

particularly with respect to IFN and IL-6 family cytokine signalling. In each case, it will be 

important to validate the biological relevance of the respective protein to JAK-mediated 

signalling. RNAi is increasingly being successfully applied to mammalian tissue culture 

systems (Elbashir^OOl) (Brummelkamp^002) and could provide an invaluable tool for 

investigating the role of proteins of interest. The availability of mutant cell lines deficient in 

specific components of the JAK-STAT pathway also offers a means of establishing, for 

example, the JAK-dependence of tyrosine phosphorylation of any proteins identified by mass 

spectrometry.

Global profiling of signalling events

In addition to isolation of novel signalling intermediates, a major objective was to establish 

methods for global profiling of signalling events. Towards this end, efforts to develop 2D 

gel-based profiling techniques could be continued in light of the impressive resolving power 

provided by this method. In theory, it should be possible to directly detect post-translational
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modifications of proteins in response to ligand by a shift in the isoelectric point of the protein, 

corresponding to a change in the migration of the protein in the first dimension isoelectric 

focusing, and/or a change in molecular weight detected in the second dimension. In this 

method, the second dimension gels are stained for protein instead of being blotted and the 

protein stain is directly analysed. This can also be used in conjunction with [^^S]-labelled cell 

lysates to increase the sensitivity of detection. The objective of this approach would be to 

overcome the irreproducibility experienced with the Western blotting approach and eliminate 

the multiple manipulations required for processing the eluates from anti-phosphotyrosine IPs 

by 2D electrophoresis. This kind of 2D approach also has the major advantage that species of 

interest should be sufficiently purified in a single step to be directly analysed by mass 

spectroscopy when digested out of the gel. The availability of narrow pH range immobilised 

pH gradient strips may permit the high resolution isoelectric focusing required for the success 

of this method.

Analysis o f other post-translational modifications

In addition, the methodologies developed here will be extended to the analysis of other post- 

translational modifications. Indeed, single step 2D profiling techniques should permit the 

detection of modifications other than tyrosine phosphorylation: any protein showing a 

differential migration in either the first or second dimension focusing could be subjected to 

mass spectrometry to give both the identity of the protein and the nature of the modification. 

There are numerous dynamic post-translational modifications that could participate in signal 

transduction. For example, reversible addition of N-acetylglucosamine (O-GlcNAc) and 

methyl groups to serine/threonine and arginine residues, respectively, likely contributes 

towards integration and transduction of cellular signals. Although STATl has now been 

shown to be methylated and methyltransferases have been reported to associate with JAK- 

receptor complexes (Mowen^OOl) (A bram ovich^997) (Pollack21999), the significance 

of arginine méthylation for cytokine signalling is poorly understood. Meanwhile, preliminary 

data suggest that STATl is subject to modification by 0-GlcNAc (Is’harc, H., unpublished 

data). Thus far all O-GlcNAcylated proteins identified are also phosphoproteins, with the 

same site often targetted by both modifications, intimating the existence of an intriguing 

reciprocal interplay between these two modifications (Comer^OOO). Despite this, the 

potential impact of O-GlcNAcylation on JAK-STAT signalling remains largely unexplored.

227



CHAPTER 6: Future Directions

The recent emergence of commercially available monoclonal antibodies against these 

modifications invites the possibility that isolation of cytokine-responsive O-GlcNAcylated 

and methylated proteins, as well as more global monitoring of these modifications will soon 

be attainable by similar methods to those being developed here.

6.2 JAK-receptor interactions

Extension o f the analysis ofJAK-gpl30 intereactions to other JAKs and receptors 

Several lines of evidence, generated by this study and others, strongly support the PERM 

domain model for the structure of the JAKl N-terminus and corroborate the importance of 

this region for mediating receptor association. This investigation implicates loop 4 as a 

critical point of contact between JAKl and gpl30 and probably the IFN receptor subunits, 

IFNGRl and IFNAR2. It is obviously of interest to determine whether loop 4 in JAK2, Tyk2 

and JAK3 also fulfils a similar function. Point mutagenesis of the various JAKs and cloning 

of different JH or PERM regions would enable this to be addressed using an analogous 

approach to that applied to JAKl. Although it was not possible to trivially extend the peptide 

pull down assay to IFNGRl and IFNAR2, there is no reason, a priori, to expect that receptor 

peptide pull down assays for other receptor subunits could not be established, particularly for 

those that recruit JAKs through classical boxl/box2 motifs. This would facilitate the in vitro 

analysis of the interactions between different JAKs or JAK subdomains and relevant 

receptors. It could also expedite the investigation of the structural basis for specificity in 

JAK-receptor interactions, both in terms of JAK and receptor contributions.

Functional non-equivalence of JAKl, JAK2 and Tyk2 in gpl30-mediated signalling 

It would be of special interest to discern the structural explanation for the observed non

equivalence of JAKl, JAK2 and Tyk2 in signalling from gpl30. Despite the fact that all 

three JAKs appear to associate with the same region of gpl30, JAKl plays the central role in 

signal transduction for cytokines utilising gpl30 (Guschin, Rogers et al. 1995). 

Comparative mutational analysis of JAKs 1, 2 and Tyk2, or subdomains of these JAKs, and 

also of the boxl/box2 peptide, could yield some insights into the respective modes of JAK- 

gpl30 interaction. It might also be possible to employ the biotinylated gpl30 peptide in a
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quantitative protein-protein interaction assay such as the Biacore, which utilises surface 

plasmon resonance, to assess the relative strengths of association of the various JAKs, or JAK 

subdomains, with gpl30. Important information could also be derived from NMR studies of 

bacterially-expressed JAK N-terminal subdomains in complex with the boxl/box2 peptide. 

Conceivably, binding of JAKl, JAK2 and Tyk2 could impose distinct conformations on the 

peptide, which is known to be unstructured in solution. The major obstacle to the latter 

approach remains the generation of soluble JAK domains in sufficient quantity.

Further characterisation of the JAKl-gp 130 interface

Loop 4 appeared to participate in binding of JAKl to both class I and class II cytokine 

receptors in spite of the profoundly different JAK recruitment motifs embedded in the 

relevant receptor subunits. This could reflect the fact that loop 4 is only one of several 

regions of interaction between JAKl and cytokine receptors and although essential, ancillary 

interfaces are required for complete and specific JAK-receptor association in vivo. 

Additional mutagenesis studies of JAKl could identify such motifs. Molecular modelling of 

the JAKl N-terminus bound to gpl30 incorporating the PERM domain model, the results of 

these JAKl mutagenesis ^ l^ e s  and the available data on the residues of gpl30 required for 

JAK recruitment (Haan^OOO), should assist in the selection of candidate regions for 

mutagenesis. As discussed earlier, the polyproline-binding motifs in the F3 subdomain of the 

JAKl PERM domain make this a potential boxl contact point and therefore an attractive 

target for mutagenesis.

Roles of F f  F2 and F3

Indeed, further investigation of the roles of the various PERM subdomains, particularly the 

P2 and P3 regions, is warranted. Subcloning of these regions into mammalian expression 

vectors incorporating appropriate tags would enable identification of interacting proteins 

through coimmunoprecipitation. The effect of overexpression of the PI, P2 and P3 

subdomains on JAK-STAT signalling in response to different cytokines could also be 

analysed. This could be carried out in the presence or absence of the wild type JAK through 

expression in the HTlOSO-derived JAK deficient, or parental, cell lines. It is possible, for 

example, that a particular subdomain when overexpressed in the presence of the relevant 

endogenous JAK could exert differential dominant negative effects on responses to various
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cytokines or on specific components of the response to a particular cytokine. Similarly, 

expression of either FI, F2 or F3 in the appropriate JAK negative background could 

selectively reinstate the responses to specific cytokines or alternatively restore certain aspects 

of the response to a cytokine through interactions with the remaining endogenous JAKs 

and/or the relevant receptor. For example, the V319A mutant of JAKl was able to 

complement the IFN, but not IL-6 response of U4A cells (Broughton, N., 1998, PhD Thesis), 

whilst a kinase dead JAKl could reestablish transcription of ISGs in response to IFNy in U4A 

cells, but not an antiviral state (Briscoe, Rogers et al. 199^. Thus, analysis of the effects 

of transfection of the various JAK FERM subdomains in tissue culture could assist in the 

dissection of the specific contributions of different regions of the JAKs to cytokine signalling.

Purification of JAK domains for structural studies

Ultimately, a complete depiction of JAK-receptor interactions will only be revealed through 

acquisition of direct structural data. Thus far, it has proved exceedingly challenging to 

generate significant quantities of soluble JAKl in either bacterial or insect expression 

systems. Purification of smaller JAK domains should theoretically be a more readily 

attainable objective although it transpires that this is also not trivial to accomplish. However, 

it seems plausible that the increased knowledge of the likely structure of the JAK N-terminus 

could promote the chances of success by permitting the design of constructs which are liable 

to be stable when expressed in isolation. As referred to earlier, it is apparent that the choice 

of borders in designing constmcts, both for JAK subdomains and JAK chimeras, has a critical 

impact on the stability of the resulting protein or polypeptide. The FERM domain model, 

together with the increasing availability of complementary data from JAK mutagenesis and 

chimera studies, significantly aids the selection of appropriate constructs corresponding either 

to the full length FERM domain, which should fold as an independent structural unit, or to 

the FI, F2 and F3 subdomains (or combinations of), which may be more soluble due to their 

smaller size. These data could be used in conjunction with a total gene synthesis approach, 

whereby codons are optimised for usage in E. coli, to significantly augment generation and 

purification of sufficient soluble material for crystallographic studies. Finally, coexpression 

of JAK subdomains with the boxl/box2 peptide in E. coli could further increase the stability 

of the recombinant proteins. Thus, crystallisation of at least subdomains of the JAK N- 

terminus remains a highly desirable objective, the feasibility of which has been significantly
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increased by the emergence of novel structural information regarding the JAKs, together with 

the evolution of improved methods for bacterial expression.

6.3 Cross phosphorylation of IFNGRl

The role of IFNGRl in the OSM response

The cross talk to IFNGRl by OSM and other eytokines observed within this study raises 

many salient questions both regarding the specific nature and function of this cross 

phosphorylation event and with respect to more fundamental themes in signalling. Perhaps 

the most pressing unresolved issue is how, if at all, the cross phosphorylation of IFNGRl 

impacts on the IFNy and OSM responses. Experiments to address this are underway: 

comparative microarray analysis of the transcriptional responses to OSM in IFNGRl- 

deficient and complemented fibroblasts should determine whether the presence or absence of 

IFNGRl is of significance to the OSM response, whilst characterisation of the observed 

modulation of IFNGRl surface expression by OSM may identify a link between OSM- 

mediated cross phosphorylation and the IFNy response.

RNAi for suppression of IFNGRl expression

As a second approach towards elucidating the role of IFNGRl cross phosphorylation in the 
/Wl/f J

OSM response, RNAi^is being attempted in order to quench IFNGRl expression. Short 

single stranded oligonucleotides targetting different regions of IFNGRl have been 

synthesised and methods to obtain maximal transfection efficiencies of these short interfering 

(si)RNAs are currently being surveyed. The use of novel vectors that mediate persistent 

suppression of gene expression by directing the synthesis of siRNAs could also be 

investigated (B rum m elkam p^002). If any genes are identified in the Uz cell microarray 

experiments as being differentially regulated by OSM in the IFNGRl expressing and 

deficient cells, it will be interesting to confirm these observations in other cell systems in 

conjunction with RNAi against IFNGRl. It would be particularly useful to establish RNAi in 

classical EL-6- or GSM-responsive cell lines, such as HepG2 cells, to increase the repertoire 

of functional readouts for the responses to these cytokines, thereby enhancing the chances of 

detecting any influence of IFNGRl.
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Profiling o f OSM-mediated post-translational modifications in IFNGRl positive and negative 

cells

The possibility remains that cross phosphorylation of IFNGRl may affect a component of 

signalling that does not directly influence the transcriptional response. For example, the 

apoptotic responses of cells can occur in a manner entirely independent of transcription. It 

would therefore be extremely useful if effective phosphotyrosine profiling techniques were 

available, since if applied to the comparison of the OSM responses in the Uz cells and 

complemented counterparts, they could provide a means for detecting a cross 

phosphorylation-mediated signalling event which does not impact on transcription. 

Furthermore, cross phosphorylation could lead to a signalling event that it is not mediated by 

tyrosine phosphorylation. The availability of the kind of 2D global profiling discussed above 

could enable identification of other OSM-induced post-translational modifications that occur 

in an IFNGRl-dependent manner.

Analysis of the mechanism of cross phosphorylation

Further studies are required to elucidate the mechanism and site of cross phosphorylation of 

IFNGRl. The Uz-ER cells can readily be complemented with different mutants of IFNGRl 

using the retroviral system. For example, expression of the IFNGRl construct containing a 

mutated JAK-recruitment motif would indicate whether cross phosphorylation is dependent 

on JAKl associated with IFNGRl, whilst the use of IFNGRl bearing point mutations of each 

phosphorylatable tyrosine should reveal the sites that contribute to the cross phosphorylation 

signal. Potential roles for lipid rafts in cross phosphorylation could be investigated further 

and electron microscopy used to determine whether IFNGRl and gpl30 colocalise at the cell 

surface. Ultimately, knowledge of the mechanism of cross phosphorylation may permit an 

inhibition of this event; this would likely prove invaluable for analysis of biological function.

Interactions between the OSM and IFNy responses at the single cell level 

The apparent lack of interaction between the endogenous IFNy and IL-6 family cytokine 

responses could be further explored. It would be highly appealing to be able to monitor 

signalling and transcriptional events at the single cell level by confocal microscopy. For 

example, two different reporter constructs responsive to OSM or IFNy, respectively, yielding
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distinct fluorescent products could theoretically be used to investigate the responses of 

individual cells sequentially exposed to OSM and IFNy. These kind of analyses should 

indicate whether a single cell can integrate the responses to these cytokines, or if rather a 

refractory state results following activation of JAK-STAT signalling by any one cytokine. If 

indeed the latter occurs, it would be of interest to investigate the duration of this state of 

unresponsiveness. Such information would influence the interpretation of the results 

obtained within this study and indeed potentially of models of signalling per se. Experiments 

using STATl-GFP transfectants suggested that JAK-STAT signalling in response to IFN is 

essentially ‘all or none’̂ ^illemeier, B. F., 2001, PhD Thesis). It is important to understand 

whether endogenous JAK-STAT signalling also operates in binary mode.

Prevalence o f receptor cross phosphorylation

It is necessary to gauge the generality of cross phosphorylation of cytokine receptor subunits. 

Although no data was obtained that suggested the cross phosphorylation was reciprocal, i.e. 

no cross phosphorylation of gpl30, LIFR or OSMR could be detected in response to IFNy, 

this may be a function of the relative sensitivities of the assays. Optimisation of IP conditions 

for the various receptor subunits could result in more sensitive cross phosphorylation assays 

being developed for other receptor chains. It would be of particular interest to investigate 

whether either of the IFNAR subunits are targets for cross phosphorylation, especially in 

view of the r^cMed dependence of gp 130-mediated signalling on IFNAR 1 in certain murine 

cells (M itan^O Ol). Despite screening a range of antibodies under multiple IP conditions, 

attempts to establish an assay for phosphorylation of IFNAR 1 were unsuecessful. 

Presumably with the investment of further effort, perhaps using different antibodies, it will be 

possible in due course to monitor phosphorylation of IFNARl and also IFNAR2. In addition, 

inhibition of IFNAR expression using RNAi is also being investigated and could indicate any 

interaction between IFNAR and, for example, the OSM response.

IFNy-mediated PDGF-like response in STATl null MEFs

In the absence of STATl, IFNy has been shown to mediate a PDGF-like transcriptional 

response (R am an^O O l). It would be intriguing to assay the phosphorylation status of the 

PDGFR in these cells, to ensure that the PDGF-like response is not a consequence of PDGFR 

cross phosphorylation by IFNy. It could be envisaged that under normal circumstances, the

233



CHAPTER 6: Future Directions

presence of activated STATl produces the characteristic IFNy transcriptional response and 

only in the absence of this STATl-mediated regulation of gene expression are the 

consequences of the potential PDGFR cross phosphorylation revealed. Inhibitors of PDGFR 

function could be used to determine whether the catalytic activity of the reeeptor impacts on 

the IFNy response. However, a STATl/PDGFR double knockout would be required to 

conelusively demonstrate that PDGFR does not play any role in the IFNy response. 

Similarly, a double knockout of IFNGRl and STAT3 is required to verify that the observed 

IFNy-like response obtained in STAT3-negative MEFs stimulated with IL-6 is not dependent 

on IFNGRl (Costa-Pereira^ 2002), although again this is clearly not the most likely 

interpretation of the data.

6.4 Role of IFNGRl Y440 in the IFNy response

Additional studies could elaborate on the observation that in contradiction to the existing 

literature, Y440 of IFNGRl is dispensable for at least some of the characteristics of an IFNy 

response. Initially, it will be important to verify the basic observation that the F440 mutant 

IFNGRl is competent for signalling by expression of this construct in a different human 

IFNGRl negative background. Fibroblasts from other patients with IFNGRl deficiency are 

available and could be processed in the same way as the Uz cells to yield an alternative 

system for analysis of IFNGRl. Assuming that such experiments indeed confirm the data 

from the Uz cells, the way would be open for investigating both the specific role of Y440 in 

the IFNy response and the elements of IFNGRl that enable signalling in the absence of Y440. 

The specific role of Y440 in IFNy-mediated signalling could be investigated using Uz-ER 

cells expressing a mutant IFNGRl in which all tyrosines except Y440 are mutated to 

phenylalanine. The ability of the F440-expressing cells to mount a full IFNy response, 

including HLA Class II induction and establishment of an antiviral state also needs to be 

assessed, as it is possible that Y440 provides a non-redundant signal for certain aspects of the 

biological response to IFNy.

The motifs in IFNGRl that generate signals in the absence of Y440 could be explored by 

expressing different mutants of IFNGRl in the Uz-ER cells using the same retroviral system 

employed for generating the F440-expressing pool. It would be especially interesting to
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establish whether a truncated IFNGRl containing only the JAK-recruitment motif and 

lacking all phosphorylatable tyrosines has any signalling capabilities. Precedents for the 

functionality of such receptors lacking STAT docking sites have been set by studies utilising
g'/AX'

mutant EPORs (Zang^OOl). If the tmncated IFNGRl is signalling competent, even if not 

able to fully restore an IFNy transcriptional or antiviral response, phosphotyrosine profiling 

of the IFNy responses in pools of Uz cells expressing this construct could reveal novel 

participants in the IFNy response, unmasked in the absence of a strong STATl 

phosphorylation signal.

6.5 Potential positive regulation of IL-6 family cytokine signalling by FTPs

The observation that inhibition of PTPs dramatically suppresses signalling in response to IL-6

type cytokines is worthy of further investigation, particularly in the light of the differential

sensitivity of IFN and IL-6 type responses. Various PTPs have been reported to negatively
/A tV

regulate cytokine signalling, including SHPl, SHP2, PTPeC CD45 and TC45 (Zhang.2000) 

(Gunaj^2001) (You, Yu et al. 1999) (Tanum^ 2001) (Irie-Sasaki, Sasaki et al. 2001) 

(Simoncic^002). SHP2 has also been reported to be required for signalling in response to 

IFNcc/p and prolactin (David, Zhou et al. 1996) (Berchtold, Volarevic et al. 1998). 

Assaying of SHP2 and other candidate PTPs could be worthwhile to attempt to identify the 

PTP in question. In addition, potential substrates for the PTP could be investigated. For 

example, it is possible that the action of a PTP could relieve an inhibitory phosphorylation of 

one or more of the JAKs, as is observed for Src family kinases (Superti-Furga^ 1995). 

Indeed mass spectrometry of JAKl purified from ^^P-labelled cells has indicated the existence 

of several potentially novel phosphorylation sites in JAKl (Lillemeier, B. F., unpublished 

data). IP and anti-phosphotyrosine Western analysis of JAKl, JAK2 and Tyk2 in the 

presence and absence of IL-6 and PAO should be carried out to establish whether 

phosphorylation of each of the JAKs is similarly impaired. An alternative approach could 

involve attempting to purify components of the gpl30 receptor complex in the expectation 

that a PTP required for signalling from gpl30 may be present in the receptor complex. The 

phosphotyrosine profiling techniques described within this thesis could be invoked towards 

this end, perhaps focusing on the membrane fraction of IL-6- or OSM-treated cells.
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Ideally, priority would be given to the development and application of methods for profiling 

of phosphotyrosine and other post-translational modifications with the ultimate aim of 

enabling global visualisation of cytokine-mediated signalling events, as well as the 

identification of novel participants in these signalling pathways. The striking, but enigmatic, 

observation of cross phosphorylation of IFNGRl by OSM and other cytokines clearly 

demands further investigation, with an emphasis on establishing a functional significance for 

this phenomenon. Continued characterisation of the JAK FERM domain and its role in JAK- 

receptor interactions could also be pursued, albeit with lower priority.
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homology 2 (SH2) domains. The receptor-associated 
STAT1 is phosphorylated by the JAKs on a conserved 
tyrosine in the C-terminus of STAT1. Phosphorylated 
STAT1 molecules dimerise through reciprocal phospho- 
tyrosine-SH2 domain interactions and migrate to the 
nucleus, where they function as transcription factors. 
Transcriptional activation by STAT1 is also enhanced 
by serine phosphorylation through yet to be identified 
kinases.

IL-6 family cytokines include oncostatin M (OSM), leuk
aemia inhibitory factor (LIF), cardiotrophin-1, IL-11 and 
IL-6 itself. These all signal through homo- or heterodimers 
of a common receptor subunit, gp130, which recruits

JAK1, JAK2 and Tyk2 to its cytoplasmic domain. Activa
tion of these JAKs in response to ligand binding results in 
phosphorylation and activation of STAT1 and STATS, as 
well as the tyrosine phosphatase and adaptor molecule, 
SHP2.

2 Material and methods

2.1 Cell culture

Human fibrosarcoma 2fTGH cells and transformed human 
embryonic kidney 293 (293T) cells were maintained in 
DMEM supplemented with 10% fetal calf serum and 2 mM 
L-glutamine. These cell lines were selected for the investi
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gation due to the availability of various mutant and stably 
transfected derivatives of these lines, for which it would 
be desirable to obtain phosphotyrosine profiles. Recom
binant IFNy was supplied by Dr. G. Adolf (Ernst Boehringer 
Institut für Arzneimittelforschung, Vienna, Austria) and 
used at 1000 lU/mL. Recombinant oncostatin M (R&D 
Systems, Minneapolis, MN, USA) was used at 100 ng/mL. 
IL-6 treatments were carried out with a mixture of IL-6 
(0.2 ng/mL) and soluble IL-6 receptor (0.5 p,g/mL), both 
from R&D Systems. The addition of soluble IL-6 receptor 
is a  standard requirement for analysis of IL-6 responses in 
cell lines such as 2fTGH and 293T, which do not express 
the ligand binding subunit of the IL-6R, gp80.

2.2 Preparation of cell lysates

Unless otherwise stated, 293T cells or 2fTGH cells were 
stimulated for 15 min with cytokine, washed twice in ice- 
cold PBS and lysed on ice in one of the following buffers. 
For SH2 domain pull downs and antiphosphotyrosine 
immunoprécipitation, lysis buffer A was used (0.5% 
NP-40, 50 mM Tris-HCI pH 8,150 mM NaCI, 10% glycerol, 
0.1 mM EDTA, 2 mM DTT, 50 mM NaF). For biotinylated 
receptor pull downs and SMART anion exchange chroma
tography (Pharmacia, Uppsala, Sweden), buffer B was 
used (0.25% Brij, 50 mM Tris-HCI pH 8, 150 mM NaCI, 
10% glycerol, 0.1 mM EDTA). Buffer C was used for pre
paring extracts for 2 DE (9.5 m urea, 2% CHAPS, 0.8% lEF 
buffer, 1% DTT). Sodium orthovanadate (0.1 mM ) and 
aprotinin (100 u/mL), leupeptin (10 iig/mL) and PMSF 
(1 mM) were added to all lysis buffers to inhibit protein 
tyrosine phosphatases and proteases respectively. 
Lysates were cleared by centrifugation.

2.3 2-DE

Immobiline DryStrips, pH 3-10 (Pharmacia), were re
hydrated overnight in cell lysate diluted 1:1 with reswel
ling buffer (8 m urea, 0.5% CHAPS, 0.2% lEF buffer, 
0.2% DTT) at 30 V. lEF was carried out to a total of 
60-70 kVh (IPGPhor, Pharmacia, Sweden). lEF gels were 
equilibrated in buffer containing 10 mg/mL DTT and then 
in buffer with 48 mg/mL iodoacetamide, before loading 
onto 10-12.5% polyacrylamide SDS-PAGE gels.

2.4 Receptor peptide pull downs

The biotinylated box1/box2 peptide comprised the first 
73 amino acids of the gp130 cytoplasmic domain, whilst 
the non-JAK binding mutant was generated by replacing 
critical proline residues in the boxi motif with alanines. 
10-20 |ig of purified biotinylated box1/box2 peptide or 
mutant box1/box2 peptide, or 50-100 |ig of the unrelated 
biotinylated peptide, was incubated with cell extracts

overnight at 4°C. 30 laL streptavidin-agarose (Pierce, 
Rockford, IL, USA) was added and the mixture incubated 
a further 45 min at 4°C. Complexes were solubilised in 
SDS loading buffer (4% SDS, 500 mM Tris-HCI pH 6.8, 
10% glycerol, 0.05% bromophenol blue) and resolved by 
SDS-PAGE on 6-7.5% polyacrylamide gels.

2.5 Antiphosphotyrosine Immunoprécipitation

Method was as in Section 2.4, except that 4G10 (Upstate 
Biotechnology, Lake Placid, NY, USA) or PY20 (Affiniti, 
Exeter, UK) was incubated with cell extracts and 40 ^L 
fast flow protein A-sepharose (Pharmacia) was used in 
place of strepdavidin-agarose.

2.6 Anion exchange chromatography

Cell lysates were filtered through a 0.2 ^m filter and 
1-2 mg of protein was loaded onto a MonoQ column 
(SMART system, Pharmacia) equilibrated with modified 
lysis buffer B (10 mM NaF, 30 mM NaCI). Elution was with 
a 2.5-3 ml gradient of 0.03 to 0.6 m NaCI or 0.3 to 1.5 m 
NaCI in buffer B and 100 |xL fractions were collected. 
Fractions were diluted 1:1 in 2 x SDS loading dye and 
resolved by SDS-PAGE. Silver staining reagents were 
from Bio-Rad, (Hercules, CA, USA).

2.7 Antl-phosphotyroslne Western blot

SDS-PAGE gels were electroblotted onto PVDF (Millipore, 
Bedford, MA, USA). Membranes were blocked with 5% 
BSA (fraction V) in TBST (10 mM Tris-HCI pH 7.4, 75 mM 
NaCI, 1 mM EDTA, 0.1% Tween 20) with 1 mM sodium 
orthovanadate for 1 h, briefly washed in TBST, and then 
incubated with a mixture of 4G10 and PY20 (each 1:2000 
in TBST/1% BSA) for 1 h. After washing in TBST, 
membranes were incubated with peroxidase-conjugated 
secondary antibody before extensive washing in TBST. 
Labelled proteins were visualised by ECL (Pharmacia). 
Blots were stripped overnight in 2 m glycine, pH 2.5 
with 1% SDS w/v before being reprobed. Polyclonal 
antibodies against JAK1 (SC277, Santa Cruz), STAT3 
(SC482, Santa Cruz, Biotechnology, Santa Cruz, CA, 
USA) and IFNGR1 (SC700, Santa Cruz) were used at 
1:2000 in TBST/1% BSA.

3 Results

3.1 2-D phosphotyrosine profiling

‘Immobiline’ immobilised pH gradient strips were used 
for lEF of whole cell lysates from cytokine-treated or un
stimulated cells. Second dimension SDS-PAGE gels were
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IL-6
Figure 3. 2-D phosphotyrosine profiling. Immunoblot: 
antiphosphotyrosine. Duplicates of IL-6-treated cell 
extracts, showing lack of reproducibility.

electroblotted and probed with anti-phosphotyrosine 
monoclonal antibodies. Despite extensive attem pts to 
optimise the procedure, significant ligand-independent 
variations were repeatedly observed in the profiles 
obtained, even between analogous sam ples run in 
parallel (for example. Fig. 3). For Coomassie stained 
gels, however, the reproducibility between duplicates 
appeared to be of a high standard. It is likely that the lack 
of reproducibility in the phosphotyrosine profile partially 
reflects variation in the blotting efficiency, exacerbated 
by the low abundance of phosphotyrosine proteins of

interest. It is accepted that with further optimisation )f 
technique and the use of very large numbers of samples 
to obtain statistically significant data, such difficulties 
may be overcome. Indeed, successful examples ha'e 
been published by at least one dedicated proteomics 
laboratory [5].

3.2 Affinity purification using a cytokine 
receptor biotinylated peptide

Cytokine receptors recruit JAKs through membrane pro<- 
imal ‘b o x i’ and ‘box2’ motifs [6], A synthetic biotinylated 
peptide encom passing this region of gplSO, the common 
receptor subunit for IL-6 family cytokines, was used to 
purify JAK- and receptor-associated proteins from lysates 
of stimulated or unstimulated cells. A mutated version of 
this peptide which can no longer bind JAKs, together wth 
an unrelated biotinylated peptide of similar size, were 
used as specificity controls. The proteins recovered were 
separated by SDS-PAGE and visualised by antiphospho
tyrosine Western blot. At least six receptor peptice- 
associated proteins appeared to be phosphorylated in 
a cytokine-dependent manner (arrows. Fig. 4). Due to tie  
restricted amounts of synthetic peptide available, an 
equivalent bacterially-expressed construct was utilised 
in place of the synthetic peptide. However, this substitu
tion led to binding of high levels of nonspecific tyrosine 
phosphorylated proteins to the peptide, possibly due to

unstim ulated IL-6 OSM IFNy
boxl/box2
peptide: -  +  ■ ■ -  +  -  ■ -  +  -  - +
boxl/box2 mutant 
peptide: -  -  +  - -

unrelated
peptide: -  -  ~ Hh -  -  -  + -  -  -  4" -

220”

97 — 

66 —

4 6 -

Figure 4. Affinity purification 
using cytokine receptor biotiny
lated peptide: inducible phos
photyrosine profiles in 2fTGH 
cells. Immunoblot: antiphos
photyrosine. Unrelated peptide 
is in five-fold excess. Arrows 
indicate examples of peptide- 
associated proteins that are 
phosphorylated in a cytokine- 
dependent manner.
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Figure 5. Affinity purification using Grb2-SH2 domain: 
OSM-inducible phosphotyrosine profiles in 2fTGH cells. 
Immunoblot: antiphosphotyrosine. Arrows indicate exam 
ples of inducible tyrosine phosphorylated species.
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impurities in the peptide preparation and the additional 
tags present on the recombinant peptide. In the short 
term, therefore, the amount of pure synthetic peptide 
available limited this approach.

3.3 Affinity purification using recombinant 
GST-SH2 fusion proteins

A bacterially-expressed glutathione-S-transferase (GST)- 
Grb2 SH2 domain fusion was conjugated to Affi-Gel (Bio- 
Rad) and used to purify phosphotyrosine proteins from 
lysates of unstimulated cells or cells treated with OSM, 
IL-6 or IFNy. Affi-Gel-conjugated GST was used as a 
specificity control. Commercially available GST-con
jugated SH2 domains from other signalling intermediates, 
including SHP-2 and the p85 subunit of PI3K, were also 
tested in this approach. Purified proteins were resolved 
by SDS-PAGE and visualised by antiphosphotyrosine 
Western blot. More than 11 ligand-inducible phospho
tyrosine species were observed following treatment of 
cells with OSM, a very potent inducer of the JAK-STAT 
signalling pathway (arrows. Fig. 5), but not if cells had 
been induced with weaker ligands, such as IFNy or IL-6.

3.2 Immunoprécipitation with
antiphosphotyrosine antibodies

Phosphotyrosine proteins from treated or untreated cell 
extracts were immunoprecipitated with antiphospho
tyrosine monoclonal antibodies and visualised by anti
phosphotyrosine Western blot (Fig. 6). Encouraging 
results were obtained in response to a variety of ligands. 
A number of tyrosine phosphorylated proteins corres
ponding to known JAK-STAT signalling com ponents were 
identified immunologically including, for example, JAK1, 
STATS and the IFNy receptor chain, IFNGR1 (Fig. 6).

IFNGRI -97

-66

-97
4' STAT3

-  -66

W. blot: anti-IFNGRl W. blot: anti-STAT3
Figure 6. Immunoprécipitation of high molecular weight 
species using the antiphosphotyrosine mAb, 4G10: 
IFNy- and OSM-inducible phosphotyrosine profiles in 
293T cells. Blot was probed with antiphosphotyrosine 
antibodies, stripped and then reprobed with antibodies 
to JAK1, STATS and IFNGRI.

Several other potentially novel inducibly phosphorylated 
species were observed and priority is now being given to 
their purification and identification.

3.5 Anion exchange chromatography

MonoQ anion exchange columns were used to fraction
ate cell lysates on the SMART system and the resulting 
fractions were analysed by SDS-PAGE and antiphospho
tyrosine Western blotting (Fig. 7). Profiles obtained in four 
independent experiments were essentially identical and 
suggest that this method of global phosphotyrosine 
profiling gives high resolution without the reproducibility 
problems associated with 2-D gels. Combination of this 
technique with, for example, antiphosphotyrosine anti
body columns should provide sufficient purified material 
for m ass spectrometric analysis.

4 Discussion and concluding remarks

Several different methods of phosphotyrosine profiling 
have been applied to the study of JAK-STAT signalling. 
The value of phosphotyrosine profiling for characteris-
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Figure 7. Anion exchange chro
matography of extracts from 
293T cells, (a) Immunoblot: 
antiphosphotyrosine. (b) Silver 
stained gel. Only fractions 1-13 
or 1-11 out of 25 are shown.

ation of signalling pathways has been demonstrated by 
the confirmation of the existence of novel participants 
in JAK-mediated signalling by affinity purification using 
biotinylated receptor peptides and GST-conjugated SH2 
domains, antiphosphotyrosine immunoprécipitation and 
anion exchange chromatography.

The most successful techniques have been antiphospho
tyrosine immunoprécipitation and anion exchange 
chromatography using the SMART system. Both of these 
give a partial profile of inducible phosphorylation events, 
but neither provides a truly global readout for tyrosine 
phosphorylation. Whilst 2-DE is doubtless a potentially 
powerful profiling method, outstanding concerns with 
regards to the suitability of this technique for studying 
signalling pathways remain that high molecular weight 
proteins and membrane proteins tend to be under
represented in 2-D analyses and low abundance proteins, 
even if detectable, may prove problematic to identify [7].

A recent publication has described ‘single step ' identifi
cation of epidermal growth factor (EGF) signalling 
pathway com ponents by antiphosphotyrosine immuno
précipitation, 1-D SDS-PAGE and m ass spectrometry [2]. 
This straightforward approach is likely to be restricted in 
its application to very strongly induced signalling path
ways, for example in cells expressing high levels of the

appropriate receptor. Isolation of potentially novel signal
ling intermediates in less potently activated pathways, 
such as those studied here, seem s to require a com bina
torial approach in which successive fractionation steps 
are employed to enrich for and ultimately purify proteins 
of interest.

The biotinylated peptides were synthesised by Nicola 
0 ‘Reiiiy, iCRF.
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Janus kinase 1 (Jakl) is a cytoplasm ic tyrosine kinase  
that noncovalently associates w ith a variety of cytokine 
receptors. Here we show that the in vitro  translated  
N-terminal dom ains of J a k l are sufficient for binding to 
a biotinylated peptide com prising the membrane-proxi
mal 73 amino acids of gplSO, the signal-transducing re
ceptor chain of interleukin-6-type cytokines. By the fold 
recognition approach amino acid residues 36-112 of 
J a k l w ere predicted to adopt a /3-grasp fold, and a struc
tural model was built using ubiquitin as a template. 
Substitution of Tyr^®̂  to alanine, a residue conserved  
am ong Jaks and involved in hydrophobic core interac
tions of the proposed /3-grasp domain, abrogated bind
ing o f full-length J a k l to gp l30 in COS-7 transfectants. 
By further m utagenesis we identified the loop 4 region  
of the J a k l /3-grasp domain as essential for gp l30 asso
ciation and gpl30-m ediated signal transduction. In 
Jak l-deficien t U4C cells reconstituted with the loop 4 
J a k l m utants L80A/Y81A and ACTyr^ -̂Ser®"*), the inter
feron-y, interferon-a, and interleukin-6 responses w ere  
sim ilarly impaired. Thus, loop 4 of the /3-grasp domain  
plays a role in  the association of J a k l w ith both class I 
and II cytokine receptors. Taken together the structural 
m odel and the m utagenesis data provide further insight 
into the interaction of Janus kinases w ith cytokine  
receptors.

Cytokines are involved in a variety  of biological processes 
including hematopoiesis and the regulation of the imm une 
system. Many cytokines signal via tyrosine kinases of the J a 
nus family (Jaks)^ and STAT (signal transducer and activator 
of transcription) transcription factors. Jaks are large enzymes 
(molecular mass, 120-140 kDa) th a t are cytoplasmically pre
associated w ith signal-transducing cytokine receptor subunits 
(1). Upon cytokine-induced receptor aggregation, Jaks are ac
tivated likely by auto- and transphosphorylation. Tyrosine res
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(Bonn) and by Fonds der Chemischen Industrie (Frankfurt). The costs
of publication of this article were defrayed in part by the payment of 
page charges. This article must therefore he hereby marked “advertise
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interferon; IL, interleukin; JH, Jak  homology; IL-5R, IL-5 receptor; 
STAT, signal transducer and activator of transcription; PMSF, phenyl- 
methylsulfony] fluoride; PAGE, polyacrylamide gel electrophoresis; 
SIE, c-Sis-inducible element; IFNaR, IFNa receptor.

idues w ithin the cytoplasmic ta il of the receptor are subse
quently phosphorylated by the kinases, providing docking sites 
for Src homology 2 domain-containing signaling proteins in 
cluding STATs, tyrosine phosphatases, and suppressors of cy
tokine signaling. Tyrosine-phosphorylated STATs homo- or 
heterodim erize and translocate to the nucleus w here they bind 
to specific DNA sequences in the prom oter regions of their 
respective ta rge t genes (2, 3).

W hereas the structure/function relationship for the in terac
tion between cytokines and the  extracellular parts  of their 
receptors is reasonably well understood and the structures of 
STATs bound to enhancer sequences have been solved (4-7), no 
structural inform ation is available on the interaction of the 
cytoplasmic parts of the signal-transducing subunits of cyto
kine receptors w ith the associated Janus kinases. S tructural 
inform ation on the receptor-kinase complex, however, is crucial 
to understand the binding specificity and the activation process 
of Janus kinases, which is the in itial event of the in tracellular 
signal transduction cascade after ligand binding to the ex tra
cellular p a rt of cytokine receptors. The Ja k  family of cytoplas
mic tyrosine kinases comprises four m am m alian members. 
Three, J a k l ,  Jak2, and Tyk2, are expressed in  a wide variety of 
tissues, w hereas Jak3 expression is restricted  to cells of the 
hematopoietic system. Based on sequence sim ilarities between 
the Ja k  family members it has been suggested th a t seven Jak  
homology (JH) domains exist in Jaks (8) (see Fig. 1C). The J H l 
domain, a t the C term inus, is a classical k inase domain. It is 
N -term inally preceded by the JH 2 domain (pseudokinase do
main), which has no catalytic activity. The N -term inal h a lf of 
the Jaks, domains JH 3 to JH7, is involved in  binding to cyto
kine receptors. The minimal binding regions of Tyk2, Jak2, and 
Jak3 have been further restricted to the N -term inal JH 7 and 
the JH 6 domains (9-12). P atients with a point m utation w ithin 
the  JH7 domain of Jak3, YIOOC, suffer from severe combined 
immunodeficiency (13). M utagenesis of the region, comprising 
amino acids 98-102 of Jak3, showed th a t Tyr^°® and the amino 
acids Leu®® and Ile^®  ̂ are crucial for Jak3  binding to the 
common IL-2 receptor y-chain (12). Despite the  existing infor
m ation the details of the Jak/cytokine receptor interaction are 
far from understood. No structural inform ation on the N -ter
m inal region of Jaks is available a t present, and functional 
m odular binding domains such as Src homology 2 or Src ho
mology 3 domains have not been identified in Jan u s kinases 
(14). Recently a p art of the N term inus of the Jaks correspond
ing to the amino acids 24 -415  in J a k l  has been reported to 
share significant sequence sim ilarity w ith the so-called band 
4.1 domain, indicating th a t the N term ini of the Janus kinases 
m ight represent divergent members of the classical band 4.1 
domain (15).

Our laboratories have been studying signal transduction in

This p ap e r  is ava ilab le  on  line a t  h ttp ://w w w .jb c .o rg 37451

mailto:behrmann@rwth-aachen.de
http://www.jbc.org


37452 M apping o f  a Receptor Interaction Region in J a k l

response to interleukin-6-type cytokines and the  interferons 
(IFNs). More particularly, we are interested in the interaction 
of gpl30 w ith J a k l,  the kinase essential for gpl30 and STAT 
activation (16, 17). It is known th a t the membrane-proximal 
region, including boxi and box2 of gpl30, is involved in in te r
action w ith J a k l  (18, 19), but the region of J a k l  required for 
th is interaction has not been defined. By a combined approach 
of molecular modeling and site-directed m utagenesis we have 
identified a region in the N-term inal domain of J a k l  crucial for 
its interaction w ith gpl30.

EXPERIMENTAL PROCEDURES
Model of the ^-Grasp Domain of Ja k l—For fold recognition the 

program package ProCeryon (a software package for fold recognition 
and protein structure analysis from King’s Beech Biosoftware, 1999) 
was used that is hased on a knowledge-hased force field derived from a 
set of known protein conformations (20). A library of 4500 protein 
structures and the N-terminal sequences of the Jaks were used to 
generate three-dimensional models for all these chains. All 4500 gen
erated models were evaluated and ranked using different ProSA-II type 
z-scores based on pair interactions and surface terms (20, 21). With the 
sequential alignment derived from the fold recognition approach a 
detailed molecular model of the N-terminal domain of Jak-1 was built 
using the x-ray structure of ubiquitin (PDB accession code lubi) as the 
template. Based on this alignment, amino acid residues were exchanged 
in the template. Insertions and deletions were modeled by using a data 
base approach included in the software package WHATIF (22). The 
data base was searched for a peptide sequence of the appropriate 
length, which was fitted to the template. All loops were selected from 
the data base so as to give a minimum root mean square distance 
between the ends of the loops. In the final step the three-dimensional 
structural models were energy-minimized using the steepest descent 
algorithm implemented in the GROMOS force field (23). For graphical 
representation the Ribbons program (24) was used. All programs were 
run on a Silicon Graphics Indigo work station.

Cell Culture and Transfection—Simian monkey kidney cells (COS-7) 
were maintained in Dulbecco’s modified Eagle’s medium supplemented 
with 10% fetal calf serum, 100 mg/liter streptomycin, and 60 mg/liter 
penicillin. Cells were grown at 37 °C in a water-saturated atmosphere 
at 5% COg. COS-7 cells were transiently transfected using the DEAE- 
chloroquine transfection method with modifications as described previ
ously (25) or using Eugene (Roche Molecular Biochemicals) according to 
the manufacturer’s instructions.

U4C cells (14) were grown in Dulhecco’s modified Eagle’s medium 
(BioWhittaker) supplemented with 10% (v/v) heat-inactivated fetal calf 
serum, 2 mM L-glutamine, 50 units/ml penicillin, 50 jag/ml streptomy
cin, and 400 p-g/ml G418 (Life Technologies, Inc.). Cells were grown at 
37 °C in a water-saturated atmosphere at 10% COg. Transfections were 
carried out using Superfect (Qiagen) according to the manufacturer’s 
recommendations.

IL-5 was purchased from Cell Concepts (Umkirch, Germany). IL-6 
treatments were carried out with a mixture of IL-6 (0.2 pg/ml) and 
soluble IL-6 receptor (0.5 jag/ml), both from R&D Systems. IFNa was a 
highly purified mixture of human subspecies (Wellferon, 1.5 X 10® 
lU/mg of protein) provided by Wellcome Research Laboratories (Beck
enham, Kent, UK). Recombinant IFNy (4 X 10  ̂lU/mg of protein) was 
a generous gift from Dr. G. Adolf, Ernst Boehringer Institut für Arzne
imittelforschung (Vienna, Austria). Each was used at 1000 lU/ml.

Generation of Ja k l Mutant Constructs—Standard cloning proce
dures were performed throughout this study. The mutations (resulting 
in amino acid substitutions L80A, L80A/Y81A, Y81A, A(Tyr®^-Ser®^), 
E83K, K86E, Y89A, R104E, and Y107A) were introduced by a polym
erase chain reaction technique into pBS-Jakl, a pBluescript derivative 
containing the cDNA sequence of m Jakl. The restriction enzymes 
EcoRV/Bspll9I were used for exchanging the wild type sequence of 
pBS-JakI with the respective mutated sequences. pBS-JakI constructs 
were restricted using EcoRV and Smal. The resulting fragment was 
inserted into the Smal-digested eukaryotic expression vector 
pSVLAEcoRI. The integrity of all constructs was verified by DNA se
quencing using the ABI PRISM 310 Genetic Analyzer (PerkinElmer).

Cell Lysis, Immunoprécipitation, and Western Blot Analysis—Cells 
were lysed on the dish with 500 pi of lysis buffer containing 1% Brij 96 
(for coprecipitation studies) or Triton X-100 (for other studies), 20 mM 
Tris/HCl, pH 7.5,150 mM NaCI, 10 mM NaF, 1 mM sodium vanadate, 10 
mM PMSF, 1 mM henzamidine, 5 pg/ml aprotinin, 3 pg/ml pepstatin, 5 
pg/ml leupeptin, and 1 mM EDTA. Lysates were cleared by centrifuga

tion at 12,000 X g. After overnight incubation at 4 °C with anttib  an antibod 
the immunoprecipitates were collected with protein A-Sepharoosaarharose (' 
4 °C), washed three times with lysis buffer or, for coprecipitatidortattation st 
ies, with washing buffer (0.1% Brij 96, 20 mM Tris/HCl, pH 7.5, , 17.57.5, 150 
NaCI, 10 mM NaF, 1 mM sodium vanadate, 10 mM PMSF, 1 mMM I ml mM hen 
midine, 5 pg/ml aprotinin, 3 pg/ml pepstatin, 5 pg/ml leupeptihn, apteptin, an 
mM EDTA) and analyzed further by SDS-PAGE. The proteirins)teoteins w 
transferred to a polyvinylidene difluoride membrane (Amershanmshrsham Ph 
macia Biotech) and probed with the respective antibodies, and d sam and sign 
were detected using the ECL system (Amersham Pharmacia Bio;ott Bk Biotech 
polyclonal serum against Ja k l (kindly provided by Dr. A. Zieien Z.. Ziemiei 
Bern, Switzerland), anti-Jakl (HR785, Santa Cruz Biotechnolog)gjiolnology), 
anti-IL5Rj3 (S16, Santa Cruz Biotechnology) were used for immnumnmmunoi 
cipitation. Anti-phosphotyrosine (PY99, Santa Cruz Biotechnololognoinology; 
4G10, Upstate Biotechnology), anti-IL-5R/3 (N20, Santa Cruz I Bruzruz Biot( 
nology), and anti-IL-5Ra (R&D Systems) antibodies and anti-Jalaki-Jti-Jakl p( 
clonal antiserum (from Dr. A. Ziemiecki) were used for detectidotectection. 
horseradish peroxidase-conjugated secondary antibodies wezen w were ; 
chased from Dako.

Electrophoretic Mobility Shift Assays (EMSAs)—COS-7 celell? c7 cells v 
stimulated 18 h post-transfection with 10 ng/ml IL-5 for 30 min.a. VniTtnin. Pro 
concentrations of nuclear extracts (prepared as described in 1 B id in Ref. 
were measured with the Bio-Rad protein assay. A double-sl-stbleble-stran 
mutated SIE oligonucleotide from the c-fos promoter (m67SEE:E: SUSIE: 5 
CCG GGA GGG ATT TAC GGG AAA TGC TG-3') was labeled bl bjledled by fil 
in the 5' protruding ends with the Klenow enzyme using [a-®^?^I[a- [a-®^P]di 
(3,000 Ci/mmol, 10 mCi/ml). Nuclear extracts containing 5 pg of of pg jag of pro 
were incubated with about 10 fmol (10,000 cpm) of probe in g g  iE in gel s 
incubation buffer (10 mM HEPES, pH 7.8, 1 mM EDTA, 5 nuMiM) n5 mM Mg 
10% glycerol, 5 mM dithiothreitol, 0.7 mM PMSF, 0.1 mg/ml of of pi oil of polj 
dC), and 1 mg/ml bovine serum albumin) for 10 min at room t* tmmom temp 
ture. The protein-DNA complexes were separated on a 4.5%; m no%5% nond 
turating polyacrylamide gel containing 7.5% glycerol in 0.25-f5-fi.25.25-fold 
borate-EDTA at 20 V/cm for 4 h. Gels were fixed in a water solultiotioilublution of 
methanol and 10% acetic acid for 30 min, dried, and autoradingngrdiadiograph

U4C cells were stimulated 18-20 h post-transfection witHtI w with II 
IFNa, or IL-6 for 15 min, washed twice in ice-cold phosphate-le-hatiate-buff 
saline, and lysed in ice-cold 0.5% Nonidet P-40, 50 mM Tris-HQiGs-Hs-HCl, p 
150 mM NaCI, 10% glycerol, 0.1 mM EDTA, 2 mM dithiothrertoltolreireitol, 50 
NaF, 0.1 mM sodium orthovanadate, 100 jag/ml aprotinin,, 1( 14n,.in, 10 p 
leupeptin, and 1 mM PMSF. The sequence of the oligonucleo)tiotideoleotide p 
used corresponded to the high affinity SIE of the c-fos gene (e (enœne (5'-C 
GACATTTCCCGTAAATC-3'). Probes were end-labelledledbelbeled 
[y-32p]ATP, and aliquots equivalent to —30,000 cpm/reactictieaœaction 
used. Binding reactions (20 pi) were in 10 mM HEPES, pH T.9j.9,i 71 7.9, l.S 
MgCla, 0.1 mM EGTA, 5% glycerol, 2.5 mg/ml bovine serum allbirbu all albumir 
mg/ml tRNA, 4% (w/v) Ficoll (Amersham Pharmacia Biotech), j). schech). Pro 
matched lysates were preincubated for 5 min at room temper.-atvat^enerature 
150 pg/ml poly(dl-dC) prior to incubation with probe for an ad adin an addit 
20 min at room temperature. Complexes were separated on <6% 6%n on 6% nc 
naturing acrylamide gels in 0.5% Tris-glycine-EDTA and dletdetd di detect? 
autoradiography of dried gels.

In Vitro Translation of Ja k l Constructs—JH3-4, JH3-5, JiHJHo, <5, JH 5-7 
JH6-7 domain constructs were cloned from human Jak l into jpE pEto ito pET2j 
polymerase chain reaction. The JH 3-7 construct was cUonloi c; cloned 
pET14h following a NdelJBamYil digest of human Jak l. The am arhe he amim 
residues encoded by the constructs were as follows (numbe;riieriabaibering 
human Jakl): 351-546 (JH3-4), 296-546 (JH3-5), 33-328 08 -32-328 (JI^ 
33-295 (JH6-7), and 1-565 (JH3-7). For in vitro transUatslatnsinslationi 
[®®S]methionine labeling of polypeptides, TNT Coupled Rætileti R Reticul; 
Lysate Systems (Promega) and Redivue L-[®®S]methionine (/An(Aie Ce (Amerj 
Pharmacia Biotech) were used according to the manufacturerrs’ersareirers’ ins 
tions. T7 RNA polymerase and T3 RNA polymerase were usseasee œ used fq 
pET constructs (Jakl JH  domain series and full-length Ja lk lik l Ja  J a k l coi 
and the pBS constructs (Jak l wild type and loop 4 nt r 4 4 mut; 
respectively.

gpl30 Boxi !Box2 Receptor Peptide Pull-down Assay—Thea sye sThThe synk 
biotinylated boxl/box2 peptide comprised the first 73 amino sack aoio no acids 
gpl30 cytoplasmic domain, while the non-Jak binding miutnu; i? mutan( 
generated by replacing critical proline residues in the hoxl im4 mxlixl motif 
VPDP) with alanines (see Fig. 4A (18); prepared by Nicoha Haicoicola O’l  
Peptide Synthesis Laboratory, ICRF). 10-20 pg of purified biiotbiod td biotinj 
boxl/box2 peptide or m utant boxl/box2 peptide or 50-100) /OO-10-100 pg 
unrelated biotinylated peptide (68-mer) were incubated withi 2Eh ^itVith 25 p 
vitro translated Ja k l polypeptide in 450 p\ of binding buffer ((O.r (Oferfer (0.25' 
96, 50 mM Tris/HCl, pH 8, 150 mM NaCI, 10% glycerol, 0.1 rma m3.11.1 mM I 
0.1 mM sodium orthovanadate, 100 jag/ml aprotinin, 10 jug/mll lenl ^/ng/ml leup 
and 1 mM PMSF) overnight at 4 °C. 30 pi of streptavidlinidiaviavidin-a;
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(Pierce) was added, and the mixture was incubated a further 45 min at 
4 °C. “Precipitates” were washed twice with 0.9 m l of ice-cold binding 
buffer and once with 0.9 ml of ice-cold binding buffer diluted 1:1 with 
phosphate-buffered saline. Complexes were solubilized in SDS loading 
buffer (4% SDS, 500 mM Tris/HCl, pH 6.8, 10% glycerol, and 0.05% 
brompbenol blue) and resolved by SDS-PAGE on 10% polyacrylamide 
gels. Gels were dried, and the [^'^S]methionine-labeled J a k l polypep
tides were visualized by autoradiography.

RESULTS

Identification o f a Putative j5-Grasp Domain w ithin the N- 
terniinal Region o f J a k l—Fold recognition first analyzes which 
fold in a library of known protein structu res would be energet
ically compatible w ith a new sequence. To th is end a library of 
4500 model s tructu res of the  N -term inal region of J a k l  was 
generated  using the  experim entally  derived protein s tructu res 
from the Protein D ata B ank as tem plates (see “E xperim ental 
P rocedures”). These model s tructu res were evaluated  and 
ranked  using different ProSA II type z-scores based on pair 
in teractions and surface term s (20, 21). This analysis revealed 
th a t the  N -term inal J a k l  region could be accommodated in the 
/3-grasp fold of ubiquitin w ith high z-scores for the pair in te r
actions as well as the  surface term s. The resu ltan t struc tu ra l 
alignm ent of ubiquitin and the N -term inal region of J a k l  is 
shown in Fig. lA.

Furtherm ore, we subjected the J a k l  sequence to a secondary 
stru c tu re  prediction, which exclusively relies on sequence in 
form ation (27). This prediction yields a succession of secondary 
s tru c tu re  elem ents in the N -term inal region of J a k l  com patible 
w ith the  sequence of s tru c tu ra l elem ents found in ubiquitin 
(Fig. L4). This correlation fu rthe r supports the notion th a t the 
N -term inal region of J a k l  shares the  fold of a /3-grasp domain. 
To analyze the spatia l configuration of the amino acid residues 
in the N -term inal J a k l  dom ain we built a detailed three-d i
m ensional molecular model using the ubiquitin  s truc tu re  as 
tem plate (Fig. \B , see “Experim ental Procedures”).

M utations in Loop 4 o f the Predicted fi-Grasp Dom ain o f J a k l  
Im pair B inding to the Cytoplasmic Part o f g p l3 0 —Since it can 
be envisaged th a t Jak s  associate w ith cytokine receptors in a 
conserved m anner and m ost often loop regions are involved in 
protein/protein interactions, we exam ined these regions in the 
model for features conserved w ithin the  J a k  family but differ
ing from the corresponding regions of the  ubiquitin  /3-grasp 
(Fig. LA). Interestingly, loop 4 was much longer in the Ja k  
sequence than  in ubiquitin. Moreover, w ithin the J a k  family 
mem bers, loop 4 shows considerable sequence differences as 
would be expected in a region th a t could promote binding 
specificity. Using these criteria  we identified loop 4 as a prom 
ising region for m utagenesis.

We introduced am ino acid exchanges into loop 4 and other 
regions of the J a k l  (3-grasp dom ain and tested  th e  resu lting  
m u tan ts for their ability to bind to the  cytoplasmic ta il of 
gpl30. As in previous studies, we took advantage of a chimeric 
receptor consisting of the ex tracellu lar p a rt of the  IL-5R(3 chain 
and th e  transm em brane and cytoplasmic regions of gp l30  for 
which antibodies su itab le for im m unoprécipitation and W est
ern blot analysis are  available (25, 28). J a k l  was coexpressed 
with IL-5R/3/gpl30 in COS-7 cells, and the in teraction  was 
investigated by coprecipitation of the  receptor w ith a J a k l  
antibody (Fig. 2) or vice versa by coprecipitation of J a k l  w ith 
anti-IL-5R/3 (data not shown).

We deleted a stretch  of four amino acids (Tyr^Uger^'^) in the 
loop 4 region (Fig. IB). This m utation  totally  abrogated the 
association of J a k l  w ith the  receptor (Fig. 2, upper right panel, 
third lane). To analyze fu rthe r the  im portance of th is predicted 
loop region for receptor association, point m utations were in 
troduced. The double m u tan t L80A/Y81A showed a complete 
loss of receptor binding, while the  m u tan t Y81A/D82A exbib-
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Fig. 1 . I d e n t i f i c a t i o n  o f  a  / 3 - g r a s p  d o m a i n  i n  t h e  N - t e r m i n a l  
r e g i o n  o f  J a k s .  A, alignment of the ubiquitin with the N-terminal 
Jak/Tyk sequences. For ubiquitin the experimentally derived secondary 
structure elements are colored in red. The sequences of the Jak/Tyk 
molecules were aligned according to the results obtained by the fold 
recognition procedure. The secondary structure elements of the human 
Ja k l, as predicted by the method of Rost and Sander (27), are colored in 
blue. Overall conserved residues are marked by an asterisk, and resi
dues tha t are conserved at least in one of the Jak/Tyk sequences 
compared with the ubiquitin sequence are marked by +. Overall con
served hydrophobic residues are boxed. Amino acids exchanged in this 
study are shown in bold. B, a Ribbon representation of the N-terminal 
(3-grasp domain of Jak l. C, strip diagram of Jak l. The JH  domains, the 
putative FERM subdomains, and the position of the (3-grasp-domain are 
indicated.

ited a significantly im paired receptor association. M inimal ef
fects were observed for tbe single amino acid exchanges L80A, 
Y81A, E83K, and K86E. In addition, we exchanged Tyr^® lo
cated in tbe fourth (3-strand to a lan ine and Arĝ ®"* located in 
tbe  fifth (3-strand to g lu tam ate. These m utations outside tbe  
predicted loop 4 region did not affect receptor association (Fig. 
IB). These da ta  are sum m arized in Table I.

M utation o f the Conserved to A lanine Abrogates J a k l
B ind ing  to g p l3 0 —Tyrosine 107 of J a k l  is conserved w ithin 
tbe  J a k  family of kinases. Interestingly, a single amino acid 
exchange of tbe corresponding residue of Jak3  (Tyr^°®) to cys
teine has been identified in a pa tien t w ith severe combined 
immunodeficiency (13). This Jak3  m u tan t is unable to associ
a te  w ith tbe common y-cbain of tbe  IL-2 receptor complex (12). 
Based on th is  inform ation we exchanged Tyr^°^ in J a k l  w ith 
alanine. As shown in Fig. 2 {upper left panel, sixth lane), tbe 
J a k l  m u ta n t does not bind to gpl30. According to tbe /3-grasp 
model, th is  tyrosine residue is located w ith in  tbe fifth /3-strand 
(Fig. IB) and was found to in te rac t w ith Leu^^, Ile^°, and 
Leu^°* .̂ Thus, Tyr^"^ m ay stabilize tbe hydrophobic core of tbe 
/3-grasp domain, and tbe  substitu tion  to alanine very likely 
destroys tbe struc tu ra l in tegrity  of tbe domain.
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F ig . 2 . B i n d i n g  o f  J a k l  m u t a n t s  t o  
I L - 5 R / 3 / g p l 3 0 .  Transiently transfected 
COS-7 cells expressing IL-5Rj3/gpl30 and 
J a k l m utants as indicated were lysed and 
subjected to immunoprécipitation using a 
polyclonal J a k l antiserum (provided by 
A. Ziemiecki). The immunoprecipitates 
and the lysates were further analyzed by 
SDS-PAGE. The proteins were transferred 
to a polyvinylidene difluoride membrane 
(Amersham Pharmacia Biotech), probed 
with an anti-IL-5R|3 (N20) antibody, and 
reprobed with an anti-Jakl polyclonal anti
serum. The signals were detected using the 
ECL system (Amersham Pharmacia Bio
tech). IP, immunoprécipitation; D, detection; 
Lys, lysates; WT, wild type; \Y 8 1 S 8 4 , 
AClW-Sei^).

IP: a-Jak1 
D: a-IL-5Rp

IP: a-Jak1 
D: a-Jak1

Lvs: a- IL-5RP 

Lvs: a- Jakl

WT L80A L80A
Y81A

Y81A Y81A
D82A Y107A

#  m m  là  - .

WT AY81
-S84 E83K K86E

ÎL-5Rp/gp1ÎO

^Jakl

■̂ IL-5R(ygp130

"4Jak1

WT L80A
Y81A

Y89A R104E

IP: a-Jak1 
D: a-IL-5RP

IP; a-Jak1
D: a-Jak1

Lvs: a- IL-5Rp

Lvs: a- Jakl

-^IL-5R|Vgp130

Ĵak1

ÎL-5Rp/gp130

Ĵak1

The A b ility  o f  the J a k l  M utants to M ediate S ignals via g p l3 0  
Parallels Their Receptor Association Behavior—The resu lts of 
coprecipitation studies can be greatly  influenced by experim en
ta l param eters; false positive resu lts  m ay arise when working 
w ith overexpressed proteins, and h arsh  detergents as presen t 
in “norm al” lysis buffers m ay break up subtle protein in te rac
tions. Therefore, we tested  the  ability of the  J a k  m u tan ts to 
m ediate ligand-dependent signal transduction  events w ith in  
the cell—phosphorylation of J a k s  and the receptor as well as 
activation of STAT transcrip tion  factors.

COS-7 cells were transien tly  cotransfected w ith expression 
constructs for IL-5Ro/gpl30, IL-5Rj3/gpl30, and the various 
J a k l  m utan ts. After stim ulation  w ith IL-5, lysates were p re
pared, and J a k l  and the IL-5Rj8/gpl30 chim era were im m uno
precipitated. The im m unoprecipitates were separated  by SDS- 
PAGE and subjected to W estern blot analysis, and th e ir  
phosphorylation was m onitored using a phosphotyrosine-spe- 
cific antibody for detection. We also m onitored the  stim ulation- 
dependent activation of STAT transcrip tion  factors by an  
EMSA.

J a k l  m u tan ts  such as A(Tyr®^-Ser®^), L80A/Y81A, and 
Y107A th a t  did not show receptor binding (Fig. 2) were not 
tyrosine-phosphorylated upon stim ulation  w ith IL-5 and did 
not m ediate phosphorylation of the  receptor (Fig. 3A). Y81A/ 
D82A th a t  showed a severely im paired receptor association 
resulted  in phosphotyrosine-specific bands of in term ediate in 
tensity , w hereas those m utations th a t did not a lte r receptor 
association significantly, such as L80A, Y81A, E83K, and 
K86E, led to full J a k  and receptor phosphorylation as did wild 
type J a k l  (Fig. 3A). The resu lts  obtained for the  various J a k l  
m u tan ts in th e  EMSA assay also closely m atched the receptor 
binding and phosphorylation d a ta  (Fig. 35). Taken together the  
capacity of the  various J a k l  m u tan ts to m ediate signals via 
gp l30  closely follows th e ir  ability to associate w ith the  receptor 
as determ ined by the  coprecipitation studies (Table I).

The N -term inal D om ains o f J a k l  M ediate B inding  to the 
B o x llB o x2  Region o f g p l3 0 —In an a lternative approach, the 
ability of a series of polypeptides corresponding to different 
fragm ents of J a k l  to in te rac t w ith gp l30  was investigated (Fig. 
4Ai). In  vitro  tran sla tion  of appropriate constructs yielded sim 
ila r am ounts of [^^S]methionine-labeled J a k l  polypeptides 
(Fig. 4, B-D ). Polypeptides corresponding to JH 5 -7  and full-

length  J a k l  in teracted  com parably (particularly  allowing for 
the difference in m ethionine content) w ith a synthetic , biotiny
lated  “boxl/box2” peptide represen ting  the  firs t 73 am ino acids 
of th e  in tracellu la r dom ain of gp l30  (Fig. 4, A ii, B, and C). 
E ssentially  identical resu lts  were obtained w ith a JH 3-7  
polypeptide (data not shown). The in teraction  w as specific; it 
was not observed w ith a m u tan t boxl/box2 or u n rela ted  peptide 
(Fig. 4, A and C) and was efficiently inhibited by th e  addition of 
an  excess of nonbiotinylated boxl/box2 peptide. D espite a 
higher nonspecific background, clear reproducible binding to 
the  boxl/box2 peptide was also observed w ith th e  ^^S-labeled 
JH 6-7 dom ain polypeptide (Fig. 4C). In teraction  over back
ground was not observed w ith JH 3 -5  and JH 3-4 polypeptides, 
which lack the  j3-grasp dom ain (Fig. 4D). The introduction of 
selected m utations, corresponding to the inactivating  m u ta
tions described above (Fig. 2), into a JH 3 -7  polypeptide inhib
ited binding to the boxl/box2 peptide. In addition, a fragm ent 
corresponding to the  N -term inal FERM dom ain (encom passing 
JH 5 -7 , Fig. 1C) of J a k l  can confer gp l30  binding upon Jak3.^ 
Taken together these d a ta  are  consistent first, w ith  a direct 
in teraction  of the N -term inal dom ains of J a k l  w ith gp l30  and 
second, w ith the  effect of th e  loop 4 m utations on J a k l  function 
in th e  in tact cell assays (Figs. 2 and 3) being on th is  direct 
in teraction  ra th e r  th an  th rough nonspecific m uta tional d isrup
tion of the  overall s truc tu re  of J a k l .  Irrespective it can be 
concluded th a t  residues w ithin the JH 6-JH 7 region, which 
contains the  pu ta tive jS-grasp domain, are both necessary and 
m inim ally sufficient to m ediate an  interaction  of J a k l  w ith the 
boxl/box2 domain of gpl30. The da ta  do not, of course, exclude 
a requ irem en t for additional in teractions for optim al binding of 
J a k l  to a full-length native receptor.

Loop 4 M utants o f J a k l  Are Also Defective in the IF N  R e
sponses—The effect of the  loop 4 m utations on the  ability of 
J a k l  to restore IFN as well as IL-6 responses to the  J a k l-  
deficient cell line U4C w as investigated. STA Tl activation 
following IFN y stim ulation  and STAT 1/3 activation in response 
to IL-6 were m onitored by EMSA analysis of tran sien tly  tra n s 
fected cells (Fig. 5, upper panels). The low level activation of th e  
STATs by IL-6 in the vector-only-transfected U4C cells (Fig. 5,

Hilkens, C. M. U., Is’harc, H., Lillemeier, B., Strobl, B., Bates, P. A., 
Behrmann, I., and Kerr, I. M. (2001) FEBS Lett., in press.
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Table I
Summary o f the data obtained with the J a k l mutants 

NE, not expressed; YP, tyrosine phosphorylation; WT, wild type.

J a k l  constructs WT L80A L80A/Y81A Y81A Y81A/D82A A(Tyr"̂ -Ser̂ ) E83K K86E Y107A

Receptor association" 4 - - H - -k -L - k -k -k -k - - k - k - k + + -

J a k l YP' - H - 4 - -k  +  -k - - k - k - k -k - - k - k - k - k - k - k -

Receptor YP' 4 - - H - -k - k - - k - k - k -k - - k - k - k - k - k - k -

EMSA" - H - 4 - - k - k - k - - k - k - k -k + - +  +  + - k - k - k -

EMSA (U4C) 
IL-6 - t - 4 -  + -k  +  -k - k - k - k - k - k - k - k - k - k - k - k - k NE
IFNy +  -(- -k  +  -k - -k -k + - +  -k + - k - k NE

Results V Inactive J Inactive v' y Inactive

" Data obtained with chimeric gplSO receptors in COS-7 cells.

A. Western IL-5

IP: a-Jak1 D: a-PY

D: a-Jak1

- WT L80A L80A
Y81A Y81A

Y81A
D82A

AY81
-S84 E83K K86E Y107A

- + - + - -k - -k - -k - -k - -k - + - -k -  +

— — —

_
M M n il l lM l  J L J  L_l

Lvsates | D: a- Jakl 

D:a- IL-5RP 

D: a- IL-5Ra

i
I mm iëmMl iitfgia ■

IP: a- IL-5RP | m  m m  ' w  m

D: a- IL-5RP

^Jakl

-4Jak1

^IL-5Rp/gp130

■^IL-5Rp/gp130

-4jak1

-<IL-5R|Vgp130

-4lL-5Ro/gp130

B. EMSA
IL-5

STATIC

K907E WT L80A L80A
Y81A Y81A Y81A

D82A
AY81
-S84 E83K K86E Y107A

- -k - -k - -k - -k - -k - -k - + - -k - -k - -k

m m W w m

F ig . 3. J a k l  m u t a n t s  u n a b l e  t o  a s s o c i a t e  w i t h  t h e  c y t o p l a s m i c  t a i l  o f  g p l 3 0  d o  n o t  s u p p o r t  s i g n a l  t r a n s d u c t i o n .  COS-7 cells were 
transiently transfected with chimeric receptor and J a k l constructs as indicated. 12 h post-transfection the cells were starved (0% fetal calf serum) 
for 6 h before they were stimulated with 10 ng/ml lL-5 for 30 min. The short expression time is necessary to observe stimulation-dependent signals; 
longer expression times result in stimulation-independent activation of the Jaks due to higher overexpression. A, immunoprecipitates of J a k l and 
IL-5R/3/gpl30 as well as lysate proteins were separated by SDS-PAGE. The proteins were transferred to a polyvinylidene difluoride membrane 
(Amersham Pharmacia Biotech) and probed with a phosphotyrosine-specific antibody (PY99). The signals were detected using the ECL system 
(Amersham Pharmacia Biotech). The blots were reprobed with an an ti-Jak l polyclonal antiserum or an anti-IL-5R/3 (N20) antibody. B, nuclear 
extracts were prepared and analyzed by EMSA using the SIE probe. In COS-7 cells, STATl is the major STAT activated through gpl30 as observed 
previously (25). Here the kinase-dead J a k l m utant K907E was used as a negative control. Cells transfected with the corresponding empty vector 
similarly showed no ligand-dependent signaling. IP, immunoprécipitation; D, detection; PY, phosphotyrosine; WT, wild type; \Y 8 I-S 8 4 , 
A(Tyr«'-Ser«^).

vector) reflects residual signaling through Jak2  and/or Tyk2 in 
the  absence of J a k l  in these cells (16). Expression levels of the 
different constructs were assessed by a n ti-Ja k l W estern blot 
(Fig. 5, lower panels). The different m utations exerted equiva
len t effects on the IFN y and IL-6 responses (Fig. 5). In addition, 
essentially  identical resu lts  were obtained w ith IF N a (data not 
shown). The resu lts  paralleled those for the  COS-7 cell exper
im ents (Figs. 2 and 3 and Table I): J a k l  m u tan ts  th a t did not 
bind gplBO did not com plem ent U4Cs (L80A/Y81A and 
A(Tyr®^-Ser®‘*)); J a k l  m u tan ts th a t reta ined  the  ability to in 
te ract w ith gplSO w ere able to restore Jak l-d ep en d en t signal
ing to U4Cs (L80A, Y81A, E83K, and K86E). Im portantly  the 
inactivating  loop 4 m utations, in contrast to a k inase-inactivat
ing m utation  (29), were w ithout effect on the au tokinase activ
ity of the transien tly  transfected  J a k l ,  again arguing against 
any gross d isruption of te rtia ry  struc tu re  (data not presented). 
Thus, despite th e ir  highly divergent J a k  recru itm en t motifs 
(30, 31), J a k l  likely in te racts  in a conserved m anner w ith type

I and type II cytokine receptors, exemplified here by those for 
IL-6 and the  IFNs, respectively.

DISCUSSION

Since J a k  activation is the  in itia l event in cytokine receptor- 
dependent signal transduction , the re  is considerable in te rest in 
understand ing  the  in teraction  and activation m echanism  of 
Ja n u s  k inases. To date no s tru c tu ra l inform ation exists con
cerning th e  Jak /recep tor interaction. H ere we p resen t the  firs t 
s tru c tu ra l model th a t helps to understand  how Ja n u s  k inases 
associate w ith cytokine receptors. In the N -term inal region of 
Ja k s  known to m ediate receptor association we identified a 
pu ta tive j3-grasp dom ain (amino acids 36-112) by th e  fold 
recognition approach, which is a powerful tool to identify a 
potential fold of a protein w ith only lim ited sequence homology 
to others. M utational analysis led to the conclusion th a t loop 4 
in the  jS-grasp dom ain is essen tial for association of J a k l  not 
only w ith gp l30  bu t also w ith other cytokine receptors.
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F ig . 4. A  J a k l  J H 6 - 7  d o m a i n  p o l y p e p t i d e  c a n  i n t e r a c t  i n d e p e n d e n t l y  w i t h  t h e  b o x l / b o x 2  r e g i o n  o f  g p l 3 0 .  Ai, schematic represen
tation of the J a k l JH  domain constructs tested. Aii, schematic representation of the synthetic, biotinylated gpl30 boxl/box2 peptide and “mutant 
boxl/box2” peptide. The boxl/box2 peptide contains the first 73 amino acids of the gpl30 cytoplasmic domain, encompassing the boxi and box2 
motifs. In the m utant boxl/box2 peptide, proline residues (highlighted) in boxi necessary for Jak  recruitment to gpl30 (18) have been mutated to 
alanine. B-D, the ®’S-labeled, in vitro translated fragments of human J a k l were tested for their ability to interact with the biotinylated boxl/box2 
peptide, biotinylated m utant boxl/box2 peptide, or an unrelated biotinylated peptide of similar size (see “Experimental Procedures”). Peptide- 
associated proteins were resolved by SDS-PAGE and visualized by autoradiography. Aliquots of the in vitro translated products were analyzed in 
parallel; comparable amounts were obtained for each construct. Each construct was tested in a t least three independent experiments with 
essentially identical results.

We hypothesized th a t loop 4 of the  /3-grasp domain could be 
a region of general im portance for J a k  binding to cytokine 
receptors because it proved to be much longer th a n  loop 4 in 
ubiquitin  and is well exposed on the  surface of the /3-grasp 
domain. Due to sequence differences am ong the  J a k  family 
members, loop 4 of the  /3-grasp dom ain m ight also have the 
potential to determ ine binding specificity. Deletion of amino 
acids 8 1 -8 4  totally abrogated receptor association. In th is m u
ta n t the  loop 4 region is shortened to the length of the corre
sponding loop of ubiquitin. It is therefore unlikely th a t this 
deletion affected the  s tru c tu ra l in tegrity  of the  domain but 
ra th e r  indicates th a t loop 4 is involved in receptor association. 
C ertain  am ino acid exchanges in loop 4 interfered w ith receptor

binding and led to reduced J a k l  activation, receptor phospho
rylation, and STAT activation in COS-7 transfectan ts. Two 
control m utations introduced into regions outside of loop 4, 
Y89A and R104E, did not in terfere w ith J a k l  binding to gplSO. 
According to the  /3-grasp model, the hydrophobic residue Tyr®^ 
is not likely to be essential for struc tu ra l integrity , and Arg^°'* 
is located a t the  outer surface of the dom ain and should pro
mote solvent contact.

Tyr^°^ w as selected for m utagenesis on the basis of previous 
d a ta  concerning  Jak3. This tyrosine residue is conserved 
am ong Ja n u s  kinases. In teresting ly  the corresponding residue 
in Jak3 , Tyr^°°, was found to be exchanged to cysteine in a 
p a tien t w ith severe combined immunodeficiency (13). It could
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L80A
L80A
Y81A Y81A

Y8IA
D82A

AY81
-S84

■ Y IL-6 -  Y IL-6 -  Y IL-6 -  Y lL-6 -  Y IL-6

E83K K86E WT vector

-STAT3/STAT3
-STAT3/STATI
-STATl/STATl

-  Y IL-6 -  Y IL-6 -  Y IL-6 -  Y IL-6

F ig . 5. L o o p  4  m u t a n t s  o f  J a k l  a r e  d e f e c t i v e  i n  I F N y  a s  w e l l  a s  
I L - 6  r e s p o n s e s .  Jakl-deficient U4C cells were transiently transfected 
with pSVL-Jakl, pSVL-Jakl m utants, or with empty vector and stim
ulated for 15 min with IL-6 (0.2 pg/ml IL-6, 0.5 p-g/ml soluble IL-6Ru) 
or IFNy (1000 lU/ml) as indicated. Whole cell extracts were analyzed for 
STATl and STATS activation by EMSA using a high affinity SIE probe 
(upper panels). Expression levels of J a k l and Ja k l m utants were de
termined by an ti-Jak l Western blot on protein-matched aliquots of the 
same whole cell extracts used for the EMSA (lower panels, upper band). 
The apparent low positive signal observed for L80A/Y81A in response to 
IL-6 was not reproducible in three further independent experiments. 
WT, wild type; AY81-S84, A(Tyr»^-Ser»^).

subsequently  be dem onstrated  th a t the  m u tan t Jak3-Y100C is 
severely im paired in its ability to associate w ith the common 
y-chain, which is a signal transducing  subun it of the receptor 
complexes for IL-2, IL-4, IL-7, IL-9, and IL-15 (12). Since ex
change of Tyr^"° of Jak3  to alanine sim ilarly leads to an im
paired binding w hereas exchange to phenylalanine was w ith
out effect, it was suggested th a t Tyr^"" in J a k 3 is a s tructu ra lly  
essential residue in a domain th a t directly contacts the  y-chain 
and th a t ablation of the  arom atic residue by an alanine or 
cysteine substitu tion  d isrup ts the dom ain fold (12). As shown 
in the  presen t m anuscrip t, exchange of Tyr^*’" in J a k l  to a la 
nine also im pairs receptor association. In our model, Tyr^”  ̂
in te racts w ith the residues Leu'^^, Ilê *̂ , and Leu^"'^ w ith in  the 
hydrophobic core of the  /3-grasp domain. Thus, it can be envis
aged th a t th is tyrosine residue is crucial for the  struc tu ra l 
in tegrity  of the /3-grasp domain. Exchange of am ino acids in the 
vicinity of T yr’®® of Jak3  revealed th a t Leu®® and Ile^®^ are also 
im portan t for IL-2Ry association, while substitu tion  of Leu®® to 
alanine did not affect receptor association (12). According to 
our alignm ent, these residues are p a rt of a )3-strand (see Fig. 
lA), and the  J a k l  residue Leu^®'  ̂ corresponding to Leu®® of 
Jak3  is found to be involved in hydrophobic core in teractions in 
the model. Thus, the published Jak3  da ta  are also in good 
accordance with the  /3-grasp model.

Type II cytokine receptors such as IFN receptors are  quite 
different from class I cytokine receptors, including gpl30 , w ith 
respect to the receptor requirem ents for Ja k  association. In te r
feron receptors have no clear boxl/box2 homology. Despite this, 
the loop 4 m utations L80A/Y81A and A(Tyr®^-Ser®'*) affected 
signal transduction  in response to IFN y and IFN a sim ilarly  to 
gpl30-m ediated signal transduction  in U4C fibrosarcom a cells 
expressing the different J a k  m u tan ts  (Fig. 5). In addition, 
L80A/Y81A and A(Tyr®^-Ser®^) showed no binding to the  cyto
plasmic parts  of the leukem ia inhibitory factor receptor and the 
IL-5R/3, two other type I cytokine receptors, and IFN aR2, a 
type II cytokine receptor, as m easured by coprecipitation an a l
ysis in COS-7 cells (data not shown). Thus, loop 4 seem s to be 
crucial for binding to cytokine receptors in general. We have no 
evidence for an involvement of loop 4 in defining specificity for 
binding to different receptors.

Based on sequence sim ilarities it has been suggested th a t the 
N -term inal region of Ja n u s  k inases m ight contain a divergent 
band 4.1 domain. These dom ains have also been term ed 
“FFRM  dom ains” due to the fact th a t the  “classical” proteins 
sharing  such a domain are band four-point-one protein, ezrin, 
radixin, and moesin, or “4 .1/JFF-dom ain” (for J a k . ERM, Fak) 
(15). The N -term inal lim it of the  region of Tyk2 essential for 
association w ith a G ST-IFN aR l construct corresponds exactly 
to the lim its of the  FFRM  dom ain (9). In J a k l ,  the putative 
FFRM  dom ain would comprise the region between amino acid 
residues 2 4 -4 1 5  (Fig. 1C). The recently published first x-ray 
s tru c tu re  of a FFRM  domain, nam ely th a t of moesin (32), 
showed th a t these dom ains consist of th ree  separate  subdo
m ains. In teresting ly  the  most N -term inal subdom ain, F I, has a 
ubiquitin-like, i.e. a /3-grasp, fold. The F2 subdom ain is rich in 
a-helices and shows struc tu ra l sim ilarity  to the  acyl-CoA-bind- 
ing protein. The F3 subdom ain is folded like a pleckstrin  ho
mology domain. This s tru c tu ra l inform ation and our prediction 
th a t th e  extrem e N term inus of J a k l  contains a /3-grasp fold 
support the  hypothesis th a t Jak s  contain a FFRM  domain (15).

The th ree  subdom ains of the moesin FFRM  domain contact 
each o ther a t defined interaction  sites. Im portantly  the loop 4 
region of the moesin F I  subdom ain is not involved in domain/ 
domain contacts. The sam e holds true  for the corresponding 
regions of the  radixin and 4.1R FFRM  dom ains (33, 34). U nder 
the  assum ption th a t the subdom ains of the FFRM  domain 
show an identical topology in J a k l  to those in moesin, radixin, 
and 4.1R, it is unlikely th a t the inability of our J a k l  loop 4 
m u tan ts  to bind gp l30  is due to abrogation of a necessary 
interaction  between the th ree  subdom ains F I, F2, and F3. In 
the  solved FFRM  dom ain s tructu res the respective regions 
corresponding to loop 4 have not been found to be involved in 
in teractions w ith any other molecules (33, 34). Taken together, 
in the  solved FFRM  structures, loop 4 of the ubiquitin-like F I 
dom ains is not buried between th e  subdom ains bu t ra th e r  is 
exposed and should therefore be accessible for binding as one 
m ight expect for a region involved in receptor association.

Several studies w ith Ja n u s  kinases have underscored the 
im portance of the  N -term inal region for receptor binding. (9 -  
12, 14, 35-38). Shortened fragm ents com prising only the JH 6/ 
JH 7 dom ains of Tyk2, Jak2 , and Jak3  were able to associate 
w ith appropriate receptors (9-12). For J a k l  it is known from 
experim ents in in tact cells th a t the  N -term inal h a lf  can m edi
ate receptor association; J a k l/J a k 2  chim eras w ith fusion bor
ders fu rthe r N -term inal were unable to susta in  an  IFNy re 
sponse (14). More recently, however, sim ilar in tact cell 
experim ents w ith different Ja k l/J a k 3  chim eras have shown 
th a t substitu tion  of the pu ta tive Jak3  4.1/FFRM domain w ith 
th a t from J a k l  can confer gp l30  binding upon Jak3.^ In addi
tion, here we show th a t in a cell-free system  an N -term inal 
fragm ent containing only the  JH 6  and JH 7 subdom ains of J a k l  
is able to bind to a biotinylated, 73-amino acid boxl/box2 gp l30  
peptide. It will be in te resting  to see w hether an  isolated 
/3-grasp dom ain binds gpl30. However, it m ight also be possible 
th a t an in tact JH 7/JH 6 context is crucial for J a k  binding to 
cytokine receptors as several studies suggest. The JH  region 7 
roughly corresponds to the  /3-grasp subdom ain F I and the JH  
region 6 to the  helix bundle subdom ain F2 of the  FERM do
main. In teresting ly  chimeric Ja k 3 /Ja k l constructs, which con
ta in  the in tact /3-grasp domain of Jak3  (containing amino acids 
1-109 of Jak3), are not able to bind to the IL-2Ry (12). The 
sam e is tru e  for chimeric Jak3 /Jak2  constructs, which contain 
the  in tact /3-grasp domain of Jak3  and part of the linker to the 
helix bundle domain (containing am ino acids 1-124 of Jak3) 
(11). Only a Ja k 3 /Ja k l chim era incorporating the  complete 
Jak3  linker region between the /3-grasp and the helix bundle
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region of the potential FERM domain (amino acids 1-132 of 
JakS) shows a successful y-chain association (12). It is note
worthy th a t the Ja k  kinases show differences in length and 
sequence of this linker region and th a t binding to the y-chain 
can he increased by using the complete j3-grasp and helix bun
dle region of Jak3 (i.e. the JH 7-JH 6 regions) in the Jak3 /Jak l 
chimera (12). These data suggest th a t the JH6 and the JH7 
regions may have to be presen t in a very defined structural 
context to allow high affinity receptor binding.

The interaction of the Jan u s kinase N-terminal domain with 
cytokine receptors appears complex and implicates large por
tions of the kinase and the receptor, i.e. 69 amino acids of gpl30 
(18, 39). Our data represent a fu rther step in the elucidation of 
the structural interface of the Jak/receptor interaction. This 
structural interface seems to be a t least in part conserved for 
J a k l  binding to different receptors since loop 4 was found to be 
essential for signal transduction in response to IL-6, IFNy, and 
IFNa. Our da ta  also support the hypothesis (15) th a t the N 
term inus of J a k l  contains a divergent FERM domain. Models 
of the whole FERM domains of the Jaks should be of consider
able help in directing the fu rther analysis of the requirem ents 
for Jak/receptor interaction before full structural data are 
available. Knowledge of the Jak/receptor binding interface 
could be helpful in the design of low molecular weight inhibi
tors of cytokine signaling of potential therapeutic value.
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